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ABSTRACT
This work is a study of the distribution pattern of calbindin-D28k, calretinin, and

parvalbumin in the diencephalic alar plate of a reptile, the lizard Psammodromus algirus, by
using the prosomeric model (Puelles [1995] Brain Behav Evol 46:319–337), which divides the
alar plate of the diencephalon into the caudorostrally arranged pretectum (p1), dorsal
thalamus plus epithalamus (p2), and ventral thalamus (p3). Calbindin and calretinin are
more extensively expressed in the dorsal thalamus than in the neighboring alar regions, and
therefore these calcium-binding proteins are particularly suitable markers for delimiting the
dorsal thalamus/epithalamus complex from the ventral thalamus and the pretectum. Con-
versely, parvalbumin is more intensely expressed in the pretectum and ventral thalamus
than in the dorsal thalamus/epithalamus complex. Within the dorsal thalamus, calcium-
binding protein immunoreactivity reveals a three-tiered division. The pretectum displays the
most intense expression of parvalbumin within the diencephalon. Virtually all nuclei in the
three sectors of the pretectum (commissural, juxtacommissural, and precommissural)
present strong to moderate expression of parvalbumin. We compare the distribution of
calcium-binding proteins in the diencephalon of Psammodromus with other vertebrates, with
mammals in particular, and suggest that the middle and ventral tiers of the reptilian dorsal
thalamus may be comparable to nonspecific or plurimodal posterior/intralaminar thalamic
nuclei in mammals, on the basis of the calcium-binding protein expression patterns, as
well as the hodological and embryological data in the literature. J. Comp. Neurol. 427:67–92,
2000. © 2000 Wiley-Liss, Inc.
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Although a wealth of data is available on the organiza-
tion of the thalamus in mammals, there are comparative
aspects about the structure and function of the thalamus
of vertebrates which remain poorly understood. The tra-
ditional interpretation (e.g., as reviewed by Jones, 1985;
Butler, 1995) is that most thalamic nuclei are identified
and named according to their topography in cross-sec-
tions; this interpretation schema is based on the recently
challenged “columnar paradigm” assumptions of Herrick
(1910, 1948). In contrast, there is scanty information on
the topology of these nuclei relative to neuromeric devel-
opmental coordinates, emphasized in recent works
(Puelles, 1995; Shimamura et al., 1995; Nieuwenhuys,
1998; Redies et al., 2000), or on the histogenetic complexes
which precede their constitution during development.
These kinds of data are particularly lacking for the rep-
tilian thalamus, yet an understanding of thalamic organi-
zation in reptiles is essential for testing theories about the

evolution of the more complex avian and mammalian di-
encephalic patterns, and, further, for theories of telence-
phalic evolution. Apart from a few cytoarchitectonic stud-
ies on the reptilian diencephalon performed recently
(Butler and Northcutt, 1973; Cruce, 1974; Senn, 1979;
Hergueta et al., 1993), there has been only limited work on
analyzing its structure (Pritz and Stritzel, 1986, 1988,
1990; Dı́az et al., 1994; Pritz, 1995, 1997; Pritz and Sia-
dati, 1999). Moreover, most recent studies on the reptilian
thalamus deal with the extrinsic connectivity of the dorsal
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thalamus and especially with the visual thalamus (Dacey
and Ulinski, 1983; Pritz and Stritzel, 1992; Kenigfest et
al., 1997; Martinez-Marcos et al., 1998), whereas other
“thalamic” regions, such as the ventral thalamus, the ep-
ithalamus, or the pretectum, are not addressed in detail.
Exceptions to this are the studies of Pritz and Stritzel
(1990) and Dı́az et al. (1994) on the reptilian reticular
nucleus in the ventral thalamus.

Very few chemoarchitectonic studies have focused on
specific nuclei of the reptilian diencephalon (Brauth et al.,
1988; Rio et al., 1992; Pritz and Stritzel, 1994; Kenigfest et
al. 1995, 1997; Pritz and Siadati, 1999), so that available
chemoarchitectonic data on the reptilian diencephalon are
few and incomplete. In fact, they have been obtained
mainly from studies of the distribution pattern of neuro-
transmitter or neuropeptide markers in the whole brain of
a limited number of species (i.e., g-aminobutyric acid
[GABA] in Chamaleo: Bennis et al., 1991; neuropeptide Y
[NPY] and choline acetyltransferase [ChAT] in Gallotia:
Medina et al., 1992, 1993).

One aim of the present work is to provide a comprehen-
sive study of the distribution pattern of calbindin-D28k
(CB), calretinin (CR), and parvalbumin (PV) in the dien-
cephalon of the lacertid lizard Psammodromus algirus, a
species in which we already studied a number of cyto- and
chemoarchitectonic aspects in the telencephalon (Dávila
et al., 1991, 1993, 1995, 1997, 1999; Guirado et al., 1999).
These calcium-binding proteins are highly conserved in
vertebrates and have been shown to be useful morpholog-
ical markers that label specific neurons or circuits in
brains of both mammals (Celio and Heizmann, 1981;

Jones and Hendry, 1989; Hendry et al., 1989; Celio, 1990;
Andressen et al. 1993) and nonmammalian vertebrates
(Braun, 1990; Dávila et al., 1993, 1997, 1999; De Castro et
al., 1998; Guirado et al., 1999; Milán and Puelles, 2000).

Here we studied the distribution of calbindin-D28k, cal-
retinin, and parvalbumin in serial sections of the lizard
diencephalon, by using as a framework the prosomeric
model (Puelles, 1995). In this model, the diencephalon is
divided into three prosomeres p1–p3, which contain, re-
spectively, the pretectum, the dorsal thalamus/
epithalamus complex, and the ventral thalamus as alar
regions, and the prerubral tegmentum, the posterior tu-
berculum area, and the retromammillary area as the cor-
responding basal plate sectors. Secondly, we aimed to
compare the distribution of these markers in a lizard with
the patterns found in other vertebrates (i.e., Pombal and
Puelles, 1999; Milán and Puelles, 2000), and with mam-
mals in particular. In view of recent work from our labo-
ratory regarding connections of the thalamic nucleus ro-
tundus (Guirado et al., 2000), we also wanted to examine
the hypothesis that tectorecipient thalamic neuronal pop-
ulations of sauropsids may be field homologs of mamma-
lian posterior and intralaminar nuclei, in the light of our
findings and published data concerning chemoarchictec-
tural, hodological, and functional characteristics of the
mammalian dorsal thalamus.

MATERIALS AND METHODS

Adult lizards of the species Psammodromus algirus (La-
certidae) were used in the present study. Throughout the

ABBREVIATIONS

ac anterior commissure
AI area intercalata
AT area triangularis
bpt basal plate tracts
BSM bed nucleus of the stria medullaris
Cer cerebellum
CM caudomedial nucleus
Ctx cerebral cortex
DLA dorsolateral anterior nucleus
DLC dorsolateral caudal nucleus
DLH dorsolateral hypothalamic nucleus
DLP dorsolateral posterior nucleus
DM dorsomedial nucleus
DT dorsal thalamus
DVR dorsal ventricular ridge
EMT eminentia thalami
fb forebrain bundle
GD dorsal geniculate nucleus
GP pretectal geniculate nucleus
GT griseum tectale
GV ventral geniculate nucleus
HL lateral habenular nucleus
HMd medial habenular nucleus, dorsal portion
HMv medial habenular nucleus, ventral portion
Hyp hypothalamus
IGL intergeniculate leaflet formation
IM intermediomedial nucleus
IPCm interstitial nucleus of the posterior commissure, pars

magnocellularis
IPCp interstitial nucleus of the posterior commissure, pars par-

vocellularis
JCL lateral juxtacommissural nucleus
JCM medial juxtacommissural nucleus
lfb lateral forebrain bundle
M medial thalamic nucleus
O nucleus ovalis

OT optic tectum
ot optic tract
p1–p6 prosomeres 1–6
pac pallial commissure
PAG periacueductal grey
pc posterior commissure
PCSV posterior nucleus of the commissura supraoptica ventralis
PD posterodorsal nucleus
PE external pretectal nucleus
PL posterolateral nucleus
PM posteromedial nucleus
POA preoptic area
PP principal pretectal nucleus
PPC principal precommissural nucleus
PrM medial pretectal nucleus
PT pretectum
R nucleus rotundus
RM retromammillary region
RSa rotundic shell anterior
RSp rotundic shell posterior
RSv rotundic shell ventral
rt retroflex tract
SCL lateral suprachiasmatic nucleus
sco subcommissural organ
SHl lateral subhabenular area
SHm medial subhabenular area
SHr rostral subhabenular nucleus
sm stria medullaris
SP subpretectal nucleus
VL ventrolateral nucleus
VM ventromedial nucleus
VT ventral thalamus
Z nucleus Z
zl zona limitans intrathalamica
II optic nerve
III oculomotor nerve
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experimental work, the lizards were treated according to
the European Communities Council Directive (86/609/
EEC) on treatment of experimental animals.

Lizards were deeply anesthetized with urethane and
transcardially perfused with 0.1 M phosphate-buffered
saline (PBS), pH 7.4, followed by 4% paraformaldehyde,
0.1% glutaraldehyde, and 0.2% picric acid in PBS at room
temperature for 30 minutes. The brains were then re-
moved and stored in 4% paraformaldehyde and 0.2% picric
acid in PBS at 4°C overnight; afterwards they were em-
bedded in 4% agar and cut into 50-mm-thick sections, by
using a vibratome. Both frontal and sagittal sections se-
ries were prepared. The sections were washed extensively
in PBS prior to immunocytochemical staining with the
peroxidase-antiperoxidase method.

Free-floating sections were first incubated in 2% normal
goat serum and 0.3% Triton X-100 in PBS at room tem-
perature for 1 hour, to block nonspecific binding of the
antibodies and permeate the tissues, respectively, and
then were transferred to the primary antibody. The three
polyclonal antibodies, anti-PV, anti-CR, and anti-CB,
were raised in rabbits (SWant, Bellinzona, Switzerland)
and used at a dilution of 1:2,000 for 18 hours. After three
washes in PBS for 45 minutes, the sections were incu-
bated in goat anti-rabbit IgG diluted 1:35 for 1 hour,
washed again in PBS for 45 minutes, and incubated in
peroxidase-antiperoxidase diluted 1:100 for 1 hour. The
immunolabeling was revealed with 0.05% diaminobenzi-
dine (DAB), 0.05% nickel ammonium sulfate and 0.03%
hydrogen peroxide (H2O2) in PBS. All steps were carried
out at room temperature with gentle agitation. After a
thorough wash in PBS, the sections were mounted onto
gelatinized slides, air-dried, dehydrated in ethanol,
cleared in xylene, and coverslipped with DPX.

Controls

As controls of the immunohistochemical method used in
the present study, sections were processed as indicated
but the corresponding primary antiserum was replaced by
rabbit nonimmune serum (1:500). No immunostaining
could be detected under these conditions. In addition, as a
control of the specificity of the different primary antisera
under the experimental conditions used in this work, we
incubated control sections in the primary antibody pread-
sorbed with the corresponding protein (1 mg per ml of the
diluted antibody). As a result, specific immunostaining
was completely abolished.

RESULTS

We group our data below into brain regions, in order to
aid comparison among the three sets of immunochemical
results for each structural complex. The schema for sub-
divisions follows the prosomeric model (Martinez-de-la-
Torre, 1985; Medina et al., 1993, 1994; Puelles, 1995;
Puelles et al., 1996), which divides the diencephalon into
three prosomeres (p1–p3), numbered in caudorostral order
(Fig. 1). We shall concentrate on the respective alar re-
gions of p1–p3, corresponding to the pretectum (p1), the
dorsal thalamus plus epithalamus (p2), and the ventral
thalamus (p3). The basal plate regions need a separate
study by themselves, because they never have been ana-
lyzed in much detail within a segmental paradigm. Pre-
liminary observations do suggest differences related to
prosomeric position, as well as some common traits. A first

effort to systematize segmentally the diencephalic basal
plate of human embryos was finished recently (Verney et
al., unpublished observations; see also Medina et al.,1994;
Puelles and Medina,1994). The hypothalamus falls out-
side of the diencephalon proper in the prosomeric model
(basal part of the secondary prosencephalon, that is, p4–
p6; Puelles, 1995) and will not be addressed in the present
description.

Overview

Alar and basal regions of the lizard diencephalon can be
easily distinguished in selected sagittal sections on the
basis of cytoarchitectural differences and myeloarchitec-
ture (Fig. 1A,B). The midbrain-diencephalon boundary
passes just caudal to the fibers of the posterior commis-
sure (Palmgren, 1921; Rendahl, 1924). Ventrally it contin-
ues rostral to the red nucleus and oculomotor root (Fig. 1).
The transverse boundary between the diencephalon and
the secondary prosencephalon (p3/p4 limit) passes in front
of the ventral thalamus, slightly behind the lateral and
medial forebrain bundles coursing in the preopto-
peduncular region (p5) and just behind the paraventricu-
lar and suprapeduncular nuclei and the mammillary
pouch (p4). The p1/p2 transverse boundary starts at the
dorsal midline at the joint rostral end of the posterior
commissure and the subjacent subcommissural organ (not
seen in Fig.1). More ventrally, this boundary gradually
approaches the retroflex tract, which further ventrally
serves as a constant landmark, just rostral to the bound-
ary, down to the floor region (Fig. 1). Finally, the p2/p3
boundary, or zona limitans intrathalamica, neatly sepa-
rates dorsal thalamus from ventral thalamic grisea all the
way from the diencephalic roof to the alar-basal limit, and
can be extrapolated across the basal plate into the tuber-
culum posterior at the apex of the cephalic flexure (Fig. 1).
The basal plate sectors corresponding to each neuromere
correlate with the prerubral tegmentum (p1), the poste-
rior tuberculum area (p2), and the retromammillary
area (p3).

As shown in Figure 3, the calbindin- and calretinin-
immunostained material underlines these main subdivi-
sions, at least in the alar plate, insofar as numerous neu-
ronal populations of the dorsal thalamus (p2) are
immunoreactive for these markers, whereas fewer CB-
immunoreactive (IR) or CR-IR populations are found in
the pretectum (p1) or in the ventral thalamus (p3). Con-
versely, parvalbumin immunostaining largely underlines
the pretectal and ventral thalamic grisea, though some
dorsal thalamic ones also express this marker (Fig. 3).

In the following description of results, we deal first with
the epithalamus and dorsal thalamus and later with the
ventral thalamus and pretectum. In each case, further
details of morphologic subdivision precede the chemoar-
chitectural data.

Epithalamus

The epithalamus consists of the epiphysis and the ha-
benular complex. The latter has a compact, partly asym-
metric medial habenular nucleus and a lateral habenular
nucleus (HM, HL; Fig. 2B,C). The HL is more extensive
rostrally, where it appears as loosely distributed cells
interstitial to the fibers of the stria medullaris (HL; Fig.
2B); caudally, HL is represented by a few cells in the same
interstitial position (Fig. 2C). The HM nucleus consists of
a symmetric ventral portion (HMv) and an asymmetric
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Fig. 1. Overview of the diencephalon of Psammodromus. A: Sche-
matic drawing of a sagittal section of the brain showing the main
divisions of the diencephalon, as proposed in the prosomeric model
(Puelles, 1995; see text for explanation). B: Sagittal section of the

brain of Psammodromus stained with the reduced silver nitrate
method of Cajal. The main myelinated fiber tracts and the boundaries
of the p1–p3 prosomeres are marked. For abbreviations in this and
subsequent figures, see list. Scale bar 5 200 mm.
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Fig. 2. A–D: Selected Nissl-stained frontal sections through the diencephalon of Psammodromus.
Sections are rostrocaudally arranged (A, rostralmost; D, caudalmost). The majority of nuclei in the dorsal
and ventral thalamus, as well as in the pretectum are marked. Scale bar 5 250 mm.



Fig. 3. Overall distribution of the three calcium-binding proteins (calbindin: A,B; calretinin:
C,D; parvalbumin: E,F) in the diencephalon of Psammodromus as seen in sagittal (A,C,E) and frontal
(B,D,F) sections. The boundaries of the p1–p3 prosomeres are marked by dotted lines. The solid line in
A, C, and E represents the level of cross-section in B, D, and F, respectively. Scale bars 5 300 mm.



Fig. 4. Immunoreaction pattern of calcium-binding proteins in the
epithalamus. A: Detail of the dorsalmost portion of the dorsal thala-
mus in a frontal section of the brain stained with anti-calbindin
antibody. Numerous calbindin-D28k-immunoreactive (CB-IR) neu-
rons can be seen in the rostral subhabenular nucleus bilaterally
(SHr). B: Calbindin immunostaining in the epithalamus. Frontal
section, caudal to A. Note the asymmetric presence of intense CB
immunoreactivity in the dorsal part of the left medial habenular
nucleus (HMd). C: Calbindin immunoreactivity in a sagittal section
through the diencephalon, showing the course of the immunoreactive
retroflex tract (rt), bordering the dorsal thalamus-pretectum limit

(pretectum limits are defined by dashed lines). Note the three-tiered
structure of the dorsal thalamus (dt,mt,vt: dorsal, middle, and ventral
tiers, respectively). D: Calretinin immunoreactivity in the epithala-
mus. Only the dorsal part of the left medial habenular nucleus (HMd)
displays a few barely distinguishable immunoreactive neurons (aster-
isk). E: Parvalbumin immunoreactivity in the epithalamus. The epi-
thalamus lacks parvalbumin-reactive (PV-IR) neurons but displays a
dense immunoreactive plexus in the ventromedial portion of the me-
dial habenular nucleus (HM). Scale bars 5 125 mm in A,B; 200 mm in
C; 100 mm in D,E.



Figure 5
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dorsal portion (HMd). The latter appears at the left side of
the brain, and is characterized by neurons that adhere to
one another in a peripheral capsule, plus several inner cell
clumps or laminae, leaving cell-free areas of neuropil (Fig.
2C). Ventral to the habenular complex, small cell-poor
regions constitute the medial and lateral subhabenular
areas (SHm, SHl; Fig. 2C); there also seems to exist a
separate rostral subhabenular nucleus, as suggested by
differential immunostaining reported below (SHr; Fig.
4A,C). The subhabenular nuclei are conventionally
treated as part of the habenular complex. However, they
have a distinct limit with the habenular nuclei, whereas
their limit with underlying dorsal thalamic grisea is in-
distinct. Moreover, they do not project through the ret-
roflex tract (Diaz and Puelles, 1992a), which suggests that
they may rather belong to the dorsal thalamus. They are
therefore treated under that heading below.

Calbindin. The lateral habenular nucleus presents
rostrally a number of weakly CB-IR neurons (HL; Fig.
4A,C). The medial habenular nucleus shows an asymmet-
ric expression pattern (Fig. 4B). At the right, the whole
HM nucleus is negative for CB. In contrast, the cytoarchi-
tectonically distinct dorsal subdivision in the left HM nu-
cleus is intensely CB-IR (HMd; Figs. 3C, 4B). The HMd
cells extend CB-IR axons into the retroflex tract in the
form of several separate fascicles (rt; Figs. 4C, 5E, 9A).
These can be followed down to the floor of the diencepha-
lon, always in front of the p1/p2 boundary (Fig. 4C). Af-
terwards the whole tract takes a longitudinal course cau-
dalwards, into the interpeduncular nucleus (Diaz and
Puelles, 1992a).

Calretinin. Calretinin immunostaining in the epith-
alamus is restricted to a number of very weakly CR-IR
neurons in the asymmetric left HMd, in the same position
occupied by CB-IR neurons (asterisk in Fig. 4D); however,
no CR-immunostained axon can be followed into the ipsi-
lateral retroflex tract; this result may represent cross-
reaction of the anti-calretinin antibody in the presence of
highly concentrated CB (compare Fig. 4B).

Parvalbumin. Fibers of the stria medullaris are mod-
erately PV-IR as they cross longitudinally the epithala-
mus, approaching the habenular commissure; they may
originate in the nucleus of the posterior pallial commis-
sure, which is intensely PV-IR (not shown; see Diaz and
Puelles, 1992b). Terminals or collaterals from these fibers
enter the medial habenular nucleus along its length, pass-
ing just over the epithalamo/dorsal thalamus boundary,
and generating a dense PV-IR plexus in the medial part of
its symmetric ventral portion (HMv; Fig. 4E).

Dorsal thalamus

The nuclear structure of the dorsal thalamus can be
subdivided for systematic purposes into three dorsoven-
trally disposed tiers (dt, mt, vt; Figs. 4C, 5A,C, 6A; see also
Martı́nez-de-la-Torre, 1985; Diaz et al., 1994; Pombal and
Puelles, 1999; Redies et al., 2000). Note that the dorsoven-
tral axis employed here for defining the three superposed
tiers is that of the segmental paradigm (Puelles, 1995),
which is parallel to the transverse retroflex tract (Fig.1).
Neuroanatomists using the conventional columnar para-
digm would tend to interpret our ventral tier as a “poste-
rior” part of the dorsal thalamus. The dorsal tier contains
the rostral, medial, and lateral subhabenular nuclei, the
dorsal, thicker portion of the dorsomedial nucleus, and the
chemoarchitectonically distinct anterior and caudal dor-
solateral nuclei, plus the dorsal geniculate nucleus, which
lies superficially within this tier, and a small dorsocaudal
area just behind the habenular nuclei. The dorsal tier thus
includes most of the conventional “dorsal” nuclei (Fig.
2B,C). The middle tier expands into the roof of the dien-
cephalon, caudal to the dorsal tier and epithalamus, and it
mainly contains the posterior dorsolateral nucleus and the
rotundus complex (rotundus core and shell; Figs. 2C, 4C),
plus the associated periventricular stratum, formed by the
ventral thinner part of the dorsomedial nucleus, or inter-
mediomedial nucleus (see below). The perirotundic por-
tion of the intergeniculate leaflet formation covers super-
ficially the middle tier. The ventral tier contains the
medial, caudomedial, posteromedial, and posterolateral
nuclei, as well as other less well-known formations, such
as nucleus Z, nucleus ansa lenticularis posterior, and the
posterior nucleus of the ventral supraoptic commissure
(Fig. 2C,D).

Calbindin. Just under the epithalamus, CB-IR cells
appear bilaterally in a rostral dense group of neurons
lying just at the rostrodorsal border of the dorsal thala-
mus, as defined above. This nucleus is structurally and
chemoarchitectonically distinct from the conventional,
cell-poor, lateral and medial subhabenular nuclei found
more caudally. We therefore introduce the term “rostral”
subhabenular nucleus for this population (SHr; Fig.
4A,C). These cells are flanked by CB-IR neuropil areas,
which we identify as the medial and lateral subhabenular
areas, respectively (SHm, SHl; Fig. 4A,B). The SHm is
periventricular and displays an intensely CB-IR neuropil,
as well as some positive cells; it is in contact with the
dorsomedial nucleus ventrally. The SHl lies laterally,
where it reaches the brain surface below the stria med-
ullaris tract (a subpial landmark identifying the ventral

Fig. 5. Calbindin immunoreactivity in the dorsal thalamus. A: Para-
median sagittal section showing the dorsoventral tiered arrangement
of nuclei in the dorsal thalamus (dt, mt, vt: dorsal, middle, and ventral
tiers, respectively). B: Detail of the dorsal tier in a frontal section. The
dorsolateral anterior nucleus (DLA) is almost immunonegative with
the exception of its ventral region (asterisk), in contrast to both the
dorsomedial (DM) and dorsal geniculate (GD) nuclei that display
calbindin-D28k-immunoreactive (CB-IR) neurons and neuropil.
C: Sagittal section through the diencephalon. In the middle tier,
various subdivisions can be clearly distinguished in the rotundic
complex. In the ventral tier, the medial, posteromedial, and caudo-
medial nuclei (M, PM, CM) stand out by their strong CB-IR. The

asterisk marks the ventral portion of DLA. D: Frontal section at the
caudal end of the dorsal tier. In the dorsal tier, the dorsolateral caudal
nucleus (DLC) appears near the retroflex tract (rt); in the middle tier,
the dorsolateral posterior nucleus (DLP) and the nucleus rotundus (R)
can be observed (dorsal thalamus limits are defined by dotted lines).
E: Lateral derivatives of the ventral tier at caudal levels of the dorsal
thalamus, near the basal plate. This region displays a high CB im-
munoreactivity, in contrast to the overlying pretectum (PT) and the
underlying ventral thalamic basal plate (retromammillary region,
RM). F: Detail of the nucleus Z, showing moderately immunostained
large neurons embedded in a reactive neuropil. Scale bars 5 200 mm
in A; 75 mm in B,F; 125 mm in C,D; 150 mm in E.
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Figure 6

76 J.C. DÁVILA ET AL.



border of the epithalamus); its CB-IR neuropil is less
dense than that of SHm. The dorsomedial nucleus (dorsal
part) is uniformly CB-IR; that is, both its neurons and
neuropil are strongly immunoreactive (DM; Fig. 5A,B,D).
Conversely, the dorsolateral anterior nucleus is practi-
cally devoid of CB signal, with the exception of its ventral,
suprarotundic region, where sparse weakly immunoreac-
tive neurons were found (DLA; asterisk in Fig. 5B,C). In
contrast, the dorsal geniculate nucleus has numerous
CB-IR cells in the deep cell plate and a CB-IR neuropil
(GD; Fig. 5B).

In the middle tier, the nucleus rotundus is massively
CB-IR (many neurons and neuropil), with particularly
strong signal in the perirotundal capsule (R; Figs. 4C,
5A–D). Sagittal and transverse sections (see also other
markers below) illustrate that the rotundic core region is
heterogeneous chemoarchitectonically, so that a large dor-
sal part is separated from a smaller ventral part by a thin
intermediate area. The latter is relatively poor in CB-IR
neurons (Rd, Ri, Rv; Fig. 5C,D). The posterior, ventral,
and anterior rotundic shell regions represent additional
cell populations surrounding the rotundic core. The pos-
terior and anterior rotundic shell populations also contain
many CB-IR cells, whereas the ventral rotundic shell ap-
pears as a CB-negative gap that separates the rotundic
complex from the underlying ventral tier formation (RSp,
RSa, RSv; Fig. 5C,D). The posterior dorsolateral nucleus,
which lies at the dorsocaudal end of the middle tier, sep-
arating the pretectum from the thalamic dorsal tier and
epithalamus, shows some CB-immunoreactive neurons
and a moderately CB-IR neuropil (DLP; Figs. 4C, 5D). The
periventricular stratum corresponding to the middle tier
is formed by a slightly distinct, thinner ventral portion of
the conventional dorsomedial nucleus, which we propose
can be distinguished as the intermediomedial nucleus (IM
in Fig. 5A).

The perirotundic (deeper) portion of the intergeniculate
leaflet formation contains moderately CB-IR neurons and
neuropil (IGL; Fig. 5D), whereas more superficial parts of
the IGL are negative.

The medial nucleus appears rostrally in the ventral tier
of the dorsal thalamus (adjacent to the zona limitans
intrathalamica); it has a strongly CB-IR neuropil, which
likewise contains CB-IR neurons (M; Fig. 5A,C,D). More
caudally, the medial nucleus is substituted within the
ventral tier by the posteromedial nucleus, which also
shows a massively CB-IR cell population and an even
more intensely CB-immunoreactive neuropil (PM; Fig.
5A,C,E). The PM in its turn is substituted caudally by the
caudomedial nucleus, an area which is similar to the me-
dial nucleus in CB preparations, but lies at the boundary

with the pretectum (CM; Fig. 5A,C). Ventrolateral to these
medially lying nuclei, which jointly form a periventricular
stratum, there appears an intermediate mantle region
with abundant CB-IR neurons and neuropil, which we
have named the posterolateral nucleus (PL; Fig. 5E). This
nucleus occupies an intermediate radial position and ap-
proaches laterally the superficial ventral tier derivatives,
where the dorsal thalamus expands again in surface ex-
tent. One of these superficial ventral tier components is
the nucleus Z, which lies interstitially within the torome-
dial tract and has a number of moderately CB-IR neurons
(Z; Fig. 5E,F).

Calretinin. In the dorsal tier, calretinin appears in
the neuropil and cells of the SHm (Fig. 4D). The subjacent
dorsal part of the dorsomedial nucleus, or DM nucleus
proper, displays the highest CR-immunoreactivity in the
thalamus, present in both neurons and neuropil (DM; Fig.
6A–C). The anterior dorsolateral nucleus is largely nega-
tive, but contains weakly CR-IR neurons medially, at its
boundary with the DM (DLA; Fig. 6B). In contrast, there
is a caudal region, lying behind the typical DLA and
medial to the DLP, which shows abundant CR-IR neurons
and neuropil; we name this region the caudal dorsolateral
nucleus (DLC; Fig. 6C). The dorsal geniculate nucleus
contains some barely distinguishable positive neurons in
its cell plate and an immunoreactive neuropil (not shown).

In the middle tier, the core of nucleus rotundus appears
largely immunonegative for CR (Rd, Ri, Rv; Fig. 6A,C).
However, its ventral region has a few weakly immunore-
active neurons (Rv; Fig. 6A,C) and a number of neurons
and the neuropil of the three rotundic shell regions are
strongly CR-IR (RSp, RSv, RSa; Fig. 6A,C,D). Caudally,
the posterior dorsolateral nucleus also contains some im-
munoreactive neurons (DLP; Fig. 6A,C). The periventricu-
lar stratum of the middle tier, the intermediomedial nu-
cleus, found strictly medial to nucleus rotundus, appears
also strongly CR-IR (IM; Fig. 6C). The perirotundic, deep
part of the intergeniculate leaflet formation also contains
a subpopulation of CR-IR neurons (IGL; Fig. 6C,D).

In the ventral tier, the medial and caudomedial tha-
lamic nuclei display a number of CR-IR neurons embed-
ded in a moderately immunoreactive neuropil (M, CM;
Fig. 6A,C). Weakly labeled CR-IR neurons appear in the
posteromedial nucleus (PM; Fig. 6D). Numerous CR-IR
neurons were also found within the posterior nucleus of
the ventral supraoptic commissure (PCSV; Fig. 6E).

Parvalbumin. Parvalbumin immunolabeling is
wholly absent in both DM and DLA/DLC nuclei of the
dorsal tier, whereas the laterally adjacent GD displays a
number of strongly immunoreactive neurons, particularly
in its superficial neuropil-rich zone (Fig. 7A). In the mid-

Fig. 6. Calretinin immunoreactivity in the dorsal thalamus. A: Me-
dial sagittal section through the diencephalon showing the dorsoven-
tral arrangement of the neuronal aggregates in the dorsal thalamus.
The dorsolmedial nucleus (DM) is the most prominent periventricular
calretinin-immunoreactive (CR-IR) structure of the dorsal thalamus.
The boundaries of the ventral thalamus (VT), dorsal thalamus, and
the pretectum (PT) are marked by dotted lines. Asterisk marks the
CR-IR population of the periventricular stratum fibrosum of the ven-
tral thalamus. B: Detail of the dorsal tier in frontal section. CR-IR
neurons can be observed in the dorsomedial (DM) and dorsolateral
anterior (DLA) nuclei. C: The dorsal tier contains the CR-IR dorso-
lateral caudal nucleus (DLC). The middle tier contains the rotundus

core (R; d, i, v, dorsal, intermediate, and ventral parts, respectively),
almost immunonegative, surrounded by the anterior rotundic shell
and several other CR-IR nuclei (Rsa, IM, DM, IGL, M). Boundaries
with the PT and VT are marked by dotted lines. D: At a more caudal
level, passing through the caudal pole of the middle tier, the posterior
and ventral rotundic shell nuclei are CR-IR (RSp, RSv), as well as the
posteromedial nucleus (PM) and the intergeniculate leaflet formation
(IGL). E: Frontal section of the thalamus at the level of the posterior
nucleus of the ventral supraoptic commissure (PCSV), a cell mass in
the superficial part of the ventral tier, intercalated between the PT
and the retromammillary region (RM). Scale bars 5 200 mm in A; 100
mm in B–E.
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Fig. 7. Parvalbumin immunoreactivity in frontal sections of the
dorsal thalamus. A: Dorsal and middle tier regions. All dorsal tier
nuclei lack parvalbumin (PV) immunoreactivity, whereas in the mid-
dle tier, the rotundus nucleus (R) shows a dense PV-IR neuropil. The
intergeniculate leaflet formation (IGL) and the dorsal geniculate (GD)
display PV-IR neurons. The boundary between dorsal thalamus and
ventral thalamus is marked by a dashed line. B: Detail of the immu-
noreactive neuropil in the nucleus rotundus (R). C: Photomontage of
the caudal region of the dorsal thalamus at the level of the postero-

medial and posterolateral nuclei (PM, PL). Interprosomeric limits are
marked by dashed lines. The ventral tier displays superficially two
intensely PV-IR cellular masses, the nucleus Z and the posterior
nucleus of the ventral supraoptic commissure (PCSV). The asterisk
labels a neighboring distinct area which is tentatively compared to the
avian nucleus ansae lenticularis posterioris. Overlying the ventral
tier, appears the intensely PV-IR pretectum (PT; compare Fig. 10).
The retromammillary region (RM) displays also a strong immunore-
activity. Scale bars 5 100 mm.
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dle tier, the neuropil of nucleus rotundus is intensely
immunostained (particularly medially), but PV-IR neu-
rons are absent (Fig. 3F, not labeled; R; Fig. 7A,B). In the
ventral tier, intense PV-immunoreactivity appears in the
large neurons of the nucleus Z, as well as in neurons in the
posterior nucleus of the ventral supraoptic commissure (Z,
PCSV; Fig. 7C). Caudally adjacent to these nuclei there is
a moderately PV-IR neuropil which contains a few
strongly positive neurons (asterisk; Fig. 7C). This field
touches the boundary with the pretectum and virtually
occupies a position identical with that of the avian nucleus
ansae lenticularis posterior (see Discussion). The whole
intergeniculate leaflet formation contains abundant
PV-IR neurons (IGL; Fig. 7A,B). The interstitial nucleus of
the optic tract (not shown; see Puelles et al., 1991) repre-
sents a neuronal group placed very superficially, next to,
or intermixed with fibers of the optic tract.

Ventral thalamus

The ventral thalamus of sauropsids has a reduced ex-
tent at the ventricle, due to embryonic compaction, fusion,
and resorption of the lips of the transient pseudosulcus
parencephalicus, the primitive neuromeric ventricular
cavity of p3 (Rendahl, 1924; Kuhlenbeck, 1973; Martı́nez-
de-la-Torre, 1985). However, this alar domain expands
considerably superficially (VT; Fig. 3B,D,F; see also
Martinez-de-la-Torre, 1985). The periventricular stratum
is constituted by the so-called dorsolateral hypothalamic
nucleus (not really an hypothalamic element, according to
our prosomeric interpretation; zona incerta might be a
more appropriate name), plus a cell-poor periventricular
stratum fibrosum (DLH; Fig. 2A–C). A zona incerta can be
identified ventrally with tyrosine-hydroxylase immuno-
histochemistry (not shown here; see Medina et al., 1994;
Puelles and Medina, 1994). All other ventral thalamic
populations occupy either intermediate loci (area interca-
lata, area triangularis, ventromedial nucleus; AI, AT, VM;
Fig. 2A–C) or more superficial positions in the mantle
(ventrolateral nucleus, ventral geniculate, lateral supra-
chiasmatic nucleus, nucleus ovalis; VL, GV, SCL, O; Fig.
2A–C).

Calbindin. Most of the scarce CB-IR cells in the ven-
tral thalamus are located in the intermediate or periven-
tricular regions of the mantle. CB-IR neurons are present
in the ventromedial nucleus, extending partially dorsal-
wards into the overlying area triangularis (AT, VM; Fig.
8A,B; see also Fig. 3B). In VM, the CB-IR cells are embed-
ded among the stained fibers of the dorsal peduncle of the
lateral forebrain bundle, which add to the neuropil stain-
ing. A few CB-IR neurons were found in the periventricu-
lar stratum fibrosum of the ventral thalamus, deep to the
dorsolateral hypothalamic nucleus; this area contains a
distinct patch of CB-IR neuropil, whereas the DLH shows
virtually no immunoreactive cells and a palely stained
neuropile (Figs. 2B, 5D, 8A,B). At the superficial, ex-
panded region of the ventral thalamus, some neurons in
the ventrolateral nucleus are weakly calbindin-
immunopositive, whereas the ventral geniculate nucleus
lacks such cells (Figs. 2B, 8B). In contrast, the dorsally
located nucleus ovalis presents CB-immunoreactive neu-
rons in its lateral neuropil, which is also moderately im-
munoreactive (O; Fig. 8A).

Calretinin. Calretinin-immunoreactive neurons are
largely restricted to the periventricular stratum fibrosum
of the ventral thalamus, deep to the dorsolateral hypotha-

lamic nucleus (Figs. 2D, 8C). We observed a number of
CR-IR neurons along the whole dorsoventral extent of this
stratum, which are best seen in parasagittal sections; note
that this p3 population seems to expand dorsally (asterisk
in Fig. 6A), where it appears intercalated between the
dorsomedial nucleus of the dorsal thalamus (in p2) and
the eminentia thalami and bed nucleus of the stria med-
ullaris (in p4). The remaining cell groups of the ventral
thalamus lack calretinin- immunoreactive neurons, with
the exception of the superficially located nucleus ovalis, in
the cell plate of which a few weakly stained neurons were
found (Fig. 8C). In addition, the ventral geniculate nu-
cleus shows a moderately CR-IR neuropil in its superficial
plexiform stratum (compare Figs. 2C and 3D). At inter-
mediate dorsoventral levels of the diencephalon, the CR-
immunonegative neuropile of the ventral thalamus can be
used to identify p3 (intercalated between CR-positive p2
and p4 areas) in sagittal sections (Fig. 3C).

Parvalbumin. As can be seen in transverse sections
(Fig. 3F), parvalbumin labeling is preferentially found in
the superficial and periventricular strata of the ventral
thalamus; this marker provides interesting contrast to
calretinin and calbindin labeling. Numerous PV-IR neu-
rons are present within a moderately to strongly PV-IR
neuropile both in the lateral plexiform stratum and in the
cell plate of the ventral geniculate nucleus (GV; Figs. 3F,
8D). Deep to GV, the intercalate area (Diaz et al., 1994)
shows sparser PV-IR neurons and a pale-staining neuro-
pile (AI; Figs. 3E,F, 8D). A number of neurons in the
ventrolateral and lateral suprachiasmatic nuclei are
also parvalbumin-immunoreactive (VL, SCL; Fig. 8D).
Whereas the VM is PV-negative (Fig. 8D), the DLH shows
a PV-IR cell population (unlabeled; Fig. 3F). The periven-
tricular stratum fibrosum shows only background staining.

Pretectum

The pretectal region can be subdivided into three nearly
transverse sectors, identified as commissural, juxtacommis-
sural, and precommissural sectors, respectively (Martinez-
de-la-Torre, 1985; Medina et al., 1992, 1993; Puelles et al.,
1996; Pombal and Puelles, 1999; Redies et al., 2000; Yoon et
al., 2000). The commissural sector is caudalmost and con-
tains at the periventricular level the posterior commissure
and its interstitial nuclei, as well as the subcommissural
organ and underlying part of the periventricular stratum
fibrosum. The medial pretectal, principal pretectal, and sub-
pretectal nuclei jointly form the intermediate mantle stra-
tum of the commissural pretectum, whereas the posterodor-
sal nucleus appears in this subdivision dorsally. This sector
limits caudally with the mesencephalic griseum tectale. The
intermediate, or juxtacommissural, pretectal sector consists
of medial and lateral juxtacommissural nuclei (found at deep
and intermediate radial levels, respectively), plus the exter-
nal pretectal nucleus, superficially (the latter is also confus-
ingly known as “lentiform mesencephalic nucleus,” though it
clearly develops inside the pretectum). The precommissural
sector contains a periventricular (periacueductal) gray stra-
tum, the principal precommissural nucleus at intermediate
levels, and the precommissural superficial nucleus, or “pre-
tectal geniculate nucleus,” superficially (Figs. 2D, 10).

Calbindin. The pretectum is the alar region of the
diencephalon showing less calbindin immunoreactivity
(Fig. 3A,B). CB-IR neurons are largely restricted to the
medial and the lateral juxtacommissural nuclei, whose
interstitial neuropiles are devoid of label; nevertheless,
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the lateral juxtacommissural nucleus has a lateral neuro-
pil at its caudolateral boundary with the principal pretec-
tal and subpretectal nuclei, where it displays a moderate
CB immunoreaction (JCM, JCL, Fig. 9A). The medial pre-
tectal nucleus shows a weakly CB-IR neuropil, which is
continuous ventrolaterally with a neuropil shell around
the principal pretectal/subpretectal complex, but it has no
cellular expression (PrM; Fig. 9A). Apart from this, a few

lightly stained CB-IR neurons were found in the principal
precommisural nucleus (not shown).

Calretinin. Calretinin-immunoreactive neurons are
also restricted to a few nuclei in the pretectum. In the
superficial juxtacommissural sector, the neurons of the
external pretectal nucleus are strongly CR-IR (PE; Fig.
9B). In the precommissural sector, the principal precom-
misural nucleus displays a number of weakly immuno-

Fig. 8. Calcium-binding proteins in the ventral thalamus.
A,B: Frontal sections through the diencephalon, immunostained for
calbindin. The main calbindin-D28k-immunoreactive (CB-IR) ventral
thalamic nuclei (O, AT, VM) are marked. C: Calretinin immunoreac-
tivity. The periventricular stratum fibrosum contains abundant
calretinin-immunoreactive (CR-IR) neurons. D: Parvalbumin immu-
nostaining in lateral ventral thalamic nuclei (GV, VL, AI, SCL). Most

PV-IR grisea are located superficially; note the presence of numerous
immunoreactive neurons in the neuropil of the ventral geniculate
nucleus (GV). The PV-IR supra- or entopeduncular neurons in rela-
tionship with the lateral forebrain bundle (lfb) are interpreted as
lying outside the ventral thalamus. Scale bars 5 125 mm in A,B; 100
mm in C,D.
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stained neurons in its deep portion, and the associated
periaqueductal gray contains a larger number of CR-IR
cells and processes (PPC, PAG; Fig. 9C). In the commis-
sural sector of the pretectum, the superficial, retinorecipi-
ent posterodorsal nucleus is noteworthy by its character-
istically lobulated CR-IR neuropil (PD; Fig. 9D).

Parvalbumin. In contrast to the two other calcium-
binding-proteins, the pretectum is massively parvalbumin-
immunoreactive (Fig. 3E,F). In fact, the most intense expres-
sion of parvalbumin within the diencephalon is found in the
pretectal region. The majority of nuclei in every transverse
pretectal sector contain PV-IR neurons (Fig. 10). In the com-
misural sector, all cellular masses display PV-IR neurons,
with the exception of the dorsally placed principal pretectal
and posterodorsal nuclei. Abundant PV-IR neurons are
found in the subpretectal nucleus, embedded in an immuno-
reactive neuropil (SP; Fig. 10). Also, both the magnocellular
and parvicellular interstitial nuclei of the posterior commis-
sure, as well as the medial pretectal nucleus, display a mod-
erate number of immunoreactive neurons (IPCm, IPCp,
PrM; Fig. 10). A packet of fibers in the posterior commissure

is PV-IR, but we could not trace their origin (pc; Fig. 10). In
the juxtacommissural sector, the lateral juxtacommissural
nucleus and its lateral neuropile are massively PV-IR, con-
trasting with the overlying principal pretectal nucleus,
which lacks any immunolabeling (JCL, PP; Fig. 10). The
medial juxtacommissural nucleus also contains many PV-IR
neurons and a moderately immunopositive neuropil. Some
PV-IR neurons likewise appear in the superficially located
external pretectal nucleus (JCM, PE; Fig. 10). In the pre-
commissural sector, the periaqueductal gray and the deep
part of the PPC only show a few PV-IR fibers; in contrast, the
neurons and neuropil of the intermediate stratum of the
PPC display an intense-to-moderate parvalbumin immuno-
labeling (PPC; Fig. 10). The lateral neuropil of the PPC is
less immunoreactive and limits with the strongly PV-IR
neuronal cell plate of the pretectal geniculate nucleus (GP;
Fig. 10). The neurons of GP display a characteristic arrange-
ment of radial immunoreactive dendrites, which extend lat-
erally to contact the optic tract, embedded in the
parvalbumin-negative plexiform stratum of the nucleus
(compare with Diaz et al., 1999).

Fig. 9. Calbindin and calretinin immunoreactivity in the pretec-
tum. A: Both the medial (JCM) and lateral (JCL) juxtacommissural
nuclei display calbindin-immunreactive (CB-IR) cells; note the labeled
lateral neuropil of JCL. B: Detail of the calretinin-immunoreactive
(CR-IR) neurons in the superficially located external pretectal nucleus
(PE). C,D: Frontal sections through the pretectal region immuno-

stained for calretinin. Some weakly stained neurons appear in the
periventricular part of the principal precommissural nucleus (PPC),
caudal to the posterior rotundic shell nucleus (RSp). Note also the
immunoreactive retinorecipient neuropil of the posterodorsal nucleus
(PD). Scale bars 5 150 mm.
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DISCUSSION

We studied the nuclear organization of the lizard dience-
phalic alar plate, as conceived within the prosomeric para-
digm (Puelles, 1995; see also Nieuwenhuys, 1998), by char-
acterizing the differential expression of calbindin, calretinin,
and parvalbumin. The respective p1–p3 prosomeric alar do-
mains were identified by reference to observable fiber tracts
and other constant landmarks (Fig. 1A,B; Puelles, 1995).
Present results in Psammodromus show that an extensive
CB and CR immunoreaction represents a differential char-
acteristic of the lizard p2 alar plate (dorsal thalamus) versus
the p1 and p3 neighboring territories (pretectum, ventral
thalamus; Figs. 3, 11; Table 1). Calbindin and calretinin are
thus particularly suitable markers for delimiting the dorsal
thalamus and epithalamus from neighboring alar forebrain
areas, as observed recently in lampreys and frogs (Pombal
and Puelles, 1999; Milán and Puelles, 2000), or as can be

deduced from mappings performed in the rat or mouse
(Puelles et al., 1992; Jacobowitz and Abbott, 1997). Con-
versely, parvalbumin is more extensively expressed in the
pretectum and ventral thalamus than in the dorsal
thalamus/epithalamus complex. In the following sections, we
will discuss the diencephalic subdivisions thus highlighted
in the lizard in comparison to other vertebrates. Some issues
concerning terminology and homology raised by the patterns
observed will be considered as well.

General comparative comments on calcium-
binding proteins as markers in the

diencephalon

Calretinin or calbindin represent markers useful for the
general distinction of the dorsal thalamus from both pre-
tectum and ventral thalamus in adult anamniote verte-
brates. Delineation of pretectal and thalamic centers by

Fig. 10. Photomontage of a frontal section through the pretectal
region showing the distribution of parvalbumin. Almost all pretectal
nuclei are present in this section and all of them display parvalbumin-
immunoreactive (PV-IR) neuronal populations, with the exception of

the principal pretectal nucleus (PP). An especially prominent immu-
noreactivity is found in the lateral juxtacommissural (JCL) and the
pretectal geniculate (GP) nuclei. The dorsal thalamus/pretectum limit
is marked by a dashed line. Scale bar 5 100 mm.
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Fig. 11. Summary of the distribution of calcium-binding protein-
immunoreactive cell bodies in the diencephalon of Psammodromus.
Drawings marked from A to D match the same four diencephalic
levels showed in Figure 2. Each level of cross-section is marked in the
sagittal scheme at the left top of the figure. The boundaries of the

pretectum (PT), dorsal thalamus (DT), ventral thalamus (VT), and
hypothalamus (Hyp) are marked by dotted lines. The number of
calcium-binding protein-imunoreactive (CBP-IR) cell bodies is repre-
sented by a three-level gray scale (see Table 1 for comparison).



exclusive use of cytoarchitectonic criteria is difficult in
anamniotes. A majority of the dorsal thalamus neurons
express calretinin in the lampreys Lampetra fluviatilis
and Petromyzon marinus (Pombal and Puelles, 1999), in
Xenopus and Rana frogs (Milán and Puelles, 2000), and in
the urodele Ambystoma mexicanum (Puelles and North-
cutt, unpublished observations). Many of these neurons
occupy a periventricular position, though a variable num-
ber of migrated CR-IR cells may appear as well. On the
other hand, only a small subset of dorsal thalamic neurons
express calbindin in Xenopus and Rana (Milán and
Puelles, 2000). In contrast, periventricular dorsal thala-
mus neurons in the shark Scyliorhinus canicula were
found to be massively CB-IR (Rodrı́guez-Moldes et al.,
1990a); it is not known whether CR coexists with CB in
this case.

In Psammodromus, there seem to be more dorsal tha-
lamic neurons expressing CB than cells expressing CR.
Calretinin appears mainly in periventricular cell popula-
tions (DM, IM, M nuclei), which usually also express cal-
bindin. Neurons showing exclusively calbindin expression
are also more abundant in Psammodromus than in frogs
(notably in the middle and ventral tier nuclei). However,

the DLA nucleus (dorsal tier), which is practically devoid
of both markers, shows an anterior subregion richer in
CB-positive cells; this can be compared to the rostral part
of the frog anterior nucleus (Milán and Puelles, 2000).

Available data on the presence of calcium-binding pro-
teins in the avian diencephalon corroborate a larger pres-
ence of both CB and CR in the dorsal thalamus, than in
the pretectum and ventral thalamus. Calretinin appears
largely restricted to the periventricular stratum and to
the intergeniculate leaflet homolog, whereas CB is more
extensively distributed in nucleus rotundus, nucleus dor-
solateralis posterior, and the periovoidal shell; these rep-
resent the avian middle and ventral tiers (Braun, 1990;
Aste et al., 1995; De Castro et al., 1998; Redies et al., 2000;
Puelles, unpublished observations).

Published accounts on the distribution of these markers
in mammals also indicate a restriction of CR, coexpressed
with CB, to periventricular dorsal thalamic populations,
and a more extensive presence of calbindin in other nuclei
(i.e., in the ventromedial, anteromedial, paratenial, cen-
trolateral, posterocentral, and lateral geniculate nuclei;
Winsky et al., 1992; Arai et al., 1994; Fortin et al., 1996).
Work by Celio and colleagues also underlined an impor-
tant expression of CB in the posterior/intralaminar com-
plex of the dorsal thalamus and in the shell of the medial
geniculate body (Celio, 1990; Séquier et al., 1990). It is
remarkable that most of these formations might represent
derivatives of the middle and ventral tiers, whereas the
ventral, anterior, lateral, and medial nuclear complexes,
putative mammalian dorsal tier derivatives, are largely
devoid of calcium-binding proteins, as in sauropsids.

On the other hand, parvalbumin is expressed more fre-
quently in pretectal and ventral thalamic neurons than in
the dorsal thalamus in both mammals and Psammodro-
mus (Celio, 1990; Frassoni et al., 1991; Coveñas et al.,
1991; Arai et al., 1994; De Biasi et al., 1994; present
results). In fact, the few dorsal thalamic nuclei expressing
parvalbumin (e.g., GD, or IGL) may represent a develop-
mentally unitary complex, the anteroventral compart-
ment (Redies et al., 2000; Yoon et al., 2000), which is a
specific anteriorly placed neuroepithelial matrix, adjacent
to the zona limitans. Previous work suggested the exis-
tence in birds of a superficially migrated dorsal thalamic
nuclear group which derives in development from a sepa-
rate, thin matrix area which is placed just behind the zona
limitans intrathalamica, and also extends ventrally back-
wards just over the alar/basal boundary, in a boomerang
shape (Rendahl, 1924; Puelles et al., 1991; Martı́nez et al.,
1991). In chick embryos, the migrated cells form a subpial
sheet that covers most of the dorsal thalamus. This histo-
genetically distinct primordium has been corroborated re-
cently by visualization of the genes Sox-21 (Uchisawa et
al., 1999) and Nkx-2.2 (Puelles et al., 1999), which are
differentially expressed in this population during and af-
ter its migration to the brain surface. An entirely similar
embryonic primordium can be found in lizard embryos
(Rendahl, 1924; Martı́nez-de-la-Torre, 1985).

According to their topography, therefore, the PV-IR pop-
ulations in the dorsal thalamus probably arise from the
anteroventral compartment. Due to the frequent correla-
tion of parvalbumin with GABAergic neurons, it is note-
worthy that only anterior portions of the reptilian dorsal
thalamus (including the GD homolog) seem to contain
GABAergic neurons (Bennis et al., 1991; Rio et al., 1992;
Pritz and Stritzel, 1994, Kenigfest et al., 1997) and the

TABLE 1. The Number of Calcium-Binding Protein Immunoreactive Cell
Bodies in Diencephalic Nuclei of Psammodromus1

CB-IR3 CR-IR PV-IR

Epithalamus
Lateral habenular nucleus 12

Medial habenular nucleus (dorsal) 111 1
Dorsal thalamus

Rostral subhabenular nucleus 11
Medial subhabenular area 1 1
Dorsomedial nucleus 111 111
Dorsolateral anterior nucleus 1 1
Dorsolateral caudal nucleus 11
Dorsal geniculate nucleus 111 1 11
Intergeniculate leaflet formation 11 11 111
Dorsolateral posterior nucleus 11 11
Intermediomedial nucleus 111
Nucleus rotundus 111 1
Rotundic shell anterior 111 11
Rotundic shell posterior 111 11
Rotundic shell ventral 11
Medial thalamic nucleus 11 11
Caudomedial nucleus 111 11
Posteromedial nucleus 111 11
Posterolateral nucleus 111
Nucleus Z 1 111
Posterior nucleus of the commissura
supraoptica ventralis

111 111

Nucleus ansa lenticularis posterior 1
Ventral thalamus

Stratum fibrosum periventricular 1 111
Dorsolateral hypothalamic nucleus 1
Area intercalata 11
Area triangularis 11
Ventromedial nucleus 111
Lateral suprachiasmatic nucleus 11
Nucleus ovalis 111 1
Ventral geniculate nucleus 111
Ventrolateral nucleus 1 11

Pretectum
Interstitial nuclei of the posterior

commissure
11

Subpretectal nucleus 111
Medial pretectal nucleus 11
Medial juxtacommissural nucleus 1 111
Lateral juxtacommissural nucleus 11 111
External pretectal nucleus 11 11
Periacueductal grey 11
Principal precommissural nucleus 1 11 111
Pretectal geniculate nucleus 111

1Only the nuclei displaying immunoreactive cell bodies are listed.
2111, abundant; 11, moderate; 1, few.
3CB-IR, CR-IR, PV-IR, Calbindin-D28k-, calretinin-, parvalbumin-immunoreactive, re-
spectively.

84 J.C. DÁVILA ET AL.



same occurs mutatis mutandis in birds (Domenici et al.,
1988; Granda and Crossland, 1989).

Regional subdivisions

In addition to the interprosomeric limits, we identified a
number of secondary, roughly anteroposterior or dorso-
ventral subdivisions within the pretectum and dorsal thal-
amus (see below), in agreement with recent work in the
chick (Redies et al., 2000; Yoon et al., 2000). These che-
moarchitectonic subdivisions generally are also observ-
able with Nissl staining, and they represent radial subdo-
mains of the respective alar plate regions, which extend
from the ventricular surface to the pia. They are postu-
lated to result each from the development of a separate
histogenetic area, even though some neuronal populations
may migrate from one area into adjacent domains
(Puelles, 1995; i.e., the intergeniculate leaflet formation).
We will next comment on various structural details in the
different diencephalic subregions, referring to wider liter-
ature on vertebrates.

Epithalamus. We found that the habenular complex
is asymmetric in Psammodromus. A singular dorsal part
of the left medial habenular nucleus forms a separate
nidulus around a neuropil patch; its cells intensely ex-
press CB, which is also present in axons entering the left
retroflex tract. A comparable asymmetric configuration
was observed in the lizards Uta stansburiana (Engbretson
et al., 1981) and Gallotia galloti (Medina et al., 1992).
Engbretson et al. (1981) related this asymmetry to an
unilateral projection field of the parietal eye. However, a
similarly asymmetric CB-IR formation has been described
in the medial habenula of the shark Scyliorhinus canicula
(Rodrı́guez-Moldes et al., 1990a,b), in the absence of a
parietal eye. The lamprey habenula is markedly asymmet-
ric (Pombal and Puelles, 1999), but we lack data on CB
expression in this species. Amphibians are known to have
an asymmetric left dorsal nidulus in the habenula (Fron-
tera, 1952; Kemali and Braitenberg, 1969; Neary and
Northcutt, 1983; Kemali et al., 1990); however, neither CB
or CR correlate with this asymmetric portion (Milán and
Puelles, 2000). The patterns of calcium-binding proteins
found in the habenula of birds and mammals seem to be
symmetric (Celio, 1990; Braun, 1990; Jacobowitz and Ab-
bott, 1997; Puelles, unpublished observations). This set of
data is limited and may still be inconclusive. Further
cladistic comparisons are needed to fully understand these
variations and also to resolve whether habenular symme-
try evolved independently in birds and mammals.

Dorsal thalamus. The most remarkable structural
aspect highlighted by the present observations in the dor-
sal thalamus is its three-tiered division. This pattern al-
ready became apparent in an earlier paper (Diaz et al.,
1994), which showed distinct topographic afferent and
efferent connections of each tier with portions of the retic-
ular thalamic nucleus. There is evidence for additional
hodological specificity of the three dorsal thalamic tiers.
Data on thalamo-telencephalic connections in lizards and
other reptiles suggest that dorsal tier nuclei tend to re-
ceive “lemniscal” afferents and project into cortical telen-
cephalic domains (derivatives of medial and dorsal pallial
areas; Hoogland, 1981; Künzle and Schnyder, 1983; Bruce
and Butler, 1984a,b; Butler, 1995; Kenigfest et al., 1997;
Desfilis et al, 1998). In contrast, the nuclei in the middle
and ventral tiers receive strong mesencephalic (“collicu-
lar”) inputs (tectal, intercollicular, or toral) and project to

specific areas in the telencephalic dorsal ventricular ridge
(DVR; Pritz, 1974a,b; Pritz and Northcutt, 1980; Balaban
and Ulinski, 1981; Belekhova et al., 1983; Bruce and But-
ler, 1984a,b; Pritz and Stritzel, 1990; Butler, 1995;
Guirado et al., 2000). The DVR is a nuclear pallial domain,
which has been recently classified into components de-
rived from the lateral pallium and a newly identified com-
ponent of the vertebrate pallium, the molecularly distinct
ventral pallium (equal to the avian neostriatum; Puelles
et al., 1999, 2000; see also Striedter, 1997; Smith-
Fernández et al., 1998). Neurons in the middle and ven-
tral thalamic tiers project to the ventral pallial portion of
the DVR. This hodological pattern led Butler (1995) to
distinguish the “lemnothalamus” (roughly equivalent to
our dorsal tier, plus DLP) from the “collothalamus” (equal
to the rest of our middle and ventral tiers). This
topographic-hodologic correlation was previously deduced
as well by Martı́nez-de-la-Torre (1985). The three tiers
display characteristic calcium-binding protein expression
profiles (Figs. 3, 11; Table 1), which perhaps can be of help
in recognizing their homologues in birds (Martı́nez-de-la-
Torre, 1985; Puelles, unpublished observations), and per-
haps also in mammals. It is of interest that a similar
three-tiered structure can be identified with CR immuno-
chemistry in the lamprey and frog dorsal thalamus (Pom-
bal and Puelles, 1999; Milán and Puelles, 2000).

Dorsal tier. The lizard dorsal tier corresponds topolog-
ically to the complex formed by the anterior, lateral ante-
rior, dorsal geniculate, subhabenular, and dorsocaudal
nuclei defined in frogs (Puelles et al., 1996; Milán and
Puelles, 2000) and to the whole set of “dorsal” suprarotun-
dic nuclei in the avian dorsal thalamus (Martı́nez-de-la-
Torre, 1985; Guillén, 1991; Redies et al., 2000).

The lizard dorsal geniculate nucleus clearly lies at the
surface of the dorsal tier, and topographically corresponds
to the dorsolateral anterior nucleus pars lateralis and
DLA parts of the avian principal optic complex (Dubbel-
dam, 1998). A somatosensory projection field was found
recently in the reptilian DLA (Künzle and Schnyder, 1983;
Desfilis et al., 1998), which seems comparable to the avian
dorsalis intermedius ventralis anterior nucleus (Wild,
1987a; Funke, 1989; Korzeniewska and Güntürkün,
1990). A viscerosensory thalamocortical relay has been
described as well in the avian dorsal tier (Wild, 1987b;
Karten et al., 1973). These data suggest the existence in
sauropsids of a common set of subnuclei or areas of the
dorsal tier complex, which are dedicated to the relay of
specific sensory data to parts of the dorsal pallium, as
commented above.

Traditionally, the avian dorsolateral posterior nucleus
is affiliated with the dorsal tier nuclei (thus the prefix
“dorso-”), although diverse data from Puelles’ lab have
indicated it should be classified in the middle tier
(Martı́nez-de-la-Torre, 1985; Guillén, 1991; Redies et al.,
2000), as we have done here with the lizard counterpart.
Note that in birds, this nucleus does not project to the
telencephalic Wulst, but to the DVR, as is characteristic of
middle and ventral tier elements (Gamlin and Cohen,
1986; Wild, 1987a; Funke, 1989). Finally, as regards com-
parison with mammals, Guillén (1991) proposed that the
avian dorsal tier was a field homologue of the largest part
of the mammalian dorsal thalamus (i.e., including the
medial, anterior, lateral, and ventral nuclear groups, plus
the lateral geniculate nucleus) and the same may be
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stated of the minimally subdivided lizard dorsal tier,
which is clearly less developed than the avian one.

Middle tier. The prominent nucleus rotundus of Psam-
modromus shows abundant CB-IR neurons and several
subdivisions, systematized here into dorsal, intermediate,
and ventral core portions, plus posterior, ventral and an-
terior shell portions. The shell neurons also express CR,
whereas the rotundic core is largely CR-negative. The
avian nucleus rotundus also displays a number of hod-
ologic and chemoarchitectonic subdivisions (Benowitz and
Karten, 1976; Martinez-de-la-Torre et al., 1990; Karten et
al., 1997; Redies et al., 2000), whose correspondence with
those found in Psammodromus are still unclear. These
subdivisions in general reflect a complex tectorotundic
projection, which probably implies various tectal cell types
and distinct target areas inside the rotundus for each of
them. Reiner (1994) and Martı́nez-Marcos et al. (1998)
obtained retrograde labeling of different tectal cell types
after tracer deposits in the nucleus rotundus of a turtle
and a lizard, respectively.

The dorsolateral posterior nucleus, which we tenta-
tively identified in the lizard on the basis of its topo-
graphic similarity with the avian homonymous cell group
(Redies et al., 2000), is chemoarchitectonically similar to
and contiguous with the rotundic complex (see Figs. 4C
and 5D). Guillén (1991) also joined the avian DLP nucleus
to the nucleus rotundus on the basis of its developmental
and neurogenetic pattern. Both rotundus and DLP char-
acteristically show robust CB expression in the lizard
(present results) and in the chick (Guillén, 1991; Puelles,
unpublished observations).

Ventral tier. This domain is best known by its periven-
tricular components, mainly the auditory medial (or reuni-
ens) nucleus, which receives afferents from the torus semi-
circularis (Pritz., 1974a; Belekhova et al., 1985; Butler,
1995), and the somatosensory posteromedial/posterocentral
complex (Pritz and Northcutt, 1980; Belekhova et al., 1985;
Pritz and Stritzel, 1990). This nuclear pattern can be com-
pared straighforwardly with the avian auditory nucleus
ovoidalis (Wild, 1987a; Butler, 1995) and somatosensory cau-
domedial, or retro-ovoidal area (Martı́nez-de-la-Torre, 1985).
These ventral tier nuclei of sauropsids are known to project
to caudal parts of the ventral pallium (caudal DVR, caudo-
medial neostriatum, or field L in birds; review in Dubbel-
dam, 1998). The mammalian homolog is widely believed to
be represented by the medial geniculate body, which gener-
ates a projection to the amygdala, primary auditory cortex,
and surrounding areas. However, an auditory cortex re-
mains unknown as such in sauropsids. The increased size of
the medial geniculate body in mammals, with various sub-
divisions, and its novel position, migrated to an extreme
superficial locus (though clearly within a topologically ven-
tral tier locus within alar p2; see Papez, 1935; Brauth and
Reiner, 1991; Puelles et al., 1992) evidences mammalian
evolutionary novelty also in this pathway and perhaps con-
comittantly also in its telencephalic targets. It might be
speculated that the homolog of the sauropsidian medial/
ovoidal nucleus is represented in mammals by the early-born
shell of intralaminar, marginal, peripeduncular, and sub-
parafascicular formations found around the medial genicu-
late core (see particularly strong CB expression at these loci
in the rat in Puelles et al., 1992, and conserved expression of
calcitonin gene-related peptide in Brauth and Reiner, 1991);
these formations lying around the medial geniculate are
known to project, together with the medial subnucleus of the

medial geniculate body, to the laterobasal amygdala (re-
viewed in Voogd et al., 1998), in addition to the auditory
cortex (Brauth and Reiner, 1991). The amygdala also con-
tains ventral pallial derivatives, which seem in various as-
pects comparable to the intermediomedial DVR of reptiles
(Crosby, 1917) and the avian caudal neostriatum, areas
which receive the projections from the medial/ovoidal nu-
cleus, respectively (Dubbeldam,1998; Puelles et al., 1999). In
this scenario, the corticopetal portions of the medial genicu-
late body (i.e., the ventral, intermediate, and dorsal subnu-
clei) may be interpreted as structures first emerged in stem
mammals.

Other ventral tier nuclei described above occupy a su-
perficial position in the lizard thalamus. The nucleus Z
was described in lizard brains (Pritz, 1974a), and its ap-
parent homolog in birds was described recently by Redies
et al. (2000). The posterior nucleus of the ventral supraop-
tic commissure, which is very prominent at the brain
surface in reptiles (Martı́nez-de-la-Torre, 1985; present
results), is probably homologous to the avian nucleus of
the same name, identifiable by its intense acetylcholines-
terase activity (Martı́nez-de-la-Torre et al., 1990); it occu-
pies a deeper position in birds, due to morphogenetic ex-
pansion of the neighboring cell masses related to the optic
tract, but it still retains contact with the brain surface
under the optic tract (Martı́nez-de-la-Torre, 1985). This
cell group has not been identified in mammals so far.
Finally, we described here a distinct caudal cell group
within the superficial complex of the dorsal thalamic ven-
tral tier, the posteroinferior nucleus, which occupies an
identical relative position as the homonymous nucleus in
birds, also known as the posterior nucleus of the ansa
lenticularis (Huber and Crosby, 1929; Karten and Dubbel-
dam, 1973; Brauth et al., 1983). A similar cell population
is possibly present in the frog dorsal thalamus (see Dis-
cussion in Puelles et al., 1996).

Ventral thalamus. A reticular nucleus has been re-
cently described in the lizard Gallotia galloti (Dı́az et al.,
1994), which projects topographically upon the dorsal
thalamus, and seems to be the homolog of the mammalian
reticular thalamic nucleus (also a component of the mam-
malian ventral thalamus). The lizard reticular nucleus
consists of three partially overlapping sectors, which cor-
respond to the cell groups conventionally named dorsolat-
eral hypothalamic nucleus, nucleus ventromedialis, and
nucleus suprapeduncularis in the literature. The dorsolat-
eral hypothalamic nucleus is reciprocally connected with
the dorsal tier of the dorsal thalamus, whereas the ven-
tromedial and suprapeduncular nuclei are reciprocally
connected with the middle and ventral tiers of the dorsal
thalamus (Dı́az et al., 1994).

The distribution of CBP in the ventral thalamus of
Psammodromus reveals that the lizard reticular complex
is also neurochemically heterogeneous, with different sec-
tors (nuclei) expressing a given CBP. Thus, neurons in the
periventricular stratum express CR and CB, whereas neu-
rons in the nucleus ventromedialis only express CB, and
neurons in the nucleus suprapeduncularis selectively dis-
play PV. This distribution pattern of CBP in the ventral
thalamus is correlated with a differential immunostaining
of the neuropil of the dorsal thalamic nuclei (CR/CB-IR
neuropil in nucleus dorsomedialis, CB-IR neuropil
throughout the middle and ventral tiers, and PV-IR neu-
ropil only in the middle tier, in nucleus rotundus). There-
fore, there exists a specific content of calcium-binding
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proteins in the different sectors within the lacertilian re-
ticular thalamic nucleus.

It is interesting to examine the presence of GABA-IR
neurons in the ventral thalamus of reptiles, because the
mammalian reticular nucleus is GABAergic. In the tur-
tle Chinemys, GABA-IR neurons have been observed in
the nucleus of the dorsal peduncle of the lateral fore-
brain bundle (Rio et al., 1992). In the lizard Ophisaurus
and in Vipera, GABA-IR neurons are present in the
latter nucleus as well as in nucleus ventrolateralis (Rio
et al., 1992). We have some unpublished data on the
presence of GABA-IR neurons in the area occupied by
the suprapeduncular nucleus and some neighboring en-
topeduncular neurons inside the lateral forebrain bun-
dle in Psammodromus. Pritz and Stritzel (1991, 1993)
described numerous PV-IR neurons in the nucleus su-
prapeduncularis, as found also in the present study.
This is consistent with parvalbumin being a marker for
GABAergic neurons in the mammalian reticular tha-
lamic nucleus (Frassoni et al., 1991; De Biasi et al.,
1994). In Caiman crocodilus, the reticular thalamic nu-
cleus contains at least three groups of neurons: glu-
tamic acid decarboxylase (GAD)-IR neurons, PV-IR neu-
rons, and neurons not immunoreactive for either GAD
or PV (Pritz, 1995).

On the other hand, neurons expressing different
calcium-binding proteins have been described in the mam-
malian reticular thalamic nucleus. Reticular neurons uni-
formly express PV (Celio, 1990; Coveñas et al., 1991; Fras-
soni et al., 1991; Arai et al., 1994). In the thalamus of the
guinea pig, all GABA-IR neurons of the reticular nucleus
were also intensely PV-IR (De Biasi et al., 1994), but
CB-IR neurons have also been described (Winsky et al.,
1992), as well as CR-IR neurons (Winsky et al., 1992; Arai
et al., 1994; Lizier et al., 1997; Fortin et al., 1998). It is to
be noted that CR-IR neurons are preferentially located at
the rostral portion of the reticular thalamic nucleus (Liz-
ier et al., 1997), which is the portion of the nucleus pro-
jecting to intralaminar and midline nuclei (Velayos et al.,
1989; Lizier et al., 1997).

Other ventral thalamic formations distinguished here
include the ventral geniculate nucleus, nucleus ovalis,
and the ventrolateral nucleus, best visible in PV-
immunostained preparations. These are directly compa-
rable to the avian counterparts; nucleus ovalis corre-
sponds to the nucleus lateralis anterior of birds (a
mammalian homolog of this formation has not been
identified so far). On the basis of relative topography,
the sauropsidian ventrolateral nucleus may be com-
pared to the mammalian subgeniculate nucleus.

Pretectum. The pretectum of Psammodromus dis-
plays a clearcut subdivision into precommissural, jux-
tacommissural, and commissural regions along the an-
teroposterior axis, which agrees with previous
observations in other lizards (Medina et al., 1992, 1993)
and vertebrates (Caballero-Bleda et al., 1992; Puelles et
al., 1996; Pombal and Puelles, 1999). The commissural
sector contains the retinorecipient nucleus posterodor-
salis which is the homolog of the avian nucleus area
pretectalis. Apart from nucleus posterodorsalis, the for-
mations of the commissural pretectal region include the
tectorecipient pretectal nucleus (its dorsal and ventral
parts, i.e., PP and SP in this study, are comparable to
the principal/subpretectal parts of birds) and the inter-
stitial parvicellular and magnocellular nuclei of the pos-

terior commissure. The subpretectal nucleus contains
dense PV-IR neurons, which agrees with its avian ho-
molog being GABAergic (Domenici et al., 1988; Granda
and Crossland, 1989).

The lizard juxtacommissural region contains the nu-
cleus pretectalis externus and the lateral and medial jux-
tacommissural nuclei. The latter are relay stations for
forebrain input to the tectum or the cerebellum, respec-
tively; they correspond to the spiriform nuclear complex of
birds (Karten and Finger, 1976; Brauth et al., 1978;
Martı́nez-de-la-Torre, 1985; Medina and Smeets, 1992;
Medina et al., 1992, 1993). These nuclei also have been
identified in other reptiles and some anamniotes
(Martı́nez-de-la-Torre, 1985; Medina et al., 1992, 1993;
Puelles et al., 1996; Pombal and Puelles, 1999; Redies et
al., 2000). However, the mammalian homologs are still
uncertain (see Caballero-Bleda et al., 1992; Lagares et al.,
1994). We showed here their intense expression of PV,
absence of CR, and moderate to weak expression of CB
(JCL, JCM; Fig.11).

2The nucleus pretectalis externus appears as a superficial
transverse band of large and smaller neurons under the
optic tract, wedged between the griseum tectale (rostralmost
alar midbrain derivative) and the precommissural nucleus
geniculatus pretectalis. It represents the joint superficial
stratum of the commissural and the juxtacommissural do-
mains of the pretectum, and it contains a mixture of small
and larger neurons. Favorable sections show that the deep
aspect of this nucleus is continuous with the lateral juxta-
commissural nucleus, a pattern which is patent in the pre-
tectum of turtles (Martı́nez-de-la-Torre, 1985). It clearly cor-
responds to the avian nucleus pretectalis externus, also in its
expression of CR and PV (see Martı́nez-de-la-Torre, 1985;
Puelles et al., 1988, 1991; De Castro et al., 1998). A number
of authors confusingly refer to this cell band as “nucleus
lentiformis mesencephali.”

The intermediate and superficial strata of the precom-
missural pretectum stand out in PV-IR preparations
(Fig.10). The intermediate stratum is formed by the
principal precommissural nucleus, which initially used
to be identified as “nucleus lentiformis thalami,”
whereas the superficial stratum contains the nucleus
geniculatus pretectalis. These nuclei are directly com-
parable to the principal precommissural nucleus and
the nucleus superficialis synencephali of the avian pre-
tectum (Martı́nez-de-la-Torre, 1985; Martı́nez-de-la-
Torre et al., 1990; Puelles et al., 1991; Medina et al.,
1992, 1993) and they jointly seem to form a field ho-
molog of the anterior pretectal nucleus of mammals
(Martı́nez et al., 1991; Caballero-Bleda et al., 1992).

We propose that the nomenclature of reptilian pretec-
tal nuclei should be unified under the fundamental to-
pological categories of commissural, juxtacommissural,
and precommissural nuclei, to avoid the confusion and
embryological inconsistency implicit in the classical ter-
minology, which contrasts with the clear topological,
cytoarchitectonic, chemoarchitectonic, and hodological
comparability noted with the avian pretectum (see Fig.
10 and literature cited above). This should aid compar-
isons already partly stressed among the different
groups of vertebrates (see Puelles et al., 1991, 1996;
Pombal and Puelles, 1999).
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The reptilian middle and ventral tier nuclei
as possible homologs of mammalian

nonspecific (posterior and intralaminar)
thalamic nuclei

There is suggestive evidence that the sauropsidian
R/DLP complex corresponds topologically to the posterior/
intralaminar thalamic complex in mammals. The latter,
an ill-defined region, bounds with the pretectum caudally,
the lemnothalamic or dorsal tier nuclei rostrodorsally
(Butler, 1995), and the medial geniculate body (ventral
tier) ventrally, as is true of the sauropsidian R/DLP com-
plex. The mammalian posterior/intralaminar complex also
contains abundant CB expression (Celio, 1990; Séquier et
al., 1990) and correlative periventricular CR expression.
The mammalian posterior complex and nearby intralami-
nar nuclei receive visual and other polymodal afferents
from the midbrain and brainstem (Rockel et al., 1972;
Harting et al., 1973, 1980; Holstege and Collewijn, 1982;
Yamasaki et al., 1986; Bickford and Hall, 1989; Voogd et
al., 1998), and apparently partly project to noncortical
telencephalic targets mapped within the claustrum and
basolateral amygdala (LeVay and Sherk, 1981;
Sloniewski, 1983; Kaufman and Rosenquist, 1985;
Sloniewski et al., 1986; Carey and Neal, 1986; Price et al.,
1987). The telencephalic structures that receive these
posterior/ intralaminar thalamic afferents have been con-
ceived as a potential field homolog in mammals of the
ventral pallial (“neostriatum”) component of the saurop-
sidian dorsal ventricular ridge, on the basis of hodology,
morphological developmental analysis, and gene expres-
sion patterns (Holmgren, 1925; Bruce and Neary, 1995;
Striedter, 1997, 1998; Smith-Fernández et al., 1998;
Puelles et al., 1999, 2000).

This homology hypothesis needs to be contrasted with
the widespread hypothesis that the homolog of the sau-
ropsidian nucleus rotundus is the mammalian lateral pos-
terior (LP) nucleus (or inferior pulvinar); this nucleus
receives projections from the superficial strata of the su-
perior colliculus, and projects to associative temporal vi-
sual cortex (Karten, 1969, 1991, 1997; Butler, 1995). Sev-
eral lines of thought question this last hypothesis. First,
sauropsidian tectorotundal neurons are the earliest born
in the tectum (data on the chick: LaVail and Cowan, 1971;
Martı́nez-de-la-Torre et al., 1987). In contrast, the super-
ficial collicular neurons of the rat that project to the LP
nucleus are late born at embryonic day (E)15–16. The
earliest rat collicular neurons are born at E13 and corre-
spond to the deep strata, whose cells instead project to the
posterior/intralaminar thalamic complex (Altman and
Bayer, 1981; Bayer and Altman, 1995). The possible as-
sumption that tectorotundic neurons may have changed
their neurogenetic chronology, while conserving their hod-
ological properties, is not an easily acceptable one, be-
cause it requires multiple drastic changes in the develop-
mental (genetic) control of the clonal structure of the
tectum, but cannot be excluded at this stage. Secondly,
detailed mappings show that the mammalian LP nucleus
is separated from the pretectum by elements of the poste-
rior complex, variously represented by the limitans, su-
prageniculate, ethmoid, and linearis nuclei described in
several mammals (Jones, 1985). Unfortunately, this dis-
tinction is lacking in some studies, where the term “LP/
pulvinar” is used so that it also includes parts of the
posterior complex, thus adding more confusion to this

issue (i.e., LeVay and Sherk, 1981). Thirdly, hodological
homology arguments are complicated in this case by the
fact that the mammalian superior colliculus generates
various projections: to posterior and interlaminar nuclei,
to LP nucleus/inferior pulvinar, and to lateral geniculate
nucleus (reviewed by Voogd et al., 1998). That is, mam-
mals seem to have evolved several tectothalamic neuronal
populations; these project upon derivatives of either the
middle or dorsal tiers of the dorsal thalamus. We thus
tend to regard the mammalian LP/pulvinar complex as an
emergent dorsal tier domain (absent or minimally devel-
oped in nonmammals), which becomes connected to ex-
panding mammalian associative cortex (Krubitzer, 1995).
The “associative” thalamic nuclei in general belong to the
dorsal tier or lemnothalamus (Butler, 1995). Conversely,
the barely studied posterior thalamic areas intercalated
between the pretectum and the LP/pulvinar complex are
the major recipients of deep collicular efferents (the best
evidence for this appears in Fig. 12 of Holstege and Col-
lewijn, 1982). The late-born tecto-LP connecting popula-
tion may have been added to an older tectoposterior/
tectorotundic one at the separation of mammals from stem
amniotes. Such an hypothesis agrees with the observed
CB staining patterns.

Sensory dorsal thalamic nuclei in reptiles often have
been compared with mammalian sensory nuclei, disre-
garding their topological differences in terms of allocation
to a specific tier, implicit in the distinction of lemnothala-
mus and collothalamus (Butler, 1994a,b). The reptilian
middle/ventral tier nuclei generally project to the stria-
tum and to a pallial structure, the overlying anterior dor-
sal ventricular ridge (Ulinski, 1983; González et al., 1990;
Smeets and González, 1994; Guirado et al., 2000), which
was largely viewed in the last two decades as a “function-
al” equivalent (or even as a homologue) of sensory/
associative isocortex of mammals (Karten, 1969, 1991,
1997; ten Donkelaar, 1998). In mammals, the posterior/
intralaminar complex is known to project upon the stria-
tum and the pallial claustroamygdaloid complex (Kauf-
man and Rosenquist, 1985; Sloniewski et al., 1986; Carey
and Neal, 1986; review in Price et al., 1987; Reblet and
Puelles, unpublished observations). This partly agrees
with Holmgren’s (1925) hypothesis suggesting that the
sauropsidian hypopallium (ADVR plus piriform cortex) is
field homologous to the mammalian claustroamygdaloid/
piriform complex. The alternative hypothesis forms part of
Karten’s (1969, 1991, 1997) conception, based on the as-
sumption that thalamorecipient nuclei in the reptilian
ADVR can be compared with specific layer IV, layer II/III,
or layer V neuronal populations of the mammalian sen-
sory or sensory-associative neocortex, whose immature
neurons are postulated to migrate from a DVR-like anlage
into selected fields and layers of the developing cortex,
conserving their ancient hodological properties. This hy-
pothesis faces several difficulties (see Reiner, 1991;
Striedter, 1997; Puelles et al., 2000). In particular, evi-
dence for the massive cell migrations postulated to occur
in embryonic mammals, or for the diverse guidance mech-
anisms that should be involved, is still lacking.

Moreover, contrary to dorsal tier-derived sensory and
associative nuclei in mammals, middle and ventral tier
sensory nuclei in reptiles lack GABA- and GAD-IR neu-
rons (Bennis et al. 1991; Rio et al., 1992; Pritz and Stritzel,
1994; Kenigfest et al., 1997), as well as PV-IR neurons
(present data, see however Pritz and Siadati, 1999),
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whereas the same nuclei are “enriched” in CB-IR neurons,
a characteristic of “nonspecific” thalamic nuclei in mam-
mals (Celio, 1990; Séquier et al., 1990; Jones, 1998). An-
other major difference with the dorsal tier-derived sensory
nuclei in the mammalian dorsal thalamus is the lack of a
reciprocal cortical projection (Lohman and Smeets, 1990;
see Pritz, 1995).

All these considerations lead us to suggest that the
middle and ventral tiers of the reptilian dorsal thalamus
possibly may be homologous as a field to nonspecific or
plurimodal posterior/intralaminar thalamic nuclei in
mammals. This includes cells in the shell of posterior,
intralaminar, and perigeniculate cell populations in the
neighborhood of the medial geniculate body, which also
distinctly project to the striatum and the claustroamyg-
daloid complex, apart of the auditory cortex (LeDoux et
al., 1985; Brauth and Reiner, 1991).
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