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Abstract

Nicotinic acetylcholine receptors (nAChRs) are known to play a role in cognitive functions of the 

hippocampus, such as memory consolidation. Given that they conduct Ca2+ and are capable of 

regulating the release of glutamate and γ-aminobutyric acid (GABA) within the hippocampus, 

thereby shifting the excitatory-inhibitory ratio, we hypothesized that the activation of nAChRs will 

result in the potentiation of hippocampal networks and alter synchronization. We used nicotine as 

a tool to investigate the impact of activation of nAChRs on neuronal network dynamics in primary 

embryonic rat hippocampal cultures prepared from timed-pregnant Sprague-Dawley rats. We 

perturbed cultured hippocampal networks with increasing concentrations of bath-applied nicotine 

and performed network extracellular recordings of action potentials using a microelectrode array 

(MEA). We found that nicotine modulated network dynamics in a concentration-dependent 

manner; it enhanced firing of action potentials as well as facilitated bursting activity. In addition, 

we used pharmacological agents to determine the contributions of discrete nAChR subtypes to the 

observed network dynamics. We found that β4-containing nAChRs are necessary for the observed 

increases in spiking, bursting and synchrony, while the activation of α7 nAChRs augments 

nicotine-mediated network potentiation but is not necessary for its manifestation. We also 

observed that antagonists of N-methyl-D-aspartate receptors (NMDARs) and group I metabotropic 

glutamate receptors (mGluRs) partially blocked the effects of nicotine. Furthermore, nicotine 

exposure promoted autophosphorylation of Ca2+/calmodulin-dependent kinase II (CaMKII) and 
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serine 831 phosphorylation of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptor (AMPAR) subunit GluA1. These results suggest that nicotinic receptors induce 

potentiation and synchronization of hippocampal networks and glutamatergic synaptic 

transmission. Findings from this work highlight the impact of cholinergic signaling in generating 

network-wide potentiation in the form of enhanced spiking and bursting dynamics that coincide 

with molecular correlates of memory such as increased phosphorylation of CaMKII and GluA1.

Graphical abstract

Nicotinic acetylcholine receptor (nAChR) activation within the hippocampus is capable of shifting 

the excitatory-inhibitory ratio. We found that pan-activation of nAChRs using nicotine potentiates 

cultured hippocampal networks through β4-containing nAChRs, and this effect is augmented by 

activation of α7 nAChRs. Furthermore, nicotine exposure promotes threonine 286 

autophosphorylation of CaMKII and serine 831 phosphorylation of the AMPA receptor subunit 

GluA1. These findings highlight the impact of cholinergic signaling in generating network-wide 

potentiation in the form of enhanced spiking and bursting dynamics as well as elevated synchrony 

that coincide with molecular correlates of memory such as increased phosphorylation of CaMKII 

and GluA1.
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Introduction

The neuromodulator acetylcholine acts through a variety of nAChRs to modulate many 

aspects of central nervous system (CNS) physiology including synaptic plasticity, 

neurogenesis, and neuroprotection (Mudo et al. 2007; Belluardo et al. 2000; Harrist et al. 

2004), and orchestrates learning and memory-related circuits in the brain (Luchicchi et al. 

2014). Neuronal nAChRs are abundant in the CNS, and in the hippocampus, the most highly 

expressed nAChR subtypes are those containing α7 and α4β2 (Alkondon and Albuquerque 

2004; Dani 2015; Alkondon and Albuquerque 1993). Studies have shown that both α7 and 

α4β2 nAChRs localize on the soma of inhibitory interneurons (Zarei et al. 1999; Alkondon 

and Albuquerque 2001). Activation of α7 and α4β2 nAChRs on interneurons within the 

hippocampus can inhibit or disinhibit excitatory pyramidal neurons (Alkondon and 

Albuquerque 2001; Ji and Dani 2000) dependent on the locations of the receptors. For 

example, presynaptic α7 nAChRs directly enhance the release of glutamate or GABA when 
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localized on glutamatergic or GABAergic terminals, respectively (Wonnacott et al. 2006; 

Wonnacott 1997; Schicker et al. 2008; Sher et al. 2004; MacDermott et al. 1999; Marchi and 

Grilli 2010; Radcliffe et al. 1999; Fabian-Fine et al. 2001). Interestingly, α3β4 nAChRs may 

also be implicated in modulating network dynamics due to their action on inhibitory 

transmission, despite being less predominant. These receptors can localize on perisomatic-

targeting parvalbumin-containing GABAergic interneurons, and their activation can initiate a 

prolonged quantal GABA release from nerve terminals by activating axonal T-Type (Cav3) 

Ca2+ channels and Ca2+ release from stores (Tang et al. 2011). Furthermore, the activation 

of a non-α7 nAChR, likely α3β4, enhances inhibition by increasing excitatory input to 

hippocampal CA1 GABAergic interneurons (Alkondon and Albuquerque 2002).

As a consequence of their activation, nAChRs modulate both excitation and inhibition, 

thereby altering the excitatory-inhibitory ratio (Cobb et al. 1999; Griguoli and Cherubini 

2012; Somogyi and Klausberger 2005). Precise regulation of the excitatory-inhibitory ratio 

is crucial for the occurrence of collective phenomena that arise from synchronous bursting 

within the neuronal circuitry. Several of these phenomena, such as hippocampal network 

oscillations (Freund and Buzsáki 1996; Miles et al. 1996; Cobb et al. 1995) and sharp-wave 

ripples (Buzsáki 1986), are believed to support hippocampus-dependent cognitive tasks 

(Feder and Ranck 1973; Otto et al. 1991; Singer 1993; Buzsaki and Draguhn 2004; Buzsaki 

and Watson 2012). Disruption of these crucial network dynamics has been observed in 

several disease models in which nAChRs have been implicated, such as Alzheimer’s disease 

(Scott et al. 2012; Goutagny et al. 2013; Hajos et al. 2005).

While the impact of nicotine on nAChRs has been well studied at the receptor level (Nelson 

et al. 2003; Dani 2015; Mansvelder and McGehee 2000; Alkondon et al. 1994; Lester et al. 

2009; Clarke et al. 1985; Gray et al. 1996) as well as in vivo (Rezvani and Levin 2001; Fujii 

and Sumikawa 2001; Hulihan-Giblin et al. 1990; Mudo et al. 2007; Harrist et al. 2004; 

Barrass et al. 1969; Kellar and Wonnacott 1990; Miner and Collins 1988), much less 

attention has been directed towards the effects of nicotine and the activation of nAChRs on 

neuronal networks (Cobb et al. 1999; Cobb and Davies 2005; Palop et al. 2006; Ruivo and 

Mellor 2013). Investigations within this mesoscopic spatial scale are essential for the study 

of collective phenomena as it is not possible to extrapolate to emergent dynamics from 

single electrode studies. Given the important roles of nAChRs in maintaining proper brain 

function (Leiser et al. 2009; Belluardo et al. 2000; Levin 2013; Luchicchi et al. 2014) and 

the observations that aberrant nicotinic transmission results in various neurological disorders 

(Uhlhaas and Singer 2010; Levin 2013; Scott et al. 2012; Leiser et al. 2009; Schmitz et al. 

2016), elucidating the effects of nicotine on the integrated response from neuronal networks 

may inform the development of more effective drugs for treatments.

Based on this rationale, we used a network of cultured hippocampal neurons in order to 

understand how nicotine modulates network spiking, bursting, and rhythmicity. This model 

will facilitate determination of the effects of nAChR activation without the confounding 

contribution of receptor desensitization resulting from cholinergic tone. Hippocampal 

cultures lack endogenous cholinergic tone due to the absence of the septum, the major 

source of cholinergic input (Feder and Ranck 1973; Mesulam et al. 1983; Freund and 

Buzsáki 1996), and there is little consensus regarding the existence of intrinsic cholinergic 
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neurons within the intact hippocampus proper (Frotscher et al. 1986; Lauterborn et al. 1993; 

Blaker et al. 1988). Additionally, cholinergic neurons do not exhibit high rates of survival in 

culture without growth factor supplementation (Culmsee et al. 2002; Hartikka and Hefti 

1988). Here, we analyzed such cultures using a microelectrode array (MEA) to investigate 

network dynamics, allowing us to perform simultaneous extracellular recordings of action 

potentials from multiple sites within the networks. MEAs enable both acute and chronic 

characterization of network activity from slices (Novak and Wheeler 1988; Boppart et al. 

1992; Gonzalez-Sulser et al. 2012) as well as from cultured cell preparations (Potter and 

DeMarse 2001; Chen and Dzakpasu 2010). In addition, the use of pharmacological 

manipulations with the MEA permits the study of collective, rhythmic network activity 

(Wagenaar et al. 2006; Segev et al. 2001; Gandolfo et al. 2010; Niedringhaus et al. 2012). 

Although intact anatomical connections between discrete brain areas are essential to the 

generation of some types of in vivo network activity, primary cultured hippocampal 

networks facilitate the study of neuronal network dynamics including increased bursting 

activity that may, in turn, impact the likelihood of synchronous activity. Lastly, oscillatory 

activity has been shown to develop in cultured hippocampal networks despite the absence of 

inputs from other brain regions (Boehler et al. 2012).

In the present study, we tested whether nicotine exhibits a concentration-dependent impact 

on network activity, and if so, which nAChR subtypes and what molecular pathways may 

mediate this effect. We found that nicotine can modulate network dynamics in a 

concentration-dependent manner, increasing the firing of action potentials (spikes) and 

facilitating bursting activity. To determine the contribution of the various nAChR subtypes 

present in the hippocampus to the observed network activity, prior to nicotine stimulation we 

introduced a suite of pharmacological agents that block conductances of distinct nAChR 

subtypes. Interestingly, we found that β4-containing nAChRs were required for increases in 

network spiking, bursting, and synchrony, whereas α7 nAChRs play a more nuanced role in 

mediating the effects of nicotine. To address the role of synaptic NMDARs and group I 

mGluRs in the observed dynamics, we blocked either NMDARs or group I mGluRs, then 

stimulated the network with nicotine. Finally, we examined a potential molecular 

mechanism that may underlie the observed potentiation via a CaMKII-AMPAR signaling 

pathway. We report on the emergent neural network dynamics and discuss the implications 

of our findings.

Experimental Procedures

Animals

All experimental procedures were approved (IACUC protocol #: 15-026-100232) and 

performed in accordance with the Georgetown University Animal Care and Use Committee 

(GUACUC) regulations and recommendations. A total of 30 pregnant mothers were used for 

these studies in which each group included cultures from at least two animals. The following 

study was not pre-registered as it does not include any human subject data.
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Cell culture

Timed-pregnant Sprague-Dawley rats (8-10 week old females, RRID: RGD_734476) were 

obtained from Charles River (Raleigh, NC). Pregnant rats were singly housed in individually 

ventilated cages for 2 days to acclimate to the animal facility, with ad libitum access to food 

and water. At embryonic day 18 (E18), pregnant rats were euthanized using a carbon dioxide 

chamber with a flow meter regulator to minimize asphyxiation distress. No anesthetics were 

used as these agents may interfere with the proper growth of neurons in culture (Mintz et al. 

2012). Euthanasia was verified by lack of response to toe pinch and decapitation was used as 

secondary means of assuring death. No other procedures involved animal pain, suffering or 

distress. Immediately following euthanasia, embryos were removed by laparotomy and 

hippocampal tissue was harvested using a protocol modified from a previously published 

study (Pak et al. 2001). Briefly, neural tissue was digested with 0.1% trypsin and by 

mechanical trituration. Cells were plated onto microelectrode arrays (MEA, Multi Channel 

Systems MCS GmbH, Reutlingen, Germany), 12-well tissue culture plates (Fisher Scientific, 

Waltham, MA) or acid-washed borosilicate cover glass that were previously treated with 

poly-D-lysine and laminin (Sigma, St. Louis, MO) at an approximate density of 700 

cells/mm2, 1000 cells/ mm2, or 150 cells/ mm2, respectively. Hippocampal cultures were 

continuously maintained in Neurobasal medium with B27 (Invitrogen, Carlsbad, CA) and 

stored in a 5% CO2 and 95% O2 humidified incubator at 37°C. Experiments were performed 

on cultures at 14 days in vitro (DIV).

Antibodies

Anti-CaMKII pT286 (1:500, cat. #V1111, Promega, RRID: AB_430841), CaMKIIα 
monoclonal 6G9 (1:5000, cat. #MA1-048, ThermoFisher, RRID: AB_325403), goat anti-

rabbit (1:1000, Millipore Sigma, RRID: AB_257896) and anti-mouse HRP-conjugated IgG 

secondary antibodies (1:1000, Millipore Sigma, RRID: AB_258431) were used for 

immunoblotting. GluA1 pS831 monoclonal N453 (1:500, cat. #04-823, Millipore Sigma, 

RRID: AB_1977218), chicken MAP2 (1:1000, cat. #AB15452, Millipore Sigma, RRID: 

AB_805385), mouse GFAP monoclonal (GA-5) (1:1000, cat. # IF03L, Millipore Sigma, 

RRID: AB_2294571), donkey anti-rabbit Alexa Fluor 555 (1:150, cat. #A31572, 

ThermoFisher, RRID: AB_162543) and goat anti-chicken Alexa Fluor 647 (1:250, cat. 

#A21449, ThermoFisher, RRID: AB_1500594) were used for immunocytochemistry.

Western blot assay

Cells were lysed in 2-mercaptoethanol (BioRad) containing NuPAGE LDS sample buffer 

(Thermo Fisher Scientific). Equal amounts of each sample were separated by 10% SDS-

PAGE gels and transferred to nitrocellulose membranes. Blots were then blocked with TBST 

containing 5% nonfat dried milk and incubated with primary antibodies overnight at 4°C. 

Following three washes in TBST, blots were incubated in horseradish peroxidase-conjugated 

secondary antibodies, then washed thoroughly before visualization using KwikQuant Ultra 

Digital-ECL Substrate Solution (Kindle Biosciences, LLC). Samples for Figure 6 were run 

contiguously on the same gel (no APV on one gel, and +APV in another gel). Phospho-

specific antibody blots were stripped and reprobed for total CaMKII.
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Immunocytochemistry and quantification of immunofluorescence intensity

For immunocytochemistry, primary cultured hippocampal neurons (14 DIV) were fixed in 

1% paraformaldehyde (PFA)/4% sucrose, followed by methanol (−20°C). Primary 

antibodies were incubated in GDB buffer (30 mM phosphate buffer, pH 7.4, containing 0.1% 

gelatin, 0.3% Triton X-100, 450 mM NaCl). Alexa 647- and Alexa 555-conjugated 

secondary antibodies (Invitrogen) were used for double immunolabeling. For intensity 

measurement, images were acquired using an Axiovert 200M microscope (Zeiss) for 

epifluorescence. The experimenter was blinded to treatments while acquiring and analyzing 

images. To identify puncta for control and treated groups, images were flattened and 

thresholded at a constant value (2x background), resulting in the selection of regions with 

intense staining, which were primarily soma and puncta. Regions of interest were selected 

automatically using the ROI tool in Metamorph software (Universal Imaging), leading to the 

selection of puncta and the soma; the soma was then excluded from quantification. This 

method allowed for unbiased identification of puncta in each cell. The intensity of signal for 

each GluA1 pS831-positive cluster and the total number of puncta were measured using 

Metamorph software.

MEA recordings

Spontaneous extracellular electrical activity was recorded using an MEA (MEA2100, Multi 

Channel Systems MCS GmbH, Reutlingen, Germany). The MEA is an 8x8 square array 

composed of 59 titanium nitride electrodes and one reference electrode, accompanied by 

four auxiliary analog channels. Each electrode is 30 μm in diameter, and the inter-electrode 

distance is 200 μm. Upon plating, cells adhere to the poly-D-lysine- and laminin-treated 

silicon nitride substrate of the MEA, and spontaneous electrical activity is detected after 

seven days. MEAs were covered with a hydrophobic membrane that is permeable to CO2 

and O2 to reduce osmolarity and pH changes (Potter and DeMarse 2001). Recordings were 

performed on a heated stage at 37°C at DIV14. In order to allow for the detection of spikes, 

the time series of amplified electrical activity was sampled at a rate of 10 kHz. Data were 

digitized and stored for offline analysis.

Drugs

Reagents were obtained from the following sources: (−) Nicotine hydrogen tartrate salt 

[nAChR agonist] (N5260, Millipore Sigma, 2013), (+)-MK-801 Maleate [NMDAR 

antagonist] (0924, Ascent Scientific, 2009), and APV [NMDAR antagonist] (A5282, 

Millipore Sigma, 2012); MLA [α7 nAChR antagonist] (1029, Tocris Biosciences, 2015), 

MPEP [mGluR5 antagonist] (1212, Tocris Biosciences, 2015), and 3-MATIDA [mGluR1 

antagonist] (2196, Tocris Biosciences, 2015), Gabazine [GABAAR antagonist] (1262, Tocris 

Biosciences, 2009). Sazetidine-A (SAZ-A) tartrate [α4β2 nAChR partial agonist] was 

synthesized by Drs. Milton L. Brown, Mikell A. Paige, and Brian E. McDowell 

(Georgetown University, Washington, DC) and kindly provided by Dr. Kenneth Kellar 

(Georgetown University, 2015) (Xiao et al. 2006). AT-1001 [α3β4 nAChR partial agonist] 

was a gift from Astraea Therapeutics (Mountain View, CA, USA, 2012) (Zaveri et al. 2010).
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Drug treatment

Each drug was dissolved in ultrapure water to prepare a 10 mM stock solution. Conditioned 

media (500 μL) was removed from each MEA, mixed with an aliquot of the stock drug 

solution to the desired final concentration, then added back to the MEA. In the experiments 

using MLA, SAZ-A, AT-1001, APV, MK-801 or MPEP and 3-MATIDA, each MEA was 

first incubated in the respective drug(s) for 15 minutes, stimulated with nicotine, then 

recorded for network activity. Unless otherwise indicated, all MEA data represents the last 3 

minutes of the 15-minute drug incubation and the last 3 minutes of the 15-minute recording 

after nicotine stimulation.

MEA data analysis

MEA traces were high-pass filtered at 200 Hz to remove low-frequency components. 

Recorded spikes from these traces were detected using Offline Sorter (Plexon Inc., Dallas 

TX) and thresholded at 4.5σ of the mean biological noise for each channel, as this study 

investigated responses from the network rather than from individual units. The z-score 

threshold of 4.5σ was established by extensively sampling high-pass filtered data at various 

σ values using a threshold algorithm from Offline Sorter and identifying optimal signal-to-

noise ratio in which the ground channel noise (spiking within channel #15) was minimized. 

Since the signal from each electrode represents a collective response, we did not sort spikes 

by electrode. Network activity was analyzed with custom software written in MATLAB 

(MathWorks, Natick, MA). First, to investigate changes in overall network activity, we 

measured the total number of spikes over a 3-minute window for each electrode within the 

MEA. Next, we isolated bursts, which are a common temporal feature of cultured networks 

and can occur across the entire network. Each electrode had a resulting spike train, τST(t), 
expressed as:

τST(t) = ∑n = 1
N δ(t − tn),

where N is the total number of spikes, tn is the time of the nth spike and δt is a delta function 

that indicates a spike taking place at time t = tn. The inter-spike interval (ISI) between spike 

n and spike n-1 (n > 1) is:

τnISI = tn − tn − 1 .

For all experimental groups, a burst recorded from each electrode was defined as a cluster of 

activity containing no fewer than four spikes with a maximum ISI of 100 ms. This value was 

selected because it represents the temporal boundary between a distribution of ISIs thought 

to be within bursts and the intervals between bursts within our networks (Niedringhaus et al. 

2012). The number of bursts was quantified in a 3-minute window between the 13-15th 

minute time points. The fraction of spikes within bursts was calculated as the total number 

of spikes within bursts divided by the total number of spikes within a 3-minute window 

between the 13-15th minute time points (see Fig. S1 for experimental design). We calculated 

the correlation coefficient as a measure of synchronized activity between pairs of electrodes, 

using a sample of 15 electrodes. We used a 1 kHz Butterworth low pass filter to eliminate 
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noise and sporadic, low amplitude spikes but preserve bursts and large amplitude voltage 

transients. All MEA data analysis was performed blind and in automated fashion to 

minimize experimenter bias.

Statistics

Statistical tests were performed using GraphPad Prism 7 (GraphPad Software, San Diego, 

CA). Normality was determined using the Shapiro-Wilk test. Data are expressed as means ± 

SEM, and differences were considered significant at p<0.05. No sample size calculation was 

performed and no randomization was performed to allocate subjects for this study. No test 

for outliers was performed and no data points were excluded.

Results

Concentration-dependent effects of nicotine on network activity

We cultured embryonic hippocampal neurons on MEAs to study the effects of nicotine on 

neuronal network activity. By DIV7, processes can be visualized, and cell bodies are 

frequently proximal to electrodes (Fig. 1a). By DIV14, robust, spontaneous network-wide 

activity was evident across all electrodes (Fig. 1b). A rich mixture of spiking and bursting 

activity was apparent as seen from representative individual electrodes (Fig. 1c–d, Fig. S2), 

consistent with previous reports that networks at this developmental time point display well-

established connectivity (Wagenaar et al. 2006) and vigorous spontaneous electrical activity 

comprised of spikes super-imposed on paroxysmal depolarizations (Köller et al. 1993).

To determine how nicotine impacts basal network activity, we quantified changes in action 

potential firing after nicotine application. Five concentrations of nicotine, ranging from 0.1 

μM to 90 μM, were applied to naïve cultured hippocampal networks. Concentrations from 

50 to 90 μM nicotine significantly increased spiking as well as bursting activity (Fig. 2a–b) 

compared to pretreatment baseline. Most significantly, this range of nicotine concentration 

reorganized the pattern of action potential firing by increasing the number of spikes within 

each burst (Fig. 2c and Fig. S3). Bursts are thought to facilitate information transmission 

within hippocampal networks due to the increased probability of inducing postsynaptic 

neurons to fire action potentials (Lisman 1997; Izhikevich et al. 2003; Csicsvari et al. 1998; 

Miles and Wong 1987; Thomson 2000) as well as an increased likelihood of synaptic 

potentiation (Pike et al. 1999; Paulsen and Sejnowski 2000). Thus, we refer to our observed 

phenomena within these cultured networks as nicotine-mediated network potentiation (Fig. 

2b–c). No significant change in bursting activity or spikes within bursts was observed in 

0.1–10 μM nicotine and vehicle-treated networks (Fig. 2b–c).

Synchronous firing of converging afferents is necessary for proper signal transmission to 

postsynaptic neurons (Singer 1993). Given that concentrations of nicotine within the range 

of 50–90 μM enhanced network parameters that give rise to more efficient information 

transmission, specifically increased bursting activity as well as the number of spikes within 

bursts, we hypothesized that concentrations of nicotine within this range would also increase 

network synchrony. To test this idea, we used the correlation coefficient as a direct measure 

of synchrony. Pairwise correlations were calculated between the times of spikes of active 
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electrodes within the network and shown as representative spatial heat maps of correlation 

coefficients (Fig. 2d–f, h–j). We observed a significant increase in correlation coefficients 

after treatment of 50 and 90 μM nicotine that was sustained for at least 15 minutes 

(quantified in Fig. 2g, k), demonstrating the emergence of persistent synchronous activity. 

There was no significant increase in correlation after vehicle (Fig. S4a–d) or 10 μM nicotine 

(Fig. S4e–h) application.

Contribution of specific nAChR subtypes to nicotine-mediated network potentiation and 
synchrony

Since nicotine acts at a variety of CNS nAChRs, we investigated which nAChR subtypes 

might be involved in facilitating nicotine-mediated network potentiation. The hippocampus 

has been shown to contain α7-, α4β2-, and α3β4-containing receptors, with α7 and α4β2 

being the most prevalent subtypes (Alkondon and Albuquerque 2004; Alkondon and 

Albuquerque 1993; Alkondon et al. 1994; Zarei et al. 1999; Gasparini et al. 1999; Moroni et 

al. 2002). We first treated hippocampal networks with 30 nM of MLA, a highly selective and 

potent competitive antagonist of α7 nAChRs. After a 15-minute incubation, MLA by itself 

did not significantly change spiking, bursting, or spikes within bursts. However, in contrast 

to the robust network potentiation produced by 90 μM nicotine on naïve networks, MLA 

attenuated the nicotine-induced increase in spikes (Fig. 3a), bursts (Fig. 3b), and spikes 

within bursts (Fig. 3c). These data suggest that α7 nAChR activation contributes to nicotine-

mediated network potentiation, particularly to the number of spikes within bursts.

There is a dearth of antagonists specific to the α4β2 and α3β4 nAChR receptor subtypes. 

High concentrations of the α4β2 antagonist DhβE that are needed to block their activation 

with 90 μM nicotine can also block α3β4 (Harvey et al. 1996). Consequently, to distinguish 

the contributions of α4β2 and α3β4 nAChRs to network activity, we used sazatidine-A 

(SAZ-A), a partial agonist at rat α4β2 nAChRs (Tuan et al. 2015; DeDominicis et al. 2017) 

which potently desensitizes rat α4β2 but not rat α3β4 nAChRs (Xiao et al. 2006). We also 

used AT-1001, a partial agonist at rat α3β4 nAChRs that is known to desensitize rat α3β4 

and human α4β2 nAChRs (Tuan et al. 2015).

The concentrations of SAZ-A and AT-1001 were chosen based on the maximal 

desensitization each drug would cause at its target receptor (Tuan et al. 2015; Xiao et al. 

2006), which coincides with the maximal activation of each drug. As they are partial 

agonists, the long application time will desensitize the target nAChR receptor, essentially 

giving rise to a “time-averaged antagonism” (Hulihan-Giblin et al. 1990). Thus, to assess the 

role of α4β2 nAChRs, we applied 1 μM of SAZ-A onto hippocampal networks for 15 

minutes to activate α4β2, then stimulated the network with 90 μM of nicotine in the 

continued presence of SAZ-A during which the α4β2 receptors were presumably 

desensitized (Fig. 3d–f). The initial activation of α4β2 nAChRs with SAZ-A was not 

sufficient to increase spiking or spikes within bursts, nor was the desensitization of α4β2 

nAChRs effective in blocking the effect of nicotine on spiking activity or spikes within 

bursts (Fig. 3d, f). Interestingly, the activation and subsequent desensitization of α4β2 

nAChRs did cause an increase in bursting that occluded nicotine’s effects on bursts (Fig. 3e), 
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suggesting that the activation of α4β2 nAChRs was sufficient to increase bursting within the 

network.

Blocking α7 nAChRs with MLA did not entirely block the network-potentiation parameters 

mediated by nicotine. Additionally, the desensitization of α4β2 nAChRs due to pre-

incubation in SAZ-A did not fully attenuate nicotine’s effects; activation of α4β2 nAChRs 

was only able to occlude the impact of nicotine on bursting activity. These data suggest that 

other nAChR subtypes may play a role in nicotine-mediated network potentiation. To 

address this possibility, we used AT-1001 to investigate whether α3β4 nAChRs - reportedly 

the least prevalent subtype within the hippocampus (Alkondon and Albuquerque 1993; 

Alkondon et al. 1994) - might be involved. During AT-1001 treatment by itself, 

approximately one minute of continued robust network activity was followed by a long-

lasting decrease in activity. The time-averaged effect of the activation of β4-containing 

receptors with 20 μM AT-1001 resulted in a sharp decrease in spiking (Fig. 3g), bursting 

(Fig. 3h), and spikes within bursts (Fig. 3i). Desensitization of β4-containing receptors by 

AT-1001 also blocked the impact of 90 μM nicotine on spiking, bursting, and the fraction of 

spikes within bursts, suggesting that β4-containing nAChRs are necessary for the effects of 

nicotine on network potentiation.

We next sought to assess the role of nAChR subtypes in nicotine-mediated synchrony. To 

delineate the role of α7nAChRs, we calculated correlation coefficients in MLA-treated 

networks before and after stimulation with 90 μM of nicotine (Fig. 4a). We found that 30 nM 

of MLA by itself did not significantly affect network synchrony, nor did it attenuate 

nicotine-mediated network synchronization, suggesting that α7 nAChRs may not be 

necessary for nicotine to enhance network synchrony.

Since activation of α4β2 nAChRs caused an increase in bursting, we asked whether 

increased bursting without a change in the fraction of spikes within bursts would be 

sufficient to promote network synchrony. We, therefore, calculated the correlation 

coefficients of SAZ-A treated networks and found that SAZ-A did not cause a significant 

change in network synchrony (Fig. 4b). Moreover, after the activation and subsequent 

desensitization of α4β2 nAChRs with prolonged SAZ-A, 90 μM nicotine was still capable 

of increasing network synchrony, albeit more modestly (Fig. 4b). These results suggest that 

α4β2 nAChRs are also not essential for the nicotine-mediated increase in network 

synchrony and that increased bursting alone is not sufficient to enhance network synchrony.

With regard to α3β4 nAChRs, correlation coefficients for the AT-1001 treated networks 

showed that after one minute of incubation, synchrony was maintained at basal levels. 

However, during the fifteenth minute of AT-1001 application, there was a marked de-

synchronization within the network, and subsequent stimulation with 90 μM nicotine did not 

rescue the effect (Fig. 4c). These data suggest that β4-containing nAChRs are necessary for 

nicotine-mediated network synchrony. Activation of α3β4 nAChRs within the hippocampus 

has been shown to support inhibitory transmission (Tang et al. 2011). We hypothesized that 

the observed desynchronization might be a result of enhanced GABAergic transmission. To 

test this idea, we applied 10 μM of gabazine (GBZN), a GABAA receptor antagonist, and 

observed the return of synchrony within the networks (in the continued presence of both 

Djemil et al. Page 10

J Neurochem. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AT-1001 and nicotine) (Fig. 4c). This observation suggests that the activation of β4-

containing nAChRs may enhance GABAergic transmission.

Due to the presence of nicotine throughout the recording, the contribution of steady-state 

stochastic activation of nAChRs (Papke 2014; Campling et al. 2013) to the maintenance of 

nicotine-mediated network potentiation was investigated. We tested whether an increase in 

spiking that is mediated by nicotine can be attenuated or blocked by specific nAChR 

antagonists. Briefly, after recording baseline activity for 15 minutes, we applied nicotine to 

increase network activity and recorded network spiking for 12 minutes. We followed with 

either MLA, DHβE (which preferentially blocks α4β2 nAChRs at the concentration 

administered), or vehicle and recorded spiking activity for an additional 6 minutes. If steady-

state activation of α7 or α4β2 nAChRs contributes to the increase in network spiking during 

stimulation with nicotine, then we would expect a decrease in spiking during the application 

of MLA or DHβE. We found that the application of MLA (Fig. S5) or DHβE (Fig. S6) did 

not cause a significant change in spiking during the first or the last 3 minutes of application. 

These results suggest that neither α7 nor α4β2 nAChRs are stochastically activated.

A component of nicotine-mediated network potentiation is independent of NMDAR 
activation

To assess whether nicotine-mediated network potentiation is dependent on NMDARs, we 

blocked synaptic NMDARs with 10 μM MK-801 and challenged the network with 90 μM 

nicotine. The blockade of synaptic NMDARs by itself resulted in a network depotentiation 

characterized by reduced spiking, bursting, and the fraction of spikes within bursts (Fig. 5a–

c). Interestingly, blocking synaptic NMDARs failed to prevent the nicotine-induced increase 

in these parameters (Fig. 5a–c). However, the impact of nicotine on spiking (Fig. 5a) and 

bursting (Fig. 5b) was partially diminished when NMDARs were blocked, suggesting the 

existence of an NMDAR-dependent component to the nicotine-mediated network 

potentiation.

Nicotine has also been reported to enhance long-term potentiation (LTP) in a group I 

mGluR-dependent manner (Welsby et al. 2006). We assessed the role of group I mGluRs in 

nicotine-mediated network potentiation with the co-application of specific antagonists, 

MPEP and 3-MATIDA, at concentrations that would result in the maximal blockade of their 

respective receptors, mGluR1 and mGluR5 (Gasparini et al. 1999; Moroni et al. 2002). As 

with blocking NMDARs, blocking group I mGluRs resulted in a deceased excitatory-

inhibitory ratio as exhibited by decreased spiking, bursting, and the fraction of spikes within 

bursts (Fig. 5d–f). In contrast to NMDARs, however, blocking group I mGluRs largely failed 

to prevent nicotine-mediated network potentiation, suggesting that group I mGluRs are not 

necessary for the effects of nicotine on the network, but did modestly reduce the fraction of 

spikes within bursts (Fig. 5f).

Nicotine induces the phosphorylation of proteins involved in molecular memory and 
potentiation of synaptic plasticity

Our observed nicotine-induced network activity – lasting at least 15 minutes - is 

significantly longer than the time needed for nAChRs to become desensitized, which is on 
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the order of tens of milliseconds (Quick and Lester 2002). The initial effects are likely due 

to the influx of cations contributing to the depolarization of neurons resulting from the 

activation of nAChRs (Dani and Bertrand 2007). As the receptors desensitize rapidly after 

activation, their contribution to the sustained activity becomes less clear. Thus, we sought to 

investigate the molecular determinants of the persistent nicotine-mediated network 

potentiation that outlasts nAChR activation. Nicotine has been reported to support LTP 

within the hippocampus in an NMDAR-dependent manner (Mann and Greenfield 2003) and 

to induce AMPAR phosphorylation via CaMKII within layer I of the cortex (Tang et al. 

2015). Interestingly, we found that the application of nicotine resulted in a time-dependent 

increase in the activation of both CaMKII-α and -β isoforms via threonine-286 (T286) 

autophosphorylation (Fig. 6a–c). Given that the phosphorylation of CaMKII is known to be 

NMDAR-dependent (Lisman et al. 2002), we asked whether this nicotine-mediated 

phosphorylation is also NMDAR-dependent. MK-801 is an open channel blocker that 

requires sufficient baseline activity in order to block NMDARs. Since it is difficult to assess 

whether sufficient baseline activity is present in cultures not plated on MEAs, we opted to 

use the competitive antagonist APV because it does not require the channel to be opened and 

does not rely on baseline receptor activity for inhibition. Indeed, we found that the nicotine-

mediated phosphorylation of CaMKII-α and -β T286 was fully abrogated by the pre-

incubation of cultures with the NMDAR antagonist APV (Fig. 6d–f).

Finally, we sought to determine whether the activation of CaMKII results in a functionally 

relevant change in excitatory glutamate receptors involved in synaptic potentiation. We 

found that activation of nAChRs with nicotine elevated levels of AMPAR GluA1 

phosphoserine-831 (pS831), a CaMKII-targeted residue necessary for LTP (Diering et al. 

2016) (Fig. 7a–f). A significant increase was observed in both the relative intensity and the 

number of GluA1 pS831 puncta (Fig. 7g,h). These data suggest that nicotine-mediated 

network potentiation shares molecular components with NMDAR-dependent LTP.

Discussion

Within the hippocampus, nAChRs are located at both synaptic and non-synaptic sites, and 

they are capable of influencing synaptic plasticity due to their ability to conduct calcium 

(Lena et al. 1993). Due to the fact that kinetics of nAChR desensitization occur on a 

millisecond timescale, the precise time point at which activation of nAChRs takes place or 

desensitization begins was not analyzed. We focused here on the long-lasting downstream 

plasticity outcomes induced by the initial activation, as these effects better reflect a sustained 

response of network potentiation. To this end, we showed that nicotine can potentiate in 
vitro hippocampal network dynamics in a concentration-dependent manner. Increasing 

concentrations of nicotine not only enhanced action potential firing but importantly, 

reorganized the temporal pattern of spiking towards more bursts that contain a larger fraction 

of spikes. We propose that this reorganization of spikes is integral to the manifestation of 

potentiation, based on the observation that a burst of action potentials of 4 or more spikes is 

more likely to give rise to LTP than one, two or a burst of 3 spikes (Lisman 1997). 

Furthermore, spikes that do not participate in a burst, i.e., errant spikes, tend to “veto” 

successive spikes and bursts from occurring (Harris et al. 2001). Therefore, when spiking 

activity reorganizes a larger fraction of spikes into bursting epochs, this “veto effect” of 
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errant spikes is decreased and the “burstiness” of the network increases, facilitating 

information transmission (Lisman 1997; Buzsaki et al. 2002). Although spiking, bursting, 

and spikes per burst can be interdependent, this is not necessarily so. For example, one could 

have an increase in spikes that are not within bursts, and this would have much different 

computational effect than an increase in spikes that are within bursts, e.g., pacemaker cell 

activity. Collectively, this increase in bursts, as well as spikes within bursts, promotes 

network dynamics that enhance encoding and transmission of information and can, 

therefore, be considered a form of potentiation.

The fact that these emergent phenomena described above are accompanied by the 

phosphorylation of two proteins (CaMKII and GluA1) at sites that are necessary for the 

manifestation of LTP further supports the notion of nicotine-dependent potentiation. The 

observed increase in active CaMKII is likely due to membrane depolarization resulting from 

the gating of nAChRs, leading to sustained network potentiation via recruitment of 

NMDARs and subsequent activation of Ca2+-dependent synaptic plasticity-related proteins, 

such as CaMKII. The enhancement in active CaMKII during nicotine application is 

accompanied by increased intensity and number of puncta containing phosphoS831 GluA1. 

This observation is consistent with findings by others that show CaMKIIα phosphorylates 

the GluA1 subunit of AMPARs at S831, which increases GluA1 conductance and is a 

hallmark of NMDAR-dependent LTP in the hippocampus (Benke et al. 1998; Lisman et al. 

2002). The phosphorylation of AMPARs during nicotine stimulation and at a time point 

during which nicotine promotes the activation of CaMKII further strengthens the idea that 

nicotine is inducing excitatory potentiation within the network. Moreover, CaMKII β 
regulates dendritic morphology and synapse formation (Fink et al. 2003), and such structural 

remodeling could further contribute to persistent changes in activity. Taken together, these 

results suggest that NMDAR-dependent alterations in glutamatergic synaptic strength 

contribute to nicotine-mediated network potentiation.

We examined the role of NMDARs in nicotine-mediated network potentiation with a well-

established procedure that uses MK-801 to test the requirement for NMDARs in a particular 

pathway (Hardingham et al. 2001; Hardingham and Bading 2002; Ivanov et al. 2006; Liu et 

al. 2007; Stanika et al. 2009; Bordji et al. 2010; Stark and Bazan 2011; Zhang et al. 2011; 

Arnold et al. 2005). This treatment impacts baseline network activity by reducing bursts and 

spikes within bursts due to the requirement of calcium influx through synaptic NMDARs for 

the initiation of recurrent synchronous bursting (Arnold et al. 2005). With regard to network 

potentiation in our experiments, two components were diminished due to NMDAR 

inhibition by MK-801: the number of spikes and bursts. The impact of NMDAR blockade on 

the spikes within bursts is less clear (Fig. 5c), as these results did not reach significance, and 

therefore we cannot rule out that blocking NMDARs may have a minor effect on the 

nicotine-mediated enhancement of spikes within bursts. Surprisingly, when NMDARs were 

blocked, the activation of nAChRs within the network was still capable of inducing nicotine-

mediated network potentiation. The observation that nicotine can act, at least in part, 

independently of NMDARs to increase network activity might have implications for disease 

states with known NMDAR hypofunction, such as schizophrenia.
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Given that there was an NMDAR-independent component to our findings, we sought to 

investigate whether group I mGluRs - which are known to also play a role in hippocampal 

LTP (Lu et al. 1997; Balschun et al. 1999) - contribute to nicotine-mediated network 

potentiation. As with blocking NMDARs, inhibition of group I mGluRs was not able to 

abrogate nicotine-mediated network potentiation completely but resulted in a diminished 

fraction of spikes within bursts. Although the pharmacological and molecular findings 

support a role for NMDAR and mGluR signaling, it is unknown why blockade of these 

receptors impaired nicotine-mediated potentiation. As others have reported (Suresh et al. 

2016; Lanneau et al. 2002; Arnold et al. 2005), ionotropic and metabotropic glutamate 

receptor tone seems to be necessary for baseline synaptic transmission and spiking activity, 

and thus we cannot exclude the possibility of an indirect effect on basic membrane 

properties of cultured neurons with NMDAR/mGluR antagonists. Interestingly, however, 

NMDARs and group I mGluRs appeared to contribute to different and complementary 

components of nicotine-mediated network dynamics. Thus, the activation of both types of 

glutamate receptors during stimulation with nicotine support nicotine-mediated network 

potentiation, which may reflect signal integration and plasticity (Sharma and Vijayaraghavan 

2003; Zarei et al. 1999; Dannenberg et al. 2017). Additionally, studies suggest a direct 

coupling of α7 nAChRs to G protein signaling cascades that enable a downstream calcium 

response to persist past the expected time course of channel activation, which may maintain 

the long-lasting effects of nicotine. This G protein coupling process depends on the binding 

of Gαq at the G protein-binding cluster located in the M3-M4 loop of the α7 receptor (King 

et al. 2015). Although not yet established, the same study proposes the existence of a G 

protein-binding cluster in other nAChR subunits based on sequence homology of the M3-

M4 loops (King et al. 2015), which could also contribute to a G protein-mediated 

maintenance of nicotine’s effects.

To delineate the nicotinic receptor subtypes that are involved in the effect of nicotine on 

network potentiation, we used various pharmacological tools. Surprisingly, we observed that 

the time-averaged effect of activation of α3β4 nAChR is network de-potentiation that is not 

recoverable via stimulation with nicotine but is recoverable via blocking GABARs. This 

result is consistent with evidence that shows that these receptors are found on the axonal 

terminals of GABAergic interneurons and that the release of GABA via this mechanism is 

slow but long-lasting (Tang et al. 2011). Moreover, AT-1001, which selectively activates β4-

containing receptors, was recently shown to have anxiolytic properties (Cippitelli et al. 

2015; Yuan et al. 2017), further suggesting a role for GABA in mediating effects of 

AT-1001.

We also showed that the pretreatment of networks with the α7 nAChR antagonist MLA 

attenuated the effects of nicotine on network potentiation. This finding is consistent with a 

predominance of α7 nAChR expression within the hippocampus, as well as a previously 

described role of α7 nAChRs in supporting increased hippocampal action potential firing 

(Sharma and Vijayaraghavan 2003). Additionally, we observed that the activation of α4β2 

nAChRs was sufficient to enhance bursting. This effect is meaningful in view of 

observations that postsynaptic bursts are crucial for proper information transmission within 

hippocampal networks (Lisman 1997; Izhikevich et al. 2003), the occurrence Hebbian 

synaptic plasticity in vitro (Pike et al. 1999), and for homeostatic maintenance of network 
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excitability in vivo (Buzsaki et al. 2002). Given the role of bursts in enhancing information 

transmission (Lisman 1997; Izhikevich et al. 2003), this action of α4β2 nAChRs could 

potentially play a significant role in the ability of nicotine to act as a cognitive enhancer.

Synchronization of neural activity is necessary for various normal and pathological functions 

that rely on oscillatory activity (Buzsaki and Watson 2012; Buzsaki and Draguhn 2004; 

Uhlhaas and Singer 2010; Singer 1993; Jefferys et al. 1996; Traub and Jefferys 1994). 

Studies have shown that cholinergic innervation plays a role in both physiological oscillatory 

states such as the hippocampal theta rhythm, which is necessary for learning and memory 

(Kramis et al. 1975; Bland and Colom 1993; Williams and Kauer 1997; Buzsáki 2002), as 

well as in hypersynchrony (Williams and Kauer 1997; Bui et al. 2015; Traub and Jefferys 

1994). We hypothesized that the activation of nAChRs that leads to increased bursting 

detected at the single electrode level from small subpopulations of neurons could increase 

the likelihood of synchronous bursting across the network. To assess this possibility, we 

analyzed correlation coefficients as a direct measure of synchrony and found that increased 

bursting alone (e.g. via the activation of α4β2 nAChRs) was not sufficient to promote 

network synchrony. The degree of synchrony varied in the baseline activity as the correlation 

coefficients ranged from 0.2 to 0.4. While we do not know the precise reason for this 

variability, there are many possibilities, including cell density, connectivity, and culture 

viability. Despite this variation, we found that high concentrations of nicotine capable of 

generating network potentiation (50 and 90 μM) were able to significantly increase 

synchronized activity regardless of the initial baseline correlation. In agreement with the 

observation that activation of nAChRs within the hippocampus augments the power of pre-

existing oscillatory states (Fig. S8) (Williams and Kauer 1997; Cobb and Davies 2005; Cobb 

et al. 1999; Griguoli and Cherubini 2012; Griguoli et al. 2009), we found that networks 

entering a desynchronized state after β4-containing nAChR activation were incapable of 

being subsequently synchronized by nicotine.

We highlight the fact that our studies regarding nicotine-induced synchrony were performed 

in a network of cultured hippocampal neurons; this is a fundamental first step in elucidating 

network dynamics but obvious anatomical differences between cultured networks and slice 

preparations preclude a direct comparison of results. For example, Wang et al. (2015) report 

that concentrations of nicotine in the range of 0.1 to 10 μM increases gamma power, whereas 

100 μM nicotine decreases gamma power. Their studies involved the use of a slice 

preparation consisting only of the CA3 region of the hippocampus and importantly, they 

investigated the effects of nicotine on induced rather than spontaneous firing activity. Indeed, 

an advantage to using a cultured network system is the presence of robust, spontaneous 

activity. Furthermore, others have shown that nicotine attenuates carbachol-induced gamma 

oscillations in the prefrontal cortex (Mansvelder et al. 2006). Examples from these rich and 

diverse studies serve to underscore that the actions of nicotine on synchrony are complex; 

they depend upon the type of activity being modulated as well as the tissue preparation 

utilized (Mansvelder et al. 2006).

While these investigations focused on the impact of nicotine on neuronal networks, given the 

emerging role of astrocytes in synaptic regulation and information processing (Santello et al. 

2019), we cannot rule out possible effects of nicotine on astroglial cells, which account for 
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approximately 40% of the cells within our cultures (Fig. S9). Furthermore, hippocampal 

excitatory neurons in culture exhibit a heterogeneous composition containing pyramidal and 

granule cells from the different regions of the hippocampus (Lee et al. 2013). Our studies 

aimed to characterize the collective dynamical impacts and not those due to specific 

neuronal cell types. Since spike-sorting has been shown to not discriminate between 

individual excitatory and inhibitory neurons in vitro (Weir et al. 2015), future studies will be 

required to parse out which of the different cell types are most affected by nicotine.

In summary, we showed that nicotine significantly potentiates basal network activity in a 

concentration-dependent manner. This action of nicotine involved multiple nAChR subtypes, 

including α7, α4β2, and α3β4. While performed in a reduced preparation, these studies 

contribute to a better understanding of the role of nAChRs as modulators of information 

transmission within hippocampal networks and are a stepping stone to exploring how these 

mechanisms might regulate network properties in the intact brain.
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Abbreviations used

nAChRs nicotinic acetylcholine receptors

NMDARs N-methyl-D-aspartate receptors

mGluRs metabotropic glutamate receptors

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

MEA microelectrode array

CaMKII Ca2+/calmodulin-dependent kinase II

GABA γ-aminobutyric acid

RRID research resource identifier

LTP long-term potentiation

CNS central nervous system
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Figure 1. 
Spontaneous activity from rat hippocampal neural networks. (a) An MEA (left) and 

differential interference contrast (DIC) images of a DIV7 culture of hippocampal neurons 

plated on the MEA at low (center) and high (right) magnification. (b) Network electrical 

activity from all 60 electrodes of the MEA at DIV14. Each box corresponds to one second of 

activity (x-axis) with a voltage range of ± 100 μV (y-axis). (c) Representative 3-ms spike 

traces from a single electrode during baseline. (d) Three representative 1-second traces of 

filtered activity from an MEA. Within a single electrode, a wide range of different types of 

bursts is observed, including those with long, intermediate or short duration.
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Figure 2. 
Nicotine potentiates network-wide spiking and bursting, and reorganizes network activity in 

a concentration-dependent manner. (a-c) MEAs treated with nicotine concentrations of 50 

μM and greater show a significant increase in (a) spikes, (b) bursts and (c) spikes within 

bursts during a 3-minute recording. Data expressed as percent change normalized to 

baseline. (n=5 MEAs for each treatment from two independent cultures; *p<0.05, **p<0.01, 

****p<0.0001; one-way ANOVA and Dunnett post hoc correction). (d-f) Representative 

spatial heat maps of correlation coefficients between active electrodes of the network (d) 

during baseline, (e) 1 minute, and (f) 15 minutes after applying 50 μM nicotine. (g) 

Quantification of correlation coefficients between active electrodes of the network after 1 

and 15-minute application of 50 μM nicotine. (n=5 MEAs for each treatment; *p<0.05, ns = 

not significant; repeated-measures ANOVA with Tukey’s post hoc correction). Error bars 

represent SEM. (h-j) Representative spatial heat maps of correlation coefficients between 

active electrodes of the network (h) during baseline, (i) 1 minute, and (j) 15 minutes after 

applying 90 μM nicotine. (k) Quantification of correlation coefficients between active 

electrodes of the network after 1 and 15-minute application of 90 μM nicotine. (n=5 MEAs 

for each treatment from two independent cultures; **p<0.01, ns = not significant; repeated-

measures ANOVA with Tukey’s post hoc correction). Error bars represent SEM.
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Figure 3. 
Contributions of nAChR subtypes to nicotine-mediated network potentiation. Subtypes 

antagonized are indicated at top of graphs. (a-c) Effects of α7 nAChR antagonist MLA 

(before and during stimulation with nicotine) on (a) spikes, (b) bursts, and (c) spikes within 

bursts during a 3-minute recording. (d-f) Effects of α4β2 nAChR partial agonist SAZ-A 

(before and during stimulation with nicotine) on (d) spikes, (e) bursts, and (f) spikes within 

bursts during a 3-minute recording. (g-i) Effects of α3β4 nAChR partial agonist AT-1001 

(before and during stimulation with nicotine) on (g) spikes, (h) bursts, and (i) spikes within 

bursts during a 3-minute recording. Statistical significance was calculated by using one-way 

ANOVA followed by a Holm-Bonferroni post-hoc correction, which allows for pairwise 

comparisons and preserves pairing where pairing is appropriate (antagonist(s) alone vs. 

antagonist(s)+nicotine) (n=5 MEAs for each treatment from two independent cultures; 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; ns = not significant). Data expressed as 

percent change normalized to baseline. Error bars represent SEM.
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Figure 4. 
Effects of nAChR ligands on nicotine-mediated network synchrony. (a-c) Quantification of 

correlation coefficients measured at baseline, during the 1st and 15th minute, and during co-

stimulation with 90 μM nicotine (15th minute) upon application of (a) 30 nM MLA, (b) 1 

μM SAZ-A, and (c) 20 μM AT-1001. (n=5 MEAs for each treatment from two independent 

cultures; *p<0.05, **p<0.01; ns = not significant; repeated-measures ANOVA with a 

Tukey’s post hoc correction). Error bars represent SEM.
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Figure 5. 
Contribution of synaptic NMDARs and group I mGluRs to nicotine-mediated network 

potentiation. (a-c) Effects of NMDAR channel blocker MK-801 (before and during 

stimulation with nicotine) on (a) spikes, (b) bursts, and (c) spikes within bursts during a 3-

minute recording. (d-f) Effects of group I mGluR antagonists MPEP (for mGluR1) and 3-

MATIDA (for mGluR5) (before and during stimulation with nicotine) on (d) spikes, (e) 

bursts and (f) spikes within bursts during a 3-minute recording. Statistical significance was 

calculated by one-way ANOVA followed by a Holm-Bonferroni post-hoc correction which 
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allows for pairwise comparisons and preserves pairing where pairing is appropriate 

(antagonist(s) alone vs. antagonist(s)+nicotine) (n=4 MEAs for each treatment from two 

independent cultures; *p<0.05, **p<0.01, ***p<0.001; ns = not significant). Data expressed 

as percent change normalized to baseline. Error bars represent SEM.
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Figure 6. 
Nicotine induces NMDAR-dependent CaMKII phosphorylation in primary cultured 

hippocampal neurons. (a,d) Neurons (DIV14) plated on tissue culture dishes were pre-

incubated with vehicle (a) or APV (50 μM, 15 min) (d) and subsequently treated with 

nicotine (90 μM for 1, 5, or 15 min). Lysates were immunoblotted for CaMKII-α/β 
phosphothreonine 286 (pT286) and total CaMKIIα as a loading control. (b-c, e-f) 

Quantification of average intensity of CaMKIIα/β pT286. (n=3 independent wells from a 

single culture for each condition; *p < 0.05, **p < 0.01; ns = not significant; one-way 

ANOVA with Holm-Sidak post-hoc correction). Error bars represent SEM. Full uncropped 

blots are shown in Supplemental Figure S7.
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Figure 7. 
Nicotine induces GluA1 phosphorylation in primary cultured hippocampal neurons. (a-f) 

Cultures (DIV14) grown on glass coverslips were treated with vehicle (a-c) or nicotine (90 

μM, 15 min) (d-f) and immunolabeled for GluA1 phosphoserine 831 (pS831) (b,e) and 

MAP2, a marker of neuronal dendrites (a, d), with merged images shown (c,f). Scale bar, 20 

μm. Insets at bottom show higher magnification of dendrites indicated by white boxes above. 

Scale bar, 10 μm. (g) Quantification of average intensity of GluA1 pS831 puncta in spines. 

(h) Quantification of number of GluA1 pS831 puncta. (n=30 neurons for control and 33 for 

nicotine-treated; *p<0.05; unpaired two-tailed Student’s t-test). Error bars represent SEM.
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