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Abstract

Could a long-overlooked deep cortical layer play a key role in one of our most critical cognitive
functions? Our ability to pay attention depends on tight regulation of the cortex and higher-order
thalamus — known as the higher-order thalamocortical system, but the circuits that regulate this
system remain unclear. Here, we highlight emerging evidence that layer 6b (L6b), a mysterious layer
at the bottom of the cortex, plays a central and unique role in regulating higher-order thalamocortical
activity. L6b neurons integrate internal state signals (as a convergence zone of neuromodulation) with
top-down volitional signals (via strong higher-order cortical input), and its output specifically targets
the nodes of the higher-order thalamocortical loop via fast, but persistent synaptic excitation. L6b
enables precise spatio-temoral control of thalamocortical loops that we argue functions as a “volume
dial” of attention and working memory. L6b may be a missing link in our understanding of the
circuit-basis of attention, with broad implications for both understanding cognition and
neuropsychiatric disorders.

Keywords: cortex; thalamus; thalamocortical system; attention; working memory; narcolepsy;
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The Thalamocortical System: Gatekeeper of Experience

As we go through our day, we direct our attention to tasks and events that are important to us,
an essential cognitive process that depends on the thalamocortical system (Llinas, 2003; Bachmann et
al., 2020; Whyte et al., 2024). Your neocortex (the six-layered outer part of your brain) and thalamus
(your brain’s inner core) dynamically interact, enabling you to attend to and experience nearly
everything in life. The thalamocortical system encompasses a large population of distinct cortical-
thalamic feedback loops (Figure 1A; Halassa and Sherman, 2019; Shepherd and Yamawaki, 2021;
Shine et al., 2023), that together support wakefulness, attention, and consciousness (Alkire et al., 2008;
Halassa and Kastner, 2017), a quintessential circuit that shapes our everyday experiences (Aru et al.,
2019).

Extensive clinical and experimental evidence supports this view. For instance, activity in the
thalamocortical system is profoundly affected by sleep/wake state (Steriade et al., 1993). Interestingly,
consciousness and attention remain intact even after complete damage to most brain structures, like
the cerebellum, amygdala, basal ganglia, and hippocampus, but damage to the cortex and/or the
higher-order thalamus (HoT) decisively abolishes conscious perception and attention associated with
the areas of damage (Kinney et al., 1994; Noirhomme et al., 2010). Neuroimaging studies further show
that persistent activity in the thalamocortical system is tightly correlated with conscious perception,
attention, and wakefulness (Zhou et al, 2011; Shine, 2020; Pereira et al.,, 2024). Moreover,
thalamocortical activity is disrupted under general anesthesia, coma, and vegetative states and
changes in our perception are directly linked to changes in thalamocortical activity (Laureys, 2006;
Alkire et al., 2008). As the neuroscientist Rudolfo Llinds put it: “Sensation is a construct given by the
intrinsic activity of the brain, within the momentary internal context given by the thalamocortical
system.” (Llinas, 2002).
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Broadly speaking, there are two classes of thalamocortical loops, but only one of them is
considered particularly crucial for wakefulness and higher cognition, the higher-order
thalamocortical loop (Zhou et al., 2011; Gent et al., 2018; Fang et al., 2025), comprised of reciprocal
cortico-thalamo-cortical loops (CTC) between layer 5 (L5) extratelencephalic (ET) pyramidal neurons
in the cortex and higher-order thalamic neurons in the thalamus (Figure 1B), which we will here refer
to as CTC loops. Each sector of the cortex has its own CTC loops segregated by their specific roles in
perception (e.g., vision, hearing) and cognition.

The CTC loop contains some of the brain’s most influential neurons, underscoring its importance
to our ability to stay awake, perceive and pay attention. L5-ET neurons directly enable behavior (Kim
et al., 2015; Moberg and Takahashi, 2022) by targeting virtually all subcortical nuclei (Shepherd and
Yamawaki, 2021) and are thought to play a critical role in cognitive processing (Larkum, 2013;
Bachmann et al., 2020; Phillips, 2023; Phillips et al., 2025). HoT neurons are equally influential; they
coordinate information processing widely across the cortex via long-range axons (Saalmann et al.,
2012; Sherman, 2016; Halassa and Kastner, 2017), with a single HoT axon capable of innervating
multiple cortical regions (Ohno et al., 2012). Without the HoT, the cortex is paralyzed, and without
L5-ET neurons the cortex has no voice.

But thalamocortical loops require precise regulation and persistent activity in order to pay
attention or perceive anything properly (Halassa and Kastner, 2017; Whitmire et al., 2021; Law et al.,
2022; Fang et al., 2025). For instance, several hundred milliseconds of thalamocortical activity is
necessary before conscious perception occurs —i.e., perception requires more than just brief activation
of the thalamocortical system (Dehaene et al., 2014; Kronemer et al., 2022; Fang et al., 2025). When the
thalamocortical system is incorrectly regulated, so-called thalamocortical dysrhythmias result, which
are associated with a wide range of neurological illnesses including sleep disorders, attention-deficit
hyperactivity disorder, autism, schizophrenia, post-traumatic stress disorder, Parkinson’s disease,
and depression, among others (Llinas et al., 1999; Vanneste et al., 2018; Kim et al., 2022). By analogy,
a symphony orchestra must play its various instruments (CTC loops) at the right moments (precise
regulation) to produce the intended melody (your experience).

Given the importance of the thalamocortical system, it may come as a surprise that we know
relatively little about how it is precisely regulated and its activity is sustained (Fogerson and
Huguenard, 2016), information which could provide important insights into the network basis of
neurological disorders and our everyday experience.

This leads to a crucial question: How does our brain regulate CTC loops?
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Figure 1. The thalamocortical system. A) The thalamocortical system is composed of reciprocal loops between
functionally corresponding sectors of the neocortex and thalamus, and is associated with many cognitive

functions. B) The higher-order thalamocortical loop is composed of L5-ET pyramidal neurons in the cortex and
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higher-order thalamic (HoT) neurons in the thalamus. The CTC loop projects collateral axons widely across the

brain.

Layer 6b: A Conductor of Higher-Order Thalamocortical Activity

At the bottom of the neocortex lies a layer of diverse neurons called layer 6b (L6b) (Marx and
Feldmeyer, 2013). L6b remains one of the least explored territories of the cortex and is overlooked in
most studies of cortical physiology, perhaps in part because of its depth, poorly understood
connectivity, and relatively few neurons that are often considered “remnants” (Tolner et al., 2012;
Marx et al.,, 2017; of the subplate, a transient developmental structure). Because of this, L6b was
recently described as “a layer with no known function” (Molnar, 2018).

But new research in mice has revealed something unexpected about L6b. Despite its few
neurons, L6b powerfully drives highly active cortical states (Zolnik et al.,, 2024a). For instance,
experiments in mice showed that activating L6b neurons during slow wave sleep, a relatively
quiescent state characterized by very slow cortical oscillations, nearly instantly generated attention-
associated fast (gamma) oscillations and dramatically increased spiking activity as well (Zolnik et al.,
2024a). Similar fast gamma oscillations have been shown in the human cortex in association with
attention (Boroujeni et al.,, 2025). Moreover, chronic silencing of Léb neurons reduces theta
oscillations (Meijer et al., 2025), a hallmark of active wakefulness. Importantly, recent work shows
that the human cortex has analogous neurons to those in L6b of mice (Zolnik et al., 2024b). Therefore,
far from lacking influence, this long overlooked layer has an unexpectedly powerful influence that
may be relevant across mammalian brains, including humans.
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Figure 2. Layer 6b at the heart of the higher-order thalamocortical system. A) Both the cortical and thalamic
nodes of the higher-order thalamocortical loop are innervated by Léb neurons (triangle: pyramidal neurons;
diamond: non-pyramidal glutamatergic neurons). Interestingly, L6b simultaneously innervates the HoT and the
same points on L5 pyramidal neurons as the HoT. The axons of both L5 and HoT neurons in the loop project
widely across the brain giving the loop broad influence. L6b also projects to the superior colliculus (not shown).
B) The synaptic strength of CTC loop synapses weaken while the loop is active, whereas L6b synapses strengthen

(synaptic facilitation) while L6b is active, providing a compensatory drive on the CTC loop.

How can a small group of cortical neurons powerfully control the largest part of our brain?
Surprisingly, L6b specifically targets higher-order thalamocortical loops — in fact, L6b neurons are
the only neurons known to specifically target both L5-ET and HoT neurons together (Figure 2A),
while avoiding nearly all other possible targets. In addition, L6b synapses have inverse synaptic
plasticity compared to synapses of the CTC loop (Figure 2B). As we will see, these properties have
important implications for our cognitive performance.

But first, it is critical to dig deeper into what we know about the regulation of L6b, which can
provide insight into its wider role in thalamocortical operations and cognition.
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Léb Is a Convergence Zone of Arousal-Promoting Neuromodulation

Interestingly, L6b is the only cortical layer that is sensitive to the neuropeptide orexin (also
known as hypocretin; Bayer et al., 2004), one of the most powerful arousal-promoting molecules of
the brain and master regulator of wakefulness (Sakurai et al., 2021). In addition to promoting
wakefulness itself, orexin also promotes the release of many other arousal-promoting
neuromodulators (Figure 3A) and is therefore an essential ingredient of the brain's arousal system
(Jennings and de Lecea, 2019).

But Léb is not only excited by orexin, it is also excited by the arousal-promoting
neuromodulators released by orexin (Wenger Combremont et al., 2016; Feldmeyer, 2023a). Therefore,
L6b can be seen as a special convergence zone of arousal-promoting neuromodulation in the cortex,
where all of the major modulators of arousal come together, and a de facto component of the brain’s
arousal system (Figure 3A; Zolnik et al., 2024a).

In addition to convergent neuromodulation, L6b is also a convergence zone for long-range
intracortical feedback that transmit signals from distant cortical regions, mainly higher-order frontal
and parietal cortical regions (Figure 3A; Zolnik et al., 2020). Indeed, unlike any other layer, L6b is
uniquely positioned to receive input from these long-range axons because they travel through the
white matter where L6b neurons have spiny dendrites (Marx and Feldmeyer, 2013; Zolnik et al,,
2020), that can in principle “preview” the information before reaching its final target. Inputs like those
that converge onto L6b are considered essential for executive, volitional control, such as attention
(Corbetta and Shulman, 2002; Zhang et al., 2014; Wimmer et al., 2015). Therefore, L6b is positioned
in a unique place in the brain’s circuitry, between state-dependent control networks
(neuromodulation; Bayer et al., 2004; Wenger Combremont et al., 2016; Feldmeyer, 2023b; Venkatesan
etal., 2023; Qi et al., 2025) and fast volitional control (via higher-order cortical feedback; Zolnik et al.,
2020; Figure 3A).

We predict that in the presence of neuromodulators Lé6b neurons are typically at or around spike
(activation) threshold, but would additionally require cortical feedback for strong activation (Figure
3B). On the other hand, if neuromodulator levels are low, L6b would likely be difficult to activate for
extended periods or at all. In other words, if the neuromodulatory system fails completely, L6b would
also fail. We speculate that narcolepsy — a sleep-wake disorder — may be the result of just such a
failure (see below).

From this perspective, the output of L6b, and therefore CTC loops, would depend on, and be
gated by, state-dependent neuromodulation and convergence of volitional signals from higher
cortical regions (Figure 3B).
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Figure 3. L6b is an integration hub for neuromodulators and cortical feedback. A) Neuromodulatory
projections of the ascending arousal system project divergent axons across the cortex, including Léb, providing
state-dependent signals. Likewise, higher-order cortical axons project to multiple cortical regions, including L6b,
providing top-down volitional signals. L6b integrates the convergent input from these two pathways and directs
its output to CTC loops with fast and focused activation. B) L6b is depolarized by arousal-promoting
neuromodulators (left), and the addition of higher order cortical feedback strongly drives L6b neurons (right).
ACh = acetylcholine, 5HT = serotonin, DA = dopamine, NA = noradrenaline, HIS = histamine.

L6b Delivers Fast and Focused Control of Higher-Order Thalamocortical Loops

L6b appears to be well-suited to integrate and transform neuromodulatory and feedback
projections into optimal spatio-temporal control of CTC loops, unlike cortical feedback and
neuromodulatory projections per se.

For instance, neuromodulatory projections typically act broadly (McCormick et al., 2020),
innervating many cortical regions and their effects are slow to turn on and off (Adamantidis et al.,
2007; Haas et al., 2008; Brunk et al., 2019; Jiao et al., 2025). L6b works differently, however — it releases
glutamate at synapses and engages fast ionotropic receptors that enable precise temporal control.
Photoactivation of L6b in mice activates CTC loops in milliseconds and when photoactivation stops,
the loops shut down immediately (Zolnik et al., 2024a), unlike neuromodulators. Higher-order
cortical feedback projections, like neuromodulatory projections, also diverge to many cortical areas
and layers (Rockland, 2013; Hatanaka et al., 2016). Moreover, feedback from higher-order cortex
remains in the cortex, and is therefore unable to directly control the thalamic node of the CTC loop.
By contrast, L6b has focused, topographic, direct access to both nodes of the CTC loop, providing L6b
with optimal spatial control unlike any other known neurons.

Therefore, by integrating the fast higher-order cortical input with state-dependent modulation,
L6b transforms the output of these two pathways into efficient, rapid boosting of specific CTC loops
(Figure 3C). Using the earlier analogy, L6b may be necessary for the thalamocortical symphony to

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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play the correct instruments (specific CTC loops) at the right time, something that diffuse and slow
projections, on their own, are unlikely to achieve.

These results suggest that L6b is a component of the arousal system that is tasked with rapid
and spatially precise activation of CTC loops. This leads to the next critical question: What specific
cognitive role might L6b serve?

Layer 6b: An Engine OF Attention

Arousal spans a spectrum from drowsiness to focused attention, states that correlate with
activity levels in CTC loops (Steriade, 2000). Slow oscillations are linked to drowsiness (Posada-
Quintero et al., 2019), whereas the fastest oscillations, like those generated by L6éb, are linked to
attention (Portas et al., 1998). L6b is poised to boost and sustain activity in CTC loops, both via special
inputs to L5-ET neurons (see Box 1) and via the HoT, making it well-suited to drive an attentive,
focused state. Could L6b be linked to the core aspects of attention?

Focused Attention: L6b’s Focused Projections Specifically Target CTC Loops

A central aspect of attention is its limited capacity (Desimone and Duncan, 1995) — that is,
attention is fundamentally focused and specific. Imagine looking at the ball in Figure 4A. The ball
has several features, including its two colors and shape. Because attention can be highly focused, you
can focus on just the redness of the ball (activating pathway 1 in Figure 4B), making it much more
vivid in your awareness. The specificity of attention is linked to activity in specific, functionally
relevant CTC loops (Saalmann and Kastner, 2011), such as those corresponding to the perception of
red. In order to attend to the redness (or blueness/shape) of the ball, your brain must amplify CTC
loops that represent the feature of interest (Halassa and Kastner, 2017).

This poses a problem, however, because, while we know that neuromodulators and cortical
feedback are essential for attention, both of these pathways are divergent and lack the precise spatial
control (Rockland and Drash, 1996) of CTC loops necessary for attentive focus. L6b, by contrast, is
well-suited for this task, because its projections to CTC loops are very specific — specific sectors of
L6b connect to specific sectors of CTC loops (Figures 2A, B; 3A; Zolnik et al., 2024a). Moreover, unlike
other cortical neurons, L6b is able to integrate the vast variety of inputs from both attention-
associated neuromodulatory pathways (Figure 3A, B). We therefore predict that Léb is an integration
hub for neuromodulation and intracortical feedback whose output provides the specificity needed
for focused attention.

Sustained Attention: L6b’s Persistent Synapses Maintain Activity in CTC Loops

Besides its specificity, attention is also sustainable, enabling you to attend to the features of the
ball over time. For you to maintain your attention on the redness of the ball, for example, activity in
your CTC loops representing “red” must be maintained. Surprisingly, this appears problematic from
what we know about the CTC loop, because its reciprocal synaptic connections weaken dramatically
and quickly with activity (synaptic depression; Figure 2B; Reichova and Sherman, 2004; Zolnik et al.,
2024a). CTC loops thus appear to be ideal for only transient activation and would likely require
external input that can sustain persistent CTC activity, and therefore sustained attention. This is
particularly critical because conscious awareness depends on sustained thalamocortical activity —
transient activity remains subliminal (Sergent et al., 2021; Klatzmann et al., 2025).

It turns out that L6b provides an elegant solution to this problem, because it targets the CTC
loop with synapses that rapidly strengthen (synaptic facilitation) and maintain their strength during
activity (Figure 2B). L6b pyramidal neurons (Figure 2) provides the only strongly facilitating inputs
to both nodes of the CTC loop that we are aware of and is thus unique in its ability to counteract the
strong loss of synaptic drive within the CTC loop (i.e., inverse plasticity). Therefore, L6b is well-suited
to help sustain CTC loop activity (Figure 4C), and therefore sustain attention.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In this sense, the thalamocortical loop supervenes on L6b, i.e. changes in the CTC loop’s local
dynamics would depend on, and be determined by, the local state of Léb. Considering these
observations, we hypothesize that volitional control of the CTC loop cannot be properly sustained
without the support of L6b.

Attentional Flexibility: L6b’s Fast Synapses Enable Precise Temporal Control of CTC Loops

Despite its stability over time, attention is also very flexible. After attending to the redness of the
ball in Figure 4A, we can quickly shift our attention to the blueness of the ball and then to the
“roundness” of the ball (Figure 4B). Doing this depends on rapidly activating the circuits of the newly
attended feature (e.g., “blue loops”) and rapidly disengaging the circuits of the previously attended
feature (e.g., “red loops”; Figure 4C).
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Figure 4. L6b during attention. A) A ball with several specific features. B) Convergent input from higher-order
cortex steps up the activity in the appropriate L6b neurons, in turn enhancing activity in the appropriate CTC
loops to drive attention to particular features of interest. Neuromodulators provide broad and concurrent
enhancement in L6b excitability (during arousal) that enables higher-order cortex to drive CTC loops effectively.
C) When Lé6b is activated, it drives persistent activity in its associated CTC loops. When Léb activity ends, so
does the associated CTC loop.

We know that L6b can rapidly engage CTC loops (neuromodulation is much slower), but can
Léb rapidly disengage its activation of CTC loops? Indeed, experiments show that once L6b activity
stops, its excitatory influence on cortical state and CTC loops stops immediately (Zolnik et al., 2024a;
unlike neuromodulation). This is at least in part because L6b synapses are fast (ionotropic) to turn on
and off, but also likely due to the rapid weakening of synapses in active CTC loops — when drive
from L6b stops the weakened CTC loop synapses cannot sustain activity in the loop (Figure 4C;
inhibitory drive would also suppress sustained activity). We hypothesize that the synaptic properties
of L6b and CTC loops enable rapid attentional shifting and flexibility.

To maintain attentional flexibility, it would stand to reason that neurons involved in the
promotion of attention should remain isolated from strong, direct sensory input, which would
otherwise promote attention to the strongest sensory stimulus (e.g. the brightest light or loudest
sound). While L6b neurons are strongly driven by attention-associated cortical feedback, even in
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sensory cortices they receive little to no sensory thalamic input, in contrast to nearly all neurons above
them (Bureau et al., 2006; Sermet et al., 2019; Zolnik et al., 2020). We suggest that this property is
necessary for L6b’s role as attention-promoting neurons.

In summary, the properties and connectivity of L6b synapses are well-suited to control several
fundamental aspects of attention.

L6b and the Superior Colliculus

In addition, it should be noted that L6b projects to the superior colliculus (Hoerder-Suabedissen
et al.,, 2018; Zolnik et al., 2024a), another structure long known to play an important part in attention
consistent with the hypothesis that L6b serves a critical role in attention and suggesting that L6b may
be multifaceted in this regard. It has been suggested that the superior colliculus integrates cognitive
and sensory signals to guide attention (Krauzlis et al., 2013; Merker, 2013), which is in line with its
reciprocal connectivity with the thalamus. This broader view of the superior colliculus as an
additional hub for attention adds support to the idea that L6b plays a pivotal role in coordinating
cortical attention with subcortical systems, positioning it as an important node in a distributed
attention network.

Layer 6b and Attention-Associated Cognitive Functions

Attention is a fundamental and essential cognitive function at the root of many other cognitive
functions. Could Léb also play an important role in attention-associated cognitive functions?

Working memory: L6b’s facilitating synapses may help support memory

Sustained attention and working memory are overlapping cognitive phenomena. Working
memory refers to the short-term preservation and active manipulation of information initially
selected by attention. Both attention and working memory are deployed across various cognitive
tasks, such as mental arithmetic: you must maintain numbers in working memory as you selectively
attend to specific digits for calculation. Despite momentarily focusing on a single digit or operation,
you can readily recall and manipulate previously attended numbers. Thus in this example, working
memory effectively captures the “afterglow” of attentional focus, preserving recently attended
content for rapid retrieval into awareness if attention shifts or is redirected.

Like sustained attention, working memory depends on sustained activity in distributed
thalamocortical circuits (Goldman-Rakic, 1995; Constantinidis et al., 2018). In addition, emerging
theories of working memory implicate synaptic facilitation (Mongillo et al., 2008; Stokes, 2015; Masse
et al,, 2019), highlighting the potential relevance of L6b’s pronounced synaptic facilitation onto CTC
loops. Indeed, Zolnik et al. (2024a) identified two distinct forms (or timescales) of facilitation at
specific L6b synapses: one short-lasting (seconds to tens of seconds), induced by a single block of
activation (i.e. a stimulus train), and another significantly longer-lasting (tens of minutes or possibly
longer) that was induced by repeated blocks. It is therefore conceivable that Léb is responsible for
both 1st and 2nd-order effects on working memory, for example, delayed-match-to-sample tasks, and
might even depend on different mechanisms at the cellular level. Even more interestingly, this 2nd-
order effect lasted up to an hour in vitro, suggesting a smooth transition from temporary retention
(working memory) to a form of longer-term synaptic storage (Mongillo et al., 2008; Jackman and
Regehr, 2017). More work needs to be done to link these forms of plasticity in Léb to cognitive and
psychological tests of memory.

Together, this suggests that L6b could contribute to working memory by both sustained CTC
activity as well as facilitated synapses. L6b appears to sit at the intersection of selecting what enters
awareness (attention) and holding that content over time (working memory). We therefore suggest
that L6b’s synaptic properties (plasticity and connectivity) offer a substrate for both attention and
working memory, which could help link the seemingly inextricable relationship between attention
and working memory to the same underlying circuitry.
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Perceptual Binding: L6b’s Powerful long range Influence May Help Coordinate
CTC Loops

Turning our attention back to the ball in Figure 4A raises another aspect of attention not yet
touched upon. When we attend to the ball, we see it as a single object, not as a separate assortment
of features, like blue, red, and round. We perceive attended objects as a unified percept. This process
of feature integration is called perceptual binding (Roskies, 1999), and it is so pervasive in our daily
experience that we take it for granted. But how it arises is a fundamental mystery of cognition called
the binding problem (Treisman and Gelade, 1980; Treisman, 1996; Feldman, 2013).

Could L6b play a wider role in attention, supporting perceptual binding?

Area A Area B Area C

Intracortical
route (L5 IT)

Transthalamic
route (HoT)

Figure 5. L6b in long-range circuits and perceptual binding. L6b provides the sustained excitation for long-
range neurons of the HoT and L5 that cross-connect CTC loops among distant cortical regions. These pathways
enable activity in local loops to strongly influence associated distant loops that represent different aspects of the

contents of attention and working memory. IT=intratelencephalic.

In principle, different CTC loops, distributed in different cortical areas, represent each
perceptual element of an experience (like the colors and shape of the ball; Figure 4B). Perceptual
binding is thought to involve synchronization of different cortical regions and thalamocortical loops
in the gamma frequency (Fries, 2009). In humans, synchronization of high-frequency activity across
cortical networks during attention has been observed, consistent with this idea (Boroujeni et al., 2025).
Local activation of L6b generates widespread gamma oscillations across the cortex (Zolnik et al.,
2024a), suggesting a potential role for L6b in global gamma synchronization and binding. But for this
level of high frequency synchronization, long-range axons with fast synaptic connections are likely
to be necessary.

It turns out that L6b is in an ideal position to mediate such fast, long-range communication
among CTC loops. For example, L6b could enhance cortico-cortical communication via the thalamus.
Léb activates both L5-ET and associated HoT neurons, thereby controlling information flow from L5-
ET neurons in one cortical area to a different cortical area via the HoT, a mode of long-range
communication referred to as the trans-thalamic route (Shine, 2020; Sherman and Usrey, 2024)
(Figure 5, green lines), which has been shown to regulate distributed cortical regions during attention
(Saalmann et al., 2012). Indeed, lesions of the HoT can cause binding problems in patients (Saalmann
and Kastner, 2011), suggesting that the HoT (and thus CTC loops), plays a central role in perceptual
binding.

Léb also enhances long-range communication via L5 intratelencephalic (L5-IT) neurons, an
intracortical route, via strong facilitating synapses (Zolnik et al., 2024a; L5-IT neurons also receive
HoT input). Importantly, L5-IT neurons provide one of the strongest inputs to L6b (Zolnik et al.,
2020), thus directly linking distributed L6b-CTC loops (Figure 5, orange lines). Finally, some axons
of L6b neurons (a subtype that projects to cortical layer 1, Figure 1B & Box 1) can project into
neighboring ipsilateral cortical regions (Clancy and Cauller, 1999; Ledderose et al., 2023), and may
help promote synchronization among L5-ET apical dendrites via NMDA receptor activation.
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By way of these pathways, we propose that by boosting one set of loops, L6b supports long-
range communication and gamma synchronization among a broader set of functionally related CTC
loops, thought to be a hallmark of perceptual binding (Rodriguez et al., 1999; Ross and Fujioka, 2016),
which brings attended features into a unified whole.

With its potential role at the heart of attention and perceptual binding, raises another important
question: What would happen if L6b malfunctions?

When Layer 6b Malfunctions

Attention deficits and thalamocortical dysrhythmias are common symptoms of neurological and
psychiatric illnesses, suggesting that L6b may play a key role in human neuropathologies, especially
given the presence of these neurons in the human cortex (Zolnik et al., 2024b). In light of new findings
about Léb, in this final section we will consider three neuropathologies in particular: narcolepsy,
attention-deficit hyperactivity disorder (ADHD), and schizophrenia.

Narcolepsy

Narcolepsy is a debilitating sleep disorder and the most common neurological cause of chronic
sleepiness that results from insufficient orexin in the brain. Without orexin, arousal-promoting
neuromodulation is dysregulated causing unstable wakefulness, loss of attention, and uncontrollable
sleep attacks (Mahoney et al, 2019). As a convergence zone for orexin and orexin-released
neuromodulators, orexin levels may be especially important for sustaining Léb excitability (See
Figure 3A). Therefore, we predict that in the absence of orexin, L6b will be particularly prone to
failure, lacking state-dependent excitation (Figure 6). As a result, CTC loops would also be prone to
failure without reliable input from L6b, causing frequent and sudden losses of attention and
wakefulness. Indeed, attention problems are a major symptom of narcolepsy (Cano et al., 2024) and
one of the first cognitive functions lost in a sleep attack (Findley et al., 1999; Fronczek et al., 2006). We
therefore hypothesize that L6b is a key to understanding the neuropathology of narcolepsy.

Wake-promoting pharmaceuticals that stimulate dopamine levels — e.g., amphetamine — are
often prescribed to treat narcolepsy. Interestingly, L6b contains some of the most dopamine-sensitive
cortical neurons (Wenger Combremont et al., 2016; Feldmeyer, 2023b; Qi et al., 2025). Dopaminergic
drugs may in part function as a “substitute” for orexin in Léb in individuals with narcolepsy by
helping to support L6b excitability (i.e., exogenously) in the absence of normal endogenous wake-
promoting mechanisms.

3) No L6b output:
failures of CTC loops &

attention / wakefulness
2) weak convergent
neuromodulatory
excitation of L6b x
CTC loop fails

A4

-
1) deficient
orexin output X

Figure 6. Failure of L6b could induce sleep attacks in narcolepsy. When orexin is absent, L6b is predicted to be

less excited due to the loss of convergent input from orexin and orexin-released arousal-promoting
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neuromodulators. Due to the loss of stable neuromodulation in narcolepsy, we predict frequent loss of activity

in L6b and consequently CTC loops, leading to sudden loss of attention and wakefulness (sleep attacks). .

Attention-Deficit Hyperactivity Disorder (ADHD)

Attention deficits are core symptoms of ADHD, suggesting that L6b could play a role in this
disorder as well. ADHD is associated with reduced prefrontal (higher-order) cortical activity and
deficient dopamine levels (Zametkin et al., 1990; Ernst et al., 1998; Miao et al., 2017). Individuals with
ADHD present with impaired sustained attention and distractibility.

Since two major drivers of L6b are suppressed in ADHD (frontal cortical activity and dopamine
excitation), we predict that L6b activity is suppressed in ADHD. If L6b is underactive in ADHD, then
we would expect thalamocortical dysrhythmias and reduced thalamic activity, both of which have
been reported in ADHD (Koehler et al., 2009; Li et al., 2012; Mah, 2015; Amen et al., 2021). Reduced
HoT excitation resulting from a loss of L6b input may lead to bursting activity in HoT (“burst firing
mode”) that then triggers a powerful re-direction of attention (i.e., distractibility) at the expense of
persistent activity needed for sustained attention. See Box 2 for a detailed circuit mechanism.
Sustained attention requires persistent activity in HoT and CTC loops, which we predict will be
impaired when L6b is inactive or underactive.

Interestingly, there is significant diagnostic overlap between narcolepsy and ADHD, with some
studies indicating over 30% of patients with narcolepsy have ADHD symptoms (Kim et al., 2020). As
with narcolepsy, dopaminergic stimulants help alleviate symptoms of ADHD. We suggest that, by
increasing dopamine levels, stimulants help normalize the excitability of Léb (and higher-order
cortical control of Léb), reducing HoT bursting and increasing persistent activity in the HoT, which
we suggest would both reduce distractibility and boost sustained attention.

Schizophrenia

Schizophrenia is thought to arise in part from reduced cortical dopamine levels and NMDA
receptor hypofunction (Javitt and Zukin, 1991, Mohn et al., 1999; Moghaddam and Javitt, 2012;
Slifstein et al., 2015; Rao et al., 2019). This is very relevant to L6b because dopamine strongly increases
the excitability of L6b neurons and L6b’s output to apical dendrites depends exclusively on NMDA
receptors. We therefore predict that the output of L6b would be highly abnormal and less effective in
schizophrenia.

The potential link between L6b and schizophrenia runs deeper, however, because L6b is
associated with schizophrenia both genetically and structurally. For example, L6b expresses a
surprisingly large number of schizophrenia risk genes (Hoerder-Suabedissen et al., 2013) and
schizophrenia is often linked to an abnormal number and distribution of white matter neurons in
humans (Anderson et al., 1996; Kubo, 2020), which are thought to be homologous with rodent L6b
neurons (Bruguier et al., 2020). Indeed, rodent models of schizophrenia also show abnormal
distributions of L6b neurons (Tsai et al., 2020).

Schizophrenia is characterized by several core deficits, including working memory deficits, a
cognitive symptom that manifests as disorganized thinking, distractibility, problems with following
conversations, and poor decision making. Interestingly, in addition to hypodopaminergic drive in
the prefrontal cortex that would likely reduce L6b activation, recent evidence from rodent models
suggests that short-term facilitation may be impaired in schizophrenia (Fénelon et al., 2013; Crabtree
et al.,, 2017), and may indicate a general reduction in facilitation at glutamatergic synapses. If short-
term facilitation at L6b synapses is also impaired, this would cause sustained attention and working
memory deficits according to the framework here. In addition to this, due to L6b’s facilitating output,
L6b may provide a temporal buffer between the fast signals of higher-order cortical feedback and the
CTC loop, filtering out noise (brief, weak input) and favoring coordinated cortical feedback. Without
this buffer (i.e., if facilitation is reduced) distractibility would likely increase. Together, these findings
therefore suggest that L6b synapses may be unable to sustain CTC loops, causing deficits in sustained
attention and working memory.
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Schizophrenia is also the best-known disorder of perceptual binding, which manifests in some
individuals with schizophrenia when normally unified percepts are fragmented into independent
features. For example, the ball in Figure 4 may be seen as independent colors and shapes, rather than
as a single, unified object. We expect that NMDA receptor hypofunction, thought to underlie a broad
range of symptoms in schizophrenia, will severely impair the ability of Lé6b to drive L5-ET neurons
via their tuft dendrites (see Box 1). NMDA receptor activation in apical tuft dendrites has gained
recognition as a possible site for contextual information processing in the thalamocortical system,
which is essential for any type of perceptual binding (Larkum, 2013; Bachmann et al., 2020).
Moreover, since these L1-targeting L6b projections can extend to neighboring cortical areas, they may
be able to help synchronize activity among dispersed CTC loops, which is thought to be essential for
perceptual binding. Abnormal activation of CTC loops, which could result from dopaminergic and
NMDA receptor dysfunction, could also presumably drive anomalous perceptions, experienced as
hallucinations.

Conclusions

Here, we have attempted to illustrate how L6b may be a critical part of the brain’s attention
circuitry, and how a malfunction in its activity may be relevant to several neuropathological
disorders. Although the predictions of the theory presented here require experimental confirmation,
the current evidence suggests that L6b is an important missing link in our understanding of attention
and we hope that many new questions (see Box 3) raised by this framework will help drive new
inquiries. It is remarkable that such a poorly understood and long-overlooked part of the brain may
hold the key to some of the most fundamental questions about attention and cognitive function.

BOX 1: Layer 6b neuron subtypes and the layer 5 pyramidal neuron

The sub-cortically projecting class of layer 5 pyramidal neurons, known as extratelecephalic (L5-ET)
neurons, are increasingly recognized for their role in attention. For example, photostimulating their
apical tuft dendrites in layer 1 enhances the perceptual detection of sensory stimuli in mice
(Takahashi et al., 2016), linking the tuft dendrite to attention. Conversely, perception of sensory
stimuli is suppressed by inhibiting L5-ET neurons, including those that project to higher-order
thalamus and superior colliculus (Takahashi et al., 2020).

Considering Léb, these observations are particularly interesting, because a non-pyramidal and
glutamatergic subtype of L6b neuron specifically targets L5 apical tuft dendrites, avoiding other parts
of the L5 neuron, and nearly all other neurons in the cortex. These inputs are particularly strong,
because they activate NMDA receptors in the tuft that can trigger bursts of sodium action potentials
at the soma (Zolnik et al., 2024a) — a powerful mode of downstream communication. NMDA receptor
activation at the tuft is thought to signal contextual memories (Shin et al., 2021). Therefore, the
disruption of NMDA receptor function (such as is thought to occur in schizophrenia or under
ketamine anesthesia), would be predicted to strongly affect CTC loop activity and contextual
understanding of one's focus of attention.

Interestingly, L6b itself may also strongly modulate the influence of the tuft input on the output of
the L5-ET neuron, a process called dendritic coupling. Dendritic coupling is thought to be modulated
at the proximal apical dendrite (Larkum et al., 2001) — at the level of the oblique dendrites — the same
location of facilitating input from collateral axons of L6b pyramidal neurons, another subtype which
target this region of the L5-ET neuron specifically (in addition to HoT). General anesthesia blocks
dendritic coupling (Suzuki and Larkum, 2020), suggesting a link to attention and conscious
perception (Aru et al., 2019, 2020). When the proximal apical dendrite is excited, then tuft signals can

reach the soma to influence output (Granato et al., 2024). Via its facilitating synapses, we predict that
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L6b pyramidal neurons may help enhance dendritic coupling, thus promoting the influence of L6b
tuft input into CTC loop activity.

Therefore, L6b appears to have a particularly powerful mechanism to enhance and sustain firing of
L5-ET neurons (promoting sustained attention), because it activates all three nodes of the
thalamocortical loop: the L5-ET tuft in layer 1 and proximal oblique dendrites (dendritic coupling)
and the HoT itself (with its own feedback to these same compartments on L5-ET neurons; see Figure

1 of the main text).

L6b input to L5-ET pyramidal neuron

Tuft dendrites

NMDA spikes

I - Dendritic-coupling

Cortex M— L6b pyramidal.input

L5-ET . Lon bigh
Coupling Zone coupling coupling

e M

enhanced effect of tuft
input on L5-ET soma

*

>
-

non-pyramidal Apyramidal
neuron 0 neuron Leb

Figure: Dynamic boosting of L5-ET neurons by L6b. Two subtypes of L6b neurons each target specific
points on L5-ET neurons (left): L6b glutamatergic non-pyramidal neurons (middle, neuron 1) target tuft
dendrites and generate NMDA-receptor dependent spikes (middle, red area & inset, schematic representation).
L6b pyramidal neurons (middle, neuron 2) target the oblique dendrites at the “coupling zone” (middle, green
area). By exciting the coupling zone, L6b pyramidal neurons are poised to turn up dendritic coupling,
enhancing the ability of the Lé6b tuft input to excite the soma (right, inset, schematic representation). L6b
pyramidal neurons also help excite HoT neurons, which have feedback onto the same points of the L5-ET neuron
as Léb (left). Together, L6b is uniquely positioned to boost activity in L5-ET neurons.

BOX 2: L6b in bottom-up / top-down attention and ADHD

Imagine a flash of light in your periphery. This “bottom-up” signal draws your attention to it,
prompting a shift in focus. Soon after, “top-down” attention takes over, sustaining that focus to
examine the source and meaning of the flash. In ADHD, less prominent stimuli trigger bottom-up
(sensory cued) attention, suggesting that the underlying circuit mechanisms of bottom-up attention
may be abnormal. Despite the everyday role, the precise circuit mechanisms driving bottom-up
attention remain unclear.

ADHD is a complex disorder that involves multiple circuits of the brain, but here we propose a
general framework for ADHD symptoms in light of the new data on L6b. More generally, this

framework provides insights into both bottom-up and top-down (sustained, volitional) attention.
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Activation begins in the thalamus (step 1), which activates L5-ET neurons that, in turn, excite higher-
order thalamic (HoT) neurons (step 2). If HoT neurons are inactive (e.g., during little or no L6b input
that we expect in ADHD) then they are in the “burst mode” and thus respond to L5-ET input with
burst firing. The burst of activity in the HoT neurons broadcasts a powerful signal across many
cortical regions, including to L5-IT pyramidal neurons in higher-order cortex (step 3). L5-IT neurons
provide one of the strongest long-range inputs to L6b neurons (Zolnik et al., 2020; step 4), leading to
activation of L6b (step 5). This feedback to L6b completes a loop that engages top-down (stained)
attention. If L6b is underactive in ADHD, then we would expect a propensity for bottom-up
(attention grabbing distractions) and impairment of top-down (sustained) attention. In addition,
reduced higher-order cortical activity expected in ADHD would impair the top-down signal to Léb
in step 4.

Bottom-up attention (distractors ;
P ( ) Top-down (sustained)
Local Distant attention

CTC loop cortex

Relayed
sensory
input burst firing
(distractor) \ in HoT ||| | ||| | persistent (tonic)
> firing in HOT

Figure: A circuit mechanism for bottom-up and top-down attention in light of ADHD. Left,
unexpected stimuli (step 1) drive bottom-up attention via L5-ET neurons (Step 2) that cause bursts in resting
higher-order thalamic (HoT) neurons (Steps 3), which then drive distant L5-IT neurons (Step 4). L6b is only
strongly activated (Right, step 5) once the long-range feedback from L5-IT neurons (step 4) drives L6b (step 5),
enhancing the CTC loop and engaging top-down attention. SC = superior colliculus.

BOX 3: Additional questions

1) The thalamocortical system plays an important role in learning (La Terra et al., 2022; Perry et
al., 2023). Interestingly, L6b has highly plastic synapses that undergo long-term activity-
dependent enhancement (Zolnik et al., 2024a), thought to be the synaptic signature of
learning. Since L6b drives thalamocortical loops associated with perception, could Léb also
contribute to perceptual learning, such as learning to distinguish similar sounds in a foreign
language through practice)?

2) The thalamocortical system is linked to memory recall (Slotnick et al., 2002; Staudig] et al.,
2012). When we remember an event (episodic memory), our brain is thought to re-engages
the same or similar cortical-thalamic circuits of the original experience (Waldhauser et al.,
2016; La Terra et al., 2022). Some L6b neurons project to the apical tuft dendrites in layer 1,
considered a “memory layer” (Shin et al., 2021) and also the hippocampus (Ben-Simon et al.,
2022), suggesting an important role for these neurons in memory. Could Léb play a role in

supporting episodic memory by reactivating the appropriate thalamocortical loops?
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3) Predictive coding theory suggests that our brain experiences the world by generating
predictions generated from higher-order cortex that are fed to lower level circuits. Layer 5
pyramidal neurons are thought to play a critical role in this process (Bastos et al., 2012; Shipp,
2016). L6b is primarily driven by higher-order cortical feedback, and in turn drives L5
pyramidal neurons, raising the question: Does L6b play an essential role in predictive
coding?

4) During early brain development, L6b (then called the subplate) plays a unique role by wiring
up thalamocortical connections (Kanold and Luhmann, 2010; Hoerder-Suabedissen and
Molnar, 2015). At this time, subplate/L6b neurons receive direct sensory thalamic input,
which is lost later in development - input that could help associate sensory input to top down
(attention) signals. Given the idea that Léb drives attention, could this early wiring function
of L6b be necessary to prepare thalamocortical circuits for future (functional) input from L6b
that directs attention to the correct sensory signals? In this view, Léb/subplate wires up
thalamocortical connections in relation to top-down input that can later properly drive
attention.

5) Léb excitatory neurons drive local interneurons that provide inhibitory feedback (Zolnik et
al., 2020, 2024a). Such excitatory-inhibitory loops are thought to generate oscillations. In the
case of L6b, could these excitatory-inhibitory loops set the oscillation frequency of L6b and
CTC loops?

6) Attention and conscious experience are tightly intertwined, with some philosophers
considering the two identical. If L6b is critical for promoting attention, is L6b also critical for

consciousness itself?
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