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Abstract
Surfactant Protein C (SP-C) modulates cerebrospinal �uid (CSF) rheology. During ageing, its declining
levels are accompanied by an increased burden of white matter lesions. Pulmonary SP-C intermediates
harbouring the BRICHOS-domain prevent protein misfolding in the lungs. Thus, cerebral SP-C
intermediates may counteract cerebral β-amyloidosis, a hallmark of Alzheimer’s disease (AD). However,
data on the molecular neuroanatomy of SP-C and its alterations in wildtype and triple transgenic (3xTg)
mice, featuring essential elements of AD-neuropathology, are lacking. Therefore, this study investigated
SP-C-containing structures in murine forebrains and their spatial relationships with vascular, glial and
neuronal components of the neurovascular unit. Fluorescence labelling demonstrated neuronal SP-C in
the medial habenula, the indusium griseum and the hippocampus. Glial counterstaining elucidated
astrocytes in the corpus callosum co-expressing SP-C and S100β. Notably, perineuronal nets were
associated with SP-C in the nucleus reticularis thalami, the lateral hypothalamus and the retrosplenial
cortex. In the hippocampus of aged 3xTg mice, an increased number of dot-like depositions containing
SP-C and Reelin, but devoid of BRICHOS-immunoreactivity were observed apart from AD-like lesions.
Wildtype and 3xTg mice revealed an age-dependent increase of such deposits markedly pronounced in
about 24-month-old 3xTg mice. SP-C levels of the intracellular and extracellular compartments in each
group revealed an inverse correlation of SP-C and Reelin, with reduced SP-C and increased Reelin in an
age-dependent fashion especially in 3xTg mice. Taken together, extracellular SP-C, as modulator of
glymphatic clearance and potential ligand of PNs, declines in 3xTg mice, which show an accumulation of
extracellular Reelin depositions during ageing.

Introduction
Surfactant Protein C (SP-C) was initially described as lung-speci�c peptide, representing the smallest
member of the heterogeneous Surfactant Protein (SP) family [1, 2] The latter comprises the
immunologically active, lectin-type SPs (SP-A & SP-D) and the hydrophobic SPs (SP-B & SP-C), all of them
being of paramount importance for the functionality of the pulmonary Surfactant [3]. This ‘surface active
agent’, constituting only a small but substantial part of the alveolar �uid, most importantly decreases
intra-alveolar surface tension [4] which contributes strongest to the elastic recoil of the lung, and therefore
represents the primary counterforce of mechanical breathing [5]. Lack of surfactant, as it is often present
in prematurely born infants, causes the respiratory distress syndrome (RDS), a condition that is
characterized by alveolar collapse and associated with high mortality. The quantum satis of SPs within
the Surfactant is imperative for normal respiratory function, as is demonstrated by the successful
treatment of RDS with intra-pulmonary application of SP-containing Surfactant preparations [6]. 

The collectin-type SPs are closely linked to immunity, but SP-B and SP-C are also increasingly recognized
as immunomodulatory peptides involved in host defence and dampening of in�ammatory responses [2,
7-9]. Nevertheless, their most important function is to lower the alveolar surface tension. 
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Although there is substantial functional overlap between SP-B and SP-C [1], the latter has a number of
distinctive and remarkable features; it is one of the most hydrophobic proteins [10], its sequence is the
most conserved of all SPs [11] and its precursor, proSP-C, contains the BRICHOS domain, an
intramolecular chaperone preventing amyloid formation, and thus, amyloid toxicity [12]. Recombinant
BRICHOS from proSP-C has been demonstrated to e�ciently delay formation of Aβ40 and Aβ42 �brils
[13]. Vice versa, mutant proSP-C has been linked causally to several progressive interstitial lung diseases
exhibiting pulmonary amyloid deposition [14].

Both – SP-C and proSP-C – are not only present in the lungs [15]. In fact, the protein and its precursor are
abundant at various physiological interfaces, for example the blood-testis-barrier [16], the blood-brain-
barrier [15] and the blood-cerebrospinal-�uid-barrier [17], More recent studies substantiate that SP-C,
together with the other SPs, is involved in CSF rheology [18]. In detail, SP-C pro�les in the CSF were not
linked to CSF bulk �ow, but signi�cantly associated with white matter changes in context of impaired CSF
clearance, indicating involvement of the paravascular clearance system [19, 20, 21]. Furthermore, a
signi�cant decline of CSF SP-C with increasing age has been demonstrated [20].

Considering the complex physiological pro�le of SP-C and its precursor proSP-C in the lungs, especially
with respect to its function as chaperon and surface-active peptide, together with its expression in the
CNS, comparable roles for CNS physiology are assumable. 

The majority of neurodegenerative diseases, for example Parkinson’s disease, Lewy Body dementia, and,
most importantly Alzheimer’s disease (AD), are related to protein misfolding and impaired paravascular
clearance [22, 23], causing accumulation of detrimental metabolites, such as beta-amyloid,
predominantly in the brain’s extracellular matrix (ECM). Our study therefore aims to elucidate, whether SP-
C / proSP-C are associated with the pathobiology of AD, for example the aggregation of non-functional
Reelin deposits – a histological hallmark of disturbed Reelin signalling [24, 25]. For this purpose we
applied a triple transgenic (3xTg) murine model with age-dependent Alzheimer-like neuropathological
alterations [26]. Due to the yet limited knowledge on brain structures displaying SP-C-immunoreactivity
(ir), a major goal of the present work was a more comprehensive qualitative analysis of SP-C-
immunoreactive structures in the mouse forebrain. Additionally, focused on the pathobiology of AD, the
study furthermore aimed for SP-C immunolabelling not only in combination with the detection of
vascular, glial and neuronal components of the neurovascular unit (NVU), but also the evaluation of SP-
C’s spatial relationship to perineuronal nets (PNs). The latter represent a functionally signi�cant
specialised form of the ECM [27] and contribute to neuroprotection in AD, for example by inhibiting
neuronal uptake of aggregated tau [28]. Furthermore, PNs are protective against oxidative stress and
orchestrate synaptic plasticity, and hence, are of considerably increasing interest [29].

Materials And Methods
All animal experiments with a total of 122 mice of both genders were carried out according to the
European Union Directive 2010/63/EU and were approved by the local authority (Regierungspräsidium
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Leipzig; reference number T12/16). The animals had been bred in the Medizinisch-Experimentelles
Zentrum of Leipzig University, starting with breeding pairs kindly provided by Drs Frank M. LaFerla and Dr.
Salvatore Oddo (University of California, Irvine, CA, USA).

This work is largely based on triple transgenic (3xTg) mice which show age-dependent Alzheimer-like
alterations in the brains such as tau hyperphosphorylation and β-amyloid deposits, as primarily described
by Oddo et al [26] and manifold con�rmed (see e.g. [30,31]). Wildtype (WT) 129/sv C57bl6 mice served
for comparative analyses.

The histochemical part of the present study was performed with forebrain sections from 64 mice,
whereas biochemical analyses were carried out with brain tissue from additional 58 animals comprised
of WT and 3xTg mice as listed in Table 1.

Tissue preparation

For immunohistochemistry, mice were transcardially perfused with saline and 4 % phosphate-buffered
paraformaldehyde. Next, the brains were post-�xed in the same �xative overnight and equilibrated in 30 %
phosphate-buffered sucrose. Subsequently, forebrains were cut at 30 µm thickness with a freezing
microtome (Leica SM 2000R, Leica Biosystems, Wetzlar, Germany) resulting in 10 serial series each. All
sections were collected in sealed vials �lled with 0.1 M Tris-buffered saline, pH 7.4 (TBS) containing
sodium azide and stored at 4°C. 

For biochemical analyses, preparation of the brains after transcardial perfusion (as described above) was
performed differently. As one aim of our study was to investigate the protein concentrations originating
from different spaces, namely the intracellular compartment and the extracellular compartment, we
applied a method initially introduced by Hofstein et al. in 1983 [32] and later on modi�ed by Pulli et al. in
2013 [33].

Each mouse brain was halved; one hemisphere was used to obtain separated protein fractions originating
from the extra- and intracellular compartment (according to [33]), the second hemisphere was used as
separate sample omitting this step. All steps were performed on ice. In order to isolate the proteins from
the extracellular compartment, the respective hemisphere was incubated with an extraction buffer
consisting of 0.32 M sucrose (Roth, Karlsruhe, Germany), 1 mM CaCl2 (Roth) and 10 U/ml heparin
(ratiopharm GmbH, Ulm, Germany) in Hanks Balanced Salt Solution (HBSS) for 2h. Then, the hemisphere
was removed from the buffer and kept on ice for further processing. Thereupon the protein containing
extraction buffer was centrifuged at 1000 g for 5min. Subsequently, the supernatant was mixed with 4
parts of acetone and incubated overnight at 6°C to concentrate the diluted extracellular fraction. To
precipitate the protein, the mixture was centrifuged at 3500 g for 15min at 4°C. Resulting supernatant
was discarded and the pellet containing the protein was resuspended in PBS for subsequent protein
quanti�cations. The hemisphere, which was kept on ice after extraction of the extracellular proteins, was
subsequently homogenised with 1000 μl of PBS. Fivehundred μl of the homogenate were mixed with 500
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μl of RIPA buffer (radioimmunoprecipitation assay buffer) and centrifuged at 15000 g for 20min. The
supernatant containing the isolated proteins was used for further analysis. 

The other, yet unprocessed hemisphere was also homogenised with 1000 μl of PBS. Fivehundred μl of the
homogenate were mixed with 500 μl of RIPA and centrifuged at 15000 g for 20min to extract proteins
without separating between the extracellular and intracellular compartment. The supernatant containing
the isolated proteins of both, the extracellular and intracellular compartment, was stored for further
analysis.   

Immuno�uorescence labelling

Prior to �uorescence labelling free-�oating sections were extensively rinsed with TBS. Non-speci�c
binding sites for subsequently applied immunoreagents were then blocked for 1 hour with 5 % normal
donkey serum. 

Immunolabelling of SP-C was performed with two antisera. The �rst was a rabbit antiserum recognising
human proSP-C and its processing intermediates (raised against a recombinant fusion protein containing
glutathione-S-transferase (GST) linked to the amino acids 1-20 from the N-terminal of the human proSP-
C) and established for immunohistochemistry (see, e.g. [17]. This immunoreagent was obtained from
Merck Millipore (Billerica, MA, USA) and generally used at 1:300 (in the blocking solution) for 20h. The
second applied antiserum was a rabbit antiserum recognising the mature form of human surfactant
protein C (human mature SP-C, established for immunoblots, see for example [34].  It was provided by
Seven Hills Bioreagents (Cincinnati, OH, USA) and used at 1:400 (in the blocking solution) for 20h.
 Sections were then rinsed with TBS and processed with carbocyanine (Cy2)-tagged donkey-anti-rabbit
IgG [Dianova, Hamburg, Germany; 20 µg/ml TBS containing 2% bovine serum albumin (TBS-BSA)] for 1h.
For triple �uorescence labelling, series of sections were incubated for 20h with rabbit-anti-SP-C combined
with primary antibodies and biotinylated WFA or STL - diluted in the blocking solution - as listed in Table
2. Subsequently, the sections were washed with TBS and transferred for 1h into mixtures of appropriate
�uorochromated, Cy-conjugated immunoreagents (all at 20 µg/ml TBS-BSA and obtained from Dianova,
Hamburg, Germany) according to Table 1. Finally, sections were rinsed several times with TBS and brie�y
in distilled water, mounted onto �uorescence-free glass slides, air-dried and coverslipped with Entellan in
toluene (Merck, Darmstadt, Germany). 

Omission of primary antibodies or biotinylated lectins caused the expected absence of cellular labelling.

Microscopy, image processing and semi-quanti�cation
For the screening of �uorescently labelled brain sections an Axioplan �uorescence microscope (Zeiss,
Germany) was employed. For image acquisition a Biorevo BZ-9000 microscope (Keyence, Neu-Isenburg,
Germany) was used, while highly magni�ed pictures were obtained with a confocal laser-scanning
microscope LSM 880 from Zeiss. Microsoft PowerPoint (version 2015; Microsoft Corp., Redmond, WA,
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USA) was applied to create panels of micrographs. In a few cases, brightness and contrast of
micrographs were slightly adjusted without deleting or creating signals.

The semi-quanti�cation of hippocampal dots based on 4 to 6 immunolabelled sections from all mice. All
sections were digitised by means of a digital slide scanner (Pannoramic Scan II, 3D HISTECH Ltd.,
Budapest, Hungary) equipped with a quad band (DAPI/FITC/TRITC/Cy5) �lter set. The FITC �lter was
used for the detection of Cy2 and the TRITC �lter for the visualization of Cy3. Next, the hippocampal
region in both hemispheres was delineated and exported from slide scanner data sets (Case Viewer,
Version 2.3.0.99276, 3D HISTECH Ltd.) as raster images with pixel dimensions of 0.325 µm. 

Image analysis was performed with Mathematica (Version 12.0, Wolfram Research, Inc., Champaign, IL,
USA). Images were imported and split into separate colour channels. Red image channel was inverted
and subtracted from green image channel, followed by Kittler-Illingworth minimum error thresholding [35].
Segmentation results were subsequently exported and cleared of falsifying artefacts such as intraluminal
precipitates or overlapping tissue overlays manually (GNU Image Manipulation Program, version 2.8, The
GIMP team, http://www.gimp.org). Corrected segmentation images were imported into Mathematica,
areas of total tissue as well as segmented dots were computed, and ratio of dot to tissue area was
calculated.

Biochemical analysis
After obtaining the three distinct protein isolates from each mouse brain – extracellular, intracellular and
non-separated whole hemisphere (from here on referred to as ‘total’), the samples were further analysed
in order to estimate the total protein content using a Pierce Bicinchoninic Acid (BCA) protein assay
(Thermo Fisher Scienti�c) and the levels of SP-C and Reelin (ELISA kits for murine SP-C and Reelin;
Cloud-Clone Corp., Fernhurst, TX, USA).

Quanti�cation of total protein, SP-C and Reelin was performed according to the manufacturers’
instructions using a microplate spectrophotometer at a wavelength of 450 nm.

Finally, the concentration of the proteins of interest, SP-C and Reelin, was normalised to the total protein
content of each sample. 

Statistical Analysis
Statistical analysis was performed using IBM SPSS Statistics (Version 25, IBM Corp., Armonk, New York,
USA). In a �rst step, descriptive statistics comparing age-matched triple transgenic and wildtype animals
(3, 6, 12, 18 and 24 months) were calculated. Box plots were generated in order to visually facilitate the
group comparisons. Furthermore, WT and 3xTg animals were analysed separately in order to detect age-
dependent changes in the respective animal group. Data was tested for normal (Gaussian) distribution
using the Shapiro-Wilk-Test. Depending on the results of the latter, comparisons between age-matched
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WT and 3xTg animals (two groups per test), comparisons between differently aged groups of wildtype
animals   and of  3xTg mice (four groups per test each)  were performed using either Students T-Test
(Gaussian distribution, two groups), Mann-Whitney-U-Test (non-Gaussian distribution, two groups) or
Kruskal-Wallis-Test and Jonckheere-Terpstra-Test (non-Gaussian distribution, more than two groups).
Signi�cance was set at p < 0.05. In a last step, Spearman-Rho (non-Gaussian distribution) and Pearson’s
Coe�cient (Gaussian distribution) were calculated in order to identify signi�cant correlations between the
investigated biomarkers, i.e. SP-C and Reelin.

Results

Fluorescence labelling 
The detection of SP-C in serial sections comprising the forebrain of young adult and aged mice led to
novel �ndings such as the strong cellular labelling in the medial habenula (Fig. 1a) and con�rmed
previously obtained data [17]. Confocal laser-scanning of hippocampal tissue at higher magni�cation for
the �rst time revealed SP-C-immunoreactive structures, as exempli�ed in Fig. 1b by a rami�ed, glia-
shaped cell, in vicinity to clustered dots. The latter resemble structures which were previously reported by
Knuesel et al for Reelin [36], Butkevich et al. for the protein FEZ1 [37] and by Jucker, Walker and co-
workers for a laminin-binding protein [38, 39]. Notably, the infundibulum exhibited strong SP-C
immunolabelling of �brous structures but was devoid of concomitantly visualised AQP-4-ir (Fig. 1d),
which remained restricted to the adjoining brain parenchyma. This region also displays strongly stained
vessels by applying biotinylated STL (Fig. 1e). Additionally, this lectin heavily marked the ependymal rim
of the infundibulum. The overlay of staining patterns in Fig. 1f primarily clari�ed the complementary
distribution of immunosignals for SP-C and AQP-4.

Further triple �uorescence labelling demonstrated the absence of SP-C-ir in GFAP-expressing astroglia, in
processes immunopositive for the oligodendroglial marker RIP and in microglia stained with antibodies
directed the ionized calcium binding adapter molecule-1 (Iba; Fig. 2a-d). Notably, SP-C-ir was found in a
subset of S100β-containing astrocytes in the corpus callosum (arrows in Fig. 2e). Moreover, a high power
confocal image of this region demonstrated an SP-C-immunoreactive rim of such S100β-immunopositive
cells apart from GFAP-containing �bres (Fig. 2f).

Next, combined detection of SP-C, S100β and a further oligodendroglial marker, 2’,3’ cyclic nucleotide
phosphodiesterase (CNP), as shown in Fig. 3, clearly elucidated that CNP-positive structures were devoid
of SP-C immunostaining, while S100β-containing astroglia - co-labelled with SP-C (arrows in Fig.
3d) - were visualised by strong red �uorescent Cy3 (instead of Cy5 as illustrated in Fig. 2e,f). Additional
robust SP-C-ir was observed in the indusium grisium (asterisk) and in the granular layer of the
hippocampal CA1 region (arrows). In Fig. 3e-h, the combined immunodetection of SP-C, S100β and
neuronal nuclei (NeuN) revealed the frequent association of all three markers as exempli�ed for the
nucleus reticularis thalami (NRT) and the ventral pallidum. Thereby, the NRT displayed the strongest SP-C
immunostaining (Fig. 3e,h).
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The counterstaining of SP-C-ir by parvalbumin (PARV) as a marker for GABAergic interneurons detected
partly overlapping neocortical distribution patterns as shown for the retrosplenial cortex of 3-month-old
WT mice (Fig. 4a,b). Additional lectin-histochemical staining with biotinylated WFA and Cy3-streptavidin
revealed numerous PNs (Fig. 4c). Their well-known ensheathment of many PARV-containing neurons
became clearly visible, as well as many SP-C and PARV co-expressing neurons (Fig. 4d). In Fig 4e, Z
stacks of confocal images at higher magni�cation elucidated faint SP-C-ir within the rim and proximal
dendrites of several neurons and somewhat stronger stained rami�ed cells with smaller cell bodies
together with the counterstaining of the net markers WFA and ACAN in the same area. The overlay also
demonstrated the close vicinity of SP-C-stained neuronal rims and surrounding net components.
 Indicating their heterogeneity, PNs appeared either double-stained by WFA and ACAN or mono-labelled by
only one marker. These �ndings were strongly supported by Fig. 4f, showing a representative confocal
image from the retrosplenial cortex, which was triple-stained for SP-C, WFA and HAPLN1 (hyaluronan and
proteoglycan link protein 1 = link protein = CRTL1).

Further triple �uorescence labelling of the NRT detected that SP-C was allocated with lectin- and
immunohistochemically stained PNs in the NRT but remained without counterstaining in the adjacent
ventral pallidum (Fig. 5a,d) and globus pallidus (Fig. 5e,h). Notably the staining of WFA-binding sites (Fig.
5b) appeared somewhat stronger than the immunolabelling with mouse-anti ACAN (Fig. 5c). Fig. 5d
displays WFA/ACAN-double-stained nets as mixed colour purple and their co-occurrence with SP-C in
white. The heavy and – in this brain region exclusively occurring – red �uorescent WFA-staining (Fig. 5f)
appeared as a carpet for numerous enwrapped PARV-ir, also outlining the NRT. The association of all
three markers (SP-C, WFA, PARV) was again visible by many white-appearing structures in the NRT.

The lateral hypothalamic area (LHA) was a further, newly identi�ed region showing numerous structures
with SP-C-ir, perineuronal net markers and S100β in close proximity (Fig. 6a-h). Yellowish staining
indicated in Fig. 6d co-occurring SP-C and S100β, whereas and white staining revealed the close vicinity
of both markers and WFA-binding sites. Many SP-C-ir neurons were enwrapped by PNs stained either with
WFA (Fig. 6b,f) or anti-neurocan (NCAN, Fig.6g). The lectin-histochemical staining appeared clearer
contoured and usually stronger than the immunolabelling that dominated only in parts of the neuropil
(Fig. 6h). 

Analysing hippocampal sections triple-stained for SP-C, WFA and either ACAN (Fig. 7a-d) or NCAN (Fig.
7e-h), the close vicinity of SP-C (Fig. 7a,e) and lectin-binding sites (Fig. 7b,f) was pronounced in the CA2
area, known to be selectively detectable by the visualisation of PNs. While ACAN is partly present in
clearly contoured PNs (Fig. 7c), the adjacent tissue displayed a diffuse NCAN immunolabelling (Fig. 7g).
The overlay clearly indicated WFA/ACAN double-positive PNs (appearing purple) allocated with SP-C-ir.
Notably, SP-C-ir was also observed in granular cells and their dendrites in the CA1 region (Fig. 7a,e). In the
gyrus dentatus, the simultaneous detection of SP-C (Fig 7i), WFA (Fig. 7j) and VGAT (Fig. 7k) revealed
their co-occurrence as clari�ed by merging their distribution patterns (Fig. 7l). On the contrary, clusters of
dots in the stratum lacunosum-moleculare remained mono-labelled for SP-C.
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For the combined detection of SP-C-ir dots, PNs and glutamatergic axonal endings, triple �uorescence
labelling included the detection of vesicular glutamate transporters (VGLUT) 1 and VGLUT2, respectively
(Fig. 8a-h). While the gyrus dentatus showed expected cellular SP-C-ir cell layers and two clusters of dots
in the �ssura hippocampalis (Fig. 8a), the subiculum displayed faintly labelled SP-C-immunopositive cells
and plaque-like deposits (Fig. 8e). In parallel, WFA labelling was strong in the gyrus dentatus (Fig. 8b), but
only loosely distributed in the subiculum (Fig. 8f). Red �uorescent counterstaining of VGLUT-ir dominated
in the hilus (Fig. 8c,d), whereas the subiculum exhibited deposits composed of dots (with apparently
larger diameters than those containing SP-C), oftentimes forming rosette-like clusters (Fig. 8g). Such
structures occasionally appeared plaque-associated in the overlay of staining patterns (Fig. 8h), which
also indicate the allocation of SP-C-ir and WFA-binding sites by turquoise colour.

As a next step, the spatial relationships of SP-C- and VGLUT2-ir deposits with the age-dependent
formation and hyperphosphorylated protein tau (Fig. 9a-d) and Aβ plaques (Fig. 9e-h) were exemplarily
revealed in the subiculum from 22-month-old 3xTg mice. Thereby, the different location of green
�uorescent SP-C dots (Fig. 9a,d,e,h) and red �uorescent VGLUT2-ir deposits (Fig. 9b,d,f,h) was primarily
con�rmed. Moreover, SP-C- and VGLUT2-ir were neither co-localised with Aβ plaques (detected with
biotinylated mouse-anti-Aβ18-23, Fig. 9h) nor with microtubule-associated protein tau (detected with
biotinylated AT8 recognising phospho-serine202 and phospho-threonine205, Fig. 9d). The merged staining
patterns clari�ed that all age-dependent deposits occured separately in the subiculum and adjacent
tissue from 22-month-old  3xTg mice.

Searching for further markers of SP-C-immunopositive dots, hippocampal sections were applied to Cy3-
staining of Reelin (red) as exemplarily shown at lower magni�cation for 3-month-old- (Fig. 10a) and 16-
month-old WT mice (Fig. 10b). Additionally, the same sections were counterstained with goat-anti-
aquaporin 4 (AQP4; colour-coded in blue) in order to clarify the spatial relationships between vessel-
associated astroglial endfeet and clusters of dots. At higher magni�cation, the younger animals exhibited
several, partly clustered dots in the �ssura hippocampalis, immunopositive both for SP-C (Fig. 10c) and
Reelin (Fig. 10d) as clari�ed by the overlay (Fig. 10f). In the same area, the vascular AQP4 staining (Fig.
10e,f) appeared even stronger than in other parts of the hippocampal formation. Compared with young
mice, the aged WT mice displayed more solitary dots and clusters containing SP-C (Fig. 10g) and Reelin
(Fig. 10h), as demonstrated here for the stratum radiatum and the stratum lacunosum-moleculare in the
CA1 region. A strong AQP4 staining demarcated not only the vessels (Fig. 10i) but was also the
surrounding neuropil (Fig. 10j). Additionally, several vessels appearing pink were found to be double-
labelled by concomitant staining for Reelin and AQP4, but devoid of SP-C-ir.

In the medial habenula, additional immuno�uorescence labelling of mature SP-C revealed a staining
pattern of less clearly marked cells that slightly differed from proSP-C immunolabelling (Fig. 11a). On the
contrary, hippocampal dots immunopositive for mature SP-C in 16-month-old 3xTg mouse (Fig. 11b) and
an age-matched WT mouse (Fig. 11c) largely resembled the clusters visualised by anti-proSP-C.
Counterstaining of WT tissue with Reelin (Fig. 11d) also revealed numerous clusters of dots. The overlay
(Fig. 11e) elucidated predominantly double-stained yellowish structures, but also a few slightly reddish
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dots mono-labelled for Reelin. Expectedly, a large proportion of the clusters was located near the �ssura
hippocampalis with its strong vascular staining for AQP4 (Fig 11 e). Notably, the granule layer of the
presented case remained devoid of immunosignals for mature SP-C.

For the semiquantitative estimation of age-dependent changes of dots and their clusters in the
hippocampi from WT and 3xTg mice, the relation between the area of SP-C-stained dots and the
corresponding whole hippocampal area was comparatively determined using serial sections after triple-
staining for SP-C, Reelin and AQP4.

Overall, 32 WT mice were investigated. The proportion of dots in the 3-month-old WT group was
signi�cantly lower (p<0.05) than in all other age groups of the cohort (6, 12, 16 and approximately 24
months). Comparable data were also obtained for 6-month-old mice and their respective older
counterparts. However, there was no signi�cant difference between the mice of 12, 16 and approximately
24 months.

A total of 32 3x-Tg mice belonging to 5 differently aged groups were examined. The 3-month-old ones as
well as the 6- and 12-month-old mice had a signi�cantly (p<0.05) lower proportion of dots per
hippocampus than the respective older age groups. There was no signi�cant difference between 6-month-
old and 12-month-old mice. Similarly, there was no signi�cant difference between the dot area of 16
month-old 3x-Tg mice and their older counterparts.

A comparison of the surface area of the deposits on the hippocampal surface revealed that there was no
signi�cant difference between the WT and the 3x-Tg mice aged 6, 12 and 16-months. However, in the 3-
month-old group and in the more than 22-month-old mice, the area fraction of dots was signi�cantly
(p<0.05) higher in 3xTg mice than in the respective WT groups.

Immunoassays – SP-C and Reelin in wildtype and triple transgenic
mice
Table 3 summarises the descriptive statistical analysis of all WT and 3x-Tg mice, allowing a direct
comparison of the concentrations of the proteins of interest between both groups in an age-matched
manner. The results of signi�cance testing for the comparative analysis of both groups are provided
below. Subsequently, WT and 3x-Tg mice are analysed separately.

In the group of 3-month-old animals Gaussian distribution was identi�ed for all fractions of SP-C and
Reelin. In brief, extracellular Reelin (p=0.05), intracellular Reelin (p<0.01) and total Reelin (p<0.01) were
signi�cantly higher in 3x-Tg mice compared to WT mice. All fractions displayed no signi�cant differences
in SP-C levels between both groups. Boxplots in Figs 12a,b graphically summarise the �ndings. 

In the group of 6-month-old animals, the only non-normally distributed fraction was total Reelin. On the
contrary, intracellular and extracellular Reelin as well as all fractions of SP-C were distributed normally.
Differences between both groups achieving statistical signi�cance were identi�ed as follows.
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Extracellular SP-C (p=0.013), intracellular SP-C (p=0.008) and total SP-C (p=0.001) were signi�cantly
higher in the WT group. Extracellular Reelin (p=0.001), intracellular Reelin (p=0.001) and total Reelin
(p=0.001) were signi�cantly higher in the 3x-Tg group. The boxplots in �gure 12 c and d graphically
summarise the differences between both groups.

In the group of 12-month-old animals, all SP-C fractions were distributed normally, whereas the different
Reelin fractions exhibited non-Gaussian distribution.

Differences between groups achieving statistical signi�cance were revealed in the following manner:
Extracellular SP-C (p=0.023) and intracellular SP-C (p=0.030) were higher in the WT group. Extracellular
Reelin (p=0.006), intracellular Reelin (p=0.004) and total Reelin (p=0.004) were signi�cantly higher in the
3x-Tg group. Boxplots in �gure 12 e and f graphically summarize the differences between both groups.

For the analysis of very old mice, only 3x-Tg animals of 16 months, not older ones, were available for
protein quanti�cation. However, WT animals of 16 months and older (24 months) were available.  All
tests were performed in an exactly age-matched manner and additionally compared 16-month-old 3x-Tg
mice with 16-24-month- old WT mice. Due to the lack of signi�cant differences between both
comparisons we report only the more comprehensive, latter comparison.

In the group of very old mice, Gaussian distribution was identi�ed only for SP-C from the extracellular
compartment. All other protein fractions were distributed non-normally. 

Contrary to the younger animals, there were no signi�cant differences regarding extracellular or
intracellular SP-C levels or total SP-C levels. However, a trend of higher extracellular SP-C in the WT
animals was observable (p=0.176) compared to 3xTg animals. Regarding Reelin, however, the differences
were similar compared to the younger animal groups. Reelin concentrations of all origins were
signi�cantly higher in 3x-Tg animals (extracellular Reelin: p<0.001, intracellular Reelin: p<0.001 and total
Reelin: p=0.002) compared to WT mice. Boxplots in Fig, 12g,h graphically summarise the differences
between both groups.

SP-C and Reelin in 3x-Tg mice – age dependency and correlations

Gaussian distribution was recognised for extracellular and total SP-C and for extracellular- as well as
total Reelin.  Signi�cant differences between 3x-Tg animals of different ages were identi�ed for
intracellular Reelin (p=0.019) and total Reelin (p=0.022). A remarkable trend of decreasing extracellular
SP-C with growing age was observed, but did not reach statistical signi�cance (p=0.076, Fig 13 a,c).
Intracellular Reelin decreased from 3-month-old to 6-month-old mice and then revealed a steady increase
from 6- to 16-month-old mice. Total Reelin increased from 3- to 16-month-old mice in a linear fashion. 

Extracellular SP-C decreased with increasing age, showing stagnation in 6- and 12-month-old mice, and
then a further decrease after the age of 12 months. In comparison, the extracellular SP-C fraction
constituted slightly more than half of the total SP-C concentration.
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The grouped boxplots in Fig. 13a,b provide an overview over the differences in Reelin- and SP-C
concentrations from the different fractions at the different ages in 3x-Tg mice. The simple boxplots in Fig.
13c,d,f demonstrate relevant differences as described above. 

With regard to the relationship between the investigated proteins, the following correlations were
identi�ed: Extracellular SP-C showed an inverse correlation with extracellular Reelin (r=-0.780, p<0.001). In
line with the group comparison testing, the inverse relationship between extracellular SP-C and age did
not achieve statistical signi�cance (r=-0.307, p=0.099). Total SP-C correlated with total Reelin (r=0.540,
p=0.002). Interestingly, total SP-C showed a (in contrast to extracellular SP-C non-inverse) trend of
correlation with age (r=0.314 p=0.098). Total Reelin correlated with age (r=0.420, p=0.023). 

The scatterplots in Fig. 13e,g show the most relevant identi�ed correlations between SP-C and Reelin
fractions.

SP-C and Reelin in WT mice – age dependency

Gaussian distribution was recognised for intracellular Reelin. The remaining protein fractions exhibited
non-Gaussian distribution. Signi�cant differences between 3x-Tg animals of different age where
identi�ed for total SP-C (p=0.037) and intracellular Reelin (p=0.020). A trend without statistical
signi�cance was observable for total Reelin (p=0.069).

Intracellular Reelin showed a clear decrease with increasing age of WT mice. Total Reelin was high in 3-
and 6-month-old animals and then decreased to a comparatively similar, lower level in older animals. 

Extracellular SP-C showed an increase from 3-to 12-month-old mice, followed by a decrease in 16-month-
old mice and a signi�cant increase with the age of 24 months, but without achieving statistical
signi�cance (p=0.186). Total SP-C was low in 3-month-old mice, increased signi�cantly in 6-month-old
mice and dropped again to a steadily low level in 12-24-month-old animals (p=0.037). 

The grouped boxplots in Fig. 14a,b provide an overview over the differences in Reelin- and SP-C
concentrations from the different fractions at the different ages in WT mice. The simple boxplots in Fig.
13c,d demonstrate relevant differences as described above. 

Regarding the relationship between the investigated proteins, the following correlations were identi�ed.
Extracellular SP-C showed a strong, inverse correlation with extracellular Reelin (r=-0.694, p<0.001).
Intracellular SP-C correlated signi�cantly with intracellular Reelin (r=0.510, p=0.007). Total SP-C
correlated with total Reelin (r=0.598, p=0.002). Interestingly, total SP-C showed a non-signi�cant (contrary
to triple transgenic mice inverse) trend of correlation with age (r=-0.325 p=0.098). Intracellular Reelin
correlated inversely with age (r= -0.444, p=0.020). 

The scatterplots in Fig. 14e,f ,g show the most relevant identi�ed correlations between SP-C and Reelin
fractions. The scatterplots in Fig. 14h,i show the identi�ed signi�cant correlations between SP-C / Reelin
fractions and age.
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Synopsis of biochemical �ndings

In general, higher Reelin levels (all fractions) were associated with 3x-Tg mice in the age-matched
comparison. Contrary to this �nding, extracellular SP-C was signi�cantly lower in 6- and 12-month-old 3x-
Tg mice than in respective WT mice. Extracellular SP-C remained lower in 3x-Tg mice older than 12
months, but the difference did not remain statistically signi�cant.

Signi�cant inverse correlations were found between extracellular SP-C and extracellular Reelin in all
ageing groups.

When considering 3x-Tg mice only, Reelin (all fractions) increased with growing age, whereas extracellular
SP-C decreased with age.

When considering WT mice only, Reelin (intracellular and total) decreased with growing age, whereas
extracellular SP-C showed a trend of increase with growing age.

Discussion
To our best knowledge, this study is the �rst investigating age-dependent distribution, morphology and
concentrations of pro-SP-C / SP-C in brains of WT and 3x-Tg mice, with special attention given to the
association of SP-C with PNs and Reelin. 

Putting the primary focus on the distribution of SP-C in the different brain compartments, it is already
remarkable to note that extracellular SP-C accounted for slightly more than half of the absolute amount
of cerebral SP-C. Considering its well-established importance for the physicochemical properties of the
alveolar �uid layer, this novel �nding substantiates the hypothesis of SP-C’s contribution to interstitial-
and cerebrospinal �uid rheology, and therefore, its involvement in brain waste clearance [20, 21].
Additionally, the distinct alterations of extracellular SP-C in WT mice, showing an increase with age,
versus the diametrical, age-dependent decrease of extracellular SP-C in 3xTg mice, who suffer from AD-
like neuropathological changes, further indicate an intrinsically neuro-protective function of cerebral SP-
C. 

However, one primary hypothesis of our study was the potential role of pro-SP-C’s anti-amyloid chaperone
activity for preventing AD-related neuropathological changes, as pro-SP-C harbours the BRICHOS domain,
which has been shown to counteract amyloid �bril formation [40]. Surprisingly, combined
immuno�uorescence labelling of BRICHOS and pro-SP-C did not reveal co-labelled structures such as
dots. On the contrary, a well-established antibody, designed to exclusively detect the mature form of SP-C
[34] produced staining patterns, which largely resembled those obtained with antibodies directed against
proSP-C. These results lead to the conclusion that the form of cerebral SP-C, which we detected, is not the
BRICHOS-containing SP-C precursor (21kDa) [41], but late intermediates (12-16kDa) and the mature SP-C
(4kDA), which is in line with the �rst report on the cerebral Surfactant Protein System, that found late
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intermediates and the mature form of SP-C in brain tissue and cerebrospinal �uid [17]. Thus, pro-SP-C
appears to play no signi�cant role as CNS-intrinsic chaperone preventing Aβ formation.  

Reelin, an extracellular glycoprotein involved in memory and learning by modulating synaptic plasticity
has been shown to limit tau hyperphosphorylation and amyloidogenic processing of the β-amyloid
precursor protein comparatively upstream in the respective AD-relevant pathway [42, 43]. Vice versa, age-
related aggregation - and thus concomitant reduction of functional Reelin - are linked to synaptic
dysfunction together with enhanced formation of β-amyloid and tau hyperphosphorylation [25].
Considering Reelin’s role as a proximal molecular player in the orchestra of AD pathways, its age-
dependent propensity to form deposits, which are pronounced in a murine AD model [25] and its
abundance in the extracellular space, Reelin was implemented in our study as protein of reference for
interpretation of SP-C changes in context of AD.  

In general, our study for the �rst time revealed a signi�cant inverse correlation between extracellular
Reelin and extracellular SP-C and con�rmed statistically signi�cant age-dependent changes of SP-C in
both animal groups. The contrasting trends of SP-C- and Reelin-concentrations in the extracellular
compartment comprehensibly represent pathophysiologically synergistic alterations in context of AD, as
an increase of Reelin deposits is linked to loss of synaptic function and a decrease of SP-C is associated
with disturbed glymphatic clearance and progressive white matter disease [21]. 

Therefore, amalgamating current and novel insights on Reelin and SP-C with respect to AD pathobiology
– decreased levels of extracellular SP-C, accompanying reduced glymphatic clearance - are associated
with increased deposition of non-functional Reelin in the extracellular compartment of 3xTg mice.

Furthermore, the present study provides novel data on chemical neuroanatomy, such as a �rst description
of astrocytes in the corpus callosum, which co-express SP-C and the dimeric calcium-binding protein
S100β (Fig. 2h, 3d). Notably, S100β is widely considered as astroglial marker and strongly elevated in
activated astrocytes surrounding neuritic plaques [44], the latter representing a potential molecular
indicator for brain damage [45]. Moreover, S100β was revealed as damage-associated molecular pattern
(DAMP) molecule triggering tissue reactions to damage in a series of different neural disorders [46].
Although Steiner et al. showed a wide extra-astrocytic distribution of S100β and suggested to carefully
discuss the astroglial nature of S100β-immunopositive cells [47], our study revealed cells co-expressing
SP-C and S100β without exhibiting immunoreactivity for the oligodendroglial markers RIP (Fig. 2d) and
CNP (Fig. 3d) or microglial Iba-ir (Fig. 2h), con�rming their astroglial lineage. The regulation of S100β in
3x-Tg mice is beyond the scope of this study, however, our results support earlier reports that
demonstrated a contribution of S100β- (and SP-C-) producing astrocytes to the pathobiology of AD [48].

Unexpectedly, SP-C-ir was found to be allocated with PNs. These polyanionic, chondroitin sulphate
proteoglycan (CSPG)-rich, lattice-like coatings surround certain neurons in several parts of mammalian
brains [27]. They were already observed by Ramón y Cajal, and based on sophisticated histological
stainings, described by Camillo Golgi [49]. Brauer and co-workers coined the term “perineuronal nets” [50].
Currently, a widely applied method for the visualisation of a large portion of PNs is the lectin-
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histochemical staining with the N-acetylgalactosamine-recognising Wisteria �oribunda agglutinin (WFA)
[51]. A portion of PNs is not detectable by WFA, but immunopositive for their main CSPG component
aggrecan, as reported for instance for the murine hippocampus [52], whereas WFA-stainable, aggrecan-
immunonegative PNs were found in the mouse entorhinal cortex [53] and are also demonstrated in the
present study (see Fig. 4d). While in the neocortex and numerous further brain regions WFA-binding sites
surround predominantly fast-�ring, parvalbumin-containing GABAergic neurons [54, 55], a considerable
portion of nets enwraps neurons containing other neurotransmitters [56]. Notably, net-bearing cholinergic
neurons were detected in the human nucleus abducens [57] and in the rat spinal cord [58]. 

PNs might serve as rapid cation exchangers around fast-�ring and ‘active’ neurons [54] and act as
diffusion barriers with ion sorting properties [59]. Additionally, they suppress synaptic plasticity around
net-bearing neurons [60, 61], a fact that was clearly demonstrated for CA2 pyramidal neurons [62, 63],
which express excitatory calcium-calmodulin-dependent protein kinase II (CamKII) [64]. Moreover, PNs
were attributed to the consolidation of memories [65 - 67] and in the prefrontal cortex they may contribute
to cognitive function [68].

Neuropathological alterations of PNs and associated cells were reported for several diseases such as
epilepsy [69, 70], addiction [71], schizophrenia [72] and amyotrophic lateral sclerosis [73]. After ischemic
stroke, PNs are drastically damaged or even erased [74, 75]. In AD, net-bearing neurons are hardly
affected by tau pathology indicating neuroprotective properties of certain net components [76, 77].
Noteworthy, PNs also protect against oxidative stress [78, 79]. Recently, several reviews summarised the
previously mostly underestimated role of PNs in health and disease [80 - 83]. 

Functionality of PNs is also related to non-covalently bound ligands, for example the chemorepulsive
protein semaphorin 3A [84, 85]. Notably, neuronal pentraxin 2 (Nptx2), an important regulator of α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, binds PNs and enhances their formation
[86]. Moreover, Otx2 – a net-associated modulator of neuronal plasticity even during adulthood [87] –
prototypically binds to the polyanionic sites of PNs via an arginine-lysine motif and thereby restores
neuronal plasticity for example in the visual cortex [88].

Similarly, the arginyl-lysyl sequence of extracellularly released SP-C might interact with the negatively
charged PNs, whereas the intracellular SP-C fraction displays these N-terminal juxtamembrane positively
residues in the cytosol [41, 89]. The co-localization of SP-C and PNs shown here for the �rst time, together
with the neuronal SP-C expression pattern, indicate a functional role of SP-C in association with PNs.
However, lying beyond the scope of this study, future investigations are needed to further elucidate the
functional role of SP-C as ligand for PNs, for example at electron microscopic level.
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Tables
Table 1. Overview of investigated mice

  Immuno�uorescence labelling Enzyme-linked immunoassays

  WT 3xTg WT 3xTg

 3 months 10 5 3 10

 6 months 4 8 8 6

12 months 6 7 6 6

16 months 6 6 6 7

24 months 6 6 5  

Table 2. Double �uorescence labelling combined with the Cy2-staining of SP-C
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First primary antibodies

 

Fluorochromated
secondary
antibodies

Second primary
antibodies

or lectins

Fluorochromated
secondary antibodies
and streptavidin
conjugates

goat-anti-AQP4 (1:1000;
Santa Cruz, Heidelberg)

Cy3-donkey-anti-
goat IgG

biotinylated  STL
(20µg/ml; Vector,
Burlingame, CA, USA)

Cy5-streptavidin

mouse-anti-oligodendroglia
(RIP; 1:400; Merck
Millipore, Billerica, CA,
USA)

Cy3-donkey-anti-
mouse IgG

guinea pig-anti-GFAP
(1:200; Synaptic
Systems, Göttingen,
Germany)

Cy5-donkey-anti-
guinea pig IgG

guinea pig-anti-Iba (1:100;
Synaptic Systems)

Cy3-donkey-anti-
guinea pig IgG

mouse-anti-S100β
(1:50; Sigma,
Taufkirchen, Germany)

Cy5-donkey-anti-
mouse IgG

Cy3-mouse-anti-GFAP

(1:250, Sigma)

  guinea pig-anti-S100β

(1:200; Synaptic
Systems)

Cy5-donkey-anti-
guinea pig IgG

guinea pig-anti-S100β
(1:200; Synaptic Systems)

Cy3-donkey-anti-
guinea pig IgG

mouse-anti-CNP (1:200;
Synaptic Systems)

Cy5-donkey-anti-
mouse IgG

guinea pig-anti-NeuN
(1:300; Synaptic Systems)

Cy3-donkey-anti-
guinea pig IgG

mouse-anti-S100β

(1:50; Sigma)

Cy5-donkey-anti-
mouse IgG

biotinylated WFA (10
µg/ml; Vector)

Cy3-streptavidin guinea pig anti-
parvalbumin (1:200;
Synaptic Systems)

Cy5-donkey-anti-
guinea pig IgG

mouse-anti-aggrecan (1:40,
Acris, Herford, Germany)

Cy3-donkey-anti-
rabbit IgG

biotinylated WFA (15
µg/ml; Vector)

Cy5-streptavidin

goat-anti-HAPLN1 (1:100;
R&D Systems, Minneapolis,
USA)

Cy3-donkey-anti-
goat IgG

Biotinylated WFA
(15µg/ml; Vector

Cy5-streptavidin

guinea pig-anti-S100β
(1:300; Synaptic Systems)

Cy3-donkey-anti-
guinea pig IgG

biotinylated WFA (15
µg/ml; Vector)

Cy5-streptavidin

goat-anti-neurocan (1:400;
R&D Systems, Minneapolis,
MN, USA)

Cy3-donkey-anti-
goat IgG

biotinylated WFA (15
µg/ml; Vector)

Cy5-streptavidin

guinea pig-anti-VGAT
(1:500; Synaptic Systems)

Cy3-donkey-anti-
guinea pig IgG

biotinylated WFA (15
µg/ml; Vector)

Cy5-streptavidin

guinea pig-anti-
VGLUT1(1:1000; Synaptic
Systems)

Cy3-donkey-anti-
guinea pig IgG

biotinylated WFA (15
µg/ml; Vector)

Cy5-streptavidin

guinea pig-anti-VGLUT2
(1:500; Synaptic Systems)

Cy3-donkey-anti-
guinea pig IgG

biotinylated WFA (15
µg/ml; Vector)

Cy5-streptavidin

guinea pig-anti-VGLUT2 Cy3-donkey-anti- biotinylated mouse- Cy5-streptavidin
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(1:500; Synaptic Systems) guinea pig IgG anti-Aβ18-23

(4G8, 1:50)

guinea pig-anti-VGLUT2
(1:500; Synaptic Systems)

Cy3-donkey-anti-
guinea pig IgG

biotinylated anti-
phospho-tau (p202 +
p205, AT8, 1:50)

Cy5-streptavidin

mouse-anti-Reelin (1:200;

Merck Millipore)

Cy3-donkey-anti-
mouse IgG

goat-anti-AQP4 (1:500;
Santa Cruz, Heidelberg,
Germany)

AlexaFluor647-donkey-
anti-goat IgG

Due to technical limitations, Table 3 is only available as a download in the Supplemental Files section.

Figures
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Figure 1

Multifaceted green �uorescent Cy2-immunolabelling of SP-C in the brain. a The medial habenula displays
heavily stained, round cells as shown here for a 3-month-old 3xTg mouse. b Confocal laser scanning
reveals in the hippocampus of a two-year-old WT mouse both a rami�ed cell with glial appearance and a
cluster with dot-like deposits. c The infundibulum of a 6-month-old WT mouse shows numerous SP-C-ir
�brous processes contacting the ependymal border. d Counterstaining of AQP4 (Cy3, red) is widely
absent in the infundibulum but strong in the adjacent tissue and especially its vasculature.
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Concomitantly applied STL visualized by Cy5-streptavidin (colour-coded in blue) detects both the same
vessels and the ependyma of the infundibulum. f The merged staining patterns primarily clarify
complementary localisation of SP-C and AQP4. Bars: a = 100 µm, b = 25 µm, e = 200 µm, f = 200 µm
(also valid for c-d).

Figure 2

Lacking SP-C-ir in GFAP-immunopositive astroglia, oligodendroglial and microglial structures, but co-
occurrence in S100β-containing astrocytes from 3-month-old WT mice. a In the cingular cortex, SP-C-ir
(Cy2, green) is predominantly visible in the rim of apparently neuronal cells and their proximal dendrites b
In parallel, a �ne network of different �bres is revealed by the oligodendroglia-speci�c antibody RIP (Cy3,
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red). c The concomitant Cy5-staining of GFAP visualises several �brous astrocytes colour-coded in blue.
d Merge of the complementary staining patterns. (e,) Double staining of SP-C-ir (Cy2, green) and S100β
(Cy5, blue) combined with detection of separately located Iba-immunopositive microglia (Cy3, red) in the
corpus callosum The overlay of all three staining patterns clearly reveals astrocytes containing
apparently both S100β and SP-C (arrows). f A confocal image of a representative triple staining for SP-C
(green), S100β (blue) and GFAP (red) clearly demonstrated that such GFAP-immunonegative astrocytes in
the corpus callosum display S100-ir in the cytoplasm and SP-C in the surrounding rim. Bars: a,b, c, g, e =
200 µm, d = 100 µm, f = 25 µm.
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Figure 3

SP-C-ir in S100β-expressing astrocytes and neurons from 3-month-old WT mice. a SP-C immunolabelling
of rami�ed cells in the corpus callosum that is marked in b by its CNP-ir (Cy5, blue), combined in c with
the detection of an astroglial subset based on guinea pig-anti-S100β (Cy3, red). d The merging of single
channels elucidates astrocytes double-positive for SP-C and S100β (arrows) and that solely SP-C marks
the indusium griseum (asterisk) and the granular layer of the hippocampal CA1 region (arrowheads). e
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SP-C-ir appears strong in the nucleus reticularis thalami (NRT) and moderate in the ventral pallidum.
Additionally, both nuclei display numerous cells immunopositive for S100β (in f) and b NeuN (in g). The
merge of staining patterns in h reveals the close vicinity of all three markers. Bars: c,g = 200 µm (also
valid for a,b,e,f), d,h = 100µm,

Figure 4
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Co-occurrence of SP-C-ir, parvalbumin (PARV)-expressing neurons and PNs in the retrosplenial cortex
from young WT mice. a SP-C-ir outlines the rim of numerous neurons and their proximal dendrites. In
addition, stronger stained astroglial cells with �ne processes are visible for instance at the border of both
hemispheres. Nearly all neocortical layers contain concomitantly detected a PARV-immunopositive
neurons (Cy5, blue) and b PNs labelled by biotinylated WFA and subsequently applied Cy3-streptavidin
(red). d The overlay of all staining patterns demonstrates numerous PARV- and SP-C-ir nerve cells which
are frequently ensheathed by PNs. In e, Z-stacks of confocal images elucidate at higher magni�cation a
representative astrocyte and neurons combined with the detection of WFA-binding sites (Cy5, blue) and
aggrecan (ACAN)-ir (Cy3) in PNs. Note the purple appearance of components displaying both net markers
and their close vicinity to SP-C-ir. f Additionally, a confocal image exempli�es the triple labelling of SP-C
(green), WFA (blue) and HAPLN1 (red) as further net component. Neuronal SP-C-ir are ensheathed by PNs
with predominant HAPLN1-ir (red) and WFA/HAPLN1-double-stained nets appearing pink, Bars: c = 200
µm (also valid for a,b), d = 100 µm, e,f = 25 µm.
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Figure 5

Associated SP-C-ir, PNs and PARV-containing neurons in the nucleus reticularis thalami (NRT) from 3-
month-old WT mice. a Densely packed SP-C-ir cells are observed in the NRT and the adjoining ventral
pallidum. The latter is devoid of the net markers WFA (blue) in b and aggrecan (ACAN, red) in c, whereas
the NRT is selectively visualised by a carpet-like staining of WFA and ACAN. d Merged staining patterns
reveal co-occurring SP-C-ir and PNs selectively in the NRT. e More laterally, neuronal SP-C-ir becomes
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visible both in NRT and in the globus pallidus. Restricted to the NRT remain in f WFA-stained PNs (Cy3,
red) and in g PARV-ir neurons (Cy5, blue). h The overlay of green, red and blue �uorescence signals
elucidates their allocation in the NRT highlighted by structures appearing white, whereas both ventral
pallidum (asterisk) and caudate putamen (arrows) are solely visible by green SP-C immunolabelling.
Bars: c,g = 200 µm (also valid for a,b,e,f), d,h = 100µm.

Figure 6
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Co-occurrence of SP-C, PNs and S100β in the lateral hypothalamic area (LHA) from 3-month-old WT
mice. In this nucleus, numerous cells and their ensheathment are selectively revealed in a by SP-C ir (Cy2,
green) and in b by WFA staining (Cy5, blue). c Concomitantly visualised S100β-ir is found also in the
surrounding tissue d The merged staining patterns show nearly congruent staining of all three markers in
the LHA. Additional triple staining of the LHA combines the detection of SP-C-ir (in e) and WFA-binding
sites (in f) as above with g the immunolabelling of the net component neurocan (NCAN, Cy3, red). h The
overlay elucidates that the PNs in the LHA appear stronger stained by WFA than by NCAN and are
frequently located in close vicinity to SP-C-ir neuronal structures. Bars: c,g = 200 µm (also valid for a,b,e,f),
d,h = 100µm.
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Figure 7

Hippocampal SP-C/WFA double staining combined with the immunodetection of aggrecan (ACAN),
neurocan (NCAN) and VGAT including the border between CA1 and CA2 in WT mice with 6 months (a-d)
as well as 24 months of age (e-h) and in the dentate gyrus in a very old animal (i-l) The simultaneous
visualisation of SP-C, WFA and ACAN in d demonstrates for the CA2 region numerous heavily WFA/ACAN
double-stained PNs (appearing purple) and the allocation of SP-C-ir cells and WFA-binding sites (yellow).
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Additionally, outside PNs the adjacent neuropil displays red immunolabelling for ACAN (Fig. 7c,d) and
NCAN (Fig. 7g,h). i The gyrus dentatus is marked by a moderate cellular SP-C staining, while the stratum
lacunosum-moleculare shows two clusters of dots. j The latter are devoid of WFA-binding sites while the
gyrus dentatus is equipped with several PNs partly comprising long dendritic processes. k,l VGAT-ir
contours the cellular layers, but is absent in the SP-C-containing dots. Bar d,h,l =75 µm (also valid for a-
c,e-g,i-k).

Figure 8
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Combined �uorescence staining of SP-C and PNs and VGLUT1 (a-d) as well as VGLUT2 (e-h) in the
hippocampus of aged mice. a-d CA1 region and dentate gyrus from a 22-month-old WT mouse, in a with
SP-C-immunolabelled clusters of dots in the stratum lacunosum-moleculare and cellular structures in the
gyrus dentatus which displays in b PNs with strongly WFA-stained dendrites (Cy5, blue). Concomitantly, c
demonstrates VGLUT1-ir �bres (Cy3, red) predominantly in the hilus. d The overlay of staining patterns
clearly shows the lacking allocation of VGLUT1 and both PNs and SP-C-immunopositive structures. e-h
Subiculum from a 22-month-old 3xTg mouse, in e with SP-C-ir also indicating senile plaques, whereas f
demonstrates several PNs heavily stained with WFA (Cy5, blue ) and g displays in adjacent areas
numerous deposits consisting of clearly contoured granules. d The overlay elucidates largely
complementary staining patterns for the three markers. Bars: c,g = 200 µm (also valid for a,b,e,f), d,h =
100µm.
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Figure 9

Differently composed age-dependently occurring hippocampal deposits. Double immuno�uorescence of
SP-C (Cy2, green) and VGLUT2 (Cy3, red) combined with the detection of (a-d) phospho-tau or (e-h) Aβ
(both Cy5, colour-coded in blue) in the subiculum from 22-month-old 3xTg mice. a SP-C immunolabelling
depicts single dots and a larger cluster of numerous dots as well as cellular structures. b Separately,
VGLUT2-ir is predominantly seen near dots with frequently larger diameters. c The counterstaining of
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hyperphosphorylated protein tau (phospho-tau) with biotinylated AT8 and Cy5-tagged streptavidin
detects many deposits, partly with cellular appearance. d The overlay without any mixed colours clari�es
the complete separation of the different deposited proteins. e Borders of the subiculum are �lled with
several clusters of dots as well as numerous SP-C-immunopositive cells. f Strong VGLUT2-ir in this region
is largely con�ned to obviously different and mostly clustered dots with frequent larger diameters. g In
close vicinity, the subiculum displays many Aβ-containing plaques, whereas adjoining structures are
devoid of such deposits. h The overlay shows the allocation of the detected deposits, especially of Aβ
and VGLUT-ir, whereas the SP-C-ir in dots and cells with frequently long processes appear neatly
separated. Bars: c,g= 200 µm (also valid for a,b,e,f), d,h = 100µm.
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Figure 10

Age-dependently occurring clusters of SP-C- and Reelin-ir hippocampal dots and allocated AQP4-ir. 3-
month-old (a,c-f) versus 16-month-old (b,g-j) 3xTg-mice at lower magni�cation (a,b) and with higher
resolution (c-j). a SP-C immunolabelling (Cy2, green) primarily reveals a demarcation of the granular
layers in the more rostral hippocampus with the heaviest staining in the CA2 area, a clearly marked
indusium griseum and as strongest labelled neocortical areas the retrosplenial and cingular cortices.
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Predominant Reelin-ir (Cy3, red) is exclusively visible at the vascular borders, whereas immunosignals for
AQP4 (Cy5, blue) are dominating in the �ssura hippocampalis and the lateral habenula. b The more
caudally located hippocampus in an aged animal shows similar distribution patterns, but also several
clusters of SP-C dots in the stratum radiatum and stratum oriens. c At higher magni�cation of the SP-C-ir
in the young mouse, the CA1 region exhibits densely packed granular cells including their processes as
well as some additional loosely distributed, faintly stained cells and dots. d Reelin immunolabelling of
dots and a few cells in the �ssura hippocampalis is more prominent, but it is absent in the granular layers
which in e are also devoid of AQP4 immunosignals. AQP4-ir astroglial endfeet clearly reveal vessels. This
marker appears strongest in the fuzzy- surroundings of perpendicularly cut vessels. f The overlay
demonstrates that most dots are immunopositive for both SP-C and Reelin and appear yellowish, but
some dots remain mono-labelled for Reelin. g At higher magni�cation, cellular SP-C-ir in the pyramidal
layer from the aged triple-transgenic animal is largely the same as in c showing a hippocampal frame
from a 3-month-old 3xTg mouse, but the numbers of single dots and their clusters are considerably
enhanced as h also shows for Reelin-ir. i Vascular AQP4-ir appears very strong in the �ssura
hippocampalis. j The merged staining patterns demonstrate that all dots in the frequently occurring
clusters are co-labelled for SP-C and Reelin. Bars: a,b = 500 µm, e,i= 200 µm (also valid for c,d,g,h), f,j =
100µm.
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Figure 11

Green �uorescent Cy2-Ir of mature SP-C (mat SP-C) of the habenula (a) and age-dependent clusters of
hippocampal dots without counterstaining (b) and in combination with reelin and AQP4-ir (c-e) in a 16-
month-old WT mouse (a,c-e) and in an age-matched 3xTg mouse (b). a The medial habenula shows
immunoreactivity for mature SP-C. b Clusters of mat SP-C dots are especially dominant in the �ssura
hippocampalis. c Extended clusters of dots are found in the stratum radiatum, stratum oriens and �ssura
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hippocampalis. d Reelin-Ir of the dots. e In the merged staining patterns yellowish appearing structures
double-labelled by mat SP-C and Reelin as well as some red dots showing only Reelin could be detected.
Additionally visible is the vascular labelling with AQP-4-Ir (colour-coded in blue), which appears strongest
in the hippocampal �ssure. Bars: b = 100 µm (also applies to a), e = 200 µm (also applies to c,d).

Figure 12
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Comparison of SP-C and Reelin between 3x-Tg and WT mice of different ages. Grouped boxplots (a,b)
comparing SP-C and Reelin from the extracellular compartment, the intracellular compartment and the
total amount between 3xTg and WT mice at the age of 3 months. The differences regarding extracellular
Reelin (p=0.05), intracellular Reelin (p=0.01) and total Reelin (p=0.01) are statistically signi�cant.
Grouped boxplots (c,d) comparing SP-C and Reelin from the extracellular compartment, the intracellular
compartment and the total SP-C and Reelin between triple transgenic and wildtype mice at the age of 6
months. The differences regarding extracellular SP-C (p=0.013), intracellular SP-C (p=0.008) and total SP-
C (p<0.001) are statistically signi�cant, as are the differences concerning all Reelin fractions (p=0.001 in
all instances). Grouped boxplots (e,f) comparing SP-C and Reelin from the extracellular compartment, the
intracellular compartment and the total amount of each protein between triple transgenic and WT mice at
the age of 12 months. The differences regarding extracellular SP-C (p=0.023), intracellular SP-C (p=0.030)
extracellular Reelin (p=0.006), intracellular Reelin (p=0.004) and total Reelin (p=0.004) were statistically
signi�cant. Grouped boxplots (g, h) comparing SP-C and Reelin from the extracellular compartment, the
intracellular compartment and the total amount of each protein between triple transgenic and wildtype
mice at the age of 16-24 months. A trend of higher extracellular SP-C in the WT animals was observable
but did not achieve statistical signi�cance (p=0.176). Differences regarding Reelin from all origins were
signi�cant (extracellular Reelin: p<0.001, intracellular Reelin: p=<0.001 and total Reelin: p=0.002).
Concentrations of SP-C and Reelin are expressed in ng / mg total protein. ○: Data value lies between 1.5
and 3x of the interquartile range away from the median value. *: Data value lies >3 times of the
interquartile range away from the mean value.
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Figure 13

Reelin and SP-C in 3x-Tg mice of different ages. Grouped boxplots (a,b) demonstrate SP-C and Reelin
levels from all origins in triple transgenic animals of different ages. The differences regarding
intracellular Reelin (d;p=0.019) and total Reelin (f; p=0.022) were statistically signi�cant, illustrated by the
respective unidimensional boxplots. The trend of extracellular SP-C (c) did not reach statistical
signi�cance (p=0.076). The scatterplot in (e) demonstrates the relationship between extracellular SP-C
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and extracellular Reelin (r=-0.780, p<0.001). The scatterplot in (g) illustrates the statistically signi�cant
relationship between total SP-C and total Reelin (r=0.540, p=0.002). Concentrations of SP-C and Reelin
are expressed in ng / mg total protein. ○: Data value lies between 1.5 and 3x of the interquartile range
away from the median value. *: Data value lies >3 times of the interquartile range away from the mean
value.

Figure 14
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Reelin and SP-C in WT mice of different ages. Grouped boxplots (a,b) demonstrate SP-C and Reelin levels
from all origins in wildtype animals of different ages. The differences regarding total SP-C (c;p=0.037)
and intracellular Reelin (d;p=0.020) were statistically signi�cant, illustrated by the respective
unidimensional boxplots. The scatterplot in (e) demonstrates the statistically signi�cant relationship
between extracellular SP-C and extracellular Reelin (r=-0.780, p<0.001). The scatterplot in (f) shows the
signi�cant relationship between intracellular SP-C and intracellular Reelin (r=0.510, p=0.007). The
scatterplot in (g) illustrates the statistically signi�cant relationships between total SP-C and total Reelin
(r=0.540, p=0.002). The correlation between intracellular Reelin and age (r= -0.444, p=0.020) is shown in
(h), whereas (i) demonstrates the statistically signi�cant relationship between intracellular SP-C and age
(r=-0.325 p=0.098). Concentrations of SP-C and Reelin are expressed in ng / mg total protein. ○: Data
value lies between 1.5 and 3x of the interquartile range away from the median value. *: Data value lies >3
times of the interquartile range away from the mean value.
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