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Abstract

Recent work continues to place cholinergic circuits at center stage for normal executive and
mnemonic functioning, and provides compelling evidence that the loss of cholinergic signaling
and cognitive decline are inextricably linked. This review focuses on the last few years of studies
on the mechanisms by which cholinergic signaling contributes to circuit activity related to
cognition. We attempt to identify areas of controversy, as well as consensus, on what is and is not
yet known about how cholinergic signaling in the CNS contributes to normal cognitive processes.
In addition, we delineate the findings from recent work on the extent to which dysfunction of
cholinergic circuits contributes to cognitive decline associated with neurodegenerative disorders.

INTRODUCTION

Cholinergic signaling in the CNS provides important control over circuit dynamics
underlying cognitive processing. Since 1906, when Alois Alzheimer delineated the
symptomatology of the disease that bears his name, many have tested the hypothesis that
failures of cholinergic circuitry of the basal forebrain are responsible for the cognitive
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impairments associated with neurodegenerative disorders (Bartus et al., 1982; Drachman and
Leavitt, 1974). Recent studies further implicate alterations in cholinergic signaling in
disorders of attention and cognitive control (Higley and Picciotto, 2014; Wallace et al.,
2011). There remains active debate about the fundamental mechanisms of cholinergic
signaling that, until recently, were beyond the grasp of direct experimental testing. As
discussed below, technical advances for selective stimulation, higher temporal and spatial
resolution of chemical detection, and /n vivo recording in awake behaving animals have
opened the door to deeper investigation of the role of cholinergic circuits in attention and
memory.

The majority of cholinergic neurons in the mammalian brain are found in 4 regions. These
include (1) the brainstem pedunculo-pontine and lateral dorsal tegmental nuclei; (2) a subset
of thalamic nuclei; (3) the striatum, where cholinergic neurons serve as local interneurons
(CIN); and (4) the basal forebrain nuclei, which collectively serve as the major sources of
cholinergic projection neurons to neocortex, hippocampus and amygdala (Mesulam et al.,
1983; Woolf, 1991). A small and species variable number of CINs are also found in cortex
and hippocampus (Frotscher et al., 2000), although the cholinergic identity of the latter
group is in dispute (Blusztajn and Rinnofner, 2016; Yi et al., 2015). The essentials of the
organization of cholinergic neurons in these brain regions are evident in a wide range of
vertebrate species from fish to primates (Giraldez-Perez et al., 2013; Hong et al., 2013;
Mesulam et al., 1983; Woolf, 1991). Recent studies even find parallels to cholinergic circuits
that are essential to memory encoding in invertebrates (Barnstedt et al., 2016).

This review will focus on the cholinergic neurons of the basal forebrain that provide the
predominant cholinergic projections directly engaged in cognitive processing in mammals.
For a recent discussion of the emergent role of projection neurons from the brainstem
cholinergic groups are fundamental to aspects of sleep, wakefulness, and autonomic control,
we refer the reader to Mena-Segovia (2016), Beierlein (2014), and Sarter and Bruno (2000).
For a more detailed consideration of recent work on cholinergic signaling in both the dorsal
and ventral striatum we refer the reader to Goldberg et al. (2012), Gonzales and Smith,
(2015) and Pisani et al. (2007).

1. Cholinergic neurons and cholinergic signaling mechanisms in the CNS

la. Functional organization of cholinergic neurons & their projections

la.i. Overview of cholinergic neurons & projections—The vast majority of
cholinergic input to cortical and subcortical structures engaged in cognition arises from
distal projection neurons whose cell bodies reside in the basal forebrain (Fig 1A). The basal
forebrain cholinergic projection neurons elaborate highly extensive, multiply branched
inputs to neocortex, archeocortex and other subcortical structures (Woolf, 1991). The cell
bodies of the basal forebrain cholinergic neurons are interspersed with non-cholinergic
neurons and distributed in a series of nuclei, including the medial septal (MS) nucleus, the
diagonal band (DB) nuclei — with vertical and horizontal and domains - the preoptic nucleus,
the nucleus basalis (NB), and the substantia innominata (SI; Fig 1 & Woolf, 1991). In
primates, the cholinergic nuclear groups are referred to somewhat differently: Chl = MS,
Ch2 = vertical limb of the Diagonal Band of Broca (DBB), Ch3 = horizontal limb of DBB,
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Ch4 = the basal magnocellular complex that includes the SI, the Nucleus Basalis of Meynert
(NBM), the magnocellular preoptic nucleus and the ventral pallidum (Mesulam et al., 1983).

la.ii. Birth and migration of BFCNs—The basal forebrain cholinergic neurons (BFCN)
are born in the neurogenic zones of the ventral telencephalon, including the medial
ganglionic eminence (MGE) and the preoptic area. The newborn neurons migrate radially,
and organize into distinct clusters along the rostral-caudal axis of the forebrain (Marin et al.,
2000). An alternative path for a sub population of cholinergic neurons in Ch3 (hDB) and
Ch4 (NB/SI) that appear to originate in the ventral pallium has also been described
(Pombero et al., 2011). BFCN identity is determined by the sequential expression of distinct
combinations of transcription factors. In contrast, very little is known about the
developmental programs that guide axonal projections through distinct routes and to distinct
target fields. Analyses of the consequence of genetic deletion of various transcription factors
have defined early events that distinguish major subpopulations of MGE/POA derived
neurons, e.g. GABAergic vs cholinergic (Sussel et al., 1999; Zhao et al., 2003), striatal
cholinergic interneuron vs. BF cholinergic projection neurons (Chen et al., 2010b). These
studies, along with those probing the function of cell surface receptors (Boskovic et al.,
2014; Cui et al., 2011; Elshatory and Gan, 2008; Jia et al., 2014; Sanchez-Ortiz et al., 2012)
reveal subtle differences in the response of distinct populations of neurons within the
BFCNSs. These differences raise the likelihood that there is an as yet under-appreciated
heterogeneity of BFCNs. How, or if, this heterogeneity relates to differential BFCN
innervation patterns, firing profiles or loss in neurodegenerative disorders is not clear. A full
appreciation for the complexity of BFCN awaits the use of higher resolution molecular
technologies including single cell transcriptome analyses.

la.iii. Projection fields of Basal Forebrain Cholinergic Neurons—The MS and
DB form a functional cluster that sends cholinergic projections primarily to the
hippocampus, parahippocampus olfactory bulb and midline cortical structures (Knox and
Keller, 2015). In contrast, the NB (or NBM) and SI provide the majority of cholinergic
projections to neocortex and to the amygdala (Woolf, 1991). Each of these nuclei is
heterogeneous in phenotype: the cholinergic neurons are intermingled with neurons of
distinct transmitter and peptide content (Gritti et al., 2006; Mufson et al., 2006).

Although the concept that there is a rough topographical organization of the basal forebrain
has been discussed since the 1980°s (Mesulam et al., 1983; Saper, 1984; Zaborszky et al.,
1999) the cholinergic system has more typically been viewed as both spatially and
functionally “diffuse” (Saper, 1984, Woolf, 1991). Recent studies paint a somewhat different
picture by combining a rich array of immunological and genetic techniques to efficiently
label neurons expressing choline acetyltransferase (ChAT), the biosynthetic enzyme for
acetylcholine (ACh) and the vesicular ACh transporter (VAChT). These genetic approaches
have been united with anterograde, retrograde and transynaptic labels to optimize the
comprehensive mapping of cholinergic cell bodies and their projection fields (although see
Yi et al. 2015 for a consideration of the caveats associated with purely transgenic probes).
Functional connectivity is further explored using photoactivatable, genetically targeted
probes that permit selective excitation or inhibition of ChAT+ neurons down to select
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branches of their terminal arbors (Figure 1A; Jiang et al., 2016; Unal et al., 2015).
Alternatively, intentionally sparse genetic labeling has been used to provide unprecedented
insight into the morphology of single BFCNSs, revealing that these neurons have a
considerably more extensive and complex axonal architecture than previously appreciated
(Fig 1B, C; Wu et al., 2014).

Overall, these new studies support the idea that the connectivity of cholinergic projection
neurons to their cortical targets has sufficient specificity to subserve functionally and
spatially selective signaling. Perhaps the most important generalization is the predominant
role of a functionally based topographical organization of the BFCNs as suggested by
Zaborsky & colleagues.

The projections from basal forebrain cholinergic neurons to frontal cortical targets are the
most completely described (Bloem et al., 2014; Chandler and Waterhouse, 2012; Chandler et
al., 2013). Medial frontal cortex receives projections from more medial and anterior located
cholinergic neurons within the basal forebrain nuclear groups. The dorsal regions of
prefrontal cortical areas receive projections from medially located NB/SI and DB neurons,
whereas more ventral regions of prefrontal cortex receive projections from more laterally
located BFCNs (Fig 1A & Bloem et al., 2014). More rostrally positioned BFCNs appear to
project to both superficial and deep layers of frontal cortex, while more caudally placed
BFCNs preferentially project to deep layers of cortex (Bloem et al., 2014).

Lateral portions of cortical and subcortical areas, for the most part, receive projections from
more lateral and more posterior located cholinergic neurons (Fig 1A & Kondo and
Zaborszky, 2016; Zaborszky et al., 2015a; Zaborszky et al., 2015b). There are at least two
exceptions to this general topography: the hippocampus and the entorhinal cortex (in
contrast to the adjacent perirhinal/ectorhinal cortices) receive the majority of their
cholinergic input from the MS/VDB cholinergic groups (Kondo and Zaborszky, 2016;
Woolf, 1991).

Simultaneous retrograde BF labeling from multiple cortical regions reveals several
organizing principles. First, although there is overlap within the basal forebrain of
cholinergic neurons that project to non-adjacent cortical areas, the degree of overlap is
dependent upon the interconnectivity of the cortical projection areas in question. These
findings suggest a level of organization of the BFCN neurons that might facilitate coordinate
control of functionally linked, although spatially distinct, cortical projection areas (Figure
1A,; Zaborszky et al., 2015a; Zaborszky et al., 2015b). Second, axons from very distinct BF
areas can innervate immediately adjacent cortical regions, such as the perirhinal (NB/SI) and
entorhinal cortices (MS/vDB). Whether this latter example indicates a hierarchy of
coordinate functional modulation or is the result of developmental differences between
archeo and neocortex remains to be seen.

la.iv. Axonal morphology of basal forebrain cholinergic neurons—Axons from
individual cholinergic neurons form collaterals that innervate multiple cortical regions that
are functionally related (Chandler and Waterhouse, 2012; Chandler et al., 2013; Chavez and
Zaborszky, 2016), but do not appear to have collaterals to functionally distinct regions of
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neocortex (e.g. Al vs V1; Kim et al., 2016). Recent experiments employing retrograde
labeling of BFCNs neurons demonstrate that as many as 20% of labeled NBM/SI neurons
have axons that terminate in 3 different prefrontal domains, including the medial PFC,
anterior cingulate cortex andthe orbitofrontal cortex (Chandler and Waterhouse, 2012;
Chandler et al., 2013).

The ability of single BFCN neurons to target large territories of cortex clearly requires
extensive collateral formation. Just how elaborate individual cholinergic axon arbors can be
was demonstrated - rather elegantly - by sparse genetic labeling (Wu et al., 2014; and see Fig
1B & 1C, taken from Wu et al., 2014 with permission). Based on their measurements the
calculated average length of a single axon of a basal forebrain cholinergic neuron in a mouse
brain, including all of its terminal branches, is ~30 cm. Calculations based on human post
mortem data are consistent with single cholinergic axons of >100 meters! Clearly the BF
cholinergic neurons have the capacity to modulate activity across multiple cortical areas or
columns within specific cortices — but likely at an enormous metabolic cost. Indeed,
metabolic demand to maintain function over the lifespan has been raised as a possible basis
for the sensitivity of the BF cholinergic system in neurodegenerative disorders (Wu et al.,
2014).

la.v. Summary—Taken together the more recent mapping and morphological studies of
BFCNs demonstrate that (a) these cholinergic projection neurons can be extremely elaborate
in both the extent of axonal arbors and the number of axonal branches, (b) there is
topographic, rather than diffuse, organization of BFCNs and their target fields along anterior
to posterior, ventral to dorsal and medial to lateral axes (Fig 1; Kim et al., 2016), (c) in
frontal cortex some cholinergic projection neurons are “dedicated” i.e. there are BFCNs that
project to a single region of orbitofrontal, anterior cingulate or prefrontal cortex, but the
majority of BFCNs project to more than one frontal domain. These multiply projecting
BFCNs appear to innervate functionally connected structures and might mediate co-ordinate
cholinergic signaling in behaviorally related targets. Consistent with this idea, BFCN input
to operationally distinct areas of sensory cortex are segregated from one another along the
anterior posterior axis of BFCN (Kim et al., 2016). Overall, the concept of cholinergic
signaling occurring in functional modules has received robust support in this new era of
brain mapping.

An area of study that has received relatively little scrutiny with the modern mapping
techniques is the architecture of cholinergic projections to deeper structures, such as the
hippocampus and amygdala. Given that the basal lateral amygdala (BLA) appears to receive
the densest cholinergic innervation of any structure besides the striatum, and cholinergic
input to the BLA exerts an important influence on acquisition and retention of emotional
memories (Knox, 2016), detailed single neuron mapping of the cholinergic neurons that
project to the amygdala should be very revealing.

1b. Multiple temporal & spatial profiles of ACh release & ACh actions

1b.i. Overview of ACh release mechanisms—In the peripheral nervous system
(PNS), ACh is typically released in excess and in close apposition to the post synaptic target.
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Despite rapid hydrolysis by acetylcholinesterase (AChE), sufficient ACh survives the
transynaptic journey to elicit fast and robust signaling via activation of muscarinic and/or
nicotinic receptors in a highly temporally & spatially restricted manner. In the CNS,
cholinergic signaling is also initiated when ACh is released and is mediated by interaction
with ACh receptors on target cells. This is where the similarities between PNS and CNS
cholinergic signaling appear to end. ACh release in the brain has classically been
conceptualized as slow and tonic (Descarries et al., 1997). This idea of a “volume” mode of
transmission was supported by early views that the cholinergic system was anatomically
diffuse (an idea that is increasingly being challenged, as per above), and early microdialysis
experiments - with spatially and temporally limited probes — that documented ambient levels
of ACh in the micromolar range tonically present in brain tissue (Descarries et al., 1997).
This notion has now been substantially revised (Sarter & colleagues; see Sarter et al., 2014).

1.b. ii. Temporal profiles of ACh release: transient vs tonic—Our understanding of
the spatiotemporal profiles of ACh release from basal forebrain cholinergic neurons has been
transformed by the generation of new, high resolution stimulation and recording techniques.
Based on more rapid assays for ACh release and on new approaches for selective activation
of cholinergic neurons and specific BFCN terminal fields, we now know that ACh release
and downstream signaling can be faster and more focal than previously appreciated (Munoz
and Rudy, 2014; Sarter and Kim, 2015). The discovery of relatively fast increases (over
seconds, rather than minutes) in ACh release was made possible by the development of
choline oxidase coated microelectrodes that detect the choline formed following breakdown
of ACh (Parikh et al., 2004). These microelectrodes are highly selective and offer efficient
and accurate temporal and spatial resolution of ACh release.

Using electrochemical detection, Sarter & colleagues have convincingly demonstrated the
existence of cholinergic “transients” - relatively rapid spikes of ACh - that begin within 200
500 msec of a behaviorally relevant stimulus and last several seconds (Sarter et al., 2014).
By combining optogenetic stimulation of BFCN cell bodies or cholinergic terminal fields in
mPFC with electrochemical detection, Gritton et al (2016) detected ACh release within 100
msec of the light stimulus. A recent study by Nelson & Mooney (2016) demonstrates even
faster kinetics of cholinergic signaling: they report direct BFCN to pyramidal neuron
(nicotinic) EPSCs with ~10 msec delay from optogenetic activation of terminal fields to
evoked postsynaptic responses.

Despite the growing evidence for more temporally precise ACh release and cholinergic
signaling, there is still strong support from experiments that support a slower and spatially
broader change in ACh concentration. Runfeldt et al (2014) demonstrate profound effects of
these slower, more extensive changes in ACh on microcircuit properties in the cortex that
may be important for detection and encoding of information. Likewise, the time course of
ACh responses following optogenetic stimulation of BF cholinergic projection neurons vs
their terminal fields in BLA are consistent with relatively rapid effects of released ACh
(detection within <20-100 msec), and yet appear to be entirely “modulatory” in nature,
changing BLA principal neuron firing patterns and/or the efficacy of transmission at
cortical-BLA synapses (Jiang et al., 2016; Unal et al., 2015).
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Distinct cellular phenotypes of cholinergic neurons may provide the cellular basis for two
different modes of signaling: fast and focal and slow and paracrine. Zaborszky and
colleagues have performed detailed electrophysiological characterization of the cholinergic
neurons in the NBM and identified two populations: a more excitable, early firing
population that show spike frequency adaptation and a less excitable, late firing population
that could maintain low frequency tonic firing (Unal et al., 2012). Overall, it appears that
both more rapid/transient as well as less temporally and spatially focal modes of ACh
release play important roles in different aspects of information processing (Picciotto et al.,
2012; Sarter and Kim, 2015).

It is not yet clear whether cholinergic transients mediating relatively rapid responses are
fundamentally different from the signaling that underlies longer lasting, neuromodulatory
changes in circuit dynamics by ACh. The term “neuromodulation” has had variable
definitions associated with “changes in state of a neuron or a group of neurons that alters the
response to subsequent stimulation” (Picciotto et al., 2012). Neuromodulation by ACh has
been shown to include changes in release probability, shifts in firing patterns or altered
excitability through shifts in the input/output relationship (Picciotto et al., 2012). The spatial
and temporal dynamics of ACh signaling underlying cholinergic modulation may vary
depending on the system.

1b.iii. Summary—The cumulative evidence on ACh release appears to support multiple
temporal modalities and spatial domains. In addition to tonic, low levels of ACh release,
temporally and spatially discrete release of ACh may play a vital and specific role in
mediating cognitive processes. In view of the potentially vast “synaptic space” covered by
the axonal terminal arbors of single cholinergic neurons (Wu et al., 2014; Fig 1), the onset
and duration of co-ordinate ACh effects may be very broad, despite focal release at each
synaptic bouton. Alternatively, one might propose mechanisms for selective activation of a
subset of boutons along a single BFCN terminal arbor. An interesting avenue for future
research is how differential expression of acetylcholinesterase may influence the various
temporal profiles of ACh release and signaling. Resolution of the details of the temporal and
spatial dynamics of ACh signaling are within reach with new technologies for focal,
selective stimulation and monitoring of resultant Ca signals within specific subcellular
compartments.

1c. ACh receptors: still more diversity in receptor subtypes, cellular locales and
downstream signaling mechanisms

1c.i. Overview: ACh receptors—Once released from the terminal axonal arbors, ACh
signaling proceeds via its binding to acetylcholine receptors (AChRS) to exert a wide range
of effects that are dependent on the AChR subtype(s) present on the target, the cellular
localization of the AChRs and the multiplicity of downstream signaling cascades that can be
activated. AChR mediated responses were originally categorized based on their sensitivity to
plant alkaloids and subsequently on their binding capacity for muscarine or nicotine
(mAChRs & nAChRs). Both classes of AChRs are distributed widely throughout the brain
(Gotti et al., 2006; Thiele, 2013). Although the structural diversity of mMAChR and nAChRs
has been known for several decades, new evidence supports still more receptor subtypes and
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signaling mechanisms by which ACh can modulate network excitability than previously
appreciated.

1c.ii. Muscarinic and Nicotinic AChRs—Muscarinic AChRs are metabotropic
receptors that bind ACh and transduce their signaling via activation of heterotrimeric G
proteins that in turn affect the opening, closing, and kinetics of (primarily) K, Ca and non-
selective cation channels. There are 5 mAChR encoding genes (M1-M5) that are often
considered in two broader groups: the M1 type which includes M1, M3 and M5 and signals
via Gy/11, and the M2 type which includes M2 and M4 receptors, that signal via Gy,
(reviewed in Thiele, 2013). The effects of MAChR activation are typically somewhat slower
and more long-lasting than those activated via the ionotropic nicotinic AChRs (Brown, 2010;
Thiele, 2013).

In cortical circuits, M1 receptors are widely expressed on somatodendritic domains of both
interneurons and layer 11/111 and layer V pyramidal neurons, where they increase excitability.
In contrast, M2 receptors are typically pre-synaptic, serving both as autoreceptors on
cholinergic axons acting as a brake on ACh release, and as heterosynaptic receptors on local
inhibitory GABAergic terminals to decrease GABA release. M4 receptors are expressed in
somatodendritic domains of layer 1V pyramidal neurons (Figure 1D; Thiele, 2013). The
coordinate effect of ACh release, acting through these distinctly expressed and targeted
mACh receptors, as well as nicotinic AChRs, is believed to contribute to gating of
information flow through, and perhaps between, cortical columns.

A recent finding places M1 receptors on hippocampal dentate gyrus axons where their
activation is coupled to increased T-type Ca channel activity. The resultant increase in intra-
axonal Ca sustains increases in granule cell axonal excitability (Martinello et al., 2015). The
authors propose that this previously unreported cellular signaling mechanism may be an
important pathway for cholinergic enhancement of cognitive processing in hippocampus.

In another recent advance, Butcher et al. (2016) have developed antibodies that allow
detection of activated M1 receptors in tissue (based on the connection between ligand
dependent activation of M1 receptors, and phosphorylation of serine 228). Using this
reagent, they demonstrate M1 activation in hippocampus in response to fear conditioning.
The combination of these types of tools with those for the selective stimulation of BFCN
terminal fields and assays of ACh release described above will certainly provide important
insight into how and where mAChRs participate in complex cognitive tasks.

In contrast to ACh interactions with metabotropic mMAChRs, ACh binding to nicotinic
AChRs results in the direct gating of non-selective cation channels. Twelve different types of
NAChR subunits have been identified in brain (a2-10 and p2—f4; Dani and Bertrand, 2007).
In principle, all of these subunits could combine in different proportions and order around
the receptor pore to form both homomeric and heteromeric pentamers (Dani and Bertrand,
2007). Mercifully, the actual set of combinations and permutations expressed in the brain is
far fewer than the simple factorial calculation would suggest. The most common nAChR
subtypes in the brain are a4p2* and a.7* nAChRs receptors (where the asterisk indicates
“containing”; Gotti et al., 2006). These differ in their permeability to calcium, affinity for
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ACh, profile of agonist induced desensitization, sensitivity to allosteric modulators and
sensitivity to both endogenous and exogenous nAChRs antagonists (Dani and Bertrand,
2007; Miwa et al., 2012). The a7* nAChRs are renowned for their relatively high Ca
conductance and relatively low agonist affinity. In contrast a4p2* nAChRs have lower Ca
conductance and higher agonist affinity (Dani and Bertrand, 2007).

As is the case with mMAChRs there are multiple types of nAChRs expressed on both
pyramidal and interneuron populations in cortex whose activation by ACh contributes to
attention circuits. Mice in which the f2 nAChR subunit gene has been disrupted perform
poorly in a 5 choice serial reaction time task. Lentiviral mediated restoration of p2*nAChRs
within the prelimbic, but not anterior cingulate cortex rescued attentional performance
(Guillem et al., 2011). In a follow-up study this group first carefully mapped the individual
neuronal responses to ACh via nAChRs in mPFC, demonstrating layer and nAChR subtype
specific pyramidal neuron and interneuron responses. Both f2*nAChR and a7* nAChR
mediated ACh currents were seen in interneurons at all levels, although increases in IPSC
measured in pyramidal neurons were seen in layers I1/111 and V but not layer VI (Fig 2).
ACh induced currents were also seen in layer V and layer VI pyramidal neurons — in the
former case mediated both by pyramidal neuron a7* nAChR and presynaptic f2*nAChR.
Layer VI responses were predominately from p2*nAChR. Bath application increased both
interneuronal and pyramidal neuron firing at all levels except in layer 11/111 pyramidal
neurons — a network response that required p2*nAChRs (Poorthuis et al., 2013). In sum,
these studies begin to unravel the complex relationships between different nAChRs within
mPFC circuits that relate to attention (Fig 2).

The presence of NAChRs on a diverse set of cell types within and beyond the brain has
ignited the search for endogenous small molecule ligands (other than ACh) and for proteins
that interact with nAChRs. Three findings are potentially relevant to understanding the role
of nAChRs in cognitive processes.

First, it is now clear that multiple members of the Ly6 family, a small gene family encoding
GPI-anchored cell surface proteins that share a so-called three finger fold with snake toxins,
bind to nAChRs. Lynx1 and Lynx2 were originally identified as proteins that modulated a
range of nAChR channel properties, (especially a4p2*nAChRs) and were proposed to
essentially serve as a brake on cholinergic signaling in the CNS. Additional family members
have now been shown to interact with a4p2, as well as a7*nAChRs and to affect both
channel functions and intracellular trafficking (Miwa et al., 2012; Nichols et al., 2014;
Puddifoot et al., 2015; Wu et al., 2015).

Second, Kabbani and colleagues have demonstrated that a7*nAChR form complexes with
heterotrimeric G proteins, providing a foundation for sustained a7* mediated effects in
neurons (Nordman and Kabbani, 2012; Nordman et al., 2014; Zhong et al., 2008; Zhong et
al., 2013). Thus, not only can a7*nAChR function as ionotropic receptors and sources of
elevated Ca?*, they can also activate metabotropic-like second messenger signaling. It is not
yet clear how extensive these signaling mechanisms are /n vivo, but they force a
reconsideration of the time scales and mechanisms by which a7*nAChRs can influence
circuit excitability well beyond direct ionotropic receptor gating.
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Third is the potential role of presynaptic a7* AChRs as sites for Abeta peptide binding and
activation of increased glutamate release in circuits related to cognition (Hascup and
Hascup, 2016; Koukouli and Maskos, 2015; Lilja et al., 2011). It should also be noted that
until recently, Abeta was thought to only interact with a7 homo-pentameric nAChRs. After
more than 20 years of speculation that endogenous a.7* receptors may be heteromeric,
a7p2* receptors have now been established as a potentially significant component of the
brain nAChRs (Wu et al., 2016). Of particular interest is the presence of a7p2* in BFCNs
and the fact that a72* receptors have up to 100-fold greater sensitivity to pathological
Abeta peptides than do homomeric a7 nAChRs. These new findings raise the possibility that
a7p2* AChRs contribute to the cholinergic loss in Alzheimer’s disease (see Part 3, below).

The debate continues as to the physiological impact of and mechanisms by which nAChRs
contribute to the modulation of synaptic excitability. Examples abound demonstrating the
presynaptic localization of nAChRs receptors in slice, but evidence from /n vivo systems
demonstrating that the presynaptic nAChRs are a requisite component of behavior are rare
(Duffy et al., 2009; Fabian-Fine et al., 2001; Jiang et al., 2013; Lubin et al., 1999). The
functional localization of a7* nAChRs to presynaptic sites, plus their high Ca permeability,
supports the idea that activation of even a very few such receptors could profoundly affect
the release of the neurotransmitters stored in the ACh-responsive synaptic bouton (Cheng
and Yakel, 2015; Dickinson et al., 2008; Zhong et al., 2013). Such a scenario with
presynaptic a7* receptors and downstream activation of Ca signaling has also been
implicated — but not yet proven - as an essential component of prolonged increases in release
probability induced by AChR activation in acute slice preparations of and in /in vivo
recordings from cortex, hippocampus and amygdala (Fig 1D; 2 and Cheng and Yakel, 2015;
Dickinson et al., 2008; Jiang et al., 2013; Jiang et al., 2016; Zhong et al., 2013).

1c. iii. AChRs location, location, location—It has been appreciated for some time that
various subtypes of both muscarinic and nicotinic AChRs are often located at pre and post
synaptic sites, with some receptors located “extrasynaptically” at considerable distance from
the origin(s) of ACh release (Fabian-Fine et al., 2001; MacDermott et al., 1999; Mechawar
et al., 2002; Picciotto et al., 2012; Yamasaki et al., 2010). The presence of both mAChRs
and nAChRs on presynaptic terminals that release transmitters other than ACh is now
considered a common mechanism for heterosynaptic regulation of synaptic plasticity
(Picciotto et al., 2012). Nevertheless, evidence for precise apposition of BFCN terminals
with cholinoceptive presynaptic structures that would be required as proof of such
heterosynaptic modulation remains a serious challenge, one that hopefully can be addressed
by application of new high resolution 3D imaging. Indeed, the observation that AChRs are
often at some distance from the presumptive sites of ACh release has been cited as evidence
for a broader spatial distribution of AChR ligands than would be predicted by focal ACh
release and robust AChE activity (Descarries and Mechawar, 2000; Yamasaki et al., 2010).

1c.iv. Summary—New sites and mechanisms of cholinergic signaling have come to the
fore, adding to the already rich diversity of means by which ACh can contribute to the
mediation and modulation of activity in neural networks. Overall, recent findings converge
on the idea that both mAChRs and nAChRs are distributed to contribute to multiple modes
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of ACh signaling. The real challenge lies with discerning which of the myriad signaling
mechanisms available are actually employed when ACh is released /7 vivo. The latter
challenge has been significantly advanced with the advent of selective stimulation and
recording techniques that allow the assessment of endogenously released ACh.

There are increasing numbers of reports consistent with cholinergic transmission being
mediated by fast synaptic release and consequent activation of postsynaptic nicotinic and/or
muscarinic AChRs (e.g. Nelson and Mooney, 2016). On the other hand, the paucity of
morphological evidence for point-to-point cholinergic contacts and the prolonged temporal
profile of ACh effects are consistent with more modulatory actions (Mechawar et al., 2002;
Umbriaco et al., 1995; Umbriaco et al., 1994). The latter include examples of long lasting
modulatory changes in excitability due to presynaptic changes mediated by nicotinic and/or
muscarinic AChRs. Recent optogenetic studies further demonstrate that ACh release from
BFCNSs can elicit LTP and STD in hippocampus (Gu and Yakel, 2011) and LTP at cortical-
BLA synapses (Jiang et al., 2016). Likewise, durable changes in post synaptic excitability
are also documented that may engage AChRs coupled to G protein signaling and/or changes
in Ca signaling networks.

Although the multiplicity of potential mechanisms and the complexity of cholinergic
signaling may be inconvenient to study, the data are, in fact, consistent with multiple
temporal and spatial mechanisms by which ACh can interact with its cognate receptors /n
vivo. We can now combine the increased resolution afforded by significant technological
advances, in both selective cholinergic stimulation and release assays, with advancing
methodologies for electrophysiological and imaging based recording in awake, behaving
animals. These combinatorial approaches to examine cholinergic signaling dynamics in vivo
bring us closer to physiologically and behaviorally relevant answers to the question of HOW
cholinergic signaling influences the excitability of specific circuits and networks to alter
cognitive processing.

2. Cholinergic signaling and circuits involved in attention and memory

A wealth of prior physiological, lesion, pharmacological and genetic studies converge on the
idea that ACh is involved in cognitive processes, including attention and memory (Hasselmo
and Sarter, 2011; Micheau and Marighetto, 2011; Picciotto et al., 2012). Here we will briefly
review the evidence that acetylcholine signaling is involved in specific aspects of cognitive
processing, focusing on recent work on circuit mechanisms underlying cognition and
beginning with the best studied cognitive domain with respect to ACh: attention.

2a. Cholinergic signaling and circuits in attention

2a.i. Overview of the role of ACh in mediating attention—Pharmacological
exposure to exogenous substances sparked early work into the potential involvement of
AChR signaling in attention. Nicotine has been widely reported to improve performance in
specific attention tasks and exposure to nicotine during development can lead to lasting
impairments in attention performance and in the brain areas thought to mediate attention
(Bloem et al., 2014; Jung et al., 2016). Studies of polymorphisms, mutations, and deletions
of various cholinergic genes further link alterations in cholinergic signaling to modified
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attention performance (Sarter et al., 2016a; Sarter et al., 2016b). Overall, the last 5 years
have greatly sharpened our understanding of how cholinergic circuits co-ordinate with both
prefrontal and sensory cortices to shape behavior in response to attentional tasks.

Attention has been conceptualized as consisting of two separate processing streams: goal or
cue driven attention is termed “top down” while sensory driven attention is termed “bottom
up” (Katsuki and Constantinidis, 2014; Sarter et al., 2016b). Essentially, top down attention
may be thought of as voluntary, or “feed-back” driven - whereby incoming sensory
information is modulated by higher cortical areas. In contrast, bottom up attention is thought
of as involuntary, or “feedforward” - whereby sensory information is fed forward and up to
the cortex (Katsuki and Constantinidis, 2014; Sarter et al., 2016b). Here we will focus on
cholinergic circuit mechanisms of “top down” aspects of attention, as it is the best studied
and most pertinent to cognitive performance.

2a.ii. Cholinergic modulation of prefrontal cortex related to attention—The
prefrontal cortex (PFC) is an integral node in circuits underlying attention, exerting top
down control over sensory cortical areas to enhance detection of task relevant cues. The PFC
is also a significant target of cholinergic modulation: the organization of cholinergic inputs
to the PFC from the NBM and the DB has now been mapped in detail (Fig 2; Bloem et al.,
2014, Chandler and Waterhouse, 2012, Chandler et al., 2013).

Sarter and his colleagues have used their enzyme selective microelectrodes to document the
presence of transient (subsecond to seconds) increases in ACh in the PFC in response to
attention task related cues (Howe et al., 2013; Parikh et al., 2007). Based on the speed and
relatively short lived duration of the choline transients, they propose that, at least in PFC,
ACh mediates, rather than modulates, cue detection and cue triggered changes in goal
oriented behavior (Howe et al., 2013, Parikh et al., 2007). Gritton et al. (2016) demonstrated
that enhancing the cue associated cholinergic transient with optogenetic stimulation
improved cue detection and that stimulation of a cholinergic transient during a non-cued trial
led to a “false positive” behavioral response from the animal, presumably due to a mistaken
detection of a cue. Blocking the ACh transients with optogenetic inhibition of BFCNs
caused the animals to “miss” many of the cues, consistent with the idea that ACh release is a
requisite signal for cue detection (Gritton et al., 2016). As such, all of the pertinent
arguments are now in place: the relevant PFC circuits are cholinoceptive, ACh is released in
the PFC during execution of goal-directed attention tasks and the release of ACh is both
necessary and sufficient to mediate task related cue detection.

Together these data support the idea that ACh signaling in the PFC is positioned at both the
beginning and the end of the attention loop, initiating top down control over downstream
sensory cortical areas to enhance detection of behavior relevant cues and also signaling cue
detection to the animal via transient cholinergic release/signaling. Recent findings suggest
that the downstream mechanisms by which PFC circuits are coordinated with appropriate
sensory cortical areas may also engage BF cholinergic signaling (Nguyen et al., 2015).

2a.iii. Cholinergic modulation of sensory cortex related to attention—Detection
of behaviorally relevant stimuli in sensory cortices during attentional performance is thought
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be facilitated by an increase in signal to noise ratio due to increased firing rate of task
relevant sensory cortical neurons, along with a decorrelation of intra cortical noise, often
measured as “desynchronization”, or decreased power of low frequency LFP. During the
actual performance of a behavioral task, decorrelation increases the response reliability of
sensory cortex neurons to the appropriate stimuli (Cohen and Maunsell, 2009; Mitchell et
al., 2009). Stimulation of cholinergic signaling from the basal forebrain to sensory cortex
(S1, Al or V1) has now been definitively demonstrated to mediate decorrelation of neuronal
activity (Chen et al., 2015; Goard and Dan, 2009; Kalmbach et al., 2012; Kalmbach and
Waters, 2014; Kim et al., 2016; Pinto et al., 2013). Chen et al. (2015) identified the micro-
circuitry that is likely responsible for the cholinergic control of desynchronization during
visual attention tasks. Optogenetic stimulation of cholinergic signaling in V1 elicits IPSCs in
PV+ interneurons and in pyramidal neurons receiving input from SOM+ interneurons. The
cholinergic stimulation of SOM+ interneuron activity appears to be both necessary and
sufficient to mediate desynchronization (Chen et al., 2015). Optogenetic inhibition of
cholinergic neurons in the basal forebrain leads to increased synchronization of cortical
neurons and decreased response reliability of cortical sensory neurons, again consistent with
the idea that cholinergic signaling is both necessary and sufficient for mediating cortical
correlates of attention (Pinto et al., 2013). ACh application in sensory cortices also improves
the ability of the cortex to discriminate between stimuli and increases modularity of
microcircuit activity by modulating the response to thalamic inputs, thereby seeming to
facilitate the processing of specific stimuli (Runfeldt et al., 2014; Thiele et al., 2012).
However, at least in auditory cortex, ACh actually seems to broaden tuning curves (Nelson
and Mooney, 2016).

2a.vi. Summary—Recent studies delineate the multiple contributions of basal forebrain
cholinergic signaling to the synaptic and circuit mechanisms engaged in attentional
processing in PFC and sensory cortex (Fig 2). Although we don’t yet know the mechanisms
underlying the integration of these cortical processes of attention at the level of network
interactions, the central role of BF cholinergic signaling in cue detection and attentional
processing is becoming clear.

Figure 3 presents a schematic of potential cholinergic interactions with networks engaged in
selective attention. In this schematic, task relevant information would be “filtered” by PFC
and integrated with modality specific encoding in sensory cortices via the cholinergic basal
forebrain relay. Cholinergic modulation of circuits within the sensory cortices induces
decorrelation of intracortical noise, which contributes to increasing the signal to noise ratio
and facilitating response reliability to behaviorally relevant stimuli. If the PFC exerts top
down control over sensory cortices during attentional performance, then the attention related
activity changes observed in sensory areas may be due, at least in part, to indirect PFC
signaling via cholinergic basal forebrain relays (Nguyen et al., 2015). Detection of a
behaviorally relevant cue is then communicated back to the PFC by the sensory cortex, via
circuitry including the cholinergic basal forebrain which triggers a transient release of ACh
in the PFC, signaling cue detection to the animal.

There are, of course, several unresolved issues with this conceptual framework. In particular,
the pathway(s) by which proposed PFC-stimulation influences sensory cortical activity
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remains to be directly demonstrated. In fact, the top down effects of PFC on visual cortex are
only partially blocked by lesion of the cholinergic basal forebrain relay (Nguyen et al.,
2015). In addition, although the enhanced signal to noise ratio in V1 is known to be
mediated by cholinergic mechanisms of decorrelation, the mechanisms by which cholinergic
signaling elicits increased excitability in V1 are less clear. Recent work by Nelson and
Mooney (2016) in auditory cortex reveals that stimulating BF cholinergic input increased
both excitation and inhibition via fast synaptic activation of nAChRs and that the net effect
of BFCN input to auditory cortex is to broaden the bandwidth of individual neurons while
restricting the dynamic range of the response strength.

More work is needed to resolve the contribution of cholinergic signaling to both the
enhanced signal to noise ratio and to the increased excitability. Recent studies stressing the
importance of M1 type receptors in mediating top down attention (Gould et al., 2015) and
the considerable literature on ACh-mediated synaptic enhancement in PFC (Poorthuis et al.,
2013) will be important to pursue to better understand how cholinergic signaling participates
in PFC/sensory cortical interactions.

Finally, it should be noted that we have focused on cholinergic mechanisms of “top down”
attention. Nicotine administration enhances ERP indices of both top down and bottom up
attention and cholinergic mediated decorrelation of neuronal activity in V1 increases
response reliability of neurons under both goal oriented, trained paradigms as well as during
observation of naturalistic movies (Goard and Dan, 2009; Knott et al., 2014; Pinto et al.,
2013). Enhancing cholinergic tone may therefore increase signal to noise ratios and facilitate
stimulus detection whether or not performance is goal-oriented. Clearly more work is
needed to determine the contribution of basal forebrain cholinergic inputs in the modulation
of bottom up attention. Genetic manipulation of different cholinergic receptors appears to
differentially influence performance on top down vs bottom up attention, with M1 mAChRs
and a.7* nAChRs being particularly important for top down, while a4* nAChRs are
implicated in both attentional streams (Gould et al., 2015; Guillem et al., 2011; Hyde et al.,
2016).

2b. Cholinergic signaling & circuits related to memory

2b.i. Overview of ACh in mediating memory—Memory is perhaps the most complex
of cognitive functions, engaging a multiplicity of brain regions and a vast array of circuit and
synaptic mechanisms for the initial acquisition, short and long term storage, recall, and/or
extinction of a single memory. The following discussion is limited to potential contributions
of acetylcholine to memory encoded in only two brain regions. Specifically, we discuss
recent work on the role of cholinergic signaling in spatial memory, which heavily engages
the hippocampus, and in emotionally salient memories, with a focus on studies in the
amygdala (Burgess et al., 2002; Janak and Tye, 2015).

2b.ii. Basal Forebrain Cholinergic regulation of Hippocampal circuits related
to memory—Cholinergic signaling from the MS and DB to the hippocampus is certainly
important for formation of spatial memories: ACh has consistently been shown by
microdialysis to be elevated in the hippocampus during performance of various memory
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tasks (Mitsushima et al., 2013; Roland et al., 2014; Stanley et al., 2012), and numerous
studies have probed the effects of exogenous — and more recently endogenous - ACh on
hippocampal plasticity and performance in spatial memory tasks (Cobb and Davies, 2005;
Kutlu and Gould, 2016). Blockade of mMAChR signaling locally in the hippocampus impairs
memory (Carli et al., 1997; Wallenstein and Vago, 2001). The potential role for nAChRs-
mediated signaling in spatial memory and context-dependent conditioning is more complex
with some recent studies showing nAChRs upregulated in the hippocampus following spatial
memory task acquisition (Kutlu and Gould, 2016; Shanmugasundaram et al., 2015;
Subramaniyan et al., 2014), while other studies show that nicotine administration can
variably enhance, depress or have little effect on short vs long term hippocampal based
memories (Gould et al., 2015; Kutlu and Gould, 2016).

2b.ii.a. Cellular and Synaptic Mechanisms of ACh in the Hippocampus: Hippocampal
circuits are renowned for their susceptibility to activity dependent synaptic plasticity,
commonly considered a cellular substrate of memory. Recent work has demonstrated that
cholinergic signaling, and specifically signaling via a7* nAChRs and M1-type mAChRs,
plays an important role in long term potentiation (LTP) and plasticity at hippocampal
synapses, providing a potential cellular level mechanism by which ACh may mediate
memory (Fig 2.; Cheng and Yakel, 2015; Gu et al., 2012; Gu and Yakel, 2011). Exogenously
applied or endogenously released ACh induces significant changes in synaptic plasticity in
the hippocampus in a manner that is precisely controlled by the timing between the
activation of cholinergic signaling and the activation of glutamatergic inputs to CA1 (Gu et
al., 2012; Gu and Yakel, 2011). Changing the temporal relationship between optogenetic
stimulation of cholinergic signaling and electrical stimulation of the CA3 — CAL input,
switches the type of synaptic plasticity induced from LTP to short term depression (STD),
indicating that temporally specific cholinergic signaling is extremely important in
determining how information in the hippocampus is encoded (Gu et al., 2012). Cholinergic
stimulation at 100 ms before CA3 — CAL input elicited an LTP that was entirely dependent
on a7* nAChRs, whereas if cholinergic stimulation occurred 10 ms afferthe CA3 — CA1l
stimulation, the LTP that was elicited was blocked (only) by muscarinic antagonists (Gu and
Yakel, 2011).

Nicotinic AChR-mediated LTP in hippocampus depends on a7* nAChR expression in both
the pre and post synaptic neurons and is accompanied by long lasting increases in calcium
signals in both CA3 and CA1 neurons (Gu et al., 2012). Cholinergic-facilitated-STD was
accompanied by decreases in calcium currents (Gu et al., 2012). Taken together, these data
are consistent with the idea that endogenous cholinergic signaling modulates CA3 — CAl
synaptic plasticity in the hippocampus via a7* nAChR triggered calcium signals (Gu et al.,
2012) as well as via M1 mAChRs, presumably by inactivating SK channels (Buchanan et al.,
2010; Gu and Yakel, 2011). a7* nAChR selective agonists have also been shown to
potentiate transmission and strengthen synapses in the hippocampus independent of
presynaptic activity (Cheng and Yakel, 2014). Last, but not least, recent reports describe an
entirely new cellular mechanism for hippocampal LTP by M1-type mAChR enhancement of
axonal excitability (Martinello et al., 2015).
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Nicotinic AChR-dependent strengthening of hippocampal synapses can be mediated by
stabilizing GIuAL receptors on dendritic spines, an effect which is dependent upon a.7*
nAChR expression at hippocampal synapses (Halff et al., 2014). Galvez et al. (2016) studied
the stabilization, rather than induction, of LTP and showed that that stabilization of LTP
within the hippocampus is dependent upon cholinergic signaling, and specifically upon a7*
nAChR signaling as well. Lesion of hippocampal cholinergic input or blockade of nAChRs
rendered previously potentiated synapses vulnerable to “depotentiation” by low frequency
stimulation. This effect was mediated by increased stabilization of f-actin and dendritic
spines and independent of effects on AMPAR internalization. It therefore seems that nAChR
signaling is critically important for both inducing and maintaining synaptic plasticity in the
hippocampus. On the other hand, mMAChR blockade prevents learning induced increases in
AMPA/NMDA receptor ratio in the hippocampus, indicating an important role for mnAChRs
in mediating hippocampal synaptic plasticity (Mitsushima et al., 2013).

2b.ii.b. Circuit and Network Mechanisms of ACh in the Hippocampus: At the network
level, the balance between gamma and theta band oscillations in hippocampal activity has
been shown to be important for learning and memory (Duzel et al., 2010; Hasselmo and
Stern, 2014). Cholinergic signaling can both induce these oscillations, and modulate their
strength, perhaps providing an integrated electrophysiological substrate by which
cholinergic signaling improves memory (Dannenberg et al., 2015; Douchamps et al., 2013;
Lu and Henderson, 2010; Newman et al., 2013; Zhang et al., 2015).

Theta band oscillations are proposed to mediate the balance between encoding and retrieval
of memory, with encoding occurring at theta peak and retrieval at theta trough (Hasselmo,
2014; Kunec et al., 2005). The separation between encoding and retrieval is considered vital
for formation of accurate associations (Easton et al., 2012; Hasselmo and Stern, 2014;
Kunec et al., 2005). In support of an essential role for cholinergic signaling in facilitating
encoding, muscarinic blockade has been shown both to shift CA1 pyramidal cell firing
towards theta trough (thus away from the encoding peak) during exploration of a novel
environment and to impair the encoding of an experimental environment (Douchamps et al.,
2013; Newman et al., 2014). Theta oscillations in CA3 are partially dependent on a7*
nAChR signaling and theta oscillations in CA1 are completely abolished by knockout of the
a7 gene (Lu and Henderson, 2010). Taken together, these studies indicate that both nAChR
and mAChR signaling are important for induction and maintenance of theta oscillations as
well as for memory encoding. Recent work has also shown that stimulation of cholinergic
neurons in the MS led both to signaling via a direct, cholinergic basal forebrain -
hippocampal projection and to the recruitment of an indirect, cholinergic to GABAergic
basal forebrain to hippocampal pathway. The two pathways worked synergistically to
maximize hippocampal firing synchrony with theta oscillations (Dannenberg et al., 2015).

Gamma oscillations, on the other hand, are thought to be an index of gating of information
flow through the hippocampus: high frequency CA1 gamma is associated with gamma phase
locking between CA1 and medial entorhinal cortex (MEC) and low frequency CA1 gamma
is associated with gamma locking between CA3 and CAL (Colgin et al., 2009). As the MEC
provides the majority of information input to CA1, and CA3 is a critical area for information
storage, gamma oscillations may be another mechanism to separate encoding from retrieval.
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Systemic cholinergic blockade reduces theta - gamma locking in the MEC, and reduces
encoding of an enclosure (Douchamps et al., 2013). Gamma oscillations in CA3 are
dependent upon a4p2 nAChRs (Zhang et al., 2015).

2b.iii. Basal Forebrain Cholinergic regulation of Amygdala circuits related to
memory—In contrast to hippocampal-dependent spatial memory, the consolidation of
emotionally salient memories is mediated in large part by the amygdala, a subcortical limbic
structure that receives a dense cholinergic projection (Janak and Tye, 2015; Woolf, 1991).
Cholinergic signaling specifically within the amygdala is vital for encoding emotionally
salient memories (Fig 2; Knox, 2016). Optogenetic stimulation of cholinergic signaling in
the amygdala strengthens emotionally salient memories, and optogenetic inhibition weakens
them: both nAChRs and mAChRs appear to be involved (Jiang et al., 2016). Stimulation of
cholinergic signaling in the amygdala can induce LTP under the same conditions that
strengthen memory retention /in vivo, perhaps providing a mechanism by which ACh
mediates the formation of emotional memories (Jiang et al., 2016). These findings are
consistent with other work demonstrating that cholinergic signaling via a7* nAChRs is
necessary to induce activity dependent LTP in amygdala - paralleling results from the
hippocampus showing that some forms of cholinergic LTP were uniquely dependent on a.7*
NnAChR receptor expression (Gu et al., 2012; Jiang et al., 2013).

Other recent studies have emphasized the importance of inhibitory effects of cholinergic
signaling in the amygdala, perhaps pertaining to spike timing dependent LTD (Gu and Yakel,
2011; Unal et al., 2015). Unal et al. (2015) report that optogenetic stimulation of cholinergic
signaling in the amygdala has a state dependent, and largely inhibitory, effect on pyramidal
cell firing. They also showed that the effects of endogenous ACh release by optogenetics
contrasted with pharmacological stimulation of cholinergic receptors, which resulted in long
lasting depolarization of pyramidal cells.

Taken together the optogenetic studies of cholinergic signaling in the amygdala and
hippocampal circuits highlight a few key points. First, it appears that the effects of
endogenous ACh release may not be adequately modeled by the application of exogenous
agonists. Second, cholinergic signaling is exquisitely time sensitive and temporally specific:
subtle differences in ACh stimulation paradigms can yield very different circuit effects. As
such it is especially important that going forward we focus on defining stimulation
paradigms for the examination of cholinergic signaling that are as behaviorally and
physiologically relevant as possible. Such an approach will facilitate moving the field from
demonstrating what ACh can do to what ACh does do in subserving cognitive task
performance.

2b. iv. Summary—The most consistent finding in circuit level studies of memory is that
endogenous release of ACh, likely acting via both nicotinic and muscarinic AChRs, plays an
important role in the induction of LTP, a synaptic substrate of memory. In the amygdala this
effect appears to mediate the retention of emotional memories. In the hippocampus
cholinergic signaling both facilitates LTP and modulates cognition associated oscillatory
activity. Theta rhythm phase can both modulate the likelihood that LTP is induced and
determine whether stimulation will induce synaptic potentiation or depression (Hasselmo
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and Stern, 2014). Oscillations within the hippocampus seem to signal separation of encoding
from retrieval processes, a distinction that is essential for memory as the status of these
oscillations at the beginning of a behavioral task predicts learning success (Backus et al.,
2016). Overall, recent work reinforces the idea that specific patterns of cholinergic signaling
in memory related brain regions plays important roles in state dependent optimization of
learning and memory. Another exciting new avenue for exploration in the modulation of
hippocampal based memory not discussed above is the influence of cholinergic signaling on
newborn hippocampal neurons.

Many of the recent studies that have demonstrated a central role of cholinergic signaling in
both attentional and memory related circuits and behaviors have been made possible by the
advent of optogenetics for the selective stimulation of BF cholinergic neurons and their
terminal fields (Jiang et al., 2014; Luchicchi et al., 2014). An additional benefit of the
technology is its illumination (pun intended) of the extent to which many transmitters —
including ACh - are co-stored and, under some stimulation conditions, may be co-released
with other transmitters (e.g. GABA, glutamate) (Granger et al., 2016). Of course such issues
are readily addressed by combining a bit of modern pharmacology with the optogenetics, as
has been done in the reports summarized here on the role of endogenous ACh signaling in
attention and learning.

3. Cholinergic circuit alterations in cognitive decline

Given its prominent role in regulating circuits of attention and memory, it is no surprise that
cholinergic signaling is a key player in mediating cognitive performance. In fact, boosting
cholinergic signaling enhances attention and memory performance in naturally occurring
poor performers (Galloway et al., 2014; Knott et al., 2014; Knott et al., 2015; Niemegeers et
al., 2014; Paolone et al., 2013). Cholinergic signaling has therefore long been suspected as a
key player in neurodegenerative disorders, which are characterized by cognitive decline.

The cholinergic hypothesis of perhaps the prototypical neurodegenerative disorder,
Alzheimer’s disease (AD) emerged from influential studies done in the 1970s and 1980s
(Bartus et al., 1982) that provided evidence of loss of cholinergic markers in the cortex
(Geula and Mesulam, 1989), and loss of the number of neurons in the BF (Whitehouse et al.,
1982). Soon after multiple groups found that the memory deficits in AD could be
recapitulated by administering muscarinic antagonists (Drachman and Leavitt, 1974;
Newhouse et al., 1988), and critically that procholinergic drugs could slow cognitive decline.
What has followed has been a series of conflicting reports that challenge the cholinergic
hypothesis of AD and the subsequent demonstration that pro-cholinergic drugs have modest
effects on cognition, and are unable to affect the outcome of neurodegeneration.

Evidence of the involvement of the cholinergic system in PD (PD) also has been around
since the 1980s. Interestingly, the first observations of loss of NBM neurons were in patients
with PD, though the connection between the NBM and cognition was not yet understood.
Some investigators consider the cholinergic lesion of PD, or perhaps more importantly for
the focus of this review PD with dementia (PDD), to be more severe than that seen in AD
(Perry et al., 1995). Given this, it is not surprising that some of the first effective treatments
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for PD were actually anticholinesterase medications (Aarsland et al., 2004; Bohnen et al.,
2012).

Itis clear that AD and PD both present with substantial cholinergic deficits. What can be
gathered reliably from this is that the role of the cholinergic system in mediating cognition is
complex, and that the vulnerability of BFCNs to metabolic demands remains a likely causal
factor in cognitive decline. In fact, the last few years have witnessed a distinct “comeback”
for cholinergic hypotheses of cognitive dysfunction. Here we attempt to bring together some
of the key issues raised in the context of the role of abnormal cholinergic signaling in the
etiology of attention and memory deficits in these two disorders, as they are the most
common neurodegenerative diseases and therefore represent one of the most urgent
problems facing the scientific community today.

3a. Alzheimer’s Disease

3a.i. Cholinergic dysfunction and cognitive consequences in Alzheimer’s
disease—Reductions in BF volume, widespread reductions in AChE expression and
reductions in both a4p2* and a.7* receptors have all been documented in patients with AD
(Grothe et al., 2012; Hanyu et al., 2002; Rinne et al., 2003; Sabri et al., 2015; Teipel et al.,
2011; Wu et al., 2010). BF degeneration is a reliable biomarker for AD, and in fact BF
atrophy is seen in mild cognitive decline (MCI), the putative prodrome of AD (Grothe et al.,
2012; Grothe et al., 2010; Teipel et al., 2011). Age related decreases in BF volume have also
been demonstrated (Grothe et al., 2010; Hanyu et al., 2002), leading Grothe et al. to suggest
that BF atrophy in AD occurs against a background of normal age-related atrophy, which is
aggravated in the disease state. Ray et al. (2015) found that preservation of the BF among
individuals with MCI correlated with a shift of memory recall from the fornix-hippocampal
tract to the parahippocampal cingulum tract. They suggest that BF aids in adaptation to
disease related damage in MCI. Kuhl et al (1996) found that VAChT binding in MCI
differed according to age of onset: those with earlier cognitive impairment showed reduced
binding throughout cortical and hippocampal areas; while those with later cognitive
impairment showed reduced binding only in the temporal cortex and hippocampus. Thus
cholinergic signaling may serve to adaptively mitigate cognitive effects of the disease and
delay clinical cognitive manifestations. Studies in animal models have shown that only the
unique combination of AD-like pathology and severe cholinergic deficits results in memory
impairments (Laursen et al., 2013).

Although AD is most classically associated with memory deficits, such deficits are typically
conflated with attention issues (Romberg et al., 2013). Recently some effort has been exerted
in assessing the degree to which attention issues contribute to cognitive decline in AD.
Impaired attention in individuals with AD is associated with worsened performance on
activities of daily living, and thus greatly affects the psychosocial impact of the disease
(Miloyan et al., 2013). (Bracco et al., 2014) showed that treatment with cholinesterase
inhibitors stabilized attention performance in individuals with AD, while memory
performance continued to decline. This raises the interesting possibility that cholinesterase
inhibitor treatment chiefly targets the attention deficit, rather than the memory deficit.
Indeed, attention task related responses in attention related areas such as the PFC have
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previously been shown to be decreased in patients, and this deficit is improved by treatment
with a cholinesterase inhibitor (Bentley et al., 2008). Teasing apart the relative contributions
of attention deficits from memory deficits to overall cognitive impairment may be important
to determining the relevant time period for intervention and prevention of the disease.

3a.ii. Potential mechanisms underlying cholinergic dysfunction in Alzheimer’s
disease—Although cholinergic signaling is clearly an important mediator of the cognitive
degeneration characteristic of AD, the exact mechanism by which the cholinergic system is
affected is unknown. Recent work on animal models has explored the possibility that one or
more AChRs are direct targets for Abeta toxicity. In one animal model, in which mice carry
three transgenes encoding familial AD mutations (3xTg-AD), there were age-dependent
decreases in a7 nAChR expression that correlated with Abeta plaque deposition as well as
cognitive impairments (Oddo et al., 2005). Additional studies demonstrate that Abeta
oligomers are ligands for nAChRs, and in the case of a7*nAChRs, low concentrations of
Abeta (in the pM range) serve as agonist, whereas in the nM range Abeta is an antagonist
(Puzzo et al., 2008). A recent report suggests that Abeta induced neuronal glutamate release
in the hippocampus by activating a.7* nAChRs (Hascup and Hascup, 2016). In primary
cortical neuronal cultures, activation of a4 2* nAChR protects against Ap peptide induced
cytotoxicity (Kihara et al., 1998), and in hippocampal slice recordings, an a4p2*nAChR
selective agonist reversed Abeta impairment of LTP induction (Wu et al., 2008).

Mobley and colleagues report that triplication of the APP gene, which encodes the precursor
of Abeta, results in enlarged early endosomes in cholinergic axons and defective retrograde
transport of NGF (Salehi et al., 2006; Xu et al., 2016). The early endosomal pathology is
associated with elevated activation of the Rab5 GTPase and this activation results from
elevated levels of either the full length APP protein or the APP C-terminal fragment. This
provides a possible mechanism for selective sensitivity of cholinergic neurons, which are
uniquely dependent on NGF signaling, to APP pathology that is distinct from generation of
Abeta aggregates. In the single BFCN tracing studies discussed above, Wu et al. (2014)
described fragmentation of cholinergic arbors in a FAD transgenic mouse model and
postulated that the metabolic demand of maintaining these enormous axonal arbors makes
the cholinergic neurons especially sensitive to degenerative insults. Whether axonal
fragmentation is secondary to deficits in endocytic trafficking is not known. Similarly, the
relative contribution of this effect and direct A beta effects on cholinergic receptors toward
inciting the cholinergic lesion in AD remains unclear. However, circumventing potential
endosome disruptions to provide NGF directly has provided some promising avenues for
treatment: an exciting recent trial delivered NGF chronically to the cholinergic basal
forebrain by implanting encapsulated NGF producing cells into the basal forebrain of
patients with AD (Eyjolfsdottir et al., 2016). This treatment seemed to show promise for
stabilizing cholinergic markers and cognitive function (Eyjolfsdottir et al., 2016).

3b. Parkinson’s Disease

3b.i. Cholinergic dysfunction and cognitive consequences in Parkinson’s
disease—Although classically considered a dopaminergic disorder, cholinergic lesions
were actually among the first to be documented in Parkinson’s Disease (PD) (Nakano and
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Hirano, 1984). Both post mortem studies and /7 vivo imaging have documented loss of
BFCN’s, as well as profound cholinergic denervation of the cortex and thalamus in patients
with PD (although interestingly, ACh in the striatum appears to be increased) (Bohnen et al.,
2015; Bohnen et al., 2012; Celebi et al., 2012; Choi et al., 2012; Hall et al., 2014; Klein et
al., 2010; Kuhl et al., 1996; Muller et al., 2015; Nejad-Davarani et al., 2016; Shin et al.,
2012; Yarnall et al., 2013). Indeed when cholinergic lesions are seen in Parkinson’s, they are
at least as severe as those found in AD (Celebi et al., 2012; Kuhl et al., 1996; Park et al.,
2015). A meta-analysis of multiple trials of AChE inhibitor treatment found that patients
with PD actually show greater response than patients with AD, which the authors assert is
consistent with a greater cholinergic lesion in Parkinson’s (Weintraub et al., 2011).

As in AD, the cholinergic lesion in PD seems to mediate the decrease in cognitive
performance, as reduced BF volume and reduced AChE binding are consistently associated
with impaired cognition (Bohnen et al., 2015; Bohnen et al., 2012; Choi et al., 2012; Muller
et al., 2015). Use of anticholinergic drugs in patients with PD worsens their cognitive
performance while use of cholinesterase inhibitors improves cognition, possibly by restoring
aberrant spontaneous brain activity patterns to control levels (Dubois et al., 2012; Possin et
al., 2013; Weintraub et al., 2011).

Cholinergic dysfunction might be responsible for the transition from PD to PD with
dementia (PDD) - reductions in cholinergic markers are consistently more severe in PDD
than in PD (Choi et al., 2012; Hall et al., 2014; Klein et al., 2010; Lee et al., 2013; Shin et
al., 2012). In contrast, cortical ChAT activity is often mildly reduced in patients with PD
without dementia. These results suggest that cholinergic fiber degeneration precedes
cholinergic cell loss, as patients with milder forms of PD have only limited fiber loss in the
absence of a decrease in NBM cholinergic neurons, while patients with PDD have more
extensive fiber loss coupled with a 60-65% reduction of ChAT positive neurons in NBM
(Hall et al., 2014). In fact reduced BF volume in patients with PD with MCI has been shown
to predict subsequent progression to PDD (Lee et al., 2013).

Cognitive measures, especially of attention, are consistently significant covariates in
determining the relationship between reduced walking speed, a central motor feature of PD,
and cortical cholinergic denervation (Bohnen et al., 2012; Muller et al., 2015; Rochester et
al., 2012). Recent animal model studies have provided insight into the mechanisms by which
cholinergic signaling in circuits of attention may be responsible for another key motor
symptom of PD: frequent falls. Simultaneous lesion of both cholinergic and dopaminergic
signaling induces both memory and attention deficits and leads to significantly more
frequent falls than either selective cholinergic or dopaminergic lesions alone (Kucinski et al.,
2013; Wisman et al., 2008; Zurkovsky et al., 2013). This effect is specific to the basal
forebrain, as triple lesioned rats who received an additional cholinergic selective lesion in
the PPT do not show a further increase in falls (Kucinski and Sarter, 2015). In these studies,
attentional performance was correlated with the rate of falls in double lesion animals,
suggesting that attentional impairment caused by cholinergic denervation “unmasks”
dopaminergic deficits and increases falls (Kucinski et al., 2013).
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Patients with PD do not typically present clinically until the dopaminergic lesion is quite
severe. It is possible that in early stages of the disease intact ACh dependent mechanisms
mask minor dopaminergic deficits; as the disease progresses a threshold of cholinergic
dysfunction is passed beyond which these mechanisms can no longer compensate and the
dopaminergic lesion is “unmasked”. This model is supported in animal models in which the
dopaminergic system has been partially lesioned. In these animals activity dependence of
dopaminergic release was blunted, but only when nicotinic cholinergic signaling is blocked.
With nicotinic signaling intact, the blunting effect of dopaminergic lesion is masked and
dopamine release is again exquisitely activity dependent (Jennings et al., 2015).

3bii. Potential mechanisms underlying cholinergic dysfunction in Parkinson’s
disease—It seems clear that cholinergic signaling is an important mediator of both PDD
and the more classical motor symptoms of PD. However, the exact mechanism by which the
cholinergic system is affected in PD remains elusive. Recent studies of animal models of PD
have illuminated an intricate interplay between the cholinergic lesion and the more classical
dopaminergic lesion in PD.

Interestingly, administration of nicotine in animal models protects against dopaminergic cell
loss (Liu et al., 2007; Liu et al., 2004; Quik et al., 2012). These effects of nicotine require
a7*nAChR signaling and can be mimicked using a7*nAChR selective agonists. a7 receptor
signaling appears to mediate these effects by blocking activation of astrocytes and microglia,
thereby attenuating the neuroinflammatory response and cell death. In keeping with this, a
history of smoking has been shown to lower the risk of PD, likely due to nicotine’s
protective effects (Chen et al., 2010a; Louis et al., 2008; Magen et al., 2012). However,
lesioning the dopaminergic system experimentally can lead to selective loss of cholinergic
signaling (Hu et al., 2011; Knol et al., 2014; Szego et al., 2011; Szego et al., 2013). A recent
study documented basal forebrain degeneration in patients with late stage PD, but not in
patients with early stage PD (Ziegler et al., 2013). Patients at all stages of the disease
showed degeneration of the dopaminergic cells in the SN, leading the authors to conclude
that the dopaminergic lesion precedes the cholinergic lesion in PD (Ziegler et al., 2013).
Decreased cholinergic signaling and dopaminergic cell loss may therefore be conjoined in
PD in a “snowball effect” whereby damage to one system leads to increased damage to the
other and vice versa.

Rare, familial cases of PD have been associated with overexpression of alpha synuclein, a
protein which aggregates into Lewy Bodies, a major neuropathological finding in PD.
Transgenic mice that over-express alpha-synuclein, show cognitive deficits, loss of MS/DB
cholinergic neurons, reduced cortical ACh and reduced cholinergic fibers in the
hippocampus (Magen et al., 2012; Szeg0 et al., 2011; Szego et al., 2013). Alpha-synuclein
accumulates in cholinergic cells, and given the exorbitant metabolic load of these neurons
with their highly collatoralized axons this may result in disruption of cortical ACh via
impaired synthesis, vesicular trafficking, and/or release (Magen et al., 2012)
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3c. Summary and future directions

Recent evidence converges on the idea that cholinergic circuits of attention and memory are
affected in both of the most common neurodegenerative disorders: AD and PD. Among
these disorders, the lesion of cholinergic circuits subserving cognition appears to be an
important modulator of disease severity. In AD, preservation of cholinergic circuits may
mitigate disease onset and severity of the cognitive deficit. In PD attentional capacity
influences the severity of many of the more classical motor phenotypes and may serve a
“masking” effect and is therefore a key determinant of clinical progression and severity.
Understanding the pathogenesis of cholinergic lesions is therefore vital to determining the
best course for intervention in cognitive decline.

In both disorders attentional impairment is difficult to separate from memory impairment.
Furthermore there is emerging evidence that selective populations of cholinergic neurons
and their projections are affected in different conditions. How different populations are
targeted and if these differences correlate with attentional vs memory dysfunctions remains
to be determined.

Many of the above studies have been facilitated by important advances in human
neuroimaging techniques seen over the last decade. Magnetic resonance imaging (MRI),
positron emission tomography (PET), and now the combination of the two, allow studies of
structure, function and the intersection between these modalities in humans in normal and in
disease states. With the added advantage of repeated scanning, neuroimaging can provide a
temporal profile of a disease state. Considerable effort has been made to delineate the
cholinergic nuclei Ch1-Ch4 in human neuroimaging studies. Using localization maps
created from postmortem tissue, several groups have developed largely overlapping
cholinergic atlases that allow direct examination of structural changes to the cholinergic
system (Teipel et al., 2005; Zaborszky et al., 2008). By combining more refined cognitive
batteries that better separate attention and memory with the growing power of brain imaging
we should be in a position to gain insight into the progression of disruptions in cholinergic
signaling and the severity of attentional and memory impairments. The development of new
generations of PET tracers that report on different aspects of cholinergic signaling is one
area of great excitement (Padakanti et al., 2014; Petrou et al., 2014).

CONCLUSION

The challenges to understanding how cholinergic signaling participates in cognitive
processing have been significant: cholinergic neurons are few and far between, are not neatly
clustered in compact, homogenous brain nuclei, or bundled in their projection paths to distal
targets. The transmitter itself is difficult to assay, the cellular effects of ACh numerous and
varied and the network interactions difficult to gauge in view of remarkably complex axonal
morphologies and extensive projection fields. Nevertheless, the fundamental importance of
cholinergic signaling in normal cognitive function and in cognitive impairments — from mild
to severe - that manifest in a steadily rising percentage of the world’s population, has driven
the basic neuroscience to its ingenious best.
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Thanks to new approaches ranging from intersectional genetics to multisite /n vivo recording
in awake behaving animals, to development of novel human imaging probes, the last 5 years
has brought new perspectives to some basic tenets of cholinergic signaling mechanisms.
Perhaps most surprising is our new-found appreciation of the exotic morphology of
individual cholinergic neuronal axons, which span centimeters of territory in mice and cover
meters of real estate in the human brain. Brain mapping technology reveals new principles of
the functional organization of the cholinergic projections engaged in distinct aspects of
attention and memory-related behaviors. Also surprising, for a system with more than the
usual number of cellular and molecular mechanisms for eliciting short term and long lasting
changes in neuronal excitability, we continue to find additional synaptic and circuit
functions that are influenced by ACh receptors and uncover to novel cellular and
intracellular signaling mechanisms affected by ACh. The field has finally broken through the
selective stimulation barriers to begin dissecting how different neural networks are
differentially affected by cholinergic inputs. Our ability to address major challenges in
assessing what goes wrong with cholinergic signaling in human pathologies of cognitive
decline and in devising new strategies to correct them, may not be so far away.
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Figure 1. Functionally modular projection patterns, exotic axonal morphologies and diverse ACh
release-receptor interactions contribute to complex spatio-temporal dynamics of ACh signaling
by basal forebrain cholinergic neurons

(see text and Reviews by Munoz & Rudy, 2014; Picciotto et al., 2012; Sarter, 2016;
Zaborzsky et al., 2015).

A. Schematic of projection patterns of basal forebrain cholinergic neurons. Left hand
side: schematic of coronal sections indicating the approximate anterior to posterior and
medial to lateral distribution of the HDB (horizontal limb of the diagonal band) and NB/SI
(Nucleus Basalis/Substantia innominata). Anterior medial BFCNs within these nuclear
groups project to medial frontal cortical targets whereas posterior located cholinergic
neurons project to more posterior targets such as the BLA and perirhinal cortex. Right hand
side: Medial septal (MS) and vertical limb of the diagonal band (\VDB) neurons provide
cholinergic input to the hippocampus and entorhinal cortex.

B. and C. Axonal morphology of fully reconstructed basal forebrain cholinergic neurons and
the extensive terminal arborization formed in cortex. Adapted with permission from Wu et
al., 2014 https://creativecommons.org/licenses/by/3.0/.

D. Schematic representation of both point-to-point (focused, triangular) and en passant
(broad circular) mechanisms by which ACh is released in the CNS, thereby effecting both
glutamatergic (green) and GABAergic (blue) neuronal excitability. Such release profiles may
correspond to the more rapid and transient responses and the slower, longer lasting
modulatory effects of ACh, respectively (see text for discussion). Also shown are
representative distributions of both muscarinic (depicted as 7 TM squiggles) and nicotinic

Neuron. Author manuscript; available in PMC 2017 September 21.


https://creativecommons.org/licenses/by/3.0/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ballinger et al.

Page 37

(represented as single tubes) AChRs at pre, post and peri synaptic sites. Both mAChR and
nAChR subtypes at each of these locations contribute to the direct and indirect mechanisms
by which ACh can alter synaptic excitability (see text for discussion).
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Figure 2. Schematic Representation of Cholinergic Inputs and Signaling in Cortical,
Hippocampal and Amygdala circuits

(see text) from Bloem et al., 2014.; Kim et al., 2016; Nelson & Mooney, 2016; Jiang et al.,
2016; Munoz & Rudy, 2014; Gu & Yakel, 2011; Cheng & Yakel, 2016. Numerous studies
now converge on specific mechanisms of ACh release and profiles of AChR activation in
different brain areas. Each schematic represents a summary of recent studies of the
cholinergic projection neurons (below) and consequent signaling effects of ACh in local
circuit activity in (above; left to right) the Prefrontal Cortex (PFC), Auditory cortex (Au
Ctx), hippocampus and (basal) amygdala.
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Figure 3. Schematic of BFCN interaction with attention related circuitry
Task oriented information from the PFC is transmitted to the basal forebrain, which signals

to sensory cortex where cholinergic signaling causes decorrelation (Chen et al., 2015; Goard
& Dan, 2009; Kalmbach et al., 2012; Kalmbach & Waters, 2014; Pinto et al., 2013; Runfeldt
et al., 2014; Thiele et al., 2012; Kim et al., 2016) and enhances response reliability (Cohen
& Maunsell, 2009; Mitchell et al. 2009). Once a task relevant stimulus is detected in the
sensory cortex, cholinergic signaling from the basal forebrain to the PFC is stimulated and
transient ACh release within the PFC signals cue detection (Sarter et al., 2016a; Parikh et al.,

2007; Howe et al., 2013).

Neuron. Author manuscript; available in PMC 2017 September 21.

Page 39



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Ballinger et al.

Page 40

Input

Time
1

. Excitotoxicity
# Amyloid Plaque
i mAChR
v Da7* nAChR
[ B2* containing nAChR
0a782* nAChR
® Glutamate
© GABA
® ACh
= Unaffected Projections
== Affected Projections

Figure 4. Alterations to Cholinergic Projections and Circuits in Dementia
A. Trajectory of Alzheimer’s Disease Dementia from early to late stage (see text). Schematic

representation of current concepts of cholinergic axonal retrograde death, superimposed on
schematic that indicates the increasing extent of affected brain areas in blue.

B. Cellular mechanisms of cholinergic neuronal loss and subsequent disruption of target
hippocampal & cortical domains. Possible mechanisms thought to underlie early loss of
cholinergic projections in an animal model of AD-like dementia: Ap induced excitotoxicity
mediated by interaction with a7* nAChRs (Hascup & Hascup, 2016; Liu et al., 2016; Wu et
al., 2016), and impaired neurotrophin-induced retrograde transport via Rab5 endosome
enlargement (Xu et al., 2015). Images for A adapted from human brain atlas (Hawrylycz et
al., 2012)
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