
We have investigated the expression of Doublecortin (Dcx) protein in the developing cerebellum of
mouse from postnatal 2nd day to postnatal 22nd day and in young adults by immunohistochemistry.
Strong expression of Dcx was present in the inner zone of the external granule cell layer, and remained
strong while postmitotic granule cell precursors were present in this transitory layer. Descending granule
cell precursors exhibited Dcx immunostaining not only while migrating but for a short time also after
their settlement. Dcx-immunostained cells appeared in deep cerebellocortical territories and in the cere-
bellar white matter during the first postnatal week. These bipolar cells were arranged in the sagittal plane
and built up transitory migratory streams during the second postnatal week and their number gradually
decreased during the third postnatal week. Upward migration of bipolar cells was observed while leav-
ing the migratory streams, penetrating the internal granule cell layer and the molecular layer. These cells
were considered as precursors of late migrating molecular layer interneurons. However, a proportion of
Dcx-immunostained cells underwent a bipolar-to-multipolar dendritic remodellation and – on the basis
of strong morphological similarities – was taken for “multipotent progenitor cells”, described recently in
the neocortex of adult rat. 
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INTRODUCTION

Doublecortin (Dcx) – a microtubule-associated protein – is expressed in migrating
and differentiating neurons throughout the central and peripheral nervous system
during embryonic and postnatal development [9, 10]. Using immunocytochemistry,
high levels of Dcx are detectable in the developing cerebral cortex, lateral geniculate
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eminence, thalamus, midbrain, hindbrain, cerebellum, spinal cord, trigeminal gan-
glia, dorsal root ganglia, sympathetic ganglia and enteric plexus in both the cyto-
plasm and processes of radially and tangentially migrating neurons [9, 10]. Dcx has
been also suggested as a marker of newly generated neurons in the adult dentate
gyrus [8, 12, 18, 21]. Expression of Dcx remains high within another neurogenic
region of the adult mammalian brain, i.e. in the wall of the lateral ventricle in con-
junction with the rostral migratory stream and olfactory bulb [5, 7, 29]. Dcx is
required for nuclear translocation and maintenance of bipolar morphology during the
migration of newly generated neurons in the adult forebrain/rostral migratory stream
[13]. Besides neurogenic regions, coexpression of Dcx among NG2+ cells in the neo-
cortex of adult rats has been described recently, exhibiting multipotent differentia-
tional activity [25].

In the developing cerebellum, both cerebellar Purkinje cells (PCs) and granule
cells (GCs) express Dcx during periods of migration: Dcx immunoreactivity appears
to be predominantly localized in the periphery of the soma of PCs at P0, whereas
GCs express Dcx during the period of radial descent at P8 in mouse [10]. Dcx –
together with doublecortin-like kinase – is expressed in migrating cells in similar dis-
tribution patterns in the layered structures of the developing chick brain, including
the cerebellum. However, both proteins are expressed in the ventricular zone and in
postmigratory Purkinje cells, too [6]. In mouse cerebellum, both Dcx and dou-
blecortin-like kinase are expressed at high level in the external granule layer (EGL)
and internal granule layer (IGL) at P8, and their expression is drastically diminished
in the adult [23]. Apart from these observations, there has not been any detailed study
on the expression of Dcx in the developing and/or in young adult cerebellar cortex.
The aim of the present study was to investigate the spatio-temporal expression pat-
tern of the Dcx in the cerebellum of mouse during the postnatal developmental peri-
od (from the time of birth to the end of the third postnatal week and in young adults),
and yield data, which might shed light on the developmental role of this cytoskeletal
protein in cerebellar ontogenesis.

⎯⎯⎯⎯⎯→
Fig. 1. Low magnification pictures of the mediansagittal (or nearly mediansagittal) vermal sections fol-
lowing Dcx immunohistochemistry at different postnatal ages. (A) At P2 the immunostaining is more- or
less “homogeneous”, a narrow subpilal rim seems to be more intensively stained. The vermal lobules are
underdeveloped; the late developing VI, VII and VIII lobules cannot be differentiated yet (roman numer-
als). (B) At P5 all of the vermal cerebellar lobules are discernible (roman numerals), and weak immunos-
taining allows to discriminate cerebellocortical lamina. (C) By P8 the strongest expression of Dcx is
characteristic to the inner part of the EGL (external granular layer), the labeling is also strong in the IGL
(internal granular layer). (D, E) At P12 and P15 the vermal lobules are similar to the adult, albeit their
cross-sectional area does not reaches that of the adult. Strong Dcx immunostaining is steadily character-
istic of the EGL and IGL, with only a weaker immunoreaction of the ML (molecular layer) and WM
(white matter). MCN = medial cerebellar nucleus. (F, G) By P18 and P22 the size of the vermis is equal
to that of the young adult. The expression of the Dcx sharply decreases after P18, somewhat stronger
immunoreaction is only present in the dorsal part of late developing vermal lobule VI–VII. (H) There is
only a weak Dcx immunostaining in the vermis of young adult cerebella of mouse, which appears as dots

allover the cerebellar cortex, and is only hardly seen at this low magnification. Scale bars: 500 μm
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MATERIALS AND METHODS

Experimental animals, perfusion and sectioning

C57Bl/6 mice from age matched litters maintained under conventional conditions
and handled according to the European Communities Council Directive of 24
November 1986 (86/609/EEC) regarding the care and use of experimental animals.
Age matched litters of C57Bl/6 mice at postnatal days P2, P3, P5, P8, P11, P12, P14,
P15, P18, P22 and young adults (3.5 months old; 3 animals in each age group) were
deeply anaesthetized with sodium pentobarbital (60 mg/kg i.p.), and perfused tran-
scardially with 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.35. The
brains were removed from the skulls and postfixed overnight at 4 °C in the same fix-
ative. Most of the brains were divided at the mediansagittal plane, half of the brains
were cryoprotected (15% and 30% sucrose) and cut by Jung Frigomat freezing
microtome at 50 μm section thickness starting from the mediansagittal plane, how-
ever, in some cases coronal cerebellar sections were collected, too. Toluidine blue-
stained semithin sections of the vermis cut nearly at the mediansagittal plane were
used from an earlier experiment [26], of age-matched litter of C57/Bl6 animals at
postnatal ages P8.

Dcx immunohistochemistry

Series of frozen sections (20–25 sections from each animal, including about half of
the vermis and paravermal cerebellocortical areas) were used for Dcx immunohisto-
chemistry. Free floating sections were treated with 2% H2O2 in PB for 30 min, per-
meabilized with 0.5% Triton X-100 in PB for 1 hour, incubated in 2% rabbit serum
in phosphate buffered saline (PBS), pH 7.35 for 1 hour. Incubation was carried out
with anti-Doublecortin (C-18) antibody (sc-8066, Lot# E2305, goat polyclonal IgG,
200 ug/ml, Santa Cruz Biotechnology), diluted 1 : 2000 in PBS containing 0.1% rab-
bit serum for 48 hours at 4 °C. As secondary antibody, biotinylated rabbit anti-goat

⎯⎯⎯⎯⎯→
Fig. 2. Dcx immunostaining of coronal sections (vermal lobule V) at P8 (A, B) and toluidine blue-stained
semithin (sagittal) section of age-matched mouse. (A) Strong expression of Dcx can be seen in the in the
inner part of the EGL, whereas in the subpial part – approximately 2–3 cell layers – there is no immuno-
staining. The thickness of the whole EGL is decreased in comparison to that seen at P5 in the same lob-
ule. The Purkinje cell lamina (PL) become more regular, the somata of PCs (Purkinje cells) are only faint-
ly labeled. In the ML besides numerous bipolar cell relatively higher number of small, round or ovoid
cells appear in the upper part of the ML. V: vessels in the pia. Scale bar: 50 μm. (B) Detail of (A) at high-
er magnification. Bipolar (migrating) cells can be found in the whole depth of the ML (arrows). In the
upper part of the ML round-ovoid cells are also expressing Dcx (broken arrows). Scale bar: 20 μm.
(C) On the semithin section elongated (migrating) cells can also be found in vertical (arrows) and in hor-
izontal (open arrow) positions, besides round-ovoid small cells (broken arrows), similar to that observed

following Dcx immunoreaction. Scale bar: 20 μm
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IgG (Vector Laboratories, Burlingame, CA) was applied at the dilution of 1 : 200 for
overnight at 4 °C followed by the incubation of the sections in ABC Elite-Kit
(Vector) diluted to 1 : 200, for 2 hours at room temperature. Tissue-bound peroxidase
was detected using 3,3’-diamino-benzidine (DAB) as a chromogen (0.025% DAB,
0.0015% H2O2 in 0.05M Tris buffer, pH 7.6). Between steps and after incubation for
peroxidase reaction the sections were washed 3 times in PBS for 30 min each. The
immunoreacted sections were mounted, air-dried, and coverslipped with DePex®.

Photographs were taken by Olympus BH2 microscope equipped with DP 50 dig-
ital camera. Adobe Photoshop and CorelDraw computer programs completed further
processing of the images. Originally color pictures were converted to 16-bit gray-
scale images.

RESULTS

Dcx immunoreactivity in the cerebellum at different postnatal ages

During the first three postnatal weeks there is a transitory expression of Dcx in the
cerebellar cortex of mouse (Fig. 1A–G). At P2 the immunostaining is rather homo-
geneous – except a narrow subpial zone –, the cerebellocortical layers are not well
distinguishable (Fig. 1A). From P5 (Fig. 1B) to P15 (Fig. 1E) the strongest expres-
sion of Dcx is confined to the EGL and gradually decreases, parallel with the disap-
pearance of this layer. There is a transitory expression of the Dcx in the IGL, too: at
P5 the immunostaining is weaker, strong between P8 and P15, somewhat decreases
at P18 (Fig. 1F) and seemingly disappears by P22 (Fig. 1G) except in the latest devel-
oping vermal lobules VI–VII, in which limited staining can be still noticed. In the
young adult cerebellar cortex there is a faint but consequent Dcx immunostaining
appearing as black dots across the whole cortex (Fig. 1H).

At P8 the expression of Dcx is the strongest in the inner part of the EGL (Fig. 2A),
however, a thin outer part of the EGL facing to the pia (vessels) is devoid of DCX
immunostaining. In the whole depth of the developing molecular layer bipolar cells
are seen in high number, continuously expressing Dcx (arrows in Fig. 2A–B).
Besides the bipolar (migrating) cells, round or slightly polygonal cells, mainly in the
upper half of the ML, are also immunolabelled (broken arrows in Fig. 2A–B).

⎯⎯⎯⎯⎯→
Fig. 3. Transitory migratory streams in the WM of cerebellar cortex at P11. (A) Strong Dcx immunos-
taining is present in the WM around the MCN, the stream of cells (arrowheads) can be followed back to
an immunopositive territory (asterisk) located in the subventricular region of the IVth ventricle. Scale
bar: 200 μm. (B, C) In the MP/WM of vermal lobules VI–VII bundle of bipolar, Dcx immunopositive
cells [see also at higher magnification on (D)] form transitory migratory streams (arrowheads). Scale
bars: B 200 μm, C 100 μm. (D) Bipolar cells (arrowheads) in the migratory path are attached to each
other; some of them can be seen next to the WM, while and/or shortly after entering the IGL (open
arrows) and are also discernible in the whole depth of the IGL (arrows). PL: Purkinje lamina. Scale bar:

20 μm. [Figure 3D was taken by differential interference contrast (Nomarski) optic.]
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Vertically migrating cells are more frequent (arrows in Fig. 2A–C), but horizontally
migrating ones are also seen (open arrow in Fig. 2C). Bipolar cells (arrows), as well
as round or slightly polygonal ones (broken arrows) can also be observed on semi-
thin sections (Fig. 2C).

At P11/12 there is also strong expression of Dcx in the cells occupying the IGL
(Fig. 3A–D). In the white matter (WM) of vermal/paravermal lobules numerous
bipolar cells can be observed, which are arranged into bundles and are also marked-
ly immunolabelled (arrowheads in Fig. 3A–D). Bipolar (migrating) cells are often
seen in the bottom of the IGL shortly after entering the IGL (open arrows in Fig. 3D),
but also throughout the whole depth of the IGL (arrows in Fig. 3D).

Fig. 4. Dcx immunoreaction in vermal lobules I–II at P18. Remodelling Dcx immunostained cells in the
ML (A) and in the IGL (B) (open broken arrows), which outnumber the bipolar cells (arrows) still pre-
sent in both layer. Scale bar: 25 μm. [Fig. 4A and  Fig. 4B were taken by differential interference

contrast (Nomarski) optic]

⎯⎯⎯⎯⎯→
Fig. 5. Detail of the cerebellar cortex (transitory territory between vermal lobules VII and VIII, sagittal
section) of young adult (3.5 months) mouse following Dcx immunoreaction. (A) Multipolar cells
(arrows) expressing Dcx can be found throughout the cerebellar cortex, higher number in the ML, lower
number in the IGL and WM. Scale bar: 200 μm. (B) Multipolar cells in the ML (arrows) at higher mag-
nification. Thin (dendritic) processes are emerging in all directions. (C) Multipolar cells (arrows) in the
IGL are somewhat weaker immunostained. (D) Multipolar cells in the IGL (arrow), at the border of IGL
and WM (broken arrow) and in the WM (open broken arrow) The processes of the latter ones are ori-
ented in the direction of the myelinated fibers, giving a more elongated appearance of these cells. Scale

bars: B–D: 20 μm. [Figure 5B was taken by differential interference contrast (Nomarski) optic]
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By P14/P15 the number or bipolar cells is reduced in the ML, parallelly with the
increase of the number of multipolar ones, which can be seen in the whole depth of
the ML, at the same time transitory forms from bipolar to multipolar cells are easily
discernible (not shown).

By P18 the thickness of the EGL is considerably reduced in all vermal lobules,
nevertheless, some GC precursors can be still seen beneath the pia (Fig. 1F, not
shown at higher magnification). Multipolar cells – expressing Dcx – are present both
in the ML (open broken arrows in Fig. 4A) and in the IGL (Fig. 4B) and outnumber
the bipolar-shaped cells (arrows in Fig. 4A–B). 

By P22 stronger expression of Dcx can only be seen in the dorsal, latest develop-
ing part of lobule VIa, b, (Fig. 1G) and in multipolar cells throughout the cerebellar
cortex, bearing thin dendrite-like processes (not shown). 

A similar population of multipolar, Dcx immunoreactive cells can be observed in
the cerebella of young adult mice at 3.5 month (Fig. 5A–C). These cells are located
primarily in the ML, a few in the IGL and also in the WM (arrows in Fig. 5A),
exhibiting somewhat stronger immunostaining in the ML (arrows in Fig. 5B) as com-
pared to the IGL (arrows in Fig. 5B–C) or to the WM (broken arrows in Fig. 5D).

DISCUSSION

Expression of Dcx in the EGL

Dcx has become widely accepted as a molecular marker of migrating and differenti-
ating neurons in the central and peripheral nervous system [5, 7, 9, 10, 13, 29]. There
is a strong transitory expression of Dcx in the cerebellum during postnatal develop-
ment, too. Shortly after birth, the Dcx immunostaining is the strongest in the inner part
of the EGL (facing the growing ML), which corresponds to the premigratory zone of
GC precursors. Several studies clarified that extensive tangential/horizontal migration
of GC precursors is also taking place in the developing cerebellar cortex [15, 17],
mostly in the inner part of the EGL. As shown in the present study, a rather strong
expression of Dcx is characteristic for the postmitotic, horizontally migrating GC pre-
cursors during the whole postnatal developmental period of this transitory lamina.

Expression of Dcx in the developing ML

At P2 the ML is rather thin, and is hardly discernible. During the first postnatal week
an increasing number of bipolar cells expressing Dcx appear in the ML. These cells
most probably correspond to GCs radially migrating along Bergmann glial process-
es, analyzed previously [for reviews see 11, 19, 20]. Strong expression of Dcx dur-
ing the period of radial descent in GC precursors has been described earlier at P8 in
mouse [10].



In the developing ML the number of bipolar Dcx positive cells increases during
the second postnatal week. These cells are often attached to each other (two to three
cells) in vertical position, bridging sometimes the whole depth of the ML. These cells
are most probably upward migrating ones, and their attachment might reflect the dif-
ferent migratory mechanisms, i.e. radial/Bergmann glia guided migration [20] and/or
migration along fasciculated fibers of the migratory fellow neurons [1, 16] versus
perikaryal translocation [3, 17].

By P8, besides the bipolar Dcx positive (migrating) cells small-to-medium size,
round cells appear temporarily beneath the EGL in relatively high number, however
their number decreases rapidly, and finally they disappear. These cells most probably
correspond to premature cerebellar cortical interneurons going through a protracted
quiescent phase and translocated into the nascent molecular layer where they stall
next to postmitotic GC precursors without penetrating this cell population [27].
A relatively early appearance of ML interneurons between P5 and P10 and their gath-
ering in higher number beneath the EGL has also been described using GAD67/GFP
knock-in mouse [28].

By the end of the second postnatal week the number of bipolar cells in the ML
decreases, at the same time small-to-medium sized multipolar cells become visible.
Interestingly, these cells can be observed not only in the ML, but also in the IGL and
WM during the third postnatal week. Albeit the number of these cells is not too high,
they are consistently present throughout the cerebellar cortex.

Expression of Dcx in the developing IGL

Small, round cells in the IGL are also expressing Dcx shortly after birth. Their
immunolabelling remains strong during the first postnatal week, until postnatal days
P8-P10, and then gradually decreases from P11/P12. In the developing IGL the pres-
ence of at least three different neuronal types have to be considered peri- and post-
natally: (i) the earliest arriving GCs, which have already descended from the EGL;
(ii) the Golgi cells, which are born well before birth [2]; (iii) upward migrating pre-
cursors of ML interneurons [30, 31].

As far as the Golgi cells concern, immunocytochemistry for GAD demonstrated
that GABA was localized throughout the Golgi cells before postnatal day 7 in the
mouse cerebellar granular layer [24]. During our reliminary studies applying pre-
embedding GABA immunohistochemistry we have also found that GABAergic,
polygonal somata of Golgi cells occupy the whole IGL at P7 (Takács, unpublished
observation). In conclusion, GABAergic Golgi cells are occupying, or nearly occu-
pying their later cytoarchitectonic territory shortly after birth and do not express Dcx,
thus they were not recognizable by Dcx immunohistochemistry in early postnatal
(from P2/P3 postnatal days) mouse cerebella.

Bipolar cells – characteristic migrating forms – can be noticed in the IGL from P8
on and are especially well discernible at P11/P12 and during the late second postna-
tal week. Upward migrating cells keep their elongated, bipolar shape while passing
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through the ganglionic layer, in contrast with descending GC precursors, which
become round transiently after they detach from the surface of Bergmann glia [14].
However, from P14 on, multipolar cells expressing Dcx and transitory forms
between bipolar and multipolar cells also become visible in the IGL.

Expression of Dcx in transitory migratory streams

Dcx immunostained bipolar cells were present in deep cerebellocortical territories
(WM) at P5. Their number gradually increased (especially from P8 on), they became
sagitally oriented, and were often arranged into bundles forming transitory migrato-
ry streams in the WM around the cerebellar nuclei and in the WM of vermal cere-
bellar lobules at P11/P12. The transitory migratory streams disappeared by P15. This
is in good agreement with the original observation of Zhang and Goldman [30, 31],
that most of these cells can be considered as progenitors of ML interneurons. Recent
studies applying GAD67/GFP knock-in mouse provided further evidence that the
postnatal migration of stellate and basket cells is taking place between postnatal days
5 and 15, and bipolar, sagittally oriented GFP-expressing cells are present in the WM
of developing lobules in rather high number at postnatal day 10 [28]. Recent data
revealed somewhat earlier translocation of ML interneurons: from P8 on these cells
were preferentially located within the nascent molecular layer, forming a rather dense
band abutting the EGL at P10 [27]. Upward migrating Dcx-expressing bipolar cells
cannot be identified during the first postnatal week because of the intensive Dcx
immunostaining of the developing IGL. However, the presence of moderately Dcx-
positive, round cells (first of all in the upper part of the ML) at P8 support the theo-
ry of earlier migration of the ML interneuron precursors, too. On the other hand, the
transitory presence of migratory streams and high number of bipolar, upward migrat-
ing cells during the second postnatal week support the idea that the migration of at
least a part of the ML interneurons continues during the (late) second postnatal week
and contribute to the fine-tuning of the final cell number, resulting in an optimal bal-
ance between the generation and apoptotic elimination of cells in the developing ner-
vous system [22, 28]. Another possibility is that those upward migrating Dcx-
expressing cells, which are exhibiting clear morphological signs of bipolar-to-multi-
polar dendritic remodellation, are not precursors of ML interneurons. This popula-
tion of cells might correspond to multipotent progenitor cells present in the neocor-
tex of adult rat, which co-express Dcx and NG2 [25]. NG2-expressing cells are also
present in the newborn mouse cerebellum, and represent at least two distinct popula-
tions: one with young oligodendrocyte precursor cell characteristics, another with
adult NG2+ cell characteristics (slow proliferation and differentiation rates) [4]. The
majority of NG2+ cells with mature characteristics are still able to divide, but lack
the capacity to generate oligodendrocytes [4]. In the adult cerebellum NG2+ cells are
occasionally present in the molecular layer, and rarely in the granular layer and in the
WM [4]. NG2+ cells exhibit stellate morphology, however, in the WM, although they
have numerous processes, the processes are oriented in the direction of the fibers,



giving this type of NG2+ cells an elongated appearance [4]. We have found similar
morphological appearance and distribution of multipolar Dcx-immunoreactive cells
in the adult cerebellum, an observation that raises the possibility that at least an over-
lapping subpopulation NG2+ and Dcx+ cells exist in the adult cerebellum, too.

CONCLUSIONS

Dcx, as a neuronal marker, is widely expressed in the postnatal mouse cerebellum
during a period of approximately three weeks after birth. Strong expression of Dcx
was characteristic to the inner part of the EGL. Migrating GC precursors and settled
GCs were also immunostained for a limited period of time. Horizontially migrating
GC precursors are expressing Dcx at a higher level than those of the descending (ver-
tically migrating) forms. In spite of the fine morphological differences, a clear dis-
tinction between different Dcx-immunostained neurons in the ML cannot be made.
Bipolar-shaped cells most probably correspond to migratory forms. During the first
and second postnatal weeks most of the Dcx-expressing bipolar cells are descending
GC precursors, whereas a (growing) proportion of immunostained cells might corre-
spond to postmitotic, most probably upward migrating cells. In deep cerebellocorti-
cal territories (in the WM) bipolar shaped, Dcx-immunoreactive neurons appeared
early during the first postnatal week, these (migrating) forms became oriented in the
sagittal plane(s) and were abundant during the second postnatal week, forming tran-
sitory migratory paths, too. Their number decreased, and finally disappeared from
the cerebellar cortex during the third postnatal week. A part of these cells were con-
sidered as upward migrating ML interneurons. However, in another subpopulation of
bipolar, upward migrating cells clear morphological signs of bipolar-to-multipolar
remodellation was found, and by the end of the third postnatal week, Dcx-expressing
multipolar cells were seen in all cerebellocortical layers (including the WM).
Moreover, these multipolar cells are continuously expressing Dcx in the cerebella of
young adult mice, too, and as far as their morphological appearance concerns, they
are very similar to multipotent progenitor cells co-expressing Dcx and NG-2 in the
adult rat neocortex [25]. From the present study it appears that Dcx plays a signifi-
cant role not only in multiple neuronal migration, but also in pre- and postmigratory
differentiation and is expressed in a smaller subpopulation of multipolar cells in the
adult cerebellar cortex of mouse. Further studies could verify the indentity of Dcx-
expressing multipolar cells in the cerebellar cortex and the morphologically similar,
Dcx- and NG2-coexpressing multipotent progenitor cells in the cerebral cortex, as
well as their neurogenic potential in the adult cerebellum.
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