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a b s t r a c t

During aging, alterations in astrocyte phenotype occur in areas associated with age-related cognitive
decline, including hippocampus. Previous work reported subregion-specific changes in surface, volume,
and soma size of hippocampal astrocytes during physiological aging. Herein we extensively analyzed, by
morphometric analysis, fine morphological features of GFAPþ astrocytes in young (6-month-old) and
middle-aged (14-month-old)malemice.We observed remarkable heterogeneity in the astrocytic response
to aging in distinct subfields and along the dorsoventral axis of hippocampus and in entorhinal cortex. In
middle-agedmice dorsal granule cell andmolecular layers, but not hilus, astrocytes underwent remarkable
increase in their morphological complexity. These changes were absent in ventral Dentate Gyrus (DG). In
addition, in entorhinal cortex, the major input to dorsal DG, astrocytes underwent remarkable atrophic
changes inmiddle-agedmice. Since dorsal DG, and not ventral DG, is involved in cognitive functions, these
findings appear worth of further evaluation. Our findings also suggest an additional level of complexity in
the structural changes associated with brain aging.
� 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

With physiological aging, cognitive decline can manifest as
deficits in specific tasks, including attention, spatial learning,
episodic memory, and working memory (Bettio et al., 2017; Dahan
et al., 2020). Decades of intense research activities have correlated
age-related impairment in cognitive functions to anatomical,
cellular, and molecular alterations occurring in vulnerable brain
regions and subfields. The hippocampus appears to be particularly
vulnerable to the aging process (Geinisman et al., 1995; Mota et al.,
2019). For example, both in humans and animal models, loss of
functional synapses in cornu ammonis 1 (CA1) and dentate gyrus
(DG) (Burger, 2010; Rosenzweig and Barnes, 2003) has been
extensively described in response to aging. Moreover, aging is
associated with impairment of adult hippocampal neurogenesis
(ahNG), a peculiar form of neuroplasticity which contributes to
cognition (Bettio et al., 2017; Lazarov et al., 2010; Seib and Martin-
Villalba, 2015). Interestingly, dorsal hippocampus (dHp), and not
ventral hippocampus (vHp), has been more closely connected with
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cognitive functions (Fanselow and Dong, 2010). Similarly, modula-
tion of ahNG in the dHp is more correlated with cognitive perfor-
mance (Strange et al., 2014; Tanti and Belzung, 2013).

In the past, most age-related studies have focused on functional
changes in neural networks and/or alterations in neuronal
morphology, whereas aging effects on glial cells have remained
largely overlooked. In the central nervous system (CNS) astrocytes
perform key roles in normal brain physiology, providing trophic
support to neurons, participating in synaptic function and plas-
ticity, mediating uptake and recycling of neurotransmitters and
maintaining of the bloodebrain barrier (Augusto-Oliveira et al.,
2020; Verkhratsky et al., 2019, 2020; Verkhratsky and
Nedergaard, 2018). In addition, in the DG astrocytes actively
modulate the differentiation, growth, survival, and integration of
adult born neuroblasts and neurons via both cell to cell contact and
release of soluble molecules (Cassé et al., 2018; Cvijetic et al., 2017;
Spampinato et al., 2019). In human as well as in rodent brain, al-
terations in astrocytes phenotype occur with aging (Matias et al.,
2019; Verkhratsky et al., 2019). These morphological changes are
mainly observed in specific brain areas associated with age-related
cognitive decline, including the hippocampus (Palmer and Ousman,
2018). Subregion-specific responses of hippocampal astrocytes in
terms of surface, volume, and soma size during aging have also
been reported (Rodríguez et al., 2014).
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Herein we decided to extend current knowledge about fine
morphological changes occurring in astrocytes during physiological
brain aging. In particular, we performed morphometric analysis of
glial fibrillary acidic protein (GFAP) immunolabeled astrocytes in
young (6-month-old [6-mo]) and middle-aged (14-month-old [14-
mo]) male mice. We focused our attention on brain areas associated
with age-related cognitive decline, namely the DG subfields
Granule Cell Layer (GCL), molecular layer (ML), hilus (H), the CA1
stratum Lacunosum Moleculare (sLM), and the entorhinal cortex
(EC). Based on the anatomical and functional organization of hip-
pocampus along the dorsoventral axis (Fanselow and Dong, 2010),
we also evaluated age effects on astrocyte morphology in the dorsal
and ventral DG.

2. Materials and methods

2.1. Animals

Adult male C57BL/6J mice of 2 different ages (6-mo, n ¼ 4; 14-
mo, n ¼ 5) were utilized. Mice, kept 3e4/cage with access to wa-
ter and food ad libitum, were housed in a light- and temperature-
controlled room in high-efficiency particulate airefiltered Thoren
units (Thoren Caging Systems) at the University of Piemonte Ori-
entale animal facility. Animal care and handling were performed in
accordance with the Italian law on animal care (D.L. 26/2014), as
well as European Directive (2010/63/UE) and approved by the
Organismo Preposto al Benessere Animale of University of Pie-
monte Orientale, Novara, Italy.

2.2. Tissue preparation

Mice were deeply anesthetized and transcardially perfused with
saline solution and then with 4% paraformaldehyde (PFA) in 0.1 M
phosphate buffer, pH 7.4. After PFA perfusion, brains were rapidly
removed, post-fixed in PFA for 24 hours, dehydrated in 15% sucrose
for 24 hours, and then transferred in sucrose 30% for at least
24 hours. Then, 40-mm-thick coronal sections were cut with cryo-
stat and collected in cryoprotectant solution at �20 �C until use.

2.3. Immunohistochemistry and image acquisition

The different brain areas included in the analysis were delin-
eated according to the Paxinos Mouse Brain Atlas (Paxinos and
Franklin, 2004). From a complete series of one-in 8 brain sections
throughout the entire DG, 3 corresponding sections were selected
from Bregma �0.94 to �2.46 (dHp) for analysis of astrocytes in the
sLM, ML, GCL, and H. For astrocytes in the lateral EC, 4 corre-
sponding sections/mouse located from Bregma �2.54 to �4.04 mm
were analyzed. Staining was performed on free floating sections.
Endogenous peroxidase activity was blocked with 0.3% H2O2 in
0.1 M tris-buffered saline (TBS) for 10 minutes. Sections were
subsequently treated at 4 �C for 1 hour in a blocking solution
containing 10% horse serum (HS), 0.3% Triton X-100 in 0.1M TBS, pH
7.4, and incubated with goat polyclonal anti-GFAP antibody (cod.
SC-6170, 1:100; Santa Cruz Biotechnology) in 2% HS, 0.1% Triton X-
100 in 0.1 M TBS, overnight at 4 �C. Then, sections were incubated
with biotinylated horse anti-goat secondary antibody (cod. BA-
9500, 1:200; Vector Laboratories) in 2% HS in 0.1 M TBS for
1.5 hours at 4 �C. Labeled cells were visualized using the ABC system
(cod. PK-6100, Vectastain Elite; Vector Laboratories) with 3,30-dia-
minobenzidine as chromogen (cod. D3939; Sigma-Aldrich), and
nuclei were counterstained with hematoxylin (cod. H3404; Vector
Laboratories). Images were acquired using an LSM700 laser-
scanning confocal microscope (Carl Zeiss, Le Pecq, France) with
20�magnification (objective: EC Plan-Neofluar 20�/0.5 M27) with
an image matrix of 1024 � 1024 pixel, a pixel scaling of 0.313 �
0.313 mm, and a depth of 8 bit. Confocal images were collected in Z-
stacks with a slice distance of 0.4 mm.
2.4. Three-dimensional astrocyte reconstruction and quantitative
morphometry

The image stacks were imported into FIJI software (version 1.52),
where three-dimensional (3D) reconstructions were performed
with the Simple Neurite Tracer plugin (Longair et al., 2011) by an
investigator blinded to animal group. Only astrocytes that exhibited
fully intact GFAP-immunostained processes were chosen for
reconstruction (n ¼ 12 astrocytes per animal, per region). In the
GCL, cell tracing was restricted to astrocytes with the soma located
in the outer or middle third of GCL to incidentally avoid inclusion of
radial glia cells located in the inner GCL and subgranular zone.
Morphological analysis was performed on 3D reconstructions of
astrocytes by the Sholl analysis plugin (Ferreira et al., 2014), using
default settings (enclosing radius cutoff ¼ 1 intersection, Sholl
method ¼ linear) with radii increasing by 5 mm. The Sholl inter-
section profile (SIP) counts the number of intersections between
astrocytic process and concentric spheres emanating from the
center of cell soma. Somemorphometric descriptors have been also
included in our analysis (i.e., total number of intersections and
radius of highest count of intersections). Moreover, 3D re-
constructions were exported as SWC files and analyzed with L-
measure tool to evaluate additional morphometric features such as
number of processes, total length and maximum process extension
(Scorcioni et al., 2008).
2.5. Statistical analysis

All statistical analyses and data visualizations were performed in
RStudio version 1.2.5 (RStudio Team, 2015) using R version 3.5.1 (R
Core Team, 2016) and the packages ggplot2 (Wickham, 2016), dplyr
(Wickham et al., 2018), lme4 (Bates et al., 2015), and multcomp
(Hothorn et al., 2008). For statistical analysis of morphological pa-
rameters, a linear mixed-effects model was used to model the data
of each parameter, with age as fixed effects and animal as a random
effect (with lmer package). Using this approach, it is possible to
overcome the dependency of the repeated observations within
each animal (Bortolotto et al., 2019). The presence of significant
differences was tested using one-way analysis of variance. SIPs
were analyzed by mixed-effects nested analysis of variance
approach with individual animal as random effect and radius nes-
ted within astrocytes nested within age. Statistical analysis of
morphological differences between brain areas within each age
group was performed using mixed-effect models with post hoc
Tukey's honestly significant difference (HSD) correction (using
multcomp package). For all analyses, significance was defined as p
< 0.05. Data are presented as mean � standard deviation.
3. Results

In order to investigate potential hippocampal subregion-specific
changes in astrocyte morphology during physiological aging, we
profiled cells from 6-mo and 14-mo C57BL/6J male mice in the
following subfields: GCL, ML, H, and sLM. Initially, we focused our
analysis on the dHp, since this region is more related to cognition
(Fanselow and Dong, 2010; Strange et al., 2014).
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3.1. Astrocytes in the dGCL show an age-related increase in their
morphological complexity

First, we examined astrocytes in the dorsal Granule Cell Layer
(dGCL) (Fig. 1A). In this subfield, cell tracing was restricted to as-
trocytes with their soma located in the outer or middle third of
dGCL to incidentally avoid the possibility of including GFAPþ radial
glia cells which are located in the inner dGCL and subgranular zone.
By Sholl analysis it is possible to resolve on a one-dimensional
representation (SIP) the complexity of the 3D astrocyte structure
in both 6-mo and 14-mo mice. Astrocytes from 14-mo mice dis-
played increased complexity of process arborization at 10e25 mm
distances from the soma, when compared to younger mice (Fig. 1B).
Moreover, we observed a statistically significant increase in the sum
of intersections in 14-mo compared to 6-mo mice (4-mo: 62.55 �
17.16 mm, 6-mo: 49.42 � 16.84 mm, p ¼ 0.005; Fig. 1C). Further
analysis of 3D reconstructions by L-measure tool allowed to eval-
uate additional morphometric features such as number of pro-
cesses, total length, and maximum process extension. At middle
age, compared to younger mice, dGCL astrocytes showed an in-
crease in the total process length (4-mo: 428.27� 115.54 mm, 6-mo:
Fig. 1. Astrocytes in the dGCL show an age-related increase in their morphological complex
mo (upper panel) and 6-mo (lower panel) mice, scale bar: 25 mm. (B) Sholl intersection profile
14-mo (red) versus 6-mo (green) mice. Data are presented as mean � SEM. * p < 0.05, ** p <

Summary of morphometric parameters illustrating the total number of intersections, the
astrocytic processes, total processes length, and the maximum reached extension. In each b
25% to 75% of the data, limits of vertical lines (whiskers) represent the min and max values, e
as a random effect. Abbreviations: 3D, three-dimensional; 6-mo, 6-month-old; 14-mo, 14-m
error of the mean. (For interpretation of the references to color in this figure legend, the re
322.96 � 112.69 mm, p ¼ 0.003; Fig. 1C) and in the number of
processes (4-mo: 21.80 � 5.17, 6-mo: 16.83 � 5.22, p ¼ 0.002;
Fig.1C). Despite the increased complexity, processes of astrocytes of
14-mo mice extended to distances similar to 6-mo group (Fig. 1C).
3.2. In the dorsal molecular layer of middle-aged mice, astrocytes
have increased morphological complexity

Astrocytes in the dorsal Molecular Layer (dML) were also
analyzed (Fig. 2A). Our morphological analysis demonstrated that,
in this brain area, astrocytes from 14-mo mice showed a more
complex arborization than those of 6-mo animals. Specifically, the
analysis of SIP indicated an increase of complexity between 5 and
40 mm from somata in 14-mo compared to 6-mo mice (Fig. 2B).
Total number of intersections was also increased with age (14-mo:
57.68 � 13.98, 6-mo: 38.85 � 10.47, p ¼ 0.002; Fig. 2C). Higher
complexity of astrocytes in 14-mo animals was also underlined by
the increase in the total process length (14-mo: 382.78 � 87.38 mm,
6-mo: 255.21 � 68.48 mm, p ¼ 0.001; Fig. 2C), in the number of
processes (14-mo: 21.60 � 5.47, 6-mo: 15.08 � 4.42, p ¼ 0.008;
ity. (A) Representative 3D morphological reconstruction of astrocyte in the dGCL of 14-
s show that astrocytic morphological complexity in dGCL was significantly increased in
0.01; nested ANOVA on linear mixed-effect model, with animal as a random effect. (C)
distance from the somata with the higher number of intersections, the number of

ox plot, the heavy line represents the sample median, the box demarks the range from
xcluding outliers (dots). ** p < 0.01; ANOVA on linear mixed-effect model, with animal
onth-old; ANOVA, analysis of variance; dGCL, dorsal Granule Cell Layer; SEM, standard
ader is referred to the Web version of this article.)



Fig. 2. Increase in morphological complexity of astrocytes in the dML of middle-aged mice. (A) Representative 3D morphological reconstruction of astrocyte in the dML of 14-mo
(upper panel) and 6-mo (lower panel) mice, scale bar: 25 mm. (B) Sholl intersection profiles show that astrocytic complexity in the dML was significantly increased in 14-mo (red)
versus 16-mo (green) mice. Data are presented as mean � SEM. * p < 0.05, ** p < 0.01; nested ANOVA on linear mixed-effect model with animal as a random effect. (C) Summary of
morphometric parameters illustrating the total number of intersections, the distance from the somata with the higher number of intersections, the number of astrocytic processes,
total processes length, and the maximum reached extension. In each box plot, the heavy line represents the sample median, the box demarks the range from 25% to 75% of the data,
limits of vertical lines (whiskers) represent the minimum and maximum values, excluding outliers (dots). ** p < 0.01; ANOVA on linear mixed-effect model, with animal as a
random effect. Abbreviations: 3D, three-dimensional; 6-mo, 6-month-old; 14-mo, 14-month-old; ANOVA, analysis of variance; dML, dorsal Molecular Layer; SEM, standard error of
the mean. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2C) and in the maximum reached extension (14-mo: 49.56 �
9.02 mm, 6-mo: 42.18 � 7.63 mm, p ¼ 0.003; Fig. 2C).

3.3. In dorsal hilus astrocyte complexity is not influenced by aging

In the dorsal hilus, unlike what we observed in dGCL and dML,
arbor complexity of hilar astrocytes was not different in the 2 age
groups (Fig. 3B and C), suggesting no effect of aging in this hippo-
campal subregion.

3.4. In the dorsal stratum Lacunosum Moleculare, astrocytes exhibit
an age-related increase in their morphological complexity

We also looked outside DG, in another dorsal hippocampal
subregionwhich is regarded vulnerable to aging, namely the dorsal
sLM (dsLM) of the hippocampus, a synapse-rich region where
hippocampal internal interneurons and afferent neuronal inputs
from the EC make connections (Deng et al., 2006). Here, astrocytic
complexity was also significantly increased in 14-mo versus 6-mo
mice as assessed by SIP comparison for the number of in-
tersections at 5e20 mm from the soma (Fig. 4B), as well as for the
total number of intersections (14-mo: 30.45 � 8.97, 6-mo: 20.44 �
5.53, p ¼ 0.008; Fig. 4C). At middle age, compared to younger mice,
astrocytes displayed an increase in the total process length (14-mo:
212.89 � 73.23 mm, 6-mo: 141.82 � 35.71 mm, p ¼ 0.003; Fig. 4C),
number of processes (14-mo: 14.20 � 5.21, 6-mo: 9.85 � 2.41, p ¼
0.004; Fig. 4C), and in their maximum extension (14-mo: 35.32 �
6.34 mm, 6-mo: 31.86 � 7.45 mm, p ¼ 0.039; Fig. 4C).
3.5. In entorhinal cortex of middle-aged mice, astrocytes undergo
remarkable reduction of their morphological complexity

Finally, in our analysis we included the EC which represents
the principal cortical input to the hippocampus and the major
input to the dHp (Witter et al., 2013). Here, in contrast with the
dGCL, dorsal LM and dsLM, astrocytes in middle-aged animals
showed a remarkable reduction in their complexity compared to
6-mo mice (Fig. 5A). Sholl analysis indicated a significant age-
related decrease in the numbers of intersections which
occurred between 15 and 45 mm from somata (Fig. 5B). More-
over, SIP pointed out a shift in the intersections curve to the left
in 14-mo mice. Indeed, in older mice astrocytes, the radius of



Fig. 3. Aging does not affect the morphology of astrocytes in the hilar region of the dorsal Dentate Gyrus. (A) Representative 3D morphological reconstruction of astrocyte in the
Hilus of 14-mo (upper panel) and 6-mo (lower panel) mice, scale bar: 25 mm. (B) Sholl intersection profiles show that astrocytic complexity in Hilus was not affected by age. Color
legend: green, 6-mo mice; red, 14-mo mice. Data are presented as mean � SEM. Nested ANOVA on linear mixed-effect model, with animal as a random effect. (C) Summary of
morphometric parameters illustrating the total number of intersections, the distance from the somata with the higher number of intersections, the number of astrocytic processes,
total processes length, and the maximum reached extension. In each box plot, the heavy line represents the sample median, the box demarks the range from 25% to 75% of the data,
limits of vertical lines (whiskers) represent the minimum and maximum values, excluding outliers (dots). ANOVA on linear mixed-effect model, with animal as a random effect.
Abbreviations: 3D, three-dimensional; 6-mo, 6-month-old; 14-mo, 14-month-old; ANOVA, analysis of variance; SEM, standard error of the mean. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)
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highest count of intersections was significantly decreased,
indicating that they reached their maximum complexity closer
to somata compared to younger animals (14-mo: 14.33 �
4.46 mm; 6-mo: 18.75 � 4.06 mm, p ¼ 0.002; Fig. 5C). Marked
atrophy of astrocytes in this subarea was also proven by a
decrease in the total process length (14-mo: 316.01 �
155.05 mm, 6-mo: 490.89 � 148.97 mm, p ¼ 0.001; Fig. 5C), in
the number of processes (14-mo: 18.21 � 8.65, 6-mo: 28.21 �
8.80, p ¼ 0.0007; Fig. 5C) together with a reduction in their
maximum extension (14-mo: 42.42 � 8.46 mm, 6-mo: 49.61 �
7.60 mm, p ¼ 0.015; Fig. 5C).

3.6. Regional and subregional differences in the morphological
complexity of astrocytes within experimental age groups

To further understand the different age sensitivity of GFAPþ

astrocytes in dHp and vHp, we also analyzed differences in astro-
cyte morphology among subregions, within the 2 age groups. First,
we compared astrocytes within the DG subfields in 6-momale mice
(Fig. 6A). Sholl analysis of astrocytes from GCL and ML revealed a
similar profile among those subregions of DG (for detailed
statistical analysis values see Supplementary table S1 and S2). Hilar
astrocytes showed significant differences in SIP profile and a
reduced complexity of morphological parameters compared to
dGCL (for detailed statistical analysis values see Supplementary
table S1 and S2). No difference was observed in comparison with
ML astrocytes (for detailed statistical analysis values see
Supplementary table S1 and S2). In the hippocampal sLM, astro-
cytes displayed the least complex structure compared to the
other regions. Finally, the EC astrocytes showed the highest
number of intersections and reached their maximum complexity
at a higher distance from the soma compared to astrocytes from
other regions (for detailed statistical analysis values see
Supplementary table S1 and S2). In middle-aged mice, astrocytes
from GCL and ML showed comparable SIP (Fig. 6B). Moreover,
astrocytes from those 2 DG subfields reached the maximum
complexity among the 5 subfields under analysis. At 14 months
of age astrocytes in the hilus indicated a reduced morphological
complexity compared to GCL and ML. Astrocytes in the sLM
displayed the least degree of morphological complexity
compared to the other fields (for detailed statistical analysis
values, see Supplementary table S1 and S2).



Fig. 4. Astrocytes in the sLM show an age-related increase in their morphological complexity. (A) Representative 3D morphological reconstruction of astrocyte in the sLM region of
14-mo (upper panel) and 6-mo (lower panel) mice, scale bar 25 mm. (B) Sholl intersection profiles show that astrocytic complexity in sLM was significantly increased in 14-mo (red)
versus 6-mo (green) mice. Data are presented as mean � SEM. * p < 0.05; nested ANOVA on linear mixed-effect model with animal as a random effect. (C) Summary morphometric
parameters illustrating the total number of intersections, the distance from the somata with the higher number of intersections, the number of astrocytic processes, total processes
length, and the maximum reached extension. In each box plot, the heavy line represents the sample median, the box demarks the range from 25% to 75% of the data, and limits of
vertical lines (whiskers) represent the minimum and maximum values, excluding outliers (dots). * p < 0.05, ** p < 0.01; ANOVA on linear mixed-effect model with animal as a
random effect. Abbreviations: 3D, three-dimensional; 6-mo, 6-month-old; 14-mo, 14-month-old; ANOVA, analysis of variance; SEM, standard error of the mean; sLM, stratum
Lacunosum Moleculare. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Altogether, our data suggested that in the dHp astrocytes un-
dergo complex region-specific morphological changes upon aging,
at least in middle-aged mice. Specifically, GFAPþ astrocytes
increased their morphological complexity in dGCL, dML, and dsLM,
while no change occurred in the hilus.
3.7. In ventral GCL (vGCL) and ML (vML), astrocytes have similar
complexity in young and middle-aged mice

Since the dorsal and ventral regions of the DG are considered
functionally distinct, with dHp more involved in cognition, we also
investigated the potential effects of aging on the ventral pole of DG.
Interestingly, astrocytes in the vGCL of the DG, did not display any
statistically significant age-related alterations in their morphology
(Fig. 7AeC). Also, in the vML, no difference in astrocyte morphology
was observed between the 2 ages (Fig. 8AeC), suggesting again no
effect of aging in the ventral part of the DG, at least in these 2
subregions.
3.8. Morphological comparison between astrocytes in the dorsal
versus ventral dentate gyrus

To further understand the remarkably different age sensitivity of
GFAPþ astrocytes in dHp and vHp, we also analyzed astrocyte
morphology along the dorsal-ventral axis of the DGwithin each age
group. In 6-mo mice, the morphometric features of astrocytes in
dGCL and vGCL were very similar (Fig. 9A), as denoted by no sig-
nificant difference in the Sholl analysis. Only the maximum reached
extension was significant higher in vGCL than dGCL (dGCL: 46.55 �
8.68 mm, vGCL: 50.65 � 9.26 mm, p ¼ 0.028). Conversely, in 14-mo
mice, dGCL astrocytes displayed a more complex morphology
than in the vGCL (Fig. 9B). Specifically, in the dGCL astrocytes
showed higher number of intersections (dGCL: 62.55 � 17.16, vGCL:
55.52 � 19.46, p ¼ 0.038), greater arborization (dGCL: 428.27 �
115.54 mm, vGCL: 375.10 � 127.84 mm, p ¼ 0.018), and longer
reached extension (dGCL: 51.05�10.22 mm, vGCL: 47.24� 9.00 mm,
p ¼ 0.028). In the ML, the morphological differences described in
dHp versus vHp were even more consistent. In 6-mo mice,



Fig. 5. Middle-aged mice display a reduced morphological complexity of EC astrocytes. (A) Representative 3D morphological reconstruction of astrocyte in the EC of 14-mo (upper
panel) and 6-mo (lower panel) mice, scale bar 25 mm. (B) Sholl intersection profiles show that astrocytic complexity in EC was significantly decreased in 14-mo (red) versus 6-mo
(green) mice. Data are presented as mean � SEM. * p < 0.05, ** p < 0.01, *** p < 0.001; nested ANOVA on linear mixed-effect model, with animal as a random effect. (C) Summary of
morphometric parameters illustrating the total number of intersections, the distance from the somata with the higher number of intersections, the number of astrocytic processes,
total processes length, and the maximum reached extension. In each box plot, the heavy line represents the sample median, the box demarks the range from 25% to 75% of the data,
and limits of vertical lines (whiskers) represent the minimum and maximum values, excluding outliers (dots). * p < 0.05, ** p < 0.01, *** p < 0.001; ANOVA on linear mixed-effect
model, with animal as a random effect. Abbreviations: 3D, three-dimensional; 6-mo, 6-month-old; 14-mo, 14-month-old; ANOVA, analysis of variance; EC, entorhinal cortex; SEM,
standard error of the mean. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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astrocytes in the vML were more complex than those in the dML
(Fig. 10A), as indicated by SIP curves and Sholl-related morpho-
logical features. Higher complexity of astrocytes in vML was also
underlined by greater arborization (dML: 255.21 � 68.48 mm, vML:
286.81 � 65.18 mm, p ¼ 0.014) and higher number of processes
(dML: 15.08 � 4.42, vML: 18.54 � 4.71, p < 0.001). With aging, we
described a reverse situation, where the dML is the region where
astrocytes displayed more complex morphology (Fig. 10B). The
analysis of SIP indicated higher complexity between 10 and 40 mm
from soma in dML compare to vML. Moreover, the total number of
intersections (dML: 57.68 � 13.98, vML: 45.92 � 12.59, p < 0.001),
the total length (dML: 382.78 � 87.38 mm, vML: 304.91 �75.92 mm,
p < 0.001), the number of processes (dML: 21.60 � 5.47, vML: 19.17
� 5.29, p ¼ 0.014), and maximum reached extension (dML: 49.56 �
9.02 mm, vML: 45.05 � 7.48 mm, p ¼ 0.003) were higher in the dML
compared to vML.

4. Discussion

Previous reports demonstrated that extensive morphological
and functional remodeling of astrocytes occurs during aging.
Among other changes, aging has been associated with reduced
astroglial coverage of synapses and synthesis of synaptogenic fac-
tors, decreased astroglial metabolic support to neurons, reduced
astroglial-vascular coupling, and reduced ability to mount reactive
astrogliosis (as recently reviewed by Verkhratsky et al., 2020).
Altogether these changes potentially contribute to the idea that
astroglial loss of homeostatic function or asthenia, rather than
increased reactivity, may prevail during brain aging.

It is generally agreed that physiological aging is not associated
with changes in the number of astrocytes across distinct CNS re-
gions, including the hippocampus (Long et al., 1998). On the other
hand, as far as morphological astrocytic changes during aging, both
increased and decreased size and complexity have been reported,
with the majority of studies using GFAP for immunolabeling
(Verkhratsky et al., 2020).

In recent years, next-generation sequencing techniques allowed
a broad characterization of the transcriptional changes occurring
specifically in astrocytes during aging. Such efforts contribute to the
idea of different susceptibility of specific brain regions to aging-
induced alteration of astrocytic gene expression and functions
(Boisvert et al., 2018; Clarke et al., 2018). Although a topic still in its
infancy, current and future knowledge on regional specificity of
age-associated glial changes may help understanding why discrete



Fig. 6. Regional and sub-regional differences in the morphological complexity of astrocytes within experimental age groups. SIPs and morphological features of astrocytes from 6-
mo (A) and 14-mo (B) mice. For SIP, data are presented as mean � SEM; nested ANOVA followed by Tukey’s HSD test on linear mixed-effect model with animal as a random effect
(multiplicity-adjusted p values are listed in Supplementary Table S1). In the box plots of morphological parameters, the heavy line represents the sample median, the box demarks
the range from 25% to 75% of the data, and limits of vertical lines (whiskers) represent the minimum and maximum values, excluding outliers. ANOVA followed by Tukey’s HSD test
on linear mixed-effect model with animal as a random effect (multiplicity-adjusted p values are listed in Supplementary Table S2). Abbreviations: 6-mo, 6-month-old; 14-mo, 14-
month-old; ANOVA, analysis of variance; dGCL, dorsal Granule Cell Layer; dML, dorsal Molecular Layer; EC, entorhinal cortex; H, hilus; SEM, standard error of the mean; SIP, Sholl
intersection profile; sLM, stratum Lacunosum Moleculare.
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bran regions are more vulnerable to synaptic and neuronal
disfunction, to aging and to age-related neurodegenerative disor-
ders (Burke and Barnes, 2010; Verkhratsky et al., 2014).

To investigate the effects of aging on astrocytes within different
hippocampal subfields, herein we performed a semi-automated
morphological analysis of astrocytes from 6-mo and 14-mo
C57BL/6J male mice. More in detail, we performed a computer-
based 3D reconstruction of GFAP-immunolabeled astrocytes, and
extensively quantified their morphological complexity by Sholl
analysis. Moreover, we evaluated additional morphometric features
such as number of processes, total length, and maximum process
extension (Scorcioni et al., 2008). Although GFAP immunolabeling
does not delineate the overall structure of astrocytes and this
protein is not expressed by all astrocytes, it still represents a reliable
strategy to identify the major morphological features of astrocytes
and it has been used and validated in other relevant works
(Rodríguez et al., 2014; SheikhBahaei et al., 2016; Tavares et al.,
2017; Verkhratsky et al., 2020).

In our study, we initially focused our attention on 3 DG sub-
fields: GCL, ML, and H. Within the DG, astrocytes actively modulate
the differentiation, growth, survival, and integration of adult born
neuroblasts and neurons (Cassé et al., 2018; Cvijetic et al., 2017;
Spampinato et al., 2019). Aging is associated with a progressive
decline in the self-renewal and regenerative capacities of CNS stem
cells, an occurrence at least in part due to reduced asymmetric di-
vision of neural stem/progenitor cells (Nicaise et al., 2020).



Fig. 7. Aging does not affect the morphological complexity of astrocytes in the vGCL. (A) Representative 3D morphological reconstruction of astrocyte in the vGCL of 14-mo (upper
panel) and 6-mo (lower panel) mice, scale bar: 25 mm. (B) Sholl intersection profiles show that astrocytic complexity in vGCL was not affected by age. Color legend: green, 6-mo
mice; red, 14-mo mice. Data are presented as mean � SEM. Nested ANOVA on linear mixed-effect model with animal as a random effect. (C) Summary of morphometric parameters
illustrating the total number of intersections, the distance from the somata with the higher number of intersections, the number of astrocytic processes, total processes length, and
the maximum reached extension. In each box plot, the heavy line represents the sample median, the box demarks the range from 25% to 75% of the data, and limits of vertical lines
(whiskers) represent the minimum and maximum values, excluding outliers (dots). ANOVA on linear mixed-effect model with animal as a random effect. Abbreviations: 3D, three-
dimensional; 6-mo, 6-month-old; 14-mo, 14-month-old; ANOVA, analysis of variance; SEM, standard error of the mean; vGCL, ventral region of the Granule Cell Layer. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Deficient astroglial support to neural stem/progenitor cells and
their adult-born progeny may contribute to that decline in the
hippocampus (Miranda et al., 2012; Okamoto et al., 2011), again
supporting a loss of function for this glial cell type in aging. In dGCL
and dML, 14-mo astrocytes showed significantly more complex
arborizations than corresponding cells from 6-mo mice. Subre-
gional morphological changes of hippocampal GFAPþ astrocytes
during aging were previously investigated by Rodríguez et al.
(2014). These authors reported a progressive age-dependent hy-
pertrophy of GFAPþ astrocytes in DG, as indicated by increased
surface, volume, and somata size (Rodríguez et al., 2014). Now our
morphological analysis provides more detailed information on the
increasing morphological complexity of astrocytes during aging
specifically in GCL and ML. Our analysis was also extended to the
hilus. Here, astrocyte complexity remained remarkably stable in
middle-aged compared to young adult mice, with no difference
reported in the 2 experimental groups. We also looked outside the
DG, in the CA1 region, in the sLM, where astrocytes interact with
hippocampal interneurons and afferent fibers from the EC (Witter,
2013). Again, we demonstrated that also sLM astrocytes from 14-
mo mice showed a more complex structure than 6-mo mice.
Previously published work showed age-dependent hypertrophy in
astrocytes within the CA1 region, but no information on the eval-
uated subfield is available (Rodríguez et al., 2014).

The hippocampus is not a homogenous structure, since
anatomical, molecular, and functional segregation occurs along its
dorsoventral axis (Fanselow and Dong, 2010; Grilli et al., 1988).
Remarkably, no previous studies evaluated astrocytes along the
dorsoventral axis by morphometric analysis and in response to
aging. For this reason, we performed our analysis in the ventral DG.
Surprisingly, in this region we observed no significant difference
between 6- and 14-mo mice in both vGCL and vML. Although at
present our findings are only descriptive in nature, we believe that
it is quite interesting that during aging astrocytic morphological
features change only in the dDG.

The dHp has been primarily correlated with cognitive functions,
while the vHp is involved in emotional and anxiety-related be-
haviors (Fanselow and Dong, 2010; Strange et al., 2014). In a unique
longitudinal magnetic resonance imaging and behavioral mouse
study, Reichel et al. (2017) demonstrated that age-related cognitive
decline coincides with accelerated volume loss of the dHp but not
vHp. Lee et al. (2017) were first to apply RNA-seq analysis to



Fig. 8. In the vML, the morphology of astrocytes is not altered by aging. (A) Representative 3D morphological reconstruction of astrocyte in the vML of 14-mo (upper panel) and 6-
mo (lower panel) mice, scale bar: 25 mm. (B) Sholl intersection profiles show that astrocytic complexity in vML was not affected by age. Color legend: green, 6-mo mice; red, 14-mo
mice. Data are presented as mean � SEM. Nested ANOVA on linear mixed-effect model with animal as a random effect. (C) Summary of morphometric parameters illustrating the
total number of intersections, the distance from the somata with the higher number of intersections, the number of astrocytic processes, total processes length, and the maximum
reached extension. In each box plot, the heavy line represents the sample median, the box demarks the range from 25% to 75% of the data, and limits of vertical lines (whiskers)
represent the minimum and maximum values, excluding outliers (dots). ANOVA on linear mixed-effect model with animal as a random effect. Abbreviations: 3D, three-
dimensional; 6-mo, 6-month-old; 14-mo, 14-month-old; ANOVA, analysis of variance; SEM, standard error of the mean; vML, ventral Molecular Layer. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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investigate transcriptional differences along the hippocampal
dorsoventral axis. They demonstrated differentially expressed
genes in the dHp and vHp of P14, P28, and P45 mice. Bioinformatic
analysis revealed that pathways involving long-term potentiation
and the glutamatergic synapses are strongly associated with genes
enriched in the dHp, whereas pathways involving the GABAergic
synapse and serotonergic synapse are correlatedwith vHp enriched
genes.

Astrocytes instruct the formation, maturation, and elimination
of synapses under physiological conditions, and impairment of
these functions has been implicated in aging and many aging-
related diseases (Verkhratsky et al., 2019, 2020). The age-related
changes we have observed in dorsal DG of middle-aged mice are
likely not limited to astrocyte morphological appearance but they
may be associated with modifications of their activities and func-
tions (Jinno, 2011; Mosher and Schaffer, 2018). Clarke et al. (2018)
performed RNA sequencing of astrocytes from different brain re-
gions to identify potential age-related transcriptional changes that
could contribute to cognitive decline. They suggested that aged
astrocytes may take on a reactive phenotype characteristic of
neuroinflammatory astrocytes. In the future, astrocyte RNA
sequencing profiles along the dorsoventral hippocampal axis
should be investigated for understanding the potential relevance of
dorsal-specific changes in cognitive decline.

Astrocytes are also important contributors in the DG neurogenic
niche (Cvijetic et al., 2017; Song et al., 2002; Spampinato et al.,
2019). Moreover, it has been proposed that age-related decline in
the generation of adult-born neurons may contribute to age-
dependent deficits in cognitive functions (Bettio et al., 2017;
Lazarov et al., 2010). Experimental manipulation of ahNG by envi-
ronmental stimuli, pharmacological and genetic approaches is
associated with changes in cognitive performance in the dDG and
with affective behavioral regulation in the vDG (Bortolotto et al.,
2019; Bortolotto and Grilli, 2020; Tanti and Belzung, 2013; Vivar
et al., 2013). At least in rodents, key differences in neurogenic
characteristics have been described along the dorsal-ventral DG
axis: for example, dDG exhibits higher levels of neurogenesis and
faster rates of newborn neuron maturation than vDG (Jinno, 2016;
Piatti et al., 2011; Snyder et al., 2009). Although at this stage we can
only speculate, preferential aging-associated astrocytic changes in
the dDG, at least in GCL and ML, may, in turn, affect the dorsal
neurogenic microenvironment and potentially contribute to age-
related defective NG and cognitive decline. For example, with ag-
ing, astrocytes produce lower levels of key secreted proteins,



Fig. 9. Morphological differences betweenastrocytes in the dorsal versus ventral Granule Cell Layerwithin each age group. SIPs andmorphological features of astrocytes from6-mo (A)
and14-mo (B)mice. For SIP, data arepresented asmean� SEM. *p< 0.05; nestedANOVAon linearmixed-effectmodel,with animal as a randomeffect. In the boxplots ofmorphological
parameters, the heavy line represents the sample median, the box demarks the range from 25% to 75% of the data, and limits of vertical lines (whiskers) represent the minimum and
maximumvalues, excluding outliers. * p< 0.05; ANOVA on linear mixed-effect model, with animal as a random effect. Color code: blue, vGCL; yellow, dGCL. Abbreviations: 3D, three-
dimensional; 6-mo, 6-month-old; 14-mo,14-month-old; ANOVA, analysis of variance; dGCL, dorsal Granule Cell Layer; SEM, standard error of themean; SIP, Sholl intersection profile;
vGCL, ventral region of the Granule Cell Layer. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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including several growth factors (Mosher and Schaffer, 2018).
Potentially, this may influence proliferation and differentiation of
adult neural stem/progenitor cells and it may be involved in age-
related decline in adult neurogenesis (Mosher and Schaffer, 2018).
Alterations in cell to cell contact within the dHp neurogenic niche
can also be envisioned as a result of the morphological changes we
have described in middle-aged mice and, potentially, negatively
affect ahNG. Again, the use of next-generation sequencing, in
combination with proteomic approaches, may help unravel the
biological basis of aging associated changes.

To further explore the potential differences between astrocytes
along the dorsoventral pole of DG, in our study we have compared
astrocyte morphology of dorsal and ventral GCL and ML subregions
within each age group. In 6-mo animals, astrocyte complexity in the
vGCL and dGCL was very similar. On the contrary, in the ML we
observed remarkable difference along the dorsoventral axis of DG.
More specifically, astrocytes in the vML are more complex, with
higher arborization length and branching than astrocytes in the
dML. With aging, we described a reverse situation, where the dML
was the subregion where astrocytes displayed highest complexity.
We were also able to compare astrocytes among different DG
subregions. In 6-mo mice, morphological analysis of astrocytes in
the 3 dDG subfields (dGCL, dML, and H) indicated that these cells
show a similar grade of complexity. In the sLM, astrocytes displayed
the lowest morphological complexity compared to the other sub-
fields. Similar morphological complexity was observed at 6 and
14 months of age between astrocytes in dGCL and dML. In dDG
subfields, astrocytes reached the highest complexity at 14 months.
At this age, hilar astrocytes showed reduced morphological
complexity compared to astrocytes in the other dDG subfields. To
the best of our knowledge, this is the first study where such
astrocytic morphological differences within different hippocampal
subfields are described. Very recently, Popov et al. (2020) evaluated
the morphology of astrocytes in hippocampal slices of young, adult,
and oldmice by 2 photon imaging and volume fraction analysis. The
authors demonstrated a decrease in astrocytic domain size, volume
fraction of perisynaptic processes, and astrocyte coupling through
gap-junctions in aging. Interestingly, these astrocytic changes
correlated with disrupted Kþ buffering, glutamate clearance, and
astrocytic Ca2þ signaling which, in turn, impacted on synaptic
plasticity and long-term potentiation in hippocampal synapses
(Popov et al., 2020). At this stage of knowledge, our results of
distinct morphological changes in DG subfields are descriptive in
nature. In the future, we should try to correlate age-dependent



Fig. 10. Morphometric differences between astrocytes in the dorsal versus ventral Molecular Layer within each age group. SIPs and morphological features of astrocytes from 6-mo
(A) and 14-mo (B) mice. For SIP, data are presented as mean � SEM. * p < 0.05, ** p < 0.01, *** p < 0.001; nested ANOVA on linear mixed-effect model, with animal as a random
effect. In the box plots of morphological parameters, the heavy line represents the sample median, the box demarks the range from 25% to 75% of the data, and limits of vertical lines
(whiskers) represent the minimum and maximum values, excluding outliers. * p < 0.05, ** p < 0.01, *** p < 0.001; ANOVA on linear mixed-effect model, with animal as a random
effect. Color code: blue, vML; yellow, dML. Abbreviations: 3D, three-dimensional; 6-mo, 6-month-old; 14-mo, 14-month-old; ANOVA, analysis of variance; dML, dorsal Molecular
Layer; SEM, standard error of the mean; SIP, Sholl intersection profile; vML, ventral Molecular Layer. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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morphological changes with astrocytic physiology in dorsal versus
ventral DG and in different hippocampal subfields.

Interestingly, EC, which is the major input to the dorsal DG, was
also a region where morphological changes occurred and the only
region where we documented remarkable atrophy in 14-mo mice.
Of note, at 6months of age, EC astrocytes resulted structurallymuch
more complex than astrocytes residing in any other tested region.
Specifically, they have the highest process length and number and
their processes reach their maximum complexitymore distant from
the soma. EC plays an essential role in cognition and memory and it
is among the earliest brain regions affected by AD-related pathol-
ogy (Braak et al., 1993). The remarkable alterations of EC astroglial
cells inmiddle-agedmice are in agreement with previous reports of
their reduced surface and volume (Rodríguez et al., 2014), and may
also be relevant to age-related cognitive decline. Again, a more
systematic research is needed to elucidate if and how opposite
morphological changes (increased or decreased structural
complexity) may be linked to region-specific synapse and neuronal
dysfunction/loss and cognitive deficits.

In conclusion, herein we describe, for the first time,
remarkable heterogeneity in the astrocytic response to aging
mainly in the dorsal, and not ventral, DG and in different sub-
fields within dorsal DG and CA1. Since dorsal, and not ventral,
hippocampus is involved in cognitive functions, these findings
appear worth of further evaluation. Our findings also provide an
additional level of complexity in the structural changes associ-
ated with physiological brain aging. Aging is also considered a
key risk factor for devastating neurodegenerative disorders, such
as Alzheimer's disease and Parkinson's disease. It may be
interesting to evaluate whether a dorsal specificity in astrocytic
changes may also occur in neurodegenerative animal models,
their correlation with cognitive performance, and, potentially,
their response to drugs. Last but not least, it should also be
underlined that our studies were performed in male mice. In the
future detailed evaluation of age-dependent changes in astro-
cyte morphological complexity in different brain regions/sub-
fields should be undertaken in female mice to verify if sex-
related differences may also exist.
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