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One of the core diagnostic criteria for Dementia with Lewy Bodies (DLB) is the presence of visual hallucinations.
The presence of hallucinations, along with fluctuations in the level of arousal and sleep disturbance, point to
potential pathological mechanisms at the level of the thalamus. However, the potential role of thalamic dys-
function in DLB, particularly as it relates to the presence of formed visual hallucinations is not known. Here, we
review the literature on the pathophysiology of DLB with respect to modern theories of thalamocortical function
and attempt to derive an understanding of how such hallucinations arise. Based on the available literature, we

propose that combined thalamic-thalamic reticular nucleus and thalamocortical pathology may explain the
phenomenology of visual hallucinations in DLB. In particular, diminished a7 cholinergic activity in the thalamic
reticular nucleus may critically disinhibit thalamocortical activity. Further, concentrated pathological changes
within the posterior regions of the thalamus may explain the predilection for the hallucinations to be visual in

nature.

1. Introduction

Dementia with Lewy Bodies (DLB) is the second most common form
of aging-related neurodegenerative dementia after Alzheimer’s Disease
(AD) and comprises up to 36% of autopsied dementia cases (McKeith
et al., 2000a). DLB is a member of Lewy body diseases’ (LBD) spectrum
of degenerative illnesses along with Parkinson’s Disease (PD) and Par-
kinson’s Disease dementia (PDD) (McKeith, 2006). A core pathological
feature in DLB is the cortical and subcortical accumulation of Lewy
bodies (Burkhardt et al., 1988; Gibb et al., 1987; McKeith, 2006; Miners
et al., 2014). The primary elements within Lewy bodies are a-synuclein
and ubiquitin (Mukaetova-Ladinska and  McKeith, 2006;
Polymeropoulos et al., 1997; Spillantini et al., 1997; Zarranz et al.,
2004) and Lewy body formation is thought to be related to a-synuclein
functional disturbances (Zarranz et al., 2004), impaired clearance
(Miners et al., 2014), increase in a-synuclein expression and/or de-
crease in its solubility (Mukaetova-Ladinska and McKeith, 2006). All of
these mechanisms lead to the accumulation of both insoluble and so-
luble a-synuclein (Miners et al., 2014; Mukaetova-Ladinska and
McKeith, 2006). Ultimately, the accumulation of a-synuclein is

associated with mitochondrial dysfunction, oxidative stress and cellular
decline (Dalfé et al., 2005; Hsu et al., 2000; Swerdlow, 2009).

Clinically, the key features of DLB are cognitive decline, parkin-
sonism, complex visual hallucinations as well as fluctuating arousal and
cognition (Delli Pizzi et al., 2014; McKeith, 2006; Pletnikova et al.,
2005). Rapid eye movement (REM) behavioral sleep disturbance is
another important feature among DLB patients which can be present
many years before the onset of the core symptoms (Boeve et al., 2004;
Turner et al., 1997). The core cognitive features are deficits in attention
and executive function, as well as deficits in memory retrieval and vi-
suospatial dysfunction (Calderon et al., 2001; Ferman et al., 2006;
Gomperts, 2016). The hallucinations are typically visual, though au-
ditory hallucinations have been described (Ballard et al., 2001; Klatka
et al., 1996; McKeith et al., 1992). The hallucinations are seen early in
the illness, persist throughout its course, are often detailed and vivid,
and commonly take the form of animals or people (Gomperts, 2016;
McKeith, 2007; Mosimann et al., 2006). The presence of such halluci-
nations is associated with visuospatial perceptual deficits seen in these
patients (Mori et al., 2000).

The presence of visual hallucinations strongly differentiates DLB
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from AD, particularly in the early stages of the illness (Ballard et al.,
1999; Luis et al., 1999). Therefore, understanding the mechanisms
underlying these hallucinations may provide specific insights into the
pathophysiology underlying DLB. Unfortunately, the neural circuits
responsible for the generation of visual hallucinations in DLB are not
yet known. Given the role of the visual cortex, and in particular, regions
in the inferior temporal cortex, in visual perception and object re-
cognition, it is likely that areas of the occipital and/or inferior temporal
cortices are active during visual hallucinations. Interestingly, cortical
tangle pathology is inversely correlated with the presence of halluci-
nations in DLB patients (Ballard et al., 2004; Luis et al., 1999), as are
subcortical occipital white matter abnormalities (Barber et al., 1999).
These observations suggest that retention of functional cortical circuits
and their subcortical connections is important for the production of
visual hallucinations. In addition, fluctuations in the level of arousal
and sleep disturbances, which are both seen when thalamocortical
systems fail (Bassetti et al., 1996; Hermann et al., 2008; Schiff, 2008;
Schiff and Plum, 2000), are commonly seen in DLB. These findings,
together with longstanding hypotheses about the role of the thalamus in
the production of hallucinations (Lee et al., 2003; Peldez, 2000) and
findings reporting that enhanced thalamocortical connectivity is seen in
patients with schizophrenia or taking hallucinogens (Anticevic et al.,
2013; Preller et al., 2019; Schlosser et al., 2003), raise the possibility
that hallucinations (and/or other symptoms) in DLB are caused by
dysregulated thalamocortical circuitry.

The thalamus is a centrally located brain structure whose principal
cells, thalamocortical neurons, project throughout the neocortex.
Different thalamic nuclei project to different regions of the cerebral
cortex in a roughly topographical and bidirectional fashion. The pre-
sumed functions of each thalamic nucleus mirror those of their cortical
partners. Partially surrounding the thalamus is a sheet of GABAergic
neurons known as the thalamic reticular nucleus (TRN). TRN neurons
project to the thalamus and receive input from both thalamocortical
neurons and the cortex, among other brain areas. Although early
models of TRN organization postulated that TRN neurons were re-
ciprocally connected with thalamocortical neurons — an organization
leading to both physiological and pathological oscillations (Steriade
et al.,, 1993a; Warren et al., 1994)- more recent work suggests that
additional non-reciprocal circuits exist. In fact, multiple brain regions
that influence cortical activation, such as the prefrontal cortex, amyg-
dala, other thalamic regions and basal forebrain, may do so indirectly
via their projections to the TRN (Crabtree et al., 1998; Crabtree and
Isaac, 2002; Desilets-Roy et al., 2002; Kimura et al., 2007; Lam and
Sherman, 2005, 2015; Lee et al., 2010; Pinault and Deschénes, 1998;
Zikopoulos and Barbas, 2006). Such “open-loop” connectivity provides
a potential substrate for long-range modulation of cortical activity,
paradoxical enhancement of thalamocortical signal flow and propaga-
tion of signals across the thalamus (Brown et al., 2019; Gribkova et al.,
2018; Willis et al., 2015). These findings comport with one of the hy-
pothesized roles for the TRN which is to gate and modulate information
flowing toward the cerebral cortex (Steriade and Llinas, 1988; Williams
and Rakic, 1988; Wimmer et al., 2015). The TRN is also implicated in
controlling the state of arousal and sleep (Steriade et al., 1993a) and
dreaming (Solms, 2000).

The TRN may also control response mode in thalamocortical neu-
rons. Thalamocortical neurons have two spiking response modes:
bursting (when hyperpolarized) and tonic (when depolarized)
(Sherman, 2001). Therefore, any hyperpolarizing stimulus (or poten-
tially withdrawal of depolarizing stimulus) may change the spiking
mode of thalamic neurons and their responsiveness to external stimuli -
a point that will be returned to below.

Despite the parallels between thalamocortical physiology and the
clinical findings in DLB, little is known about what changes in thala-
mocortical circuitry are found in DLB. A better understanding of how
thalamocortical circuits malfunction in DLB may open the door to the
development of novel therapeutic strategies to palliate the symptoms of
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DLB. Therefore, below we review the known literature about thala-
mocortical dysfunction in DLB and propose a model of thalamic circuit
pathophysiology that may be responsible for a key symptom of DLB:
visual hallucinations.

2. Changes to the thalamus in DLB
2.1. Anatomical/Biochemical studies

Several studies have revealed changes that occur in the thalamus in
DLB patients. Swirski et al measured levels of amyloid-} and a-synu-
clein in thalamus and cortex from DLB and age-matched controls. They
found elevated soluble amyloid-B1-40 and 1-42 and that the percentage
of insoluble a-synuclein that was phosphorylated at serine 129 (P-129)
was elevated in the thalamus of DLB subjects compared to controls
(Swirski et al., 2014). Similarly, Miners et al. observed elevated levels
of P-129 in the pulvinar nucleus (specific subnucleus not indicated in
the publication) of the thalamus of DLB subjects relative to controls
(Miners et al., 2014). These data suggest that the thalamus is a target of
amyloid-3 and a-synuclein pathology in DLB, though it should be noted
that cortical pathology was generally more severe than thalamic pa-
thology in both studies.

DLB-related pathology appears to be nonuniformly distributed in
the thalamus, such that it is elevated in regions of the pulvinar nucleus,
as well as the intralaminar nuclei. For example, a diffusion tensor
imaging study on projection target-defined regions of the thalamus in
DLB patients revealed changes in mean diffusivity across multiple
thalamic regions. However, these changes were most prominent in the
regions of the posterior thalamus (likely including the regions of the
pulvinar) that project to the parietal and occipital cortices, and changes
in mean diffusivity in these regions were positively correlated to the
hallucinations item score on the neuropsychiatric index scale (Delli
Pizzi et al., 2014). Several recent studies have examined the pathology
of the visual thalamic nuclei: the lateral geniculate nucleus and the
pulvinar, in DLB. Compared to AD and control subjects, the lateral
pulvinar nucleus, which projects throughout the parietal visual asso-
ciation areas, showed significant cell loss in subjects with DLB, while
the pulvinar generally showed increased a-synuclein deposition re-
lative to controls and AD patients (Erskine et al., 2017), with similar
trends seen across the analyzed subnuclei (anterior, medial, lateral —
inferior nucleus not analyzed). In addition, whole pulvinar tissue
showed a decrease in synaptic marker expression (including markers of
inhibition) when compared to controls (Erskine et al., 2018). Interest-
ingly, the lateral geniculate nucleus, which provides input to the pri-
mary visual cortex, appears spared in terms of pathological changes,
when compared to AD subjects (Erskine et al., 2016). In addition, in a
study of patients with Lewy Body spectrum diseases, when compared to
the anterior and mediodorsal thalamic nuclei, the intralaminar nuclei
were found to have increased susceptibility to DLB-related pathology.
Intralaminar nuclei have been implicated in arousal and visual aware-
ness (Purpura and Schiff, 1997; Schiff, 2008). The intralaminar nuclei
most affected by a-synuclein deposition, and that showed the greatest
degree of atrophy and cell loss, were the central lateral nucleus and
cucullar nucleus. Degeneration of the latter structure, which projects to
the amygdala, was also associated with the presence of visual halluci-
nations (Brooks and Halliday, 2009). These data suggest that synaptic
physiology in regions of the thalamus specialized for arousal as well as
visual processing and awareness is disrupted in DLB.

2.2. Perfusion imaging studies

Several studies have examined changes in regional blood flow in
DLB and found changes in the thalamus and neocortex relative to
controls. For example, Lobotesis et al observed decreased perfusion in
the occipital lobe and relative preservation of thalamic perfusion using
single photon emission computed tomography (SPECT) in DLB patients
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compared to AD patients and controls (Lobotesis et al., 2001). In ad-
dition, Sato et al explored characteristics of DLB perfusion changes
using SPECT in 22 patients with DLB and 25 patients with AD. Similar
to the Lobotesis study, they observed a significantly decreased perfu-
sion in the occipital lobe and also reported a significant increase in
perfusion in the deep gray matter (striatum and/or thalamus) in 18 DLB
patients compared to 8 AD patients (See Fig. 1) (Sato et al., 2007).
Relative preservation of thalamic perfusion in DLB relative to AD, while
demonstrating prominent drops across posterior neocortical areas, was
also reported by Tateno et al (Tateno et al., 2008). Similar increases in
thalamic perfusion and metabolic activity were seen in earlier studies of
PD patients using SPECT (Eidelberg et al., 1994; Imon et al., 1999).
These data indicate that the perfusion signature in DLB is one of pre-
servation of thalamic blood flow despite prominent drops across the
temporo-occipital visual areas.

2.3. Acetylcholine, hallucinations, and cholinergic changes in the thalamus
in DLB

Acetylcholine has been extensively implicated in altering states of
consciousness and the production of hallucinations (Perry et al., 1999).
For instance, antimuscarinics, such as scopolamine, have long been
established to induce hallucinations (Safer and Allen, 1971) and re-
storation of synaptic acetylcholine via cholinesterase inhibitors is cap-
able of attenuating hallucinations in patients with DLB, PDD, and AD
(Cummings et al., 1993; Fabbrini et al., 2002; Fujita and Takebayashi,
2010; Maclean et al., 2001; McKeith et al., 2000b). It is notable that
levodopa was not found to increase hallucinations in most DLB patients
(Goldman et al., 2008), despite the purported role of dopamine in other
forms of hallucinations. Atypical antipsychotics with efficacy against
hallucinations in DLB, such as olanzapine, have been shown to cause
striking increases in extracellular acetylcholine levels (Shirazi-Southall
et al., 2002). In addition, patients with schizophrenia have long been
established to have deficits in sensory gating (measured as deficits in
P50 suppression) that respond to nicotinic stimulation (reviewed in
(Martin et al., 2004)). That this nicotinic benefit is not attenuated with
mecamylamine, an a432 antagonist, suggests that this deficit may be
mediated by loss of a7 nicotinic receptors (Freedman et al., 1994).
Collectively, these data suggest that dopamine may play less of a role in
DLB-associated hallucinations than hallucinations seen in other condi-
tions, and point to a key role for acetylcholine.

Cholinergic inputs to the thalamus are derived from the peduncu-
lopontine and laterodorsal tegmental nuclei ((Mesulam et al., 1983;
Sofroniew et al., 1985), and reviewed in (Varela, 2014; Yeomans,
2012)). In addition, the TRN receives dense cholinergic input mostly
from the basal forebrain with a minority of cholinergic input from the
pedunculopontine/laterodorsal tegmental nuclei (Hallanger et al.,
1987). Thalamocortical neurons express both muscarinic (generally
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Fig. 1. Cerebral perfusion in DLB.

Changes in cerebral perfusion in DLB patients vs.
controls (left) and AD patient vs. controls (right).
Note the increase in perfusion of the thalamus and
decrease in the occipital cortex in DLB. There are
no significant changes in perfusion to deep gray
matter in the AD brain, but decreases in temporal-
parietal cortices are seen. Scale bar of Z-scores
shown on the right. Used with permission from
(Sato et al., 2007).

types M1-M3: (Breckinridge Carden and Bickford, 1999; Lord Plummer
et al., 1999; Zhu and Uhlrich, 1998)) and nicotinic (mostly the a4p2
subtype in the body of the thalamus: (Chin et al., 2011; Hall et al.,
1993) and the a7 receptor subtype in the TRN (Breese et al., 1997;
Court et al., 1999; Ni et al., 2016; Quik et al., 2000)). M1, M2 and M3
receptors have been identified in the thalamus (Flynn and Mash, 1993),
and acetylcholine generally depolarizes thalamocortical neurons via M1
or M3 receptors and therefore may shift thalamocortical cells from a
bursting to a tonic state, though certain higher-order nuclei (those that
receive sparse input from the sensory periphery) are hyperpolarized by
acetylcholine via M2 receptors (Varela and Sherman, 2007) and others
may show mixed responses (MacLeod et al., 1984). M4 receptors have
also been identified in the thalamus, particularly in the inferior and
lateral pulvinar of the primate (Ferrari-Dileo et al., 1994) though their
functional significance is not yet known. M2 receptors are found on
neurons in the TRN (Breckinridge Carden and Bickford, 1999;
McCormick and Prince, 1986).

Neurons in the TRN show biphasic responses to pulses of acet-
ylcholine: immediately after a pulse of acetylcholine, neurons depo-
larize, and then demonstrate long-lasting hyperpolarization (Sun et al.,
2013). The depolarizing phase is sensitive to dihydro-beta-erythroidine,
and therefore thought to be generated by a432 receptors, though some
groups have speculated that a7 receptors play a role (Ni et al., 2016).
As described above, a7 receptors are richly expressed in TRN neurons
(Breese et al., 1997; Court et al., 1999; Ni et al., 2016; Quik et al.,
2000), though are challenging to study given their rapid desensitization
(Wang and Sun, 2005). Therefore, the functional role of a7 receptors in
the TRN has been enigmatic. The late hyperpolarization is thought to be
mediated by M2 muscarinic receptors (McCormick and Prince, 1986).

Multiple studies have documented changes in cholinergic function
in DLB across the neocortex. For example, early studies documented
significant loss of choline acetyltransferase activity across multiple
neocortical areas (more pronounced in DLB than AD (Reid et al., 2000;
Tiraboschi et al., 2000)) and that these drops are associated with the
presence of visual hallucinations (Perry et al., 1990a, b). These drops,
which were seen in an autopsy series in patients with end-stage disease,
have been confirmed with in vivo imaging studies (Mazere et al., 2017).
Nicotinic receptor subtypes appear to be more diminished than mus-
carinic receptors in DLB and the a7 receptor subtype appears to be
more diminished than other neuronal nicotinic receptors, such as the
a42 subtype (Colloby et al., 2006; Perry et al., 2000; Reid et al., 2000;
Sabbagh et al., 2001). In addition, diminished cortical a7 and increased
occipital a4fB2 binding correlated with the presence of visual halluci-
nations (Court et al., 2001; O’Brien et al., 2008).

In the thalamus, similar to the neocortex, there is a pronounced
overall drop in cholinergic innervation, as measured by imaging AChE
activity in vivo, in DLB patients compared to either controls or AD
patients (Kotagal et al., 2012). Regionally, cholinergic activity was
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measured using choline acetyltransferase activity in the TRN, medio-
dorsal thalamus and centromedian thalamus in a small study (n =5
DLB patients with parkinsonism, and n = 5 DLB patients without par-
kinsonism) and trends for a decrease were seen in the TRN and med-
iodorsal thalamic nuclei. These trends reached significance in PDD
patients where the number of subjects was larger (n = 14, (Ziabreva
et al., 2006)). This drop in cholinergic input to the thalamus appears to
be reflected most strongly in the decline of a7 nicotinic receptors in the
TRN (nearly 50% drop in a7 binding in DLB patients (Court et al.,
1999), see Fig. 2) with relatively weak changes seen in a432 and a6 or
a3 containing receptors (Bohr et al., 2005; Pimlott et al., 2004, 2006;
Ray et al., 2004). Taken together, these findings point to a decline in
cholinergic innervation of the thalamus and cortex in DLB, and indicate
that a7 receptors in the TRN may be a particular point of vulnerability
in DLB, potentially providing a substrate to the symptomatology de-
scribed above.

Unfortunately, there is a paucity of information about muscarinic
receptor changes within thalamic nuclei in DLB. In a study of M2 and
M4 binding across anteroprincipal, mediodorsal and ventrolateral nu-
clei, only reductions in M4 binding were seen, and these only reached
significance in the mediodorsal nucleus (Warren et al., 2007).

2.4. Serotonin, hallucinations, and serotonergic changes in the thalamus in
DLB

Serotonin has been strongly implicated in the formation of hallu-
cinations, particularly in the setting of schizophrenia or the use of
hallucinogenic drugs (Marek, 2007). Hallucinogens such as lysergic
acid diethylamide (LSD) and psilocybin are 5 H T2A agonists that excite
infragranular pyramidal neurons in frontal and temporal cortices
(Geyer and Vollenweider, 2008). Although a majority of 5HT2A re-
ceptors are located in cortical areas, evidence from mRNA measure-
ments in the rat brain have shown moderate levels in the TRN and
ventrolateral geniculate nucleus (Pompeiano et al., 1994). Nichols ar-
gued that 5H T2A receptor activation may lead to hallucinations via
disruption of the TRN combined with increased thalamocortical excit-
ability, potentially leading to the formation of coherent thalamocortical
oscillations and subsequent formation of false percepts (Nichols, 2004).
In addition, 5H T1A receptors, which have been implicated in hallu-
cinogenesis (Penington and Fox, 1994), have been identified in the
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Fig. 2. Selective decline in a7 binding in the
TRN in DLB patients.

Differences in a- bungarotoxin binding in var-
ious regions human thalamus expressed as dif-
ference in fmol/mg of protein. Only regions with
at least 100fmol/mg protein are shown.
TRN* = TRN “high spots” correspond to areas
with high baseline binding in the TRN.
Abbreviations: Ant = anterior thalamic nucleus,
VL = ventrolateral thalamic nucleus,
MD = mediodorsal thalamic nucleus,
CM = centromedial thalamic nucleus, VPM/
L = ventral posterior medial/lateral nucleus,
LP = lateral posterior nucleus, Pul = pulvinar
(subnucleus not specified). Data replotted from
(Court et al., 1999).

LGN TRN TRN*

primate thalamus in vivo (Yokoyama et al., 2016).

Most serotonin innervation of the thalamus is derived from the
dorsal raphe nuclei (De Lima and Singer, 1987; Moore et al., 1978;
Vertes, 1991; Yoshida et al., 1984) and innervation tends to be most
dense in the intralaminar and higher-order nuclei, as well as in the
lateral geniculate nucleus (Varela, 2014). Serotonin receptors comprise
seven subfamilies (5HT1-7). In the marmoset, the mRNA for only
5HTI1A, 5HTIB, 5HT6 and 5H T7 have been identified across visual
thalamic nuclei, while TRN neurons express 5HT1A, 5HT1B, 5HT2A
and 5HT2B and appear to not express 5SHT6 or 5HT7 receptors
(McCormick and Wang, 1991; Rodrfguez et al., 2011; Shukla et al.,
2014). It should be noted that mRNA expression within a thalamocor-
tical neuron does not necessarily mean that the receptor will function in
the thalamus (Fremeau et al., 1991). The receptor may be transported
to the thalamocortical terminal, where presynaptic serotonin receptors
may influence thalamocortical synaptic plasticity and, ultimately, cor-
tical output (Barre et al., 2016; Marek et al., 2001). Supporting this idea
is evidence that presynaptic 5HT2A receptors on thalamocortical
terminals may activate cortical neurons and contribute to the halluci-
nogenic effects of drugs that agonize 5H T2A receptors (Marek et al.,
2001).

The actions of serotonin on thalamocortical neurons are varied and
depend on both the subnucleus of the thalamus and the species being
investigated. Direct application of serotonin has been shown to both
depolarize (via non-5H T1A, 5SHT1 receptors (Pape and McCormick,
1989) or 5H T7 receptors (Chapin and Andrade, 2001)), or hyperpo-
larize (via 5 H T1A-receptors (Monckton and McCormick, 2002; Varela
and Sherman, 2008)) thalamocortical neurons as well as to increase
activity of intrinsic GABAergic thalamic interneurons (Monckton and
McCormick, 2002; Pape and McCormick, 1995), and may do so via
5HT2A receptors (Crunelli and Di Giovanni, 2015). Serotonin also
diminishes the impact of visual information on the lateral geniculate
nucleus via presynaptic 5HT1 receptors (5H T1-subtype yet to be
identified, (Chen and Regehr, 2003; Seeburg et al., 2004; Yang et al.,
2014b)), thus potentially creating a deafferentation scenario and con-
sequently promoting the formation of spontaneous visual percepts. The
TRN also receives prominent serotonergic innervation which is at least
as dense as principal thalamic nuclei (Lavoie and Parent, 1991;
Morrison and Foote, 1986). Serotonergic innervation of the TRN derives
from the dorsal raphe and supralemniscal nucleus and TRN dendrites
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express 5 H T receptor subtypes that include 5HT1A and 5H T2A re-
ceptors (Rodriguez et al., 2011). When applied at the level of the TRN,
serotonin excites TRN neurons via S5HTIC or 5HT2 receptors
(McCormick and Wang, 1991). In contrast, when applied at the site of
reticulothalamic terminals in the dorsal thalamus, serotonin may de-
crease or increase GABA release via presynaptic 5SHT1A or SHT2A
receptors, respectively (Goitia et al., 2016).

Serotonin pharmacology has also been implicated in DLB, and Lewy
bodies occur in the dorsal and median raphe nuclei with marked re-
duction in 5H T-positive cell bodies (Benarroch et al., 2007). To our
knowledge, no studies exist that examine the changes in serotonin or its
receptor levels in the thalamus in patients with DLB. However, the
profound losses of serotonin neurons in the dorsal and median raphe
suggest that changes in thalamic serotonin levels and/or receptor dis-
tribution would likely be seen. Outside of the thalamus, reductions of
serotonin levels have been reported in the striatum and frontal cortex of
DLB patients (Francis, 2009; Ohara and Kondo, 1998; Perry et al.,
1993). Several studies have examined the relationship between ser-
otonin levels in DLB patients and the likelihood of developing visual
hallucinations. For example, Perry et al measured levels of the main
metabolite of serotonin, 5-hydroxyindoleacetic acid (5-HIAA), as well
as choline acetyltransferase, the main synthetic enzyme for acetylcho-
line, in the temporal cortex of DLB patients. Consistent with the lit-
erature reviewed above, they observed profound drops in choline
acetyltransferase levels in the cortex of DLB patients relative to con-
trols, as well as a drop in 5-HIAA levels. There was, however, relative
preservation of 5-HIAA levels in those subjects with visual hallucina-
tions (compared to the greater decline in choline acetyltransferase),
suggesting that the balance of serotonin to acetylcholine metabolism
may be the major determinant of whether hallucinations occur (Perry
et al., 1990b). In a related study, Perry et al. used high performance
liquid chromatography to measure neurotransmitter and metabolite
levels in postmortem samples from the frontal cortex of DLB patients
with and without visual hallucinations and found that 1) serotonin le-
vels were reduced in DLB patients compared to controls and 2) that the
ratio of 5-HIAA to serotonin was elevated in hallucinating relative to
nonhallucinating patients (Perry et al., 1993). These data suggest that
increased serotonin turnover is associated with hallucinations in DLB
patients. With respect to receptor binding, 5 H T2 receptor levels were
examined in the temporal cortex using autoradiography, and were
found to be generally depressed in DLB patients relative to controls.
However, similar to the Perry et al. 1990 study described above, there
was a relative preservation of 5H T2 binding in those subjects with
visual hallucinations compared to those without (Cheng et al., 1991).
Future work will determine whether similar changes are seen at the
level of the thalamus.

2.5. Dopamine, hallucinations, and dopaminergic changes in the thalamus
in DLB

Dopamine has long been implicated in the production of halluci-
nations based dopaminergic dysfunction in psychosis in schizophrenia
(Kuepper et al., 2012), the efficacy of drugs to treat these symptoms via
D2 receptor blockade (Miyamoto et al., 2005), and pharmacological
induction of hallucinations seen with levodopa (Banerjee et al., 1989)
as well as cocaine or amphetamine (Thirthalli and Benegal, 2006). Al-
though traditionally the dopamine hypothesis of schizophrenia outlined
excess dopamine in the mesolimbic pathway as the primary cause of
positive symptoms, such as hallucinations (Davis and Kahn, 1991), re-
cent evidence has implicated the nigrostriatal pathway—which has
projections to the anterior caudate—as the potential primary site of
dysfunction (Kuepper et al., 2012). In addition, it has been proposed
that dopaminergic projections from the substantia nigra compacta may
activate D2 and D4 receptors located in the TRN and suppress the
synthesis of GABA resulting in disinhibition of thalamic relay neurons
and thereby potentially contributing to positive symptoms of
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schizophrenia (Behrendt, 2006). Further, reductions in D2 and D3
binding have been observed in the brains of patients with schizo-
phrenia, and these reductions were strongest in the thalamus (primarily
in the pulvinar) in drug-naive patients with schizophrenia (Buchsbaum
et al., 2006). These data implicate a potential role for alterations in
thalamic dopaminergic neurotransmission in generation of hallucina-
tions.

The thalamus receives rich dopaminergic innervation, and this in-
nervation is most densely found in midline and association nuclei and is
derived from the hypothalamus, periaqueductal gray, ventral me-
sencephalon and lateral parabrachial regions (Sanchez-Gonzélez et al.,
2005). Multiple dopamine receptor subtypes have been identified in the
thalamus. A strong signal for D1 receptor mRNA is found in the in-
tralaminar nuclei as well as in the lateral geniculate and posterior
thalamic nuclei, though weak binding to the D1 receptor was found in
the thalamus, suggesting that much of the receptor expression was
presynaptic at the targets of thalamic neurons in the cortex or basal
ganglia (Fremeau et al., 1991). D2 receptor binding in the human
thalamus is highest in the midline and intralaminar nuclei, and rela-
tively low in the primary sensory nuclei and TRN (Rieck et al., 2004)
though an older study reported stronger D2 binding in the lateral
geniculate nucleus than other regions (Meador-Woodruff et al., 1991).
mRNA for D5 receptors has primarily been localized to the parafasci-
cular nucleus in the rat and not seen in other thalamic subnuclei
(Meador-Woodruff et al., 1992). Lateral geniculate and primary soma-
tosensory neurons are depolarized by dopamine via D1 receptors, and
D2 receptors may directly increase the excitability of their parent tha-
lamocortical neurons via alterations of potassium conductance
(Govindaiah and Cox, 2005; Govindaiah et al., 2010b) or indirectly
decrease thalamocortical cell firing via activation of local interneurons
(Munsch et al., 2005). Mediodorsal thalamic neurons, similar to pri-
mary sensory neurons above, are directly excited by D2 agonists via a
decrease in potassium conductance, but do not respond to D1 agonism
(Lavin and Grace, 1998). In addition, similar to the effects of serotonin,
dopamine tends to diminish retinogeniculate transmission via a com-
bination of D1 and D2 receptors, possibly via presynaptic mechanisms
(Govindaiah and Cox, 2006; Zhao et al., 2001). To our knowledge, no
studies have been done specifically on the effects of dopamine on TRN
neurons. However, it has been shown that D2 and D4 agonism can
decrease the magnitude of tonic extrasynaptic inhibition induced by
GABA, agonists (Yagiie et al., 2013), and that D4 agonism diminishes
GABAergic inhibition in the TRN derived from the globus pallidus
(Govindaiah et al., 2010a), suggesting that dopamine working across
both the TRN and the dorsal thalamus can enhance TRN-based sup-
pression of thalamocortical activity.

Thalamic dopamine abnormalities have also been found in DLB. For
example, Piggot et al measured thalamic D2 receptor binding using
post-mortem autoradiography in 18 cases of DLB, 13 cases of PDD, 6 PD
without dementia features and 14 controls. DLB cases with parkin-
sonism had significantly elevated D2 receptor density in laterodorsal
and ventrointermedius nuclei and DLB cases without parkinsonism did
not show increased D2 density in any areas. The authors did not report
any association between D2 receptor binding with cognitive decline or
visual hallucinations, but D2 binding was reported significantly higher
with increased extrapyramidal symptoms (Piggott et al., 2007). Al-
though the mechanism of D2 receptor elevation is not known, the au-
thors speculated that the increase may be compensatory and point out
that similar increases in D2 density were seen in the striatum of DLB
patients (Piggott et al., 1999). The findings that thalamic D2 receptor
densities correlate better with parkinsonism rather than visual hallu-
cinations are consistent with other studies showing that dopamine
transporter density in the striatum correlates more strongly with par-
kinsonism than with neuropsychiatric features (Shimizu et al., 2017;
Siepel et al., 2016; Ziebell et al., 2013), but see (Roselli et al., 2009).



S. Esmaeeli, et al.

2.6. NMDA receptors, hallucinations, and NMDA receptor changes in the
thalamus in DLB

N-methyl-D-aspartate (NMDA) glutamate receptor hypoactivity has
been implicated as a potential model of schizophrenia (Olney and
Farber, 1995). Supporting this idea, drugs that antagonize the NMDA
receptor, such as ketamine and phencyclidine, induce hallucinations
(Mozayani, 2003; Powers III et al., 2015), alter thalamic and cortical
rhythmicity (Lisman et al., 2010; Pinault, 2008), and block GABAergic
neurons located in the TRN (Sharp et al., 2001). Furthermore, it has
been suggested that disinhibition of the thalamus via NMDA antag-
onism at the level of the TRN may result in pathological activation of
thalamocortical circuits potentially contributing to psychotic features of
schizophrenia (Behrendt, 2006; Lladd-Pelfort et al., 2017). In fact, a
recent modeling study suggested that downregulation of NMDA re-
ceptors on cortical interneurons or analogous hyperpolarization of TRN
neurons may be sufficient to cause certain manifestations of schizo-
phrenia such as smooth pursuit eye movement abnormalities or atten-
tional dysregulation (John et al., 2018). In this context, it is notable that
NMDA antagonism via the use of memantine (an NMDA-receptor an-
tagonist drug approved for the treatment of AD), in at least one study
has worsened hallucinations in DLB (Ridha et al., 2005), and another in
AD patients (Monastero et al., 2007), but see (Meng et al., 2019) for
reports of clinical benefit for memantine in DLB and PDD. However, it
has also been posited that excessive disinhibition of thalamic relay cells
alone would not be sufficient to produce hallucinations without pa-
thological involvement of attentional mechanisms (Behrendt, 2006).
Interestingly, blocking NMDA receptors through administration of ke-
tamine has been shown to enhance dopamine release (Kegeles et al.,
2000) suggesting cross-talk across neurotransmitter systems may con-
tribute to the generation of hallucinations.

NMDA receptors are found throughout the thalamus (Clinton and
Meador-Woodruff, 2004; Jones et al., 1998; Salt, 1986), and diminished
thalamic expression of intracellular signaling molecules linked to
NMDA receptors has been reported in individuals with schizophrenia
(Clinton and Meador-Woodruff, 2004). NMDA receptors, along with
other glutamate receptors, are found at corticothalamic synapses
(Deschénes and Hu, 1990; Reichova and Sherman, 2004) and may be
important for short-term plasticity at these synapses (Crandall et al.,
2015; Fernandez et al., 2017). Diminished thalamic NMDA receptor
function has been speculated to lead to disintegration of cortico-tha-
lamocortical circuits (see section 4.0 below), leading to a breakdown in
sensorimotor integration in schizophrenia (Vukadinovic, 2014).
Therefore, it is possible that NMDA dysregulation can lead clinical
manifestations in DLB. However, to our knowledge, no studies exist that
examine the impact of DLB on thalamic NMDA receptor distributions.

3. Perception, perceptual deficits and hallucinations

It has been speculated that everyday perception is a result of the
combination of external sensory input, internal object and scene re-
presentations and goal-directed attention (Collerton et al., 2005). This
model implies that normal perception requires the fine coordination of
bottom-up information from the sensory periphery and top-down
modulatory influences, presumably from higher areas in the sensory
hierarchy to lower areas (e.g., via corticocortical or corticothalamic
projections). Deafferentation may then tip the balance in favor of in-
ternally-represented percepts. For example, Charles Bonnet syndrome is
characterized by visual hallucinations in patients who typically have
impairment at the level of the eye (most commonly age-related macular
degeneration) and demonstrate hyperactivity in various portions of the
visual association cortex (Howard et al., 1998; Schadlu et al., 2009) as
well as the thalamus (Jang et al., 2011). Their hallucinations may be
related to cortical release and consequent hyperexcitability of the
cortex similar to that seen in phantom limb pain (Menon et al., 2003).

Neuromodulators, such as acetylcholine, have been speculated to
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play an important role in balancing bottom-up and top-down influences
such that they may enhance signal-to-noise ratio (Everitt and Robbins,
1997; Hasselmo et al., 1997). For example, peduncular hallucinosis
often presents with visual hallucinations as well as impaired arousal in
patients with lesions in subcortical structures such as the reticular
formation, raphe nuclei, substantia nigra, tegmentum, paramedian
thalamic regions, and pulvinar (subnucleus not specified (Benke,
2006)). Of note, many patients who experience peduncular hallucinosis
have abnormal sleep behavior and impaired episodic memory, similar
to that observed in DLB. Manford and Andermann (1998) argued that
the observed clinical sleep disturbances may be due to disruption of
brainstem structures connected to midline thalamic nuclei and the TRN
(Manford and Andermann, 1998). Thus, hallucinations may be related
to inadequate arousal signals to the thalamus and cortex, diminishing
appropriate integration of bottom-up and top-down inputs. Given that
top-down influences likely modulate perception by building expecta-
tions about sensory stimuli, disruptions in acetylcholine may alter the
relative certainty between bottom-up sensory information and top-
down expectations (Angela and Dayan, 2002; Friston, 2005). As such,
when uncertainty is high about bottom-up information, top-down
biases may produce incorrect percepts based on an individual’s ex-
pectations or memories of the perceptual scene. A corollary of this
supposition is the finding that visual hallucinations diminish in Charles
Bonnet patients when visual input is reduced to zero (i.e., when eyes
are closed), which may signal an increase in certainty of the bottom-up
signal being null (Collerton et al., 2005).

Supporting the notion that hallucinations can be related to the
corrosion of bottom-up signals which may bias perception in favor of
stored, top-down representations, is the finding that the perceptual
capacities of individuals with hallucinations are often diminished. This
sensory degradation is particularly evident in patients with established
deafferentation syndromes, but is also found in individuals with schi-
zophrenia. For example, in schizophrenia there are low-level auditory
processing deficits such as diminished sensitivity to pure-tune stimuli
(Mathew et al., 1993) and diminished pure-tone matching capacity
(Rabinowicz et al., 2000). These deficits are compounded by higher-
level auditory processing deficits, such as difficulties with speech per-
ception (Bull and Venables, 1974; Hoffman et al., 1999). To our
knowledge, despite extensive work documenting higher-order visual
perceptual deficits in DLB (reviewed in (Collerton et al., 2003)), little
work has been done to examine low-level visual perceptual abilities,
such as visual detection tasks, in DLB patients (but see (Archibald et al.,
2009) for evidence of retinal pathology PD). As suggested by Behrendt
(Behrendt, 2006), these data point to a general uncoupling of sensory
input to thalamocortical processing in hallucinating patients. It may be
that mechanistically the uncoupling in different disorders is in-
stantiated by different mechanisms, but that disruption of bottom-up
perceptual processing is the common denominator among the halluci-
nating disorders.

3.1. Functional neuroimaging studies

To better understand the potential role of the thalamus in producing
DLB-related hallucinations, here we briefly review the functional ima-
ging literature with respect to thalamic activity during hallucinations.
Most previous functional imaging work has focused on the role of the
cortex in the production of hallucinations. This is in part due to early
studies that showed that cortical stimulation, particularly in the tem-
poral lobe, could cause hallucinations (Ishibashi et al., 1964; Penfield
and Perot, 1963). Subsequent studies have revealed that regional cor-
tical activation in hallucinating subjects is commensurate with the
modality of hallucination (e.g., visual hallucinations activate areas of
the visual cortex and visual association areas, etc. (Howard et al., 1998;
Lennox et al., 2000; Shergill et al., 2001)). However, imaging studies
have also implicated the thalamus in hallucinating states (Shergill et al.,
2000). As discussed in Llano (2013), it is important to point out that
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failure to see thalamic activation during a functional imaging study
may be related to multiple factors: failure to examine thalamic regions
of interest, the small size of thalamic nuclei relative to voxel size in
functional imaging studies, the high variability of thalamic nuclear
borders across subjects (Andrew and Watkins, 1969; Rademacher et al.,
2002; Uylings et al., 2008) as well as the greater vulnerablity to
movement artifacts induced by cardiac contractions than that observed
in the cortex (Guimaraes et al., 1998). In addition, the thalamus shows
different metabolic time profiles compared to neocortex (Llano et al.,
2009), suggesting that thalamus-specific hemodynamic response func-
tions may be needed. Finally, there may be differences in degree of
regional activation that occur during cognitive tasks when comparing
thalamus and cortex. For example, a small area of thalamic activation
(measured in tens of microns) is sufficient to drive large cortical acti-
vations (measured in hundreds of microns) (Llano et al., 2009; Theyel
et al., 2010).

Nevertheless, many studies have shown significant activation in the
thalamus in actively hallucinating participants. For example, several
studies have examined cerebral blood flow in subjects with Charles
Bonnet hallucinations while the patients were actively hallucinating. In
2000, Adachi at el. studied five patients with Charles Bonnet syndrome
using 123I-IMP SPECT and MRI. SPECT findings showed hyperperfu-
sion in the thalamus bilaterally in four hallucinating patients compared
to the non-hallucinating controls. The fifth patient had hyperperfusion
in the right thalamus (Adachi et al., 2000). More recently, Jang et al.
carried out a PET study to examine a subject with Charles Bonnet
syndrome and observed left thalamic hyperperfusion compared to
controls, which disappeared with successful pharmacological treatment
(Jang et al., 2011). Similar thalamic hyperperfusion was seen in a
hallucinating patient with PD (Goetz et al., 2014).

Three studies examining patients with schizophrenia also implicate
the thalamus in hallucinations. In the case study published by Woodruff
et al in 1994, a 48-year-old individual with schizophrenia was imaged
using fMRI during a period of intermittent hallucinations and while not
hallucinating. The investigators observed increased activity in the
dorsomedial thalamus during hallucinations compared to non-halluci-
nating periods (Woodruff et al., 1994). Shergill et al. performed a si-
milar study a few years later. This study examined six patients with
schizophrenia using fMRI and found that the right thalamus showed a
significant increase in activity in the ventral anterior nucleus during
hallucinations (Shergill et al., 2000). Similar findings were reported by
Silbersweig et al, who used H2(15)O PET to image five individuals with
schizophrenia (Silbersweig et al., 1995). These converging data all
point to an elevation of thalamic activity during hallucinations, though
these studies cannot differentiate whether the hallucinations are trig-
gered at the level of the thalamus or are a reflection (via corticotha-
lamic projections) of ongoing hallucinations in the cortex.

3.2. Hallucinations in DLB vs. Other conditions

Throughout this report, by necessity, given the relatively small
numbers of studies on DLB patients, we have looked to hallucinations in
states other than DLB to understand the mechanisms of hallucinations
in DLB. However, hallucinations in DLB have clinical characteristics
that distinguish them from hallucinations seen under other conditions,
and therefore may involve different underlying mechanisms. For ex-
ample, hallucinations are seen at some point during the lifespan in a
high fraction (> 50%) of normal individuals without drug intoxications
(McKellar, 1957; Posey and Losch, 1983). However, these hallucina-
tions in these non-disease states are almost always seen at the borders of
sleep (e.g., hypnogogic and hypnopompic hallucinations (Collerton
et al., 2005)), and therefore may be attributable to alterations in tha-
lamic state exhibited during sleep transitions, such as transitioning
between rhythmic bursting and tonic firing modes. Hallucinogen-in-
duced (e.g., LSD, psilocybin) hallucinations tend to be bizarre and
distorted versions of reality (Collerton et al., 2005), rather than
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nonfrightening visions of relatively mundane objects seen in DLB.
Therefore, the prominent antimuscarinic and 5H T2 agonist properties
of drug hallucinogens may not reflect mechanisms seen in DLB. Hal-
lucinations seen in deafferentation states (Charles Bonnet hallucina-
tions, tinnitus, phantom limb) tend to be more simple in form (ffytche,
2008). That is, they are more likely to represent features of objects (e.g.,
lines, tones, touch intensity) rather than whole objects, such as people
or animals, seen in DLB. Therefore, their neural instantiations may in-
volve different regions of the sensory hierarchy than those seen in DLB.
Finally, in schizophrenia hallucinations are typically auditory, and are
personal and negative in their content (Jones and Fernyhough, 2007),
and therefore likely call upon auditory and limbic structures that are
less likely to be involved in DLB. As a corollary, hallucinations in DLB
tend to not provoke fear and anxiety to the same degree that halluci-
nations in schizophrenia do. It is possible that the additional bio-
chemical abnormalities in schizophrenia such as dopaminergic hy-
perfunction or NMDA hypofunction may contribute to the affective
component not present in DLB, though this hypothesis remains to be
tested. In frontotemporal dementia, hallucinations are generally rare,
but, when present are strongly associated with a hexanucleotide repeat
expansion mutation in the C9orf72 gene (Devenney et al., 2014; Kertesz
et al., 2013; Onofrj et al., 2015), which in this context has been asso-
ciated with degeneration in the medial pulvinar (Vatsavayai et al.,
2016). However, evidence for mutation in this gene is rare in DLB pa-
tients (Robinson et al., 2014; Snowden et al., 2012). Therefore, one
needs to extrapolate with caution any mechanisms learned from the
study of non-DLB patients to the biology of hallucinations in DLB.

4. Potential thalamic circuit abnormalities underlying visual
hallucinations DLB

There are at least 20 different nuclei and subnuclei of the thalamus,
and over the years multiple theories have been proposed to account for
their roles in information processing. Early theories postulated that
nuclei within the thalamus could be categorized as being part of a
“core” vs. “matrix” region, based upon destination layer in the cortex
(middle cortical layers for core and superficial layers for matrix) and
staining density for the calcium-binding protein calbindin (high for
matrix areas). In this organizational scheme, core areas carry specific
information to the cortex, while matrix areas, via their more broadly
distributed distal cortical terminations, synchronize activity across
cortical areas (Jones, 2001). This scheme does not explicitly account for
the considerable descending influence from the cortex onto thalamo-
cortical neurons. Only the minority of inputs (~10%) onto thalamo-
cortical neurons are derived from the sensory periphery, while the rest
are derived from the cortex, TRN and ascending projections from
monoaminergic and cholinergic nuclei (Erisir et al., 1997; Montero,
1991). A later model postulated that parvalbumin- and calbindin-po-
sitive regions of the thalamus divided thalamic nuclei into first-order
and higher-order nuclei, such that first order nuclei receive their spe-
cific content-related signals from the sensory periphery (e.g., the retina
for the lateral geniculate nucleus), while higher-order nuclei receive
their specific content-related input from the cortex (e.g., the corticor-
ecipient areas of lateral pulvinar for vision, see Figs. 3A and B). In this
scheme, content-related signals to higher-order nuclei are derived from
layer 5 of the cortex, while the more numerous layer 6 corticothalamic
neurons play a modulatory role (Guillery and Sherman, 2002). The
thalamus, therefore, acts as a conduit for information being transferred
from one region of the cortex to another (Guillery and Sherman, 2002;
Theyel et al., 2010). In more anterior regions of the thalamus, content-
related input may be derived from other brain areas, such as cere-
bellum, basal ganglia and amygdala (Aggleton and Mishkin, 1984;
Asanuma et al., 1983; Miyashita et al., 2007; Sakai et al., 1996; Sidibé
et al., 1997), some of which may also manifest pathology in DLB
(Higuchi et al., 2000; Popescu et al., 2004). These regions of the tha-
lamus typically project to motor or prefrontal areas of cortex, though
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Fig. 3. Models of thalamic organization.
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C. Thalamus as modulator of cortical
functional connectivity

A) Thalamocortical neurons in principal relay nuclei (such as the lateral geniculate nucleus) send projections to layer 4 of the cortex. Also shown is a corticothalamic
projection from layer 6 which branches to TRN, which in turn sends an inhibitory projection to the thalamocortical neuron. B) In higher order nuclei (such as the
corticorecipient areas of lateral pulvinar), the thalamus may relay information from layer 5 neurons in one cortical area to layer 4 of another cortical area. C) An
alternative model of function in higher order thalamic nuclei is to modulate the functional connectivity within or between regions of cortex. Corticothalamic
projections to TRN and thalamocortical cells exist in models B and C, but were omitted for clarity. In all cases, both thalamocortical neurons and the TRN receive
cholinergic input, as described in detail in the text. Note that this figure, as well as Fig. 4, only contains canonical inputs to layer 4.
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Shown are the models of non-primary thalamic nuclei (i.e., models B and C from Fig. 2). Loss of cholinergic innervation of the TRN (shown with an “X”) leads to
diminished activity of the TRN. This disinhibition of thalamocortical neurons (represented as a glowing thalamocortical neuron) increases the likelihood of an
unselected cortical signal to activate a downstream cortical area (represented as a glowing gray box). This putative mechanism is shown for a cortico-thalamocortical
mechanism of thalamic function (A) and a mechanism whereby the thalamus alters the functional connectivity between brain regions (B).

there is some evidence that rostral areas of the thalamus send projec-
tions to visual cortex (Rieck and Carey, 1985), which is presumably the
most direct mediator of visual hallucinations. The schemes shown in
Figs. 3A and 3B have been described as failing to capture the broader
diversity of thalamocortical interactions that exist (Bickford, 2016;
Clasca et al., 2012; Nakajima and Halassa, 2017). For example, thala-
mocortical neurons also project to layers 1, 5 and 6 (Bruno and
Sakmann, 2006; Huang and Winer, 2000; Ji et al., 2015; Rezak and
Benevento, 1979; Rubio-Garrido et al., 2007; Slater et al., 2019; Yang
et al., 2014a; Zhao et al., 2009). These connections are not included in
Fig. 3 (or Fig. 4) in order to focus on the impact of pathological change
on canonical circuitry involving thalamus and cortex. It is not yet
known if TRN projections to layer 4-targeted thalamocortical cells
differs from that onto thalamocortical cells targeting other layers.
Recent data have suggested more nuanced functional organizational
schemes for the thalamus and cortex. For example, Schmitt et al.
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demonstrated that the mediodorsal nucleus of thalamus played a key
role of organizing prefrontal cortical activity in an attentional task
(Schmitt et al., 2017). Similarly, and more relevant to the issue of visual
hallucinations, Saalmann et al. demonstrated that the ventral portions
of the pulvinar played an important function in synchronizing activity
across multiple higher order visual cortical areas (Saalmann et al.,
2012). These findings, coupled with diversity of thalamocortical pro-
jection termination patterns, have fueled proposed models of thala-
mocortical organization involving a mosaic of multiple thalamocortical
organizational motifs, including those that involve point-to-point pro-
jections from thalamus to layer 4 of cortex, others involving potential
cortico-thalamo-cortical connectivity, and others that link activity
across cortical regions to enhance intracortical communication
(Fig. 3C) (Bickford, 2016; Clasca et al., 2012; Nakajima and Halassa,
2017). However, specific mechanisms by which thalamocortical neu-
rons can enhance cortico-cortical connectivity have not been
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established.

In a mosaic-type of thalamic organization, multiple modes of tha-
lamic function (and therefore dysfunction) are possible. For example,
given the massive and heterogeneous cortical projections to the tha-
lamus, the corticothalamic system has been speculated to be a substrate
of a predictive coding mechanism (Rikhye et al., 2018). Predictive
coding models postulate that one mechanism to disambiguate noisy
stimuli is to use an internal model (a “prior” in a Bayesian framework)
to bias sensory processing based on prior experiences (Friston and
Kiebel, 2009; Malmierca et al., 2015; Mumford, 1991). In such a model,
the thalamus could serve as a sensory processing station whose tuning
properties are shaped by prior beliefs held by the cortex and/or a source
of updates to shape belief networks in the cortex; in fact, there is evi-
dence for both (Komura et al., 2013; Zhang and Yan, 2008). Im-
portantly for this discussion, in a predictive coding framework, tha-
lamic activity is tightly coupled to the fine balance of bottom-up and
top-down information. It may be that any system that relies on per-
ceptual inference, when the balance is shifted due to changes in ex-
citatory or inhibitory tone, may be prone to hallucinate (Friston, 2005).

Another factor when considering thalamic dysfunction in the setting
of hallucinations is the presence of bursting in thalamocortical neurons.
Classically, bursting has been considered a hallmark of sleep and
drowsiness, and therefore, a state in which sensory information is not
being transmitted to cortex. In this formulation, bursting may also be
seen under pathological states and bursting neurons, when adjacent to
non-bursting thalamocortical projections, have been speculated to lead
to cortical gamma activation, leading to false percepts (Jeanmonod
et al., 1996; Llinas et al., 1999). There is some evidence for this me-
chanism in tinnitus (De Ridder et al., 2015; Sametsky et al., 2015),
neuropathic pain (Hsieh et al., 1995; Walton et al., 2010) and Purkinje
hallucinations (fictive visual percepts induced via patterns of light
imposed upon the closed eye) (ffytche, 2008). Other formulations have
speculated that thalamic bursting may carry sensory information
(Lesica et al., 2006; Lisman, 1997; Person and Perkel, 2005; Reinagel
et al., 1999; Swadlow and Gusev, 2001). In the case of DLB, the tha-
lamus appears to be hypermetabolic (see Fig. 1, above), rather than
hypometabolic, as occurs with Purkinje hallucinations and pain
(ffytche, 2008; Hsieh et al., 1995). It is not yet known if bursting is
associated with thalamic hyper- or hypo-metabolism, though it has
been speculated that bursting leads to the latter (Llinas et al., 1999).
Therefore, the notion that bursting drives hallucinations in deaf-
ferentation syndromes may not apply to hallucinations in DLB. It is not
yet known if there is abnormal bursting in the thalamus of DLB patients.
As described above, the most prominent neurochemical change in the
thalamus in DLB is the withdrawal of acetylcholine on a7 receptors (see
Fig. 2). Diminishment of acetylcholine at the level of the TRN, parti-
cularly on a7 receptors, would be expected to diminish thalamic
bursting by dampening TRN influence on thalamocortical neurons.
Since corticothalamic stimulation may inhibit thalamic relay cells via
their projections to the TRN, in some cases with inhibition dominating
over excitation (Destexhe et al., 1998; Lam and Sherman, 2009;
Landisman and Connors, 2007; Von Krosigk et al., 1999; Paz et al.,
2011), loss of TRN activity would be expected to cause corticothalamic
fibers to cause net excitation of thalamocortical neurons. Thus, in DLB,
a shift towards tonic thalamic firing may be seen, thereby releasing the
brakes (normally imposed by the TRN) on unselected thalamic activa-
tions by corticothalamic inputs. Such a disruption would tip the balance
in favor of cortical Bayesian priors, releasing stored cortical re-
presentations which may then propagate, potentially via cortico-tha-
lamocortical pathways.

For this corticothalamic-based mechanism to explain visual hallu-
cinations in DLB, there must 1) be a mechanism to hold pre-formed
visual representations in the cerebral cortex and 2) be disruption of the
comparison between corticothalamic inputs and ascending visual in-
puts. Common to all conscious experience and therefore likely common
to all hallucinatory states is the activation of the cerebral cortex. In the
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absence of sensory stimuli, there is ongoing cortical activity (Kenet
etal., 2003; Mao et al., 2001), and such cortical activity is characterized
by being spontaneous and state-dependent (Hoffman et al., 2007; Kenet
et al., 2003; Mao et al., 2001; Steriade et al., 1993b). This intrinsic
cortical activity has been reported to be highly dependent on in-
tracortical circuits (Ernst et al., 2001; Kenet et al., 2003; Sanchez-Vives
and McCormick, 2000; Timofeev et al., 2000), which are felt to be the
substrate for internal percepts (Nir and Tononi, 2010; Takeuchi et al.,
2011). Imaging studies of spontaneous cortical activity have revealed
that spontaneous spatiotemporal patterns of the population activity
appear similar to those patterns measured during visual stimulation
(MacLean et al., 2005; Miller et al., 2014; Sakata and Harris, 2009).
Given that the cortical ensembles could be the main functional unit for
perception (Buzsdki, 2010; Uhlhaas et al., 2009), the ability of thala-
mocortical afferents to activate the same cortical ensembles suggests
that aberrant thalamocortical activation could release learned sensory
representations in the cortex, leading to the experience of formed hal-
lucinations. Thus, an important question remains: are there mechan-
isms to gate (or inhibit) learned sensory representations at the level of
the thalamus?

4.1. Disrupted inhibitory control of the thalamus and visual hallucinations

The only output of the TRN is to provide hyperpolarizing influence
onto thalamocortical neurons, though despite this relative simplicity of
organization, the role of the TRN has long been enigmatic. The TRN has
been speculated to play roles in multiple brain functions: maintenance
of arousal (Llinds and Paré, 1991; Steriade et al., 1993a), selective at-
tention (Crick, 1984; Guillery et al., 1998; Mc Alonan and Brown, 2002;
McAlonan et al., 2006; Wimmer et al., 2015), the production of sleep
spindles (Destexhe et al., 1994), shifting the firing state of thalamic
neurons (Whitmire et al., 2017, 2016; Willis et al., 2015) and, under
pathological conditions, the production of seizures (McCormick and
Contreras, 2001) and sensory abnormalities in neurodevelopmental
disorders such as autism (Krol et al., 2018). The TRN may also contain
subnetworks subserving these myriad functions (Halassa et al., 2014;
Kimura and Imbe, 2015).

Disrupted a7 cholinergic signaling mechanisms, and consequent
disruptions in TRN function, have been speculated to contribute to
circuit abnormalities in other hallucinating disorders, such as schizo-
phrenia (Bencherif et al., 2012; Ferrarelli and Tononi, 2011; Pratt and
Morris, 2015; Young and Wimmer, 2017). Evidence supporting TRN
dysfunction in schizophrenia stems from studies showing 1) that human
patients with schizophrenia show marked sensory gating abnormalities
as measured by event-related potentials to paired stimuli (Light and
Braff, 1999; Patterson et al., 2008), which is believed to be related to
TRN function (Ferrarelli and Tononi, 2011; Krause et al., 2003;
Tregellas et al., 2007) and 2) that patients with schizophrenia have
marked sleep spindle abnormalities and that spindle deficits correlate
with severity of positive symptoms (Ferrarelli et al., 2007, 2010;
Ferrarelli and Tononi, 2017; Wamsley et al., 2012). As described above,
a recent modeling study has found that downregulation of activity of
TRN neurons (or of cortical inhibitory interneurons) led to abnormal
eye movement output similar to that seen in schizophrenia. The authors
further speculated that disinhibition at the level of the TRN could lead
to the inability to focus attention; a deficit also seen in schizophrenia
(John et al., 2018). In addition, levels of a7 nicotinic receptors, which
are richly expressed in the TRN (Breese et al., 1997; Court et al., 1999;
Ni et al., 2016; Quik et al., 2000; Spurden et al., 1997) are deficient in
the TRN in schizophrenia (Court et al., 1999). Further, a7 poly-
morphisms are associated with sensory gating abnormalities in schi-
zophrenia (Freedman et al., 2003). All of these findings are suggestive
of a central deficit in TRN signaling as a putative mechanism underlying
multiple symptoms of schizophrenia.

In the case of visual hallucinations in DLB, functional TRN ab-
normalities have been less extensively studied than in schizophrenia,
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but there are data demonstrating severe sensory gating abnormalities in
DLB patients (Perriol et al., 2005) compared to healthy controls and AD
subjects. We are not aware of studies of sleep spindles in DLB. However,
in PD patients, diminished frequency of sleep spindles is predictive of
the later development of PDD (Latreille et al., 2015), a disease closely
related to DLB. Further supporting the proposal that TRN-based choli-
nergic deficits are at the heart of visual hallucinations in DLB are stu-
dies demonstrating the efficacy of cholinesterase inhibitors for the
treatment of hallucinations in this disorder (McKeith et al., 2000b;
Satoh et al., 2010). Thus, these data suggest a model whereby a7 hy-
pofunction at the level of the TRN leads to inadequate inhibition at the
level of the thalamus. This disinhibition then may lead to disrupted
comparison of top-down sensory predictions with bottom-up sensory
input, leading to release of pre-formed patterns of activity across the
visual cortex. See Fig. 4 for a representation of the impact of diminished
cholinergic modulation of the TRN and resulting enhanced canonical
cortico-thalamocortical (Fig. 4A) or cortico-cortical (Fig. 4B) signaling.

5. Conclusions and implications

Despite the wide-ranging pathology seen across cortical and sub-
cortical sites and across multiple biochemical systems in DLB, conver-
ging lines of evidence suggest that a strong candidate for a circuit-level
substrate for visual hallucinations is aberrant cholinergic, likely a7
nicotinic, signaling at the level of the TRN. The disrupted inhibition of
thalamocortical neurons provides a trigger to release pre-formed pat-
terns of cortical activity, leading to spontaneous false percepts. This
hypothesis comports well with other recent proposals whereby a “leaky
thalamus” leads to abnormal sensory processing as seen in disorders
such as autism (Schmitt and Halassa, 2017; Wells et al., 2016). There
are still many unanswered questions about this potential mechanism for
hallucinations in DLB. First, it is not known if or how impoverished
inhibition to a region of the thalamus could lead to spiking activity in
thalamocortical cells in the absence of another input. Indeed, other
thalamic models of hallucinations are based upon enhanced hyperpo-
larization triggering bursting activity in thalamocortical cells to trigger
cortical activity (Llinas et al., 1999). Second, the impact cholinergic
input to the TRN is still currently poorly understood. The presence of a7
receptors in the TRN has been established via receptor binding studies,
but this presence does not establish if these receptors are actually post-
synaptic. If they are presynaptic, given the range of excitatory and in-
hibitory inputs to any given TRN neuron, virtually any combination of
effects of cholinergic deafferentation to the TRN is possible. Third, most
synaptic physiology studies on the relevant structures have been con-
ducted on young non-diseased laboratory animals. Clearly, species- and
aging-related changes are likely to have an impact. For example, in-
hibitory interneurons are not present in most thalamic nuclei of the
most commonly-studied species employed in basic studies (rodents) but
comprise about 20% of the neuronal population in humans (Arcelli
et al.,, 1997). Therefore, one would expect that the impact of TRN
manipulations to differ between rodents and humans. In addition,
cholinergic receptors in the thalamus are known to diminish with aging,
and in very specific ways (Mitsis et al., 2009; Pilar-Cuéllar et al., 2008;
Sottile et al., 2017a, b). Therefore, results from studies in young ani-
mals (or humans) may be difficult to extrapolate to an older population.
Successful resolution of these questions will not only lead to a better
understanding, and therefore potentially new treatments, for DLB, but
may also shed light more broadly on the pathophysiology of halluci-
nations.

Future work will bring clarity to the questions raised above.
Specifically, more direct measurements of thalamic function in patients
with DLB such as analysis of spindle activity (which is tied to TRN
activity) and correlations between spindle frequency and the likelihood
of having visual hallucinations will prove informative. Direct record-
ings of thalamic activity in DLB, though done rarely in humans for
clinical purposes, could also provide clarity, particularly on the issue of
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bursting. In addition, basic work to determine if thalamic bursting
causes thalamic hyper- or hypometabolism would help in the inter-
pretation of metabolic imaging studies in humans. Further, additional
work on deficits in low-level vs. higher-level visual processing deficits
will shed light on the levels at which visual processing (thalamic vs.
cortical) are disrupted in DLB. Finally, clinical trials with a7 agonists to
treat visual hallucinations in DLB may provide both mechanistic and
therapeutic insight into this illness. Several a7 agonists have been de-
veloped and piloted for the treatment of cognitive deficits in schizo-
phrenia and have favorable tolerability and pharmacokinetic profiles
(Haig et al., 2016; Keefe et al., 2015; Walling et al., 2015), but to our
knowledge, none have been tested yet in DLB.
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