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Angiotensin II (Ang II) binds and activates two major receptors subtypes, namely AT1 and AT2. In the
fetus, AT2 receptors predominate in all tissues and decline shortly after birth, being restricted to a few
organs including brain. Interpretation of the function of Ang II in the cerebellum requires a thorough
understanding of the localization of Ang II receptors. The aim of the present paper is to evaluate the
localization of Ang II AT2 receptors in the Purkinje cell (PC) layer during development. By binding
autoradiography, a clear complementary pattern of AT1 and AT2 binding labeled by [125I] Ang II was
observed in young rats within the cerebellar cortex. This pattern was present at the stages P8 and P15,
but not at P30 and P60, where AT2 binding appears low and superimposed with AT1 binding. We demon-
strate that AT2 antibodies recognized postmitotic Purkinje cells, labeling the somata of these cells at all
the stages studied, from P8 to P60, suggesting that PCs express these receptors from early stages of devel-
opment until adulthood. In P8 and P15 animals, we observed a clear correspondence between immunola-
beling and the well-defined layer observed by binding autoradiography. Confocal analysis allowed us to
discard the co-localization of AT2 receptors with glial fibrillary acidic protein (GFAP), a glial marker. Dou-
ble immunolabeling allowed us to demonstrate the co-localization of Ang II AT2 receptors with zebrin II, a
specific PC marker. Since PCs are the sole output signal from the cerebellar cortex and considering the
role of cerebellum in movement control, the specific receptor localization suggests a potential role for
Ang II AT2 receptors in the cerebellar function.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Angiotensin II (Ang II), the primary effector of the renin–
angiotensin system (RAS), plays a key role in the regulation of
blood pressure, body fluid and electrolyte homeostasis. Ang II acts
on two pharmacologically distinct receptors, AT1 and AT2, identi-
fied with selective antagonists (de Gasparo et al., 2000; Paul
et al., 2006). Most of the known central effects of Ang II are medi-
ated by AT1 receptors. In the fetus, AT2 receptors predominate in all
tissues and decline shortly after birth, being restricted to a few
organs including brain (Saavedra, 2005; Gallinat et al., 2000).

Mice with targeted disruption of AT2 receptors showed attenu-
ation of exploratory behavior and movement, impaired drinking
responses and hypersensitivity to Ang II on blood pressure and so-
dium excretion (Ichiki et al., 1995; Hein et al., 1995; Okuyama
et al., 1999). These mice also exhibited impaired spatial memory
and altered dendritic morphology (Maul et al., 2008). In humans,
X-linked mental retardation has been associated with Agtr2 gene
mutations (Vervoort et al., 2002).
ll rights reserved.
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The cerebellum consists of a highly organized set of folia that, in
rodents, are largely generated postnatally, providing a convenient
model to study ongoing developmental processes (Altman, 1972;
Swinny et al., 2005). Purkinje cells (PCs), one of the major types
of neurons of the cerebellum, exhibit considerable outgrowth and
dendrite differentiation during the first 3 postnatal weeks (Sotelo
and Dusart, 2009). A combination of cell markers and transcription
factors, allowed to establish a differential origin for precursors of
the different cell types that populate the cerebellum (Morales
and Hatten, 2006).

In addition, the mammalian cerebellar cortex is highly compart-
mentalized into a complex array of transverse zones and parasag-
ittal stripes revealed by molecular markers such as the sphingosine
kinase (SPHK) 1a isoform (Terada et al., 2004) and phospholipase C
(PLC) b3 and b4 (Sarna et al., 2006). The most extensively studied
compartmentation antigen is zebrin II (Brochu et al., 1990;
Hawkes, 1997) expressed by PCs.

Both Ang II AT1 and AT2 receptors have been described in cere-
bellum of young rats (Reagan et al., 1994; Jöhren and Saavedra,
1996; Arce et al., 2001). In 2-week-old animals, AT2 receptors
and its mRNA are discretely localized in neurons of the inferior
olive (IO). Chemical lesion of the IO in 2-week-old rats decreased
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binding to AT2 receptors and its mRNA levels in the IO and AT2

receptor binding in the molecular layer of the cerebellar cortex
(Jöhren et al., 1998). At present, data demonstrating the subtype
receptor localization within the cerebellum remain controversial
(Reagan et al., 1994; Jöhren et al., 1998; Arce et al., 2001). AT2

mRNA expression during fetal and neonatal brain development
was studied from 11 days of gestation to postnatal day 28 (Nuyt
et al., 1999). Studies conducted in cell lines support the role of
AT2 receptor in neurite elongation, neuron migration, neuronal
death and the establishment and maintenance of synaptic connec-
tions (Laflamme et al., 1996; Côté et al., 1999; Gallinat et al., 2000;
Gendron et al., 2003; Kilian et al., 2008; Guimond et al., 2010). In
adult cerebellar cortex, only recently it has been recognized the
presence of Ang II AT2 receptors (Fogarty and Matute, 2001).

In a previous study in 2-week-old rat hindbrain by autoradiog-
raphy (Arce et al., 2001) we identified AT2 binding in the cerebellar
cortex, cerebellar nuclei, peduncles, and several brainstem nuclei
related to either sensory or motor control activity. A clear comple-
mentary pattern of AT1 and AT2 binding was observed on adjacent
layers within the cerebellar cortex, labeled by [125I] Ang II. Inter-
pretation of the function(s) of Ang II in cerebellum requires a thor-
ough understanding about the localization of Ang II receptors. In
the present paper, we demonstrate the co-localization of Ang II
AT2 receptors with specific PC marker zebrin II at the somata of
PCs, during cerebellum development in correspondence with bind-
ing by autoradiography.
2. Materials and methods

2.1. Animals

Male Wistar rats were kept under controlled light–dark cycles
(12:12 h), temperature (23 �C ± 1), and with free access to food
and water. Animals were sacrificed and the brains removed at dif-
ferent developmental stages: postnatal day (P) 8, 15, 30 and 60.
Animals were handled in accordance with the Guide for the Care
and Use of Laboratory Animals as adopted and promulgated by
the United States National Institutes of Health. All efforts were
made to minimize the number of animals used and their suffering.
2.2. Autoradiography of Ang II receptors

Binding by autoradiography was performed as described previ-
ously (Arce et al., 2001; Sánchez et al., 2008). Briefly, rats (n = 5–6
per age) were sacrificed by decapitation and the brains, carefully
dissected, snap-frozen in dry ice-cooled 2-methylbutane and stored
at �80 �C until use.

Consecutive coronal sections of hindbrain from rats at different
ages (P8, P15, P30 and P60) were obtained at the selected level
(Paxinos and Watson, 1986). Coronal sections (16 lm) were cut
with a cryostat at �20 �C (Microm, Zeiss Inc.), thaw-mounted onto
gelatine-coated glass slides, and desiccated at 4 �C overnight. Sec-
tions were preincubated in 10 mM sodium phosphate buffer pH
7.4, containing 120 mM NaCl, 5 mM disodium EDTA, 0.005% baci-
tracin (Sigma, St. Louis, CO), and 0.2% proteinase free bovine serum
albumin (BSA) (Sigma) and incubated in fresh buffer with 0.2 nM
[125I] Ang II (DuPont-NEN, sp. act. 2200 Ci/mmol), a concentration
below the Kd value, for 2 h. Non-specific binding was determined
with an excess of Ang II (10�6 M). After incubation, slides were
rinsed, in fresh ice-cold 50 mM Tris buffer, pH 7.6, followed by
ice-cold water, and then dried under a stream of cool air.

For Ang II receptor subtype identification, consecutive sections
were incubated with 0.2 nM [125I] Ang II, in the presence of
10�6 M of AT1 antagonist Losartan, to define AT2 receptors, or
10�6 M PD123319, to define AT1 subtype. The dried labeled sec-
tions were apposed to Kodak BioMax MR film in X-ray cassettes.
Films were developed with D19 Kodak developer for 4 min at
4 �C, after 15–20 days exposition.

Quantification: Autoradiographic images (short exposure) were
quantified by densitometry with Scion software for Windows. For
statistical comparisons, values from etarian groups were obtained
within the same film. Results were expressed as optical density
units from a 256 grey scale.

2.2.1. Statistics analysis
Means and standard errors were calculated for every data set.

Differences between groups were evaluated using one-way Analy-
sis of Variance (ANOVA) followed by Tukey–Kramer Multiple Com-
parisons test.

2.3. Immunohistochemistry

For immunohistochemistry, animals (n = 4–5 per age) were dee-
ply anesthetized with chloral hydrate, perfused intracardially with
washing solution (0.8% NaCl, 0.8% sucrose, 0.4% glucose for 10 min)
and then with 4% paraformaldehyde in 0.01 M borate buffer plus
0.35 M Na2SO3. The whole heads were wrapped with aluminium
foil and stored overnight at 4 �C. The following day, brains were re-
moved and cryoprotected with 30% sucrose in paraformaldehyde
buffer. After 2–3 days, brains were snap frozen at �30 �C in isopen-
tane on dry ice, and stored at �80 �C until use.

Immunohistochemistry was performed as described previously
(Ezquer et al., 2006). Coronal sections were obtained (14–16 lm)
with a cryostat at �20 �C and mounted on 3-aminopropyltrietox-
ysilane-coated slides. Initially, sections were washed in 50 mM
Tris–HCl, 0.9% NaCl, pH 7.4, reacted with 3% hydrogen peroxide
for 20 min and then incubated for 45 min with 10% mouse serum
in blocking solution (saline/Tris buffer with 0.1% Triton X-100, 1%
mouse serum and 1% BSA). After additional washings, sections
were incubated with goat anti-AT2 antibody (Santa Cruz Biotech-
nology, AT2 C-18: sc-7420) diluted 1:50, in buffer Tris 50 mM,
Triton 0.1% for 48 h at 4 �C. Sections were washed and then incu-
bated with a biotinylated-secondary anti-goat antibody (1:200,
Goat ExtrAvidin Peroxidase kit, Sigma). Diaminobenzidine, glucose
oxidase (Sigma) plus nickel ammonium sulphate (as colour enhan-
cer) were used as chromagen. Slices were mounted, dehydrated
and coverslipped with Permount (Fisher). Immunopositive PCs
were quantified in coronal sections of P30 and P60 animals,
between Bregma levels �9.80 and �10.80 mm by using the Image
J software.

Sections were examined and photographed with a light micro-
scope (Nikon Eclipse 50i). As a negative control, the primary anti-
bodies were omitted and no specific labeling was identified in
these sections.

2.4. Immunofluorescence staining

For single immunofluorescence labeling, rats (n = 4–5 per age)
were sacrificed by decapitation, brains carefully dissected, snap
frozen under dry ice-cooled 2-methylbutane and stored at �80 �C
until use.

Sagittal sections (12 lm) were obtained in a cryostat and
mounted on glass slides optimized for immunohistochemistry
(HiFix, NH). Sections were fixed for 10 min with cold acetone, air
dried and rinsed in PBS for 10 min. Following blockade (Triton
X-100, 0.5% BSA in PBS) for 45 min at room temperature, sections
were reacted overnight at 4 �C with rabbit anti-AT2 antibody
(diluted 1:100, Santa Cruz Biotechnology, AT2 H-143: sc-9040) or
a mouse anti-zebrin II monoclonal antibody (a gift from Dr. R.
Hawkes, University of Calgary, Canada). The slides were rinsed
with PBS and then incubated with fluorescein isothiocyanate
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(FITC)-conjugated anti-rabbit IgG or anti-mouse IgG (Santa Cruz
Biotechnology, diluted 1:200) for 2 h at room temperature. Images
of immunostained sections were acquired with an epifluorescence
microscope (Nikon Eclipse 50i).

To verify the specificity of the fluorescent staining, sections
were processed as before, without primary antibody. The resolu-
tion, brightness, and contrast of the images were optimized using
the Adobe Photoshop CS software (Adobe Systems Inc., San Jose,
CA, USA) but not otherwise manipulated. To test the specificity of
the rabbit anti-AT2 antibody (Santa Cruz Biotechnology, sc-9040)
dot blot analysis was performed (1:2500, 3 h) on negative (rat li-
ver) and positive (E20 fetus and P15 cerebellum) tissues.

Double immunofluorescence labeling was performed in coronal
sections (20 lm) from perfused P15 rat brains, as described previ-
ously. Brains were placed in 10 mM Sodium Citrate buffer, pH 6 at
95 �C, during 5 min and placed in the same buffer during 15 min at
room temperature, for antigen retrieval. Then the slices were
washed in 10 mM phosphate buffer, 0.9% NaCl, pH 7.4, and
then incubated for 45 min in 10% goat serum in blocking solution
(10 mM phosphate buffer, 0.9% NaCl, pH 7.4 with 0.1% Triton
X-100, 10% goat serum and 1% BSA). After additional washings,
sections were incubated overnight at 4 �C in a mixture containing
Fig. 1. Autoradiographic localization of the Ang II receptors in rat cerebellum at different
were incubated with [125I] Ang II (0.2 nM) in the absence (Total) or in the presence of PD1
differential localization of Ang II receptors is indicated at the cerebellar cortex: AT1 (arrow
n = 5–6 animals. (B) [125I] Ang II binding densities obtained by autoradiography in rat ce
Total ( P < 0.001 vs. P8), AT1 subtype (AT1), P < 0.001 vs. P15 and P8 and AT2 subtyp
rabbit anti-AT2 antibody (1:40, sc-9040, Santa Cruz Biotechnology)
and mouse monoclonal anti-zebrin II antibody (1:100) or mouse
anti-GFAP antibody (1:500, Sigma). After rinsing in PBS, sections
were incubated in a mixture containing FITC-conjugated anti-
rabbit IgG (1:400, Sigma) and Cy5-conjugated anti-mouse IgG
(1:200; Jackson ImmunoResearch Lab.) for 2 h at room tempera-
ture. For the labeling of the nuclei, the blue dye Hoechst (1:2000
Sigma) was used together with fluorescent mounting (Dako) to
enhance the fluorophore’s life. Sections were examined by confocal
laser scanning microscope (Olympus FV1000 Microsystem).
3. Results

In a previous paper, we observed by binding autoradiography
the presence of both receptor subtypes of Ang II in the cerebellar
cortex of 2-week-old animals (Arce et al., 2001). Localization of
Ang II receptor subtypes AT1 and AT2 exhibited a complementary
pattern in all cerebellar cortex areas at different Bregma levels.
To further characterize the cellular layer that expresses AT2 recep-
tors, we designed this study by using immunostaining with specific
molecular markers of Purkinje cells to compare with binding
postnatal ages. (A) Consecutive coronal sections of P8, P15, P30 and P60 cerebellum
23319 (AT1 receptors, AT1-R 10�6 M) or Losartan (AT2 receptors, AT2-R 10�6 M). The
head) and AT2 (arrow). 2: Area 2 of the cerebellar cortex. Representative image from
rebellum at different postnatal ages. Data are mean ± SEM of total specific binding,
e (AT2), **P < 0.01 vs. P60 and P8.
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autoradiography. Taking into account the postnatal maturation
process of the cerebellar cortex, the study was performed at differ-
ent developmental stages: P8, P15, P30 and P60.
3.1. Binding autoradiography

Coronal sections from rat cerebella at ages P8, P15, P30 and P60
(area 2, cerebellar cortex) were used for binding autoradiography
with [125I] Ang II (0.2 nM). Fig. 1A shows the total binding, AT2

and AT1 binding on different columns. At P8 and P15, the neuronal
layers of the cerebellar cortex exhibited differential AT1 (arrow-
head) or AT2 (arrows) labeling in a complementary pattern when
compared to the total binding (see Fig. 1A). This pattern was not
observed at P30 and P60, where AT2 binding appears superimposed
with AT1 binding (see Fig. 1A). The increase with age of the total
binding is due to the increase in AT1 binding (Fig. 1B). While AT1

binding increases with age, AT2 binding was higher at early stages
being maximal at P15 (p < 0.001) and decreased at P60 (Fig. 1B).

Fig. 2 shows cerebellar cortex at the level Bregma �10.52 mm.
A comparison with the histology shows that the total binding com-
prises both the molecular and PC layers. A clear correspondence of
AT1 binding with the molecular layer of the cerebellar cortex can
be observed (Fig 2). The thin layer showing AT2 binding seems
localized at the Purkinje cell layer while no binding was observed
at the granular layer which exhibits intensively stained nuclei
(Fig. 2).
3.2. Immunolabeling of AT2 receptors in developing cerebella

In order to confirm our assumption that AT2 receptors labeled
the PC layer, we performed immunohistochemistry and immuno-
Fig. 2. Binding autoradiography at the cerebellar cortex (level Bregma �10.52 mm)
of P15 rats. (A) and (B) Hematoxylin–eosin staining at high (A) and low (B)
resolution. Consecutive coronal sections of P15 cerebellum were incubated with
[125I] Ang II (0.2 nM) in the absence (Total) or in the presence of PD123319 (AT1

receptors, AT1-R 10�6 M) or Losartan (AT2 receptors, AT2-R 10�6 M). AT2 (arrow) and
AT1 (arrowhead) binding localized on adjacent neuronal layers, in correspondence
with the Purkinje cell layer (PC) and the molecular layer (ml), respectively. No Ang II
binding was observed at the granular (gl) layer. NS, non-specific binding; Lat, lateral
nucleus; WM, white matter.
fluorescence staining of cerebellar cortex form P8, P15, P30 and
P60 rats.

To establish the antibody specificity we performed assays in the
presence or absence of AT2 antibodies. Fig. 3 shows the specificity
of the antibodies used, since no immunoreactivity was observed in
the absence of the primary antibody (control sections, Fig. 3B and
D). AT2 antibodies selectively labeled the PC layer (Fig. 3A and C).
The molecular layer, which exhibits AT1 receptors by binding auto-
radiography, was not immunostained by the anti-AT2 antibody.
The specificity of the antibody was also assayed by dot blots of tis-
sues expressing or not AT2 receptors (Fig. 3 E).

Sagittal or coronal sections from cerebella at the different devel-
opmental stages were assayed by immunofluorescence (Fig. 4, left
panels) or immunohistochemistry (Fig. 4, right panels) with anti-
AT2 receptor antibodies (n = 4, 5).

P8: By using two different antibodies and experimental condi-
tions, we observed labeling of a cellular layer, corresponding to
the Purkinje cells (Fig. 4A and B). At P8 the Purkinje cells have al-
ready migrated to their final localization and constitute a mono-
layer. At this developmental stage the pyramidal somata
appeared very well defined (Fig. 4A) and the efferent processes
were weakly immunostained (Fig. 4A, inset). Fig. 4B shows a lower
resolution view where PC layer appeared very well immunolabeled
in a cerebellar lobule.

P15: Sagittal sections of P15 animals were stained with anti-AT2

antibodies either for immunofluorescence or immunohistochemis-
try (Fig. 4C and D), revealing a monolayer with the typical disposi-
tion of Purkinje cells. Binding by autoradiography shows a narrow
cellular band exhibiting AT2 labeling, in correspondence with the
immunolabeling of PCs at this stage. Fig. 4C and D shows the soma-
ta of Purkinje cells immunolabeled by AT2 antibody, while the cel-
lular processes where not labeled. At this stage, the dendritic trees
are not fully developed.
Fig. 3. AT2 antibody specificity. Cerebellar sections were stained with (A and C) or
without (B and D) anti-AT2 primary antibody and processed by immunohisto-
chemistry (AT2 C-18, sc-7420) (A and B) or immunofluorescence (AT2 H-143,
sc-9040) (C and D). (B) and (D) are negative controls, with omission of the primary
antibody. (E) Dot blot developed with anti-AT2 antibody from liver, fetus E20, and
cerebellum P15.



Fig. 4. Immunofluorescence and immunohistochemistry for AT2 receptors in
sections of the cerebellar cortex at different developmental stages. A, C, E and G:
AT2 receptor immunofluorescence (left) staining of PCs in parasagittal sections of
P8, P15, P30 and P60 rat cerebellum, respectively. Arrows point to the AT2-immuno-
reactive PC layer. Inset in A: higher magnification view of representative PCs with
the soma immunostained with AT2; arrowhead points to the PC process. B, D, F and
H. Peroxidase–DAB immunostaining of AT2 in parasagittal sections of P8, P15, P30
and P60 rat cerebellum, respectively. Arrows point to the AT2-immunoreactive PC.
(B) Arrowhead points to a Golgi cell. (F) Arrowhead points to unlabeled PCs. (H)
Arrowheads point to Bergmann glial processes at the molecular layer. Inset in (H)
shows an enlarged image of the PC layer. Abbreviations: ml, molecular layer; gl,
granular layer; PC, Purkinje cells. Scale bar: 100 lm.
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P30 and P60: Ang II AT2 receptors in cerebellum of older animals
have not been extensively studied and only recently, the presence
of these receptors in adult cerebellum was suggested. Sagittal sec-
tions of P30 and P60 animals were stained with anti-AT2 antibodies
either by immunofluorescence (Fig. 4E and G) or immunohisto-
chemistry (Fig. 4F and H), revealing a monolayer with the typical
disposition of Purkinje cells (see Fig. 4 H inset).
At the stages P30 and P60, it appears that not all PCs are labeled
(Fig. 4F, arrowhead). About 68–69% of PCs were immunopositive in
P30 and P60 animals, quantified on immunohistochemical stained
coronal sections (Bregma level �9.80 to �10.80 mm).

In P60 animals, a weak labeling can be observed in glial pro-
cesses which enter into the molecular layer (Fig. 4H, arrowhead).
The pattern seems to correspond to Bergmann glial processes, cells
which are fully developed around P60 (Bellamy, 2006). These
observations might account for the low Ang II AT2 binding at this
stage and apparent co-localization of AT1 and AT2 binding observed
by autoradiography (see Fig. 1A).
3.3. Co-localization of AT2 receptors and PC markers in P15 cerebella

Early after Purkinje cells are born, they express specific markers,
such as calbindin (Morales and Hatten, 2006). Preliminary studies
with calbindin antibodies and zebrin II immunolabeling suggested
that AT2 receptors labeled the PC layer (supplementary Fig. S1). To
confirm our observations from immunostaining and to address the
question whether AT2 receptors co-localized with different cellular
markers, we performed double immunolabeling and confocal anal-
ysis. Initially, double immunostaining was performed with the glial
marker GFAP and AT2 antibodies in coronal sections of P15 cerebel-
la. Fig. 5A–C shows a clear and differential labeling of PCs with AT2

antibodies, while GFAP was observed in the molecular layer. In this
way, it becomes clear that the Bergmann cells bodies located next
to the PC somata were labeled differentially.

Although the anatomical disposition and cellular structure indi-
cate that AT2 antibody labeled the monolayer corresponding to Pur-
kinje cells, to confirm this assumption, we performed double
immunolabeling with anti-AT2 antibody and the specific PC marker
zebrin II (Fig. 5D–G). Clearly, the monolayer recognized by the anti-
AT2 antibodies corresponded to the one identified by the selective PC
marker zebrin II. However, Fig. 5D–F suggests a different subcellular
localization for Ang II AT2 receptors and the Purkinje cell marker
zebrin II. Fig. 5G shows a wide image of the cerebellar cortex with
zebrin positive and zebrin negative strips co-localized with AT2

receptors. Zebrin II labels not only the somata but also the dendritic
arbors of PCs (Fig. 5G). A similar pattern was observed at P8 and P30
(supplementary Fig. S2).
4. Discussion

In spite of the great deal of research devoted to study Ang II
receptors in the brain and its physiological roles, very little effort
has been dedicated to study the localization and potential role of
Ang II receptors in the cerebellum during development. The devel-
opment of mice with targeted disruption of the AT2 receptor which
showed attenuation of the exploratory behavior and movement
prompted us to study Ang II receptors localization in the develop-
ing cerebellum.

In a previous study in developing rat hindbrain by autoradiog-
raphy, we identified Ang II binding present in the cerebellum and
several brainstem nuclei. A clear complementary pattern of AT1

and AT2 receptors within the cerebellar cortex was observed in
P15 animals (Arce et al., 2001). In the present study we extended
the autoradiographic study from P8 to P60 and demonstrated co-
localization of AT2 receptors with PC markers.

Binding by autoradiography evidenced an increase of AT1 bind-
ing at the cerebellar cortex with development and a decrease of
AT2 binding, being maximal at P15. A detailed analysis of the cere-
bellar cortex revealed a complementary pattern in both Ang II recep-
tor subtypes, present in P8 and P15 animals. At these stages, AT2

binding was present in a narrow layer surrounding the AT1 labeled
area. In P30 and P60 animals, binding by autoradiography exhibited



Fig. 5. Double immunolabeling of AT2 receptors and molecular markers in cerebellar cortex of P15 rats. (A)–(C) Confocal images of coronal sections of P15 rat cerebellum
labeled for AT2 receptor (green, A) and GFAP (red, B). (C) Merged confocal image double-labeled for AT2 receptor (green) and GFAP (red). (D)–(G) Confocal images of coronal
sections of P15 rat cerebellum labeled for zebrin II (red, D) and AT2 receptor (green, E) and F, G: Merged confocal image double-labeled for AT2 receptor (green) and zebrin II
(red). Arrowheads point to immunoreactive PCs. Nuclear DNA (blue) was stained with Hoechst. Abbreviations: ml, molecular layer; gl, granular layer; egl, external granular
layer; PC, Purkinje cells. Scale bar: 20 lm.

74 M.E. Arce et al. / Neuropeptides 45 (2011) 69–76
an apparent co-localization of AT1 binding at the cerebellar cortex
with AT2 binding. However, immunostaining with anti-AT2 antibod-
ies labeled selectively the PCs somata at these two stages.

There is a general concept of predominant AT1 receptors after
birth and AT2 receptors before birth (Mao et al., 2009). However,
in certain cells, tissues or organs, that view may not always be true.
Particularly, in rodents, where some tissues evidence an important
postnatal development, such as kidneys or cerebellum, this con-
cept should be revised. In our experience, in those tissues where
development continues after birth, AT2 receptors are present in
postnatal stages, maybe encompassing the developmental process
(Ciuffo et al., 1993; Sánchez et al., 2008,2009). The present data,
showing an increase of AT1 receptors in postnatal stages until they
reach an adult level, confirm this assumption.

Neurons of the cerebellar cortex do not grow simultaneously
and a complex mechanism is required in order to establish the
adult pattern of the cerebellar cortex. While PCs precursors are
formed during the embryonic stage, most granule cells are gener-
ated postnatally. PCs migration in small rodents starts during the
second half of gestation (E12 in mice and E14 in rats) and lasts un-
til 2 or 3 days after birth. In rats, the dendritic arbors of PCs reach
their maximal length by P30 (Sotelo and Dusart, 2009).
Previous studies have suggested that AT2 binding in the cerebel-
lar cortex of young rats localized to the molecular layer and it was
attributed to the climbing fibers from the inferior olivary complex
(Jöhren et al., 1998). Other authors identified AT2 receptor-immu-
noreactivity in the adult cerebellum associated with the Purkinje
cell layer and the glia (Reagan et al., 1994; Fogarty and Matute,
2001). Gendron et al. (2003) reported the presence AT2 receptor-
immunoreactivity in granule cells in culture. Recently, a non-AT1,
non-AT2 binding was described in the adult rat cerebellum, attrib-
uted to the granular layer (Karamyan and Speth, 2008). Thus, there
is still controversy regarding the neuronal layer in the cerebellar
cortex which expresses AT2 receptors.

In the present study, we demonstrated that AT2 antibodies rec-
ognized postmitotic Purkinje cells, labeling the somata of these
cells at all the stages studied, from P8 to P60, suggesting that PCs
express these receptors from early stages of development until
adulthood. In P8 and P15 animals, we observed a clear correspon-
dence between immunolabeling and the well-defined layer ob-
served by binding autoradiography. At these stages, PCs are still
differentiating, and dendritic processes are in a primary stage. To
verify the co-localization of PCs with AT2 receptors, we performed
a double immunostaining at the P15 stage. Confocal analysis



M.E. Arce et al. / Neuropeptides 45 (2011) 69–76 75
allowed us to discard the co-localization of AT2 receptors with the
glial marker GFAP and verify the co-localization with the PC mar-
ker zebrin II. Zebrin II exhibited a different subcellular localization
than AT2 receptors within PCs.

The function of the Bergmann glial cell changes during develop-
ment, allowing cell migration, support migration of PC dendrites
and become a clear anatomical partner to PC in the adult cerebellum
(Bellamy, 2006). In P60 rats, where the Bergmann glia exhibits elon-
gated cellular processes within the molecular layer, a weak AT2

immunolabeling of glial processes was observed. This observation
is in agreement with previous ones (Fogarty and Matute, 2001)
and with the weak AT2 binding observed in the P60 cerebellar cortex.

The differential localization of Ang II AT1 and AT2 receptors in
rat P15 cerebellum was described in previous studies using binding
autoradiography (Arce et al., 2001; Jöhren et al., 1998; Sánchez
et al., 2009). Jöhren et al. (1998), on the basis of chemical lesions
of the IO, attributed AT2 binding to the climbing fibers originated
in the IO. The use of specific markers for postmitotic PCs, allowed
us to clearly establish the localization of Ang II AT2 receptors to the
somata of PCs. Our present results thus clarify the specific localiza-
tion of Ang II receptors: AT1 receptors at the molecular layer and
AT2 receptors at the PC layer. No Ang II binding was observed in
the granular layer.

Early on cerebellar development, the granular cells originate
from a proliferative external layer (EGL) which later becomes the
internal granular layer (IGL). In P0 animals we have shown high
Ang II binding expressed at the EGL, binding that disappeared in
animals born from mothers treated with the AT2 antagonist
PD123319 (Sánchez et al., 2009). In PD123319-treated animals,
an increased number of cells was observed at the EGL, with a loss
of binding (Sánchez et al., 2009), suggesting an over proliferation of
granule cells. Since treatment was performed during late preg-
nancy (E13–E21), a critical stage during PCs migration, we can
speculate that blockade of AT2 receptors prevents cell migration
or the differentiation of cells expressing AT2 receptors, such as
the PCs. These observations are in agreement with previous studies
about the potential role of Ang II AT2 receptors in cell migration
(Côté et al., 1999).

In the present study it becomes clear that Ang II AT2 receptors
are localized on PC layer at different developmental stages. Double
immunolabeling with specific cell markers confirm the localization
of AT2 receptors at the PC somata. Targeted disruption of AT2

receptors in knock-out mice evidenced attenuation of the explor-
atory behavior and movement. Since PCs are the sole output signal
from the cerebellar cortex and considering the role of cerebellum
in movement control, the specific receptor localization suggests a
potential role for AT2 receptors in the cerebellar function.
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