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SUMMARY

The TRPM7 chanzyme contributes to several biolog-
ical and pathological processes in different tissues.
However, its role in the CNS under physiological con-
ditions remains unclear. Here, we show that TRPM7
knockdown in hippocampal neurons reduces struc-
tural synapse density. The synapse density is rescued
by the a-kinase domain in the C terminus but not by
the ion channel region of TRPM7 or by increasing
extracellular concentrations of Mg2+ or Zn2+. Early
postnatal conditional knockout of TRPM7 in mice
impairs learning and memory and reduces synapse
density and plasticity. TRPM7 knockdown in the
hippocampus of adult rats also impairs learning and
memory and reduces synapse density and synaptic
plasticity. In knockout mice, restoring expression of
the a-kinase domain in the brain rescues synapse
density/plasticity and memory, probably by interact-
ing with and phosphorylating cofilin. These results
suggest that brain TRPM7 is important for having
normal synaptic and cognitive functions under phys-
iological, non-pathological conditions.

INTRODUCTION

The transient receptor potential melastatin-like 7 (TRPM7) chan-

zyme is a unique ion channel containing a serine-threonine

a-kinase domain on its C terminus (Nadler et al., 2001; Runnels

et al., 2001). TRPM7 is able to transport divalent cations such

as zinc (Zn2+), magnesium (Mg2+), and calcium (Ca2+) (Mon-

teilh-Zoller et al., 2003). TRPM7 is involved in physiological and

pathological processes, including embryonic development,

organogenesis, and organism survival (Jin et al., 2008, 2012;

Ryazanova et al., 2010), cell proliferation and survival (Sahni

and Scharenberg, 2008; Schmitz et al., 2003), and cell apoptosis

(Desai et al., 2012). The a-kinase domain of TRPM7, on the other

hand, phosphorylates eEF2-kinase (Perraud et al., 2011) and
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modifies chromatin (Krapivinsky et al., 2014); both mechanisms

are linked to cellular growth and proliferation. The majority of

studies on the functional role of TRPM7, however, were conduct-

ed in peripheral tissue and/or cell lines (Abumaria et al., 2018;

Fleig and Chubanov, 2014). The functional role of TRPM7 and/

or its a-kinase domain in the post-mitotic CNS remains unclear.

Most studies in the mammalian brain focused on the role of

TRPM7 in neuronal death following ischemic/hypoxic conditions.

In neuronal cultures, TRPM7 mediates neuronal Ca2+ overload,

resulting in neuronal death under prolonged oxygen/glucose

deprivation (Aarts et al., 2003). Meanwhile, knocking down

TRPM7 reduces the anoxic Ca2+ overload and prevents neuronal

death (Aarts et al., 2003). In experimental animals, exposure to

ischemia-like conditions increases TRPM7 expression and its

currents in the hippocampus of rat (Jiang et al., 2008). Knocking

downTRPM7prevents neuronal death and retains normal synap-

tic transmission in the rat hippocampus after ischemic injury (Sun

et al., 2009). Furthermore, pharmacological blockage of TRPM7

reduces brain damage during neonatal hypoxic injury (Chen

et al., 2015). Therefore, in themammalian brain, TRPM7 is viewed

as a mediator of excitotoxicity, neuronal death, and/or neurode-

generation following certain injuries. It is considered a potential

molecular target for drug design to prevent neuronal death (Bae

and Sun, 2013). However, the functional role of TRPM7 in the

mammalian brain, under non-pathological conditions, remains

to be addressed. Here, we explored the role of TRPM7 in the

mammalian brain and found that TRPM7 is important for synapse

density, synaptic plasticity, and learning and memory.

RESULTS

TRPM7 Knockdown Reduces Synapse Density In Vitro

To knock down TRPM7 in neurons, we generated a small

interfering RNA hairpin sequence (shRNA) and packaged it in ad-

eno-associated virus (AAV) that included tdTomato fluorescent

protein (cultures transduced by this AAV will be referred to as

TRPM7shRNA). Control cultures were transduced by AAV carrying

scrambled shRNA (referred to as CtrlSCR). Unless otherwise

indicated, cultures were infected at 7 days in vitro (DIV) and

were imaged at 14 DIV.
s).
creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. TRPM7 Knockdown Reduces Synapse Density, and the Kinase Domain Rescues It In Vitro

(A) Left: fluorescent images of dendrites in hippocampal neurons of CtrlSCR (left) and TRPM7shRNA (right) cultures. Right: quantitative analysis of spine density in

CtrlSCR and TRPM7shRNA cultures (unpaired t test, t(174) = 7.0, p < 0.001).

(B) Same as in (A) but with PSD-95 puncta density (t(36) = 6.2, p < 0.001).

(C) Same as in (B) but with synaptophysin puncta density; (t(115) = 6.0, p < 0.001; 3 cultures per group, 9–15 neurons per culture).

(D) Left: fluorescent images (in pseudo-color) of FM1-43-positive terminals (FM) and differential interference contrast (DIC) images from CtrlSCR and TRPM7shRNA
cultures. Right: quantitative analysis of FM1-43 puncta density (per dendritic area) in Ctrl, CtrlSCR, and TRPM7shRNA cultures; F(2, 24) = 9, p = 0.0012, one-way

ANOVA (5 cultures per group, 8–10 areas per group).

(E) Same as in (A) but cultures were transfected with control microRNA (Ctrl-miR5) or two anti-TRPM7 microRNAs (miR1 and miR4); F(2, 67) = 32.5,

p < 0.0001 (3 cultures per group).

(F) Left: fluorescent images of dendrites in hippocampal neurons fromCtrlSCR and TRPM7shRNA cultures under different [Mg2+]o: 0.8 (control), 5, and 10mM. Right:

quantitative analysis of spine density in CtrlSCR and TRPM7shRNA cultures. Effects of: TRPM7shRNA, F(1, 98) = 62.6; [Mg2+]o, F(2, 98) = 12.9; and interaction,

F(2, 98) = 12.5, p < 0.0001, two-way ANOVA.

(legend continued on next page)
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Immunostaining in partially transduced hippocampal neuronal

cultures (<0.5 mL AAV per milliliter of culture media) showed that

neurons expressing TRPM7shRNA exhibited weak TRPM7 signal

in comparison with adjacent neurons within the same culture

that were not transduced by the AAV (Figure S1A, upper panel).

Meanwhile, all neurons in CtrlSCR cultures had normal expression

levels of TRPM7 (Figure S1A, lower panel). Following this quali-

tative analysis, we used fully transduced cultures (1 mL AAV

per milliliter; >90% of the neurons were transduced) in order to

conduct all subsequent quantitative analyses presented

hereinafter.

The percentage of TRPM7 knockdown was quantified by two

more independent experiments. Using RT-PCR, we found that

TRPM7shRNA cultures had �93% less TRPM7 mRNA than

CtrlSCR (Figure S1B). At the protein level, using immunostaining,

TRPM7shRNA cultures had �90% less TRPM7 fluorescent signal

than CtrlSCR (Figure S1C). TRPM7 protein expression did not

differ between CtrlSCR and non-transduced control cultures

(referred to as Ctrl in Figure S1C); hence, the observed suppres-

sion of TRPM7 cannot be attributed to side effects of the virus

transduction per se.

TRPM7 knockdown did not affect the mRNA of other TRPM

channels such as TRPM6, TRPM3 and TRPM2 (Figures S1D–

S1F). Previous studies suggest that TRPM2 protein expression

could be reduced by suppressing TRPM7 (Aarts et al., 2003).

To exclude this possibility, we also quantified TRPM2 protein

expression and found no changes (Figure S1G). We also tested

whether knockdown of TRPM7might influence neuronal survival

and dendritic complexity. TRPM7shRNA cultures had similar

cellular density (Figure S1H) and dendritic complexity (Figure S1I)

to that of CtrlSCR. Therefore, we can successfully knock down

TRPM7 without influencing the expression of other TRPM chan-

nels and without impacting neuronal survival or dendritic

complexity.

Next, we investigated whether TRPM7 knockdownmight influ-

ence synapse density in neuronal cultures. TRPM7shRNA cultures

had a significantly lower density of spines relative to CtrlSCR
(by�28%; Figure 1A). We also found that both PSD-95 and syn-

aptophysin puncta were significantly lower in TRPM7shRNA cul-

tures (by �26% and �30%, respectively; Figures 1B and 1C).

Furthermore, we quantified the structural presynaptic terminal

density using FM1-43 dye and found that the density of FM1-

43-positive terminals was reduced in TRPM7shRNA cultures

(by �25%, Figure 1D). The densities of FM1-43-positive termi-

nals in Ctrl and CtrlSCR cultures were similar (Figure 1D).

To confirm these results, we designed 5 microRNA (miRNA)

sequences; miRNAs 1 to 4 were designed to target TRPM7,

and miRNA 5 was designed as scrambled control miRNA.
(G) Same as in (F) but using different concentrations of [Zn2+]o: 0.006 (control),

TRPM7shRNA, F(1, 282) = 47.5; [Zn2+]o, F(3, 282) = 12.8, p < 0.0001; and interacti

(H and I) Synaptophysin puncta density in CtrlSCR and TRPM7shRNA cultures afte

using AAV-EGFP virus (H) or after combining M7CK with 0.05 mM [Zn2+]o (left, I).

cultures; for the interaction, F(2, 46) = 11.57, p < 0.0001, two-way ANOVA. In (I),

M7CK; for the interaction, F(1, 310) = 12.7, p = 0.0004. EGFP signal was omitte

(3–4 cultures per group, 9–16 neurons per group).

Scale bars, 5 mm. Data are presented as mean ± SEM. ANOVAs were followed b

See also Figures S1 and S2.
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We selected miRNAs 1 and 4 in our experiments because they

were the strongest in knocking down TRPM7 in cell culture (by

>80%; data not shown). Hippocampal neurons transfected

with miRNA 1 or miRNA 4 had significantly lower spine density

than control cultures (by �26% and �35%, respectively; Fig-

ure 1E). Therefore, TRPM7 knock down in hippocampal neurons

under non-pathological conditions, resulted in reductions in syn-

apse density.

Synapse Density Can Be Rescued by the a-Kinase
Enzyme Domain
TRPM7 is known to be involved in the homeostasis of essential

divalent cations such asMg2+ and Zn2+. In the brain, both cations

(Mg2+ and Zn2+) are known as important regulators of synapse

density and functions (Nakashima and Dyck, 2009; Slutsky

et al., 2010). Therefore, we tested whether elevating extracellular

Mg2+ or Zn2+ concentrations ([Mg2+]o or [Zn2+]o) could rescue

synapse density following TRPM7 knockdown. We elevated

[Mg2+]o (from 0.8 mM [control level] to 5 and 10 mM) or [Zn2+]o
(from 0.006 mM [control level] to 0.01, 0.05, and 0.1 mM) 24 hr

after adding AAV to the cultures, and fluorescent imaging was

conducted 6 days later (14 DIV).

Elevating [Mg2+]o did not rescue the reductions in spine den-

sity in TRPM7shRNA cultures (Figure 1F). In CtrlSCR cultures,

elevating [Mg2+]o up to 10 mM resulted in a significant reduction

in spine density compared to control cultures incubated under

standard [Mg2+]o (Figure 1F, black line). Elevating [Zn2+]o also

did not rescue the reductions in synaptophysin puncta in

TRPM7shRNA cultures (Figure 1G). Similar to previous studies

(Nakashima and Dyck, 2009), elevating [Zn2+]o from 0.006 to

0.1 mM resulted in significant reductions in synaptophysin

puncta in CtrlSCR cultures in comparison with control cultures

incubated under standard [Zn2+]o (Figure 1G, black line).

Data suggest that the role of TRPM7 in Mg2+/Zn2+ homeosta-

sis is indispensable; hence, elevating divalent cations failed to

rescue synapse density. An alternative possibility is that the

role of TRPM7 in divalent cation homeostasis in neuronal cells

is redundant and that the homeostasis of divalent cations was

not disrupted by TRPM7 knockdown; hence, elevating divalent

cations failed to rescue synapse density. Our results support

the latter possibility. We found that 1 week after TRPM7 knock-

down, intracellular Mg2+ concentrations ([Mg2+]i) did not differ

among TRPM7shRNA, CtrlSCR, and Ctrl cultures (Figure S2A).

Acute pharmacological blockage (4 hr) of TRPM7 failed to

reduce [Mg2+]i in mature hippocampal neurons (23 DIV in

Figure S2B). Furthermore, brain tissue taken from TRPM7

conditional knockout mice did not have a deficiency in Mg2+

and/or Zn2+ concentrations (Figure S2C). Finally, a lentivirus
0.01, 0.05, and 0.1 mM and using synaptophysin puncta density. Effects of:

on, F(3, 282) = 5.2, p = 0.0017.

r knocking in the active or the mutant a-kinase (M7CK or M7CK-K1646R, left)

In (H), M7CK, but not M7CK-K1646R, rescues synapse density in TRPM7shRNA
M7CK plus high [Zn2+]o concentration does not improve the rescuing effect of

d, and green color is used to indicate synaptophysin puncta for consistency

y Bonferroni’s post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 2. CaMKII-T7�/� Mice Have Reductions in Synapse Density, Plasticity, and Impairments in Learning and Memory

(A) Recognition index of wild-type (WT; n = 12), T7flox/flox (n = 8), and CaMKII-T7�/� (n = 10) mice during a short-term recognition memory test; F(2, 28) = 6,

p = 0.0068, one-way ANOVA. Dashed line represents the chance level.

(B) Percentages of T7flox/flox and CaMKII-T7�/� mice (n = 10 per group) that successfully learned the cognition wall task during 13 hr of spontaneous learning;

log-rank Mantel-Cox test, c2
ð1Þ = 11.55, p = 0.0007.

(C) Total number of food pellets obtained during the cognition wall task learning by the same groups of mice; t(18) = 2.6, p = 0.017, unpaired t test.

(D) Percentage of correct choices during the cognition wall memory test by the same groups of mice; t(18) = 3.2, p = 0.0049.

(E) Representative images (left) and quantitative analysis (right) of spine density in the CA1 area of T7flox/flox and CaMKII-T7�/� mice (n = 6 mice per group);

t(10) = 8.4, p < 0.0001.

(F) Representative fluorescent images (left) and quantitative analysis (right) of synaptophysin puncta density in the CA1 area of T7flox/flox and CaMKII-T7�/� mice

(n = 5 mice per group); t(8) = 3.65, p = 0.0065.

(G) Representative mEPSC traces (upper panel) and mean frequency (lower left panel; t(28) = 2.4, p = 0.025) and amplitude (lower right panel) of mEPSCs in

CA1 pyramidal neurons from T7flox/flox and CaMKII-T7�/� mice (n = 14–16 cells, 3 mice per group).

(H) Input-output curve generated from fEPSP slope (millivolts per millisecond) versus fiber volley amplitude (mV) measured at increasing stimulus intensities

in hippocampal slices from T7flox/flox and CaMKII-T7�/� mice (n = 3 mice per group, 2–3 slices per mouse).

(legend continued on next page)

Cell Reports 23, 3480–3491, June 19, 2018 3483



(LV) carrying the truncated ion channel at D1510 (LV-TRPM7DK-

EGFP), which was shown to be functional (Desai et al., 2012),

failed to restore synapse density in TRPM7shRNA cultures (Fig-

ure S2D). Therefore, the role of TRPM7 in maintaining normal

synapse density might not depend on the homeostasis of diva-

lent cations such as Mg2+ and Zn2+ and/or on its ion channel

part. In addition, our results suggest that the role of TRPM7 in

Mg2+ and Zn2+ homeostasis in the brain might be redundant

and can be compensated for, at least under physiological

[Mg2+]o and [Zn2+]o.

Next, we tested whether the a-kinase domain (M7CK) can

rescue the synapse density. We cloned the C-terminal part of

TRPM7 (conjugated to EGFP) in AAV vector (AAV-M7CK-

EGFP). This kinase domain clone was shown to have normal ki-

nase activity (Krapivinsky et al., 2014). Using a kinase activity

assay and myelin basic protein as a substrate, we confirmed

that this kinase clone is functional and possesses high kinase ac-

tivity (Figure S2E). Seven days after TRPM7 knockdown (6 days

after knocking in M7CK), we observed that synaptophysin

puncta in TRPM7shRNA+AAV-M7CK-EGFP cultures was signifi-

cantly higher than that in cultures where TRPM7 was knocked

down, TRPM7shRNA+AAV-EGFP (by �39%; Figure 1H). The

puncta density in TRPM7shRNA+AAV-M7CK-EGFP cultures did

not significantly differ from that in CtrlSCR+AAV-M7CK-EGFP

cultures (Figure 1H, white lined and red lined bars). Furthermore,

overexpression of M7CK in CtrlSCR cultures did not result in in-

creases in the density of synaptophysin puncta (Figure 1H, white

solid and white lined bars). Meanwhile, knocking in the mutant

and inactive kinase (M7CK-K1646R) failed to rescue the

synapse density (Figure 1H, red dotted bar). Knocking in the

mutant a-kinase, in CtrlSCR cultures, resulted in significant

reductions in synaptophysin puncta in comparison with that in

control cultures (Figure 1H, white dotted bar versus white bar;

p < 0.01, post hoc test). This reduction suggests that the mutant

a-kinase acted as a negative dominant and/or a competitor for

the endogenous a-kinase on a certain molecular target but failed

to phosphorylate it, resulting in reductions in synapse density as

if the endogenous a-kinase was suppressed or inhibited. Such

observations are in further support of the role of the a-kinase in

regulating synapse density.

Elevating [Zn2+]o up to 0.05 mM induced a slight (but

reproducible) tendency to restore synaptophysin puncta in

TRPM7shRNA cultures (by �10%; Figure 1G, red line). Therefore,

we tested the possibility that combining high [Zn2+]o (0.05 mM)

with knocking in M7CK might further improve the rescue of

synapse density in TRPM7shRNA cultures. This combination did

not appear to be more effective in restoring synaptophysin

puncta in TRPM7shRNA cultures (Figure 1I). Therefore, the

TRPM7-dependent synapse density appeared to depend on

the active and functioning a-kinase domain of TRPM7.
(I) Left: representative traces of fEPSPs following paired-pulse stimulation at an

analysis of paired-pulse ratio (as a percentage of the first fEPSP) in T7flox/flox and

(J) (Left) Representative fEPSPs recorded before (black) and after (red) TBS; (midd

after (arrow) TBS; and (right) average of the whole normalized slope (after TBS)

group); t(12) = 2.39, p = 0.03.

Data presented as mean ± SEM. ANOVA was followed by Bonferroni’s post hoc

See also Figures S3 and S4.
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Postnatal Deletion of TRPM7 in Mouse Brain Reduces
Synapse Density and Impairs Learning and Memory
It is possible that TRPM7 is important for synapse density only in

the developing and maturing neuronal systems in vitro. Further-

more, if TRPM7 is important for synapse density, then brain

TRPM7 could also be important for learning and memory. To

support our conclusion and to test our hypothesis, we generated

a mouse colony with brain-specific deletion of TRPM7 that

would happen at an early postnatal stage. TRPM7-floxed homo-

zygous mice (T7flox/flox) were crossed with female CaMKII-Cre

mice. This resulted in generating amouse colony with brain-spe-

cific complete deletion of TRPM7, namely, in CaMKII-positive

neurons (CaMKII-T7�/�).
CaMKII-T7�/� mice survived and had normal body weight,

food intake, and water consumption (Figures S3A–S3C). Behav-

iorally, they exhibited normal locomotor activity and motivation

to explore a novel object (Figures S3D and S3E), indicating no

major changes in basic behavioral parameters that might impact

our interpretations of behavioral readouts. Molecularly and histo-

logically, although CaMKII-T7�/� mice had �80% less TRPM7

protein in the brain (Figure S3F), the brain morphology, weight,

and overall anatomical architecture were similar to those of

T7flox/flox mice (Figures S3G and S3H). Dendritic complexity of

pyramidal neurons in the hippocampus also was normal (Fig-

ure S3I). Furthermore, by crossing CaMKII-T7�/� mice with Ai3

Cre-mice, we confirmed that TRPM7 was knocked out in the

majority of CaMKII-positive neurons (Figure S3J).

We evaluated the learning and memory abilities of CaMKII-

T7�/� mice and compared them with those of T7flox/flox mice.

In the novel object recognition test (NORT), T7flox/flox mice ex-

hibited a normal recognition index similar to that of wild-type

mice following a 2-hr retention interval (Figure 2A), suggesting

that T7flox/flox mice have normal memory abilities and can be

used as a standard control. CaMKII-T7�/� mice had a signifi-

cantly lower recognition index than those of both control

groups (Figure 2A). Furthermore, during 13 hr of spontaneous

learning in the cognition wall spatial task, all T7flox/flox mice

learned the task fast, whereas learning was slower in CaMKII-

T7�/� mice, and only 40% of the mice achieved the learning

criteria (Figure 2B), which was confirmed when these mice

had obtained significantly fewer feeding pellets during the

learning phase (Figure 2C). In the memory test of the cognition

wall task, CaMKII-T7�/� mice also scored significantly

lower percentages of correct choices (Figure 2D). Therefore,

TRPM7 knockout in mouse brain impaired learning and

memory.

Next, we quantified synapse density in the CA1 area. CaMKII-

T7�/� mice had significant reductions in spine density in com-

parisonwith T7flox/floxmice (by�21%; Figure 2E). Synaptophysin

puncta density in CaMKII-T7�/� mice was also significantly
interval of 100 ms from T7flox/flox and CaMKII-T7�/� mice. Right: quantitative

CaMKII-T7�/� mice (n = 10 mice per group); t(18) = 1.83, p = 0.083.

le) fEPSP slope normalized as a percentage of baseline (dotted line) before and

in acute hippocampal slices from CaMKII-T7�/� and T7flox/flox mice (n = 7 per

test; *p < 0.05; **p < 0.01; ***p < 0.001.



reduced (by�20%; Figure 2F). Thus, TRPM7 knockout in mouse

brain reduced synapse density.

We also investigated synaptic transmission and plasticity. We

used whole-cell recording from CA1 pyramidal neurons to eval-

uate cellular intrinsic membrane properties. We found that the

resting membrane potential, membrane threshold to action po-

tential, and amplitude and width of action potentials were similar

among slices from CaMKII-T7�/�, T7flox/flox, and wild-type mice

(Figure S3K). These data suggest that TRPM7 may not play a

role in the intrinsicmembrane properties of hippocampal pyrami-

dal neurons.

We recorded the frequency and amplitude of spontaneous

miniature excitatory postsynaptic currents (mEPSCs) in the hip-

pocampus of another independent group of CaMKII-T7�/� and

T7flox/flox mice. CaMKII-T7�/� mice had significant reductions in

mEPSC frequency (Figures 2G and S4), indicating that TRPM7

knockout results in reductions in the density of presynaptic ter-

minals. Meanwhile, mEPSC amplitude (Figure 2G), as well as

rise and decay times of the mEPSCs (Figures S3L and S3M),

did not differ between CaMKII-T7�/� and T7flox/flox mice. The

input-output relationship of synaptic transmission also did not

differ between both groups (Figure 2H). Finally, we checked syn-

aptic plasticity in CaMKII-T7�/� mice. To check presynaptic ter-

minals plasticity, we measured the paired-pulse ratio (PPR) at a

100-ms inter-pulse-interval and found no significant difference

between CaMKII-T7�/� and T7flox/flox mice (Figure 2I). We also

measured PPR at different inter-pulse intervals and found no sig-

nificant differences between both groups (Figure S3N). These re-

sults suggest that knocking out TRPM7 might not affect presyn-

aptic terminals functions and/or plasticity. Next, we checked

long-term potentiation (LTP) following theta burst stimulation

(TBS) and found that the slope of field excitatory postsynaptic

potentials (fEPSPs) was significantly reduced in CaMKII-T7�/�

mice (Figure 2J). The LTP in T7flox/flox mice was similar to that

in wild-type mice (Figure S3O). Thus, TRPM7 knockout in mouse

brain impaired synaptic plasticity.

TRPM7 Knockdown in Adult Rat Hippocampus Impairs
Memory and Reduces Synapse Density and Plasticity
To examine whether TRPM7 contribution to synaptic and cogni-

tive functions would remain in the adult and fully developed brain

and to check whether such an important role would remain

conserved across species, we knocked down TRPM7 in the hip-

pocampus of adult rats by bilateral injections of AAV-tdTomato-

shRNA virus in the Dentate Gyrus (DG) and CA1 areas

(TRPM7shRNA and CtrlSCR rats; Figure 3A).

We confirmed that TRPM7shRNA rats had weaker TRPM7

expression than CtrlSCR rats in the CA1 area (Figure 3B, by

�67%; integrated optical density of TRPM7 signal: in CtrlSCR
rats, 21 ± 1.5; and in TRPM7shRNA rats, 7 ± 0.58; n = 3). Exploring

a novel object, rearing, locomotor activity, and velocity did not

differ among TRPM7shRNA, CtrlSCR, and no-surgery control

(Ctrl) rats (Figures S5A–S5D). Furthermore, baseline freezing

behavior in a novel chamber also did not differ between

TRPM7shRNA and CtrlSCR rats (Figure S5E). These data indicate

that TRPM7 knockdown in the hippocampus and/or our surgical

procedure did not change basic behavioral parameters in the

rats. We evaluated hippocampus-dependent learning andmem-
ory abilities in the same rats using three different tasks. In the

T-maze spatial learning task, TRPM7shRNA rats exhibited signifi-

cantly lower percentages of correct choices on days 3 and 4 (Fig-

ure 3C). In the working memory test version of the T-maze task,

both TRPM7shRNA and CtrlSCR rats had similarly high percent-

ages of correct choices at a short retention interval of 15 s. How-

ever, TRPM7shRNA rats had significantly lower retention ability

when the retention interval was extended to 30, 60, and 120 s

(Figure 3D). We also found that short-term (4-hr) recognition

memory was impaired in TRPM7shRNA rats in comparison with

CtrlSCR (Figure 3E) and Ctrl (Figure S5F) rats. Finally, we as-

sessed long-term contextual memory in TRPM7shRNA rats and

found that their memory was impaired (Figure 3F). Therefore,

TRPM7 knockdown in the adult rat hippocampus impaired hip-

pocampus-dependent learning and memory. This impairment

cannot be attributed to damages in brain due to our surgical

procedure, as the CtrlSCR group exhibited normal memory in

comparison with Ctrl rats (Figure S5F). Moreover, it was only

the hippocampus-dependent memory that was impaired in

TRPM7shRNA rats. The trace-threat conditioning memory, known

to be prefrontal cortex dependent (Han et al., 2003), remained

intact in TRPM7shRNA rats (Figure S5G).

To check synapse density, we quantified synaptophysin

puncta density in the CA1 area that was tdTomato positive.

TRPM7shRNA rats had �26% lower puncta density than CtrlSCR
rats (Figure 3G). We also tested synaptic plasticity in CA1 and

found that the LTP was significantly impaired in TRPM7shRNA
rats (Figure 3H). Therefore, TRPM7 knockdown in the adult brain

reduced synapse density and impaired synaptic plasticity.

It is important to note that LTP was stable in T7flox/flox mice but

showed rapid decay in CaMKII-T7�/� mice (Figure 2J). Mean-

while, the pattern was reversed in LTP recordings from CtrlSCR
and TRPM7shRNA rats, although LTP remained significantly

higher in CtrlSCR rats (Figure 3H). Such minor differences could

be due to variability in the time course that is commonly

observed in individual LTP experiments. It could be due to the

major differences between these two independent experiments

(Experimental Procedures). However, it is also possible that

the minor differences are biological and represent small spe-

cies-specific differences in TRPM7 functions in LTP.

The a-Kinase Rescues Memory, Synapse Density, and
Plasticity in CaMKII-T7�/� Mice by Interacting with and
Phosphorylating Cofilin
To test whether the a-kinase can rescue learning and memory,

synapse density, and plasticity, we prepared three groups of

mice and injected their hippocampus bilaterally with AAV-

EGFP (in T7flox/flox mice, Ctrl), AAV-M7CK-EGFP (in CaMKII-

T7�/� mice, active kinase), or AAV-M7CK-K1646R-EGFP (in

CaMKII-T7�/� mice, mutant kinase; Figure 4A). One month after

surgery, animals were tested behaviorally or sacrificed for further

analysis. Locomotor activity and exploring a novel object did not

differ among the groups (data not shown), suggesting that these

experimental procedures did not change basic behavioral

parameters.

In the NORT task, Ctrl and active-kinase mice exhibited a

similar recognition index that was significantly higher than that

of mutant-kinase mice (Figure 4B). Furthermore, during 13 hr of
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Figure 3. TRPM7 Knockdown in the Rat Hippocampus Impairs Memory, Reduces Synapse Density, and Impairs LTP

(A) Illustration and image of rat hippocampus targeted by bilateral injections of AAV in DG and CA1 areas.

(B) Representative fluorescent images in the CA1 area transduced with AAV-tdTomato (tdTom, red) and immunostained with TRPM7 (green), along with DAPI

staining (blue) from TRPM7shRNA and CtrlSCR rats.

(C) Percentage of correct choices during T-maze spatial learning task over 4 days at a fixed retention interval (30 s) of TRPM7shRNA and CtrlSCR rats (n = 12 per

group, two-way repeated-measures ANOVA). Effects of time, F(3, 66) = 13.0, p < 0.0001; TRPM7, F(1, 66) = 6.3, p = 0.02; and matching, p = 0.0005.

(D) Percentage of correct choices during the T-maze working memory task at different retention intervals of TRPM7shRNA and CtrlSCR rats (n = 12 per group).

Effects of time, F(4, 88) = 13.9, p < 0.0001; TRPM7, F(1, 88) = 6.5, p = 0.02; and matching, p < 0.0001, ANOVA.

(E) Recognition index (RI) of TRPM7shRNA (n = 10) and CtrlSCR (n = 9) rats during the short-term recognition memory test; t(17) = 4.1, p = 0.0007, unpaired t test.

Dashed line represents the chance level.

(F) Percentage of freezing of TRPM7shRNA and CtrlSCR rats (n = 12 per group) during the long-term contextual memory test; t(22) = 2.1, p = 0.04.

(G) Representative fluorescent images (left) and quantitative analysis (right) of synaptophysin (green) puncta density in the CA1 areas transduced with

AAV-tdTomato (tdTom, red) of TRPM7shRNA and CtrlSCR rats (n = 3 per group); t(4) = 3.4, p = 0.03.

(H) fEPSP slope normalized as a percentage of baseline (dotted line) before and after (arrow) TBS (left) and average of thewhole normalized slope (after TBS; right)

in acute hippocampal slices from TRPM7shRNA (n = 6) and CtrlSCR (n = 5) rats; t(9) = 2.28, p = 0.04. Inset traces are representative fEPSPs recorded before (black)

and after (red) TBS.

Data presented as mean ± SEM. ANOVA was followed by Bonferroni’s post hoc test; *p < 0.05; ***p < 0.001.

See also Figure S5.
spontaneous learning in the cognition wall spatial task, the Ctrl

and active-kinase groups exhibited significantly faster learning

abilities than the mutant-kinase group did (Figure 4C). In the
3486 Cell Reports 23, 3480–3491, June 19, 2018
memory test, again, the Ctrl and active-kinase groups exhibited

similarly higher percentages of correct choices than mutant-

kinase mice (Figure 4D). Synaptophysin puncta in CA1 neurons
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Figure 4. The Kinase Domain Rescues Memory, Synapse Density, and Plasticity in CaMKII-T7�/� Mice by Inhibiting Cofilin
(A) Schematic illustration of experimental design and representative fluorescent images of hippocampus transduced with AAV-EGFP.

(B) Recognition index of Ctrl (n = 9), active-kinase (n = 10), andmutant-kinase (n = 12) mice during short-term recognitionmemory test; F(2, 28) = 6.13, p = 0.0062,

one-way ANOVA. Dashed line represents the chance level.

(C) Percentage of Ctrl (n = 12), active-kinase (n = 10), and mutant-kinase (n = 12) mice that successfully learned the cognition wall spatial task; log-rank

Mantel-Cox test, c2
ð2Þ = 6.53, p = 0.039.

(D) Percentage of correct choices during a 1-hr memory test of the cognition wall task in the same groups of mice; F(2, 31) = 6.0, p = 0.0063, ANOVA.

(E) Representative images (left) and quantitative analysis (right) of synaptophysin puncta density in the CA1 area of Ctrl, active-kinase, and mutant-kinase mice

(n = 5 mice per group, 3 sections per mouse, 4 images per section), F(2, 42) = 6.52, p = 0.0063, ANOVA.

(F) (Left) Representative fEPSPs recorded before (black) and after (red) TBS for Ctrl, active-kinase (AK), and mutant-kinase (MK) groups; (middle) fEPSP slope

normalized to baseline (dotted line) before and after (arrow) TBS; and (right) average of normalized slope (after TBS) in hippocampal slices fromCtrl, active-kinase,

and mutant-kinase mice (n = 8–9 slices per group, 6 mice per group); F(2, 23) = 4.22, p = 0.027, ANOVA.

(G) (Left) Representative western blot bands of phosphorylated cofilin (p-cofilin), cofilin, p-PAK1, PAK1, p-LIMK1, and LIMK1 from T7flox/flox and CaMKII-T7�/�

mice. (Right) Quantitative analysis of the density ratio of phosphorylated protein/total protein as a percentage of control group (n = 6 mice per group; p-cofilin/

cofilin: two-tailed unpaired Mann-Whitney test, p = 0.0087). GAPDH bands served as loading control.

(H) Co-immunoprecipitation of M7CK conjugated with EGFP (M7CK-EGFP) and endogenous cofilin using anti-cofilin-antibody in tissue lysate derived from the

dorsal hippocampus of Ctrl (T7flox/flox + AAV-EGFP) and active-kinase (CaMKII-T7�/� + AAV-M7CK-EGFP) mice. Beads and inputs served as quality controls.

(legend continued on next page)

Cell Reports 23, 3480–3491, June 19, 2018 3487



were also significantly higher in the active-kinase mice in

comparison with those in the mutant-kinase mice (Figure 4E).

Moreover, LTP in CA1 neurons from the active-kinase mice

was significantly higher than that in mutant-kinase mice (Fig-

ure 4F). Therefore, restoration of the kinase activity in the

hippocampus was sufficient to restore the hippocampus-

dependent learning and memory and synapse density/plasticity

in CaMKII-T7�/� mice.

Finally, we explored the possible molecular mechanisms. We

quantified the expression level of synaptic proteins in total cell

lysate and crude synaptosomal preparations derived from

hippocampal tissue from T7flox/flox and CaMKII-T7�/� mice. We

found no significant differences in the expression levels of

NR1, NR2A, NR2B, GluA1, synaptophysin, and PSD-95 between

both groups (Figure S6A). Previous studies (in cell lines) show

that TRPM7, its a-kinase, or both are important for modulating

eEF2 activity (Perraud et al., 2011), activating Akt/mTOR

(mammalian target of rapamycin) signaling (Sahni and Scharen-

berg, 2008), and modifying histone H3 (Krapivinsky et al., 2014).

We quantified the expression/phosphorylation of eEF2 and

Akt as well as histone H3 expression/modifications in the hippo-

campus of CaMKII-T7�/� and T7flox/flox mice and found no differ-

ences (Figure S6B). Thus, the role of TRPM7 in synaptic and

cognitive functions may not involve changes in expression of

synaptic proteins or disruptions of signaling pathways linked to

TRPM7 functions in cell lines.

Cofilin interacts with TRPM7 kinase domain in neuroblastoma

cells (Middelbeek et al., 2016). In neurons, cofilin regulates spine

density and morphology, synaptic plasticity, and memory (Lai

and Ip, 2013). Importantly, disruptions in the PAK1-LIMK1

signaling in mice, which results in dephosphorylation (activation)

of cofilin, leads to phenotypes similar to those we observed in

TRPM7 knockout mice, including the lack of effects on dendritic

complexity, input-output curve, or PPR (Bongmba, 2012;

Bongmba et al., 2011). Therefore, we hypothesized that the

a-kinasemight maintain normal synapse density by targeting co-

filin. We checked the phosphorylation (inhibition) of cofilin in the

hippocampus ofCaMKII-T7�/�mice and found that it was signif-

icantly reduced (Figure 4G). Meanwhile, the phosphorylation

(activation) of PAK1 and LIMK1 was not reduced (Figure 4G).

Thus, TRPM7 knockout in the brain resulted in the disinhibition

of cofilin.

To examine a possible direct interaction between TRPM7

a-kinase and cofilin, we performed co-immunoprecipitation

experiments. In HEK cells, we prepared three populations of

cell cultures transfected with: �EGFP (control), M7CK-EGFP +

cofilin-tdTomato (interaction with exogenous cofilin), and

M7CK-EGFP alone (interaction with endogenous cofilin). Using

anti-EGFP antibody (Figure S6C) and anti-cofilin antibody (Fig-

ure S6D), we were able to co-immunoprecipitate the EGFP-

conjugated a-kinase and cofilin (endogenous and exogenous).

Using hippocampal extract obtained from T7flox/flox and

CaMKII-T7�/� mice (with bilateral injections of AAV-EGFP and
(I) Upper panel: representative western blots. Lower panel: quantitative analysis o

Ctrl (n = 12), active-kinase (n = 12), and mutant-kinase (n = 9) mice; F(2, 30) = 6.

Data presented as mean ± SEM. ANOVA was followed by Bonferroni’s post hoc

See also Figure S6.
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AAV-M7CK-EGFP, respectively) and anti-cofilin antibody, we

found that M7CK-EGFP could interact with cofilin in vivo (Fig-

ure 4H). To check whether cofilin is a direct phosphorylation

target for TRPM7 a-kinase, we conducted the same enzyme ac-

tivity assay exactly as described earlier (Figure S2E) but using

cofilin as a substrate instead of myelin basic protein. Two iden-

tical groups of M7CK-EGFP reactions were prepared: in one

group, no cofilin was added to the reactions (control); in the other

group, cofilin was used as a substrate. We found that enzymatic

activity in reactions supplied with cofilin was significantly higher

than that in control reactions (Figure S6E). If TRPM7 a-kinase

regulates synaptic and cognitive functions by inhibiting cofilin,

then restoration of the kinase activity in the hippocampus should

restore normal cofilin phosphorylation. Indeed, we found that co-

filin phosphorylation in the hippocampus of active-kinase mice

was significantly higher than that in mutant-kinase mice (Fig-

ure 4I). Thus, TRPM7 a-kinase might interact with and inhibit

the spine density regulator cofilin in order to protect synapse

density, synaptic plasticity, and learning and memory functions.

DISCUSSION

TRPM7 co-localizes with synaptophysin in peripheral cholinergic

neurons of rats but not in central GABAergic and glutamatergic

neurons (Krapivinsky et al., 2006). The ion channel interacts

with several presynaptic proteins mediating critical processes

of neurotransmitter release (Krapivinsky et al., 2006). In the

PC12 cell line, the ion channel part of TRPM7 was also found

to be critical for spontaneous and stimulated vesicular fusion

(Brauchi et al., 2008). In zebrafish, mutations in the ion channel

part of TRPM7 result in the failure of sensory neurons to conduct

the signal to the hindbrain (Low et al., 2011). In central neurons

and in mammalian brains (mice and rats), the present study

shows that TRPM7 is an important regulator of synapse density,

synaptic plasticity, and learning andmemory. Similar to previous

studies, we also found that TRPM7 protein did not co-localize

with synaptophysin in presynaptic terminals of hippocampal

neuronal cultures (data not shown). Opposite to the studies

mentioned earlier, our results suggest a major role of the

a-kinase domain, but not the ion channel part, in these functions

in the mammalian brains. Furthermore, we found that presynap-

tic plasticity in central synapses did not require TRPM7, suggest-

ing no effects on presynaptic mechanisms. However, we

observed reductions in not only dendritic spine density but

also presynaptic terminal density following knockdown and/or

deletion of TRPM7. Although the reductions in presynaptic termi-

nals might be a secondary effect of spine loss, mediated by the

disinhibition of cofilin (Lai and Ip, 2013), we cannot exclude the

possibility that cofilin disinhibition might also result in axonal ter-

minal degeneration. Thus, it remains to be determined whether

the regulation of brain synapse density by the a-kinase is

mediated by presynaptic, postsynaptic, or both mechanisms.

Nevertheless, the TRPM7 ion channel and its a-kinase domain
f p-cofilin/cofilin ratio as a percentage of control in the dorsal hippocampus of

58, p = 0.0043, ANOVA. GAPDH served as loading control.

test; *p < 0.05; **p < 0.01; n.s., not significant.



appear to play a critical and conserved (i.e., across species) role

in the functions of the healthy nervous system, ranging from syn-

aptic transmission up to cognitive functions.

Our results point to a conserved role of TRPM7 and/or its

a-kinase domain in mediating synaptic plasticity. A previous

study, however, found that TRPM7 knockdown in the rat hippo-

campus does not impair LTP (Sun et al., 2009). This apparent

contradiction might stem from the different protocols used to

induce LTP in the hippocampus. We used TBS to induce LTP in

mice and rats. Sun et al. (2009) used high-frequency stimulation

(HFS) to induce LTP in rats. TBS is considered more physiologi-

cally relevant to brain activity (Larson et al., 1986), in comparison

with HFS (Albensi et al., 2007). Furthermore, TBS and HFS differ

in terms of their mechanisms of LTP induction (Grover et al.,

2009). Thus, the use of a protocol that resembles physiological

patterns of brain activities and that depends on local synapse/

spine mechanisms for LTP induction (i.e., TBS, in our case) might

have facilitated the detection of LTP impairment in mice and rats.

The a-kinase domain undergoes autophosphorylation and is

capable of phosphorylating other proteins such as myelin basic

protein and histone H3 (Ryazanova et al., 2004). In cell lines,

TRPM7 and its a-kinase domain regulate cell growth and prolif-

eration bymodulating eEF2-kinase/eEF2 (Perraud et al., 2011) or

Akt/mTOR (Sahni and Scharenberg, 2008) signaling pathways.

Other studies show that the a-kinase domain is cleaved from

the ion channel in several tissues, including brain tissue, and

that it could regulate cell growth and proliferation via chro-

matin-modification-dependent mechanisms (Krapivinsky et al.,

2014). In the CNS, we found that the a-kinase might protect syn-

apse density, plasticity, and memory functions via a different

molecular mechanism, namely, by directly interacting with and

inhibiting cofilin. Phosphorylation of cofilin inhibits its activity

and, hence, protects spine density, morphology, and plasticity

(Lai and Ip, 2013). Therefore, knockdown and/or knockout of

TRPM7 might result in disinhibition of cofilin leading to synapse

loss and memory dysfunctions. It is less likely that the a-kinase

acts only as an interaction hub for other proteins to interact

with and phosphorylate cofilin. Under such scenario, one would

expect that the presence of the kinase domain (regardless of its

kinase activity) is sufficient to rescue the observed phenotypes.

However, our results clearly show that restoration of the enzyme

activity—not the presence of the protein, per se—is required

for rescuing synaptic and cognitive functions. Furthermore, our

kinase activity assay experiments clearly demonstrate that

cofilin might be a substrate that is directly phosphorylated by

the a-kinase M7CK. Thus, our data suggest that the a-kinase

might directly interact with and phosphorylate cofilin. Future

studies should elucidate the signaling pathways modulating

this synapse-density-regulating mechanism.

It is worth noting that, although spine density, morphology,

and/or plasticity can be regulated independently from dendritic

complexity (Hering and Sheng, 2001), some studies show that

both could be regulated together (Dumanis et al., 2009). Our ob-

servations suggest that the a-kinase can regulate dendritic spine

density without affecting dendritic complexity. This regulation

might be mediated by cofilin disinhibition following disruption

of the a-kinase functions. Disinhibition of cofilin in mice results

in reductions in dendritic spine density without any obvious
reductions in dendritic complexity (Bongmba, 2012; Bongmba

et al., 2011). Furthermore, the a-kinase-dependent regulation

of synapse density might not be bidirectional. Our data show

that overexpression of the a-kinase in vitro did not increase syn-

apse density (CtrlSCR cultures with AAV-M7CK-EGFP; Figures

1H and 1I). Hence, our overall conclusion is that having normal

TRPM7 a-kinase activity in the brain is essential for having

normal synapse density and intact learning andmemory abilities.

Studies show that TRPM7 is involved in divalent cation ho-

meostasis. Deleting TRPM7 in cell lines results in Mg2+ defi-

ciency (Schmitz et al., 2003). Deleting parts of the a-kinase

domain, essential for regulating the ion channel conductance,

in mice also results in Mg2+ deficiency (Ryazanova et al.,

2010). Other studies suggest that deleting TRPM7 disrupts

Zn2+ homeostasis (Krapivinsky et al., 2014). On the other hand,

elevating [Mg2+]o (up to 10–15 mM) rescues cell growth and pro-

liferation arrest induced by TRPM7 deletion and/or knockdown

in cell lines (Sahni and Scharenberg, 2008; Schmitz et al.,

2003). This prompted scientists to conclude that the TRPM7

role in divalent cation homeostasis, although not redundant, is

actually dispensable. Other transporters and/or ion channels

(Quamme, 2010) might compensate for the loss of TRPM7 and

mediate the homeostasis of essential divalent cations, however,

at higher extracellular concentrations. Given the role of TRPM7 in

Mg2+ and Zn2+ homeostasis and considering the role of these

ions in regulating synaptic and cognitive functions, one would

expect that the reductions in synapse density following TRPM7

knockdown might stem from the disruption of Mg2+ and/or

Zn2+ homeostasis; hence, elevating [Mg2+]o or [Zn2+]o might

rescue the observed phenotype in neurons. However, our results

show that the TRPM7-dependent synapse density was indepen-

dent from [Mg2+]o or [Zn2+]o. Furthermore, the homeostasis of

these cations was not influenced by TRPM7 knockdown, block-

ing, or deletion. It is possible that other transporters and/or ion

channels compensated for the loss of TRPM7 and protected

divalent cations homeostasis, under physiological concentra-

tions of [Mg2+]o or [Zn
2+]o. Thus, in neuronal cells, the functional

role of TRPM7 in the homeostasis of divalent cations such as

Mg2+ and Zn2+ might be redundant under physiological concen-

trations of these cations.

In conclusion, our results suggest that TRPM7, its a-kinase

domain, or both are important for having normal synaptic and

cognitive functions in the mammalian brain. Thus, these findings

could implicate TRPM7 in the pathologies of cognitive disorders.

EXPERIMENTAL PROCEDURES

Experimental Animals

Male Sprague-Dawley rats were obtained from Vital River Laboratory (Animal

Technology, Beijing, China). Rats were group-housed (3 per cage) with free

access to food and water under a controlled room temperature (23�C ± 2�C)
and controlled humidity (24% ± 4%) and under a 12-hr:12-hr reversed light-

dark cycle (light onset at 8:00 p.m). To generate a colony with brain-specific

deletion of TRPM7, six pairs of TRPM7-floxed heterozygous mice

(TRPM7tm1Clph/J, stock number 018784) were obtained from Jackson Labora-

tory (Bar Harbor, ME, USA). The TRPM7-floxed mice containing LoxP sites

flanking exon 17 of the TRPM7 gene were described previously (Jin et al.,

2008). A homozygous TRPM7-floxed mouse (T7flox/flox) colony was generated

(2–5 months) and crossed with female CaMKII-Cre mice (2–5 months) to

generate mice with brain-specific complete deletion of TRPM7, namely, in
Cell Reports 23, 3480–3491, June 19, 2018 3489



CaMKIIa-positive glutamatergic neurons (CaMKII-T7�/�). Genotypes were

verified by PCR using genomic DNA isolated from mouse tail biopsies, as

described by the suppliers (Jackson Laboratory). Wild-type mice (C57BL/6J,

according to Jackson Laboratory) were obtained from SLRC Laboratory

Animals (Shanghai, China). All mice were group-housed (3–5 per cage) under

the same conditions as those described earlier. All data were generated from

4- to 6-month-old male mice and 6- to 7-month-old rats. Behavioral experi-

ments were performed during the dark phase under red dim light. Animals

were handled every second day for 2 min. All experiments involving animals

were approved by Fudan University and Tsinghua University committees on

animal care and use.

TRPM7 shRNA and miRNA, TRPM7DK-EGFP, M7CK-EGFP, and

Mutant M7CK-EGFP

TRPM7 shRNA or scrambled shRNA was synthesized (GENEWIZ, Suzhou,

China) and cloned into AAV backbone (a gift from Edward Boyden, Addgene

plasmid #59462). The TRPM7 shRNA sequence binds to the rat TRPM7

(coding sequence 5153–5172, GenBank: NM_053705). Four different Trmp7

miRNA sequences and scrambled miRNA were generated (NCBI: 679906)

and cloned in pcDNA6.2-GW/EmGFP-miR (miR service; Invitrogen, Shanghai,

China). TRPM7DK from mouse (amino-acid sequence: 1–1,510, GenBank:

NM_001164325.1) was synthesized (OBiO Technology, Shanghai, China)

and cloned into pLenti-CMV-EGFP-3FLAG vector (OBiO Technology). The

TRPM7 a-kinase domain (M7CK, from mouse, amino acids 1,299–1,863)

was cloned in AAV backbone (a gift from Edward Boyden, Addgene plasmid

#37825). The mutant-kinase (M7CK-K1646R) construct was synthesized

(OBiO Technology) and cloned in the same pAAV backbonementioned earlier.

For a detailed description of procedures, neuronal cell cultures, virus prepara-

tions, and titers, see the Supplemental Experimental Procedures.

Co-immunoprecipitation

For in vitro experiments, HEK293T cells (293T/17, ATCC CRL-11268; ATCC,

Manassas, VA, USA) were used. Cells were transfected with -EGFP, M7CK-

EGFP, and/or cofilin-tdTomato DNA by using Lipofectamine 2000 (Invitrogen,

Carlsbad, CA, USA). The Dynabeads Protein G IP Kit (Thermo Fisher Scientific,

Waltham, MA, USA) was used for immunoprecipitation procedures, with com-

plete adherence to the manufacturer’s instructions. For in vivo experiments,

similar procedures were used (Supplemental Experimental Procedures).

Confocal Microscopy and Quantification of Synapse Density

Fluorescent and/or differential interference contrast (DIC) images were taken

by using confocal microscopy systems (Olympus FV300 or FV1000). All

images were analyzed using Image-Pro Plus (Media Cybernetics) and/or the

open source software Fiji (ImageJ). Following fluorescent immunostaining,

FM1-43 dye, or Golgi staining, synaptophysin puncta, PSD-95 puncta, and

spine density were quantified from the obtained images in neuronal cultures

and/or in mouse and rat hippocampal slices. For a detailed description of all

procedures and antibodies, see the Supplemental Experimental Procedures.

Surgery and Virus Injection in Rats

Rats (5–6 months old) were anesthetized with chloral hydrate (400 mg/kg,

intraperitoneally [i.p.]) and secured in a stereotaxic frame (RWD Instruments,

Shenzhen, China). The infusion coordinates for the hippocampus were the

following: anterior-posterior (AP) = �3.2 mm, medio-lateral (ML) = ±1.7 mm,

dorso-ventral (DV) CA1 = 2.6 mm, and DV DG = 3.6 mm. Bilateral injections

of 2 mL virus were infused over 10 min at a rate of 0.2 mL/min. In mice, infusion

coordinates for the hippocampus were the following: AP = �1.94 mm,

ML = ±1.1mm, DVCA1 = 1.5mm, and DVDG= 2.0mm. Six hundred nanoliters

of virus were infused in each side over 10 min at a rate of 0.06 mL/min. Animals

were left in their homecages for up to 17–20 days post-surgery to recover

(Supplemental Experimental Procedures).

Behavioral Assays

The open field test and NORT in mice and rats were performed according to

standard procedures. Retention intervals for NORT were 2 hr for mice and

4 hr for rats. The acquisition phase was videotaped. Videos were analyzed

by at least two experimenters who recorded the counts of exploring each
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object. Trace and contextual conditioning experiments in rats were performed

using a video-based threat conditioning system (Coulbourn Instruments) with

the aid of FreezeView software (Actimetrics). Retention intervals were 24 hr for

contextual memory and 48 hr for trace threat memory. Spatial working mem-

ory and spatial learningwere assessed using a T-maze non-matching-to-place

task, as we described previously (Slutsky et al., 2010). The cognition wall

spatial task was executed by using the PhenoTyper homecage system (Noldus

Information Technology), with full adherence to the manufacturer’s instruc-

tions. For a detailed description of all procedures, see the Supplemental

Experimental Procedures.

Slice Preparation and Recordings

Slices (350 mM) were obtained from wild-type, T7flox/flox, and CaMKII-T7�/�

mice. Slices were then transferred into oxygenated normal artificial cerebro-

spinal fluid (ACSF). Similarly, slices of the hippocampus (300 mm thick) were

prepared from TRPM7shRNA or CtrlSCR rats. Rat slices were incubated in

ACSF at room temperature for 1 hr for recovery and for another 1 hr for attach-

ment in the MED Probe 16-channel array (Alpha MED Scientific, Osaka,

Japan). Following these procedures, whole-cell (in mice) and field (in mice

and rats) recording experiments were executed (see Supplemental Experi-

mental Procedures).

Statistical Analysis

Data were analyzed by using GraphPad Prism 7 software. All of the statistical

analysis details, as well as the number of animals and/or cultures used, can

be found in the figure legends. Data were tested for normality and variances.

Experiments involving a comparison between two groups were analyzed by

two-tailed unpaired t test. To compare three different groups, one-way

ANOVA was used. Rescue experiments were analyzed by using two-way

ANOVA. T-maze data in rats were analyzed by using a two-way repeated-

measures ANOVA. ANOVAs were followed by Bonferroni’s post hoc test.

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.
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