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D-Cyclins control progression through the G1 phase and the G1/S transition of the
cell cycle. In the adult brain, they regulate neurogenesis which is limited to the sub-
granular zone of the dentate gyrus (DG) and to the sub-ventricular zone (SVZ) of the
lateral ventricles. Yet, D-cyclins have also been detected in other parts of the adult
brain in differentiated neurons that do not proliferate and rather die by apoptosis in
response to cell cycle reactivation. Expression of D-cyclins in astrocytes has also been
reported but published results, such as those concerning neurons, appear conflictual.
We carried out this study in order to clarify the general pattern of D-cyclin expression
in the mouse brain. By performing GFAP/cyclin-D1 double labeling experiments, we
detected hypertrophic astrocytes expressing cyclin-D1 in their cytoplasmic processes.
Their number increased with age in the hippocampus area but decreased with age in
the SVZ. Clusters of astrocytes expressing cyclin-D1 were also detected in the cortical
areas of old mice and around blood vessels of neurogenic areas. Other non-asteroidal
small cells, probably stem cells, expressed both GFAP and nuclear cyclin-D1 in the
neurogenic area of the DG and in the SVZ at a higher density in young mice than in old
mice. Finally, cells expressing cyclin-D1 but not GFAP were also found scattered in the
striatum and the CA1 region of the hippocampus, and at a high percentage in cortical
layers of young and old mice. Our results suggest that astrocytes may control neuronal
functions and proliferation by modulating, in normal or altered conditions such as aging
or degenerative diseases, cyclin-D1 expression.
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HIGHLIGHTS

• GFAP/cyclin-D1 positive cells are observed by double-labeling experiments.
• Hypertrophic cyclin-D1 positive astrocytes form clusters in cortices of old mice.
• Their number increases with age in the hippocampus area but decreases with age in the SVZ.
• They are found in vascular zones close to these neurogenic areas.
• Astrocytes may control neuronal functions and neurogenesis by expressing cyclin-D1.

Frontiers in Aging Neuroscience | www.frontiersin.org 1 April 2018 | Volume 10 | Article 104

https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2018.00104
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnagi.2018.00104
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2018.00104&domain=pdf&date_stamp=2018-04-24
https://www.frontiersin.org/articles/10.3389/fnagi.2018.00104/full
http://loop.frontiersin.org/people/474730/overview
http://loop.frontiersin.org/people/28428/overview
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-10-00104 April 20, 2018 Time: 16:11 # 2

Ciapa and Granon Expression of Cyclin-D1 in Astrocytes

INTRODUCTION

D-Cyclins belong to the family of cyclin-dependent kinases
(CDKs)/cyclin complexes which regulate the cell cycle in all
eukaryotes (Malumbres and Barbacid, 2009; Tyson and Novák,
2015). They play a crucial role during the G1 phase and control
the G1/S transition. Three D-type cyclins have been identified,
cyclin-D1, D2 and D3, that specifically activate CDK4 or CDK6,
thus giving rise to distinct cyclin D-CDK4/6 complexes (Choi and
Anders, 2014). Cyclin-D1 and CDK4/6 regulatory proteins show
some of the highest frequencies of amplification and deletion
among genes involved in human tumors (Choi and Anders,
2014).

In the brain, the CDK/cyclin system thus regulates
proliferation and differentiation of neuronal precursors
(neurogenesis) that give rise to new neurons and glia (Frade
and Ovejero-Benito, 2015). In the adult, this process is limited
to the sub-granular zone (SGZ) of the dentate gyrus (DG)
(Lieberwirth et al., 2016) and to the sub-ventricular zone (SVZ)
of the lateral ventricles and rostral migratory stream (Lim
and Alvarez-Buylla, 2016). Low levels of neurogenesis have
nevertheless been reported in other brain regions such as the
neocortex and striatum (discussed in Luzzati et al., 2014).
However, most differentiated neurons in the adult brain are post-
mitotic cells that can indeed actively re-enter the cell cycle but
only during different neurodegenerative diseases. As discussed
thoroughly by Frade and Ovejero-Benito (2015), it is still not
fully understood why some of these “activated neurons” replicate
their DNA and survive as tetraploid neurons while others die
by apoptosis as soon as they reach the S-phase. Nevertheless,
CDK/cyclin complexes can regulate neuronal functions such
as migration, axonal growth, dendrite formation, and synaptic
plasticity (Frank and Tsai, 2009). These cell-cycle independent
functions of Cdks in brain are mostly related to Cdk5 kinase,
which is an unconventional member of the Cdk-family (reviewed
by Su and Tsai, 2011; Lim and Kaldis, 2013). Their activity
changes when neuronal functions are modified, during stress,
normal training, or neurological disorders (Kawauchi et al.,
2013; Frade and Ovejero-Benito, 2015; Lieberwirth et al., 2016).
Therefore, differentiated neurons can be found in different areas
of the normal adult brain expressing a number of regulators
of G1/S transition, including cyclin-D. A role in the neural
aging processes and neurodegenerative diseases has also been
attributed to D-cyclins. In the brain, aging is accompanied
by alterations of neuronal morphology, progressive loss of
function of post-mitotic neurons and decline of neurogenesis.
Neural aging often triggers aberrant entry into the cell cycle
(Sarlak et al., 2013; Chow and Herrup, 2015) and mediates
oxidative stress responses, mitochondrial dysfunction and DNA
damage in various animals, from worms and flies to mice and
humans (Bishop et al., 2010). In these processes, the activity of
D-cyclins-CdK4/6 must be blocked in the case of DNA damage,
to allow for repair and to prevent proliferation, as demonstrated
in Drosophila by Icreverzi et al. (2015).

The role in neurogenesis of D-cyclins has thus been
comprehensively deciphered (Kowalczyk et al., 2004; Ansorg
et al., 2012). Mice lacking cyclin-D1 display neurological troubles

associated with cerebello-cortico-reticular defects (Sicinski et al.,
1995; Lalonde and Strazielle, 2011). Proliferation of granule
cell precursors and differentiation of granule and stellate
interneurons in the cerebellum are altered in cyclin D2-deficient
mice (Huard et al., 1999; Kowalczyk et al., 2004). Neurogenesis
in the DG is completely absent in these adult mice while
developmental neurogenesis still allows formation of all major
cerebral structures (Kowalczyk et al., 2004; Ansorg et al., 2012).
Most other studies that decipher the expression of D-cyclins
have been obtained using mouse embryos and only a few studies
have been conducted using adult mice and human brains, giving
results that appear rather conflictual. Kowalczyk et al. (2004)
report that cyclin-D2 would only be expressed in dividing cells
derived from neuronal precursors in the hippocampus, but other
authors also describe the expression of cyclin-D1 as follows:
in adult P60 mice, cyclin-D1 expression would be nuclear not
only in proliferating astroglia of the SGZ but also in post-
mitotic neurons of the CA1 hippocampal field and in pyramidal
neurons in layers 3 and 5 of the cortex (Glickstein et al., 2007).
A similar nuclear expression of cyclin-D1 in neurons of adult
mice has been reported by Koeller et al. (2008), but these
authors also found a cytoplasmic labeling in the largest motor
neurons and in microglia of the brain stem and spinal cord.
Finally, Sumrejkanchanakij et al. (2003) suggested that cyclin-D1
would be predominantly cytoplasmic in post-mitotic neurons but
would enter the nucleus in proliferating progenitor cells. This fits
with the cytoplasmic expression of cyclin-D1 in neurons of the
cerebral cortex of adult mouse brain (De Falco et al., 2004).

Other studies have also involved astrocytes. These cells store
glycogen and secrete glio-signaling molecules, including peptides
such as apolipoprotein E (Zorec et al., 2016). In the SVZ,
they constitute a mixed population of cells that have different
neurogenic fate properties (Platel and Bordey, 2016). They are
also closely associated with the blood–brain barrier (BBB) and
the connected endothelial cells (ECs), in particular to control
oxygen and glucose delivery to active neurons (Cheslow and
Alvarez, 2016; Filosa et al., 2016). Astrocytes are then crucial
spatio-temporal integrators that coordinate the neural network
in all parts of the brain, which disintegrates during aging and
during the progression of neurodegenerative diseases such as
AD (Dallérac and Rouach, 2016). They provide an essential
contribution in the formation and preservation of memory and
are therefore involved in cognitive decline and in sensory and
motor deficits that are associated with aging in animals (Zorec
et al., 2016). The study of cyclin-D expression in astrocytes
has led to various conflicting data found in literature similar
to those concerning neurons as reported above. In adult mice,
astrocytes of the DG or the neocortex would not express
cyclin-D1 (Koeller et al., 2008). Conversely, Nobs et al. (2014)
detected cyclin-D1 in astrocytes of cortices but the number
of which remain unchanged in cyclin-D1-deficient mice. Over-
expression of cyclin-D1, which promotes the proliferation of
neural stem cells (NSCs), would induce their differentiation
into astrocytes (Ma et al., 2015). This is contradicted by Bizen
et al. (2014) who report that downregulation of cyclin-D1 would
rather enhance astrogliogenesis of NSCs. Finally, GFAP-positive
astrocytes expressing cyclin-D1 can be found close to amyloid
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plaques in brains of APP23 transgenic mice but are not seen in
control mice (Gärtner et al., 2003).

In light of all these results, it seemed to us that the general
pattern of cyclin-D1 expression in the mouse brain required
clarification. In our first simple immunostaining experiments
using a C57BL/6J 1 year old mouse, we detected cyclin-D1 in
neurons scattered in the striatum, in the CA1 region of the
hippocampus, in deep layers (V–VI) of the cortex and in a
high percentage of pyramidal neurons of layers II–III of the
cortex. Surprisingly, we also found clusters of asteroidal cyclin-
D1 positive cells in brain cortical areas. The presumed identity
of these cells as astrocytes led us to ask the following questions:
do astrocytes normally express cyclin-D1 and, if this is the
case and since we found these clusters in a 1 year old mouse,
would it be related to aging? By performing GFAP/cyclin-D1
double labeling experiments, we confirmed the presumed identity
of asteroidal cells expressing cyclin-D1 as being astrocytes in
cortical areas of aged mice. However, these cells were also
found in neurogenic areas and closed vascular zones such as the
ventricular zone and the DG where their expression changed
during aging. We suggest that astrocytes may modulate neuronal
functions, in normal and/or in altered conditions such as aging
or degenerative diseases, by mechanisms implying cyclin-D1
expression.

MATERIALS AND METHODS

Animals
Male C57Bl/6J mice bred in Charles River’s facilities (Orleans,
France) were used. Six Young Wild Type mice (about 2 months
old, referred to as “young mice”) and 10 Adult Wild Type mice
(about 1 year old, referred to as “old mice”) were used in these
experiments. They were housed and treated according to the
ethical standards defined by the National Center of the Scientific
Research for Animal Health and cared for with strict compliance
to EEC recommendations (no. 86/609). They were maintained
in a standard rearing facility in collection cages of 2–4 mice
and were never implicated in any behavioral experiment. Ethic
protocol number is 2015_04.

Immunodetection
In preliminary experiments, we observed that slices of brain,
before any immunostaining protocol, gave red or green highly
autofluorescent signals in common epifluorescence observations
(Supplementary Figure S1A). This known artifact, which can
lead to “convincing impostors” as well-described and discussed
in Spitzer et al. (2011), has been frequently reported and is due
to the presence of lipofuscin granules. We therefore tested several
types of fixation followed by diverse immunostaining procedures.

Fixation Procedures
The following procedure, commonly used for electron
microscopy observation, led to the best results after
immunostaining. Mice were first perfused with buffer 1 (Bf1:
Cacodylate 0.1 M, KCl 2.7 mM, CaCl2 2 mM, NaCl 140 mM) and
then with Bf2 (Bf1 containing 4% PFA, 0.05% Glutaraldehyde,

and 0.15% Picric acid). Brains were dissected and incubated
for 6 h at 4◦C in Bf3 (Bf2 containing 5 mM Aprotitin, 1 mM
Pefabloc, and 1 mM Pepstatin). Brains were finally transferred
into PBS and kept at 4◦C until microtome sectioning. 50 µm
brain coronal slices were made in PBS at room temperature
(RT). In multi-labeling experiments, series of 50–70 serial slices
including the hippocampus were kept in 96-well microplates. In
this manner, the entire region including the hippocampus was
observed through 12–15 brain slices.

Immunostaining
In order to remove autofluorescence, brain slices were treated by
immersion in 0.1% Sudan Black B (SBB, Merck AG Darmstad,
Germany) in 70% ethanol for 20 min at room temperature in
the dark. Slices were then washed three times for 10 min in PBS.
This allowed a complete removal of autofluorescence and a very
low red or green fluorescent signal after staining with the 2nd

antibodies (Abs) only following a staining protocol as described
below (Supplementary Figure S1).

Slices were incubated for 1 h in blocking buffer (BF) made
with PBS-T (PBS containing 2% Tween 20), 10% donkey
serum and 5% non-fat dry milk (Cell Signaling). In simple
immunostaining experiments, the first Ab (anti-GFAP or anti-
cyclin-D1 Ab) was then added (1/500) and slices were left in
this medium overnight. Slices were then rinsed three times with
PBS-T, incubated for 1 h in BF with the 2nd Ab (1/1000 in
PBS), rinsed again three times with PBS-T and finally mounted
on glass slides in Ibidi Mounting Medium (Biovalley) for
microscope observation. Abs were as follows: anti-GFAP rabbit
Ab (D1F4Q, Cell Signaling), anti-NeuN mouse Ab (MAB377C,
Millipore), fluorescein (FITC) conjugated donkey anti-rabbit Ab
(711-095-152, Jackson), rhodamine (TRITC) conjugated donkey
anti-rabbit Ab (711-025-152, Jackson) or rhodamine (TRITC)
conjugated donkey anti-mouse Ab (711-025-150, Jackson).

Our preliminary experiments were performed by using either
an Ab from Abcam (ab52734, results not shown) or an anti-
cyclin-D1 rabbit Ab (ABE 52, Millipore). Similar results were
obtained but the latter Ab gave nevertheless the best signal and
the lower background and was therefore used to conduct all
experiments that are described in the text. We also used, as
a control experiment, a third anti-cyclin-D1 Ab (AP2612-ev,
S90, CliniSciences). Results were comparable to those obtained
with the Ab from Millipore, although with a higher background
and less intensity, as shown in the somatosensory cortical area,
and the signal was lost when used in combination with its
corresponding blocking peptide (Supplementary Figure S2).

In simple immunostaining experiments, we verified that
FITC (green) and rhodamine (red) labeling did not give any
red or green signals, respectively (not shown). For triple
immunostaining experiments (cyclin-D1, GFAP, and Hoechst),
the anti-GFAP rabbit Ab was first conjugated to rhodamine with
a Mix-n-Stain Dye Antibody Labeling Kit (CF568, Biotum). In
this case, slices were first incubated for 1 h in BF and then
incubated overnight in this medium in the presence of the
anti-cyclin-D1 Ab (1/500). Slices were rinsed three times with
PBS-T, incubated for 1 h in BF with the FITC conjugated anti-
rabbit Ab (1/1000 in PBS), rinsed three times with PBS-T, and
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then incubated again overnight with the red anti-GFAP rabbit
Ab (1/500 in BF). Hoechst (1/5000) was added 1 h before a
final rinse, performed three times with PBS-T and mounting
on glass slides for microscope observation. The red modified
anti-GFAP Ab gave the same results in simple immunostaining
experiments as those depicted in Figure 2B (not shown). Finally,
double immunostaining experiments were performed using the
NeuN mouse Ab together with either the ABE 52 (Millipore)
or the AP2612-ev (CliniSciences) anti-cyclin-D1 Ab, the latter
being used in the presence or not of 0.1 mg/ml of the cyclin-
D1 Ab blocking peptide (BP2612d, CliniSciences) as shown in
Supplementary Figure S2. In this case, slices were first incubated
for 1 h in BF and then incubated overnight in this medium in the
presence of both Ab (1/500). Slices were rinsed three times with
PBS-T, incubated for 1 h in BF with both the FITC conjugated
anti-rabbit Ab and the anti-mouse rhodamine Ab (1/1000 in
PBS), rinsed three times with PBS-T, and finally observed as
described above.

Observations and Imaging
Slices were observed by transmitted light or by epi-fluorescence
with a Nikon Eclipse TE300 equipped with a 20x plan Fluor
objective or a 40x oil immersion Nikon objective. Images were
taken using a Nikon D600 and displayed using Adobe Photoshop
CS4 software.

RESULTS

Detection of Asteroidal Cells Expressing
Cyclin-D1
We started by performing simple immunostaining experiments
on serial brain slices of an old mice to obtain a general image
of cyclin-D1 expression. Our first observations quickly drew
our attention to the presence of highly labeled asteroidal cells
arranged in clusters in layers 4–5 of the somatosensory cortex
(Figure 1A). Three other slices of brain of the same mouse
were also each found to contain such clusters in layers 2–3 of
the cortex. Similar observations were made in two other old
mice. The same experiment was then performed on brains of
younger mice, but no labeled asteroidal cells were seen in these
mice. Most cells, and therefore non-asteroidal cells, in layers 2–3
of the somatosensory cortex of both young (Figure 1Ba and
Supplementary Figure S3) and old mice (not shown) contained
a cytoplasmic cyclin-D1 labeling. Deeper layers 4–5 contained
sparse fluorescent cells (indicated by green arrows), in old
(Figure 1A) and young mice (Figure 1Bb and Supplementary
Figure S3). Most of the cells of layers 2–3 expressing cyclin-
D1 were indeed neurons since they were also labeled with
an anti-Neun Ab (Figure 1C). In fact, the highly cyclin-D1
labeled asteroidal cells were also found in the DG area of old
mice (Figure 2Aa), while the same area in young mice only
contained sparse round labeled cells located in the SGZ of the DG
(Figure 2Ab).

These results strongly suggested that an age-dependent
expression of cyclin-D1 occurred in astrocytes and led us to
perform GFAP/cyclin-D1 double labeling experiments. Simple

FIGURE 1 | Cortical expression of cyclin-D1 in an old mouse. (A) Example of
one cluster of asteroidal cells expressing cyclin-D1 and found in the V–VI
cortical layers after simple immunostaining. One non-asteroidal cell expresses
cyclin-D1 (green arrow). (B) Most cells expressing cyclin-D1 look like
pyramidal neurons and are found at a high percentage in the layers II and III
(a) or dispersed in deeper layers (indicated by a green arrow) (b). (C) Images
after double labeling with the anti-cyclin-D1 Ab (a) and the anti-Neun Ab (b)
with the merged image (c). Most cells in the layers II and III are labeled with
both Abs.

FIGURE 2 | Simple immunostaining in the CA1 region in an old (a) and young
(b) mouse. (A) Expression of cyclin-D1. (B) Expression of GFAP.

immunostaining of the hippocampus region showed high GFAP
expression and hypertrophic astrocytes in old mice (Figure 2Ba)
but a lower intensity of labeling and far less hypertrophic
astrocytes in young mice (Figure 2Bb).

The scanning of entire brain slices from the brain part
containing the hippocampus (coronal slices referred as
images 63–91 in the Alan Brain Atlas) and labeled by triple
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immunostaining protocol (cyclin-D1, GFAP, and Hoechst)
showed that GFAP staining was found throughout the brain.
However, GFAP/Cyclin-D1 positive cells (indicated by white
stars in all figures) were found only in the CA1, the DG, the
ventricular zone, vascular areas close to these neurogenic zones
and in cortices. All other astrocytes expressing GFAP only are
indicated by red stars in all figures. D1-Positive cells that did
not express GFAP, most likely neurons, were also found in these
regions and principally in the cortex (indicated by green arrows
in all figures). All these results are depicted in the details below.
A few cells expressing cyclin-D1 only were also detected in other
areas, although rarely, for example in the amygdala and the
lateral hypothalamic area (not shown here).

The Cortex of Old Mice Contains
Clusters of Astrocytes Expressing
Cyclin-D1
As shown in Figure 1B, most neurons of layers 2–3 expressed
cyclin-D only (Figure 3Aa). Astrocytes expressing GFAP and
cyclin-D1 were found in this layer but also at the surface, in layer
1 (Figure 3Aa). As mentioned above, deeper layers (layers 5–6)
showed sparse cells expressing cyclin-D only but also clusters of
astrocytes expressing GFAP and cyclin-D1 (Figure 3B). In three
different old mice, a total of 3, 5, and 6 clusters of 7–18 astrocytes
highly labeled with the anti-cyclin-D1 Ab were seen in cortical
areas per entire series of labeled slices. Such clusters of astrocytes
expressing cyclin-D1 were not seen in cortices of young mice,
although such astrocytes, sparse, were sometimes found in layer
1 (not shown).

An Age-Dependent Cyclin-D1 Expression
Occurs in Hypertrophic Astrocytes of
CA1 and DG
In young mice, the CA1 contains sparse cyclin-D1 labeled cells
that appeared small and round (Figure 4Aa) and GFAP positive

cells, but only a few of which looked like hypertrophic astrocytes
(Figure 4Ab). The cyclin-D1 positive small cells also express
GFAP (Figure 4Ad). The CA1 of old mice display very different
images (Figure 4B). A few cells expressed cyclin-D1 (Figure 4Ba)
but not GFAP (Figure 4Bb) and all cells that are double-labeled
with cyclin-D1 and GFAP were clearly hypertrophic astrocytes
(Figure 4Bd). 4–5 of these astrocytes/100 µm2 could be counted
in some parts of this area of the brain.

Very similar results were obtained in the DG of young
(Figure 5A) and old (Figure 5B) mice after labeling with
anti-cyclin-D1 Ab (all panels a), anti-GFAP Ab (all panels
b), Hoechst (all panels c), and image merging (all panels d).
In young mice, a few small cells only expressed both cyclin-
D1 and GFAP and were detected along the SGZ of the DG
(Figure 5Ad). All other GFAP positive cells did not express
cyclin-D1, even those that resembled hypertrophic astrocytes
(Figure 5Ad). In old mice, very few cells expressing cyclin-
D1 without any obvious GFAP were detected alongside the
SGZ whereas parts of these zones in the old mouse contained
more than four double labeled hypertrophic astrocytes/100 µm2

(Figure 5Bd).

Cyclin-D1 Expression in GFAP Positive
Cells of the SVZ Decreases With Aging
Since we detected astrocytes expressing cyclin-D1 in the SGZ of
the DG, which is a neurogenic zone, it was not surprising to
find these cells in the other neurogenic zone, namely the SVZ
(Figure 6A). In young mice, small cells highly labeled with the
anti-cyclin-D1 and anti- GFAP Abs were found aligned along the
lateral edges of the lateral ventricle (Figure 6B). Hypertrophic
astrocytes, located behind these small cells, expressed cyclin-
D1 and those situated further back expressed GFAP only
(Figure 6Ba,b,d). At the top of the ventricle, near the ganglionic
eminence, a mass of highly fluorescent cells expressing both
cyclin-D1 and GFAP can be seen with nearby cells that express
cyclin-D1only (Figure 6C). These zones were not as heavily

FIGURE 3 | Examples of clusters of astrocytes expressing cyclin-D1 found in cortical areas of old mice. Images after triple staining performed with the anti-cyclin-D1
Ab (a), the anti-GFAP Ab (b) and Hoechst (c) with the merged image (d). (A) Layers 1–2. (B) Layers 5–6. Hypertrophic astrocytes labeled with both Abs are
indicated by white stars, those expressing GFAP only and not cyclin-D1 by red stars, and round pyramidal cells expressing cyclin-D1 only, by green arrows.
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FIGURE 4 | Cyclin-D1 expression in the CA1 region. Images are depicted as
in Figure 3. (A) Young mouse. Rare small cells are labeled with both Abs
(white stars). (B) Old mouse. Numerous cells are labeled with the anti-
cyclin-D1 Ab only (green stars) while many hypertrophic astrocytes express
both GFAP and cyclin-D1 (white stars). A 3x enlargement of one
double-labeled astrocyte is shown.

fluorescent in old mice, and only a few hypertrophic astrocytes
expressing both GFAP and cyclin-D1 were detected (Figure 6D).

Hypertrophic Astrocytes Adjacent to
Blood Vessels Express Cyclin-D1
Screening of the whole triple immunostained slices allowed us to
detect areas containing 12–18 hypertrophic astrocytes expressing
both GFAP and cyclin-D1 that were arranged along blood vessels
in the vicinity of the hippocampus of young mice (Figure 7).
Similar arrangements were noticed in the striatum area but, in
this case, they were accompanied by a few large cells expressing
cyclin-D1 only nearby (Figure 8). Similar images were found
in old mice, except that the GFAP labeling of hypertrophic
astrocytes appeared more intense as consistently observed in old
mice and as displayed above (not shown).

DISCUSSION

Age-dependent expression of cyclin-D1 occurring in various
brain areas in cells, whether or not they are astrocytes, suggest
multiple roles of cyclin-D1 in the adult brain.

FIGURE 5 | Expression of cyclin-D1 in the DG area. Staining, graphic,
representation and expression in a–c are as explained in previous figures, the
(a,b) images are merged in (A) and the (a–c) images are merged in (B). (A)
Young mouse. Rare small cells express both GFAP and cyclin-D1 (white stars)
and all hypertrophic astrocytes express GFAP only and not cyclin-D1 (red
stars). (B) Old mouse. Rare round cells labeled with the cyclin-D1 only can be
seen (green arrow) while numerous hypertrophic astrocytes express both
GFAP and cyclin-D1 (white stars).

Visualization of GFAP and Cyclin-D1
Expression
The first obvious question concerns the validity of our labeling
experiments. We would like to point out that we did not find
a single brain, out of dozens, that gave slices that were not
highly autofluorescent in all protocols of fixation tested. As
discussed by Spitzer et al. (2011), we believe that results showing
immunofluorescence staining on slices of brain that were not
pretreated with black Sudan should be considered with caution.

We used an anti-GFAP Ab to detect this protein which is the
hallmark intermediate filament protein in astrocytes. Changes
in the expression of this protein have been well-deciphered and
correlated with the extended and thickened astrocytic processes
occurring during aging, after an acute CNS trauma or ischemia,
or during neurodegenerative diseases (Hol and Pekny, 2015; Yang
and Wang, 2015). Our images indeed show a more fragmented
GFAP staining with far less hypertrophic astrocytes in young
mice compared to older mice. This type of GFAP staining,
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FIGURE 6 | Expression of cyclin-D1 in the SVZ area in a young mouse (A–C) and an old mouse (D). Staining and symbols in a–d are as explained in the previous
figures. (A) Transmitted light image of the lateral ventricle area where fluorescent images shown in (B,C) have been taken. (B) View of the lateral edge of the ventricle.
Small cells highly labeled with both anti-cyclin-D1 and anti- GFAP Abs are aligned along the edge of the ventricle (small white arrows), hypertrophic astrocytes
express cyclin-D1 and GFAP behind (white stars) and those located further back express GFAP only (red stars). (C,D) View of the top of the ventricle near the
ganglionic eminence. In the young mouse (C), some cells express cyclin-D1 only with no obvious GFAP (green arrow), highly fluorescent compacted cells express
both cyclin-D1 and GFAP, and a few hypertrophic astrocytes expressing both GFAP cyclin-D1 are seen (white arrows), a 2.5x enlargement of two of them is shown in
(d). On the contrary, a few scattered hypertrophic astrocytes expressing both cyclin-D1 and GFAP (white stars) are visible in the old mouse (D).

with differences noted during aging, looks like that obtained by
Hayakawa et al. (2007) or Jinno (2011). However, our images
in young mice show astrocytes appearing even less hypertrophic
than those described by other authors such as Rodríguez et al.
(2014). This is most probably due to the fact that these authors
show superimposition of several confocal microscopy images,
which we did not do here.

We are confident that detection of astrocytes that are co-
stained with both GFAP/cyclin-D1 is not artifactitious. Firstly,
cyclin-D1/FITC does not give any red light, and neither does
GFAP-rhodamine emit any green light. Secondly, cells expressing
cyclin-D1 but not GFAP (see for example Figures 2A, 3B, 7b)
or GFAP only (Figures 2B, 3A, 4A, 6B) are detected in
double labeling experiments, ruling out the possibility of cross-
immunoreactivity between these two Abs. This is also unlikely
because of the very low homology between the sequence of
the mouse GFAP protein and that of the human cyclin-D1
used as immunogen of the anti-cyclin-D1 Ab. Thirdly, different
parts of a same cell that are not similarly labeled are also
detected. This is particularly well-observed in astrocytes located
around the blood vessel displayed in Figure 7a. Finally, three

different anti-cyclin-D1 antibodies gave similar results (see
section “Materials and Methods”), signals obtained with one
of them being lost after incubation with the corresponding
immunogenic peptide (Supplementary Figure S2). Signals that
are more or less intense can actually be obtained using these
three Abs, but this does not explain the discrepancies in
intracellular localization of staining (nuclear vs. cytoplasmic
staining of cortical neurons for example) reported in the
literature.

Different Types of Cells Express
Cyclin-D1
We detected cells expressing cyclin-D1 but not GFAP in
various areas of the brain. Firstly, a few of these cells were
seen in the striatum, which corroborates a recent observation
that neurogenesis is activated in lateral striatum of juvenile
animals (Luzzati et al., 2014). Secondly, the CA1 region of the
hippocampus of old mice contains scattered neurons expressing
cyclin-D1 only, as also observed by these same authors and by
Koeller et al. (2008), although these authors detected them in
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FIGURE 7 | Astrocytes express cyclin-D1 along blood vessels. An area in the
vicinity of the hippocampus of a young mouse is shown. (a–d) Shows staining
and symbols as explained in the preceding figures. The shape of the blood
vessel (hashed line) is indicated in the transmitted light image (e) and this
image with that of (d) is merged in (f). The expression of GFAP in astrocytes
(white stars) appears more or less fragmented; these cells express cyclin-D1
in their long cytoplasmic processes which do not seem to contain any obvious
GFAP as indicated in the 2x enlargement of (d).

young mice, which we did not. As discussed by these authors,
it is unlikely that all these cells are either proliferating or
dying cells, and the expression of cyclin-D1 is most probably
involved in the control of hippocampal circuits (Baumann and
Mattingley, 2014). Thirdly, a high percentage of pyramidal
neurons of layers II–III and a few scattered cells in deeper
layers (V–VI) of the cortex were immunolabeled with cyclin-
D1, similarly to observations made by Glickstein et al. (2007).
However, these authors obtained nuclear staining while our
images show an obvious cytoplasmic staining of these cortical
neurons, our results being thereby more aligned to those reported
by Sumrejkanchanakij et al. (2003) and De Falco et al. (2004).
Again, it is more probable that expression of cyclin-D1 in
these cells is related to regular neural processes rather than to
proliferation or pathogenicity (Frank and Tsai, 2009; Kawauchi
et al., 2013).

Age-Dependent Expression of Cyclin-D1
Occurs in Astrocytes
Since cyclin-D1 expression of GFAP positive cells is found in
areas that are either neurogenic (IC, SVZ) or not (cortex, blood
vessels) and varies with age, we can hypothesize pleiotropic roles
of cyclin-D1 in these cells.

Small cells, found in the neurogenic area of the DG and at
a density higher in young mice than in old mice, express both
GFAP and nuclear cyclin-D1. In this case, cyclin-D1 expression
is most probably linked to progression through the cell cycle

FIGURE 8 | Expression of cyclin-D1 in the striatum area of a young mouse.
(a–d) Are as explained in this figure, the merged image of (a,e) is shown in (f).
Astrocytes expressing both GFAP and cyclin-D1 are found close to the blood
vessel (white stars) where some scattered neurons expressing cyclin-D1 only
are also seen (green arrow).

(Frade and Ovejero-Benito, 2015). This confirms the results of
Glickstein et al. (2007) who suggest, after BrdU pulse chase
experiments, that such cells would be proliferating astroglia.
GFAP-expressing stem cells of the DG have been well-described
(Yamaguchi et al., 2016). A very high density of these cells is also
seen in the SVZ, in young mice but not in old mice. This fits
with the decrease in neurogenesis that occurs during adult life
and is boosted in older brains (Rusznák et al., 2016). The small
GFAP/cyclin-D1 positive cells along the ventricle would be the
type B1 astrocyte-like cells. Those still expressing both proteins
and located backward would be the type B2 cells, the number
of hypertrophic astrocytes expressing GFAP but not cyclin-D1
increasing as the depth of location (Platel and Bordey, 2016).

Besides these small cells, all GFAP/cyclin-D1 positive cells
look like hypertophic astrocytes that express cyclin-D1 in their
long cytoplasmic processes. The fact that GFAP expression
increases with hypertrophy during aging corroborates the data of
Rodríguez-Arellano et al. (2016). The astroglial adaptive plasticity
as discussed by these authors would also be correlated with
cyclin-D1 expression. This idea of a link between the two proteins
is reinforced by the fact that over-expression of cyclin-D1 induces
that of GFAP in the NSCs (Ma et al., 2015). But how could they
interact between each other? GFAP and its various isoforms, as
parts of the cytoskeleton of glia cells (Yang and Wang, 2015),
could control migration, motility and anchoring of membrane
receptors and transporters (Hol and Pekny, 2015). These highly
organized cytoskeleton complex imply in particular integrins,
connexins and gap junctions and allow astrocytes to make
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extensive contact with neurons and BBB vascular endothelial
cells and pericytes, all these cells forming a very intricate
network known as the neurovascular unit (Tanigami et al.,
2012). As a matter of fact, expression of GFAP is bound in
astrocytes to that of integrins (Moeton et al., 2014) which are
part of the well-defined focal adhesions linked to the actin
cytoskeleton and to a variety of other proteins such as paxillin,
talin and vinculin, all expressed in astroglia (Kálmán and Szabó,
2001; Caltagarone et al., 2010). Cytoplasmic cyclin-D1 would
therefore play a role in astrocytes similar to that reported
in fibroblasts where it regulates cell invasion and metastasis
through the phosphorylation of paxillin (Fusté et al., 2016) or
to that of keratinocytes where it regulates cell–matrix adhesion
(Fernández-Hernández et al., 2013). Finally, the number of
hypertrophic astrocytes expressing cyclin-D1 increases with age
in the hippocampus area but on the contrary decreases with
age in the ventricular zone. It would therefore be interesting to
investigate why some astrocytes express cyclin-D1 while others
don’t and why they do so in special areas only. These results
strongly suggest different roles of cyclin-D1 in hypertrophic
astrocytes, being linked to the control of neuronal circuits in
the hippocampus and related to neurogenesis in the ventricular
zone.

It seems therefore not surprising to find astrocytes expressing
cyclin-D1 located near blood vessels as discussed above
(Tanigami et al., 2012). However, such clusters were sparse and
found in a few areas only, in neurogenic areas such as the
hippocampus zone, the vicinity of the lateral ventricle and the
striatum, and never everywhere along the blood vessels. We
suggest that astrocytes would express cyclin-D1 at and during
defined times in response to a variety of stimuli (Fareri and
Tottenham, 2016) in tiny areas as proposed by Fields et al.
(2015). A short half-life of these “vascular clusters” of cyclin-
D1 astrocytes would explain why they are difficult to detect,
particularly in the amygdala where three images of this type were
nevertheless observed among all of our experiments (not shown).

The cortical clusters of astrocytes expressing cyclin-D1 in old
mice were relatively rare, and can certainly be “missed” during
slicing of the brain. These images recall those of astrocytes
expressing cyclins D1, E, and B1 that have been found around
amyloid plaques in APP mice by Gärtner et al. (2003). Old
mice that have been used in the present study were healthy
animals and were not expected to form amyloid plaques. It is
possible that such clusters of cyclin-D1 positive astrocytes have
been formed where an inflammatory event occurred. It is also
possible that astrocytes, included in the neuronal connectomes
described above and which would also monitor the cerebral
inputs in the cortex (Fields et al., 2015), start to express cyclin-
D1 as aging progresses. In conclusion, whether the appearance
of astrocytes expressing cyclin-D1 in the different parts of
the brain, cortex, hippocampus and SVZ, blood vessels, is
beneficial or not to maintain cognitive performances during
aging is a question that can be asked. Our unexpected current
results could finally lead to the idea that monitoring cyclin-
D1 expressing astrocytes in the mouse brain might well be
taken as a marker of cerebral fitness (Pittaras et al., 2016)
since neuron–astrocyte metabolic coupling appears to play a

crucial role in learning and long-term memory (Tadi et al.,
2015).
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FIGURE S1 | Effect of Black Sudan (BS) treatment on autofluorescence.
Transmitted light images (left panels) and fluorescent images obtained with the
rhodamine (red, middle panel) or FITC (green, right panel) filters of the CA3 region
of the hippocampus (A), the dentate gyrus (B), and the somatosensory cortical
area (C) of a young mouse are displayed. Autofluorescence emits from slices that
are not treated with BS (a) and high signals are visualized although no staining
with the FITC or rhodamine conjugated Abs was performed. Similar low level
fluorescence background is obtained after BS treatment of the slice without (b) or
after (c) incubation with the FITC or with the rhodamine conjugated second Ab
only.

FIGURE S2 | Images after double immunostaining using the cyclin-D1 Ab from
CliniSciences (a), the anti-Neun Ab (b) with the merged image (c) and obtained
without (A) or in the presence of (B) the competing cyclin-D1 peptide. Most cells
in the layers II and III of the somatosensory cortex are labeled with both Abs (white
stars, Aa) and a diffuse and low cyclin-D1 fluorescent signal is detected in the
presence of the peptide (Ba,c).

FIGURE S3 | Images at low magnification (10x) of the somatosensory cortex of a
young mouse after immunostaining using the anti-cyclin-D1 rabbit Ab from
Millipore (a) and Hoechst (b) with the merged image (c). The cortical layers I to VI
are labeled as reported in the Allen brain atlas.
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