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Thalamus abnormalities are common in neurological and
psychiatric illnesses. Therefore, it is essential to understand
the properties of the thalamus-related networks. The
thalamic reticular nucleus (TRN) is a thin GABAergic
layer interface strategically located between the thalamus
and the neocortex. It is, at the very beginning of life, an
essential neurodevelopmental guide for the accurate build
up of reciprocal anatomical glutamatergic connections be-
tween the thalamus and neocortex. It is more than the me-
diator of selective attention. It appears as a combinatorial
matrix because it holds and can combine multiple func-
tional modalities. TRN cells work like integrators, thanks
to their extraordinary intrinsic electrophysiological prop-
erties, under the contextual and leading influence of corti-
cothalamic inputs. The TRN and thalamus principally form
2-neuron open-loop circuits (no reciprocal connection). The
major functioning principle of such GABAergic-glutama-
tergic circuits is lateral inhibition, which is a gold standard
device to set up, via differential amplifications, coherent
structured thalamocortical activity patterns. Thereby, it
selects relevant streams of information and deletes distrac-
tors during action, resting states, and information integra-
tion, including during consciousness, cognition, emotion,
and thought. Disruption of thalamic lateral inhibition
may contribute to a lack of coordination in activity between
brain regions, as observed in psychiatric disorders like
schizophrenia.

Key words: brain rhythms/cerebral cortex/
neurodevelopment/neurophysiology/pathophysiology/
thalamic reticular nucleus

A great challenge for modern neurobiologists is to under-
stand neural mechanisms that underlie the disintegration
of complex psychic processes, like consciousness and
thought. Hence, it is essential to develop and to study an-
imal and network models to understand global brain
operations and their dysfunction. Models are also useful
tools to understand the natural functioning of brain

networks and to accelerate the development of transla-
tional research from bench to bedside. Conceptualizing
pathophysiological mechanisms from models provides
a fundamental prelude for the preclinical development
of therapeutic concepts. Advances in basic neurosciences
disseminate translational concepts and tools, which are
necessary for building synergies with neurological and
psychiatric research programmes.

Dysfunction of Thalamus-Related Networks in
Schizophrenia

Schizophrenia is caused and/or aggravated by genetic,
neurodevelopmental, and environmental factors.1 Its
pathophysiological mechanisms are multidimensional
because it is characterized by multiple disorders, af-
fecting higher-order brain operations, like consciousness,
thought, attention, cognition, emotion, perception, and
sensorimotor integration. These are likely to be due to
hypoactivity of prefrontal cortex in schizophrenics,
which is thought to be caused by dysfunction of related
networks.2–4 Cerebral dysconnections may have various
and diverse neurochemical, molecular, genetic, struc-
tural, and/or functional causes. What actually are cere-
bral dysconnections? Here, we need to highlight the
anatomofunctional role of the gamma amino butyric
acid (GABA)ergic thalamic reticular nucleus (TRN) in
thalamocortical (TC), corticothalamic (CT), and cortico-
cortical (CC) networks. Moreover, resting states and
higher-order brain operations go on, thanks to spatio-
temporal interactions between the neocortex and the
thalamus, this latter structure being central in the constel-
lation of interactive large-scale CC systems.5 The thala-
mus also innervates the striatum, amygdala, and
hippocampus (figure 1A). Postmortem and high-resolu-
tion anatomofunctional studies lend credence to the hy-
pothesis of dysfunctional CT/TC and basal ganglia
networks in schizophrenic patients.6,7 Ferrarelli and
Tononi8 provide strong experimental and clinical
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Fig. 1. Thalamic Lateral Inhibition And Corticothalamic (CT) Influence. (A) The 3 principal elements of the thalamocortical (TC)/CT
systems.TheCT (of layerVI, in green) andTC(blue) axons are glutamatergic and cross the thalamic reticular nucleus (TRN),where they give
off axon collaterals. The principal prethalamic inputs (deep yellow) originate from sensory receptors (sens), the cerebellum (cb), and basal
ganglia (bg). Parts of the thalamus innervate the hippocampus, striatum, and amygdala. (B–E) The 4 drawings illustrate likely synaptic
interactions between single TC, CT neurons, which are glutamatergic, and TRN neurons, which are GABAergic (in red). TC and TRN
neurons formopen-loopcircuits. Someof the terminalaxonalboutonsof1TCneuroncontact1TRNcell; similarly, some terminalboutonsof
1TRNcellmakesynapticcontactswith1TCneuron.Theoversimplifieddrawingsdonot include thalamic interneuronsanddonot respect the
anatomical scale in dimension and in number. (B) In a first-order (eg, specific sensory or motor) thalamic nucleus, activation (feedforward
excitation) starts with neuron TC1, for instance, following an afferent discharge on a specific prethalamic, sensory or motor, glutamatergic
axonal input (yellow). TC1 cell, via its axon collaterals, excites TRN2cell, which then inhibits TC2 cell (lateral inhibition). TRN2neuron, via
dendrodendriticGABAergic synapses, inhibitsTRN1cell,which thendisinhibitsTC1neuron(feedbackdisinhibition). (C)Thesamescenario
might occur in higher-order (nonspecific, associative, cognitive) thalamic nuclei with layer V CT axons (yellow), which are thought to be
drivers like prethalamic sensory inputs. In this scenario, the active CT input is indicated by the train of action potentials. (D) Layer VI axons
(green), in contrast to layerVCTaxons, innervateboth theTRNandthe thalamus; inaddition, they reciprocally innervate larger territories in
first-order and higher-order thalamic nuclei. CT axons are thought to supply contextual information to the TC-TRN circuits. (E) The
prefrontal cortex (PrFCx) contains layer V andVICTneurons (black), which innervate TRNandTC neurons in sensory,motor, and limbic
systems.BecauseprefrontalCTaxonshave adualmodeof terminals (small and large), theymaybe seenasdifferential drivers.The functional
scenario may roughly be a combination of those suggested in (C) and (D). For clarity, the prethalamic inputs shown in (B) (yellow) are not
shown in (C), (D), and (E). The functional role of the distinct CT pathways and how they work together remain a grand mystery.
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arguments in favor of the hypothesis of dysfunctional
thalamic networks, involving especially the TRN in
schizophrenia. The TRN is a modulator of TC activities,
a mediator of selective attention, and an initiator of
rhythmic TC activities.9 The TRN is often thought of
as an attentional searchlight because TRN lesions induce
different forms of behavioral neglect.10 Attention deficits
are core features in schizophrenia (Ferrarelli and Tono-
ni8).

The TRN, an Essential Developmental Guidance Cue in
Building Up Accurate TC And CT Connections

The not widely recognized, very essential developmental
role of the TRN may occur during the embryonic devel-
opment.11–13 At this stage (13/15th and 6/7th gestational
day and month in rodent and human, respectively), the
TRN is large relative to the thalamus because of the
presence, in the adjacent internal capsule, of a neuronal
population, which forms the perireticular nucleus. TRN
axons start to innervate the thalamus at the embryonic
stage earlier than CT and retinal axons. The early
TRN and periRN appear to play a guidance role for nat-
urally sprouting CT and TC axons. These axons cross the
TRN, whereas corticospinal and corticobulbar axons
avoid or may pass directly through the periRN to reach
their respective anatomical targets. At mature stages, the
TRNand particularly the periRN are reduced in size. The
periRN disappears when the topographical organization
of TC and CT axons is established.

The TRN, a Combinatorial Matrix With Elementary
Integrators

The multiple areas of the neocortex communicate be-
tween each other directly and indirectly through subcor-
tical nuclei, including through transthalamic pathways.14

Moreover, the thalamus is reciprocally connected with
both the neocortex and the TRN (figure 1A). On the other
hand, the TRN does not innervate the neocortex. The
thalamus relays to the neocortex sensory information
generated by the external world and mental information
stored in cortex-related networks. The thalamus-TRN
circuits work in tandem with the neocortex to generate
physiological and pathological brain rhythms during nat-
ural and pathological behavior, respectively.9 The TRN
is an essential multifunction interface innervated by
matching topographical maps of CT and TC glutamater-
gic axonal projections. Most of its constituent elements
are GABAergic cells, which express, among others, the
calcium-binding parvalbumin and dopaminergic recep-
tors.15 They are an important extrinsic source of thalamic
GABA receptor–mediated inhibitions; furthermore, they
can communicate with each other through dendroden-
dritic chemical and electrical synapses.

The TRNmay be more than a searchlight. Indeed, it is
a key structure involved in multiple conscious integration
processes, including sensorimotor information process-
ing, attention, and cognition.9 It contains virtually all
functionalmodalities and occupies a strategic position be-
tween the neocortex and the thalamus (figure 1A). TRN
cells have all the necessary wiring and intrinsic properties
to combinemore than1 functionalmodality/submodality,
endowing them with the power to control the spatial and
temporal binding involved not only during global brain
operations but also during resting states.
TRN cells operate as integrators with a wide range of

complexity levels. Indeed, theyare endowedwithpowerful
electro-responsive, pacemaking, oscillatory, and resonant
properties.9 This set of properties is accounted for in part
by the presence of high-density dendritic calcium cur-
rents.16 The TRN is capable of an extraordinary func-
tional plasticity that is dependent on the state of the
neocortex. For instance, when its excitability increases,
TRNneuronsexhibitunfailingandefficient rhythmicburst
firing,17 thereby modulating GABA receptor–mediated
TC activities. Field potential oscillations at c frequencies
(30–80Hz) in the TC andCT systems support the dynam-
ics of global brain operations. The c clock-like properties
of the TRN18 may play a crucial role in mental operation-
related spatiotemporal binding in these systems especially
during focused arousal. Accordingly, the TRNhas anato-
mofunctional properties designed to ensure coherence of
spatiotemporal dynamics of interstructure communica-
tions, ‘‘horizontally’’within the thalamusand ‘‘vertically’’
between the thalamus and the neocortex, with significant
impact in CC communications.9 The TRN is thus
endowed with structural, chemical, electrophysiological,
and networking properties, which can be combined in
multiple fashions. Thereby, the TRN can bind multiple
functional modalities. It thus appears as a combinatorial
matrix involved in setting up coherent structured TC ac-
tivity patterns during resting states and conscious and un-
conscious global brain operations.
Any TRN cell is a potential elementary searchlight be-

cause it can exhibit a firing pattern independently of its
immediate neighbors.9 Because any TRN neuron is inte-
grated within a complex set of connections, it can belong
to more than 1 neuronal circuit. Every TRN cell is there-
fore a potential individual searchlight, which may be able
to connect to an appropriate network, as for example
during focused attention. The theory that the TRN oper-
ates like a combinatorial matrix is also supported by the
singular bundles of interwoven dendrites, which may
conceal synaptic (chemical and electrical) and nonsynap-
tic mechanisms of cell-cell communication.

TRN Cells, Differential Amplifiers via Lateral Inhibition

How do TRN and TC neurons work together, for in-
stance during the relay of sensorimotor information
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from the thalamus to the neocortex? It is true to say
that the thalamus and the TRN are reciprocally con-
nected (figure 1A). But the reciprocity principle does
not apply at the single-cell level (figure 1B). Indeed, using
the single-cell juxtacellular labeling technique, Pinault
and Deschênes19 demonstrated that the glutamatergic
TC and GABAergic TRN neurons form open- rather
than closed-loop connections. The singularity of such 2-
neuron open-loop circuits is that only 1 of these 2 neurons
innervates the other (no reciprocal connection; figure 1B).
The major functioning principle of such 2-neuron

GABAergic-glutamatergic circuits is lateral inhibition
around the TC neuron that innervates the GABAergic
cell. The principle of a lateral inhibition mechanism
implies the generation of thalamic hot spots of synchro-
nized activities, whose constituent TC cells convey these
amplified bits of information to the related neocortical
areas. In short, TRN cells modulate the activity of TC
neurons through GABA receptor–mediated inhibitions
and disinhibitions (counterpart of lateral inhibition).
Thus, TRN cells modulate TC activities through lateral
inhibition, an efficient tool to amplify relevant informa-
tion that should be conveyed to neocortical areas and to
attenuate or delete nonrelevant or distractive informa-
tion. In addition, TRN cells can produce indirect excita-
tion, ie, a postinhibitory rebound transient discharge
(resulting from a low-threshold Ca2þ potential topped
by a high-frequency burst of action potentials, the ele-
mentary event of rhythmic activity) in their target TC
cells and/or discharge of varying duration in nontarget
TC (disinhibition). Thereby, TRN cells are differential
amplifiers that play a leading role in setting up and mod-
ulating TC maps and streams of information to the neo-
cortex and also in the generation of physiological and
pathological synchronized TC-CT oscillations. The
TRN can thus be a modulator of cortical excitability
and plasticity.
Here, we have deliberately attempted to give a simple

concept of the principal role played by the TC and TRN
neurons. We should not rule out that TRN cells may
also to a certain degree be involved in recurrent inhibition.19

We should also be aware that the thalamus contains
GABAergic interneurons, which are intrinsic sources of
thalamic inhibitions and which are greater in number in
felines and primates than in rodents.14,20 It also receives ad-
ditional GABAergic inputs from other external sources, in-
cluding the basal ganglia, the zona incerta, and the
pretectum.21 Accordingly, this should somehow complicate
the mechanics of the TC-TRN–mediated lateral inhibition.

The Contextual And Leading Influence of The Neocortex

The 2-neuronTC-TRNcircuit is under the great influence
of cortical inputs.22At least 2 types ofCT innervations are
conceptually considered: driver and modulator.14 Layer
V neurons can be regarded as drivers like prethalamic

afferents (figure 1B,C). Layer V CT axons innervate the
so-called higher-order (roughly equivalent to association,
cognitive, and nonspecific) thalamic nuclei. Their axon
terminations are large and clustered so as to innervate
small populations of TC neurons on their proximal den-
drites. Thereby, they generate large excitatory postsynap-
tic potentials through activation of ionotropic glutamate
receptors. Furthermore, layer V CT neurons, again like
prethalamic afferents, do not innervate the TRN, con-
trasting with layer VI CT neurons.23 Layer V CT neurons
are likely to play an important role in large-scale CC com-
munication.
Layer VI CT neurons, thought to be modulators, ex-

ceed in number by 1 order of magnitude TC neurons. In
addition, layer VI CT axons reciprocally innervate large
territories in first-order (specific, sensory, andmotor) and
higher-order thalamic nuclei (figure 1D). They have small
and dispersed terminals ending on distal TC dendrites,
and they generate small excitatory postsynaptic poten-
tials through activation of ionotropic and metabotropic
glutamate receptors. Layer VI CT neurons can provide
the context to TC-TRN circuits, thereby subserving
the generation of coherent patterns of rhythmic activities
in large TC assemblies during brain operations. Assum-
ing that the TRN is the searchlight operator, experimen-
tal data suggest that it is most likely led by layer VI CT
inputs.17,24,25

Remarkably, the prefrontal cortex contains layers V
and VI CT neurons that project to higher-order thalamic
nuclei, including the mediodorsal nucleus, and to the sen-
sorimotor and prefrontal sectors of the TRN26 (also see
Ferrarelli and Tononi8). Prefrontal axonal inputs to the
TRN may subserve the combinatorial matrix role of the
TRN during conscious states, functional integration, and
selective attention. Prefrontal CT neurons have a dual
mode of axon terminals, small, and large, apparently
the substrate of an intricate role (figure 1E). It is tempting
to put forward the corollary prediction that prefrontal
CT axons can play a differential driver role because, for
a given axonal discharge, large axonal boutons are
expected to generate a greater synaptic strength than the
smaller ones, at least in sensorimotor TC-TRN circuits.
On one hand, prefrontal cortico-TRN-thalamic circuits
may be involved in attentional regulation, selecting rele-
vant sensory stimuli and suppressing distractors. On the
other hand, prefrontal cortical projections to the anterior
TRN may be implicated in regulating CC communication
and may critically contribute to the deficits in
CC networks in schizophrenia.

Conclusion And Perspectives

In this essay, we have put important structural and func-
tional properties of the TRN at the forefront. It is a thin
GABAergic layer interface strategically located between
the thalamus and the neocortex. It is endowed with
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increasing responsibilities since the very beginning of life.
It is connected with multiple circuits involved in sensori-
motor information processing, in cognition and in emo-
tion. We consider the TRN as a combinatorial matrix
that plays a central role in information integration and
in the generation of conscious experience. It is the medi-
ator of attention under the notable contextual and leading
influence of the neocortex and should be the object of at-
tention in future studies aiming to understand the patho-
physiology of disorders of consciousness and cognition
observed in psychiatry and neurology. Indeed, the TRN
appears as a fascinating tool for studying the neurodeve-
lopmental hypothesis of schizophrenia. It is worth saying
that more than 80% of the neurons that make the CT, TC,
and CC circuits are glutamatergic. In addition, the TRN
displays N-methyl d-aspartate receptor-related activities.
Therefore, the TRN is also an attractive model to study
the glutamatergic and GABAergic hypotheses of schizo-
phrenia and to understand the accompanying path-
ological brain rhythms and deficits in perception- and
cognition-related synchrony. Moreover, Ferrarelli and
colleagues, using high-density electroencephalographic
recordings in schizophrenic patients, demonstrated that
sleep spindles are reduced in number, amplitude, and du-
ration.27,28 It is worth to emphasize that this reductionwas
due to the disease rather than to the treatment. This is
a very important piece of the puzzling neurobiological
mechanisms underlying schizophrenia because reduction
in sleep spindles might be the signature of a weakening
of TRN-mediated rhythmic GABAergic activity.

Functional interactions between TC and TRN neurons
are under the influence of neuromodulators (acetylcho-
line, noradrenalin, serotonin, histamine, and dopamine)
from the forebrain and brainstem and of massive cortical
glutamatergic inputs. Disorders in neuromodulatory
transmission might affect attentional and cognitive
mechanisms at least in TC-TRN circuits. More specifi-
cally, neurochemical-induced dysfunction of the TRN
would result in an impairment of the signal-to-noise
ratio, subserving the emergence of hallucinations,29 may
be through disruption of thalamic lateral inhibitions.
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