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ABSTRACT

N-methyl-p-aspartate receptors (NMDARs) are key components of neural signaling, playing roles in
synaptic transmission and in the synaptic plasticity thought to underlie learning and memory. NMDAR
activation can also have neurotoxic consequences contributing to several forms of neurodegeneration.
Additionally, NMDARs can modulate neuronal function and regulate the ability of synapses to undergo
synaptic plasticity. Evidence gathered over the past 20 years strongly supports the idea that untimely
activation of NMDARs impairs the induction of long-term potentiation (LTP) by a form of metaplastic-

g;i’l ‘;v;;)triisl;lasticity ity. This metaplasticity can be triggered by multiple stimuli including physiological receptor activation,
Metaplasticity and metabolic and behavioral stressors. These latter findings raise the possibility that NMDARs con-
Delirium tribute to cognitive dysfunction associated with neuropsychiatric disorders. This paper examines NMDAR
Dementia metaplasticity and its potential role in cognition. Recent studies using NMDAR antagonists for therapeu-
Hippocampus tic purposes also raise the possibility that metaplasticity may contribute to clinical effects of certain
Ketamine drugs.
Neurosteroids © 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

N-methyl-p-aspartate receptors (NMDARs) play key roles in
brain function. On the one hand these receptors are critical for
glutamate-mediated excitatory signaling, participating in synap-
tic transmission and triggering the synaptic plasticity that is
thought to underlie learning and memory. If left unchecked,
however, NMDARs can destroy neurons and initiate several
forms of neuronal death (Watkins, 2000; Cull-Candy et al.,
2001). In tribute to the dual actions of glutamate as excita-
tory transmitter and harbinger of neuronal death, Olney (1969)
coined the term “excitotoxicity”. To keep these dual effects in
check, NMDARs are highly regulated by a host of mechanisms,
including the actions of ions such as magnesium, zinc, protons
and calcium, and amino acids including glutamate, aspartate,
glycine and D-serine among others (Aarts and Tymianski, 2004;
Dingledine et al., 1999). More elaborate NMDAR regulation includes
receptor phosphorylation, intramembranous receptor movement
(Tovar and Westbrook, 1999) and intracellular receptor trafficking
(Wenthold et al., 2003).

In addition to being highly regulated because of their toxic
potential, NMDARs are highly regulated because of the unique
roles that they play in brain function. Along with the AMPA class
of glutamate receptors (AMPARs), NMDARs contribute to basal
excitatory synaptic transmission, serving as cogs in fast infor-
mation processing. The real power of NMDARs, however, lies in
their contribution to synaptic plasticity. Here, NMDAR activation
provides intracellular calcium signals that initiate several forms
of synaptic plasticity including long-term potentiation (LTP) and
long-term depression (LTD) (Malenka and Bear, 2004). LTP and
LTD are leading mechanisms thought to underlie the synaptic
changes associated with learning (Kemp and Manahan-Vaughan,
2007; Martin et al., 2000). In particular, LTP and LTD are “Hebbian”
forms of plasticity, reflecting types of synaptic change originally
postulated by Donald Hebb as being crucial for memory for-
mation and in which coincident neuronal activity is a major
determinant. Hebbian plasticity is the basis for the adage that
“neurons that fire together wire together” and has been the sub-
ject of intense investigation since its initial conceptualization
(Malenka and Bear, 2004; Martin et al., 2000).

Beyond excitotoxicity and synaptic plasticity, NMDARs are
known to play even more complex roles in neural function. For
example, in addition to driving the homosynaptic LTD (Dudek and
Bear, 1992) that may contribute to certain types of learning (Kemp
and Manahan-Vaughan, 2007), NMDAR activation can result in a
form of synaptic resetting, referred to as LTP depotentiation (LTP-
D) (Fujiietal., 1991). While LTD and LTP-D share some mechanisms,
other evidence suggests that they are distinct processes (Zhu et al.,
2005; McCormack et al., 2006). That is, changes in certain messen-
gers such as protein kinase M{ may contribute to depotentiation
and not to LTD (Sacktor and Fenton, 2012) while the reverse may be
true of phosphatidylinositol 3-kinasey (PI3Kvy) (Kim et al.,, 2011).
Different mitogen-activated protein kinases (MAPKSs) also appear
to be involved in LTD and LTP-D (Zhu et al., 2005), and there are
forms of heterosynaptic stimulation that depotentiate Schaffer col-
lateral synapses in the hippocampus without evoking LTD under
baseline conditions (Izumi and Zorumski, 2008). To make matters
more complex, there are also forms of NMDAR activation that do
not produce either excitotoxicity or Hebbian plasticity, yet mod-
ulate neural function. Under some conditions, NMDAR activation
regulates the ability of subsequent stimulation to induce either LTP
or LTD. This latter form of modulation is referred to broadly as
“metaplasticity”, a term originated by Abraham and Bear (1996)
to describe the “plasticity of synaptic plasticity”, reflecting the
concept that a neuron’s history influences its ability to undergo
subsequent synaptic change.

While there are multiple forms of metaplasticity that include
various glutamate receptors and other transmitter systems
(Abraham, 2008; Abraham and Tate, 1997), we will focus on a spe-
cific type of NMDAR-dependent modulation. Under the conditions
described, untimely NMDAR activation does not induce long-term
changes in basal synaptic transmission or neuronal injury, but
markedly impairs LTP induction. Importantly, under these condi-
tions NMDAR antagonists have the ability to promote LTP, a form
of plasticity dependent upon activation of these very receptors.
The studies described have identified cellular and molecular events
involved in metaplasticity and have explored conditions in which
this mechanism may contribute to synaptic and cognitive dysfunc-
tion in neuropsychiatric disorders. Our focus will be on studies at
Schaffer collateral synapses in the hippocampal CA1 region, an area
that is critical for memory formation and that is involved in the
pathophysiology of major psychiatric disorders (Tamminga et al.,
2010; MacQueen and Frodl, 2011). Many mechanistic studies have
been done in hippocampal slice preparations, but we will also high-
light extensions of the work to living animals, stress, behavior and
illnesses.

2. NMDARs and synaptic function

NMDARSs are ionotropic receptors in which the binding of glu-
tamate gates the opening of an intrinsic ion channel. Functional
NMDARSs contain four subunits of several types (NR1, NR2 and NR3,
or GluN1, GluN2 and GIuN3) (Cull-Candy et al., 2001; Dingledine
et al., 1999; Paoletti, 2011). These subunits have similar overall
structure including a large amino (N) terminal region that extends
into the extracellular space followed by three membrane spanning
regions with a re-entrant sequence between the first and second
transmembrane regions (called a p-loop) that does not completely
traverse the cell membrane but helps to form the ion channel
(Mayer and Armstrong, 2004; Paoletti, 2011). NMDARs have an
intracellular carboxy (C) terminus that varies among subtypes and
is important for intracellular regulation and interactions with other
proteins. There are eight splice variants of NR1 and this subunit
contains an extracellular binding site for glycine, a necessary co-
factor for receptor activation and ion channel gating. p-serine is
also an endogenous ligand for the glycine regulatory site. There are
four subtypes of NR2 subunits (NR2A, NR2B, NR2C and NR2D) and
these contain glutamate binding domains in their N-termini. There
are two NR3 subtypes that are expressed at highest levels during
development and appear to negatively modulate channel function.
There are also developmental changes in the expression of NR2A
and NR2B subunits; NR2B predominates early in development and
NR2A increases with maturation, although both are expressed into
adulthood.

Most native NMDARs express NR1 with NR2 subunits with
NR1/NR2A and NR1/NR2B being common receptors in the mam-
malian forebrain (Cull-Candy and Leszkiewicz, 2004; Tovar and
Westbrook, 1999). Increasing evidence suggests that some, per-
haps even the majority of synaptic receptors, are heterotrimers
expressing NR1, NR2A and NR2B (Luo et al., 1997; Gray et al., 2011).
Importantly, NMDARs are components of large protein complexes
in which the receptor itself interacts with over 100 other pro-
teins to accomplish intracellular and intercellular signaling (Nourry
et al., 2003; Pocklington et al., 2006). While the functioning of
this diverse protein network is only partially understood, it is
clear that NMDARs trigger multiple intracellular responses that
can affect short- and long-term information processing, includ-
ing gene expression. This large protein network is a target for
gene mutations and polymorphisms contributing to neuropsychi-
atricdisorders including mental retardation, autism, schizophrenia,
mood disorders and epilepsy among others (Bayes et al., 2011).



C.F. Zorumski, Y. Izumi / Neuroscience and Biobehavioral Reviews 36 (2012) 989-1000 991

In addition to providing mechanisms for fast interneuronal
(synaptic) communication, NMDARs are linchpins of synaptic plas-
ticity. One of the important correlates of Hebbian plasticity is that
long-term changes in function are triggered by coincident activity
in presynaptic and postsynaptic neurons—it is this dynamic inter-
action and its timing that is critical for Hebbian change. This implies
that neurons have mechanisms to detect activity occurring simul-
taneously in presynaptic and postsynaptic loci. NMDARs serve this
function by requiring two things to allow effective channel open-
ing. First, glutamate must bind the receptor (reflecting transmitter
release from active presynaptic terminals). Second, the postsynap-
tic neuron must be simultaneously depolarized (activated). Neither
action alone is sufficient to drive NMDAR channel gating. Glutamate
release alone is insufficient to open NMDAR channels because the
ion channels are blocked under physiological conditions by extra-
cellular magnesium (Dingledine et al., 1999). Magnesium block is
voltage dependent and relieved by depolarization (stimulation) of
the neuronal membrane housing the receptors. At the resting mem-
brane potential where neurons are largely inactive (about —70 mV),
magnesium effectively blocks NMDAR channels. When neurons
are depolarized, magnesium exits the channel and ions can flow
through NMDARs to influence the receiving neuron. Thus, NMDARs
monitor both presynaptic (glutamate release) and postsynaptic
(depolarization) activity, and hence are called “coincidence detec-
tors”. Only during simultaneous pre- and postsynaptic activity do
NMDARs pass significant current. Under conditions that produce
synaptic plasticity, several factors contribute to the required post-
synaptic depolarization, but among these, the activation of AMPARs
is particularly important.

NMDARs also have the important property that they are highly
permeable to calcium ions, providing a significant intracellular
calcium signal to the receiving neuron (Dingledine et al., 1999;
Cull-Candy and Leszkiewicz, 2004). This calcium influx activates
the NMDAR protein network, including kinases, phosphatases and
other messenger systems that drive the initial phases of synaptic
change. Ultimately, the early events in synaptic plasticity activate
gene expression and protein synthesis to support long-term synap-
tic modifications. Certain protein kinases (e.g., protein kinase M{)
may also be persistently activated and contribute to longer term
modulation (Sacktor, 2011).

Many of the same events underlying synaptic plasticity also
underlie the initial phases of excitotoxicity, with calcium influx
again playing a key role. Thus, as noted, NMDARs are subject to a
great deal of regulation. The role of magnesium ions was described
above but other ions including extracellular zinc and hydrogen
ions also inhibit NMDARs and play important roles in physiologi-
cal and pathological processes. In addition, the amino acids glycine
and Dp-serine are necessary co-factors for NMDAR activation and
there is also modulation by other endogenous agents including
polyamines (spermine and spermidine) and certain neurosteroids
(pregnenolone sulfate), as well as posttranslational receptor mod-
ulation via phosphorylation (Dingledine et al., 1999; Cull-Candy
et al,, 2001; Cull-Candy and Leszkiewicz, 2004).

3. NMDARs and neuropsychiatry

The involvement of NMDARs in synaptic plasticity and excito-
toxicity has implications for the pathophysiology of neurological
and psychiatric disorders (Zorumski and Olney, 1993). Many of
these disorders are associated with impaired learning and mem-
ory, and defects in synaptic plasticity are likely to play key roles
in the cognitive dysfunction. It also appears, however, that aber-
rant synaptic plasticity contributes to other defects including the
neural adaptations that drive the chronicity of substance abuse
syndromes and the altered cognitive processing associated with

other primary psychiatric disorders (Barkus et al., 2009; Ma et al.,
2009; Mitchell and Baker, 2010; Marsden, 2011). Furthermore,
excitotoxic processes are likely to contribute to acute and perhaps
chronic neurodegenerative disorders including the acute neu-
ronal loss associated with ischemia, hypoglycemia and repeated or
prolonged seizures (Zorumski and Olney, 1993). The role of exci-
totoxins in chronic neurodegeneration is less certain, but illness
such as Alzheimer’s disease, Huntington’s disease and Parkinson’s
disease among others are likely to have components of glutamate-
mediated neuronal damage or dysfunction (Chohan and Igbal,
2006; Francis, 2009; Milnerwood and Raymond, 2010; Ondrejcak
et al,, 2010).

NMDARs are also sites of action of important neuroactive agents,
including abused drugs such as ethanol and phencyclidine (PCP),
and agents used in clinical medicine such as ketamine, nitrous
oxide and memantine. Some of these chemicals have potent psy-
chotomimetic properties (particularly PCP and ketamine), while
others are used as anesthetics (ketamine, nitrous oxide) and neu-
roprotectants (memantine). Interestingly, ketamine, despite its
psychotomimetic potential, is gaining recognition as a rapidly act-
ing antidepressant for individuals with severe and refractory mood
disorders (Zarate et al., 2006; Machado-Vieira et al., 2009).

NMDARSs also participate in neurodevelopment, providing exci-
tation that helps neurons survive and develop efficient connectivity
(Mennerick and Zorumski, 2000). During certain periods of devel-
opment, neurons are highly sensitive to agents that inhibit
NMDARs, and NMDAR block results in substantial neuronal loss via
programmed cell death (apoptosis). The period of greatest vulner-
ability to NMDAR antagonist-induced apoptosis is during the time
when synapses are rapidly forming (Ikonomidou et al., 1999). This
synaptogenesis period extends from the third trimester of preg-
nancy through the first several years of postnatal life in humans,
and may be even more protracted in brain regions that are latest
to mature such as prefrontal cortex. Developmental neuroapop-
tosis induced by NMDAR antagonists may be germane to several
neurocognitive syndromes in childhood including fetal alcohol syn-
drome, the most common cause of non-genetic mental retardation
(Ikonomidou et al., 2000; Izumi et al., 2005b). Furthermore, expo-
sure to other NMDAR antagonists such as certain anesthetics and
anticonvulsants may also have adverse impact on cognitive devel-
opment and result in problems with learning and subsequent risk
for adolescent and adult psychiatric disorders (Bittigau et al., 2002;
Jevtovic-Todorovic et al., 2003).

In mature animals, NMDAR antagonists can also be toxic,
inducing pathomorphological changes in regions of cortex and
hippocampus (Olney et al., 1989). The posterior cingulate cor-
tex, a component of the Default Mode Network (Raichle and
Snyder, 2007), is particularly vulnerable to vacuolar changes in
endoplasmic reticula and mitochondria resulting from NMDAR
antagonist exposure. Coupled with the psychotomimetic proper-
ties of NMDAR antagonists, these observations have fostered the
concept of NMDAR hypofunction as a pathogenetic mechanism in
schizophrenia (Olney and Farber, 1995; Javitt, 2004).

4. NMDARs and bidirectional synaptic plasticity

At first glance, it seems paradoxical that NMDARs drive both
LTP and LTD. This has been shown, however, in multiple brain
regions and has been studied extensively in the CA1 region of the
hippocampus. In CA1, the timing and pattern of stimulation of
afferent inputs (the Schaffer collateral pathway) determines the
form of plasticity. Brief bursts of stimulation at high frequency
(e.g.100Hz x 1) drive LTP, while more protracted lower frequency
stimulation of the same pathway initiates LTD (e.g. 1-5Hz for
10-15min) (Malenka and Bear, 2004). Both forms of long-term
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plasticity require NMDAR activation during the period of stim-
ulation; NMDAR antagonists are ineffective when administered
following the high-frequency (HFS) or low-frequency stimulus
(LFS). It appears that the degree and timing of calcium signals in
postsynaptic neurons are major factors determining the type of
synaptic plasticity. Brief, larger increases in calcium are important
for LTP while more modest but prolonged increases promote LTD
(Cormier et al., 2001; Franks and Sejnowski, 2002).

Intermediate frequencies of stimulation also have complex
effects on synaptic function. For example, stimulation at ~10Hz
produces no net change in synaptic efficacy. Thus, the same number
of stimuli (e.g. 900 pulses) administered at 1-5 Hz drives homosy-
naptic LTD while stimulation at frequencies above 30 Hz initiates
LTP; 10Hz stimulation results in no lasting change. This has led
to the concept that there is a “frequency threshold” for synap-
tic plasticity (in this case 10Hz) with stimuli above or below
this threshold resulting in LTP or LTD, respectively (Dudek and
Bear, 1992). This threshold concept is consistent with a model of
experience-dependent synaptic change described by Bienenstock
et al. (1982) that has had a significant impact on studies of synap-
tic plasticity. Importantly, the “threshold” can be shifted to the
right or left by a variety of agents, including neuromodulators like
norepinephrine (Katsuki et al., 1997; Izumi and Zorumski, 1999),
phosphatase activity (Zeng et al., 2001) and sensory experience
(Philpot et al., 2003; Sawtell et al., 2003). It remains unclear, how-
ever, what factors contribute to the lack of synaptic change at the
threshold frequency. This is clearly above the threshold for LTD,
but below the threshold for LTP. 10 Hz stimulation does result in
NMDAR activation and activates a degree of calcium influx that
Lisman (2001) has referred to as “no man’s land” (lying between the
calcium levels required for the dominant forms of plasticity). Com-
plicating things further, there are forms of NMDAR activation that
are below the LTD threshold and have no lasting effect on synap-
tic efficacy, but markedly dampen the ability to induce LTP while,
in many cases, enhancing LTD induction. It is these latter types of
NMDAR activation that underlie the metaplastic states that will be
the focus of the remainder of this paper. Fig. 1 presents an overview
of proximal events in the cascades leading to LTP, LTD, LTP-D and
metaplasticity.

5. NMDAR-mediated LTP inhibition: a specific form of
metaplasticity

Much of the work we will discuss was done in hippocampal
slices from juvenile (adolescent) rats where synaptic plasticity is
highly robust and reliable. We will highlight these studies but also
indicate where studies have been conducted in other species (par-
ticularly mice), in adult or aged animals, or in live animals. In the
late 1980s and early 1990s, several groups found that untimely
activation of NMDARs impaired LTP induction. By “untimely” we
mean NMDAR activation occurring prior to (or sometimes immedi-
ately following) delivery of the stimulus required for LTP induction.
In hippocampal slices, this NMDAR-mediated LTP inhibition can
be induced in several ways. Initial studies showed that perfu-
sion with solutions containing low concentrations of extracellular
magnesium (which allow NMDARs to be activated tonically and
during very low frequency stimulation) blocked LTP induction by
a usually effective tetanus (Coan et al., 1989). This LTP inhibi-
tion resulted from NMDAR activation because it was overcome by
NMDAR antagonists. Subsequently, it was found that perfusion of
low concentrations of NMDA (e.g. 1 wM for 5 min in the presence
of extracellular magnesium to mimic rises in ambient excitatory
amino acids) markedly impaired LTP induction when administered
either immediately before or immediately following HFS. In con-
trast, administration of 1 wM NMDA after LTP had been established

‘ Synaptic Activation

Glutamate Release

| ca®*-Dependent Messengers |

/

[Kinases| |Phosphatases (+)] | ?? |

/
'LTP| |[LTD| [LTP-D |LTP Block]

Fig. 1. The diagram depicts a simplified scheme of early events underlying homosy-
naptic LTP, LTD, depotentiation (LTP-D) and LTP block (metaplasticity), highlighting
commonalities. Key events include NMDAR activation, varying degrees of calcium
influx into postsynaptic neurons and activation of different calcium-dependent mes-
sengers. We have put LTD and LTP-D together because they share involvement
of phosphatases, but are not necessarily the same process (see text). Longer term
changes include effects on AMPA receptor trafficking, gene expression and protein
synthesis (not depicted).

had no effect (Izumi et al., 1992a). Similarly, weak tetanic stim-
ulation of homosynaptic inputs (e.g. 50Hz for 0.5s or less) also
blocked LTP (Huangetal., 1992).In all of these cases, NMDAR activa-
tion had no lasting effect on basal synaptic transmission mediated
by AMPA receptors, and the effects on LTP were prevented by
co-administration of an NMDAR antagonist during the period of
untimely NMDAR activation. This resulted in the counterintuitive
finding that NMDAR antagonists, known to block LTP when admin-
istered at high concentrations during HFS, actually promote LTP
under certain conditions when administered at low concentrations.

Some stimuli leading to LTP inhibition can depress NMDAR
responses via receptor desensitization (Zorumski et al., 1989;
Mennerick and Zorumski, 1996) or LTD of NMDA responses (Selig
etal., 1995), providing a simple explanation for metaplasticity (Kato
and Zorumski, 1993). However, this is not always the case and LTP
inhibition can occur in the absence of changes in synaptic NMDAR
responses (Izumi et al., 1992a; Kato et al., 1999). These early studies
also found that the LTP inhibition was not associated with neu-
ronal damage, but did require calcium during the period of NMDAR
activation. LTP inhibition was also relatively slow to reverse, tak-
ing more than 30 min after 5 min exposure to low NMDA (Izumi
etal.,, 1992a) and 60-90 min after weak tetanic stimulation (Huang
et al,, 1992). The LTP inhibition did not represent a complete loss
of LTP induction but rather a shift in the relative ease with which
LTP could be induced, and stronger tetanic stimulations or HFS in
the presence of high extracellular calcium allowed LTP generation
(Huang et al., 1992; Kato et al., 1999). Furthermore, modulators
that enhanced calcium release from intracellular stores (e.g. nore-
pinephrine) could promote LTP in the face of untimely NMDAR
activation (Izumi et al., 1992b). It is important to note, however,
that a formal test of whether the frequency thresholds for LTD and
LTP change with NMDAR activation has not been done.
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Early studies of this form of metaplasticity suggested a simple
model in which an agonist (glutamate or other agonist) activated
NMDARs and led to an intracellular calcium signal (Izumi et al.,
1992a). This calcium signal then activated intracellular messengers
that triggered short- and possibly longer term changes in function
(Fig. 1). For synaptic activations driving metaplasticity, glutamate
is the most likely agonist. Pharmacological studies showed that
exogenous glutamate could reproduce the effect of NMDA as could
exogenous aspartate (Izumi et al., 1992a). Activators of AMPARSs or
metabotropic (G-protein linked) glutamate receptors were ineffec-
tive. Other studies demonstrated links between LTP inhibition and
conditions of neuronal stress. In particular, brief bouts of hypoxia
in the presence of normal glucose (Izumi et al.,, 1998), low glu-
cose alone (mimicking mild hypoglycemia) (Izumi and Zorumski,
1997) or exposure to ammonia (mimicking hepatotoxic states)
(Izumi et al., 2005a) all resulted in impaired LTP induction in
which basal neurotransmission was not persistently altered and
in which NMDAR antagonists administered during the insult over-
came the LTP inhibition. Later studies showed that treatments that
relieved negative regulation of NMDARSs by extracellular zinc (e.g.
zinc chelators) also resulted in NMDAR-mediated LTP inhibition
(Izumi et al., 2007).

6. Metaplasticity: NMDAR subtypes and messengers

NMDARs are complex signaling molecules with multiple sub-
types and multiple interacting protein partners that differ by
receptor subtype (Hardingham and Bading, 2003, 2010). In the
early 2000s, several groups found that subtypes of NMDARs may
differentially contribute to LTP and LTD (Liu et al., 2004; Massey
et al., 2004). Based on studies using selective subtype antago-
nists (particularly for NR1/NR2B receptors) and manipulations
of gene expression, these studies suggested that LTP involved
NMDARs expressing NR2A subunits while LTD involved NR2B-
containing receptors. While not all studies agreed with these
findings (Berberich et al., 2005; Hrabetova et al., 2000; Morishita
et al., 2007), other studies supported the notion that NMDARSs con-
taining NR2B were important for LTD (Izumi et al., 2005c, 2007,
Bartlett et al., 2007). NR1/NR2B receptors are important devel-
opmentally, and are expressed at highest synaptic levels early in
development, waning in expression with maturation (Loftis and
Janowsky, 2003; Molnar etal.,2002). As animals mature, NR2B-type
receptors come to play important roles as extrasynaptic recep-
tors, although NR2B subunits can also be expressed at synapses
in mature animals; NR2A subunits can also be expressed extrasy-
naptically (Hardingham and Bading, 2003, 2010). Fewer studies
have examined the role of NMDAR subtypes in LTP inhibition, but
there is some evidence that the effects of pharmacological NMDAR
activation in juvenile rodents are insensitive to block by antago-
nists with relative selectivity for NR1/NR2B receptors (Izumi et al.,
2007).Itis important to note that there are presently no completely
selective NR1/NR2A antagonists (Traynelis et al., 2010), although
there are several reasonably selective NR1/NR2B blockers and novel
compounds with NR2A selectivity are being developed (Bettini
et al., 2010); thus, conclusions about receptor subtypes remain
tentative.

Given the role of calcium in NMDAR function and in NMDAR-
mediated LTP inhibition, there has been interest in identifying
calcium-dependent messengers that contribute to metaplasticity.
Early studies suggested a role for nitric oxide synthase (NOS) and
release of the volatile messenger nitric oxide (NO). A role for NO has
been demonstrated in LTP inhibition induced by pharmacological
NMDAR activation (Izumi et al., 1992c; Youssef et al., 2006), weak
synaptic stimulation (Izumi et al., 1992c), brief hypoxia (Izumi et al.,
1998), low glucose (Izumi and Zorumski, 1997), and extracellular

zinc chelation (Izumi et al., 2007). While NO can inhibit NMDARs
(Lei et al., 1992; Manzoni et al., 1992) and NO inhibitors can fos-
ter LTP by effects on NMDARs (Kato and Zorumski, 1993), this does
not appear to be responsible for LTP inhibition (Izumi et al., 1992c;
Kato et al., 1999) and focus has been on downstream targets of
NO. These include guanylate cyclases, ADP ribosyltransferases and
modulation of cellular energy metabolism via inhibition of glycer-
aldehyde phosphate dehydrogenase (GAPDH) and suppression of
glycolysis, as well as effects on mitochondrial function (Guix et al.,
2005; Calabrese et al., 2007).

Because LTP inhibition requires only low level NMDAR acti-
vation somewhat akin to LTD, there has also been interest in
examining messengers involved in LTD. This is important because
higher concentrations of NMDA (e.g. 20 uM for 3 min) can induce
a form of “chemical” LTD (Lee et al., 1998), possibly providing
a pharmacological way to disentangle LTD from metaplasticity.
Emphasis has been placed on serine phosphatases, enzymes that
play key roles in LTD (Malenka and Bear, 2004), and there is evi-
dence suggesting roles for protein phosphatase 1 (PP1), PP2A and
PP2B (calcineurin) in LTP inhibition (Kato et al., 1999; Izumi et al.,
2007). Other studies indicate that tyrosine phosphatases such as
STEP (striatal enriched phosphatase) may also participate in meta-
plasticity (Pelkey et al., 2002; Yang et al., 2006). Additionally, some
(Izumi and Zorumski, 1993; Reyes-Harde et al., 1999) but not all
(Cummings et al., 1994) studies indicate that NO plays a role in
LTD, adding to possible interactions between metaplasticity and
LTD. Release of adenosine may also contribute to both LTD and LTP
inhibition (Fujii et al., 2000). Because of the overlap in mechanisms,
there has also been interest in whether NMDAR-mediated meta-
plasticity promotes the induction of LTD. Indeed this appears to
be the case and exposure to conditions that induce metaplasticity
primes Schaffer collateral synapses for LTD (Mockett et al., 2002).
In addition to homosynaptic forms of metaplasticity there are also
forms of heterosynaptic modulation. For example, at perforant path
synapses in the dentate gyrus, a form of heterosynaptic metaplas-
ticity is mediated by NMDAR activation and interferes with LTP
induction (Abraham et al., 2001; Gisabella et al., 2003). Intriguingly,
induction of LTP also has metaplastic effects on LTD, resulting in a
dampening of LTD induction via a mechanism involving glycogen
synthase kinase 3[3 (GSK3[3) (Peineau et al., 2007).

Protein kinases, such as PKC, also contribute to metaplasticity
consistent with the ability of NMDAR activation to drive com-
plex bidirectional effects on the phosphorylation status of synaptic
proteins (Coba et al., 2009). MAPKs have also been linked to hip-
pocampal synaptic plasticity and several lines of evidence suggest
different roles for various MAPKs in LTP, LTD and depotentiation.
Notably, extracellular signal-regulated kinases (ERK 1/2) appear to
contribute to LTP (Sweatt, 2004), while other studies have linked
p38 MAPK to LTD (Bolshakov et al., 2000; Anwyl, 2006) and c-Jun-
N-terminal kinase (JNK) to LTP depotentiation (Zhu et al., 2005).
While there is limited information about the role of MAPKs in meta-
plasticity, some evidence supports a role for p38 MAPK, but not
ERK or JNK (Gisabella et al., 2003; Izumi et al., 2007). Studies using
pharmacological activators and inhibitors of key enzymes suggest
that metaplastic LTP inhibition involves a cascade that includes
NMDAR activation (possibly NR1/NR2A), calcium influx, followed
by calcineurin, NOS and p38 MAPK, likely in that order (Izumi et al.,
2007). It is important to note that inhibitors of these steps in the
cascade must be present during the period of untimely NMDAR
activation; once NMDARs trigger the sequence, these inhibitors
are ineffective. This raises important unanswered questions about
factors that overcome LTP inhibition when administered in the
post-NMDAR activation period, a period of great interest clinically.
The one exception may be alternative energy substrates adminis-
tered in the post-NMDAR period, including the monocarboxylate,
pyruvate (Fig. 2, see also Izumi and Zorumski, 2010). This latter
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Fig. 2. Pyruvate overcomes LTP inhibition when applied following HFS. The graph
shows the ability of 10 wM NMDA (hatched bar) to produce prolonged inhibition
of LTP (white circles). In slices treated with 10mM pyruvate (black bar) follow-
ing NMDA and HFS, LTP could be readily induced (black circles). A 100 Hz x 1 s HFS
was delivered at the time denoted by the arrow. Note that the concentration of
NMDA used in these experiments is higher than that needed to block LTP (1 uM)
and produced depression during the NMDA exposure. Similar effects of pyruvate
are observed following brief hypoxia (not shown). Traces to the right show repre-
sentative excitatory postsynaptic potentials (EPSPs) obtained during baseline (solid
lines) and 60 min following HFS (dashed lines) in control slices (bottom) and slices
treated with pyruvate (top). Scale bar: 1 mV, 5ms.

observation may reflect inhibitory effects of NO on metabolism
perhaps via GAPDH and glycolysis.

7. Metaplasticity and behavioral stress: implications for
psychiatry

The studies outlined above suggest that during conditions of
mild to moderate metabolic stress, including brief hypoxia, low
glucose and increased ammonia, untimely NMDAR activation could
contribute to cognitive impairment, mental dysfunction and learn-
ing difficulties without resulting in neuronal death. This raises
questions about whether other stressors, including behavioral
stressors associated with psychiatric disorders, also negatively
impact LTP and whether NMDARs are involved in these effects.
Stress and reactions to stress are important contributors to the
pathophysiology of major psychiatric disorders, including mood
and anxiety disorders, psychoticillnesses and post-traumatic stress
disorder, among others (McEwen, 2007). In their acute state, these
illnesses are often associated with altered secretion of stress hor-
mones, including glucocorticoids (Shin and Liberzon, 2010). These
disorders also manifest an array of symptoms that include changes
in emotion, motivation and cognition, including defects in learning
and memory (Zorumski and Rubin, 2011). Importantly, cognitive
dysfunction is a major contributor to work-related disability in
psychiatric illnesses.

Consistent with changes in cognition in psychiatric disorders,
there is evidence that acute behavioral stress can impair LTP induc-
tion and hippocampal-dependent learning, and that this involves
NMDAR activation (Kim and Diamond, 2002). While some early
studies suggested that behavioral stress impaired LTP by induc-
ing synaptic enhancement, this appears not to be the case, and
exposure to acute behavioral stress of multiple types dampens LTP
induction and enhances LTD (Foy et al., 1987; Xu et al., 1997; Ryan
et al,, 2010). In a key study, Kim and co-workers (Kim et al., 1996)
found that acute tail shock stress impaired LTP. This LTP inhibi-
tion was not altered by benzodiazepine (anti-anxiety) treatment
but was prevented by co-administration of an NMDAR antago-
nist during the stress. Similar effects have been reported in a
behavioral restraint-tail shock paradigm by Yang and co-workers
(Yang et al., 2008). This latter study pursued downstream mech-
anisms and found a role for phosphoinositide-3 kinase (PI3K),
mammalian target of rapamycin (mTOR) and S6 kinase in the
adverse effects of behavioral stress on synaptic function (Yang et al.,
2008). Other work indicates that behavioral stressors promote the
release of stress hormones such as corticosterone that modulate
learning (Krugers et al., 2011). Corticosterone has complex effects
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Fig. 3. Picrotoxin overcomes LTP inhibition. The graph shows the ability of 1 uM
NMDA administered for 5 min prior to HFS (gray bar) to inhibit LTP (white circles).
In slices treated with 1 wM picrotoxin (top bar), the HFS induced robust LTP (black
circles). HFS was delivered at the arrow. Traces show representative EPSPs from
NMDA-treated slices (bottom) and NMDA + picrotoxin slices (top) obtained at base-
line (dashed traces) and 60 min following HFS (solid traces). Although picrotoxin
can alter neuronal excitability independent of effects on metaplasticity, the concen-
tration used in these studies did not alter the magnitude of LTP in control slices (not
shown). Scale bar: 1 mV, 5ms.

on synaptic plasticity depending on concentration (Joels, 2006).
When present at higher concentrations during moderate to severe
stress, corticosterone can dampen LTP (and promote LTD) via mech-
anisms that involve NMDAR activation (Diamond et al., 2005; Joels
and Kruger, 2007). In particular, corticosterone appears to inhibit
glutamate uptake resulting in untimely activation of extrasynaptic
NMDARs expressing NR2B subunits (Sandi, 2011). This latter effect
may also impair recollection of previously learned memories.

The studies outlined above indicate that during periods of
metabolic (and behavioral) stress, including those that can some-
times lead to excitotoxic neuronal damage, glutamate accumulates
in the extracellular space and activates NMDARs. This glutamate
could come from ongoing spontaneous synaptic release, release
from glia, or from changes in glutamate uptake (Espinosa and
Kavalali, 2009; Nishizawa, 2001; Sandi, 2011). The role of extracel-
lular glutamate in mediating the effects of these stressful conditions
raises questions about whether low level NMDAR activation, such
as that associated with chemical LTP inhibition, serves as a form
of “stress” signal that triggers mechanisms to dampen neuronal
activity and excitation. If this is the case, then a decrement in LTP
induction might serve as an adaptive response to prevent exces-
sive excitation of principal (excitatory) neurons during periods of
metabolic (or behavioral) stress, but would have the deleterious
effect of disrupting new memory formation, contributing to mental
dysfunction.

Related to the above discussion, we have been interested in
determining whether low level NMDAR activation triggers mecha-
nisms to dampen pyramidal neuron excitability. It is known that
y-aminobutyric acid type A receptor (GABAaR)-mediated inhi-
bition dampens LTP induction, and that GABAaR inhibitors can
facilitate LTP induction (Wigstrom and Gustafsson, 1983; Meredith
et al,, 2003). Consistent with this, we found that picrotoxin, a
non-competitive GABAAR antagonist, overcomes the effects of low
NMDA on LTP. While this effect of picrotoxin suggests a role for
altered GABAergic function in NMDAR-mediated LTP inhibition, the
known ability of picrotoxin to enhance neuronal network excitabil-
ity complicates interpretation of these results (Fig. 3).

Other recent studies are more directly consistent with a role for
enhanced GABAergic activity in the effects of low NMDA on synap-
tic plasticity. NMDAR activation can enhance GABAergic function in
hippocampal pyramidal neurons via presynaptic and postsynaptic
actions, some of which involve NO (Xue et al., 2011). Furthermore,
low level NMDAR activation is sufficient to promote the synthe-
sis of GABAsR-enhancing neurosteroids such as allopregnanolone
in hippocampal pyramidal neurons (Tokuda et al., 2011). These
neurosteroids are potent and effective endogenous modulators of
GABA4Rs (Covey et al., 2001). Under basal conditions, pyramidal
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neurons are the major cells in the hippocampus that express the
machinery for cholesterol trafficking (the precursor for neuros-
teroids) (Valdez et al., 2010) and neurosteroid synthesis, including
StAR (steroidogenic acute regulatory protein) (Kimoto et al., 2001;
Lavaque et al., 2006), TSPO (translocator protein 18 kDa) (Tokuda
et al., 2010), P450 cholesterol side chain cleavage enzyme (SCC)
(Kimoto et al., 2001) and 5-alpha reductase (5AR) (Agis-Balboa
et al,, 2006). Neurosteroid synthesis is initiated by movement
of cholesterol to the outer mitochondrial membrane via StAR,
translocation to the inner mitochondrial membrane via TSPO (the
“mitochondrial benzodiazepine receptor”), cleavage of cholesterol
to pregnenolone by SCC, movement of pregnenolone out of mito-
chondria and eventual conversion to allopregnanolone via 5AR and
3a-hydroxysteroid dehydrogenase (Belelli and Lambert, 2005).

Under basal conditions, excitatory neurons are immunopos-
itive for allopregnanolone and other 5a-reduced neurosteroids
(Saalman et al., 2007; Tokuda et al., 2010, 2011). The levels of
these steroids increase with NMDAR activation (Kimoto et al.,
2001; Tokuda et al., 2011), and inhibitors of allopregnanolone syn-
thesis overcome the effects of low concentrations of NMDA on
LTP induction (Tokuda et al., 2011). It is presently unclear where
NMDAR-driven neurosteroid production fits into the metaplastic-
ity cascade relative to other messengers (e.g., calcium, calcineurin,
NO and p38 MAPK), and it is possible that one or more of the already
identified messengers involved in LTP inhibition trigger the syn-
thesis of these steroids. It is also important to note that recent
studies indicate that increases in neurosteroids are important for
LTP inhibition by other agents (e.g. benzodiazepines and ethanol),
and that increases in 5a-reduced neurosteroids appear to be nec-
essary but not sufficient for LTP block (Izumi et al., 2007; Tokuda
et al., 2010, 2011). This has prompted the concept that LTP inhi-
bition by these agents requires “two hits”-increases in pyramidal
neuron neurosteroids and a second process that may vary according
to the causative condition. For example, in the case of benzodi-
azepines, LTP block required activation of BOTH central (GABAAR)
and mitochondrial (TSPO) benzodiazepine receptors; activation of
either receptor alone was insufficient to inhibit LTP (Tokuda et al.,
2010).

The involvement of GABA-enhancing neurosteroids in the acute
effects of untimely NMDAR activation on LTP is consistent with
the role these steroids play in responses to stress. Prior studies
have shown that behavioral stressors, including forced swim and
foot shock, acutely increase allopregnanolone levels in brain and
periphery (Purdy et al., 1991). However, chronic social isolation
stress ultimately leads to a decrement in neurosteroid levels asso-
ciated with diminished expression of 5AR in brain (Dong et al.,
2001; Agis-Balboa et al., 2006). It remains to be determined how
these latter changes affect hippocampal plasticity, although there
is evidence for ongoing hippocampal dysfunction in chronic mild
stress (Airan et al., 2007) and complementary changes in neuros-
teroid levels are found in human psychiatric disorders (Girdler and
Klatzkin, 2007).

An intriguing twist on this story is that NMDAR-mediated
metaplasticity may also contribute to the memory impairment
associated with ethanol. Severe ethanol intoxication can induce an
acute amnesic state, clinically called a memory “blackout” (White,
2003, Nelson et al., 2004). During a memory blackout individuals
perform complex activities for which they have no subsequent rec-
ollection, reflecting a failure of acute memory formation. Ethanol
is a known NMDAR antagonist and blocks LTP at high concen-
trations (White and Swartzwelder, 2004). This combination of
effects has been thought to be the primary mechanism under-
lying clinical blackouts (McCool, 2011). Other studies, however,
indicate that GABAergic inhibition also contributes to effects of
ethanol on LTP (Schummers et al., 1997; Schummers and Browning,
2001). In our studies, the effects of ethanol on NMDAR-mediated

synaptic transmission in the CA1 hippocampal region, at concen-
trations that block LTP, are only partial (about 50% inhibition by
60 mM ethanol), and largely dampen transmission by synaptic
NR1/NR2B type NMDARs (Izumi et al., 2005¢). In these studies,
blocking NR1/NR2B receptors selectively inhibited induction of
LTD, but not LTP. Ethanol, however, blocked both LTP and LTD.
Effects on LTD correlated with inhibition of NR1/NR2B, but effects
on LTP were more complex and persistent. Additionally, effects
on LTP were overcome by picrotoxin, suggesting that LTP block
involved altered GABAAR function (Izumi et al., 2005c¢). Ethanol
enhances the production of 5a-reduced GABAergic neurosteroids
such as allopregnanolone (Sanna et al., 2004), providing a potential
tie to enhanced GABAergic function in the hippocampus. Consistent
with this, effects on LTP were also overcome by agents that blocked
either the production or actions of 5a-reduced neurosteroids
(Izumi et al., 2007; Tokuda et al., 2011). How ethanol promotes the
production of neurosteroids and LTP inhibition remained uncertain
until recent studies found that both effects of ethanol were pre-
vented by complete block of NMDARs with co-administration of a
broad spectrum NMDAR antagonist during the period of ethanol
exposure (Tokuda et al., 2011). Inhibitors of neurosteroid synthe-
sis also prevented the effects of low NMDA on LTP. Thus, ethanol
induced LTP inhibition appears to involve a contribution from
NMDAR-dependent metaplasticity, in this case arising paradoxi-
cally via the activation of NMDARs that are not blocked acutely by
ethanol. This mechanism appears to work in concert with other
effects of ethanol, including partial NMDAR antagonism, to pre-
vent LTP induction. How unblocked NMDARs are activated during
ethanol exposure remains uncertain but could include enhanced
release of glutamate or another excitatory amino acid from neu-
rons or glia, and/or altered uptake of glutamate (Melendez et al.,
2005; Salazar et al., 2008).

8. Does NMDAR-mediated LTP inhibition extend to other
conditions?

The ability of untimely NMDAR activation to dampen LTP induc-
tion raises the possibility that this mechanism might contribute
to disorders in which there is acute or on-going problems with
memory formation (Abraham, 2008). One example would be the
acute cognitive dysfunction associated with a variety of medi-
cal and neurological illnesses (Gofton, 2011). Multiple metabolic
insults can produce acute memory impairment and altered cog-
nition, including hypoxia/ischemia, hypoglycemia, and renal and
hepatic insufficiency among others. The findings that NMDAR-
mediated LTP inhibition is associated with brief hypoxia (Izumi
et al.,, 1998), low glucose (Izumi and Zorumski, 1997) and elevated
ammonia (Izumi et al., 2005a) are consistent with a role in cognitive
dysfunction associated with these conditions, and raise the possi-
bility that this may be a general mechanism contributing to similar
clinical states. In the context of organ failure, metabolic stress,
sometimes involving the accumulation of endogenous or exoge-
nous toxins (such as ammonia in the case of liver failure) manifests,
at least in part, via increases in extracellular glutamate and possi-
bly the metaplastic changes outlined here (Beal et al., 1993; Lipton,
1999; Marcaidaetal., 1992; Nishizawa, 2001). Memory impairment
can also be induced by numerous neuroactive drugs and can arise
by other mechanisms including direct effects on excitatory and
inhibitory neurotransmission. Even here, however, it is important
to consider overlap with metaplastic mechanisms, and the recent
studies examining the effects of benzodiazepines and alcohol on
LTP described above have found that the ability of these drugs to
inhibit LTP and memory share at least one mechanism involving
the generation of neurosteroids in hippocampal pyramidal neurons
(Tokuda et al., 2010, 2011).
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Whether metaplasticity contributes to chronic cognitive dys-
function is more speculative. Even here, however, there is some
evidence that the long-term effects of metabolic illnesses such
as diabetes also involve metaplastic changes in synaptic func-
tion (Artola, 2008). Furthermore, decrements in learning associated
with aging may also have a metaplastic component, although there
are other changes in synaptic function accompanying aging that
also play a role (Artola, 2008). These changes, including altered
neuronal excitability and intracellular calcium homeostasis, point
to additional mechanisms that could contribute to or act in con-
junction with metaplasticity (Burke and Barnes, 2010). Alzheimer’s
disease (AD) is another interesting example. AD results, at least
in part, from the accumulation of extracellular beta-amyloid (AB)
peptides and the formation of amyloid plaques and neuritic tangles.
In the fully developed disorder, AD results in massive degeneration
within the brain. Much of the work on AD has rightfully focused
on ways to prevent or halt this neurodegeneration. Other work,
however, has considered that neuronal loss is a late manifestation
of AD and that synaptic dysfunction, including defects in synap-
tic plasticity, may account for the earliest cognitive changes in the
illness. This has prompted further examination of how A3 pep-
tides influence synaptic function. A recent study found that acute
treatment of hippocampal slices with soluble Af3 oligomers impairs
LTP induction and does so via a mechanism that involves untimely
and/or excessive NMDAR activation (Li et al., 2011). In this case,
A oligomers resulted in activation of extrasynaptic NR2B contain-
ing NMDARs and this resulted in stimulation of p38 MAPK and
downregulation of cyclic AMP response element binding protein
(CREB). The effects of the A3 oligomers were overcome by selec-
tive NR2B antagonists, similar to the ability of NMDAR antagonists
to overcome other metaplastic effects, and were mimicked by an
inhibitor of glutamate uptake suggesting a possible mechanism for
the untimely NMDAR activation. AR peptides activate other mech-
anisms, including caspase-3, Akt1 and GSK-33 that also contribute
to LTP inhibition (Jo etal.,2011), and some of these mechanisms are
shared with the events underlying metaplasticity or LTD (Li et al.,
2010Db).

The role of metaplasticity in AD-associated synaptic dysfunction
provides a possible explanation for the beneficial effects of meman-
tine, an NMDAR antagonist used clinically in AD. Indeed, some
evidence indicates that memantine does not block LTP acutely,
but restores LTP induction and learning in conditions in which
untimely NMDAR activation occurs (Frankiewicz and Parsons,
1999; Zajaczkowski et al., 1997). Similar considerations can be
raised for recent findings showing that elevations in brain mag-
nesium levels can have beneficial effects on LTP and learning, even
in aged rodents (Slutsky et al., 2010). Chronic elevations in brain
magnesium resulted in increased expression and activity of synap-
tic NR2B-expressing NMDARs, likely as a compensatory response
to more complete block of baseline NMDARs.

The studies outlined above highlight several instructive points.
First, even in chronic neurodegenerative conditions and aging,
metaplastic changes may occur. Second, the mechanisms con-
tributing to NMDAR-mediated metaplasticity may change with
aging. The work we have outlined in most of this paper is based on
experiments in juvenile (adolescent) rodents. Studies were done
in these rodents because synaptic plasticity is highly robust and
reliable at these ages, avoiding complications that can arise from
aging alone. The studies in diabetes, aging and AD, however, were
done in adult and aged animals, and raise the possibility that dif-
ferent subtypes of NMDARs may play a role in metaplasticity at
different ages across development and aging. For example, stud-
ies in juvenile animals highlight the importance of NR1/NR2A
receptors (Izumi et al., 2007) while findings in older animals with
amyloid peptides (Li et al., 2011) and magnesium (Slutsky et al.,
2010) involve NR1/NR2B receptors. In aged animals, changes in

other currents that dampen excitability (e.g. enhanced potassium
conductances underlying the action potential after hyperpolariza-
tion) and altered calcium homeostasis also contribute along with
changes in GABAergic inhibition (Bodhinathan et al., 2010). The
underlying theme, however, is that untimely or excessive NMDAR
activation can disrupt LTP induction in several pathological and
physiological conditions.

9. Metaplasticity and the treatment of neuropsychiatric
disorders

We conclude this review with several points and a few addi-
tional speculations about the potential role of metaplasticity in
psychiatry. At the minimum, it is clear that metaplasticity involves
a complex set of mechanisms. Simply treating hippocampal slices
with a low concentration of NMDA for 5min in the presence of
physiological magnesium is sufficient to disrupt the machinery
thought to underlie learning and memory. This low level recep-
tor activation triggers multiple messengers, consistent with the
dynamic nature and complexity of the NMDAR protein network
(Coba et al., 2009). A summary of the current state of these mech-
anisms is shown in Fig. 4, and the cascade is getting more complex
with additional studies.

To summarize the relevance of metaplasticity to psychiatry, we
emphasize several points. NMDAR-induced metaplasticity repre-
sents a higher order form of synaptic dysfunction. It is triggered by
numerous insults (“stressors”), including acute behavioral stress.
This process has a negative impact on learning and network
function but does not completely eliminate the ability to induce
LTP—rather, it makes it more difficult to induce LTP and likely
makes it easier to induce LTD, potentially shifting the balance
of synaptic activity and the ratio of excitatory to inhibitory con-
nectivity. Beyond acute stress-induced memory impairment, we
suggest that metaplasticity could contribute to other aspects of
synaptic dysfunction in psychiatry. In particular, metaplasticity is
a form of “NMDAR hypofunction”, one of the mechanisms that may
contribute to the pathophysiology of psychotic disorders such as
schizophrenia (Olney and Farber, 1995; Javitt, 2004). By dampen-
ing LTP generation, metaplastic mechanisms could contribute to
the cognitive impairment, including learning difficulties and hip-
pocampal dysfunction, associated with major mental disorders and
perhaps to psychosis, given the propensity of NMDAR antagonists
such as PCP to induce delusions, hallucinations and thought disor-
der.

We also wonder about the possible role of metaplasticity in
the effects of clinically-used NMDAR antagonists. Here, studies of
ethanol-induced LTP inhibition could be instructive. Partial NMDAR
antagonism, particularly affecting a subtype of NMDARs, can result
in metaplastic effects via activation of unblocked NMDARs (Tokuda
et al.,, 2011). Earlier, we noted the ability of memantine to over-
come metaplastic effects of NMDA when administered acutely
(Frankiewicz and Parsons, 1999). Low dose memantine, however,
has been associated with memory impairment in rodents and the
drug is only marginally effective in AD (Creeley et al., 2006). This
raises the possibility that longer term use of memantine may actu-
ally work against its acute beneficial actions perhaps via longer
lived metaplastic changes.

Similar considerations can be raised about the use of ketamine
to treat refractory depression. Here, low doses of ketamine infused
over an hour or so result in an acute antidepressant effect that can
persist for days (Zarate et al., 2006). Why an NMDAR antagonist
is effective in depression is uncertain, but is consistent with the
idea that behavioral stress and depression may reflect hyperglu-
tamatergic states (Marsden, 2011). Mechanistic studies highlight
acute effects of ketamine on cortical and hippocampal synapses
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Fig. 4. Multiple messengers contribute to NMDAR-induced metaplasticity. Steps involving neurosteroids are recent additions. The question marks at these steps reflect
uncertainty about whether activation of neurosteroid synthesis occurs subsequent to other steps in the pathway or reflects a parallel path to LTP inhibition. As described
by Yang et al. (2008), mTOR and S6 kinase are also likely to contribute to LTP inhibition. To the right of the main cascade, we list agents that inhibit the particular step and
allow LTP induction. Key enzyme inhibitors include FK-506 and cyclosporine for calcineurin, L-N-monomethylarginine (.-NMMA) and L-nitroarginine (L-NOArg) for nitric
oxide synthase (NOS) and SB203580 for p38 MAP kinase. Finasteride and dutasteride inhibit 5-alpha reductase a key enzyme in allopregnanolone synthesis and picrotoxin
is a GABAAR antagonist. As noted in Fig. 3, interpretation of the effects of picrotoxin is complex because of effects on network excitability.

that may contribute to antidepressantactions (Lietal.,2010a; Autry
et al,, 2011). In a scheme described by Li and co-workers (Li et al.,
2010a), low dose ketamine (or an NR2B-selective NMDAR antag-
onist) results in increased glutamate release, activation of AMPA
receptors, release of brain-derived neurotrophic factor (BDNF),
activation of mTOR and p70S6 kinase, protein synthesis and synap-
togenesis. The net physiological effect is an increase in AMPA
receptor-mediated synaptic currents. While this scheme differs
from the one we outlined for metaplasticity (Fig. 3), we note that
these effects of ketamine were observed only at low doses. When
higher doses were administered, the effects of ketamine on synaptic
function were abolished (Li et al., 2010a). Ketamine is a non-
selective NMDAR antagonist and higher (anesthetic) doses block
a greater proportion of NMDARs, in addition to other effects. This
raises the possibility that activation of unblocked NMDARs may
contribute to the beneficial effects and may also have metaplas-
tic actions. We believe this speculation is not unreasonable. For
example, ketamine (and other NMDAR antagonists) are known
to adversely affect memory, and there is evidence that a single
invivo administration of ketamine, MK-801or PCP can cause defects

in LTP and spatial memory (as well as psychotomimetic behav-
iors) that outlive the lives of the drugs, sometimes persisting for a
week (Manahan-Vaughan et al., 2008). Studies of NMDAR-induced
metaplasticity in vitro indicate that effects of untimely NMDAR
activation typically reverse over several hours (Huang et al., 1992;
[zumi et al., 1992a,c). Thus, persistent effects on memory could
reflect a metaplastic component, although other mechanisms also
likely contribute. The acute memory defects caused by ketamine
and MK-801 are also overcome by inhibitors of NOS, suggesting
another tie to metaplasticity (Boultadakis and Pitsikas, 2010). Prior
work by Yang and co-workers (Yang et al., 2008) further indi-
cates that mTOR and S6 kinase contribute to NMDAR-mediated
effects of behavioral stress on LTP, in addition to their roles in
ketamine’s antidepressant effects on cortical synapses (Li et al.,
2010a). Ketamine, however, has other effects, particularly effects
on spontaneous excitatory transmission, BDNF and protein syn-
thesis that may contribute to therapeutic actions in depression
(Autry et al., 2011). Furthermore, NMDAR-induced metaplasticity
can have neuroprotective effects and may contribute to beneficial
effects of preconditioning against excitotoxins (Soriano et al., 2006;
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Youssef et al., 2006). The antidepressant effects of ketamine also
occur rapidly following infusion; thus, ketamine’s ability to block
NMDARs may help to improve a hyperglutamatergic state in the
short run, perhaps via acute anti-metaplastic actions.

10. Summary

We have described an expanding body of work spanning more
than 20 years focused on a form of NMDAR-induced metaplasticity.
These studies have detailed a unique form of modulation that may
contribute to both physiological modulation of synaptic function
and to multiple pathological conditions and their treatments. These
studies raise the possibility that strategies that modulate this form
of metaplasticity could have therapeutic potential in a variety of
neuropsychiatric disorders.
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