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The authors report on and discuss the historical evolution of the 3 intellectual and scientific domains essential for the

current understanding of the function of the human thalamus: 1) the identification of the thalamus as a distinct anatomical
and functional entity, 2) the subdivision of thalamic gray matter into functionally homogeneous units (the thalamic nuclei)
and relative disputes about nuclei nomenclature, and 3) experimental physiology and its limitations.

Galen was allegedly the first to identify the thalamus. The etymology of the term remains unknown although it is hypoth-
esized that Galen may have wanted to recall the thalamus of Odysseus. Burdach was the first to clearly and systemati-
cally define the thalamus and its macroscopic anatomy, which paved the way to understanding its internal microarchitec-
ture. This structure in turn was studied in both nonhuman primates (Friedemann) and humans (Vogt and Vogt), leading to
several discrepancies in the findings because of interspecies differences. As a consequence, two main nomenclatures
developed, generating sometimes inconsistent (or nonreproducible) anatomo-functional correlations. Recently, consider-
able effort has been aimed at producing a unified nomenclature, based mainly on functional data, which is indispensable
for future developments. The development of knowledge about macro- and microscopic anatomy has allowed a shift
from the first galenic speculations about thalamic function (the “thalamus opticorum nervorum”) to more detailed insights
into the sensory and motor function of the thalamus in the 19th and 20th centuries. This progress is mostly the result of
lesion and tracing studies. Direct evidence of the in vivo function of the human thalamus, however, originates from awake

stereotactic procedures only.

Our current knowledge about the function of the human thalamus is the result of a long process that occurred over
several centuries and has been inextricably intermingled with the increasing accumulation of data about thalamic macro-
and microscopic anatomy. Although the thalamic anatomy can currently be considered well understood, further studies
are still needed to gain a deeper insight into the function of the human thalamus in vivo.
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sessed his home by killing the suitors, Odysseus fi-

nally reveals himself to Penelope who, doubtful, does
not engage him and asks her nurse to move the giant bed
out of her room and make it up for “the stranger” to sleep
in. Then Odysseus, “in a burst of anger” replies: “[...] of
men there is no mortal that lives, be he never so young and
strong, who could easily pry it from its place, for a great to-
ken is wrought in the fashioned bed, and it was I that built
it and none other” (translation from perseus.uchicago.edu).
Odysseus reveals that he carved the bed out of a giant olive
tree placed in the center of the court and he built the room

IN the 23rd book of the Odyssey, after having repos-

around it. In hearing these secret details, Penelope finally
recognizes the stranger as her beloved husband.

These sublime verses by Homer, dating from almost
3000 years ago, provide a notable, artistic, translated im-
age of the main features of the thalamus. The bridal cham-
ber or bed (“thalamus” in Latin, from 9dAauog in ancient
Greek) that Odysseus built is unmovable and solidly placed
in the most intimate and inner place of the house, sitting
upon the trunk (the brainstem) of an olive tree, and densely
connected through its branches (the thalamic peduncles) to
its foliage (the telencephalon). However, we do not know if
Galen, the personal physician of the emperor Marcus Au-
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relius, was thinking of Homer when he reportedly, for the
first time, used the term “thalamus of the ventricles,” nor
it is clear what he really meant by that term.

The accumulation of knowledge about the function of
the thalamus proceeded parallel to the cultural “Zeitgeist”
of the corresponding historic periods, and to the develop-
ment of technical means for anatomical and functional in-
vestigation, which eventually determined the scope of the
“explorable” and the focus of interest. The ancient anato-
mists could concentrate on gross anatomy only, having
trouble even seeing the thalamus itself, whereas authors of
the 20th century could have a lively debate about the cy-
toarchitectonic functional subdivision of the nuclear mass
of the thalamus.

The chronology of the discoveries and studies of the
thalamus is impressive.>?*>2 The aim of this historical re-
view is to focus on 3 controversial aspects that have been
vigorously disputed over the centuries and which were
crucial in the development of our current understanding of
thalamic function: 1) the identification of the thalamus as
a distinct anatomical and functional entity, together with
the first speculations on its function, which occurred more
than 1000 years after Galen, and represented the indis-
pensable prerequisite for successive speculations and dis-
coveries about its function; 2) the subdivision of thalamic
gray matter into functionally homogeneous units (the tha-
lamic nuclei); and 3) the achievement and refining of the
contemporary knowledge of the function of the thalamus.

The Identification of the Thalamus:
“Thalamus Nervorum Opticorum” Versus the
Thalamus of Odysseus

In ancient Greek, the noun OdAauog (transliterated as
“thalamus”) was used to indicate the innermost chamber
of Greek mansions. It is accepted that Galen was the first
to use this term in a medical context in the “De Usu par-
tium.” The original text of Galen further specified that the
thalamus served the optic nerves—i.e., “[...] propter illos
nervos factus est [...]”"; hence the definition “thalamus ner-
vorum opticorum,” which dominated the classic literature
thereafter.®” It is not clear, however, why Galen chose
this term and what anatomical structure he wanted to de-
scribe with this word. According to Walker,”! Galen’s in-
tention was probably to link nomenclature with function,
in that he identified the thalamus as a sort of chamber, or
anteroom, for the optic nerves. Jones?* believed that Galen
was thinking of the thalamus as a sort of storeroom for the
vital spirit (the pneuma). In 1822, Burdach® vehemently
stated that Galen did not see the thalamus at all, since he
could not have given the name “chamber” to a solid mass
like that of the thalamus. However, the choice of Burdach
to give the name “pulvinar” (Latin for “pillow”) to the
most posterior part of the thalamus is at least ironic; in
classic Greco-Roman literature, the term ‘“thalamus”
means also, if not mostly, “room for the bridal couple” or
even “bridal bed.”

The parallel with the Odyssey is thus intriguing: as a
literate of the classic world, Galen was certainly aware of
the poems of Homer. Moreover, it is known that Galen
refined his anatomical knowledge in Alexandria, Egypt,
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FIG. 1. Depiction of the nervous system in the Tashri-i-mansuri, an
anatomical text written by the Persian physician Mansur ibn Muhammad
ibn Ahmad ibn Yusuf ibn llyas (ap 1380-1422). The specimen lies on the
abdomen and the head is reflected backward (the chin is represented
at the highest point of the picture). The brain is viewed from a postero-
superior position so that the whole of the central nervous system, brain,
and spinal cord (including the emergence of the rootlets from the spinal
canal) can be seen in a single picture. The small square in the middle
of the head represents the center of the head. Four circles are repre-
sented: two smaller, closer to the square, and two slightly bigger. The
text near the small circles reads, “Single nerve of the 1st pair. Likewise.
Single nerve and 3rd pair,” whereas that near the bigger circles reads,
“Single nerve of the 3rd pair, single nerve of the 6th pair.” The mean-
ing of the text remains unclear; however, according to Sudhoff, these
pictures would be the result of the influence of the ancient Alexandrine
tradition, through Byzantine into Islamic medicine. From Sudhoff K. Ein
Beitrag zur Geschichte der Anatomie im Mittelalter, speziell der anatomi-
schen Graphik nach Handschriften des 9. bis 15. Jahrhundert. Leipzig:
Barth, 1908. Public domain.

where Herophilos of Chalcedon had already, in the 4th
century Bc, identified and named the choroid plexus and
the body of the fornix. Although no written evidence is
available, it is thus likely that Herophilos and his later
followers also saw the thalamus. In fact, in a schematic
depiction of the central nervous system of the Tashri-i-
mansuri (Fig. 1), which, according to Sudhoff,®> emulates
lost drawings of the Alexandrine school, two ovoids are
shown sitting unequivocally on top of the brainstem, much
as the 9Odhaupog of Odysseus sits atop the trunk of the
olive tree. Those round structures, according to an in-
teresting suggestion of Gailloud and colleagues,'* could
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FIG. 2. Images from Anatomici summi septemdecim tabulae quas nunc primum edit atque explicat iisque alias addit de structura
mammarum et de tunica testis vaginalis (Parma, 1775, public domain) depicting the thalamus three-dimensionally (Fig. | and Fig.
1) and in standard coronal view (Fig. Ill). The geniculate bodies are mentioned (and localized) for the first time in anatomical litera-
ture (Fig I, D). Likewise, for the first time it is clearly stated that the phrase “thalamus opticorum nervorum” is no longer adequate

(Fig 11, B: “Thalami nervorum opticorum, sic inepte appellati”).

possibly represent a first, albeit sketchy, depiction of the
thalamus. Lastly, if as Walker”' said, the word “thalamus”
was chosen just to mean “anteroom or chamber” of the
optic nerves, then it appears at least odd that it has been
used only in this context. Space-connoting terms (such as
atrium, ventricle, recess, cavum, etc.) tend to recur often in
classical anatomical nomenclature, whereas eponyms only
are unique (torcular, pons, calamus scriptorius, etc.).

As appealing as the Odyssey theory may be, it will
never be known what Galen saw and what he meant with
his choice. For this reason, it is Mundino da Liuzzi*' who
must be credited as the first to unequivocally see and de-
scribe the thalamus, although he did not offer any hypoth-
esis about its function. What Mundino describes, together
with several other later authors, is the ventricular surface
of the thalamus, which received over the centuries several
different names (anche, monticulus, nates, testes). It was
Riolan,*® in 1610, who revitalized the phrase “thalamus
nervorum opticorum” (Latin for “thalamus of the optic
nerves”), which prevailed and persisted for a long time
in the anatomical literature (“Seehiigel” in German and
“couche optique” in French literature) notwithstanding the
fact that Santorini** subsequently traced the optic nerve
back to the lateral geniculate body (which Santorini him-
self named) and thus suggested for the first time that the
definition “thalami nervorum opticorum” was no longer
adequate (Fig. 2).

The 1822 publication of the seminal work of Burdach,
Vom Baue und Leben des Gehirns,’ represents the turning
point in the understanding of macro- as well as micro-
scopic thalamic anatomy. Burdach not only used the term
“pulvinar” for the first time (Fig. 3), but also did a very
precise, quantitative, and systematic report on the limits

and dimensions of the thalamus and of its anatomical re-
lationships, providing the framework on which anatomists
of the 19th and 20th centuries would work. Among these,
at least the names of Arnold,! Monro,* Mayo,*® Meynert,*
Luys, 2 Foville,”* Dejerine,” and Schlesinger® deserve
to be mentioned (Fig. 4). Moreover, on alcohol-hardened
brain cuts, Burdach described the internal microarchitec-
ture of the thalamus; he identified the lamina medullaris
interna and externa (i.e., the anatomical boundaries of the
thalamus) and, based on these boundaries, could subdi-
vide the nuclear mass of the thalamus into superior, inter-
nal, and external portions, paving the way to understand-
ing the thalamic structure, connections, and function.

The Thalamic Nuclei: Architectonic Versus
Functional Subdivision

As mentioned above, in 1822, Burdach® became the
first to identify the lamina medullaris interna and thus
to subdivide the thalamic nuclear mass into superior, in-
ternal, and external (nucleus cinereus internus, externus,
and superior) portions based on their position relative to
the lamina medullaris interna (i.e., based on topographic
criteria). Similarly, 40 years later, Luys*? identified the
center anterieur, center moyen, center median, and center
posterior portions (Fig. 5), and Forel,!! in 1877, applied the
nomenclature (anterior, posterior, ventral, and lateral) that
served as the base for subsequent generations of scientists.
At the turn of the 19th century, the scope of microscopic
anatomy was further enlarged as a result of significant ad-
vancements in histological techniques (Nissl staining,*#4
myelin staining,> Golgi staining,® the Marchi tech-
nique*), which led to several further studies of the finer
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FIG. 3. Image from Burdach KF: Vom Baue und Leben des Gehirns
(Leipzig, 1822, public domain). The illustration is the first in anatomical
literature mentioning the pulvinar (as “Polster” in German, labeled here
with X).

cytoarchitecture of the thalamus.’23% At the same time,
however, pioneering ablative studies (based on retrograde
degeneration of thalamic nuclei after ablation of a select
cortical area) and lesional studies®®¢’ started showing the
first elements of connectivity, and thus of function of the
thalamus. The evidence that only specific parts of the thal-
amus degenerate following damage of functionally related
cortical areas was so remarkable that some authors, such
as Meynert in 187255 started suggesting that thalamic
cells should be grouped (and named) in nuclei only as long
as they show corresponding connections. In other words,
microscopic topographic subdivision of the thalamus was
to be determined based on functional criteria only.
However, this approach was not unanimously accepted,
and the subdivision and nomenclature of the thalamic nu-
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clei remained a matter of intense discussions for several
decades (Fig. 6).20-224648:5¢ Egsentially,>**® two large fami-
lies of nomenclature are recognized: 1) the one initially
adopted for experimental animals, which dates back to
Friedemann'* and was later revised by Hirai and Jones?
and then transposed to humans, and 2) the one currently
still used in the neurosurgical community for stereotactic
surgery, which was first established by Vogt and Vogt®
and later popularized by Hassler in his Schaltenbrand ste-
reotactic atlas,>* based on postmortem human brain speci-
mens.

The differences between the two nomenclatures are
due to several factors, the most important probably being
that the human thalamus is bigger than that of nonhuman
primates. Nuclear borders are thus much clearer, hence the
ease in delimiting them and possibly in finding subdivi-
sions which in the monkey are not so readily identifiable
(this applies particularly to the pulvinar and to the ven-
tral and lateral thalamic region). For this reason, some of
these subdivisions where brought together by Hirai and
Jones, unless they could be justified not only through the
cytoarchitecture but also by different patterns of fiber con-
nections. As highlighted by Macchi and Jones in a nice
review on this topic,® areas with different cytoarchitec-
tonic patterns but the same functional connections are to
be understood as a single nucleus and should thus be cor-
respondingly named. This concept was further extended
by Percheron and colleagues,*® who proposed a totally
new subdivision of the so-called motor thalamus based on
its afferences (pallidal, cerebellar, lemniscal) only, thereby
revitalizing the old concept of Meynert.®%!

It is thus clear from these considerations that the par-
celing of the thalamus needs to take both cytoarchitec-
ture and connectivity (i.e., function) into account. Based
on these elements, Morel and associates*® translated the
concepts of Hirai and Jones into an atlas of the thalamus
and basal ganglia based on human specimens. They iden-
tified the borders of the thalamic nuclei based on multi-
architectonic criteria, including Nissl staining and myelin
staining, but also based on immunocytochemical identifi-
cation of the calcium-binding proteins, which have been
shown to segregate partly according to functional criteria
in humans.® The resulting nomenclature is now the one ac-
cepted by the International Federation of Associations of
Anatomists (IFAA) and introduced as standard in the Ter-
minologia Neuroanatomica.® It represents furthermore a
brilliant example of a rare instance where functional lo-
calization became a crucial factor for a precise anatomical
definition.

From the “Thalamus Opticorum Nervorum”
to the Contemporary Era

As previously noted, initial insights into thalamic func-
tion were based on anatomical inferences and thus pos-
tulated a role for the thalamus mostly in the visual path-
ways—hence the name “thalamus opticorum nervorum.”
The observations of Santorini about the true course of the
optic nerve could not significantly change the dominant
view in the scientific community. But with the first experi-
mental ablative studies of the first half of the 19th century,



FIG. 4. Overview of some of the most famous anatomical illustrations of the thalamus and of its macroscopic anatomy and con-
nections. a: lllustration from Alexander Monro, Observations on the Structure and Functions of the Nervous System, lllustrated
with Tables (The London Medical Journal 4:113-135, 1783, public domain), showing a detailed image of the lateral ventricle’s
surface (C) and a description of the foramen of Monro. b: lllustration from Friedrich Arnold, Tabulae anatomicae: quas ad naturam
accurate descriptas in lucem edidit (Band 1): Icones cerebri et medullae spinalis: decem tabulae elaboratae et totidem adumbra-
tae (Zurich, 1838, public domain). The posterior surface of the thalamus is depicted along with the posterior thalamic radiation
contributing to the corona radiata. c¢: Drawing from Achille Louise Foville, Traité complet de I'anatomie, de la physiologie et de la
pathologie du systeme nerveux cérébro-spinal (Paris, 1844, public domain) showing the detailed iconography of the gross mor-
phology of the thalamus, the diencephalic structures, and the thalamic white matter tracts including the ansa peduncularis and its
subcomponents. d: Sectional anatomy with thalamic radiations illustrated and named from Jules Dejerine, Anatomie des centres
nerveux par J. Dejerine Avec la collaboration de Madame Dejérine-Klumpke (Paris, 1895, public domain). e-g: Three illustrations
showing the evolution of the depiction of thalamic peduncles over the 19th and 20th centuries. Panel e: From Jules Bernard Luys,
Recherches sur le systeme nerveux cérébro-spinal: sa structure, ses fonctions et ses maladies (Paris, 1865, public domain). Panel
f: Reprinted from Theodore Meynert, Psychiatrie. Klinik der Erkrankungen des Vorderhirns begriindet auf dessen Bau, Leistun-
gen und Erndhrung (Wien, 1884, public domain). Panel g: Three-dimensional depiction illustrating the main thalamic nuclei and
their spatial relationships. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, The
Upper Brainstem in the Human: Its Nuclear Configuration and Vascular Supply by Benno Schlesinger. Copyright 1976. https:/
link.springer.com/book/10.1007/978-3-642-66255-3. h: Drawing showing the relationship of the thalamus with the surrounding
structure. The images are based on a wax model done by Josef Klingler. Reprinted by permission from Springer Nature Customer
Service Centre GmbH: Springer Nature, Zeitschrift fir Anatomie und Entwicklungsgeschichte, Ein zerlegbares Modell der Vorder-

und Mittelhirnkerne des Menschen mit Einschlul® der angrenzenden Rindenpartien, Josef Klingler. Copyright 1942.

it became apparent that the function of the thalamus was
much more complex.

The Introduction of Ablative Techniques

The introduction of ablative techniques represented a
turning point in the understanding of thalamic function. A
key figure in the early phases of ablative studies was Bar-
tolomeo Panizza (1785-1867), who in 1855 published an
essay about the visual pathway (“Osservazioni sul nervo

ottico™”). He conducted the first “prospective” ablative
experiments, inducing a lesion in the visual pathway in
newborn animals (for instance, cornea removal in rabbits,
ocular bulb enucleation in dogs) and examining the asym-
metry and atrophy of the structures involved in postmor-
tem examinations (Fig. 7) after a variable interval (usually
1 year). Among the other structures examined, he almost
always found atrophy of the contralateral thalamus and
compensatory hypertrophy of the ipsilateral one. This pio-
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FIG. 5. Left: Coronal section of a human brain showing the nuclear differentiation of the couches optiques into centers medians
(10, 10"), centers moyennes (9, 9'), and corps genouillés (7, 7'). This picture also documents fibers projecting from both thalami
(“Fibres convergentes supérieures de la region moyenne allant se perdre sur la face convexe de la couche optique, fisceaux
conoides,” 1,1, 2, 2', 4, 4', 6, 6'). Right: Axial section showing the centers anterieurs (10, 10'), centers moyennes (11, 11'), and
centers posterieurs (13, 13’) together with the so-called converging fibers penetrating the thalamus (12, 12'). From Jules Bernard
Luys, Recherches sur le systeme nerveux cérébro-spinal: sa structure, ses fonctions et ses maladies (Paris, 1865, public domain).

neering method was subsequently enriched by von Gudden
and his collaborators in their famous work on retrograde
degeneration® (see below). In 1809, Luigi Rolando was one
of the first authors to document the effects of experimental
lesions of the “thalamus opticorum.”' Reports describing
its destruction revealed a wide variety of effects according
to the species examined: motor incoordination in mam-
mals (sheep, pigs, dogs, hamsters, lambs), blindness and
stupor in birds (chickens, ravens, ducks), and a decline in
cognitive function in reptiles (turtles). Around the same
time, Francois Magendie?' also performed experiments of
in vivo thalamic ablation in frogs and birds, documenting
various degrees of motor impairment and suggesting that
the “couche optique” was involved not only in visual but
also in motor function, a thesis strongly supported later by
Vulpian.”® The vast scope of this catalog of possible func-
tions of the thalamus was basically due to the coarseness
of the initial ablative techniques, which often included also
portions of brain parenchyma adjacent to the thalamus.
These initial experiences were deemed distasteful and im-
precise and were thus harshly criticized by, among others,
Marie Jean Pierre Flourens (1794-1867), who introduced
a systematic methodology (“méthode isolatrice”) for ab-
lative experiments based on the exact recognition of the
anatomical structure injured and on the reproducibility
of the results (each lesion had to produce the same clini-
cal effect).”® The conceptual methodological improvement
suggested by Flourens, together with the increasing preci-
sion of lesioning techniques.®!># were crucial steps in the
further understanding of thalamic function.

The Role of the Thalamus in Sensory Function

Edward Fournié'? was one of the first to suspect a role of
the thalamus in transmitting sensory function. He injected
zinc chloride colored with aniline blue into the thalamus
of dogs, documenting almost constant loss of sensibility.
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In some instances, he also registered some motor impair-
ment (“mouvements de galop”), an effect he explained as
the result of the chloride-induced diffusion toward the
neighboring corpus striatum neurons. Veyssiere in 1874
(dogs), Ferrier in 18768 (monkeys), and Nothnagel in 1873%
(monkeys) partly confirmed these findings. Indeed, as no-
ticed by Roussy in a historical introduction to his work on
the function of the thalamus,> lesional studies with injec-
tion of cytotoxic drugs still were not specific enough, since
the injected drug could spread to structures other than
those targeted. The introduction of electrical stimulation
of neural structures by Fritsch and Hitzig' revolutionized
the field, allowing much more accurate lesion placement,
and led Ferrier® to suggest a model of the sensory pathway
parallel to that of the motor pathway (“The optic thalamus
bears the same relation to the tegmentum, or sensory tracts
of the crus cerebri, which the corpus striatum has to the
foot or motor tracts”).

This evidence obtained in experimental animals was
then convincingly supported by anatomo-clinical data,
particularly those of Dejerine,” who reported the results of
several autopsies of stroke patients with thalamic lesions
who had developed hemi-anesthesia, thereby clearly and
conclusively assigning the thalamus a role in sensory func-
tion.

Functional Connections of the Thalamus

At the turn of the 19th century, thalamic function was
thus investigated mainly through experiments with retro-
grade degeneration, which consolidated its involvement in
the somatosensory pathway. For instance, the experimen-
tal ablation of cortical areas in newborn rabbits and the
subsequent analysis of the degenerated corresponding tha-
lamic nuclei stained with Nissl dye led von Gudden,% and
later his assistants von Monakow®® and Nissl,** to identify
in mammals (especially rabbits) several thalamo-cortical



Feremutsch / Simma
_’1971

-

Hopf et al. 1971

Hirai and Jones 1989 Morel et al. 1997

llinsky et al. 2018

s

£

Serra et al.

Hassler 1977

van Buren / Borke
1972

— F

/
-

Percheron 2004

Morel 2007

FIG. 6. Depictions of a coronal section of the thalamus at the level of the posterior commissure. The figure illustrates the discrep-
ancies in nuclear borders and nomenclature reported by the different authors named in the figure. Reprinted from Mai J, Majtanik
M: Toward a common terminology for the thalamus. Front Neuroanat 12:114, 2019 (© Jurgen K. Mai and Milan Majtanik), CC BY

4.0 (https://creativecommons.org/licenses/by/4.0/).

connections. Further insights into thalamic connections
and function came in 1885, thanks to the introduction of
Marchi’s technique,** a method based on the anterograde
staining of degenerating myelinated fibers that allowed the
identification of deep thalamic connections, such as the
trigeminothalamic tract,* the spinothalamic tract,” the
auditory pathway,’ the optic tract,*® cerebellothalamic af-
ferences,* and the ansa peduncularis.®®™ The reliability of

the Marchi technique, however, was limited to myelinated
fibers.

In 1954, Nauta and Gygax introduced a new staining
technique,* which allowed selective visualization of both
myelinated and nonmyelinated axon terminals that were
undergoing Wallerian degeneration. The main problem
with Nauta’s method, as well as those of his forerunners,
was that it depended on pathological changes in the speci-
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FIG. 7. lllustrations from Bartolomeo Panizza’s “Osservationi sul nervo ottico.” Left: Drawing of a specimen from the brain of a
horse that had died years after having accidentally lost the right eye. There is evidence of right optic nerve and right thalamus
hypertrophy with contralateral atrophy. Right: Drawing of a specimen from a 5-month-old calf brain that was blind in the left eye
due to a neonatal lesion. Hypertrophy of the “olfactory” and “optic” left thalamus is seen with contralateral atrophy. From Bartolo-
meo Panizza, Osservazioni sul nervo ottico. In Memorie dell’ I. R. Istituto lombardo di scienze, lettere ed arti: Istituto lombardo-

Accademia di scienze e lettere” (Milano, 1856, public domain).

mens—in order to observe degenerating fibers, a lesion
had to be caused. But such lesions were not often precise
for technical reasons, and, as a consequence, the observed
pattern of degeneration was also aspecific. As a matter of
fact, despite significant technical improvements, all le-
sional studies, either induced (in experimental animals) or
observed (in humans), still suffered from a limited repro-
ducibility. On top of this, there were limitations inherent to
the staining technique.

These latter limitations were partly overcome with the
development of the anterograde autoradiographic tech-
nique in 1983."” This method is based on the physiologi-
cal process of axoplasmic transportation of polypeptides
derived from radioactive amino acids, which are taken up
in the somata, transformed, and then transported to the
axon’s terminal, thus guaranteeing a high degree of speci-
ficity. Nonetheless, this innovative method was relatively
quickly overtaken by retrograde tracing of horseradish
peroxidase?® from axon terminals to neuron somata, main-
ly because of the more limited technical demands of the
latter technique. More sensitive fluorescent tracers were
then introduced in the late 1980s, in combination with the
introduction of immunocytochemical methods. The ob-
vious limitation of these techniques was that, having to
rely on a physiological process, they could not be used in
the human thalamus but only in that of experimental ani-
mals.%’

Electrophysiology of the Human Thalamus

Studies of the electrophysiology of the thalamus started
to appear in the first half of the 20th century and con-
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sisted of electroencephalographic recordings of thalamic
activity® and the registration of thalamic responses to pe-
ripheral stimuli.® These areas of investigation led to the
involvement of the thalamus in the mechanisms of arousal
and consciousness® and to the identification of specific
potentials in thalamo-cortical pathways.* A significant
boost was given to the study of thalamic physiology by
the development of functional neurosurgery for movement
disorders, which allowed investigators to register for the
first time the effect of thalamic stimulation or lesions in
vivo in the human being, thus overcoming the heavy limi-
tation of previous studies in animals. The generalizability
of data obtained from patients suffering from neurological
disease remains limited, however. Moreover, only some
portions of the thalamus can be studied with this method.

To summarize, the main problem concerning the un-
derstanding of thalamic function lies in the fact that most
available data derive from studies on nonhuman primates
or postmortem human specimens. In vivo anatomo-func-
tional correlations regarding the thalamus remain particu-
larly difficult in humans. Lesional or tracing studies can-
not be done in humans, whereas ‘“‘spontaneous” lesional
studies (such as clinical studies of ischemic or hemor-
rhagic thalamic strokes) are often not selective enough.*
Moreover, in vivo correlations between the topography
of a lesion and its clinical effect are only as accurate as
the available neuroimaging can be.* Despite considerable
technical advances,>?’ neuroimaging is still far from ac-
curately depicting the in vivo human microscopic anatomy
of the thalamus.?!



Conclusions

The development of the current knowledge about the
function of the human thalamus is the result of a long
process over several centuries, which proceeded inextri-
cably intermingled with the increasing accumulation of
data about thalamic macro- and microscopic anatomy and
with the improvement of the technological tools available.
The ex vivo thalamic anatomy on both the macro- and mi-
croscale can be considered well understood. Considerable
effort has been recently put into unifying the terminology
relative to the internal microscopic architecture and con-
nectivity of the thalamus, a step essential to consistently
ascertaining anatomo-functional correlations. The under-
standing of the function of the thalamus could benefit from
ex vivo (postmortem) studies on human specimens and in
vivo studies on nonhuman primates. An appreciation of
the function of the human thalamus in vivo is still con-
fronted with significant challenges and technical limita-
tions.
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