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laterodorsal tegmentum: a pontine nucleus involved in
addiction processes
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Despite huge efforts from public sectors to educate society as to the deleterious physiological consequences of smoking while pregnant, 12–25%of all babies
worldwide are born tomothers who smoked during their pregnancies. Chief among the negative legacies bestowed to the exposed individual is an enhanced
proclivity postnatally to addict to drugs of abuse, which suggests that the drug exposure during gestation changed the developing brain in such a way that
biased it towards addiction. Glutamate signalling has been shown to be altered by prenatal nicotine exposure (PNE) and glutamate is the major excitatory
neurotransmitter within the laterodorsal tegmental nucleus (LDT), which is a brainstem region importantly involved in responding to motivational stimuli
and critical in development of drug addiction-associated behaviours, however, it is unknown whether PNE alters glutamate signalling within this nucleus.
Accordingly, we used calcium imaging, to evaluate AMPA and NMDA receptor-mediated calcium responses in LDT brain slices from control and PNE
mice. We also investigated whether the positive AMPA receptor modulator cyclothiazide (CYZ) had differential actions on calcium in the LDT following
PNE. Our data indicated that PNE significantly decreased AMPA receptor-mediated calcium responses, and altered the neuronal calcium response to
consecutive NMDA applications within the LDT. Furthermore, CYZ strongly potentiated AMPA-induced responses, however, this action was
significantly reduced in the LDT of PNE mice when compared with enhancements in responses in control LDT cells. Immunohistochemical processing
confirmed that calcium imaging recordings were obtained from the LDT nucleus as determined by presence of cholinergic neurons. Our results contribute
to the body of evidence suggesting that neurobiological changes are induced if gestation is accompanied by nicotine exposure. We conclude that in light of
the role played by the LDT in motivated behaviour, the cellular changes in the LDT induced by exposures to nicotine prenatally, when combined with
alterations in other reward-related regions, could contribute to the increased susceptibility to smoking observed in the offspring.
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Introduction

Within the western world, nearly one quarter of all pregnant
mothers smoke while pregnant,1–3 and in particular regions,
that number has been reported to be even higher.4–7 This
abysmal statistic has not altered much within the last decade
suggesting a plateau, which indicates that the population of
prenatally exposed [prenatal nicotine exposure (PNE)] individuals
is not likely to reduce with currently ongoing attempts via public
service education to reduce maternal smoking. Complicating the
issue of prenatal exposures, in an attempt to abstain from smoking
while pregnant, many women use nicotine patches to reduce
cravings. Unfortunately, while not definitively established, data
suggest that this method of exposure to nicotine may actually
be more harmful to the developing brain than smoking,2,8 as
use of the patch while pregnant ensures that the developing
foetus is exposed to a constant high level of nicotine. Studies

suggest that nicotine is responsible for poor outcomes9–11

associated with smoking while pregnant and use of the patch
may be associated with similar risks and lead to negative
physical and behavioural consequences. Among many adverse
health outcomes, individuals exposed prenatally to nicotine
demonstrate an increased risk of addicting to drugs of abuse
later in life.12–15 Although environmental issues could certainly
contribute to the transgenerational risk, studies show that rates
of development of dependency to drugs of abuse are higher
in individuals whose mothers smoked during pregnancy when
compared with rates of dependency of those whose mothers
smoked before and after, but not during, pregnancy.16 These
and other studies indicate that it is not simply the pro-smoke
environment that is leading to the high rates of smoking in
those prenatally exposed but that other factors are involved.
Further, while the increased prevalence of nicotine use in this
population could be casual and does not have to be due to
dependency, data indicate maternal smoking during pregnancy
is associated with an acceleration of the progression from
experimentation to daily smoking and later, dependence.17–19

Taken together, these studies indicate that nicotine serves
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as a developmental teratogen and is altering the normal develop-
ment of the brain. This alteration likely affects regions of the
brain known to be critical in assigning environmental stimuli
saliency, resulting in an altered assignment of reward more
likely to result in dependent behaviours.

The laterodorsal tegmental nucleus (LDT), which is com-
prised of a mixed population of cholinergic, GABAergic and
glutamatergic neurons has recently been recognized as playing
an important role in the assignment of reward to motivational
stimuli, like drugs of abuse and more natural stimuli, like
food and water20–23(for review,24). The LDT provides a major
excitatory pathway to the regions of the brain classically known
to play a role in reward.20,25–27 One common feature of drugs
of abuse is their ability to activate reward-related dopamine
(DA)-containing neurons of the ventral tegmental area (VTA)
to release high levels of DA to target regions within the nucleus
accumbuns (NAc). The greater the DA efflux, the greater the
likelihood the stimulation will be reinforced and repeated
and eventually become pathological.28–30 Output from the
LDT to the VTA critically controls the excitability of VTA
DA-containing neurons allowing the behaviourally relevant
firing pattern necessary to generate high DA efflux in the
NAc.21–23,31,32 While antatomical, physiological and behavioural
data indicate that it is the cholinergic projection from the LDT that
is functionally significant in this action22,23,25,26,33 and the LDT
provides the major excitatory cholinergic innervation of both the
VTA and NAc,27 findings from a recent study20 implicated a
role of a glutamatergic LDT–VTA pathway in controlling VTA
functioning. Optogenetic stimulation of the LDT–VTA pathway
in vivo resulted in drug dependency-associated behaviours in
absence of a triggering drug, which based on in vitro cellular find-
ings was inferred to be due to glutamate mechanisms originating
from the LDT.20 Regardless of the neuronal phenotype, neurons
of the LDT are functionally important in processes involved
in assignment of stimulus saliency and reward expectation via
projections to limbic structures involved in motivated processes.

Exposure to nicotine during the prenatal period has been
shown to alter the trajectory of neuronal development and
functioning where it has been studied. As nAChRs are present
even before neuralation,34,35 it is no surprise that their
inappropriate activation by exogenous application of nicotine is
associated with substantive changes in developmental processes
affecting outcome of serotonergic, cholinergic, noradrenergic,
dopaminergic and glutamatergic transmission within regions of
the brain important in reward discrimination (for review2,3,36).
Abnormalities in development of these systems would be
expected to contribute to alterations in postnatal processing of
environmental stimuli. However, changes induced in neuronal
development or function within the LDT have not been well
studied. We have shown that PNE is associated with altered
excitability of cholinergic LDT neurons, which influences their
postnatal response to nicotinic agents.37 Glutamate provides a
major excitatory influence within the LDT and evidence for
presence of subunits for glutamate receptors on cholinergic
and non-cholinergic LDT neurons has been presented.38–40

Glutamate input sources from projection neurons outside the
LDT, which includes terminals originating from the medial
prefrontal cortex (mPFC), allowing an indirect control of the
VTA by the mPFC via a glutamatergic relay in the LDT.38,39,41

Glutamate transmission in the LDT also sources locally from a
population of glutamate-containing neurons neighboring the
cholinergic cells within the LDT.42 As alterations in glutamate
signalling by PNE have been detected within the hippocampus
and medulla, and found to be due to changes in ionotropic
glutamate receptors,43–46 it was of interest to examine whether
PNE leads to alterations in glutamate functioning within the
LDT. Using calcium imaging in brain slices from mice pre-
natally exposed to nicotine, we found evidence for reductions
in functioning of AMPA and NMDA receptors within the
LDT. In addition, we provide evidence for the first time that the
cognitive-enhancer AMPAkine, cyclothiazide (CYZ), which
potentiates the AMPA receptor, has actions on neurons of the
LDT and these actions are altered in PNE animals. Given the role
of the LDT in the brain circuit important in stimulus saliency and
reward, differences detected in AMPA and NMDA receptor sig-
nalling within this nucleus are hypothesized to contribute to the
heightened addiction liability upon postnatal exposure to drugs of
abuse in those exposed to nicotine prenatally. It is hoped that better
understanding of the specific mechanisms underlying the heigh-
tened risk for addiction to nicotine in this vulnerable population
will lead to informing design of a rational strategy for developing
new pharmacological aids to treat addiction, or even prevent its
emergence, in these susceptible individuals.

Methods

Animals

All animal studies were conducted in accordance with the
European Communities Council Directive of 24 November
1986 (86/609/EEC) as well as with Danish legislations. The
Animal Welfare Committee, appointed by the Danish Ministry
of Justice, approved the animal study after determining that
efforts to diminish and explore alternatives to animal experiments
and to minimize animal suffering had been made.
Experiments were conducted on brain slices from PNE

animals or controls. PNE was achieved using an oral exposure
model. Pregnant NMRI mice (Harlan) were exposed to
nicotine via addition of nicotine to their drinking water. The
concentration of nicotine utilized (Sigma-Aldrich; 300 µg/ml,
free base) in the dam’s drinking water were derived from studies
in rodents indicating that maternal nicotine exposure via this
method introduces a significant distribution of nicotine in
the offspring47 and studies showing that the resulting plasma
concentration of nicotine induced both dependence and tolerance
in mice indicating exposure of the foetuses to nicotine in utero.48

Saccharin (Sigma-Aldrich; 2% w/v) was added to water as a
sweetener to mask the bitter taste of nicotine.
The population of control animals included naïve mice and

animals that had been exposed to saccharin during gestation.
Data were pooled from these two groups after determination
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that no difference between naïve and saccharin animals in
calcium responses upon application of agonists was detected.
Litter size, sex distribution, birth weight and water intake were
tested in both naïve, saccharine and nicotine mice to rule out
any potential differences in these variables that could bias our
results. A random check of the water intake indicated that
saccharine mice were drinking twice the amount compared
with nicotine fed, however, water consumption in all three groups
was within normal limits reported for other studies on mice49 and
similar water restrictions seen in other studies using this model
were not believed to explain noted neural actions of nicotine50 or
alcohol,51 and were therefore not considered to be of significant
issue in the present study. After pregnancy, animals continued to
be single housed in an open cage system in a temperature of
22±2°C, with a humidity of 36–58%. The light within the room
was on a 12:12 light:dark cycle with light on between 6 am and
6 pm. Animals had ad libitum access to water and food during the
entire duration of the experiments. After birth, the drinking water
was switched to plain tap water for all groups. Animals sourced
from different mothers and from multiple litters in order to avoid
the contribution of litter effects to the study.

Brain slice preparation

Mice between the ages of postnatal day (PND) 7–22 were
decapitated while under general anaesthesia with isoflurane
(Isoba® Vet. 100%). A block of the brain containing the LDT
was rapidly removed and submerged in ice-cold artificial cere-
brospinal fluid (ACSF) containing (in mM) 124 NaCl, 5 KCl,
1.2 Na2HPO4, 2.7 CaCl2, 1.2 MgSO4, 10 glucose and 26
NaHCO3 at pH 7.4 and saturated with carbogen (95%O2/5%
CO2). Subsequently the tissue was glued to the cutting
platform in a coronal plane, supported by an agar block and
re-submerged in ice-cold oxygenated ACSF. Finally, the
brainstem was carefully sectioned at 250 µm using a Leica
vibratome (VT1200S, cutting speed 5-10 mm/s).

LDT slices were identified by known landmarks, that is, by
locating the visible pericentral part of the dorsal tegmental
nucleus (DTgP) as while the LDT itself is not so easily visible,
it is known to be located lateral to the DTgP areas. Correct
inclusion of the LDT within the imaged areas was confirmed
post hoc by use of immunohistochemistry optimized to detect
cholinergic neurons, which are used to delineate the periphery
of the LDT. Slices containing the LDT were incubated at 37°C
for 15 min and then stored at room temperature for at least 1 h
before further procedures were conducted.

Calcium imaging

LDT containing brain slices were loaded with the ratiometric
fluorescent dye FURA-2-acetoxymethylester (FURA-2, AM) in
accordance with known guidelines.52 To this end, slices were
incubated for 10 min plus 1 min for every PND at 32°C in a
small volume ACSF equilibrated with carbogen and containing
15 µM FURA-2, AM freshly prepared from a stock solution of
3.3 mM prepared in DMSO. Although inclusion of glia cells in

the study cannot be ruled out, this loading protocol has been
reported to load neurons in the LDT53 and cells for this
study were selected for inclusion on basis of size and presence of
processes, which were dendritic in appearance. During and after
incubation with FURA-2, AM the tissue was exposed to a mini-
mum of light to avoid photo bleaching. Slices were rinsed in the
chamber for at least 20min before commencement of drug
application experiments to ensure FURA-2, AM de-esterification,
wash out of dye debris and temperature equilibration.
Recordings were obtained from slices submerged in a

recording chamber at room temperature, perfused at 0.5–1 ml/
min with continuously oxygenated ACSF. The LDT was first
localized on an Olympus microscope (BX-51, Japan) with a
4× objective (Plan N, Olympus, Japan) by bright field illumi-
nation and landmarks. Individual cells loaded with FURA-2,
AM were then imaged using a 40× water immersion lens
(LUMPlanF N, Olympus). Optical recordings were made
using a cooled CCD camera system (12 bit Sensicam, PCO
imaging, Germany) controlled by imaging software (LA
Acquisition, TILL Vision, Germany). The ratiometric recordings
were obtained by software-controlled, rapid switching of the exci-
tation wavelength between 340 and 380 nm and appropriate
monitoring of the emission spectra using a Chroma FURA-2 filter
set and a Xenon Bulb (Osram, Germany). FURA-2 bound to free
Ca2+ ions emits a greater fluorescence when exited at 340 nm than
at 380 nm, hence a rise in F340 nm/F380 nm ratio corresponds to a
rise in free calcium. Images were binned at 2×2 and image pairs
were collected at 1000–2000ms intervals. Regions of interest
(ROIs) were selected to encompass filled cells, which appeared to
be neurons based on size and presence of dendritic processes, and
exposure times at the two wavelengths were adjusted to give a
maximum fluorescence intensity of ∼10% of the maximum range
so as to reduce the possibility of aliasing the fluorescent signal.
A region of the field devoid of cells was also monitored as an
indicator of background fluorescence. During the recordings,
responses were monitored, and following recordings, offline
analysis was conducted with a software analysis tool available
within LA Acquisition (OA, Till Vision). The ratiometric measure
of change in fluorescence is shown on graphs as dR/R, where R is
the average fluorescence ratio (F340 /F380 nm) within a single ROI
following subtraction of background fluorescence. dR/R is the ratio
change following subtraction of the average R measured before
drug application and hence, this value represents a relative expres-
sion of change in calcium and is not meant to report absolute
values. Ratio measurements were not converted to absolute values
of calcium concentrations due to several well-known uncertainties
associated with FURA-2 imaging within brain slices, as discussed in
Connor and Cormier.54 dR/R ratios in all figures are presented
such that upgoing traces represent rises in intracellular calcium.

Drugs

50 mM NMDA (Sigma-Aldrich), 1 mM AMPA (Sigma-
Aldrich), 1.5 mM DNQX (Sigma-Aldrich) and 50 mM AP5
(Sigma-Aldrich) stock solutions were made from solid drugs
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dissolved in distilled water and frozen in appropriate aliquots to
be diluted in ACSF at the final concentrations. Stock solutions
of 30 mM CYZ (Tocris) were made in DMSO and diluted in
ACSF at a ratio of 1:1000, which is a concentration of solvent
that does not exert actions on LDT cells.53 Drugs acting at
glutamate receptors, AMPA, NMDA, DNQX, and AP5, and
CYZ were applied using an automatic multi-barrel system
(ALA Scientific Instruments, VC3 8,8 channel valve com-
mander with 50 ml syringes). Barrel flow (∼2.5 ml/min), equal
chamber distribution and wash out time (∼5 min) were tested
before experiments by monitoring the flow pattern of phenyl
red. Preliminary experiments indicated that application of 50 µM
NMDA and 10 µMAMPA for 30 s using the multi-barrel system
gave rise to consistent calcium responses with a duration >2min.
A total of 15 µMDNQX and/or 50 µM AP5 (for >5min) were
applied before NMDA or AMPA to ensure block of AMPA, and
NMDA, receptors, respectively. 30 µM CYZ was both pre- (for
>5min) and co-applied when testing its effect on AMPA-
induced calcium responses.

Immunohistochemistry

To confirm that imaging had been conducted in the LDT, we
used immunohisochemistry to identify neuronal nitric oxide
synthase (nNOS)-positive cells within the slice. Presence of
nNOS has been shown to be a reliable marker of cholinergic
LDT neurons, and the pattern of cholinergic cells and their
periphery, serves to identify the boundaries of this nucleus. In
contrast to detection of markers of acetylcholine synthesis or
transport, detection of nNOS is robust in brain slices from
which imaging has been conducted and kept alive for extended
periods of time in ACSF.55 To process slices for detection of
cholinergic neurons, following calcium imaging, slices were
incubated with 4% w/v paraformaldehyde (PFA) for 24 h
before being stored in 30% w/v glucose solution in order to
stop the fixation induced by PFA and to promote cryoprotection.
Slices were then kept at 5°C until commencement of further
procedures. Slices of 250 µm were re-sectioned at 40 µm on a
cryostat (Leica CM3050 S, Germany). Re-sectioned slices were
then exposed to a primary nNOS rabbit-antibody with sub-
sequent incubation in an appropriate secondary (Alexa Flour®

488 goat anti-rabbit IgG, Molecular Probes®). Slices were then

mounted on glass slips, and dehydrated. Inclusion of the LDT
in slices from which recordings were conducted and data pre-
sented was confirmed by presence of nNOS positive cells in a
pattern typical of the LDT.56

Data processing and analysis

Recordings were excluded if movement of the slice disabled
capture of single neurons within appropriate sized ROIs for
⩾2 min or major changes in focus across the data collection
occurred. In addition, single ROIs were excluded if dye debris
crossed the ROI, which induced larger artefacts in the fluore-
scence (F). Responses were verified and distinguished from
potential artefacts by frequently assuring that the changes in
fluorescence ratio R (= F340 nm/F380 nm) were reflected in the
single channel recordings at 340 and 380 nm. Data sets were
analysed using either IGOR Pro (WaveMetrics, Inc., USA) or
Prism 5 for Mac OS X (GraphPad Software, Inc., version
5.0d), both including appropriate built-in tools to quantify the
response variables rise time (time from peak onset to peak
maximum), length (time from peak maximum to 50% decay),
and amplitude (difference between baseline and peak
maximum). As in other studies using calcium imaging within
the LDT,53,55 the profile of responses varied. For purposes of
analysis, these profiles were categorized into three categories
based on the kinetic profile as was defined and done in previous
work: (1) plateau-like responses, (2) smooth spiker and (3)
oscillatory, and quantification of response variables presented
was based on analysis of the cells responding with the plateau
kinetic pattern. Data is presented as the mean amplitude
(ΔR/R, %) ±standard error of the mean (S.E.M.) of the plateau-
like responses, with the n-value indicating the number of cells
exhibiting this response, unless otherwise stated. The number
of cells exhibiting quantifiable plateau-like responses was on
average 10 cells per slice. Data were collected across multiple litters
and while most often only one LDT slice was obtained from each
animal, in some cases, two slices containing the LDT could be
obtained. All figures were prepared using IGOR or Prism.

Statistics

Statistical analysis presented in this report was generated using
IGOR and Prism. In particular for comparison of means,

Fig. 1. AMPA induces smaller calcium responses in laterodorsal tegmental nucleus (LDT) neurons from prenatally exposed animals (PNE)
compared with controls (Con). (a1) Representative coronal brain slice under 4× optics showing the region of the brain including the LDT and
with indications of the known landmarks for the region, that is, the adjacent dark oval-shaped dorsal tegmentum nucleus (DTgP).
(a2) Representative close up (40× optics) view of LDT neurons successfully loaded with FURA-2, AM, a fluorophore, which changes its
fluorescence when bound to calcium. Regions of interest (ROIs) are drawn around the cells as shown by the boxes to monitor changes in
fluorescence (dR/R) within these regions induced by drug. The background was chosen as a region devoid of filled cells (green dashed line
box). Scale bar indicates 20 µm. (b) AMPA-induced responses from PNE (red) and control cells (black). Data from first application of 10 µm
(b1, b2) or 1 µM (b3) AMPA are presented. (c) Cumulative fractions of the dR/R response from individual cells in control (black) and PNE
conditions (red) applied 10 µM (c1) or 1 µM (c2) AMPA indicating that the response size distributions were significantly different between
PNE and control conditions (K–S test, n = 384, P = 0.0040), indicating a reduced AMPAR-mediated calcium flux in slices obtained from
prenatally nicotine-exposed animals. (d) Histograms showing mean response amplitudes ± S.E.M. from first application (R1) of either 10 µm
(d1) or 1 µM (d2) AMPA both indicate that in LDT cells from PNE animals, responses were significantly decreased compared with responses
in control slices (student’s t-test, n10 µM = 384, P = 0.0007; d1 & n1 µM = 45, P = 0.0085; d2).
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student’s paired and unpaired t-test in Prism was used. When
appropriate, data were evaluated using a one-way ANOVA,
including Bartlett’s pre-test (for equal variances) and Tukey’s

post-test (comparing all pairs of columns) in Prism. A χ2-test
with Yates correction, available at the online GraphPad support
web page was utilized for non-parametric evaluations. Finally,
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IGOR was used to perform Kolmogorov–Smirnov (K–S) test for
comparison of response size distributions. Statistical significance
was determined as P<0.05, which is indicted by a single asterisk
in figures, however, in some cases, multiple asterisks are utilized in
graphs to indicate when P-values were even lower than this value:
*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.

Results

AMPA induces smaller rises in calcium in PNE animals

Application of 10 µM AMPA for 30 s induced significantly
smaller calcium responses in LDT cells from PNE animals
when compared with rises induced in these cells in controls
(student’s t-test, n = 384, P = 0.0007; Fig. 1a, 1b and 1d).
On average, the amplitude of the AMPA-induced calcium rise
for the PNE group was about half that observed in controls.
Before pooling data from the two control subgroups, that is,
naïve and saccharin, responses in these groups were compared
and amplitudes were found not to be significantly different
(student’s t-test, nnaïve = 144, nsaccharin = 53, P = 0.1994).
Smaller responses in the PNE group were confirmed by analysis
of the cumulative distribution of the response size, which
clearly indicated a significantly greater fraction of larger AMPA-
mediated calcium responses in LDT cells from controls, when
compared with the distribution of the amplitude of responses
in the LDT from PNE animals (K–S test, n = 384,
P = 0.0007; Fig. 1c and 1d). Significantly smaller responses in
the PNE group were replicated using a lower concentration of
AMPA (Fig. 1b and 1d). Interestingly, while the 10 µMAMPA
dose was chosen over 1 µM for further experiments as the
higher concentration induced larger amplitude responses, this
effect was only significant for responses elicited in PNE animals
(student’s t-test, n1 µM = 24, n10 µM = 187, P = 0.0439), and
was not found to be the case in recordings from controls
(n1 µM = 21, n10 µM = 197, P = 0.3271), further indicating
differences in AMPA responsitivity induced by the PNE
treatment. Repeat applications of AMPA were able to elicit
responses; however, differences upon multiple applications
were apparent between control and PNE animals. The second
application to AMPA was significantly decreased in the LDT of
control animals, whereas it was not significantly altered in cells
of the LDT from PNEs (Fig. 2a). Further, the mean second to
first response ratio for responses obtained in PNE slices was
significantly different from that in control slices (student’s
t-test, n = 107, P = 0.0235; Fig. 2c). While the second to first
response ratio was <1 in control slices, this ratio was >1
in PNE animals. Therefore, we conclude that consecutive
applications of AMPA resulted in a decrease in the response
amplitude in control animals that was not present in the PNE
group (student’s paired t-test, ncon = 54, Pcon = 0.0010,
nPNE = 53, PPNE = 0.0828; Fig. 2b). A subset of the data was
analysed for differences in other response kinetic variables,
namely rise time and duration of the response. Our data indi-
cated that responses from control slices had a significantly

shorter rise time (student’s t-test, n = 103, P< 0.0001; data
not shown) and exhibited a faster decay rate (n = 83,
P< 0.0001; data not shown) than responses obtained in
PNE slices. No significant difference in latency to onset was
observed between groups (n = 103, P = 0.3328; data not
shown). Taken together, our results suggest that PNE reduces
AMPA-induced calcium responses in LDT neurons and
alters the mechanisms determining response size upon second
exposure to AMPA in these cells as well, which suggests the
possibility that gestational nicotine changes AMPA receptors in
such a way that mechanisms involved in receptor desensitisa-
tion are altered.

Nicotine alters the neural calcium response to consecutive
NMDA applications

Calcium rises induced by a 30-s application of 50 µM NMDA
were found to not be different across groups; however, upon
second application a significant increase of response size was
observed in the control group, which was not an effect observed in
cells from the PNE group (student’s paired t-test, ncon = 53,
pcon = 0.0147, nPNE = 24, pPNE = 0.5687; Fig. 3a, 3b and 3c).
Hence, a significant difference in second to first response ratio was
observed (student’s t-test, ncon = 53, nPNE = 24, P = 0.0012;
Fig. 3d). A subset of the data were evaluated for differences in
other response kinetic variables; however, no significant dif-
ferences between the control and PNE groups were observed in
rise time (student’s t-test, n = 53, P = 0.7600; data not
shown) or duration of response (n = 43, P = 0.6758; data not
shown). In summary, whereas no difference between the two
groups were observed in the amplitude of the calcium responses
induced by first NMDA application, the second to first
response amplitude ratio were significantly different among the
groups. These data suggest that PNE affects the functioning of
NMDA receptors in the LDT. Further, as responses to first
applications were similar across treatment groups, these data sup-
port the conclusion that differences seen in responses to AMPA
were not a function of PNE alteration in cell health inducing non-
specific differences, but rather, likely due to specific changes in
activity involving ionotropic glutamate receptors.

Similarities and differences between AMPA- and NMDA-
induced calcium responses

The data collected monitoring calcium responses elicited by the
first application of 10 µM AMPA indicated that PNE resulted in
an approximately two-fold decrease in the calcium response in
LDT cells (Table 1). Contrary to this finding, responses to first
applications of NMDA in LDT neurons from PNE animals were
not significantly different from response amplitudes observed in
controls. Furthermore, whereas second responses to AMPA were
significantly decreased in slices obtained from control animals,
second responses to AMPA observed in PNE slices were not sig-
nificantly different from first responses. In contrast, second
responses toNMDAwere larger in control conditions, whereas this
activity-dependent enhancement was not noted in second NMDA
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responses in cells from PNE animals. In summary, when data using
AMPA and NMDA receptor agonists are compared, they
emphasize the differences induced by PNE of actions mediated
by these two ionotropic glutamate receptors. Taken together, we
hypothesize that PNE affects mechanisms underlying AMPA and
NMDA receptor desensitisation and activity-dependent enhance-
ment, respectively, and actions extend to altering the kinetics of
AMPA responses in PNE animals, an effect not noted in controls
or in responses mediated by the NMDA receptor.

CYZ significantly potentiates the neural calcium
response to AMPA

The development of compounds that modify the activity of
AMPA receptors allowed us to further investigate the suggested

differences in AMPA responses obtained between PNE and
control LDT cells. Accordingly, we evaluated the potential
differential effect of the ampakine CYZ, a positive allosteric
modulator working at the AMPAR. Pre-application of
30 µM CYZ reversed the observed decrease in response to
consecutive applications of 10 µM AMPA seen in control
animals. In fact, CYZ significantly potentiated the effect of
AMPA in both groups, however, the degree of potentiation
differed across treatment groups by an order of magnitude
of 6.7 and 2.5 in control and PNE slices, respectively
(student’s paired t-test, ncon = 72, pcon< 0.0001, nPNE = 60,
pPNE< 0.0001; Fig. 4a and 4b). Hence, the response ratio
in control slices was significantly larger than that observed in
PNE slices (student’s t-test, ncon = 72 and nPNE = 60,
P = 0.0245; Fig. 4b).

Fig. 2. Responses to AMPA were significantly attenuated upon repeat applications in control laterodorsal tegmental nucleus (LDT) cells (Con),
but were not significantly reduced in cells from prenatally exposed (PNE) animals. (a) Single cell example of AMPA-induced responses in a control
(black; a1) and PNE (red; a2) slice indicating the decrease in response size from first application (full line) to second application (dotted line) in
control slices, but not in PNE slices. Note different scale bars on y-axes. (b) Response amplitude means± S.E.M. from PNE (red) and control cells
(Con; black/white), responding to both by first (R1) and second (R2) AMPA application (pairs). For the population of recorded cells, response
amplitudes elicited by second applications of AMPA were significantly reduced in control slices (student’s paired t-test, n = 54, P = 0.0010),
however, while the mean amplitude of responses from first and second AMPA application suggested a decrease upon repeat application, a significant
attenuation in repeat responses was not present in cells from slices from PNE’s (n = 53, P = 0.0828). (c) This contrast was reflected in a significant
second to first response ratio difference between responses in PNE and control data (student’s t-test, ncon = 54, nPNE = 53, P = 0.0235).
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Fig. 3. First time applications of NMDA-induced calcium rises that were not significantly different between laterodorsal tegmental nucleus
(LDT) cells in prenatal nicotine exposed (PNE) and control slices. (a) Single cell trace examples from first (full line) and second (dotted line)
NMDA application in control slice (black; a1) and a PNE slice (blue; a2), and ACSF test run in both slices (grey traces). Whereas most second
responses (R2) in the control group showed an increase compared with first response (R1), some responses in the PNE group decreased, and
on average, no difference was detected between first and second applications in the prenatally exposed animals. (b) Examination of the
cumulative distributions of the response size amplitude revealed there were not significant differences across groups for this parameter (K–S
test, n= 109, P = 0.25). (c) Response amplitudes are presented as mean ± S.E.M. No significant differences between the means of Con_R1,
Con_R2, PNE_R1 and PNE_R2 were observed (one-way ANOVA with Tukey’s post-test, P> 0.05, data not shown). However, when
comparing data from cells responding to both first and second NMDA application (pairs) the response size was significantly increased upon
second NMDA application in the control (student’s paired t-test, n = 53, P = 0.0147) an effect that was not noted in the prenatally exposed
group (n = 24, P = 0.5687). (d) The second to first response ratio was significantly different for the two groups as show in the histogram
summarising data collected from a population of cells in which first and second applications of NMDA were tested (n = 77, P = 0.0012).

Table 1. Data from cells responding to both first and second drug application (pairs) are presented as mean± S.E.M.

Response size (%)

Drug applied Group First application Second application Second to first response ratio

AMPA Control 76 ± 14(A),(B) 35 ± 7(B) 0.6 ± 0.1(D)

PNE 30 ± 4(A) 23 ± 4 1.4 ± 0.3
NMDA Control 26 ± 4(C) 33 ± 5(C) 1.4 ± 0.1(D)

PNE 23 ± 5 21 ± 7 0.8 ± 0.1

PNE, prenatal nicotine exposure.
Summary of statistics: (A) First response to AMPA in control compared with PNE slices were significantly different

(student’s t-test, n = 384, P = 0.0007). (B) Response size was significantly decreased upon second AMPA application in
control slices (student’s paired t-test, n = 54, P = 0.0010). (C) Response size was significantly increased upon second
NMDA application in control slices (student’s paired t-test, n = 53, P = 0.0147). (D) AMPA control response ratio is
significantly different from NMDA control response ratio (Student’s t-test, n = 106, P< 0.0001).
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To test whether the effect of CYZ was in fact induced
through activation of AMPARs, the responses following
5 min pre-application of the AMPA receptor antagonist,
DNQX (15 mM) were examined. The data indicated that the

receptor antagonist significantly decreases the potentiating
effect of CYZ on AMPA-induced responses in cells from both
control and PNE groups, and that the inhibition is reversed
following wash (one-way ANOVA, P< 0.001; Fig. 4c and 4d)

Fig. 4. An AMPAkine potentiated the actions of AMPA on inducing calcium rises in control and prenatally exposed cells; however, this
potentiation was significantly greater in control cells. (a) Single cell example from a control slice showing the potentiating effect of the
AMPAkine cyclothiazide (CYZ) on the calcium response elicited by a 30-s application of 10 µM AMPA to a laterodorsal tegmental nucleus
(LDT) neuron. This is the first time this cellular action of an AMPAkine within the LDT has been reported. Analyses was made as to
whether any differences in CYZ response existed between naïve and saccharine animals and as there was no significant difference detected
(P = 0.5795), data from these two groups were pooled for this study. (b) CYZ significantly potentiated the effect of AMPA in both
control (Con) and prenatally exposed (PNE) slices (student’s paired t-test, ncon = 72, nPNE = 60, ****P< 0.0001), however, the degree of
potentiation was significantly smaller in the PNE cells when compared with that elicited in controls (*P = 0.0245). Data are shown as
mean ± S.E.M. and only data from complete data sets are included, that is, when a quantifiable plateau-like response were obtained upon both
first application, consisting of pure 10 µM AMPA, and 3rd application, consisting of 10 µM AMPA co-applied with 30 µM CYZ (abbreviated
ACYZ). Second application consisted of 10 min 30 µM CYZ pre-application. Effects of CYZ, which has been shown to reverse response
decrease upon consecutive AMPA applications where it has been studied, were specific to actions at the AMPA receptor in the LDT as the
AMPA receptor antagonist DNQX inhibited the effect of a 30-s 10 µM AMPA application in the presence of 30 µM CYZ. (c) Shown is a
single cell example of response inhibition caused by the presence of 15 mM DNQX. (d) Population data showing that in both control (d1)
and PNE (d2) cells, enhancements of AMPA-induced calcium rises were reduced in presence of DNQX. Response amplitudes from each cell
were normalized to first response induced by ACYZ and found to be significantly reduced as indicated by the asterisks (one-way repeated
measures ANOVA with Tukey’s post-test, ***P< 0.001). Recovery of response upon a third application of AMPA following washout of
DNQX was possible in some cases (3rd ACYZ).
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suggesting that actions of CYZ are specific to potentiation of
AMPA receptors.

In addition, it was observed that application of 30 µM CYZ
in isolation could induce rises in calcium in both PNE and
control slices, which is consistent with previously demonstrated
ongoing glutamate transmission occurring within the LDT in
this brain slice preparation.42 However, significantly fewer cells
in PNE slices (12%) compared with cells in control slices

(33%) exhibited increasing calcium levels as a response to CYZ
application (χ2 with Yates correction, n = 219, p = 0.0005;
Table 2). A significantly higher percentage of cells failed to
respond to CYZ alone in the LDT of PNE animals (46%)
when compared with the percentage of cells that exhibited no
response to this AMPAkine in control LDT (27%; Table 2).
The remaining cells responded to CYZ with decreases in
calcium, however, there were no significant differences in this
response between PNE and control animals. In summary, our
results indicate that CYZ strongly potentiated the effect of
AMPA at the AMPA receptor and that the degree of poten-
tiation was smaller in slices from PNE mice than in slices from
controls. Furthermore, a larger percentage of cells in control
slices exhibited a rise in calcium as a response to CYZ appli-
cation when compared with cells in PNE slices. Thereby, these
data support our other findings indicating that PNE changes
AMPA receptor-mediated activity within the LDT.

Immunohistochemistry

As in previous studies,56,57 we utilized a marker of cholinergic
neurons, nNOS58 to confirm that data sourced from cells
within the LDT. Staining for nNOS within a subpopulation of
slices utilized in this study (n = 13), revealed that in all cases,
recordings were conducted within the boundaries of the LDT
(Fig. 5a and 5b). Upon gross examination, there did not
appear to be any differences in nNOS staining across control

Table 2. Application of 30 µM CYZ in isolation induced calcium
responses in LDT neurons

Group

Activity (% of total cells exhibiting the
activity)

Control
(%)

PNE
(%)

Ca2+ increase 33 12
Ca2+ decrease 29 32
No change in Ca2+ 27 46

CYZ, cyclothiazide; LDT, laterodorsal tegmental nucleus.
Summarized are the response type distributions for the nicotine and

control groups. A significantly larger proportion of cells responded to
CYZ application with an increase in calcium in the control group
when compared with the proportion of cells responding in the pre-
natally exposed group (χ2 with Yates correction, ncon = 119, nPNE =
100, P = 0.0005).

Fig. 5. Calcium imaging was conducted within the region of the laterodorsal tegmental nucleus (LDT). (a1) Low gain fluorescent image
of a sample coronal brain slice used in the present study in which presence of the bilateral LDT can be seen. Neuronal nitric oxide synthase
(nNOS)-positive cells are shown in green, and the anatomical limits of the LDT can be defined by the extent of nNOS positive cells
(dashed circle on left LDT). (a2) High gain (40×) detail of the LDT in another slice, indicating that gross morphology can be appreciated
at this level of magnification. (b1) Another coronal slice from which data for this study were collected viewed under bright field optics.
(b2) The same slice viewed under fluorescence after processing for nNOS immunohistochemsitry. This procedure was used to confirm that
recordings were conducted from the LDT. (b3) High gain fluorescent image of the FURA-2, AM cells within the LDT shown in b1 and b2.
Regions of Interest (ROIs) are drawn around cell bodies to indicate neurons from which recordings were conducted.
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and PNE conditions. When taken together with our earlier
report showing that Fura-2, AM loads neurons within the LDT
(Kohlmeier et al.),24 we conclude that alterations in AMPA and
NMDA receptor-mediated signalling associated with exposure
to nicotine during gestation alters calcium rises in neurons of
the LDT, but it does not appear to alter gross morphology of
these cells. Further experiments will need to be conducted with
more detailed histological analysis to determine whether PNE
is associated with alterations in dendritic morphology within
the LDT as it has been shown to occur in other brain regions
where this has been studied.59,60

Discussion

Summary

The motivation for the current study was to determine whether
gestational nicotine exposure affects glutamatergic neuro-
transmission mediated by AMPA and NMDA receptors in the
LDT, a brain region thought to be involved in the neuro-
biology underlying reward-related processing of salient,
motivated stimuli. Using calcium imaging, we compared
calcium rises induced by AMPA and NMDA receptor agonists in
the LDT in brain slices obtained from mice exposed during the
gestational period to nicotine to those from naïve and control mice.
Taken together, our data indicate that prenatal exposure to nicotine
is altering the functioning of AMPA and NMDA receptor-
mediated signalling within the LDT.Our data suggest that early-life
exposure to nicotine induces a reduction in glutamate signalling,
resulting in a lower neuronal response to glutamatergic input.
Reduced glutamatergic responsiveness would be expected to play a
role in alterations of behaviours associated with PNE and known to
be controlled by the LDT.

Caveats

Our study was conducted using pharmacological agents that
specifically activate NMDA and AMPA receptors, and these
receptors have been shown to be present on postsynaptic
LDT cells. mRNA for glutamate receptor subunits has been
detected in the LDT,38,39 and electrophysiological whole cell
patch clamp studies from our lab and others have indicated
functional presence of these receptors in this nucleus and that
activation of these receptors results in rises in calcium.40,42

While both AMPA and NMDA receptors are calcium perme-
able, the present study did not specifically examine whether
calcium sourced via an increase in the calcium conductance of
these glutamate receptors. Calcium influx can occur directly via
these ionotropic receptors, or source secondarily to depolari-
sation of the cell sufficient to activate voltage-operated calcium
channels or via mobilisation of secondary messengers involved
in release of calcium from intracellular stores.61 As we were
primarily interested in determining the functional outcome of
activation of glutamate receptors, our study did not include
blockade of these secondary sources. Therefore, we make no
conclusions that the calcium rises elicited by the glutamate

receptor-acting drugs, AMPA or NMDA, were mediated by
flux of ions directly through these receptors. While PNE-
induced changes could occur to alter conductances of voltage-
operated calcium permeable channels or could result in changes
in the intracellular stores decreasing their susceptibility to
activation, we do conclude from our data, regardless of
mechanism, that exposure to nicotine prenatally induced
alterations in calcium rises initiated by AMPA and NMDA
receptor stimulation, and it would be expected that this func-
tional change would have consequences for processes in which
the LDT is involved.
Another caveat of our study is that with the bulk load cal-

cium imaging technique, the phenotype of individual
responding neurons cannot be identified. This technique
offered several attractive features: (1) with the method utilized,
neurons, specifically, within the LDT have been shown to be
loaded with the calcium-binding ratiometric dye;53 (2) we were
able to monitor AMPA- and NMDA-induced responses in
large numbers of neurons at the same time; and (3) we were
able to monitor responses to glutamate receptor activation
without disturbing the intracellular contents upon which
responses may have been dependent. However, the LDT
contains several neuronal cell types, that is, GABAergic,
glutamatergic and cholinergic62 with some cholinergic cells
co-localising GABA63,64 and the disadvantage of the calcium
imaging technique employed is that we were not able to dis-
tinguish between these LDT cell types and correlate responses
with a particular neuronal population sorted by neuro-
transmitter content. In future, now that changes suggestive of
PNE-induced alterations in receptor functioning have been
detected, using more invasive, lower yield, methods such as
patch clamping, it would be interesting to determine whether
differences in glutamate receptor responses exist following
early-life nicotine exposure are found within a specific LDT cell
phenotype, especially in light of the different roles played by
subpopulations of LDT cells.24

Our study was conducted to determine whether PNE
introduces alterations in glutamate receptor-induced inter-
cellular calcium. As the first study of this type in the LDT, we
examined the presence of this alteration across a range of PNDs
up to 3 weeks postnatal. However, dynamic changes in neuro-
transmitter systems occur during this time, including changes
in the glutamate system.43–45,65 Therefore, it would be inter-
esting in future studies to examine whether differential
responses exist from week to week within the range of ages
studied here and further, whether differences during this time
are still present, or altered in the adult.
Finally, the oral administration model was utilized to assay

the gestational effects of nicotine on glutamate receptor func-
tioning within the LDT.While we did not measure levels of the
nicotine metabolite, cotinine, in the foetus to assay levels of
drug exposure, nor monitor addictive behaviours in the mother
to verify psychobiological effects or evidence of drug exposure
by alterations in behaviour, this method of nicotine adminis-
tration has been shown by other studies to result in nicotine
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distribution to the foetus, as well as engendering dependence
and tolerance in the mother, suggesting the foetus is exposed to
behaviourally relevant nicotine concentrations.47,48,66 Although
perhaps less of a factor than nicotine exposure via constant-infusion
osmotic pumps, one common criticism of the chronic oral
administration nicotine exposure model is that this method of
nicotine exposure creates a constant plasma level of nicotine, which
does not recapitulate the human use pattern of regular cigarette
smokers that results in varying plasma levels across the day with a
decrease during the night.67 Interestingly, however, as the majority
of fluid consumption in rodents occurs during the active portion of
the circadian cycle,47 the oral consumption method could be
expected to result in intermittent plasma nicotine levels better
mimicking daytime smoking than delivery of nicotine via
implanted osmotic pumps. Further, an important advantage of the
oral administration model is that it is expected to be non-stressful,
unlike other nicotine application methods such as daily injections.
As stress has been shown to induce synaptic plasticity changes
similar to that of addiction,68 a potentially stressful nicotine
administration model could complicate interpretations, that is,
whether neurobiological changes in offspring were induced by
nicotine treatment or maternal stress. However, when considering
the effects of gestational nicotine exposure, the low clearance of the
placenta suggest that the method of administration might not be as
critical. Nicotine and its metabolites accumulate in the foetal cir-
culation and fluids at higher levels than in the mother’s blood,69,70

and can be present significantly beyond the last exposure of the
mother.71 Hence, the foetus would not be expected to experience
the same amount of fluctuation in plasma nicotine levels as the
smoking mother. Taken together, the oral nicotine administration
model used in the current study is expected to correlate sufficiently
with the nicotine exposure expected from maternal smoking in
humans. Regardless, no animal model can completely mimic
smoking behaviour in humans and it should therefore always be
taken as a caveat that the model chosen might determine the level
of changes observed, if not the type of changes induced. For
example, a study that compared two animal models of nicotine
exposure indicated that, while the quality of the changes was not
affected by method of exposure, that is, both methods induced
region-specific changes in nAChR subunit composition, the degree
of alteration depended on the administration method employed.72

PNE-induced altered AMPAR-mediated responses

Our findings suggest the possibility that early-life exposure to
nicotine changes the numbers or properties, such as receptor
desensitisation, of glutamate ionotropic receptors in the LDT.
Ours is not the first study to examine changes that would be
expected to impact on glutamate transmission mediated by
AMPA receptors, which are altered by early-life exposure to
nicotine. Others have reported that, following nicotine expo-
sure during the 1st and 2nd week of gestation, a significant
upregulation of GluA1, an AMPAR subunit, on PND 1 and a
significant reduced expression of GluA2, another AMPAR
subunit, as well as an overall significant decrease in AMPARs

on PND 63 occur in rat hippocampus.43 In another study,
following initiation of nicotine exposure during the 1st
gestational week, GluA1 levels were reduced at 3 weeks of age
in the pups,44 as well as levels of the vesicular transporter for
glutamate.44 Immunohistochemical studies demonstrated that
levels of GluA2/3 were decreased in medullary respiratory
neurons in the 1st postnatal week following PNE, which began
in the second half of the 1st gestational week.46 The potential
cellular mechanisms underlying changes affecting AMPAR, as
well as NMDAR, subunit expression in animals prenatally
exposed to nicotine have been examined. The expression of
the calcium/calmodulin-dependent protein-kinase II alpha
(CaMKIIα), which mediates phosphorylation and subsequent
activation of AMPARs, and the presence of the post-synaptic
density protein 95 (PSD95) responsible for stabilising
AMPARs and assembling signal transduction complexes, were
analysed in hippocampi from exposed and non-exposed rats.
An upregulation in the hippocampus of both these proteins on
PND 1 extending to PND 14 for CaMKIIα was noted, which
could partly explain the observed upregulation in AMPAR
GluA1 subunit expression seen in the same study.43 However,
under different exposure protocols, reduced levels of PSD95
were found in the hippocampus following early-life nicotine,
raising the possibility that the expression profile is age dependent,
since in this study animals were examined at PND 21.44

Examination of alteration of currents mediated by AMPA
receptors induced by PNE has been conducted within several
nuclei. PNE was associated with a reduction in AMPA-
mediated currents that was also reflected in a lower threshold
for induction of long-term potentiation (LTP), which is an
AMPA receptor-dependent event.44,73 Interestingly, while
whole cell currents mediated by AMPA receptors were not
found to be reduced in medullary nuclei, a reduction in func-
tion controlled by these nuclei and mediated by AMPA
receptors was detected,46 suggesting to the authors that the
kinetics of the conductance through the receptor had altered,
perhaps reflecting a change in subunit composition. Alterations
in subunit expression of AMPA receptors associated with PNE
have never been investigated in the LDT but such drug-
induced changes are a possibility based on our findings of
smaller calcium rises and the alteration in kinetics of these rises
in LDT cells from prenatally exposed animals. The calcium
permeability of AMPARs has been shown to depend on their
subunit composition; in fact the presence of GluA2 has been
linked to low Ca2+ permeability.74,75 Therefore, it is tempting
to speculate based on our findings of reduced AMPA-
stimulated calcium rises that prenatal nicotine is altering the
ratio of receptors containing the GluA2 subunit so that the
decreased AMPA-mediated calcium responses seen in the LDT
of slices from prenatally nicotine-treated animals are the result
of a shift from GluA2-lacking to GluA2-containing AMPARs.
However, countering this interpretation are findings that
prenatal cocaine exposure (gestational day 11–18) delays
maturation of glutamatergic neurotransmission in the VTA,
including the age-dependant switch from GluA2-lacking to
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GluA2-containing AMPARs.76,77 Since GluA2-containing
AMPARs have been linked to decreased calcium permeability,
such an action would result in increased calcium permeability
of AMPARs in the prenatally cocaine exposed at early age, a
mechanism, which would not explain the decreases in AMPA-
induced calcium rises seen in the present study with prenatally
nicotine exposed animals. However, different outcomes in
subunit expression for AMPA receptors could occur based on
nuclei where these changes are induced, and actions on altera-
tions of subunit compositions may be specific to the individual
drug to which the foetus has been exposed. Taken together
with other studies showing that PNE induces functional
changes in AMPA-mediated excitability and alterations in
subunit expression for AMPA receptors, which could impact
on calcium rises subsequent to AMPA receptor stimulation,
our data are consistent with the interpretation that the observed
decrease in AMPA-mediated calcium response in LDT neurons
in gestationally nicotine-exposed slices is due to changes in
subunit composition or delayed changes in subunit composi-
tion linked to neuronal maturation, caused by the PNE.
Therefore, we suggest that the observed decrease in AMPA-
mediated calcium responses in LDT slices from PNE animals is
caused by changes in AMPAR quantity, subunit composition
and/or calcium permeability. However, future experiments will
have to be conducted to directly examine the mechanisms
underlying reduced AMPAR-mediated calcium responses in the
LDT. And since alterations seen could include, or be independent
of, changes in AMPA receptors, which are not highly permeable to
calcium, design of experiments examining changes in this popula-
tion of receptors should also be conducted since they play a vital
role in postnatal membrane excitability.

PNE-induced altered NMDAR-mediated responses

An activity-dependent enhancement of calcium mediated by
NMDA receptors within the LDT noted in control animals is a
novel finding. Although we did not observe differences in the
calcium responses evoked by first application of NMDA in
slices from prenatal nicotine-exposed animals compared with
controls, we did see a significant difference in second to first
response ratio. Our data suggests that PNE not only affects
the AMPARs in LDT neurons, but also the NMDARs.
Hence, PNE affects two important players of glutamatergic
neurotransmission. But the way by which prenatal nicotine’s
influence is manifested in outcome following stimulation of
these receptors is quite different. Previous studies of subunit
expression within the hippocampus revealed a significant
upregulation of NMDAR subunits GluN1, GluN2a and
GluN2d on PND 1 and a decreased expression of subunits
GluN1 and GluN2c on PND 63 in prenatally nicotine-
exposed rats when compared with controls.43 As it is likely that
at least a population of NMDA responses sourced from
GluN1-containing receptors, as mRNA for this subtype has
been shown in the LDT,39 strikingly, no significant differences
were reported for this NMDA receptor subtype at PND 14,

which is the age similar to that of the mice in our current study.
Hence, the difference in calcium response observed upon
second NMDA application could be due to activation of other
mechanisms than any related to the subunit composition, or
numbers, of the NMDAR. However, neurodevelopmental
differences between rats and mice suggest that events observed
at a certain postnatal period in rats may in fact not correlate
with the exact same period of time in mice78 and neuronal
region-specific changes in NMDA receptors likely occur.
The activity-dependent enhancement of responses to second
applications of NMDA observed in control slices is reminiscent
of synaptic LTP,68 however, that NMDA receptor-dependent
process is mediated by activity-dependent rises in AMPA
receptor functioning, which was not seen in the present study.
While rises in calcium have been shown to inhibit currents
through NMDA receptors,79–81 calcium entering through
initial activation of the NMDA receptor could be expected to
result in production of protein lipase C and protein kinase C
with subsequent activation of Src, which has been shown to
potentiate NMDA responses.82–85 Other kinases, including,
protein kinase A has also been shown to influence the calcium
permeability of NMDA receptors.86 While the mechanisms of
the enhanced response to repeated NMDA application in
control animals was not elucidated, clearly gestational exposure
to nicotine resulted in alterations in processes underlying
activity-dependent enhancement of NMDA receptor-mediated
responses. These alterations could include PNE-induced dif-
ferences in the numbers and/or kinetic characteristics of these
receptors, or changes in the intracellular signalling processes
activated by initial NMDA receptor activation, which are
known to enhance or depress NMDA receptor function upon
subsequent excitation. Future experiments will be needed to
elucidate the specific mechanisms underlying the alteration in
NMDA receptor function following PNE.

AMPAkines

To further study the differential AMPA-mediated calcium
responses observed in prenatally exposed and control slices, we
continued our investigations including the ampakine CYZ, a
positive allosteric modulator of the AMPAR currently of great
interest due to its cognitive enhancing properties. We showed
that CYZ not only highly potentiated the effect of first appli-
cations of AMPA, but it also reversed the observed decrease in
AMPA response upon consecutive applications. Therefore,
while it was not the focus of this study, we have shown that the
potentiating effect of CYZ established for other brain regions
such as the hippocampus87–89 and the nucleus accumbens,90

extends to the LDT. Collaborating our finding that AMPA
responses are altered by gestational nicotine, CYZ resulted in a
larger magnitude of potentiation in control compared with
PNE cells. Moreover, our experiments showed that a smaller
proportion of cells in PNE slices responded with rises in cal-
cium in response to CYZ application alone. Since we showed
using DNQX that actions of CYZ were specific to potentiation
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of AMPA receptors, these data provide further evidence that
gestational nicotine alters AMPA receptor cellular actions. CYZ
has been shown to almost completely eliminate desensitisation
of flip, one of the two splice variants of the AMPARs, whereas it
only slows the process for flop, the other receptor variant.74 It is
therefore tempting to speculate that the reduced potentiating
effect of CYZ observed in nicotine slices, may be due to a down
regulation of the flip variant of AMPAR. The hypothesis that
cholinergic activation during the prenatal period could alter
splicing events, is supported by findings in primary neuronal
cultures showing that alterations in neuronal excitability lead
to post-transcriptional alterations resulting in reductions in
mRNA for the flip variant.91 Nevertheless, while the under-
lying molecular mechanism is unclear, when taken together,
our experiments with the ampakine CYZ showed that its
potentiating effect is decreased in nicotine slices compared with
controls. Hence, they further support our standing hypothesis
that PNE induces changes at the AMPAR, possibly decreasing
glutamatergic neurotransmission in the LDT.

Functional significance of altered glutamate transmission
in the LDT associated with PNE

From our pharmacological study, we conclude that PNE results
in decreased glutamatergic neuroactivity in the LDT present at
a postnatal early developmental age. We hypothesize that these
changes found in young mice can be extrapolated to adolescent
humans born of mothers who smoked during pregnancy and
propose in line with current anatomical and physiological
models of addiction, that the functional consequences of this
change may underlie, in part, the increased susceptibility to
addiction observed in prenatally exposed individuals. Activity
within the LDT is importantly involved in processing of
natural motivational stimuli considered healthy such as food, as
well as in the processing of reward of stimuli that are mal-
adaptive, such as drugs of abuse (for review see,24). Excitation
of LDT–VTA pathways is considered critical to behaviourally
relevant firing of DA–VTA neurons leading to neurobiological
signal of reward for both natural and drug rewards.21,31

Accordingly, the degree of excitation of LDT neurons would be
expected to have a large impact on output from the LDT to
midbrain targets and glutamate has been shown to play a major
role in excitability of neurons of the LDT. Hypoglutamatergic
tone in the LDT would be expected to result in a lower level of
activity in the LDT, leading to a reduction of output from
terminals to target regions, such as the VTA. Accordingly,
prenatal exposure to nicotine could be associated with a
hypoaroused LDT, resulting in reduced reward associated
with natural reinforcers. This is analogous to suggestions that
proclivity to addict to drugs of abuse is associated with a
hypodopaminergic brain leading to an increased pleasurable
sensation upon experimentation with hedonic substances and
thereby heightened risk of developing dependence.92–94

Accordingly, nicotine or use of other drugs of abuse, which
activate the LDT greatly95,96 could alter the relative subjective

experience of reward by drugs of abuse leading to an increased
pleasurable sensation in the hypoexcited brain and increased
likelihood of smoking continuation and potentially nicotine
addiction. Further, smoking in prenatally nicotine-exposed
individuals could be interpreted as self-medication in an
attempt to achieve a normal activity level of the circuit. Studies
showing an increased frequency of smoking in schizophrenics
have led to the suggestion of a potential similar phenomenon of
nicotine self-medication in this disorder.97 In summary, while
the human situation is likely to be complicated by factors of
environmental influences, as well as possible contributions
from epigenetic processes induced by pre-conception exposures
to nicotine or other drugs of abuse (for review, see98), we
believe our findings of reduced glutamate activation within the
LDT induced by PNE suggest a neurobiological mechanism,
which contributes to the observed increased susceptibility to
smoking, and use of other drugs of abuse, detected in individuals
prenatally exposed to nicotine.
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