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Widespread neurodegeneration, enlargement of cerebral ventricles, and atrophy
of cortical and hippocampal brain structures are classic hallmarks of Alzheimer’s
disease (AD). Prominent macroscopic disturbances to the cytoarchitecture of the
AD brain occur alongside changes in the mechanical properties of brain tissue,
as reported in recent magnetic resonance elastography (MRE) measurements
of human brain mechanics. Whilst MRE has many advantages, a significant
shortcoming is its spatial resolution. Higher resolution “cellular scale” assessment
of the mechanical alterations to brain regions involved in memory formation,
such as the hippocampus, could provide fresh new insight into the etiology of
AD. Characterization of brain tissue mechanics at the cellular length scale is
the first stepping-stone to understanding how mechanosensitive neurons and
glia are impacted by neurodegenerative disease-associated changes in their
microenvironment. To provide insight into the microscale mechanics of aging
brain tissue, we measured spatiotemporal changes in the mechanical properties
of the hippocampus using high resolution atomic force microscopy (AFM)
indentation tests on acute brain slices from young and aged wild-type mice
and the APPNL=G—F mouse model. Several hippocampal regions in APPNL-G—F
mice are significantly softer than age-matched wild-types, notably the dentate
granule cell layer and the CAl pyramidal cell layer. Interestingly, regional softening
coincides with an increase in astrocyte reactivity, suggesting that amyloid
pathology-mediated alterations to the mechanical properties of brain tissue
may impact the function of mechanosensitive astrocytes. Our data also raise
questions as to whether aberrant mechanotransduction signaling could impact
the susceptibility of neurons to cellular stressors in their microenvironment.

Alzheimer’s disease, atomic force microscopy, brain tissue elasticity, healthy aging,
hippocampus
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Introduction

The local mechanical properties of central nervous system
(CNS) tissue are known to regulate cell behavior, particularly
during embryonic brain development (Heisenberg and Bellaiche,
2013; Koser et al,, 2016). For example, tissue stiffening coordinates
brain morphogenesis at early stages of development (Barriga et al.,
2018). In addition, mechanosensitive retinal ganglion cell (RGC)
growth cones are guided by both biochemical (chemotaxis) and
physical cues (durotaxis) as the RGC axons migrate through
distinct layers of brain tissue (Koser et al., 2016). Studies have also
shown that the mouse hippocampus becomes stiffer from infancy to
adulthood (Elkin et al., 2009; Antonovaite et al., 2021a; Ryu et al,,
2021). Beyond developmental stages, the mechanical properties
of human brain tissue undergo significant changes as a result of
both physiological and pathological aging (Sack et al., 2009; Levy
Nogueira et al., 2016; Hiscox et al., 2018, 2020; Delgorio et al., 2021).
Recent magnetic resonance elastography (MRE) studies indicate
that, on a global macroscopic scale, cerebral tissue softens with
age (Hiscox et al,, 2018, 2021). However, the spatial resolution of
MRE is limited (>1 mm) and it is thus less sensitive than atomic
force microscopy (AFM) at detecting the mechanical characteristics
of brain tissue at a cellular level (~10 pwm). It has also been
challenging to obtain MRE measurements from deep subcortical
limbic brain structures, such as the hippocampus, a region of the
brain important for learning and memory, although significant
advances have been made in recent years (MclIlvain et al., 2018;
Daugherty et al., 2020; Delgorio et al., 2021). Consequently, it
is important to measure, at a cellular level, how the mechanical
properties of distinct subregions of hippocampal brain tissue
change from young adulthood to old age, particularly in the dentate
gyrus, for example, where life-long neurogenesis takes place (Kuhn
et al,, 1996, 2018; Ben Abdallah et al, 2010). The structure of
the hippocampus is unique and consists of a tri-synaptic neural
network that processes novel and familiar sensory stimuli and
generates new memory traces. The dentate gyrus (DG) is important
for “pattern separation” of neuronal inputs from the cortex, i.e., a
process that minimizes overlap in the neuronal ensembles activated
by similar sensory experiences (Nakashiba et al., 2012). The CA3
region, on the other hand, is important for pattern completion,
i.e., a process that facilitates the retrieval of a memory trace from
partial activation of a particular neuronal ensemble (Rolls, 2013).
The CAL region is also critical for both the encoding and retrieval
of hippocampal-dependent memories, e.g., population coding of
place cell activity and generating spatial maps of new environments
(Rolls, 2013). Interestingly, neurodegeneration and cell loss are not
uniform across the distinct hippocampal cell layers in Alzheimer’s
disease, with the CA1 region often reported as the most vulnerable
to amyloid plaque toxicity (West et al., 2000; Kerchner et al,
2012). To investigate the mechanical effects of insoluble amyloid

plaques in the hippocampus, we used the APPNL—G—F

mouse
model because it closely mimics the amyloid pathology often
present in humans with Alzheimer’s disease. Here, we employed
high resolution AFM indentation tests on fresh mouse brain
slices to explore how aging and amyloid pathology impact the
mechanical properties of the hippocampus and whether amyloid

beta (AB42)-induced astrogliosis coincides with tissue softening, an

Frontiers in Aging Neuroscience

10.3389/fnagi.2023.1212212

observation we have previously noted in traumatic injury-mediated
glial scarring of the rat cortex (Moeendarbary et al., 2017).

Results

To investigate how age-related neurodegenerative pathologies
cause region-specific changes in brain tissue stiffness, we quantified
the elastic modulus of hippocampal tissue in response to both
“healthy aging” (3- and 18-month wild types) and to Alzheimer’s
disease-like pathology (at 17 months), using the APPNL—G—F
mouse model. APPNL=G—F mice express amyloid precursor protein
(APP) at similar levels and cell-type specificity to wild-type mice,
but the combined effects of the triple mutations cause elevated
levels of pathogenic amyloid beta (AB42) production and deposition
(Saito et al., 2014). Using an upright light microscope and an AFM
positioned on a motorized XY-stage (Figure 1A), we generated high
resolution (30 pm steps) mechanical maps of freshly cut medial
hippocampal slices of 500 pm thickness. To maintain the viability
of ex vivo tissue, acute brain slices were continuously perfused
with oxygenated artificial cerebrospinal fluid (aCSF) throughout
the AFM indentation tests. Mechanical maps (1,500 x 450 pm)
that spanned ten clearly identifiable subregions of the hippocampus
(Figure 1B) were generated for comparisons between age and
genotype. Cell body dense areas of the hippocampus (i.e., the
pyramidal and granule cell bodies) were labeled as regions 2, 6, and
9 (Figure 1B) and were analyzed separately to the molecular layer of
the dentate gyrus (region 5) and the stratum lacunosum-moleculare
(region 4). The stratum oriens (SO, region 8) and stratum radiatum
(SR, region 10) of the CA3 were grouped with the Hilus (region 7)
to avoid any ambiguity in the demarcation of cell layers. Similarly,
the SO (region 1) and SR (region 3) of the CA1 were grouped for
analysis because, although the stratum oriens layer is ~30% stiffer
than the SR layer, their mechanical responses to both aging and
AD-like pathology were very similar in magnitude.

Microscale stiffness maps of the hippocampus (Figures 1C-
E) revealed its mechanical heterogeneity and the pattern of
tissue elasticity closely corresponded to distinct functional and
anatomical subregions. Focusing on the neuronal cell body regions
(2, 6, and 9) of 3-month wild-types, we found that the CAl
pyramidal layer (546 Pa) was significantly stiffer than both CA3
pyramidal cells (168 Pa, p < 0.0001, Tukey contrast on the
estimated marginal means from a linear mixed model) and dentate
granule cell bodies (180 Pa, p < 0.0001) (Figure 1F). Similarly,
the stratum oriens/radiatum regions of the CAl (averaged at
396 Pa) were significantly stiffer than the Hilus and CA3 SO/SR
regions combined (196 Pa, p < 0.0001). We next investigated if
the mechanical properties of each hippocampal subregion changed
with age (Figures 1C, D). For most of the hippocampal areas, AFM
stiffness values did not differ significantly between aged 18-month
and young 3-month-old wild-type mice. However, the stiffness of
the dentate granule cell body layer increased by 73% in 18-month
compared to 3-month old mice (311 Pa versus 180 Pa, respectively,
p = 0.0025). This increase in stiffness in the dentate granule cell
body layer with “healthy aging” was not observed in 17-month
APPNL=G-F mjce (139 Pa). Indeed, stiffness measurements from
aged APPNL=G—F mouse brains were more similar to 3 month
wild-types than to 18-month wild-type controls (Figures 1D, E),
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FIGURE 1
Hippocampal CAl and dentate gyrus soften in aged mice with Alzheimer’s disease like amyloid pathology. (A) Schematic of the combined AFM,
upright camera, and perfusion chamber set-up used to measure the microscale stiffness of acute hippocampal slices. (B) Cross section of the
medial hippocampus showing the 10 subregions and the locations from which stiffness maps were extracted. (C—E) Representative hippocampal
stiffness maps of 3-month wild-type in (C), 18-month wild-type in panel (D) and 17-month APPNL=G=F in panel (E). The elastic moduli of individual
indentation points are color-coded, with dark red colors representing softer areas and bright yellow colors depicting stiffer tissue regions. Scale
bars = 450 um. (F) Stiffness of the hippocampal substructures depicted in panel (B). The stratum oriens/radiatum (SO/SR) of the CAl are grouped
and represented as regions 1 and 3, respectively. The Hilus, CA3 stratum oriens and CA3 stratum radiatum are also grouped and represented by the
numbers 7, 8, and 10, respectively. The stratum lacunosum-moleculare (SLM) is represented by 4, and the molecular layer (ML) of the dentate gyrus
is represented by 5. Finally, the three main neuronal cell body regions of the hippocampus, i.e., the granule cells of the dentate gyrus (DG), and the
pyramidal cells of the CA3 and CALl regions, are represented by the numbers 6, 9, and 2, respectively. AFM experiments were conducted on
hippocampal slices from 3-month wild-type (n = 12), 18-month wild-type (n = 11), and 17-month APPN-=G=F mice (n = 4). The vertical bars
represent the means, the horizontal lines represent the medians, and the whiskers are the standard deviations of all experimental data points. Gray
dots represent the individual data points for each AFM measurement. The black dots represent the average of the AFM measurements for each
animal. X indicates the absence of some data points larger than 800 Pa (outliers were less than 0.5% of all data points). ***p < 0.001.

suggesting that the mechanisms that regulate DG granule cell
layer stiffening in healthy aging are dysregulated in APPNL=G—F
mice. A potential limitation of our study was the omission of a
3-month old APPNV=G—F group of mice to directly compare with
hippocampal slices from the 3-month wild type mice. It is worth
noting that the genetic background of the APPN!=G—F mice is
C57BL/6, i.e., the same as the wild type mice used here. At this
young age, APPN:=G—F mice do not display significant amounts
of amyloid plaques in the cortex or hippocampus (Saito et al.,
2014) and, therefore, we do not expect to see any appreciable
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differences in hippocampal mechanical properties between 3-
month APPNY=6G=F mice and C57BL/6 wild type controls, although
we cannot rule out that possibility. In addition to significant
softening of the stratum oriens/radiatum regions of the CAl
(409 Pa versus 275 Pa in aged wild-type and APPNF=G—F mice,
respectively, p = 0.0026), the stiffness of the CA1 pyramidal cell
layer also dropped by 49% (491 Pa in 18-month wild-types versus
251 Pain APPNL=6G=F mice, p < 0.0001) (Figure 1F).

We have previously shown that following a CNS injury,
significant changes to brain and spinal cord tissue mechanics
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correlates strongly with astrogliosis (Moeendarbary et al., 2017).
Therefore, we investigated whether the same relationship exists
during pathophysiological brain aging. Employing a nuclear
counterstain (DAPI) and antibodies targeting glial fibrillary acidic
protein (GFAP), we measured changes in astrocyte reactivity in
each subregion of the hippocampus. GFAP fluorescence intensity
remained stable in most regions of the hippocampus from 3-
months to 18-months of age in wild-type mice (Figure 2A), apart
from the dentate granule cell layer (region 6) where it decreased
(Figure 2B). Interestingly, this decrease in GFAP fluorescence
intensity coincided with an increase in tissue stiffness (Figure 1F).
Strikingly, when comparing GFAP expression in aged APPNL—G—F
mice versus aged wild-type mice (Figure 2A), we found a significant
increase in GFAP expression in most hippocampal areas of
APPNL=G—F mice (Figure 2B), particularly in the Hilus/CA3
(regions 7, 8, 9, 10) and CA1l (regions 1, 2, 3) (Figure 2B). To
highlight this relationship between elevated astrogliosis and brain
tissue softening, we generated two heatmaps (Figure 2C) that
clearly illustrate this phenomenon. In summary, the heatmaps
show that with healthy aging, there is a decrease in GFAP-labeled
astrocytes in the dentate granule cell layer coinciding with an
increase in tissue stiffness. Moreover, in APPNL=G-F njice that
display widespread amyloid plaque pathology in the hippocampus,
there are significant increases in GFAP expression in the CAl,
CA3, and DG regions and this coincides with a reduction in the
elastic modulus of the CA1 and DG hippocampal areas. The slight
softening of the CA3/Hilus regions in APPN*~G~F mice compared
to 18-month wild-types were not significant, potentially due to the
CA3 and Hilus being relatively soft areas of the hippocampus.

Discussion

Injuries to the brain and spinal cord can lead to significant
and sustained softening of CNS tissue lasting several weeks
(Moeendarbary et al., 2017). Moreover, softening of the damaged
tissue regions directly correlates with the formation of a glial scar,
measured as a significant upregulation in glial fibrillary acidic
protein (GFAP) levels, which is an indicator of astrogliosis (Yang
and Wang, 2015). While the effects of glial scars on functional
recovery is a matter of controversy (Anderson et al., 2016; Yang
et al., 2020), CNS injury-associated tissue softening most likely
impacts the extent of neural regeneration, since neural stem cell
fate and the intrinsic properties of neurons can be influenced by
the mechanical properties of the extracellular microenvironment
(Georges et al., 2006; Pathak et al., 2014; Zhang et al., 2014; Ucar
et al., 2021). The mechanical maps of the hippocampus presented
here highlight substantial softening (and possibly impaired tissue
stiffening mechanisms) of specific regions of the hippocampus that
contain the cell bodies of neurons known to be important for
learning and memory formation. It is perhaps unsurprising that
amyloid pathology differentially impacts the mechanical properties
of distinct subregions of the hippocampus given their functional
specialization and contrasting responses to various toxic insults
(West et al., 2000; Mao et al, 2013; Rolls, 2013; Daugherty
et al., 2020; Gonzalez-Rodriguez et al., 2021). The CA1 pyramidal
neurons, for example, are more vulnerable than dentate granule
cells to glutamate-mediated excitotoxicity (Butler et al., 2010). As
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such, several studies have reported that the CAl region displays
more cell loss and a greater reduction in volume than the dentate
gyrus in patients with Alzheimer’s disease (Bobinski et al., 1997,
1998). Here, our measurements show that the CA1 region softens
in aged APPNL=G~F mice when compared to both young and aged
wild-type mice. This is consistent with indentation studies in the
cortex of APP/PS1 mutant mice (Menal et al., 2018), MRE studies in
mice (Munder et al., 2018), and with MRE experiments in humans
with Alzheimer’s disease (Murphy et al., 2011; Arani et al.,, 2015;
Hiscox et al., 2020) that report softening of cortical brain regions.
Interestingly, the softest hippocampal region (139 Pa) measured
from all groups and ages was the DG cell layer of 17-month
APPNL=G=F mice. The mechanical properties of APPNL=G—F
mouse dentate granule cells were more similar to young 3-month
wild-type mice (180 Pa) than to 18-month wild-types (311 Pa).
These results are in contrast to a recent study that used the APP/PS1
mouse model and found that amyloid pathology increased the
stiffness of the hippocampus (Antonovaite et al., 2021b). However,
the APP/PS1 mice were 6-months of age and, therefore, not
comparable to the old age mice used here. This does, however,
raise the question of whether amyloid pathology causes transient
stiffening of the hippocampus in middle-age (~6-9 months in
mice), followed by tissue softening in old age (> 15 months in mice).
This hypothesis is supported by magnetic resonance elastography
results in aged APP/PS1 mice where the brain was measured
to be softer than wild-type mice (Murphy et al, 2012). For a
more extensive review of the literature surrounding changes in
brain tissue stiffness during brain maturation, “healthy aging,” and
Alzheimer’s disease, we refer the reader to more comprehensive
review articles (Levy Nogueira et al., 2016; Hall et al., 2021; Hiscox
et al, 2021; Coelho and Sousa, 2022; Donnaloja et al., 2023;
Feng et al., 2023).

In the present study, we found that 17 month-old APPNL-G—F
mice, which have substantial amyloid pathology (Figure 2A),
display significant astrogliosis in the Hilus, CA3 and CA1 regions
of the hippocampus, consistent with observed gliosis in human
AD patients (Gonzalez-Rodriguez et al., 2021). Interestingly, the
astrogliosis coincides with tissue softening although a direct cause-
and-effect cannot be inferred from these observations. It is possible
that the mechanical properties of astrocytes are different in mice
with AD-like amyloid pathology compared to healthy wild-type
mice. However, we also observed a similar phenomenon with
healthy aging in the dentate granule cell body layer, i.., tissue
stiffening from 3- to 18-months in wild-type mice coincided
with a decrease in astroglial reactivity (Figure 2C). The dentate
granule cell body layer is home to the subgranular neurogenic
niche where active neurogenesis continues into late adulthood and
old age (Kuhn et al, 2018), although rates of neurogenesis are
known to decline drastically with age (Kuhn et al., 1996; Ben
Abdallah et al., 2010). Therefore, as we age, neural stem cells are
continually generated and differentiate into mature neurons that
migrate to the outer layers of the dentate gyrus, and thus cause
this tightly packed layer of cell bodies to grow and widen over
time. This is in contrast to the CA3 and CAl pyramidal cell
layers, where little or no neurogenesis takes place in adulthood
(Schinder and Gage, 2004).

One factor that may contribute to hippocampal tissue softening
in the brain of APPN'=G~F mice is neuroinflammation-mediated
hypertrophy of astrocytes which is clearly evident around amyloid
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A drop in hippocampal tissue stiffness coincides with AD-induced astrogliosis. (A) Hippocampal slices from 3-month to 18-month wild-type mice
were immunofluorescently labeled for glial fibrillary acidic protein (GFAP, green) and nuclei counterstained with DAPI (magenta). Slices from
17-month APPNL=G-F mjce were triple-stained for AB4, (cyan) highlighting the presence of amyloid plaques scattered throughout the hippocampus.
Scale bar = 450 pm. Zoomed images of the CA1l regions are displayed on the far right to highlight changes in GFAP expression with age and with
AD-like pathology. (B) GFAP fluorescence intensity was quantified in the ten hippocampal subregions and grouped as described in Figure 1B. The
quantification of GFAP fluorescence intensity has been conducted in slices from n = 3 mice for 3-month wild-type, 18-month wild-type, and
17-month APPNL=G=F_ The vertical bars represent the means, the horizontal lines represent the medians, and the whiskers are the standard
deviations of all experimental data points. Gray dots represent all individual ROI fluorescence data points measured in each region. The black dots
represent the average of regional ROl measurements for each animal. (C) The percentage (%) change in the mean elastic modulus and % change in
GFAP fluorescence intensity in each hippocampal region (i.e., in 18-month wild-type mice versus 3-month wild-type, and 17-month APPNL-G-F
versus 18-month wild-type mice) are displayed as heatmaps. The significant differences found in Figure 1F and panel (B) have been highlighted with
directional arrows for clarity. As the heatmaps indicate, in general, as hippocampal tissue stiffness decreases, GFAP fluorescence intensity increases

and vice versa. ***p < 0.001.

plaques (Figure 2A). It has been demonstrated, using scanning
force microscopy, that astrocytes are softer than neuronal cells (Lu
et al., 2006) and so if there is a shift in the ratio of astrocytes
to neurons in areas of the hippocampus susceptible to amyloid
plaque-mediated excitotoxicity, this could help to explain a drop in
the elastic modulus of the CA1 region in APPNV"G—F mice. Others
have shown in cell culture systems that traumatic mechanical injury
of astrocytes leads to upregulation of GFAP and a softening of non-
nuclear regions of the astrocyte syncytium (Miller et al., 2009).
Interestingly, the authors could inhibit the softening of injured
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astrocytes by non-selectively blocking P2-type purinergic receptors
using the antagonist PPADS. This suggests that stretch-induced
mechanical injury can lead to ATP release from astrocytes and
that the reactive astrogliosis and subsequent softening of glial
cells is dependent on purinergic receptor signaling. AB4, has also
been shown to cause the release of ATP from astrocytes and this
could be a neuroprotective mechanism that leads to attenuation
of synapse loss and inhibits Af4,-mediated reduction of long-
term potentiation (LTP) in hippocampal slices (Jung et al., 2012).
Therefore, astrocytic hypertrophy and glial cell softening may
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be a neuroprotective response to amyloid plaque deposition in
the Alzheimer’s disease brain (Perez-Nievas and Serrano-Pozo,
2018). Because neurons grown in culture appear to favor very
soft substrates compared to other cell types and tend to display
greater neurite extension and branching on soft compliant surfaces
(Balgude et al., 2001; Flanagan et al., 2002; Discher et al., 2005;
Lu et al, 2006), reactive astrocytes may provide a mechanical
environment conducive to axonal regrowth or neural regeneration
(Anderson et al., 2016). However, a mechanically-favorable tissue
environment is not the only element needed to encourage neuronal
repair. Brain parenchyma laden with amyloid plaques is also
full of soluble cell signaling factors that are inhibitory to neural
regeneration and axonal repair (Hoozemans et al., 2006; Asik et al.,
2021). The Alzheimer’s disease brain is known to express high
levels of neuroinflammatory markers and mouse models of AD
recapitulate this phenotype well by displaying enhanced microglial
reactivity in cortical and hippocampal regions (Varnum and Ikezu,
2012; Edler et al., 2021). Therefore, neuroinflammation present in
the APPN'=6—F mouse hippocampus may lead to ATP-dependent
reactive astrogliosis, particularly close to amyloid plaque deposits.
Delekate et al. (2014) have shown that astrocytes near to amyloid
plaques are hypertrophic in the APP/PS1 mouse model of AD and
that astroglial reactivity is inhibited by P2-type purinergic receptor
blockade but enhanced by an increase in cortical adenosine
diphosphate (ADP) concentration. They went on to show that
blocking the P2X receptor has little effect, but inhibition of P2Y1
receptors which are highly expressed by hypertrophic astrocytes
that border amyloid plaques, decreases astrocyte reactivity. Whilst
we have not shown a link here between aberrant ATP release from
astrocytes and decreases in brain tissue stiffness in the APPNL—G—F
mouse, we highlight this a potential molecular mechanism that
warrants further investigation by research groups aiming to identify
potential new drug targets for Alzheimer’s disease.

Moreover, further research is required to investigate the
full spectrum of temporal changes in hippocampal mechanics
throughout the life course of Alzheimer’s disease mouse models.
Alternatively, it is also possible that there are significant
differences in brain tissue mechanics between transgenic AD-
mouse models (e.g., APP/PS1) and knock-in AD-mouse models
(e.g. APPNL_G_F). The latter knock-in models should, in theory,
recapitulate the human version of the disease more faithfully.
Moreover, it will be important to interrogate the functional
significance of aberrant mechanical properties of the DG and
CA1 neuronal cell layers, which we predict will likely impact
mechanotransduction signaling in hippocampal neurons and glial
cells given the expression of mechanoreceptors in these cells
(Zhang et al, 2014; Velasco-Estevez et al, 2018; Chi et al,
2022). Since the extracellular matrix (ECM) is known to be
important in regulating synaptic plasticity and may be important
in maintaining the structural integrity (or stiffness) of aged brain
tissue, it is possible that softening of the CA1 and DG neuronal
cell layers in Alzheimer’s disease disrupts the ability of the
hippocampus to process sensory stimuli and encode new memories
(Dityatev et al., 2010).

We are only beginning to understand how physiological and
disease-related perturbations to the mechanical properties of CNS
tissue impact brain development, cellular responses to injury, brain
aging, and cognitive decline (Hall et al., 2021; Donnaloja et al,
2023). For example, it has recently been shown that mechanical
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stimulation of presynaptic boutons increases glutamate release
in the rat hippocampus (Ucar et al., 2021). This suggests that
mechanical changes may contribute to altered neuronal signaling
and, therefore, may conceivably contribute to the characteristic
cognitive deficits present in people affected by Alzheimer’s disease
(Huff et al,, 1987). Interestingly, deletion of the mechanically-
gated ion channel, Piezol, from astrocytes causes a reduction in
hippocampal volume and impairs long-term potentiation (LTP)
of synaptic transmission (Chi et al., 2022). The results presented
here are also important in the context of in vitro research that
uses dissociated cultures of neurons and glial cells because, as we
and others have shown (Georges et al., 2006; Moshayedi et al.,
2010; Damani et al., 2011; Zhang et al., 2014; Wen et al., 2018;
Kayal et al., 2020), the mechanical microenvironment of cells
impacts their morphology and functions. Therefore, it is important
to recapitulate the mechanical environment of the brain when
creating novel in vitro models of neuron/glial crosstalk.

Finally, it should be noted that atomic force microscopy
is a contact-based method to measure cellular forces and the
mechanical properties of tissue, and it is unlikely that AFM
measurements on living humans will be possible any time soon.
However, the findings presented here raise novel clinically-relevant
questions such as why amyloid pathology-driven changes to brain
tissue mechanics coincides with increased levels of astrogliosis in
the aging brain. Moreover, recent advances in the spatial resolution
of MRE (Hiscox et al., 2018; Mcllvain et al., 2018; Daugherty
et al., 20205 Delgorio et al., 2021; Morr et al., 2022) suggest that
it may be possible in the near future to study the mechanical
signature of specific brain structures, such as the CAl region of
the hippocampus, and use it as a diagnostic tool to detect early
(or advanced pre-clinical) signs of neurodegenerative disease, thus
facilitating more accurate diagnosis and treatment of patients with
dementia.

Materials and methods

Animals

All animal work was carried out in accordance with the UK
Animals (Scientific Procedures) Act 1986. Female C57Bl/6 (3-
and 18-month wild-types) or female APPNL=G-F (17_months)

PNL=G—F mice were

mice were group housed until age of use. AP
investigated at 17 months of age, a time-point at which they
displayed advanced Alzheimer’s disease-like amyloid pathology in
the hippocampus and an age which could be directly compared
to the 18-month healthy aged wild-type group. The number of
mice used for AFM experiments were as follows, 3 month wild-
type (n = 12), 18-month wild-type (n = 11), and 17-month
APPNL=G—F mjce (n = 4). For immunofluorescence experiments,
animal numbers were n = 3 for each mouse group. Mice were
sacrificed by cervical dislocation, followed by permanent cessation
of the circulation by decapitation. The brain was subsequently
dissected out and placed into ice-cold artificial cerebrospinal fluid
(aCSF). The composition of aCSF was 125 mM sodium chloride,
2.4 mM potassium chloride, 26 mM sodium bicarbonate, 1.4 mM
sodium phosphate, 20 mM d-glucose, 3 mM magnesium chloride,
and 0.5 mM calcium chloride. The cerebellum and olfactory
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bulbs were removed using a scalpel, and the brain bisected along
the midline. A cut 10 degrees into the left hemisphere was
performed to remove the dorsal cortex, and transverse sections
were taken along the long axis of the hippocampus. This exposed
the surface of the brain which was then glued, using cyanoacrylate
(“superglue”), to the metal vibratome stage, and covered with ice-
cold aCSF. Hippocampal brain sections of 500 pm thickness were
cut using a Campden Instruments 7000smz vibratome (Campden
Instruments, London, UK), and left to recover in aCSF perfused
with 95% O, and 5% CO, at 22°C. The right hemisphere of
the brain was fixed in cold 10% formalin solution for subsequent
immunofluorescence experiments.

Atomic force microscopy

One 500 pm brain slice was placed into a 35 mm petri dish and
held in position using a glass coverslip with a 4 mm diameter hole
in the center which was positioned over the hippocampus. AFM
indentation measurements were performed with a JPK Nanowizard
Cellhesion 200 (JPK Instruments AG, Berlin, Germany) placed on
an optical microscope with a motorized xy stage. Cantilevers with
pyramidal tips (MLCT, Bruker) were used, with a nominal spring
constant of 0.07 N/m. The actual spring constant was measured
using the thermal noise method. A 25 um glass bead (Cospheric,
Goleta, CA, USA) was attached to the cantilever tip using ultraviolet
curing glue. Force-distance curves were taken with an approach
speed of 10 pm/s and a set force of 15 nN every 30 pm, across
an area of 1,500 x 450 pwm, spanning the CA3, dentate gyrus
and CA1l regions of the hippocampus. During experiments, the
brain slice was continually perfused with oxygenated aCSF at a
flow rate of 30 mL/h. All experiments were concluded within 8 h
post-decapitation.

AFM data analysis

Elastic moduli values (E) of hippocampal brain tissue were
extracted from AFM force-indentation curves by fitting the contact
portion of the curve to a Hertz contact model between a sphere
and an infinite half space in JPK data processing software. Below
is the Hertz equation, where R, is the radius of the sphere used for
indention, i.e., 12.5 pum.

YR, E 5312

3 1—12

Poisson’s ratio (v) was set to 0.5 (Esteki et al., 2020; Javanmardi
et al,, 2021). The indentation depth (3) in our experiments was
typically 5-15 wm but force-distance curves were only analyzed up
to 7 pm indentation depths to fit the requirements of the Hertz
model, where the radius of contact area () or indentation depth
need to be smaller than the size of the indenter. We expect some
small deviations in the estimation of the exact elastic modulus
due to using a simple Hertz model in our analysis, different
sources of nonlinearity such as the experimental condition of large
deformations, and the inherent nonlinearities associated with soft
tissues. However, the slight uncertainty in the absolute value of
elastic modulus does not impact the trends we observe and the
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generality of our findings, especially considering the magnitude
of differences, which we have discussed as percentages. Elasticity
maps of the Young’s modulus values at x and y coordinates were
created in MATLAB. Elasticity maps were then overlaid with
images taken during the experiment using an upright microscope
(GXMZ monozoom) and CCD camera (Hamamatsu Orca-ER).
The cantilever was visible in these images, and so exact positions
of indentation could be noted allowing for accurate sampling
of elastic modulus of hippocampal subregions. Youngs modulus
values per subregion were grouped using a custom script in
MATLAB (Mathworks). Ten distinct hippocampal cell layers were
chosen for analysis (Figure 1B). Cell layers 1-3 are part of the CA1l
region and contain the dendrites (stratum oriens), the cell bodies
(stratum pyramidale) and the axons (stratum radiatum) of the CA1
principal neurons. Cell layer 4, the stratum lacunosum moleculare
contains GABAergic interneurons and myelinated axon projections
from the entorhinal cortex. Cell layer 5, the molecular layer of
the dentate gyrus (DG) contains the dendritic fields of the DG
granule cells and cell layer 6, the dentate granule cell layer, contains
the cell bodies. Cell layer 7 is the Hilus, a region densely packed
with GABAergic interneurons. Cell layers 8-10 compose the CA3
region. Cell layer 8, the CA3 stratum oriens, contains mossy fiber
axons from the DG granule cells. Cell layer 9 contains the cell bodies
of CA3 pyramidal neurons. Finally, cell layer 10, the CA3 stratum
radiatum, largely contains populations of interneurons. Subregions
of the CA3 and CA1l were grouped according to whether they
predominantly contained principal neuronal cell bodies or their
axons/dendrites. The hilus was grouped with the CA3 SO/SR
regions due to continuity between the CA3 SR and hilus, and
similarity in tissue composition.

Immunofluorescence

Brain hemispheres that had been formalin-fixed and
cryopreserved were sliced into 40 pm free-floating sections in
phosphate-buffered saline (PBS) using the Campden Instruments
7000smz vibratome. Brain sections were washed, blocked and
permeabilized in PBS with 0.3% Triton X and 10% normal goat
serum (Abcam, ab7481) for 1 h at 22°C. Chicken anti-GFAP
antibody (Abcam, ab4674) and rabbit anti-Amyloid 1-42 (Abcam,
ab201061) were diluted (1:800) in PBS with 0.3% Triton X and 2%
normal goat serum and added to the brain sections for 24 h at 4°C.
Samples were then washed and incubated with secondary Dylight
550 goat anti-rabbit (Thermo Fisher, SA510033) and Dylight 650
goat anti-chicken (Thermo Fisher, SA510073) antibodies at a
1:500 dilution for 3 h at 22°C. Slices were finally washed in PBS
(3 x 5 min with gentle shaking) and mounted on superfrost plus
microscope slides using Fluoroshield mounting medium with
DAPI (Abcam, ab104139). Slides were left to dry overnight and
then imaged using an epifluorescent Leica DMi8 microscope with
a 10X (0.3 NA) objective. Individual images were stitched together
to reconstruct a single image of the whole hippocampal slice.

Image analysis

For quantitative GFAP fluorescence intensity analysis, all
images were captured using the same Leica DMi8 microscope
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settings and images were exported as 8-bit tif files. Image analysis
was conducted using the software package FIJT (Image J). Briefly,
GFAP expression was quantified by manually selecting 5 regions
of interest (ROI) of approximately 22,500 pm? (150 x 150 jLm)
for each hippocampal cell layer. Using the functions “Analyze and
Measure” in FIJI (Image J), the average GFAP fluorescence intensity
of each ROI was calculated. Three brain sections from 3 different
animals per age group/genotype were analyzed (n = 3). Therefore,
15 fluorescence intensity (ROI) measurements were captured for
every hippocampal cell layer for each group of mice. To generate
heatmaps for Figure 2C, the percentage (%) change in GFAP
expression in 18 month mice relative to the 3 month control group,
and the (%) change in GFAP expression in 17 month APPNL—-G-F
mice relative to the 18 month wild type group, are represented as
heatmap images alongside the corresponding % change in brain
tissue elasticity for each region of the hippocampus (Figure 2C).

Statistical analysis

Analyses and plotting were performed in Microsoft Office
Excel, MATLAB (Mathworks) or Origin (OriginLab). A linear
mixed effects model was performed on the data in R studio (version
1.4.1106). Normality of residuals was checked using Q-Q plots.
Fixed effects were incorporated as hippocampal subregion and
animal age or genotype group. Individual animals were included
in the model as a random effect. Post hoc Tukey comparisons were
performed on estimated marginal means from the linear regression
model to give the stated statistical values in this test. Data were
cleansed by removing outliers which were defined as data points
lying &+ 2 x standard deviations above or below the mean value
(per mouse group and subregion). This was due to a very small
number of data points being approximately 250% greater than the
mean value or, on the other end of the scale, below 50 Pa, and so
outliers were considered as experimental errors that may have been
caused by uneven indentation sites on the surface of the brain slices,
thus leading to “noisy” indentation curves.

Data availability statement

The original contributions presented in this study are included
in this article/supplementary material, further inquiries can be
directed to the corresponding authors.

Ethics statement

All experiments using animals were performed in accordance
with the UK Animals (Scientific Procedures) Act 1986 and were

References

Anderson, M. A, Burda, J. E,, Ren, Y., Ao, Y., O’Shea, T. M., Kawaguchi, R,
et al. (2016). Astrocyte scar formation aids central nervous system axon regeneration.
Nature 532, 195-200. doi: 10.1038/nature17623

Antonovaite, N., Hulshof, L. A., Hol, E. M., Wadman, W. J., and lannuzzi, D.
(2021a). Viscoelastic mapping of mouse brain tissue: Relation to structure and age.
J. Mech. Behav. Biomed. Mater. 113:104159. doi: 10.1016/].JMBBM.2020.104159

Frontiers in Aging Neuroscience

08

10.3389/fnagi.2023.1212212

approved by the University College London Animal Welfare and
Ethical Review Board.

Author contributions

GS and EM conceived the project, designed the research, and
wrote the manuscript with contributions from CH and SL. CH and
SL performed the experiments. CH, BS, BD, GS, and EM analyzed
the data. All authors discussed the results.

Acknowledgments

We thank Frances Edwards and Damian Cummings for kindly
providing the APPNL=G—F mice used for this study. We thank
Yousef Javanmardi for help in analyzing the AFM data. This
work was supported by a Ph.D scholarship to CH from the
University of Brighton. We are grateful for financial support from
the Alzheimer’s Research UK UCL Network Centre awarded to
EM and the Leverhulme Trust Research Project Grant (RPG-
2018-443) awarded to EM and GS. EM was also funded by a
Cancer Research UK Multidisciplinary Award (C57744/A22057),
Biotechnology and Biological Sciences Research Council Grant
(BB/V001418/1), Engineering and Physical Sciences Research
Council (EP/W009889/1). We also thank Dr. Richard Thorogate
(London Centre for Nanotechnology) for AFM experiments
support.

Conflict of interest

BS and BD were employed by 199 Biotechnologies Ltd.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Antonovaite, N., Hulshof, L. A., Huffels, C. F. M., Hol, E. M., Wadman, W. J.,
and Tannuzzi, D. (2021b). Mechanical alterations of the hippocampus in the APP/PS1
Alzheimer’s disease mouse model. J. Mech. Behav. Biomed. Mater. 122:104697. doi:
10.1016/].JMBBM.2021.104697

Arani, A., Murphy, M. C,, Glaser, K. J., Manduca, A., Lake, D. S., Kruse, S. A,
et al. (2015). Measuring the effects of aging and sex on regional brain stiffness with

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1212212
https://doi.org/10.1038/nature17623
https://doi.org/10.1016/J.JMBBM.2020.104159
https://doi.org/10.1016/J.JMBBM.2021.104697
https://doi.org/10.1016/J.JMBBM.2021.104697
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Hall et al.

MR elastography in healthy older adults. Neuroimage 111, 59-64. doi: 10.1016/j.
neuroimage.2015.02.016

Asik, R. M., Suganthy, N., Aarifa, M. A., Kumar, A., Szigeti, K., Mathe, D., et al.
(2021). Alzheimer’s disease: A molecular view of f-amyloid induced morbific events.
Biomedicines 9:1126. doi: 10.3390/biomedicines9091126

Balgude, A., Yu, X., Szymanski, A., and Bellamkonda, R. (2001). Agarose gel stiffness
determines rate of DRG neurite extension in 3D cultures. Biomaterials 22, 1077-1084.
doi: 10.1016/S0142-9612(00)00350- 1

Barriga, E. H., Franze, K., Charras, G., and Mayor, R. (2018). Tissue stiffening
coordinates morphogenesis by triggering collective cell migration in vivo. Nature 554,
523-527. doi: 10.1038/nature25742

Ben Abdallah, N. M. B., Slomianka, L., Vyssotski, A. L., and Lipp, H. P. (2010). Early
age-related changes in adult hippocampal neurogenesis in C57 mice. Neurobiol. Aging
31, 151-161. doi: 10.1016/j.neurobiolaging.2008.03.002

Bobinski, M., de Leon, M. J., Tarnawski, M., Wegiel, J., Bobinski, M., Reisberg,
B., et al. (1998). Neuronal and volume loss in CA1 of the hippocampal formation
uniquely predicts duration and severity of Alzheimer disease. Brain Res. 805, 267-269.
doi: 10.1016/S0006-8993(98)00759-8

Bobinski, M., Wegiel, J., Tarnawski, M., Bobinski, M., Reisberg, B., de Leon,
M. J., et al. (1997). Relationships between regional neuronal loss and neurofibrillary
changes in the hippocampal formation and duration and severity of Alzheimer disease.
J. Neuropathol. Exp. Neurol. 56, 414-420. doi: 10.1097/00005072-199704000- 00010

Butler, T. R, Self, R. L., Smith, K. J., Sharrett-Field, L. J., Berry, J. N., Littleton,
J. M, et al. (2010). Selective vulnerability of hippocampal cornu ammonis 1 pyramidal
cells to excitotoxic insult is associated with the expression of polyamine-sensitive
N-methyl-d-asparate-type glutamate receptors. Neuroscience 165, 525-534. doi: 10.
1016/j.neuroscience.2009.10.018

Chi, S., Cui, Y., Wang, H,, Jiang, J., Zhang, T., Sun, S, et al. (2022). Astrocytic
Piezol-mediated mechanotransduction determines adult neurogenesis and cognitive
functions. Neuron 110, 2984-2999.e8. doi: 10.1016/]. NEURON.2022.07.010

Coelho, A., and Sousa, N. (2022). Magnetic resonance elastography of the ageing
brain in normal and demented populations: A systematic review. Hum. Brain Mapp.
43, 4207-4218. doi: 10.1002/hbm.25891

Damani, M. R, Zhao, L., Fontainhas, A. M., Amaral, J., Fariss, R. N., and Wong,
W. T. (2011). Age-related alterations in the dynamic behavior of microglia. Aging Cell
10:263. doi: 10.1111/].1474-9726.2010.00660.X

Daugherty, A. M., Schwarb, H. D., McGarry, M. D. J., Johnson, C. L., and Cohen,
N. J. (2020). Magnetic resonance elastography of human hippocampal subfields: Ca3-
dentate gyrus viscoelasticity predicts relational memory accuracy. J. Cogn. Neurosci.
32,1704-1713. doi: 10.1162/jocn_a_01574

Delekate, A., Fiichtemeier, M., Schumacher, T., Ulbrich, C., Foddis, M., and Petzold,
G. C. (2014). Metabotropic P2Y1 receptor signalling mediates astrocytic hyperactivity
in vivo in an Alzheimer’s disease mouse model. Nat. Commun. 5:5422. doi: 10.1038/
ncomms6422

Delgorio, P. L., Hiscox, L. V., Daugherty, A. M., Sanjana, F., Pohlig, R. T., Ellison,
J. M., et al. (2021). Effect of aging on the viscoelastic properties of hippocampal
subfields assessed with high-resolution MR elastography. Cereb. Cortex 31,2799-2811.
doi: 10.1093/CERCOR/BHAA388

Discher, D. E.,, Janmey, P., and Wang, Y. (2005). Tissue cells feel and respond to
the stiffness of their substrate. Science (1979) 310, 1139-1143. doi: 10.1126/science.
1116995

Dityatev, A., Schachner, M., and Sonderegger, P. (2010). The dual role of the
extracellular matrix in synaptic plasticity and homeostasis. Nat. Rev. Neurosci. 11,
735-746. doi: 10.1038/nrn2898

Donnaloja, F., Limonta, E., Mancosu, C., Morandi, F., Boeri, L., Albani, D., et al.
(2023). Unravelling the mechanotransduction pathways in Alzheimer’s disease. J. Biol.
Eng. 17:22. doi: 10.1186/513036-023-00336-w

Edler, M. K., Mhatre-Winters, I, and Richardson, J. R. (2021). Microglia in aging
and Alzheimer’s disease: A comparative species review. Cells 10:1138. doi: 10.3390/
cells10051138

Elkin, B. S., Ilankovan, A., and Morrison, B. (2009). Age-dependent regional
mechanical properties of the rat hippocampus and cortex. J. Biomech. Eng. 132:011010.
doi: 10.1115/1.4000164

Esteki, M. H., Alemrajabi, A. A, Hall, C. M., Sheridan, G. K., Azadi, M., and
Moeendarbary, E. (2020). A new framework for characterization of poroelastic
materials using indentation. Acta Biomater. 102, 138-148. doi: 10.1016/].ACTBIO.
2019.11.010

Feng, Y., Murphy, M. C., Hojo, E., Li, F., and Roberts, N. (2023). Magnetic resonance
elastography in the study of neurodegenerative diseases. J. Magn. Reson. Imaging
doi: 10.1002/jmri.28747 [Epub ahead of print].

Flanagan, L. A., Ju, Y.-E., Marg, B., Osterfield, M., and Janmey, P. A. (2002).
Neurite branching on deformable substrates. Neuroreport 13, 2411-2415. doi: 10.1097/
00001756-200212200-00007

Georges, P. C., Miller, W. J., Meaney, D. F., Sawyer, E. S., and Janmey, P. A. (2006).
Matrices with compliance comparable to that of brain tissue select neuronal over glial

Frontiers in Aging Neuroscience

10.3389/fnagi.2023.1212212

growth in mixed cortical cultures. Biophys. J. 90, 3012-3018. doi: 10.1529/biophysj.
105.073114

Gonzalez-Rodriguez, M., Villar-Conde, S., Astillero-Lopez, V., Villanueva-Anguita,
P., Ubeda-Banon, I, Flores-Cuadrado, A., et al. (2021). Neurodegeneration and
astrogliosis in the human CA1 hippocampal subfield are related to hsp90ab1 and bag3
in Alzheimer’s disease. Int. J. Mol. Sci. 23:165. doi: 10.3390/ijms23010165

Hall, C. M., Moeendarbary, E., and Sheridan, G. K. (2021). Mechanobiology of
the brain in ageing and Alzheimer’s disease. Eur. J. Neurosci. 53, 3851-3878. doi:
10.1111/ejn.14766

Heisenberg, C. P., and Bellaiche, Y. (2013). Forces in tissue morphogenesis and
patterning. Cell 153, 948-962. doi: 10.1016/j.cell.2013.05.008

Hiscox, L. V., Johnson, C. L., McGarry, M. D. J., Marshall, H,, Ritchie, C. W., van
Beek, E. J. R, et al. (2020). Mechanical property alterations across the cerebral cortex
due to Alzheimer’s disease. Brain Commun. 2:fcz049. doi: 10.1093/braincomms/fcz049

Hiscox, L. V., Johnson, C. L., McGarry, M. D. J., Perrins, M., Littlejohn, A., van
Beek, E. J. R., et al. (2018). High-resolution magnetic resonance elastography reveals
differences in subcortical gray matter viscoelasticity between young and healthy older
adults. Neurobiol. Aging 65, 158-167. doi: 10.1016/].NEUROBIOLAGING.2018.01.
010

Hiscox, L. V., Schwarb, H., McGarry, M. D. J., and Johnson, C. L. (2021). Aging brain
mechanics: Progress and promise of magnetic resonance elastography. Neuroimage
232:117889. doi: 10.1016/j.neuroimage.2021.117889

Hoozemans, J. . M., Veerhuis, R., Rozemuller, J. M., and Eikelenboom, P. (2006).
Neuroinflammation and regeneration in the early stages of Alzheimer’s disease
pathology. Int. J. Dev. Neurosci. 24, 157-165. doi: 10.1016/j.ijdevneu.2005.11.001

Huff, F. J., Becker, J. T., Belle, S. H., Nebes, R. D., Holland, A. L., and Boller, F.
(1987). Cognitive deficits and clinical diagnosis of Alzheimer’s disease. Neurology 37,
1119-1124. doi: 10.1212/wnl.37.7.1119

Javanmardi, Y., Colin-York, H., Szita, N., Fritzsche, M., and Moeendarbary, E.
(2021). Quantifying cell-generated forces: Poisson’s ratio matters. Commun. Phys.
4:237. doi: 10.1038/542005-021-00740-y

Jung, E. S, An, K, Seok Hong, H., Kim, J.-H., and Mook-Jung, L. (2012).
Astrocyte-originated ATP protects A 1-42 -induced impairment of synaptic plasticity.
J. Neurosci. 32, 3081-3087. doi: 10.1523/JNEUROSCI.6357-11.2012

Kayal, C., Moeendarbary, E., Shipley, R. J., and Phillips, J. B. (2020). Mechanical
response of neural cells to physiologically relevant stiffness gradients. Adv. Healthc.
Mater. 9:1901036. doi: 10.1002/ADHM.201901036

Kerchner, G. A., Deutsch, G. K., Zeineh, M., Dougherty, R. F., Saranathan,
M., and Rutt, B. K. (2012). Hippocampal CA1l apical neuropil atrophy and
memory performance in Alzheimer’s disease. Neuroimage 63, 194-202. doi: 10.1016/].
NEUROIMAGE.2012.06.048

Koser, D. E.,, Thompson, A. J., Foster, S. K., Dwivedy, A., Pillai, E. K., Sheridan, G. K.,
et al. (2016). Mechanosensing is critical for axon growth in the developing brain. Nat.
Neurosci. 19, 1592-1598. doi: 10.1038/nn.4394

Kuhn, H. G., Dickinson-Anson, H., and Gage, F. H. (1996). Neurogenesis in
the dentate gyrus of the adult rat: Age-related decrease of neuronal progenitor
proliferation. J. Neurosci. 16, 2027-2033.

Kuhn, H. G, Toda, T., and Gage, F. H. (2018). Adult hippocampal neurogenesis:
A coming-of-age story. J. Neurosci. 38, 10401-10410. doi: 10.1523/JNEUROSCI.2144-
18.2018

Levy Nogueira, M., Epelbaum, S., Steyaert, J., Dubois, B., and Schwartz, L. (2016).
Mechanical stress models of Alzheimer’s disease pathology. Alzheimers Dement. 12,
324-333. doi: 10.1016/j.jalz.2015.10.005

Lu, Y.-B,, Franze, K, Seifert, G., Steinhéuser, C., Kirchhoff, F., Wolburg, H., et al.
(2006). Viscoelastic properties of individual glial cells and neurons in the CNS. Proc.
Natl. Acad. Sci. U.S.A. 103, 17759-17764. doi: 10.1073/pnas.0606150103

Mao, H., Elkin, B. S., Genthikatti, V. V., Morrison, B., and Yang, K. H. (2013).
Why is CA3 more vulnerable than CA1 in experimental models of controlled cortical
impact-induced brain injury? J. Neurotrauma 30, 1521-1530. doi: 10.1089/neu.2012.
2520

Mcllvain, G., Schwarb, H., Cohen, N. J., Telzer, E. H., and Johnson, C. L. (2018).
Mechanical properties of the in vivo adolescent human brain. Dev. Cogn. Neurosci. 34,
27-33. doi: 10.1016/].DCN.2018.06.001

Menal, M. J., Jorba, I, Torres, M., Montserrat, J. M., Gozal, D., Colell, A,
et al. (2018). Alzheimer’s disease mutant mice exhibit reduced brain tissue stiffness
compared to wild-type mice in both normoxia and following intermittent hypoxia
mimicking sleep apnea. Front. Neurol. 9:1. doi: 10.3389/fneur.2018.00001

Miller, W. J., Levental, I, Scarsella, D., Haydon, P. G., Janmey, P. A., and Meaney,
D. (2009). Mechanically induced reactive gliosis causes atp-mediated alterations in
astrocyte stiffness. J. Neurotrauma 26, 789-797. doi: 10.1089/neu.2008-0727

Moeendarbary, E., Weber, I. P., Sheridan, G. K., Koser, D. E., Soleman, S., Haenzi, B.,
etal. (2017). The soft mechanical signature of glial scars in the central nervous system.
Nat. Commun. 8:14787. doi: 10.1038/ncomms14787

Morr, A. S., Nowicki, M., Bertalan, G., Vieira Silva, R., Infante Duarte, C., Koch, S. P.,
et al. (2022). Mechanical properties of murine hippocampal subregions investigated

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1212212
https://doi.org/10.1016/j.neuroimage.2015.02.016
https://doi.org/10.1016/j.neuroimage.2015.02.016
https://doi.org/10.3390/biomedicines9091126
https://doi.org/10.1016/S0142-9612(00)00350-1
https://doi.org/10.1038/nature25742
https://doi.org/10.1016/j.neurobiolaging.2008.03.002
https://doi.org/10.1016/S0006-8993(98)00759-8
https://doi.org/10.1097/00005072-199704000-00010
https://doi.org/10.1016/j.neuroscience.2009.10.018
https://doi.org/10.1016/j.neuroscience.2009.10.018
https://doi.org/10.1016/J.NEURON.2022.07.010
https://doi.org/10.1002/hbm.25891
https://doi.org/10.1111/J.1474-9726.2010.00660.X
https://doi.org/10.1162/jocn_a_01574
https://doi.org/10.1038/ncomms6422
https://doi.org/10.1038/ncomms6422
https://doi.org/10.1093/CERCOR/BHAA388
https://doi.org/10.1126/science.1116995
https://doi.org/10.1126/science.1116995
https://doi.org/10.1038/nrn2898
https://doi.org/10.1186/s13036-023-00336-w
https://doi.org/10.3390/cells10051138
https://doi.org/10.3390/cells10051138
https://doi.org/10.1115/1.4000164
https://doi.org/10.1016/J.ACTBIO.2019.11.010
https://doi.org/10.1016/J.ACTBIO.2019.11.010
https://doi.org/10.1002/jmri.28747
https://doi.org/10.1097/00001756-200212200-00007
https://doi.org/10.1097/00001756-200212200-00007
https://doi.org/10.1529/biophysj.105.073114
https://doi.org/10.1529/biophysj.105.073114
https://doi.org/10.3390/ijms23010165
https://doi.org/10.1111/ejn.14766
https://doi.org/10.1111/ejn.14766
https://doi.org/10.1016/j.cell.2013.05.008
https://doi.org/10.1093/braincomms/fcz049
https://doi.org/10.1016/J.NEUROBIOLAGING.2018.01.010
https://doi.org/10.1016/J.NEUROBIOLAGING.2018.01.010
https://doi.org/10.1016/j.neuroimage.2021.117889
https://doi.org/10.1016/j.ijdevneu.2005.11.001
https://doi.org/10.1212/wnl.37.7.1119
https://doi.org/10.1038/s42005-021-00740-y
https://doi.org/10.1523/JNEUROSCI.6357-11.2012
https://doi.org/10.1002/ADHM.201901036
https://doi.org/10.1016/J.NEUROIMAGE.2012.06.048
https://doi.org/10.1016/J.NEUROIMAGE.2012.06.048
https://doi.org/10.1038/nn.4394
https://doi.org/10.1523/JNEUROSCI.2144-18.2018
https://doi.org/10.1523/JNEUROSCI.2144-18.2018
https://doi.org/10.1016/j.jalz.2015.10.005
https://doi.org/10.1073/pnas.0606150103
https://doi.org/10.1089/neu.2012.2520
https://doi.org/10.1089/neu.2012.2520
https://doi.org/10.1016/J.DCN.2018.06.001
https://doi.org/10.3389/fneur.2018.00001
https://doi.org/10.1089/neu.2008-0727
https://doi.org/10.1038/ncomms14787
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Hall et al.

by atomic force microscopy and in vivo magnetic resonance elastography. Sci. Rep.
12:16723. doi: 10.1038/s41598-022-21105-7

Moshayedi, P., da, F., Costa, L., Christ, A., Lacour, S. P., Fawcett, J., et al.
(2010). Mechanosensitivity of astrocytes on optimized polyacrylamide gels analyzed by
quantitative morphometry. J. Phys. 22:194114. doi: 10.1088/0953-8984/22/19/194114

Munder, T., Pfeffer, A., Schreyer, S., Guo, J., Braun, J., Sack, I, et al. (2018). MR
elastography detection of early viscoelastic response of the murine hippocampus to
amyloid B accumulation and neuronal cell loss due to Alzheimer’s disease. J. Magn.
Reson. Imaging 47, 105-114. doi: 10.1002/jmri.25741

Murphy, M. C,, Curran, G. L., Glaser, K. J., Rossman, P. ]., Huston, J., Poduslo,
J. E., et al. (2012). Magnetic resonance elastography of the brain in a mouse model
of Alzheimer’s disease: Initial results. Magn. Reson. Imaging 30, 535-539. doi: 10.1016/
j-mri.2011.12.019

Murphy, M. C,, Huston, J., Jack, C. R., Glaser, K. J., Manduca, A., Felmlee, J. P.,
etal. (2011). Decreased brain stiffness in Alzheimer’s disease determined by magnetic
resonance elastography. J. Magn. Reson. Imaging 34, 494-498. doi: 10.1002/jmri.22707

Nakashiba, T., Cushman, J. D., Pelkey, K. A, Renaudineau, S., Buhl, D. L., McHugh,
T. ], et al. (2012). Young dentate granule cells mediate pattern separation, whereas
old granule cells facilitate pattern completion. Cell 149, 188-201. doi: 10.1016/J.CELL.
2012.01.046

Pathak, M. M., Nourse, J. L., Tran, T., Hwe, J., Arulmoli, J., Le, D. T. T., et al. (2014).
Stretch-activated ion channel Piezo1 directs lineage choice in human neural stem cells.
Proc. Natl. Acad. Sci. U.S.A. 111, 16148-16153. doi: 10.1073/pnas.1409802111

Perez-Nievas, B. G., and Serrano-Pozo, A. (2018). Deciphering the astrocyte
reaction in Alzheimer’s disease. Front. Aging Neurosci. 10:114. doi: 10.3389/fnagi.2018.
00114

Rolls, E. T. (2013). The mechanisms for pattern completion and pattern separation
in the hippocampus. Front. Syst. Neurosci. 7:74. doi: 10.3389/fnsys.2013.00074

Ryu, Y., Iwashita, M., Lee, W., Uchimura, K., and Kosodo, Y. (2021). A shift in tissue
stiffness during hippocampal maturation correlates to the pattern of neurogenesis
and composition of the extracellular matrix. Front. Aging Neurosci. 13:709620. doi:
10.3389/FNAGI.2021.709620

Sack, 1, Beierbach, B., Wuerfel, ], Klatt, D., Hamhaber, U,
Papazoglou, S., et al. (2009). The impact of aging and gender on brain

Frontiers in Aging Neuroscience

10

10.3389/fnagi.2023.1212212

viscoelasticity. Neuroimage 46, 652-657. doi:

040

Saito, T., Matsuba, Y., Mihira, N., Takano, J., Nilsson, P., Itohara, S., et al. (2014).
Single App knock-in mouse models of Alzheimer’s disease. Nat. Neurosci. 17, 661-663.
doi: 10.1038/nn.3697

Schinder, A. F.,, and Gage, F. H. (2004). A hypothesis about the role of adult
neurogenesis in hippocampal function. Physiology 19, 253-261. doi: 10.1152/physiol.
00012.2004

10.1016/j.neuroimage.2009.02.

Ucar, H., Watanabe, S., Noguchi, J., Morimoto, Y., Iino, Y., Yagishita, S., et al. (2021).
Mechanical actions of dendritic-spine enlargement on presynaptic exocytosis. Nature
600, 686-689. doi: 10.1038/s41586-021-04125-7

Varnum, M. M., and lkezu, T. (2012). The classification of microglial activation
phenotypes on neurodegeneration and regeneration in Alzheimer’s disease brain.
Arch. Immunol. Ther. Exp (Warsz). 60, 251-266. doi: 10.1007/s00005-012-0181-2

Velasco-Estevez, M., Mampay, M., Boutin, H., Chaney, A., Warn, P., Sharp, A,,
et al. (2018). Infection augments expression of mechanosensing Piezol channels in
amyloid plaque-reactive astrocytes. Front. Aging Neurosci. 10:332. doi: 10.3389/fnagi.
2018.00332

Wen, Y. Q., Gao, X., Wang, A, Yang, Y., Liu, S., Yu, Z,, et al. (2018). Substrate
stiffness affects neural network activity in an extracellular matrix proteins dependent
manner. Colloids Surf. B Biointerfaces 170, 729-735. doi: 10.1016/]. COLSURFB.2018.
03.042

West, M. J., Kawas, C. H., Martin, L. J., and Troncoso, J. C. (2000). The CA1 region
of the human hippocampus is a hot spot in Alzheimer’s disease. Ann. N. Y. Acad. Sci.
908, 255-259. doi: 10.1111/j.1749-6632.2000.tb06652.x

Yang, T., Dai, Y., Chen, G., and Cui, S. (2020). Dissecting the dual role of the glial
scar and scar-forming astrocytes in spinal cord injury. Front. Cell Neurosci. 14:78.
doi: 10.3389/fncel.2020.00078

Yang, Z., and Wang, K. K. W. (2015). Glial fibrillary acidic protein: From
intermediate filament assembly and gliosis to neurobiomarker. Trends Neurosci. 38,
364-374. doi: 10.1016/j.tins.2015.04.003

Zhang, Q. Y., Zhang, Y. Y,, Xie, J, Li, C. X, Chen, W. Y,, Liu, B. L,, et al.
(2014). Stiff substrates enhance cultured neuronal network activity. Sci. Rep. 4:6215.
doi: 10.1038/srep06215

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1212212
https://doi.org/10.1038/s41598-022-21105-7
https://doi.org/10.1088/0953-8984/22/19/194114
https://doi.org/10.1002/jmri.25741
https://doi.org/10.1016/j.mri.2011.12.019
https://doi.org/10.1016/j.mri.2011.12.019
https://doi.org/10.1002/jmri.22707
https://doi.org/10.1016/J.CELL.2012.01.046
https://doi.org/10.1016/J.CELL.2012.01.046
https://doi.org/10.1073/pnas.1409802111
https://doi.org/10.3389/fnagi.2018.00114
https://doi.org/10.3389/fnagi.2018.00114
https://doi.org/10.3389/fnsys.2013.00074
https://doi.org/10.3389/FNAGI.2021.709620
https://doi.org/10.3389/FNAGI.2021.709620
https://doi.org/10.1016/j.neuroimage.2009.02.040
https://doi.org/10.1016/j.neuroimage.2009.02.040
https://doi.org/10.1038/nn.3697
https://doi.org/10.1152/physiol.00012.2004
https://doi.org/10.1152/physiol.00012.2004
https://doi.org/10.1038/s41586-021-04125-7
https://doi.org/10.1007/s00005-012-0181-2
https://doi.org/10.3389/fnagi.2018.00332
https://doi.org/10.3389/fnagi.2018.00332
https://doi.org/10.1016/J.COLSURFB.2018.03.042
https://doi.org/10.1016/J.COLSURFB.2018.03.042
https://doi.org/10.1111/j.1749-6632.2000.tb06652.x
https://doi.org/10.3389/fncel.2020.00078
https://doi.org/10.1016/j.tins.2015.04.003
https://doi.org/10.1038/srep06215
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

	Hippocampus of the APPNL-G-F mouse model of Alzheimer's disease exhibits region-specific tissue softening concomitant with elevated astrogliosis
	Introduction
	Results
	Discussion
	Materials and methods
	Animals
	Atomic force microscopy
	AFM data analysis
	Immunofluorescence
	Image analysis
	Statistical analysis

	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


