
Summary. The thymus represents an epithelial
microenvironment specialized in the generation of T-
cells. The mechanisms or signals that determine the
initial differentiation of the two well distinguished
histological compartments of the thymus, cortex and
medulla, remain unknown. Here, we report a three-
dimensional analysis of the distribution of some
established thymic epithelial markers in relation to
thymic anatomical development during the first steps of
thymus organogenesis. In the thymic primordium, initial
lumen is lined by claudin (Cld)3/4+K5+ cells, after
thymus growth and lobulation they form a continuous
branched structure that increases its length and
branching degree. Within it, the presence of luminal
structures can be distinguished, even at E13.5. The
medullary marker mouse thymic stroma 10 (MTS10) is
upregulated in these Cld3/4+ lumen forming cells in a
proximal-distal sequence. This structural organisation is
histologically similar to that described in other epithelial
organs undergoing a branching morphogenesis process.
These results indicate that the thymic medulla can be
evidenced as a continuous branched structure from early
stages and suggest a thymic developmental program
based on or containing elements of a branching
morphogenesis program modified by the presence of
lymphoid cells, in which medullary epithelial cell
commitment is initially determined by lumen formation.
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Introduction

The thymus represents a unique epithelial
microenvironment specialized in the generation of the
peripheral T-cell pool. The two major epithelial lineages
of the thymus, cortical thymic epithelial cells (cTECs),
specialized in positive selection and the generation of a
functional broad repertoire, and medullary thymic
epithelial cells (mTECs), specialized in the generation of
central tolerance by means of expressing and presenting
self-antigens to the developing thymocytes (Klein et al.,
2009; Takahama et al., 2010), constitute the two
classically well distinguished histological compartments,
cortex and medulla, and are differentiated and
specialized during thymus development. Our current
knowledge on development of the thymus and its
compartments is fragmentary, based on independent data
that do not give us a comprehensive view of the entire
process.

In mice, between E9.5 and E10.5 the thymus-
parathyroid common primordium arises as an
evagination of the endodermal layer of the third
pharyngeal pouch with the participation of ectoderm of
the third pharyngeal arch and mesenchymal cells derived
from neural crest, which will surround the thymic
primordium at E11.5 (Blackburn and Manley, 2004). The
transcription factor, forkhead box protein 1 (FoxN1),
under control of bone morphogenetic protein 4 (BMP4)
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and Int/Wingless family (Wnts) produced by neural crest
cells, makes the anterior part commit to thymic tissue
(Gordon et al., 2001; Balciunaite et al., 2002; Tsai et al.,
2003; Manley and Condie, 2010). In this early stage, at
E11.5, the thymic epithelium consists of a polarized bi-
pluristratified epithelium still attached to the pharyngeal
cavity.

In a second stage, called late organogenesis, the
primordium is separated from the pharyngeal cavity, the
physical separation of the thymus and parathyroid gland
takes place, the central lumen appears to be closed
(Gordon et al., 2010) and thymic primordium appears as
an epithelial cell cluster. At E12 FoxN1 expression
increases and differentiation to the different epithelial
lineages initiates, which involves morphological
changes, cell rearrangements and modulation of the
expression of different cell markers (Balciunaite et al.,
2002; Boehm, 2008). E12 thymus contains thymic
common cell precursors able to differentiate into both
cortex and medulla (Rossi et al., 2006) but also DEC 205
expressing cortical committed cells (Shakib et al., 2009)
and MTS10+ medullary committed cells (Hamazaki et
al., 2007). These primitive medullary-committed
progenitors have been described as clonally emerged
islets that will evolve to constitute a confluent, single
and continuous central medulla and several peripheral
medullary foci, as found in the adult thymus (Rodewald
et al., 2001; Irla et al., 2013). 

The colonization of thymic primordium by lymphoid
progenitors through the surrounding mesenchyme (Itoi et
al., 2001; Masuda et al., 2005) provokes important
changes in the organization of thymic epithelium that
reorganizes, loses polarity, and passes from a two-
dimensional sheet to a three-dimensional network (Klug
et al., 2002). This unique feature among the epithelial
organs facilitates the migration of developing
thymocytes and their direct contact with TECs,
necessary for the differentiation and functional
maturation of lymphoid precursors. The surrounding
mesenchyme, developed from the mesoderm and neural
crest cells, is internalized generating thymic trabeculae
(Foster et al., 2008). However, neither the arrival of
lymphoid cells nor the entry of mesenchyme seem to
affect the initial TEC cortex-medulla differentiation
(Jenkinson et al., 2003, 2005). Furthermore, some
medullary markers are expressed even in the absence of
FoxN1 (Nowell et al., 2011). 

The signals or mechanisms driving both the
developmental pattern of thymic epithelium and its
differentiation, including the cortex-medulla
organization, therefore, remain unknown. In the present
study, we analyze the early development of murine
thymus from a different point of view: we have studied
the distribution of some well-established thymic
epithelial markers in relation to thymic anatomical
development, emphasizing the importance of the
topological location of epithelial progenitor cells in the
early primordium for the acquisition of medulla
commitment, organ compartmentalization and

organization of a single thymic medulla. Our results
suggest a new model for explaining thymus growth
according to a pattern of branching morphogenesis,
similar to that described in other epithelial organs, such
as salivary glands or pancreas (Jaskoll et al., 2002; Hick
et al., 2009; Villasenor et al., 2010).
Material and methods

Mice

All CD1 mice (Harlan Ibérica, Spain) were bred and
maintained in the facilities of the Complutense
University of Madrid and were used in accordance with
the animal care protocols approved by this university.
The day of vaginal plug detection was designated as day
0.5. At least five animals were used in each
developmental stage analyzed in the study. 
Immunofluorescence studies

For whole mount immunostaining, thymic lobes
were fixed in 4% formaldehyde or 1:1 methanol: acetone
(30 min.), permeabilized in PBS 3% Triton (15 min.),
and incubated overnight at 4°C with primary antibodies.
Secondary antibodies were incubated overnight, and,
after washing, lobes were postfixed with formaldehyde
2% (15 min.) and mounted on Vectashield fluorescence
mounting medium. Immunofluorescence studies on
thymic cryosections were performed as previously
described (Garcia-Ceca et al., 2009).

Primary antibodies (clone and working dilution
(wd)) were: rabbit anti-keratin 5 (polyclonal, wd: 1/500,
Covance, Berkeley, CA, USA), rat anti-keratin 8
(Troma-1, wd: 1/200, Developmental Studies
Hybridoma Bank, Iowa City, IA, USA), rat anti-mouse
thymic stroma 10 (clone MTS10, wd: 1/20) (kindly
donated by Richard Boyd, Monash University,
Melbourne, Australia), rabbit anti-Cld 3 and anti-Cld 4
(polyclonal, wd: 1/100, Molecular Probes, Invitrogen,
Eugene Oregon, USA), rat anti-CD45 (30-F11, wd: 1/50
BD), rabbit anti-laminin (polyclonal, wd: 1/100, Sigma-
Aldrich, St Louis, MO, USA) and rat anti-mouse E-
cadherin (ECCD-2, wd: 1/50, Invitrogen, Grand Island,
NY, USA). Secondary antibodies were: conjugated
donkey anti-rabbit IgG, donkey anti-rat IgG and donkey
anti-rat IgM antibodies (Molecular Probes). F-actin
staining was performed with Alexa-fluor 647 phalloidin
(Molecular Probes) following supplier instructions. 

Image acquisition was performed using a Confocal
Leica SP2 microscope, at the Cytometry and
Fluorescence Microscopy Centre (Complutense
University, Madrid, Spain). For the image analysis and
volume rendering Image J software was used.
Light microscopy

Thymuses were fixed in 2.5% glutaraldehyde/0.1 M
sodium cacodylate at 4°C for 3-5 hours and embedded in
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Durcopan resin (Fluka AG, Buchs, Switzerland) as
previously described (Willett et al., 1999). Semithin
sections were stained with toluidine blue, dehydrated
and mounted in DPEX (Panreac, Barcelona, Spain).
Results

We analyzed the histological pattern of thymic
epithelium from E11.5 thymuses. Keratin 5 (K5) is
expressed in adult medullary TECs and Keratin 8 (K8)
on cortical TECs. Both keratins are expressed in a
population located in the adult at the corticomedullary
border and on most TECs at early fetal stages (Bennett et
al., 2002). This population was considered to represent
or contain more immature TECs. Whole mount
immunostaining of E11.5 thymic primordium for K8 and
K5 showed that this consisted of a bi/pluri-stratified
epithelium, as previously reported (Hamazaki et al.,
2007), polarized with respect to a central lumen resulting
from evagination of the pharyngeal epithelium (Fig. 1).
The primitive anlage was homogeneously stained for
K8, and K5 staining was more evident close to the
lumen (Fig. 1A). The three-dimensional reconstruction
of confocal microscopy Z series demonstrated that K5
positive epithelium showed an incipiently branched
three-dimensional structure (Fig. 1B, Supp. Movie 1). 

E11.5 thymic lobes were also whole mount stained
with phalloidin, which detects F-actin filaments. The
confocal Z series throughout the organ revealed the
presence of a single branched shaped lumen, within a
stratified epithelium (Fig. 1C). Confocal serial sections
throughout phalloidin whole mount stained thymic
primordium confirmed polarization of the cytoskeleton
of TECs in relation to the lumen and its ramifications.
An initially unpolarized intermediate mass began to be
appreciated within which polarized foci and tracts were
observed. E13 Cld 3/4+ cells or islets give rise
specifically to medullary TECs. This marker, usually a
component of epithelial tight junctions, is expressed in
the epithelial sheet that lines the lumen of the pharyngeal
cavity in E11.5 thymic primordium (Hamazaki et al.,
2007; Hollander, 2007). In agreement, Cld 3/4 staining
showed that epithelial cells expressing Cld 3/4 delimited
this incipient lumen (Fig. 1D). Thymic E11.5 structure
according to these results can be summarized as in Fig.
1E.

At E12.5, thymuses whole mount stained for K5 and
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Supplementary Movie 1. The movie shows 360º maximum intensity projections of E11.5 thymic lobes whole mount stained for K5 (green) and K8
(red). Images in the z series were spaced 1 µm and cover a total of 114 µm. Projections each 5º were performed. Objetive HC PLAPO lbd.BL
20.0X0.07 IMM N.A. 0.7.

Supplementary Movie 2. The movie shows 360º maximum intensity projections of K5 whole mount staining of an E12.5 thymic lobe. Images in the Z
series were spaced 1 µm and represent a total of 244 µm. Projections each 5º were generated. Objective HC PLAPO lbd.BL 20.0X0.07 IMM NA. 0.7.

Supplementary Movie 3. The movie shows 360º maximum intensity projections of a E12.5 K5 (green) and K8 (red) whole mount stained thymic lobe.
Images in the Z series were spaced 1 µm and represent a total of 244 µm. Projections each 5º were generated. Objective HC PLAPO lbd.BL 20.0X0.07
IMM NA. 0.7.

K8 demonstrated that, at this stage, the K5+ epithelial
cells continued to be closely associated to a branched
structure (Fig. 2A, Supp. Movie 2 and 3). This structure
represented an evolution of that found in E 11.5
thymuses presenting a higher total length and branching
degree. (Figs. 2,4). Its general pattern was similar in all
whole mount analyzed lobes, suggesting that it followed
a programmed branching pattern (Fig. 4). At the same
time, external clefts determined an incipient lobulation
that became clearly evident one day later (Fig. 4). TECs
associated with the lumen that express strongly K5, but
not those at the distal ends of K5+ structure,
downregulated K8 expression (Fig. 2A,B). Evidence for
a lumen was not appreciable all along this K5+ core but
primary lumen and some secondary lumina were clearly
visible (Fig. 2).

The staining of thymic lobe serial cryosections for
either K5 or Cld 3/4 revealed the association between
Cld 3/4 and K5 expression, including the distal ends,
reflecting that the Cld 3/4+ cells constituted a continuous
ramified structure (Fig. 2B). Cld 3/4 staining revealed
also the presence of secondary lumina, polarized rosettes
and tracts. Therefore, these results indicated that at this
age, whereas the K5 and Cld3/4 staining represents a
continuous structure, the lumen does not. 

On serial semithin sections, at this stage, we could
distinguish the central lumen and the luminal branches
arising from it (Fig. 2C). We also observed that
epithelium was polarized around the lumen, so that at
E12.5 the thymic sections could be morphologically
described as (Fig. 2D): on the inner side, luminal layers
sectioned at different orientations; on the external side, a
continuous layer of polarized epithelium and, between
these two areas, an intermediate zone containing non-
polarized epithelium (Fig. 2D). 

The presence of lymphoid cells introduce in thymus
development an important difference with respect to
other developing epithelial organs inducing the specific
three-dimensional network formed by dendritic shaped
TECs. At this stage, both whole mount immunostained
thymic lobes for combined detection of K5, K8 and
CD45 expression and analysis of semithin sections (Fig.
2D) demonstrated the presence of CD45+ lymphoid
progenitors in the intermediate area in association with
non-polarized TECs that expressed little or no K5. 

One day later (E13.5), the expression pattern of K5
in coincidence with Cld 3/4 expression revealed a higher
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Fig. 1. The early thymic primordium consists of a bi/ pluri-stratified epithelium polarized with respect to a branched central lumen to which K5 staining is
associated. A, B) E11.5 thymuses were whole mount stained with anti-K5 (green) and anti-K8 (red) antibodies and analyzed by confocal microscopy.
A. Representative sections distanced 20µm from a complete series. B. Different angle maximum intensity projections. The position of the pharynx is
indicated as ph. C. Central sections from a series obtained from E11.5 thymic lobes whole mount stained with phalloidin. Lumen is indicated by arrows.
Examples of polarized tracts and rosettes are pointed out by arrowheads. D. Frontal section of an E11.5 thymic primordium stained for either K5
(green, left) or Cld 3/4 (green, right) and K8 (red). E. The diagram summarizes these results. E11.5 thymic primordium is a bi/pluri-stratified epithelium
with a central lumen lined by Cld3/4+K5+ cells (green coloured); an external basal layer (red coloured) and, between them, an initially unpolarized
intermediate mass (orange coloured) begins to be appreciated within which Cld3/4+K5+ polarized foci and tracts are observed rendering an initially
branched structure. Scale bars 50 µm.
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Fig. 2. Organization of E12.5 thymic lobes. A. Whole mount K5 (green) K8 (red) immunodetection was performed in E12.5 thymic lobes, and the organ
scanned by confocal microscopy. Aa. Two channels separately and merged maximum intensity projections of sections separated every 1µm. Ab.
Central section. Primary central lumen delimited by K5+K8- cells (white arrow) and secondary lumina (arrowheads). Ac. Volume reconstruction of one
branch defined by K5+ cells. Ba. Expression of Cld 3/4 (green) on E12.5 thymic lobes. Serial sections stained for K5 (green) and K8 (red) (Bb), or Cld
3/4 (green) and K8 (red) (Bc). C. Toluidine blue stained E12.5 thymic sections. Arrowheads point to the lumen. Yellow arrow indicates a lumen
bifurcation. Serial sections were each performed 5 μm apart in the orientation indicated in the diagram. D. Three distinguishable areas at E12.5 thymus.
Cross-section of an E12.5 thymic lobe stained with toluidine blue. Da. In the insert, the lumen is marked as a black line, polarized cells around it appear
in green, non-polarized cells in orange and intermingled lymphoid cells in blue. Polarized cells that determine the outer limit of thymic section appear in
red. Db. Representative optical section from an E12.5 lobe whole mount immunostained for K5 (green), K8 (red) and CD45 (blue) expression. Dc.
Diagram shows the organization of an E12.5 thymic lobe. Dd. Virtual section obtained from an E12.5 thymic lobe whole mount immunostained for K5
(green) and K8 (red). Stained lobe was scanned and resulting volume information reoriented and resectioned with image J software. Arrowheads point
to secondary lumina. Scale bars: A, B left column, D, 50 µm; B right column, C, 20 µm.



branching degree within the thymic primordium than
that observed in earlier stages (Figs. 3A, 4). On the other
hand, the histological study of semithin sections of
E13.5 thymuses evidenced that at the same time that this
Cld3/4+K5+ structure had developed a higher total length
and degree of ramification, the organ had also lobulated
(Fig. 3B, 4). A well-defined ramified structure appeared
more intensely stained in the central area of thymic lobe,
presumably corresponding to polarized K5+ cell cords
(Fig. 3A,B). Also, within this structure very narrow
lumina were still evident (Fig. 3B,insert). Therefore,
from E11.5 to E13.5 the thymus grew as an epithelial
mass in the centre of which the primordial lumen was
evident. Within this epithelial cluster, cells expressing
K5 acquired apical basal polarity, reexpressed Cld3/4
proteins and constituted a growing branched structure
that defined secondary lumina or microlumina connected
with primary lumen by polarizing cell tracts. 

Our current results demonstrated that Cld 3/4, a
marker for the medullary epithelium commitment
(Hamazaki et al., 2007), expression was initially
associated with TECs arranged on the original lumen
and de novo lumen forming branches arising from it.
Accordingly, we analyzed the possible relationship
between these cells and the origin of medullary thymic

epithelium. For this purpose, three-dimensional
reconstructions of serial confocal sections from E12.5
and E13.5 thymic lobes whole mount immunostained for
the thymic medullary marker MTS10 (Godfrey et al.,
1990) were performed. 

Our results demonstrated the continuity of MTS10
staining and its association with the K5+ cells of the
initial lumen and its branches (Fig. 5, Supp Movie 4)
strongly supporting that the continuous and ramified
condition of thymic medulla appeared from very early
stages. The MTS10 expression appeared for the first
time in E12.5 thymus in a few K5+ TECS of primary
lumen (Fig. 5A) that, as described above, also expressed
Cld 3/4 (Fig. 5B). One day later the K5+ cells that
limited the secondary branches also acquired MTS10
expression, although no staining for this marker was
found in the K5+K8+ cells of the distal ends of branches
(Fig. 5A). The expression of MTS10 and Cld 3/4 was
coincident and associated with K5+ branches (Fig. 5B)
except at the distal ends of the lumen forming branches
where we detected MTS10-Cld 3/4+ cells (Fig. 5B).
Together these findings suggested that cells polarized,
expressed Cld 3/4 and upregulated K5 at the distal ends
representing de novo lumen forming branches, while the
initial differentiation to medullary epithelial lineage
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Fig. 3. Organization of E13.5 thymic lobes. A. Immunofluorescence analysis on the expression of K5 (green) vs K8 (red) (top) and Cld 3/4 (green) vs.
K8 (red) (next row) on serial E13.5 thymic criosections. A detailed image is shown on the right. B. Toluidine blue stained sections from an E13.5 thymic
lobe show a lobulated organ with a central branched darker-stained structure formed by more thin and elongated cells. The insert shows the central cell
cord (arrowheads) with presence of microlumina. Note the presence of an incipient lumen (yellow arrow). Red arrow indicates a branching point. Scale
bars: A left panel, B, 50 µm; A right panel, 20 µm.

Supplementary Movie 4. The movie shows 360º maximum intensity projections of MTS10 staining of the E13.5 thymic lobe shown in figure 5A.
Images in the z series were spaced 1 µm and represent a total of 173 µm. Projections each 5º were generated. Objective HC PLAPO lbd.BL 20.0X0.07
IMM NA. 0.7.

http://www.hh.um.es/pdf/Movies/11_571/Movie_4.gif
http://www.hh.um.es/pdf/Movies/11_571/Movie_4.gif


takes place on the preceding proximal part of the branch. 
Analysis of the evolution of K8 and K5 expression

in later stages of thymus development demonstrated that,
in E14.5 thymuses, a pattern of continuous K5+ branches
surrounded by a K8+ cortex formed the well-defined
thymic lobules, and no evidence of definitive lumen
formation was found (Fig. 6). At E18.5 the peculiar
three-dimensional arrangement of thymic epithelial cells
was especially evident. At this stage, a concentric
structure in which the medullary core is surrounded by a
developed thymic cortex is observed. The continuity of
the branched thymic medulla was still evident although
the lobulation was more difficult to determine in single

sections (Fig. 6). This structure finally rendered the
definitive adult thymus morphology and cortex/medulla
organization. 
Discussion

We have analyzed the histological pattern of thymic
epithelium from E11.5 onward in order to re-evaluate the
pattern of thymic organogenesis and the underlying
mechanisms governing the appearance of thymic cortex
and medulla. Our results show that, at early stages,
thymus growth is accompanied by lobule formation and
that the presence of a lumen lined by Cld3/4+ K5+ cells
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Fig. 4. Evolution of thymus in terms of lumen formation and lobulation. A. Maximum intensity projections from whole mount K5 stained (green) E11.5,
E12.5, E13.5 thymic lobes. Arrows indicate thymic lumen connection with the pharyngeal pouch. B. Diagrams of the branching degree at each stage of
thymus development. C. Representative sections showing the expression of Cld 3/4 (green) vs. K8 (red) at each age. D. Representative sections show
the expression of E-cadherin (red) and laminin (green) to reveal the outer thymic limits. Examples of clefts are indicated with arrows. Scale bars: 50 µm.
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Fig. 5. The thymic medullary compartment is continuous from its origins and develops from the lumen lining cells. A. Maximum intensity projections
from thymic lobes whole mount stained for K5 (green) vs. MTS10 (red). B. Immunofluorescence analyses on E12.5, E13.5 thymic primordiums for Cld
3/4 (green) vs. MTS10 (red) expression reveal that K5+MTS10- tips are Cld 3/4+ cells. Scale bars: A, B upper row, 50 µm; B details, 20 µm.



can be distinguished even at E13.5. These cells form a
continuous branched structure that increases its length
and branching degree and define secondary lumina and
microlumina. Cld3/4+ cells are considered the first
medullary commited precursors, as Cld 3/4+ cells from
E13.5 fetal lobes give rise exclusively to medullary cells
(Hamazaki et al., 2007). Consistently at E12.5 and
E13.5, Cld 3/4+ cells show continuous MTS10
expression that is upregulated in a trunk-branch
sequence. These findings imply that thymic medulla
shows, from very early stages, a continuous branched
structure that differentiates from lumen lining or de novo
lumen forming epithelial cells. 

At the initial steps of thymus development, thymic
histological organization resembles the typical structure
of a branching morphogenesis developing organ in
which lumen formation and elongation take place within
a three-dimensional mass or bud that does not have a
lumen constituted by packed unpolarized cells (Jaskoll et
al., 2002; Tucker, 2007; Walker et al., 2008). In organs
that follow this pattern of development, lumen formation
usually takes place alongside the branches from the
proximal region toward distal ends in a coordinated

manner (Patel et al., 2011). In thymus, the continuous
Cld3/4 staining that defines the central, original lumen
and its ramifications, as well as secondary lumina and
microlumina, reminds especially the lumen formation in
the pancreas primordium. In this organ, no initial ductal
structure nor terminal buds are generated, but
rearrangement of an epithelial growing mass takes place
in relation to a polarizing epithelial plexus to finally
organize into a complete ductal system (Hick et al.,
2009; Villasenor et al., 2010). Similarly to results shown
here, during pancreas development, an initial central
lumen is present in the epithelial mass. In the
remodelling mass, groups or rosettes of polarizing cells
form secondary blind or independent microlumina that
progressively connect to each other and with the central
primary lumen, forming the so-called “polarized canals”
or tracts of polarized cells (Hick et al., 2009; Villasenor
et al., 2010). 

Our results indicate that medullary commitment
takes place in the Cld3/4+ luminal cells. The increase in
length and branching degree of Cld3/4+ luminal structure
together with the fact that MTS10 expression is
upregulated in a trunk-branch sequence also suggest that
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Fig. 6. Medulla remains as a continuous
branched structure at later stages.
Representative sections from an immuno-
fluorescence analysis of the whole E14.5, E18.5
thymus for the expression of K5 (green) vs K8
(red) reveals that K5+ cells form a continuous
structure. Lobulation is still evident in a section
of E14.5 but not at E18.5. Scale bar for E14.5
left column 120 µm, right column 50 µm, for
E18.5 240 µm.



lumen formation and medulla commitment occurs at the
distal ends while older proximal parts of the lumen are
already differentiating. In agreement, previous findings
demonstrated that Cld 3/4+ cells from E13.5 fetal lobes
give rise exclusively to medullary cells (Hamazaki et al.,
2007) , while Cld 3/4- cells give rise to both cortical and
medullary lineages (Hamazaki et al., 2007), indicating
that this last cell pool contains both cortical committed
(Shakib et al., 2009) and still noncommitted precursors.
This fits well with the idea of a growing epithelial
bud/mass in which lumen formation is taking place
distally and medullary commitment follows this lumen
formation in a proximal-distal direction. Lumen
formation or growth via the polarization of non-luminal
cells along an axis, through cluster polarization forming
initially unconnected microlumina, as described in the
pancreas, could explain the formation of medullary islets
and their coalescence described by other authors
(Rodewald et al., 2001) according to a regulated
mechanism. Our results also seem to indicate that lumen
branches follow a defined pattern as is expected in a
branching developing organ. Consistently with this
model, rat adult thymic medulla has been described as a
ramified structure in which the ratio of branch sizes are
mathematically constant (Ginda et al., 1994). 

Therefore, our results suggest that thymus
organogenesis, which finally renders a multilobulated
adult organ with a continuous dendritic shaped medulla
surrounded by the cortex, is based on or contains
elements of a branching morphogenesis developmental
pattern in which cells in the centre of an epithelial mass
polarize and line up into cord-like structures, acquire
apical-basal polarity, and begin to establish junctional
complexes to form a series of initially discontinuous
lumina and microlumina that would eventually coalesce
to become a continuous lumen. These Cld3/4+ cells,
capable of forming the novo lumina, will develop the
thymic medulla. However, neither the medullary cells
develop finally as a definitive lumen nor does the
surrounding bud rearrange into a tubular structure with
terminal end buds, acines or other differentiated distal
structures, but instead remains as a concentric structure
in which the medullary core does not present an apparent
lumen and is surrounded by a highly-differentiated
thymic cortex. This implies that the specific
differentiation program of the thymus would overlap this
basic branching morphogenesis pattern modifying it
presumably by the expression of FoxN1 and arrival of
the first lymphoid precursors. Accordingly, nude
(FoxN1-/-) mouse thymus develops into a tubular
branched structure in which both ductal and acinar
components can be distinguished (Dooley et al., 2005).
In them, the earliest stages of development appear to
occur normally and the expression of claudin 3/4 takes
place similarly to wild-type thymus (Nowell et al.,
2011), in agreement with their role in the establishment
of tight junctions in the luminal cell layer. Moreover, in
the absence of FoxN1 in the medullary K14+ cells (Guo
et al., 2011) or in the case of thymocyte deficiency (van

Ewijk et al., 1999, 2000; Vroegindeweij et al., 2010) the
presence of luminal or cystic structures becomes more
evident. Thus, this luminal arrangement of medullary
cells has been described as a default pathway of
epithelial differentiation in the absence of thymocytes
(Vroegindeweij et al., 2010). 
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