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Lampreys, together with hagfishes, represent the sister group of gnathostome vertebrates.
There is an increasing interest for comparing the forebrain organization observed in lampreys
and gnathostomes to shed light on vertebrate brain evolution. Within the prosencephalon,
there is now a general agreement on the major subdivisions of the lamprey diencephalon;
however, the organization of the telencephalon, and particularly its pallial subdivisions, is still a
matter of controversy. In this study, recent progress on the development and organization of
the lamprey telencephalon is reviewed, with particular emphasis on the GABA immunoreactive
cell populations trying to understand their putative origin. First, we describe some early general
cytoarchitectonic events by searching the classical literature as well as our collection of embryonic
and prolarval series of hematoxylin-stained sections. Then, we comment on the cell proliferation
activity throughout the larval period, followed by a detailed description of the early events on the
development of the telencephalic GABAergic system. In this context, lampreys apparently do
not possess the same molecularly distinct subdivisions of the gnathostome basal telencephalon
because of the absence of a Nkx2. 7-expressing domain in the developing subpallium; a fact
that has been related to the absence of a medial ganglionic eminence as well as of its derived
nucleus in gnathostomes, the pallidum. Therefore, these data raise interesting questions such
as whether or not a different mechanism to specify telencephalic GABAergic neurons exists
in lampreys or what are their migration pathways. Finally, we summarize the organization of
the adult lamprey telencephalon by analyzing the main proposed conceptions, including the
available data on the expression pattern of some developmental regulatory genes which are
of importance for building its adult shape.
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INTRODUCTION

The lamprey is an interesting animal model due to the position that
occupies in the phylogeny, being considered, together with myxines,
the sister out-group of the gnathostomes. Many outstanding devel-
opmental studies on the lamprey were carried out by the end of the
ninetieth and the beginning of the twentieth centuries (reviewed in
Nieuwenhuys and Nicholson, 1998; Richardson and Wright, 2003;
Richardson et al.,2010). Some of them described in detail the early
developmental stages of its central nervous system (CNS). At the
time, a number of valuable accounts also addressed the organiza-
tion of the adult lamprey brain (reviewed in Nieuwenhuys and
Nicholson, 1998; Pombal et al., 2009). In the last two decades, there
is a growing interest in the molecular genetics of these animals
because of their phylogenetic position (reviewed in Kuratani et al.,
2002; Murakami et al., 2005; Osério and Rétaux, 2008; Murakami
and Watanabe, 2009; Nikitina et al., 2009), as well as on the cytoar-
chitectonic, chemical, and hodological characterization of their
CNS (reviewed in Nieuwenhuys and Nicholson, 1998; Pombal and
Puelles, 1999; Weigle and Northcutt, 1999; Osério and Rétaux, 2008;
Pombal and Megias, in press). In this paper, we provide an overview
and literature survey on the earliest development of the lamprey
telencephalon, including some additional information from our
own collection of paraffin and semithin serial sections of differ-
ent developmental stages (including embryonic, prolarvae, larvae,

postmetamorphic, and adult animals). In addition, we review the
existing data concerning cell proliferation on the lamprey brain
with special emphasis on the GABAergic system and add some
new data from our experimental material.

Lampreys have a very small brain, as compared with most gna-
thostomes, and their telencephalon, in particular, is very tiny. The
telencephalic hemispheres arise as an unpaired and solid rudiment,
which later divides into two portions (Scott, 1887). After hatching,
asit occurs for the rest of the brain, they develop slowly throughout
the prolarval and larval stages, which can last more than 5 years due
to the extremely long larval period of these animals (reviewed in
Hardisty and Potter, 1971). Then, the whole brain suffers a dramatic
transformation during metamorphosis and practically doubles its
size (Healey, 1972). The shape of the brain do not change so much
through the adult period, but continues increasing in size.

STAGING AND LAMPREY DEVELOPMENT

In our laboratory, sea lamprey ( Petromyzon marinus) embryos and
prolarvae are grown from in vitro fertilized eggs. Sexual mature
adult animals of both sexes were handnetted directly from their
nests in tributaries of Mifio River (NW of Spain) during the breed-
ing season (from May to July). After collection, they are transported
to the laboratory to perform the fertilization. Then, the eggs are
reared in polypropylene tanks with a circulating water system under
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appropriate conditions of darkness and temperature (18 + 0.5°C;
Piavis, 1961, 1971). Under these conditions hatching occurs at
10-13 days post-fertilization (dpf).

The most common used staging series of early development for
the sea lamprey is that of Piavis (1961, 1971). In his studies, Piavis
subdivided the early development into 19 stages, from the ovulated
but unfertilized egg to the first stage of larva (or ammocoete), which
occurs approximately at 33—40 dpf. Therefore, we will follow this
classification by indicating the relative stage (from P10 to P18,
where P refers to Piavis), and referring to the age of the animal as
days after fertilization (from 4 to 33 dpf) or to the length in millim-
eters, when known. Although in several recent works the different
stages of this developmental period are considered as embryonic,
we consider that only those until hatching should be referred to
as embryonic, whereas those from hatching to the onset of filter
feeding should be regarded as prolarvae. Moreover, as the age of
larvae collected in the river is unknown, we will use their total body
length in millimeters as reference.

As commented above, there are in the “old” literature a number
of high quality reports on lamprey development focusing on the
CNS. However, a direct comparison of these reports is some-
times difficult because of variations between species (P. marinus,
L. fluviatilis, and L. japonica are the most common species in the
literature; see review by Richardson et al., 2010), and/or between
the experimental conditions used in each case to raise the animals.
An illustrative example concerns the temperature, which can dra-
matically affects the survival rate and the growth during the early
stages of development (Piavis, 1961; Rodriguez-Mufioz et al., 2001).
Therefore, the time to hatch and body length of the hatching pro-
larva can vary in relation to the temperature of incubation of the
fertilize eggs (when known): P. marinus (hatching at 11-13 dpfand
3-5 mm in size at 18.4°C; Piavis, 1961, 1971), L. tridentata, Pacific
lamprey and L. richardsoni, western brook lamprey (hatching at
15 dpf and about 4.5 mm in size at 14°C; Meeuwig et al., 2006),
and L. reissneri (hatching at 11-12 dpf and up to 4 mm body length
at 16°C; Tahara, 1988).

EARLY DEVELOPMENT OF THE CNS
The CNS of all chordates develops from the neural plate, a thick-
ened and elongated paramedian zone of the ectoderm, which in
lampreys is first seen at about 4.5 dpf (Shipley, 1887; von Kupffer,
1906). Then the edges of the neural plate fuse to form a solid cord
of neuroectoderm [a neural rod as described by Damas (1944),
and Shipley, (1887)], which cavitates to form a hollow neural tube
when neurulation has been completed (reviewed in Nieuwenhuys
and Nicholson, 1998; Osério and Rétaux, 2008). Initially, the lateral
walls of the neural tube consist of a pseudostratified epithelium of
elongated cells that soon widens to form a thicker ventricular matrix
layer (stratified epithelium), with the first neuroblasts appearing
at its external border before hatching. At these earliest stages of
development, the cells are filled with yolk platelets (Damas, 1944;
Scott, 1887; Shipley, 1887; reviewed in Richardson et al., 2010).
According to Ahlborn (1883), two portions can be distinguished
in the lamprey neural tube soon after fecundation (4-5 dpf, P10;
Sterzi, 1907): prechordal and chordal (epichordal), which correspond
to the archencephalon and deuterencephalon of von Kupffer (1906),
respectively; however, the exact rostral ending of the notochord

has clearly been unresolved for a long time and the possibility that
the entire neural tube is epichordal has been recently proposed
(see Pombal et al., 2009). At this stage, the lateral walls consist of
a stratum of few cells in thickness whereas the dorsal (roof) and
ventral (floor) midlines are formed by a single cell layer epithelium
of elongated cells (Sterzi, 1907; Damas, 1944). The nasal epithelium
starts its differentiation in a relatively ventral position at this stage,
when the cranial flexure attains its maximum (Scott, 1887; Shipley,
1887); shortly after, an ingrowth of ectodermic cells represents the
primordium of the nasohypophyseal duct and sac (Figure 1). With
development, however, the primordium of the olfactory epithe-
lium shifts toward anterior, with the nasal opening (a single and
medial small pore) finally arriving to a dorsal position in the top
of the head of late prolarvae (about 8 mm length, 26-29 dpf, P17
stage; Figure 1D; reviewed in Kuratani et al., 2001; Richardson et al.,
2010). This shifting of the olfactory apparatus is conditioned by the
enlargement of the upper lip (reviewed in Kuratani et al., 2001; see
also their Figures 6 and 10), and by the correction of the cephalic
flexure due to a partial rotation of the rostral neural tube (Scott,
1887; Sterzi, 1907; Killén, 1951). It is noteworthy that this rotation
implies a simultaneous and remarkable topographical rotation of
the most rostral nuclei and regions of the forebrain (rostral to the
pretectum), which should be taken into account when interpreting
experimental results at these developmental stages.

By the stage P12 (7-8 dpf, 3 mm length), the rostralmost por-
tion of the neural tube that corresponds to the primordium of the
evaginated portion of the telencephalon bulges out laterally (i.e.,
it begins to enlarge and thicken), and a dorsal evagination (the
rudiment of the pineal vesicle) also appears in the dorsal midline
(Scott, 1887; Shipley, 1887; von Kupffer, 1906; Sterzi, 1907; reviewed
in Meléndez-Ferro et al., 2002b; Villar-Cheda et al., 2002). At Piavis
developmental stage 13 (P13, prehatching), two diverticula are giv-
ing off, which constitute the primordial of the optic stalk and the
optic vesicle (Figure 2A), and immediately after (4 mm embryo),
the optic chiasma is observable at the rostral midline (Shipley, 1887;
von Kupffer, 1906; Sterzi, 1907; Damas, 1944; see Figure 2E). At this
level, an increasing number of fibers subsequently cross the mid-
line to originate a conspicuous postoptic commissure (Figure 2C),
which can be later subdivided into dorsal and ventral postoptic
commissures (Pombal and Puelles, 1999).

At hatching (P14; 10-13 dpf), the lamprey brain is somehow
poorly developed, and its lateral walls are thin and mostly formed
by spindle shaped cells. According to von Kupffer (1906), itis in this
stage when a sulcus intraencephalicus anterior is identified for the
first time running dorsoventrally from the vicinity of the habenular
commissure down to the preoptic recess (Figures 2A-D). Later,
Sterzi (1907) made a graphical reconstruction of this sulcus in
the 9, 16.5, and 35 mm stages, which, until nowadays, has been
commonly used in the literature as a reference for the boundary
between the telencephalon and the diencephalon (Nieuwenhuys
and Nicholson, 1998; Meléndez-Ferro et al., 2002a; Villar-Cheda
et al., 2006). The ontogeny of this and other prosencephalic sulci
as well as their interpretation by different workers was addressed
in detail by Kallén (1951).

After hatching, the number of cells increase and the walls of the
brain become thicker, with the first fibers appearing in its ventrola-
teral margins (Figure 2B). In addition, some migrating cells start to
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FIGURE 1 | Midsagittal schematic drawings (A,C) and hematoxylin-stained
sections (B,D) of different developmental stages of P marinus illustrating the
identifiable structures at the midline as well as the variations on the cephalic
flexure and the shifting from ventral to dorsal of the olfactory placode and
the nasal opening. (A) 4 mm embryo, (B) 18 dpf prolarvae, (C) 7.8 mm prolarvae,
(D) 29 dpf prolarvae. (A,C) are reproduced from Sterzi (1907). Rostral is to the

right. ds, dorsal sac; HB, hindbrain; hc, habenular commissure; i, infundibulum; lip,
lower lip; It, lamina terminalis; m, mouth; MB, midbrain; nh, neurohypophysis; nhd,
nasohypophyseal duct; no, nasal opening; nt, notochord; op, olfactory placode;
opm, oropharyngeal membrane; F, pineal organ; pc, posterior commissure; ph,
pharynx; poc, postoptic commissure; por, postoptic recess; pr, preoptic recess; pt,
posterior tuberculum; r, neuroporic recess; ulp, upper lip.

colonize the primordium of the cerebral hemispheres. At this stage
(which corresponds to P15 stage), the olfactory bulbs are no yet
differentiated (Scott, 1887), and were first identified by Bergquist
and Kallén (1953) in a 12-mm larva; they are, at first, smaller than
the telencephalic hemispheres, but grow considerably, probably
due to the conspicuous increasing in size and complexity of the
olfactory apparatus during metamorphosis, to become larger in the
adult (Scott, 1887; VanDenbossche et al., 1995; Pombal et al., 2002;
reviewed in Kleerekoper, 1982; Ren et al., 2009). Although Scott
(1887) and Shipley (1887) were not able to observe any trace of
the lateral ventricles in late prolarvae, in our material the anlage of
the hemispheric evagination (foramen interventricular) is already
detected around day 32 after fertilization [P17; Figure 2F; 7.5 mm
stage for Bergquist (1952), and Killén (1951) or 7.8 mm larva
according to Sterzi (1907)].

Attherostral end of the neural tube, the walls of the telencephalon
impar are connected by the lamina terminalis (Figures 1 and 2D-F),
which is slowly widened ventrally to form the bed of the anterior
commissure (commissure of the lamina terminalis of Pombal and
Puelles, 1999). The lamina terminalis continues dorsally with the
rostralmost portion of the roof plate represented by the neuroporic
recess (Figure 1). This recess is followed by the telencephalic com-
missural plate, which is mostly formed by the interbulbar (dorsal
or pallial) commissure; this commissure was recently interpreted
as the homolog of the septal commissural plate of gnathostomes,
and might include a primordium of the anterior commissure
and of a hippocampal commissure at its rostral and caudal ends,

respectively (Pombal et al., 2009). Of note, both the commissure
of the lamina terminalis and the interbulbar commissure are not
yet distinguished in late prolarvae (see Figures 1 and 2E). From
small larvae (16.5 mm for Sterzi, 1907), the interbulbar commissure
increases considerably in size throughout development. Though it
was represented in schematic drawings of prolarval lampreys by
different authors (Burckhardt, 1894; von Kupffer, 1906; see also
Figure 1C from Sterzi, 1907), the commissure of the lamina ter-
minalis, however, cannot be readily identified until after midlarval
stages (Scott, 1887). This commissure is also tiny and poorly devel-
oped in adult specimens, even in the anadromous P. marinus that
have the largest brain, where it is formed by a thin commissural
lamina that is undoubtedly distinguished only when some of the
few fibers crossing through it are specifically labeled (Pombal and
Puelles, 1999).

The telencephalic commissural plate continues with a choroidal
epithelium constituted by a rostral part (lamina supraneuroporica)
and a caudal part (dorsal choroid sac) separated by an inward velum
transversum fold (von Kupffer, 1906; Sterzi, 1907; Johnston, 1912;
see also Pombal et al., 2009). These structures continue caudally
with the epithalamic roof area consisting of the highly asymmetric
habenula with a thick habenular commissure and the pineal and
parapineal complex (Figures 1 and 2B,C,E). Immediately caudal to
a small recess of the third ventricle, the pineal recess, there appears
the thickest commissure of the prosencephalic roof plate, the poste-
rior commissure (Figures 1 and 2E). This last commissure is, in fact,
the first to appear during development [around 16 dpf prolarvae
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FIGURE 2 | Horizontal (A,D), transverse (B,C,F), and sagittal (E)
hematoxylin-stained sections of different developmental stages of

P. marinus. (A) Early formation of the optic vesicles by bilateral evagination of
the rostral neural tube in a 12-dpf embryo. (B) Section through the habenula,
pineal gland, and the olfactory placode of a 14-dpf prolarvae. (C) Section of a
26-dpf prolarvae at the level of the habenular commissure dorsally and the
postoptic commissure ventrally. Note the trajectory of numerous axons
emerging from the telencephalic hemispheres (primordium of the stria
medullaris) coursing to the contralateral side through the habenular
commissure. (D) Section illustrating the growing telencephalic hemispheres
with the projecting axons grouping in its caudodorsal portion (asterisks).

(E) Sagittal section of a 26-dpf prolarvae showing the midline prosencephalic
structures. (F) Section through the telencephalon of a late prolarvae showing
at both sides the incipient anlage of the interventricular foramen (arrows). In
(A,D,E) rostral is to the right. ds, dorsal sac; H, habenula; hc, habenular
commissure; i, infundibulum; It, lamina terminalis; MB, midbrain; nh,
neurohypophysis; nhd, nasohypophyseal duct; no, nasal opening; nt,
notochord; os, optic stalk; ov, optic vesicle; op, olfactory placode; F, pineal
organ; pc, posterior commissure; poc, postoptic commissure; por, postoptic
recess; pr, preoptic recess; pt, posterior tuberculum; sia, sulcus
intraencephalicus anterioris; sip, sulcus intraencephalicus posterioris; T,
telencephalon. Scale bars: (A,C,F) = 20 um, (D) = 30 um, (B,E) = 40 ym.

or P15; 4 mm length for von Kupffer (1906), 4.5 mm for Damas
(1944), and 5 mm length for Sterzi (1907); see Figures 1 and 2E],
whereas the primordium of the superior (habenular) commissure is
distinguished somehow later [about 18 dpf; see Figures 1 and 2C,E;
23 dpf for Shipley (1887), and 5 mm length for Sterzi (1907), but
earlier (4 mm length) for Damas (1944)]. Lampreys also possess a
relatively conspicuous postoptic commissure that is first observed
at P15 (about 13-15 dpf). A remarkable number of telencephalic
contralateral projections, however, cross through the habenular
(superior) commissure (Polenova and Vesselkin, 1993; Yafiez and
Anadoén, 1994; Northcutt and Wicht, 1997). Curiously enough, the
first projecting axons of the primordial telencephalic hemispheres

joint together in its dorsocaudal portion, in a topographical loca-
tion immediately rostral to the habenular commissure, as observed
in transverse sections of late prolarvae (Figure 2C). This is because
the extremely large portion of neural tube located between them
in adult animals, i.e., the prethalamic eminence of Pombal et al.,
(2009), is underdeveloped at these early stages (Bergquist and
Killén, 1953; see below). Therefore, at this stage of development,
the proximity of the habenular commissure to the telencephalic
hemispheres could account for the developing projecting fibers
to cross the midline through it. In fact, Shipley (1887), as well as
Damas (1944), was of opinion that the superior (habenular) com-
missure is the first to be recognized in the dorsal midline, just before
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differentiation of the habenula: “The first transverse commissure
to appear is situated just in front of the stalk of the pineal gland. It
forms the superior commissure of Osborn. Afterwards the ganglion
cells thicken round it and form the asymmetrical ganglia habenu-
lae.” (Shipley, 1887, p. 368).

OF CELL PROLIFERATION AND DEVELOPMENT

In the first stages of development there is a remarkable enlargement
of the neural tube, and numerous mitotic figures can be readily
detected by simple searching of paraffin sections treated with a gen-
eral staining such as hematoxylin (see Figure 2). They are observed
exclusively in the proximity of the ventricular surface intermingled
with the ependymal and subependymal cells, where they become
spherical before division (von Kupffer, 1906; Damas, 1944; Pfister,
1971a; reviewed in Nieuwenhuys and Nicholson, 1998; Villar-Cheda
etal., 2006). Afterward, the development of the lamprey brain is a
very long process with slow histological differentiation (Schultze,
1856), mainly due to the extremely long larval period (more than
5 years for P. marinus) of these animals. In this connection, it may
be significant that the same occurs for the body of the larva, which
gradually increases in length from around 5 mm at hatching up
to 180 mm before metamorphosis, though there is an astonishing
variation in growth rates (reviewed in Hardisty and Potter, 1971).
During the transformation from ammocoete to adult, a period of
only a few months, there is an initial increase of proliferating cell
nuclear antigen (PCNA)-labeling that disappears progressively in
late metamorphic stages (Villar-Cheda et al., 2006); during this
period, however, in P. marinus there is a remarkable increase of
the brain size that nearly doubles its width and height (see Healey,
1972), most likely as a consequence of the enlargement of pre-
existing neurons, glial cells, and their processes, as suggested by
Rovainen (1982). In anadromous lampreys, the brain continues
enlarging during the parasitic period to reach the final size in adult
breeding animals. According with the studies of Villar-Cheda et al.
(2006),no PCNA-ir cells were observed in young postmetamorphic
animals, and only a few were present in the habenula of adult, sexu-
ally mature specimens. Therefore, these data suggest that the brain
growth during this last period of its life cycle is also mostly due to
an increase in size of existing nervous cells. Contrary to this, it has
been shown that, atleast, in the spinal cord of P. marinusthere is an
increase in the number of GABAergic cells from postmetamorphic
animals to adults (Ruiz et al., 2004).

Neurogenesis is a common feature of vertebrate CNS, but
the rate and places of neuron generation vary between species
and depend on the stage of developmental (see Ruiz et al., 2004,
and references herein). In 2004 it was pointed out, however, that
5’-bromo-2-deoxyuridine (BrdU)-labeled new generated cells in
the lamprey rhombencephalon and spinal cord are not neurons
but glial cells (Vidal-Pizarro et al., 2004). Several technical reasons
may explain this apparent discrepancy: by one hand, the number of
BrdU-labeled cells obtained by these authors appears to be rather
low compared with those obtained by Villar-Cheda et al. (2006)
and ourselves (present results), which may be due to differences
in the efficiency of the protocols employed (exposition to BrdU
versus injection of 20 ul/g of body weight of 10 mM BrdU into the
body cavity posterior to the last gill); on the other hand, almost
all the BrdU-labeled cells described by Vidal-Pizarro et al. (2004;

their Figure 9) are located periventricularly and, therefore, may
not yet started (or are just starting) the differentiation processes
(see also Villar-Cheda et al., 2006), which may preclude labeling
with neuronal markers. Moreover, the LCM-3 antibody (a lam-
prey NF-specific monoclonal antibody), used as specific neuronal
marker, does not seems to label most of the neuronal cell bodies
in the gray matter spinal cord (see their Figures 10A,D where only
two dorsal cells are weakly labeled with this marker). In addition,
there are several reports using different technical approaches that
clearly support neurogenesis in several parts of the lamprey brain
(see for example: Pombal et al., 1994; Rodicio et al., 1995; Meléndez-
Ferro et al., 2002a; Ruiz et al., 2004; Villar-Cervifio et al., 2008,
2009). Furthermore, several genes involved in neurogenesis (Ngn1,
NeuroD2, and 1d2/3), and regionalization and patterning (LIM-
kinase 2 and several Sox genes) where reported to be expressed in
late embryos and early prolarvae (Guérin et al., 2009).

In the literature, there are several experimental studies reporting
cell proliferation during lamprey forebrain development, which
include the analysis of two markers: PCNA (Meléndez-Ferro etal.,
2002a,b; Villar-Cheda et al., 2002), and BrdU (Tobet et al., 1996;
Alvarez-Otero et al., 2002; Vidal-Pizarro et al., 2004; Villar-Cheda
et al., 2006; reviewed in Osério and Rétaux, 2008). From these
studies it was concluded that the presence of proliferation discon-
tinuities in the ventricular zone of PCNA-labeled sections could
be interpreted as putative neuroanatomical limits throughout the
lamprey brain (Villar-Cheda et al., 2006); this proliferating marker
is, therefore, of help to study and compare the evolution of the
nuclear organization and topographical extension of different neu-
ronal entities in the developing brain. In addition, these authors
also stressed that the cell cycle in lampreys is very long, and this
feature was considered the reason why the nervous system grows
slowly throughout the extremely long larval period. Very recently,
the expression pattern of a number of genes involved in the control
of proliferation, neurogenesis, regionalization, and cell signaling
in the forebrain of gnathostomes was also reported in lampreys
(Guérin et al., 2009), part of which appears to participate in the
morphogenesis of the telencephalon.

In our laboratory, short incubation times (4 days) with BrdU of
larvae of different body length revealed a number of labeled cells in
a periventricular position (Figures 3A,B,D,E). In addition, differ-
ences are observed between particular ventricular zones in terms
of proliferation; so that, in general, the proliferation is higher in
some of them such as in the subpallium, being more prominent in
the proximities of the lamina terminalis and close to the preoptic
recess. At the dorsomedial level, there is a particularly strong pro-
liferation activity in the primordium of the prethalamic eminence
(the classical medial pallium) of the different larval sizes analyzed
(Figures 3D,E). In general, these results are in agreement with those
previously reported after 7 days of BrdU incubation (Villar-Cheda
et al., 2006).

When increasing the exposition time to BrdU to 16 days
(Figures 3C,F), the number of BrdU-labeled cells increase in most
portions of the lamprey telencephalon. In some regions such as
the septum or the olfactory bulb practically all the periventricu-
lar cells are labeled, whereas in other regions the labeled cells are
more or less homogeneously dispersed. In animals exposed 25 days
to BrdU virtually all the periventricular cells are labeled, with
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FIGURE 3 | Cell proliferation in transverse sections of the developing sea
lamprey forebrain after incubation of 4 (A,B,D,E), 16 (C,F), and 25 (G-1)
days in BrdU. (A-C), and (G), as well as (D-F), and (1), illustrate comparable
rostrocaudal levels in larvae of different size, whereas (H) is intermediate
between (G) and (). There is a general increase of immunolabeled cells with
the increase of the BrdU exposure time. Note also that numerous migrating
labeled cells are detected after 16 days of incubation with this marker (C,F),
and that its number increases with longer incubations (25 days; G-l); most of
them are located at dorsal (pallial) levels. In addition, a prominent BrdU

labeling is present in the periventricular portion of the still small prethalamic
eminence in all cases. Arrowheads point to laterally displaced labeled cells.
OB, olfactory bulb; DM, dorsomedial neuropile; H, habenula; LP, lateral
pallium; It, lamina terminalis; MPO, medial preoptic nucleus; P, pineal organ;
Pa, pallium; PE, prethalamic eminence; PEA, pallial extended amygdala; plv,
posterior lateral ventricle; poc, postoptic commissure; PR parapineal; pr,
preoptic recess; RPa, rostral paraventricular area; S, striatum; SE, septum; SF,
subpallium; VR ventral pallium. Scale bars: (A,D,G) = 60 pm;

(B,C,E,FH,I) = 80 um.

thicker proliferation strata in those regions where more staining
was already present with shorter exposition times (Figures 3G-I).
Curiously enough, the prethalamic eminence area is completely full
of BrdU-labeled cells, which means that almost all, if not all, cells
in this structure appear to still be proliferating cells in larvae of
middle size (50 mm larvae; Figures 3H,I). Although anatomically
expected due to the large increase of this structure during the larval
period, the physiological purpose of this very high and prolonged
mitotic activity in this structure is not understood. These results are
in agreement with those reported by Pfister (1971b,c), who claimed
that the telencephalic primordium hippocampi (our prethalamic
eminence), as well as the optic tectum, continues to proliferate for
a particularly long time.

These results, as pointed out by Villar-Cheda et al. (2006), show
that there is an important proliferation activity in the ventricu-
lar zone that last for several years. The presence of a conspicuous
postembryonic neurogenesis in lampreys is, most likely, related
to the slow and gradual development of these animals with some
systems, such as the olfactory, visual, or oculomotor systems
(Kleerekoper, 1982; de Miguel et al., 1990; Rubinson, 1990; Pombal
et al., 1994; Rodicio et al., 1995; Zielinski et al., 2005), developing
throughout the larval and metamorphic periods. A heavy PCNA
expression was also observed around the ventricular zone of early
prolarvae (Guérin et al., 2009).

Another conspicuous morphological feature of lampreys is that
they possess a laminar brain, which means that there is little cel-
lular migration, with most cells located in a more or less continu-
ous and relatively thick periventricular stratum (Nieuwenhuys and
Nicholson, 1998; Osério and Rétaux, 2008; Pombal and Megias,
in press). However, a number of neurons and neuronal popula-
tions migrate away from the central gray zone and are embed-
ded in the white matter. Actually, the telencephalon is one of the
brain parts where more cells migrate away from the ventricular
proliferative epithelium. The migration process starts early on
during development and is particularly evident at pallial levels
(see Figures 2C,D,F). After incubation with BrdU during 4 days,
however, no labeled cell was observed outside the periventricular
proliferating epithelium. In a previous study (Villar-Cheda et al.,
2006), practically all the BrdU-labeled nuclei were located within or
very close to the ventricular zone after a week of exposure to BrdU.
These results indicate that the time for the differentiating neuroblast
to migrate outside of the ventricular zone is higher than 7 days. In
larvae exposed to the BrdU during 16 days (Figures 3C,F), a con-
siderable number of BrdU-labeled cells appear laterally displaced
in the neural tube, with some of them located far away from the
ventricular surface (arrowheads in Figures 3C,F). This fact implies
that 16 days is enough time for those cells that enter their differ-
entiation to get out of the central matrix and populate the lateral
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(marginal) zone. When the animals are exposed 25 days to BrdU,
the number of migratory postmitotic labeled cells is much higher,
with some spreading in the whole extension of the periventricular
cell strata, whereas others can be observed nearly to the outer sur-
face of the brain (arrowheads in Figures 3G-I). These migrating
cells are particularly abundant in the evaginated portion of the
telencephalon, being more numerous in the lateral pallium. In this
portion of the brain, the wall is slightly thicker and contains a higher
number of laterally displaced (migrated) cells in adult specimens.
In a previous study in the lamprey rhombencephalon and spinal
cord with BrdU labeling, however, in addition to the non-neuronal
identification of the labeled cells, it was concluded that there is no
migration of BrdU-labeled cells even when the animals were killed
52 days after the injection of the cell proliferation marker (Vidal-
Pizarro etal.,2004). Although our largest incubation time in BrdU
was 25 days, there is a clear pattern of cellular migration showing
a correlation between exposition time and traveled distance from
the ependymal zone, as well as a gradual increase in the number
of lateral displaced labeled cells (see Figure 3). This disparity may,
in part, be explained by dilutional effects of multiple mitoses on
labeling due to the different protocol employed (see above).

It is noteworthy that the majority of the neurons in the brain of
myxines migrate away from the proliferative periventricular area,
and, in the pallium, in particular, most cells are clearly segregated
in several layers, thus being laminated in appearance (reviewed in
Ronan and Northcutt, 1998; Wicht and Nieuwenhuys, 1998; Pombal
and Megias, in press); up to now, however, there is no clear cor-
respondence between the different pallial subdivisions recognized
in either myxines or lampreys with those established in amniote
vertebrates. In addition, it is not known whether the situation in
lampreys is an ancestral or a derived character.

GABAergic SYSTEM

In adult lampreys there are many GABA-ir cells throughout the
brain and the spinal cord, part of which are of cerebrospinal
fluid-contacting type cells (CSF-c; see Robertson et al., 2007, for a
review). Concerning the adult lamprey telencephalon, the presence
of GABA-ir cells has been previously reported by different authors
(Pombal et al., 1997; Meléndez-Ferro et al., 2001; Robertson et al.,
2007), which are located in the olfactory bulbs, the pallium, and
the subpallium (Figures 4A—C). In a detailed study of the olfactory
bulbs, Meléndez-Ferro et al. (2001) identified several GABAergic
cell populations, including periglomerular cells located around the
olfactory glomeruli, cells in the inner cellular layer, some CSF-c
at the ventricular level, as well as some cells at the entrance of
the olfactory nerve and in the interbulbar commissure. At pallial
level, GABA-ir cells were observed inside the limits of the lateral,
dorsal, and medial pallia (Figures 4A—C; Pombal and Puelles, 1999;
Robertson et al., 2007), with the last two corresponding to our
pallial extended amygdala and prethalamic eminence, respectively
(see Pombal et al., 2009; Martinez-de-la-Torre et al., 2011; Pombal
and Megias, in press). In the subpallium, GABA-ir cells distribute
in the nucleus of the anterior commissure, the septum, and the
striatum (Figure 4A; Pombal et al., 1997; Robertson et al., 2007).
In these subpallial nuclei there are many CSF-c cells bearing an
apical dendrite that ends at the ventricular surface. Additionally,
it was recently shown that a number of GABAergic cells located in

the caudal part of the medial pallium (our prethalamic eminence)
project to the lamprey optic tectum (Robertson et al., 2006).
Furthermore, some GABA-ir neurons within the same area as well
asa fewlocated in the ventral part of the lateral pallium (our ventral
pallium) project to the mesencephalic locomotor region (MLR) of
the isthmic region (Ménard et al., 2007). Based on the presence of
GABA-ir projection neurons, these authors suggested that the two
pallial areas of the lamprey could be considered analogous to the
amygdala and/or pallidum of tetrapods (Ménard et al., 2007). An
interesting aspect, however, is how this adult GABAergic system
is acquired during development? By using immunohistochemical
methods, we have studied in detail the early development of the
lamprey GABAergic system in both transverse and sagittal semithin
sections of the lamprey prosencephalon to get insight on the dif-
ferentiation and evolution of its GABAergic system.

The first telencephalic immunolabeled cells appear after hatch-
ing (by 18 dpf prolarvae), in the outer part of the periventricular
proliferating layer of the primordial hemispheres (Figure 4D). They
are few in number, locate slightly rostral to the small primordium
of the optic chiasma, and have short processes running laterally.
These GABA-ir cells must correspond to the primordium of the
subpallium and, at least part of them are of CSF-c type; it should
be noted, however, that at this stage there is no recognizable mor-
phological landmark indicating the boundary between the pal-
lial and non-pallial telencephalic portions. Two days later (20 dpf;
Figures 4E,H), the number of GABA-ir cells increase considerably
in the subpallium with some of them laterally migrated, at the time
that the first immunoreactive cells and processes appear more ros-
trally (and dorsally) in the primordial telencephalic hemispheres. In
sagittal sections, a few GABA-ir cells are seen inside the presumptive
pallial primordium (Figure 4H).

In 23 dpf prolarvae (Figures 4E]I), the number of GABA-ir cells
continues increasing as do the labeled processes in the ventrolateral
margin of the neural tube at the subpallium. Many of these cells
distribute in the dorsorostral portion of the telencephalic hemi-
spheres, at the time that the cephalic flexure is partially reduced
because of the dorsal shift of the rostral neural tube (see above
and Figure 1). At this stage, two GABAergic cell populations can
be distinguished: a prominent ventral (subpallial) population and
a less conspicuous dorsal (pallial) population; both of them are
formed by a relatively compact mass of GABA-ir cells in the lateral
portion of the matrix zone, with some cells displaced laterodorsally
(Figure 4F). At the external surface, a slight depression indicates the
approximate boundary between the pallial and subpallial portions.
The dorsalization of the labeled cells is better observed in sagittal
sections (compare Figures 4H,I), where those locate in the dorsal
(pallial) portion of the telencephalic hemispheres appear as slightly
larger and more intense labeled. In addition, at the rostral end of the
neural tube numerous CSF-c GABA-ir cells of the subpallial popu-
lation locate medially close to the lamina terminalis (Figure 4F).

By 29 dpf prolarvae (Figure 4G), the shape of the evaginated
portion of the telencephalon is better discernible from the impar
non-evaginated portion. In this stage, the primordium of the
septum and the striatum is now better differentiated from the
GABA-ir population located close by to the optic chiasma mostly
composed of CSF-c neurons (Figure 4G). Both populations of
labeled cells are separated by a GABA negative portion that is
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— 23 dpf

20 dpf

FIGURE 4 | GABA-ir cells in the adult (A-C), developing prolarvae (D-), and
midlarval lamprey telencephalon (J). (A) Transverse section illustrating
GABA-ir cells in the olfactory bulb, lateral and ventral pallium, pallial extended
amygdala, striatum, and medial preoptic nucleus. (B) GABA-ir cells in the lateral
pallium, and the pallial extended amygdala. (C) GABA-ir cells in the prethalamic
eminence. Most of its GABA-ir cells are dispersed at intermediate levels, but a
few can be observed at either the medial (ventricular; arrowhead) or lateral
(superficial; arrow) borders. Transverse (D-G), and sagittal (H,) sections of
prolarvae of different size illustrating the early development of the telencephalic
GABAergic cells. Note the increase in the number of GABA-ir cells as well as the
progressive colonization of dorsal (pallial) areas. (J) GABA-ir cells in the olfactory
bulb, septum, and median preoptic nucleus of a 50-mm larva. In sagittal sections

; 50 mm

(H,1), rostral is to the right. OB, olfactory bulb; DM, dorsomedial neuropile; f,
fissura circularis; H, habenula; ic, interbulbar commissure; LR, lateral pallium; It,
lamina terminalis; MnPO, median preoptic nucleus; MPO, medial preoptic
nucleus; nhd, nasohypophyseal duct; NMLF, nucleus of the medial longitudinal
fascicle; nTPOC, nucleus of the tract of the postoptic commissure; op, olfactory
placode; P, pineal organ; Pa, pallium; pc, posterior commissure; PE, prethalamic
eminence; PEA, pallial extended amygdala; plv, posterior lateral ventricle; poc,
postoptic commissure; PT, pretectum; PTh, prethalamus; RPa, rostral
paraventricular area; S, striatum; SE, septum; SE, subpallium; SPV,
subparaventricular area; Th, thalamus; TN, tuberal nucleus; VP, ventral pallium.
Scale bars: (A) = 100 pm; (B) = 50 um; (C) = 60 uym; (D-G,I) = 30 um;

(H) =40 ym; (J) = 70 um.

now conceived as the anlage of the rostral paraventricular nucleus
(Pombal et al., 2009; reviewed in Pombal and Megias, in press),
and corresponds to the classical preoptic magnocellular nucleus.
Therefore, according to present-day definition of the preoptic area
in tetrapods, both portions, the anlage of the rostral paraven-
tricular nucleus and the immediately ventral GABA-ir band do
not belong to the telencephalon. Of note, this pattern of GABA-ir
cells is in neatly agreement with both the Dlxexpression in embry-
onic and early prolarval stages (Murakami et al., 2001; Myojin
et al., 2001; Neidert et al., 2001; Kuraku et al., 2010), and DLL (a
homeobox transcription factor)-ir in midlarval stages (Martinez-
de-la-Torre et al., 2011).

In medium-sized larvae, the pattern of GABA-ir cells is similar
to that reported for adult specimens (Figure 4J; Meléndez-Ferro
et al., 2002a; Robertson et al., 2007); at this stage, however, there
are no GABA-ir cells in the prethalamic eminence (the classical
medial pallium; see below). This is because this structure is basically
undifferentiated with practically all of its cells actively proliferating,

as commented above (see also Figure 3). In addition, it is worth
noting that the pattern of DLL positive cells in larvae of similar
size is consistent with a possible tangential migration from the
proliferating periventricular subpallium to the pallium (Martinez-
de-la-Torreetal.,2011), as reported for several gnathostome species
(Dirksen et al., 1993; Cobos et al., 2001; Brox et al., 2003; Carrera
et al., 2008; Moreno et al., 2008; reviewed in Puelles et al., 2000;
Marin and Rubenstein, 2001, 2003).

These results mostly agree with those previously published on
the ontogeny of the GABA-ir populations in the forebrain and
midbrain of the sea lamprey (Meléndez-Ferro et al., 2002a), with
some minor differences that may be due to the temperature used
to raise embryos and prolarvae (18°C versus 16°C).

In the last years, the expression patterns of several regulatory
genes were studied during the embryonic and early prolarval
development showing striking similarities with those reported
in gnathostomes, but also some differences. Therefore, although
the developmental program for the brain appears to be quite

Frontiers in Neuroanatomy

www.frontiersin.org

March 2011 | Volume 5 | Article 20 | 8


http://www.frontiersin.org/Neuroanatomy/
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive

Pombal et al.

Developmental organization of the lamprey telencephalon

conservative, there are also some differences concerning the
mechanisms of brain patterning and organization. One of these
differences concerns the specification of the GABAergic cells
in the lamprey telencephalon (reviewed in Osério and Rétaux,
2008; Watanabe et al., 2008). Analysis of the expression pattern
of Hh (a Shh homolog) and Nkx2.1 (TTF-1) in early develop-
ing lampreys revealed the presence of two basal plate domains
located in the hypothalamus and the ventral aspect of the neural
tube including the zona limitans intrathalamica, but the lack
of expression in the subpallium (Murakami et al., 2001, 2005;
Ogasawara et al., 2001; Uchida et al., 2003; Kluge et al., 2005;
Osorio et al., 2005; Kano et al., 2010; reviewed in Kuratani et al.,
2002; Murakami et al., 2005; Osério and Rétaux, 2008; Watanabe
et al., 2008; Murakami and Watanabe, 2009). This fact raised
the question on the existence in lampreys of a homolog of the
medial ganglionic eminence (MGE) of gnathostome vertebrates,
which, in these animals, represents the major source of cortical
(pallial) interneurons by originating a conspicuous tangential
migratory stream of GABAergic cells that enter several pallial
portions (Moreno et al., 2008; reviewed in Marin and Rubenstein,
2001, 2003). The first GABA-ir cells in the lamprey subpallium
are observed by Piavis stage 17 (18 dpf; Meléndez-Ferro et al,,
2002a; present results), which is slightly latter than the stages
analyzed for Hh and Nkx2.1. In this scenario, there are, at least,
three different interpretations or possibilities for the origin of
the GABA-ir telencephalic cells in lampreys: (1) they do have a
true homolog of the MGE of gnathostomes but the expression
of Hh and Nkx2.1 is somehow delayed during development, as
it is for the histological differentiation. A significant delay, as
compared with gnathostomes, on the telencephalic expression
has also been observed for Fgf8/17 (Guérin et al., 2009); (2) the
pallial GABA-ir cells of these animals are originated exclusively
from a hypothetical homolog of the gnathostome lateral gan-
glionic eminence (LGE; see also Watanabe et al., 2008), which
has also been reported to contribute to the GABAergic pallial
interneurons (see Rubin et al., 2010 and references herein); (3)
alternatively, the lamprey GABA-ir pallial neurons could be
originated through a different specification mechanism from
those known in gnathostomes, as already suggested by Osério
and Rétaux (2008). Needless to say that a combination of these
options is also possible.

STRUCTURE AND REGIONALIZATION OF THE LAMPREY
TELENCEPHALON

The lamprey telencephalon, which is now considered to be the
most rostrodorsal portion of the alar plate of the secondary pros-
encephalon (Pombal et al., 2009; Pombal and Megias, in press),
comprises three main parts: the olfactory bulbs, the cerebral hemi-
spheres, and the telencephalon medium (the unevaginated portion;
Nieuwenhuys and Nicholson, 1998). The dorsocaudal limit of the
telencephalon varied considerably across the literature (Figure 5),
and some recent changes have also been introduced on its ventral
limit, as already commented.

The internal organization of the olfactory bulbs is quite similar
to that of other anamniote vertebrates (Heier, 1948; Schnitzlein,
1982; Iwahori et al., 1987; reviewed in Ren et al., 2009). It is note-
worthy that the olfactory bulbs of these animals are larger than the

FIGURE 5 | Midsagittal section of the prosencephalic roof plate in

P marinusillustrating the dorsal telencephalic/diencephalic limit in either
the columnar or the segmental conceptions of the neural tube. 1, Edinger
(1888), von Kupffer (1906), Heier (1948), Schober (1964), Nieuwenhuys and
Nicholson (1998); 2, Burckhardt (1894); 3, Sterzi (1907), Pombal and Puelles
(1999); 4, Ahlborn (1883), Pombal et al. (2009), Martinez-de-la-Torre et al. (2011).
ds, dorsal sac; hc, habenular commissure; ic, interbulbar commissure; Is, lamina
supraneuroporica; It, lamina terminalis; mch, mesencephalic choroidal plexus;
pc, posterior commissure; pir, pineal recess; vt, velum transversum.

cerebral hemispheres from which they are externally demarcated
by a shallow groove, the circular fissura. Both of them are hol-
low structures with their ventricles connected with the median
third (diencephalic) ventricle through a common interventricular
foramen (or foramen of Monroe).

The cerebral hemispheres and the telencephalon medium can
be subdivided into a dorsal pallial region and a ventral subpal-
lial region, with the later including the septum, striatum, and
preoptic region. The organization of the lamprey pallium is
still a matter of discussion, and different conceptions have been
postulated in the last decades (Figure 6). Most of the classical
studies considered four main subdivisions: primordium hip-
pocampi (or medial pallium) of Johnston (1912), primordium
pallii dorsalis (or dorsal pallium), primordium piriforme (or
lateral pallium), and lobus (lobulus) subhippocampalis (or sub-
hippocampal lobe) of Herrick and Obenchain (1913) (Heier,
1948; Schober, 1964; reviewed in Nieuwenhuys and Nicholson,
1998; Pombal et al., 2009). A major difference concerns the
interpretation of the subhippocampal lobe as the homolog of
the dorsal pallium of tetrapods, as well as the consideration
of the evaginated portion as a lateral pallium homolog, which
was further subdivided into dorsal and ventral parts (Northcutt
and Puzdrowski, 1988). With the postulation of the lamprey
prosomeric model (Pombal and Puelles, 1999), the homology of
the dorsal pallium was initially rejected and its previous name
(subhippocampal lobe) adopted again. Finally, the most recent
conception has recognized a putative ventral pallium homolog
in the ventral part of the evaginated portion, whereas the sub-
hippocampal lobe was interpreted as a portion of the amygdala,
the pallial extended amygdala (Pombal et al., 2009; Martinez-
de-la-Torre et al., 2011; Pombal and Megias, in press). A pri-
mordial amygdala was first recognized by Schnitzlein (1982),
who described this structure as a mass of scattered cells at the
ventromedial border of the primordial piriform. In addition, the
classical primordium hippocampi of Johnston (1912) or medial
pallium was considered as homolog of the prethalamic eminence
(as already considered by several earlier authors; reviewed in
Pombal et al., 2009). This interpretation is consistent with its
topological position in relation with both, the interventricular
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Heier (1948), Schober (1964),
Nieuwenhuys and Nicholson (1998)

Pombal et al., (2009),

Pombal and Puelles (1999) Pombal and Megias, in press

FIGURE 6 | Schematic drawings of a transverse section through the adult
lamprey telencephalon and rostral hypothalamus showing the evolution
of the nomenclature of the different nuclei and areas. BO, bulbus
olfactorius; CS, corpus striatum; D, dorsal pallium; DM, dorsomedial
telencephalic neuropile; Ld, lateral pallium, dorsal part; LP, lateral pallium; LSh;
lobulus subhippocampalis; M, medial pallium; Lv, lateral pallium, ventral part;
MPO, medial preoptic nucleus; nPr, nucleus preopticus; P, pineal organ; PA,
preoptic area; PE, prethalamic eminence; PEA, pallial extended amygdala;
Phip, primordium hippocampi; plv, posterior lateral ventricle; PMg,
magnocellular preoptic nucleus; poc, postoptic commissure; por, postoptic
recess; PP, parapineal; PPd, primordium pallium dorsalis; PPir, primordium
piriforme; RPa, rostral paraventricular area; S, striatum; SHL, subhippocampal
lobe; St, striatum; VR ventral pallium; vt, impar telencephalic ventricle.

foramen and the velum transversum, as well as with the presence
of Lhx1/5 mRNA (Osorio et al., 2006), a marker of the pretha-
lamic eminence in tetrapods (Moreno et al., 2004). Moreover,
the presence of a number of GABA-ir cells in this structure in
adult lampreys (see Figure 4C) could be equally explained for
both conceptions (it should be keep in mind that in gnathostome
vertebrates GABAergic cells were reported in both of them): they
could be originated as part of those migrating from the subpal-
lium (medial pallium conception), or from the alar portion of
the prethalamus, which also has Dlx expressing cells (Murakami
et al., 2001; Myojin et al., 2001; Neidert et al., 2001; Kuraku
etal.,2010) and DLL-ir cells (Martinez-de-la-Torre et al., 2011;
prethalamic eminence conception).

Some progress regarding the regionalization of the adult lam-
prey forebrain has been recently achieved based on the specific
presence of neurotransmitters or related neurochemicals, of neu-
roanatomical connections as well as of the expression pattern
of a number of developmental regulatory genes. Some of them,
such as Pax6, DIx1/6, and Lhx1/5, are useful markers of differ-
ent interprosomeric boundaries or their internal subdivisions.
Concerning the telencephalon, Pax6 is expressed in its dorsal

(pallial) portion (Murakami et al., 2001; Derobert et al., 2002;
Uchida et al., 2003; Osério et al., 2005; reviewed in Kuratani et al.,
2002; Murakami et al., 2005; Murakami and Watanabe, 2009),
whereas DIx1/6 is expressed ventrally (subpallium; Murakami
et al., 2001; Myojin et al., 2001; Neidert et al., 2001; Kuraku
et al., 2010; reviewed in Kuratani et al., 2002; Murakami et al.,
2005; Murakami and Watanabe, 2009), therefore the boundary
of their expressing areas do correspond to the pallial/subpallial
boundary. This limit is also recognized with an antibody against
the Drosophila distal-less protein (Martinez-de-la-Torre et al.,
2011). In addition, Emx (a marker of the dorsal, medial, and
lateral pallia in gnathostomes) is expressed in the dorsalmost
portion of the primordial pallium in late embryos and early
prolarvae (Myojin et al., 2001; reviewed in Kuratani et al., 2002;
Murakami et al., 2005; Murakami and Watanabe, 2009). Though
that more data are necessary, these results suggest that some of
the major subdivisions of the gnathostome telencephalon are
also present in lampreys.

CONCLUDING REMARKS

The lamprey forebrain undergoes some important topographical
rearrangements during early postembryonic development, and,
after that, it grows slowly through an extremely large larval period,
with new born cells being added at different rates in virtually all the
telencephalic subdivisions. Our detailed study on the distribution
and morphological developmental pattern of the GABA-ir cells in
the telencephalon of prolarvae reinforce the previously postulated
subpallial/pallial migratory pathway in lampreys (Meléndez-Ferro
etal., 2002a; Martinez-de-la-Torre et al., 2011), and also suggested
for sharks (Carrera et al., 2008); therefore, the characteristic tan-
gential neuronal migration from the subpallium to the pallium
described in tetrapods is likely to be already present in agnathans
and elasmobranch fishes.

Concerning the general telencephalic organization in lampreys,
there is now a general agreement on the subpallial areas, with the
recently included preoptic area, but less at pallial level, with new
ideas and propositions coming out with the increasing amount of
experimental data. In the recently proposed prosomeric model for
lampreys, the alar plate of the secondary prosencephalon includes
the new conception of the telencephalon, which encompasses the
preoptic area, and the alar hypothalamus; in addition, the alar
plate of p3 becomes quite enlarged due to the consideration of
the classical medial pallium as part of the prethalamic eminence.
The available results indicate that the lamprey telencephalon pos-
sess @ more complex organization than previously though. The
increasing data on gene expression, and their combination with
chemoarchitectural and hodological techniques, will be useful tools
for unraveling the characterization of the telencephalic regions and
nuclei in lampreys, providing better comparisons with their coun-
terparts in other vertebrates, in order to clarify the basic molecular
mechanisms necessary to originate brain compartments as well as
their evolution.
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