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TRPM7 kinase activity induces amyloid-β degradation
to reverse synaptic and cognitive deficits in mouse
models of Alzheimer’s disease
Shimeng Zhang†, Feifei Cao†, Wei Li*, Nashat Abumaria*

Altered abundance or activity of the dual-function transient receptor potential melastatin-like 7 (TRPM7) protein
is implicated in neurodegenerative disorders, including Alzheimer’s disease (AD). Toxic aggregation of amyloid-
β (Aβ) in neurons is implicated in AD pathology. Here, we found that the kinase activity of TRPM7 is important to
stimulate the degradation of Aβ. TRPM7 expression was decreased in hippocampal tissue samples from patients
with AD and two mouse models of AD (APP/PS1 and 5XFAD). In cultures of hippocampal neurons from mice,
overexpression of full-length TRPM7 or of its functional kinase domain M7CK prevented synapse loss
induced by exogenous Aβ. In contrast, this neuroprotection was not afforded by overexpression of either the
functional ion channel portion alone or a TRPM7 mutant lacking kinase activity. M7CK overexpression in the
hippocampus of young and old 5XFAD mice prevented and reversed, respectively, memory deficits, synapse
loss, and Aβ plaque accumulation. In both neurons and mice, M7CK interacted with and activated the metal-
loprotease MMP14 to promote Aβ degradation. Thus, TRPM7 loss in patients with AD may contribute to the
associated Aβ pathology.
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INTRODUCTION
Alzheimer’s disease (AD) is a neurodegenerative disorder charac-
terized by amyloid-β (Aβ) deposition, synapse loss, and cognitive
impairments (1–3). Aβ deposition is regulated by the balance
between Aβ production and clearance (4). One hallmark of AD pa-
thology is alterations in the Aβ production and clearance rate, re-
sulting in the accumulation of Aβ and other toxic peptides in the
brain (5, 6). Synapse loss is another hallmark of AD pathology
that is also linked to cognitive decline (3, 7, 8). Thus, reducing Aβ
accumulation or maintaining synaptic density may preserve normal
cognitive functions in patients with AD.

Aβ clearance is partly mediated by Aβ-degrading enzymes that
include insulin-degrading enzyme (IDE), neprilysin (NEP), angio-
tensin-converting enzyme (ACE), and various matrix metallopro-
teinases (MMPs) (9). MMPs are zinc-containing endopeptidases
involved in Aβ degradation, synaptic functions, and cell motility
(10). In patients with AD, MMP14 mRNA levels are up-regulated
in the temporal cortex (11). MMP14 protein expression is increased
in the hippocampi of 5XFAD mice, an experimental animal model
(12). An increase in MMP14 expression promotes Aβ degradation
in astrocytes (11). Thus, the Aβ-degrading enzyme MMP14 may
play a role in AD pathology and could be a potential therapeutic
target to reduce Aβ plaques, protect synapses, and prevent
memory deficits.

The transient receptor potential melastatin-like 7 (TRPM7)
“channel enzyme” is a unique ion channel in that it contains a
kinase domain in its C terminus (13, 14) that, when cleaved, trans-
locates to the nucleus to regulate various cellular functions (15). In
the mammalian brain, the cleaved kinase domain is important for

synaptic density, synaptic plasticity, and learning and memory (16).
Some studies suggest that overexpression or increased activation of
TRPM7 contributes to the pathologies of neurodegenerative disor-
ders and, hence, that its suppression or inhibition represents a ther-
apeutic strategy (17). In contrast, various other studies show that
mutations in TRPM7 are associated with the neurodegenerative dis-
order Western Pacific amyotrophic lateral sclerosis and parkinson-
ism-dementia complex (18), that activation of TRPM7 decreases Aβ
levels in cultured cell lines (19–21), and that TRPM7 or its kinase
domain are critical for normal synaptic and cognitive functions (16,
22, 23). Thus, reductions in TRPM7 activity or expression could also
contribute to pathologies of neurodegenerative disorders.

Here, we examined whether AD-like pathology in mouse models
is associated with changes in TRPM7 expression and tested the hy-
pothesis that rescuing the expression of the channel and/or the
kinase domain (hereafter M7CK) could counteract Aβ pathology.
We uncovered mechanistic insight into how M7CK can reduce
Aβ plaques, protect synapses, and prevent memory deficits in
5XFAD mice.

RESULTS
TRPM7 expression is down-regulated in the brains of
patients with AD and two mouse models of AD
To determine TRPM7 expression during AD pathology, we quanti-
fied TRPM7 protein levels in postmortem brain tissues from six pa-
tients with AD and five healthy controls (table S1, and further
detailed in Materials and Methods). We found that TRPM7
protein expression was significantly reduced in the hippocampi of
patients with AD (Fig. 1A; also data file S1 and tables S2 to S4).
TRPM7 mRNA in these samples was also significantly reduced in
the hippocampi of patients with AD (Fig. 1B).

The 5XFAD mouse model of AD coexpresses five mutations
linked to familial AD. These mice develop Aβ plaques, show
synapse loss, and exhibit memory deficits before 6 months of age
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(24). We quantified TRPM7 protein expression in the hippocampi
of 5XFAD mice at the age of 12 months and found that TRPM7
protein expression was significantly reduced in these mice com-
pared with wild-type (WT) mice (Fig. 1C). These results were con-
firmed by using quantitative immunohistochemistry analysis of
hippocampal sections obtained from 5XFAD mice of the same
age (Fig. 1D). We also found that TRPM7 mRNA was significantly
reduced in these 5XFAD mice (Fig. 1E). Similar observations were
obtained by using brain samples from another widely used mouse
model of AD, namely, the APP/PS1 mouse model, which coex-
presses two familial AD–linked mutations and shows Aβ deposits
and memory impairments before 8 months of age (25, 26). Using
quantitative Western blotting and immunohistochemistry, we
found that TRPM7 protein expression was significantly reduced
in the hippocampi of APP/PS1 mice at the ages of 15 and 19
months (fig. S1, A and B). It is worth noting that the observed

reductions in TRPM7 expression in 5XFAD and APP/PS1 mice
were not due to cell loss within the hippocampus. We found that
the estimated total cell density and neuronal density within the
CA1 region in 5XFAD (fig. S1C) and APP/PS1 (fig. S1D) mice
was similar to that in the WT mice. TRPM7 protein expression
was down-regulated in calcium/calmodulin-dependent kinase II
(CaMKII)–positive glutamatergic neurons (Fig. 1F) but not in glu-
tamic acid decarboxylase 67 (GAD67)–positive GABAergic
neurons (Fig. 1G). These data suggest that AD or AD-like pathology
is associated with the down-regulation of TRPM7 expression. In
agreement with previous findings in brain tissues from patients
with AD (27), our data suggest that this down-regulation of
TRPM7 occurred at the transcriptional level. Furthermore, our
results demonstrate that AD-like pathology might result in reduc-
tion of TRPM7 expression within hippocampal glutamater-
gic neurons.

Fig. 1. Reduced expression of TRPM7 mRNA and protein in the hippocampus of patients with AD and 5XFAD mice. (A) Representative Western blots and quan-
titative analysis of TRPM7 protein in the hippocampi of patients with AD (n = 6) and healthy controls (n = 5). Density of TRPM7 protein bands were normalized to GAPDH
and then calculated as a percentage of control group. The co-detection of GAPDH bands served as loading control. Data were analyzed by an unpaired t test. (B) Rep-
resentative bands and quantitative analysis of TRPM7mRNA in the hippocampi of patients with AD (n = 6) and healthy controls (n = 5). GAPDH bands served as loading
control. Data were analyzed by an unpaired t test with Welch’s correction. (C) Assay and analysis described in (A), from the hippocampi of WT (n = 7) and 5XFAD (n = 6)
mice at the age of 12months. Datawere compared by unpaired t test. (D) Top: Representative fluorescent images of TRPM7 immunostaining and an illustration of the CA1
region in which images were taken and analyzed. Bottom: Quantitative analysis of the optical density (OD) of TRPM7 in the striatum radiatum of the CA1 from WT and
5XFADmice at the age of 12 months (n = 15 brain sections from fivemice per group). Mann-Whitney test. Scale bar, 30 μm. (E) As described in (B), from the hippocampi of
WT (n = 6) and 5XFAD (n = 6) mice at the age of 12 months. Data were analyzed by Mann-Whitney test. (F) Top: Representative fluorescent images of TRPM7 (red) and
CaMKII (green). Bottom: Quantitative analysis of TRPM7 optical density in cell body of CaMKII positive neurons in the CA1 areas of WT (n = 18 brain sections from six mice)
and 5XFAD (n = 12 brain sections from four mice) mice at the age of 12 months. Data were analyzed by an unpaired t test. Scale bar, 20 μm. (G) As described in (F), but for
the quantitative analysis of TRPM7 optical density in the cell body of GABAergic neurons. N = 15 brain sections from fivemice per group, analyzed by unpaired t test. Scale
bar, 10 μm. For eachmouse, three brain sections were used for immunofluorescent quantitative analysis. *P < 0.05 and **P < 0.01 by the test specified, with further details
in tables S2 to S4, and full-length Western blots in data file S1.
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Overexpression of M7CK prevents Aβ-induced synapse loss
in neuronal cultures
Our previous data show that deletion of TRPM7 or suppression of
its expression in glutamatergic neurons results in synapse loss, syn-
aptic plasticity deficits, and memory impairments that can be re-
versed by overexpression of the kinase domain of TRPM7
(M7CK) (16). Here, we found that AD-like pathology in mice was
associated with reductions in TRPM7 expression and that the de-
creases in TRPM7 expression mainly occurred in glutamatergic
neurons. These changes might contribute to the synaptic and cog-
nitive deficits associated with AD in patients. Therefore, we hypoth-
esized that overexpressing the kinase domain might help rescue
synaptic and cognitive deficits associated with AD-like pathology.
Next, we tested this hypothesis in vitro and in vivo.

Increasing the extracellular concentration of Aβ1–42 reduces the
synaptic density in primary neuronal cultures (28). We tested
whether overexpression of the C-terminal part of TRPM7, which
was previously shown to be cleaved and carry the functional
kinase domain (M7CK, amino acids 1299 to 1862) (15, 16), can
prevent the detrimental effects of Aβ on synaptic density. We
found that 48 hours of incubation with Aβ resulted in significant
reductions in the numbers of synaptophysin and PSD-95 puncta
that was rescued by overexpression of M7CK (Fig. 2, A and B). In
contrast, overexpressing an inactive mutant kinase (M7CK-
K1646R) (29) failed to rescue the number of synaptophysin
puncta (Fig. 2A), indicating that the kinase activity of M7CK is nec-
essary to counteract Aβ toxicity in neuronal cultures. We also inves-
tigated whether, like the free M7CK and/or the cleaved kinase
domain, a cytoplasm/cell membrane–enriched M7CK can rescue
the synaptic density. We overexpressed an active form of M7CK
with glycosylphosphatidylinositol (GPI) on each side to ensure
that the kinase domain will be enriched on cell membrane or in
the cytoplasm but not in the nucleus (fig. S2). We found that over-
expressing M7CK outside the nucleus also rescued the change in the
synaptic density induced by high extracellular Aβ concentrations
(Fig. 2C), supporting the notion that the M7CK effects might be
mediated by mechanisms other than chromatin or transcriptional
modifications that were reported before in cell cultures (15). Over-
expression of a truncated form of the TRPM7 ion channel (T7ΔK,
amino acids 1 to 1510), which lacks the kinase domain but is a func-
tional channel (30), failed to prevent the detrimental effects of Aβ
on synaptic density (Fig. 2D). We further confirmed the protective
effects of the kinase domain by using full-length TRPM7 overex-
pression (such that enzyme cleavage is under cell control). We
found that overexpression of WT full-length TRPM7 or a full-
length channel-deficient mutant [P1040R (31)] prevented the neg-
ative effect of Aβ on synaptic density in neuronal cultures. In con-
trast, overexpressing a kinase-deficient [K1646R (29)] full-length
TRPM7 failed to prevent the negative effect of Aβ on synaptic
density (Fig. 2E). Therefore, overexpressing TRPM7 kinase
domain prevented the negative effect of Aβ on synaptic density in
neuronal cultures. This protective effect against Aβ toxicity ap-
peared to be dependent on the kinase activity of TRPM7 but inde-
pendent of its cleavage status.

Overexpression of M7CK in the hippocampus rescues
memory functions in 5XFAD mice
Next, we tested whether overexpressing M7CK in the hippocampus
can reverse memory deficits in the 5XFAD mouse model. We

bilaterally injected a group of WT mice with AAV-CAG-M7CK-
EGFP (enhanced green fluorescent protein) to achieve sporadic ex-
pression of M7CK in the hippocampus and performed immunohis-
tochemistry analysis to detect the M7CK-EGFP signal. We found
that the M7CK-EGFP signal was enriched in or colocalized with
CaMKII signal (a marker of glutamatergic neurons) (fig. S3A and
data file S2), whereas colocalization with GAD65/67 (a marker of
GABAergic neurons), ionized calcium-binding adaptor molecule
1 (IBA1; a marker of microglial cells), or glial fibrillary acidic
protein (GFAP; a marker of astrocytes) was weaker (fig. S3, B to D).

Then, we injected AAV-CAG-EGFP or AAV-CAG-M7CK-
EGFP bilaterally into the hippocampi of WT and 5XFAD mice at
the age of 5 months. One month later, we evaluated social behavior
as well as learning and memory abilities (Fig. 3A). At the age of 6
months, the nesting behavior of 5XFAD mice was impaired. Over-
expression of M7CK in the hippocampi of 5XFAD mice failed to
prevent the impairment in nesting behavior (Fig. 3B). Using the
novel object recognition test (NORT), we evaluated the mice’s
memory. In contrast to WT mice, 5XFAD mice showed no prefer-
ence for the novel object during the 24-hour memory test. Similar to
WT mice, 5XFAD mice with hippocampus-specific overexpression
of M7CK showed a significant preference for the novel object
(Fig. 3C). We also evaluated the spatial learning and memory of
the mice by using the cognition wall task. In this task, impairment
of learning ability was observed in 5XFAD mice compared with WT
mice, and 5XFAD mice overexpressing M7CK had a significantly
faster learning rate than 5XFAD mice (Fig. 3D). More than 84%
of 5XFAD mice overexpressing M7CK learned the task successfully.
However, only 46% of 5XFAD mice learned the task (Fig. 3D).

We next tested the duration of the effect of M7CK overexpres-
sion. To this end, we evaluated the cognitive functions of the same
groups of mice at 10 and 15 months of age (Fig. 3, E to J). At these
ages, 5XFAD mice exhibited impairment of nesting behavior. Over-
expression of M7CK in the hippocampi of 5XFAD mice rescued
nest construction scores at the age of 10 months but not at 15
months (Fig. 3, E and H). The 5XFAD mice exhibited clear impair-
ments in the 24-hour NORT memory tests (Fig. 3, F and I), and
overexpression of M7CK rescued these memory impairments in
5XFAD mice at the ages of 10 and 15 months (Fig. 3, F and I).
Last, because the cognition wall task cannot be reliably used to
study cognition multiple times in the same mice, we instead used
the Y-maze to evaluate the spatial working memory of the mice.
At both ages, 5XFAD mice exhibited impairment of working
memory (Fig. 3, G and J). 5XFAD mice overexpressing M7CK in
the hippocampus exhibited significantly better performance in
the working memory trial of the Y-maze test at the ages of 10 and
15 months (Fig. 3, G and J).

It is worth noting that the total distance traveled in the open area
and the total number of object exploration were similar for all
animals from all groups (fig. S4, A to F). Thus, the observed differ-
ences in behavior were not due to changes in overall locomotor and/
or exploratory activities. Furthermore, we did not observe any
changes in behavioral scores between WT mice overexpressing
M7CK and WT mice (Fig. 3, B to J). These observations suggest
that M7CK overexpression counteracts AD-like pathology and
that the kinase domain is not just a general synaptic and cognitive
enhancer. Therefore, overexpression of M7CK can durably prevent
impairment of learning and memory functions in 5XFAD mice.
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Fig. 2. Overexpression of the active kinase domain of TRPM7 prevents Aβ-induced toxicity on synapse density in hippocampal neuronal cultures. (A) Left:
Fluorescent images of synaptophysin puncta in hippocampal neuronal cultures incubated with tris buffer or Aβ and transduced with AAV-EGFP, AAV-M7CK-EGFP, or
AAV-M7CK-K1646R-EGFP virus. Right: Quantitative analysis of synaptophysin puncta density (minimum 16 neurons per group). (B) Same as (A), but for PSD-95
puncta (minimum 22 neurons per group). (C) Same as (A), but cultures were transduced with kinase domain that has two GPI anchors (AAV-GPI-M7CK-EGFP-GPI
virus) (minimum 12 neurons per group). Illustration of the kinase domain with the GPI anchors is shown above. (D) Same as (A) and (B), but cultures were transduced
with the truncated TRPM7 ion channel (TRPM7ΔK-EGFP) (minimum 10 neurons per group). Illustration of TRPM7 ion channel is shown. (E) Same as (A), but cultures were
transfected with EGFP, TRPM7-EGFP, TRPM7-P1040R-EGFP, or TRPM7-K1646R-EGFP plasmid. Illustration of WT TRPM7, TRPM7 with channel mutant, and TRPM7 with
kinase mutant is shown in left. In (A) to (E), N = at least 17 neurons per group, analyzed by one-way ANOVA followed by Bonferroni’s post hoc test (E) or two-way
ANOVA followed by Bonferroni’s post hoc test for all others. Scale bar, 5 μm. All neurons were collected from three independent neuronal cultures. *P < 0.05 and
***P < 0.001 by the test specified, with further details in tables S3 and S4.
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Fig. 3. Overexpression of M7CK in the
hippocampus of 5XFAD mice rescues/re-
verses memory deficits. (A) Schematic il-
lustration of experimental design showing
bilateral injections of AAV-EGFP or AAV-
M7CK-EGFP virus in the hippocampus WT
and 5XFAD mice at the age of 5 months.
Behavioral experiments were performed on
the mice at the age of 6, 10, and 15 months.
(B) Nesting scores of the mice during
nesting construction social behavior at the
age of 6 months. N = at least 12 mice per
group, analyzed by two-way ANOVA fol-
lowed by Bonferroni’s post hoc test. (C)
Recognition index of the novel object and
that of the other three identical familiar
objects (averaged) in the mice during NORT
24-hour memory test. N = at least 10 mice
per group, analyzed by unpaired t test with
Welch’s correction. (D) Percentage of mice
that successfully learned the cognition wall
task during the 13 hours of spontaneous
learning. N = at least 12 mice per group,
analyzed by log-rankMantel-Cox test. (E and
F) Assays and statistical analyses are the
same as described and from the same
groups of animals in (B) and (C), respectively,
but at the age of 10 months. N = at least 10
mice per group. (G) Spontaneous alterna-
tion (as percentage) during the Y-maze
spatial working memory task in the same
groups of 10-month-old animals as in (E)
and (F). N = at least 10 mice per group, an-
alyzed by two-way ANOVA followed by
Bonferroni’s post hoc test. (H and I) Assays
and statistical analyses are the same as de-
scribed and from the same groups of
animals in (B) and (C) but at the age of 15
months. N = at least 7 (I) or 8 (H) mice per
group. (J) As described in (G) and in the
same groups of animals but at the age of 15
months. N = at least 8 mice per group, ana-
lyzed as in (G). (K) Schematic illustration of
experimental design showing bilateral in-
jections of AAV-M7CK-EGFP virus into the
hippocampus of 5XFAD mice at the age of
14 months. NORT was performed on the
mice at 14 months (before M7CK-EGFP in-
jection) and 17 months (after M7CK-EGFP
injection). (L) Recognition index of the novel
object and that of the other three identical
familiar objects (averaged) during the 24-
hour NORT memory test with 5XFAD mice
before and after M7CK-EGFP overexpression.
N = at least 8 mice per group, analyzed by
unpaired t test with Welch’s correction. *P <
0.05, **P < 0.01, and ***P < 0.001 by the test specified, with further details in tables S2 to S4.
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The data thus far suggest that M7CK overexpression at early time
points can prevent memory impairment during AD-like pathology.
To investigate whether M7CK overexpression can restore memory
functions in aging and cognitively impaired mice, we evaluated
memory function in a separate group of male and female 5XFAD
mice at the age of 14 months. Then, we overexpressed M7CK in
their hippocampi and reevaluated the memory functions of the
same animals at the age of 17 months (those that remained alive
until this age) using the same task (Fig. 3K). The NORT memory
test showed that at the age of 17 months (3 months after the first
memory test and virus injection), overexpression of M7CK
rescued the memory deficits in 5XFAD mice that were observed
at the age of 14 months (Fig. 3L). The total distance traveled
during habituation and total number of explorations did not
differ for any mice before and after M7CK overexpression (fig. S4,
G and H). Thus, M7CK overexpression in the hippocampus pre-
vented and reversed learning and memory deficits in 5XFAD mice.

Overexpression of M7CK rescues synaptic density and
reduces Aβ plaques
To explore whether M7CK overexpression could protect excitatory
synaptic density in 5XFAD mice, the brains of the mice used in the
behavioral analysis above were collected for histological analysis at
15 months of age. The data showed that the synaptophysin and
PSD-95 puncta density in the CA1 stratum radiatum was signifi-
cantly reduced in 5XFAD mice compared with WT mice;
however, the puncta density was rescued by M7CK overexpression
in the hippocampi of 5XFAD mice (Fig. 4A). Similar results were
found in APP/PS1 mice: M7CK overexpression in the hippocampus
rescued synaptophysin puncta density in the CA1 stratum radiatum
at 19 months of age (fig. S5A). Regarding inhibitory synapses in
5XFAD mice, we found that vesicular γ-aminobutyric acid
(GABA) transporter (VGAT) puncta density did not change in
these mice compared to WT and that M7CK overexpression did
not cause any changes in the puncta density (fig. S5B). The lack
of changes in inhibitory synapses in 5XFAD mice observed here is
in line with previous studies [(32), but see also (33)].

We also examined whether M7CK overexpression could reduce
Aβ plaques in the hippocampus. Quantitative analysis indicated that
compared with control 5XFAD mice, 5XFAD mice overexpressing
M7CK in the hippocampi had significantly reduced Aβ plaque dep-
osition in the hippocampus (Fig. 4B). To further verify these obser-
vations, we injected AAV-EGFP or AAV-M7CK-EGFP bilaterally
into the hippocampi of additional groups of 5XFAD at the age of
5 months. One month later, hippocampal tissue was collected to
measure the soluble and insoluble Aβ1–42 and Aβ1–40 levels by
using enzyme-linked immunosorbent assay (ELISA). We found
that the levels of soluble and insoluble Aβ1–42 were significantly
reduced in 5XFAD mice overexpressing M7CK compared with
5XFAD mice (Fig. 4C). Only the level of the insoluble form of
Aβ1–40 was significantly reduced by M7CK overexpression
(Fig. 4C). We also checked whether M7CK could reduce Aβ levels
in vitro. We collected samples from hippocampal neuronal cultures
exposed to high extracellular concentrations of Aβ (for 48 hours,
with or without M7CK overexpression). We found that M7CK over-
expression resulted in a significant reduction in Aβ1–42 concentra-
tions in neuronal cell lysates (Fig. 4D). Therefore, M7CK
overexpression reduced Aβ plaques and restored synaptic density.
M7CK appeared to reduce Aβ levels in vitro and in vivo.

M7CK promotes Aβ degradation by interacting with and
activating MMP14
The rescue of memory functions and synapse density induced by
M7CK overexpression was expected considering our previous
studies in TRPM7 knockout mice showing that the kinase
domain is a major regulator of synaptic and cognitive functions
(16). However, we did not anticipate that M7CK overexpression
could reduce Aβ plaques and Aβ levels. To explore how M7CK
can decrease Aβ concentrations, we prepared new groups of mice:
WT mice, WT mice overexpressing M7CK, 5XFAD mice, and
5XFAD mice overexpressing M7CK. The mice received bilateral in-
jections of AAV-EGFP or AAV-M7CK-EGFP at 5 months of age.
One month later, the mice were sacrificed, and hippocampal
tissue was collected. We first checked whether M7CK might affect
Aβ production. We quantified the expression of β-amyloid precur-
sor protein (APP), β-secretase 1 (BACE1), presenilin-1 (PSEN1),
and the β-cleaved carboxyl fragment of APP (βCTF) and found
that their expression levels did not differ between 5XFAD and
M7CK-overexpressing 5XFAD mice (Fig. 5A). Thus, we concluded
that M7CK overexpression did not reduce the Aβ level by reducing
its production. Autophagy is one of the major mechanisms involved
in regulating Aβ clearance (34). Activation of TRPM7 reduces Aβ
levels in neuroblastoma cells, probably by autophagy-dependent
mechanisms (21). We checked the expression and phosphorylation
levels of mammalian target of rapamycin (mTOR) p70 ribosomal S6
kinase (S6K), two major regulators of autophagy (35), and found no
differences between 5XFAD and 5XFAD mice overexpressing
M7CK (fig. S6, A to C). Thus, we concluded that M7CK overexpres-
sion did not reduce Aβ levels in 5XFAD mice by promoting
autophagy.

Then, we assessed the expression and phosphorylation of Aβ-de-
grading enzymes (9). Quantitative Western blot analysis revealed
that the expression levels of IDE, NEP, ACE, and MMP14 did not
differ between control 5XFAD mice and M7CK-overexpressing
5XFAD mice (Fig. 5B). Unlike the levels of the other proteins,
MMP14 activity could be increased by phosphorylation (36, 37).
Thus, we quantified the phosphorylation level of MMP14 and
found that it was increased mainly in 5XFAD mice overexpressing
M7CK (Fig. 5B). These data suggest that M7CK might promote Aβ
clearance by overactivating MMP14. Therefore, it can be speculated
that MMP14 might be an interaction partner and a possible phos-
phorylation target of M7CK. To examine this possibility, we per-
formed coimmunoprecipitation experiments. Pulldown
experiments in human embryonic kidney (HEK) cells using either
a commercially available MMP14 antibody (Fig. 6A) or a custom-
ized M7CK antibody (Fig. 6B; for a validation experiment, see fig.
S7A) revealed that these proteins were coimmunoprecipitated. Two
other proteins related to MMP14 that might also contribute to Aβ
degradation, namely, MMP9 (38) and MMP2 (39), were not detect-
ed in the protein complex that was pulled down, suggesting that
M7CK specifically interacted with MMP14 (Fig. 6B). To check
whether MMP14 could be phosphorylated by M7CK, we conducted
an enzymatic activity assay by using purified proteins. Two negative
controls, one in which M7CK was omitted and one in which the
kinase was included but no substrate was added, were used (the
latter was used as a control for comparisons). Myelin basic
protein (MBP), a well-known substrate commonly used to assess
M7CK activity (40), was used as a positive control for M7CK
kinase activity. The results showed that enzymatic activity in the
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reactions containing M7CK + MMP14 was significantly higher than
that in reactions containing M7CK without substrate and was
almost similar to that in the positive control reaction (M7CK +
MBP; Fig. 6C). However, enzymatic activity in reactions containing
MMP2 as a substrate (M7CK + MMP2) was similar to that in the
control reaction. Thus, M7CK directly interacted with and phos-
phorylated MMP14.

To determine whether the interaction of M7CK with MMP14
and M7CK-mediated activation of MMP14 can promote Aβ degra-
dation, we performed a series of in vitro protein degradation assays.
Four groups of reactions were prepared. Aβ was incubated alone
(control) or with the purified M7CK protein, MMP14, or M7CK
+ MMP14 for 10 hours in zymogen buffer containing adenosine
50-triphosphate (ATP), which included all essential components
for the phosphorylation reaction at proper concentrations. After in-
cubation, protein was collected from each reaction, and the level of
remaining Aβ was measured by using Western blotting. The level of
Aβ was used as an indicator of the clearance efficiency (lower Aβ
levels indicated faster clearance). We found that the Aβ level was
reduced by ~30% in the reaction containing MMP14 compared
with the control Aβ reaction (Fig. 6D). The Aβ level was reduced
by ~65% in the reaction containing M7CK and MMP14 together,

but not the reaction containing M7CK alone, compared with the
control Aβ reaction (Fig. 6D). These data suggest that M7CK in-
creases MMP14 activity, promoting Aβ degradation.

To determine whether MMP14 mediates the protective effect of
M7CK against Aβ toxicity, we generated two variants of small
hairpin RNA (shRNA) sequences (referred to as #1-MMP14shRNA
and #2-MMP14shRNA) to knock down MMP14 in neuronal cultures
and scrambled control shRNA (referred to as CtrlSCR). We con-
firmed that these MMP14shRNA effectively reduced MMP14
protein expression by ~75 and ~45%, respectively, without affecting
the expression of MMP2 or MMP9 (fig. S7B).

In line with data above (Fig. 2), overexpression of M7CK in hip-
pocampal neuronal cultures prevented the high Aβ concentration–
induced reduction in the density of synaptophysin puncta, but this
protective effect of M7CK was completely abolished when MMP14
was suppressed (Fig. 6E). It is worth noting that we observed reduc-
tions in synapse density after suppression of MMP14 expression in
control cultures (MMP14shRNA without Aβ; Fig. 6E). This is in line
with previous studies showing that MMP14 is a regulator of synaptic
density and functions (41). Therefore, it is unclear whether the
blocking of M7CK protective effects was due to loss of synapses
because of MMP14 suppression or due to loss of M7CK-MMP14

Fig. 4. Overexpression of M7CK in the hippocampus of 5XFADmice rescues AD-like pathologies. (A) Representative images (left) and quantitative analysis (right) of
synaptophysin/PSD-95 puncta density in the stratum radiatum of CA1 area of WT and 5XFADmice at the age of 15 months with bilateral hippocampal injections of AAV-
EGFP or AAV-M7CK-EGFP. N = at least 18 brain sections from six mice per group, analyzed by two-way ANOVA followed by Bonferroni’s post hoc test. Scale bar, 10 μm. (B)
Representative images (top) and quantitative analysis (bottom) of hippocampal amyloid plaques in 5XFAD + EGFP (n = 24 brain sections from eight mice) and 5XFAD +
M7CK-EGFP mice (n = 27 brain sections from nine mice), analyzed by Mann-Whitney test. Scale bar, 200 μm. (C) Quantitative analysis of insoluble (left) and soluble (right)
Aβ1–42 and Aβ1–40 using ELISA in hippocampal lysates from 6-month-old 5XFADmicewith bilateral hippocampal injections of AAV-EGFP (n = 15mice) or AAV-M7CK-EGFP
(n = 18 mice), analyzed by Mann-Whitney test (insoluble/left) or unpaired t test (soluble/right). (D) Quantitative analysis of Aβ1–42 in homogenates of Aβ-treated neuronal
cultures after AAV-EGFP or AAV-M7CK-EGFP transduction. N = 22 and 30 homogenates, respectively, analyzed byMann-Whitney test. For eachmouse, three brain sections
were used for immunohistochemistry quantitative analysis. *P < 0.05, **P < 0.01, and ***P < 0.001 by the test specified, with further details in tables S3 and S4.
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impact on Aβ toxicity. To further address the role of each protein
and their interaction on AD-like pathology, we prepared hippocam-
pal neuronal cultures from 5XFAD mice and used Aβ level in
culture medium (instead of synapse density) as a readout for
MMP14 or M7CK suppression. We found that MMP14 knockdown
increased Aβ abundance by ~21%. Knockdown of TRPM7 in-
creased Aβ by ~43%. Overexpression of M7CK failed to reduce
Aβ in the absence of MMP14 expression (Fig. 6F). Therefore, the
TRPM7 kinase domain might interact with and activate the Aβ-de-
grading enzyme MMP14, resulting in higher Aβ clearance, which
could lead to the observed reduction in Aβ plaques, protection of
synaptic density, and preservation of memory functions in
5XFAD mice.

DISCUSSION
Here, we found that TRPM7 expression was decreased in the hip-
pocampi of patients with AD and mouse models of AD. The kinase
domain, but not the ion channel part, of TRPM7 protected synapses
from Aβ toxicity in vitro. Furthermore, it was effective in reducing

Aβ plaques, protecting synaptic density, and preventing memory
deficits in 5XFAD mice. Mechanistically, we found that M7CK
reduced soluble and insoluble Aβ levels by promoting Aβ degrada-
tion without affecting APP processing and/or autophagy. The
results suggest that M7CK interacts with and activates the Aβ-de-
grading enzyme MMP14 to promote Aβ degradation and hence
counteracts AD-like pathology (Fig. 6G).

Studies implicate TRPM7 in mediating pathologies of neurode-
generative diseases (17). After certain pathological triggers, overac-
tivation of TRPM7 results in neurotoxic increases in intracellular
calcium concentrations, resulting in neuronal death (42, 43),
whereas suppression of TRPM7 prevents neuronal death and cog-
nitive deficits (44). Down-regulation of TRPM7 was found to exert
protective effects in an in vitro model of Parkinson’s disease (45).
TRPM7 participates in Fas-induced cell apoptosis (30). The product
of the Fas gene modulates apoptosis and neuronal loss during AD
pathology (46). A previous study identified TRPM7 as a target of
mixed lineage kinase domain–like protein (MLKL) in mediating cy-
totoxic calcium influx during necroptosis (47). MLKL-mediated
necroptosis mechanisms are activated in the AD brain (48). The

Fig. 5. Overexpression of M7CK increases the activity of the Aβ-degrading protein MMP14 without affecting Aβ production–related proteins. (A) Western blots
(left) and quantitative analysis (right) of APP, BACE1, PSEN1, and βCTF proteins in the hippocampus of 5XFAD mice at the age of 6 months with bilateral hippocampal
injections of AAV-EGFP or AAV-M7CK-EGFP. The density of each band was first normalized to the corresponding GAPDH band co-detected on the same membrane, and
then data were calculated as a percentage of average of the control group (5XFAD + EGFP). N = at least 6 mice per group, analyzed by (APP) unpaired t test, (BACE1)
unpaired t test with Welch’s correction, (PSEN1) unpaired t test, or (βCTF) Mann-Whitney test. (B) As described in (A) but of IDE, NEP, ACE, and MMP14 protein expression
and MMP14 protein activation level (p-MMP14/MMP14). Data were calculated as a percentage of average of control group (WT + EGFP) from at least five mice per group,
analyzed by two-way ANOVA followed by Bonferroni’s post hoc test; *P < 0.05. Detailed information on sample sizes and statistical analyses are in tables S3 and S4. Full-
length Western blots are provided in data file S1.
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kinase domain of TRPM7 is an important activator of annexin 1
(49), which is overactivated in the AD brain (50). Overexpression
of CD82 in HEK cells promotes cleavage of the TRPM7 kinase
domain, leading to increases in Numb phosphorylation, which pro-
motes Aβ production and toxicity (51). Thus, TRPM7 overactiva-
tion/overexpression is proposed as one of the pathological
changes mediating neuronal death during neurodegenerative

disorders, and its suppression can be considered as a therapeutic
strategy to treat such disorders (17).

On the other hand, studies provide direct and indirect links
between TRPM7 hypoactivation/down-regulation and AD patholo-
gy, supporting the notion that overexpression/overactivation of
TRPM7 might help counteract such pathological changes. For in-
stance, a mutation in TRPM7 that reduces its channel functions
has been linked to a neurodegenerative disorder characterized by

Fig. 6. M7CK interacts with and phos-
phorylates MMP14 to promote Aβ
degradation. (A and B) Coimmunopre-
cipitation of M7CK and MMP14 from HEK
293T cells using antibody to MMP14 (A)
or to M7CK (B). Blots are representative of
two independent experiments. (C) Kinase
enzymatic activity assay of M7CK using
MMP14 or MMP2 as a substrate in cell-
free in vitro reactions. MBP was used as a
positive control. Negative controls
(without substrate or without M7CK) are
presented. Enzymatic activity was calcu-
lated as a percentage of average control,
from at least five reactions per group,
analyzed by one-way ANOVA Kruskal-
Wallis test. (D) Quantitative analysis (top)
and representative Western blots
(bottom) of the remaining Aβ as an in-
dicator of Aβ degradation after being
incubated with cell-free in vitro reactions
containing Aβ only, Aβ + M7CK, Aβ +
MMP14, or Aβ + MMP14 + M7CK pro-
teins. Data are presented as a percentage
of the average control (Aβ only), from at
least eight reactions per group, analyzed
by one-way ANOVA followed by Bonfer-
roni’s post hoc test. (E) Quantitative
analysis (left) and representative fluores-
cent images (right) of synaptophysin
puncta density in hippocampal neuronal
cultures incubated with tris buffer or Aβ
and transduced with AAV-EGFP or AAV-
M7CK-EGFP accompanied by AAV-
CtrlSCR-mCherry, AAV-#1MMP14shRNA-
mCherry, or AAV-#2MMP14shRNA-
mCherry. EGFP, mCherry, and synapto-
physin signals were imaged through 488,
594, and 647 channels, respectively. N =
at least 11 neurons from three indepen-
dent neuronal cultures per group, ana-
lyzed by one-way ANOVA followed by
Bonferroni’s post hoc test. The mCherry
signal of AAV-CtrlSCR or AAV-MMP14shRNA
was omitted, and green color (EGFP) was
used to label dendrite. Scale bar, 5 μm.
(F) Quantitative analysis of Aβ1–42 in
medium from 5XFAD neuronal cultures
transduced with AAV-CtrlSCR-mCherry, or
AAV-#1MMP14shRNA-mCherry, or AAV-
TRPM7shRNA-mCherry, or AAV-M7CK-
EGFP and AAV-#1MMP14shRNA-mCherry. N = at least 10 neuronal cultures per group, analyzed by one-way ANOVA followed by Bonferroni’s post hoc test. (G) Graphic
depiction summarizing the study and illustrating the mechanism uncovered. In (A) to (F), *P < 0.05 and ***P < 0.001 by the test specified, with detailed sample size and
statistical analysis information in tables S3 and S4, and full-length Western blots in data file S1.
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motor and cognitive dysfunctions (18). In vitro studies show that
activation of TRPM7 by phosphatidylinositol 4,5-bisphosphate de-
creases Aβ levels in cell lines with familial AD–associated mutations
(19, 20). In neuroblastoma cells, activation of TRPM7 channels in-
creases basal autophagy and reduces Aβ levels (21). In vitro and in
vivo studies show that deletion of TRPM7 and/or its kinase domain
or suppression of its expression results in synaptic and cognitive
dysfunctions (16, 22, 23). Synapse loss and memory deficits are
among the major hallmarks of AD pathology (1). TRPM7 and/or
its kinase domain are known to be a part of the complex regulating
the cytoskeleton, which is necessary for cell migration, protrusion,
adhesion, and survival (52, 53). Abnormalities in cytoskeleton dy-
namics have been reported in AD cases (54). In this study, we found
that TRPM7 expression was reduced in the AD brain and the brain
of two mouse models of AD. Overexpression of the kinase domain
was sufficient to counteract Aβ toxicity in cultured neurons and
AD-like pathology in vivo by promoting Aβ degradation. The dif-
ferences in the reported roles of TRPM7 in the pathologies of neu-
rodegenerative disorders could stem from differences in the models
used (in vitro versus in vivo models, cell lines versus primary neu-
ronal cultures) and/or the pathological triggers used to study neu-
rodegenerative disorders.

TRPM7 is known as an important regulator of MMP activity
during cancer cell metastasis (55, 56). MMP14 is active by default,
but its activity can be further increased by phosphorylation (36, 37).
In astrocytes, an increase in MMP14 expression promotes Aβ deg-
radation, resulting in a reduction in its accumulation (11). Our Aβ
metabolism assay shows that MMP14 can degrade Aβ on its own.
Furthermore, increasing MMP14 activity by M7CK-mediated phos-
phorylation further increased Aβ degradation. However, we found
that MMP14 expression was increased in 5XFAD mice. Thus, al-
though it may promote Aβ degradation, overexpression of
MMP14 is not sufficient to rescue AD-like pathologies because
these mice still exhibit synaptic and cognitive dysfunctions. Mean-
while, M7CK activated MMP14 and rescued AD-like pathologies.
M7CK alone without MMP14 failed to rescue synapse density
and/or reduce Aβ concentration. Therefore, our results suggest
that M7CK may be one of the upstream kinases that can induce suf-
ficient activation (not overexpression) of MMP14 in the brains of
5XFAD mice to counteract AD-like pathologies.

Studies in APP-expressing HEK cells show that MMP14 might
increase Aβ and βCTF production by promoting APP processing
via endosome-dependent mechanisms (57). In 5XFAD mice, we
found that M7CK overexpression increased MMP14 activity, but
we did not detect any changes in APP or βCTF levels, although
MMP14 was up-regulated, suggesting that increases in MMP14 ex-
pression and activity have no amyloidogenic effects, at least in
5XFAD mice. In contrast, our Aβ degradation assay suggested
that M7CK and MMP14 together can promote Aβ degradation.
However, both M7CK (16) and MMP14 (41) were shown to be im-
portant for synaptic density and synaptic functions. Thus, we
cannot exclude the possibility that, in addition to promoting Aβ
degradation, M7CK and MMP14 may affect other signaling path-
ways regulating synaptic density/function to contribute to rescuing
memory functions in 5XFAD mice. In addition, Aβ can be cleared
by the autophagy-lysosome system (34). Previous studies have
shown that TRPM7 reduces Aβ levels by activating autophagy in
the SH-SY5Y cell line (21). We did not detect an increase in the ac-
tivation of autophagy initiation factors after overexpressing M7CK

in the brain. It is possible that the effects on autophagy are model
dependent (cell lines versus brain tissue from 5XFAD mice, mitotic
astrocytes or neuroblastoma cells versus postmitotic glutamatergic
neuronal cells) or that they depend on the ion channel portion of
TRPM7 in mitotic cells. Nevertheless, the role of TRPM7 in Aβ deg-
radation and clearance is becoming increasingly evident; hence,
future studies should further elucidate the mechanisms mediating
the effects of TRPM7 and its kinase domain on Aβ levels.

In conclusion, this study provides mechanistic insights into the
role of TRPM7 in amyloid-associated neurodegenerative disorders,
particularly AD. Our results show that AD pathology is associated
with a reduction in TRPM7 expression and that maintaining
normal expression of its kinase domain is sufficient to reduce Aβ
accumulation, protect synaptic density, and prevent or reverse
memory deficits.

MATERIALS AND METHODS
Experimental animals
5XFAD male mice (B6SJL-Tg [APP-SwFlLon, PS1*M146L*L286V]
6799Vas/J, JAX stock number: 034840) were crossed with WT
female mice (C57BL/6). Offspring were kept as hemizygous and
genotyped according to protocol from the Jackson Laboratory.
APP/PS1 male mice (B6.Cg-Tg [APPswePSEN1dE9], JAX stock
number: 034832) were purchased from Model Animal Research
Center of Nanjing University (China). Newborn WT mice for
primary hippocampal neuronal culture and WT mice for breeding
5XFAD mice were purchased from Jie Si Jie Laboratory Animal
Company (China). Mice were group-housed (three or four mice
per cage) under a controlled environment of 21°C ± 1, humidity
50 ± 10%, and a 12-hour/12-hour inverted light-dark cycle in
Fudan University’s laboratory animal center. All experiments in-
volving animals were approved by Fudan University committees
on animal care and use (license number: SYXK-2020-0032). All
mice included in behavior and biochemical analysis were male
mice unless mentioned otherwise.

AD patient brain samples
Human brain tissues were supplied by National Health and Disease
Human Brain Tissue Resource Center (China Brain Bank, Zhejiang
University School of Medicine). The ethical code and detailed infor-
mation about patients with AD and healthy controls are provided in
table S1. Tissue samples were from hippocampi of six patients with
AD and five healthy controls. Braak’s criterion evaluates the degree
of tau pathology. Braak stages I/II, III/IV, and V/VI represent the
spread of neurofibrillary tangles in entorhinal, limbic, and neocor-
tical regions, respectively (58). The Consortium to Establish a Reg-
istry for Alzheimer’s Disease (CERAD) criterion evaluates the
density of amyloid plaques, and higher scores represent larger
amyloid burdens (59). Experiments were conducted in accordance
with China Brain Bank institutional guidelines and the institutional
review board (Ethics Committee) of Shanghai Medical College
guidelines (20110307-085, 20120302-099).

Primary hippocampal neuronal cultures and Aβ treatment
Hippocampi of WT postnatal day 1 to 3 mice pups were carefully
dissected in ice-cold dissection medium (Sigma-Aldrich, #M0518).
Then, hippocampi were cut into pieces and digested using trypsin
(Sigma-Aldrich, #T1005) with deoxyribonuclease (Sigma-Aldrich,
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#D5025) for 5 min at 37°C, followed by cell dissociation chemically
and mechanically. Last, cell suspension was seeded on coverslips
(14-mm diameter and 0.17-mm thickness) and cultured for up to
14 days in vitro (DIV) before use. Cultures were maintained at
37°C in a humidified 5% CO2 atmosphere. Sister cultures from
the same batch were always used and treated on the same day
(divided into control and/or experimental groups). The experimen-
tal results from hippocampal neuronal cultures were obtained from
at least three independent cultures per group. At 7 DIV, cultures
were transduced with AAV-CAG-EGFP, AAV-CAG-M7CK-
EGFP, AAV-CAG-M7CK-K1646R-EGFP, AAV-CAG-GPI-EGFP-
GPI, AAV-CAG-GPI-M7CK-EGFP-GPI, LV-EGFP, or LV-
TRPM7ΔK-EGFP virus. To knock down MMP14, neuronal cul-
tures were transduced with AAV-CAG-scrambled-shRNA-
mCherry or AAV-CAG-MMP14-shRNA-mCherry virus accompa-
nied by AAV-CAG-EGFP or AAV-CAG-M7CK-EGFP virus at 7
DIV. Aβ1–42 peptide (Tocris, #1428) was dissolved in 50 mM tris
(pH 7.4) buffer at a concentration of 1 μg/μl (200 μM) and stored
as aliquots at −20°C until use. At 12 DIV, 2.5 μl of Aβ peptide ali-
quots was added in neuron culture medium to a final concentration
of 500 nM, and the same volume of 50 mM tris buffer was added
into the culture medium of the control group. At 14 DIV, immunos-
taining of neuronal cultures was conducted. To overexpress full-
length TRPM7/P1040R/K1646R, neuronal cultures were transfect-
ed with 1 μg of plasmid per 1 ml of cultural medium by Lipofect-
amine 2000 (Thermo Fisher Scientific, #11668027) at 4 DIV and
immunostained at 14 DIV. Aβ treatment was the same as above.
Hippocampi of 5XFAD postnatal day 1 to 3 mice pups were cultured
using the same protocol as above, transduced with AAV virus at 7
DIV, and collected at 14 DIV. To knock down TRPM7, neuronal
cultures were transduced with AAV-CAG-scrambled-shRNA-
mCherry or AAV-CAG-TRPM7-shRNA- mCherry virus. AAV
virus was added at a volume of 1 μl per 1 ml of culture medium
(AAV virus titer is mentioned at AAV virus production part), and
LV-EGFP or LV-TRPM7ΔK-EGFP virus was added at a volume of 1
or 4 μl per 1 ml of culture medium (respectively: LV-EGFP virus
titer: 5 × 108 genomes/ml and LV-TRPM7ΔK-EGFP virus titer: 2
× 107 genomes/ml).

Viral vectors, plasmids, and clones
The TRPM7 (GenBank ID: #NM_001164325.1) α-kinase domain
(M7CK, amino acids 1299 to 1863 of TRPM7 sequence), which
has been shown to be functional before (15, 16), was amplified
from mouse hippocampal complementary DNA (cDNA) and
cloned into AAV-CAG-EGFP plasmid backbone (Addgene,
plasmid no. 37825). Mutant kinase (M7CK-K1646R) sequence
was synthesized (Obio Technology) and cloned into the same
AAV-CAG-EGFP plasmid. Mouse truncated TRPM7 ion channel
sequence (TRPM7ΔK, amino acids 1 to 1510 of TRPM7 sequence),
which was proven to be functional (30), was synthesized, cloned
into Lenti-CMV-EGFP-3Flag vector, and packaged into lentivirus
by Obio Technology. WT full-length TRPM7 (amino acids 1 to
1862) was synthesized and cloned into pEGFP-N1 plasmid (Obio
Technology). Full-length TRPM7 with inactive channel mutation
P1040R (31) or with inactive kinase mutation K1646R (29) were
constructed. To generate cell membrane–anchored M7CK, an
AAV-CAG-GPI-M7CK-EGFP-GPI vector was generated with two
synthesized GPI sequences at both sides of M7CK-EGFP (N-
anchor amino acids: MGIQGGSVLFGLLLVLAVFCHSGHS, C-

anchor amino acids: MGIQGGSVLFGLLLVLAVFCHSGHS). For
cloning MMP14, the coding sequence (GenBank ID:
#NM_008608.4) was amplified from mouse hippocampal cDNA
and cloned into the pEGFP-N1 plasmid.

Generation of MMP14 shRNA and TRPM7 shRNA
MMP14 shRNA and control scrambled shRNA were synthesized
and constructed to AAV-CAG-mCherry plasmid (GeneChem).
#1-MMP14 shRNA sequence binding to the mouse MMP14
(1026-1046 of the coding sequence, GenBank ID: #NM_008608.4)
was 50-ACCGGGCGGGTGAGGAATAACCAAGTCTCGAGACT
TGGTTATTCCTCACCCGCTTTT-30. #2-MMP14 shRNA se-
quence binding to the mouse MMP14 (788-808 of the coding
sequence) was 50-ACCGGGGATGGACACAGAGAACTTCGCTC
GAGCGAAGTTCTCTGTGTCCATCCTTTTT-30. The scrambled
shRNA sequence was 50-CGCTGAGTACTTCGAAATGTC-30.
TRPM7 shRNA and control scrambled shRNA were as previously
reported (16). The TRPM7 shRNA sequence binding to the rat
TRPM7 (5153-5172 of the coding sequence) was 50-AATGCATG
ACTGGGGAATTTCAAGAGAATTCCCCAGTCATGCATT-30.
The negative control scramble shRNA sequence was 50-ATAAGA
ACAGCGGCTATATTCAAGAGATATAGCCGCTGTTCTTAT-30.

AAV production
HEK 293T cells were thawed and cultured in Dulbecco’s modified
Eagle medium (GIBCO, #11995-065) containing 10% fetal bovine
serum (GIBCO, #10099141) and 1% antibiotics (penicillin/strepto-
mycin, 100 U/ml; GIBCO, #15140-122) incubated in a humidified
chamber containing 5% CO2 at 37°C. After being digested by
trypsin (GIBCO, #25200-056), cells were passaged to 15-cm
culture plates. Once covering 70 to 80% of the surface of the
culture plate, cells were cotransfected with AAV plasmid and the
AAV virus packaging helper plasmids by using VigoFect transfec-
tion reagent (Vigorous Biotechnology, #T001). The transfected cells
were lysed completely by digestion enzymes (Sigma-Aldrich,
#E1014-25KU). AAV virus particles were purified from cell lysates
by heparin columns (HiTrap Heparin HP, Cytiva, #17040601),
washed by gradient low-concentration salt solutions [100, 150,
200, and 300 mM NaCl in 20 mM tris (pH 8.0)], eluted by gradient
high-concentration salt solutions [400, 450, and 500 mM NaCl in 20
mM tris (pH 8.0)], and condensed by centrifugation at 2000g, 4°C
using centrifugal filters tubes (Amicon Ultra-4, Millipore,
#UFC810096) until the liquid (containing virus particles) inside
the filter was less than 200 μl. The virus titer was assessed by real-
time quantitative polymerase chain reaction (PCR) using TaqMan
Universal Master Mix (Applied Biosystems, #UNG4440038) at
LightCycler M480 machine (Roche, Switzerland). The titered
AAV virus was diluted to nearly 3 × 1012 to 5 × 1012 genomes/ml
by phosphate-buffered saline (PBS). The virus efficiency was further
detected through gradient transfection of HEK 293T cells and val-
idated by microinjection into mice brain. Plasmids for AAV virus
packaging are listed as follows: AAV-CAG-EGFP, AAV-CAG-
M7CK-EGFP, AAV-CAG-GPI-EGFP-GPI, AAV-CAG-GPI-
M7CK-EGFP-GPI, AAV-CAG-scrambled-shRNA-mCherry, and
AAV-CAG-MMP14-shRNA-mCherry plasmids.

Virus injection
Mice were anesthetized under 2% isoflurane at the age of 5 months
and fixed in a stereotaxic frame (RWD Instruments). The virus
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injection coordinates for the hippocampus were mentioned as
follows according to the parameters described in Paxinos and
Franklin’s “The Mouse Brain in Stereotaxic Coordinates” (third
edition): anterioposterior (AP) = −2.06 mm, mediolateral (ML) =
±1.4 mm, dorsoventral (DV) for CA1 = 1.4 mm and for dentate
gyrus = 2.0 mm. Coordinates for CA3 AP = −2.06 mm were ML
= ±2.25 mm and DV = 2.1 mm. Bilateral injections of 300 nl of
virus (AAV-CAG-EGFP, AAV-CAG-M7CK-EGFP) were infused
in each site at a rate of 1 nl/s through glass capillary driven by Nano-
ject III pump (Drummond), for a total of 1.8 μl of virus per mouse.
The needles were left in place for more than 10 min before they were
removed. After suturing, the mice were kept in a warm chamber to
recover from anesthesia and then returned to their homecages.
After 1 month, behavioral assays and/or biochemical analyses
were performed. For the reversal experiments, eight male and
eight female 5XFAD mice were injected with the same amount of
virus (AAV-CAG-EGFP and AAV-CAG-M7CK-EGFP) into the
hippocampus at the age of 14 months as described above, and the
aging mice were evaluated behaviorally at the age of 17 months.

Western blotting
Total protein was extracted from freshly dissected hippocampal
tissues using radioimmunoprecipitation assay (RIPA) buffer (Beyo-
time, #P0013B) with protease and phosphatase inhibitor cocktail
(Roche, nos. 04906837001 and 04693159001). Total protein con-
centration was determined by bicinchoninic acid (BCA) kit
(Thermo Fisher Scientific, #23225). APP, βCTF, and Aβ protein
bands were separated by Biofuraw precast 4 to 12% bis-tris gel
(Tanon, #180-8018) and detected by Aβ6E10 antibody (1:2000; Bi-
oLegend, #803001). Other protein bands were separated by 10 to
15% SDS–polyacrylamide gel electrophoresis (SDS-PAGE) gel.
The separated bands were transferred onto 0.45-μm polyvinylidene
difluoride membranes (Millipore, #IPVH00010). After blocking
(5% skim milk and 0.1% Tween in PBS), membranes were incubated
with primary antibody overnight at 4°C. After washing, membranes
were incubated with anti-rabbit (1:5000; SAB, #L3012) or anti-
mouse (1:5000; Cell Signaling Technology, #7076S) horseradish
peroxidase (HRP)–conjugated antibody for 1.5 hours at room tem-
perature. Then, membranes were visualized by incubating them
with enhanced chemiluminescence solution (Tanon, #180-5001)
and imaged by Tanon 5200 multi-imaging system. In addition,
images were analyzed by Gel Pro Analyzer software (Media Cyber-
netics). The integrated optical density (IOD) of targeted protein
bands was measured and normalized to the IOD of glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (the housekeeper
protein). Primary antibodies used in Western blotting were listed
as follows: GAPDH (1:10,000; Proteintech, #10494-1-AP), NEP
(1:200; Santa Cruz Biotechnology, #sc46656), IDE (1:1000; Santa
Cruz Biotechnology, #sc393887), ACE (1:200; Santa Cruz Biotech-
nology, #sc23908), MMP14 (1:2000; Abcam, #AB51074), phospho-
serine/threonine (for detecting p-MMP14, 1:1000; BD Biosciences,
#612548), MMP2 (1:2500; Millipore, #MAB3308), MMP9 (1:1000;
Millipore, #AB19016), Aβ 6E10 (1:2000; BioLegend, #803001),
BACE1 (1:1000; Cell Signaling Technology, #D10E5), PSEN1
(1:500; Santa Cruz Biotechnology, #sc365450), mTOR (1:1000;
Novus, #BP1-19855), p-mTOR (1:1000; Novus, #BP1-19934), S6K
(1:1000; Millipore, #04-391), and p-S6K (1:1000; Millipore, #04-
392). Two TRPM7 antibodies were used in the current study; the
first antibody is commercially available targeting the ion channel

part (amino acid sequence 1146 to 1165 of human TRPM7 se-
quence, 1:750; Alomone, #ACC-047). Another antibody was cus-
tomized and made for us to target the kinase domain of TRPM7
(M7CK, amino acid sequence 1300 to 1539 of mouse TRPM7,
1:500; Abclonal, customized). Validation of M7CK antibody is
shown in fig. S7A.

Reverse transcription PCR
Total RNA of hippocampal tissues from human and 5XFAD mice
brain was extracted using TRIzol reagent (Ambion, #15596018) ac-
cording to the manufacturer’s instructions. One microgram of total
RNAwas converted into cDNA by using SuperScript II reverse tran-
scriptase (Invitrogen, #18064-014). Primer sequence was designed
using Primer-BLAST (National Center for Biotechnology Informa-
tion) as follows: TRPM7 primer sequence for human and mouse:
sense, 50-GATGAAACGATGGCTATGAAA-30 and antisense,
50-ATATGGCAGGTGGAACTAAAA-30; GAPDH primer se-
quence for human: sense, 50-GGCTGCTTTTAACTCTGGTAAA
G-30 and antisense, 50-CATTGATGACAAGCTTCCCG-30; and
GAPDH primer sequence for mouse: sense, 50-AGAGTGTTTCC
TCGTCCCGTA-30 and antisense, 5’-TCGCTCCTGGAAGATGG
TGAT-30. PCR was performed using Premix Taq (Takara,
#RR901) by adding the same amount of cDNA and primers.
GAPDH was used as internal reference. After electrophoresis, the
bands were visualized and imaged by Tanon 1600. In addition,
images were analyzed by ImageJ. The IOD of targeted DNA
bands was measured and normalized to that of corresponding
GAPDH band.

Coimmunoprecipitation
HEK 293T cells were cultured as mentioned above (see the “AAV
production” section). When covering 70 to 80% of the surface
area of the cell culture plates (35-mm diameter, Thermo Fisher Sci-
entific, #140675), HEK 293T cells were transfected with 4 μg of
DNA carrying MMP14-EGFP by using Lipofectamine 2000 (Invi-
trogen, #52887). After 48 hours, cells were harvested and homoge-
nized in RIPA buffer (Beyotime, #P0013C) containing protease and
phosphatase inhibitors, kept on ice for 20 min, and centrifuged at
12,000 rpm for 30 min at 4°C. The supernatant was collected and
used in the following steps. Coimmunoprecipitation of recombi-
nant MMP14 and native cleaved kinase domain was performed ac-
cording to the manufacturer ’s instructions of the Dynabeads
Protein G Immunoprecipitation Kit (Invitrogen, #10007D). Two
micrograms of MMP14 antibody (Abcam, #AB51047) or the cus-
tomized M7CK antibody (ABclonal, targets the native kinase
domain of TRPM7) were incubated in 200 μl of antibody binding
buffer containing 1.5 mg of Dynabeads on a mild rotator (60 rpm) at
room temperature for 30 min. Afterward, supernatant was removed
on magnet (Thermo Fisher Scientific, #MR02). Then, 150 μl of
samples containing antigen were mixed with the bead-antibody
complex and incubated on rotator for 42 hours at 4°C. The bead-
antibody-antigen complex was washed, transferred to a new tube,
and eluted by elution buffer followed by denaturation at 99°C for
5 min. The supernatant was pipetted on magnet, loaded in 10%
SDS-PAGE, and detected using Western blotting as de-
scribed above.
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Fluorescent immunostaining
For immunostaining in brain sections, anesthetized (as described
above) mice were perfused transcardially with 0.9% saline followed
by 4% paraformaldehyde (PFA). Brains were removed, postfixed in
4% PFA overnight, and dehydrated in gradient sucrose. Next, brains
were embedded in optimal cutting temperature compound (Tissue
Tech, #4583) and stored at −80°C. Frozen coronal sections (16 μm)
were cut, mounted on slides, and left to dry for 5 to 6 hours. After-
ward, the mounted brain sections were blocked in freshly prepared
blocking solution (5% goat serum and 0.2% Triton X-100 in PBS)
for 2 hours at room temperature followed by incubation with
primary antibody diluted in blocking buffer overnight at 4°C.
After washing with PBS, sections were incubated by CF-dye–conju-
gated secondary antibody with corresponding species for 2 hours at
room temperature. Then, sections were incubated with 40,6-diami-
dino-2-phenylindole (DAPI; 1:1000; Sigma-Aldrich, #D9542) for
10 min at room temperature. Last, sections were covered using ap-
propriate amount of anti-quenching mounting solution (Sangon
Biotech, E675005-0010). Only for CaMKII immunochemistry,
floating sections were used and incubated with primary antibody
overnight at room temperature, and then brain sections were
mounted on slides at the final stage. For immunostaining in neuro-
nal cell cultures, 14 DIV hippocampal neuron cultures were fixed
using 4% PFA for 45 min. The following procedures were the
same as immunostaining of brain sections. Primary antibodies
were used as follows: TRPM7 targeting ion channel part (1:50;
Alomone, #ACC-047), CaMKII (1:500; Abcam, #ab22609),
GAD67 (1:200; R&D Systems, #AF2086), NeuN (1:500; Abcam,
#ab177487), IBA1 (1:1000; Wako, #019-19741), GFAP (1:500; Milli-
pore, #MAB360), GAD65/67 (1:500; Sigma-Aldrich, #G5163), syn-
aptophysin (1:500: Synaptic Systems, #101011), PSD-95 (1:100; Cell
Signaling Technology, #3450S) for brain section, PSD-95 (1:500;
Synaptic Systems, #124003) for neuronal culture, and VGAT
(1:200; Synaptic Systems, #131002). Secondary antibodies were
used as follows: CF-488 goat anti-mouse conjugated secondary an-
tibody (1:500; Biotium, #20010), CF-647 goat anti-mouse conjugat-
ed secondary antibody (1:500; Biotium, #20040), CF-488 goat anti-
rabbit conjugated secondary antibody (1:500; Biotium, #20019),
and CF-555 goat anti-rabbit conjugated secondary antibody
(1:500; Biotium, #20033).

Synaptophysin and PSD-95 puncta analysis
In hippocampal neuron cultures, images of synaptophysin and
PSD-95 puncta were taken by Olympus FluoView FV1000 confocal
microscope using 60× numerical aperture (NA) 1.42 oil immersion
lens with digital zoom 3 at a resolution of 1024 × 1024. Synaptophy-
sin and PSD-95 puncta, which were located on single dendrite di-
rectly, were counted to measure density. Results are presented as
puncta number per 10-μm dendrite per neuron. In brain sections,
synaptophysin and PSD-95 images in stratum radiatum areas of the
CA1 region were taken by Olympus FluoView FV1000 confocal mi-
croscope using 60× NA 1.42 oil immersion lens with digital zoom 3
at a resolution of 1024 × 1024. Serial z sections were taken at step
size of 1 μm. Then, the three z sections with the strongest signals
were stacked into a single image. Image-Pro Plus 6.0 (Media Cyber-
netics) was used to analyze puncta number, which was conducted
according to previous research (16). HiGauss filters were used to
enhance synaptophysin and PSD-95 signals. In addition, the same
limited watershed split range was used in each image to split puncta.

The total puncta number was calculated by the software. The puncta
density was calculated and presented as total puncta number per
1000 μm2. Three sections per mice were used for quantitative
analysis.

TRPM7 density quantitative analysis
After TRPM7 immunostaining, serial z sections of each brain
section were taken at a step size of 2 μm by using Olympus FluoView
FV1000 confocal microscope equipped with 60× NA 1.42 oil im-
mersion lens. Images were taken at a resolution of 1024 × 1024
within stratum radiatum areas of the CA1 region. Quantitative anal-
ysis was conducted as follows: Backgrounds from all images were
reduced and set to a minimum equal level. Images were converted
to grayscale and inverted contrast. Then, IOD of fluorescent signals
was measured by Image-Pro Plus 6.0 software (Media Cybernetics).
DAPI in stratum pyramidale of CA1 was counted by ImageJ soft-
ware (NIH). For CaMKII/GAD and TRPM7 coimmunostaining,
the IOD of TRPM7 was quantified inside cell bodies of CaMKII-/
GAD-positive neurons. Both CaMKII/GAD and TRPM7 were
imaged in the same experiment under similar microscopic condi-
tions. Three sections per mice were used for quantitative analysis.

Imaging of AAV-CAG-M7CK-EGFP with CaMKII, GAD65/67,
GFAP, or IBA1 staining
Brain sections overexpressing AAV-CAG-M7CK-EGFP were coim-
munostained with CaMKII, GAD65/67, IBA1, and GFAP sepa-
rately. All images were taken in the CA1 areas of the
hippocampus by using Olympus FluoView FV1000 confocal micro-
scope. CaMKII or GAD65/67 with M7CK-EGFP signals was
imaged using 60× NA 1.42 oil immersion lens with digital zooms
1 and 3 at a resolution of 1024 × 1024. GFAP or IBA1 with
M7CK-EGFP signals was imaged using 20× NA 0.75 lens with
digital zoom 1 at a resolution of 1024 × 1024.

MMP14, M7CK, MMP2, and MBP clones, protein
purification, and kinase enzymatic activity
MMP14 sequence (GenBank ID: #NM_008608.4), M7CK sequence
(amino acids 1299 to 1863 of TRPM7 sequence), MBP sequence
(GenBank ID: #NM_001025245.1), and MMP2 sequence
(GenBank ID: #NM_008610.3) were amplified from WT mouse
hippocampus cDNA and cloned in pcDNA3.1+ vector (Obio Tech-
nology). The constructed plasmid was transformed into DH5α
competent cells (Weidi Biotechnology, #DL1001) and then spread
on LB plate medium (10 g of tryptone, 5 g of yeast extract, 10 g of
NaCl, and 15 g of agar powder into 1 liter of double-distilled water)
containing Kana+ (100 μg/ml; Sangon Biotech, #A100408) and cul-
tured overnight at 37°C. Five or six single colonies were selected for
sequencing (Sangon Biotech), and the correct one was used to
amplify the protein overnight at 37°C for protein extraction. The
amplified bacteria were centrifuged at 4200 rpm at 4°C, resuspended
by lysis buffer [50 mM tris-HCl (pH 8.0), 100 mM NaCl, 10 mM
MgCl2, 1 mM EDTA, 10 mM β-mercaptoethanol, 20% glycerol, ly-
sozyme (1 mg/μl), 8 M urea, and one pill of protease inhibitor], kept
on ice for 30 min, and ultracentrifuged at 28,000 rpm for 30 min at
4°C (Beckman, Optima XPN-100 ultracentrifuge). The supernatant
liquid was obtained and condensed at 4200 rpm at 4°C by Amicon
Ultra 15 ML-30K protein isolation centrifugal filters (Millipore,
#UFC9030) until the remaining liquid was less than 1 ml. The ul-
trafiltrates of each protein were collected and used for kinase activity
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or in vitro Aβ degradation experiment. Ultrafiltrates from nontrans-
formed bacteria were collected and used for negative controls.

Kinase activity was conducted by using a universal kinase activ-
ity assay kit (R&D Systems, #EA004). The purified MMP14, M7CK,
and MMP2 proteins were diluted to 0.4 μg/μl by assay buffer and
renatured at room temperature. As a positive control substrate for
the kinase (40), MBP was also used at the same concentration. The
proteins were added into reactions and incubated for 20 min at
room temperature. Then, Malachite Green Reagent A and B were
added to each reaction and incubated for 20 min at room temper-
ature to generate color and stop enzymatic reaction. The optical
density of each reaction was detected at 620 nm by MultiScan Go
(Thermo Fisher Scientific). Reaction with adenosine 50-diphosphate
(ADP) instead of ATP was run as positive control to confirm that
reactions occurred. Reactions without substrate or kinase (using ul-
trafiltrates from nontransformed bacteria) were run as negative con-
trols. A blank was also run as a control. A calibration curve was
constructed according to the user ’s manual of the kit. All data
were calculated as a percentage of the control (+M7CK but no sub-
strate) group.

In vitro Aβ degradation experiment
M7CK and MMP14 proteins were extracted as described above (see
MMP14 and M7CK protein extraction). Aβ1–42 (2 μM; Tocris,
#1428) was incubated with 80 nM M7CK only or MMP14 only or
both MMP14 and M7CK proteins in zymogen buffer [50 mM tris-
HCl, 200 mM NaCl, and 5 mM CaCl2 (pH 7.5)] containing 1 μl of
10 mM ATP (R&D Systems, #EA004) in a final volume of 50 μl. All
essential components for phosphorylation reaction were included
in this system. A mix of 2 μM Aβ1–42 alone in zymogen buffer
with ATP was used as control group. The reaction of Aβ degrada-
tion was performed at 37°C for 10 hours and was stopped by cooling
on ice for 5 min. The reaction was loaded into Biofuraw precast 4 to
12% bis-tris gel, and the remaining Aβ1–42 was measured by quan-
titative Western blot analysis as described above.

Amyloid β1–40/1–42 ELISA
Aβ1–40/1–42 concentrations were measured by using a human β-
amyloid (1–42) ELISA kit (Wako, #298-62401) and a human β-
amyloid (1–40) ELISA kit (Wako, #292-62301) according to the
manufacturer’s instructions. For in vitro experiments, WT hippo-
campal neuronal cultures were transduced by AAV-CAG-EGFP and
AAV-CAG-M7CK-EGFP (1 μl/1 ml of culture medium) virus at 7
DIV. After Aβ treatment at 12 DIV, the neuronal cultures were sep-
arated to four groups: EGFP or M7CK-EGFP with or without
Aβ1–42. At 14 DIV, neuronal culture medium (1 ml) was collected,
and then neurons in the cultured slides were gently washed by PBS
and collected as three neuronal cultures in one tube. Hippocampal
neuronal cultures were homogenized in RIPA buffer (Beyotime,
#P0013B) containing protease and phosphatase inhibitors, kept
on ice for 20 min, and then centrifuged at 12,000 rpm for 10 min
at 4°C to collect supernatant for Aβ ELISA. Total protein concen-
trations of neuronal homogenates were determined using the BCA
kit (Thermo Fisher Scientific). 5XFAD hippocampal neuronal cul-
tures were transduced with AAV virus at 7 DIV, and culture
medium was collected for Aβ ELISA at 14 DIV. Afterward, gradient
Aβ1–42 standard solutions were prepared, and 100 μl of diluted
samples and standards was added into each well embedded with
primary antibody, sealed, and kept overnight at 4°C. After

washing, the wells were incubated with 100 μl of the HRP-conjugat-
ed antibody solution for 1 hour at 4°C followed by incubation with
100 μl of trimethylboron solution for 30 min at room temperature in
the dark. After adding 100 μl of stop solution, the absorbance of
each well was read at 450 nm with the microplate reader MultiScan
Go. The Aβ1–42 concentration for each sample was calculated ac-
cording to standard curve.

The hippocampi of 5XFAD mice overexpressing EGFP or
M7CK-EGFP virus were homogenized in RIPA buffer with protease
and phosphatase inhibitors, kept on ice for 20 min, and centrifuged
at 12,000 rpm for 30 min at 4°C. The supernatant was collected to
quantify the soluble Aβ. The sediment was resuspended in digestion
buffer [5 M guanidine HCl in 50 mM tris (pH 8.0)] and centrifuged
at 12,000 rpm for 30 min at 4°C. The supernatant was collected and
used to quantify the insoluble part of Aβ. Both soluble and insoluble
parts were subjected to Aβ measurement using a human β-amyloid
(1–42) ELISA kit and a human β-amyloid (1–40) ELISA kit as men-
tioned above.

Aβ plaque immunostaining and quantification
After blocking with 5% goat serum, frozen sections that were
mounted on slides were incubated with primary antibody for Aβ
(1:1000; Cell Signaling Technology, #9888) overnight at 4°C in a
humid chamber. After washing with PBS, sections were incubated
with biotinylated secondary antibody for 30 min and VECTAS-
TAIN ABC reagent (Vector Laboratories, #PK-4000) for 30 min
at room temperature. Afterward, sections were incubated in perox-
idase substrate chromogen 3,30-diaminobenzidine (Sangon,
#E670033) for 20 min at room temperature. Sections were rinsed
by tap water gently to decrease background color. Stained sections
were imaged by Olympus VS120 microscope with 10× objective lens
at hippocampus. Aβ plaque density within hippocampus was ana-
lyzed by Image-Pro Plus 6.0. According to the preliminary experi-
ment, brain sections of WT mice showed no Aβ plaque signal
completely. For analysis, Aβ plaques were outlined manually until
all plaques were included, and then the same parameters were
applied to all images from both groups (5XFAD overexpressing
EGFP or M7CK-EGFP in the hippocampus). The density of Aβ
plaques in the hippocampus was measured from three sections
per mouse.

Novel object recognition test
NORT was used to evaluate 24-hour memory in a 4-day session.
The mice were allowed to explore freely for 10 min in an open-
field apparatus (50 cm by 50 cm by 50 cm polyvinyl chloride
arena with white walls and floor) on day 1 (“habituation phase”).
The session was videotaped, and the videos were analyzed later
for monitoring the exploration and locomotor activity of the mice
by using Lime Light software (Coulbourn Instruments). On day 2,
the mice were given another 5-min habituation phase in the same
arena. On day 3, each mouse was placed into the open-field arena
and exposed to four identical objects for 5 min (“sample phase”).
Exploration counts toward each object were counted, and total ex-
ploration counts were used as a control for baseline exploration ac-
tivity. Twenty-four hours after this sampling phase, the familiar
object with the least exploration counts was substituted with a
novel object at the same location, and mice were returned to the
arena for 5 min of free exploration (“acquisition phase”) to assess
memory. Videos from this acquisition phase were analyzed by at
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least two experimenters. The recognition index was calculated as a
percentage of exploration counts toward each object over all four
objects, and the recognition index of novel object in comparison
with that of the other three familiar objects (averaged together)
was presented. Completely different objects were used for every ex-
periment when NORT was performed at 6, 10, and 15 months
of age.

Y-maze
The Y-maze test was used to assess spatial working memory func-
tions. Each mouse was allowed to explore freely in a Y-shaped maze
(arm length × width × height: 35 cm × 5 cm × 15 cm with three
black opaque plastic arms at a 120° angle from each other)
without any internal or external cues for 8 min. The session was
videotaped. A spontaneous alternation was defined as successive
entries into three different arms without repetition (such as ABC
or BCA). A triad means that mice entered the three arms consecu-
tively. The number of total entries into arms and the number of
spontaneous alternations were assessed:

Number of triads ¼ ðTotal entries � 2Þ

Spontaneous alternation ð%Þ ¼
# of Spontaneous alternations

# of triads
� 100

Cognition wall spatial task
The cognition wall spatial task was performed as described previ-
ously (16). Mice were placed in the PhenoTyper cages (length ×
width × height: 30 cm × 30 cm × 35 cm, Noldus Information Tech-
nology, Netherlands) consisting of transparent walls with a white
floor covered by standard bedding. Mice were allowed to habituate
for 11 hours with free access to water but limited access to food
before the task was commenced. Ten food pellets were given to
each mouse in advance to help it locate the food dispenser. The
task lasted for 13 hours in total (from 8:00 a.m. to 9:00 p.m.). The
cognition wall includes three entry holes with one correct hole. One
food pellet was given automatically by the food dispenser (Noldus)
after every fifth correct hole entry during the task. The obtained
food pellets and motion track of each mouse were recorded and an-
alyzed automatically along the time period (EthoVision XT 12 soft-
ware, Noldus). The mouse learned the task only when it reached the
criteria of 80% correct hole entrance during the last 30 entries. The
total entries until either the mice had learned the task or up to 13
hours (whichever came first) were recorded and used for analysis.
The task automatically assessed the learning speed and the percent-
age of mice that had learned the task. The learning curve was plotted
as a survival plot, with log-rank statistics. The consumed food
pellets by each mouse were counted manually to confirm no
errors with the food dispenser and automated read outs during
the 13-hour session.

Nest construction test
Each mouse was housed individually 1 week before the test. Nest
construction test was performed from 11:00 a.m. until 11:00 p.m.
Before the task, each cage was covered with 5 cm–by–5 cm square
tissue. Images were taken at the end of the test. Nesting behavior was

scored following the rules: 5 = all tissue was torn into small pieces
and gathered properly in a corner, 4 = most tissue was torn and
gathered, 3 = some tissue was gathered and torn moderately, 2 =
some tissue was torn but without gathering, and 1 = no tissue was
torn or gathered.

Statistical analysis
All data were analyzed by GraphPad Prism (GraphPad). Data were
first subjected to tests for normality and variance homogeneity
(table S2). Shapiro-Wilk normality test was used to check whether
the data were conforming to normal distribution. Variance homo-
geneity was assessed by F test for two-group experiments and eval-
uated by Brown-Forsythe test for multiple-group experiments. For
two-group comparison, two-tailed unpaired t test was used for nor-
mally distributed data, unpaired t test with Welch’s correction was
used for data with uneven variance, and Mann Whitney test was
used for data that were not normally distributed. For multigroup
comparisons, one-way analysis of variance (ANOVA) was followed
by Bonferroni’s post hoc test with normally distributed data, or one-
way ANOVA Kruskal-Wallis test was adopted followed by Dunn’s
post hoc with not normally distributed data. Experiments involving
two factorial analyses were examined by using two-way ANOVA.
For two-way ANOVA, Bonferroni’s post hoc test was used for com-
parisons. Survival plot data were analyzed with log-rank statistics
(Mantel-Cox test). All data are presented as mean ± SEM. Statistical
significance was defined as P < 0.05. Also provided in the Supple-
mentary Materials are tabulated details of the sample sizes (table S3)
and statistical analysis information (table S4) for each dataset in
this study.

Supplementary Materials
This PDF file includes:
Figs. S1 to S7
Tables S1 to S4

Other Supplementary Material for this
manuscript includes the following:
Data files S1 and S2
MDAR Reproducibility Checklist

View/request a protocol for this paper from Bio-protocol.
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Editor’s summary
The abundance of the dual-function ion channel and kinase TRPM7 is decreased in postmortem brain samples from
patients with Alzheimer’s disease (AD). Zhang et al. uncovered a pathological role for loss of TRPM7 in AD. In mice
modeling amyloid-#–induced pathology, synapse formation and cognitive function were restored in aged mice and
preserved in pre-symptomatic, younger mice upon overexpression of the kinase portion of TRPM7 (called M7CK).
M7CK directly activated the protease MMP14, which promoted amyloid-# degradation and clearance. The findings may
provide a mechanistic link between TRPM7 loss and amyloid pathology in AD patients.–Leslie K. Ferrarelli
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