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D
ietary zinc deficiency has been
associated with memory im-
pairment but the mechanisms
underlying this effect remain

unclear. The divalent cation zinc is one of
the most abundant trace elements in the
body and plays myriad functional roles (1).
Although the vast majority of zinc is tightly
bound to proteins, a pool of zinc in the
mammalian forebrain is selectively stored
in and released from glutamatergic neu-
rons. This chelatable zinc is sequestered in
synaptic vesicles and coreleased with glu-
tamate during neuronal activity. Synapti-
cally released zinc has the potential to
interact with and modulate many different
synaptic targets, including glutamate re-
ceptors and voltage-gated channels (2).
Zinc can also modulate synaptic plasticity.
The ability of zinc to modulate both ion
channels and synaptic plasticity predicts
that it plays a key role in learning and
memory. This prediction was previously
tested using mice in which the zinc trans-
porter-3 (ZnT3) had been genetically de-
leted. ZnT3 is essential for loading zinc
into synaptic vesicles (3). Targeted de-
letion of this transporter ablates vesicular
zinc uptake and synaptic release of zinc
and causes zinc in the forebrain to fall to
undetectable levels (4). However, despite
lacking chelatable zinc, ZnT3 KO mice did
not exhibit impairments in spatial learning,
memory, or sensorimotor functions (5).
These findings suggested that vesicular
zinc (and hence, ZnT3) was not essential
for cognitive function. However, recent
studies have forced a rethinking of the role
of zinc in cognition. In particular, detailed
examination has now revealed that ZnT3
KO mice exhibit impaired fear memory (6)
as well as accelerated aging related decline
of spatial memory (7). Despite these ad-
vances, the functional role of synaptic zinc
in learning and memory remains largely
a mystery. In PNAS, Sindreu et al. (8)
provide a compelling and thorough study
demonstrating an essential role for ZnT3
and thus vesicular zinc in memory forma-
tion in mice. Furthermore, they show that
zinc and ZnT3 regulate memory formation
by acting through the Erk1/2-dependent
signaling pathway.
In examining the role of zinc in memory,

Sindreu et al. (8) focus on the Erk sig-
naling pathway of the MAPK family be-
cause of its well established role in the
regulation of synaptic plasticity, learning,
and memory (9). Furthermore, zinc can
activate Erk in neurons (10), raising the

possibility that zinc could influence learn-
ing and memory by acting on the Erk sig-
naling pathway. However, earlier studies
examining the interaction between zinc
and Erk had used exogenously applied
zinc, making it unclear whether synapti-
cally released zinc acted as an endogenous
regulator of Erk. Therefore, in the first set
of experiments, Sindreu et al. (8) used
ZnT3 KO mice to explore the role of
endogenous zinc in Erk signaling. They
found that the phosphorylated form of
pErk (pErk) was selectively reduced in
synaptic membranes from hippocampal
mossy fibers (MFs) of ZnT3 KO mice.
These studies were performed in the MFs
because this pathway expresses high levels
of zinc and is enriched in pErk. Their
findings suggest that vesicular zinc is re-
quired to maintain normal levels of Erk
activation. However, the possibility that
developmental compensation in the ZnT3
KO mice was responsible for the loss of
pErk could not be excluded. To address
this limitation, Sindreu et al. (8) demon-
strated that ZnT3 KO mice exhibit normal
expression of Erk protein, normal de-
velopment of MFs, and normal density of

MF boutons. The authors then show that
acute injection of the zinc chelators
diethyldithiocarbamate or N,N,N′,N′-
tetrakis(2-pyridylmethyl)ethylenediamine
(TPEN) decreased the levels of MF
pErk in WT mice, reproducing the pErk
phenotype of ZnT3 KO mice. Together,
these studies elegantly show that endoge-
nous zinc (and ZnT3) is necessary for
Erk activation.
Is extracellular release of zinc necessary

for modulation of pErk? A requirement
for extracellular release of vesicular zinc
would tie pErk activation to neuronal ac-
tivity of the MFs. Sindreu et al. (8) ex-
amine this possibility by assaying MF pErk
after toxin-induced blockade of vesicular
exocytosis in vivo. They hypothesized that,
if released zinc were necessary for pErk
activation, blockade of vesicular exocytosis
at MF synapses should reduce MF pErk.
This is precisely what they observed. Fur-
thermore, in ZnT3 KO mice in which zinc
exocytosis is ablated, toxin block of exo-
cytosis had little additional effect on MF
pErk. These experiments demonstrate
a critical role for zinc exocytosis and ZnT3
in the regulation of MF pErk.
What is the mechanism through which

pErk is reduced in ZnT3 KOmice? Sindreu
et al. (8) show in ZnT3 KO mice that
activation of a host of other signaling
molecules implicated in synaptic plasticity
is unaffected, indicating that Erk signaling
is special in its sensitivity to ZnT3. Im-
portantly, they found that phosphorylation
of the MAPK kinase MEK1/2 was intact in
ZnT3 KO mice, despite a reduction of
pErk in the same animals. As MEK1/2 is
the immediate upstream kinase for Erk,
this finding precludes changes upstream
of Erk in ZnT3 KO mice. Furthermore,
in an in vitro kinase assay, zinc failed to
stimulate Erk2 activity. Together, these
findings point to an indirect action of zinc
on Erk. One possible indirect mechanism
through which zinc could enhance pErk is
by inhibiting its dephosphorylation by
protein tyrosine phosphatases (PTPs).
PTPs terminate Erk activity by dephos-
phorylation, and it is well established that
zinc inhibits the activity of these PTPs
(11). Sindreu et al. (8) report that

Fig. 1. ZnT3 and zinc in MF synaptic function.
Synaptic vesicles in MF terminals contain both glu-
tamate and zinc that is released upon MF activity.
Glutamate acts on postsynaptic receptors on CA3
pyramidal cells. Zinc can modulate activity at some
glutamate receptors and is recycled into the pre-
synaptic terminal by reuptake transporters of the
SLC39 family. Zinc is repackaged into synaptic vesi-
cles through the action of ZnT3. Cytoplasmic zinc
inhibits PTP, thereby preventing dephosphorylation
of pErk and prolonging pErk activity. Among its
actions, pErk phosphorylates synapsin I, thereby
regulating synaptic plasticity. The absence of ZnT3
leads to a loss of zinc from the terminal, removal of
zinc inhibition of tyrosine phosphatase, and a re-
duction of Erk signaling.
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dephosphorylation of Erk2 in vitro is
faster in ZnT3 KO lysates and that addi-
tion of zinc slows dephosphorylation.
These findings provide an elegant demon-
stration that endogenous zinc enhances Erk
activation by inhibiting tyrosine phospha-
tases. In ZnT3 KO mice, the lack of zinc
disinhibits these tyrosine phosphatases,
thereby suppressing Erk activity (Fig. 1).
The ability of synaptically released zinc

to inhibit PTPs and enhance Erk phos-
phorylation predicts that increased activity
at MFs will lead to increased Erk activa-
tion. The Erk signaling pathway plays
a crucial role in the regulation of activity-
dependent changes in the strength of
synaptic transmission (9). Erk signaling
modulates synaptic plasticity through a va-
riety of post- and presynaptic mechanisms.
Stimulation of Erk in presynaptic termi-
nals regulates synaptic plasticity through
a mechanism involving phosphorylation
of synapsin I (12). Furthermore, in be-
havioral studies Erk is necessary for the
development of several forms of memory,
including fear conditioning and spatial
memory (9). Given that Erk-dependent
synaptic plasticity is essential for cognitive
processes, the ability of zinc and ZnT3 to
regulate Erk activation predicts cognitive
deficits in ZnT3 KO mice.
To determine if such cognitive deficits

exist, Sindreu et al. (8) examine spatial
working memory and contextual discrimi-
nation memory in ZnT3 KO mice. These
forms of memory are dependent on in-
tact hippocampal function. Whereas WT
mice learned the behavioral tasks quickly,
ZnT3 KO mice were severely impaired.
In contrast, ZnT3 KO mice were not im-
paired in behavioral tasks that were not
hippocampal-dependent. These important
findings show the critical role of ZnT3 in
hippocampal-dependent memory. How-
ever, it is possible that changes in behav-
ioral performance of ZnT3 KO mice are
caused by developmental alterations.

Sindreu et al. (8) address this problem by
demonstrating that TPEN infusion into
CA3, but not CA1, of WT mice impaired
contextual discrimination memory, repro-
ducing the ZnT3 KO phenotype. These
findings provide strong evidence that a loss

Zinc and ZnT3 regulate

memory formation by

acting through the

Erk1/2-dependent

signaling pathway.

of synaptic zinc in ZnT3 KO mice is re-
sponsible for the observed cognitive defi-
cits. However, they do not reveal wheth-
er these cognitive deficits are produced
through regulation of Erk signaling.
To address this issue, Sindreu et al. (8)

demonstrate that Erk activation in CA3
MFs is increased following contextual fear
conditioning. As predicted by their find-
ings in vitro, this increase in pErk is absent
in ZnT3 KO mice as well as in WT mice
that received a TPEN infusion into CA3.
Together, these findings indicate that
ZnT3 and zinc are required for Erk acti-
vation in vivo. The increase in Erk activity
in CA3 occurred presynaptically as in-
dicated by an increase in phosphorylation
of synapsin I in WT, but not ZnT3 KO,
mice after training. To further demon-
strate a role for Erk signaling in contextual
discrimination, Sindreu et al. (8) carry out
two additional experiments. First, they
show that pharmacological inhibition of
MEK1/2 blocked the ability of WT mice to
learn a contextual discrimination task.
Second, they find that knockdown of
MEK1 by injection into the dorsal dentate
gyrus of a lentivirus expressing a domi-

nant-negative form of MEK1 interfered
with learning of the contextual discrimi-
nation task. Mice injected with a control
lentiviral vector learned the task as usual.
Because the only proven substrate of
MEK1/2 is Erk (13), these findings to-
gether strongly argue that Erk signaling in
granule cells is required for contextual
discrimination.
Sindreu et al. (8) provide a compelling

demonstration that zinc and zinc recycling
are required for spatial working memory
and contextual discrimination memory.
Building on previous discoveries, they el-
egantly demonstrate that zinc affects these
forms of learning by acting presynaptically
in hippocampal MFs to inhibit PTPs,
thereby enhancing pErk signaling. These
findings are an important step in our ef-
forts to understand the physiological roles
of zinc in the brain. They also raise addi-
tional questions. For example, zinc regu-
lates a number of postsynaptic targets,
including NMDA (2) and kainate recep-
tors (14). Results of this study (8) dem-
onstrate that the effects of zinc on certain
cognitive tasks can be explained by a pre-
synaptic effect on Erk signaling. What,
then, is the role of zinc on its other targets
in cognition? Perhaps inhibition of post-
synaptic NMDA or kainate receptors by
zinc regulates other forms of learning.
Additionally, results in this study indicate
that the effects of zinc on Erk signaling are
specific for the MF pathway. However,
zinc is found throughout the forebrain
and has been shown to affect other non–
hippocampal-dependent forms of learning.
To what extent do the findings reported in
this study (8) generalize to other brain
regions or forms of learning? Answering
these questions will require multidisci-
plinary approaches similar to those re-
ported by Sindreu et al. (8) and will
be essential for further progress in un-
derstanding the functional role of zinc in
the brain.
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