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Abstract

Cholinergic neurons project throughout the nervous system and activate nicotinic receptors to 

modulate synaptic function in ways that shape higher order brain function. The acute effects of 

nicotinic signaling on long-term synaptic plasticity have been well-characterized. Less well 

understood is how chronic exposure to low levels of nicotine, such as those encountered by 

habitual smokers, can alter neural connections to promote addiction and other lasting behavioral 

effects. We show here that chronic exposure of hippocampal neurons in culture to low levels of 

nicotine recruits AMPA and NMDA receptors to the cell surface and sequesters them at 

postsynaptic sites. The receptors include GluA2-containing AMPA receptors, which are 

responsible for most of the excitatory postsynaptic current mediated by AMPA receptors on the 

neurons, and include NMDA receptors containing GluN1 and GluN2B subunits. Moreover, we 

find that the nicotine treatment also increases expression of the presynaptic component synapsin 1 

and arranges it in puncta juxtaposed to the additional AMPA and NMDA receptor puncta, 

suggestive of increases in synaptic contacts. Consistent with increased synaptic input, we find that 

the nicotine treatment leads to an increase in the excitatory postsynaptic currents mediated by 

AMPA and NMDA receptors. Further, the increases skew the ratio of excitatory-to-inhibitory 

input the cell receives, and this holds both for pyramidal neurons and inhibitory neurons in the 

hippocampal CA1 region. The GluN2B-containing NMDA receptor redistribution at synapses is 

associated with a significant increase in GluN2B phosphorylation at Tyr1472, a site known to 

prevent GluN2B endocytosis. These results suggest that chronic exposure to low levels of nicotine 

not only alters functional connections but also is likely to change excitability levels across 
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networks. Further, it may increase the propensity for synaptic plasticity, given the increase in 

synaptic NMDA receptors.
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1. INTRODUCTION

Cholinergic neurons project extensively throughout the nervous system, activating a variety 

of ionotropic nicotinic acetylcholine receptors (nAChRs). Endogenous signaling through 

nAChRs contributes to numerous higher order functions, including memory and cognition, 

and has been implicated in a variety of neurodegenerative disorders as well (Bitner et al., 

2007; Davis et al., 2007; Ernst et al., 2001; Heath and Picciotto, 2009; Newhouse et al., 

1997; Picciotto and Zoli, 2002; Raggenbass and Bertrand, 2002; Sorenson et al., 1991). 

Among the most abundant nAChRs are homopentameric α7-containing receptors (α7-

nAChRs), which can be located both pre- and postsynaptically at many kinds of central 

synapses. The receptors can mediate synaptic plasticity; even brief activation of α7-nAChRs 

can induce long-term potentiation (LTP; Fuiji et al., 1999; Gu et al., 2012; Ji et al., 2001; 

Kenney and Gould, 2008; Placzek et al., 2009; Yakel, 2012).

A common mechanism driving long-term synaptic plasticity is a change in the number or 

functionality of postsynaptic glutamate receptors at a glutamatergic synapse (Bear and 

Abraham, 1996; Bliss and Collingridge, 1993; Derkach et al., 2007; Lau and Zukin, 2007). 

The two principal classes of postsynaptic ionotropic glutamate receptors are α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and N-methyl-D-aspartate 

(NMDA) receptors (Bliss and Collingridge, 1993; Dingledine et al., 1999; Koh et al., 1995). 

Tetrameric AMPA receptors contain various combinations of the known glutamate receptor 

subunits, GluA1-4. Tetrameric NMDA receptors contain an obligate GluN1 subunit, 

together with various combinations of GluN2A-D subunits.

Numerous studies indicate that early exposure to nicotine can have long-lasting behavioral 

effects (Albuquerque et al., 2009; Changeux, 2010; Gotti et al., 2009; Heath and Picciotto, 

2009; Laviolette and van der Kooy, 2004). The underlying mechanisms responsible for the 

effects are unknown. Because cholinergic projections and nAChRs appear relatively early in 

development (Fernandes et al., 2014), they are well-positioned to play an important role. In 

fact, analysis of constitutive knockouts has shown that α7-nAChRs are required for normal 

numbers of glutamatergic synapses to form in the hippocampus and cortex (Lozada et al., 

2012). Conversely, extended exposure of hippocampal neurons in culture to nicotine 

increases the number of glutamatergic synapses and do so via α7-nAChRs (Lozada et al., 

2012). This suggests that early nicotine exposure is likely to alter network capabilities.

Here we test the premise that excessive exposure to nicotine changes the amount and 

composition of glutamate receptors at postsynaptic sites on hippocampal neurons in culture. 

We examine the number and distribution of AMPA and NMDA receptors on the cell surface 

and determine their contribution to synaptic signaling. The results show that continued 
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exposure to nicotine recruits additional AMPA and NMDA receptors to synaptic sites, 

increases the number of such sites, and increases the evoked whole-cell glutamatergic 

synaptic input. This results in an increased excitatory-to-inhibitory (E/I) ratio for synaptic 

input and applies both to pyramidal neurons and interneurons in the hippocampal CA1 

region. The GluN2B-containing NMDA receptor (GluN2BR) redistribution at synapses is 

associated with a significant increase in GluN2B phosphorylation at Tyr1472, a site known 

to prevent GluN2B endocytosis. The results suggest mechanisms by which early nicotine 

exposure not only alters the structure and excitability of developing neural networks but also 

is likely to increase the propensity for long-lasting synaptic plasticity.

2. RESULTS

2.1. Extended exposure to nicotine increases surface expression of glutamate receptors 
on hippocampal neurons

Previous studies have shown that extended exposure to 1 μM of nicotine, a concentration in 

the range of peak serum levels found in smokers (Rose et al, 2010), increased the number of 

GluA1-containing AMPA receptor (GluA1R) puncta likely to represent synapses on 

hippocampal neurons in culture and increased the frequency of miniature excitatory 

postsynaptic currents (mEPSCs), consistent with additional glutamatergic synapses being 

present (Lozada et al., 2012). A better marker for postsynaptic AMPA receptors at 

functional synapses, however, appears to be the GluA2-containing AMPA receptor 

(GluA2R). Using patch-clamp recording from hippocampal neurons in dissociated cell 

culture, we find that nearly all of the AMPA-mediated evoked excitatory postsynaptic 

currents (EPSCs) depend on GluA2Rs. Thus recording EPSCs in the presence 50 μM 1-

naphthylacetyl spermine trihydrochloride (NASPM), which blocks only GluA2-lacking 

receptors, yielded responses almost equivalent to those in the absence of the blocker (Fig. 1). 

(Note: AMPA-mediated EPSC responses were blocked by 6-cyano-7-nitroquinoxaline-2,3-

dione (CNQX) and not by DL-2-amino-5-phosphonopentanoic acid (APV) and Mg2+; see 

2.3 and 4.6 below.) Similar results were obtained from neurons after extended nicotine 

treatment (1 μM nicotine for 7 days). Mean values of 89 ± 3% and 96 ± 4% were obtained 

for the NASPM-blocked response compared to the unblocked response in nicotine-treated 

and control cells, respectively (p ≥ 0.18; n = 9, 10).

Accordingly, we examined the effect of chronic nicotine exposure on the levels of GluA2Rs 

on hippocampal neurons after 7 days in 1 μM nicotine. Here and in all subsequent 

experiments, we routinely added methyllycaconitine (MLA, 200 nM) to block α7-nAChRs 

and dihydro-β-erythroidine (DHβE, 10 μM) to block β2-containing nAChRs 1 h immediately 

before taking the cells for analysis, thereby eliminating residual acute nicotinic effects via 

these receptors. To quantify GluA2Rs on the cell surface, we biotinylated intact cells, 

solubilized, and analyzed the extracts on immunoblots probed for GluA2Rs protein. The 

nicotine treatment significantly increased the expression of GluA2Rs on the cell surface 

(Fig. 2A, B; 85 ± 18% increase; *p ≤ 0.02; n = 8). No change was seen in the total amount 

of GluA2 assessed by normalizing the amount of GluA2 to the amount of glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) seen in extracts of control and nicotine-treated cells 

(data not shown).
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A second major type of glutamate receptor important both for synaptic transmission and 

plasticity are NMDA receptors. The 7-day nicotine treatment also increased the expression 

of NMDA receptor subunit proteins GluN1 and GluN2B on the cell surface (Fig. 2A, B; 

GluN1: 48% ± 11% increase, *p ≤ 0.03, n = 5; GluN2B: 60 ± 15% increase, *p ≤ 0.02, n = 

5). Because GluN1 is present in all NMDA receptors, these data suggest that the nicotine 

exposure increases the total surface population of NMDA receptors, as we found for 

GluA2Rs. No change was seen in the total amount of GluN1 or GluN2B protein (data not 

shown), as was also the case for GluA2R total protein. Notably, biotinylation analysis 

revealed no increase in the numbers of GABAA-α1 receptors on the cell surface, indicating 

that GABAergic synapses were unlikely to be changed in number by the nicotine treatment 

(Fig. 2 A, B; p ≥ 0.9; n = 5).

To determine whether the nicotine treatment also affected the abundance of presynaptic 

components, we quantified the levels of synapsin 1. Nicotine treatment caused a significant 

increase in the total amount of synapsin 1 protein detected (Fig. 2C; 49% ± 15% increase; *p 

≤ 0.02; n = 5). Taken together these data suggest that an extended exposure to nicotine can 

elevate both pre- and postsynaptic components relevant for glutamatergic synapses.

2.2. Nicotine exposure increases the number of AMPA and NMDA receptor clusters and 
their juxtaposition with synapsin 1 clusters

Immunostaining revealed that the 7-day nicotine treatment increased the numbers of GluA2 

and synapsin 1 puncta and their co-localization (Fig. 3A, B). Activation of α7-nAChRs 

appeared to be responsible for the nicotinic effect. When the specific α7-nAChR blocker 

MLA was present throughout, the nicotine treatment was unable to increase the numbers of 

GluA2 and synapsin 1 puncta and did not increase their incidence of co-localization (Fig. 

3B). No change was seen in puncta size with any nicotine exposure. The results suggest that 

α7-nAChR activation is likely to be essential for the nicotine-dependent recruitment of 

GluA2Rs to synaptic sites.

A similar pattern was produced by immunostaining for surface GluN1 using an antibody 

directed towards the extracellular N-terminal domain of the protein, which allowed us to 

detect the receptor without membrane permeabilization. The antibody revealed a highly 

punctate distribution of GluN1-containing NMDA receptors (GluN1Rs) on the cell surface 

(Fig. 4A). Co-staining for GluN1 and synapsin 1 or for GluN2B and synapsin 1 yielded 

increases in co-localization (Fig. 4B, C), as seen for GluA2 and synapsin 1. No changes 

were seen in mean puncta size. The results suggest that extended nicotine exposure increases 

the number of synaptic contacts containing AMPA and NMDA receptors, increasing the 

capacity for glutamatergic transmission.

2.3. Glutamatergic synaptic currents are increased by extended nicotine exposure

The finding that prolonged nicotine exposure increases the number of synaptic contacts 

containing GluA2Rs, GluN1Rs and GluN2BRs predicts that the evoked mean EPSC 

amplitude in such neurons should be increased accordingly. To test this, we used patch-

clamp recording to examine evoked EPSCs after adding both MLA and DHβE 1 h 

beforehand to prevent any acute effects of nicotine, as noted above. Recording AMPA 
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receptor-mediated EPSCs, in the presence of Mg2+ and APV to inhibit NMDA receptors, 

indicated that the nicotine treatment caused a 66% increase in the mean response (Fig. 5; 

717 ± 63 vs. 432 ± 26 pA; ***p ≤ 0.001; n = 58, 64 for nicotine vs. control, respectively). 

Testing for NMDA receptor-mediated EPSCs, in the presence of CNQX to inhibit AMPA 

receptors and in the absence of Mg2+ and glycine, also revealed a significant increase in the 

mean amplitude of such responses in nicotine-treated cells (Fig. 5; 241 ± 48 vs. 96 ± 19 pA; 

*p ≤ 0.04; n = 16, 9 for nicotine vs. control, respectively). Addition of CNQX blocked the 

responses attributed to AMPA receptors, as did APV for responses attributed to NMDA 

receptors, confirming the identity of the receptor classes involved. The ratio of AMPA 

receptor-mediated EPSCs to NMDA receptor-mediated EPSCs was not significantly altered 

by the nicotine treatment (Fig. 5; p ≥ 0.1; n = 16, 9 for nicotine vs. control, respectively). All 

of the results support the conclusion that the extended nicotine treatment increased the 

number of functional glutamatergic synapses containing GluA2Rs and/or NMDA receptors.

2.4. Nicotine treatment increases GluN2B phosphorylation of a tyrosine thought to 
stabilize NMDA receptors at synaptic sites

To identify a mechanism by which nicotine exposure could influence receptor clustering at 

glutamatergic synapses, we examined receptor phosphorylation. Previous work showed that 

the cytoplasmic C terminus of GluN2B contains a key tyrosine residue at site 1472 (Y1472) 

that, when phosphorylated, facilitates GluN2B accumulation at synapses (Prybylowski et al., 

2005). To determine if the nicotine treatment promoted Y1472 phosphorylation, we 

immunoprecipitated GluN2B from cell extracts, fractionated on Western blots, and probed 

first with an antibody specific for phosphorylated Y1472 NMDA GluN2B-subunit (p-

Tyr-1472-GluN2B), then stripped and re-probed with an antibody for total GluN2B. 

Normalizing for the latter showed that the 7-day exposure to nicotine (1 μM) significantly 

increased the amount of Y1472 phosphorylation on GluN2B (Fig. 6). This would be 

expected to increase the proportion of GluN2BRs stabilized at postsynaptic sites.

2.5. Nicotine-induced increases in the ratio of excitatory-to-inhibitory synaptic input 
include both pyramidal neurons and interneurons

The finding that extended nicotine exposure increases the EPSC amplitude and the numbers 

of AMPA and NMDA receptors on neurons without increasing the surface expression of 

GABAA receptors raised the possibility that hippocampal neurons may exhibit an elevated 

ratio of E/I synaptic input. To test this, we prepared slices from P3 rat pups, maintained the 

slices in organotypic cultures for 8-10 days, and exposed them either to 1 μM nicotine or 

saline (as control) for the last 7-8 days prior to analysis. The preserved cytoarchitecture of 

the slice enabled us to distinguish neurons in the CA1 pyramidal layer from neurons lying 

either above or below the layer. Patch-clamp recording of evoked PSCs in putative 

pyramidal neurons revealed a higher E/I ratio for nicotine-treated slices (Fig. 7A, B, D). 

Filling the neuron with biocytin from the patch-pipette confirmed that the neurons were 

pyramidal (Fig. 7A, left). We also selected putative interneurons, i.e. neurons located 

outside the pyramidal layer, and found that the same analysis revealed an increased E/I for 

them as well when treated with nicotine (Fig. 7C, D). In these cases, biocytin filling 

confirmed the cell morphology to be that of an interneuron (Fig. 7A, right). The results 

indicate that extended nicotine exposure selectively increases the number of functional 
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glutamatergic synapses on neurons, thereby increasing the effective E/I input, and that it 

does so both for excitatory and inhibitory neurons as represented by pyramidal neurons and 

interneurons, respectively, in the hippocampal CA1 region.

3. DISCUSSION

The results demonstrate that an extended exposure to low levels of nicotine can induce 

significant changes in glutamatergic synaptic signaling. Both the immunostaining and the 

recording of EPSCs indicate that more GluA2Rs and NMDA receptors are recruited to 

postsynaptic sites. Further, the mean amplitude of evoked EPSCs is increased, as is the E/I 

ratio for synaptic input, both in pyramidal neurons and in local interneurons. The GluN2BR 

redistribution at synapses is associated with a significant increase in GluN2B 

phosphorylation at Tyr1472, a site known to prevent GluN2B endocytosis. The results 

suggest wiring changes likely to alter the computational abilities of the neural networks 

embedding them. Equally important, the networks may also be subject to greater plasticity 

because the increased numbers of synaptic contacts with NMDA receptors may increase the 

likelihood of heterosynaptic LTP (Bashir et al., 1991; Bear and Abraham, 1996; Bliss and 

Collingridge, 1993; Grosshans et al., 2002; Lau and Zukin, 2007; Makino and Malinow, 

2009; Parsons and Raymond, 2014; Watt et al., 2004).

The increased numbers of GluA2R and NMDA receptor puncta juxtaposed to synapsin 1 

puncta with no change in mean puncta size is consistent with additional synaptic contacts 

having been formed, rather than bigger synapses being generated. A similar conclusion 

about the effects of extended nicotine was reached based on increased mEPSC frequency 

and increased numbers of GluA1R puncta co-localized with PSD-95 puncta (Lozada et al., 

2012). The biotinylation studies performed here demonstrate that the increases in GluA2Rs 

and NMDA receptors represent a shift of the receptors from internal pools to the cell surface 

and trapping at synaptic sites. No increases were observed in the total numbers of GluA2Rs 

or NMDA receptors, implying no increase in de novo receptor synthesis.

Both AMPA and NMDA receptors contribute to information transfer at synapses, though 

excitatory synaptic strength is often equated with the size of the AMPA-mediated EPSC. 

The relative contribution of these two receptor types will affect the voltage-dependence of 

transmission and the degree of temporal summation, both of which can have important 

consequences for circuit function (Daw et al., 1993; Rivadulla et al., 2001). In the present 

work, both the immunostaining and the recording of EPSCs indicate that more functional 

GluA2Rs and NMDA receptors are recruited to postsynaptic sites. This is likely to change 

excitability levels across networks. Further, GluN2B incorporation into NMDA receptors 

can be associated with enhanced plasticity (Quinlan et al., 1999; Tang et al., 1999), given 

the increase in synaptic GluN2BRs seen here. Consistent with an effect on NMDA 

receptors, chronic exposure to low levels of nicotine has been shown to lower the threshold 

and increase the duration of LTP in the hippocampal CA1 region (Fujii et al., 1999; 

Yamazaki et al., 2006). The unchanged ratio of NMDA-to-AMPA EPSC response seen here 

indicates that the nicotine treatment did not alter the relative contributions of these two 

receptor types to synaptic transmission. Perhaps not surprisingly, the AMPA-to-NMDA 
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response ratio appears to be highly conserved across synapses onto individual neurons of a 

given type (Myme et al., 2003; Umemiya et al., 1999; Watt et al., 2000).

Other studies in neuronal culture have produced mixed results (Aramakis et al., 1998; Fisher 

and Dani, 2000; Halff et al., 2014; Olivera et al., 2003; Yamazaki et al., 2006). The kinds of 

effects reported here on EPSCs, GluA2Rs, and NMDA receptors required extended nicotine 

exposure. Differences with past reports likely reflect the experimental techniques, the 

duration of nicotine exposure, and the synaptic components examined.

Receptor phosphorylation may offer a mechanism by which nicotinic signaling can trap 

glutamate receptors at postsynaptic sites. The nicotine treatment used here does increase the 

incidence of Y1472 phosphorylation in GluN2B, which previous work has shown can 

promote stabilization of NMDA receptors at postsynaptic PDZ-containing scaffolds 

(Prybylowski et al., 2005). Interestingly, if this is the critical mechanism mediating the 

nicotinic effect, it must apply to receptors acting in a “seed-like” fashion, i.e. inducing the 

appearance of new receptor clusters. This follows from the observation that the nicotine 

treatment increases the number, but not the mean size, of such clusters.

How might nicotinic signaling mediate relevant phosphorylation? The MLA blockade 

indicates that α7-nAChRs mediate the nicotinic effects seen here on GluA2Rs. The α7-

nAChRs occupy both pre- and postsynaptic locations at many kinds of synapses (Fabian-

Fine et al., 2001) and readily elevate intracellular calcium both via their own high relative 

permeability to calcium (Bertrand et al., 1993; Seguela et al., 1993) and their ability to 

release calcium from internal stores (Dajas-Bailador and Wonnacott, 2004). The resulting 

calcium can have numerous downstream effects, including regulation of gene expression 

(Albuquerque et al., 2009; Chang and Berg, 2001; Hu et al., 2002; Dajas-Bailador and 

Wonnacott, 2004). Further, α7-nAChRs can be associated with PDZ-scaffolds, positioning 

the receptors for local action (Conroy et al., 2003; Gomez-Varela et al., 2012; Halff et al., 

2014).

Previous studies have shown that α7-nAChRs are necessary for proper development of 

excitatory innervation in the hippocampus. In the absence of such receptors, pyramidal 

neurons develop a reduced E/I ratio for synaptic input mediated by glutamate and GABA, 

respectively (Lozada et al., 2012). We find here the complementary result, namely that 

extended exposure to nicotine results in an increased E/I ratio both for pyramidal neurons 

and for local interneurons. The latter had not been previously examined but appear to follow 

the same rules. Because local interneurons include populations that inhibit the “inhibitors” 

of pyramidal neurons, the precise overall effect is difficult to predict but almost certainly 

results in excessive output by the dorsal hippocampus – this being mediated by CA1 

pyramidal neurons. An imbalance in the E/I ratio early in development is thought to 

contribute to a number of neurological disorders subsequently, including epilepsy, 

schizophrenia, autism, and Rett syndrome (Cobos et al, 2005; Kehrer et al, 2008; Lewis et 

al., 2012; Roberts, 1984; Rubenstein and Merzenich, 2003).

Aberrations in nicotinic signaling, particularly involving α7-nAChRs, are increasingly being 

linked to neurological disorders (Elmslie et al., 1997; Freedman et al., 1994; Guan et al., 
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2003; Wang et al., 2000). A number of behavioral aberrations and cognitive deficits have 

been reported for constitutive knockouts lacking a functional α7-nAChR gene, including 

attention deficits, impaired spatial discrimination, and diminished working/episodic memory 

(Fernandes et al., 2006; Hoyle et al., 2006; Le Magueresse et al., 2006; Levin et al., 2009; 

Young et al., 2007). The concentration of nicotine used here (1 μM) is in the range found in 

heavy smokers (Rose et al., 2010). As a result, the nicotine-induced increases seen in 

GluA2R- and NMDA receptor-mediated signaling may well contribute to the addictive 

response. A final consideration is the vulnerability of developing nervous systems to 

nicotine exposure. Because nicotine can be sequestered in the fetus during pregnancy, even 

higher concentrations may be experienced by the embryo (Luck et al. 1985; Wickström, 

2007). Numerous studies report that early nicotine exposure has long-lasting behavioral 

consequences extending into the adult long after nicotine cessation (Albuquerque et al., 

2009; Changeux, 2010; Gotti et al. 2009; Heath and Picciotto 2009; Laviolette and van der 

Kooy, 2004). Certainly nicotinic receptors are expressed at high levels throughout the 

nervous system early in postnatal life when glutamatergic pathways are only beginning to 

form (Fernandes et al., 2014). The kinds of nicotine-induced increases in glutamatergic 

signaling seen here in hippocampal culture could reflect the kinds of changes that can 

impose lasting effects when exerted on newly developing neural networks.

4. EXPERIMENTAL METHODS

4.1. Neuronal cultures

All animals were obtained from the Animal Center of Sun Yat-sen University in China or 

from Harlan Laboratories for experiments performed at the University of California, San 

Diego in the United States. All animal studies were carried out in accordance with the 

guidelines of the Sun Yat-sen University, and those at the University of California, San 

Diego, were performed as approved by the Institutional Animal Care and Use Committee in 

accordance with the National Institutes of Health Guidelines for the Care and Use of 

Laboratory Animals. Hippocampal dissociated cell cultures were prepared from 18- to 19-

day-old Sprague Dawley rat embryos as described (Lozada et al., 2012). The hippocampus 

was removed, exposed to 0.125% trypsin for 10 min, and triturated to homogenize the tissue 

and isolate cells. Neurons were plated in Neurobasal media with 2% Neurobasal B-27 

Supplement (Invitrogen, Carlsbad, CA). For biochemistry, neurons were plated at 100,000 

cells per well in pre-coated poly-d-lysine (Sigma, St. Louis, MO) plastic 6-well plates. For 

immunocytochemistry and electrophysiology, neurons were plated on glass coverslips pre-

coated with poly-d-lysine at a density of 40,000 cells. Subsequent feeding occurred twice 

weekly, each time replacing half the volume with fresh Neurobasal media with 2% B-27 

Supplement. On day 6, the cultures received 5 μM cytosine-β-D-arabinofuranoside to inhibit 

further proliferation of non-neuronal cells. The cultures were maintained for 10-14 days with 

either nicotine (1 μM, N3876, Sigma) or saline (as control) being present the last 7-8 days 

before use.

Organotypic slice cultures were prepared from P3 Sprague Dawley rat pups. Fresh brain 

tissue for slice cultures was obtained by rapidly excising brains into ice-cold artificial 

cerebrospinal fluid (ACSF) saturated with 95% O2/5% CO2, containing in mM, NaCl 119, 
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KCl 2.5, CaCl2 2.5, MgSO4 1.3, NaH2PO4 1.0, NaHCO3 26.2 and glucose 11. Vibratome 

sections (400 μm) were plated onto Millicell inserts (Millipore, Bedford MA) in culture 

medium (Neurobasal plus 10% horse serum), and incubated at 37°C in a humidified 

chamber with 5% CO2. The cultures were maintained for 8-10 days with either 1 μM 

nicotine or saline (as control) being present the last 7-8 days before being taken for patch-

clamp recording.

Nicotine, MLA (M168, Sigma), and DHβE (2349, Tocris) were dissolved in water. All stock 

solutions were stored at 4°C, −20°C, or 80°C according to the manufacturer’s suggestions, 

and diluted on the day of use. To eliminate residual acute nicotinic effects, we routinely 

added MLA (200 nM) to block α7-nAChRs and DHβE (10 μM) to block β2-containing 

nAChRs 1 h immediately before taking the cultures for analysis.

4.2. Surface biotinylation assay

After treatment, neurons were placed on ice and rinsed in cold phosphate-buffered saline 

(PBS). Neurons were then incubated in PBS containing 1 mg/ml sulfo-NHS-LC-biotin 

(Pierce, Rockford, IL, USA) for 30 min at RT. Neurons were rinsed twice in PBS and then 

lysed in RIPA buffer (25 mM Tris·HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium 

deoxycholate, 0.1% SDS) with complete protease inhibitor cocktail (Roche). To determine 

the total protein concentration by immunoblotting, 20% of the cell lysate was removed and 

diluted in sample buffer. To isolate biotinylated proteins, 80% of the cell lysate was 

incubated with NeutrAvidin agarose (Pierce, Rockford, IL, USA). Western blots were 

carried out, and data were quantified by comparing the ratio of biotinylated to total protein 

for a given culture and normalizing to control untreated cultures, unless stated otherwise.

4.3. Western blotting

Equal amounts of protein from cultures were subjected to 10% SDS-polyacrylamide gels 

and transferred to PDVF membranes (Millipore). The blots were blocked with 5% nonfat 

dry milk or 3% bovine serum albumin (BSA) for 1 h at room temperature followed by 

incubation with various primary antibodies, including GluA2 (1:500, MAB397, Chemicon), 

GluN1 (1:500, MAB363, Chemicon), GluN2B (1:500, MAB5220, Chemicon), rabbit anti-

GABAA α1 receptor (1:500, AGA001, Alomone Labs), synapsin 1 (1:10000, AB1543, 

Chemicon), GAPDH (1:10000, AB2302, Millipore), and anti-Phospho-Tyr1472 NMDA 

GluN2B-Subunit (1:500, AB5403, Chemicon). After incubation with horseradish 

peroxidase-conjugated secondary antibodies (Amersham Biosciences), the blots were 

exposed to the enhanced chemiluminescence substrate (Amersham Biosciences). 

Quantitation was obtained from densitometric measurements of immunoreactive bands on 

films with Image J software.

4.4. Immunocytochemistry

After nicotine treatment, neurons in culture were fixed with 2% paraformaldehyde in PBS 

with 4% sucrose (RT, 10 min), or with 100% methanol (−20°C, 5 min) and washed 3 times 

with PBS. For total protein staining, neurons were permeabilized with 0.1% Triton X-100 in 

PBS for 10 min. For surface protein staining, neurons were not permeabilized. Neurons were 

incubated with 5% BSA for 1 h to block nonspecific staining. Next, neurons were incubated 
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with primary antibodies at 4°C overnight, including GluA2 (1:200, MAB397, Chemicon), 

GluN1 (1:200, MAB363, Chemicon), GluN2B (1:200, MAB5220, Chemicon), or synapsin 1 

(1:800, AB1543, Chemicon) overnight at 4°C. Neurons were then rinsed in PBS three times 

and exposed to Alexa-conjugated fluorescent secondary antibodies for 2 h (Molecular 

Probes, 1:1000) at room temperature. After washing in PBS three times, the coverslips were 

mounted on slides with VECTASHIELD mounting media (Vector Laboratories, 

Burlingame, CA).

4.5. Fluorescence imaging

Fluorescence images were obtained with a Zeiss LSM 710 confocal microscope (Leica 

Microsystems CMS Gmbh, Mannheim, Germany) using a 63× oil objective (numerical 

aperture 1.4). Images were acquired at 488 and 555 nm excitation with a dual-color image 

splitter in place. Optical sections, merged by maximum projection, were analyzed at a time 

using the Image J puncta analyzer program. Thresholds were set at 3 SDs above the mean 

staining intensity of six nearby regions in the same visual field. Thresholded images present 

a fixed intensity for all pixels above threshold after having removed all of those below. 

Labeled puncta were defined as areas containing at least four contiguous pixels after 

thresholding.

4.6. Electrophysiology

Recordings were made from neurons in 10-13-day-old cultures, using patch pipettes (3-4 

MΩ) filled with (in mM) 122.5 gluconic acid, 122.5 CsOH, 10 CsCl, 5 NaCl, 1.5 MgCl2, 5 

HEPES, 1 EGTA, 10 Na2-phosphocreatine, 3 MgATP, and 0.3 NaGTP (pH 7.25, with 

CsOH). Voltage-clamp recordings were obtained with an Axopatch 200A (Axon 

Instruments, Palo Alto, CA, USA). Pipette capacitance was minimized in all recordings; 

series resistance was below 30 MΩ. Data were acquired at 10 kHz and filtered at 1 kHz.

To evoke EPSCs, a bipolar extracellular stimulating electrode (Fredrick Hauer Company, 

Bowdoin, ME) was positioned to have a presynaptic neuron between the two poles of the 

electrode. Square-wave current injections of ≤ 1 mA and 0.2-2.0 ms duration were applied at 

a frequency of 0.1 Hz to the soma and adjacent axon tracts of the presynaptic neuron with a 

pulse generator (Master-8) coupled through a stimulus isolator (Iso-flex; A.M.P.I.). Stimulus 

intensity was increased until maximum EPSC amplitude was achieved. Postsynaptic cells 

were discarded if they displayed stimulus-evoked action potentials. The mean amplitude of 

10 successfully evoked EPSCs was calculated using Clampfit 8.2 software (Molecular 

Devices). For recording of evoked EPSCs mediated by AMPA receptors, the bath contained 

(in mM) 150 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, 0.05 APV, 0.02 

gabazine (pH 7.4, with NaOH) at room temperature. For recording EPSCs mediated by 

NMDA receptors, the bath contained (in mM) 150 NaCl, 5 KCl, 2 CaCl2, 10 HEPES, 10 

glucose, 0.001 glycine, 0.02 CNQX, 0.02 gabazine (pH 7.4, with NaOH) at room 

temperature. Currents were analyzed using Clampfit 8.2 software.

To distinguish and compare the amplitudes EPSCs vs. inhibitory postsynaptic currents 

(IPSCs) elicited in the same neuron, we used the internal and external solutions previously 

described (Yasuda et al., 2003) and clamped the neuron either at −50 mV to record EPSCs 
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or at 0 mV to record IPSCs in slice culture. Signals were acquired with an EPC10 amplifier 

(HEKA Elektronik, Lambrecht, Germany). For post-analysis visualization, cells chosen for 

recording were filled with 0.2% biocytin via the patch-clamp electrode. Slices containing 

biocytin-loaded neurons were then fixed by 4% paraformaldehyde in PBS with 4% sucrose 

over night at 4°C. After that, the slices were washed with PBS twice and washed with 0.2% 

Triton X-100 in PBS at room temperature. The slices were then incubated in Rhodamine 

Avidin D (1:800, A-2002, Vector labs) in 0.2% Triton X-100 in PBS containing 5% BSA 

for 1 day at 4°C, and washed in PBS for 10 min five times at room temperature. Labeled 

neurons were observed with a Zeiss LSM 710 confocal microscope using a 20× objective 

(numerical aperture 0.45). Excitation was at 555 nm.

4.7. Statistical analysis

Data represent means ± SEMs. Unless otherwise indicated, statistical significance was 

assessed with Student’s t-test for unpaired values and with one-way analysis of variance 

(ANOVA) for multiple values. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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Abbreviations

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

ANOVA one-way analysis of variance

APV DL-2-amino-5-phosphonopentanoic acid

BSA bovine serum albumin

CNQX 6-cyano-7-nitroquinoxaline-2,3-dione

DHβE dihydro-β-erythroidine

EPSCs excitatory postsynaptic currents

E/I excitatory-to-inhibitory

GAPDH glyceraldehyde 3-phosphate dehydrogenase

GluA AMPA receptor subunits GluA1-4

GluA1R GluA1-containing AMPA receptor

GluA2R GluA2-containing AMPA receptor

GluN1Rs GluN1-containing NMDA receptors

GluN2BR GluN2B-containing NMDA receptor

LTP long-term potentiation

mEPSCs miniature excitatory post-synaptic currents
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MLA methyllycaconitine

nAChRs nicotinic acetylcholine receptors

NASPM 1-naphthylacetyl spermine trihydrochloride

NMDA N-methyl-D-aspartate

IPSCs inhibitory postsynaptic currents

PBS phosphate-buffered saline

α7-nAChRs homopentameric α7-containing receptors
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Highlights

1. Chronic nicotine increases surface expression of AMPA and NMDA receptors.

2. New glutamate receptor clusters appear, generating a larger postsynaptic 

current.

3. GluN2B becomes phosphorylated on Tyr1472, which may support synaptic 

clustering.

4. Both pyramidal neurons and interneurons display increased ratios of E/I input.

5. Nicotine levels reached in smokers are likely to alter basic network connections.
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Figure 1. 
The GluA2 subunit is required for almost all of the evoked EPSC mediated by AMPA 

receptors. (A) Sample records of evoked EPSCs in a neuron from a control culture (left) or a 

culture receiving nicotine for 7 days (right) before and after initiating the exposure to 50 μM 

NASPM. (B) Quantification showing the proportion of evoked EPSC amplitude mediated by 

GluA2Rs (resistant to NASPM) as a fraction of total EPSC amplitude in control (Con) and 

nicotine-treated (Nic) cells (p ≥ 0.18; n = 9, 10). (C) Typical time course of AMPAR-EPSC 

in a neuron treated with NASPM (50 μM for 10 min). NASPM (50 μM) was bath-applied 

during the time indicated by the open bars.
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Figure 2. 
Extended nicotine exposure increases surface expression of glutamate receptor subunits on 

hippocampal neurons in culture. (A) Neurons were treated with control medium (Con) or 

with medium containing nicotine (Nic) for 7 days and then biotinylated, solubilized, and 

immunoblotted for GluA2, GluN1, GluN2B, or GABAA α1 receptors in aliquots of whole 

extract (left, total) or in the biotinylated fraction (right, surface). (B) Quantification of 

biotinylated surface components recovered on immunoblots from control (Con) and 

nicotine-treated (Nic) samples, normalized for the amount present in controls. GluA2, *p ≤ 

0.02, n = 8; GluN1, *p ≤ 0.03, n = 5; GluN2B, *p ≤ 0.02, n = 5; GABAA α1, p ≥ 0.9, n = 5. 

(C) Synapsin 1 in whole extracts from control (Con) and nicotine-treated (Nic) cultures 

probed on immunoblots (GAPDH for reference), quantified, and normalized for control 

values (right; *p ≤ 0.02; n=5).
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Figure 3. 
Nicotine, acting through α7-nAChRs, increases surface clusters of GluA2, internal clusters 

of synapsin1 clusters, and juxtaposition of the two on hippocampal neurons in culture. 

Neurons were incubated with nicotine for 7 days and then fixed and stained first without 

permeabilization for GluA2 and then co-stained after permeabilization for synapsin 1. (A) 

Images showing GluA2 (green), synapsin 1 (red), and co-localization (Co, yellow). Scale 

bars: 20 μm (left), 5 μm (right) for each set. (B) Quantification of GluA2 puncta number 

(left) and mean size (right). Including the α7-nAChR antagonist MLA in the 7-day nicotine 

incubation (Nic+MLA) prevented the nicotine from increasing either GluA2 or synapsin 1 

puncta, or altering their co-localization. GluA2, *p ≤ 0.02; synapsin 1, *p ≤ 0.02; Co, **p ≤ 

0.01; n = 20 for Con, 22 for Nic, 18 for Nic+MLA.

Duan et al. Page 19

Mol Cell Neurosci. Author manuscript; available in PMC 2016 September 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Nicotine pre-treatment increases GluN1 and GluN2B clusters on the surface and their co-

localization with synapsin 1 puncta. (A) Images showing GluN1 (green), synapsin 1 (red), 

and co-localization (Co, yellow). Scale bars: 20 μm (left), 5 μm (right) for each set. (B) 

Quantification of GluN1 puncta number (left) and mean size (right). GluN1, *p ≤ 0.04; 

synapsin 1, **p ≤ 0.01; Co, *p ≤ 0.03, n = 21 for Con, 24 for Nic. (C) Quantification of 

GluN2B puncta number (left), and mean puncta size (right). GluN2B, **p ≤ 0.01; synapsin 

1, **p ≤ 0.01; Co, *p ≤ 0.04; n = 17 for Con, 20 for Nic.
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Figure 5. 
Nicotine pre-treatment increases the mean size of evoked EPSCs mediated by AMPA and 

NMDA receptors. (A) Representative AMPA and NMDA receptor-mediated EPSCs evoked 

in neurons after a 7-day exposure to 1 μM nicotine (Nic) or control media (Con). Arrow 

indicates stimulation with a bipolar extracellular electrode to elicit maximal EPSCs. (B) 

Quantification of AMPA receptor EPSCs (left), NMDA receptor EPSCs (middle), and their 

ratios (right). AMPA receptor EPSCs, ***p ≤ 0.0001; n = 64 for Con, 58 for Nic. NMDA 

receptor EPSCs, *p ≤ 0.04; n = 9 for Con, 16 for Nic. Ratios, p > 0.1; n = 9 for Con, 16 for 

Nic.
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Figure 6. 
Chronic nicotine administration increases the incidence of tyrosine phosphorylation on 

GluN2B at position 1472. Left: immunoblots of GluN2B immunoprecipitated from control 

(Con) or nicotine-treated (Nic) cell extracts and then probed either with p-Tyr-1472-GluN2B 

antibodies to detect phosphorylation of GluN2B on tyrosine at position 1472 (upper) or with 

antibodies to total GluN2B protein (lower). Right: Amount of p-Tyr-1472-GluN2B 

immunostaining in Nic samples expressed as a % of that in controls (*p ≤ 0.02; n = 5).
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Figure 7. 
Both pyramidal neurons and interneurons in the CA1 display increased E/I ratios for 

synaptic input, following extended exposure to nicotine. (A) Examples of a biocytin-filled 

pyramidal neuron (left) and an interneuron (right) in the CA1 region of a hippocampal slice 

maintained in organotypic culture for 10 days. Scale bar: 50 and 25 μm, for left and right 

panels, respectively. (B) Examples of patch-clamp recordings from a pyramidal neuron in a 

control (left) or nicotine-treated (right) slice clamped at −50 mV to detect glutamate-

mediated EPSCs or at 0 mV to detect GABA-mediated IPSCs. Arrowheads indicate time of 

stimulation with a bipolar extracellular electrode to elicit maximal EPSCs. (C) Examples of 

patch-clamp recordings from interneurons in the CA1 treated as in panel B. (D) Ratios of 

evoked PSC peak amplitudes mediated by glutamatergic and GABAergic synapses for 

individual pyramidal neurons (left; **p < 0.01; n = 8 for Con, 8 for Nic) and interneurons in 

the CA1 (right; *p < 0.04; n = 7 for Con, 9 for Nic).
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