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Abstract

The thalamus, a significant part of the diencephalon, is a symmetrical and bilateral central

brain structure. The thalamus is subdivided into three major groups of nuclei based on their
function: sensorimotor nuclei (or principal/relay nuclei), limbic nuclei and nuclei bridging these
two domains. Anatomically, nuclei within the thalamus are described by their location, such as
anterior, medial, lateral, ventral, and posterior. In this review, we summarize the role of medial
and midline thalamus in cognition, ranging from learning and memory to flexible adaptation.

We focus on the discoveries in animal models of alcohol-related brain damage, which identify
the loss of neurons in the medial and midline thalamus as drivers of cognitive dysfunction
associated with alcohol use disorders. Models of developmental ethanol exposure and models

of adult alcohol-related brain damage and are compared and contrasted, and it was revealed

that there are similar (anterior thalamus) and different (intralaminar [adult exposure] versus
ventral midline [developmental exposure]) thalamic pathology, as well as disruptions of thalamo-
hippocampal and thalamo-cortical circuits. The final part of the review summarizes approaches to
recover alcohol-related brain damage and cognitive and behavioral outcomes. These approaches
include pharmacological, nutritional and behavioral interventions that demonstrated the potential
to mitigate alcohol-related damage. In summary, the medial/midline thalamus is a significant
contributor to cognition function, which is also sensitive to alcohol-related brain damage across
the life span, and plays a role in alcohol-related cognitive dysfunction.
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1. Introduction:

The thalamus, a significant part of the diencephalon, is a symmetrical and bilateral central
brain structure. Nuclei within the thalamus are described by their anatomical location,

using terms such as anterior, medial, lateral, ventral, and posterior. The medial and midline
thalamus are key sites influencing memory and cognition. Even these restricted regions of
the thalamus are heterogeneous with several key nuclei (anterior, medial dorsal, intralaminar
and midline ventral [nucleus reuniens - Re, rhomboid - Rh]) having critical diversity in
connectivity and function. The medial and midline thalamus comprise what has been coined
the “cognitive thalamus’ (see Cassel and Pereira de Vasconcelos 2015; Wolff and Vann
2019), which has positioned the thalamus’ status beyond its early description as a relay
station. Sherman and Guillery (1996) suggested that the thalamus contains at least two
types of nuclei: first-order nuclei which transfer sensory and subcortical information, and
higher-order nuclei that significantly alter the nature of the information relayed to the cortex
(see also Sherman 2016).

The study of alcohol-related brain damage revealed that the thalamus is critical for memory
and cognition. This review will focus on the vulnerability of the thalamus to alcohol
exposure, highlighting findings from animal models of developmental and adult alcohol-
related brain damage. Interestingly, models of adult alcohol-related brain damage and
models of developmental ethanol exposure display similar (anterior thalamus) and different
(intralaminar [adult exposure] versus ventral midline [developmental exposure]) thalamic
pathology, as well as disruptions of thalamo-hippocampal and thalamo-cortical circuits. In
humans, heavy adult alcohol consumption with associated thiamine deficiency can progress
into the amnestic disorder of Korsakoff Syndrome (KS), a type of diencephalic amnesia.
Extensive research, including patients with, and animal models of, KS have been conducted
to determine the structural underpinnings of amnesia and failing executive functioning.
Studies using rodent models of KS have revealed that the anterior and midline intralaminar
nuclei are consistently damaged, with minimal damage to the medial dorsal nucleus (Mair et
al. 2015, Savage et al. 2012). Models of third-trimester alcohol exposure display increased
cell death and shrinkage in the anterior thalamus (Farber et al. 2010; Wozniak et al. 2004). In
addition, there is selective cell loss in the Re, with sparing of surrounding midline thalamic
regions (Gursky et al. 2019). Prior to summarizing the critical literature on alcohol-related
thalamic pathology, we will first review the neuroanatomy and functional consequences

of neuronal loss to these critical medial and midline thalamic regions, based primarily on
studies in rodents.

There is strong correspondence in alcohol-related thalamic pathology across humans and
animal studies. While the thalamus has been the target of human neuroimaging studies

of human patients diagnosed with FASD or adult alcohol use disorders (AUDSs), past
technical limitations have prevented analysis of individual thalamic nuclei. Despite this,
most studies do recognize significant reductions in thalamic volume throughout childhood
and adolescence, greater than can be accounted for gross microcephaly associated with
FASD (Lebel et al. 2008; Mattson et al. 1992; Meintjes et al. 2014; Nardelli et al. 2011; Treit
et al. 2013). While some studies do not observe alcohol-induced changes in whole-thalamus
volume in humans (Archibald et al. 2001) or rodents (Akers et al. 2011), rodent studies
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suggest that this may be due to nucleus-specific alterations to thalamus (Akers et al. 2011,
Gursky et al. 2019). It is possible that both alcohol-induced cell death (Gursky et al.

2020) and altered development of the 3" ventricle (Petrelli et al. 2018) may contribute

to thalamic malformation in FASD in both humans and in rodent models of the disorder,
but these hypotheses have yet to be explored in depth. The specificity and details of these
alterations will be discussed further in Section 4 (“Animal models of developmental alcohol
exposure”).

Imaging studies in adult patients with severe AUD have supported post-mortem
histopathological analysis (Harding et al, 2000; Victor et al, 1971) that the medial thalamus
is affected in both uncomplicated patients with severe AUD and those with AUD and
thiamine deficiency; However, patients with KS displaying the greatest thalamic pathology
(Pitel et al., 2014; Sullivan and Pfefferbaum, 2008). A recent study (Segobin et al,

2019), with a more detailed structural and connectivity analyses, revealed that chronic and
excessive consumption of alcohol is associated with structural and connectivity alterations
in the mediodorsal and anterior thalamic nuclei. However, atrophy of the anterior thalamic
was relatively specific to individuals with severe AUD that progressed into KS. However,
neurohistological analyses of thalamic pathology in cases of KS display cell loss in both the
anterior and medial dorsal thalamic nuclei (Harding et al, 2000; Victor et al, 1971). Animal
studies modeling adult alcohol-related pathology have demonstrated extensive thalamic
pathology following thiamine deficiency, but not after chronic ethanol exposure. These
studies confirm that thiamine-deficiency-induced lesions are limited to the ventral portion
of medial dorsal, but more extensive cell loss is observed in several anterior and midline
intralaminar nuclei (see Savage 2012 et al, for a review). Thus, our focus will be on
alcohol-related pathology in the anterior and midline thalamic regions.

2. Evidence that the medial and midline thalamus are key elements of the

cognitive thalamus.

This section summarizes the thalamic nucleus-specific contributions to behaviors by
highlighting three functional midline thalamic groups (Groenewegen 1988): the anterior
nuclei, the intralaminar nuclei, and the ventral midline thalamus, which includes the Re

and rhomboid (Rh) nuclei. One major challenge to discussing the consequences of thalamic
damage in any animal models, including models of alcohol exposure, is the technical
difficulty in identifying unique versus overlapping contributions of each nucleus to behavior.
Understanding the unique versus redundant contributions of each nucleus to behavior
provides a foundation for functional implications of nucleus-specific neuroanatomical
alterations, such as those observed in models of fetal alcohol spectrum disorders (FASD;
discussed in Section 4) and adult alcohol use disorders (discussed in Section 5).

The traditional subdivisions of midline thalamic nuclei at times appears discrepant with
recent findings of functional subdivisions within each nucleus (Gao et al. 2020), obtained
from correlational observations of neuroanatomy and neuronal activity markers (e.g., Vann
et al. 2000) or in vivo electrophysiological function (Dollemann-van der Weel et al. 1997;
Ito et al. 2015), which provide the most precise delineation of individual nuclei, their
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subdivisions, and their function during behavior. Distinct functional properties can be
challenging to infer at the level of an individual thalamic nucleus for the following three
reasons: small size or uneven shape of the nucleus, overlap in afferent/efferent targets
between nuclei, and heterogeneity of neuronal function within each structure. Although
there are technical limitations to uncovering these specific contributions, the concurrent use
of multiple techniques to provide convergent evidence for the role of thalamic nuclei in
cognition. Understanding the specificity of thalamic influence on cortico-thalamic circuitry
and behavior provides a strong foundation to understand the functional consequences of
alcohol-related brain damage.

2.1. Anterior thalamus:

The anterior thalamus is comprised of the anterodorsal (AD), anteroventral (AV), and
anteromedial (AM) nuclei, and is part of the rostral dorsomedial thalamus (Jankowski et

al. 2013). These subregions have unique connectivity to the hippocampus, parahippocampus,
retrosplenial cortex, medial prefrontal cortex (mPFC), and therefore contribute to spatial
mapping and are associated with spatial learning and memory. The AD nucleus (60%
neurons) and the AV nucleus (39% neurons) were first discovered to house head direction
(HD) cells (Taube 2007; Tsanov et al. 2011; Clark and Taube 2012). Later, HD cells

were also found near the Re (Jankowski et al. 2014). HD cells fire when the head moves

in specific directions (not location), and encode primary information to organize spatial
orientation within the environment (for review see Taube 2007; Clark and Taube 2012).
Although HD cells rely on vestibular and proprioceptive information, these neurons have
been called “the compass of the brain”, as they respond when an animal points its head

in a particular direction (Jankowski et al. 2014). These neurons allow organisms to keep
track of their movements and position, even in a cue-free environment (Knierim et al.

1995). Anterior thalamic projections to the postsubiculum are critical for the establishment
of HD cell activity throughout the parahippocampal circuit (Preston-Ferrer et al. 2016).
Hippocampal place cells and thalamic HD cells are strongly coupled and are involved in
spatial representation (Knierim et al. 1995). Place cells use the signal from the HD system
to establish and maintain place-field activity (Dudchenko et al. 2019). Lesions of brain areas
that convey the HD signal, such as the anterior thalamus, can degrade place fields, leading to
place-field instability (Carlton et al. 2003). Place cells fire selectively at one or few locations
in the environment and express current as well as past and future spatial experiences (Moser
et al. 2015). HD signals from the anterior thalamus are necessary for the generation and
function of grid cell activity (Winter et al. 2015). There are a limited number of grid-like
cells in the AM, with the majority residing in the entorhinal cortex (EC). Grid cells have
multiple firing fields with clear regions of silence between the fields, creating a triangular or
hexagonal grid-like pattern. HD cells, place cells and grid cells form a network from which
spatial representations are formed and remembered (Moser et al. 2015).

Within the anterior thalamus, theta-on cells were found within the AV (94%), AD (77%) and
AM (71%), and approximately 75% of cells of the AV fire in synchrony with hippocampal
theta rhythm (Mertes et al. 2001). It should be noted that AD, AV and AM have varying
amounts of HD cells (AD>AV>AM) and theta activity (AM~AV>AD) (Perry and Mitchell
2019). It has been suggested that theta serves as an important signal involved in the
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differential processing of HD activity to selectively guide spatial behaviors (\Vertes et al.
2001). The crossover between theta and HD signals support the conclusion that anterior
thalamus integrates information related to heading and movement, and is critical for spatial
information processing (Tsanov et al. 2011).

It is therefore not surprising that rodents with anterior thalamic nuclei (ATN) lesions show
substantial spatial memory deficits (Aggleton et al. 1996; Byatt and Dalrymple-Alford
1996; Savage et al. 2011; Sziklas and Petrides 1999). We found that complete lesions

of the ATN impaired performance on spontaneous alternation and delayed alternation,
measures of hippocampal-dependent learning and memory, and such lesions severely
disrupted behaviorally-evoked acetylcholine (ACh) efflux within the hippocampus (Savage
et al. 2011). These data supports the notion that damage to the anterior thalamus directly
down-regulate function within the hippocampus. There is also evidence that the anterior
thalamus may be required for other hippocampal and cortical processing, such as contextual
learning (Dumont et al. 2014; Law & Smith. 2012; Marchand et al. 2014), as well as
attentional control (Nelson et al. 2018), as these behaviors are disrupted following ATN
lesions. There is some supporting evidence that different ATN support different cognitive
factors: The AD nucleus is critical for direction information, whereas the AV nucleus is
more involved in place/location learning and memory, and the AM nucleus appears to be
necessary for attentional and temporal information (Aggleton and Nelson 2015).

Intralaminar thalamus:

The intralaminar thalamic nuclei are located lateral to the mediodorsal nucleus, surrounding
it in a U shape and are embedded within the myelin sheath of the internal medullary lamina.
It is the least explored of the medial/midline thalamic groups. Often the intralaminar nuclei
are classified into two groups based on their anterior to posterior location (see Van der Werf
et al. 2002; Vertes et al. 2015a): The rostral group consists of the central medial (CM),
paracentral (PC), and central lateral (CL) nuclei; whereas the caudal group is composed

of the parafascicular (PF) and subparafascicular nuclei (SPF). This collection of nuclei
project to different cortical regions, but all have the dorsal striatum as a common target.
Key projection targets of the intralaminar nuclei are the dorsal striatum and cortex, with
other critical projections including the ventral striatum and amygdala. The lateral (PC,

CL) and caudal (PF, SPF) nuclei mostly innervate the sensorimotor cortex and the dorsal
striatum, whereas CM has more diverse innervation including the cingulate, perirhinal and
orbital frontal cortices, amygdala, ventral striatum, in addition to innervation of the dorsal
striatum and premotor cortex (Benendese and Groenewegen 1991; Van der Werf et al.
2002; Yasukawa et al. 2004; Vertes et al. 2015a). The PF and CM nuclei differ from other
intralaminar nuclei as they have denser projections to the basal ganglia, mostly the caudate
and putamen, but also innervate the sensory and motor cortices.

There is substantial brainstem input to the intralaminar nuclei. There is dense innervation
from the reticular formation, the cholinergic pedunculopontine and the laterodorsal
tegmental nuclei, the serotonergic axons from the dorsal raphe, dopaminergic input from
the substantia nigra, and noradrenergic input from the locus coeruleus nucleus (Krout et

al. 2002). Frontal cortical regions, including the dorsal prelimbic, anterior cingulate, orbital
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frontal and premotor areas, project to the intralaminar nuclei (Berendse and Groenewegen
1991). Furthermore, the basal ganglia return direct projections to the caudal intralaminar
complex (Parent et al. 1983; Sidibe et al. 1997). Through critical reciprocal thalamo-cortico-
striatal connectivity patterns, the intralaminar nuclei play a significant role in coordinating
the activity across cortical, limbic, and basal ganglia circuits, which influences a variety of
cognitive functions. Furthermore, intralaminar neurons burst discharge to a variety of salient
stimuli and likely play an essential role in shifting attention and responses to changing
environmental conditions (Matsumoto et al. 2001).

Lesion studies have shed light on the role of the functional outputs of the intralaminar
nuclei. The main findings are that lesions to the intralaminar nuclei produce impairment on
frontal cortical, hippocampal and dorsal striatal tasks and difference across studies likely
reflect differences in lesion size that can include different nuclei across the rostral-caudal
axis. Frontal cortical-like dysfunction following intralaminar lesions has been reported on
operant delayed match to position task (Bailey and Mair 2005; Burk and Mair 1998).
Intralaminar lesions impair re-acquisition and short-term delayed recall of spatial location on
the operant non-matching-to-position (NMTP) task (Savage et al. 1997), with little recovery,
even 8 months post-lesion. In addition, persistent impairments of go/no go responding in
continuous olfactory delayed nonmatching task occur following intralaminar lesions (Koger
and Mair 1994, Mair et al. 1998, Zhang et al. 1998). These studies demonstrate that both
spatial and nonspatial working memory, which are dependent on the frontal cortex, are
impaired by lesions of the intralaminar nuclei. Furthermore, attentional set-shifting, known
to rely on the mPFC, in which the strategy for successful discrimination is changed from
visual cues to a place-based strategy was impaired following immunotoxin lesion of CL
(Kato et al. 2018).

When rats with lesions of the intralaminar nuclei were tested on hippocampal-dependent
tasks, such as the radial arm maze delayed nonmatching to position task where choices
were drawn at random (to prevent egocentric solutions) or learning the location of a hidden
platform in the Morris water maze, significant impairment was observed (Mair et al. 1998,
Mair et al. 2003; Savage et al. 1998). Rats with lesions that encompassed all intralaminar
nuclei (CL, CM, PC, PF) and some midline (AM, interoanteromedial [IAM]) regions were
impaired at learning the location of a hidden platform in the water maze task. In contrast,
rats that had limited lesions, restricted to the lateral nuclei (CL, PC, and PF) were not
impaired on the Morris water maze (Savage et al. 1998). Rostral intralaminar lesions did
not alter acquisition or short-term recall (5 days post-training) in the water maze task, but
such lesions did impair remote memory (25 days post-training) on this task (Lopez et al.
2009). However, in that study, it was unclear whether the intralaminar nuclei participate in
consolidation or long-term recall.

Damage to the caudal intralaminar nuclei can also lead to impairments on striatal-dependent
tasks. Such intralaminar lesions disrupted performance on a visuospatial reaction time task,
which is sensitive to striatal damage (Mair et al. 2002). Lesions or inactivation of the PF and
other lateral intralaminar nuclei impaired reversal of rewarded place learning and prevented
the rise in ACh in the dorsal striatum during the rule shift (Brown et al. 2010).
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A working hypothesis is that medial/intralaminar thalamus is a diverse region that
coordinates prefrontal cortical neural activity with other cortical, limbic, and basal ganglia
circuits that modulate complex cognitive functions such as attentional processes, behavioral
flexibility, and working memory (Saalmann 2014). Although there appears to be a functional
dissociation across the rostral-caudal axis of the intralaminar nuclei, such distinction can

be difficult to adequately distinguish given the size and close proximity of nuclei in this

grouping.

Nucleus Reuniens:

The Re is often called the ventral midline thalamus as it resides below the IAM, CM and

Rh nuclei and directly above the third ventricle. It is the largest of the midline/intralaminar
nuclei. It is commonly subdivided into a central/medial portion and lateral “wings” referred
to as the peri-reuniens nucleus (Dolleman-van der Weel et al. 2019). In many studies, the

Re is associated with the Rh nucleus, as their proximity can make it difficult to assess the
distinct function of each in experimental preparations. To highlight the difficulty imposed
by the shape and size of these nuclei, Figure 1 demonstrates the outlines of Re and Rh
nucleus, taken from two sections approximately 0.5 mm apart. It is obvious that Rh is less
than 0.5 mm tall (dorsal-ventral) at all points in Figure 1A (shorter dotted outline) but is
very wide (medial-lateral), while it is more evenly shaped in Figure 1B. In contrast, Re

is more evenly shaped in Figure 1A (longer dashed outline), while it is impinged upon

by the xiphoid nucleus (resulting in a substantial concave curvature of its ventral surface)

in Figure 1B. The irregular shapes and small sizes of these nuclei make it infeasible to
comprehensively target Rh by injection (e.g., using tracers, drugs) without diffusion into Re
across the ventral border of Rh, or the IAM nucleus (or CM, depending on the rostral-caudal
location) immediately dorsal to Rh. In the rodent, many midline “limbic” thalamic nuclei
have a wide and flat shape (Vertes et al. 2015b). While this makes it difficult to establish
whether a single nucleus is necessary for a given behavior, manipulations often determine
the role of a group of nuclei in conjunction, such as the common grouping of Rh and Re into
the singular “ventral midline thalamus” (e.g., Hallock et al. 2016; Klein et al. 2019; Linley et
al. 2016).

Afferents into the Re are diverse: A large range of sites that include the brainstem
(periaqueductal gray, and commissure nuclei), hypothalamus (median and lateral

preoptic nucleus, lateral hypothalamic area, supramammillary nucleus), amygdala (medial,
basomedial, and posterior nuclei), basal forebrain (lateral septum and diagonal band),
claustrum, and entire limbic cortex (McKenna and Vertes 2004) send inputs into the Re.
Vertes (2006) found that all four subregions of the mPFC (prelimbic [PL], infralimbic

[IL], medial orbital [MO], anterior cingulate [AC] cortices) project densely to the

Re. Furthermore, the Re also receives inputs from presubiculum, postsubiculum, and
retrosplenial cortex, and these sites contain HD cells (McKenna and Vertes 2004). This
pattern of connectivity suggests various potential sources for the heading information to
merge - into the Re. Projections into the rostral Re and caudal Re are relatively comparable,
with the exception that the rostral region receives heavier inputs, than the caudal region,
from subcortical limbic regions, such as the basal forebrain, diencephalon, and brainstem, as
well as from the CA1/subiculum hippocampal sectors (McKenna and Vertes 2004).
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In contrast, the efferents from Re are more restricted to limbic sites such as the orbital and
mPFC, the retrosplenial cortex, as well as the parahippocampal and hippocampal regions
(\ertes 2006; Vertes et al. 2006). Within the prefrontal cortex, the Re, specifically the caudal
and peri-Re regions, have dense projections to layers 1, 5/6 of the IL, PL, and AC cortices
(Hoover and Vertes 2012). The Re also strongly projects to the EC (Vertes et al. 2006).

The Re, particularly the rostral pole, selectively sends projections to the CAL region and
subiculum of the hippocampus, with the ventral hippocampus receiving significantly greater
innervation than the dorsal hippocampus (Hoover and Vertes 2012). Fibers from the Re form
excitatory contacts with pyramidal cells dendrites in stratum lacunosum-moleculare of CA1,;
thus, the Re exerts significant excitatory actions within this region (Dollemann-Van der Weel
et al. 1997; Bertram and Zhang 1999; Wouterlood et al. 1990). Some projections from Re
and EC converge onto the same pyramidal cells in CA1 (Dolleman-van der Weel et al.
2017), forming points of synergism. Re stimulation evokes long-term potentiation in CA1,
demonstrating that the Re modulates hippocampal plasticity (Dolleman-Van Der Weel et al.
1997). It should be noted that the Re does not send projections to the dentate gyrus nor the
CAZ2/CA3 hippocampal sectors.

Of functional interest, 5%-10% of Re neurons have axon collaterals that project to both

the hippocampus and prefrontal cortex (Hoover and Vertes 2012; Varela et al. 2014). It has
been suggested that this feature is critical to the synchronization and coordination of the
activity between the prefrontal cortex and hippocampus. In support of this hypothesis, Re,
through theta and delta oscillations, has been associated with the effective coupling between
the mPFC and hippocampus (Roy et al., 2017).

Rh efferents, however, distribute more widely over the cortex to limbic and non-limbic
regions, less spread to the hippocampus and more spread subcortically than Re projections
(\Vertes et al. 2015b). While there have been studies characterizing the anatomical
connectivity of Rh (e.g., Varela et al. 2014), we have been unable to find a study examining
nucleus’ unique functional or behavioral correlates that cannot be attributed to Re. This
scarcity of literature represents a gap in our knowledge of nucleus-specific contributions of
the ventral midline thalamic nuclei to behavior.

Although the hippocampus projects to mPFC, there are no direct return projections from
the mPFC to the hippocampus (Hoover and Vertes 2012; Jay and Witter 1991). Rather, Re
is the main link returning projections from the mPFC to the hippocampus, completing the
circuit: hippocampus — mPFC — Re — hippocampus. Connections mediated between
mPFC and the hippocampus via the Re appear to be necessary for the synchronization

of slow oscillations between mPFC and hippocampus. When Re cells are inactivated, the
coherence between corticohippocampal slow oscillations is impaired (Hauer et al. 2019).
In contrast, the coordination between mPFC and Re neurons is enhanced by CA1 theta
rhythm when rats approached the choice point in a T-maze (lto et al. 2018). However,
optogenetic manipulation of the temporal coordination in mPFC-Re-CAL suggests that these
interdependencies are dependent on their connections with the supramammillary nucleus
(Ito et al. 2018).
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Re also contributes to head directionality during light-dark transitions, and transitions into
novel or new environments (Cholvin et al. 2018). It appears that one function of the Re

is to monitor the specificity of distinct environmental representations. Lesions to Re/Rh
region decrease of place field stability and increase their firing variability (Cholvin et al.
2018). However, the role of the Re in spatial navigation is complicated, because lesions or
inactivation of Re impairs the animal’s performance in some navigation tasks (Cholvin et al.
2013; Mei et al. 2018), but not on other tasks (Dolleman-van der Weel et al. 2009; Ito et al.
2015). It has been hypothesized that Re is not responsible for spatial reference memory, but
rather response or strategy selection in a spatial context (Cassel 2013; Davoodi et al. 2009;
Xu and Sudhof 2013).

The Re is uniquely positioned at the apex of a higher-order cortico-thalamo-cortical circuit
and appears to bridge memory and executive function (Dolleman-van der Weel 2019).

Theta rhythm suppression within the Re has been shown to induce working memory deficits
(Duan et al. 2015). Lesions to the Re/Rh region impair delayed performance on the radial
arm maze, and operant delayed nonmatching to position, similar to what was observed

after either mPFC or hippocampal lesions (Hembrook and Mair 2011; 2012). Muscimol
inactivation of the Re/Rh region impaired delayed alternation performance, but spared
nondelayed visual discrimination (Hallock et al. 2013; Layfield et al. 2015). It should be
noted that on the delayed alternation) task, there was significant hippocampal—prefrontal
theta-gamma coupling and mPFC theta-gamma coupling when rats were at the maze choice
point, but not during the discrimination task. However, when Re was selectively inhibited
at the sample, delay or choice phase of delayed non-match-to-position, only inhibition at
the sample phase impaired short-term spatial memory (Maisson et al. 2018). Thus, the
mPFC-Re-hippocampus circuit may be critical for encoding information for later successful
short-term memory performance. However, suppression of circuit activity with Designer
Receptors Exclusively Activated by Designer Drugs (DREADDs) within the mPFC —

Re projection impaired odor sequence memory in rats (Jayachandran et al. 2019), and a
sequential lag analysis (item order) showed that the mPFC—Re pathway contributes to

a working memory retrieval strategy. Thus, the exact contributions of the Re to working
memory may be dependent on task demands.

There is also evidence the Re may be involved in behavioral flexibility because reversal
learning is impaired. Re inactivation, impaired the ability of rats to switch strategies

from response to place responding in a double H water maze (Cholvin et al. 2013). In

an attentional set-shifting odor/texture discrimination task, it was found that rats with Re
lesions were significantly impaired in reversal learning (Linley et al. 2016). This behavioral
deficit in behavioral flexibility may be a factor of the Re connections with the orbital frontal
cortex, rather than the mPFC-hippocampal circuit.

3. Normal development of cortico-thalamic circuitry (including critical

periods)

The most recent classification of thalamic nuclei includes the midline nuclei into “limbic
group” (Lara-Vésquez et al. 2016; Vertes et al. 2015b). These midline nuclei either span
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the whole rostrocaudal length of midline complex (paraventricular) or are located more
anteriorly (paratenial, Re) or posteriorly (intermediodorsal [IMD]), or lie just dorsal to Re
and overlap with approximately the caudal two-thirds of Re (Berendse and Groenewegen
1991; Vertes et al. 2015a). Developmentally, the midline nuclei are considered later-forming
structures within the rodent thalamus. The birth of neurons there occurs between embryonic
day (E) E16 - E17.5 (Altman and Bayer 1979), whereas the generation of neurons in
mediodorsal nucleus peaks by E15 and even earlier (E14) in the reticular nucleus. With such
chronological gradient in generation, differentiation and maturation of thalamic neurons,

it is natural that these cells have different levels of vulnerability to teratogenic (abnormal
development caused by environment) insults depending on the timing of such insults. Time
of neuronal birth in a particular thalamic nucleus is only one variable that defines the
resilience or vulnerability, the others include (but not limited) the number of neurons in
interconnected structures and formation of appropriate connections (Mooney and Miller
2010).

Thalamocortical projections of midline thalamic neurons undergo significant remodeling
during the first postnatal weeks by a gradual massive reduction in the contralateral cortical
projections, such that ipsilateral innervation dominates in the adult brain (Minciacchi and
Granato 1989). Thalamic projections reach cortical layers by postnatal day (PD) 1, whereas
the cortical projections to midline thalamus develop later, starting as early as PD 4 and
displaying adult pattern by PD 8 (van Eden et al. 1990). Thus, teratogenic insult during

the first ten postnatal days (3rd trimester-equivalent brain development period in rodents
also known as “brain growth spurt” (see Dobbing and Sands 1979) would occur when

the generation of neurons within mPFC-Re-hippocampus circuitry has ended (Altman and
Bayer 1979; Bayer 1980), and would target cortico-thalamic neurons and their reciprocal
connections. The afferent midline thalamic projection neurons within hippocampus and
mPFC are undergoing extensive differentiation and synaptogenesis (Ikonomidou et al.
2000) as well as naturally occurring apoptosis (White and Barone 2001) during this
postnatal period. Given the vulnerability of hippocampus and mPFC to alcohol exposure
due to these synaptogenic periods (Semple et al. 2013; Rice and Barone 2000), and high
interconnectivity of these structures with Re, it is likely that the Re is also damaged
following early postnatal alcohol exposure. Indeed, the recent publication from our group
indicates that Re is selectively vulnerable to alcohol exposure during early postnatal rat brain
development (Gursky et al. 2019).

Overall, our understanding of the long-term consequences of developmental alcohol
exposure for frontal cortical structure, connectivity and function is far from complete. To
our knowledge, only three papers address alcohol’s effects on the development of cortico-
thalamic circuitry: A rat model of 2nd trimester alcohol exposure evaluated somatosensory
cortical projections’ damage (Granato et al. 1995; Santarelli et al. 1995) and a rat model of
3rd trimester alcohol exposure was employed to estimate the vulnerability of two midline
thalamic nuclei, Re and Rh (Gursky et al. 2019). Two earlier publications from the Klintsova
lab have demonstrated that postnatal alcohol exposure produces long-term effects on the
dendritic organization of pyramidal neurons within the mPFC by decreasing dendritic
complexity and the total length of dendrites (Hamilton et al. 2010; Whitcher and Klintsova
2008).
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Animal studies have shown that, following alcohol-exposure either during gestation or
within the postnatal “brain growth spurt,” there are dysmorphogenesis, abnormal migration
of neuroblasts and reduced cortical thickness (Dunty et al. 2002; Aronne et al. 2011,
Kotkoskie and Norton 1989a, 1989b), reduced neuronal recruitment during behavior
(Hamilton et al. 2010), inhibitory deficits (Riley et al. 1986; Mihalick et al. 2001) and
impairments on tests of spatial ability (Christie et al. 2005; Gabriel et al. 2002), working
memory (Thomas et al. 1996; Nagahara and Handa 1997), and reversal learning (Lee and
Rabe 1999; Mihalick et al. 2001).

4. Animal models of developmental alcohol exposure

4.1.

Rodent models of developmental alcohol exposure are imperative for uncovering and
predicting the deficits associated with prenatal alcohol exposure in humans and for

the development of targeted therapeutic interventions. Shortly following the clinical
categorization of Fetal Alcohol Syndrome (FAS) in 1973 (Jones and Smith 1973), rodent
models were developed to conduct translational research for better understand better the
physical and cognitive deficits observed in children with prenatal alcohol exposure and

to study the mechanisms of alcohol-induced brain damage during early development.
Evidence provided by animal models of developmental alcohol exposure highlighted the
important correlation between the timing of ethanol exposure and the peak of blood alcohol
concentration (BAC). Neuronal degeneration indicates increased teratogenic vulnerability
of the cerebellum, hippocampus, thalamus, and cortex to developmental ethanol exposure
(Bonthius and West 1990, 1991; Ikonomidou et al. 2000). Indeed, it is evident that

there are dose-dependent patterns of damage to neurons and neuroglia that may persist

into adolescence and adulthood and contribute to the complex etiology of developmental
ethanol exposure (Bielawski and Abel 2002; Terasaki and Schwarz 2016; Madden et

al. 2020). Further, clinical and animal model data suggest that early gestational alcohol
exposure results in severe cognitive impairments and craniofacial dysmorphologies, whereas
alcohol exposure during late-stage human pregnancy, modeled by the early postnatal
period in rodents, results in a range of learning and memory deficits without the
identifiable dysmorphologies (Stanton and Goodlett 1998; Godin et al. 2010; Lipinski et
al. 2012; Klintsova et al. 2013). It should be noted that while the outcomes of moderate
ethanol exposure during gestation are more subtle, there are long-lasting neurobehavioral
deficits, including alterations in learning, memory, social behavior and motor coordination.
Importantly, these behavioral changes are accompanied by alterations to neurotransmitter
systems and synaptic plasticity (Valenzuela et al. 2012). These studies prompted the update
of the clinical diagnostic criteria and terminology to the umbrella term Fetal Alcohol
Spectrum Disorder (FASD; Hoyme et al. 2016).

Rodent Models of FASD and their Contributions to Cortico-Thalamic Pathology

Comparative neuroanatomical studies demonstrate that the development and the rate of
growth of different brain structures are species-dependent (Dobbing and Sands 1979).
Indeed, specific neurodevelopmental stages spanning rodent gestation and early postnatal
life are well-described in relation to their human analogues. In accordance with this
perspective, multiple animal models of FASD have been developed to assess the
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teratogenicity of ethanol exposure across stages of neurodevelopment. The advantages of
using rat and mouse models of FASD include their highly translational nature, feasibility for
controlled experimentation critical for the identification of neuropathological mechanisms,
short lifespan, and well-defined patterns of reproduction and development (Cudd 2005).

Few studies have investigated the impact of developmental ethanol exposure on cortico-
thalamic maturation or morphology. The proper function of these circuits is critical for
spatial memory, executive function, and learning. The following sub-sections characterize
key findings from rodent model studies examining the teratogenic impact of ethanol on the
morphology of thalamic nuclei and cortical structures.

4.2 Gestational Models

Given the significance of the timing and amount of neonatal alcohol exposure on
symptomology, the major differences between rodent models of FASD include gestational
versus postnatal ethanol exposure and the use of varying methods of ethanol administration.
Ethanol exposure via liquid diet to pregnant dams constitutes one type of gestational rodent
model of developmental alcohol exposure (comparable to the first two trimesters of human
pregnancy). It is argued that this method more closely mimics the human paradigm of
prenatal alcohol exposure and produces the least amount of maternal stress. However, it

is impossible to quantify the individual degree of ethanol exposure of fetal pups in utero.

It was demonstrated that maternal exposure to an ethanol-containing liquid diet resulted

in an altered ratio of apoptotic markers in the cortices, but not the thalami of exposed rat
pups from PD 0-30; however, there was a latent effect on neurogenesis in the ventrobasal
thalamus (Mooney and Miller 2001, 2010). Additionally, adult rats that were exposed to
ethanol via liquid diet throughout gestation showed reduced plasticity in the barrel cortex
associated with a striking depression of sensory responses: spontaneous activity and evoked
responses were reduced by 70 and 80%, respectively (Rema and Ebner 1999). Offspring of
pregnant mice with ad /ibitum access to a 25% ethanol solution has been shown to exhibit
damage to intraneocortical connections mirrored by altered gene expression of RZR, /a2,
and Caadherin8, genes critical for cortical patterning (EI Shawa et al. 2013). Functional
connectivity of the rodent cortex is altered by prenatal ethanol exposure, a brief daily
exposure to 5% ethanol throughout gestation was sufficient to induce changes in “functional
network connectivity” of the cortex through adulthood (Rodriguez et al. 2016).

Experiments controlling for the timing and amount of alcohol administration to pregnant
dams employ a forced gavage technique through intragastric intubation. This method
produces an increased, albeit transient, BAC peak compared to the lower, yet consistent,
BAC produced by an ethanol-containing liquid diet or vapor inhalation and may be
interpreted as a binge-like exposure. Maternal gavage with 6 g/kg of ethanol to pregnant

rat dams resulted in the reduction of total and individual barrel field sizes in the primary
somatosensory cortices of ethanol -exposed juvenile and adult offspring (Chappell et al.
2007). It was shown that moderate levels of prenatal ethanol exposure via a 2 g/kg gavage
from E 10 to birth significantly increased cytokine production and the expression of Cidebl,
a cell death activator, in the fetal (E 17) hippocampus and cortex and resulted in exaggerated
interleukin 1-p (IL-1p) expression in the prefrontal cortex of ethanol-exposed offspring
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in response to an immune challenge in adulthood, ultimately impacting object recognition
memory (Terasaki and Schwarz 2016).

4.3 Postnatal Models

Artificial rearing, colloquially referred to as the “pup-in-a-cup” method, was the first method
developed to assess the impact of postnatal ethanol exposure on development and includes
gastrostomization of pups for permanent implantation of an adjustable gastric tube for
ethanol administration (West et al. 1984). This technique increased the experimenter control
over the timing and rate of ethanol administration, significantly contributing to peak BAC
that could be correlated with brain growth and neurodegeneration. However, it became
apparent that the limitations of this approach outweighed its advantages. The highly invasive
technique was criticized for inducing stress associated with maternal separation and social
isolation; both of which have been shown to negatively impact neurodevelopment (Francis et
al. 1999).

A similar intragastric intubation method, as described above as maternal gavage, can be
applied to pups during the first few postnatal weeks (human fetal third-trimester equivalent).
This method allows for individual quantification of peak BAC without inducing nutritional
insufficiency and enables researchers to target distinct neurodevelopmental events such

as the rapid brain growth spurt period characterized in humans and rodents (Goodlett et

al. 1987; Stanton and Goodlett 1998; Tomlinson et al. 1998; Kelly and Lawrence 2008;
Klintsova et al. 2013; Idrus et al. 2017). It is less invasive than the surgical technique
required in the artificial rearing paradigm. The number of neurons and the total volume

of the Re but not the Rh is significantly reduced in adult rodents with postnatal ethanol
exposure from PD 4-9 (Gursky et al. 2019). Further, this exposure paradigm has been shown
to alter connectivity in the mPFC by reducing spine density of pyramidal neurons in layers
Il (Whitcher and Klintsova 2008) and dendritic complexity in proximal basilar dendrites of
Layer 11/111 neurons (Hamilton et al. 2010). Single-day ethanol exposure during this period
can lead to severe apoptotic neurodegeneration in the AD, followed by learning and memory
deficits in late adolescence (Wozniak et al. 2004). Such neurodegeneration in AD is also
prevalent in non-human primate models of FASD (Farber et al. 2010). While the exact
timing of exposure used across studies occasionally differs, there are consistent findings

that adolescent males display memory deficits following just a single day of early postnatal
ethanol exposure (Thomas et al. 2004; Wozniak et al. 2004).

Another widely used technique is known as ethanol vaporization during which pregnant
dams or pups receive ethanol exposure through atmospheric inhalation. While this method
produces similar behavioral and cognitive deficits, the neuropathological mechanism of
damage is distinguishable from the methods previously described (Heaton et al. 2000;
Morton et al. 2014). Using this model, Newville et al. (2017) demonstrated that ethanol
exposure on PD 3-15 resulted in a persistent disruption of the white matter integrity of
the corpus callosum that was correlated with a decrease in the expression of myelin basic
protein. This study proved highly translational given the identified structural abnormalities
of the corpus callosum in children diagnosed with FASD (Wozniak and Muetzel 2011).
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Further research involving animal models of developmental alcohol exposure will be
necessary for continued exploration of the teratogenicity of alcohol on the development of
midline thalamic nuclei and associated cortical circuits. The use of multimodal techniques to
assess concurrent alterations to neuroanatomy, physiology, and behavior will be paramount
for the discovery of biomolecular mechanisms of damage impacting cortico-thalamic
circuitry.

5. Animal models of alcohol exposure during adulthood and thalamic

pathology

5.1 Animal

Adult ethanol exposure with and without and thiamine deficiency has been used to model
alcohol-related brain damage in rodents. Ethanol-induced and thiamine deficiency-induced
alterations in brain may differ in intensity and region, which can be a direct function of

the extent of ethanol exposure and the duration of thiamine deficiency treatment. Although
both conditions produce alterations on the hippocampus, basal forebrain, frontal cortical
grey and white matter, the thalamus and mammillary bodies are considered the primary
sites and target of thiamine deficiency (see review Vetreno et al. 2011). Studies have shown
that thiamine deficiency, relative to chronic alcohol, has a greater impact on the thalamus,
including gross lesions, compared to the minor cell loss reported following chronic ethanol
exposure (see Nunes et al. 2019). In this section, the literature regarding the animal models
of alcohol exposure and thiamine deficiency during adulthood will be reviewed in relation to
both ethanol-induced and thiamine deficiency-induced thalamic pathology.

Studies using animal models of ethanol exposure during adulthood have demonstrated that
the degree of molecular and behavior consequences of chronic ethanol exposure depends
on the duration of ethanol consumption and the number of withdrawal episodes. Chronic
ethanol treatment (CET) is a paradigm used to model long-term drinking behavior, with
forced daily ethanol administration (10% — 20% v/v) that can last from weeks to months
(Henriques et al. 2018; Nunes et al. 2019; Vetreno et al. 2011). Although a pre-clinical
study using prolonged ethanol exposure in mice found neuronal loss and volume reduction
on thalamic nuclei (medial dorsal and anterior nuclei), after 7 months of forced ethanol
consumption (12% (v/v) ethanol in drinking water; Beracochea et al. 1987), there is

little evidence for further ethanol-induced thalamic pathology using experimental animals.
However, we found that following 6 months of CET alone, the active form of thiamine was
reduced (Toledo Nunes et al. 2019). Furthermore, the alcohol-related brain damage within
the thalamus has been documented mostly in studies using thiamine deficiency models

as a critical feature for understanding neuropathological and neurochemical mechanisms
involved in KS, Wernicke’s Encephalopathy (WE) and Wernicke-Korsakoff Syndrome
(WKS) (Hazell and Butterworth, 2009; Hazell et al. 2010; Savage et al. 2012).

models of adult ethanol-related brain damage: Thiamine deficiency emerges

as necessary for thalamic pathology in ethanol-related used disorders.

Experimental rodent models of thiamine deficiency have been used to mimic the progression
of neurological/behavioral symptoms involved in the pathology described in WE and
WAKS patients. The well-established rodent pyrithiamine-induced thiamine deficiency (PTD)
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model of WKS is a model that induces thiamine deficiency through the combination

of thiamine-free food and i.p. injections of pyrithiamine, a thiamine pyrophosphokinase
inhibitor. This treatment produces a characteristic thalamic damage centered on the anterior
thalamus, internal medullary lamina, with consistent lesions on rostral intralaminar and
moderate damage to ventral portions of the mediodorsal nucleus, similar to what is observed
in WKS patients (See Figure 2; Langlais et al. 1988, 1996; Mair et al. 1985, 1988).
Furthermore, the timing of the PTD treatment is crucial in the extension of the thalamic
pathology (Hazell and Butterworth 2009; Savage et al. 2012; Zhang et al. 1995). In rodents
submitted to PTD treatment, the clinical symptoms of thiamine deficiency begin 10 days
into treatment, with loss of weight, followed by a decrease in food and water intake (Nunes
et al. 2019; Zhang et al. 1995). Between the days 12 and 13, the loss of righting reflexes is
observed in the PTD animals, and the first neuronal loss is reported in thalamic nuclei, such
as the gelatinosus, AV and ventral posterolateral nuclei. Rapid neuronal loss is observed
between day 13 and 16, when seizures are observed. The progression of the lesions in
multiple thalamic nuclei depends on the duration of PTD treatment. In brief, PTD-induced
thalamic damage can be divided into 3 stages. During the early acute stage (EAS), the
gelatinosus nuclei and AV nuclei show severe neuronal degeneration within 1 to 2-hours
after seizure onset. Within 3-5 hours following seizure onset, the middle acute stage (MAS)
is characterized by lesions on ventral, intralaminar and central nuclei of thalamus. At the
late acute stage (LAS), 6 to 14 hours after seizure, multiple thalamic nuclei (anterior, medial
dorsal, intralaminar, posterior) have a complete neuronal loss (Savage et al. 2012; Zhang et
al. 1995).

Studies using histological and immunohistochemical assessment have confirmed the
thalamic lesions with neuronal cell loss in brains of PTD rats. Vemuganti and

colleagues (2006) observed neuronal loss (44 to 83%) in many thalamic nuclei
(gelatinosum, mediodorsal, AD, AV, ventroposteriolateral, ventroposteriomedial and
dorsolateral geniculate) of rats with loss of righting reflex on day 14. At this time, the

PTD rats did not exhibit apparent seizures (Vemuganti et al. 2006). A significant change

in thalamus has also consistently documented in studies from our laboratory. Using NeuN
immunohistochemistry, Anzalone and colleagues (2010) observed in PTD-treated rats after
1 month of recovery, complete neuronal loss in the AD thalamic nucleus, however, the
neuronal loss within dorsal AV and AD nuclei was less. Evident cell loss was also observed
in several midline intralaminar nuclei extending into the posterior thalamic nucleus, and
some loss of neurons in the most ventral portion of the medial dorsal complex was
revealed. Also, approximately 20-30% of the thalamic mass was lost in PTD rats, when
compared with pair-fed animals (Anzalone et al. 2010; Hall and Savage 2016). Bobal

and Savage (2015) also observed neuronal loss in the anteroventral ventrolateral (AVVL),
gelatinosus, internal medullary laminar nuclei, with sparing of neurons within the ventral
midline nuclei, specifically the Rh and Re. Interestingly, that study demonstrated that the
ventral midline thalamus is critical for the recovery of spatial behavior following thiamine
deficiency when ACh levels are increased with the hippocampus and frontal cortex. Several
studies suggest that thalamic damage after PTD treatment is associated with spatial behavior
dysfunction and the degree of thalamic tissue loss predicts the extent of learning and
memory dysfunction (Langlais and Savage 1995; Robinson and Mair 1992).
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Previous work using two stages of PTD treatment (EAS and MAS), CET (rats consumed a
20% v/v solution of ethanol over 6 months), moderate PTD followed by CET (PTD-CET)
and moderate PTD during CET (CET-PTD), showed that PTD-MAS, PTD-EAS and PTD-
CET treatments all produce thalamic lesions (Vedder et al. 2015). As expected, PTD-MAS
rats had largest areas of thalamic lesion, and PTD-EAS rats had the same thalamic lesion
size as PTD-CET, showing that the synergism between treatments was not able to exacerbate
thalamic lesion observed in PTD animals. Also, 6 months of CET alone and the treatment
with thiamine deficiency during CET dlid not result in a thalamic lesion. These findings
suggest that there is an influence of order in which rats were treated with CET and thiamine
deficiency to produce lesions on thalamus. We hypothesized that the exposure to ethanol
before PTD altered the number of glutamate receptors resulting in neurons less susceptible
to excitotoxicity caused by thiamine deficiency (Vedder et al. 2015).

The glutamate-mediated excitotoxicity, oxidative stress, compromised glucose metabolism
and neuroinflammation are mechanisms involved in PTD-induced neuronal degeneration
within the thalamus (Hazell and Butterworth 2009; Hazell et al. 2013). Magnetic resonance
imaging (MRI) studies of PTD-treated rats confirmed lesions in the thalamus through T2
maps which are indicative of inflammation and neurodegeneration processes (Dror et al.
2010; Sarkar et al. 2016). Both studies showed that these animals have abnormal T2
relaxation values. Dror and colleagues (2010) showed massive lesions in the thalamus
during the symptomatic stage (between days 12-14), which recovered over time. Although
Sarkar and colleagues (2016) also verified abnormal T2 relaxation in PTD-treated rats
after 3 weeks of recovery, they observed that severe neurodegeneration in the medial
thalamic area, medial geniculate nuclei, and inferior olive were concomitant with vascular
damage and microglial activation (Sarkar et al. 2016). In addition, a recent study (Bowyer
et al. 2018) revealed a clear progression of microglial activation and vascular responses
associated with the early phase of thalamic neurodegeneration in PTD-treated mice. It
verified that activated microglia start before the astrocyte activation, neurodegeneration, and
signs of vascular dysfunction in the thalamus. This investigation suggests that glutamate
excitotoxicity was not the principal mechanism involved in the earfy neurodegenerative
response to thiamine deficiency.

In contrast, considerable evidence for the role of excitotoxicity on neurodegeneration from
thiamine deficiency treatment has been demonstrated in PTD-treated rats during the later
symptomatic stages (day 14 after the onset of seizure) of PTD-treatment (Hazel et al.

1993; Langlais and Zhang 1993; Todd and Butterworth 1998). High levels of extracellular
glutamate were observed in thalamic regions that were consistent with PTD-induced lesion
within the thalamus (Armstrong-James et al. 1988; Hazell et al. 1993; Langlais and Zhang
1993 Zhang et al. 1995). Zhang and colleagues (1995) revealed that neurocytopathological
changes cited above during stages of PTD treatment are identical to those observed in
glutamate-induced excitotoxic lesions. These findings have shown that mechanisms involved
in thalamic neurodegeneration are dependent on the time and stage of PTD treatment.

Investigation of the molecular mechanisms in cell death observed in the thalamus of PTD
rats has revealed changes to the expression in a range of genes and proteins involved in
neuropathology, such as markers of oxidative stress (eNOS, ferritin), neuroinflammation
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(interleukin-6 [IL-6], IL-1B, tumor necrosis factor-a [TNF-a]) and regulation of neuronal
death (apolipoprotein E [Apoe], synuclein alpha [Snca], clusterin [Clu], leucine-rich repeat
kinase 2 [Lrrk2], Vimentin) (Karuppagounder et al. 2007; Nunes et al. 2018; Toledo Nunes
et al. 2019; Vemuganti et al. 2006). Differential changes in neuroinflammation genes

and protein were observed in thalamus of PTD-treated rats in different stages: At the
presymptomatic (day 10) stage (Karuppagounder et al. 2007), day 14 when loss of righting
reflex is observed (Vemuganti et al. 2006), during acute and severe PTD treatment (1 or

4 hours after seizure), and following recovery (24-hour or 3-weeks post-PTD treatment;
Toledo Nunes et al. 2019). Our recent study showed that the largest neuroimmune response
was observed within the thalamus during PTD treatments (PTD-EAS and PTD-MAS), with
profound increase in neuroimmune genes and proteins (/L-6, IL-1B, TNF-a, and nuclear
factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha [1xBa], which
recovered within 24 hrs. This study also investigated the effect of CET and the synergism
between both conditions and verified that ethanol showed small fluctuations in inflammatory
genes (Toledo Nunes et al. 2019). Vemuganti and colleagues (2006) also observed the
upregulation of genes in that thalamus involved in neuroinflammation or immune response,
stress, metabolic perturbation, cell death and repair. They confirmed thalamic pathology
during the first symptomatic stage (loss of righting reflex on day 14) of PTD treatment.

In addition, proteins involved in oxidative stress, neurotransmitter synthesis and synaptic
vesicle cycle were also altered in the thalamus of PTD-treated rats after 3-weeks post-
treatment (Nunes et al. 2018). Thus, the identification of genes and proteins, such as

those involved in neuroinflammation (IL6, IL-1p, TNF-a) and synaptic vesicle recycling
(complexin 2 [gene:Cplx2 — accession: CPLX2], dynamin 3 [gene: Dnm3 —accession:
DYN3], and vacuolar adenosinetriphosphatase [V-ATP]) changed by thiamine deficiency
in vulnerable brain regions may be important markers of the neuronal death process, which
can contribute to the severity of thiamine deficiency-induced thalamic lesions. Therefore,
the investigations of neuroimmune makers after CET have focused on other vulnerable brain
regions to ethanol, such as hippocampus and cortex.

There is limited evidence in animal models that prolonged ethanol exposure results in
thalamic lesions. Furthermore, clinicopathological studies have shown that the thalamus is
more severely damaged in alcoholics with a diagnosis of thiamine deficiency (i.e., KS), than
in alcoholics patients without severe neurological impairments, or uncomplicated alcoholics
(Pitel et al. 2012, 2015; Sullivan and Pfefferbaum 2009). A recent study revealed that two
brain networks, implicated in uncomplicated alcohol use disorder and KS, are dissociated
by pathology to different thalamic nuclei (Segobin et al. 2019). Atrophy of mediodorsal
nuclei, nuclei involved in the frontocerebellar circuit, was observed in both uncomplicated
alcoholics and patients with KS. In addition, uniquely in KS patients, there was atrophy of
anterior thalamus, nuclei involved on Papez circuit, and there was also a decrease in the
connectivity between anterior nuclei and hippocampus. These findings suggest that anterior
nuclei are a crucial marker to the pathophysiology in alcohol use disorders (Segobin et al.
2019). Thus, data across several studies, involving both human and animal models, point
towards thiamine deficiency as being the critical mediator of pathology to the thalamus in
adult alcohol-related brain damage and severe memory dysfunction.
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6. Approaches to recover alcohol-related brain damage and cognitive and

behavioral outcomes

Given the prevalence of developmental and adult alcohol-related disorders, extensive efforts
have been put forward to determine whether brain and behavioral dysfunction can be
improved or restored. Despite the negative consequences of heavy drinking, with abstinence,
there is some degree of recovery. Furthermore, behavioral interventions, modeled in
preclinical studies, have revealed the unique adaptations and plasticity that can occur

within and across neural circuits. Furthermore, changing brain structure are associated with
improvements in cognition.

6.1 Recovery of developmental alcohol exposure brain damage and behavioral

dysfunction.

Various types of adolescent and adult interventions have been successful in mitigating
some of the neuroanatomical and behavioral deficits resulting from developmental ethanol
exposure in rodent models of FASD. While these therapeutic strategies remain promising,
there exists a barrier to their effectiveness in humans. Additional research in humans and
animal models will be necessary for the refinement of these interventions.

6.1.1. Pharmaceutical and nutritional interventions for developmental
ethanol exposure—Few pharmaceutical interventions have proven efficacious in the
mitigation of the cognitive and behavioral deficits associated with developmental alcohol
exposure. To avoid pharmaceutical exposure in the pediatric population and reduced
prevalence of harmful adverse side effects, researchers have implemented nutrient-rich
dietary supplementation as a natural and affordable alternative (Fuglestad et al. 2013).

Resveratrol, a phenol found in berries and nuts, acts as a potent antioxidant and anti-
inflammatory agent. Co-administration of resveratrol with ethanol in milk substitute to

rat pups in a postnatal model of FASD has been shown to reduce ethanol-induced
oxidative stress and inflammation in the cerebral cortex, hippocampus and cerebellum, and
rescue aberrant behavior on the Morris water maze and elevated plus maze tasks (Tiwari
and Chopra 2011). Pretreatment with resveratrol attenuated impairment in hippocampal
neurogenesis and depletion of neural precursor cells resulting from one-day ethanol
exposure on PD 7 (Xu et al. 2015). Furthermore, resveratrol prevented ethanol-induced
apoptosis in the granule layer of the cerebellum and increased the survival of cerebellar
granule cells (Kumar et al. 2011). Human studies indicate that resveratrol may induce
hippocampal plasticity in adulthood (Dias et al. 2016), but its use as a therapeutic agent has
not been tested in infants diagnosed with FASD.

Dietary supplementation with choline, an essential nutrient for cell membrane integrity and
a robust methyl group donor, is found in leafy greens and eggs and is essential for cortical
plasticity following brain injury (Conner et al. 2005). Specifically, choline supplementation
attenuates some of the neurobiological and behavioral deficits associated with FASD as
demonstrated in both human and rodent model studies. It is hypothesized that fetal ethanol
exposure perturbs natural choline metabolism, resulting in an altered epigenetic profile
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and cellular apoptosis in the developing brain (Light et al. 1989; Fagerlund et al. 2006;
Zeisel 2011). It has been demonstrated using a gestational rodent model of FASD that low
maternal choline dietary intake during pregnancy exacerbates the negative impact of prenatal
ethanol exposure on offspring behavior (Idrus et al. 2017). Further, it was shown that choline
supplementation concurrent with postnatal alcohol exposure or in adolescence mitigates
ethanol-induced learning and memory deficits and reverses damage to the global epigenome
of the hippocampus and prefrontal cortex in ethanol -exposed rats (Otero et al. 2012; Perkins
et al. 2015; Schneider and Thomas 2016). Human studies of maternal and infant choline
supplementation during or directly following pregnancy demonstrate an increase in infant
cognition speed (Caudill et al. 2018). However, this transient benefit may not be maintained
through late childhood and adolescence (Wozniak et al. 2015).

Taken together, these studies indicate a possible protective mechanism linked to nutritional
supplementation, indirectly suggesting that neonatal ethanol exposure causes metabolic
imbalance inside the developing offspring. As such, nutrition-based therapies are functional
—preventing extensive neurodegeneration and rescuing neurotransmission —and difficult to
maintain given the varying physiological demands of the developing offspring. Additionally,
due to the complex impact of ethanol exposure on the developing brain, the lasting efficacy
of these treatments remains promising, yet unclear.

6.1.2 Behavioral Interventions to mitigate developmental alcohol-related
damage—Several environmental and behavioral interventions have produced promising
results, indicated by attenuation of ethanol-related learning and memory deficits in
adolescence and adulthood. Highly feasible and translational, these therapies stimulate
neuroplasticity by upregulating neurotrophic concentration and inducing neurogenesis,
synaptogenesis, and angiogenesis. These interventions include voluntary aerobic exercise,
motor skill training, and environmental enrichment. Moreover, the combination of

these interventions to produce a “super-intervention” has yielded some synergist effects
benefitting behavioral outcome.

Both human and animal studies indicate that physical activity enhances experience-
dependent brain plasticity and improves learning and memory (reviewed in Voss et al. 2013).
Indeed, exercise reduces the impact of aging and vascular disease on cognitive capacity and
restores neural function in the diseased brain (Cotman et al. 2007; Voss et al. 2013; Vivar
and van Praag 2017). Forced and voluntary aerobic exercise enhances adult hippocampal
neurogenesis in the dentate gyri of adult rodents with neonatal ethanol exposure (Thomas et
al. 2008; Hamilton et al. 2011, 2015) and increases activity-dependent synaptic plasticity in
the normal brain. However, exercise alone was not sufficient to promote cerebellar synaptic
plasticity in the rat model of FASD (Hamilton et al. 2012).

Long-lasting deficits in behaviors that are known to depend on cerebellar function have
been documented in animal models, including tests of gait, balance and coordinated motor
performance (Goodlett and Lundahl 1996; Thomas et al. 1998) and eyeblink classical
conditioning (Stanton and Goodlett 1998). These deficits model effects linked to cerebellar
damage in FAS/FASD children (Luo 2015) including deficits in motor performance,
eyeblink conditioning, gait and balance (Jirikowic et al. 2013; Cheng et al. 2015; Taggart
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et al. 2017). Complex motor skill training (learning to traverse an obstacle course) was
used as a successful rehabilitation treatment for brain damage induced in a rat model

of binge ethanol exposure during the early postnatal brain growth spurt (Klintsova et al.
1998, 2002). In normal adult rats, complex motor skill training increased the number of
synapses in specific regions in the cerebellum and motor cortex. Furthermore, it was found
that 20 days of complex motor skill training (a typical duration used in the normal adult
studies) significantly increased the number of parallel fiber synapses per Purkinje cell in the
paramedian lobule of the cerebellum in both normal control rats and ethanol-exposed rats
and that acquisition of complex motor tasks, but not mere exercise, could rehabilitate the
motor deficits occurring as a result of developmental exposure to ethanol (Klintsova et al.
2002).

Rearing in a complex or enriched (EE) environment during adolescence and adulthood
supports synaptic and cellular re-modeling in the brain (Uylings et al. 1978; Mohammed

et al. 2002; Olson et al. 2006). EE are characterized by their inclusion of novel sensory
stimuli and ability to house 6-12 same-sex rodents simultaneously (reviewed in Gursky

and Klintsova 2017; Hannan 2014). When applied to rodent models of developmental
alcohol exposure, EE induces neuroplasticity. In one experiment using a prenatal model

of FASD, exposure to EE for about 5 weeks following weaning on PD 20 was shown to
rescue alcohol-induced microglial activation and protect against alterations to dopaminergic
cell soma volume in the ventral tegmental area (Aghaie et al. 2019). Moderate prenatal
ethanol exposure in mice has also been shown to prevent the survival and differentiation of
proliferating progenitor cells in the dentate gyrus of the hippocampus following EE exposure
for 8-12 weeks post-weaning (Choi et al. 2005). Finally, both exercise intervention and EE
contribute to enhanced dendritic complexity of immature neurons in the hippocampi of rats
with postnatal ethanol exposure (Boschen et al. 2017).

Few studies have investigated the synergistic effects of increased exercise with exposure to
EE on neuroanatomy and behavior in rodent models of developmental ethanol exposure. By
exposing rodents to exercise before incorporation into EE, adult hippocampal neurogenesis
is upregulated, and these cells are integrated into existing circuits, enhancing maturation
and survival of the cells. This “Super-intervention” promotes the survival of newly born
hippocampal neurons compared to exercise alone in a postnatal model of FASD (Hamilton
et al. 2012). However, ethanol-induced alterations to context-dependent memory were not
rescued (Schreiber et al. 2013). The impact of either EE alone or the “super-intervention”
on thalamic and cortical plasticity is understudied. Future research will be necessary to
evaluate the therapeutic effects of non-invasive interventions on damage and function of
these structures.

In sum, it is evident that while these interventions play a pivotal role in treating the
symptoms of developmental ethanol exposure, they lack a targeted approach in which they
might prevent either behavioral deficits or neuroanatomical damage. Further, it is clear that
developmental ethanol exposure hinders neuroplasticity. A comprehensive understanding of
the teratogenic damage of ethanol to developing circuits will be the first step in enhancing
therapeutic strategy by supporting the creation or repair of neural connections.
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6.2 Recovery of adult ethanol-related brain damage and behavioral dysfunction.

A number of approaches (exercise, EE, pharmacology) have been successful for recovering
cognitive performance in animal models of adult alcohol-related brain damage and
diencephalic amnesia. Exercise and EE have a diversity of effects; changes are observed
across molecular, cellular and behavioral scales, and are widespread across the brain
(Kempermann 2019; van Praag 2009). The effects of EE that can include exercise are
complex with nascent properties that are modulated by both the disease state and individual
experience (Kempermann 2019). Thus, it is inherently challenging to pin point the exact
mechanisms that lead to recovery when an organism engaged in exercise or was exposed to
an EE. When the data from studies that evoke exercise and/or EE to recover brain pathology
and behavior in adult models of alcohol-related brain damage or diencephalic amnesia

are reviewed, it is clear that there is no recovery of thalamic pathology (Hall and Savage
2016: Dalrymple-Alford et al. 2015). However, instead there are other plasticity changes

in the extended hippocampal and frontocortical circuits contribute to system adaptation and
behavioral recovery.

6.2.1 Recovery of neurotrophin deficits can lead to circuit adaptation and
behavioral recovery.—It has been well established that exercise, commonly induced in
rodents by attaching a running wheel to their home cage, increases neurotrophin levels

that can persist for weeks (Berchtold et al. 2010). Several growth factors (brain-derived
neurotrophic factor [BDNF], vascular endothelial growth factor [VEGF], nerve growth
factor [NGF]) are up-regulated after exercise within the hippocampus, as well as other
regions such as the frontal cortex and medial septum/diagonal band (MS/DB; Fabel et

al. 2003; Grieshach et al. 2009; Neeper et al. 1996; Tong et al. 2012; Vivar et al.

2012). However, BDNF emerged as the key modulator leading to memory improvements
following exercise and environmental enrichment (Cotman et al. 2007; Gomez-Pinilla et al.
2008; Vaynman et al. 2004). Exercise-induced changes in BDNF drive improvements in
hippocampal neurogenesis (van Praag 2009; van Praag et al. 2000), and are correlated with
improvements spatial memory (see Berchtold et al. 2010; Christie et al. 2005; O’Callaghan
et al. 2007). However, NGF is also a potent driver of neural recovery, but its role in exercise-
induced brain and behavioral recovery is less studied (see Hall et al. 2018). NGF infusions
into the intraventricular space has been shown to recover spatial memory deficits, revive
cholinergic neurons within the basal forebrain, and increase the expression of vesicular ACh
transporter within the hippocampus in rodents exposed to long-term (6—9 months) ethanol
(20%) in the drinking water (Cadete-Leite et al. 2003; Lukoyanov et al. 2003; Pereira et al.
2016).

Although the hallmark neuropathology in the PTD model, and KS, is neuronal loss in

the anterior, medial, and midline thalamus, as well as the mammillary bodies, there is
significant, loss (30%) loss of MS/DB cholinergic neurons with concomitant reductions

in cholinergic innervation of the hippocampus and frontal cortex that leads to blunted
hippocampal and cortical behaviorally-stimulated ACh efflux (Anzalone et al. 2010; Hall
and Savage. 2016; Hall et al. 2018; Savage et al. 2007). Nevertheless, the PTD model is
responsive to cholinergic modulation: increasing cholinergic tone, with cholinergic agonists
(physostigmine, tacrine) within the septohippocampal circuit reduces or eliminates the
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spatial memory impairment following thiamine deficiency (Roland et al. 2008; 2010).
Similar to other models of memory dysfunction, the forebrain cholinergic system is critical
in modulating the recovery of learning and memory.

We have shown that the effects of exercise go beyond enhanced BDNF and hippocampal
neurogenesis: Exercise induces cortical cytogenesis (Hall et al. 2014), as well as rescues
cholinergic neurons in the MS/DB (Hall and Savage 2016, Hall et al. 2018; \Vetreno and
Crews 2018; Vetreno et al. 2019), following PTD-induced pathology or adolescent ethanol
exposure. Furthermore, our data demonstrate that exercise-induced improvements in NGF,
not BDNF, drive both recovery spatial memory and cholinergic phenotype rescue in the PTD
model of KS (Hall et al. 2018).

The effects of exercise following binge ethanol exposure during adulthood and adolescents
have also been explored. Intense ethanol exposure (oral ethanol gavage every 8-hrs for 4
days straight) during adulthood led to a decrease in the expression of BDNF and a reduction
of granular cells within the dentate gyrus of the hippocampus, which was associated with
spatial navigation impairments, in binged female rats, but not male rats (Maynard et al.
2018). Post-binge exercise increased BNDF levels and recovered granule cell loss in the
female hippocampus (Maynard et al. 2018). In male rats exposed to intermittent ethanol
throughout adolescents (oral gavage, 2 days on 2 days off, from post-natal day 25-55), there
is a reduction in cortical and hippocampal NGF, BDNF, a loss of hippocampal neurogenesis,
and a reduction of neurons in the basal forebrain that express the cholinergic phenotype,

all of which were recovered with post-binge exercise (Vetreno and Crews. 2018; Vetreno et
al. 2019). Interestingly, the adolescent binge-induced reduction of cholinergic neurons was
associated with epigenetic silencing of cholinergic phenotype genes, which were reversed
by exercise (Vetreno et al. 2019). Thus, there can be behavioral recovery following thiamine
deficiency or extensive ethanol exposure is primarily driven by enhancement within the
septohippocampal circuit.

6.2.2 Environment enrichment can rescue some behavioral deficits related
to thalamic pathology—Several papers have examined whether EE recovered cognitive
behaviors and circuit function following experimental-induced lesions of the anterior
thalamus or the midline thalamus. First, it should be noted that like alcohol-related

brain damage, in standard-housed laboratory rats, there is little spontaneous recovery of
behavioral deficits after thalamic lesions. EE for rodents includes group housing, running
wheels, and the replacement of toy objects throughout the cage. It, therefore, provides
multisensory cognitive stimulation, increased physical activity, and broader social and
emotional experiences. Rat models suggest that the deficits caused by ATN damage, which
is associated with “diencephalic amnesia”, can be ameliorated by EE.

Spatial impairment in the water maze, both flexible strategy adaptation and reference
memory, following lesion to the ATN, were recovered when rats were housed in an

EE following thalamic pathology (Wolff et al. 2008). EE also recovered spatial working
memory in rats with anterior thalamic lesions (Loukavenko et al. 2007). Although the
damaged thalamus remained unchanged, enrichment increased CA1 spine density in both
sham rats and those with anterior thalamic damage (Dalrymple-Alford et al. 2015).
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Administered neurotrophic drug cerebrolysin reduced spatial working memory deficits

in rats with ATN lesions, and when given along with EE the benefit was synergistic
(Loukavenko et al. 2016). However, neither the drug treatment nor EE recovered suppressed
c-fos activity with the retrosplenial cortex of rats with ATN lesions. These data suggest

that the recovery observed involved other brain regions, not the retrosplenial cortex.

Most recently, EE prevented the decrease in prefrontal theta power in rats with ATN

lesions and appeared to increases functional connectivity between the prefrontal cortex and
hippocampus through by passing the anterior thalamus (Ulrich et al. 2019).

There are also data that demonstrates that EE also improves spatial navigation in the

water maze following lesions to the ventral midline thalamus (Re/Rh; Ali et al. 2017).
Furthermore, following a long 25-day retention interval, c-Fos immunoreactivity in the
mPFC was suppressed in rats with ventral midline thalamic lesions, but exposure to EE
corrected the retrieval-triggered c-Fos expression within the mPFC. The reinstatement of
memory and activation of the mPFC following EE suggests that functional connectivity
within the hippocampus and prefrontal cortex, possibly through the amygdala, is a driver of
behavioral EE-induced recovery following thalamic pathology (Ali et al. 2017).

Thus, although adult alcohol-related thalamic pathology is not recovered by
pharmacological or behavioral interventions, improvements in the extended hippocampal
circuit that include the basal forebrain and frontocortical restoration appear to revive

circuit functioning, leading to restored cognitive functioning. The nervous system retains an
impressive capacity to recover and adapt following alcohol-related brain damage, irrelevant
whether the pathology was induced during development or adulthood.

7. Conclusions

All the forebrain regions involved in cognition receive input from the thalamus, and
cortical regions are typically innervated by more than one thalamic nucleus; in addition,
30-50% of cortical regions project back to the thalamus (Varela 2014). The midline
thalamus, specifically the anterior, intralaminar and ventral midline nuclei, have emerged
as significant contributors to cognitive processing, including attention, spatial navigation,
working memory, remote memory, and behavioral flexibility. However, determining the
individual nucleus-specific contributions within the thalamus to behavior can be difficult
due to the heterogeneity of neuronal function that exists within each nucleus. For instance,
the intralaminar nuclei have multiple distinct subregions that govern different anatomical
connectivity and behavioral correlates (Saalmann 2014). Similarly, the Re/Rh nuclei

have differences in connectivity across its rostrocaudal extent (Dolleman-van der Weel

et al. 2019), and recent indications of a functionally relevant dorsal-ventral division as
well (Angulo-Garcia et al. 2018). Thus, there is difficulty in pin-pointing the distinct
contributions of relatively small subnuclei within the thalamus through either experimental
approached or observation of disease states. Although there are technical limitations to
uncovering these specific contributions, the concurrent approach of multiple techniques to
provide convergent evidence is the best solution. Several recent technical advances in viral
tracing, optogenetics and chemogenetics, allows for more selectivity in targeting of different
thalamic regions and circuits, which has opened up new possibilities in the integration of
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specific thalamic cortical and subcortical pathway. Many midline thalamic nuclei have the
capacity to influence prefrontal cortex (directly and indirectly) and this provides reason to
expect overlapping as well as unique behavioral contributions. This is both the case between
nuclei, as well as within individual nuclei, as functional circuits exist both between nuclei,
and within them (Dolleman-van der Weel et al. 2019).

Despite such limitations, the field has moved away from the conception of the thalamus

as a simple relay station. Damage to the thalamus can affect the initial acquisition,
directing attention, short-term representation, monitoring, and updating current information
within a changing environment, to long-term consolidation (Wolff and Vann 2019). Thus,

a more current view is that the midline thalamus integrates information from midbrain,
diencephalic, hippocampal, and cortical regions to directly influence cognitive functioning.
Research regarding the function of the midline thalamus in cognition has revealed a
complex contribution of the thalamus for cognition, as well as a role for the thalamus in
developmental and neurodegenerative disorders.

Alcohol is neurotoxic, and it functions as teratogen during development and evokes
neurodegenerative cascades in adulthood. We selectively reviewed the damaging effects

of alcohol during early development and adulthood on the thalamus. As stated, alcohol

is not highly regionally selective as a neurotoxin, but the midline thalamus is a key

target. As reviewed, specific nuclei within the thalamus display unique vulnerability to
alcohol-related neurotoxicity. Exposure to high levels of alcohol during brain developmental
brain damage the ATN (Wozniak et al. 2004) and selectively the Re (Gursky et al.

2019). Long-term ethanol exposure (over 6 months in the rodent) in adulthood becomes
confounded with thiamine deficiency (Toledo Nunes et al. 2019). However, extensive
thiamine deficiency is linked to midline pathology (ATN, IML, gelatinosus and posterior
nuclei), buts spares ventral midline cell loss (Bobal and Savage 2015). However, given

that prefrontal cortex receives afferent projections from a large number of thalamic

nuclei, including the anterior, intralaminar, midline nuclei (Barbas et al. 1991), a range of
frontocortical dysfunction (disinhibition, poor working memory, cognitive and behavioral
inflexibility) is observed following developmental or adult ethanol exposure. There is

also hippocampal dysfunction (impaired spatial navigation and spatial memory, configural
dysfunction) following developmental and adult alcohol exposure that is due to hippocampal
pathology, as well as damage to the ATN. Understanding the specificity of thalamic
influence on corticothalamic and thalamic-hippocampal circuitry provides a long-overdue
foundation for understanding the consequences of alcohol exposure paradigms and alcohol
use disorders. In summary, understanding of thalamic dysfunction and circuit adaptation will
further aid in the development of successful therapeutics.
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Figure 1.
Outlines of the nucleus reuniens (Re) and rhomboid nucleus (Rh) in Nissl-stained sections

of rat thalamus. The photomicrographs demonstrate anatomically delineated contours of
thalamic Re (large dashed outlines) and Rh (small dotted outline). The section in panel A is
approximately 2.0 mm caudal to bregma, while the section in panel B is approximately 2.5
mm caudal to bregma. Tissue is stained with Cresyl Fast Violet. Scale bar = 0.5mm.
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Figure2.
Medial and midline thalamus in the Rat. Sections are stained with nuclear specific stain

(NeuN) that stains neuronal cell bodies. The top panels (A, B) present the thalamus

of a control rat. The bottom panels (C, D) demonstrates the neuronal cell loss (red

arrows) induced by thiamine deficiency. It should be noted that there is cells loss

in anteroventral ventrolateral nucleus (AVVL), with sparing of anterior dorsal (AD)

nucleus. Furthermore, there is extensive cell loss in the intralaminar region, with sparing

of medial dorsal and ventral midline nuclei. Abbreviations AM (anteromedial thalamic
nucleus), CL (central lateral thalamic nucleus), CM (central medial thalamic nucleus), IAM
(interoanteromedial thalamic nucleus), MD (medial dorsal nucleus), mt (mammillothalamic
tract), PC (paracentral thalamic nucleus), PO (posterior thalamic nucleus), PVA, Re (nucleus
reuniens), Sub (nucleus submediius), sm (stria medullaris)

Neuropsychol Rev. Author manuscript; available in PMC 2022 May 01.



	Abstract
	Introduction:
	Evidence that the medial and midline thalamus are key elements of the cognitive thalamus.
	Anterior thalamus:
	Intralaminar thalamus:
	Nucleus Reuniens:

	Normal development of cortico-thalamic circuitry (including critical periods)
	Animal models of developmental alcohol exposure
	Rodent Models of FASD and their Contributions to Cortico-Thalamic Pathology
	Gestational Models
	Postnatal Models

	Animal models of alcohol exposure during adulthood and thalamic pathology
	Animal models of adult ethanol-related brain damage: Thiamine deficiency emerges as necessary for thalamic pathology in ethanol-related used disorders.

	Approaches to recover alcohol-related brain damage and cognitive and behavioral outcomes
	Recovery of developmental alcohol exposure brain damage and behavioral dysfunction.
	Pharmaceutical and nutritional interventions for developmental ethanol exposure
	Behavioral Interventions to mitigate developmental alcohol-related damage

	Recovery of adult ethanol-related brain damage and behavioral dysfunction.
	Recovery of neurotrophin deficits can lead to circuit adaptation and behavioral recovery.
	Environment enrichment can rescue some behavioral deficits related to thalamic pathology


	Conclusions
	References
	Figure 1.
	Figure 2.

