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Abstract

Behavioral states such as arousal and attention have profound effects on sensory processing,
determining how — even whether — a stimulus is perceived. This state-dependence is believed to
arise, at least in part, in response to inputs from subcortical structures that release neuromodulators
such as acetylcholine, often non-synaptically. The mechanisms that underlie the interaction
between these non-synaptic signals and the more point-to-point synaptic cortical circuitry are not
well understood. This review highlights the state of the field, with a focus on cholinergic action in
early visual processing. Key anatomical and physiological features of both the cholinergic and the
visual systems are discussed. Furthermore, presenting evidence of cholinergic modulation in visual
thalamus and primary visual cortex, we explore potential functional roles of acetylcholine and its
effects on the processing of visual input over the sleep-wake cycle, sensory gain control during
wakefulness, and consider evidence for cholinergic support of visual attention.
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The cholinergic and visual systems intersect at the level of the thalamus and the cortex, but the
source of cholinergic modulation to these structures differs. In reviewing the literature regarding
the structure and function of cholinergic modulation in early vision, interesting questions emerge
regarding this dual-source modulation.
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The processing state of cortical circuits is dynamically controlled by brain areas whose
activity reflects cognitive and behavioral variables. In vision, these non-visual inputs can
determine whether and how visual information is processed. This state-dependence of visual
processing arises, at least in part, from the influence upon cortex of inputs from subcortical
neuromodulatory systems, including the cholinergic system. In the visual system, nearly all
information about the visual world passes through the lateral geniculate nucleus of the
thalamus (LGN) and the primary visual cortex (V1). Modifying activity in this early, and
largely obligatory, circuit is thus a powerful means for altering the outcome of all subsequent
processing of visual information. The cholinergic system interacts with the visual system at
this crucial point in the pathway; that interaction is the focus of our review.

We begin by describing the known anatomical features of both the cholinergic and visual
systems and their intersection at the levels of the LGN and V1. One notable contrast
between these two brain regions is that they receive cholinergic input from different sources:
the LGN being principally innervated by brainstem cholinergic structures and V1 by the
basal forebrain. The functional consequences of this arrangement remain to be determined,
but we will explore ideas towards the end of the review. Along the way, we highlight seminal
physiological and behavioral studies looking at cholinergic modulation of information
processing in early vision. We further consider the different roles acetylcholine (ACh) plays
in LGN versus V1 and how they might affect thalamocortical interactions and visual
processing more broadly, taking the examples of sleep-wake state control and sensory gating
as models.

Key anatomical and pharmacological features of the cholinergic system

The cholinergic system is a major neuromodulatory network in the brain implicated in a
variety of brain functions. It has widespread projection patterns and features two classes of
receptors. Muscarinic acetylcholine receptors (MAChRS) are G protein-coupled
(metabotropic) and can interact directly with ion channels (Bernheim et al., 1991) or act via
second messenger cascades. The five genetic subtypes of mAChR - categorized by the G
protein to which they are coupled - are subtypes m2 and m4, which are Gi/o-coupled, and
subtypes m1, m3, and m5, which are Gg-coupled. mAChRs are commonly classified by their
affinity for certain exogenous ligands; these pharmacological classes are traditionally
denoted by a capital ‘M’ (e.g. M1, M2), while the genetic types are referred to with the
lower case ‘m’. We will observe this convention throughout our review. The M2
pharmacological class comprises the m2 and m4 genetic types and is characterized by
insensitivity to the antagonist pirenzepine. Receptors in the M1 pharmacological class (m1,
m3, and m5) can all be blocked by pirenzepine, but vary in their affinity for that ligand.

Nicotinic receptors (nAChRs), on the other hand, are ligand-gated cation channels
(ionotropic) usually classified by their affinity for the exogenous ligand nicotine. In the
central nervous system of mammals, there are two classes of nAChRs: homopentameric
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receptors comprising five a7 subunits with low affinity for nicotine and heteropentameric
receptors of diverse subunit composition with high affinity for nicotine. In general, low-
affinity nAChRs desensitize more rapidly than do high-affinity nAChRs (McGehee and
Role, 1995; Dani and Bertrand, 2007). Depending on species and brain area, both mAChRs
and nAChRs can be found on both excitatory and inhibitory neurons (see below).

Cholinergic neurons synthesize ACh from choline, brought across the membrane by the
choline transporter and then catalyzed by the enzyme choline acetyltransferase (ChAT).
ChAT is the primary anatomical marker for cholinergic neurons as it is strongly expressed
throughout the cytoplasm. Degradation of ACh is accomplished by acetylcholinesterase,
which is expressed by both cholinergic and non-cholinergic neurons (Mesulam et al., 1984).
In most circuits in the central nervous system, ACh is disseminated, at least in part, by
volume transmission; a signaling mode in which release sites are not apposed to receptive
membrane specializations, and/or the signaling molecules routinely escape the confines of a
classical synapse [for discussions of volume transmission see (Fuxe and Agnati, 1991; Aoki
and Kabak, 1992; Umbriaco et al., 1994; Mrzljak et al., 1995), for synaptic transmission see
(Turrini et al., 2001)].

Traditionally, the cholinergic system has been described as providing a “diffuse and loosely
topographic’ innervation of the cortex and, as a result, many conceptualizations of
cholinergic modulatory effects assume that the release of ACh is likely to be uniform over
relatively large swaths of cortex. It has, however, been shown that the cholinergic
innervation of cortex has a higher degree of topographic specificity than previously
appreciated (Pearson et al., 1983; Price and Stern, 1983; Zaborszky et al., 2015).
Furthermore, the existence of modulatory compartments in cortex has been proposed, again
challenging the conceptualization of cholinergic signaling as necessarily non-specific
(Coppola et al., 2016). This latter idea is anchored in the claim that - regardless of projection
topography - factors such as receptor expression, local differences in the capacity for ACh
synthesis and degradation, and the structure and composition of the extracellular space yield
local circuit motifs within which the cholinergic system can accomplish exquisite signaling
precision.

Cholinergic pathways have been studied both structurally and functionally since the early
1950s. First identified in rodents (Shute and Lewis, 1963) and cats (Krnjevic and Silver,
1965), substantial progress has been made in characterizing the two major ascending
brainstem cholinergic pathways, dorsal and ventral, innervating the thalamus and the basal
forebrain respectively (Dale et al., 1967; Jones, 1993; Wainer et al., 1993). Cholinergic
inputs to both the sensory thalamus and basal forebrain arise in the brainstem (Figure 1a),
specifically in the pontomesencephalic tegmental complex, which includes the laterodorsal
tegmental nucleus and pedunculopontine nucleus [rodents (Woolf and Butcher, 1986;
Hallanger et al., 1987; Jones and Cuello, 1989) and cats/primates (Jones and Webster, 1988;
Pare et al., 1988; Smith et al., 1988; Steriade et al., 1988)]. Various basal forebrain nuclei
then provide cholinergic input to other forebrain structures; of interest in this review is the
nucleus basalis, which provides cholinergic input to cortex [rodents (Lehmann et al., 1980;
Bigl et al., 1982) and primates/humans (Kievit and Kuypers, 1975; Mesulam and Van
Hoesen, 1976; Mesulam et al., 1983)] including visual cortex (Figure 1a). Interesting here is
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a profound species difference in the cellular composition of the basal forebrain. In rodents,
only a small percentage of basal forebrain neurons are cholinergic [~5%; (Gritti et al., 1997;
Gritti et al., 2006)]. This contrasts greatly with human and non-human primates in which,
for example, at least 90% of neurons in the nucleus basalis are cholinergic (Mesulam et al.,
1983; Raghanti et al., 2008; reviewed by Coppola and Disney, 2018).

Key anatomical features of the early visual system in primates

Most visual information travels from the retina, along the optic nerve, to the LGN (and other
subcortical structures such as the superior colliculus), and then to V1 (also known as the
striate cortex), before being distributed through various ‘extrastriate’ visual cortical areas
[V2, V3, V3A, V4, etc; for reviews of the visual pathway see for example (Hendry and Reid,
2000; Boyd et al., 2009; Jeffries et al., 2014; Usrey and Alitto, 2015; Weyand, 2016)]. Much
of what we know about this circuitry arises from the work of Vivien Casagrande [for
example see (Lachica et al., 1992; Casagrande and Kaas, 1994; Xu et al., 2004)].

In old world monkeys and apes (including humans), the LGN is made up of six layers that
receive different feedforward inputs from the retina (Figure 1b) and also receive feedback
projections from V1. LGN layers 2, 3, and 5 receive signals from the ipsilateral eye, and
layers 1, 4, and 6 receive signals from the contralateral eye. Driven by distinct classes of
retinal ganglion cells, LGN layers subserve the magnocellular (M; layers 1 and 2),
parvocellular (P; layers 3 through 6), or koniocellular (K) visual processing pathways. The
M pathway is thought to be responsible for supporting low contrast vision and motion
processing, while the P pathway is involved in color processing and high acuity vision. The
K layers are situated in between M and P layers and represent a third visual pathway,
extensively studied by Casagrande and colleagues [for reviews see (Casagrande, 1994;
Casagrande and Xu, 2004)] and hypothesized to contribute to color vision.

V1, like other neocortical areas, broadly comprises six layers although it has a complex sub-
laminar structure that is unique (Figure 1c). The M layers of the LGN preferentially
terminate in the upper portion of layer IVVc (IVVca), while the P layers preferentially
innervate the lower portion of layer 1VVc (IVcB) and layer IVa. The K layers make terminal
fields in the cytochrome oxidase (CO)-rich “blobs” of layer Ill, in layer I\Va (Figure 1b and
1c), and in layer . Notable here is that, in primates, the inputs to layer 1\VVc are still
segregated by eye (as they are in the LGN), giving rise to ocular dominance columns, which
constitute a key anatomical (and functional) feature of V1. From layer IVc, information
flows on to layer Vb, the supra-, and then the infra-granular layers. It is within this circuitry
that signals from the eyes are integrated, yielding binocular receptive fields. From layers |1,
I11, and I'Vb arise projections to other cortical areas, while layers V and VI project both
cortico-cortically and back to subcortical structures, including the LGN (from layer VI).

The CO-rich blobs in layers 11 and 111 are a prominent anatomical characteristic of V1.
Neurons in these blobs receive inputs from the K layers of the LGN and from layer V¢ of
V1, make lateral connections within the supragranular layers, and also make selective
projections to functional subdivisions known as ‘thin stripes’ (also defined by CO
histochemistry) of the second visual cortical area, extrastriate area V2 (Lund, 1988;
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Callaway, 2004; Sincich and Horton, 2005; Boyd et al., 2009). Neurons in the ‘interblob’
regions in V1 connect with ‘pale CO stripes’ in V2 (Callaway, 1998), while layer IVb of V1
projects to the “thick CO stripes’ (Van Essen and Deyoe, 1995; Callaway, 1998).

The intersection of the cholinergic and early visual systems

Both LGN and V1 receive cholinergic projections. Indeed, it has long been known that these
structures are strongly influenced by the differences in cholinergic tone that are observed
across the sleep-wake cycle (Evarts et al., 1962; Amzica and Steriade, 1996; Jimenez-
Capdeville and Dykes, 1996). Interestingly, the source of the afferents providing this
cholinergic innervation differs; while LGN receives cholinergic input from brainstem nuclei,
V1 is innervated by the basal forebrain.

The LGN shows a significant degree of state-dependence in its processing of visual
information, and the cholinergic system appears to play a crucial role in dynamically
determining LGN functional states (see below). In cats and primates, cholinergic axons from
the brainstem densely innervate the LGN [and other thalamic nuclei; (Pare et al., 1988;
Smith et al., 1988; Zou et al., 2009)]. Electron microscopic data from cats reveal that these
cholinergic fibers form synapses with both the excitatory LGN neurons that project to V1
(also known as relay cells) and local circuit LGN inhibitory interneurons (Dolabela de Lima
et al., 1985; Sherman and Koch, 1986). Dense ChAT staining has also been observed in
LGN of human and non-human primates (Hirai and Jones, 1989; McDonald et al., 1993;
Bickford et al., 2000).

Studies of cholinergic receptor distribution in the LGN are scarce and mostly undertaken in
rodent or cat models. We will focus on the admittedly sparse data from primates, as species
differences have been identified in this domain. For data on receptor expression in the LGN
of rodents and cats see (Shaw and Cynader, 1986; Plummer et al., 1999). In primates,
autoradiographic binding studies (which do not allow for precise receptor localization or
subtype differentiation) indicate a broad distribution of mMAChRs across all six LGN laminae
(Figure 2a top panel), with a tendency for greater ligand binding in the lateral portion of the
nucleus (Shaw and Cynader, 1986). Studies utilizing immunolabeling of specific mMAChR
subtypes are needed to delineate the anatomical substrates of cholinergic action on primate
LGN neurons.

Investigating nAChRs has been complicated by the lack of antibodies directed against
nAChR subunits that are both sensitive and selective. However, in situ hybridization assays
have been conducted and reveal differences between primate species. A study in squirrel
monkeys found moderate expression of a4 and a7 subunit mRNA, low levels for 2, and
very high levels of p4 (Quik et al., 2000), while a study in macaques (Figure 2b top panel)
detected very strong a2, a4, and B2 levels and weak levels of a5 mRNAs in the LGN (Han
et al., 2000).

In humans (as in non-human primates) mAChRs are abundantly expressed throughout the
brain, while nAChRs are comparatively scarce (Paterson and Nordberg, 2000). However,
ligand-binding studies have shown that the human thalamus boasts high levels of NAChR
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expression in comparison to the rest of the brain, and the LGN specifically is one of the
thalamic nuclei with the highest NAChR density (Adem et al., 1988; Spurden et al., 1997).

In contrast to the state of affairs with respect to the LGN, cortical acetylcholine receptor
(AChR) expression has been more thoroughly studied in primates than in other species,
although knowledge gaps still exist. At the level of cortical layers and visual pathways, the
two most strongly-expressed mAChR subtypes (m1 and m2) have distinct patterns of
expression. Tigges and colleagues (1997) reported that m1 AChRs were found most often in
somata or proximal dendrites, and were most densely expressed in layers 11 and 111 followed
by a small dip in layer VI and weaker expression in layer V. m2 AChRs, on the other hand,
were densest in layer 1V specifically the parvocellular subdivisions 1Va and 1Vcp, followed
by alternating strong and weak expression in layers Il and 111 (Figure 2¢) complementing the
CO-rich blobs. Examination at higher magnification revealed this m2-immunoreactivity to
be punctate, labeling fine granular structures in the neuropil and short strands of processes.
Fascinatingly, expression of the m2 AChR is specifically associated with the parvocellular
visual pathway in V1 (Mrzljak et al., 1996; Disney et al., 2007) and pharmacological
manipulation of cholinergic signaling has a profound impact on the McCollough effect [an
orientation-dependent color after-effect; (Byth et al., 2000)].

At the level of cellular populations, the majority of mMAChRs are found on inhibitory
neurons. Fewer than 10% of excitatory neurons in V1 express m1 or m2 mAChRs, while
61% of -y-aminobutyric acid-containing (GABAergic) interneurons express m1 AChRs and
28% express m2 AChRs (Disney et al., 2006). Furthermore, specific subclasses of
interneurons show differential patterns, for example: m1 AChRs are expressed by 87% of
parvalbumin-expressing interneurons, 60% of calbindin-expressing interneurons, and 40% of
calretinin-expressing interneurons in macaque V1 (Disney and Aoki, 2008). Yet again, we
find differences in these patterns when we compare across species; while the vast majority of
parvalbumin-expressing neurons in both macaques and humans express m1 AChRs, fewer
than 25% of these neurons in rats express the same receptor (Disney and Reynolds, 2014).
At the electron microscopic level, m1 and m2 AChRs have been reported as a small
population of both excitatory and inhibitory synapses in primates (Mrzljak et al., 1993;
Disney et al., 2007; 2012).

Few immunohistochemical studies of receptor localization have been undertaken in humans,
more commonly autoradiographic labeling is used and shows that the M1 pharmacological
class of mMAChRs is relatively densely expressed in layers 1l — IVa of V1, expression of the
M2 class is fairly uniformly high with a small dip in density in layer I\VVb [Figure 2a bottom
panel; (Eickhoff et al., 2007)].

nAChRs are differentially expressed across laminae in V1 and (as was the case in studies of
LGN) /n situhybridization studies are the main source of evidence regarding nAChR
expression patterns. Distributions of the various a and  subunits overlap across the brain in
a manner that gives rise to multiple possible nAChR combinations. The only study to date
looking at laminar distribution of NAChR mRNA in the cortex, but not specifically V1, of
macaques (Figure 2b bottom panel) reported that there were no differences between cortical
areas and that 2 nAChR subunit mRNA is densely expressed in all layers of cortex, with
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layer VI showing the highest expression (Han et al., 2000). Interestingly, these data are not
reflected at the protein and functional levels, at least in VV1; by antibody-based detection, the
2 subunit is only expressed by a small population of GABAergic interneurons across the
cortical layers, and is strongly expressed by the axons of LGN relay cells arriving in layer
IVc. Furthermore, the physiological effects of delivering nicotine in V1 are also strongest in
layer 1\Vc (Disney et al., 2007). By /n situ hybridization, layer VI was also reported by Han
and colleagues (2000) to have the highest level of expression for the a4 and a5 nAChR
subunits, while it was layers Il and 111 that were densest in their expression of the a7 subunit
[levels actually being barely detectable in other layers; (Han et al., 2000)].

Autoradiographic data shows that in humans, while NAChR expression is weak outside the
thalamus, it is present. There is a low-level, broad distribution of nicotine binding sites
across all layers of V1, with slightly higher binding in the supra- and infragranular layers
[Figure 2a bottom panel; (Eickhoff et al., 2007)]. Again, this conflicts with protein-level data
from non-human primates. Whether this is a genuine species difference or is due to different
detection methods is not known. Altogether, while much anatomical research remains to be
done, it is clear that LGN and V1 are rich with cholinergic innervation and have unique
distributions of cholinergic receptors on both inhibitory and excitatory neurons, allowing for
diverse cholinergic action during visual processing.

Cholinergic modulation of visual processing in thalamocortical circuits

Cholinergic effects during the sleep-wake cycle are evident in thalamus and cortex

The cholinergic system is involved in the sleep-wake cycle (Pepeu and Mantegazzini, 1964;
Phillis and Chong, 1965; Shouse and Siegel, 1992). Cholinergic tone appears to be
stereotyped during different states of arousal such that cholinergic neurons in both the
brainstem and basal forebrain discharge strongly during periods of waking, decrease their
activity during slow-wave (SWS or non-rapid-eye-movement (REM) sleep, and increase
their firing again during REM sleep (Jones, 2005). Reflecting these activity levels in the
innervating modulatory structures, both thalamus and cortex have characteristic activity
patterns that correlate with the organism’s state of arousal. During waking, fast rhythms and
sustained depolarization dominate oscillatory brain activity, as assessed globally by
electroencephalogram (EEG). Non-REM sleep, on the other hand, is characterized by low-
frequency EEG oscillations and sustained hyperpolarization. Interestingly, REM sleep
appears to constitute an intermediate state with periods of high-frequency oscillations
(similar to waking), interleaved with periods of SWS-like slow oscillations (Steriade, 1993;
2004).

Neuronal activity in the thalamus shows two modes of discharge across the sleep-wake
cycle: a bursting mode during SWS, and tonic firing during REM sleep and wakefulness
(McCormick and Bal, 1997). The discharge mode of LGN relay cells is dependent on
voltage-gated T-type calcium (Ca2*) channels (Sherman, 2001; 2005). During tonic mode,
an LGN neuron is relatively depolarized and action potential firing reflects the intensity of
the input arriving from the retina. Burst mode, on the other hand, is associated with a
hyperpolarized state and the release of a short volley of action potentials in response to
visual input (Lu et al., 1992; Sherman, 2001). The tonic mode thus yields more linear (and
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burst mode nonlinear) signal transmission. With these distinct firing patterns comes a
different responsiveness to sensory signals such that the tonic mode promotes a more faithful
representation of sensory input while neurons in burst mode are less reliably responsive to
external visual stimulation (McCormick, 1992). Interestingly, while unreliable, LGN spikes
during burst mode lead to much stronger cortical activation than in tonic mode (Swadlow
and Gusev, 2001).

Sleep-wake cycle effects in visual cortex may be reflective of changes in basal forebrain
activity as well as changes in the activity of the LGN (or a combination thereof). Brainstem
cholinergic control of V1 thus is likely exerted through at least two pathways: brainstem-
forebrain-cortex and/or brainstem-LGN-cortex (Steriade, 2004). A third pathway, via the
reticular thalamic nucleus (TRN), is likely of enormous functional importance, given the
capacity of the TRN to inhibit relay neurons of the LGN and thus to serve a gating function
on visual input. There is, sadly, very little data on the modulatory control of the TRN, and so
it is not considered further in this review.

Cortical neurons show a similar state-dependence of activity patterns as do their thalamic
relay partners; a depolarization leads to increased excitability when transitioning from sleep
to waking, which also appears to depend on local levels of ACh (Steriade et al., 1991). This
cholinergic modulation must be relayed from the brainstem to V1 via the basal forebrain
since in adult primates there are no local cholinergic interneurons in cortex (Mesulam et al.,
1983; Hendry et al., 1987; Raghanti et al., 2008). These state changes appear to be governed
by mAChR activation as scopolamine (a muscarinic antagonist), but not mecamylamine (a
nicotinic antagonist), promotes cortical slow oscillations during brainstem stimulation
(Steriade et al., 1993). As in the case of burst mode operation of the LGN, in cortex, non-
REM sleep is associated with poor fidelity of representation of visual input and high
response thresholds.

Sensory gain control by ACh during wakefulness

Beyond the sleep-wake cycle, the cholinergic ascending reticular activating system of the
brainstem also plays a crucial role in managing arousal during waking. The LGN receives
inputs from these nuclei and cholinergic modulation is evident in the within-waking activity
patterns of neurons (McCormick and Bal, 1994). Indeed, increased ACh release, which is
associated with alertness while awake, leads to an increase in the magnitude of visually-
evoked responses in LGN (Uhlrich et al., 1995). This has been argued to enhance the visual
resolution of LGN neurons (Hartveit et al., 1993) and increase sensitivity to spatial features
of a visual stimulus (McCormick and Bal, 1994). As discussed above, brainstem cholinergic
axons form synapses with both relay cells and interneurons and, accordingly, both direct
excitation (McCormick and Prince, 1987; Sherman, 1996) and inhibition of interneurons
(i.e. disinhibition) has been associated with this arousal-related response increase
(McCormick and Pape, 1988; McCormick, 1989; Funke and Eysel, 1993).

The nucleus basalis of the basal forebrain sends projections to the entire neocortex, allowing
ACh to modulate any cortical neuron expressing an AChR (Mesulam and Van Hoesen, 1976;
Mesulam et al., 1983; Rasmusson, 1993). Data from basal forebrain stimulation studies
show that ACh release into somatosensory, auditory, and visual cortex is modality-specific
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with greater release, for example, in visual regions during visual stimulation (Rasmusson,
1993). This release directly impacts visual processing. Studies in cat V1 have shown that
ACh enhances responses to visual stimuli over an unmodulated baseline, without a loss of
receptive field selectivity (Sillito and Kemp, 1983; Sato et al., 1987; Murphy and Sillito,
1991).

Changing the strength (or gain) of input at thalamocortical synapses is one way to control
the flow of incoming sensory information in cortex. At the most basic level, sensory gain
control can implement a “yes-no’ switch in which information either propagates into cortex,
or does not (for example during sleep). Clearly, reducing the extent to which visual
information has access to visual cortex (i.e. “‘closing’ the thalamocortical gate) will have a
profound impact on downstream processing. During waking or alertness, sensory gain
control takes on a subtler form; the ‘gate’ to cortex is generally open, but information from
some sources (for example behaviorally-relevant signals) is emphasized over others. Gating
and gain control in vision almost certainly both occur in both the LGN and V1.

A role for ACh in gain control, the more subtle within-waking control of the gate to cortex,
was originally proposed by Hasselmo and Bower (Hasselmo and Bower, 1992) in a study of
olfactory cortex. Since that time, it has been shown that ACh controls the gain of the
ascending input to cortex across species and sensory systems, including in V1 (Gil et al.,
1997; Kimura et al., 1999; Hsieh et al., 2000; Disney et al., 2007).

In the case of macaque V1, a two-stage gain control mechanism is suggested by data that
show that the commonly-observed input gain control by ACh, mediated by activation of
nAChRs in layer IVc (expressed on the terminals of thalamic relay cells), is supported at
later stages of processing by an m1 AChR-mediated increase in inhibition strength (Dishey
et al., 2012). Interestingly, there may be a similar dual action of ACh in visual cortex of cats
(Muller and Singer, 1989; Sillito, 1993) but likely not in rodents (Kawaguchi, 1997;
Gulledge et al., 2007; Alitto and Dan, 2012; Pinto et al., 2013; Disney and Reynolds, 2014)

While it is common to think of the within-waking (gain) and sleep-wake (gate) functions of
ACh as fundamentally different, on careful consideration it can be seen that the cholinergic
system in both modes simply applies a multiplier to whatever visual input is currently
running through the circuit. In the case of gating this is a binary operation in which the
system multiplies by 0 (gate closed) or 1 (gate open; Figure 3a). In the case of gain control,
it has been shown that in layer 1\VVc of V1 the cholinergic system applies a multiplicative
response gain on the input from the LGN [Figure 3b; (Disney et al., 2007)]. It has been
noted previously that the effect of this gain operation is similar to that observed during states
of attention or vigilance [(Disney et al., 2007); discussed further below]. Note that gating
can be seen as equivalent to gain control with a very steep slope (compare Figures 3a and
3b), and gain need not be monotonically increasing. U-shaped relationships between gain
and concentration (Figure 3c) are commonly observed for neuromodulatory molecules [for
example dopamine (Zahrt et al., 1997; Stewart and Plenz, 2006; Gjedde et al., 2010; Cools
and D’Esposito, 2011) or serotonin (Hulsken et al., 2013)].
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Is there arole for ACh in (visual) attention?

It has been hypothesized that the cholinergic system is involved in attention and goal-
oriented behaviors during sensory processing (Muir et al., 1993; Everitt and Robbins, 1997;
Robbins, 1997; Smythies, 1997; Kobayashi and Isa, 2002; Roberts et al., 2007; Herrero et
al., 2008; Deco and Thiele, 2011; Klinkenberg et al., 2011). A thorough coverage and
critique of this literature is well beyond the scope of this review, but we will touch on key
issues. First of all, it is important to note that attention-like effects of ACh could be an
extension of cholinergic gain control discussed above (Sarter et al., 2005; Disney et al.,
2007; Hasselmo and Sarter, 2011).

A challenge in this field is the lack of a universal operational definition for attention. The
tasks that are commonly used in rodents to assay cholinergic effects on “attention” would
generally be considered vigilance tasks by the community of researchers who study selective
attention in the visual system of human and non-human primates. When added to the
profound species differences between the cholinergic systems of rodents and primates
(discussed briefly above and reviewed by Coppola and Disney, 2018), it is not at all clear
that it is possible, or even appropriate, to attempt to merge the vast literature on cholinergic
modulation of vigilance and task-demand with the similarly vast literature on the
mechanisms of visual attention in primates (Desimone and Duncan, 1995; Egeth and Yantis,
1997; Treue, 2001; Reynolds and Chelazzi, 2004; Moore, 2006; Herrero et al., 2008; Moore
and Zirnsak, 2017). We will briefly address the evidence for ACh playing a role in attention,
or attentive-like behaviors in primates.

Studies in the 1990s showed that directing attention toward a neuron’s spatial receptive field
(the region of retinotopically-mapped visual space to which the neuron is responsive) alters
visually-evoked responses in primate V1 (Motter, 1993; Roelfsema et al., 1998; Ito and
Gilbert, 1999). It quickly became evident that the mechanisms underlying such effects are
likely to be as varied as are the differences between various types of attention [for a review
of definitions of attention see (Oken et al., 2006)]. Visual selective attention, for example,
plays a crucial role when multiple, potentially competing, visual stimuli are present within
one visual scene or within a single neuron’s receptive field (Posner and Gilbert, 1999;
Reynolds et al., 1999; Reynolds and Desimone, 2003; Reynolds and Chelazzi, 2004; Moore
and Zirnsak, 2017), allowing for a filtering of sensory information in favor of that
immediately relevant to behavior (Lubar, 1997; Treue, 2001). These effects are commonly
attributed to the impact of glutamatergic feedback from higher cortical areas, which
themselves are under tight modulatory control (Noudoost and Moore, 2011). However, a
study in primates revealed a local modulation of V1 by ACh in the context of a visuospatial
selective attention task (Herrero et al., 2008). It has also been shown that ACh application
mimics effects observed when the monkeys were prompted to direct attention toward a
specific spatial location (Roberts et al., 2005; Disney et al., 2007; Roberts et al., 2007,
Herrero et al., 2008).

Interestingly, modulatory effects during visuospatial attention tasks are also observed in the
LGN, where attentional modulation is associated with response increases in neurons of both
the M and P pathways (McAlonan et al., 2008). It is unclear whether effects of attention
observed in the LGN might be mediated by ACh, but it is imperative to recall here that the
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cholinergic innervation of the LGN arises from the brainstem, not the basal forebrain. The
existence of attention effects in LGN is not addressed in current formulations of the
glutamatergic feedback or the basal forebrain cholinergic hypotheses of attention.

Concluding remarks

In this review, we have emphasized the intersection between the cholinergic early visual
systems in primates and potential cholinergic roles in the wake-sleep cycle, sensory gating,
and visual attention. It is important to acknowledge here that ACh modulatory action has
also been studied in the context of plasticity [see for example (Bear and Singer, 1986;
Keuroghlian and Knudsen, 2007; Origlia et al., 2008; Bruel-Jungerman et al., 2011; Lin et
al., 2015)], reward [see for example (Sarter and Bruno, 1997; Sarter et al., 2009; Chubykin
etal., 2013; Hangya et al., 2015; Liu et al., 2015; Sarter et al., 2016)], and development [see
for example (Filogamo and Marchisio, 1971; Court et al., 1995; Role and Berg, 1996; Rice
and Barone, 2000)]. Whether ACh subserves many functions or whether all the above-
mentioned roles have one (or a few) unifying processes, which is (are) mediated through
ACh remains to be determined. It is also crucial to recall that ACh overlaps structurally and
functionally with other neuromodulatory networks such as the serotonergic, dopaminergic,
and noradrenergic systems, which will simultaneously influence visual processing in a
higher dimensional modulatory state space.

A potentially interesting question for future research would focus on the functional
implications of the dual-source nature of cholinergic modulation of the input to primary
cortex from the thalamus. As noted above, the somata of thalamic relay cells are subject to
cholinergic modulation arising from the brainstem, which carries information about the
arousal state of the animal (Pepeu and Mantegazzini, 1964; Phillis and Chong, 1965; Shouse
and Siegel, 1992) and probably other variables, including reward (Hangya et al., 2015).
Thus, the computation being performed by these cell bodies integrates visual information
(from the retina) with arousal information from the brainstem (and of course information
from other sources, including other modulatory systems, but importantly in this context,
NOT information directly from the basal forebrain). The axonal output from these cells (i.e.
the thalamocortical terminals in V1) reflect this computation but are then additionally
subject to modulation by ACh released from basal forebrain neurons (Disney et al., 2007), as
are some of the cortical cells receiving the feedforward visual input (Disney et al., 2006;
Disney and Aoki, 2008; Disney et al., 2012). This means that the computation being
performed in cortex adds information carried by basal forebrain afferents that was absent at
the immediately preceding processing stage. To re-state in another way; the input of
thalamic relay cells is under the cholinergic control of the brainstem, while the output is
under the cholinergic control of the basal forebrain.

This brings into focus the question of what the computation being performed by the basal
forebrain might be; i.e. what purpose is served by running brainstem cholinergic arousal
signals through the basal forebrain before delivering them to cortex? What is the information
being added in that additional basal forebrain step? And what is the relevance (or value) of
adding it to the processing stream at the level of V1, and not earlier? It is important to point
out that this is a question that applies to the auditory and somatosensory pathways as well
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since they too see basal forebrain input arriving first in the primary sensory cortices for
hearing (A1) and touch (S1), while the brainstem innervates the auditory and somatosensory
thalamic nuclei.

One distinguishing feature of V1 (and Al and S1) is the sheer number of neurons dedicated
to representing the external world, and their organization into maps (e.g. the orientation and
spatial frequency tuning columns of V1) within functional streams (e.g. the magnocellular
pathway). Directing a modulatory signal to this stage of processing would avail the system
of high resolution (i.e. the ability to direct a signal to an exquisitely small region of sensory
space) and of emerging feature addressability (i.e. the ability to direct a signal to neurons
carrying information about red things, or vertical lines). Whether the cholinergic input from
the basal forebrain can capitalize on these features of V1 functional architecture depends
critically on the extent to which the modulatory signal is global versus local, a question
which is currently not resolved. The failure to conclusively answer this question to date
arises, in part, because it is enormously challenging to determine the degree of anatomical
overlap that exists between axons providing the cholinergic innervation of the cortex. And
even when one has that answer, without further functional characterization of the basal
forebrain (for example the number of co-active basal forebrain neurons), it remains unknown
to what extent the available innervation specificity is actually used. One promising way
forward is the concept of the (cortical) cholinergic compartment, briefly discussed earlier in
this review (Coppola et al., 2016). Compartments allow for differential modulatory function
depending on the architecture of the receiving circuit. This model implies that, in fact, local
circuits in cortex manage their own ACh signaling in a dynamic fashion that could allow for
very fine control of cortical processing by multiple interacting modulatory systems.
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Figure 1:
(A) Schematic depiction of cholinergic innervation of primate visual thalamus and visual

cortex. The lateral geniculate nucleus (LGN) receives cholinergic projections from the
pontomesencephalic tegmental complex, including the laterodorsal tegmental nucleus (LTD)
and the pedunculopontine nucleus (PPT), while the primary visual cortex (V1) receives
cholinergic projections from the nucleus basalis (NB) and substantia innominata (SI) of the
basal forebrain. (B) LGN of old world monkeys and apes is made up of six layers. Layers 1
and 2 are part of the magnocellular (M) pathway (magenta), while layers 3 through 6 belong
to the parvocellular (P) pathway (blue). Koniocellular layers (orange, not shown) are situated
in between M and P layers. (C) The laminar and sublaminar structure of V1 and the
mapping of LGN projections (colored arrows) are shown. Projections within V1 are denoted
by the white arrows and projections from V1 are denoted by the black arrows.
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Figure 2:
Cholinergic receptor distribution in lateral geniculate nucleus (LGN) and primary visual

cortex (V1) in nonhuman primates (unless noted otherwise) separated by methodology. Size
of symbol indicates relative density of the receptor. (A) Top panel: Muscarinic binding sites
are present throughout LGN with higher binding in the lateral portion. Bottom panel:
Nicotinic binding sites are denser in supra- and infragranular layers in V1 while muscarinic
binding sites are fairly uniform across cortex with slight variations in the subdivisions of
layer IV (cortex data from humans). (B) Top panel: mRNA copies of a2, a4, a5, and 2 are
present in LGN. Localization by layers is unknown. Bottom panel: Distribution of mRNA
for different muscarinic and nicotinic receptor subtypes in V1. 2 mRNA is remarkably
dense in layer 1V, while all other types tend to be most strongly expressed in the deeper
layers, specifically layer V1. Note: data is derived from a study looking at the entire cortex,
not just specifically V1. (C) Laminar patterns of mRNA copy detection and receptor protein
expression are not perfectly matched, but receptor expression across laminae mimics /n situ
data from (B), particularly in layer IV (m2 was densest in layer 1Va and 1Vc). m2 labeling
also showed patches of intermittent light and dark staining in layers Il and 111 overlapping
with the CO-rich blobs (data not shown). Data adapted from Shaw & Cynader 1986 (A, top
panel); Eickhoff et al 2007 (A, bottom panel); Han et al 2000 (B); and Tigges et al 1997,
Disney et al 2006, 2007, and Disney & Aoki 2008 (C).
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Figure 3:
Multiplicative control of visual signaling mediated by acetylcholine concentration. (A)

Acetylcholine may act by means of a binary gate during sleep-wake cycle where visual input
gets either multiplied by 0 (gate closed) or by 1 (gate open). (B) Acetylcholine may act on
gain control during waking in a way that visual input gets multiplied by a value of 0 to x
resulting in gradual increases of visual signaling. (C) Gain need not increase with
concentration; in fact non-monotonic gain control such as the inverted U-shaped gain
function has been observed for other neuromodulatory systems.
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