
Introduction
Roughly 45 years ago, when I started teaching neu-
roanatomy, it was customary to present the brainstem as
built by three blocks, the medulla oblongata, the pons
(with the cerebellum) and the midbrain. The ponto-mes-
encephalic or caudal midbrain limit was traced along the
sulcus that runs above the pons and its continuation, the
middle cerebellar peduncle. The boundary passed below
the lemniscal trigone (which contains the superior cere-
bellar peduncle and the lateral lemniscus tracts), and fin-
ished dorsally at the superior medullary velum, caudal to
the trochlear nerve root. The mes-diencephalic border
represented the rostral midbrain limit, which was given by
an imaginary plane passing in front of the superior col-
liculus (behind, across, or in front of the posterior com-
missure, depending on the authors). This limit passed
behind the medial geniculate body and ended ventrally at
the upper end of the interventricular fossa, close to the
mamillary bodies. The whole interpeduncular fossa and
visible peduncles were held to be mesencephalic, and so
were the oculomotor and trochlear nerves (Figure 1a).

This classic concept of the midbrain limits has not
stood the test of time, due to accrued developmental

knowledge and recent gene expression patterns implying
strongly that both limits defined above are inexact. It has
been shown that the old ‘midbrain’ does not represent a
developmental unit, because it is too inclusive: it encom-
passes diencephalic derivatives rostrally and hindbrain
derivatives caudally. A new, more restricted concept of the
midbrain has emerged (Figure 1b), which is consistent
with gene patterns, patterning mechanisms, and modern
notions about neuromeric structure of the neural tube (the
prosomeric model). This essay aims to summarize the new
data and explain the resulting changes in the midbrain
concept, ending with a summary of present knowledge
about its inner structure (internal transversal, longitudinal
and radial parts, and corresponding derivatives). 

Molecular Patterning of the Midbrain
It seems convenient to summarize at the start the present
embryologic knowledge about patterning of the mid-
brain, since this provides a causal background that nec-
essarily applies to any morphologic considerations.
Incipient differential specification of the neural ecto-
derm occurs along the dorsoventral and anteroposterior
dimensions, starting at early neural plate stages.
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Dorsoventral patterning proceeds in general in a sim-
ilar way throughout the length of the neural primordi-
um, including naturally the midbrain (Figure 2).
Antagonistic ventralizing and dorsalizing morphogen signals
originated respectively at the immature floor and roof
plates spread in opposed gradients across the prospective
lateral wall of the neural tube, changing the specification
state of the neuroepithelial cells proportionately to the
relative local concentration of both signals. The princi-
pal floor plate signal is the diffusible protein sonic hedge-
hog (SHH); this is first secreted by the axial mesoderm
(the notochord) and induces at high concentration the
differentiation of the floor plate in the overlying ecto-
derm; the floor plate in its turn activates likewise the Shh
gene, and starts to produce and release SHH, which dif-
fuses dorsalward along the neural wall, where it is need-
ed in some quantity for the differentiation of the basal
plate. At midbrain levels (similarly as in the whole fore-
brain, but not in the hindbrain), the basal plate also acti-
vates the Shh gene and becomes itself a third source of
SHH. Thus the floor and basal longitudinal domains
first obey and then co-produce the ventralizing SHH
signal at the high end of its concentration gradient and
minimum levels of dorsalizing signals. Subtler SHH
effects are obtained on the alar plate, in combination
with stronger dorsalizing effects generated from the roof
plate. The dorsalizing morphogens spreading ventrally
in a decreasing concentration gradient from the roof
plate (differentiated itself at the highest concentration of
these morphogens, activated by signals from the sur-
rounding non-neural ectoderm) include members of the
Wnt protein family (e.g., WNT3, 3a, 8), which antago-
nize directly or indirectly SHH signaling functions.
Other genetic determinants downstream of SHH and
the WNTs get secondarily involved too, adding to the
generation of multiple differential dorsoventral molecular
identities in the neural tube wall. Once an equilibrium of
such dynamic neuroepithelial molecular states is
achieved, we have in the first place a floor plate, a basal
plate, an alar plate and a roof plate (the so-called primary
longitudinal zones; accordingly, the significant longitu-
dinal alar-basal boundary results fixed in position).
Moreover, there are solid data suggesting that subtle
details of antagonistic dorsoventral patterning cause all
these primary zones to become further subdivided into
two or more (up to 6) thin microzonal bands, each subtly
different from the adjacent ones in molecular phenotype
and histogenetic fate. The pattern of microzones can
vary somewhat from one brain region to the next (due in
part to differential anteroposterior patterning; see
below). The midbrain thus finally has its own character-
istic microzonal subdivision pattern of the 4 primary lon-

Figure 1. Diagrams illustrating the ‘old’ and ‘new’ definitions of the mid-
brain (color-shaded). The anatomic landmarks represented are identical in
the two drawings, for comparison. The postulated boundaries with the
diencephalon and the hindbrain are marked with thick black lines. The (a)
version ascribes the whole interpeduncular fossa (IF) to the ventral mid-
brain, as well as all the prepontine portion of the brainstem. Note the
apparently arbitrary position of the transverse peduncular tract, or of the
oculomotor root. The (b) version postulates a much reduced, wedge-
shaped midbrain, subdivided into unequal m1 and m2 mesomeres. The
mes-diencephalic boundary (MDB) and midbrain-hindbrain boundary
(MHB) are marked by thick lines. In addition, the diencephalo-hypothala-
mic boundary is likewise indicated (DHyB), to illustrate the concept of
hypothalamus conceived as a region placed rostral to the diencephalon
(rather than ventral, as in a; note the transverse subdivision into peduncu-
lar and terminal hypothalamic moieties –Phy, THy). The ventral dien-
cephalon proper participates in the rostral interpeduncular fossa, rostrally
to the oculomotor roots. The diencephalon appears subdivided into three
prosomeres, p1–p3, which contain dorsally the pretectum (PT), the thala-
mus and habenula (Th, Hb) and the prethalamus (PTh), respectively. The
prepontine brainstem is ascribed now to the hindbrain, being subdivided
into isthmic and rh1–rh2 rhombomeres (isthmus and rh1 extend also into
the cerebellum, here eliminated by section of the cerebellar peduncles).
Note the trochlear nerve now turns out to be isthmic. 
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gitudinal zones. In general, this characteristic midbrain
dorsoventral pattern is more comparable to patterns
obtaining more rostrally in the diencephalon and hypo-
thalamus than to the hindbrain pattern. This has led to
the recent suggestion to include the midbrain in the
forebrain,[1] since molecularly it is quite distinct from the
hindbrain in many respects.

Anteroposterior patterning of the midbrain occurs in
two steps. In the first place, the site of the prospective trans-
verse midbrain-hindbrain boundary is established molecularly.
This occurs by antagonistic interaction between a rostral
domain expressing the early neural marker Otx2 and a
caudal domain expressing Gbx2. At early neural plate
stages the mutual boundary of these markers lies far cau-
dally, at prospective spinal cord levels (Figure 3a).
However, Gbx2-expressing caudal tissue is able to down-
regulate Otx2 expression and to induce its own expres-
sion in the rostrally adjacent neural tissue, thus causing
rapid displacement of the Otx2/Gbx2 molecular bound-
ary rostralward. Eventually, at late neural plate stages,
this interaction reaches an equilibrium state, and the
boundary between Otx2 and Gbx2 expression domains
becomes completely fixed, precisely at the developing
midbrain-hindbrain limit (Figures 3b, c and e). This is
held to remain stable thereafter, even in the adult stage.
It represents the earliest anteroposterior limit formed in
the brain, and it is present even before full closure of the
neural tube occurs (Figure 3b). Accordingly, a para-
mount reason for distinguishing anatomically the mid-
brain from the hindbrain is the fact that the midbrain,
similarly as the rest of the forebrain, permanently
expresses Otx2, whereas the hindbrain does not (a minor
exception is seen in Figure 3e, where a basal cell popu-
lation contributing to the interpeduncular nucleus
appears positive, as well as the choroidal tela of the hind-
brain). The hindbrain widely expresses instead Gbx2,
which is absent in the midbrain. A similar mechanism
protagonized by different antagonistic genes ulteriorly
establishes the midbrain-diencephalon boundary (Pax6
rostrally in the diencephalon opposed to Wnt1 and Pax2
in the midbrain). The Pax6 marker (not shown) is also
permanent, and allows to visualize from early neural tube
stages onwards the prospective mes-diencephalic border.

In a second step, the isthmic secondary organizer pro-
vides anteroposterior gradiental positional information
that leads competent midbrain tissue to select differen-
tial specific molecular identities; this generates antero-
posterior structural differentiation within the midbrain.
The isthmic organizer (IsO) is a differentiated transverse
band of neural tube neuroepithelium that releases into
the medium fibroblast growth factor 8 (FGF8), a dif-

fusible morphogen (Figure 3d). The Fgf8 gene is acti-
vated first at the Otx2/Gbx2 boundary and participates in
a retroactively stabilizing signaling network with Wnt1
expressed in the midbrain, local Pax genes, and En1/En2
genes expressed both in the midbrain and rostral hind-
brain. The functioning of this network expands initially
the expression of Fgf8 to the whole transverse isthmus
territory (excepting the floor plate) and eliminates Fgf8
expression within the midbrain (additional molecules are
also involved in this process). Midbrain Wnt1 expression
is initially widespread, reaching the mes-diencephalic
boundary, but results substantially reduced subsequent-
ly, becoming restricted to the midbrain roof plate and a
thin transverse ring just in front of the isthmo-mesen-
cephalic boundary. WNT1 diffuses seemingly only at
short-range, and an important function is to maintain
midbrain neuroepithelial proliferation close to where its
signal is strongest (the caudal midbrain and the roof
plate). Another early WNT1 function may participate in

Figure 2. This drawing extracted from Martínez et al., 2012[28] illustrates
the common dorsoventral patterning process of the neural tube.
Antagonistic signals spreading in opposed gradients from the roof and
the floor sites lead to the formation of the primary longitudinal zones
shared by all brain parts (floor, basal, alar and roof plates; see details in
the text). Note the dorsoventral dimension apparently changes its direc-
tion in space in different parts of the brain, due to axial bending of the
neural tube at the cephalic flexure, where the ventral ends converge
(arrows). Used with kind permission. [Color figure can be viewed in the
online issue, which is available at www.anatomy.org.tr]
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Figure 3. Pannel illustrating anteroposterior patterning of the midbrain (also extracted from Martínez et al., 2012[28]). (a) and (b) show mouse
embryos at early and late neural plate stages, showing color-coded expression of the Otx2 gene rostrally and the Gbx2 gene caudally. This molecu-
lar boundary moves progressively rostralward (due to antagonistic interactions between the apposed domains) until it becomes stabilized shortly
before neural tube closure. (c) shows an early neural tube with Otx2 signal restricted to the forebrain, which includes the midbrain vesicle caudally.
Note the sharp transverse boundary with the hindbrain (white arrow). (d) is a schema that illustrates the second phase of midbrain anteroposteri-
or patterning that results from the emergence of Fgf8 expression selectively at the previously established Otx2/Gbx2 boundary. FGF8 protein diffus-
es rostralward and caudalward (large arrows), influencing the fate of both the midbrain and the prepontine hindbrain. The gradient of FGF8
obtained across the midbrain serves to produce the structural subdivisions shown in Figure 4e is a section through an (e) 14.5 mouse embryo, show-
ing again Otx2 expression, which persists in time thereafter. Note the clearcut midbrain-hindbrain molecular boundary, clearly distant from the
prospective pons. The Otx2 gene expression pattern also underlines the diencephalic p1–p3 prosomeres converging ventrally into the interpedun-
cular fossa (boundaries as transverse red lines), the axially bent alar-basal boundary (longitudinal red line) and the forebrain and hindbrain
choroidal telae. Used with kind permission. [Color figure can be viewed in the online issue, which is available at www.anatomy.org.tr]
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antagonism with diencephalic signals in the establish-
ment of the mes-diencephalic boundary. FGF8 mole-
cules diffusing rostralward across the midbrain in a
decreasing concentration gradient provide positional
cues for the midbrain progenitor cells, enabling them to
select alternative sets of differentiation genes in function
of their distance from the isthmic organizer (and the
local concentration of FGF8). This generates a clearcut
anteroposterior series of differential structures observed
in the mature alar midbrain (the superior and inferior
colliculi are the largest and better known ones, but there
is a total of 4 distinct domains; see below; see also the mid-
brain histogenetic rostrocaudal gradient shown in

Figure 3e); the position of the alar plate close to roof-
derived WNT1 signals causes alar territory to grow
much more than the underlying basal plate, allowing also
more room for reading out distinct fates along the cau-
dorostral gradient of FGF8 (Figure 3e). This differen-
tial alar versus basal growth generates the wedge-shape
of the midbrain as a whole at the apex of the cephalic
flexure (Figure 3e).

We accordingly have now sufficient mechanistic
understanding of how the midbrain territory emerges dur-
ing early development as a developmental unit that is dis-
tinguishable molecularly and causally from both the hind-

Figure 4. Drawing modelled after Figure 1b, emphasizing the variety and relative position of grisea that used to be ascribed to the midbrain accord-
ing to the ‘old’ concept illustrated in Figure 1a, but are now thought to belong either to the hindbrain or to the diencephalon. The prosomeric
model serves to classify such grisea precisely into specific neuromeric domains. Note the mesV population is interpreted here as a migrated midbrain-
derived structure, and therefore is color-coded as the midbrain. The later shows the relative position of the major alar centres of the m1 mesomere,
the tectal gray (TG), the superior colliculus (SC), and the inferior colliculus (IC), as well as the major superficial derivative of the m2 mesomere, the
subbrachial nucleus (SubB; compare Figures 4 and 5b; the latter show a schematic coronal section passing through IC, SubB and PBG in this fig-
ure, somewhat obliquely to the MHB).
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brain and the diencephalon. Moreover, we have an exper-
imentally based theory about secondary patterning mech-
anisms and growth regulation telling us how the midbrain
becomes regionalized into distinct neurogenetic domains
along its dorsoventral and anteroposterior spatial dimen-
sions (Figure 4), independently from neighboring hind-
brain or diencephalic domains (compare Figure 1b). This
knowledge leads us to the conclusion that the old mid-
brain concept with borders reaching significantly into the
neighboring hindbrain and diencephalon territories is no
longer consistent with available data and needs a concep-
tual readjustment (Figures 1a and b). 

Intrusion of the Classic Midbrain into
Rostral Hindbrain 
The oldest notion implying that the midbrain does not
contact the upper border of the pons appeared in land-
mark contributions to human neuroembryology by
Wilhelm His.[2,3] He defined the isthmus territory as a
transverse hindbrain region lying rostral to the pons and
directly caudal to the midbrain proper. This author did
not present explicitly the isthmus as a hindbrain neu-
romere, though his illustrations do suggest this interpre-
tation (earlier authors had already observed multiple
bulges in the neural tube wall, but the histologic concept
of brain segments or neuromeres was first developed by
Orr 1887,[4] and further explored by McClure 1890,[5]

Locy 1895,[6] von Kupffer 1906,[7] Ziehen 1906,[8] and oth-
ers). Palmgren 1921[9] eventually used the neuromeric
approach to perform a comprehensive developmental
analysis of the midbrain in anamniote and amniote ver-
tebrates. He concluded that the midbrain comprises two
neuromeres, identified in rostro-caudal order as
mesomeres 1 and 2 (m1, m2; see Figure 1b), and showed
abundant evidence consistent with placing the caudal
midbrain boundary in contact with the isthmus, that is,
between m2 and the isthmus (as indicated by His 1893[2]).
This m2/isth limit passes through the narrow space that
separates the oculomotor from the trochlear motor
nuclei. This study thus established that the oculomotor
nerve belongs to the midbrain (actually to m1), whereas
the trochlear nerve must be ascribed to the isthmic hind-
brain (Figure 1b). Another important conclusion was
that the narrower caudal part of the interpeduncular
fossa found caudal to the oculomotor nerve roots, which
encloses the interpeduncular nucleus, belongs to the pre-
pontine hindbrain, whereas the wider part of the fossa
located rostral to the oculomotor roots corresponds to
the diencephalic floor. This fully agrees with present-day
formulations and molecular mappings offered by the
prosomeric model (Figures 1b, 3d and e, 4), and has
been corroborated by distinct gene patterns labeling the

indicated interneuromeric boundaries of m1, m2 and
isthmus (see Puelles et al., 2012[10]).

Other works exploring hindbrain neuromeres (or
rhombomeres; abbreviated ‘rh’) verified Palmgren’s cau-
dal delimitation of the midbrain (e.g. Vaage 1969, 1973;
Puelles and Martínez-de-la-Torre 1987; Hidalgo-
Sánchez et al., 2005).[11–14] It was eventually concluded
that the mammalian pontine nuclei develop within rh3
and rh4 (Puelles 2013;[1] see Figures 1b, 4). Accordingly,
it can be deduced that there exists an ample prepontine
region of the hindbrain, represented by the isthmus (also
referred to as rh0), plus the rh1 and rh2 neuromeric
domains (Figures 1b, 4).

The whole prepontine hindbrain region (isth, rh1,
rh2), excepting the cerebellum, wrongly figured as a cau-
dal part of the midbrain in the classic concept of this brain
region (Figure 1a). In addition to the trochlear motor
nucleus, which we now know lies in the isthmus, other
well-known brainstem cell masses were erroneously
ascribed to the midbrain (Figure 4). These include the
interpeduncular nuclear complex (isth, rh1), the serotonergic
dorsal, caudal linear, and central raphe nuclei (isth, rh1), the
parabigeminal nucleus (isth), the dorsal and ventral nuclei of
the lateral lemniscus (isth and rh, respectively), the choliner-
gic pedunculopontine nucleus (rh1), the dorsal, ventral and dor-
solateral tegmental nuclei (rh1), the parabrachial complex
(isth), and the nor-adrenergic locus coeruleus (rh1), plus cor-
relative rostral parts of the hindbrain reticular formation
(Figure 4). Moreover, in mammals the major part of the
so-called mesencephalic trigeminal nucleus (mesV) actually
lies at the isth and rh1 regions (fewer such cells appear in
the midbrain proper, particularly caudally; however, given
that the homologous mesV population is selectively
restricted to the midbrain in reptiles and birds, it may be
conjectured that the caudally displaced position of mesV
observed in mammals may be due to embryonic tangential
translocation of the corresponding cell bodies along the
mesV tract, in which case we would deal here with a true
mesencephalic cell population displaced into the hindbrain).

On the other hand, rh2 contains the rostralmost parts
of the cochlear, vestibular and trigeminal sensory columns, as
well as the noradrenergic subcoeruleus nucleus, the pos-
terodorsal tegmental nucleus, nucleus incertus, some prepon-
tine raphe nuclear populations and corresponding reticular
cell groups (Figure 4).

Intrusion of the Classic Midbrain into
Caudal Diencephalon
Palmgren 1921[9] similarly established on solid compara-
tive developmental grounds the rostral boundary of the
midbrain (the mes-diencephalic border). This corre-



66 Puelles L

Anatomy • Volume 10 / Issue 1 / April 2016

sponds to the interneuromeric boundary between the
caudalmost diencephalic neuromere, called by him
‘synencephalon’ with mesomere 1, as was subsequently
confirmed by Rendahl 1924,[15] who studied the dien-
cephalic neuromeres in detail. The synencephalon is
nowadays called prosomere 1 (see p1 in Figures 1b, 3d
and e, 4; see also Puelles 2013[1]). This boundary defini-
tion was corroborated as well by Vaage 1969[11] and
Puelles et al., 1987,[16] until the fate-mapping experi-
ments of García-López et al., 2004[17] and genoarchitec-
tonic evidence reported by Ferran et al., 2007;[18] 2008;[19]

2009[20] helped to establish it definitively.
This boundary starts dorsally behind the posterior

commissure and ends ventrally passing rostrally to the dor-
sal and ventral tegmental decussations and the oculomotor
nerve root (Figures 1b, 3e, 4). The transverse peduncular
tract (tpt; Figure 1b), visible in adult mammals at the sur-
face of the cerebral peduncle, courses precisely in front of
the mes-diencephalic border and is therefore diencephalic
(it projects fibers of the basal optic root into the optoki-
netic terminal nuclei of this root, which are pretectal for-
mations). The diencephalic synencephalon, or p1, contains
in its alar plate the pretectum (PT), including the posteri-
or commissure (pc) that crosses its roof plate over the sub-
commissural organ (Figures 1b, 3e, 4). The classic mid-
brain concept had arbitrarily included a part of the pretec-
tum, or sometimes the whole pretectal region, in the mid-
brain (Figure 1a). As we noted above, a persistent Pax6
gene signal (or PAX6 immunoreaction) in the commissur-
al pretectum certifies its diencephalic character, since the
midbrain embryonic environment antagonizes that fate
(there would be no pretectal formations if they accidental-
ly came to be born inside the midbrain, under the range of
the signals spreading from the isthmic organizer). The
floor region of p1 participates in the interpeduncular fossa
in front of the midbrain region, and the other two dien-
cephalic prosomeres (p2 and p3; also characterized by dis-
tinct gene patterns) likewise locate their respective floor
regions more rostrally along the interpeduncular fossa
(Figures 1b, 3e, 4). This implies that the classic midbrain
concept (Figure 1a) wrongly ascribed to the midbrain the
whole diencephalic floor region and adjacent parts of the
diencephalic basal plate. In the classic view, which was
strongly influenced by the columnar model of the fore-
brain (Herrick 1910;[21] Kuhlenbeck 1973[22]), the dien-
cephalic floor was thought to correspond instead to the
hypothalamus (Figure 1a). This model is clearly inconsis-
tent with present-day neuromeric, genetic and causal
analysis of the forebrain in terms of dorsoventral and
anteroposterior patterning (Figures 2 and 3), and there-
fore is considered to be obsolete (a future essay is planned
to explain this complex issue).

A number of known neuronal cell groups that were
classically ascribed to the midbrain belong instead to the
diencephalon (particularly to the basal and floor parts of
the diencephalon, but also to the alar pretectum; Figure
4). A peculiar case is represented by the substantia nigra
compacta and the ventral tegmental area, classically held to
be strictly mesencephalic formations containing
dopaminergic neurons (SNC, VTA). They are accompa-
nied throughout their length by a superficial population
of GABAergic cells known as substantia nigra reticulata
(SNR), also classically held to be strictly mesencephalic.
In contrast, modern neuromeric and genoarchitectonic
analysis has shown conclusively that this complex is
plurineuromeric (i.e., extends across a series of neu-
romeres). Both VTA and SNC stretch rostralward from
the isthmus (rh0), which contains the caudalmost parts,
across midbrain m2 and m1, and continue into dien-
cephalic p1-p3 (see VTA in Figure 4; review in Puelles
2013[1]). The diencephalic and isthmic portions of VTA
and SNC/SNR were thus classically wrongly ascribed to
the midbrain. Interestingly, the m1 and m2 portions of
the complex, lying at rubral and retrorubral levels,
respectively, are morphologically distinct (Puelles et al.,
2012;[10] see below under Structure). The ‘posterior hypo-
thalamus’ and/or ‘prerubral tegmentum’ (PRuTg in
Figure 4) mentioned in the literature are neural regions
largely derived from p2 and p3 (insofar as the parvocellu-
lar red nucleus, the rostralmost rubral entity, lies in basal
p1; RPc in Figure 4). I can list under this category of
diencephalic centers wrongly ascribed to the midbrain
(Figure 4) also the nucleus of the basal optic root (also called
medial terminal nucleus; p1-p3; MT in Figure 4), the
rostral interstitial nucleus (p2; RI), the interstitial nucleus of
Cajal (p1; IC), the rostral part of the nucleus of
Darkschewitsch (p1; Dk), the nuclei of the posterior commis-
sure (magno- and parvocellular; p1; PCMc, PCPc), and
any pretectal nuclei ascribed to the midbrain (p1; APT,
OPT. etc.).

In connection with the wrong inclusion of pretectal
formations in the classic midbrain concept, it should be
explained that there is a layered retinorecipient mesen-
cephalic formation placed rostral to the equally retinore-
cipient superior colliculus, which is called the ‘tectal gray’
in recent literature (TG in Figure 4). This used to be
called in older literature the ‘posterior pretectal nucleus’.
That name was incorrect, insofar as the pretectal gray
clearly develops behind the posterior commissure, and there-
fore belongs properly to the midbrain (i.e., is not a pre-
tectal nucleus at all, though it lies in front of the superi-
or colliculus). The confusing wrong name should not be
used any longer.
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Internal Structure of the Midbrain
As regards its internal structure, the modern midbrain is
understood as constituted by derivatives of mesomeres 1
and 2 (Figures 1b, 4 and 5). This was suggested initially
by Palmgren 1921[9], and was variously corroborated and
mapped in modern times by Vaage 1969,[11] 1973,[12]

Hidalgo-Sánchez et al., 2005,[14] Puelles and Martínez-de-
la-Torre 1987,[13] and Puelles et al., 2012.[10] The m2-
derived domain was called preisthmus by Hidalgo-Sánchez
et al., 2005,[14] to emphasize its location relative to the
hindbrain isthmus. The m1 segment lying rostral to m2 is
considerably larger than the thin preisthmus, and it con-
tains most structures that can be properly ascribed to the
midbrain (Figure 5). Accordingly, fewer elements belong
to m2 (Figures 5a and b).

Roof plate: The midbrain roof plate is represented by
an astroglial palisade found along the dorsal midline. It
passes between the right and left collicular bulges and
stretches from the back of the pretectal posterior commis-
sure to the isthmic roof (marked by the emergence of the
trochlear nerve root). It is crossed by three distinct com-
missural fiber packets, which originate in the adjacent alar
territories: the commissure of the tectal gray (tectal gray),
the tectal commissure (superior colliculus) and the inter-
collicular commissure (inferior colliculus; icc in Figure
5b); see Figure 10.9 in Puelles et al., 2012.[10]

Alar plate: This wide longitudinal zone appears divid-
ed dorsoventrally into dorsal, dorsolateral and ventrolateral
longitudinal subzones along both m1 and m2 (Figure 5a;
Puelles et al., 2012[10]). Considering the radial dimension
of the alar plate, we distinguish throughout a well-devel-
oped inner stratum, formed by the periaqueductal gray
(PAG; whose dorsal, dorsolateral and ventrolateral sub-
zones each have distinct cell subpopulations, connections
and functions), and a variously layered outer stratum,
which may be called the tectal plate (also showing the cor-
responding three dorsoventral subzones).

The PAG contains a profuse plexus of mostly unmyeli-
nated fibers intermixed with a variety of small and medi-
um-size neurons (sometimes forming denser aggregates).
It relates functionally to the organization of instinctive
behavioral reactions in social situations requiring either
passivity (submissiveness, death simulation) or intense
activity (fight, flight). The PAG mentioned in the litera-
ture is plurineuromeric and extends beyond the midbrain
limits rostrally and caudally (there is a pretectal PAG and
an isthmic PAG, apart of the midbrain m1 and m2 PAG
parts, which all are subtly distinct histologically).

As regards the tectal plate, its dorsal subzone is formed
by a longitudinal nuclear formation described recently as the
dorsal and ventral tectal paracommissural nuclei;[10] these were
first reported as a ‘tectal longitudinal column’ by Saldaña et

Figure 5. Schematic drawings illustrating the internal structure of the
‘new’ midbrain. The (a) panel displays a cross-section, whose left half
intersects the superior colliculus, whereas the right half shows the infe-
rior colliculus. Both halves correspond to the m1 mesomere (compare
Figure 4) and are therefore similar in several aspects. The alar plate pres-
ents deeply the periaqueductal gray (PAG) and superficially the tectal
plate, which contains the TG, SC and IC units shown in Figure 4, as well
as some other elements. There is a dorsoventral partition into dorsal,
dorsolateral and ventrolateral sectors of both strata. See further details
in the text. The basal plate contains the ventral PAG with associated ocu-
lomotor complex and nucleus of Darkschewitsch (III, EW, Dk), placed
over the fasciculus longitudinalis medialis (flm) tract. More superficially
there appears the magnocellular red nucleus and the laterorubral nucle-
us (RMc, LRu). Finally, the ventral tegmental area (VTA) occupies the
subpial stratum of the floor plate next to the oculomotor nerve roots
(arrows) and medial to the substantia nigra compacta et reticulata,
migrated into a subpeduncular position (SNC, SNR, ped). The (b) panel
illustrates a coronal section through the midbrain-isthmus transition
(compare plane in Figure 4), aiming to illustrate the major derivatives of
the preisthmus or alar m2 region. Superficially to the local PAG portion
there appears the cuneiform area (Cun) and the subpial subbrachial
nucleus (SubB; also illustrated in Figure 4). The parabigeminal nucleus
is a similarly superficial isthmic derivative (compare also Figure 4).

a

b
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al., 2007;[23] Figure 5a). The names we prefer refer explicit-
ly to the position next to the tectal gray, tectal and intercol-
licular commissures across the tectal roof plate. The con-
nections of these nuclei relate to the auditory pathway.[23]

The dorsolateral subzone of the tectal plate contains
the major m1 derivatives, forming a rostrocaudal series of
three large stratified entities that includes the above-men-
tioned tectal gray, the superior colliculus and the inferior col-
liculus (TG, SC, IC; Figure 4). The TG lies just behind
the mes-diencephalic border, rostrally to the larger SC,
and the IC limits caudally with the preisthmus (m2;
Figure 4). Both TG and SC are retinorecipient in their
respective superficial stratum (final targets of the optic
tract), but their layering schema (central, intermediate and
superficial layers; see SC in Figure 5a) is slightly different;
they each express some differential gene markers, and they
represent in a mirror pattern the naso-temporal axis of the
ordered retinal projection (nasal input is represented ros-
trally in TG and caudally in SC). The TG may be related
functionally to the computation of continued gaze fixation
upon a point in visual space, whereas the SC notoriously
computes saccadic reflex conjugated eye movements to
points of space of novel interest, triggered particularly by
moving visual stimuli, but also by auditory and tactile cues
reaching likewise the SC. Both functions can be controlled
cortically. The SC has a variety of ascending (into p1-p3),
local (m1), and descending (hindbrain) ipsi- and contralat-
eral connections, and eventually contacts pre-oculomotor
reticular neurons (e.g., interstitial nucleus of Cajal) rather
than oculomotor motoneurons for its gaze control. The
IC is organized into a rounded central nucleus and several
peripheral nuclei at its superficial stratum (e.g., dorsome-
dial, external cortical, caudal cortical; Figures 5a and b).
The IC is the target of the ascending hindbrain auditory
pathway (the lateral lemniscus) and relays its output via the
brachium of the IC to the SC, pretectum and thalamus
(medial geniculate body; Figures 1a and b); there is an
interstitial bed nucleus of this ascending IC projection tract,
joined rostrally by a bed nucleus of the brachium of the
superior colliculus (BIC, BSC; Figures 1a and 5a). There
is also a cell population receiving ascending somatosenso-
ry input from the lower brainstem and spinal cord that lies
intercalated transversally between the SC and the IC; it is
known as the intercollicular nucleus (ICo; not shown).
Interactions between IC, ICo and SC mediate the reaction
of the SC to other than visual stimuli.

The ventrolateral subzone of the m1 tectal plate is
occupied by the bed nuclei of the two brachia, as well as
by the alar part of the midbrain reticular formation
(MRtA; Figure 5a), which is traversed by the ascending
spinothalamic, trigeminothalamic, and medial lemniscus
pathways on their way to the pretectum and thalamus.

The alar derivatives of the preisthmus (m2) are not well
known, and often are mixed with the caudally adjacent
isthmic cell masses (Figures 4 and 5b). They include the
preisthmic alar PAG (divided as in m1 into dorsal, dorsolat-
eral and ventrolateral longitudinal subzones; Figure 5b).
The PAG is covered by a tectal plate which was classically
named the ‘cuneiform nuclear complex, area, or gray’, a
heterogeneous domain intercalated in conventional coro-
nal sections between the IC and the isthmic nuclei (e.g.,
the parabigeminal nucleus). I think that the tectal paracom-
missural nuclear formation probably ends caudally in the
preisthmus (dorsal subzone). The preisthmic dorsolateral
zone remains so far unclear (the nucleus sagulum might
occupy it, at least in part, unless it is wholly isthmic). The
cuneiform gray may be ascribed tentatively to the ventro-
lateral preisthmic subzone. It can be divided into inner and
outer cell masses, corresponding respectively to central
and superficial strata. The superficial nucleus, thought to
be homologous with the magnocellular preisthmic nucle-
us of birds and reptiles, was recently named subbrachial
nucleus, to emphasize its position immediately caudoven-
tral to the BIC in mammals (SubB; Figures 4 and 5b; see
also Puelles et al., 2012[10]). The name cuneiform area would
thus conveniently remain restricted to the deeper cell
mass, which represents the preisthmic component of the
alar midbrain reticular formation (Cun; Figure 5b).

Basal and floor plates: The basal plate derivatives of m1
include periventricularly the ventral subdivision of the PAG,
which shows bilaterally a distinct rounded subarea known
as the nucleus of Darkschewitsch (Dk; Figure 5a; this is its
caudal part, since there is also a major rostral part in the
pretectal PAG; Dk in Figure 4). It is formed exclusively by
GABAergic neurons. Intercalated between the ventral
PAG and the intermediate stratum of the basal plate
(tegmentum), which is in general occupied by the midbrain
basal reticular formation, there appears the oculomotor
nuclear complex, formed by the main oculomotor nucleus,
that innervates extra-ocular muscles, and the parasympa-
thetic preganglionic accessory (Edinger-Westphal) nucleus,
which innervates the ciliary ganglion (III; EW; Figure 5a).
The latter controls the intra-ocular involuntary smooth
muscles of the pupil (miosis) and ciliary body (accommo-
dation). At the midline (floor plate) between the main ocu-
lomotor nuclei there occurs the decussation of the crossed
component of the oculomotor nerve (targeting the eye
muscles directing gaze upwards). This decussation curi-
ously results from migration of the motoneuron cell bod-
ies across the midline, so that the preformed axons are pas-
sively drawn trailing to the other side.[24–26] Ventrally to this
level there appears the voluminous dorsal tegmental decussa-
tion, formed by crossing tectoisthmic, tectopontine, tecto-
bulbar and tectospinal axons (Figure 5a). The rostral lin-
ear nucleus is a small reticular population associated to this
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area (not shown; note the caudal linear nucleus is isthmic;
Figure 4). Superficially to the oculomotor complex there
is a specialized area of the reticular formation which forms
the magnocellular red nucleus (or nucleus ruber magnocellu-
laris; RMc in Figure 5a). It receives crossed cerebellar
input (nucleus interpositus) via the brachium conjunc-
tivum ascending into the thalamus after its decussation
across the isthmic floor plate, among whose fibers its cells
lie interstitially; this nucleus originates the crossed
rubrospinal tract passing through the local ventral tegmen-
tal decussation (Figure 5a). The midbrain magnocellular
red nucleus (restricted to basal m1) needs to be distin-
guished from the parvocellular red nucleus found in the
pretectal basal plate (RPc in Figure 4); the latter receives
crossed dentate nucleus input from the brachium conjunc-
tivum as it passes through p1, and generates the ipsilateral
rubro-olivary tract; it is limited rostrally by the retroflex
tract, a landmark of the p2/p1 boundary. The midbrain
red nucleus is surrounded laterally by the laterorubral nucle-
us, which is a differentially specialized area of the basal
midbrain reticular formation (LRu; Figure 5a). The latter
limits laterally with the alar reticular formation described
above under the ventrolateral alar subzone.

Superficially to the reticular intermediate stratum of
the basal midbrain there appears bilaterally the substantia
nigra formation (SNC, SNR), covered by the prominent
peduncular tracts, also known classically as pes pedunculi
(they represent cortico-spinal, cortico-nuclear and corti-
co-pontine fibers). Medially, across the floor plate, there
appears the dopaminergic ventral tegmental area, in contact
with the mesencephalic part of the interpeduncular fossa,
where the oculomotor nerve roots emerge after arching
through the red nucleus (Figure 5a). The dopaminergic
neurons of the VTA and SNC in general are produced at
a floor plate progenitor domain found singularly across
the broadening interpeduncular fossa present at the isth,
m1, m2, and p1-p3 neuromeres (the brain floor plate oth-
erwise scarcely produces neurons). I deal here strictly with
the mesencephalic m1 and m2 parts (compare Figure 4).
Once produced, the dopaminergic neurons migrate radi-
ally through the floor plate domain into the local superfi-
cial stratum. Some neurons mature at this location, form-
ing the VTA, whereas others migrate tangentially and
subpially into the right and left basal plate regions, where
the SNC is formed (this is the so-called ‘inverted fountain’
migration). The lateralmost elements of the SNC possibly
invade the neighboring alar plate. The equivalent m2
dopaminergic population is formed similarly at the m2
floor plate and the derivatives aggregate at the m2 part of
the VTA, which represents the distinct interfascicular
nucleus, which projects to the habenula via the retroflex
tract, found at the midline between the two retroflex tracts
coursing backwards into the prepontine interpeduncular

nucleus (IP; Figure 4), and also migrate laterally and sub-
pially to form a thin transversal band of radially disposed
dopaminergic cells found caudal to the red nucleus and
rostral to the isthmus. This is the retrorubral A8 cell group
of the literature (see Figure 10.10 in Puelles et al., 2012[10]).
The m1 SNC and VTA counterparts represent instead
the conventional A9 and A10 cell groups, respectively,
which have differential forebrain targets. The GABAergic
SNR cells are produced separately along the basal plate of
isth, m1, m2 and p1-p3. They migrate radially across the
tangentially migrated SNC primordium, acquiring sec-
ondarily a position superficial to it (some cells remain
intermixed). It has been described that these SNR ele-
ments may not remain restricted to the neuromeres where
they are produced, so that isthmic elements may later
appear within topographically mesencephalic or dien-
cephalic parts of the plurineuromeric complex. There is
some evidence that different neuromeric sectors of the
SNR express given gene markers selectively.

The literature places the whole dorsal raphe nucleus,
an important serotonergic cell midline aggregate, within
the midbrain. However, detailed genoarchitectonic
descriptive studies and transgenic lineage tracings have
shown conclusively that the major part of this complex
belongs to the isthmus and rh1 domains, as occurs with
the caudal linear nucleus (review in Alonso et al., 2013;[27]
see Figure 4). At early embryonic stages all serotonergic
cells seem restricted to the hindbrain, where they are pro-
duced along the longitudinal band of Nkx2.2-expressing
basal neuroepithelium lying next to the floor plate. Nkx2.2
expression is induced by high SHH levels, a morphogen
that exclusively diffuses out of the floor plate in the hind-
brain. This band does not exist properly in the midbrain,
since there (as in the rest of the forebrain) the basal plate
also activates the Shh gene, and produces itself large
amounts of diffusing SHH. Induction of Nkx2.2 in the
midbrain therefore occurs at or next to the alar-basal
boundary, where the combined gene codes lead cell fates
in a different direction. In principle, therefore, the mid-
brain should not display any serotonergic neurons, as
occurs elsewhere in the forebrain. However, a small ros-
tral prolongation of the isthmic dorsal raphe population
appears to invade the m2 floor plate at advanced embry-
onic stages; this possibly implies a rostralward migration
of some isthmic serotonergic cells, which eventually form
a midbrain part of the dorsal raphe complex (DR; Figure
4; see Alonso et al., 2013,[27] Puelles et al., 2012[10]).
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