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SUMMARY

Learning and memory are fundamental brain func-
tions affected by dietary and environmental factors.
Here, we show that increasing brain magnesium
using a newly developed magnesium compound
(magnesium-L-threonate, MgT) leads to the en-
hancement of learning abilities, working memory,
and short- and long-term memory in rats. The pattern
completion ability was also improved in aged rats.
MgT-treated rats had higher density of synaptophy-
sin-/synaptobrevin-positive puncta in DG and CA1
subregions of hippocampus that were correlated
with memory improvement. Functionally, magne-
sium increased the number of functional presynaptic
release sites, while it reduced their release proba-
bility. The resultant synaptic reconfiguration enabled
selective enhancement of synaptic transmission for
burst inputs. Coupled with concurrent upregulation
of NR2B-containing NMDA receptors and its down-
stream signaling, synaptic plasticity induced by cor-
related inputs was enhanced. Our findings suggest
that an increase in brain magnesium enhances both
short-term synaptic facilitation and long-term poten-
tiation and improves learning and memory functions.

INTRODUCTION

The pattern and strength of synaptic connections are widely
believed to code memory traces. Long-term potentiation of
synaptic strength (LTP) is correlated with behaviorally relevant
memory function: reductions in LTP cause memory impairments
(Barnes, 1979; Morris et al., 1986), whereas increases in LTP
are associated with enhancement of learning and memory (for
reviews, see Lee and Silva, 2009; Martin et al., 2000; Nakazawa
etal.,2004). However, the ability to store new information in neural
networks depends on the degree of plasticity of synaptic connec-

tions, as well as the number of available connections. Therefore,
number of synapses should be critical for learning and memory
too. Indeed, loss of synapses is correlated with age-dependent
memory decline in rats (for review, see Burke and Barnes, 2006;
Chen et al., 1995; Smith et al., 2000; Wilson et al., 2006), while
hormones and neuropeptides, such as estrogen (Li et al., 2004),
neurotophins (Vicario-Abejon et al., 2002), insulin/IGF (Lichten-
walner et al., 2001; O’Kusky et al., 2000), and ghrelin (Diano
et al., 2006), increase synaptic density and improve memory.

Diet, in conjunction with environmental factors, has a crucial
role in shaping brain cognitive capacity (for review, see Gémez-
Pinilla, 2008). Therefore, searching for dietary components that
can increase the number and plasticity of synapses might yield
new strategies to enhance learning and memory functions.
Magnesium (Mg?*), the fourth most abundant ion in body and
a cofactor for more than 300 enzymes, is essential for the proper
functioning of many tissues and organs, including the cardiovas-
cular, neuromuscular, and nervous systems. In brain, one major
action of Mg?* is modulating the voltage-dependent block of
NMDA receptors (NMDAR), controlling their opening during
coincidence detection that is critical for synaptic plasticity
(Mayer et al., 1984; Nowak et al., 1984). Our previous study
suggests that Mg?* is a positive regulator of synaptic plasticity;
increasing Mg?" concentration in the extracellular fluid
(Mg?*],) within the physiological range leads to permanent
enhancement of synaptic plasticity in networks of cultured
hippocampal neurons in vitro (Slutsky et al., 2004). Therefore, it
is tempting to investigate whether the increase in brain Mg?*
content will enhance cognitive function in vivo.

Mg?* concentration is higher in the cerebrospinal fluid than in
plasma. This concentration gradient is maintained by active trans-
port process, which appears to regulate and limit the amount of
Mg?* that can be loaded into the brain. In fact, increasing plasma
[Mg?*] by 3-fold via intravenous infusion of MgSO, for 5 days fails
to elevate brain Mg?* content in rats (Kim et al., 1996). In human,
dramatic increase (100%-300%) in blood [Mg?*] via intravenous
infusion of MgSO,4 corresponds to elevation in cerebrospinal fluid
[Mg?*] only by 10%-19% (McKee et al., 2005). Therefore, boost-
ing brain Mg?* via chronic oral magnesium supplement, the
necessary condition for testing the influence of elevating brain
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Figure 1. Effect of Various Mg?* Com-
pounds on [Mg®*]cse and Recognition
Memory

(A) Elevation of magnesium concentration in the
cerebrospinal fluid (Mg?*]csp) following treatment
with different magnesium compounds. Total Mg?*
in CSF was measured before magnesium treat-
ment (day 0), 12, and 24 days after magnesium
treatment. Two-way ANOVA analysis revealed
significant effect of treatment (Fze9 = 4.76,
p = 0.0045, n = 6-8). Data were calculated and
presented as a percentage of baseline level.

(B) Rat performance during a short-term memory
test (10 min retention interval) evaluated by novel
object recognition test.

(C) Long-term memory test (12 hr) using novel
object recognition test. One-way ANOVA analysis
revealed significant effect of treatment on short-
term memory (F434 = 2.89, p = 0.037, n = 7-9)
and long-term memory (F4 31 = 4.50, p = 0.005,
n = 5-10). Post hoc test revealed significant effect
of magnesium-L-threonate (MgT) on short term
and long-term memory.

(D and E) Effects of sodium-L-threonate (NaT)
alone and when combined with magnesium chlo-
ride (MgCly,) on short-term memory (D) and long-
term memory (E). ANOVA analysis revealed a
significant effect of treatment on short-term
memory (F333 = 2.90, p = 0.049, n = 8-10) and

long-term memory (F3 34 = 3.23, p = 0.034, n = 9-10). Post hoc test revealed significant effect of magnesium-L-threonate (MgT). See also Figures S2 and S3.
A modified version of novel object recognition test was used to increase the difficulty of the task (see Supplemental Experimental Procedures and Figure S4).
Dashed line indicates no memory. MgG, magnesium gluconate. Bonferroni’s post hoc test, *p < 0.05, ***p < 0.001. Data are presented as mean + SEM.

Mg?*on memory function, is even more challenging. Therefore,
we developed a new, highly bioavailable Mg?* compound
(magnesium-L-threonate, MgT; for chemical structure, see Fig-
ure S1 available online), that could significantly increase Mg?* in
the brain via dietary supplementation.

Here, we tested in vivo whether an increase in brain Mg?* by
MgT could positively influence learning and memory functions
in rats at different ages. We found that elevation of brain Mg?*
led to significant enhancement of spatial and associative memory
in both young and aged rats. To understand the molecular
mechanisms underlying MgT-induced memory enhancement,
we studied the changes in functional and structural properties
of synapses in rats treated with MgT. The NR2B-containing
NMDAR was increased, resulting in enhancement of NMDAR
signaling and synaptic plasticity. At the cellular level, the number
of presynaptic boutons was also increased. We propose that
these positive changes in synaptic functions are the principal
cellular mechanisms underlying the enhancement of learning
and memory associated with the increase in brain Mg?* content.
Thus, elevating brain Mg?* content via increasing magnesium
intake might be a useful strategy to enhance cognitive abilities
and prevent the age-dependent memory decline.

RESULTS
Identification of Suitable Magnesium Compound
for Memory Enhancement

To study the effect of elevating brain Mg?* on learning and
memory, we needed to identify a suitable Mg?* compound that
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enhances loading of Mg®* into the brain. To achieve this goal,
the Mg?* compound needs high efficacy to transport Mg?*
from the digestive tract into the blood and, ultimately, into the
central nervous system. In a separate study, the bioavailability
(evaluated by absorption, excretion, and retention rate of
magnesium) of four commercially available Mg?* compounds
(magnesium-chloride, -citrate, -glycinate, and -gluconate) and
two Mg?* preparations we developed (magnesium-L-threonate,
MgT, and magnesium-gluconate in milk) was compared in rats.
We found that both MgT and magnesium-gluconate in milk
have higher bioavailability (X.Z., F. Mao, Y. Shang, N.A., and
G.L., unpublished data).

Here, we explored the ability of our newly developed
compounds to increase the cerebrospinal fluid (CSF) Mg?*
concentration ((Mg®*]csr). CSF was collected before treatment
to determine the baseline [Mg?*]csr of each individual rat. The
CSF was then collected 12 and 24 days after magnesium treat-
ment from the same rats. Total [Mg?*]csr increased gradually in
MgT-treated rats. At day 24, [Mg**]csr was 7% higher than
baseline (one-way ANOVA, p < 0.05, Figure 1A). To monitor the
effect of repeated CSF sampling on [Mg®*]csr, We measured
[Mg®*]csr in control rats without any magnesium supplementa-
tion. [Mg**]csr dropped by ~9% at the third sampling point
(24 days, Figure 1A). This drop might be due to the loss of
CSF Mg?* associated with CSF sampling; as the CSF volume
in rat brain is about 300-400 pl, each sampling (50-100 pl) can
lead to 15%-30% loss of CSF Mg?*. Considering this reduc-
tion of [Mg®*]csr associated with the repeated sampling, the
actual increase in [Mg?*]csr should be ~15% (two-way ANOVA,
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Figure 2. Enhancement of Spatial Working Memory by MgT

(A) Spatial working memory of young rats (2 months) in the T-maze before
(day 0) and after (day 24) MgT treatment. MgT-treated rats showed significant
improvement in performance at 5 min delay as a retention interval compared to
control rats (unpaired t test, *p < 0.05, n = 12). Fifty percent of correct
responses represent chance levels of performance. (C) Spatial working-
memory of aged rats (22 months) in the T-maze before (day 0) and after
(day 24) MgT treatment. MgT-treated rats showed significant improvement
in performance after 5 min delay as a retention interval compared to control
rats (t test, p < 0.05, n = 12). (B and D) Time course of MgT effect on spatial
working memory of young and aged rats. Data are calculated as the difference
in correct choices between control (n = 12) and MgT-treated (n = 12) rats.
One-way ANOVA analysis revealed significant differences (compared
with day 0) as follows: young rats Fig121 = 7.08, p < 0.0001; aged rats
F12,143 = 16.38, p < 0.0001). Bonferroni’s post hoc test, *p < 0.05, **p < 0.001.
Data are presented as mean + SEM. See also Figure S5.

p < 0.001, Figure 1A). Other magnesium compounds did not
elevate [Mg**]csr significantly when compared to control
(Figure 1A).

We further verified that the compound with high bioavailability
and loading ability into brain is the best Mg®* compound for
studying the effects of elevating brain Mg?* on memory. For
this propose, we determined the effective dose for memory
enhancement first.

Control rats were fed ordinary rat chow containing 0.15%
Mg?* (see Experimental Procedures), which is considered stan-
dard. Different MgT doses were given to rats and their perfor-
mances on learning behavior in the water maze task were
compared. We found that 50 mg/kg/day (elemental Mg?*) is
the minimum effective dose (see Figure S2A). In a separate
memory test, the novel object recognition test (NORT), when
the actual dose consumed by individual rats varied due to the
difference in daily fluid intake, the effective dose was still around
50 mg/kg/day (see Figure S2B). Therefore, 50 mg/kg/day was
used in this study. Chronic (1 month) MgT treatment at this
dose did not influence water and food intake, body weight,
and overall mobility (see Figure S3).

Next, rats were treated with various magnesium compounds
for 1 month via drinking water at a dose of 50 mg/kg/day
elemental Mg?*. We used aging rats (18 month) because they

already have memory decline (compared to younger rats) in
order to increase the possibility of observing memory improve-
ment. Rats treated with MgT showed significant enhancement
of short-term memory (10 min retention interval, one-way
ANOVA analysis, p < 0.05) using a modified NORT (see Figure S4
and Supplemental Experimental Procedures). Rats treated with
magnesium-chloride or -citrate displayed enhanced short-term
memory as well, but this enhancement was not statistically
significant (Figure 1B). Surprisingly, although magnesium-gluco-
nate in milk has a comparable bioavailability to MgT (X.Z.,
F. Mao, Y. Shang, N.A., and G.L., unpublished data), it failed to
enhance memory (Figure 1B). For the long-term memory test
(12 hr retention interval), only MgT-treated rats exhibited
enhanced performance (p < 0.05, Figure 1C). To test whether
threonate per se has any positive effect on memory, we as-
sessed the effect of sodium-L-threonate on memory; no effect
was observed (Figures 1D and 1E). We also examined the effec-
tiveness of the combination of magnesium-chloride with
sodium-L-threonate, as the mixture of both forms the MgT
complex in aqueous solution. To our surprise, this combination
was ineffective (Figures 1D and 1E). Hence, we chose MgT as
the optimal testing compound to study the effects of elevating
brain Mg?* on memory and its underlying molecular and cellular
mechanisms.

Enhancement of Spatial Working Memory by MgT

We tested rats for several hippocampus-dependent forms
of memory. Spatial working memory was assessed using a
T-maze non-matching-to-place task (Dudchenko, 2001). Naive
untreated rats were trained for 10 days on a reward forced-
choice alternation task (see Supplemental Experimental Proce-
dures). The percentage of correct choices (alternations) was
recorded for each daily session. Following 8 days of training,
all rats attained an asymptotic choice accuracy level of ~94%,
indicating that they learned the task. In these experiments, the
rats likely used a spatial strategy because when the maze was
rotated by 180°, the rats went to the arm predicted by allocentric,
rather than egocentric, coordinates (data not shown).

At the end of the training, rats were assigned to control and
MgT-treated groups to assure each group had a comparable
average working memory capability. Spatial working memory
was tested by a gradual increase of the delay between sample
and choice trials, before (day 0) and after (day 24) MgT treatment
(Figures 2A and 2C). The choice accuracy of control young rats
did not change significantly (see Figure S5A). On the other
hand, MgT-treated young rats had significantly better perfor-
mance than untreated rats at the longest delay interval (5 min,
p < 0.05, Figures 2A). For control aged rats, their choice accu-
racy declined slightly during the experimental period (see
Figure S5B). However, MgT-treated aged rats displayed signifi-
cantly better performance than untreated aged rats in 5 min
delay interval (p < 0.05, Figure 2C). Thus, MgT treatment can
enhance spatial working memory in young and aged rats. Spatial
working memory evaluated by T-maze did not significantly
decline with aging under our experimental conditions. However,
aged rats learned the alternating T-maze task slower than young
rats and MgT treatment in aged rats prevented such deficit
(data not shown).
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MgT-treated (n = 15) rats learned faster than
controls (n = 14, two-way ANOVA, F; 516 = 7.85,
p = 0.006). ANOVA was followed by Bonferroni’s
post hoc test.

(B and C) Percentage of time spent in the target
- = versus opposite quadrant during the first (1 hr after
training) and the second (24 hr after training) probe
trials in control (n = 14, B) and MgT-treated (n = 15,
C) young rats. During the first probe trial, both
groups spent significantly more time in the target
H quadrant (paired t test, p < 0.0001). On the other
hand, only MgT-treated rats spent significantly
more time in the target quadrant during the second
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(F and G) Performance of control (n = 16, F) and
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cue (1 hr after training) and the second (24 hr after
training) memory probe trials. During the first trial,

both groups spent more time in the target quadrant (paired t test, p < 0.0001). Twenty-four hours later, only MgT-treated aged rats spent more time in the target

quadrant (p < 0.01).

(H) Partial removal of extra-maze cues impaired the ability of aged rats to find the hidden platform, while MgT-treated aged rats were still capable of locating the
platform (unpaired t test, p < 0.05). *p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as mean + SEM. See also Table S1.

To monitor the time-course of MgT treatment on working
spatial memory, task performance was evaluated every sixth
day (Figures 2B and 2D). Since the largest difference in choice
accuracy between the treated versus control rats was obtained
at 5 min delay interval, we monitored choice accuracy only at
this delay interval for the remaining experiments. A significant
increase in choice accuracy of MgT-treated young rats was
apparent 6 days after the onset of treatment (one-way ANOVA,
p < 0.05), peaked on day 12 (p < 0.001), and did not decline
over 1 month after MgT treatment was stopped (days 30 to 60,
Figure 2B). For MgT-treated aged rats, a significant increase in
choice accuracy occurred 12 days after the onset of treatment
(p < 0.001) and remained stable until MgT was stopped (day 30).
In contrast to young rats, the working memory performance of
aged rats declined to the baseline value within 12 days following
interruption of MgT treatment (Figure 2D). Therefore, the on/off
kinetics of MgT-induced spatial memory enhancement seems
symmetric in aged rats. To test if MgT could re-enhance spatial
memory functions of MgT-treated aged rats, following 30 days of
drinking plain water (days 30-60), they drank water supple-
mented with MgT again. Strikingly, aged rat performance was
re-enhanced within 12 days of treatment (Figure 2D). Thus,
MgT consumption enhanced spatial working memory of young
and aged rats (For the detailed time course curves for each
group, see Figures S5C and S5D).

Enhancement of Spatial Long-Term Memory by MgT

We used the Morris water maze to perform further experiments
to determine whether MgT leads to the improvement of spatial

168 Neuron 65, 165-177, January 28, 2010 ©2010 Elsevier Inc.

long-term memory (Morris, 1984). Young rats underwent 8
trials of training within one day with a 1 hr intertrial interval.
For aged rats, the training protocol was spread over two
days: 5 trials on day 1, and 3 trials on day 2. This protocol
was adopted because aged rats are not able to perform 8 trials
within one day. During the training period, the performance of
all rats gradually improved (Figures 3A and 3E). However, MgT-
treated rats learned to find the hidden platform faster than
controls (two-way ANOVA, MgT-treated versus control young
rats, p < 0.01 and MgT-treated versus control aged rats,
p < 0.001). In addition, the degree of learning ability enhance-
ment by MgT was higher in aged (Figure 3E) than in young rats
(Figure 3A).

To evaluate memory functions, we performed two test trials
with the platform removed; the rats were allowed to search for
60 s. The first test trial commenced 1 hr after the end of training.
All rats showed a remarkable preference for the target versus
opposite quadrant (young, Figures 3B and 3C, paired t test,
p < 0.001; old, Figures 3F and 3G, p < 0.001), suggesting that
all, i.e., control and MgT-treated young and aged rats, could
remember the platform location. To test long-term spatial
memory, a second test trial was performed 24 hr later. Both
young and aged control rats lost their preference for the target
quadrant compared to other quadrants (Figures 3B and 3F). In
contrast, MgT-treated young (Figure 3B) and aged (Figure 3G)
rats retained their quadrant preference (p < 0.001; p < 0.01,
respectively). Visual and locomotor functions were equal in
both groups, as judged by latency of escape to a visible platform
(data not shown) and swimming speed (see Table S1). Thus,
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MgT treatment significantly enhanced hippocampus-dependent
spatial learning and memory in both young and aged rats.

Improvement of Memory Recall by MgT

A crucial cognitive function requiring memory is pattern comple-
tion, i.e., the ability to retrieve memories based on incomplete
information, a capability that declines profoundly during aging
(Gallagher and Rapp, 1997). To test this capability, we compared
the dependence of spatial memory recall on the integrity of
extra-maze cues in young and aged control and MgT-treated
(for 1 month) rats following the water maze training period. For
control aged rats, the integrity of the extra-maze cues from
surrounding curtains was essential for finding the hidden plat-
form, as their performance significantly degraded under
partial-cue conditions. In contrast, MgT-treated aged rats, as
well as young rats, performed equally well under full- and
partial-cue conditions (aged rats, Figure 3H, unpaired t test,
p < 0.05; young rats, Figure 3D). Thus, MgT treatment enhanced
memory recall under partial information conditions in aged but
had no effect on young, rats.

Enhancement of NMDAR-Dependent Signaling by MgT

The above data indicate that elevating brain Mg has positive
influence on learning and memory function. We have performed
the following experiments to explore the possible molecular
mechanisms underlying this memory enhancement. We focused
on NMDAR-dependent signaling because its activation is critical
for synaptic plasticity and memory (for review, see Martin et al.,
2000; Nakazawa et al., 2004) and increase in NMDAR in
synapses can enhance learning and memory (Lee and Silva,
2009). Mg?*, an important regulator of NMDAR channel opening
(Mayer et al., 1984; Nowak et al., 1984), can have strong influ-
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Figure 4. The Effects of Mg2* on NMDAR
Activation, Expression, and Its Downstream
Signaling Molecules
(A) Voltage dependency of Iywpa evoked by
glutamate iontophoresis at putative synapses in
0.8 Mg?* cultures (black line, n = 7), following
acute (<1 hr, blue dashed line, n = 7) and chronic
(red line, n = 7) elevation of [Mg?*], to 1.2 mM.
(B) Percent change of Iyvpa following acute (blue
dashed line) and chronic (red line) elevation of
Mg™']o-
(C) Quantitative analysis of expression of NMDAR
subunits using western blots in the hippocampus
of control and MgT-treated rats. MgT significantly
increased NR2B subunit (p < 0.0001, n 8),
without altering NR2A and NR1 subunits.
(D) Same as (C), but of expression/phosphoryla-
tion of NMDAR downstream signaling molecules.
* MgT significantly increased phosphorylation of
CamKll (p <0.01,n=7)and CREB (p <0.01,n=8)
without altering the expression level of both
proteins. Data are presented as percentage of
change relative to control. B-actin was used as
loading control.
(E) Quantitative analysis of BDNF protein level in
the hippocampus using ELISA kit. MgT signifi-
cantly increased BDNF expression (p < 0.05,
n = 10). Unpaired t test, *p < 0.05, *p < 0.01,
***p < 0.001. Data are presented as mean + SEM.

(mV)40

m

ence on NMDAR-dependent signaling. Thus, enhancement of
learning and memory with elevating brain Mg?* might be at least,
in part, caused by alteration of NMDAR-dependent signaling.
However, as NMDAR channel opening can be blocked by
[Mg?*],, increase in brain Mg?* would increase NMDAR channel
blockage, which might lead to downregulation of NMDAR-
dependent signaling, resulting in impairment of learning and
memory.

To address these issues, we studied the NMDAR currents
under different [Mg?*],. Using iontophoretic application of gluta-
mate to a putative postsynaptic site exactly as described before
(Murnick et al., 2002), we isolated the postsynaptic Iympa for
biophysical studies in vitro. Figure 4A shows the average Invpa
from synapses grown under 0.8 mM [Mg?*], (black line,
n =7 cells). When [Mg?*], was elevated to 1.2 mM acutely, ampli-
tude of Iyvwpa near resting membrane potential was reduced by
~50%, suggesting that the amplitude of Iympa near resting
membrane potential is very sensitive to small increase in
[Mg®*]o. On the other hand, the size of Iympa under positive
membrane potentials remained the same (blue dashed line,
n = 7 cells). Thus, at higher [Mg?*],, strong depolarization is still
capable of expelling Mg®* from mouth of NMDAR and removing
Mg?* block completely. Interestingly, when [Mg?*], were
elevated chronically (cultures were grown and recorded under
1.2 mM [Mg?*],, red line, n = 7 cells), the amplitudes of the Iywpa
recorded near resting membrane potential were almost identical
with Iympa from synapses grown under 0.8 mM [Mgz"]o, while the
amplitudes of Iyvpa at positive membrane potentials were signif-
icantly larger. This phenomenon can be visualized more directly
in Figure 4B, where the percentage of Iyupa changes in acute
versus chronic elevation of [Mg?*], is plotted as a function of
membrane potential. These data suggest that reduction in Iyvpa

Neuron 65, 165-177, January 28, 2010 ©2010 Elsevier Inc. 169
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Figure 5. Enhancements of Synaptic Facili-
tation and Long-Term Potentiation by MgT
(A) Representative averaged (30 sweeps) traces of
EPSCnmpa With/without blocking of the NR2B-
containing NMDAR by ifenprodil (3 pM). In controls
(n = 5), the EPSCnmpa @amplitude slightly reduced
by ifenprodil, while in MgT-treated rats (n = 5),
the reduction of amplitude was significantly higher
(p < 0.01, right panel).

(B) Representative averaged (30 sweeps) traces
of EPSCampa (—70 mV, 50 uM AP-5) evoked by
two patterns of stimulation: single APs (black
line, 0.1 Hz) and bursts (gray line, each burst con-
tains 5 APs, ISI = 10 ms, interburst interval 10 s) in
control and MgT-treated rats. Right panel: aver-
aged EPSCampa amplitudes of control (n = 6) and
woxk MgT-treated (n = 7) rats. The averaged amplitude
of EPSCampa per AP for bursts was significantly

higher in MgT-treated rats (p < 0.01).
(C) Long-term potentiation induced in pyramidal
neurons in hippocampal slices of control rats
S 4 (n = 10, left panel) by the pairing training pro-
Q\@ \@ tocol (indicated by an arrow). The insets show
< averages of six EPSCavpas 5 min before and
30 min after LTP induction. The dashed line
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indicates the mean basal synaptic responses. Right panel: LTP induced in hippocampal slices of MgT-treated rats (n = 12).
(D) The magnitude of long-term potentiation (average over last 5 min) following “pairing training” was significantly higher in MgT-treated group (p < 0.001).

Unpaired t test, **p < 0.01, **p < 0.001. Data are presented as mean + SEM.

near resting membrane potential triggers a compensatory upre-
gulation of postsynaptic NMDAR (Slutsky et al., 2004), which
restores Iyvpa 1o its original level (Figures 4A and 4B, red line).
However, the removal of the Mg?* block during strong depolar-
ization (correlated inputs) exposes these additional NMDAR, re-
sulting in a selective increase in NMDAR activity during strong
depolarization (Figures 4A and 4B, red line). Therefore, the ulti-
mate effects of elevating [Mg?*], would be the upregulation of
NMDAR and the enhancement of NMDAR-dependent signaling
associated with correlated synaptic activity.

We checked these predictions in rats treated with MgT. First,
the expression levels of NMDAR subunits in control and MgT-
treated rats were compared. Chronic MgT treatment selectively
increased the expression of NR2B subunit (~60% of control,
t test, p < 0.001) in hippocampus homogenate, while the expres-
sion of other subunits of NMDAR (NR2A and NR1) was
unchanged (Figure 4C). These data are consistent with our
previous observations that increase in [Mg®*], can trigger upre-
gulation of NR2B-containing NMDAR (Slutsky et al., 2004). Next,
we assessed whether the upregulation of NR2B-containing
NMDAR leads to increase in activation of NMDAR-dependent
signaling by examining the activation of «-CaMKIl and CREB
following NORT memory task (described above). After LTM
test (24 hr retention interval), rats were decapitated and hippo-
campi were dissected. MgT treatment did not change the
expression level of CaMKIl and CREB but increased their
activation. As a result, the ratio of phosphorylated-CaMKiIl/total
CaMKIl was increased (92%, p < 0.01), as was the ratio of phos-
phorylated-CREB/total CREB (57%, p < 0.01, Figure 4D). There-
fore, NMDAR-dependent signaling is enhanced in MgT-treated
rats. To further confirm the beneficial effects of increase in
NMDAR signaling, we quantified the expression level of the
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neurotrophic factor BDNF, a protein regulated by level of
CREB activation. BDNF protein expression was significantly
higher in MgT-treated rats (36%, p < 0.05, Figure 4E).

Enhancement of Synaptic Plasticity by MgT

To test the effects of enhancing NMDAR signaling on synaptic
plasticity, we compared synaptic transmission and plasticity in
control and MgT-treated rats. First, we determined if the
increase in NR2B subunit expression was associated with
changes in NMDAR-mediated synaptic transmission, and we re-
corded the EPSCrwvpa between CA3-CA1 synaptic connections
(Shaffer collaterals) in hippocampal slices using whole-cell
patch-clamp recordings (Vhoig = —50 mV) in visually identified
CA1 pyramidal neurons while stimulating Shaffer collaterals
at low frequency (0.03 Hz). We measured the sensitivity of
EPSCnmpa to ifenprodil, a selective antagonist of NR2B subunits
(Williams, 1993). Similar to our results in cultured hippocampal
synapses (Slutsky et al., 2004), the sensitivity of EPSCnmpa to
ifenprodil (3 uM) significantly increased from 8.8 + 3.1% to
24.1 £ 3.6% in slices from MgT-treated rats (n = 5 cells, p < 0.01,
Figure 5A). Therefore, the detected increase of NR2B expression
is associated with an increase in the ratio of NR2B/NR2A in
synapses.

Next, we tested whether MgT treatment affects synaptic facil-
itation of hippocampal excitatory synapses. The input-output
relationship in CA3-CA1 synaptic connections in hippocampal
slices of control and MgT-treated aging rats was evaluated.
Two types of input patterns—single action potentials (APs) and
bursts (each burst contained 5 APs, ISI = 10 ms)—were applied
through minimal stimulation of Shaffer collateral axons. Output
was measured by whole-cell patch-clamp recordings in pyra-
midal CA1 neurons of AMPA-mediated excitatory postsynaptic
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Figure 6. Increase in Density of Syn- and SNB-1-Positive Puncta in
MgT-Treated Aged Rats

(A) Synaptophysin (Syn)-immunostained puncta in control and MgT-treated
aged rats (22 months old).

(B and C) The density of Syn-(+) puncta in the DG and CA1 of control (n = 10)
and MgT-treated (n = 6) aged rats. MgT treatment increased the number of
Syn-(+) puncta in the DG (B, p < 0.01) and CA1 (C, p < 0.05).

(D) Synaptobrevin (SNB1)-immunostained puncta in the same control and
MgT-treated aged rats.

(E and F) MgT treatment increased the density of SNB1-(+) puncta in the DG
(E, p < 0.05) and CA1 (F, p < 0.05). The density was estimated as the number
of immunostained puncta per 1000 pm?. Scale bar, 10 pm. Unpaired t test,
*p < 0.05, **p < 0.01.

current (EPSCanmpa). MgT treatment did not affect EPSCanmpa
amplitude for single APs but significantly enhanced EPSCanpa
amplitude for bursts (control: n = 6 cells; MgT: n = 7 cells,
p < 0.01, Figure 5B).

Long-term changes in synaptic strength are hypothesized to
form the cellular basis of information storage and memory
(Martin et al., 2000). A synapse with increased amounts of
NR2B-containing NMDAR (Tang et al., 1999) and strong synaptic
facilitation (Bi and Poo, 1998) is expected to have higher magni-
tude of LTP. EPSCampa in CA1 neurons was recorded while
stimulating Shaffer collaterals at low frequency (0.03 Hz). After
stable recording was achieved (10 min), a spike-timing-depen-
dent plasticity induction protocol (Bi and Poo, 1998; Markram
et al., 1997) was applied. This protocol produced a persistent
LTP in slices from both control and MgT-treated aged rats
(control: n=10 cells, p < 0.001 versus baseline responses before
the pairing training; MgT: n = 12 cells, p < 0.01, Figure 5C).
However, the magnitude of LTP in slices from MgT-treated rats
was higher than controls (~52%, p < 0.0001, Figure 5D). In slices
that were not subjected to the pairing protocol, synaptic

Syn puncta (CA1)/1000pm?
iy
° 3

responses were not significantly altered over the entire recording
period (last 5 min mean = 93.5 + 8.9% of first 5 min baseline
response, n = 5 cells).

Therefore, synapses in MgT-treated rats exhibited higher
activation/expression of plasticity/memory-related proteins
and enhancement of both short-term and long-term synaptic
potentiation.

MgT Increased the Density of Synaptophysin-Positive
Puncta

Several studies indicate that synaptic connections in hippo-
campus decline during aging, with the degree of loss of
synapses correlating with the impairment of memory functions
(Burke and Barnes, 2006; Geinisman et al., 2004; Smith et al.,
2000; Wilson et al., 2006). The reduction seems to be hippo-
campal subregional specific. For example, the stratum molecu-
lare of the dentate gyrus (DG) is the most vulnerable brain region
for age-related synaptic loss (Burke and Barnes, 2006; Geinis-
man et al., 2004; Smith et al., 2000; Wilson et al., 2006). The
loss of synaptic connections in the stratum radiatum of CA1
subregion is less than DG and remains controversial (Burke
and Barnes, 2006; Geinisman et al., 2004).

To further characterize the potential cellular mechanisms that
underlie MgT-induced memory enhancement, we investigated
the effect of 1 month of MgT treatment on density of presynaptic
boutons in aged rats (22 months). Rats were anesthetized and
perfused, and the number of synaptophysin-positive (Syn-[+])
puncta in the stratum moleculare was measured. Figure 6A
shows Syn-(+) puncta in the DG of hippocampus. Indeed, the
density of Syn-(+) puncta in MgT-treated rats was significantly
higher than controls (~67%, t test, p < 0.01, Figure 6B). We
also estimated the density of Syn-(+) puncta in CA1 and found
that it was ~25% higher in MgT-treated aged rats than aged
controls (p < 0.05, Figure 6C). A similar pattern of changes was
observed with another presynaptic protein synaptobrevin
(SNB1) (Figure 6D). MgT increased density of SNB1-(+) puncta
by ~43% in the DG and ~34% in the CA1 subregions of hippo-
campus (p < 0.05, Figures 6E and 6F). The density of Syn-(+)
and SNB1-(+) puncta have been correlated per individual rat
(Pearson test, r? = 0.58, p = 0.0006, Figure S6A). Thus, MgT
treatment increased the density of presynaptic boutons contain-
ing vesicle proteins critical for transmitter release in DG and CA1
of aged rats.

It is worth noting that presynaptic boutons with very low con-
centration of synaptophysin/synaptobrevin will not be counted
by our present approach, therefore, we might have underesti-
mated the actual density of presynaptic Syn-/SNB1-(+) boutons.
Since synaptobrevin is essential for synaptic vesicle fusion
(Schiavo et al., 1992), a presynaptic bouton with low synaptobre-
vin concentration may not be functional. Under these consider-
ations, increase in the density of Syn- and/or SNB1-(+) puncta
could be due to increase in either density of presynaptic boutons
or amount of these proteins in the existing boutons.

Increased Functional Synaptic Connection

by Elevated [Mg2*],

Does Mg®*-induced increase in Syn- / SNB1-(+) puncta lead
to increase in the number of functional release sites, and,
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Figure 7. Increase in Presynaptic Release
6 Sites and Decrease in Pr of Synapses by
Elevation of [Mg?*],
(A1 and Ay) Mean EPSCanpa recorded at —70 mV
(average of 30 sweeps) and evoked by minimal
stimulation at low frequency (upper traces, 0.1 Hz)
and by bursting input (bottom traces; bursts of
5 APs, ISI =20 ms, interburst interval 0.1 Hz) under
low (1.2 mM, gray trace) and high (5 mM, black)
[Ca?*], in 0.8 and 1.2 Mg slices.
(B) Mean EPSCampa under low and high [Ca®*],
(n = 10). The EPSCampa Was similar under physio-
logical [Ca®*],, but significantly higher (p < 0.0001)
in 1.2-Mg slices under high [Ca®*],.
(C) The quantal size in 0.8 and 1.2 Mg slices was
similar (n = 10).
(D) CV2, calculated as variance?’/mean?, was
0 significantly higher (p < 0.05, n = 10) in 1.2 Mg
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1212 51 slices at physiological [Ca®*], but similar at high
[Ca**)/[Mg**] (mM) [Ca®*],.

(E) Synaptic facilitation, defined by the ratio of

EPSCpurst/EPSCsingle» Was higher in 1.2-Mg slices at physiological [Oaz"]0 (n =10, p < 0.001), but similar under high [Caz*]o. EPSCgingie is the amplitude of
EPSCawmpa for single AP input, and EPSCy,st is the mean amplitude of EPSCampa per single AP within the burst. Unpaired t test, *p < 0.05, **p < 0.001.

Data are presented as mean + SEM.

subsequently, enhance synaptic transmission? To address this
question, we studied the properties of synaptic transmission in
hippocampal slices treated with different [Mg?*],.

In cultured hippocampal neurons, plasticity (Slutsky et al.,
2004) and density (I.S., H. Zhou, and G.L., unpublished data) of
functional presynaptic boutons increased 4 hr following eleva-
tion of [Mg?*], from 0.8 mM to 1.2 mM. Therefore, freshly cut
hippocampal slices (from 2-month-old rats) were incubated for
5 hr in ACSF containing different [Mg®*], (0.8 and 1.2 mM,
referred to as 0.8 and 1.2 Mg slices). Irrespective of incubation
conditions, the baseline recording solution contained constant,
1.2 mM, [Mg?*], before switching to test solutions. Whole-cell
patch-clamp recordings were made on pyramidal CA1 neurons,
and EPSCappas Were evoked by minimal stimulation of Shaffer
collateral axons in the presence of an NMDAR blocker (50 uM
AP-5).

According to Katz’s quantal hypothesis, the efficacy of a
synaptic connection is determined by the product of the proba-
bility of release (Pr), the number of release sites (Nyejease), @and the
size of the postsynaptic response to a quantum of transmitter (q)
(Katz, 1969). Although the number of release sites can be esti-
mated using the conventional quantal analysis, this approach
requires a good voltage clamp of dendritic synapses, which is
difficult to obtain for neurons in CNS (Williams and Mitchell,
2008). Since presynaptic release is very sensitive to Ca®*, even
without adequate voltage clamp, any difference in EPSC ampli-
tudes under various [Ca®*], is most likely due to difference in Pr
and/or Nygease (Clements, 2003; Silver, 2003). Therefore, we in-
ferred the number of functional release sites by studying
synaptic transmission under various [Ca?*],. Figure 7A; shows
recordings of the evoked EPSCawvpa for a single AP under
various [Ca®*], in 0.8 Mg versus 1.2 Mg slices. The amplitudes
of EPSCampa Were almost identical under physiological concen-
trations of Ca®* (1.2 mM; Figure 7A, gray, and Figure 7B), sug-
gesting that incubation of slices under higher [Mg?*], did not
influence basal synaptic strength. When [Ca?*], was elevated
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in test recording solution to 5 mM in order to maximize the Pr,
EPSCampa amplitudes in both slices increased correspondingly;
however, the degree of increase was 2.4-fold higher in 1.2 Mg
than 0.8 Mg slices (n = 10 cells, t test, p < 0.0001, Figure 7A,
black and Figure 7B). There was no difference in quantal size
between 0.8 Mg and 1.2 Mg slices (n = 10 cells, Figure 7C).
Therefore, the increase in EPSCavpa amplitudes at higher
[Ca®*], in 1.2 Mg slices is likely due to higher number of func-
tional release sites per axon.

Notably, EPSCampa amplitude was the same under physiolog-
ical [Ca®*], (1.2 mM, Figure 7B) in both groups of slices, meaning
that Pr x Nrelease X J(0.8-Mg) = Pr x Nrelease X d(1.2-Mg)- Thus, the Pr
of synaptic boutons in 1.2 Mg slices must be lower to counterbal-
ance the increase in the number of release sites per connection.
To test this possibility, the EPSCanmpa coefficient of variation was
used to estimate the Pr (Pr ~ CV~2, [Clements, 2003; Malinow
and Tsien, 1990; Silver, 2003]). CV~2 was 2.0-fold lower in 1.2
Mg slices (n =10 cells, p < 0.05, Figure 7D), suggesting that these
synapses do have lower Pr under physiological [Ca®*],. Applica-
tion of the coefficient of variation to determine the quantal
parameters involves several assumptions, such as nearly all
variances are presynaptic, which cannot be verified directly
(Clements, 2003). We applied another independent method to
estimate Pr of synapses by calculating the degree of short-
term facilitation, which primarily depends on presynaptic factors.
Low Pr synapses tend to have higher facilitation index (Zucker
and Regehr, 2002). Indeed, the synaptic facilitation of 1.2 Mg
slices during bursts was 2.3-fold higher than that of 0.8 Mg slices
(n =10 cells, p < 0.001, Figures 7A, and 7E). Therefore, Pr of
synaptic boutons is likely to be lower in 1.2 Mg than in 0.8 Mg
slices. To further verify the validity of both methods, we
compared CV~2 and the facilitation in 0.8 Mg and 1.2 Mg slices
under high [Ca®*],. Pr of synapses under high [Ca?*], is expected
to be maximized. Under this condition, the differences in CV 2
and the facilitation between 0.8 and 1.2 Mg slices should disap-
pear. Consistent with this prediction, CV 2 and facilitation were
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Figure 8. Correlation among MgT Treat-
ment, Synaptic Bouton Density, and
Memory

(A) Temporal relationship between “on/off” of
MgT treatment and the density of Syn-(+) puncta.
Syn-(+) puncta increased 2 weeks after MgT treat-
ment (MgT ON) and returned to control level
2 weeks after stopping MgT treatment (MgT
OFF). Scale bar, 10 um.

(B and C) Quantitative analysis of the density of
Syn-(+) puncta in DG and CAT1 of control (n = 10),
MgT ON (n = 5) and MgT OFF (n = 5) rats (one-
way ANOVA, DG, F,4; = 6.88, p = 0.0065; in
CA1, Fp47 = 11.45, p = 0.0007). ANOVA was
followed by Bonferroni’s post hoc test (**p < 0.01;
***p < 0.0001).

(D) The short-term memory varied among indi-
vidual aged rats as revealed by the recognition
index of novel object recognition test. Rats treated
with MgT spent more time exploring the novel
object (n = 6) than controls (n = 10).

(E) The density of Syn-(+) puncta in the DG corre-
lated with the recognition index of individual
control rats. MgT-treated rats’ data were not
included in the correlation analysis, although
data are displayed on the figure. No significant
correlation was found in MgT-treated group.

(F) The density of Syn-(+) puncta in the CA1 also
correlated with the recognition index of individual
control rats (Pearson test). MgT-treated rats’
data were not included in the correlation analysis.
Data are presented as mean + SEM. See also
Figure S6.
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the same between both groups of slices under high [Ca®*],
(5 mM, Figures 7D and 7E).

Therefore, elevation of [Mg®'], can trigger increase in the
number of functional presynaptic release sites with lower release
probability. This synaptic reconfiguration maintains homeostasis
of AMPA-mediated synaptic transmission for a single AP (Fig-
ures 7A and 7B) yet enhances transmission for bursting inputs
(Figure 7E), similar to the observations in slices from MgT-treated
rats (Figure 5B).

Correlation between Density of Synaptophysin-Positive
Presynaptic Boutons and Memory

The above data demonstrate that increase in brain Mg2* leads to
increase in functional connectivity, synaptic plasticity, and
enhancement of learning and memory. To further assess the
impact of increase in density of presynaptic boutons to memory
enhancement, we performed the following two sets of experi-
ments.

In the T-maze task, memory performance reached maximum
12 days after the onset of MgT treatment and dropped to
baseline 12 days after the offset of MgT treatment in aged rats.
If a change in the density of Syn-(+) puncta contributes to
memory enhancement, both parameters are expected to change
correspondingly. Indeed, when aged rats (22 month) were
treated with MgT for 2 weeks, the density of Syn-(+) puncta

0
0
Syn puncta (CA1)/1000pum?

200 400 600 800 1000

increased in DG (~44%, one-way ANOVA, p < 0.01, Figures
8A and 8B) and in CA1 (~30%, p < 0.0001, Figure 8C) hippo-
campal areas. On the other hand, the density of Syn-(+) puncta
in MgT-treated rats (2 weeks of treatment) returned to the control
level 2 weeks after the end of MgT supplementation (Figures 8A,
8B, and 8C). Thus, the time course of change in the density of
Syn-(+) puncta following on/off MgT treatment matched the
time course of alterations in memory score.

Next, we studied whether the density of Syn-(+) puncta is
correlated to the memory score per individual rat. The short-
term memory of aged rats (different from those used for
T-maze experiments) was evaluated using the novel object
recognition test with two objects. After behavioral assessment,
rats were sacrificed and analyzed for Syn- / SNB1-(+) puncta
density. The short-term memory among untreated aged rats
varied significantly as revealed by their recognition index
(Figure 8D), a phenomenon that had been reported previously
(Gallagher and Rapp, 1997; Smith et al., 2000). MgT treatment
enhanced memory and reduced the individual variation among
treated aged rats (Figure 8D). Interestingly, the density of
Syn-(+) puncta in DG correlated with the recognition index per
individual rat of control group (Figure 8E, Pearson test, r? = 0.50,
p = 0.02). The density of Syn-(+) puncta in CA1 of control group
also correlated with recognition index, though the correlation
was slightly weaker than in DG (Figure 7F, r? = 0.41, p = 0.04).
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The density of SNB1-(+) puncta in control group also correlated
to short-term memory score (see Figures S6B and S6C). No
significant correlation between density of presynaptic puncta
and memory score was found in MgT-treated group. This lack
of correlation is expected since MgT treatment reduced interin-
dividual variation of memory score within the group (Figure 8D).

Altogether, these data suggest that increasing the density of
synaptophysin-/synaptobrevin-containing presynaptic boutons
might be a key structural change underlying the MgT-induced
memory enhancement.

DISCUSSION

We found that increasing brain Mg?* in both young and aged rats
can enhance different forms of learning and memory (Figures 1,
2, and 3). Chronic MgT treatment upregulated NR2B-containing
NMDAR and increased activation/expression of downstream
signaling molecules in the hippocampus (Figure 4). This was
associated with a dramatic increase in short-term synaptic facil-
itation and long-term potentiation that are critical for learning and
memory (Figure 5). At the cellular level, on the other hand, MgT
treatment also increased number of synaptophysin-/synapto-
brevin-containing presynaptic boutons (Figure 6). Therefore,
elevated Mg®* induced reconfiguration of synaptic networks
from a small number of synapses with high release probability
to a larger number of synapses with low release probability
(Figure 7). Finally, increase in the density of synaptophysin-/ syn-
aptobrevin-containing presynaptic boutons correlated with
improvement of memory functions (Figure 8).

What are the potential molecular mechanisms translating
increase in brain Mg?* level to enhancement of learning and
memory? One molecular target of brain Mg?* might be the
NMDAR. NMDAR-dependent signaling plays a critical role in
synaptic plasticity and memory (Martin et al., 2000; Nakazawa
et al., 2004). Increase in NR2B-containing NMDAR via overex-
pression (Tang et al., 1999), augmentation of its membrane
transportation (Wong et al., 2002), or reduction of its degradation
(Hawasli et al., 2007) leads to enhancement of synaptic plasticity
and learning and memory (for review, see Lee and Silva, 2009).
In this study, we show that NR2B-containing NMDAR can be
upregulated by increase in [Mg?*], in vitro and elevating brain
Mg?* in vivo. Our biophysical studies suggest that this upregula-
tion might be due to a homeostatic regulatory mechanism
(Figures 4A and 4B) (also see Turrigiano, 2008), which increases
synaptic NMDAR to counterbalance the increase in blockage of
NMDAR opening associated with chronic increase in [Mg®*].
Under this condition, level of background NMDAR currents
remains constant, but NMDAR current during bursting activity
is enhanced.

One important effector downstream of NMDAR signaling is
CaMKIl. Increased activation of CaMKIl was shown to underlie
the enhancement of LTP and learning and memory observed in
mice lacking the nociceptin opioid receptor (Mamiya et al.,
2003; Manabe et al., 1998). In MgT-treated rats, upregulation
of NR2B is associated with enhancement of CaMKII activation
following memory task, suggesting that NMDAR signaling is
enhanced. CREB is another important downstream molecule
critical for learning and memory. Ca2* influx through synaptic

174 Neuron 65, 165-177, January 28, 2010 ©2010 Elsevier Inc.

Neuron

Elevating Brain Magnesium Enhances Memory

NMDAR triggers activation of CREB transcription factor, leading
to the expression of genes that promote cell survival and
synaptic plasticity such as the neurotrophic factor BDNF (Van-
houtte and Bading, 2003). Increased activation of CREB and/or
expression of BDNF enhance LTP in hippocampus and learning
and memory (Fukushima et al., 2008; Pang and Lu, 2004). Here,
we found increased activation of CREB and higher level of BDNF
in MgT-treated rats too. Because CREB can also be activated by
other molecular pathways such as cAMP pathway (Silva et al.,
1998), we cannot exclude the possibility that Mg?* enhances
CREB activation by acting on other signaling pathways.

In addition to voltage-dependent inhibition of NMDAR, Mg?*
may act at other targets that, synergistically or independently,
might have led to the observed effects. For instance, in the
intracellular compartment, an increase in Mg?* could compete
with Ca2*, altering Ca2* signaling. Furthermore, increased
intracellular Mg®* might influence Mg?*-dependent enzymatic
reactions, which might affect other cellular processes such as
cell excitability and/or cell metabolism that might contribute to
the observed enhancement of memory.

At the cellular level, we hypothesize that increase in bouton
density might be a key change underlying memory enhancement
by MgT. In support of this hypothesis, on one hand, is the
temporal correlation among the onset of MgT treatment, eleva-
tion of brain Mg?*, increase in density of synaptic boutons, and
enhancement of memory functions (12 days time-course,
Figures 1, 2 and 8). On the other hand, ending of MgT supple-
mentation leads to a reduction in bouton density and memory
performance back to the baseline in aged rats (Figures 2 and 8).
Although changing extracellular [Mg?*] in vitro can alter synaptic
configuration in hippocampal slices within 5 hr (Figure 7), slow
time-course of Mg®* loading into the brain (Figure 1A) might be
the factor that delays the onset of MgT effect in vivo. In young
rats the enhanced memory functions persisted for 60 days after
the end of MgT treatment. This is possibly due to lower Mg®*
excretion rate in young animals (Corman and Michel, 1987).
The exact mechanisms underlying the prolonged effect of MgT
on memory functions in young rats remain to be investigated.

Diet, exercise, and environmental enrichment can affect brain
health and cognitive function (for review, see Gomez-Pinilla,
2008). Here, we introduce a new strategy to enhance learning
and memory and prevent age-related memory decline by
increasing brain Mg?". It is worth noting that the control rats in
the present study had a normal diet, which is widely accepted
as containing a sufficient amount of Mg®*. The effects we
observed were due to elevation of body Mg?* content to higher
levels than a normal diet. Improvement of memory functions in
aged rats by a high dosage of Mg®* diet (2% elemental Mg?*)
has been reported before (Landfield and Morgan, 1984).
However, it triggered weight loss due to Mg2*-induced diarrhea,
hindering further mechanistic studies. Having studied the
biophysical effects of Mg?* on synaptic plasticity in cultured
hippocampal neurons in vitro (Slutsky et al., 2004), and after
studying the homeostatic regulation of Mg?* in intact rats, we
concluded that development of a new compound that efficiently
loads Mg?* into the brain was essential. With this Mg®* com-
pound (MgT), we are able to study the influences of long-term
elevation of brain magnesium on cognitive functions without
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disrupting other physiological functions. In the current study, we
did not test the effects of Mg?* deficiency on synaptic plasticity
and memory function. A previous study already showed that
chronic reduction of dietary magnesium impairs memory (Bard-
gett et al., 2005). However, because Mg?* is an essential ion for
normal cellular functions and body health, many physiological
functions are impaired with the reduction of body Mg?*. There-
fore, it is difficult to establish a casual relationship between
brain Mg®* and memory functions by induction of Mg?* defi-
ciency. Nonetheless, our “on/off” experiments in the T-maze
provide evidence for the possible causal relationship between
high Mg®* intake and memory enhancement in aged rats
(Figure 2D).

A recent survey indicates that a significant portion of the
human population in industrialized countries do not take in a
sufficient amount of Mg?*. For example, only 32% of Americans
met the RDA-DRI criteria for daily Mg?* intake (http://www.ars.
usda.gov/Services/docs.htm?docid=11046). Furthermore, Mg?*
intake in the aging population declines to 50% of the RDA (Ford
and Mokdad, 2003). One might speculate that inadequate Mg?*
intake might impair cognitive function and lead to faster deterio-
ration of memory during aging in human. Based on the data
presented here, further studies to investigate the relationship
between dietary Mg?* intake, body, and brain Mg®* status and
cognitive abilities in human are warranted.

EXPERIMENTAL PROCEDURES

Rats for In Vivo Studies

Male Sprague-Dawley young (2-month-old), aging (12- to 18-month-olds), and
aged (22- to 24-month-olds) rats were obtained from Vital River Laboratory
(Animal Technology Co. Ltd., Beijing, China) and Charles River Laboratories
(Boston). All rats were individually housed with free access to food and water
under a 12:12 hr reversed light-dark cycle, with light onset at 8:00 p.m. All
experiments involving animals were approved by Massachusetts Institute of
Technology, Tsinghua University, and University of Toronto Committees on
Animal Care.

Magnesium Compounds

The following magnesium preparations were used in the present study:
magnesium-L-threonate (Magceutics Inc., USA), magnesium chloride
(Modern Eastern Fine Chemicals, China), magnesium gluconate, and magne-
sium citrate (Sigma-Aldrich, Germany).

Magnesium-L-Threonate Treatment

Magnesium-L-threonate (604 mg/kg/day) was administered via drinking water
(50 mg/kg/day elemental Mg®*). The average drinking water per day was
determined (~30 ml/day), and the dose was dissolved in the daily drinking
amount. Rat chow contained 0.15% of elemental Mg?*. We also monitored
the food intake to determine the amount of Mg?* intake from food.

Magnesium Content in the Cerebrospinal Fluid

The content of magnesium ion in cerebrospinal fluid (CSF) was estimated at
baseline (day 0), 12, and 24 days of treatment with different magnesium prep-
arations. Rats were treated with different magnesium preparations via drinking
water (dose, 50 mg/kg/day elemental magnesium). Before each sampling
point, rats were anesthetized with Chloral hydrate (400 mg/kg, i.p.) and then
the CSF was manually obtained from the cisterna magna by the interruption
of the atlanto-occipital membrane using a microneedle (diameter 450 pum).
CSF samples (50-100 pl/rat) were collected and stored at —20°C until magne-
sium measurement was performed. Magnesium level in CSF was determined
by Calmagite chromometry (Abernethy and Fowler, 1982).

Western Blot and ELISA Analyses

Samples of hippocampal homogenate from MgT-treated and control rats were
resolved on polyacrylamide gels. Protein was then transferred to PVDF
membrane and probed with anti-NR1 (Chemicon), NR2A (Upstate), NR2B
(Santa Cruz Biotech), P-CaMKII, CaMKII, P-CREB, CREB, and B-actin (Cell
signaling) antibodies followed by the appropriate HRP-coupled secondary
antibody in Tris-buffered saline (pH 7.3) containing 5% dry milk and 0.1%
Tween (BioRad). Visualization of immunoreactive bands was induced by
enhanced chemiluminescence (Perkin Elmer Biosciences) captured on autora-
diography film (Kodak Scientific). Standard curves were constructed to
establish that we operated within the linear range of the chemiluminescence
detection method. For the western blot analyses, digital images were quanti-
fied using GelPro Analyzer 3.1 software. The integrated optical density (I0D) of
each immunoreactive band was measured. IOD was normalized to the 10D of
actin band also in the same lane. Analysis of BDNF level in total homogenate of
hippocampus was performed using Chemikine BDNF ELISA kit (Millipore) with
complete adherence to manufacturer’s instructions.

Slice Preparation

Coronal slices of the hippocampus (300 um thick) were prepared (Wei et al., 2002)
from 12-month-old rats (control and MgT-treated; Figure 5) and young rats
(2 months old; Figure 7). Slices were transferred to a submerged recovery
chamber containing oxygenated (95% O, and 5% CO,) artificial cerebrospinal
fluid (ACSF, mM): 124 NaCl, 2.5 KCI, 1.2 CaCl,, 25 NaHCO3, 1 NaH,POy,,
10 glucose. [Mg?*], was varied according to the experimental conditions. For
experiments in Figure 5, slices were incubated in ACSF (Mg?*], was matched
to [Mg?*]csr in each group [1.06 to 1.2 mM]) at room temperature for 1 hr before
recordings. For experiments presented in Figure 7, slices prepared from 2-month-
old rats were preincubated at 32°C for 5 hr in two chambers containing ACSF with
0.8 and 1.2 mM [Mg>*],, respectively, before recordings were performed.

Whole-Cell Recordings In Slice

Experiments were performed in a recording chamber on the stage of an
Axioskop 2FS microscope with infrared DIC optics for visualizing whole-cell
patch-clamp recordings. EPSCs were recorded from CA1 pyramidal neurons
using an Axon 200B amplifier (Molecular Devices, Union City, CA), and stimu-
lations were evoked in Schaffer collateral-commissural pathway. These proce-
dures are described in detail in Supplemental Experimental Procedures.

LTP Induction Protocol

The postsynaptic neurons were switched to current-clamp recording mode.
LTP was induced by 15 trains of presynaptic stimuli coupled with 15 trains
of postsynaptic action potentials (ISI = 33 ms, inter-burst-interval = 5 s for
both pre- and postsynaptic trains) delivered 10 ms after the onset of each
EPSP. After that, recording was switched back to voltage-clamp mode.

Tissue Preparation and Fluorescent Immunostaining

Rats were anesthetized with Chloral hydrate and perfused transcardially
with PBS, followed by 4% paraformaldehyde. The brain was postfixed in 4%
paraformaldehyde for 24 hr before being transferred to 30% sucrose in PBS
and left for 48 hr. Coronal sections from the hippocampus were cut at 5 um
on a cryostat (Leica), immediately mounted on superfrost slides, and left to
dry overnight. On the following day, anatomically matched cryosections
were washed with PBS and blocked (3% rabbit serum, 0.2% TX-100 in PBS)
for 2 hr at 4°C. Sections were incubated with mouse anti-synaptophysin or
anti-synaptobrevin antibody (Chemicon) in blocking solution for 24 hr at 4°C.
On the second day, brain sections were rinsed with PBS and incubated with
Alexa 488-coupled rabbit anti-mouse IgG in PBS (Invitrogen) for 2 hr at room
temperature. Slides were then coverslipped with fluorescent mounting
medium (Vector Laboratories) and left for 48 hr at 4°C.

Estimation of Density of Syn-/SNB1-(+) Puncta

Slides were coded until the completion of data analysis. Stained brain sections
were imaged with Olympus IX-70 confocal microscope and Syn-/SNB1-(+)
puncta were estimated using Image Pro-Plus software (Media Cybernetics).
These procedures are described in detail in Supplemental Experimental
Procedures.
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Novel Object Recognition Test

The novel object recognition test was used as described before with modifica-
tions (Ennaceur and Delacour, 1988). These procedures are described in detail
in Supplemental Experimental Procedures.

Elevated T-Maze
Spatial working memory was assessed using a T-maze non-matching-to-
place task. These procedures are described in detail in Supplemental Experi-
mental Procedures.

Morris Water Maze

The standard Morris water maze procedure was used with minor modifications
(Morris, 1984). These procedures are described in detail in Supplemental
Experimental Procedures.

Statistical Analysis
Data are presented as mean + SEM (standard error of the mean). Statistical
significance was defined as p < 0.05.

SUPPLEMENTAL INFORMATION

The Supplemental Information includes six figures, one table, and Supple-
mental Experimental Procedures and can be found with this article online at
doi:10.1016/j.neuron.2009.12.026.
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