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MUSCARINIC RECEPTORS, FROM SYNAPTIC PLASTICITY TO
ITS ROLE IN NETWORK ACTIVITY.

Fernandez de Sevilla D, Nufiez A and Bufio W. (Review Atrticle)

This article is part of a Special Issue entitled: Metabotropic Regulation of Synaptic
10 Plasticity
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14 ABSTRACT

Acetylcholine acting via metabotropic receptors plays a key role in
19 learning and memory by regulating synaptic plasticity and circuit activity.
o1 However, a recent overall view of the effects of muscarinic acetylcholine
23 receptors (MAChRs) on excitatory and inhibitory long-term synaptic
25 plasticity and on circuit activity is lacking. This review focusses on specific
27 aspects of the regulation of synaptic plasticity and circuit activity by
29 MAChRs in the hippocampus and cortex. Acetylcholine increases the
31 excitability of pyramidal neurons, facilitating the generation of dendritic
Ca?*-spikes, NMDA-spikes and action potential bursts which provide the
36 main source of Ca?" influx necessary to induce synaptic plasticity. The
38 activation of mMAChRs induced Ca?* release from intracellular IPs-sensitive
40 stores is a major player in the induction of a NMDA independent long-term
42 potentiation (LTP) caused by an increased expression of AMPA receptors in
44 hippocampal pyramidal neuron dendritic spines. In the neocortex, activation
46 of mAChRs also induces a long-term enhancement of excitatory postsynaptic
48 currents. In addition to effects on excitatory synapses, a single brief
51 activation of mAChRs together with short repeated membrane depolarization
53 can induce a long-term enhancement of GABA A type (GABAA) inhibition
55 through an increased expression of GABAA receptors in hippocampal
57 pyramidal neurons. By contrast, a long term depression of GABAA

59 inhibition (iLTD) is induced by muscarinic receptor activation in the absence
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of postsynaptic depolarizations. This ILTD is caused by an
endocannabinoid-mediated presynaptic inhibition that reduces the GABA
release probability at the terminals of inhibitory interneurons. This
bidirectional long-term plasticity of inhibition may dynamically regulate the
excitatory/inhibitory balance depending on the quiescent or active state of
the postsynaptic pyramidal neurons.

Therefore, acetylcholine can induce varied effects on neuronal activity
and circuit behavior that can enhance sensory detection and processing
through the modification of circuit activity leading to learning, memory and

behavior.

KEYWORDS
Long term potentiation; Calcium spikes; NMDA-spikes; Calcium stores;

Enhanced inhibition; Rhythmic activity.

INTRODUCTION

The cholinergic regulation of hippocampal and cortical activity plays
a fundamental role in cognitive functions linked with learning and memory
(Himmelheber et al., 2000). Acetylcholine (ACh) muscarinic receptors
(mAChRs) and nicotinic receptors (nAChRs) can induce plasticity at
excitatory and inhibitory synapses and are essential in learning and memory
processes. Indeed, lesions of the cholinergic projections from the septum to
the hippocampus produce memory and attention deficits and disrupt the
normal execution of complex behaviors (Buno and Velluti, 1977).

Cholinergic afferents are distributed at high density throughout all
layers of the neocortex in mice and rat, with particularly high densities in
cortical layers 1, 5 and 6 (Radnikow and Feldmeyer, 2018). Neurons within
the medial septum and nucleus of the vertical limb of the diagonal band

provide the major cholinergic innervation of the hippocampus (Haam and
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Yakel, 2017). Of the mAChRs family mainly M1, M2 and M4 are expressed
in the neocortex, although M4 has a considerable lower expression. M1, M2,
M3 and M4 mAChRs are expressed in the hippocampus. In the rodent
neocortex, immunoreactive staining of mAChRs shows a strong laminar
pattern (Levey et al., 1991). M1 mAChR immuno-reactivity is present in
most cortical neurons and particularly dense in layer 2/3 and layer 6. M2
protein is dense in layer 4 and in the border of layer 5/6. M4 mAChR
immunoreactivity is localized in layer 2/3, layer 4 and layer 5. In the human
neocortex, highest densities of M1, M2 and M3 mAChRs is observed in
superficial layers of most cortical (\Vanderheyden et al., 1990, Scarr et al.,
2016, Obermayer et al., 2017).

MAChR activation can lead to a broad range of actions. It mediates
hyperpolarization, depolarization or combinations of both, increases
neuronal excitability and decreases spike-frequency adaptation. All these
effects add with the mAChR mediated enhancement of excitatory synaptic
responses and assists long-term potentiation (LTP) of glutamatergic synaptic
transmission both in the cortex and hippocampus and of GABAergic
inhibition in the (Oldford and Castro-Alamancos, 2003, Fernandez de Sevilla
and Buno, 2010, Barros-Zulaica et al., 2014, Dominguez et al., 2014, 2016,
2017). The aim of the present review is to analyze the effects mediated by
the activation of mMAChRs on both excitatory and inhibitory synaptic
transmission and its role in the regulation of circuit activity in the

hippocampus and cortex.

REGULATION OF GLUTAMATERGIC SYNAPTIC PLASTICITY
BY mAChR

This section considers recent findings on glutamatergic synaptic
plasticity mediated by the activation of metabotropic cholinergic receptors

in pyramidal cells of hippocampus and cortex. These cholinergic effects can
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be generated both via pre- or postsynaptic mechanisms.

Presynaptically, Excitatory synapses between CA3 and CAl
pyramidal neurons are presynaptically inhibited by ACh; via activation of
MAChRs (Hounsgaard, 1978, Fernandez de Sevilla et al., 2002, Fernandez
de Sevilla and Buno, 2003). In hippocampal slices of juvenile rats this effect
Is mediated by a reduction of glutamate release at the terminals of SCs (Buno
et al., 2006, Cabezas and Buno, 2006, 2011), caused by the inhibition of
voltage-gated Ca?* channels (VGCC) via a G-protein-coupled signaling
pathway (Qian and Saggau, 1997). This presynaptic inhibition is absent in a
special type of synapses in the hippocampus of young rats called silent
synapses, as demonstrated by in vitro recordings of synaptic currents evoked
in CAl pyramidal by ‘minimal’ stimulation of SCs, which activates one or
very few synapses (Fernandez de Sevilla et al., 2002, Cabezas and Buno,
2006, 2011). Newly created synapses only express NMDA receptors
(NMDARSs) and are silent because they do not conduct at the resting
membrane potential and only transmit when the postsynaptic neuron is
depolarized, relieving the voltage-dependent block by extracellular
magnesium of NMDARs. When synapses also expressing AMPA receptors
(AMPARS) develop with synapse maturation, synapses conduct irrespective
of the membrane potential of the postsynaptic neuron, becoming functional.
Activation of mMAChRSs reduces the probability of glutamate release from the
presynaptic terminals of functional but not of silent synapses, causing a
selective maturation-dependent regulation of the non-NMDA mediated
synaptic transmission (Liao et al., 1995, Gasparini et al., 2000, Fernandez de
Sevilla et al., 2002, Cabezas and Buno, 2006, 2011)

Therefore, terminals of functional synapses have the molecular
machinery required for the presynaptic inhibition, whereas this machinery is
absent in terminals of silent synapses. In this scenario, cholinergic input

could disconnect mature functional synapses while favoring transmission
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through immature silent synapses, thus facilitating activity-dependent plastic
phenomena mediated via NMDAR activation at silent synapses.

Postsynaptically, mAChR activation inhibits several potassium
channels increasing the input resistance and depolarizing neurons (Dutar and
Nicoll, 1988). M1 and M3 mAChRs are coupled to phospholipase C (PLC)
via G-proteins (Gg/11). The activation of PLC catalyzes the
phosphatidylinositol 4, 5- bisphosphate hydrolysis and inositol 1,4,5-
trisphosphate (IP3) and diacylglycerol are produced (Abe et al., 1992,
Burford et al., 1995, Ishii and Kurachi, 2006). IPs receptor (IPsR) activation
induces Ca?* release from endoplasmic reticulum (ER) stores (Rose and
Konnerth, 2001). It has been shown that M1 and M3 mAChR activation
triggers the production of IP; and Ca?* release from the ER in CA1l
pyramidal neurons, resulting in LTP at SC synapses, which is also induced
by intracellular 1P uncaging. A Ca?* wave that rapidly propagates along the
apical dendritic shaft towards the soma of pyramidal neurons characterizes
the ACh-mediated Ca?* release from the ER (Fernandez de Sevilla et al.,
2008, Fernandez de Sevilla and Buno, 2010). This LTP is NMDAR
independent and is expressed postsynaptically by an increase of AMPARS in
spines and an enhanced NMDA response. Both AMPA- and NMDA-
response enhancements follow a similar time course. Theoretically, the
enhanced NMDAR-mediated transmission could lead to strong
depolarization and Ca?* influx, reducing the threshold and increasing the
magnitude of LTP. However, in older animals, mAChR activation induces a
robust NMDAR-dependent strengthening of glutamatergic synapses in CA1
pyramidal neurons (Dennis et al., 2016).

Activation of mAChRs can induce transient Ca®* elevations in CA1
astrocytes in hippocampal slices (Araque et al., 2002). This Ca?* rise can
induce glutamate release to produce LTP in vivo by acting at the presynaptic
terminal of the CA3-CAl synapses (Navarrete et al., 2012). This LTP
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requires the temporal coincidence of the astrocyte Ca?* rise and a mild
postsynaptic depolarization, suggesting a retrograde signaling from the
postsynaptic neuron to induce the presynaptic expression of LTP (see Araque
et al. in this Issue). Thus, several forms of LTP can be induced by mAChR
activation depending on brain maturation (Figure 1).

In layer 5 pyramidal neurons of the barrel cortex ACh acting through
NAChRs and M1 subtype mAChRs induces LTP, of excitatory postsynaptic
currents and through nAChRs and M2 subtype mAChRs receptors reduces
inhibitory postsynaptic currents in slices (Nunez et al., 2012). These effects
increase excitability and contribute to the generation of Ca?* spikes when
inputs in basal dendrites of layer 5 pyramidal neurons are stimulated. In
addition, the release of ACh by basal forebrain stimulation in vivo induces
an long-lasting enhancement in the response to vibrissa deflection of layer 5
barrel cortex neurons (Diez-Garcia et al., 2017). Therefore, ACh increases
the excitatory/inhibitory balance and induces a switch of the synaptic
responses from single spikes to a bursting output mode; effects with possible
consequences for plastic properties and sensory processing (Sanchez-Vives
and McCormick, 2000, Rigas and Castro-Alamancos, 2009, Nunez et al.,
2012).

Slow dendritic spikes and synaptic plasticity. Due to their complex
geometries and electrical properties, dendrites of pyramidal hippocampal
and cortical neurons can perform complicated operations with their synaptic
inputs (Golding et al., 2002). Synaptic inputs can trigger dendritic responses
due to activation of VGCC termed dendritic Ca?* spikes (Hausser et al.,
2000, Bonansco et al., 2002, Nunez et al., 2012). Another important source
of Ca?" is caused by the synaptic activation of NMDARSs, which due to their
Ca?* permeability and voltage-dependent properties can also trigger slow
active dendritic responses termed NMDA-spikes (Schiller and Schiller,
2001, Bonansco and Buno, 2003, Nunez et al., 2012). Both dendritic Ca?*-
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spikes and NMDA-spikes are of crucial importance because they provide the
main source of Ca?* influx necessary to induce synaptic plasticity. Ca?*- and
NMDA-spikes can remain confined to the dendritic branch in which they are
generated, or can trigger widespread activity. While both local and global
forms of dendritic computations have been observed in vitro and in vivo
(Goldberg and Yuste, 2005, Beaulieu-Laroche et al., 2019), it is not clear
how they contribute to circuit activity and synaptic plasticity.

Activation of excitatory synaptic inputs can trigger dendritic Ca?*- and
NMDA-spikes and action potential bursts in vitro both in hippocampal and
cortical pyramidal neurons when inhibition is reduced or when cholinergic
activity is enhanced (Diez-Garcia et al., 2017). Consequently, ACh may
facilitate dendritic Ca?*-mediated responses favoring synaptic plasticity and
modifying circuit activity (see below). In addition, rhythmic NMDA-spikes
can be triggered by tetanic stimulation of Schaffer collaterals and by brief
iontophoretic pulses of NMDA in vitro in hippocampal CAl pyramidal

neurons (Bonansco et al., 2002, Bonansco and Buno, 2003).

REGULATION OF PLASTICITY AT GABAERGIC SYNAPSES BY
MAChHR.

Research on synaptic plasticity has fundamentally focused on LTP and
and long-term depression (LTD) at excitatory synapses on pyramidal cells
of the hippocampus and cortex (in this Special Issue and above). However,
evidence has accumulated indicating that synaptic inhibition is also plastic
and that its regulation is vital given that inhibition controls: plasticity at
excitatory synapses; network operation and; the excitatory/inhibitory
balance; ultimately contributing to information processing and storage
(Galvan et al., 2011, Chiu et al., 2019).

Several types of inhibitory interneurons are present in the

hippocampus and cortex that connect to specific somatic and dendritic
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domains on pyramidal neurons (Bartos and Elgueta, 2012, Bezaire and
Soltesz, 2013, Tremblay et al., 2016, Pelkey et al., 2017, Feldmeyer et al.,
2018). The inhibitory transmitter GABA released by interneurons acts
through several types of postsynaptic GABAAA type receptors (GABAARS).
The GABAARSs responsible for phasic inhibition on pyramidal neurons are
predominantly made up by B> and B3 subunits in combination with receptors
expressing asBd and asPy2 subunits. The presynaptic and extrasynaptic
GABAARs mediating tonic inhibition contain oo and ousfy2 subunits
(Farrant and Nusser, 2005, Brickley and Mody, 2012). In addition, GABAg
receptors are mainly found in presynaptic terminals of inhibitory
interneurons (Misgeld et al., 1995, McBain and Kauer, 2009, Castillo et al.,
2011).

This Review considers recent findings on GABAergic synaptic
plasticity, focusing mainly on the cellular mechanisms that mediate the
cholinergic regulation of LTP and LTD of inhibitory transmission in

pyramidal cells of hippocampus and cortex.

Activity-dependent LTP and LTD of synaptic inhibition. Activity-
dependent synaptic plasticity serves as a mechanism for processing and
storing information and regulating neuronal development. In addition,
changes in the intrinsic properties of neurons can be modified in activity-
dependent manner to enable learning and development. Both presynaptic and
postsynaptic mechanisms may underlie activity-dependent synaptic
plasticity of GABAergic transmission. Presynaptic-mediated plasticity of
GABAA inhibition has been previously extensively reviewed (Misgeld et al.,
1995, McBain and Kauer, 2009, Castillo et al., 2011), therefore, we will
focus on inhibitory plasticity mediated postsynaptically.

Several forms of activity-dependent postsynaptic-mediated inhibitory

plasticity have been reported. Importantly, it has been shown that a lasting
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increase in the activity of pyramidal cells is functionally opposed by an
increased inhibition to bring cellular output back to baseline levels (Chiu et
al., 2019). Presynaptic and mixed presynaptic-postsynaptic causes have also
been shown to mediate this homeostatic process (Gainey and Feldman,
2017).

Long-term facilitation of GABAa inhibition by mAChRs. It has been
shown that in young rats a single brief pulse of ACh or stimulation of
cholinergic septal fibers (CSF) with a brief pulse barrage, combined with
short postsynaptic depolarization repeated throughout the experiment,
induces a long-term enhancement of GABA, inhibition in CA1 pyramidal
neurons of the rat hippocampus (Dominguez et al., 2014, 2016, 2017). This
enhanced inhibition, termed GABAA-LTP, is remarkably fast and strong and
once established persists even after stopping the repeated postsynaptic
depolarization. However, postsynaptic depolarization in the absence of ACh
does not modify IPSPs.

The GABAA-LTP is prevented by pirenzepine, suggesting that
activation M1-suptype mAChRs is required, and is markedly reduced by L-
655,708, an inverse agonist of a.fy,-GABAARS, suggesting that the

GABAA-LTP is mediated by an increased activation of asPy, subunit-
containing GABAARs (Dominguez et al., 2014, 2016). Intracellular loading
with the Ca?* chelator BAPTA inhibits the GABAA-LTP, which is also
prevented by inhibition of L-type VGCC, suggesting that an increase in
cytosolic Ca?* mediated by Ca?* influx through L-type VGCC is required
(Dominguez et al., 2014).

In the absence of postsynaptic depolarization, ACh triggers a
prolonged presynaptic depolarization-induced suppression of inhibition
(DSI). This sustained DSI results in LTD of inhibition (iLTD) that is
prevented by superfusion with AM-251, a specific type 1 endocannabinoid
(eCB) receptor (eCB1R) antagonist/inverse agonist. AM-251 also induced a
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significant increase of the GABAA-LTP, suggesting that ACh triggered the
release of eCBs from the postsynaptic CA1 pyramidal neuron, which caused
the ILTD by retrograde activation CB;Rs at inhibitory interneuron terminals
(Dominguez et al., 2014). Even though iLTD and GABAA-LTP concur, the
smaller iLTD is dominated by the much stronger GABAA-LTP. Taken
together these results suggest that both ACh and membrane depolarization
are prerequisites for the induction of the GABAA-LTP and that ACh is
capable of triggering ILTD in isolation or iLTD and GABAA-LTP jointly in
function of the quiescent or active state, respectively of the postsynaptic
neuron.

G-protein—coupled receptors (GPCRs), are known to trigger LTP of
excitatory synaptic transmission in hippocampal and cortical pyramidal
neurons (this Chapter and (Cohen and Abraham, 1996, Nunez et al., 2012,
Teles-Grilo Ruivo and Mellor, 2013, Dennis et al., 2016)), and could
participate in the induction of the GABAA-LTP. Indeed, blockade of GPCRs
by intracellular loading with GDPS abolished the GABAA-LTP, indicating
that G-protein activation is essential. By contrast, GDPBS loading did not
modify control IPSCs (Dominguez et al., 2014). The strong Ca?* rise
triggered by M1 subtype mAChR activation and by the imposed postsynaptic
depolarization can stimulate PKC, PKA and CAMKII, which have been
shown to be involved in synaptic plasticity (Costa-Mattioli et al., 2009,
Kowalski et al., 2016, Mahajan and Nadkarni, 2019). Blockade of PKA,
PKC and CaMKII inhibited the GABAA-LTP, suggesting that those kinases
contribute to the plasticity of inhibition (Dominguez et al., 2014).

In this scenario, the GABAA-LTP can operate as a homeostatic
negative feedback mechanism to control abnormal hyperexcitable states in
the CA1 network, thereby preventing strong detrimental Ca?* influx (see
below). In addition, the iLTD can facilitate the induction of dendritic Ca*

spikes and NMDA-spikes and action potential bursts, thus favoring the Ca?*
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influx required to induce LTP at excitatory synapses. Theoretically, PKA
activation through Ca?*/calmodulin-stimulated adenylyl cyclase, which is
essential in the genesis of LTP and memory formation (Poser and Storm,
2001), can act as a coincidence detector for the induction of the GABAA-
LTP (Figure 2).

Importantly, the GABAAa-LTP is not modified by imposed

modification of the CI™ gradient nor paralleled by changes in the CI” reversal
potential (Dominguez et al., 2014, 2016), as occurs in other forms of
potentiation of GABAA synapses (Woodin et al., 2003, Rivera et al., 2004),

suggesting that changes in the intracellular CI~ concentration do not
contribute to the GABAA-LTP.

The temporal progression of the GABAA-LTP is matched by a
decreased IPSC decay slope, an increased tonic GABA current, strong
outward rectification and is markedly reduced by L-655,708, suggesting that
the GABAA-LTP is caused by a rapid increase in the number of asPy,-
GABARs activated by the GABA released (Dominguez et al., 2014, 2016,
2017). An alternative possibility is that more extrasynaptic ospy,-GABAARS
are activated by GABA “spillover”. Although a direct demonstration of
GABA spillover has not been provided, it appears unlikely (Dominguez et
al., 2014).

Schaffer collateral stimulation can trigger GABA release from both
cholecystokinin positive (CCK*) and parvalbumin positive (PVY)
interneuron terminals (Bartos and Elgueta, 2012, Bezaire and Soltesz, 2013,
Tremblay et al., 2016, Pelkey et al., 2017, Feldmeyer et al., 2018). CCK"
interneurons innervate the proximal dendritic regions of pyramidal neurons
in the hippocampus where aspy.-GABAARS are concentrated (Serwanski et
al., 2006) and PV" cells innervate the somatic regions of those cells and show

precise synchronous release (Savanthrapadian et al., 2014). Superfusion of
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w-conotoxin GVIA, that specifically inhibit GABA release from CCK*
interneurons, or w-agatoxin, which specifically inhibits GABA release from
PV* interneurons (Hefft and Jonas, 2005), reduced the GABAA-LTP,
suggesting that both interneuron types contribute to the inhibitory synaptic
plasticity (Dominguez et al., 2014).

Functional consequences: regulation of the excitatory/inhibitory
balance. As mentioned above, synaptic plasticity is thought to be essential
for learning and memory processes, but plasticity of a given input must be
coordinated with other synapses to conserve the excitatory/inhibitory
balance in the circuit. If LTP is induced the increased excitation might
unbalance the relationship between excitation and inhibition leading to
abnormal hyperexcitable states and detrimental Ca?* influx. Although this
scenario favors plasticity at excitatory synapses it also makes the system
unstable, a risky situation that could lead to abnormal circuit behavior due to
unbalance caused by the increased excitatory/inhibitory balance (Carcea and
Froemke, 2013, Bonansco and Fuenzalida, 2016). However, the system has
strong safety mechanisms because a long-term enhancement of the strength
of synaptic inhibition can restore the excitatory/inhibitory balance in circuits
where LTP is induced, thus preventing abnormal states

Besides synaptic mechanisms the up- or down-regulation of the slow
Ca?*-dependent after hyperpolarization (SAHP) in hippocampal pyramidal
neurons (Borde et al., 1995, Borde et al., 1999, Power et al., 2001, Carrer et
al., 2003) can theoretically hinder or assist, respectively GABAergic
plasticity in hippocampal circuits. A strong SAHP can reduce the
depolarization required for the induction of the GABAA-LTP, whereas a
reduced sAHP would have the opposite effect.

It has been repeatedly shown that ACh, acting through muscarinic
receptors, can facilitate the induction of LTP at excitatory glutamatergic

synapses in pyramidal neurons of hippocampus and cortex (Teles-Grilo
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Ruivo and Mellor, 2013, Dennis et al., 2016). The muscarinic LTP of
excitation and the GABAA-LTP are triggered by comparable molecular
mechanisms and concur in hippocampal pyramidal neurons. It has been
shown that both the enhancement of glutamate synapses and the negative
feedback homeostatic inhibitory process can be triggered through common
postsynaptic molecular pathways (see above and (Huang et al., 2005,
Turrigiano, 2012, Carcea and Froemke, 2013, Froemke, 2015, Chiu et al.,
2019)). In addition, the LTP of glutamatergic synapses and the GABAA-LTP
display comparable magnitude and time course, suggesting that a precise
homeostatic regulatory mechanism may be at work in the system (Fernandez
de Sevilla et al., 2008, Dominguez et al., 2014). Similar findings have been
reported in other systems (Shu et al., 2003, Gainey and Feldman, 2017).

In CAL pyramidal neurons spike timing dependent plasticity (STDP)
can simultaneously induce LTP at excitatory and iLTD at inhibitory synapses
in hippocampal CA1 pyramidal neurons (Ahumada et al., 2013). This iLTD
requires coordinated eCB release, causing activation of presynaptic type 1
eCB receptors (eCB;Rs), and of muscarinic receptors, which mediate a
decreased probability of GABA release from inhibitory interneuron
terminals. In Layer 5 pyramidal neurons of the rat barrel cortex ACh acting
through M1-mAChRs enhances excitatory postsynaptic currents, and
through nAChRs and M2 mAChRs reduces inhibitory postsynaptic currents
(Nunez et al.,, 2012, Ahumada et al., 2013, Diez-Garcia et al., 2017),
indicating that the glutamatergic LTP and the GABAA-LTP can be triggered
simultaneously through comparable mechanisms. Interestingly, prolonged
sensory deprivation can trigger a remodeling of inhibitory cortical synapses
leading to IPSPs with faster decay kinetics and larger amplitudes. This
homeostatic synaptic transformation would oppose the effects of the reduced
sensory input to restore the normal excitatory/inhibitory balance in the circuit

(Li et al., 2009). A presynaptic plasticity of inhibition can also contribute in
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restoring the excitatory/inhibitory balance (in this Special Issue and (Castillo
etal., 2011, Monday et al., 2018)).

The excitatory/inhibitory balance also plays a key role in neural
coding because if excitation dominates it leads to high activity levels and
information content, however if inhibition dominates it leads to suppressed
activity with low information content in the network (Deneve and Machens,
2016, Zhou and Yu, 2018). Indeed, long-term changes in EPSP strength are
relevant functionally if they modify firing activity in the circuit (Marder and
Buonomano, 2004) and have been experimentally related with memory
processes (Costa-Mattioli et al., 2009, Nabavi et al., 2014). However, how
excitatory and inhibitory synapses are modified in an organized manner to
induce the circuit modifications that sustain learning and memory processes
is far from being understood and is the new frontier of neuroscience
(Humeau and Choquet, 2019).

REGULATION OF CIRCUIT ACTIVITY BY mAChRs

Effects of ACh at the circuit level. ACh levels in the hippocampus
and neocortex increase dramatically during arousal and attentional states and
can modify the activity of pyramidal neurons (Himmelheber et al., 2000,
Teles-Grilo Ruivo et al., 2017). High ACh levels acting through nAChRs
and mAChRs enhance the responses evoked by sensory stimulation, while
low ACh concentrations acting through mAChRs can contribute to memory
consolidation (Hasselmo and McGaughy, 2004). In addition, ACh can shift
the discharge pattern of pyramidal neurons from a single spiking to a bursting
firing mode, a change mediated through Ca?*- and/or NMDA-spikes, that
assist the retrograde propagation of action (Power and Sah, 2008, Nunez et
al., 2012). Ca?* spikes, NMDA-spikes and action potential bursts invade
dendritic fields causing a rapid increase in Ca?* concentration in dendritic

spines that regulates circuit operation and facilitates synaptic plasticity, with
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Important consequences in sensory processing, memory and learning.

ACh regulates rhythmic activity in the hippocampus and cortex.
ACh is released tonically in the hippocampus from the septum and diagonal
band of Broca during arousal, the performance of cognitively demanding
tasks and REM sleep (Zhang et al., 2010). The septo-hippocampal projection
Is essential for triggering the rhythmic network oscillations at 4-10 Hz called
hippocampal theta rhythm (Gaztelu and Buno, 1982), which has been related
with learning and memory (Hasselmo and McGaughy, 2004, Vertes, 2005)
and with the timing of complex behaviors (Buno and Velluti, 1977).

Intracellular recordings during hippocampal theta in vivo show that the
membrane potential of hippocampal neurons oscillates at theta frequencies.
This “intracellular theta" rides on a sustained depolarization and consists in
rhythmic EPSPs (Nunez et al., 1987) and IPSPs (Hangya et al., 2009) evoked
by rhythmic firing medial septum and diagonal band of Broca neurons
(Nunez et al., 1990). Large intracellular theta and sustained depolarization
amplitudes can trigger slow spikes and rhythmic action potential bursts,
boosting the membrane potential oscillations and assisting action potential
backpropagation (Nunez et al., 1987, 1990). In addition, as shown in vitro
intrinsic membrane properties can support theta-like oscillations to
contribute to the genesis theta oscillations in hippocampal pyramidal neurons
(Garcia-Munoz et al., 1993).

It was further found that M1 muscarinic receptors in pyramidal
neurons but not interneurons play a critical role in cholinergic modulation of
hippocampal synaptic plasticity and theta generation (Gu et al., 2017). The
in vitro results were further substantiated by in vivo observations of reduced
theta power and impaired Y-Maze performance in mice with selective
receptor knockout M1 in pyramidal neurons. Other cholinergic receptors,
such as nicotinic or muscarinic M4 receptors, may have also contributed to

cholinergic-dependent theta generation (Stoiljkovic et al., 2016, Gu et al.,
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2017) .M4 receptors likely act through interneurons as their expression is
enriched in nonpyramidal neurons (Levey et al., 1991)

Cholinergic agonists and acetylcholinesterase inhibitors can also
induce gamma oscillations —i.e., network oscillations in the 30-100 Hz
range- in the neocortex and hippocampus in vitro (Spencer et al., 2010,
Betterton et al., 2017) and in vivo (Cape et al., 2000, Rodriguez et al., 2004).
Rhythms in the gamma range can establish synchronization of distributed
neural responses throughout the brain (Singer, 1999). Gamma oscillations
are critical in attention, sensory processing (Fries et al., 2001, Womelsdorf
et al.,, 2006, Howe et al., 2017) and long-term memory (Buzsaki and
Draguhn, 2004, Buzsaki and Wang, 2012). In the hippocampus, gamma
oscillations can coincide with theta oscillations (Buzsaki et al., 1992, Lisman
and Jensen, 2013). In the neocortex, gamma oscillations are induced by
different stimuli or tasks, and are related to several cognitive capacities (Fries
et al., 2007). Cholinergic agonists and acetylcholinesterase inhibitors can
also induce gamma oscillations —i.e., network oscillations in the 30—100 Hz
range- in the neocortex and hippocampus in vitro (Spencer et al., 2010,
Betterton et al., 2017) and in vivo (Cape et al., 2000, Rodriguez et al., 2004).
Results reveal that ACh enhances gamma oscillation in the hippocampus by
acting primarily through muscarinic M1 receptors (Fisahn et al., 2002,
Betterton et al., 2017). Gamma oscillations are critical in attention, sensory
processing (Fries et al., 2001, Womelsdorf et al., 2006, Howe et al., 2017)
and long-term memory (Buzsaki and Draguhn, 2004, Buzsaki and Wang,
2012). In the hippocampus, gamma oscillations can coincide with theta
oscillations (Buzsaki et al., 1992, Lisman and Jensen, 2013). In the
neocortex, gamma oscillations are induced by different stimuli or tasks, and
are related to several cognitive capacities (Fries et al., 2007). Rhythms in the
gamma range can establish synchronization of distributed neural responses
throughout the brain (Singer, 1999).
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ACh and information processing. The following cholinergic effects
observed in the cortex in vivo should be highlighted: (i) high ACh levels
increase the magnitude of afferent input through activation of nAChRs
located presynaptically on thalamo-cortical terminals (Disney et al., 2007);
(i) high ACh levels acting through mAChRs reduce cortico-cortical
excitatory recurrent interactions through presynaptic inhibition of glutamate
release (Hasselmo and Bower, 1992, Eggermann and Feldmeyer, 2009); (iii)
stimulation of mMAChRs depolarizes and increases neuronal excitability and
responsiveness for several minutes (Metherate et al., 1988, Oldford and
Castro-Alamancos, 2003); (iv) stimulation of mAChRs reduces spike
frequency adaptation by inhibiting the K*-mediated M-current and the SAHP
(McCormick and Prince, 1986, Hasselmo and Giocomo, 2006).
Consequently, the mAChR-mediated depolarization boosts responses and
increases the signal-to noise ratio in the sensory cortex, thereby enhancing
response reliability.

In vivo recordings demonstrate that electrical stimulation of the basal
forebrain, the main origin of cholinergic fibers, triggers an atropine-sensitive
enhancement of responses evoked by vibrissa deflection in layer 5 neurons
that is mainly due to an enhanced NMDA-mediated response (Nunez et al.,
2012, Barros-Zulaica et al., 2014, Chaves-Coira et al., 2018). The strong
Ca?* signal associated with NMDA receptor activation triggers LTP,
increasing sensory detection and processing (Alenda and Nunez, 2007,
Hasselmo and Sarter, 2011, Barros-Zulaica et al., 2014, Nabavi et al., 2014)
and regulates whisking (de Kock and Sakmann, 2009) (Figure 3).

ACh also regulates information processing in the primary visual
cortex not only by regulating the magnitude of the visual response, but also
the selectivity to stimulus-features such as orientation, direction, and size
(Herrero et al., 2008, Soma et al., 2013). Repetitive electrical stimulation of

fibers from the lateral geniculate nucleus to the primary visual cortex induce
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LTP in the cortex that is enhanced by stimulation of the basal forebrain area
through activation of mAChRs (Yan and Zhang, 2005, Dringenberg et al.,
2007). ACh also increases the auditory responses of cortical neurons in a
non-specific manner (Jimenez-Capdeville and Dykes, 1996). Moreover,
learning-induced cortical plasticity is augmented by cortical application of
ACh and conversely, prevented by cortical application of the muscarinic
antagonist, atropine, during the conditioning (Ji and Suga, 2003, Chen et al.,
2004).

CONCLUDING REMARKS

The above reviewed studies demonstrate that ACh, acting through the
activation of mAChRs, can enhance excitatory synaptic responses and
modify the discharge pattern of hippocampal and cortical pyramidal neurons
through the generation of both dendritic Ca?*- and NMDA-spikes. These
spikes trigger action potential bursts that propagate through dendritic regions
assisting the influx of Ca?* in spines required to induce long-term synaptic
plasticity. ACh-induced Ca?* release from the ER also contributes to the
long-term synaptic enhancement. The ACh-mediated Ca?" elevations in
astrocytes can also assist the neuronal long-term effects through the release
of gliotransmitters.

Although the increased excitation caused by ACh and LTP favors
plasticity at hippocampal and cortical excitatory synapses it also makes the
system unstable and can lead to abnormal hyperexcitable states. However,
the system has strong safety mechanisms to offset this risky situation and
restore the excitatory/inhibitory balance thorough a rapid long-term
enhancement of the strength of synaptic inhibition. In addition, ACh can
induce an endocannabinoid-mediated LTD of inhibition. These homeostatic
feedback mechanisms control the circuit in function of the degree of activity,

ultimately dynamically up-or-down regulating the excitatory/inhibitory
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balance. Therefore, the cellular effects of ACh can support the sustained
cellular changes that induce the circuit modifications that can ultimately

modify behavior.
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Figure Captions
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FIGURE LEGENDS

Figure 1. mAChR activation induces cholinergic LTP at Schaffer
collateral-CA1 pyramidal neuron synapses. Schematic representation of
cholinergic, SC terminals, a CAl pyramidal neuron and astrocyte. mAChR
(blue) activation induces Ca** elevations via release from the ER and influx
through VGCC. The LTP is expressed postsynaptically by an increased
AMPAR (green) and NMDAR (orange) response, and presynaptically via
an increased glutamate release probability.

Figure 2. mAChR activation induces cholinergic LTD or LTP at
inhibitory synapses depending on the activity of the postsynaptic CAl
pyramidal neuron. A, top left. LTD of IPSP and LTP of EPSP are induced
by mAChR activation when the postsynaptic neuron is quiescent. A, top
right. With a quiescent postsynaptic neuron there is an unbalance favoring
excitation (E) wversus inhibition (1). A, bottom. With a quiescent
postsynaptic neuron mAChR activation favors eCB release that via
activation of presynaptic CB;Rs induces a long lasting decrease in GABA
release probability. B, top. With an active postsynaptic neuron mAChR
activation induces LTP of EPSPs and IPSPs, balancing excitation (E) and
inhibition (1). B, bottom. With an active postsynaptic neuron the increased
Ca”* via release from the ER and influx through VGCC induces LTP of
EPSPs (as in A, bottom) and LTP of IPSCs by increasing GABAAR
expression.

Figure 3. Basal forebrain stimulation induces a long-term
cholinergic-mediated enhancement of whisker responses in the
anesthetized rat barrel cortex. A. Control PSTH showing initial (IC) and
late (LC) response components induced by whisker deflection (arrow). B.
PSTH following basal forebrain stimulation, note the increased late

component. C. Number of spikes in IC and LC versus time, before and
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following basal forebrain stimulation (arrow), in the control and after

atropine injection.



