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Mouse brain contains age-dependent 
extraparenchymal granular structures 
and astrocytes, both reactive to natural IgM 
antibodies, linked to the fissura magna
Clara Romera1,2,3, Marta Riba1,2,3, Raquel Alsina1,2,3, Marina Sartorio1,2, Jordi Vilaplana1,2,3, Carme Pelegrí1,2,3* and 
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Abstract 

Background Mouse brains can contain specific polyglucosan aggregates known as Periodic Acid-Schiff (PAS)-
granules. Generated in astrocytes, these granules increase with age and exhibit neo-epitopes of carbohydrate 
nature that are recognized by natural IgM antibodies (IgMs). The existence of neoepitopes on PAS granules sug-
gests the presence of neoepitopes in other brain structures, and this is investigated here. To this end, brain sections 
from SAMP8 and ICR-CD1 mice were examined at different ages.

Results We have identified two novel structures that, apart from PAS granules, are recognized by natural IgMs. On 
one side, IgM reactive  (IgM+) granular structures which are placed in the longitudinal fissure, the quadrigeminal cis-
tern, and a region that extends from the quadrigeminal cistern to the interpeduncular cistern. This last region, located 
between the telencephalon and both the mesencephalon and diencephalon, is designated henceforth as the fissura 
magna, as it is indeed a fissure and the largest in the brain. As all these regions are extraparenchymal (EP), the  IgM+ 
granules found in these zones have been named EP granules. These EP granules are mainly associated with fibro-
blasts and are not stained with PAS. On the other side, some  IgM+ astrocytes have been found in the glia limitans, 
near the above-mentioned fissures. Remarkably, EP granules are more prevalent at younger ages, while the number 
of  IgM+ astrocytes increases with age, similarly to the already described evolution of PAS granules.

Conclusions The present work reports the presence of two brain-related structures that, apart from PAS granules, 
contain neo-epitopes of carbohydrate nature, namely EP granules and  IgM+ astrocytes. We suggest that EP granules, 
associated to fibroblasts, may be part of a physiological function in brain clearance or brain-CSF immune surveillance, 
while both PAS granules and  IgM+ astrocytes may be related to the increasing accumulation of harmful materials 
that occurs with age and linked to brain protective mechanisms. Moreover, the specific localisation of these EP gran-
ules and  IgM+ astrocytes suggest the importance of the fissura magna in these brain-related cleaning and immune 
functions. The overall results reinforce the possible link between the fissura magna and the functioning of the glym-
phatic system.
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Background
The human brain, primarily composed of postmitotic 
cells, is highly susceptible to the multifaceted effects of 
ageing [1]. This intricate process involves a cascade of 
molecular, cellular, and structural changes that impact 
various aspects of brain function, including learning, 
memory, and motor performance [2, 3]. Additional alter-
ations, such as a reduction in brain volume and the loss 
of neurons, dendritic arbor, or synaptic connectivity have 
been described elsewhere [4, 5]. Moreover, the accumu-
lation of abnormal protein aggregates and polyglucosan 
structures during ageing and neurodegenerative condi-
tions has also been well-documented [6–9].

In mice, specific age-related polyglucosan aggregates 
known as PAS granules (due to their positive staining 
with the Periodic Acid Schiff technique) have been iden-
tified in their brain, particularly in the hippocampus. 
These aggregates have consistently been observed in 
the brains of several strains of mice, including C57BL/6 
[10–12], ICR-CD1 [13, 14], AKR [15], and senescence-
accelerated mouse prone mouse 8 (SAMP8) mice [10, 
13, 16, 17] among others. The presence of these granules 
increases with age, becoming more prominent in the 
brains of aged mice suggesting potential relevance to age-
related processes [15, 18]. Remarkably, no granules are 
evident in the early stages of life. At 3 months of age, only 
some scattered PAS granules appear in the hippocampus 
of ICR-CD1 mice, and from 6 months onwards, ICR-CD1 
mice show clusters of granules in their hippocampus. In 
SAMP8 mice, the number of granules is increased respect 
to the age-matched ICR-CD1 mice, and clustered gran-
ules in their hippocampus appear as early as at 3 months 
of age [13]. Other strains also exhibit a similar pattern of 
increased PAS granules with ageing [18]. The entorhinal 
cortex and the piriform cortex exhibit a delayed appear-
ance of granules respect to the hippocampus, indicating a 
direct correlation with age, albeit with a later onset com-
pared to the hippocampus. Other brain regions such as 
the olfactory bulb, the cerebellum and the trapezoid body 
have also been reported to show these granules in aged 
mice of different strains [18].

These PAS granules exhibit a distinctive round‐to‐
ovoid morphology, they measure 1–3  µm and tend 
to appear in clusters of 40 to 50 granules. Typically, 
each cluster is associated with a single astrocyte [19]. 
In addition to their polyglucosan content, these gran-
ules also contain specific proteins, such as glycogen 
synthase (GS) and p62. GS plays a crucial role in the 

formation of their polyglucosan content, while p62 is 
involved in the recollection of residual or deleterious 
products [20]. While the precise mechanism of granule 
formation remains a subject of debate, certain ultras-
tructural studies suggest that astrocytes phagocytose 
degenerative or deleterious substances and incorporate 
them into the polyglucosan structure [17, 19].

Consistently, PAS granules exhibit some kind of 
epitopes of carbohydrate nature which are considered 
neo-epitopes (meaning newly formed epitopes) since 
they arise during the granule formation. Commonly, 
neo-epitopes are targeted by immune surveillance, and 
are recurrently recognized by natural IgM antibodies 
present in the plasma [21]. Natural IgMs, which have 
been evolutionarily fixed and thus are generally inter-
specific, emerge from innate immunity and are inher-
ently present before birth without external antigenic 
exposure. These antibodies function as a first line of 
defense against different pathogens, but also exert a 
critical role on the maintenance of tissue homeostasis 
recognizing post-transcriptional modifications of pro-
teins, lipids, and carbohydrate residues to facilitate the 
elimination of potentially deleterious or residual cel-
lular byproducts [21, 22]. Nevertheless, plasma IgM 
antibodies cannot cross the blood–brain barrier and 
thus, in vivo, are incapable of binding the neo-epitopes 
contained in the PAS granules of mouse brain. In addi-
tion, as these PAS granules are intra-astrocytic struc-
tures, surrounded by a plasma membrane [19], they do 
not activate microglia and they remain silent without 
inducing brain inflammation or interfering with normal 
functioning of neighboring cells. Thus, PAS granules 
might be considered structures that accumulate and 
isolate residual products in order to avoid deleterious 
processes and brain inflammation or damage.

The presence of neo-epitopes in PAS granules sug-
gests the possibility that neo-epitopes may also be 
generated or emerge in other structures or regions of 
the brain, potentially associated with ageing. Thus, the 
primary objective of the present work is to identify 
whether neo-epitopes like those described in PAS gran-
ules exist in other brain regions. Secondarily, this study 
aims to determine if their occurrence correlates with 
ageing.

Hence, in this work we will determine the presence 
of additional structures detectable by natural IgMs in 
other mouse brain regions beyond those previously 
described. Subsequently, we will determine if, in these 
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structures, the neo-epitopes recognized by IgMs have a 
glycosidic nature. Moreover, we will investigate whether 
the newly detected structures contain polyglucosan 
as PAS granules do and thus exhibit positivity to PAS 
staining, and we will study if they contain p62 protein 
(as also PAS granules do). Additionally, we will explore 
their association with astrocytes and evaluate any simi-
larities with PAS granules in this regard. Finally, we will 
examine the potential relationship between the newly 
identified structures and ageing.

Methods
Animals and brain processing
Male SAMP8 and ICR-CD1 mice aged 3, 6 and 12 months 
were studied. 7 animals of each age and strain were used. 
They were kept in standard conditions of tempera-
ture (22 ± 2° C) and 12-h light–dark cycles (300  lx/0  lx). 
Throughout the study, they had access to food and water 
ad  libitum. The day of the tissue harvest, animals were 
weighed, and the results were noted. Animals were then 
anesthetized with 80  mg/kg of sodium pentobarbital by 
an intraperitoneal injection. Then, to obtain the brain, 
the thoracic cavity was opened and the animals received 
an intracardiac gravity-dependent perfusion of 50 ml of 
phosphate-buffered saline (PBS, pH 7.2). After the per-
fusion, brains were dissected, frozen by immersion in 
isopentane chilled in dry ice, and stored at – 80° C until 
sectioning. Thereafter, frozen brains were embedded in 
OCT cryostat-embedding compound (Tissue-Tek, Tor-
rance, Calif., USA). Coronal sections of 20 µm-thick were 
cut on a cryostat (Leica Microsystems, Germany), placed 
on slides and stored at -20° C until further use.

Immunohystochemistry
Brain sections were defrosted for 10  min at room tem-
perature and a hydrophobic marker was used to draw 
an isolating well around each brain slice. Sections were 
rehydrated with PBS for 5  min and after that, sections 
were blocked and permeabilized for 20 min with block-
ing buffer-triton (BB) made of 1% bovine serum albu-
min (BSA, A3059- 50G, Sigma-Aldrich) and 0.1% Triton 
X-100 (T8532-100ML, Sigma-Aldrich), diluted in PBS. 
Slides were washed with PBS twice and incubated over-
night at 4 ºC with the corresponding primary antibodies: 
IgMs from human serum (1/25, I8260, Merck), chicken 
monoclonal IgY anti-GFAP (glial fibrillary acidic pro-
tein, 1/300, AB5541, Merck), rabbit monoclonal anti-p62 
(1/50, AB5541, Abcam), rabbit monoclonal Glycogen 
Synthase (1/100, 3886S, Cell Signaling Techonologies), 
rabbit monoclonal IgG anti-vimentin (1/200, ab254015, 
Abcam) and biotin mouse monoclonal IgG2a Cytokeratin 
5/8 Antibody (C-50) (1/200, NBP2- 47824B, Bio-techne), 
all of them diluted in BB.

The following day, the sections were washed twice with 
PBS and the corresponding secondary antibodies and flu-
orescent reagents were used: Alexa Fluor (AF) 488 goat 
anti-human IgM (A21215, Life Technologies),  AF594 
goat anti-human IgM (A21216, Life Technologies), 
AF488 goat α-chicken IgY (A11039, Invitrogen), AF647 
goat α-chicken IgY (A21449, Invitrogen), AF488 donkey 
α-rabbit IgG (21,206, Invitrogen), AF555 donkey α-rabbit 
IgG (A-31572, Invitrogen), AF647 donkey α-rbb IgG 
(A-31573, Invitrogen) and AF488 streptavidin (S32354, 
Invitrogen), all of them diluted at 1/250 in BB. The sec-
ondary antibodies were filtered with a Millex®-GV 
0.22 µm filter (Merck Millipore Ltd.) to reduce the pos-
sibility of artifacts and added to the sections for incu-
bation 1  h at room temperature. Additionally, Hoechst 
stain 33258 (Fluka) was incorporated at 2 µg/mL in the 
last 5 min of the secondary antibodies incubation to stain 
the nuclei of the cells. Finally, slides were washed and 
coverslipped with Fluoromount (Electron Microscopy 
Sciences, Hatfield, PA, USA). Staining controls were per-
formed by incubating brain sections with BB instead of 
the primary antibody.

PAS staining
In order to determine the presence of PAS-positive 
structures in the different brain regions, a PAS staining 
was performed. Before starting the staining, the samples 
were defrosted at room temperature and fixed with Car-
noy’s solution (60% ethanol, 30% chloroform, and 10% 
glacial acetic acid) for 10  min. After the fixation, slices 
were washed 10 times in distilled water and immersed 
in periodic acid (0.25%) for 10 min (19324–50, Electron 
Microscopy Sciences). A second washing with distilled 
water for 3  min was carried out. Secondly, the samples 
were immersed in Schiff’s reagent (26052–06, Electron 
Microscopy) in staining jars tightly closed and protected 
from light. After 10 min, slices were washed with distilled 
water for 5 min or until pinkish coloration was reached. 
Finally, 3 consecutive washes were performed with dis-
tilled water and the samples were dehydrated in alcohols 
of 70%, 90%, 100%, and xylene (XI00502500, Scharlau) 
twice for 10  min. The different alcohols used were pre-
pared with ethanol absolute (ET00051000, Scharlau) and 
 H2Od. Slices were cover-slipped with Eukitt mounting 
medium (Eukitt, Fluka Analytical).

Sugar preabsorption studies
In order to know if IgM positive  (IgM+) structures, i.e. 
structures that become stained with human IgMs, con-
tain neo-epitopes of carbohydrate nature, the IgM pri-
mary antibodies were preadsorbed with a mixture of the 
monosaccharides as before [23]. The mixture of mono-
saccharides contains D-Glucose (Scharlab, GL01271000), 
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D-( +)-Mannose (Sigma Aldrich, M2D69), D-( +)-Galac-
tose (Sigma Aldrich, G0750), N-AcetylGalactosamine 
(Sigma Aldrich, A2795) and D-(-)-Fructose (Sigma 
Aldrich, F0127). Three different solutions were prepared 
at 0 (control), 0.2 M and 0.4 M of each sugar in PBS and 
the mixtures were maintained overnight at 4  °C with 
agitation. Then, brain sections were incubated with the 
mixture instead of the primary antibody and the immu-
nofluorescence protocol was followed afterwards as 
detailed above.

Gamma‑amylase pre‑treatment
For the pre-treatment of the brain samples with 
γ-amylase (A7420, Merck), a solution of γ-amylase was 
prepared by dissolving 10  mg in 2  mL of acetate buffer 
(pH 4.8, 0.016 M) to reach a concentration of 200 U/mL. 
After agitation until complete dissolution, a 100 U/mL 
solution was prepared by diluting 1 mL of the initial solu-
tion with an equal volume of acetate buffer. Enzyme and 
acetate solutions were pre-heated in the water bath at 
45 °C. Tissue sections were rehydrated in PBS for 5 min 
and then covered with 40 µL of digestion solution (0 U/
mL (control), 100 U/mL and 200 U/mL) for 22 h at 45 °C. 
After the incubation, brain samples were washed three 
times with PBS for 5  min each to remove the excess of 
enzyme solution and the immunofluorescence protocol 
was followed in the same manner as above.

Image acquisition
Imaging was conducted with a fluorescence microscope 
(BX41, Olympus, Germany) using excitation wave-
lengths of 360–370  nm, 470–495  nm, 540–550  nm, 
and 590–650  nm and detecting emission wavelengths 
of 420–460  nm, 510–550  nm, 575–625  nm, and 663–
737 nm, respectively. The subsequent merging of the dif-
ferent channels was performed using Image J software 
(National Institute of Health, USA). Image enhancement 
to optimize visualization of the different stainings was 
also performed with ImageJ programme, ensuring uni-
form treatment across different strains and age groups 
for each single staining.

Quantification of IgM positive structures and PAS granules
As it will be described in the results, we detected some 
extraparenchymal (EP)  IgM+ granules different from the 
previously described hippocampal PAS granules, and 
some astrocytes that were  IgM+.

To quantify the EP granules, a coronal brain sec-
tion of each animal (between bregma -1,91 and bregma 
-2,79  mm, according to Paxinos and Franklin’s mouse 
brain atlas [24]) was stained with IgMs and examined 
with the microscope (BX41, Olympus, Germany). In each 
section, and for each region of interest (regions 1 to 8, 

described in results), three blinded observers quantified 
the amount of granules using a subjective score ranging 
from 0 (denoting absence of granules) to 3 (representing 
maximum presence of granules). PAS granules present in 
the hippocampus of each section were also quantified by 
the same three blinded observers, who assigned a subjec-
tive score ranging from 0 (denoting absence of granules 
in the hippocampus) to 5 (representing maximum pres-
ence of granules in the hippocampus). Furthermore, a 
similar rating system was used to score the amount of 
 IgM+ astrocytes, with scores from 0 (indicating absence 
of  IgM+ astrocytes) to 3 (reflecting maximum presence 
of  IgM+ astrocytes). The mean of the scores obtained by 
the three observers in each quantification and region was 
used for analysis.

Statistical analysis
Studies of correlation between variables were performed 
using the Correlation module of SPSS Statistics (IBM). 
The ANOVA module of SPSS Statistics has been used in 
order to analyse the effect of the factors strain (SAMP8 
or ICR-CD1) and age (3, 6 and 12  months) on differ-
ent dependent variables (body weight, amount of PAS 
granules, amount of EP granules in the different regions 
of interest, and number of astrocytes  IgM+). Post hoc 
comparisons were performed with the Tukey test and 
differences were considered significant when p < 0.05. 
Even so, this study not only considered p values but also 
integrated them with other findings to reach conclusions 
based on a general view. As remarked in the Editorial of 
Nature dated 20th March 2019 [25], relying solely on p 
values for determining significance may result in biased 
analyses, exaggerated false positives, and overlooked gen-
uine effects. Therefore, it’s crucial to incorporate logic, 
background knowledge, and experimental design with 
p values when drawing conclusions and assessing their 
reliability.

Results
Presence of extraparenchymal  IgM+ granular structures
A first screening of coronal sections obtained from ICR-
CD1 and SAMP8 mice aged 3, 6 and 12 months immu-
nostained with IgM permitted to observe the presence of 
some extraparenchymal (EP)  IgM+ granular structures, 
designated as EP granules, that are different to the previ-
ously described PAS granules in terms of localization and 
clustering. These granules were located in the specific 
brain regions that are detailed in Fig. 1A. As shown in the 
figure, granules were placed along the longitudinal fissure 
(between the two brain hemispheres), the quadrigeminal 
cistern, and a region comprised between the telencepha-
lon and the diencephalon, that will be designated hence-
forth as the fissura magna as it is indeed a fissure and the 



Page 5 of 16Romera et al. Immunity & Ageing           (2024) 21:56  

largest one in the brain. Note that for bregma lower than 
-3 mm, this fissure continues between the telencephalon 
and the mesencephalon.

Although EP granules were placed all along these fis-
sures, they usually concentrated in specific regions num-
bered from 1 to 8 in the Fig. 1A. The region 1 is located 
in the longitudinal fissure. The region 2 is located in the 
upper part of the quadrigeminal cistern. The region 3 is 
located in the contact between the quadrigeminal cis-
tern and the fissura magna. The region 4 is placed where 
the hippocampal fissure arises from the fissura magna. 
The region 5 is located in the lateral region of contact 

between the fissura magna and the dentate gyrus. In the 
region 6, the fissura magna begins to contact with the 
fimbria. In the region 7, the fissura magna is adjacent to 
the root of the choroid plexus of the lower horn of the 
lateral ventricle. Finally, the region 8 is located at the 
inferior part of the fissura magna, near the interpeduncu-
lar cistern (Fig. 1 B-I).

Characterization of EP granules
In contrast with PAS granules, that are typically observed 
forming clusters in the hippocampus each associated 
with an astrocyte (Fig. 2E), the EP granules reported here 

Fig. 1 Presence of EP granules in mouse brain. A Nissl stained coronal section of a mouse brain at bregma -2,45 mm showing EP granules 
localization. Granules (red dots) are indicated only in the right hemisphere whereas the left hemisphere is used to indicate the name of the different 
structures. As can be observed, granules were placed along the longitudinal fissure (green line), the quadrigeminal cistern (QCi), and the fissura 
magna (red line) and concentrated in specific regions numbered from zone 1 to zone 8. B‑I Representative images of EP granules in each described 
region in a representative 3-month-old SAMP8 mouse. (ACi) ambient cistern, (IPCi) interpeduncular cistern. Figure 1A is adapted from [26]. Scale 
bars: 50 µm
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exhibited a dispersed distribution and lack association 
with astrocytes (Fig. 2A).

We conducted a PAS stain on brain slides as this 
method is commonly employed to identify hippocampal 
PAS granules. Our findings revealed that the EP gran-
ules did not exhibit these positive staining (Fig. 2B) while 
PAS granules in the hippocampus did (Fig.  2F). In fact, 
this staining defines the named PAS granules. Given 
the established association of the p62 protein with hip-
pocampal PAS granules [20], we specifically investigated 
the presence of p62 within the EP granules found in the 
longitudinal fissure, the quadrigeminal cistern and the 
fissura magna. Immunofluorescence analysis revealed the 
absence of p62 within these granules (Fig.  2C), another 
distinction from hippocampal PAS granules, which are 
associated to p62 labelling (Fig.  2G). Finally, staining to 
detect GS also failed to reveal the presence of this protein 
in the EP granules (Fig. 2D) while, as described in the lit-
erature [20], it could be seen in hippocampal PAS gran-
ules (Fig. 2H).

On the other hand, considering that these gran-
ules in the fissures are recognized by IgMs, which can 
bind to neoepitopes, and acknowledging the glucidic 
nature of the neo-epitopes within PAS granules, we 
conducted experiments to explore whether these IgM 
antibodies recognize carbohydrate epitopes within EP 

granules (Fig.  3A-D). Preadsorption of IgM antibodies 
was carried out with various carbohydrates at increas-
ing concentrations from 0 to 0.4 M. Figure 3 shows that 
IgM staining reveals EP granules in the fissures when 
the primary antibody was not preadsorbed with sug-
ars (Fig. 3A) and the staining disappeared when sugars 
were added at a concentration of 0.4 M (Fig. 3B). PAS 
granules exhibited comparable behavior, with posi-
tive staining observed when the primary IgM antibody 
was not preadsorbed with sugars (Fig. 3C) and a loss of 
staining when sugars were added (Fig. 3D). Supplemen-
tary Fig.  1 (A-F) illustrates that the staining of these 
structures gradually diminishes as the sugar concentra-
tion increases.

To characterize the glucidic composition of the EP 
granules, brain sections were incubated with γ-amylase. 
EP granules in the fissures seemed resistant to this 
digestion, and several of them could still be observed 
after the highest γ-amylase concentration (Fig.  3E and 
F). However, incubation with γ-amylase resulted in the 
elimination of IgM staining in the PAS granules of the 
hippocampus (Fig. 3G and H). Indeed, amylase digestions 
at lower concentrations had almost no impact on IgM 
staining of EP granules (Suppl. Figure 1 G-I), while hip-
pocampal PAS granules were affected by all concentra-
tions of γ-amylase (Suppl. Figure 1 J-L).

Fig. 2 Characterization of EP granular structures in mouse brain. When sections were stained with IgM to label the EP granules and with GFAP 
to stain astrocytes, we observed that EP granules from the fissures showed no relation with astrocytes (A), while the clusters of hippocampal PAS 
granules were found in areas occupied by astrocytes (E). When staining the sections with PAS, the EP granules were not stained (B), unlike PAS 
granules, which, as expected, were stained with the PAS stain (F). EP granules were not stained with p62 or GS (C and D, respectively), while PAS 
granules of the hippocampus were positive to these stainings (G and H, respectively). Sections A, C, D, E, G and H were also stained with Hoechst 
(cell nuclei, blue). Scale bars: 50 µm
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Furthermore, considering the common practice of boil-
ing for antigen retrieval, we immunostained brain sec-
tions with IgM after boiling them at 100ºC for 40  min. 
Remarkably, after the 40-min boiling in citrate, the IgM 
staining of the EP granules in the fissures disappeared 
(Fig. 3I and J), as also happened with PAS granules of the 
hippocampus (Fig. 3K and L).

Cell populations associated to EP granules
Given the high presence of cell nuclei in the areas of the 
longitudinal fissure, the quadrigeminal cistern and the 
fissura magna where EP granules were detected, we con-
ducted a series of immunohistochemical staining to elu-
cidate the cell populations associated with these granules.

Firstly, brain sections were triple-immunostained 
for IgM, GFAP, and vimentin (Fig. 4A). IgM permitted 
to observe the EP granules, GFAP was used to stain 
the astrocytes and the glia limitans (which are GFAP 
positive and vimentin positive), and vimentin to stain 
fibroblasts (which are vimentin positive and GFAP 
negative) and also astrocytes. The vast majority of cells 
harbouring EP granules exhibited vimentin positivity 
but lacked GFAP expression, indicating that these cells 

are fibroblast and not astrocytes. Moreover, given that 
the astrocytes in the glia limitans separate the brain 
parenchyma from the pia mater and the subarachnoi-
dal space, and because of dura and arachnoid maters 
do not penetrate to the fissures, these fibroblasts must 
be sited in the pia mater. Consistently, a layer of pial 
fibroblasts separates the pia and the glia limitans [27]. 
Therefore, we can deduce that these granules reside 
outside the brain parenchyma and are in contact with 
cells that have a fibroblastic rather than an astrocytic 
identity. Moreover, a few EP granules were also found 
in the root of the choroid plexus. To further explore 
these few granules, we stained additional brain sections 
with IgM, anti-cytokeratin (to stain choroid plexus epi-
thelial cells) and with anti-vimentin (for fibroblasts). As 
can be observed in Fig. 4B, most EP granules were asso-
ciated with vimentin staining, suggesting also a selec-
tive association of these granules with the fibroblasts 
adjacent to the choroid plexus. Therefore, all these EP 
granules were found outside the brain parenchyma, in 
areas such as the pia mater, associated with fibroblasts.

All the results regarding the characterization of these 
EP granules and the comparison with hippocampal PAS 
granules are summarized in Table 1.

Fig. 3 Carbohydrate characteristics of EP granules vs PAS granules. A-D Effect of the preadsorption of IgM antibodies with a 0.4 M sugar 
mixture in the IgM staining (red) of EP granules from the fissures (zone 2, A and B) and in PAS granules from the hippocampus (C and D). 
E–H Effect of the pre-treatment with 200 U/mL of γ-amylase on the staining with IgM in EP granules (zone 2, E and F) and in PAS granules 
from the hippocampus (G and H). I-L Effect of a 40 min boiling pre-treatment on the staining with IgM in EP granules (zone 2, I and J) and in PAS 
granules from the hippocampus (K and L). Scale bars: 100 µm
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Presence of  IgM+ astrocytes
In 12-month-old aged mice from both SAMP8 and ICR-
CD1 strains, we noted the presence of astrocyte-like cells 
exhibiting IgM staining located near the longitudinal fis-
sure, the quadrigeminal cistern and the fissura magna. 
These astrocyte-like cells  IgM+ were scarcely seen in 3- 
or 6-month-old animals.

Colocalization of IgM staining with GFAP corrobo-
rated the astrocytic identity of these cells, proving the 

presence of neo-epitopes in astrocytes (Fig.  5A). Nota-
bly, only the astrocytes closest to the fissures were  IgM+ 
(Fig. 5A1 and 5A2). Although these astrocytes  IgM+ were 
located in regions near the longitudinal fissure, the quad-
rigeminal cistern and the fissura magna, they were never 
found associated to the areas where hippocampal PAS 
granules were found.

As happened with the granules found in the fissures, 
the preadsorption of the IgM antibodies with sugars 

Fig. 4 Cell populations associated to EP granular structures. A Representative sections of zone 2 from a 3-month-old SAMP8 mouse immunostained 
with anti-GFAP (green), anti-vimentin (red), and IgM (white) antibodies, showing merged and separated channels; B Representative sections of zone 
2 from a 3-month-old SAMP8 mouse immunostained with anti-cytokeratin (green), anti-vimentin (red) and IgM (white) antibodies, showing merged 
and separated channels (B). All sections were stained with Hoechst (cell nuclei, blue). White arrows indicate EP granules in the pia mater; orange 
arrows indicate EP granules in the root of the choroid plexus. Scale bars: 100 µm
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caused the disappearance of IgM staining on these astro-
cytes (Fig. 5B), thus indicating that these astrocytes near 
the fissure exhibited glucidic structures specifically rec-
ognized by IgMs. On the other hand, treatment of brain 
slices with γ-amylase did not affect the IgM positivity of 
these astrocytes for IgM (Fig.  5C). Finally, exposure of 
brain samples to boiling for antigen retrieval, following a 
similar protocol than before, diminished IgM positivity in 
astrocytes (Fig. 5D).

Body weight analysis
All animals were weighed just before their sacrifice 
and obtained values are shown in Fig.  6A. The statis-
tical analysis performed by ANOVA, defining both the 
strain and the age at sacrifice as independent variables 
and including in the model the interaction between 
them, indicated that both variables and their interac-
tion have a significant effect on the weight of the ani-
mals (p < 0.01 for strain, p < 0.05 for age and p < 0.05 
for the interaction). This interaction indicates that age 
impacts the two strains differently. As illustrated in 
Fig. 6A and consistent with the characteristics of each 
strain [28, 29], post hoc comparisons indicate that the 
mean body weight of ICR-CD1 mice was higher than 
that of the SAMP8 animals at each time point. Moreo-
ver, the body weight of ICR-CD1 mice progressively 
increased from 3 to 12 months, with 12-month-old ani-
mals weighing more than their younger littermates. In 
contrast, SAMP8 mice exhibited an increase in weight 
from 3 to 6  months, followed by a decrease from 6 to 
12  months. Although these differences in SAMP8 do 
not reach statistical significance (p = 0,08 for the factor 
weight in SAMP8), the decrease in their body weight 
at 12  months old is likely due to their accelerated 

senescence, as loss of body weight is associated with 
the aging process itself [30], resulting in worsening and 
weakening.

Evolution of hippocampal PAS granules
Ageing in mice leads to the appearance and accumula-
tion in the hippocampus of specific age-related poly-
glucosan aggregates, known as PAS granules, with an 
earlier increase observed in senescence-accelerated 
SAMP8 animals than in control ICR-CD1 mice, with 
non-accelerated senescence. In order to verify these 
events in the animals used in the present work, we 
quantified the number of hippocampal PAS granules for 
each animal (Fig. 6B). The statistical analysis performed 
by ANOVA, defining the variables strain and age at 
sacrifice as independent variables, indicated that both 
variables and their interaction have a significant effect 
on the number of PAS granules (p < 0.01 in all cases). 
Post-hoc comparisons indicate that SAMP8 animals 
had an increased amount of PAS granules respect to 
ICR-CD1 animals and that the amount of PAS granules 
increased with the ageing of the animals. The signifi-
cant interaction indicates that, as expected according to 
the literature [13], ageing influences the two strains dif-
ferently and markedly in SAMP8 animals. Specifically, 
12-month-old SAMP8 mice showed more hippocampal 
granules than younger SAMP8 mice and, at this older 
stage, SAMP8 mice exhibited more hippocampal PAS 
granules than age-matched ICR-CD1 mice. As com-
mented, SAMP8 animals begin to worsen and weaken 
before 12 months of age, which is reflected in both the 
decrease of their body weight and the marked increase 
of PAS granules in their hippocampus.

Table 1 Comparison of the characteristics of EP granules and PAS granules

Granule characteristics are indicated as positive ( +) or negative (-)
a Predominant region

EP granules PAS granules

Localization Longitudinal fissure, quadrigeminal cistern 
and fissura magna

Hippocampusa; piriform cortex, entorhinal 
cortex, olfactory bulb, cerebellum and trapezoid 
body

Astrocytic association -  + 

Fibroblast association  + -

PAS staining -  + 

Presence of p62 -  + 

Presence of GS -  + 

Reactive to IgM  +  + 

Glucidic neoepitopes  +  + 

Sensitivity to γ-amylase low high

Sensitivity to boiling treatment  +  + 
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Evolution of the amount of  IgM+ astrocytes
We quantified the  IgM+ astrocytes associated with the 
fissures. Figure 6C shows the amount of  IgM+ astrocytes 
across strains and ages. The statistical analysis performed 
by ANOVA, defining the variables strain and age at sacri-
fice as independent variables, indicated that the variable 

age has a significant effect (p < 0,01) on the presence of 
 IgM+ astrocytes as well as the interaction between both 
variables (p < 0,05), which indicates that the number 
of  IgM+ astrocytes increased with age differently in 
ICR-CD1 animals than in SAMP8 animals. Notably, 
12-month-old SAMP8 mice displayed a higher number of 

Fig. 5 Presence of  IgM+ astrocytes. A Representative section of zone 2 from a 12-month-old SAMP8 mouse immunostained with anti-GFAP (green), 
and IgM (red) antibodies (A); note that astrocytes not close to the fissures were  IgM− (green-stained, empty arrowheads, A.1) while only the 
astrocytes closest to the fissures were  IgM+ (yellow (green + red)-stained, full arrowheads, A.2). B Effect of the preadsorption of IgM antibodies 
with a 0.4 M sugar mixture in  IgM+ astrocytes in a representative section of a 12-month-old SAMP8 mouse. C Effect of the pre-treatment with 200 
U/mL of ƴ-amylase on the staining with IgM in  IgM+ astrocytes in a representative section of a 12-month-old SAMP8 mouse. D Effect of a 40 min 
boiling pre-treatment on the staining with IgM in  IgM+ astrocytes in a representative section of a 12-month-old SAMP8 mouse. Scale bars: 100 µm
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astrocytes reactive to IgM compared to younger SAMP8 
mice. Furthermore, at this advanced age, SAMP8 mice 
presented more  IgM+ astrocytes than age-matched ICR-
CD1 mice. These results were highly congruent with 
both the body weight evolution and the evolution of the 
amount of PAS granules, all reflecting the accelerated 
senescence in 12-month-old SAMP8 mice.

Evolution of the amount of EP granules
From each animal, we quantified the amount of EP 
granules in each region of interest of one coronal brain 
section, and we obtained the mean of the EP granules 
contained in the different regions, hence defining the 
score of EP granules for every animal. Then, using the 
score of EP granules from each animal, we studied the 
effects of age and strain in the amount of EP granules. 
Figure 6D shows the EP score per animal and the mean 
for each experimental group. The statistical analysis 
performed by ANOVA, defining the variables strain 
and age as independent variables, showed that age sig-
nificantly affected EP granule score (p < 0.01) and that 
the interaction was also significant (p < 0.05), indi-
cating that the effect of age on ICR-CD1 and SAMP8 

strains differs. Post hoc comparisons indicate that 
12-month-old SAMP8 mice show a significant decrease 
in these granules compared to 3- and 6-month-old ani-
mals, reflecting again the accelerated senescence in 
12-month-old SAMP8 mice.

Integrative view or the results
Having observed how age and strain variables influ-
enced the amount of PAS granules in the hippocam-
pus, along with  IgM+ astrocytes and EP granules, we 
analysed the correlations among these variables. While 
there was a negative correlation between EP granules 
and both PAS granules and  IgM+ astrocytes (ρ = -0.533, 
p < 0.01, and ρ = -0.605, p < 0.01 respectively), PAS gran-
ules and  IgM+ astrocytes showed a positive correlation 
between them (ρ = 0.787, p < 0.01). Taken all together, 
this indicates that the age-related increase in PAS gran-
ules in the hippocampus, which is more pronounced 
in SAMP8 than in ICR-CD1 animals, is accompanied 
by an increase in  IgM+ astrocytes and a decline in EP 
granules in the fissures.

Fig. 6 A Body weight of ICR-CD1 and SAMP8 mice at the age of sacrifice. Data are shown as mean ± s.e.m. including individual values. B‑D Scores 
obtained in ICR-CD1 and SAMP8 mice throughout the study regarding the amount of the hippocampal PAS granules (B), the amount of  IgM+ 
astrocytes in the vicinity of the fissures (C) and the amount of EP granules in the fissures (D). Bars show means ± s.e.m. of the scores from each 
experimental group, and the specific scores for each animal are also shown. *p < 0.05; ** p < 0.01. a.u.: arbitrary units
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Discussion
The presence of neoepitopes in PAS granules from the 
mouse brain suggested the presence of neoepitopes in 
other brain structures, and this has been investigated in 
the present work. To this end, we examined structures 
reactive to natural IgM antibodies and discovered a kind 
of granules that differ from PAS granules but are also 
IgM-reactive. These granules, which have been named 
here EP granules because they are extraparenchymal 
(EP), are located in the deeper part of the longitudinal fis-
sure, in the quadrigeminal cistern and also in the space 
we named the fissura magna, situated rostrally between 
the telencephalon and the diencephalon and caudally 
between the telencephalon and the mesencephalon.

This last space, the fissura magna, needs special atten-
tion. This region extends from the pineal gland and the 
central sulcus towards the roof of the third ventricle and 
then, in close contact with the interventricular foramina, 
connects the perimesencephalic cisterns: quadrigeminal, 
ambient, and interpeduncular cisterns [31]. Indeed, the 
dorsal structure of this area has been already described 
[32] as the connection of the subarachnoidal space (SAS) 
from the retrosplenial cortex and superior colliculus to 

the region adjacent to the lateral ventricles (Figs. 7A and 
B). This space connects the perimesencephalic cisterns 
and ensures CSF continuity across various brain cisterns, 
including the cisterna magna, while lying in proximity to 
the ventricular system and the choroid plexus [32]. Our 
findings about the distribution of EP granules and the 
observations of tracer distribution post-injection into the 
cisterna magna [33, 34], indicate a continuous space that 
connects the roof of the third ventricle to the interpe-
duncular cistern (Fig. 7C1). Notably, several works relat-
ing to this area refer to this space as a perivascular space 
[34] or use some correct but less practical expressions 
such as “a deep cleft linking the quadrigeminal, ambient 
and interpeduncular cisterns” [33]. In the absence of a 
defined nomenclature for this space in murine anatomy, 
we introduced the term "fissura magna" as the largest fis-
sure within the mouse brain, mirroring the term used for 
the cisterna magna, the largest cistern in rodent brains. 
Analogous to the longitudinal or interhemispheric fis-
sure that separates the two cortex hemispheres, or the 
transversal fissure which delineates the cerebellum from 
the cerebrum, the fissura magna distinctly separates 
the telencephalon from both the diencephalon and the 

Fig. 7 A Drawing of a mouse brain from a sagital view highlighting the subarachnoidal space (SAS) in red and the choroid plexus in blue. B Magnified 
view from the window in A where the SAS (red) can be seen infiltrating the brain above the third ventricle (3 V) and the choroid plexus 
(blue). C C1 and C2 include a coronal view (corresponding to the region C of the image A) of a mouse brain with a fluorescent tracer injected 
in the cisterna magna. The tracer (white) is distributed along the longitudinal fissure, the quadrigeminal cistern and the fissura magna. Over this 
image, we include the pattern of EP granules, reactive IgM.+ astrocytes and PAS granules in young (C1) and senescent (C2) animals. Cortex (Cx), 
fissura magna (FM), habenular commissure (hbc), longitudinal fissure (LF), quadrigeminal cistern (QCi), subfornical organ (SFO). A and B are adapted 
from [32]; C1 and C2 are adapted from [34]
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mesencephalon. This space has also been noted in rat 
brains [35, 36], and we also suggest to apply the term 
fissura magna to describe them, as well as to use this 
nomenclature for the corresponding fissure in the brain 
of other mammals.

As previously mentioned, the injection of fluorescent 
tracers into the cisterna magna reveals a posterior stain-
ing in the space that corresponds to the fissura magna. 
Such observations, alongside with those of various para-
vascular spaces [37] and fissures like the hippocampal 
fissure that originate from the ambient cistern of the fis-
sura magna, highlight the complex anatomy of the brain’s 
CSF system. This system not only provides a protective 
cushion but also plays a pivotal role in immune surveil-
lance and waste elimination [38–42]. On the other hand, 
the meninges are not only a physical barrier that protects 
the brain but also create a crucial space for immune sur-
veillance. Meninges and CSF play a role in the clearance 
of metabolic waste from the brain through different path-
ways, which is essential for maintaining brain health and 
preventing neurological diseases [37, 42]. Indeed, anti-
gens present in the CSF accumulate around the dural 
sinuses, where they are captured by antigen-presenting 
cells, which later present these antigens to patrolling T 
cells, facilitating a targeted immune response [43]. In 
this sense, we found that the EP granules are not associ-
ated with astrocytes, but with the fibroblasts contained in 
these regions. Fibroblasts have been documented in the 
brain parenchyma, in the perivascular spaces of the blood 
vessels, in the choroid plexus and in the pia mater. How-
ever, the role of these fibroblasts in healthy adults is just 
beginning to be studied [27]. Despite this lack of infor-
mation, some researchers proposed that fibroblasts cov-
ering vessels facilitate fluid exchange between the CSF 
and perivascular spaces, thus linking the fibroblasts with 
the glymphatic system [44, 45]. Moreover, it is likely that 
there is signalling crosstalk between meningeal fibro-
blasts and neighbouring immune cells, and it has been 
proposed that fibroblasts are important elements linking 
the brain and the immune system [27]. In this regard, it 
seems coherent that fibroblasts may contain neoepitopes, 
which are targets of natural IgM antibodies but could 
also be presented to patrolling T cells.

Another finding of the present work is that some astro-
cytes placed in the glia limitans are also  IgM+. Interest-
ingly, while EP granules are more prevalent in younger 
ages, the number of  IgM+ astrocytes and PAS granules 
increases with age (Figs.  7C1 and 7C2). This observa-
tion suggests a shift in how material is cleared from the 
brain, possibly due to a decreased production of CSF 
with age [46] or a decrease in the cleaning of the brain 
by the glymphatic system [47] which could both affect 
the ability of the brain to release material into the CSF. 

Thus, with age, these epitopes may tend to accumulate 
in the PAS granules and  IgM+ astrocytes. Provided that 
 IgM+ astrocytes are present in the glia limitans, in the 
boundaries of the brain to the CSF, these cells might be 
accumulating this material with advancing ages, sug-
gesting a deficiency in clearance mechanisms with age-
ing and an alteration in the brain immune surveillance. 
In addition, this is supported by the fact that, in an age-
dependent manner, bordering astrocytes in humans 
brain can also accumulate waste substances associated 
with neoepitopes [40]. Contrarily, young animals contain 
a high content of EP granules. Thus, the presence of these 
 IgM+ granular structures could be seen as part of the 
cleaning mechanism against the accumulation of poten-
tially harmful aggregates, or could be related to the physi-
ological brain-CSF immune surveillance, where brain 
abnormal structures are transferred to the fibroblasts or 
released into the CSF, following glymphatic flow [45]. 
These EP granules, despite being immunologically active, 
do not seem to induce any inflammatory reaction, indi-
cating that the immune surveillance in this pathway does 
not trigger brain inflammatory responses.

As shown here, EP granules contain neoepitopes, as 
both PAS granules and human wasteosomes do [21, 48]. 
The inhibition of IgM binding to EP granules when IgMs 
were preabsorbed with a mixture of sugars, as also hap-
pened to PAS granules or wasteosomes [23, 49], suggests 
that the epitopes recognized by the IgMs have also a car-
bohydrate nature, highlighting a potential commonality in 
their immunological recognition. However, EP granules 
exhibit several differences respect to the PAS granules, 
such as the absence of astrocytic association, absence of 
reactivity for both α-p62 and α-GS, absence of PAS stain-
ing and low susceptibility to amylase digestion, all of them 
characteristics of PAS granules [18, 20, 39, 50].

The differential PAS staining and response to amylase 
points the presence of different polyglucosan content. 
The PAS staining is used to detect complex polysaccha-
rides in tissues [51]. This method relies on the oxidizing 
action of periodic acid, which converts the free hydroxyl 
groups in these molecules into dialdehydes. These dial-
dehydes then react with Schiff’s reagent, resulting in a 
magenta-pink complex. Hence, PAS granules contain a 
significant amount of polyglucosan structures, whereas 
EP granules are likely to possess a small amount of them, 
or alternatively the polyglucosans must have a different 
composition, less sensitive to amylase digestion and PAS 
staining.

All these observations and differences seem to indicate 
a different process involved in these structures. While 
PAS granules are structures originated in astrocytes 
and may have a protective function retaining unwanted 
or harmful materials, and  IgM+ astrocytes could also 
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be related to the accumulation of harmful materials, EP 
granules are related to fibroblasts and seem to be part of 
a physiological function in brain cleansing or brain-CSF 
immune surveillance.

Conclusions
Finally, and to conclude, the present work reports the 
discovery of two brain-related structures that contain 
neo-epitopes of carbohydrate nature. On one side, the 
EP granules, which are related to fibroblasts, are present 
mainly in young animals, and may be part of the brain 
cleansing mechanism or brain-CSF immune surveil-
lance. On the other part, some astrocytes that are  IgM+ 
and which, as happened with PAS granules, are present 
mainly in aged or senescent animals, may have a protec-
tive function retaining and isolating unwanted or harmful 
materials. Moreover, the specific localisation of these EP 
granules and  IgM+ astrocytes points out the importance 
of the fissura magna, situated between the telencephalon 
and both the diencephalon  and the mesencephalon, in 
these brain-related cleaning and immune functions.
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