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Annotation 

The role of nicotinic acetylcholine receptors (nAChRs) in the control of synaptic plasticity is 

widely acknowledged. Individual nAChR subtypes are involved in different mechanisms associated with 

short-term and long-term synaptic plasticity, such as the control of transmitter release, calcium influx, 

and the expression of NMDA and AMPA glutamate receptors. The literature describing the role of 

nAChRs in the control of synaptic plasticity is diverse, based on various experimental models, including 

primary neuronal cultures, electrophysiological measurements in acute brain slices, and morphological 

evaluations of synapses in various mouse brain regions. The aim of this work is to provide an overview 

of this diverse body of literature and summarize the available evidence supporting the role of individual 

nAChR subtypes in the control of long-term synaptic plasticity. 
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Anotace 

Význam nikotinových acetylcholinových receptorů (nAChRs) pro řízení synaptické plasticity 

je v literatuře často zmiňován. Různé podtypy nAChR se podílejí na různých mechanismech spojených 

s krátkodobou a dlouhodobou synaptickou plasticitou, jako je regulace uvolňování neurotransmiterů, 

přesun vápníku přes membránu a exprese NMDA a AMPA glutamátových receptorů. Literatura 

popisující roli nAChR v řízení synaptické plasticity je poměrně rozmanitá a vychází z různých 

experimentálních modelů, včetně primárních neuronových kultur, elektrofyziologických měření na 

akutních mozkových řezech a morfologických hodnocení synapsí v různých oblastech myšího mozku. 

Cílem této bakalářské práce je poskytnout přehled této literatury a shrnout dostupné důkazy podporující 

roli jednotlivých podtypů nAChR v řízení dlouhodobé synaptické plasticity. 
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List of Abbreviations 

AD  Alzheimer’s disease 

ACh  acetylcholine  

AChBPs acetylcholine binding proteins 

AMPA  amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 
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1. Introduction  

Nicotinic acetylcholine receptors (nAChRs) are ligand-gated ion channels widespread 

throughout the central and peripheral nervous system. They mediate the effects of neurotransmitters 

such as acetylcholine and psychoactive substances such as nicotine, which gives them a name. The 

discovery of the Torpedo electric organ, rich in muscle-nAChRs and α-bungarotoxin, which is a snake 

toxin and an α7* nAChR subtype antagonist, was a notable step in characterizing nAChR structure and 

properties (Albuquerque et al., 2009). nAChR dysfunction is connected with many neuropathological 

disorders such as Alzheimer’s disease, Parkinson’s disease, schizophrenia, and others (Wittenberg et al., 

2020).  

Synaptic plasticity is the ability of the synapses to strengthen or weaken over time in response 

to different circumstances. It is mostly studied on glutamatergic and GABAergic synapses, and it is the 

mechanism behind memory formation and learning (Lüscher & Malenka, 2012). nAChRs are one of the 

main actors in synaptic plasticity and synaptic transmission: presynaptic nAChRs affect 

neurotransmitter release, and postsynaptic nAChRs affect intracellular signaling and gene transcription 

through Ca2+ ions and depolarization (McKay et al., 2007). 

This work aims to summarize the role of different nAChR subtypes in processes like 

neurotransmitter release, receptor activation, intracellular signaling, and structural changes at the 

synapse underlying long-term synaptic plasticity. The first part outlines the existing knowledge about 

the nAChRs. The second part briefly summarizes the knowledge about synaptic plasticity, with a focus 

on long-term synaptic plasticity. The third and main part discusses the general connection between 

nAChRs and synaptic plasticity and the contribution of different nAChR subtypes to long-term synaptic 

plasticity, comparing three different experimental approaches: in vitro, ex vivo, and in vivo. 
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2. Nicotinic acetylcholine receptors 

Acetylcholine receptors, which respond to the endogenous neurotransmitter acetylcholine 

(ACh), can be found throughout the central and peripheral nervous system and even nonneuronal body 

cells such as immune cells (del Toro et al., 1994; Rubboli et al., 1994). They are usually classified into 

two main subtypes - muscarinic metabotropic receptors (mAChRs) and nicotinic ionotropic receptors 

(nAChRs). mAChRs, called after muscarine (a toxin from the mushroom Amanita muscaria), are part 

of the G-protein coupled receptors (GPCRs) (Eglen, 2005) and consist of 5 subtypes labelled M1-M5 

(Peralta et al., 1987). They are relatively slowly activated (in orders of hundreds of milliseconds), 

starting the intracellular inositol triphosphate/diacylglycerol (IP3/DAG) pathway (M1, M3, M5) and 

inhibiting the cyclic adenosine monoacylphosphate (cAMP) – dependent pathway (M2, M4). In the 

central nervous system, they influence the brain’s sensory, motor, and cognitive functions and are part 

of the autonomic nervous system, which controls internal organ activity. One of their main effects on 

the peripheral nervous system after the binding of an agonist is the heart rate slowing, promoting 

contraction of the smooth muscle and glandular secretion (Eglen, 2005). 

Nicotinic acetylcholine receptors (nAChRs) are ionotropic receptors, ligand-gated cation 

channels that owe their name to the plant alkaloid nicotine (Langley, 1905). nAChRs are activated by 

the binding of acetylcholine, an endogenous neurotransmitter, or exogenous ligands (e.g., nicotine) 

(Karlin, 1993). They belong to the so-called superfamily of cys-loop ligand-gated ion channels (cys-

loop LGICs) that includes GABAA, GABAC, glycine, and 5-HT3 serotonin receptors (Sine & Engel, 

2006; Jones & Sattelle, 2008). The channel opening is fast, usually in s (Albuquerque et al., 2009). 

Na+, K+, and Ca2+ ions can all pass through and, therefore, change the cell membrane's action potential 

(AP) (Wittenberg et al., 2020) and mediate a direct and indirect Ca2+ influx through the nAChR 

itself,  voltage-dependent calcium channel (VDCC), or calcium-induced calcium release (CICR) from 

the endoplasmic reticulum. The Ca2+ supports and regulates neurotransmitter release through synaptic 

vesicles on presynaptic neurons; it modulates receptor desensitization on a short-term scale and is 

involved in neuroprotection, synaptic plasticity, and memory mechanisms on a long-term scale (Shen & 

Yakel, 2009) Ca2+ increase mediated by nAChRs can also lead to an activation of metabotropic 

pathways, regulation of many protein kinases and phosphatases and Ca2+ can act as a second messenger 

itself (King et al., 2018; Sinclair & Kabbani, 2023). nAChRs can be found in nearly every region of the 

brain and on all parts of the neuron cell (axon terminals, axons, dendrites, somata) (Nashmi & Lester, 

2006) and have a key role in various physiological and pathological responses such as anxiety, cognitive 

functions, addiction, the central processing of pain, and food intake (Dineley et al., 2015; Ohno et al., 

1993; Picciotto et al., 1998).   
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2.1 Structure of the nAChRs 

The general nAChR structure is five subunits gathered around a central water-filled pore, 

through which the cations can flow (Cooper, Couturier, & Ballivet, 1991). In total, 16 genes code for 

nAChR subunits. There are 12 different nicotinic subunits in the vertebrate brain (α2–10 and β2–4) and 

11 in the mammalian brain (where α8 subunit is lacking) that combine into functionally diverse receptors 

in the form of homopentamers (5 identical subunits) or heteropentamers (at least one α and one β 

subunit) (Anand et al., 1991; Karlin, 1993). Each subunit consists of a long extracellular N-terminal 

domain, four hydrophobic transmembrane domains (TM1-TM4), an intracellular domain between TM3 

and TM4, and a short extracellular C-terminal domain. The long extracellular domain exists in the 

structure of a β-barrel, while the TM domains are α-helices. TM2 lines the pore of the channel. TM4 

interacts with the lipid bilayer and is the most distant from the pore. TM1 and TM3 lie on the opposite 

side of the pore and complete this structure, rotated by 90° relative to TM2 and TM4. (Akabas et al., 

1992; Bouzat et al., 2004; Karlin et al., 1986; Unwin, 2005) The structure of the muscle nAChR subtype 

differs from the brain nAChR subtype in the subunit composition (the typical adult form of a muscle 

receptor is (α1)2β1δε), but that diverges from the topic of this thesis (Albuquerque et al., 2009).  

 

 

 

 

 

 

 

 

 

Fig 1: Detailed structure of a nAChR (viewed using cryogenic electron microscopy);          

A) An α4β2 nAChR. α4 subunits are green, β2 subunits blue, and nicotine bound to the ligand-

binding site is salmon. The receptor has an extracellular domain (ECD), transmembrane domain 

(TMD), and a small intracellular domain (ICD). B) An α3β4 nAChR. α3 subunits are green, β4 subunits 

blue and nicotine is salmon. C) An α nAChR subunit capturing an intracellular domain (MA), 4 

transmembrane domains (M1 – M4), a C-terminal extracellular domain, and an N-terminal 

extracellular domain in the form of an α-helix and a β-barrel with 10 β strands (β1 – β10) and 3 loops 

(A, B, C) between them. Cys-loop is also visible. 

Taken from (Gharpure et al., 2020) 
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The cys-loop conserved motif plays a key role in channel gating. Cys-loop is a structure on the 

N-terminus of all subunits formed by a disulphide bond between two cysteines on the edges of a 13-

aminoacidic sequence (Albuquerque et al., 2009). It should not be mistaken for a C-loop (also a Cys-

Cys pair) that lies on the extracellular side farther from the membrane than the Cys-loop and is essential 

in forming the ligand-binding site. The C-loop is present only on the α subunits; β subunits lack it, which 

means that every channel requires at least two α subunits to function properly (Cooper et al., 1991; 

Karlin et al., 1986; Wittenberg et al., 2020). According to available data, agonists stabilize the C-loop 

in a contracted form, and antagonists stabilize it in an extended form (Brams et al., 2011).  

Homopentameric receptors feature five identical ligand-binding sites located between the 

subunits, though only one site needs to be activated to initiate the receptor response (Andersen et al., 

2013). The most common homomeric subtype is the α7 (Dani & Bertrand, 2007). Heteropentameric 

receptors typically feature two ligand-binding sites - on the junction of α and β subunit, but unorthodox 

binding sites have also been found (J. Wang & Lindstrom, 2018). A possible conformation of these 

receptors can be, for example, two α, two β, and one accessory subunit (e.g., α5 and β3), which does not 

contribute to the agonist binding but modulates the functional properties of the receptor and the 

receptor’s response to the agonist (Groot-Kormelink et al., 1998; Ramirez-Latorre et al., 1996). The 

most common heteropentameric subtypes in the central nervous system (CNS) are α4β2 receptors with 

two α4 subunits and three β2 subunits (J. A. Court et al., 2000)  

The structure of the ligand-binding domain (LBD) and the mechanisms of ligand binding were 

approximated by crystallizing the acetylcholine binding proteins (AChBPs) secreted by mollusk glial 

cells; they are pentameric and have a similar affinity spectrum as nAChRs (Celie et al., 2004). The 

ligand-binding site is a hydrophobic pocket. Its principal side is formed by the α subunit and the 

Fig. 2: A scheme of the structure of nAChRs;  

A: Side view of a heteromeric nAChR with 2 α and 3 β subunits gathered around the central 

water-filled pore, the ligand-binding sites displayed on the surface are in reality in the middle of the 

subunit interface. B: A top view of a homomeric α7* receptor with 5 ligand-binding sites and three 

different non-α7 receptors with a various subunit composition and 2 ligand-binding sites.   

Taken from (Wittenberg et al. 2020) 
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complement side by an adjacent subunit (α10, β2, δ, γ…) (Albuquerque et al., 2009). The α subunit 

engages loops called A, B, and C, and the adjacent subunit loops D, E, and F, all formed between β-

strands (Unwin, 2005). α5 and β3 never contribute to the ligand-binding site and are, therefore, called 

the "orphan" subunits; they fulfill, for example, a regulatory role (Groot-Kormelink et al., 1998; 

Ramirez-Latorre et al., 1996). The C-loop with the Cys-Cys disulphide bonds surrounds the agonist 

ligand (Albuquerque et al., 2009). Other residues enabling the ligand binding site function are 

hydrophobic aromatic amino acids with an affinity for the agonist, such as αTyr 93, αTrp 149, αTyr 190, 

and αTyr 198 (Galzi et al., 1990; Middleton & Cohen, 1991; Sine et al., 1994; Zhong et al., 1998). 

αTyr 198 does not interact with nicotine much, so its mutation does not affect nicotine binding, only 

ACh binding (Galzi et al., 1991). Possible combinations of amino acids are limited because the 

interaction between the agonist and the site is very tight and specific (Albuquerque et al., 2009).  

2.2 nAChR subunits 

The diversity of nAChR subunits is important in the context of the variety of functions that 

nAChRs fulfill and the channel characteristics such as the speed of its opening and closing, the speed of 

desensitization, permeability, selectivity of the pore, and the channel sensitivity to neurotransmitters 

(Albuquerque et al., 2009; Gotti et al., 2008). These are the common subtypes of receptors according to 

their subunit composition:  

Since α7 is the most common homomeric subtype and α7 subunits form heteromers very rarely 

(Thomsen et al., 2015), a classification that divides receptors into α7* (the * means a possible presence 

of different subunits) nAChR or a non-α7 nAChR has been established. α-bungarotoxin (α-BTX) can 

serve as a pharmacological distinction between the types. α7* nAChRs are sensitive to α-BTX and have 

a low affinity for nicotine and fast kinetics, while non-α7 nAChRs (such as α4β2* or α3β4*) do not bind 

α-BTX and have a high affinity for nicotine and slower kinetics (Fenster et al., 1997; Keyser et al., 

1993). The α7* heteromeric receptors examples are α7β2 receptors in forebrain cholinergic neurons (Liu 

et al., 2009), α7α5 receptors (Girod et al., 1999), and α7β2 discovered in Xenopus oocytes (Palma et al., 

1999). α7* receptors are present in most regions of the brain, with higher concentration in hippocampal 

interneurons, midbrain dopamine neurons, and neurons from the olfactory bulb and cortex (del Toro et 

al., 1994; McQuiston & Madison, 1999; Wooltorton et al., 2003).  They are more permeable to Ca2+ 

than other types of receptors (Bertrand et al., 1993), which gives them an important role in strengthening 

Ca2+-dependent pathways (by, for example, activation of second messengers) and neurotransmitter 

release from neurons (Suzuki et al., 2006). Not only are α7* receptors present in neurons but also in 

nonneuronal cells such as astrocytes, microglia, NG2 cells (Shen & Yakel, 2012; Shytle et al., 2004; 

Vélez-Fort et al., 2009) and even immune cells (H. Wang et al., 2003).  
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The other prevalent subtype is nAChRs containing α4 and β2 subunits. They can be further 

divided into (α4)2(β2)3, (α4)3(β2)2, and (α4)2(β2)2(α5) receptors (Y. Zhou et al., 2003; Zwart & 

Vijverberg, 1998). α4β2* receptors exist in high numbers in the thalamus and basal forebrain and in 

lower numbers in the midbrain dopaminergic regions, putamen, and cerebellum (McGranahan et al., 

2011; Wooltorton et al., 2003). They have a low permeability for Ca2+, and the activation and 

desensitization are slower than in α7* subtypes. All α4β2* subtypes have, as already mentioned, a high 

affinity for nicotine. The most sensitive subtype for upregulation by nicotine is the (α4)2(β2)3 subtype 

(Gotti et al., 2008), whereas the presence of an α5 subunit in the (α4)2(β2)2(α5) subtype makes the 

receptor less sensitive and easier to close (Mao et al., 2008).  

  α3β4* nAChRs are expressed in brain regions such as the interpeduncular nucleus or medial 

habenula (Quick et al., 1999), but primarily in the peripheral nervous system, where they are essential 

for ganglia function and where α3β4α5 is the most common subtype (Conroy & Berg, 1995). 

α3β4* nAChRs do not bind to bungarotoxin, while α3β2* nAChRs do, which indicates that the β subunit 

has an impact on the receptor's affinity to bungarotoxin (Duvoisin et al., 1989).  

α2β4 and α4β4 subtypes are present in the medial habenula and interpeduncular nucleus 

(Duvoisin et al., 1989). The α2, α5, α6, and β3 subunits are present in many different brain parts but in 

lower numbers than the other mentioned subunits (Albuquerque et al., 2009). α5 and β3 subunits usually 

take up the fifth position in the heteropentamer, changing the receptor properties (Groot-Kormelink et 

al., 1998; Ramirez-Latorre et al., 1996).  

α9 subunits can form homomeric or heteromeric receptors in assembly with α10 subunits. These 

subunits are part of inner ear hair cells, where they help process auditory and vestibular stimuli. Because 

of their functional and phylogenetic differences from other nAChRs, they cannot be simply classified as 

neuronal/muscle receptors (Morley et al., 2018).  

2.3 Function of the nAChRs 

There are three basic conformational states of the ligand-gated ion channels: the open state - 

after binding of the ligand in the correct position, the channel becomes permeable to cations; the resting 

(closed) state – channel is closed but still able to be activated by a ligand and the desensitized state – 

channel is not able to be activated by a ligand (Giniatullin, Nistri, & Yakel 2005). The kinetics of 

switching between these states and the conduction is influenced by various factors such as local 

environmental and regulatory factors (e.g., protein kinases, cytoskeleton, intracellular and extracellular 

ion concentrations) or subunit composition, which influences the rates of desensitization and recovery 

from desensitization, the kinetics of gating activation, etc. (Amador & Dani, 1995; Dani, 2015). Regular 

exposure to nicotine leads to long-term desensitization and upregulation of certain nAChRs, which play 

a role in the nicotine addiction pathways (Buisson & Bertrand, 2001).  
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Transferring energy from the binding of an agonist into the movement of the subunit, causing 

the channel to open in milliseconds, is possible because of a conserved layout of amino acids. When the 

agonist (nicotine or acetylcholine) binds to the LBD, hydrogen bonds between invariant amino acids 

(Glu, Arg) on the α subunit and the adjacent subunit are rearranged (Lee & Sine, 2005). They converge 

towards the ligand and form van der Waals interactions. The C-loop moves and enfolds the ligand, and 

the Cys-Cys pair interacts with the F-loop. When both ligand-binding sites are occupied, enough torque 

is generated to make special changes in all the extracellular domains (Albuquerque et al., 2009; Gao et 

al., 2005). The torque is transferred through the Cys-loop and the linker region between TM2 and TM3 

to TM2. It causes a rearrangement of amino acids near the TM2 domains, previously gating the channel 

(Unwin, 2005). Hydrophobic amino acids in the closed pore are exchanged for hydrophilic amino acids 

by the channel opening (Albuquerque et al., 2009).   

Fig. 3: A depiction of 3 nAChR conformational states; 

In an open state, the ligands are bound, and small cations can flow through. A closed resting 

state when the channel is impermeable. Finally, the desensitized state with ligands (usually) bound but 

the channel closed and non-conducting. 

Taken from (Wittenberg et al. 2020) 
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2.4 nAChRs and neuropathology  

Many neuropathological changes and the onset of neurological and neuropsychiatric diseases 

such as Alzheimer’s disease, Parkinson’s disease, epilepsy, schizophrenia, depression, addiction, or 

anxiety correlate with defects in nAChR function (Albuquerque et al., 2009).   

During Alzheimer’s disease (AD), cholinergic neurotransmission loss is one of the 

histopathological components, together with the formation of extracellular amyloid-beta (Aβ) peptides 

into plaques and neurofibrillary tangles. The loss of nAChRs during ageing is more significant than the 

loss of mAChRs and even more significant during AD (Kellar et al., 1987; Perry et al., 2000). α4β2* 

nAChRs show a high loss rate in the hippocampus and cortex during AD. They are important in the 

process of maintaining memory traces in the hippocampus (Bell et al., 2011). α4 subunit numbers can 

decrease by over 80 % (Martin-Ruiz et al., 1999). At the same time, the binding of high-affinity agonists 

(such as nicotine or cystidine) diminishes mainly in the cortical area. It was experimentally proved that 

mice with a full gene mutation for a β2 subunit that is part of the binding site experienced 

neurodegeneration early on (Zoli et al., 1999).  Therefore, nicotine is predicted to have therapeutic 

effects on slowing down AD symptoms (Fujii & Sumikawa, 2001). α7* nAChRs form complexes with 

Aβ peptides. Low levels of Aβ-nAChR complexes enhance learning and memory (Chu et al., 2005; 

Puzzo et al., 2008), but higher levels appearing during AD are connected with worsened cognitive 

functions and a loss of synaptic plasticity (H.-Y. Wang et al., 2009).  α7* nAChRs, thanks to their 

Fig. 4: A scheme of cholinergic transmission on a cholinergic synapse with nAChRs in it; 

1. An uptake of choline, an ACh precursor, by CHT1 transporter 2. Synthesis of ACh by ChaT 

(choline acetyltransferase) in the cytoplasm of the presynaptic nerve 3. Loading of ACh in the synaptic 

vesicles by VAChT (vesicular acetylcholine transporter) 4. A fusion of the vesicle with the neuron 

membrane and release of ACh in the synapse 5. ACh binding to nAChRs and mAChRs  6. Degradation 

of ACh into choline and acetate by the enzyme AChE (acetylcholinesterase)  

Taken from (Prado et al., 2013) 
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connection with anti-inflammatory pathways, have the potential to be a therapeutic target for AD 

treatment when microglia lose their protective function and become overreactive (Egea et al., 2015).  

Parkinson’s disease (PD) is characterized by a dysfunction of signaling in the nigrostriatal 

dopaminergic pathway – an innervation transferring signals from the substantia nigra to the dorsal 

striatum influencing voluntary movement (common symptoms are tremor, slow movement, difficulties 

with balance, speech…). α6* receptors are located mainly presynaptically and significantly impact 

dopamine release in the nigrostriatal pathway (Quik & McIntosh, 2006; Quik & Wonnacott, 2011). 

Specifically, α6β2*, α6β3*, and α6α4β2β3 receptor dysfunctions are linked to abnormal involuntary 

movements (Quik et al., 2013). They are considered a promising therapeutic target since they are 

abundant primarily in areas connected with PD (Quik & McIntosh, 2006).   

Symptoms of schizophrenia include hallucinations, delusions, disordered thoughts, and 

cognitive impairments. α7* but also α4β2* receptors influence the course of the disease. This is 

suggested by varenicline acting as an agonist on α7* nAChRs and as a partial agonist on α4β2* nAChRs, 

improving cognitive functions in schizophrenic patients (Hong et al., 2011). There is a shortage of 

α7*nAChRs in the hippocampus, frontal cortex, and thalamus of schizophrenia patients (J. Court et al., 

1999; Freedman et al., 1995; Guan et al., 1999). Genetic factors such as single-nucleotide 

polymorphisms (SNPs) in genes coding for the nAChR subunits (e.g., CHRNA7 coding for the α7 

subunit) affect the levels of expression and functionality of the subunits and increase the risk of 

schizophrenia (Freedman et al., 2001; Gault et al., 2003). A remarkably higher percentage of patients 

with schizophrenia smoke than the rest of the patients suffering from a mental illness, which led to the 

discovery that nicotine acts as a therapeutic and helps to improve or normalize sensory deficits 

(Koukouli et al., 2017; Olincy et al., 1997).  

Clinical depression (or major depressive disorder) is a neuropsychiatric disorder manifested by 

long periods of low mood, loss of interest, and suicidal thoughts. There is, similarly to schizophrenia, a 

higher number of patients with depression smoking than in a normal population, which can be explained 

as an unconscious self-medication (Weinberger et al., 2020). α7* and α4β2* nAChRs are involved in 

pathways that release important neurotransmitters (noradrenaline, dopamine, acetylcholine, 

glutamate…) and are dysregulated during depression. Studies examining particular receptor subunits 

show a lower occurrence of β2* nAChRs in depressive patients' brains (Saricicek et al., 2012). Yet, 

depression is a very complex disorder, and not all mechanisms of its origin and course are known. It is, 

for example, unclear if α4β2* - or α7*-nAChR agonism or antagonism is a way of depression treatment 

(Rabenstein et al., 2006; Xiao et al., 2006).  
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3. Synaptic plasticity 

Synaptic plasticity is the brain's ability to strengthen or weaken the synaptic transmission 

between neurons on already-existing synapses. It is a mechanism behind the transformation of 

experiences into memory paths. A key role of synaptic plasticity is the formation of neural circuits and 

brain networks in early development. Its malfunction relates to many neurological and psychiatric 

disorders (e.g., Alzheimer's disease, depression, anxiety, posttraumatic stress disorder, dementia, etc.). 

For example, addictive drugs are associated with exaggerated synaptic plasticity, and Alzheimer’s with 

a loss of synaptic plasticity (Citri & Malenka, 2008; Lüscher & Malenka, 2012). An important concept 

in synaptic plasticity is Hebb’s postulate or Hebbian learning, which states that higher synaptic efficacy 

can be reached by repetitive and persistent stimulation of the postsynaptic cell by the presynaptic cell 

or, in other words, that presynaptic and postsynaptic neuron spiking correlation is the mechanism behind 

synaptic plasticity (Hebb, 2005).   

3.1 Short-term synaptic plasticity 

Short-term and long-term synaptic plasticity are distinguished. Changes in the synapse lasting 

from tens of milliseconds to minutes are termed short-term synaptic plasticity.  It goes hand in hand with 

short-term memory, short-term sensory adaptations, and changes in behavior (Citri & Malenka, 2008). 

Short-term plasticity helps synapses filter and process information – synapses with a low probability of 

activation function as high-pass filters because only strong signals get transmitted, and synapses with a 

high probability of activation, conversely, serve as low-pass filters because they get depressed when the 

signal is too strong (Abbott & Regehr, 2004).  

3.1.1 Short-term potentiation (STP) 

Short-term potentiation (STP) is triggered by a temporary accumulation of Ca2+ ions in the 

presynaptic nerve terminals that boost neurotransmitter exocytosis over time through indirect pathways 

and molecular mechanisms. Facilitation is the shortest (ca 30 seconds) form of synaptic enhancement 

that appears after two stimuli with interstimulus intervals around 20–500 ms. The potentiation appears 

thanks to accumulated Ca2+ from the previous stimulus and additional factors such as protein kinases 

phosphorylating presynaptic proteins (e.g., synapsin) (Rosahl, 1993).  After repetitive or tetanic nerve 

stimulation, augmentation and post-tetanic potentiation (PTP) can appear. They differ in length, from 

seconds (augmentation) to minutes (PTP) (Zucker & Regehr, 2002). The Ca2+ can enhance the 

neurotransmitter release by binding and modifying the residual proteins and combining with the Ca2+ 

ions released by an action potential (Citri & Malenka, 2008).  
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3.1.2 Short-term depression (STD)  

A short-term depression (STD) can appear after the same stimuli as STP (paired-pulse 

facilitation or trains of stimuli). The paired-pulse facilitation that causes STD has short interstimulus 

intervals (less than 20 ms). Repetitive stimulation of some synapses leads to depression lasting several 

seconds or minutes (Betz, 1970). One of the reasons for STD is a transient depletion of a pool of 

releasable vesicles on an easily excitable synapse (Rosenmund & Stevens, 1996). Voltage-dependent 

Ca2+ and Na+ channels inactivation, feedback activation of presynaptic receptors, or signal cascades by 

surrounding cells are other explanations for the STD. (Forsythe et al., 1998; Zucker & Regehr, 2002) 

Recovery from STD usually takes a few seconds until vesicles form a readily releasable pool and 

receptors recover from desensitization (Dittman & Regehr, 1998).  

It is believed that glial cells have a role in regulating short-term synaptic plasticity. Astrocytes 

and presynaptic Schwann cells are responsible for clearing neurotransmitters from the synapse and 

regulating the speed and degree of clearance (Bergles & Jahr, 1998). They can also sense signals from 

the environment and affect neurotransmitter release by signal molecules (Cotrina et al., 1998).  

3.2 Long-term synaptic plasticity  

3.2.1 Mechanisms of long-term plasticity 

Long-term synaptic plasticity describes changes in synaptic transmission lasting hours or even 

days. Most information about long-term synaptic plasticity comes from research on the area between 

CA3 and CA1 pyramidal neurons in the hippocampus on excitatory glutamatergic synapses (Bliss & 

Lømo, 1973; Citri & Malenka, 2008). The hippocampus, a subpart of the telencephalon or endbrain, is 

an interesting area to study because it is a center for long-term, short-term, and spatial memory (Lisman 

et al., 2017). It is divided into four subfields CA1-CA4 (CA stands for cornu ammonis, an earlier name 

for hippocampus) (Yakel, 2012). Long-term plasticity is of considerable interest because its 

understanding reveals important information about memory formation (Whitlock et al., 2006).  

Key actors in excitatory NMDAR-dependent long-term potentiation (LTP) or long-term 

depression (LTD) in the C1 area are ligand-gated ionotropic glutamatergic channels, N-methyl-D-

aspartate (NMDA) receptors (NMDARs) and α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 

(AMPA) receptors (AMPARs), located on the post-synaptic terminal, usually on dendritic spines (small 

dendrite protrusions) (Lüscher & Malenka, 2012). NMDARs are non-selective channels formed by a 

combination of two GluN1 subunits and either two GluN2/GluN3 subunits (diheteromers) or one GluN2 

and one GluN3 subunit (triheteromers). An agonist glutamate bound to GluN2 and a co-agonist glycine 

(or D-serine) bound to GluN1 or GluN3 are needed for the ion-channel activation (Beesley et al., 2019; 

D. K. Park et al., 2022). AMPARs form heterotetramers combining four subunits named GluA1 - GluA4, 

when at least one GluA2 is usually present. Typical combinations in hippocampal cells are 
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GluA1/GluA2 or GluA2/GluA3 (Wenthold et al., 1996). GluA2 works as a selective filter in AMPAR, 

making the channel impermeable for Ca2+ because of the QR editing (an exchange of glutamine for 

arginine) in the pore region (Burnashev et al., 1992). During basal synaptic activity, AMPA receptors 

get activated by glutamate binding, causing Na+ influx and only a small K+ efflux, leading to neuron 

depolarization. NMDA receptors, although glutamate is also bound, contribute only scarcely because 

there is an Mg2+ block at a negative membrane potential (Mayer et al., 1984). Nevertheless, after 

sufficient depolarization, the Mg2+ dissociates from the NMDAR pore, allowing Na+, K+, and Ca2+ to 

flow through. Although NMDARs have much slower kinetics than AMPARs, they stay open long after 

the AMPARs close (hundreds of milliseconds compared to milliseconds). NMDARs are sometimes 

called “molecular coincidence detectors” because a prerequisite of bound glutamate and a depolarized 

post-synaptic neuron must be fulfilled to activate them (Lüscher & Malenka, 2012). The great influx of 

calcium in the postsynaptic neuron is essential in maintaining the LTP by triggering biochemical 

processes in the postsynaptic density that modify the synaptic efficacy (Malenka, 1991). The initiation 

of long-term potentiation (LTP) is associated with high-frequency tetanic stimulation of the presynaptic 

neurons (Zalutsky & Nicoll, 1990). On the other hand, LTD is triggered by low-frequency tetanic pre-

synaptic stimulation (Dudek & Bear, 1992). The Mg2+ block is not one hundred percent impermeable, 

so small doses of calcium get into the postsynaptic neuron, causing depression in the long term (Jahr & 

Stevens, 1993). In fact, the mechanisms for triggering LTP and LTD are the same; only the difference in 

levels of NMDAR activation or timing of the stimulation determines if the neuron activity is enhanced 

or depressed. What is more, information is stored efficiently by both LTP and LTD (Whitlock et al., 

2006). Long-term plasticity is mainly synapse-specific, which means that the synapse strengthens or 

weakens only in response to glutamate released from the presynaptic axon, and the surrounding synapses 

are unaffected (Engert & Bonhoeffer, 1997).  

GABAergic inhibitory transmission is equally important as glutamatergic transmission since it 

exhibits LTP and LTD (I-LTP and I-LTD) as well. Its contribution to the excitatory/inhibitory balance is 

shown to be important for structural and functional changes in the neuronal circuit and experience-

dependent learning (Castillo et al., 2011). It is further divided into pre-synaptic inhibitory transmission, 

describing changes in gamma-aminobutyric acid (GABA) release from pre-synaptic terminals, and post-

synaptic inhibitory transmission, describing the modulation of the channel function. The pre-synaptic 

GABAergic plasticity is triggered by NMDAR activation and a specific messenger passing information 

from the glutamatergic to the presynaptic GABAergic neuron. The post-synaptic GABAergic plasticity 

can be, for example, triggered by phosphorylation of GABAA receptors responsible for rapid inhibitory 

synaptic plasticity or GABAB receptors creating slow inhibitory postsynaptic potential by different 

kinases (PKC, CaMKII, Src…) (Huang et al., 2005; Ouardouz & Sastry, 2000). 

https://www.sciencedirect.com/topics/neuroscience/protein-kinase-c
https://www.sciencedirect.com/topics/neuroscience/calcium-calmodulin-dependent-protein-kinase-ii
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Evidence leads to a hypothesis that the quantity of AMPARs is directly connected with the 

synapse's strength during long-term potentiation or depression. During experiments, when LTP was 

triggered, more AMPARs were presented on the synapses (even the silent ones) (Liao et al., 1995). On 

the contrary, during LTD, many AMPARs are endocytosed or removed. The AMPAR recycling and 

redistribution between the inside of the cell and the cell membrane is relatively fast, usually in tens of 

minutes, which makes it possible to start LTP or LTD (Lüscher et al., 1999). The receptors are 

transported by clathrin-coated vesicles using dynamin endocytosis and lateral distribution, and SNARE-

proteins for exocytosis (Blanpied et al., 2002; Jaskolski et al., 2009). There are many proteins in the 

postsynaptic density (PSD), such as the transmembrane AMPAR regulatory protein (TARP) family, that 

modulate the synapse by altering the numbers or function of the AMPARs. Stargazin is one of the 

TARPs; it is nonselective and affects membrane insertion of the receptor, its lateral redistribution, as 

well as channel permeability and rectification (Chen et al., 2000; Tomita et al., 2005). Protein interacting 

with C kinase 1 (PICK1) is not from the TARPs family; it interacts mainly with the GluA2 subunit and 

regulates the number of AMPARs by facilitating their endocytosis and inhibiting recycling back to the 

cell membrane. Glutamate receptor-interacting protein (GRIP), on the other hand, facilitates AMPAR 

recycling and stabilizes GluA2-containing ones on the synaptic membrane (Volk et al., 2010).  

 

 

 

 

 

 

 

 

 

Fig. 5: A glutamatergic synapse with mechanisms behind LTD and LTP; 

LTD: The left side of the scheme shows a small neurotransmitter (blue dots) release leading to 

a small Ca2+ influx through NMDARs. Phosphatases PP2B (calcineurin) and PP1 get activated and 

dephosphorylate AMPARs, which leads to their endocytosis and the synapse is thus weakened. LTP: 

During a strong signal transmission (on the right), CaMKII kinase is activated by Ca2+. It 

phosphorylates the AMPARs, strengthening the synapse by AMPARs exocytosis. 

Taken from (Lüscher & Malenka, 2012) 
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3.2.2 Structural long-term plasticity 

The LTP is maintained over time by the enlargement of the dendritic spines. When the AMPARs 

are inserted, the cytoskeleton components in the proximity of the synapse, such as actin filaments, adjust 

to the changes through PSD scaffolding proteins that link them to the AMPARs (Kopec et al., 2006). 

More dendritic spines appear after the induction of LTP. When 30 stimuli with 10-second intervals were 

applied to the presynaptic neuron in the hippocampus, the appearance of a new spine was recorded 

(Engert & Bonhoeffer, 1999). During LTD, dendritic spines shrink or disappear through calcineurin-

dependent pathways (Q. Zhou et al., 2004). A connection between functional and structural plasticity is 

thus an interesting concept for examination (Lüscher & Malenka, 2012). The dendritic spine's specific 

function is biochemical spatial confinement, meaning the neurotransmitter released into the synapse is 

restricted from diffusing. The synaptic current, however, is spreading through surrounding 

compartments (Shoop et al., 2001). 

3.2.3 Pathological changes of long-term plasticity 

Malfunction of LTP or LTD relates to many brain diseases, including Alzheimer’s disease, 

Parkinson’s disease, anxiety disorder, addiction, posttraumatic stress disorder, and depression. As 

mentioned in the chapter about nAChR dysfunction (2.4), plaques from Aβ oligomers are formed during 

Alzheimer's disease. They disrupt LTP, causing conditions similar to LTD. The number of NMDARs is 

also lowered, making it harder to trigger LTP (Kamenetz et al., 2003). The role of LTP and LTD in 

addictive behavior is interesting. The principle is that the neuronal circuits in forebrain areas involved 

in long-term associative memory receive signals from midbrain dopaminergic neurons. In other words, 

addictive drugs such as cocaine or tetrahydrocannabinol (THC) create long-lasting changes in the 

excitatory synapses in the nucleus accumbens (NAc) and ventral tegmental area (VTA), major dopamine 

areas involved in the reward system (Thomas & Malenka, 2003). There is an increase in GluA2-lacking 

AMPARs and a decrease in NMDAR function in VTA. GluA2-lacking AMPARs, often expressed on 

GABAergic neurons, are permeable for Ca2+, so they take up the role of NMDARs, and an alternative 

form of LTP is performed (Mameli & Lüscher, 2011). 
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4. nAChRs and long-term synaptic plasticity 

There is an unquestionable connection between nAChRs and long-term synaptic plasticity. Since 

nAChRs are located pre-synaptically, post-synaptically, and extrasynaptically, there is a wide range of 

ways in which they modulate the glutamatergic or GABAergic synapse and trigger LTP or LTD. nAChRs 

are possible targets for drugs that aim to treat diseases where the synaptic plasticity is impaired (some 

of which were mentioned in previous chapters). nAChRs facilitate the release of various 

neurotransmitters; the biggest focus is on glutamate or GABA; another example is noradrenaline 

(Placzek et al., 2009).  The presynaptic regulation of neurotransmitter release is happening via both 

presynaptic α7* nAChRs and non-α7 nAChRs (usually α4β2*). Non-α7 nAChRs activation causes 

depolarization, which activates voltage-gated calcium channels (VGCC), and the high Ca2+ 

concentration leads to neurotransmitter exocytosis.  The α7* nAChRs tend to be activated by high doses 

of ACh or nicotine; after the activation, the Ca2+ ions directly flow in through the channel, and after a 

certain Ca2+ level, calcium-induced calcium release (CICR) from intracellular stores is activated, 

bringing more Ca2+ into the cytoplasm. That is followed by Ca2+/calmodulin kinase (CaMKII) activation, 

which maintains the glutamate release running longer (Dickinson et al., 2008; Mansvelder et al., 2009). 

The postsynaptic nAChRs trigger signaling cascades and gene transcription by Ca2+ influx and cell 

depolarization. The depolarization relieves the Mg2+ block of the NMDARs, enabling more Ca2+ influx 

(Dani & Bertrand, 2007). Thanks to the combination of presynaptic facilitation of neurotransmitter 

release and postsynaptic stimulation, nAChRs can create the synchronicity that starts and modulates the 

direction and duration of the long-term synaptic plasticity (Ge & Dani, 2005; Ji et al., 2001).  

nAChRs function is essential in many brain areas, including the VTA, hippocampus, striatum, 

prefrontal cortex, and cerebellum (Placzek et al., 2009). Many cholinergic projections into the 

hippocampus come from the cholinergic nuclei in the basal forebrain, like the diagonal band of Broca, 

medial septum, etc. And cholinergic transmissions were observed in a variety of cell types (pyramidal 

cells, granule cells, interneurons…) (Ge & Dani, 2005).  
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4.1 In vitro studies on the nAChRs' role in the control of synaptic plasticity  

Several studies have examined the effects of chemical stimulation through the nAChRs on the 

potentiation of the synapses in primary neuron cell cultures. The advantages of this approach are the 

possibility to modulate specific molecular pathways, the control over experimental conditions, the 

reduction of animal use, and, nowadays, even the possibility to isolate single cell types (Meijer et al., 

2019). Still, the outcomes may differ from the in vivo system experiments because of the differences in 

cell maturation, cellular physiology, and overall complexity of the whole brain (McKay et al., 2007). 

The studies in this section looked at rat (or mouse) hippocampal cultures. They are of an older date, but 

they clearly illustrate common approaches in in vitro experiments and bring in interesting findings (Hu, 

2002; Radcliffe & Dani, 1998). 

The study by Kristofer Radcliffe and John Dani (Radcliffe & Dani, 1998) examined the 

glutamatergic synaptic enhancement by stimulation of presynaptic α7*-nAChRs and the two types of 

nicotine-evoked synaptic currents differing in time scale (second-scale enhancement and minute-scale 

enhancement) in the rat hippocampal neurons. The cultures were prepared from hippocampal cells of 

Fig. 6: Brain areas often studied in relation to synaptic plasticity and nicotine addiction; 

The most prevalent nAChR subtypes in the areas (prefrontal cortex (PFC), VTA, NAc, 

hippocampus, and amygdala) are shown with glutamatergic (green), GABAergic (red), and 

dopaminergic (blue) connections between them. The connections underlie addictive behavior.  

Taken from (Feduccia et al., 2012) 
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Sprague Dawley rats less than 3 days old. The experiments took place between days 15 and 25 of the 

incubation period. The whole-cell patch-clamp recording method was used for electrophysiological 

measurements: Five nicotine rapid doses with 8.5-second intervals were applied to the external solution 

to heighten the frequency of miniature excitatory postsynaptic currents (mEPSCs) in the postsynaptic 

cells. The different time scales helped to distinguish between the nicotine-evoked currents. The second-

scale mEPSC frequency enhancement had a big outburst right after the nicotine application and then, as 

the name suggests, lasted for seconds (see Fig.7; A). The minute-scale enhancement in mEPSC 

frequency lasted long after the nicotine was washed off due to calcium-dependent mechanisms (see 

Fig.7; B). To measure only the effects triggered by nAChRs, the following receptor blockers were used: 

GABAergic inhibitor picrotoxin, NMDAR inhibitor (2R)-amino-5-phosphonovaleric acid (AP-5), and 

AMPAR inhibitor cyanquixaline (CNQX).  

The second-scale enhancement arises with nAChRs opening and fast Ca2+ influx. Fast 

desensitization and kinetics of the nAChRs indicate that it is mostly an α7*-nAChR subtype, also proved 

by inhibition by selective α7*-nAChR antagonists α-BTX methyllycaconitine (MLA) (see Fig.7; A). 

The main role of α7*-nAChRs in the minute-scale enhancement was confirmed in the same way (see 

Fig.7; B). The importance of extracellular calcium was shown when there were no changes in mEPSCs 

frequency in an environment without Ca2+. Surprisingly, the presence of a short-scale enhancement was 

not necessary to trigger the minute-scale enhancement; only strong stimulation was needed. And the 

reason why the minute-scale enhancement of the EPSCs frequency could last so long even after the 

nicotine washout is that the Ca2+ ions act as second messengers, acting on molecules like calmodulin 

kinase II and modulating the glutamatergic exocytotic activity.  

 

Fig. 7: An α7*-nAChRs-dependent enhancement of mEPSCs; 

A: A second-scale enhancement (the first solid bar); α7*-nAChRs inhibitor MLA (0,5 nM) was 

added (the second solid bar) and blocked the nicotine-induced currents and the following mEPSCs. 

B: A minute-scale enhancement: A nicotinic stimulation during an MLA inhibition – no enhancement 

observed (the first arrow); A nicotinic stimulation and an increase in mEPSC frequency after an MLA 

washout (the second arrow). Both currents show distinct changes in frequency but not in amplitude.  

Taken from (Radcliffe & Dani, 1998) 
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To sum up, the study confirmed the importance of α7*- nAChRs and suggests that it is mostly 

the presynaptic α7*-nAChRs that trigger the rise in frequency of mEPSCs. The rise in mEPSC frequency 

means the neurotransmitter is released from the vesicles more often because of the presynaptic Ca2+ 

concentration. No change in amplitude suggests the postsynaptic receptors (such as AMPARs or 

NMDARs) were not influenced by the nicotinic stimulation. All these findings indicate that the 

presynaptic nAChRs (mainly α7* but not only) induce synaptic potentiation by triggering calcium-

dependent mechanisms and that the density and distribution of the presynaptic nAChRs influence the 

strength and type of synaptic modification (Radcliffe & Dani, 1998).  

The nAChR modulation of synaptic plasticity is happening on many levels, including gene 

transcription. Nicotine activates transcription in neurons and modulates their function, as shown in 

differentiated PC12 cells. Shortly after a nAChR stimulation and the required influx of extracellular 

Ca2+, c-fos factor and actin genes were transcribed. c-fos works as a transcription factor that, in 

combination with other proteins, regulates genes responsible for structural changes on synapses; it is 

also involved in LTP and LTD (Greenberg et al., 1986). In a different experiment (Hu, 2002), 1 μM 

nicotine was applied for 25 min to cultures of hippocampal neurons, which led to the activation of a 

transcriptional factor called cAMP response element binding (CREB), which activates the c-fos gene. 

CaMKII/IV and MAP kinases, as well as intracellular influx of Ca2+, are needed for the process. That 

raises the levels of phosphorylated CREB, which is involved in many forms of memory, learning, and 

plasticity (Mizuno & Giese, 2005). CREB levels remain raised for at least one hour after the stimulation. 

If glutamate receptors are blocked, the levels of CREB reach only half of the standard levels. This 

finding leads to an assumption that presynaptic glutamate release and postsynaptic gene transcription, 

both mediated by nAChRs, act together to create long-term changes on the synapses (Hu, 2002).  

4.2 Ex vivo studies on the nAChRs' role in the control of synaptic plasticity  

Ex vivo studies mentioned in this section mostly used brain slices since it is a common method 

in neurobiological research. The only disadvantage of ex vivo experiments compared to in vivo 

experiments is that ex vivo systems often cannot replicate the full complexity of synaptic networks (they 

lack long-range connections, etc.) (McKay et al., 2007). Most experiments mentioned use rodent brain 

slices and are often performed in the hippocampal area, but because it is a widespread procedure, many 

experiments have focused on other brain areas (Jiang & Role, 2008; Lucente et al., 2023). Moreover, 

experiments that studied human brains can also be found (using, for example, biopsy or autopsy 

samples), but in lesser numbers (Alkondon et al., 2000). The most common processes after the brain 

slice preparation are electrophysiological recordings, such as patch-clamp recording or field-potential 

recording (Ge & Dani, 2005; Yamazaki et al., 2005). Calcium imaging or optogenetics are other 

techniques (Renault et al., 2015). During the recordings, the addition of neuromodulators or the 

induction of currents takes place (Ge & Dani, 2005).  
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A study by Sakura Nakauchi and Katumi Sumikawa (Nakauchi & Sumikawa, 2012) described 

the differences between how nicotine and ACh act on α7- and β2-containing nAChRs and induce LTP.  

Transverse hippocampal slices (375–400 μm) from 4-6 weeks old C57BL/6J mice with the knockout of 

α7 or β2 nicotinic subunit were used. Extracellular field recordings, whole-cell recordings, and optical 

recordings were performed. First, strong theta-burst stimulation (TBS) (subthreshold for LTP induction) 

was applied to Schaffer collateral projections in the hippocampus and showed a similar LTP induction 

pattern in wild-type mice and α7- and β2- knockout mice. Then, weak TBS was applied to Schaffer 

collateral projections in the hippocampus. It stimulated the endogenous ACh release, which activated 

α7-nAChRs, leading to LTP.  Non-α7 nAChRs were not involved, as proved by the application of α7-

antagonist MLA and β2-antagonist dihydro-β-erythroidine (DhβE). However, non-α7 nAChRs 

promoted LTP induction when a nicotine bath was applied beforehand.  The importance of the β2 subunit 

was proved when β2-KO mice were used, and the nicotine bath had no effect, while with α7-KO mice, 

LTP was normally induced (see Fig.8).  

 

Fig. 8: Nicotine-induced facilitation of LTP induction on WT, α7-KO and β2-KO mice 

 A: A weak TBS (arrow) induced LTP in both α7-KO and WT mice when nicotine was applied 

beforehand. Control measurements were carried out. B: A weak TBS (arrow) induced LTP only in WT 

mice, but not in β2-KO mice. Though, the β2 knockout only has effect on long-term plasticity, not 

synaptic transmission and short-term synaptic plasticity. Control measurements were carried out. The 

diagrams on the right show the percentage change in the slope of field EPSPs recorded 40–50 minutes 

after the weak TBS. 

Taken from (Nakauchi & Sumikawa, 2012)  

. 

https://pubmed.ncbi.nlm.nih.gov/?term=%22Nakauchi%20S%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Sumikawa%20K%22%5BAuthor%5D
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An optical recording with a voltage-sensitive dye was then used to detect the excitatory activity 

evoked by single stimulation associated with the application of nicotine. It revealed that the nicotine 

application enhanced the EPSPs in both wild-type and α7-KO mice but not in β2-KO mice. That suggests 

that only the β2-containing nAChRs are needed for the facilitation of the LTP induction by nicotine.  

To sum up, the endogenous ACh triggers LTP through α7 nAChRs by common mechanisms 

(increasing the glutamate release via presynaptic α7 nAChRs and activation of postsynaptic α7 nAChRs 

leading to the Mg2+ block relief and additional Ca2+ influx), which probably contribute to better cognitive 

function. α7 nAChRs are also highly expressed in GABAergic neurons in the hippocampus, but it is 

unlikely that they contribute to the ACh-triggered LTP. The exogenous nicotine triggers LTP through 

β2-containing nAChRs in two ways: circuit-specific disinhibition of pyramidal neurons and mAChR 

activation by nicotine-induced ACh release. Both of these ways promote NMDAR activity (Nakauchi 

& Sumikawa, 2012). Even though α7 nAChRs are often quickly desensitized by the presence of nicotine, 

the study showed that some might remain active and be able to become activated by endogenous ACh. 

It is unclear which β2-containing nAChR subtype is triggering the nicotine-mediated LTP. The α4β2* 

nAChRs have the highest affinity for nicotine (Flores et al., 1992), but the expression of α4 subunit 

mRNA is low in the hippocampus (Son & Winzer-Serhan, 2008). A circuitry-dependent mechanism that 

induces LTP after a nicotine application is absent in α2-KO mice (Nakauchi et al., 2007), which indicates 

the possible role of an α2β2* nAChR subtype. Moreover, the role of α7β2 heteromers is also discussed, 

because α7 and β2 subunit mRNAs are the most abundant in the hippocampus (Son & Winzer-Serhan, 

2008). However, because the α7- and β2 nAChRs trigger the LTP differently, they probably are not the 

major nAChR subtype triggering LTP in the CA1 region (Nakauchi & Sumikawa, 2012).    

Another study by the same authors (Nakauchi & Sumikawa, 2014) focused on the α7*- and 

α4β2*-nAChRs role in LTD and used wild-type and α2, α7, and β2 knockout (KO) mice. During an 

LTD-inducing stimulation in the hippocampal area, α7*-nAChRs became activated and triggered a 

feedback reaction that suppressed the LTD induction. When nicotine was applied, its effect overcame 

the suppression, and the LTD became even higher. The nicotine acts through α4β2*-nAChRs, but 

endogenous α7*-nAChRs must be activated as well. That was proven by the application of non-selective 

mecamylamine and α4β2*-selective DHβE when only mecamylamine blocked the effect. (Nakauchi & 

Sumikawa, 2014).  

A study on the hippocampus of C57Bl/6 mice, specifically on the Schaffer collateral synapse, 

was carried out by Shaoyu Ge and John Dani (Ge & Dani, 2005). It examined how the time window 

between ACh-induced AP and mild electrical stimulation (in this order) influenced LTP. When the time 

window was > 1 and <5 s, the stimulation boosted STP to LTP. With a time window < 1s, the STP 

changed into LTD. And no change in STP was visible with a time window >6 s or when the ACh 
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induction happened >1 s after the electric stimulation. The study thus shows that the timing of the 

stimulation is of crucial importance (Ge & Dani, 2005). 

Nicotinic activity is also a significant modulator and regulator in brain circuits. A great example 

is nAChRs in GABAergic interneurons, which modulate CA1 pyramidal neurons. The interneurons 

either induce GABAA receptor activity and inhibit the pyramidal neurons or disinhibit the pyramidal 

neurons by inhibiting other interneurons, thus enabling LTP induction. The nicotinic activation of a 

single interneuron can influence the overall activity of the synapse (Ji & Dani, 2000). That means a local 

regulation through nAChRs is possible (Ji et al., 2001). α7-nAChRs are expressed very frequently on 

GABAergic neurons in the hippocampus and are thought to enhance the response of specific GABAergic 

synapses. Different α7-nAChR agonists act on the nAChRs, enhance the excitability of interneurons, 

and promote LTP and many associated functions like cognition. GABAergic enhancement of LTP might 

sound counterintuitive, but a study by Matthew Townsend and the collective confirms it and explains it 

by mechanisms on the circuit level (Townsend et al., 2016).  

The previous strength of the synapses is also a crucial factor in the way nAChRs influence 

synaptic plasticity, as experiments by Laura Maggi and the collective proved. Immature rat brain 

hippocampal slices were exposed to a nicotine bath. The strong synapses with a high probability of 

glutamate release were depressed, while the synapses with a low glutamate release were potentiated by 

nicotine (Maggi et al., 2003, 2004).  

Most of the research connecting nAChRs and synaptic plasticity is on α7*- and α4β2*-nAChRs, 

which are also most abundant in the areas of focus. Little information is available about other nAChR 

subtypes. A Ca2+ influx through α3β4* nAChRs in autonomic ganglions influences synaptic plasticity 

(K.-S. Park et al., 2006). The α3β4* nAChRs are also less affected by Aβ in Alzheimer’s disease 

compared to α7* and α4β2* subtypes (Roberts et al., 2021). 

4.3 In vivo studies on the nAChRs' role in the control of synaptic plasticity  

Studies carried out in vivo offer an integration of the acquired knowledge in the whole system, 

where no network connections or cell physiology changes are present compared to in vitro (McKay et 

al., 2007). Some of the common approaches in in vivo studies on synaptic plasticity are 

electrophysiological recordings, observation of behaviour, or imaging (Nashmi et al., 2007; Zhang et 

al., 2016).  

A study by Ji-chun Zhang and the collective used a different approach than electrophysiologic 

recordings to examine nAChRs' connection with synaptic plasticity (Zhang et al., 2016). It focused on 

the role of α7 nAChRs in depression-like behaviour using α7 nAChR KO mice that often show a 

depression-like phenotype. 2-3 months old C57Bl/6 KO and WT mice were used for different 

recordings: Behavioral tests, the dexamethasone suppression test, and tests for inflammation. A western 

https://journals.physiology.org/doi/full/10.1152/jn.00243.2016
https://pubmed.ncbi.nlm.nih.gov/?term=%22Zhang%20JC%22%5BAuthor%5D
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blot analysis was used to measure the levels of brain-derived neurotrophic factor (BDNF) and 

inflammatory cytokines (TNF-α and IL-1β). Golgi staining was used to determine the change in 

dendritic spine density. The examined brain areas were the hippocampus, PFC, and NAc.   

The results of behavioral tests and others indicated a depression-like phenotype in the α7-KO 

mice. The levels of inflammatory cytokines were higher in the α7-KO mice. The levels of BDNF were 

significantly higher in KO mice than in WT mice in the NAc area, while in other areas, the levels 

remained the same.  BDNF and its receptor tropomyosin-receptor-kinase B (TrkB) are tightly connected 

with depression, although they act differently in different brain areas. BDNF is thought to trigger a 

depression-like phenotype in the VTA–NAc pathway. However, in the hippocampus and PFC, its effects 

resemble antidepressants, and it supports the formation of synaptic plasticity  (Zhang et al., 2015). A 

TrkB antagonist, ANA-12, was systemically administered in KO mice, and it turned out to have 

antidepressant effects and to normalize the increased synaptogenesis rate in NAc. The same thing 

happened during a bilateral infusion of ANA-12 directly into NAc, suggesting it is a key area. When 

determining the change in dendritic spine density, NAc was again the only area with a significant 

difference between KO and WT mice. The KO mice had a higher density of dendritic spines in NAc 

compared to WT mice.  

 

 

 

 

 

 

 

All the findings of this study show that the α7 nAChR KO mice's depression-like phenotype is 

influenced by inflammation, a rise in BDNF-TrkB signaling, and higher dendritic spine density, but only 

in the NAc area. The connection between inflammation and BDNF is not clear yet, but the authors of 

the study suggest that inflammation raises the levels of BDNF in NAc (Zhang et al., 2016). Although 

A B 

Fig.9: A dendritic spine density in PFC and NAc; 

 A: Prelimbic and infralimbic regions of medial PFC show a slight decrease in dendritic spine 

density in KO mice compared to WT mice. B: Shell and core regions of NAc show a significant increase 

in dendritic spine density in KO mice compared to WT mice. 

Taken from (Zhang et al., 2016) 
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there was no or insignificant rise in the density of dendritic spines observed in the hippocampus in this 

study, a different study by B. Morley and R. Mervis describes an alteration of dendritic spines in the 

basal CA1 basal dendrites, where some types of spines increase and some decrease, so the plasticity 

overall increased. The authors connect the α7 knockout with cognitive and attention deficits and 

impaired learning and memory, often observed in syndromes like Alzheimer’s disease (Morley et al., 

2018). Clinical depression is often connected with impaired synaptic plasticity and decreased synaptic 

density in areas like the hippocampus and PFC (Qiao et al., 2016). On the contrary, areas like NAc show 

an increased synaptic density, which shows the mechanisms behind depression are complex and area-

specific (Zhang et al., 2016).  

Unlike in ex vivo or in vitro, during in vivo experiments, a tetanization of afferent inputs when 

STP is boosted to LTP by nicotine is not needed. This is shown in an experiment by Shogo Matsuyama 

and the collective (Matsuyama et al., 2000) that targeted perforant path-dentate gyrus synapses 

in anesthetized mice. A dose of 3.0 mg/kg nicotine was injected intraperitoneally and caused a stable 

LTP-like increase lasting for around 120 minutes. A nicotine dose of 9.0 mg/kg caused a temporary 

increase and subsequent depression, probably caused by nAChRs desensitization. The LTP can also be 

triggered by an α7*-nAChR selective agonist, choline, or a β2* selective agonist, epibatidine, only to a 

smaller extent. That implies that multiple nAChR subtypes are needed for LTP to be triggered. An 

inhibition by non-selective mecamylamine injected before the nicotine application proved that nAChRs 

are needed to trigger LTP. Interestingly, when mecamylamine was injected after nicotine stimulation or 

high-frequency stimulation, the LTP was not blocked. That is possible proof that only the induction of 

LTP and not its expression or maintenance is dependent on nAChR activation (Matsuyama et al., 2000).  

An experiment by Raad Nashmi and the collective using transgenic mice showed that a chronic 

nicotinic stimulation upregulated the expression of the fluorescently tagged α4 nAChR subunit of the 

medial perforant part to the dentate gyrus and in the midbrain. When chronic stimulation was combined 

with acute stimulation, there was an enhancement in LTP. The study showed two effects of chronic 

nicotine: it sensitizes synaptic transmission in the forebrain and raises the tolerance to dopaminergic 

neuron firing in the midbrain. Not only are the α4-nAChRs in excitatory pathways upregulated, but also 

the α4-nAChRs in inhibitory pathways on GABAergic neurons of the ventral midbrain. That means 

there is less nicotine-enhanced dopamine release, probably connected with nicotine tolerance (Nashmi 

et al., 2007).  

 

 

 

 

 

https://pubmed.ncbi.nlm.nih.gov/?term=%22Morley%20BJ%22%5BAuthor%5D
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5. Conclusion 

This work aimed to describe the role of individual nAChR subtypes in influencing long-term 

synaptic plasticity. The understanding of the mechanisms behind nAChR's control of synaptic plasticity 

is crucial for the development of drugs for diseases associated with dysfunction of synaptic plasticity 

and for understanding the mechanisms behind addiction (McKay et al., 2007). Most of the research on 

the topic is conducted in the hippocampus because it is a center for learning and memory, large-scale 

correlates for synaptic modulation, and long-term synaptic changes. Less frequent was research on the 

nucleus accumbens, ventral tegmental area, dorsal striatum, and other areas (Placzek et al., 2009; Zhang 

et al., 2016). The most abundant nAChR subtypes in nearly all brain regions are α7* and α4β2* nAChRs, 

and this work focused primarily on them. α7*nAChRs are very frequent on GABAergic neurons in the 

hippocampus (Zhang et al., 2016), but both subtypes are frequent on GABAergic interneurons as well 

as on glutamatergic neurons. α7* nAChRs have a low affinity for nicotine and are involved in cognitive 

processes (Townsend et al., 2016). α4β2* nAChRs are sensitive to both ACh and nicotine and affect 

cognitive processes and addiction (Ramachandran Nair & Liu, 2019). Some studies included α4β2*-

nAChRs under a wider non-α7 nAChRs group (Nakauchi & Sumikawa, 2012).  

The nicotinic acetylcholine receptors modulate synaptic plasticity through many different 

mechanisms. Presynaptic nAChRs enable the neurotransmitter release by depolarization and the Ca2+ 

influx. The postsynaptic nAChRs increase the Ca2+ influx and depolarization, which activates NMDA 

receptors (Dani & Bertrand, 2007; Shen & Yakel, 2009). nAChRs also mediate changes in gene 

transcription and are responsible for structural remodeling of the synapses (Hu, 2002). Moreover, the 

findings about different types of synapses (GABAergic, glutamatergic) embedded in the complexity of 

neural circuits always reveal something new about the nAChRs' role in synaptic plasticity. The different 

nAChR expression patterns in all brain areas and cell types make the cholinergic modulation very 

complex and specific (Obermayer et al., 2017). Another interesting aspect that many studies explored 

and confirmed is the hypothesis that the timing of the receptor stimulation and the location of nAChRs 

(the cell type, subcellular location, or brain area) decide if an LTP, LTD, or no response is going to 

emerge (Placzek et al., 2009).  

Because of the page limitation, this work could not cover more knowledge about the topic and 

only touched on some interesting areas. Some of the topics worth further interest are the role of nAChRs 

in early postnatal development, the role of postsynaptic nAChRs in long-term plasticity induction, the 

role of extrasynaptic nAChRs in long-term plasticity induction, and many more.  
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