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Abstract

The younger an individual starts smoking, the greater the likelihood that addiction to nicotine will 

develop, suggesting that neurobiological responses vary across age to the addictive component of 

cigarettes. Cholinergic neurons of the laterodorsal tegmental nucleus (LDT) are importantly 

involved in the development of addiction, however, the effects of nicotine on LDT neuronal 

excitability across ontogeny are unknown. Nicotinic effects on several parameters affecting LDT 

cells across different age groups were examined using calcium imaging and whole-cell patch 

clamping. Within the youngest age group (P7-P15), nicotine was found to induce larger 

intracellular calcium transients and inward currents. Nicotine induced a greater number of 

excitatory synaptic currents in the youngest animals, whereas larger amplitude inhibitory synaptic 

events were induced in cells from the oldest animals (P15-P34). Nicotine increased neuronal firing 

of cholinergic cells to a greater degree in younger animals, possibly linked to development 

associated differences found in nicotinic effects on action potential shape and 

afterhyperpolarization. We conclude that in addition to age-associated alterations of several 

properties expected to affect resting cell excitability, parameters affecting cell excitability are 

altered by nicotine differentially across ontogeny. Taken together, our data suggest that nicotine 

induces a larger excitatory response in cholinergic LDT neurons from the youngest animals, which 

could result in a greater excitatory output from these cells to target regions involved in 

development of addiction. Such output would be expected to be promotive of addiction; therefore, 

ontogenetic differences in nicotine-mediated increases in the excitability of the LDT could 

contribute to the differential susceptibility to nicotine addiction seen across age.
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1. Introduction

The single largest cause of preventable death in the world is directly linked to tobacco 

smoking. Smoking-related diseases claim an estimated five million people each year and this 

figure will likely continue to grow with the increasing spread of tobacco into developing 

countries (Mackay and Crofton, 1996). Abstinence from smoking is hindered by 

development of drug dependency to nicotine, the psychobiologically-relevant compound in 

tobacco-containing products. Conventional medical guidelines (Diagnostic and Statistical 

Manual of Mental Disorders, 5th Edition (DSM-V)) suggest that individuals must exceed a 

certain threshold of nicotine exposure before they can become addicted (American 

Psychiatric Association, 2013). Non-habitual use of nicotine in individuals with exposures 

below this threshold is believed to be due to a variety of psychosocial reasons distinct from 

neurobiological addiction. However, evidence-based clinical medicine indicates that 

individuals can become addicted with a much lower exposure than that suggested by the 

DSM-V. Indicating that neuroadaptations have occurred even in low exposure individuals, 

abstinence from nicotine is associated with signs of withdrawal and craving (DiFranza et al., 

2011; Shiffman et al., 1995). Especially worrisome is the apparently increased proclivity of 

adolescences to addict to drugs of abuse. Adolescents have been shown to exhibit symptoms 

of addiction to nicotine within a few weeks of limited exposure such as two cigarettes a 

week, and withdrawal symptoms can appear in adolescents just two days after their first 

cigarette (DiFranza, 2008; DiFranza et al., 2000; Scragg et al., 2008). Although it is 

unknown whether adolescents perceive more reward from nicotine exposure than do older 

individuals, one possible mechanism, which is not mutually exclusive from other processes 

underlying their enhanced sensitivity to development of signs of addiction (Doremus-

Fitzwater et al., 2010), is that nicotine is more excitatory in the young within the 

neurobiological reward circuitry involved in assigning a positive valiance to environmental 

stimuli.

The laterodorsal tegmental nucleus (LDT) is a pontine nucleus, comprised of distinct 

populations of cholinergic, GABAergic and glutamate containing cells, as well as neurons 

which co-localize ACh and GABA (Jia et al., 2003; Mieda et al., 2011; Wang and Morales, 

2009). Long studied for it's role in arousal, this nucleus has recently been identified as an 

important component in the neurocircuitry underlying addiction-related processes (Dautan et 

al., 2014; Forster and Blaha, 2000; Lammel et al., 2012; Lodge and Grace, 2006; Nelson et 

al., 2007). The LDT sends cholinergic and glutamatergic projections to the midbrain ventral 

tegmental area (VTA) with a large proportion of this input synapsing on dopamine (DA)-

containing cells (Omelchenko and Sesack, 2006) within this nucleus. Large effluxes of DA 

from VTA cells at terminals within the nucleus accumbens (NAcc) are believed to signal 

relevancy of behaviourally-motivating stimuli, such as drugs of abuse. Cholinergic input to 

the VTA, probably arising in large part from the LDT (Omelchenko and Sesack, 2005; 

Omelchenko and Sesack, 2006) is predominately excitatory (Mameli-Engvall et al., 2006; 

Christensen et al. Page 2

Neuropharmacology. Author manuscript; available in PMC 2015 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Melis et al., 2013), acting at nicotinic acetylcholine receptors (nAChRs) and muscarinic 

acetylcholine receptors (mAChRs) demonstrated on DA-containing cells (Miller and Blaha, 

2005; Pidoplichko et al., 2004). Supporting the conclusion that the LDT-VTA pathway is 

functionally important, inactivation of the LDT prohibits the DA-containing VTA neurons 

from burst firing (Lodge and Grace, 2006), a firing pattern required for behaviorally relevant 

release of DA from these cells (Floresco et al., 2003; Grace and Onn, 1989). Furthermore, 

optogenetic stimulation of the LDT-VTA pathway is sufficient to induce addictive-related 

behaviour in mice, indicating that stimulation of LDT neurons can prompt reward, possibly 

involving glutamate release in the VTA (Lammel et al., 2012). These and other studies 

(Forster and Blaha, 2000) indicate that the LDT plays an important role in addiction 

processes. Accordingly, it is important to understand how drugs of abuse, such as nicotine, 

affect cholinergic and glutamatergic cellular activity within the LDT, which would be 

expected to affect output to target midbrain reward-related nuclei.

Based on the clinical data showing a heightened sensitivity of adolescents to addict to 

nicotine and the role of the LDT in the reward circuitry, we hypothesized that actions of 

nicotine on cholinergic LDT neurons varies across ontogeny, resulting in a differential 

response to nicotine in younger individuals from responses elicited in LDT neurons from 

older animals. Although we have previously shown that nicotine and other nAChR agonists 

have strong actions on the membrane excitability of cholinergic and non-cholinergic LDT 

neurons via both pre- and postsynaptic mechanisms (Ishibashi et al., 2009), we did not 

examine age-related differential effects of this drug on LDT cellular activity. Accordingly, 

in the present study, we examined our hypothesis of an age-related difference in nicotinic 

actions using in vitro calcium imaging and patch clamp electrophysiology to compare 

nicotine-induced actions on cholinergic and non-cholinergic LDT neurons across different 

ranges of postnatal ages. Additionally, we examined ontogenetic changes in nicotine-

induced synaptic input to cholinergic and non-cholinergic LDT neurons. Taken together, our 

data indicate that age-associated nicotinic activation of cholinergic LDT neurons could 

result in a greater excitation of DA-containing VTA cells in younger animals and, in 

conjunction with known direct activation by nicotine of DA-VTA neurons, contribute to the 

processes of assigning reward to this drug of abuse differentially across ontogeny.

2. Methods

2.01 Animals

These studies were performed in mice across different developmental stages. The gestational 

period of a mouse is roughly equivalent to the first and second trimesters of human 

development and the first week of postnatal life corresponds to the third trimester of human 

gestation (Bayer et al., 1993; Dobbing and Sands, 1979). All animal studies complied with 

the European Communities Council Directive of 24 November 1986 (86/609/EEC) and with 

Danish laws regulating experiments on animals. After determining that efforts to reduce the 

number of animals used, to explore alternatives to animal experiments and to minimize 

animal suffering had been made, the animal studies were permitted by the Animal Welfare 

Committee, appointed by the Danish Ministry of Justice.
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2.02 Tissue preparation

NMRI (Taconic, Denmark or Harlan, The Netherlands) or C57 mice (Taconic, New York) 

(age 7–34 days) were anaesthetized with isofluorane and decapitated. A block of the brain 

containing the LDT was extracted into ice-cold artificial cerebrospinal fluid (ACSF) (in 

mM: NaCl 124, KCl 5, Na2HPO4 1.2, CaCl2 2.7, MgSO4 (anhydrous) 1.2, Dextrose 10, 

NaHCO3 26, oxygenated in 95% oxygen/5% carbogen) and subsequently mounted into the 

cutting chamber of a Leica vibrotome (VT1200S). Coronal slices (250μm) were cut in ice-

cold oxygenated ACSF and subsequently incubated for 15 min at 37°C. Recordings were 

conducted at room temperature.

2.03 Calcium imaging

As a high yield, rapid screen for nicotine-induced cellular activity across different 

developmental ages, we used “bulk-loading” calcium imaging which allows monitoring of 

large numbers of cells (Fig 1 A) without complete change of the cytoplasm, including 

second messengers that may be important in the mediation of responses following drug 

exposures. Since this is a high yield method, we were able to monitor adequate numbers of 

cells to allow examination of age-related changes in nicotine-induced intracellular calcium 

changes across three relatively narrow age groups. To this end, we incubated slices from 

three different age groups (group A, postnatal (P)8-P10; group B, P11-P15; group C P16-

P21) with the calcium indicator dye, fura 2-AM (15 μM in DMSO; Molecular probes, 

Invitrogen, Denmark), which crosses cellular membranes and following de-esterification, 

becomes trapped intracellularly (Tsien, 1981). Within the LDT, this calcium binding dye 

allows measurements of changes in intracellular calcium concentrations as, when excited by 

the appropriate wavelength, the dye alters its emission spectra when calcium is bound 

(Kohlmeier et al., 2004). Brain slices were incubated in oxygenated dye at 31°C for 10 

minutes plus one minute for every day of age. Using this method of dye loading, the quality 

of the fura 2-AM loading of LDT neurons decreases dramatically after three weeks of 

postnatal age. Therefore, only NMRI mice aged P7-P21 days were utilized. After the 

appropriate time in the dye solution, the slice was placed in the recording chamber and 

rinsed for 30 minutes to remove excess dye before optical recordings began. The LDT was 

located using a 4x objective and neurons were visualized under differential interference 

contrast optics with a 40x water immersion objective (NA 0.8, Olympus, Germany), 

mounted on a fixed stage microscope (Olympus BX50WI, Germany). Neurons were 

visualized and fluorescent measurements were made using a frame-transfer, cooled 12 bit 

CCD camera system (Sensicam, PCO Instruments, Germany) controlled by TILL-VISION 

software (Till Photonics, Germany) and an xenon light source (Osram, Germany). Initially, a 

high-resolution, full frame image was acquired. Regions of interest (ROI) within this full 

frame image were selected to encompass dye loaded cells. For data collection, each pixel 

within this ROI was summed according to binning parameters best selected to balance the 

spatial and temporal resolution (2 × 2). Fura 2-AM is a ratiometric dye and therefore 

fluorescence changes were measured using excitation at two different wavelengths (340 and 

380 nm) and values obtained were ratioed (F = F340/F380) following subtraction of 

autofluorescence, which was determined from a ROI selected in the field where dye-filled 

cells were not apparent at any level of focus. Temporal and spatial changes are presented 

using the equation dF/F. In this equation, the difference in fluorescence at rest is subtracted 
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from the maximum change in fluorescence (dF), which is then divided by the fluorescence at 

rest (F) with upward going deflections indirectly indicating rises in calcium. Exposure times 

for each wavelength were selected so that the brightest pixel in the field was between 7-10 

% of the upper limit of the dynamic range which reduced bleaching of the dye and 

phototoxicity due to overexposure. Dye loading was found to vary from slice to slice, as 

well as from cell to cell. To determine whether drug-induced changes were due to poorer 

loading in older animals, the baseline fluorescence of both wavelengths was examined and 

found to differ across the three age groups with a higher intensity in the older groups 

(340nm group A, n= 427, F= 106.8 ± 2.2; group B, n= 396, F= 142.4 ± 2.6; group C, n= 

340, F= 131.7 ± 2.6; and 380nm group A, n= 387, F= 139 ± 3.3; group B, n= 390, F= 182 ± 

3.3; group C, n= 339, F= 165.6 ± 3.6; one way ANOVA p < 0.05). However, by measuring 

relative changes in fluorescence normalized in each cell from baseline, rather than absolute 

changes, variations in dye loading from slice to slice should not have biased the analysis. In 

addition, to examine whether poorer dye loading or cell health compromised our data, we 

examined the calcium rises induced by NMDA (10 μM) across different postnatal ages, and 

found that while larger rises in calcium were induced in slices from the older age group, 

there was no significant difference in dF/F across the range of ages used in the present study 

(P7-15, dF/F% = 139.3, n= 18; P16-21: dF/F% = 150.2, n= 18; two way t-test p> 0.05).

2.04 Whole-cell patch clamping

Whole-cell patch clamp electrophysiological recordings were performed using thin walled 

borosilicate electrodes (3-7 MΩ) fashioned from a Sutter P-97 horizontal puller (Sutter 

instruments, USA). Electrodes were filled with a recording solution containing (in mM) K-

gluconate 144, KCl 2, HEPES 10, EGTA (tetraacetic acid) 0.2, Mg-ATP 5, Na-GTP 0.3. 

This patch solution contains a low chloride concentration, which increases the driving force 

for chloride (chloride reversal potential: −107 mV at 22°C) allowing easier detection in the 

same recording of both spontaneous excitatory postsynaptic currents (sEPSCs; downward 

going deflections) and spontaneous inhibitory postsynaptic currents (sIPSCs; upward going 

deflections) and miniature EPSCs (mEPSCs) and miniature IPSCs (mIPSCs) when 

recordings were performed while action potentials were blocked. Recordings containing 

both inhibitory and excitatory events allowed us to compare nicotine actions on both types 

of events within the same cell. To post-hoc identify cells immunohistochemically, 

biotinylated Alexa-594 (25 μM, Molecular Probes, Invitrogen, Denmark) was also included 

in the patch solution and allowed to passively diffuse into the cells during recording.

Whole-cell patch clamp recordings were performed under visual guidance using the same 

camera system utilized for optical recordings. A high resistance seal (giga) between the 

pipette and the cell membrane was obtained using a patch clamp EPC9 amplifier (HEKA, 

Germany) operated in voltage clamp mode using Pulse version 8.8 software (HEKA, 

Germany). Current traces were recorded using AxoScope 10.2 (Molecular devices 

corporation, USA) and an Axon CNS Digidata 1440A digitizer (molecular devices 

corporation, USA) at a sampling frequency of 10 kHz. Recordings were uncorrected for the 

liquid junction potential, which was estimated to be approximately 15 mV, and discarded if 

the holding current exceeded 50 pA or the series resistance exceeded 30 MΩ. Tissue was 

continuously perfused with oxygenated ACSF at room temperature at a rate of 
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approximately 3 ml/min. Although cell diameter is not an absolute indicator of cell 

phenotype for LDT neurons, cholinergic cells are usually larger than GABA-containing cells 

in this nucleus (Boucetta and Jones, 2009; Wang and Morales, 2009); however, evidence for 

co-localization of GABA and acetylcholine (ACh) in at least a subset of a population of 

LDT cells has been presented (Jia et al., 2003; Mieda et al., 2011). Regardless, to optimize 

recordings from cholinergic neurons, we targeted larger multipolar neurons for recordings.

Large decreases in nicotinic binding sites from P7 to P21 have been found in mice within 

the brainstem (Zhang et al., 1998) where the LDT is located and cholinergic LDT cell have 

been reported to assume a more adult like profile around P15 (Ninomiya et al., 2005). 

Accordingly, to examine developmental differences in nicotine-induced responses, we 

divided the recorded cells into two age groups. Group I containing animals at an age 

reported to exhibit the highest number of nicotinic binding sites (P7-P15) and the second 

group, group II, containing older animals which showed a decrease in numbers of nicotinic 

binding sites (P16-P34 day). We did test, in preliminary studies, that further subdivision of 

the age groups did not yield an apparent difference.

2.05 Drugs

Nicotine ((−)-nicotine ditartrate, Tocris, UK) was prepared freshly each day from frozen 

aliquots under minimum light exposure. For electrophysiological experiments, nicotine was 

applied utilizing several application methods. Nicotine was puff applied with a picospritzer 

III (Parker Hannifin corporation, USA) with a pressure of 15-20 PSI using borosilicate 

micropipettes (3-7 MΩ). The application pipette was positioned just above tissue 

approximately 60-80 µm upstream from the recorded cell. This effected a relatively 

immediate and local nicotine application. In other recordings nicotine was either bath 

applied through the perfusion ACSF solution or applied via pipette application directly into 

the recording chamber. During calcium imaging recordings, to minimize artifacts due to 

tissue movement, the application pipette was located at a greater distance above tissue and 

nicotine was picospritzed with a lower pressure of 6-10 PSI. To facilitate maximum nicotine 

exposure across the entire visible tissue area, the application pipet was located at the edge of 

the field of view and a nicotine concentration of 100 mM was applied. In these experiments, 

a second application of nicotine was applied 10 minutes after the initial application and in a 

subset of cells nicotine was applied a third time 20 minutes after the second application in 

the presence of tetrodotoxin (TTX, Alamon, Israel, 500 nM) to block action potential 

generation. TTX was dissolved in ACSF from frozen aliquots and bath applied. In some 

recordings 6,7-Dinitroquinoxaline-2,3(1H,4H)-dione (DNQX, 15 μM, Sigma), D(−)-2-

Amino-5-phosphonopentanoic acid (AP5, 50 μM, Sigma), SR-95531 (Gabazine (GZ), 20 

μM, Sigma) and strychnine (2.5 μM, Tocris, UK) were used to block AMPA and kainate, 

NMDA, GABA and glycine receptors respectively, to eliminate effects of presynaptic 

excitatory and inhibitory neurotransmitter release. Aliquots of the nAChR antagonists 

dihydro-β-erythroidine hydrobromide (DHβE, 500 nM, Tocris, UK) and methyllycaconitine 

citrate (MLA, 10 nM, Tocris, UK) were dissolved in ACSF containing, TTX, DNQX, AP5, 

GZ and atropine (5 μM, sigma, USA). The antagonists were applied to the recording 

chamber via the perfusion ACSF for at least 5 minutes before responses to acetylcholine 

(ACh, acetylcholine chloride, 1mM, Sigma, USA) were monitored. ACh was used as the 
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cholinergic agonist for the nAChR subunit antagonist study as it had been determined that 

significant attenuation was not present upon repeat applications (Ishibashi et al., 2009).

2.06 Protocols

The cellular membrane potential was maintained at −60 mV and in whole-cell voltage clamp 

mode hyperpolarization activated cationic (Ih) currents were elicited by application of 500 

ms duration hyperpolarizing steps to −100 mV and −110 mV as preliminary studies revealed 

that Ih currents were clearly visible at hyperpolarization steps at, and more negatively than 

−100 mV, whereas Ih currents were less apparent at hyperpolarization steps more reduced 

than −100 mV. The amplitude of the Ih current was measured as the difference between the 

minimum current required to reach the set voltage and the current level measured at the end 

of the hyperpolarization step. Input resistance (Ri) was calculated from the amount of 

current necessary to step the voltage from rest to −70 mV for 100 ms.

Action potentials were recorded in current clamp mode and elicited by injecting current for a 

duration of 100ms – 500ms to induce a single action potential. Action potential parameters 

were measured on isolated action potentials using custom designed macros for Igor Pro 

software (Wavemetrics, USA). The action potential firing threshold was measured as the 

potential at which the second derivative of the voltage waveform exceeded three times its 

standard deviation in the period previous to the onset of the spike. The spike width1/2max 

was measured at half the maximum spike amplitude and the spike amplitude was measured 

as the difference between the firing threshold and the spike peak. The maximum slope of the 

rise to the action potential peak and decay to baseline were measured as the maximum and 

minimum of the smoothed first derivative of the voltage waveform. The 

afterhyperpolarization (AHP) amplitude was measured as the difference between the firing 

threshold and the minimum value of the AHP (AHP minimum). To examine cellular firing 

rates, current pulses of increasing intensities were applied for a duration of 1000 ms until 

firing failure occurred or the maximum applicable current (999 pA) was reached. Current 

pulses were analyzed until the maximum number of action potentials was reached and the 

steady state firing frequency was calculated by measuring the frequency of the last 7 spikes 

using custom designed macros for Igor Pro software.

2.07 Analysis of data

Although differences in neuronal responses to nicotine might exist between mouse strains, 

preliminary studies suggested there were no apparent differences between the two strains 

used and no division was therefore made based upon strain. A subset of animals used in the 

electrophysiological studies had been prenatally exposed to saccharine for a different series 

of examinations, but as the results obtained from these and naïve mice revealed no 

detectable differences, data were pooled. All figures were made using Pro Igor software. 

Amplitudes of membrane currents (exceeding 3 pA) were measured as the difference 

between the current at baseline and at the peak of drug effect, taking care that regions 

selected did not include synaptic activity, and values were determined by an average of 5000 

points. In addition, recordings were conducted with blockade of glutamate, GABAA and 

voltage-dependent sodium channels to confirm that averages were not reflective of inclusion 

of synaptic events. Measurements of the number and amplitude of synaptic currents (PSCs) 
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were performed using MiniAnalysis (Synaptosoft, USA) with a measurement period of 30s 

before (control) and after nicotine application and inhibitory and excitatory PSCs were 

analyzed from the same record. Simultaneous recordings were necessary to examine the 

functional outcome of presence of both the inhibitory and excitatory events, one caveat with 

our analysis was that small amplitude events may not have been detected, especially if 

inhibitory and excitatory events co-occurred. Kolmogorov-Smirnov (KS-test) statistics was 

used to examine for a significant difference in the cumulative distributions of PSCs between 

control and drug period in individual cells. Comparisons between groups were done using t-

tests, Chi Square (χ2)-test, KS-tests, and ANOVAs with a significances level of 0.05 and 

data is offered as mean ± standard error of mean.

2.08 Immunohistochemistry

Although choline acetyltransferase is a well-known marker for cholinergic cells, in our 

experience achieving successful stain for this enzyme in the LDT from brain slices which 

have been suspended in ACSF for the duration of a recording period has proven difficult. 

Staining in brain slices from which electrophysiology has been performed results in a low 

signal to noise ratio, precluding confident phenotypical identification. LDT neurons can, 

however, be identified as either cholinergic or non-cholinergic by presence or absence of 

brain nitric oxide synthase (bnos), which is a known and reliable marker for cholinergic 

neurons in this nucleus (Vincent and Kimura, 1992; Vincent et al., 1983). Additionally, 

staining for this marker is robust in brain slices collected from brains which have not been 

perfused, and which have been subject to hours of electrophysiology. Accordingly, to 

confidently and unambiguously identify LDT neurons as cholinergic, we performed 

immunohistochemistry to detect the presence of bnos in recorded cells. Accordingly, slices 

were fixated in 4 % paraformaldehyde for a minimum of four hours and then stored in 30 % 

sucrose in phosphate buffer saline solution for a minimum of 24 hours. Slices were 

resectioned to a thickness of 40 μm on a cryostat (Leica CM 3050S) and incubated in an 

anti-bnos antibody (rabbit polyclonal, cat# N7280, Sigma-Aldrich, Denmark). Following 

overnight incubation at room temperature in the primary antibody, the slices were 

transferred to a fluorescent secondary antibody (anti-rabbit, goat, cat# A11008, Molecular 

probes, Denmark). Recorded cells were detected by optics optimized for visualization of the 

Alexa 594, which had passively diffused into the cell from the patch pipette. Identification 

of the Alexa 594 filled cell as cholinergic or non-cholinergic was done by detection of the 

co-presence, or absence, of the secondary antibody when viewed under appropriate optics 

(see Fig 2 A).

3. Results

3.01 Nicotine induces larger rises in intracellular calcium in LDT neurons from animals 
belonging to younger as compared to older age groups

As an initial step in detecting possible developmental-related changes in nicotine-induced 

responses of LDT neurons, we investigated differences in nicotine-induced rises in calcium 

across three age groups, group A (P7-P10), group B (P11-P15) and group C (P16-P21). We 

used “bulk-load” calcium imaging (Fig 1 A), in which calcium changes could be monitored 

across a large population of LDT neurons in the same slice without disturbing the 
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intracellular contents that may be involved in nicotinic responses (Kohlmeier et al., 2004). 

Following loading of LDT-containing brain slices with the ratiometric dye, fura 2-AM, we 

found that a significantly larger number of LDT cells responded with an increase in dF/F, 

indicating a rise in intracellular calcium in response to puff application of nicotine (100mM, 

2s) in the youngest as compared to the older age groups (group A: 94.5 % responded, n= 

329; group B: 89.72 % responded, n= 360; group C: 84.71% responded, n= 344; Chi Square 

(χ2)-test). In addition to eliciting calcium responses in a larger number of cells, the 

amplitude of calcium rises induced in group A was 24 % and 80.9 % larger than that seen in 

group B and group C, respectively, which was a significant difference (one-way ANOVA; 

Fig 1 B and C). In addition, the change in fluorescence in group B was significantly larger 

than that elicited in group C (45.9 % larger, one-way ANOVA; Fig 1 B and C). In the 

presence of TTX, the average amplitude of nicotine-induced rises in calcium was 

significantly larger in neurons from the youngest age group when compared to rises seen in 

neurons from the two older age groups (group A, n= 109; group B, n= 26; group C, n= 21; 

one-way ANOVA). This indicates that the differences observed in the nicotine-induced 

intracellular rises in calcium between the different age groups are not dependent upon 

voltage-dependent sodium channels or action potential generation within the slice.

Since calcium can enter LDT cells through nAChR dependent mechanisms and nAChRs 

have been shown to differentially desensitize depending upon their specific subunit 

composition (Quick and Lester, 2002; Wooltorton et al., 2003), which could vary across 

development (Zhang et al., 1998), we examined the effects of a repeat nicotine application. 

Following recovery back to baseline, in the majority of cells, second applications of nicotine 

resulted in smaller rises in intracellular calcium from those elicited in first applications, 

which was significantly different across all three groups (two-tailed paired t-test), however, 

the attenuation did not significantly differ across ontogeny (group A: 10.9 ± 2.64 % 

reduction; group B: 10.42 ± 4.09 % reduction; group C: 15.93 ± 3.47 % reduction; one-way 

ANOVA; Fig 1 D). Interestingly, in a subset of cells, a larger rise in calcium was elicited by 

a second nicotine application as compared to the first nicotine application and the increase 

was in some cases more than two-fold. The increased calcium response following a second 

application of nicotine could be due to nicotine-induced desensitization of nAChRs located 

on local GABAergic neurons following first applications leading to larger calcium rises in 

postsynaptic cells upon subsequent nicotine exposure. However, elucidation of the 

underlying mechanism(s) behind this increase was beyond the scope of this study since the 

phenomenon showed no association with age (χ2-test p> 0.05).

Taken together, our calcium imaging data demonstrate that in animals from the younger age 

groups, nicotine induces an increase in intracellular calcium in a larger proportion of LDT 

cells as compared to that induced in neurons from animals belonging to older age groups. 

Furthermore, the increase in calcium in the younger animals is larger than that seen in older 

animals and does not rely on sodium channel dependent action potential generation in the 

slice, which indicates that calcium dependent functions will be more affected by nicotine 

exposure in LDT cells from younger mice. While nicotine induced increases in intracellular 

calcium can arise via a variety of differing mechanisms, likely one source of nicotine-

induced calcium in LDT cells is calcium influx via calcium permeable nAChRs (Ishibashi et 
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al., 2009; Shen and Yakel, 2009). Accordingly, our data suggest the possibility of age-

related changes in number, and/or properties of nAChRs, which extends to nAChR receptors 

located postsynaptically, and/or on terminals directed to, imaged LDT cells.

3.02 Nicotine induces a larger inward current in cholinergic LDT neurons from P7-P15 as 
compared to P15-P34 animals

To investigate whether nAChRs demonstrated to be located postsynaptically on LDT 

neurons (Ishibashi et al., 2009) exhibit functional differences across ontogeny, we 

performed whole-cell, voltage clamp recordings. We compared nicotine-induced inward 

current between identified cholinergic and non-cholinergic LDT neurons (Fig 2 A) across 

two different age groups, group I (P7-P15) and group II (P16-P34). Preliminary studies 

showed that division of group I into two age groups (P7-P10 and P11-P15) revealed no 

significant difference between those groups and therefore cells from ages P7-P15 were 

pooled. We have previously shown that brief, local application of nicotine elicits 

postsynaptic responses (Ishibashi et al., 2009) and that these responses were mediated by 

activation of nAChRs containing α7 and β2 and/or β4 nAChR subunits. However, that study 

did not discriminate across different ages. Accordingly, we verified that nAChRs on LDT 

neurons from the age groups utilized contained these subunits. Control responses to 

cholinergic stimulation were compared to repeat responses in presence of either MLA or 

DHβE, which are relative specific antagonists for α7 and β2 and/or β4 nAChR subunits 

(Alkondon and Albuquerque, 1993; Alkondon et al., 1992), respectively, and it was found 

that both antagonists attenuated nAChR-mediated inward currents (Fig 2 B) in both group I 

and group II, thereby confirming the presence of postsynaptic α7- and β2 and/or β4-

containing nAChR subunits in both age groups. Subsequently, under visual guidance, low 

concentrations of nicotine (10 M nicotine, 10s puff) were picospritzed locally onto the 

recorded cell, in order to facilitate postsynaptic responses and to reduce the extent of 

nicotine exposure. In addition, picospitzing was utilized to reduce receptor desensitization 

before peak current amplitudes were achieved. The number of cells responding with inward 

currents upon nicotine application was significantly greater in P7-P15 animals than the 

number responding in P16-P34 animals. In LDT neurons from group II, 78 % (39/50) of the 

recorded cells responded to nicotine with an inward current; whereas, 97.1 % (67/69) of 

cells responded with inward currents in group I (χ2-test p< 0.05). Further demonstrating 

ontogenetic differences in nicotine responsitivity within the LDT, the amplitude of the 

nicotine-induced inward current was greater in responding cells from group I than that 

induced in cells from group II (35.5 % larger, two-tailed t-test p< 0.05; Fig 2 C and D). In a 

subpopulation of cells identified as bnos positive, the amplitude of the nicotine-induced 

inward current was significantly greater in group I when compared to that elicited in group 

II (38.2 % larger, group I n= 19; group II n= 15; two-tailed t-test; Fig 2 E). In bnos negative 

cells, no significant difference was found in the amplitude of nicotine-induced current across 

age (group I n= 10; group II n= 11; two-tailed t-test). To verify that differences in current 

amplitude were not due to contamination of the record by synaptic events, a subpopulation 

of cells was recorded in the presence of glutamate and GABAA receptor antagonists as well 

as a blocker of synaptic transmission (DNQX, AP5 GZ, strychnine and TTX, respectively). 

As the nicotine-induced current amplitude in the presence of blockers was not significantly 

different in absence of synaptic blockade (group I, 30.85 ± 6.9 pA, n=6; group II, 7.23 ± 1.1 
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pA, n=4; t-test p> 0.05), and the induced current amplitude was significantly different (two 

way t-test) across the two age groups in the presence of blockers, we conclude that 

membrane inward currents stimulated by nAChRs located postsynaptically on LDT cells 

show an age related reduction in amplitude.

Differential desensitization kinetics of nAChRs could occur as a result of developmental 

changes in nAChR subunit composition between the two age groups examined which could 

lead to differences in responses upon repeat nicotine exposure. Therefore, we examined the 

effect of second applications of nicotine following a recovery period of 5 minutes after the 

first application. In group I (n= 57), the nicotine-induced inward current was 45.7 ± 2.7 % 

smaller than that elicited by the first nicotine application, and the attenuation of nicotine-

induced currents upon second applications was significantly larger when compared to that of 

group II (28.8 ± 5.8 % reduction, n= 30; two-tailed t-test; Fig 2 C and F). The larger 

reduction in amplitude of nicotine-induced currents in group I extended to a population of 

identified bnos positive cells (group I: 52.2 ± 4 % reduction (n= 17); group II: 33.2 ± 8.9 % 

reduction (n= 10); two-tailed t-test p< 0.05; Fig 2 G). In bnos negative cells, there was no 

significant difference in response to a second application of nicotine across the two age 

groups (group I: 38.7 ± 12.3 % reduction, n= 8; group II: 21.8 ± 12.9 % reduction, n= 9; 

two-tailed t-test).

The results indicate an age-related difference in the effects of nicotine on LDT neurons with 

a larger number of cells in this nucleus responding with inward currents in the younger age 

group. Further, the data suggest that the nicotine-mediated response amplitudes differ in 

cholinergic LDT neurons across different ontogenetic stages with greater reductions in 

current amplitudes induced by second applications in the younger age group. Larger initial 

responses in the younger age group could reflect increases in numbers of nAChRs and/or 

shifts in subunit compositions of functional receptors across age. Reductions of the 

amplitude of nicotine-induced currents upon repeat exposures could be due to receptor 

desensitization, which is highly dependent upon the particular composition of subunits 

comprising the nAChRs (Quick and Lester, 2002; Wooltorton et al., 2003). Accordingly, 

when taken together, our study examining nicotine-induced current amplitudes and 

repeatability of effects support the possibility of a developmental shift in the presence of 

subunits comprising nAChRs on cholinergic LDT neurons across age.

3.03 Developmental- and nicotine-induced decreases of the input resistance (Ri) of LDT 
neurons

As the intrinsic membrane properties of neurons can have profound effects on cellular 

excitability, our next step was to examine whether nicotine had actions on these properties in 

neurons within the LDT that were differential across age. However, as it has been well 

documented that cellular membrane properties alter across age in other brain regions where 

it has been studied, as a first step we had to determine whether differences in these 

properties existed in LDT neurons across the range of ages in our study. Our first 

examination focused on Ri, which when using the whole-cell patch clamp technique reflects 

in large part the degree of somatic conductances. Although we have previously reported no 

difference in Ri across cells from animals ranging in age from P12 to P28 (Kristensen et al., 
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2007) in the present study, we found that the Ri was 26.3% lower in LDT neurons from 

group II when compared to that from group I, which was a significant difference (group I: 

1068.4 ± 58.7 MΩ, n= 47; group II: 787.1 ± 36.7 MΩ, n= 64; two-tailed t-test). While an 

insufficient number of bnos negative cells were recovered to enable comparison across age, 

a significantly lower Ri was detected in bnos-positive LDT neurons from group II when 

compared to the Ri measured in a bnos-positive population of cells from group I (group I: 

1100.7 ± 75.8 MΩ, n= 35; group II: 792.2 ± 47.5 MΩ, n= 40; two-tailed t-test). Our 

detection of a difference in Ri across age, which is in contrast to our earlier findings 

(Kristensen et al., 2007), likely reflects inclusion in the present study of cells from animals 

at a younger postnatal age. This suggests that significant developmental changes in Ri could 

occur between P7-P12, which has also been seen in other brain regions (McCormick and 

Prince, 1987; Ramoa and McCormick, 1994). A greater Ri in cells from P7-P15 animals 

suggests that excitatory and inhibitory currents directed to these cells would result in larger 

changes in membrane potential, which is interesting in light of findings that nicotine 

activates excitatory and inhibitory presynaptic inputs in the LDT (Ishibashi et al., 2009).

After establishing age-related differences in cellular Ri, nicotine was applied (500nM, bath 

application) and found to significantly decrease Ri in cells from both group I and group II 

(one-tailed paired t-test), however, the nicotine-induced decrease was not significantly 

different between the two groups (group I: 26.1 ± 6.3 % decrease, n= 11; group II: 21.8 ± 5 

% decrease, n= 9; two-tailed t-test). In cells identified as bnos positive, nicotine likewise 

significantly decreased the Ri in both groups (one-tailed t-test) but did not differentially 

decrease the Ri across the two group (group I: 20.2 ± 8 % decrease (n= 5); group II: 27.8 ± 

6.2 % decrease (n= 6); two-tailed t-test p> 0.05). In 8 cells across the two age groups, a 

partial recovery of the Ri following washout was recorded (66.6 ± 13.9 % recovery) 

indicating drug-application associated changes were not due to deteriorating cell conditions.

Our data corroborate findings from a previous study showing a nicotine-induced decrease of 

the Ri (Ishibashi et al., 2009). However, since the baseline Ri was higher in the younger age 

group, the same relative nicotine-induced change across the two age groups suggests the 

possibility that there are differences in the number of nicotine-activated channels with a 

reduced channel number in animals from the younger age group. If this is the case, taken in 

combination with our findings of a larger nicotine-induced current in group I animals, this 

suggests that high affinity nAChRs contribute to the nicotine-induced inward current to a 

larger extent in P7-P15 compared to P16-P34 animals.

3.04 Developmental- and nicotine-induced effects on the hyperpolarization activated 
cationic (Ih) current

Cholinergic LDT neurons possess a prominent Ih current, which in response to 

hyperpolarizations significantly more negative than resting membrane potential, can induce 

a strong depolarizing effect (Biel et al., 2009) and nicotine has been shown to decrease Ih 

current in cortical neurons (Griguoli et al., 2010). We therefore examined developmental- 

and nicotine-induced changes in the Ih current of both cholinergic and non-cholinergic LDT 

neurons.
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A significantly smaller Ih current amplitude was present in LDT cells from group I (n= 80) 

when compared to the amplitude of this current in cells from group II (n= 91) (Fig 3 A). The 

amplitude of Ih current in group II was 30.3 % and 33.3 % larger than that of group I at 

hyperpolarizations to −100 mV and −110 mV respectively (two-tailed t-test p< 0.05; Fig 3 

B). In cells identified as bnos positive, the Ih current amplitude in group II (n= 59) was 

significantly larger when compared to bnos positive cells from group I (n= 52) (−100 mV: 

30.1 % larger; −110 mV: 41.4 % larger; two-tailed t-test; Fig 3 C). There was no significant 

difference in the Ih current amplitude of bnos negative cells between group I and group II 

(group I: −100 mV: 13 ± 4 pA; −110 mV: 19.9 ± 5.4 pA, n= 5; group II: −100 mV: 21 ± 3 

pA; −110 mV: 27.9 ± 4.5 pA, n= 8; two-tailed t-test).

After clarification that the amplitude of current carried by this channel varied across age 

with a larger Ih current present in cholinergic neurons from group II animals, we examined 

the effects of nicotine on this current. Nicotine (500 nM, bath application) significantly 

decreased the amplitude of Ih current in LDT neurons in both age groups (group I: −100 

mV: 16.8 ± 3.6 % decrease; −110 mV: 14.6 ± 4.6 % decrease; n= 11; group II: −100 mV: 

18.4 ± 4.1 % decrease; −110 mV: 17.4 ± 2.4 % decrease; n= 8; two-way repeat 

measurements ANOVA; Fig 3 D and E). However, there was no significant difference in the 

nicotine-induced decrease of the Ih current when compared across the two age groups 

(three-way ANOVA; Fig 3 F). In cells identified as bnos positive, nicotine significantly 

decreased the Ih current amplitude in both age groups (group I: −100 mV: 15.2 ± 5.8 % 

decrease; −110 mV: 18.1 ± 4.4 % decrease; n= 5; group II: −100 mV: 15.5 ± 4.8 % 

decrease; −110 mV: 14.5 ± 2.9 % decrease; n= 5; two-way repeat measurements ANOVA), 

but there was likewise no difference in the nicotine-induced decrease of the Ih current across 

age for bnos positive cells (three way ANOVA). Across age it was possible to record a 

partial recovery of the Ih current in 7 cells following a washout period of 10 min (−110 mV: 

72 ± 20.9 % recovery; Fig 3 D), which indicates that the nicotine-induced decrease of the Ih 

current did not stem from eroding recording conditions.

To summarize, we found a significantly larger Ih current amplitude in cholinergic LDT 

neurons from P16-P34 animals when compared to that elicited in LDT neurons from P7-P15 

animals. This suggests the possibility of an increase in Ih channel number or alterations in 

composition of subunits, which could confer differential sensitivity to intracellular effectors 

in LDT neurons across ontogeny. While nicotine decreased the Ih current amplitude in 

cholinergic LDT neurons in both age groups, the nicotine-induced decrease was similar 

across the two age groups. These data suggest that one effect of nicotine is to reduce a 

voltage-sensitive current in cholinergic LDT neurons which opposes changes in membrane 

voltage. As contributions of this current to membrane excitability are presumably greater in 

animals from the older age group, nicotine's action of reducing this current would be 

expected to have a larger impact on firing properties in LDT neurons from animals 

pertaining to the older age group.
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3.05 Nicotine induces a larger increase in the frequency of spontaneous excitatory 
postsynaptic currents (sEPSCs) in P7-P15 as compared to P16-P34 animals

Synaptic input directed to LDT neurons shapes the excitability of the postsynaptic cell. We 

have shown that nAChRs located on glutamatergic and GABAergic neurons presynaptic to 

cholinergic and non-cholinergic LDT cells can be functionally activated by nicotinic 

agonists (Ishibashi et al., 2009). Therefore, we wished to examine whether nicotinic 

activation of these presynaptic inputs changes across ontogeny. However, there have been 

no reports of age-related changes in synaptic input within the LDT. Accordingly, we 

examined the frequency of endogenous sEPSCs, measured as interval between events, 

across age. As pruning of glutamatergic synapses occurs with age, we anticipated a higher 

frequency of excitatory synaptic events in neurons from younger animals. However, 

contrary to our expectations, the interval between sEPSCs in cells from group I (n= 73) was 

199 % greater when compared to that of cells from group II (n= 53) (two-tailed t-test p< 

0.05; Fig 4 A and B), indicating a higher frequency of excitatory synaptic input directed to 

postsynaptic cells of older animals. Furthermore, this finding was confirmed in cells 

identified as bnos positive, where a significantly greater interval between sEPSCs was seen 

in group I (n= 22) when compared to intervals measured between excitatory events from 

group II (n= 24) (295.9 % longer interval in group I; two-tailed t-test; Fig 4 C). In bnos 

negative cells, we found a 98 % longer interval between sEPSCs in group I when compared 

to the interval between sEPSCs in group II, however, the difference was driven by two cells 

and found across the population of cells to be non-significant (group I: 1168.1 ± 289.7ms 

interval, n= 9; group II: 590 ± 179.5ms interval, n= 14; two-tailed t-test). When we 

examined the amplitude of the endogenous sEPSCs we found no difference in this parameter 

between the two age groups for the entire cell population (group I: 33.17 ± 0.9 pA; group II: 

33.84 ± 1.14 pA; two-tailed t-test p> 0.05), nor was there a difference in the amplitude of 

the sEPSCs between group I and group II for cells identified as bnos positive (group I: 35.8 

± 4 pA; group II: 29.7 ± 1 pA; two-tailed t-test p> 0.05). Taken together, these data suggest 

that there is an enhancement in endogenously-triggered release from glutamatergic 

presynaptic inputs directed to cholinergic LDT neurons across ontogeny.

After having established that different frequencies of endogenous sEPSCs were present 

across ontogeny, we next examined whether differential actions of nicotine (10 μM puff 

application, 10s) on sEPSCs occurred across age. We found that significantly more cells in 

group I as compared to group II responded to nicotine with an increase in sEPSC frequency 

(KS-test p< 0.05) (group I: 67.6 %, n= 74; group II: 49.1 %, n= 53; χ2-test). Furthermore, 

the nicotine-induced decrease in the sEPSC interval was significantly larger in responding 

cells within group I, when compared to the decrease in sEPSC interval of responsive cells in 

group II (69.3 ± 2.4 % decrease in group I vs 48.1 ± 4 % decrease in group II; two-tailed t-

test; Fig 4 D and E). The age-associated difference in nicotine-induced increases in 

frequency of sEPSCs was present in bnos positive cells (group I 64.6 ± 5 % decrease in 

interval, n= 14; group II 44.5 ± 5 % decrease in interval, n= 14; two-tailed t-test p< 0.05; Fig 

4 F); whereas, no significant difference was seen in bnos negative cells (group I n= 5; group 

II n= 4; two-tailed t-test).
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While age-related differences did exist in the numbers of cells exhibiting an increase in 

frequency of sEPSCs and the frequency increase was greater in cells from the younger age 

group, there were no differences in the amplitude of nicotine-induced sEPSCs across age. 

The number of cells with a nicotine-induced increase in the amplitude of sEPSCs (KS-test 

p< 0.05) did not differ between group I and group II (group I: 41.1 %, n= 73; group II: 37.3 

%, n= 53; χ2-test p> 0.05) and there was no difference in the amplitude of nicotine-induced 

sEPSCs in cells identified as bnos positive between the two age groups (group I: 16.4 ± 2.5 

% increase, n= 6; group II: 13.7 ± 2,5 % increase, n= 10; two-tailed t-test p> 0.05). Taken 

together, our data suggest that nicotine results in a larger enhancement of glutamatergic 

release onto postsynaptic cholinergic neurons in animals from the younger age group than 

that elicited in animals from the older age group.

To examine differential decreases of nicotine-induced sEPSCs following repeat nicotine 

exposures, a second nicotine application was applied five minutes after the initial 

application. We, however, found no difference in the number of cells responding to nicotine 

with an increase in frequency across both nicotine applications between group I and group II 

(group I: 42 %, n= 50; group II: 38.5 %, n= 26; χ2-test p> 0.05). In responding cells the 

higher frequency of nicotine-induced sEPSCs in group I animals observed in the first 

application also extended to effects elicited by the second application (group I: 58.9 ± 3.2 % 

decrease in interval, n= 21; group II: 41.9 ± 4.8 % % decrease in interval, n= 10; two-tailed 

t-test p< 0.05). We did not find any significant differences in the attenuated response to a 

second nicotine application for either the nicotine-induced increase in frequency or 

amplitude across the two age groups. We conclude that while there were no differences in 

the attenuation of sEPSC frequency and amplitude between the first and second application 

of nicotine across the two age groups, nicotine induced a larger increase in frequency of 

sEPSCs in animals from the younger age group when compared to animals from the older 

age group and this extended to repeat nicotine applications.

3.06 Animals from the older age group have a higher frequency of miniature EPSCs 
(mEPSCs) in LDT neurons

We have shown in conditions of synaptic blockade that nAChRs located on presynaptic 

terminals impinging on LDT neurons can cause nicotine-mediated glutamate release onto 

the cholinergic postsynaptic cell (Ishibashi et al., 2009). Accordingly, age-related nicotine-

induced increases in sEPSCs could be due to nAChRs located on terminals directed to 

postsynaptic cholinergic LDT cells, however, they could also be due to alterations in 

nAChRs located at more distal sites. We wished to determine whether nAChRs located on 

terminals can be differentially activated across age and therefore recorded EPSCs in the 

presence of blockade of action potentials by inclusion of TTX in the ACSF (mEPSCs). 

However, initial investigations were directed at confirming whether ontogenetic differences 

in endogenous sEPSCs extended to mEPSCs.

In LDT neurons from group II, there was a significantly greater frequency of endogenous 

mEPSCs as compared to group I (group I: interval 675.9 ± 125.4 ms, n= 26; group II: 

interval 369.4 ± 48.3 ms, n= 25; two-tailed t-test). There was no difference in the amplitude 

of endogenous mEPSCs between the two groups (group I: 15.2 ± 0.7 pA; group II: 16.1 ±1 
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pA; two-tailed t-test p> 0.05). This supports the conclusion that ontogenetic differences in 

glutamatergic terminals exist which lead to increased release of excitatory neurotransmitter 

in older animals.

We did not find any difference in the number of cells responding to nicotine (10 M puff 

application, 10s) with an increase in mEPSC frequency (KS-test p<0.05; Fig 5 A) between 

the two age groups (group I: 92.3 %, n= 26; group II: 76 %, n= 25; χ2-test), which extends to 

identified cholinergic neurons (group I: 100 %, n= 9; group II: 82.4 %, n= 17; χ2-test p> 

0.05). Nor was there a significant difference in the nicotine-induced increase in mEPSC 

frequency or amplitude across the two groups. These results suggest that the larger nicotine-

induced frequency of sEPSCs found in group I as compared to group II is mediated, not by 

differences in nAChR situated on presynaptic glutamatergic terminals but by nAChRs more 

distally located.

3.07 Nicotine induces larger amplitudes of miniature inhibitory events (mIPSCs) in animals 
from the younger age group

Since we established that fewer mEPSCs were present in neurons from P7-P15 animals, we 

also examined whether differences in endogenous inhibitory synaptic input existed across 

age. However, despite the increase in the chloride driving force in recorded cells conferred 

by the low chloride concentration in our patch solution, we only observed sIPSCs in a 

minority of cells. However, by reducing the membrane potential to −40 mV, thereby 

increasing the electrical potential for the chloride driving force, in the presence of TTX to 

block depolarization-induced action potentials, mIPSCs were visible in all cells. The 

endogenous frequency of mIPSCs was not significantly different between group I and group 

II (group I: 2488.8 ± 329.1ms interval, n= 26; group II: 1999.7 ± 248.6ms interval, n= 25; 

two-tailed t-test). We did, however, find a significantly larger amplitude of endogenous 

mIPSC in group II as compared to group I (group I: amplitude = 11 ± 0.5 pA; group II: 

amplitude = 14.2 ± 0.6 pA; two-tailed t-test; Fig 5 C) and this phenomenon extended to bnos 

positive cells (group I: amplitude = 11.4 ± 0.8 pA, n= 9; group II: amplitude = 13.6 ± 0.6 

pA, n= 17; one-tailed t-test p< 0.05). These data which indicate age-related differences in 

amplitude, but not frequency, of mIPSCs suggest that differences in the number and/or 

properties of postsynaptic inhibitory receptors, likely GABAergic (Ishibashi et al., 2009), 

occur across ontogeny in cholinergic LDT neurons.

Nicotine-mediated inhibitory input to postsynaptic cholinergic cells, which will reduce the 

excitability of the cell, have been shown to arise from nAChRs located on presynaptic 

GABAergic terminals (Ishibashi et al., 2009). Age-related changes in these nAChRs could 

subsequently induce differential inhibitory input to postsynaptic LDT neurons. Therefore, 

we examined the nicotine-induced increase in mIPSC frequency and amplitude across the 

two age groups but found no difference in either the frequency (group I: 84 ± 4.2 % decrease 

in interval, n= 13; group II: 84.5 ± 3.4 % decrease in interval, n= 13: two-tailed t-test p> 

0.05) or the amplitude of nicotine-induced inhibitory events (group I: 56.2 ± 6.5 % increase, 

n= 15; group I: 44.7 ± 5.1 % increase, n= 13; two-tailed t-test p> 0.05) of responsive cells 

(KS-test p<0.05) between the two age groups. While there was no difference in the 

percentage increase between the two age groups, nicotine did induce larger amplitude events 
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in responsive cells from group II when compared to those elicited in cells from group I, 

which extended to bnos positive cells (KS-test p< 0.05; Fig 5 D and E). To quantify this 

action we examined the number of cells exhibiting nicotine-induced mIPSC amplitudes 

exceeding 40 pA, which is approximately three times the amplitude of endogenous mIPSCs 

in group I cells, and found a significantly larger proportion of cells in group II as compared 

to group I exhibiting events exceeding this value (group I: 33.3 %, n= 15; group II: 76.9%, 

n= 13; χ2-test). In bnos positive cells a larger proportion of cells showing mIPSC events 

above 40 pA was seen in group II as compared to group I (group I: 16.7 %, n= 6; group II: 

77.8 %, n= 9; χ2-test p< 0.05). These data indicate that nicotine induces larger amplitude 

inhibitory synaptic events in cholinergic LDT cells from animals belonging to the older age 

group, indicating that exposure to nicotine would induce a larger relative degree of 

postsynaptic inhibitory drive in this population.

3.08 Recovery of effect takes longer for nAChRs on presynaptic GABA cells vs 
presynaptic glutamate cells

Differences in desensitization kinetics of nAChRs located on GABAergic and glutamatergic 

presynaptic inputs directed to DA-containing VTA cells leading to a longer silencing of 

GABAergic cells is believed to underlie a long-lived excitatory response to nicotine within 

the VTA ((Mansvelder et al., 2002); however see (Tolu et al., 2013)). Differential 

desensitization properties between nAChRs mediating excitatory and inhibitory synaptic 

input across the two age groups could exist in the LDT and thereby significantly alter 

cellular responses during persistent nicotine exposure. Accordingly, we examined possible 

differential responsiveness of excitatory and inhibitory presynaptic inputs to a repeat 

application of nicotine.

While there was a significant decrease in the frequency of mEPSCs and mIPSCs elicited by 

a second application of nicotine as compared to the initial nicotine application in both age 

groups, there was no difference across age in the number of cells showing increases in either 

mEPSC or mIPSC frequency, nor was there a difference in the decrease in frequency 

between mEPSC or mIPSC upon repeat nicotine application across age. Therefore, age 

groups were pooled for further studies. We next examined the degree of nicotine-induced 

repeat effects on inhibitory events compared to excitatory events across the entire cell 

population and found a significantly smaller number of cells showing an increase in the 

frequency of mIPSCs as compared to those showing increases in mEPSCs with repeat 

nicotine applications (mEPSCs: 86.7 %, n= 30; mIPSCs: 52.4 %, n= 21; χ2-test; Fig 5 A and 

B). In bnos positive cells a similar phenomenon was seen (mEPSCs: 80 %, n= 15; mIPSCs: 

38.5 %, n= 13; χ2-test p< 0.05).

Our data indicate that, while no differences existed in the repeatability of mEPSCs and 

mIPSCs across the two age groups examined, nAChRs located on GABA-containing 

presynaptic terminals show a reduced responsiveness to repeat nicotine applications as 

compared to nAChRs located on glutamate-containing terminals which corresponds to 

previous findings in the VTA (Mansvelder et al., 2002). Accordingly, upon persistent 

nicotine exposure excitatory synaptic input directed to postsynaptic cholinergic LDT 

neurons would be favored.
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3.09 Developmental- and nicotine-induced changes of the action potential spike shape and 
afterhyperpolarization (AHP)

Our data suggest that nicotine induces larger inward currents, rises in calcium and sEPSCs 

in LDT cells from animals belonging to the younger age group examined, which suggest that 

LDT neurons in P7-P15 animals might be more excited by nicotine than those from P16-P34 

animals. Nicotine could further excite LDT cells by affecting parameters involved in action 

potential formation, threshold and afterhyperpolarization which has been shown to occur in 

other cell types (Good et al., 2006; Kawai et al., 2007; Liu et al., 2004; Ma et al., 2013; 

Wang et al., 1999; Wang et al., 2000a) However, before exploring the effect of nicotine on 

these parameters, we examined the occurrence of any ontogenetic alterations.

In preliminary studies, we noted that injection of a significantly lower current was required 

for the induction of single action potentials in cells from the younger as compared to the 

older age group, which could be due to a more hyperpolarized action potential firing 

threshold. However, contrary to our expectations, a more depolarized firing threshold was 

exhibited by cells from group I, when compared to that exhibited by cells from group II (see 

table I; Fig 6 A), and this extended to a subpopulations of cells identified as bnos positive. 

The spike width1/2 max was significantly broader in group I when compared to that of group 

II for the entire population of cells as well as in a subset of recorded cells identified as bnos 

positive. The spike amplitude also changed across ontogeny as we observed a larger spike 

amplitude in group II when compared to the spike amplitude of cells from group I. Greater 

spike amplitudes were also seen in a population of bnos positive cells from group II when 

compared to a population of bnos positive cells in the younger age group. Both the 

maximum rise and decay slopes of the action potential were significantly smaller in group I 

when compared to values for these same parameters in cells from group II, which also 

extended to a subpopulation of bnos positive cells (see table I; Fig 6 A). The findings of 

developmentally-related changes in spike width1/2 max, amplitude as well as the rise and 

decay slope corroborates results detected in an earlier study conducted in C57BL6 mice 

(Kristensen et al., 2007).

We found that the amplitude of the AHP in LDT neurons from group II was significantly 

larger when compared to the AHP amplitude of cells from group I. Cells identified as bnos 

positive showed a similar phenomenon. The AHP minimum was also significantly more 

hyperpolarized in neurons from group II as compared to group I in both the entire cell 

population and in cells identified as bnos positive (see table I; Fig 6 B). These results 

demonstrate that across ontogeny, multiple parameters of the spike shape and AHP alter, 

which could differentially influence cellular excitability. The more hyperpolarized firing 

threshold and narrower spike width seen in group II would be expected to lead to a 

heightened frequency of firing in LDT neurons in animals from the older age group, while 

the smaller amplitude of the AHP exhibited by neurons in group I could decrease the action 

potential recovery rate and thereby facilitate firing frequency in cells of animals belonging 

to the younger age group. The changes seen in the rise and decay slope of the action 

potential spike across ontogeny were unsurprising and indicate that in cholinergic LDT 

neurons, similar to other brain regions (Baumgold et al., 1983; Couraud et al., 1986; 
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Huguenard et al., 1988; McCormick and Prince, 1987), developmental changes in Na+ and 

K+ channel density affecting the action potential rise and decay phase are occurring.

Following establishment of developmental changes in the profile of the action potential and 

the AHP, we preceded to examine nicotine-induced (500 nM, bath application) changes on 

these parameters when the cell was held at a fixed membrane potential (−60 mV). Across 

the different developmental ages, we found a significantly larger nicotine-induced increase 

in the spike width1/2 max in cells from group II when compared to nicotine induced increases 

in cells from group I (group I: 0.3 ± 2 % increase, n= 11; group II: 11.2 ± 2.9 % increase, n= 

5; two-tailed t-test). An insufficient number of bnos positive cells were recovered and 

identified to determine whether the phenomenon was also present in cholinergic cells. We 

found no difference in the nicotine-induced response across the developmental ages 

examined in the remaining parameters; therefore, data have been pooled for reporting of 

nicotinic alterations of these properties (table II). Nicotine did not significantly affect the 

firing threshold contrary to previous findings (Kawai et al., 2007). Nicotine significantly 

decreased the spike amplitude (5.1 ± 1.8 % reduction, n= 16,), a phenomenon also seen in 

bnos positive cells (n= 8) (see table II). As nicotine activates nAChRs permeable to Na+ and 

K+ and has actions on other membrane conductances (Griguoli et al., 2010; Nutter and 

Adams, 1995), nicotine-mediated reductions in spike amplitude could be due to shunting of 

current across the membrane due to alterations in membrane conductance (Zhang et al., 

2004). In addition, we also observed a 8.8 ± 3.8 % decrease of the maximum decay slopes of 

the action potential in the presence of nicotine, which was significant and a similar 

phenomenon was seen in bnos positive cells (8.7 ± 4.9 %, p< 0.05). Nicotine did not 

significantly affect the maximum slope of the rise of the action potential in the population of 

recorded cells, which included a subpopulation of cells identified as bnos positive. In the 

presence of nicotine, the AHP minimum was, however, significantly less hyperpolarized as 

compared to control conditions (2.2 ± 0.8 %). Based on these results, we conclude that 

nicotine affects the profile of the action potential and by decreasing the AHP minimum, 

nicotine may decrease the AHP recovery period and thereby increase cellular excitability 

within cells from the range of ages studied. This action may be more functionally relevant in 

enhancing firing in neurons from older animals, which demonstrate a lower AHP minimum 

than that present in neurons from younger animals. The nicotine-induced increase of the 

spike width in LDT neurons from older animals would be expected to reduce the firing rate 

to a greater degree than reductions in firing rate induced by this nicotine mediated change in 

cells from younger animals.

3.10 Nicotine induces a larger increase in cellular excitability in LDT neurons in animals 
from the younger as compared to the older age group

As we have previously shown that nicotine enhances the firing rate of cholinergic LDT 

neurons (Ishibashi et al., 2009), it was of functional interest to examine whether age-related 

differences in this action were present. Accordingly, we compared the firing frequency and 

numbers of action potentials elicited between the two age groups.

Neurons from group I (n= 11) exhibited an higher average steady state firing frequency 

between a range of current applications when compared to the firing rate of cells from group 
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II (n= 16) (two-way repeated measurements ANOVA, p< 0.05; Fig 6 C and D). In 

accordance with this finding, a significantly larger number of action potentials elicited by 

current pulses were seen in group I when compared to the number of action potentials 

elicited in this same range of current strengths from cells in group II (two-way repeated 

measurements ANOVA; Fig 6 E). In bnos positive cells, a higher firing frequency and a 

larger number of action potentials were seen in cells from group I (n= 8) as compared to 

values found for these measures in cells from group II (n= 8) (two-way repeated 

measurements ANOVA p< 0.05). Additionally, the current strength required to elicit the 

maximum number of action potentials was significantly lower in cells from group I when 

compared to the current required to elicit the maximal number of action potentials in 

neurons from group II (group I: 446.5 ± 72 pA; group II: 694.4 ± 60 pA; two-tailed t-test), 

and a similar phenomenon was seen in cells identified as bnos positive (group I: 538.5 ± 

63.8 pA; group II: 775.3 ± 62.7 pA; two-tailed t-test p< 0.05). To ensure that differences in 

membrane depolarization did not underlie the difference in firing frequency, we examined 

the firing frequency in a subset of cells from both age groups held at the same potential (−40 

mV). In cells from group I, a higher firing frequency was elicited when compared to the 

firing frequency induced in group II (group I: 13.5 ± 1.8 Hz, n= 5; group II 10 ± 0.3 Hz, n= 

7; two-tailed t-test p< 0.05).

As we have shown that excitatory glutamatergic and to a limited extent, GABAergic, input 

remains in the slice, which could contribute to differential firing rates across age, we also 

examined the number of elicited action potentials in response to a 10 pA current pulse in the 

presence of blockade of glutamatergic and GABAergic receptors located on the postsynaptic 

cells by inclusion of DNQX, AP5, Gabazine and strychnine in the ACSF. A significantly 

larger number of action potentials were elicited at a fixed current strength from neurons of 

group I (n= 28) when compared to the numbers elicited from group II (n= 18) (one-tailed t-

test; Fig 6 F and G). These data indicate that the enhanced firing frequency seen in neurons 

from the younger age group involves ontogenetic differences in postsynaptic mechanisms 

not involving glutamate, glycine or GABA receptors.

When current was applied to maintain the resting membrane potential so as to negate the 

contribution of voltage-activated conductances, nicotine application (200 l, 10 mM, pipette 

applied) resulted in a larger increase in steady state firing frequency in cells from group I 

when compared to the increase in firing elicited in group II neurons (group I: control 8.8 ± 

0.3 Hz; nicotine 13.3 ± 1.2 Hz, n= 7; group II: control 8.1 ± 0.2 Hz; nicotine 9.1 ± 0.3 Hz, 

n= 10; two-tailed t-test p< 0.05; Fig 6 H and I). Additionally, the presence of nicotine 

resulted in a significantly larger increase in the number of elicited action potentials in 

neurons from group I, when compared to numbers elicited in cells from group II (group I: 

control 10.4 ± 0.4; nicotine 16 ± 1.4; group II: control 9.5 ± 0.3; nicotine 10.8 ± 0.5; two-

tailed t-test; Fig 6 J). In cells identified as bnos positive, a larger number of elicited action 

potentials (group I: control 10.8 ± 0.4; nicotine 14.25 ± 0.6 (n=4); group II: control 9.8 ± 

0.4; nicotine 10.4 ± 0.7 (n=5); one-tailed t-test p< 0.05) as well as a larger steady state firing 

frequency (group I: control 9 ± 0.3 Hz; nicotine 11.6 ± 0.7 Hz; group II: control 8.4 ± 0.3 

Hz; nicotine 8.9 ± 0.5 Hz; one-tailed t-test p< 0.05; Fig H) was also found to be elicited by 

nicotine in cells from group I when compared to changes elicited by nicotine in these 

measures in cells of group II. To rule out differences in contribution of input resistance 
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across cells we examined the nicotine-induced firing frequency in five cells across age in 

which the final depolarization was the same for each cells. Under these conditions in which 

variations in input resistance are negated, the nicotine-induced increase in firing frequency 

in cells from group I was larger than the increase induced by nicotine in group II (group I: 

56.8 ± 0.2 %, n= 2; group II: 3.2 ± 4.6 %, n= 3; two-tailed t-test p< 0.05). Taken together, 

these data indicate that cholinergic LDT neurons exhibit a higher firing frequency in animals 

from the younger age group than that exhibited in animals pertaining to the older age group 

and nicotine enhances this frequency to a larger extent in younger animals when compared 

to nicotine-induced enhancements in cells from older animals. These data indicate that 

nicotine exposure would result in differences in firing in cholinergic cells across ontogeny, 

possibly leading in younger animals to a larger cholinergic output from LDT neurons to 

target regions, including those within the VTA.

4. Discussion

This study was designed to elucidate whether nicotine, which is associated with an age-

related risk of developing dependency, has differential actions across ontogeny on 

cholinergic LDT neurons, as these cells are importantly involved in addiction-related 

physiology. Our data indicate that nicotine exerts greater excitatory effects on cholinergic 

LDT neurons in P7-P15 animals when compared to actions in P16-P34 animals. As the LDT 

plays a role in addiction-related behaviours and processes (Dautan et al., 2014; Forster and 

Blaha, 2000; Lammel et al., 2012; Lodge and Grace, 2006) the ontogenetic differences in 

nicotine cellular actions on LDT neurons could be importantly involved in age-associated 

differences in behavioral actions of this drug.

4.01 Nicotine-induces larger increases in intracellular calcium and larger inward currents 
in LDT cells from animals belonging to a younger age group

Our initial experiments using ‘bulk-load’ calcium imaging were designed to provide a quick 

assay to determine whether nicotine elicited differences in neuronal responsiveness across 

ontogeny. With the caveat in mind that it was not possible with this technique to determine 

the phenotype of the individual cells examined, calcium imaging experiments revealed that 

nicotine had differential actions on rises in calcium in unidentified LDT neurons dependent 

upon age. The larger number of responses and the larger amplitude of calcium rises induced 

by nicotine in LDT neurons from younger age groups could lead to a differential induction 

of calcium driven physiology, such as synaptic plasticity and gene expression (Berridge, 

1998) between LDT cells from younger as compared to older animals, which could be 

functional significant. In DA-VTA neurons a single intraperitoneal nicotine injection has 

been shown to alter glutamatergic neurotransmission by increasing the amplitude of AMPA-

mediated EPSCs and induction of this glutamate involved plasticity was reversed by co-

administration of the nAChR antagonists methyllycaconitine and mecamylamine (Gao et al., 

2010; Saal et al., 2003). Furthermore, a lower nicotine dose was required to increase the 

AMPA-mediated EPSC amplitude in neurons of younger (P21- P35) compared to older mice 

(P60-P90), which suggests that DA-VTA neurons from younger mice are more sensitive to 

the mechanisms underlying this nicotinic-mediated synaptic plasticity (Placzek et al., 2009). 

While nicotine-induced plasticity has not been shown in the LDT, drug-induced synaptic 
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plasticity has been found to occur in the LDT of cocaine and amphetamine-treated animals 

(Kurosawa et al., 2013; Nelson et al., 2007), possibly resulting in a larger output to the 

VTA. Nicotine-mediated synaptic plasticity could therefore occur in the LDT and the large 

differences in nicotine-induced rises in calcium might suggest a heightened sensitivity to 

nicotine-mediated synaptic plasticity in animals from younger ages.

Although the mechanisms underlying differences in nicotine-mediated calcium rises were 

not explored, we did determine in identified LDT neurons, that nicotine elicited current 

responses in fewer LDT neurons in P16-P34 animals, and in those cells responding, smaller 

depolarizing currents were induced. As the amplitude of nicotine-induced currents were not 

altered by the presence of blockers of synaptic activity, our results suggest that reduced 

nicotine-mediated current amplitudes in neurons from animals pertaining to the older age 

group likely involving postsynaptic nAChRs could contribute, in part, to smaller calcium 

rises. Nicotine-induced calcium rises can occur directly through calcium permeable nAChRs 

or secondarily following depolarization sufficient to activate voltage operated calcium 

channels. A reduced number of cells responding, and/or smaller amplitude nicotinic-

mediated neuronal depolarizations in the LDT in animals from the older age group would be 

expected to result in reductions of calcium rises via these entry mechanisms.

The developmental decrease in the nicotine-induced inward current could be the result of 

ontogenetic alterations in the number of nAChRs expressed in the cell membrane. 

Developmental changes in nAChRs mRNA has been detected in several different brain 

regions (Azam et al., 2007; Dwyer et al., 2009) and developmental decreases in nicotinic 

binding sites have been shown in the brain stem (Miao et al., 1998; Zhang et al., 1998). 

While the point was not specifically addressed in the binding site study, the possibility exists 

of a developmental decrease in the number of nAChRs within the LDT. However, our Ri 

study argues against this possibility. Ontogenetic alterations in the specific subunit 

composition of nAChRs within the LDT could also contribute to the developmental decrease 

in nicotine-induced current amplitudes, as the specific subunit composition of the individual 

nAChR determines the affinity for nicotine (Albuquerque et al., 2009). The higher nicotine 

affinity of, for example, the α4β2-containing nAChR would be expected to produce a greater 

nicotine response at physiologically relevant nicotine concentrations than that induced by 

lower affinity nAChRs such as the α7-containing nAChRs. Within the LDT, the presence of 

mRNA for α7, α4, β4 and β2 nAChR subunits has been noted (Azam et al., 2003), and 

antagonists exhibiting relative selectivity for α7- and β2-containing nAChRs were found to 

reduce postsynaptic, inward currents induced by cholinergic agents in LDT neurons in this 

and other studies (Ishibashi et al., 2009), which indicates the presence of postsynaptic high 

affinity α4β2-containing nAChRs and low affinity α7-containing nAChRs. Within the 

developmental period examined, binding of high affinity α4β2-containing nAChR and low 

affinity α7 by 3H epibatidine and 3H α-bungarotoxin, respectively, drastically decreases in 

the brain stem suggesting development decreases in both α4β2- and α7-containing nAChRs 

(Miao et al., 1998; Zhang et al., 1998). Developmental decreases in particular of the high 

affinity α4β2-containing postsynaptic nAChR as opposed to reductions of other nAChRs 

subtypes could produce larger decreases in nicotine-mediated inward currents, which could 

partly underlie the ontogenetic decrease of the nicotine-induced inward current found in the 

present study in cholinergic LDT cells. The specific stoichiometry of nAChR subunits also 
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influences the affinity of nAChRs for nicotine. The high affinity α4β2-containing nAChR 

can co-assemble as α4(3)β2(2) or α4(2)β2(3) nAChRs, where the latter has a higher affinity 

for nicotine when compared to the former (Albuquerque et al., 2009; Nelson et al., 2003). 

Developmental alterations in nAChR subunit stoichiometry, which favor low affinity 

nAChR subunit compositions in LDT cells from older animals could therefore contribute to 

the decrease in inward current found across ontogeny. In addition to different agonist 

affinities, various nAChR subunit compositions also have differential desensitization 

kinetics with the high affinity α4β2-containing nAChR showing desensitization at low nM 

concentrations; whereas the α7-containing nAChR shows initial indications of 

desensitization at M concentrations (Fenster et al., 1997; Quick and Lester, 2002; 

Wooltorton et al., 2003). We therefore speculate that the larger decrease in inward current of 

repeat nicotine applications seen in the younger as compared to the older group could stem 

from the presence of a larger proportion of α4β2-containing nAChRs in P7-P15 animals 

whereas a larger proportion of α7-containing nAChRs contribute to the nicotine-induced 

inward current in the P16-P34 age group. While larger calcium rises in the youngest age 

group would suggest a higher percentage of the calcium permeable α7-subunit, nicotine 

induced calcium in LDT cells in this age group could have derived from other subunit-

containing, calcium permeable nAChRs, or other sources of calcium. Indeed preliminary 

results investigating the nAChR subunit composition across ontogeny in LDT cells from 

mice using nAChR antagonists suggests that in cells from P7-P15 animals the proportion of 

current induced by cholinergic agents is mediated to a higher degree through α4β2-

containing nAChRs, whereas a larger proportion of current in P16-P34 animals is mediated 

through α7-containing nAChRs. One caveat in our study is that the amplitude of nicotine-

induced inward currents may be underestimated as nAChRs undergo desensitization, 

however, as results suggested that desensitization was greater at P7-P15 when compared to 

P16-P34 current amplitudes from group I were likely underestimated to a greater extent than 

the current amplitude from group II which would further exacerbate age-related differences.

4.02 Nicotine decreases the Ih current amplitude

We show for the first time that nicotine decreases the Ih current present in cholinergic LDT 

neurons, which corroborates findings of a nicotine-mediated decrease of this current seen in 

cortical neurons (Griguoli et al., 2010). Additionally, our current study confirms 

developmental changes in Ih current seen in a subset of cholinergic LDT neurons in 

C57BL6 mice (Kristensen et al., 2007) and extends them to bnos-identified neurons of the 

LDT in NMRI mice. However, previously we did not observe the presence of Ih current in 

LDT neurons from animals below 16 days of age. This discrepancy is likely attributable to 

differences in the experimental procedures, as we previously monitored Ih currents using 

voltage steps to less negative potentials. Developmental increases in the Ih current have 

previously been seen in putative cholinergic neurons of the Sprague-Dawley rat 

pedunculopontine tegmental nucleus (PPT), a cholinergic nucleus located adjacent to the 

LDT (Good et al., 2006). Although the amplitude of the Ih current did show age-related 

differences, the nicotine mediated-decrease of the amplitude of the Ih current did not appear 

to change across ontogeny. These findings suggest that the alteration underlying the age-

related differences in the amplitude of Ih currents does not affect the nicotine-mediated 

attenuation of the Ih current, which has been suggested to be due to direct actions on Ih 
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channels and not via nAChR-mediated mechanisms (Griguoli et al., 2010). While changes in 

the properties of Ih channels, due to alterations in subunit compositions, have been shown to 

occur across age (Kanyshkova et al., 2009; Vasilyev and Barish, 2002), changes in subunit 

compositions would be expected to result in differences in the percentage of attenuation of 

the Ih current by nicotine across age, as it would be expected that the effects of nicotine on 

different Ih channel subunits would vary. Changes in the numbers of Ih channels have also 

been shown to occur across age (Vasilyev and Barish, 2002) and our findings of an 

equivalent percentage of reduction of this current by nicotine between the two age groups 

would be consistent with the interpretation that Ih channels show an ontogenetic increase 

across age. Accordingly, while we have not ruled out developmental changes in Ih channel 

properties, our data support the conclusion that the increase found in Ih current amplitude 

across age is mediated by an ontogenetic increase in number of Ih channels, which has also 

previously been proposed to underlie developmental increases in the size of Ih current in the 

PPT (Kobayashi et al., 2004). Although the percentage decrease of the Ih current amplitude 

induced by nicotine did not vary across age, the actual decrease of the Ih current induced by 

nicotine in cholinergic LDT neurons of animals from the older age group was larger than 

that of animals belonging to the younger group. The Ih current influences cellular 

excitability by repolarizing the cell and contributing to the maintenance of the resting 

membrane potential (Biel et al., 2009), therefore the functional outcome of the nicotinic 

attenuation of the Ih current could vary across age and possibly play a role in alteration of 

cellular excitability across ontogeny.

4.03 The frequency of nicotine-induced PSCs changes across ontogeny

Our examination of nicotine-induced increases in sEPSC frequency indicates that nicotine 

exposure would result in a relatively larger glutamatergic excitation of cholinergic LDT 

neurons in animals from the younger age group as compared to levels of this excitation 

stimulated by nicotine in these cells in animals belonging to the older age group. As we did 

not observe any difference in nicotine-induced mEPSC frequency across age suggesting 

reliance of this effect on action potential generation, our results indicate that the 

developmental differences in excitatory inputs to LDT neurons are dependent upon nicotine-

activated mechanisms upstream of presynaptic terminals. In addition to fewer nicotine-

induced sEPSCs in LDT cells, P16-P34 animals also exhibited an increase in the number of 

cells showing large amplitude nicotine-induced mIPSCs, which suggests that nicotine 

mediates a larger inhibitory effect in animals from the older age group possibly through an 

increase in numbers, or properties, of postsynaptic GABAA receptors. When taken together, 

our data indicate that nicotine exposure favors excitatory input directed to LDT cells from 

animals belonging to the younger age group; whereas, nicotine would be expected to 

activate a relatively larger proportion of inhibitory input directed to LDT cells from animals 

pertaining to the older age group. Furthermore, in the population of cells in which 

simultaneous excitatory and inhibitory miniature events were recorded, the drop out of 

nicotine mediated elicitation of mIPSCs with second applications while mEPSCs were 

robustly elicited in both exposures, indicates that nAChRs located on glutamatergic 

presynaptic terminals are less sensitive to nicotinic desensitization as compared to nAChRs 

located on GABAergic presynaptic terminals. Differential subunit compositions between 

nAChRs located on GABAergic and glutamatergic terminals could underlie the difference in 
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sensitivity of mEPSCs and mIPSCs upon repeat exposures (Mansvelder et al., 2002; Tolu et 

al., 2013). Differences in subunit combinations of nAChRs located on GABAergic and 

glutamatergic terminals could therefore result in a greater degree of desensitization of 

nAChRs located on GABAergic terminals, which would induce a greater decrease of 

inhibitory as opposed to excitatory drive with a resultant excitatory effect.

The finding that the frequency of endogenous EPSCs was larger in LDT neurons in animals 

from the older as compared to the younger age group indicates that LDT neurons from 

younger animals experience reduced ongoing excitatory glutamatergic synaptic input 

suggesting the possibility of fewer active glutamatergic synapses in this age group. This was 

surprising since synapse pruning has been shown to initiate around postnatal week two in 

the mouse hippocampus (Liu et al., 2005; Stoneham et al., 2010) thereby possibly 

decreasing endogenous synaptic input at this later stage. However, activation of silent 

synapses which can occur within the first two to three postnatal weeks (Kerchner and Nicoll, 

2008) and/or increases in synapse density that could lead to a heightened endogenous 

excitatory synaptic input within the first postnatal month have also been seen, which if 

occurring in the LDT could underlie the higher frequency of endogenous EPSCs found in 

cells from animals belonging to the older age group (Fiala et al., 1998; Harris et al., 1992). 

Interestingly, the larger amplitude of endogenous mIPSCs in LDT neurons in animals from 

the older age group would indicate the presence of a simultaneously larger endogenous 

inhibitory drive directed to LDT cells. The amplitude of mIPSCs depends upon the 

postsynaptic density and composition of GABAA receptors (Nusser et al., 1997; Simon et 

al., 2011), which have been shown to change in many brain areas across ontogeny (Lujan et 

al., 2005). Therefore, developmental increases in the postsynaptic density of GABAA 

receptors or developmental changes of GABAA subunits towards high affinity subunit 

composition in older animals could underlie the larger amplitude of endogenous mIPSCs in 

cells from group II animals. Additionally, across development a change in the chloride 

equilibrium potential, which changes GABA responses from excitatory to inhibitory within 

the first few postnatal days as the number of chloride transporters increases, occurs. The 

number of chloride transporters does, however, not reach adult levels until after 

approximately two weeks and until adult levels are reached, the amplitude of 

GABAergically-mediated mIPSCs would be expected to be smaller (Ben-Ari, 2002). 

Therefore, within the age range examined chloride transporters would be expected to further 

contribute to ontogenetic alterations in the amplitude of inhibitory chloride currents in intact 

cells.

4.04 Nicotine increases cellular excitability to a greater degree in P7-P15 when compared 
to P16-P34 animals

Our finding that nicotine induces a larger increase in the firing frequency of cholinergic 

LDT neurons from P7-P15 as compared to P16-P34 animals suggests that nicotine induces a 

functionally relevant larger excitatory effect on cells from animals belonging to the younger 

age group. By increasing neuronal firing frequency, nicotine would be expected to enhance 

neuronal output to target regions. Therefore, the larger nicotine-induced firing frequency in 

cells from younger animals could result in a differential cholinergic output from the LDT. 

Previous studies have shown that nicotine-mediated increases in the firing frequency of 
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cholinergic LDT neurons are independent of the nicotinic induction of EPSCs and/or IPSCs 

(Ishibashi et al., 2009), indicating that increases depend upon postsynaptic, nicotine-

mediated mechanisms. The persistence of a greater number of elicited spikes in LDT 

neurons from animals belonging to the younger age group in the presence of blockers of 

excitatory and inhibitory neurotransmitters further suggest that the difference in action 

potential firing frequency seen across development is also due to postsynaptic changes. The 

decrease found in the Ri across ontogeny could be a contributing factor to the heightened 

firing rate of cholinergic LDT neurons from younger animals. The larger Ri in LDT neurons 

from group I animals, which indicates reduced somatic conductances, serve to contribute 

relatively larger shifts in membrane potential at a given current input leading to reductions 

in current required to elicit action potentials. However, at comparable membrane 

depolarizations, larger firing frequencies were found in cells from P7-P15 when compared to 

P16-P34 animals, which suggests that postsynaptic mechanisms other than changes in Ri 

contribute to the ontogenetic changes in firing frequency.

In the present study, the broader nicotine-induced spike width seen in LDT neurons from 

P16-P34 animals could lead to the increase in the time period between spikes thereby 

contributing to the slower nicotine-induced firing frequency in animals from the older as 

compared to the younger age group. Although the remaining parameters examined of the 

action potential spike shape and AHP were not differentially affected by nicotine across 

ontogeny, the changes noted in spike shape and AHP across development could contribute 

to age-related differences in the effect of nicotine on the firing frequency. As nicotine 

induced a similar relative depolarization of the AHP minimum across both age groups, the 

more hyperpolarized AHP found in cells from animals belonging to the older age group 

would be expected to be relatively more affected by the nicotinic diminishment of the AHP 

minimum. In the older age group, the nicotine-induced depolarization of the AHP minimum 

could therefore contribute more to the nicotine-induced increase in cellular firing rate 

detected since a smaller AHP would decrease the action potential recovery period and 

thereby increase the firing frequency. However, complicating this interpretation are findings 

that decreases in AHP minimums have been shown to reduce cell output due to a reduction 

of removal of sodium channel inactivation (Erisir et al., 1999). Therefore, ontogenetic 

differences in kinetics of voltage dependent sodium channels may also play a role in the 

functional outcome of nicotine effects on AHP minimums. The AHP minimum is greatly 

dependent upon the initial fast AHP, which has been found to be mediated by a large 

conductance calcium-activated potassium (BK) channel in the LDT (Kohlmeier et al., 2013) 

and shown in other cells types to be affected by nicotine (Kuhlmann et al., 2005). If similar 

actions on BK channels are present in the LDT, nicotinic inhibition of BK channels could 

subsequently underlie the nicotine-induced depolarization of the AHP minimum. Increases 

in the number of BK channels across age shown in the pons (Macdonald et al., 2006) could 

contribute to the more hyperpolarized AHP found in cholinergic LDT cells in animals from 

the older age group. The larger and more hyperpolarized AHP found in cholinergic LDT 

cells from the older age group would be expected to contribute to the developmental 

decrease seen in the evoked firing frequency of cholinergic cells by increasing the action 

potential recovery rate. While the developmental changes found in the AHP would be 

expected to decrease cellular excitability in cholinergic LDT neurons from animals 
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pertaining to the older age group, the ontogenetic associated reduction in the membrane 

potential threshold required for action potential firing would be expected to lead to a greater 

cellular excitability in these cells as a smaller depolarization would be required to reach 

firing threshold. Similarly the narrowing of the spike width across development which was 

also observed in neurons of the PPT (Kobayashi et al., 2004) would decrease the time 

duration between spikes in cholinergic cells from P16-P34 animals thereby contributing to a 

greater excitability. The broader spike width seen in P7-P15 animals would, however, be 

expected to increase action potential-mediated rises in intracellular calcium thereby possibly 

producing a larger effect on intracellular calcium dependent mechanisms.

4.05 Functional Significance:

The ontogenetic changes found in nicotine's effect on cholinergic LDT neurons could 

indicate that upon nicotine exposure, cells from younger animals would be excited to a 

greater extent, and more likely to fire, which would suggest a larger output to target areas. 

Cholinergic neurons of the LDT send diffuse projections both caudally and rostrally, and are 

via these projections involved in diverse behaviors. Functionally-relevant connectivity of the 

LDT to the VTA has been established (Forster and Blaha, 2000; Lammel et al., 2012; Lodge 

and Grace, 2006) and ACh-containing LDT neurons provide the major cholinergic input to 

DA-containing, mesoaccumbal projecting VTA neurons (Oakman et al., 1995; Omelchenko 

and Sesack, 2005; Omelchenko and Sesack, 2006). Further, the asymmetric nature of these 

cholinergic synapses (Omelchenko and Sesack, 2006) and the role of endogenous ACh in 

increasing firing of DA-VTA cells (Mameli-Engvall et al., 2006; Melis et al., 2013) indicate 

that LDT-mediated cholinergic input to DA-VTA cells is excitatory. Activation of the 

mesoaccumbal pathway including excitation of DA-VTA cells plays a deterministic role in 

development of drug dependency (Corrigall et al., 1994; Corrigall et al., 1992) and input 

from the LDT influences the excitability of DA-VTA neurons (Lammel et al., 2012). 

Supporting a critical role of the LDT in mesoaccumbal activity is the finding that ablation of 

the LDT eliminates the firing pattern believed to be behaviorally relevant in addiction 

processes (Lodge and Grace, 2006). The ACh released from LDT terminals within the VTA 

is believed to act at nAChRs located on DA-VTA neurons as well as GABA- and glutamate-

containing VTA terminals (Mameli-Engvall et al., 2006; Schilstrom et al., 2003). 

Ontogenetic differences in nicotine-induced excitability in the LDT, suggesting an increase 

in ACh release in the VTA might be less biologically relevant in promoting age-related 

differences of activation via this mechanism, since nicotinic activation of nAChRs located 

within the VTA are believed to rapidly lead to desensitization (Mansvelder et al., 2002; 

Pidoplichko et al., 1997), rendering them unavailable to activate following endogenous ACh 

release (Mansvelder et al., 2002). However, excitatory muscarinic receptors within the VTA 

(Gronier and Rasmussen, 1998; Lacey et al., 1990) are believed to play an instrumental role 

in LDT-related addiction processes (Blaha et al., 1996; Forster and Blaha, 2000; Miller and 

Blaha, 2005) as muscarinic blockade in the VTA results in attenuation of addiction-related 

behaviors (Ikemoto and Wise, 2002). While this action could be mediated in part via 

blockade of autoinhibitory M4 receptors located on LDT terminals in the VTA (Tzavara et 

al., 2004), muscarinic activation in the VTA is strongly rewarding and animals will self-

administer muscarinic receptor agonists, suggesting that the net result of muscarinic 

activation in the VTA is excitatory (Ikemoto and Wise, 2002; Yeomans et al., 1985). 
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Rewarding actions of muscarinic agents within the VTA are believed to be due in large part 

to a long-lived excitation of VTA-located M5 receptors, which is the only muscarinic 

subtype definitively identified on DA-VTA neurons (Vilaro et al., 1990). Atropine-induced 

actions are missing in animals in which the M5 receptor has been genetically deleted or 

inactivated via VTA infusions of M5 antisense and behavioral studies have shown that 

animals lacking functioning M5 receptors exhibit a reduction in DA transmission and 

alterations in thresholds for reward (Forster et al., 2002; Yeomans et al., 2000). Therefore, 

the ontogenetic differences in the nAChR excitation of cholinergic LDT neurons could 

result in differential nicotine-mediated release of ACh to target structures within the VTA, 

which while it may have a negligible action at quickly desensitizing nAChRs on VTA cells, 

could induce a heightened activation of M5 receptors located on DA-VTA neurons, resulting 

in enhanced DA release in NAcc targets in younger animals. As levels of DA release in this 

circuit correlate with experience of euphoria (Drevets et al., 2001; Pontieri et al., 1995; 

Pontieri et al., 1996), such a heighted release would be expected to confer a greater degree 

of reward to use of nicotine in younger individuals. Accordingly, a greater degree of 

nicotine-induced excitability in cholinergic LDT neurons demonstrated in the present study 

could play a part in the higher susceptibility to nicotine addiction seen in younger 

individuals. It will be of interest to determine whether the decrease in nicotinic-mediated 

cholinergic cellular excitability noted in the ranges of ages examined demonstrates the same 

trajectory across a larger range of ontogenetic periods, which may explain why initiation of 

smoking at an early age is associated with a high risk of development of nicotine 

dependence, whereas exposure to nicotine at older ages is less likely to lead to addiction 

(Chen and Millar, 1998; Kendler et al., 2013; Wilkinson et al., 2007).

5. Conclusion

The difference in the susceptibility to addict to nicotine between adolescents and adults is 

well established, but mechanisms in the reward pathway, which may underlie the 

developmental differences, have not been thoroughly elucidated. In this study we found 

neuronal changes in response to nicotine across ontogeny in cholinergic neurons importantly 

involved in the mediation of reward which could contribute to the differential susceptibility 

to addict to nicotine across ontogeny. Future studies examining whether differential changes 

also occur in LDT cells across ontogeny in response to long term nicotine exposure are 

important to further increase our knowledge about the differential ontogenetic effects of 

nicotine underlying the differential susceptibility to addict to this drug seen across age. In 

combination with the information obtained from the present study, such knowledge will 

assist in the development of age specific therapeutical treatments to aid smoking cessation.
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Highlights

Nicotine induces larger rises in calcium in LDT neurons from younger animals.

Nicotine induces larger membrane currents in LDT neurons from younger animals

Nicotine induces greater excitatory synaptic activity in LDT neurons from younger 

animals.
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Figure 1. 
Nicotine elicits greater changes in fluorescence indicating larger rises in intracellular 

calcium in LDT neurons of animals from younger age groups. (A) In the left panel an image 

of fura-2 loaded cells (F380 nm) within the LDT, in which changes in fluorescence were 

examined, is shown. The white box indicates the region expanded in the right panel and the 

arrows indicates the same cell in both panels. The region of interest from which fluorescence 

was monitored is indicated by a square around the cell soma in the right panel. (B) 

Representative ΔF/F traces are shown of the changes in fluorescence induced by an initial 

(black) and a second (grey) nicotine application in a LDT cell from group A (B1), group B 

(B2) and group C (B3) indicating rises in intracellular calcium. The nicotine-induced change 

in ΔF/F is greatest in the youngest group A when compared to that elicited in the older group 

B and group C. The repeat application of nicotine ten minutes after the initial nicotine 

application induced a smaller increase in fluorescence in all three age groups, but was still 

higher in young animals. Nicotine application is marked by a vertical line. (C) Histogram 

showing the mean nicotine-induced increase in fluorescence in percent elicited in cells from 

each of the three age groups. The average amplitude found in group A was significantly 

larger than that of group B and group C. Further, in group B the average amplitude was 

larger than that of group C. * denotes a significance level of p< 0.05 in this and subsequent 

figures. (D) The percentage decrease in ΔF/F of the second compared to the first nicotine 

application for group A, group B and group C are shown in the histogram. There was no 

significant difference in the percentage decrease in ΔF/F between the three groups in 

response to a repeat nicotine application.
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Figure 2. 
Nicotine induces larger inward currents in P7-P15 as compared to P16-P34 animals along 

with a larger reduction in current in response to repeat nicotine applications in identified 

cholinergic LDT cells. (A) In the present study the phenotype of electrophysiologically 

recorded cells was determined as either cholinergic or non-cholinergic. Due to the presence 

of the fluorophore Alexa-594 in the patch solution, recorded cells were visible using 

appropriate fluorescence microscopy (arrows, left panel), and immunohistochemical staining 

with bnos antibody (right panel) enabled identification of recorded cells as cholinergic based 

on the presence of both bnos and Alexa-594 (right arrow in both panels) or non-cholinergic 

based on the absence of bnos in the recorded cell (left arrow in both panels). (B) The top left 

trace is a representative whole-cell, voltage clamp recording from a group II LDT cell 

showing the inward current induced by puff application of 1mM of acetylcholine (ACh) for 

0.3s which is marked by a vertical line. In the top right trace, bath application of DHβE to 

the same cell attenuated the ACh-induced inward current indicating presence of nAChRs 

containing the β2 and/or β4-subunit in LDT neurons. In the two bottom traces, bath 

application of MLA is shown to decrease the ACh-induced inward current in a cell from 

group I, indicating the presence of α7-containing nAChRs. The applied antagonists were 

found to decrease the ACh-induced current in both age groups indicating the presence of α7- 

and β2 and/or β4-subunits across both examined age groups. (C1) The left panel is a 

representative whole-cell, voltage clamp recording of a cholinergic LDT cell from group I 

showing an inward current induced by puff application of 10 μM nicotine (application 

indicated by black line). Below the left panel is an expanded inset of the nicotine-induced 

current in which the white lines on the recording trace represents the areas from which the 
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current amplitude was measured. In the right panel the inward current induced by a second 

application of nicotine in the same cell is shown. As was found in the majority of cells, the 

inward current evoked by the first application of nicotine was larger than that of the second 

application of nicotine. (C2) Whole-cell recording from a group II cholinergic LDT cell 

showing nicotine-induced inward currents of the first nicotine application on the left side 

and the second application of nicotine resulting in a smaller inward current on the right. (D) 

Histogram from the entire population of cells indicating that the inward current induced by 

the first application of nicotine is significantly larger in group I as compared to group II, 

while no difference is seen between the two groups for the repeat nicotine application. Also 

apparent in both group I and group II is a significant decrease in the nicotine-induced inward 

current of the repeat compared to the initial nicotine application. (E) Scatter plot showing 

the nicotine-mediated inward current in individual cholinergic LDT neurons from group I 

and group II. The nicotine-induced inward current is significantly larger in cells from group 

I as compared to group II. The dotted line in each column indicates the mean value. (F) The 

percentage decrease in the inward current induced by the repeat compared to the initial 

nicotine application for group I and group II is shown in a histogram. A significantly larger 

decrease in the inward current in response to a second nicotine application is seen in group I 

as compared to group II. (G) Scatter plot showing the percentage decrease of the initial 

compared to the repeat nicotine-induced inward current in cholinergic LDT neurons from 

group I and group II, indicating that across this population of cells a significantly larger 

decrease in the inward current in response to a second nicotine application is seen in group I 

as compared to group II. Within each column the dotted line indicates the mean value.

Christensen et al. Page 38

Neuropharmacology. Author manuscript; available in PMC 2015 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Developmental- and nicotine-induced effects on the amplitude of the Ih current present in 

LDT neurons. (A) Whole-cell, voltage clamp recordings showing the Ih current (apparent at 

#) elicited by a hyperpolarization to −110 mV for 500 ms in a cholinergic LDT neuron from 

group I (left panel) and group II (right panel) indicating a larger Ih current from the group II 

cell when compared to the Ih current from the group I cell. (B) Histogram showing the mean 

Ih current amplitude for LDT neurons in response to hyperpolarizations to −100 mV and 

−110 mV for a population of cells in group I and group II. Significantly larger Ih current 

amplitudes were found in group II as compared to group I for both hyperpolarization steps. 

(C) The larger Ih current amplitude of group II cells compared to group I was confirmed in a 

population of identified cholinergic LDT neurons for both hyperpolarizations to −100 mV 

and −110 mV as shown in the histogram. (D) Nicotine decreased the Ih current, which 

makes a partial recovery following washout as shown by this representative voltage clamp 

recording of a cholinergic LDT neuron showing the Ih current elicited by a 

hyperpolarization to −110 mV for 500 ms before, in the presence of 500 nM nicotine and 

following a 10 minute washout period. (E) The mean Ih current amplitudes from the 

population of group I and group II LDT neurons in response to hyperpolarizations to −100 

mV and −110 mV before and in the presence of 500nM nicotine are shown in a histogram. 

Although nicotine significantly decreased the Ih current amplitudes for both 

hyperpolarization steps across both age groups there was no significant difference between 

the two age groups in this reduction. (F) Histogram showing the percentage decreases of the 

Ih current amplitude by 500 nM nicotine for hyperpolarizations to −100 mV and −110 mV 

in group I and group II indicating that nicotine decreases the Ih current amplitude similarly 

in the two age groups examined.
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Figure 4. 
Nicotine induces a larger increase in sEPSC frequency in P7-P15 animals while the 

endogenous frequency of sEPSCs increases across ontogeny. (A) The endogenous frequency 

of sEPSCs, which are shown as downward deflections, was higher in group II when 

compared to group I as exemplified by these representative whole cell, voltage clamp 

recordings from a cholinergic LDT neuron from group I (left panel) and group II (right 

panel). (B) Histogram showing the endogenous interval between sEPSCs in a population of 

cells from group I and group II. These data indicate a significantly longer interval between 

individual sEPSCs in group I as compared to the interval in group II. (C) Scatter plot of the 

endogenous inter sEPSC interval in bnos positive LDT neurons in group I and group II, 

demonstrating that the interval between sEPSCs is significantly larger in group I compared 

to the interval between events in group II in cholinergic LDT cells. The dotted line in each 

column indicates mean values. (D) The left panel is a representative whole cell voltage 

clamp recording in which the changes in frequency and amplitude of sEPSCs in a 

cholinergic LDT neuron in response to a puff application of nicotine (10 M, 10s) can clearly 

be seen. In the right panel the nicotine-induced response in a cholinergic LDT cell from 

group II is shown. In both age groups representative insets from the control and nicotine 

portion of the recordings are shown at high gain underneath the recordings at the lower gain. 

(E) Histogram of the interval between sEPSCs for a population of cells from group I and 

group II in response to nicotine is shown indicating a significant decrease in the interval 

between sEPSCs for both groups. Although a lower nicotine-induced interval between 

sEPSCs was found in group II the percentage decrease of the interval is larger in cells from 

group I, which also extended to cholinergic cells. (F) The nicotine-mediated decrease in the 
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interval between sEPSCs for cholinergic cells is shown in a histogram where a significant 

decrease in this parameter is seen in both age groups.
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Figure 5. 
Nicotine elicits increases in frequency and amplitude of mEPSC and mIPSC and induces 

differential increases in mIPSC amplitude across ontogeny. (A) Representative whole cell, 

voltage clamp recordings showing first and second nicotine (black line) mediated elicitations 

of mEPSCs and mIPSCs from a cholinergic LDT neuron from group I (A1 and A2) and 

group II (A3 and A4). In the bottom of each recording a representative inset of a part of the 

recording during nicotine exposure is shown. The first nicotine application produced 

mEPSCs and mIPSCs in both cells shown, but a second application of nicotine in the same 

cells elicited a smaller proportion of mIPSCs as compared to mEPSCs in both age groups. 

(B) The percentage of cells responding to two nicotine applications with an increase in 

mEPSCs and mIPSCs across both applications is displayed in a histogram where a 

significantly larger proportion of cells show the appearance of mEPSCs as compared to 

mIPSCs suggesting that a longer recovery period is required for nicotine to induce repeat 

mIPSCs compared to mEPSCs. (C) Histogram showing the endogenous mIPSC amplitude in 

group I and group II indicating larger amplitude events occur in group II than in group I. (D) 

Nicotine induced significantly larger mIPSC amplitudes in cells from group II as compared 

to the amplitude induced in group I as illustrated by the cumulative fractions distribution of 

the amplitude of all nicotine-induced mIPSCs in group I (grey) and group II (black) for LDT 

cells responding to nicotine with a significant increase in amplitude. (E) The larger nicotine-

mediated mIPSCs amplitude in group II as compared to group I extended to bnos positive 

LDT cells as indicated by the cumulative fractions distribution showing the amplitude of 

nicotine-induced mIPSCs from bnos positive cells from group I and group II.
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Figure 6. 
Nicotine application induces alterations in the action potential spike shape, AHP and firing 

rate of LDT neurons distinct from changes in there features occurring across ontogeny. (A) 

The spike shape of an evoked action potential from a cholinergic group I (black) and group 

II (dotted) LDT cell is shown and as can clearly be seen the action potential firing threshold 

(dotted line) for the group I cell is more depolarized than the threshold for the group II 

neuron. (B) High gain image of the AHP of a cholinergic group I (black) and group II 

(dotted) LDT cell, overlaid based on their firing threshold (dotted line), showing a larger and 

more hyperpolarized AHP from the group II as compared to the group I cell. (C) 

Representative whole-cell current clamp recording of a cholinergic LDT neuron from a 

group I (C1) and group II cell (C2) are shown in which a 1000ms current pulse of sufficient 

size to elicit the maximum number of action potentials was applied. The recording from the 

group I cell displays a larger number of elicited action potentials compared to the recording 

from the group II cell. (D) The average action potential firing frequency for current pulses of 

increasing current strengths for group I (black line, n= 11) and group II cells (dotted line, n= 

16) are shown in a graph indicating that across the population of cells a significantly higher 

action potential firing frequency is present in group I when compared to that of group II. At 

current pulses above 600pA spike failure was induced in most cells from group I and 

comparison across groups was therefore no longer possible. (E) Graph showing the mean 

number of elicited spikes with increasing current pulses for group I (black line) and group II 

(dotted line) cells with a significantly larger number of elicited action potentials present in 

group I as compared to group II. (F) Representative current clamp recording displaying the 

number of action potentials elicited by a 10 pA current pulse in the presence of DNQX, 
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AP5, GZ and strychnine in cholinergic LDT neurons from a group I (F1) and group II (F2) 

cell indicating that a larger number of elicited action potentials are seen in group I as 

compared to group II cells even with blockade of excitatory and inhibitory amino acids. (G) 

Histogram showing the average number of action potentials elicited by a 10 pA current 

pulse in the presence of DNQX, AP5, GZ and strychnine in the population of group I and 

group II cells. The number of action potentials elicited in group I is significantly greater 

when compared to that of group II. (H) Whole-cell current clamp recordings of a (H1 and 

H2) group I and (H3 and H4) group II LDT cell showing action potential trains elicited by 

the same current pulse before and in the presence of 200μl bath applied nicotine (10mM) 

when the holding current has been corrected to negate nicotine-induced changes in the 

membrane potential. The recordings suggest that in the presence of nicotine a larger increase 

in the number of elicited spikes occur in group I as compared to group II cells. (I) Histogram 

showing, for group I and group II, the percentage increases in the spike frequency elicited by 

a fixed current pulse in the presence of nicotine compared to control conditions. The 

frequency of the action potentials elicited in the presence of nicotine when compared to the 

frequency in control conditions is significantly larger in group I as compared to group II. (J) 

The percentage increase in the number of spikes elicited by a fixed current pulse in the 

presence of nicotine compared to control for group I and group II are shown in a histogram 

and indicate that a significantly larger increase in the number of action potentials elicited in 

the presence of nicotine is present in group I as compared to group II.
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Table 1

Christensen et al., 2014

Threshold (mV) Spike 
width1/2 
max (ms)

Spike amplitude (mV) Rise slope 
Max 

(mV/ms)

Decay 
slope max 
(mV/ms)

AHP amplitude (mV) AHP minimum (mV)

All cells

Group 
I (n= 
57)

−30.4 ± 0.57 1.62 ± 0.05 80.1 ± 1.13 170 ± 9 −46.4 ± 2 −17.6 ± 0.59 −48.1 ± 0.64

Group 
II (n= 

75)

−34.1 ± 0.53
*

1.23 ± 0.02
*

84.8 ± 0.84
*

220.5 ± 8
*

−63.4± 2
*

−20.1 ±0.4
*

−54.2 ± 0.51
*

Bnos positive cells

Group 
I (n= 
40) 

bnos+

−30.8 ± 0.67 1.67 ± 0.05 81.4 ± 1.25 173.3 ± 11 −44.9 ± 2 −17.7 ± 0.61 −48.4 ± 0.73

Group 
II (n= 

50) 
bnos+

−34.6 ± 0.64
*

1.26 ± 0.03
*

84.8 ± 0.95
*

215 ± 10
*

−61.3 ± 2
*

−20.3 ± 0.61
*

−54.9 ± 0.59
*

Developmental-induced alterations in parameters governing the shape of the action potential and AHP. In the top part of the table, measured values 
for the examined parameters of the action potential across group I and group II are shown. The bottom half of the table shows the values of the 
examined parameters for bnos positive cells from group I and group II.

*
denotes statistical significances using a two-tailed t-test between the two age groups.
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Table 2

Christensen et al., 2014

Threshold (mV) Spike 
width1/2 
max (ms)

Spike amplitude (mV) Rise slope 
max 

(mV/ms)

Decay 
slope max 
(mV/ms)

AHP amplitude (mV) AHP minimum (mV)

All cells

Control (n= 16) −32.3 ± 1.1 1.58 ± 0.1 79,03 ± 2,93 186.6 ± 14 −48.3 ± 4 −20.19 ± 1 −52.52 ± 0.8

Nicotine (n= 16) −31.5 ± 1.1 1.63 ± 0.1
74,66 ± 2,66

* 166.4 ± 11
−42.9 ± 4

* −19.94 ± 1.1
−51.44± 

*

Bnos positive cells

Control (n= 8) 
bnos+

−33.8 ± 1.5 1.66 ± 0.1 82.48 ± 3.89 187.1 ± 20 −46.6 ± 5 −19.25 ± 1.3 −53 ± 1.2

Nicotine (n= 8) 
bnos+

−32.7 ± 1.4 1.73± 0.1 77.54 ± 3.96 174 ± 19
−42.3 ± 5

* −19.44 ± 1.6 −52.1 ± 1.6

Nicotine changes the action potential shape and AHP. The measured values for the examined parameters of the action potential before and in the 
presence of 500nM bath applied nicotine are shown for both the entire population and the bnos positive population.

*
denotes statistical significances using a two-tailed paired t-test across conditions and suggest that nicotine affects some of the currents involved in 

shaping action potentials.
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