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Abstract

Developmental nicotine exposure (DNE), alters brainstem neurons that control breathing, including hypoglossal
motor neurons (XIIMNs), which innervate the tongue. Here, we tested the hypothesis that chronic, episodic DNE
(eDNE), which mimics nicotine replacement therapies such as e-cigarettes or nicotine gum, alters the function of nic-
otinic acetylcholine receptors (nAChRs), XIIMN intrinsic properties, and tongue muscle function in vivo similar to what
we have observed with a chronic, sustained exposure model. We delivered nicotine to pregnant Sprague Dawley
rats through drinking water and studied pups of either sex in two age groups: postnatal day (P)1–P5 and P10–P12,
which encompasses a critical period in brain development. At P1–P5, eDNE was associated with delayed recovery
of nAChRs from desensitization; however, there were no changes in the magnitude of desensitization, XIIMN intrinsic
properties, or tongue muscle function in vivo. By P10–P12, eDNE XIIMNs had lower peak firing frequencies in re-
sponse to depolarizing current injection, larger delayed rectifier potassium currents, and continued to exhibit delayed
nAChR recovery. Moreover, this age group exhibited a blunted and delayed tongue muscle response to nasal occlu-
sion in vivo, indicating that changes to XIIMN intrinsic properties is an important mechanism behind this effect, as it
is not produced by altered nAChR function alone. Together, these results show that eDNE alters XIIMNs and tongue
muscle function during a critical period in brain development and that the specific effects of chronic nicotine expo-
sure may be pattern dependent.

Key words: firing rate; homeostatic plasticity; neuron development; neurotoxin; pattern sensitivity; potassium
conductance

Significance Statement

Disruption of nicotinic cholinergic signaling, as occurs with perinatal nicotine exposure, alters the develop-
ment of the neural respiratory network and is strongly associated with sudden infant death syndrome
(SIDS). The specific dose, time between doses, and route of administration of nicotine determine its specific
developmental effects. Here, we show that chronic, episodic perinatal nicotine exposure alters nicotinic ac-
etylcholine receptor (nAChR) function, hypoglossal motor neuron (XIIMN) intrinsic properties, and respira-
tory-related tongue muscle function in vivo. These findings, while similar to what has been shown using a
previous model studying chronic, sustained nicotine exposure, are unique in that they are prominent at a
critical period in brain development in rodents and reveal important mechanisms that further link perinatal
nicotine exposure to altered brain development and the pathophysiology of SIDS.
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Introduction
Brain development from embryonic stages through ado-

lescence is dependent on the trophic effects of acetylcho-
line (ACh) acting on the nicotinic ACh receptors (nAChRs;
Greer et al., 2006; Dwyer et al., 2008). Disruption of nicotinic
signaling alters brain morphology and function, leading to
abnormalities in brain physiology including in brainstem re-
gions that control breathing. This has been extensively stud-
ied in the context of perinatal exposure to nicotine, a
competitive agonist of the nAChR. Infants and children born
to mothers that smoked during and after pregnancy have
abnormalities in hypoglossal motor neurons (XIIMNs), the
neurons that innervate the tongue muscles, and increased
incidence of obstructive apneas and other alterations to car-
diorespiratory control that are considered potential mecha-
nisms underlying sudden infant death syndrome (SIDS;
Sawnani et al., 2004; Bednarczuk et al., 2020).
In studies using rodent models, developmental nicotine

exposure (DNE; prenatal nicotine exposure with continued
exposure after birth) causes various changes to XIIMNs
and tongue muscle control, including altered nAChR func-
tion, intrinsic membrane properties of XIIMNs and breath-
ing-related tongue muscle function in vivo (Robinson et al.,
2002; Pilarski et al., 2011, 2012; Cholanian et al., 2017;
Wollman et al., 2019). In the majority of prior work, the os-
motic minipump method was used for nicotine delivery,
which exposes pups to nicotine continuously, owing to a
constant infusion of nicotine delivered to a pregnant dam,
and mimics the use of the nicotine patch. However, nico-
tine exposure through cigarettes or nicotine delivery devi-
ces such as e-cigarettes or gum is episodic. Limited
randomized control trials concluded that episodic nicotine
replacement therapies such as these, while controversial,
are safer during pregnancy than continuous use formula-
tions because they reduce the total dose of nicotine deliv-
ered to the fetus (Sailer et al., 2019). However, in animal
studies, even brief periods of nicotine exposure can trigger
neuroplasticity that has long-term developmental conse-
quences (Abreu-Villaça et al., 2003). Moreover, in many
systems, the specific expression of plasticity is dependent
on the time course or periodicity of a given treatment. For
example, in the respiratory network, intermittent hypoxia
reliably elicits a sustained increase in respiratory motor
output, which is not observed with the same duration of
sustained hypoxia, indicating that the mechanism behind
this form of respiratory plasticity is pattern dependent
(Baker and Mitchell, 2000; Mitchell et al., 2001). With the
present study, we test the effects of chronic, episodic DNE
(eDNE) on the development of XIIMNs and tongue muscle
control in vivo. In addition, although previous work offers

information about the influence of nicotine exposure on the
function of XIIMNs in rats within the first week of life, the
persistence of these effects is unknown. In rats, the respi-
ratory system is advanced enough at birth to produce gas
exchange and coordinate critical behaviors such as swal-
lowing (Greer et al., 2006). However, significant postnatal
maturation occurs during the first few postnatal weeks, in-
cluding growth and refinement of inhibitory synapses dur-
ing a “critical period” near the end of the second postnatal
week (Wong-Riley et al., 2019). Therefore, we will study
neonatal rats at postnatal day (P)1–P5 and also at P10–
P12, which encompasses days leading up to, and within
this critical window in respiratory system development (Mu
et al., 2018; Wong-Riley et al., 2019).
We exposed pregnant dams to nicotine through drink-

ing water and designed experiments to test the hypothe-
sis that eDNE alters XIIMN intrinsic properties and nAChR
desensitization kinetics in vitro, and tongue muscle elec-
tromyographic (EMG) activity in vivo. We found that eDNE
was associated with nAChR desensitization at P1–P5, but
did not alter XIIMN firing properties, whole-cell potassium
currents, or tongue muscle EMG activity. However, by P10–
P12, XIIMNs from eDNE pups had blunted action potential
firing rates, accompanied by larger potassium currents
compared with neurons from control pups. This was asso-
ciated with blunted tongue muscle EMG responses to nasal
occlusion. Together, these results suggest that the pattern
of nicotine exposure is an important regulator of develop-
mental plasticity in XIIMNs, and that chronic, eDNE results
in altered XIIMN properties and tongue muscle function at a
critical period in respiratory system development.

Materials and Methods
Animals
Pups were born via spontaneous vaginal delivery from

pregnant adult female Sprague Dawley rats purchased
form Charles River Laboratories. Pups were housed with
their mothers and littermates in the animal care facility (12/
12 h light/dark cycle, 22°C, 30–70% relative humidity) with
food and water available ad libitum. For all experiments we
used rat pups of either sex within two age groups: (1) P1
through P5 and (2) P10 through P12, which approximately
correspond with 23–35weeks (preterm infant) and
40weeks (full term infant) in humans. P10–P12 represents
the days just before, and encompassing a critical period for
the development of brainstem neurons in rats (Semple et
al., 2013). All procedures and protocols were approved by
the Institutional Animal Care and Use Committee and are in
accordance with National Institutes of Health Guidelines.

eDNE
Nicotine-exposed pups were obtained from pregnant

dams who were exposed to chronic, episodic nicotine
through drinking water starting on embryonic day (E)5.
This results in fetal exposure by the placental circulation
in utero, and through breast milk after birth. Nicotine at a
concentration of 0.08mg/ml of tap water was mixed with
10mg/ml of saccharin for palatability. The nicotine-sac-
charin water mixture was prepared fresh and replaced
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every 3 d. This dose of nicotine produced plasma cotinine
(a stable metabolic by-product of nicotine) levels in the
pups ranging from ;50–100ng/ml; however, there were
samples at each age where cotinine levels were higher
than the measurable limit of the assay (Cotinine ELISA,
CalBiotech). This range of plasma cotinine levels is similar
to what we have previously observed in neonates ex-
posed to chronic, sustained nicotine via an osmotic mini-
pump set to deliver a nicotine dose of 6mg/kg/d (60–
92ng cotinine/ml plasma; Powell et al., 2015). These coti-
nine levels are also comparable to what is found in the
plasma of human infants born to mothers who are consid-
ered moderate smokers (Berlin et al., 2010). Control pups
were obtained from pregnant dams who were given sac-
charin water only.

Medullary slice preparations
P1–P5
Procedures were followed as described previously

(Wollman et al., 2018b,c, 2019). Pups of either sex were
removed from their cages, weighed, anesthetized on ice
and decerebrated at the coronal suture. The vertebral
column and ribcage were exposed and placed in cold
(4–8°C) oxygenated (95% O2–5% CO2) artificial CSF
(aCSF), composed of the following: 120 mM NaCl,
26 mM NaHCO3, 30 mM glucose, 1 mM MgSO4, 3 mM
KCl, 1.25 mM NaH2PO4, and 1.2 mM CaCl2 with pH ad-
justed to 7.4 and osmolarity to 300–325 mOsm. The
brainstem, and spinal cord were extracted and all tissue
above the pontomedullary junction was removed. The
preparation was then glued to an agar block, rostral
surface up, and two to three transverse medullary slices
(250 mm thick) containing the hypoglossal motor nu-
cleus were cut in a vibratome (VT 1200, Leica) filled with
ice-cold, oxygenated aCSF. The slices were then trans-
ferred to an equilibration chamber containing fresh,
oxygenated, room temperature aCSF and allowed to re-
cover for 1 h before recording.

P10–P12
Procedures for tissue preparation were followed as de-

scribed by Ting et al. (2014), to reduce damage to the su-
perficial layers of the slice and improve the success rate
for patch clamp recordings in older rodents (Ting et al.,
2014). Pups of either sex were removed from their cages,
weighed, deeply anesthetized with 5% isoflurane in room
air, and then transcardially perfused with ice-cold, oxy-
genated NMDG aCSF composed of the following: 92 mM
NMDG, 2.5 mM KCl, 1.25 mM NaH2PO4, 30 mM NaHCO3,
20 mM HEPES, 25 mM glucose, 2 mM thiourea, 5 mM
Na-ascorbate, 3 mM Na-pyruvate, 0.5 mM CaCl2·4H2O,
and 10 mM MgSO4·7H2O with pH adjusted to 7.3. After
perfusion, the brainstem and spinal cord were prepared
as above for slicing in a vibratome filled with ice-cold,
oxygenated NMDG aCSF. Slices were then transferred to
a recovery chamber containing oxygenated NMDG aCSF
maintained at 32°C for 12min. After this initial recovery
period, slices were transferred into a new holding cham-
ber containing room-temperature, oxygenated HEPES
holding aCSF composed of the following: 92 mM NaCl,

2.5 mM KCl, 1.25 mM NaH2PO4, 30 mM NaHCO3, 20 mM
HEPES, 25 mM glucose, 2 mM thiourea, 5 mM Na-ascor-
bate, 3 mM Na-pyruvate, 2 mM CaCl2·4H2O, and 2 mM
MgSO4·7H2O with pH adjusted to 7.3.

In vitro electrophysiology
Equilibrated slices were transferred to a recording

chamber and perfused with aCSF (see P1–P5 slicing
methods above) at a rate of 1.5 ml/min. aCSF was oxy-
genated and maintained at 27°C (TC-324B temperature
controller, Warner Instrument Corporation). XIIMNs were
visualized with an Olympus BX-50WI fixed-stage micro-
scope (40� water-immersion objective, 0.75 N.A.) with
differential contrast optics and a video camera (C2741-
62, Hamamatsu). Whole cell patch clamp recordings were
made with glass pipettes (tip resistance 3–7 MV) pulled
from thick-walled borosilicate glass capillary tubes (OD:
1.5 mm, ID: 0.75 mm) filled with intracellular solution con-
taining the following: 135 mM K-gluconate, 4 mM KCl, 12.5
mM disodium phosphocreatine, 10 mM HEPES, 0.375 mM

Na-GTP, and 5 mM ATP (Mg21 salt) with pH adjusted to
7.3 and osmolarity adjusted to 250–275 mOsm. Pipettes
were attached to a head stage mounted in a micromani-
pulator (MP-225, Sutter Instrument Company) connected
to a Multiclamp 700B amplifier, and signals were digitized
with a Digidata 1440A A/D converter (Molecular Devices).
Current and voltage signals were amplified and acquired
using the Axoclamp 1D system, pClamp software, and a
Digidata 1320 AD/DA data acquisition system (Molecular
Devices). Signals were low-pass filtered at 1.0 kHz, digi-
tized at 20 kHz, observed during the experiment in real
time, and stored on a computer hard drive (Gateway).

Protocols and drugs
XIIMNs were identified visually based on their size and

location and approached in voltage clamp mode. After
junction potentials were zeroed and a gigaohm seal was
achieved, the membrane was ruptured by suction. Cells
were initially held in voltage clamp mode at �70mV for a
5-min equilibration period to confirm a stable recording.
XIIMNs were then assessed in current clamp, and cells
with a resting membrane potential more positive than
�40mV and/or with action potential amplitudes that did
not exceed 0mV were not studied.

Experimental set 1, XIIMN firing properties
To examine the effects of eDNE on the action potential

firing rate in response to injected current, we used a cur-
rent step protocol consisting of a series of 250 ms dura-
tion current pulses ranging from �100 to 11000pA in
50-pA increments. Although we did not use a current
ramp test to precisely measure the rheobase current and
the current associated with depolarization block, we did
note and compare the current step at which each neuron
initiated and ceased action potential firing. After the cur-
rent step protocol, we switched back to voltage clamp
gap free mode and recorded the holding current at
�70mV. For the following experiments, the slow and fast
components of the capacitive current transient were can-
celled to the extent possible, and series resistance was
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compensated with a correction coefficient of 60%. After
these corrections were made, a square wave voltage step
from�70 to�80mV was introduced to calculate the input
resistance of the neuron.

Experimental set 2, potassium currents
Here, we observed that XIIMNs from control and eDNE

pups respond differently to depolarizing current injection
(see Results). Therefore, we next ran three separate volt-
age-step protocols to study voltage-gated potassium cur-
rents that contribute to repetitive action potential firing
properties in XIIMNs, as described in detail previously
(Bayliss et al., 1994; Cholanian et al., 2017; Thakre and
Bellingham, 2019). Before these experiments the superfu-
sate was switched to aCSF containing the voltage-gated
sodium channel blocker tetrodotoxin (TTX; a, 1 mM,
Sigma). After 5min of equilibration in TTX, we recorded
the transient and sustained components of the whole-cell
potassium current with a voltage-step protocol consisting
of a series of 400-ms duration voltage pulses ranging
from�100 to110mV in 10-mV increments.
The voltage-gated, rapidly inactivating A-type potas-

sium current is activated near spiking threshold and plays
an important role in time and voltage-dependent regula-
tion of action potential firing (Fransén and Tigerholm,
2010). To estimate the contribution of the A-type potas-
sium current to the transient component of the whole-cell
current trace, we next ran a protocol that consisted of a
“prepulse” voltage step. From a holding potential of
�70mV, we stepped the membrane potential to �30mV
for 35 ms to inactivate the A-current, and this was fol-
lowed by twelve, 200-ms duration square-wave pulses
through the voltage range described above.
We then used the following protocol to isolate the volt-

age dependent, delayed rectifier current. This current,
which activates slowly and shows little time-dependent
inactivation, influences action potential repolarization and
spike frequency (Liu and Bean, 2014). From a holding po-
tential to �40mV, we delivered a series of 200-ms depo-
larizing pulses in 10-mV increments to a final value of
140mV.

Experimental set 5, nAChR desensitization kinetics
In a final in vitro experiment, we assessed the function

of nAChRs located postsynaptically on XIIMNs as de-
scribed previously (Pilarski et al., 2012). In the presence of
TTX, neurons were held at a resting potential of �70mV
and we used pressure pulses (Picospritzer II) to deliver
nicotine (2 mM, Sigma), an nAChR agonist, to test nAChR
desensitization and recovery. Nicotine was dissolved in
aCSF, loaded into a patch pipette, and positioned near
the XIIMN of interest. Nicotine was pressure injected onto
the XIIMN at predetermined interpulse intervals and the
resulting inward currents recorded. Pressure pulses of
nicotine were delivered at 5, 30, 60, 120, and 240 s after a
control (baseline) pulse, resulting in increasingly longer in-
terpulse intervals (5, 25, 30, 60, and 120 s). Neurons that
did not produce a measurable current response to all six
current pulses were excluded. Although nicotine concen-
tration remained constant for all experiments, pressure
(12–25psi), pulse duration (10–20 ms), and distance from

the soma (20–60mm) were optimized varied depending on
the age to give a strong initial response that did not dis-
rupt the integrity of the patch, but also ensured a measur-
able response to the second pulse, where most receptors
were desensitized.

EMG recordings of tongue and diaphragmmuscles
Rat pups were lightly anesthetized with a mixture of ke-

tamine (30mg/ml), xylazine (6mg/ml), and acepromazine
(3mg/ml), injected subcutaneously at a volume corre-
sponding to ;0.35 ml/g body weight. Pain sensitivity was
assessed via multiple paw pinches initiated 10min after
time of anesthetic injection. Supplemental anesthetic was
added until paw retraction to pinch was abolished. With
the pup in the supine position, fine wire electrodes were
used to record whole muscle EMG activity of the dia-
phragm muscle and the genioglossus (GG) (a tongue pro-
trudor muscle) as described previously (Janssen et al.,
2000; Bailey et al., 2001, 2005; Rice et al., 2011; Wollman
et al., 2019). An additional electrode placed into the scruff
of the neck served as an electrical ground. EMG signals
were filtered (30–3000Hz), amplified (Grass P122 AC am-
plifiers), and sent to an A/D converter [Cambridge
Electronic Design (CED); model 1401], which sampled the
signal at a rate of 8300Hz. EMG signals were displayed in
real time on a computer monitor (Spike2 software) and
stored on a hard drive for analysis offline.
After implantation of EMG electrodes, a stable baseline

was recorded for at least 10min, after which the animal
was challenged with nasal occlusions resulting in strong
breathing efforts but an absence of lung inflation, as well
as hypoxia, hypercapnia, and acidosis. Each animal was
subjected to three 15-s nasal occlusions, with 5min of
rest in between measurements of peak GG EMG activity
were taken in 2-min bins throughout each nasal occlusion
period and averaged across the three occlusion chal-
lenges. After the experiment, animals were deeply anes-
thetized with isoflurane and decapitated.

Analysis and statistics
For both in vitro electrophysiology and in vivo EMG

experiments, animal weight and age were compared
between control and eDNE across ages using a two-
way ANOVA with group means compared using Tukey’s
post hoc test (P1–P5: data obtained from n = 8 control
and n = 8 eDNE pups; P10–P12: data obtained from
n = 9 control and n = 8 eDNE pups). For initial analyses,
animals within each group (i.e., control and eDNE) at
each age (i.e., P1–P5 and P10–P12) were compared for
sex differences. Consistent with previous work, we did
not find any differences between males and females
within treatment groups for any of the parameters
measured, thus, we combined males and females for
the analyses below.

In vitro electrophysiology
All in vitro electrophysiology data were analyzed with

Clampfit (Molecular Devices). Input resistance was calcu-
lated by measuring the current response evoked by a
rapid 10-mV hyperpolarizing step from a holding potential
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of �70mV. Resting membrane potential, holding current,
input resistance, estimated firing threshold, and the cur-
rent corresponding with depolarization block were com-
pared between neurons from control and eDNE animals
across ages using a two-way ANOVA with group means
compared using Tukey’s post hoc test (data obtained
from n=16 neurons in each group at each age). The rela-
tionship between current injection and action potential
frequency was compared between control and eDNE at
each age using a two-way, mixed-model repeated meas-
ures ANOVA, with treatment (control vs eDNE) and time
as main factors (data obtained from n=12 control and
eDNE neurons in each age group).
For voltage-step experiments, leak current was sub-

tracted offline and all current amplitudes were obtained
from the leak subtracted traces. The transient component
of the whole-cell potassium current was measured imme-
diately after the capacitive artifact, while the sustained
current component was measured at the end of the volt-
age steps. Delayed rectifier currents were measured at
the end of the 200-ms voltage steps. Voltage-current rela-
tionships were compared at each age using a two-way,
mixed-model repeated measures ANOVA, with treatment
(control vs eDNE) and time as the main factors (data ob-
tained from n=12 control and eDNE neurons in each age
group).
Desensitization and recovery of nAChRs was quantified

first by calculating the peaks of each current response
to nicotine pressure injection, and then normalizing the
second through sixth current peaks to the peak of the
first (baseline) current response. Average amplitudes
were compared at each age using a two-way, mixed-
model repeated measures ANOVA, with treatment (con-
trol vs eDNE) and time as the main factors, and Sidak’s
post hoc test to assess individual significant differen-
ces. Recovery time course was calculated as the time
constant (t ) of a single parameter exponential equation
(P1–P5: data obtained from n = 10 control and eDNE
neurons; P10–P12: data obtained from n = 5 control and
eDNE neurons).

In vivo EMG
The time between the onset of nasal occlusion and the

first GG EMG burst during nasal occlusion was defined as
the response latency, and differences between control
and eDNE across ages were compared using a two-way
ANOVA with group means compared using Tukey’s post
hoc test. The average GG EMG burst amplitude within
each challenge was normalized to the maximal burst am-
plitude achieved. Changes in GG EMG activity during
nasal occlusion were compared at each age using a two-
way, mixed-model repeated measures ANOVA, with treat-
ment (control vs eDNE) and time as main factors, and
Sidak’s post hoc test to assess individual significant dif-
ferences (data obtained from eight control and eight
eDNE pups in each age group).
All statistical analyses were performed using Prism 8

(GraphPad). For all analyses, p, 0.05 was used as the
threshold for statistical significance. All experimental data
are presented as mean6 SD.

Results
Weight and age of pups, and resting membrane
potential, input resistance, and holding current of
XIIMNs
As shown in Figure 1, there was no difference in the

weight (p=0.2652; Fig. 1A) or age (p=0.9352; Fig. 1B) of
control and eDNE pups within each of the age groups. As
expected, animals in the P10–P12 age group weighed sig-
nificantly more than animals in the P1–P5 age group (P1–
P5: n=8 control and eDNE pups; P10–P12: n=9 control
and n=8 eDNE pups). A total of 64 neurons from 33 pups
across 19 litters (10 control and 9 eDNE) were used
for these experiments. Resting membrane potential
(p=0.6435; Fig. 1C) and holding current (p=0.0578; Fig.
1E) did not differ between XIIMNs from control or eDNE
pups at either age, nor did they differ between age
groups. There was no difference in input resistance be-
tween control and eDNE neurons within each age group,
and input resistance did not change with age in either
treatment group. eDNE neurons in the P1–P5 age group,
however, had a significantly higher average input resist-
ance than control neurons at the P10–P12 age group
(p=0.0409; Fig. 1D; data from n=16 control and eDNE
neurons in each age group). These data are summarized
in Table 1. An additional analysis of input resistance was
performed for the neurons used to collect potassium cur-
rent data (see below). Input resistance measures in this
subset of neurons were not different between control and
eDNE at either age (n=12 control and eDNE neurons in
each age group; data not shown).

Chronic, eDNE alters repetitive action potential firing
in XIIMNs at a critical developmental age
To determine whether chronic, eDNE alters excitability

or action potential firing rate of XIIMNs we used a current-
step protocol. Figure 2A is a representative trace of the
neuron’s response to current injection in a XIIMN from a
control animal at P12, showing the voltage response to
four of the 23 current steps applied in the protocol. In this
example, the neuron begins firing action potentials at the
100-pA current step, and firing rate rises progressively as
a function of the injected current, up to a value of 800pA,
at which time depolarization block occurs and firing rate
begins to decline even as injected current continues to in-
crease. The average data showing the relationship be-
tween action potential firing rate and current injection in
XIIMNs is shown in Figures 2B,C. At P1–P5, neurons from
both eDNE and control pups began firing action potentials
at ;100-pA injected current, and firing frequency peaked
at ;30Hz when injected current ranged between ;400–
800pA. In this age group, action potential firing properties
were not different between control and eDNE (F=0.1986,
p=0.6602), nor was the current step corresponding with
initial action potential firing (control: 2506 240.3 pA,
eDNE: 162.56 90.77pA) or depolarization block (control:
758.36 62.11pA, eDNE: 787.56 60.65pA). By P10–P12,
although the current step associated with initial action
potential firing was not different between control and eDNE
(control: 145.86101.0pA, eDNE: 116.76 126.7pA), neurons
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from control pups reached higher peak action potential firing
frequencies (;45Hz) compared with neurons from eDNE
pups (;30Hz; F=4.805, p=0.0392), and neurons from
eDNE pups reached depolarization block at significantly
lower levels of current (658.3684.35pA) comparedwith neu-
rons from control pups (945.86 28.51pA; p=0.0191). Data
obtained from n=12 control and eDNE neurons in each age
group).

Chronic, eDNE alters voltage-sensitive potassium
currents in XIIMNs at a critical developmental age
Voltage gated potassium currents are important regula-

tors of neuron excitability and repetitive firing. Therefore,
we wanted to test whether the decrease in action poten-
tial firing rate observed in XIIMNs from P10–P12 eDNE
pups is associated with altered potassium currents. After

bath application of TTX, we first used a voltage-step
protocol to record whole-cell potassium currents
where, from a �70-mV holding potential, we varied the
membrane potential stepwise from �100 to 110mV.
Figure 3A shows an example trace recorded in a XIIMN
from a P10 control pup. As seen in this trace, shortly
after the capacitive artifact, we observed a rapidly acti-
vating and inactivating transient outward current, which
is shown in an expanded view within the dotted rectan-
gle (Fig. 3B). The downward arrow indicates where we
measured the amplitude of this transient current. As
seen in Figure 4A, in neurons from P1–P5 pups, there
was no difference in the transient current amplitude be-
tween control and eDNE (F = 0.04283, p = 0.8379). By
P10–P12, there was a trend toward larger transient cur-
rents at the most depolarized voltage steps in neurons
from eDNE pups compared with control (Fig. 4B),

Figure 1. Weight, age, resting membrane potential, input resistance, and holding current. There were no differences in weight (A) or
age (B) between control (closed circles) and eDNE (open squares) pups at either age (P1–P5: n=8 control and n= 6 eDNE; P10–
P12: n=11 control and n= 8 eDNE). There was also no difference in resting membrane potential (C), input resistance (D), or holding
current (E) of XIIMNs from control (closed circles) and eDNE (open squares) pups at either age (n=16 control and n=16 eDNE neu-
rons in each age group). All data presented as mean 6 SD; * indicates significant difference between age groups. #, significant dif-
ference between P1-P5 eDNE preparations and P10-P12 control preparations.
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although this was not statistically significant (F = 3.502,
p = 0.0746). In a separate experiment, we sought to de-
termine whether the rapidly activating and inactivating,
A-type potassium current contributed to the transient
current component of the whole-cell current. To do this,
we conducted a protocol that began with a prepulse to
�30mV (Fig. 5A), which inactivates the A-type current,
followed by the same step protocol described for
whole-cell currents above. As shown in Figure 5, the
prepulse to �30mV nearly abolishes the transient po-
tassium current (expanded view shown in Fig. 5B), indi-
cating that the transient component of the whole-cell
current in XIIMNs is mediated by the A-type potassium
current.
We also measured the sustained outward current in the

whole-cell current trace (Fig. 3A), with the measurement
taken near the end of the current step, as indicated by the
rightmost arrow. As shown in Figure 4C, at P1–P5, the
amplitudes of the sustained current component were vir-
tually identical in neurons from control and eDNE pups
(F=0.06757, p=0.7973). However, by P10–P12, the sus-
tained potassium currents were significantly larger in
neurons from eDNE pups compared with control pups
(Fig. 4D; F = 4.306, p = 0.0499). Next, we used a voltage
step protocol that isolates the more slowly activating
voltage-dependent, delayed rectifier current. An exam-
ple trace recorded in a XIIMN from an eDNE pup is
shown in Figure 6A. Because the delayed rectifier cur-
rent does not inactivate, while the A-type potassium
current does, we used a protocol that starts at a holding
potential of �40mV. Setting the holding current to
�40mV inactivates the A-type potassium current, but
the delayed rectifier current remains. As shown in
Figure 6B, there was no difference in delayed rectifier
currents in neurons from control and eDNE pups at P1–
P5 (F = 0.1650, p = 0.6885). However, by P10–P12 (Fig.
6C), neurons from eDNE pups had larger delayed recti-
fier currents compared with neurons from control pups
(F = 7.319, p = 0.0145; data obtained from n = 12 control
and eDNE neurons in each age group).

Chronic, eDNE alters nAChR desensitization and
recovery in XIIMNs from neonatal rats
Native rat nAChRs are known to desensitize in a time-de-

pendent manner(Quitadamo et al., 2005). Here, we quanti-
fied nAChR desensitization and recovery by administering a
pressure pulse protocol that included an initial conditioning
pulse of nicotine, followed by subsequent pulses at

Table 1. Average data for weight, age resting membrane potential (RMP), holding current (IHold), and input resistance (RIN)
in control and eDNE groups in each of the two age groups

Control eDNE n (control:eDNE) p value
Weight (g)

P1–P5 9.01 6 0.6 8.6 6 0.6 8:8 pups ,0.0001
P10–P12 26.59 6 3.3 31.0 6 1.9 9:8 pups

Age (d)
P1–P5 3.25 6 0.5 2.88 6 0.5 8:8 pups ,0.0001
P10–P12 11.11 6 0.3 11.00 6 0.3 9:8 pups

RMP (mV)
P1–P5 –60.75 6 1.5 –57.88 6 1.6 16:16 cells 0.6435
P10–P12 –60.44 6 1.8 –59.00 6 2.1 16:16 cells

RIN (MW)
P1–P5 109.2 6 12.1 128.4 6 10.5* 16:16 cells 0.0408
P10–P12 87.1 6 10.3 92.25 6 11.5 16:16 cells

IHold (pA)
P1–P5 –152.5 6 25.2 �165.6 6 21.6 16:16 cells 0.7411
P10–P12 �167.8 6 30.8 �129.1 6 31.3 16:16 cells

All values are mean 6 SD. Bold numbers indicate difference between P1–P2 and P10–P12 age groups; * indicates significant difference between eDNE at P1–P5
and control at P10–P12.

Figure 2. Current-frequency relationship. A, Representative trace
showing the response of a P4 control neuron to four of the 23 brief
pulses of a current clamp protocol (schematic of protocol shown in
inset). Traces, from bottom to top: �100-pA hyperpolarizing current,
1150pA (rheobase) is associated with the onset of action potential
firing in this neuron and 1800pA is associated with depolarization
block and cessation of action potential firing. B, At P1–P5, there
was no difference in the relationship between level of current injec-
tion and action potential firing frequency in XIIMNs from control
(closed circles) compared with eDNE (open squares) pups. C, At
P10–P12, XIIMNs from control pups reached significantly higher av-
erage peak firing frequencies compared with XIIMNs from eDNE
pups. All data derived from n=12 control and n=12 eDNE neurons
in each age group. All data presented as mean 6 SD; * indicates
significant difference between control and eDNE.
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Figure 3. Whole-cell potassium currents. A, Representative recording demonstrating the whole-cell potassium current recorded in
the presence of TTX. From a holding potential of �70mV, voltage was stepped to –100 mV, followed by depolarizing steps in 10-
mV increments to a final voltage of 110mV (schematic of voltage step protocol shown in inset). Arrows indicate where measure-
ments were made for the transient (left) and sustained (right) components of the current. B. An expanded view of the portion of the
trace outlined by the dotted box in A, showing the capacitive artifact, followed by the rapidly activating and inactivating, transient
current component.

Figure 4. Summary data of whole-cell potassium currents. There was no difference in the transient current component between
XIIMNs from control (closed circles) and eDNE (open squares) pups at either P1–P5 (A) or P10–P12 (B). C, At P1–P5, the sus-
tained current component was not different between XIIMNs from control and eDNE pups, however, by P10–P12 (D), XIIMNs
from eDNE pups exhibited larger currents compared with those from control pups. Data derived from n = 12 control neurons
and n = 12 eDNE neurons in each age group. All data presented as mean 6 SD. *, indicates significant difference between con-
trol and eDNE.
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increasing intervals (Fig. 7B). Previous studies have ob-
served that as the duration of the interpulse interval in-
creases, the peak current amplitude progressively recovers
(Paradiso and Steinbach, 2003), and that the rate of recov-
ery from desensitization is blunted by chronic perinatal nico-
tine exposure (Pilarski et al., 2012). At P1–P5, there was no

difference in the overall magnitude of nAChR desensitiza-
tion, with the second pulse resulting in current amplitudes of
53.96 0.071% and 41.160.045% of the initial current in
neurons from control and eDNE pups, respectively (Fig. 7C).
Recovery from desensitization, however, was blunted in
neurons from eDNE pups compared with control. In neurons

Figure 5. Prepulse protocol abolishes A-type potassium currents. A, Representative recording demonstrating the prepulse protocol
recorded in the presence of TTX. From a holding potential of �70mV, the membrane potential was stepped first to �30mV, inacti-
vating the A-type potassium current, followed by depolarizing voltage steps applied in 10-mV increments to a final potential of
150mV (schematic of voltage step protocol shown in inset). B, An expanded view of the portion of the A trace outlined by the dot-
ted box showing the capacitive artifact and initial outward current. Note that in the fast activating and inactivating current compo-
nent that we see in the whole-cell trace (Fig. 3) is abolished.

Figure 6. Delayed-rectifier potassium currents. A, Representative recording demonstrating the isolated delayed rectifier potassium
current recorded in the presence of TTX. From a holding potential of �40mV, which inactivates the transient A-type potassium
channels, depolarizing voltage steps were applied in 10-mV increments to a final potential of 140mV (schematic of voltage step
protocol show in inset). B, At P1–P5, the sustained current component was not different in XIIMNs from control (closed circles) and
eDNE (open squares) pups; however, by P10–P12 (C), XIIMNs from eDNE pups exhibited larger currents compared with those from
control pups. Data derived from n=12 control neurons and n=12 eDNE neurons in each age group. All data presented as mean 6
SD. Arrow in A indicates where current was measured; * indicates significant difference between control and eDNE.
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Figure 7. nAChR desensitization and recovery. A, A representation of the experimental set-up showing the rostral surface of
the medullary slice preparation with landmarks including the XII motor nucleus, trigeminal nucleus (5SP), preBötzinger com-
plex, nucleus ambiguus (NA), inferior olivary nucleus (IO), and the intermediate reticular formation (IRt). Inset shows a high-
resolution image (40�) of an isolated XII MN with a recording pipette and a “puffing” pipette. B, Examples of inward currents
produced by nicotine pressure pulses (2 mM; 30 ms) in a P4 conditioning neuron during a 4-min pressure-pulse protocol.
Pressure pulses occurred at successively longer intervals following a conditioning pulse at time 0. At both P1–P5 (C) and
P10–P12 (D), eDNE (open squares) causes a delay in the recovery of nAChR-mediated peak currents compared with control
(closed circles). E, F, Quantification of nAChR recovery using a single exponential fit to the average data shown in C, D.
eDNE slows recovery at both age groups as indicated by time constants (t ), shown in insets. Data derived from n = 12 control
neurons and n = 12 eDNE neurons in each age group. All data presented as mean 6 SD; in C, D # indicates significant differ-
ence from baseline within control group; ^ indicates significant difference from baseline within eDNE group. A reproduced
with permission from Pilarski et al. (2012).
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from control pups, current amplitudes were not different
from baseline with the fourth or fifth nicotine pulse, however,
in neurons from eDNE animals, current amplitudes were de-
creased compared with baseline through all subsequent
nicotine pulses (time: F=52.39, p, 0.0001; treatment:
F=9.498, p=0.006). The rate of recovery was estimated
by computing the time constant for recovery, which
averaged 97.05 s for control versus 189.3 s for eDNE
(Fig. 7E). At P10–P12, the second nicotine pulse re-
sulted in a similar decrease in current amplitude be-
tween the two treatment groups (control: 52.56 0.083%
baseline; eDNE: 50.360.042% baseline). In neurons from
control pups, only the second pulse was lower than base-
line, however in eDNE neurons, the amplitude of all

subsequent pulses was less than baseline (time: F=27.01,
p,0.0001; treatment: F=26.52, p=0.0009; Fig. 7D). The
time constant for recovery averaged 27. 8 s for control ver-
sus 88.5 s for eDNE (P1–P5: data obtained from n=10 con-
trol and eDNE neurons; P10–P12: data obtained from n=5
control and eDNE neurons; Fig. 7F).

Chronic, eDNE is associated with blunted tongue
muscle EMG response to nasal occlusion at a critical
developmental age
The results from our electrophysiology experiments

show that eDNE results in altered XIIMN firing properties
at P10–P12, and altered function of nAChRs on XIIMNs in

Figure 8. In vivo experimental preparation. A, A schematic of the in vivo experimental preparation which includes concurrent dia-
phragm (DIA) and GG EMG recordings in lightly anesthetized rats. For details, see Materials and Methods. High-frequency spikes in
the diaphragm EMG are EKG artifacts. B, Example trace showing diaphragm and GG EMG and the rectified and integrated GG
EMG. After uninterrupted baseline recordings, a 15-s nasal occlusion was administered (indicated by square). The distance between
the onset of nasal occlusion and the first discernable GG muscle EMG burst (arrow) is defined as onset latency. C, D, EMG ampli-
tude was normalized as a percentage of the largest burst recorded during nasal occlusion (see Materials and Methods). At P1–P5,
GG EMG amplitude during nasal occlusion was not different between control (closed circles) and eDNE (open squares) pups (C);
however, by P10–P12, eDNE animals had a significantly blunted amplitude response compared with control animals (D). At P1–P5,
onset latency of GG EMG bursts was not different between control and eDNE pups (E). However, by P10–P12, onset latency of GG
EMG bursts was significantly longer in eDNE pups compared with control pups. Data derived from n=8 control pups and n=8
eDNE pups in each age group. All data presented as mean 6 SD; * indicates significant difference between control and eDNE.
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both age groups. To determine whether these cellular
changes correlated with altered tongue muscle function in
vivo, we did EMG recordings of the GG muscle of the
tongue (Fig. 8A), which is innervated by XIIMNs and plays
an important role in maintaining upper airway patency
(Remmers et al., 1978). We challenged the system with a
15-s nasal occlusion, initiated during the expiratory pe-
riod, which results in a strong increase in drive to the re-
spiratory muscles during breathing. As shown in Figure
8B, nasal occlusion is associated with a monotonic increase
in the EMG activity of both the diaphragm (top trace) and GG
(bottom two traces). At P1–P5, GG activity during occlusion
was not different between control and eDNE pups (time:
F=18.67, p, 0.0001; treatment: F=0.5923, p=0.4543; Fig.
8C). However, at P10–P12, GG EMG activity during nasal oc-
clusion was significantly blunted in the eDNE animals (time:
F=38.38, p, 0.0001; treatment: F=10.17 p=0.0066; Fig.
8D). In addition to the reduced excitation of XIIMNs in re-
sponse to the stress of nasal occlusion, the onset latency
was longer in eDNE animals at P10–P12 (F=3.783,
p=0.0214), whereas it was not different between treatment
groups at P1–P5 Fig. 8E; data obtained from n=8 control
and n=8 eDNE pups in both age groups).

Discussion
We studied the effects of chronic, eDNE on nAChR func-

tion and XIIMN intrinsic properties in vitro and tongue mus-
cle function in vivo in neonatal rats at two developmental
stages. At P1–P5, eDNE animals showed enhanced desen-
sitization and delayed recovery of nAChRs after brief pres-
sure applications of nicotine, however no abnormalities in
XIIMN intrinsic properties were observed and eDNE pups
exhibited a normal tongue muscle EMG response to nasal
occlusion. By P10–P12, which encompasses the days just
before and during a critical period in respiratory system de-
velopment, altered nAChR function was still observed, and
XIIMNs also exhibited altered firing properties and enhanced
potassium currents in neurons from eDNE pups. At this age,
these changes were accompanied by a blunted tongue
muscle EMG response to nasal occlusion, and an increased
EMG response latency in eDNE pups compared with con-
trols. This indicates that altered intrinsic properties of
XIIMNs is an important mechanism behind this effect, which
is not produced by changes in nAChR function alone. The
significance of these results is discussed below.

Do changes in nAChR desensitization kinetics explain
the effects of eDNE on XIIMNs?
nAChRs modulate neurotransmission and there is a

large body of evidence that shows nAChR activation can
also activate several signal transduction pathways, lead-
ing to persistent cellular alterations in the brain (Barik and
Wonnacott, 2009). nAChR signaling plays a crucial role in
brain development, and in the development of rhythmic
motor circuits, including circuits that control the muscles
of breathing (Greer et al., 2006). nAChRs normally under-
go desensitization, a reversible reduction in response dur-
ing sustained agonist application. Although the role of
nAChR desensitization in normal cholinergic transmission
is unclear, it is thought to shape synaptic plasticity and

protect cells from uncontrolled excitation (Giniatullin et
al., 2005). Given the importance of the nicotinic choliner-
gic system in brain ontogenesis, it is evident that nicotine
could have severe consequences on brain development
and function. Like previous studies using continuous ex-
posure with osmotic minipumps (Pilarski et al., 2012), we
show here that eDNE results in delayed recovery of
nAChRs on XIIMNs in rats aged P1–P5 and P10–P12. This
is consistent with studies showing that with the continu-
ous presence of nicotine, nAChRs slowly reach a long-
lasting inactive or desensitized state which is thought to
be a trigger for upregulation of membrane surface
nAChRs, which in turn also desensitize (Fenster et al.,
1999a; Quick and Lester, 2002). Therefore, although the
number of nAChRs is often increased with chronic nico-
tine exposure, in many regions of the brain a larger frac-
tion are unavailable to respond to agonists (Gentry and
Lukas, 2002). Protein kinase C-dependent phosphoryla-
tion of a�4 subunit containing nAChRs slows recovery
from the desensitized state, and this mechanism has
been hypothesized to lead to the long-lasting inactivation
of a�4:b�2 containing nAChRs often observed in
chronic nicotine exposure models (Fenster et al., 1999b).
Whether recovery from this state simply requires ad-
equate time, or if new receptors are necessary to regain
function, is not known (Boyd, 1987). Nevertheless, long-
lasting or permanent desensitized states likely promote
synaptic plasticity that results in the cellular changes as-
sociated with altered structure and synaptic function of
neonatal neurons that govern many important behaviors
including the control of breathing (Yu et al., 2010; Lester,
2011; Jaiswal et al., 2013, 2016; Garcia-Bereguiain et al.,
2016; Wollman et al., 2018b,c; Buls Wollman et al., 2019).
In previous work, desensitization was accompanied by

various changes to XIIMNs, including a decrease in XIIMN
size, a less complex dendritic arbor (Pilarski et al., 2011;
Powell et al., 2015), and increased input resistance and hy-
perexcitability (Pilarski et al., 2011). Proper functioning of
neuronal networks relies on both the appropriate balance of
excitatory and inhibitory influences on a neuron, as well as
an appropriate postsynaptic response. Perturbation of neu-
ronal signaling leads to changes in synaptic efficacy which
must be accompanied by homeostatic mechanisms that
prevent hyperactivity or hypoactivity (Turrigiano and Nelson,
2004). Therefore, a proposed working hypothesis is that
nAChR desensitization, together with other fundamental de-
velopmental changes in XIIMNs observed with DNE, results
in increased neuron excitability, which in turn triggers com-
pensatory plasticity mechanisms directed at restoring excit-
ability back toward normal. Examples of compensatory
mechanisms that have been observed include enhanced po-
tassium conductances (Cholanian et al., 2017), reduced ex-
citatory synaptic inputs and glutamate receptor expression
(Jaiswal et al., 2013), and enhanced postsynaptic inhibition
of XIIMNs (Jaiswal et al., 2013; Wollman et al., 2018a,c).

eDNE alters XIIMN intrinsic properties at P10–P12 but
not at P1–P5
In the present study, as in studies using continuous nic-

otine exposure with the osmotic minipump, we find that
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chronic, eDNE is associated with enhanced desensitiza-
tion and delayed recovery of nAChRs at P1–P5, and that
this effect persists to the P10–P12 age group. In contrast,
we did not observe changes in input resistance, firing
threshold, or the initial slope (gain) of the current-fre-
quency relationship with eDNE at either age. However,
compared with control neurons, XIIMNs from eDNE ani-
mals showed lower peak firing rates in response to cur-
rent injection, but only in the P10–P12 age group. The
reduction in XIIMN peak firing rates in nicotine exposed
pups at this age is accompanied by a significantly greater
delayed rectifier potassium conductance. This conduct-
ance is critical for producing the afterhyperpolarization
that permits sufficient time for recovery of voltage gated
sodium channels from inactivation. Some neurons, in-
cluding CA1 pyramidal neurons, have a reserve of volt-
age-gated sodium channels that appears to allow for
continued action potential firing even when a significant
portion of the total number of channels are inactivated
from previous activity (Madeja, 2000). Multiple studies in
motor neurons, including XIIMNs, show that maximal fir-
ing rates increase over early postnatal development
(Viana et al., 1995; Carlin et al., 2008). In spinal motor neu-
rons, this observation is attributed to an increase in so-
dium channel density (Gao and Ziskind-Conhaim, 1998;
García et al., 1998), and a more pronounced after-hyper-
polarization during repetitive spiking (Fulton and Walton,
1986). Based on this, we consider the possibility that
eDNE alters the normal expression of voltage-gated so-
dium channels, resulting in altered firing properties of
XIIMNs; the increase in delayed rectifier potassium cur-
rents seen in the present study may be an attempt, albeit
unsuccessful, to restore firing rates back toward normal.

eDNE alters the tonguemuscle EMG response to
nasal occlusion
Inadvertent airway obstruction, such as when an in-

fant’s head gets covered by bedding, is accompanied by
an increase in blood CO2 and a decrease in O2, leading to
an increase in the release of several neurotransmitters, in-
cluding ACh, the endogenous ligand for nAChRs. The ap-
propriate changes in excitatory synaptic inputs, along
with the postsynaptic response of the motor neurons, are
both critical to producing an effective respiratory motor
response to chemoreceptor stimulation (Metz, 1966). This
response includes increased drive to the respiratory
muscles, including the muscles of the tongue, which con-
tribute importantly to the maintenance of airway patency
during inspiration. Critical to this work, the main respira-
tory phenotype observed in nicotine-exposed human in-
fants is an increased incidence of obstructive apneas,
which is thought to be a pathophysiological precursor to
SIDS (Newborn, 2003). In previous work, we found that
DNE using the osmotic minipump model was associated
with a delayed and blunted GG muscle motor response to
nasal airway occlusion in pups at ages P3–P7. Here, we
found that eDNE causes similar changes in respiratory-re-
lated tongue muscle function, however only at ages P10–
P12. It is not clear whether the blunted tongue muscle re-
sponse to chemoreceptor stimulation is because of

concomitant changes in intrinsic XIIMN properties, re-
duced excitatory synaptic input (Wollman et al., 2019), in-
creased inhibitory synaptic inputs (Wollman et al., 2018b,
c) or a DNE-mediated blunting of peripheral and central
chemoreceptor reflexes (Hafström et al., 2005; Campos
et al., 2009). However, based on these results, changes in
XIIMN intrinsic properties are at least one important
mechanism behind this effect, as it cannot be explained
by altered nAChR function alone.

Continuous versus episodic nicotine delivery
The present findings are like what has been shown

using the osmotic minipump model of DNE, with some
key differences. The most substantial difference observed
is that other than altered nAChR function, the other effects
of eDNE (described above) are not present in the first
week of life. Here, we found that nicotine delivery through
drinking water resulted in plasma cotinine concentrations
in the pups that were like what we have seen previously
using the osmotic pump at these ages. While plasma coti-
nine concentrations are widely used as an indicator of nic-
otine exposure, pharmacokinetic studies of nicotine and
cotinine show that cotinine blood levels are not a good
measure of brain nicotine concentrations (Ghosheh et al.,
2001). Thus, differences between our current model and
the minipump exposure models might be explained sim-
ply by a nicotine dose effect, i.e., intermittent versus con-
tinuous DNE exposure models may result in significantly
different brain nicotine concentrations. Another possibility
is that the pattern of nicotine exposure determines the ef-
fects of nicotine. Such pattern dependence can be ob-
served in respiratory motor neurons in response to
pharmacologic activation of serotonin receptors or to sys-
temic hypoxia, where intermittent exposure triggers facili-
tation of respiratory motor output but sustained exposure
does not (Baker and Mitchell, 2000; Bocchiaro and
Feldman, 2004; Lovett-Barr et al., 2006). Differences in
the effects of intermittent versus sustained stimulation
have been found in multiple other neural systems and ani-
mal species as well, including sensory adaptation in
Aplysia (Mauelshagen et al., 1998), olfactory conditioning
in Drosophila (Beck et al., 2000), and multiple forms of
hippocampal plasticity in mice (Kogan et al., 1997).

The critical period in respiratory-system development
and implications for SIDS
One of the most influential hypotheses put forward to

explain SIDS proposes that the coincidence of three fac-
tors increases the risk of death: a “vulnerable” infant, an
external stressor, and a critical developmental period
(Filiano and Kinney, 1994). Near the end of the second
week of life in rats, there is a transient period of excita-
tory/inhibitory imbalance that is thought to be a critical
time window for shaping and refinement of the respiratory
control network (Carroll, 2003). This critical period ap-
pears to be genetically predetermined, as it can be de-
layed or prolonged by external stimuli, but not eliminated.
The present study presents a significant advancement

in our knowledge of the role of DNE in the pathogenesis of
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respiratory control abnormalities that may underlie SIDS.
Although continuous nicotine delivery via osmotic pumps
models the nicotine patch, the episodic exposure model
used here more realistically mimics the delivery of nicotine
by cigarettes, nicotine gum, and electronic delivery devi-
ces. In addition, in much of the previous work, the effects
of DNE were studied in neonatal rats within the first week
of life, which roughly correlates to the third trimester in
fetal development in humans (Agoston, 2017). In the pres-
ent study, we also used rats at later ages, P10–P12,
which correlates with the first few days of neonatal life in
humans, closer to the age where some SIDS deaths
occur. Finally, we found that abnormalities in nAChR func-
tion and XIIMN firing properties identified at P10–P12 are
associated with altered respiratory-related tongue muscle
control in vivo, which is a novel finding that elucidates im-
portant mechanisms behind how DNE leads to a behav-
ioral vulnerability at a critical period of respiratory system
development, a phenotype that nicely models key as-
pects of the pathogenesis of SIDS.
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