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Abstract——Memory consolidation involves the pro-
cess by which newly acquired information becomes
stored in a long-lasting fashion. Evidence acquired over
the past several decades, especially from studies
using post-training drug administration, indicates that
emotional arousal during the consolidation period
influences and enhances the strength of the memory
and that multiple different chemical signaling systems
participate in this process. The mechanisms underlying
the emotional influences on memory involve the release
of stress hormones and activation of the basolateral
amygdala, which work together to modulate memory

consolidation. Moreover, work suggests that this
amygdala-based memory modulation occurs with
numerous types of learning and involves interactions
with many different brain regions to alter consolidation.
Additionally, studies suggest that emotional arousal and
amygdala activity in particular influence synaptic
plasticity and associated proteins in downstream brain
regions. This review considers the historical understanding
for memory modulation and cellular consolidation
processes and examines several research areas currently
using this foundational knowledge to develop therapeutic
treatments.
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I. Understanding the Systems and Cellular
Processes of Memory Consolidation

Memory defines us as individuals; our personal
preferences, skills, and wisdom are rooted in long-
term memories. We draw on our memories to make
sense of the present, and our memories help to direct
our future behaviors. Although we all know much
about memory from our personal experiences, inves-
tigating the neural processes underlying memory is
not as simple as it may seem. We cannot directly
observe memory; human memory as well as animal
memory is inferred from experience-induced changes
in behavior. And it is, of course, essential to distin-
guish the behavioral changes reflecting memory from
those induced by the many other conditions that can
directly influence behavior. Thus, experimental treat-
ments that modulate memory, without directly influ-
encing the behavior used to assess memory, are
critical in understanding brain processes underlying
memory.
From our personal perception, it may seem that

information regarding an event is acquired and imme-
diately stored in our brains. However, lasting memories
are not formed instantly at the time of an experience.
Furthermore, as we do not have lasting memories for
every detail or even every event, there must be some
process(es) by which information is selected for re-
tention. By logical extension, the period of time between
expression of a short- and long-term memory must be
one in which the memory for that information is not in a
permanent state but remains labile. The lability of
memory processes occurring after learning permits
postlearning neural influences to regulate the resulting
strength of memory. Understanding the neural systems
and processes involved in the endogenous modulation
of memory consolidation can provide critical insights
into the mechanisms and substrates for drug effects on
memory.
Investigating emotionally influenced memories is

especially advantageous for addressing these issues,
as such memories are more likely to be stored for the
long-term after a single experience compared with
the memories for emotionally neutral events. This
provides a temporal window of opportunity for in-
vestigation of the neural basis of memory. Further-
more, an understanding of the effects of emotional
arousal on memory consolidation may provide critical
insights for the development of treatments for
memory-based disorders and problems. This review
explores current understanding of the neural processes
modulating and underlying the consolidation of long-
lasting memories.

II. History of Memory Modulation
and Consolidation

The findings of Müller and Pilzecker (1900) were the
first to provide evidence supporting what was termed
the perseveration consolidation hypothesis. But, the
hypothesis, and the evidence supporting it, was largely
neglected until the 1940s, when electroshock treat-
ments were first used for treatments of mental disor-
ders. In a classic study, Duncan (1949) reported that
electroshock given to rats immediately after they were
trained impaired the memory of the training. However,
importantly, the degree of amnesia decreased as the
interval between training and electroshock treatment
was increased. These findings, which were extensively
replicated and extended in many subsequent studies,
clearly indicated that the storage of memories is time-
dependent (McGaugh, 1966; McGaugh and Herz, 1972).

The evidence of experimentally induced retrograde
amnesia had clear implications for understanding drug
influences onmemory. In an early study, Lashley (1917)
reported that strychnine administered to rats before
daily training enhanced their learning performance.
Subsequent findings provided additional evidence of
drug-induced learning enhancement (McGaugh and
Petrinovich, 1959). These results suggested the possi-
bility that strychnine influenced neural processes
underlying learning. However, the findings of these
studies, as well as those of all studies using drug
administration prior to training, only indicate whether
performance is influenced. The problem faced by such
studies is that of determining whether the drug effect is
due to enhanced learning or to some other influence on
performance. For example, drug administration may
alter pain sensation, thus producing effects on the
acquisition of footshock-based learning, or may dilate
pupils, leading to potential acquisition deficits for visual
learning tasks. In each case, although retention tests
would undoubtedly indicate differences between drug and
control groups, it would be impossible to attribute those
differences to effects on processes underlying memory.

The findings of experimentally induced retrograde
amnesia (Duncan, 1949) suggested that, if strychnine
enhances memory processes, it should be possible to
enhance learning by administering the drug after
training. Thus, as the animals would be drug-free
during both training and subsequent testing, direct
influences of the drug on performance could be ex-
cluded. Subsequent experiments using post-training
administration of strychnine and other stimulant drugs
provided extensive evidence supporting this implication
(McGaugh, 1966; 1973; McGaugh and Herz, 1972).
Studies using drug treatments administered prior to

ABBREVIATIONS: ACTH, adrenocorticotrophic hormone; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; BLA, basolateral
amygdala; DCS, D-cycloserine; FAAH, fatty acid amide hydrolase; fMRI, functional magnetic resonance imaging; GC, glucocorticoid; LTP,
long-term potentiation; NMDA, N-methyl-D-aspartate; ODN, oligodeoxynucleotide; PEPA, 4-[2-(phenylsulphonylamino)ethylthio]-2,6-
difluorophenoxyacetamide; PET, positron emission tomography; PTSD, post-traumatic stress disorder; VNS, vagus nerve stimulation.
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training or testing can, of course, provide important
information about the actions of drugs. However,
studies of drug influences on learning must dissociate
learning effects from performance effects. Post-training
drug administration enables the investigation of drug
effects on memory consolidation without having to
control for possible performance effects and has, thus,
become the standard method for investigation of drug
influences on learning and memory.
Concurrent with the development of the idea that

memories are consolidated over time, other findings
were beginning to provide an understanding of where
memory consolidation occurs in the brain. Scoville and
Milner (1957) reported the remarkable results obtained
from patients whose medial temporal lobes were surgi-
cally removed in attempts to treat brain-based disor-
ders. Following recovery, the patients demonstrated
varying degrees of memory impairments. This study
led, most famously, to decades-long research with one
patient, Henry Molaison (referred to as H.M.). The
findings indicated that medial temporal lobe damage
caused significant anterograde amnesia, whereas mem-
ories from events that occurred significantly before the
surgery remained largely intact. Importantly, the de-
gree of the memory problems was related to the extent
of bilateral damage to the medial temporal lobe,
especially when the lesions extended into the hippo-
campus and hippocampal gyrus. Patients with less
damage to the hippocampal complex or only unilateral
damage showed less severe memory deficits or even no
lasting deficit. These findings suggested that the for-
mation and storage/retrieval of memories are distinct
processes involving different regions of the brain, and
that the medial temporal lobe, and especially the
hippocampal formation, is of particular importance for
the formation, but not long-term storage or retrieval, of
memories.
During this time, a number of studies also investi-

gated the role of the amygdala in brain functioning.
Early work placed the amygdala in the limbic system,
considered the major emotional processing circuit
(MacLean, 1949; 1952). In a landmark study, Kluver
and Bucy (1937) reported that lesions of the temporal
lobe in monkeys produced large deficits in emotional
processing, and Weiskrantz (1956) later demonstrated
that these emotional deficits were due primarily to the
loss of the amygdala. Following this work identifying
the amygdala as part of an emotional processing
system, Gold et al. (1975) proposed that the amygdala
participated in the consolidation of emotional memo-
ries. Remarkably, they found that high-level electrical
stimulation of the amygdala after training disrupted
memory consolidation, whereas low-level stimulation
enhanced memory. This finding suggested that the
amygdala played a role in memory consolidation and
that, in particular, alterations in amygdala activity
after training couldmodulate (either enhance or impair)

memory. The involvement of the amygdala in the
modulation of memory consolidation (McGaugh and
Gold, 1976) is addressed further below.

Concurrently, work in the cellular and molecular
domains further advanced our understanding of the
processes underlying memory consolidation. Hebb
(1949) proposed the dual-trace theory of memory for-
mation suggesting that short-term and long-term mem-
ories involve distinct processes. He suggested that the
reverberatory activity of cells creates lastingmemory by
inducing structural changes in synapses. Subsequent
studies suggested that such synaptic changes involve
the synthesis of new proteins. In support of this
implication, Flexner et al. (1963) found that intracere-
bral injections of the protein synthesis inhibitor puro-
mycin impaired memory in mice, and Agranoff and
Klinger (1964) reported that, in goldfish, intracranial
injections of the puromycin immediately after training
impaired retention. Puromycin injections administered
immediately prior to the learning trials did not affect
acquisition or short-term memory but impaired long-
term retention (Agranoff et al., 1965). Injections admin-
istered after training also impaired retention, and the
degree of impairment varied with the interval between
training and subsequent puromycin injection (Agranoff
et al., 1965). Together, these studies provided a critical
set of findings suggesting that 1) the synthesis of new
proteins is essential for creating long-term memory, 2)
such synthesis occurs within a limited time window
after learning, and 3) short-term memories do not
depend on protein synthesis. The conclusions from
these early studies were seminal in guiding subsequent
investigation of the molecular bases of long-term mem-
ory formation (Davis and Squire, 1984).

However, protein synthesis inhibitors have many
nonspecific effects that may interfere with memory.
Flexner and Goodman (1975) suggested that memory
impairments may be due to side effects of protein
synthesis inhibitors on catecholamine activity. In
support of this view, Canal and Gold (2007) reported
an immediate and large increase in extracellular
norepinephrine, dopamine, and serotonin near the site
of an intra-amygdala infusion of the protein synthesis
inhibitor anisomycin as well as an accompanying
impairment in memory. The authors found that
pretreatment with intra-amygdala infusions of the
b-adrenergic receptor antagonist propranolol attenu-
ated the memory-impairing effect of anisomycin, sug-
gesting the alterations in catecholamine levels could be
sufficient to produce memory impairments associated
with protein synthesis inhibitors. Moreover, in addition
to this noise produced by artificially provoked release of
neurotransmitters (Gold, 2006), protein synthesis inhib-
itorsmay also influencememoryprocesses by producing a
superinduction, or rapid and superphysiological expres-
sion, of immediate early genes (Radulovic and Tronson,
2008). Therefore, caution may be warranted in assigning
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the mechanisms for the memory impairments observed
with protein synthesis inhibitors.

III. Stress Hormones: Epinephrine
and Glucocorticoids

Why should memory consolidation be susceptible to
modulating influences, as this early work suggested?
Most of our lives are full of mundane or trivial events,
with significant occurrences interspersed throughout.
Thus, a system that allows relatively selective remem-
brance of the more important events would be highly
beneficial. Because significant events tend to be emo-
tionally arousing, emotional arousal would appear to be
a good candidate for driving such a system. And, as
emotional arousal involves the release of adrenal stress
hormones, stress hormones themselves would appear to
be excellent candidate mechanisms for the endogenous
modulation of memory consolidation.
In the first studies to address this issue, Gold and

van Buskirk (1975, 1976) found that systemic adminis-
tration of epinephrine or adrenocorticotropic hormone
(ACTH) enhanced memory when given to rats after
training on an inhibitory avoidance task. In their study
of ACTH (Gold and Van Buskirk, 1976), they found that
ACTH enhanced memory when animals received train-
ing with low footshock intensity and impaired memory
when training involved high footshock intensity. These
findings suggested that memory modulation by ACTH
follows an inverted-U curve, as illustrated in Fig. 1.
Thus, administration of ACTH at high footshock levels,
when endogenous ACTH is presumably high, appeared
to increase the level beyond the peak of the dose–
response curve and produce memory impairment. Sub-
sequent studies have provided extensive evidence that
post-training systemic administration of the stress
hormones epinephrine or corticosterone modulates
memory in a variety of learning and memory tasks
(Gold and Van Buskirk, 1975; Flood et al., 1978; Sandi
and Rose, 1994; Roozendaal and McGaugh, 1996). Of
particular significance, these findings suggest that
exogenous administration of agents like epinephrine
and glucocorticoids (GCs) is effective because they work
on an endogenous system that serves the purpose of
enhancing important memories. However, they also
highlight a complication in drug therapy for memory
modulation: a given dose of a drug may enhance or
impair memory, depending on the arousal state of the
individual (see Fig. 1B for a depiction of this issue)
(McGaugh and Roozendaal, 2009).

IV. Amygdala Modulation of Memory

Much research has pointed to a critical role for the
amygdala in mediating the effects of peripheral stress
hormones on memory consolidation. Gold and van
Buskirk’s (1978) finding that stressful footshock

stimulation as well as epinephrine administration
increases brain levels of norepinephrine suggested that
the noradrenergic activation of the amygdala may be
a key step in stress hormone effects on consolidation.
In support of this possibility, Gallagher et al. (1977)
reported that b-noradrenergic antagonists administered
into the amygdala after training impair memory. More-
over, subsequent research found that theb-noradrenergic
antagonist propranolol administered into the amyg-
dala blocks the memory-enhancing effects of systemi-
cally administered epinephrine (Liang et al., 1986).
Additionally, and importantly, many findings indicate
that the basolateral amygdala (BLA) is a critical
region involved in modulating memory consolidation
(McIntyre et al., 2003). Norepinephrine infused selec-
tively into the BLA after training enhances memory,

Fig. 1. (A) Inverted “U” curve showing the relationship between the level
of brain stimulation either at the time of or immediately after a learning
event (encoding) and the long-term strength of the resulting memory.
Stimulation refers to endogenous neural and hormonal activity (e.g.,
release of stress hormones) as well as any potential exogenous stimulation
(e.g., drugs) intended to enhance memory consolidation. Under normal
conditions, a person’s memory could be enhanced by providing the
appropriate level of exogenous stimulation that would bring the memory’s
strength to its peak. However, excessive stimulation runs a considerable
risk of not only failing to enhance the strength of the resulting memory but
even impairing retention. (B) Similar diagram as (A), but showing a person
under highly emotionally arousing conditions. Evidence from animal
studies indicates that, under periods of already-high emotional arousal,
further exogenous administration of stress hormones or other non-natural
methods of activating the memory-modulatory system provides no memory-
enhancing benefit and can even impair memory. As a result, administration
of exogenous agents that normally enhance memory carries the risk of
impairing memory when the memory-modulatory system is already at its
peak ability for strengthening memories.

Memory Modulation 239



and lesions of the BLA or infusions of propranolol into
BLA after training impair memory (Hatfield and McGaugh,
1999; LaLumiere et al., 2003; Barsegyan et al., 2014).
Figure 2 provides a schematic diagram, based on the
evidence summarized to this point and below, for how
the BLA modulates memory consolidation.
Epinephrine does not freely cross the blood-brain

barrier (Hardebo and Owman, 1980), so its effects on
memory most likely involve peripheral mechanisms.
Several findings suggest that the vagus nerve serves as
a bridge between the peripheral stress response and
amygdala norepinephrine activity. Peripheral epineph-
rine activates the vagus nerve (Miyashita andWilliams,
2006), and stimulation of the vagus nerve enhances
memory (Clark et al., 1995, 1998, 1999) and increases
norepinephrine levels in the amygdala (Hassert et al.,
2004). The vagus nerve projects to the nucleus of the
solitary tract, which sends ascending projections to the
central and medial nuclei of the amygdala both directly
and through the bed nucleus of the stria terminalis
(Ricardo and Koh, 1978). However, the noradrener-
gic response in the amygdala involves the afferent
pathway from the nucleus of the solitary tract to the
locus coeruleus via the nucleus paragigantocellularis
(Ricardo and Koh, 1978; Ennis and Aston-Jones, 1988;
Chiang and Aston-Jones, 1993; Garcia-Medina and
Miranda, 2013). Like blockade of b-adrenergic receptors
in the amygdala, inactivation of the nucleus of the
solitary tract prevents the memory-enhancing effects of

systemically administered epinephrine (Williams and
McGaugh, 1993). Taken together, these results suggest
that epinephrine influences memory consolidation by
indirectly stimulating the release of norepinephrine in
the BLA.

Unlike peripheral epinephrine, GCs (corticosterone
in the rat; cortisol in the human) readily cross the blood-
brain barrier and thus can directly influence many
brain regions. Nonetheless, like epinephrine, GC effects
on memory involve activation of the BLA. Selective
lesions of the BLA or intra-BLA infusions of noradren-
ergic antagonists block thememory-enhancing effects of
systemically administered GC agonists (Roozendaal
and McGaugh, 1996; Roozendaal et al., 1996; Quirarte
et al., 1997). Post-training BLA infusions of GC agonists
and antagonists enhance and impair memory, respec-
tively (Roozendaal and McGaugh, 1997b), and, as was
found with epinephrine, concurrent BLA infusions of
noradrenergic antagonists block GC agonist-induced
enhancement (Roozendaal et al., 2002, 2006).

GC effects depend on cAMP signaling in the BLA. The
finding that intra-BLA infusions of a synthetic cAMP
analog reverse the memory-impairing effect of a GC
antagonist indicates that, in the BLA, GCs influence
memory through modulation of noradrenergic-cAMP
interactions (Roozendaal et al., 2002). However, as GCs
readily enter the brain, they influence activity in many
brain regions. GCs enhance memory when adminis-
tered directly into the hippocampus, dorsal striatum,

Fig. 2. Schematic diagram illustrating how emotionally arousing events lead to enhanced memory consolidation. Events, regardless of their degree of
emotional arousal, produce information (black arrows) that is processed in a number of different memory-related brain regions, depending on the type
of learning, including the hippocampal formation, the caudate, the nucleus accumbens, and various cortical regions. However, emotional arousal also
activates systems that influence how those memories are processed, specifically leading to enhanced memory consolidation compared with memories
for emotionally neutral or mundane events. Such events, as shown in the lower-left corner, activate peripheral stress hormone systems, leading to a
release of epinephrine and cortisol. Via indirect and direct routes, respectively, these hormones lead to activation of the BLA. In addition, emotionally
arousing events may also activate the BLA through other means. The BLA, in turn, maintains widespread projections throughout the forebrain and,
through these projections (purple arrows), modulates the memory processing in these other regions, enhancing the consolidation of such memories. In
addition, as cortisol can cross the blood-brain barrier, it also directly influences memory consolidation in these other regions, although in a manner
dependent on BLA activity.
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or nucleus accumbens shortly after training (Roozendaal
and McGaugh, 1997a; Quirarte et al., 2009; Wichmann
et al., 2012), indicating that GCs can enhance memory
through mechanisms other than a direct effect on
noradrenergic-cAMP signaling within the BLA. It is
important to note that the effects of administration in
other brain regions are blocked by lesions of the BLA
or noradrenergic antagonists infused into the BLA,
suggesting that the BLA plays a permissive role and
an interplay between the BLA and other memory
systems is required for stress hormone–induced mem-
ory modulation.
Emotional modulation of consolidation involves other

neurotransmitter systems in a noradrenergic receptor-
dependent manner. Like norepinephrine, dopamine
levels in the amygdala increase following stressors such
as footshock and forced swimming (Coco et al., 1992;
Bouchez et al., 2012). Post-training intra-BLA microin-
jections of dopamine enhance retention, whereas micro-
injections of either a D1 or D2 receptor antagonist
impair retention (Lalumiere et al., 2004). Concurrent
intra-BLA administration of b-adrenergic antagonists
prevents the memory enhancement induced by dopa-
mine infusions, consistent with the critical role of the
b-adrenergic receptors in BLA modulation of memory
consolidation. Evidence also suggests that the choliner-
gic system influences memory consolidation. Optical
stimulation and inhibition of cholinergic terminals in
the BLA, originating from the nucleus basalis magno-
cellularis, enhance and impair, respectively, retention
of fear conditioning (Jiang et al., 2016). Blockade of
muscarinicm1 andm2 cholinergic receptors impairs the
consolidation of inhibitory avoidance learning (Power
et al., 2003). Moreover, the ability of systemic dexa-
methasone administration to enhance memory consol-
idation depends on concurrent activation of muscarinic
receptors in the BLA (Power et al., 2000). Other studies
have demonstrated that opioid-peptide, GABAergic,
and muscarinic cholinergic effects on memory depend
on amygdala noradrenergic activation (McGaugh
et al., 1988).
These findings provide compelling evidence that

norepinephrine in the BLA has a central role in modu-
lating memory consolidation (McIntyre et al., 2003). As
stressors can produce a prolonged release of norepineph-
rine and dopamine in the BLA lasting over 2 hours
(McIntyre et al., 2002; Bouchez et al., 2012), these
catecholamine neurotransmitters most likely play a
critical role in maintaining increased BLA activity and,
particularly, increased activity in the BLA projection
neurons (Zhang et al., 2013) following an emotionally
arousing event that enables the modulation of memory
consolidation. In support of this conclusion, in vivo
microdialysis studies indicate that the amount of nor-
epinephrine released following inhibitory avoidance
training correlates strongly with the rat’s degree of
memory retention 2 days later (McIntyre et al., 2002).

Recent work has examined how patterns of BLA
activity influence memory consolidation. Findings of
electrophysiological recording studies indicate that the
coherence of BLA activity with other memory-related
structures in the g frequency range (35–45 Hz) in-
creases across learning trials (Bauer et al., 2007;
Popescu et al., 2009), although such studies have not
determined whether the activity is causally involved in
memory processes. Recent results suggest that opto-
genetic stimulation of BLA projection neurons, using
bursts of 40 Hz light pulses given immediately after
training, enhances retention for inhibitory avoidance
learning (Huff et al., 2013). Similar stimulation using
bursts of 20 Hz light pulses, however, does not alter
retention, suggesting the possible importance of BLA
activity in the frequency range at approximately 40 Hz
following a learning event.

Further work addressing whether stimulating the
BLA with bursts of activity in that frequency range
drives or enhances the coherence of g oscillatory
activity between the amygdala and other structures
will be necessary to demonstrate the function of such
activity in the ability of the BLA to modulate consol-
idation through its effects on other regions. However,
optogenetic approaches will undoubtedly advance our
understanding of the amygdala modulation of memory
process, as such approaches can provide temporally
precise control of activity, spatially precise control of
particular pathways, and genetically precise control of
specific neuronal subpopulations within a heteroge-
neous structure. For example, recent optogenetic and
electrophysiological recording studies indicate that
reward-predictive versus aversion-predictive cues in-
crease activity in BLA neurons that project to the
nucleus accumbens versus the central amygdala, re-
spectively (Beyeler et al., 2016). Thus, heterogeneity
within the BLA, even simply differentiated by the
projection targets of the neurons, most likely plays a
critical role in how the BLA modulates memory
consolidation.

Of particular interest in understanding how the BLA
modulates memory consolidation is the question of how
general the effects of suchmodulation are in terms of the
types of memory. Althoughmuch of the research on BLA
memory modulation has used inhibitory avoidance, a
footshock-based contextual learning task, evidence sug-
gests that the BLA influences the consolidation of long-
termmemories for many different types of learning. This
includes the following: closely related types such as
contextual fear conditioning (LaLumiere et al., 2003);
other forms of memory that most likely involve signifi-
cant emotional arousal, including spatial and cued
water-maze learning (Packard et al., 1994); learning
based on emotionally arousing interoceptive events such
as conditioned taste aversion (Miranda et al., 2003;
Guzman-Ramos and Bermudez-Rattoni, 2012); reward-
based learning such as associations between stimuli and
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cocaine (Fuchs et al., 2006); and novel object and context
recognition memory (Malin and McGaugh, 2006;
Barsegyan et al., 2014; Beldjoud et al., 2015). Indeed,
although much of the evidence on the amygdala in
previous research has originated from studies using
negatively valenced learning tasks, recent findings
make it clear that the amygdala influences reward-
based/appetitive processes, most likely through diver-
gent projections. For example, optical stimulation of
the BLA inputs to the nucleus accumbens reinforces
instrumental behaviors (Stuber et al., 2011). Similarly,
recent recording work suggests that distinct neuronal
populations within the BLA code for reward-associated
versus aversion-associated stimuli (Beyeler et al.,
2016). Thus, manipulations, such as drug infusions
into the BLA, would be expected to alter neural
processing for both aversive and appetitive stimuli.
The final examples in the list above (i.e., novel

object/context recognition) raise an important question
of whether emotional arousal is necessary for the BLA
to modulate memory consolidation, as novel object and
context recognition would seem to lack any obvious
emotional arousal. However, post-training systemic
administration of corticosterone enhances consolidation
only in rats that were not previously habituated to the
environment (Roozendaal et al., 2006), suggesting that
novelty itself may provide sufficient activation of emo-
tional arousal systems for memory modulation to occur.
Systemic administration of yohimbine, which stimu-
lates norepinephrine release, restores the ability of
corticosterone to enhance consolidation in rats pre-
viously habituated to the environment. Together, these
results suggest that mimicking the effects of emotional
arousal, through both noradrenergic and glucocorticoid
activation, canmodulatememory consolidation even for
those types of learning in which emotional arousal has
been minimized. Nonetheless, the difficulty in deter-
mining whether a learning task involves no emotional
arousal makes it virtually impossible to definitively
state whether the BLA influences memory consolida-
tion for nonemotionally arousing learning.

V. Amygdala Interactions with Other
Brain Regions

The BLA maintains major connections with a vast
array of forebrain structures, including projections to
memory-processing regions such as the hippocampal
formation, striatum, and prefrontal cortex. Consider-
able evidence suggests that the BLAmodulatesmemory
consolidation through interactions with these other
brain regions (McGaugh et al., 2002), although it should
be noted that, with a few exceptions, most of these
studies have relied on tasks with clear emotional
components. In an early study examining recognition
memory in monkeys, combined lesions of the hippo-
campus and the amygdala, but not lesions of either

separately, produced profound deficits, suggesting that
the two regions interacted during memory processing
(Mishkin, 1978). The BLA receives inputs from the
entorhinal cortex and ventral hippocampus and, simi-
larly, projects to these subregions of the hippocampal
formation (Pitkanen et al., 2000; Petrovich et al., 2001;
Witter and Amaral, 2004). As the entorhinal cortex is a
major processing center for information going to and
coming from the dorsal hippocampus (Hargreaves et al.,
2005; Knierim et al., 2006), the BLA is able to interact
with all regions of the hippocampal formation, either
directly or indirectly.

BLA lesions and b-adrenergic receptor blockade in
the BLA prevent the memory-enhancing effects of micro-
injections of GC receptor agonists into the dorsal hippo-
campus (Roozendaal andMcGaugh, 1997a; Roozendaal
et al., 1999). Similarly, BLA inactivation prevents the
enhancement of memory consolidation produced by
histone deacetylase inhibition in the dorsal hippocam-
pus (Blank et al., 2014). As noted earlier, recording
studies suggest that BLA activity becomes increas-
ingly coupled with activity in downstream brain re-
gions, including the entorhinal cortex, during training,
and, moreover, that the increased coupling is related to
the degree of learning (Bauer et al., 2007; Popescu
et al., 2009). As findings indicate that BLA inactivation
prevents learning-induced changes in ventral hippocam-
pal plasticity (Farmer and Thompson, 2012), the inter-
actions between the BLA and the hippocampus that
influence memory consolidation most likely involve BLA
influences on plasticity within the hippocampus. This
issue is discussed further below.

Other studies have investigated interactions between
the BLA and different regions of the striatum during
memory consolidation. Contralateral unilateral lesions
of the BLA and nucleus accumbens block the memory
enhancement produced by systemic GC administration
(Setlow et al., 2000). Similarly, accumbens lesions pre-
vent the memory enhancement produced by intra-BLA
or intrahippocampal infusions of a GC receptor agonist
(Roozendaal et al., 2001). Other work suggests that the
modulation of memory consolidation by the BLA de-
pends specifically on activation of dopamine receptors
in the accumbens shell, as blockade of such receptors in
the shell, but not the core, prevents the memory
enhancement induced by intra-BLA microinjections of
dopamine (LaLumiere et al., 2005).

Findings of several studies indicate that the amygdala
interacts with the dorsal regions of the striatum, specif-
ically the caudate nucleus, duringmemory consolidation.
Amphetamine administration into the amygdala or the
caudate enhances the consolidation of cued water-maze
learning, whereas similar administration into the hip-
pocampus has no effect on such cued learning, indicat-
ing an important circuit involving the amygdala and
the caudate during the consolidation of this type of
learning (Packard et al., 1994). Importantly, for the cued
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water-maze task, amygdala inactivation before the reten-
tion test does not prevent the enhancement produced
by post-training amphetamine administration in the
amygdala (Packard et al., 1994). This finding indicates
that the amygdala is not the storage site for the memory,
but, rather, that the amygdala is selectively involved in
modulating memory consolidation. Other findings indi-
cate that caudate inactivation prevents the memory-
enhancing effects of post-training intra-amygdala
microinjections of amphetamine for learning in the
cued, but not the spatial, version of the water-maze
task (Packard and Teather, 1998), providing key evidence
that the amygdala modulates memory processing in
multiple memory systems.
As highlighted in the findings of caudate-amygdala

studies, considerable evidence suggests that the amyg-
dala’s interactions with other brain regions are most
likely dependent on the type of learning/information
being processed. Indeed, the caudate results discussed
above were based on a larger set of studies indicating
that the amygdala modulates the consolidation for both
hippocampus-dependent spatial learning and caudate-
dependent cued or response learning. The amygdala’s
ability to modulate memory consolidation appears to be
highly promiscuous, as studies have demonstrated its
role in doing so across a wide variety of learning tasks
(Packard et al., 1994; Hatfield and McGaugh, 1999;
LaLumiere et al., 2003; McGaugh, 2004; Barsegyan
et al., 2014). This modulation, however, most likely
involves the regulation of activity and plasticity in
many different downstream brain regions playing more
selective roles during memory consolidation (McGaugh,
2002).
Several studies have investigated this issue by using a

modified form of inhibitory avoidance or contextual fear
conditioning in which learning regarding the context is
separated from the learning involving the footshock
(Liang, 1999). Intra-BLA administration of the musca-
rinic cholinergic agonist oxotremorine enhances retention
when given after either the context learning or the
footshock learning (Malin and McGaugh, 2006), suggest-
ing that the BLA modulates the consolidation for each
component of learning. Moreover, unlike many of the
tasks described above, the context learning component
does not involve an obvious emotional component,
although novelty itself may be emotionally arousing
(Roozendaal et al., 2006). In contrast, oxotremorine
administration into the dorsal hippocampus after
context training, but not footshock training, enhances
retention, whereas similar administration into the
anterior cingulate cortex enhances retention when
given after footshock, but not context, training (Malin
and McGaugh, 2006). These findings provide evidence
of the promiscuity of BLA in memory modulation and
the more selective roles of other structures. Recent
findings using optogenetic approaches suggest that
this is likely due to specific populations of BLA neurons

that project to distinct structures. Using the same
modified contextual fear conditioning task noted above,
Huff et al. (2016) found that postfootshock, but not
postcontext, stimulation of the BLA inputs to the ventral
hippocampus enhanced retention, again most effectively
with bursts of 40Hz stimulation. Thus, whereas the BLA
as a whole modulates many different kinds of memories,
separate subpopulations, as differentiated by their pro-
jection targets, most likely influence memory consolida-
tion in more selective manners.

VI. Synaptic Plasticity

Pharmacological and systems neuroscience studies,
including those described above, have informed our
understanding of the brain regions, hormones, and
neurotransmitters that participate in the consolidation
of long-term memories. However, the substrate of
memory, that is, the physical trace that persists as long
as the memory itself, continues to elude the field. Since
1950, when Lashley (1950) reported his decades of work
that failed to disrupt specific memories by making
lesions in the rat cortex, generations of memory re-
searchers have continued Lashley’s search for the
engram. Some searches have been guided by specific
molecules (Sacktor et al., 1993; Josselyn, 2010), whereas
others have focused on processes (Song et al., 2000;
Routtenberg, 2008). Most agree, though, that changes in
synaptic strength play a role in the conversion of percepts
to memories.

Bliss and Lomo (1973) discovered lasting changes in
the postsynaptic response in the hippocampus follow-
ing high-frequency stimulation of the perforant path.
This long-term potentiation (LTP) of synaptic strength
shares many characteristics with memory consolida-
tion. For example, LTP induction does not require
new protein synthesis, yet maintenance of the altered
synaptic state does (Krug et al., 1984; Frey et al., 1988).
Although LTP and memory share these and other
qualities, definitive proof that learning induces LTP
or that LTP is a basis of learning and memory is
difficult to acquire.

Whitlock et al. (2006) reported results from a series of
experiments designed to test the hypothesis that mem-
ory consolidation involves LTP-like mechanisms in
the hippocampus. They trained rats on a single-trial
inhibitory avoidance task, to limit the timeframe of
synaptic consolidation, and targeted the dorsal hippo-
campus due to its established role in consolidation of the
memory involved in this task. Using a multi-electrode
recording array, the authors found small changes in field
potentials after training. Additionally, they identified in-
creased a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptor expression in synaptic fractions
from the dorsal hippocampus in rats trained on the
inhibitory avoidance task. As LTP induction alters
AMPA receptor number and phosphorylation state, the
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increase in hippocampal AMPA receptors following
inhibitory avoidance training provided indirect evi-
dence that learning induced LTP. They also reported
increased phosphorylation at the ser831 site of AMPA
receptors following training, an indicator of LTP in
those synapses. Moreover, they were unable to induce
LTP in the synapses that were potentiated following
inhibitory avoidance training. Occlusion of further LTP
at these synapses suggests that the learning-induced
potentiation saturated the mechanisms involved in
electrically induced LTP.
These findings suggest that synaptic strength

changes following experience and that this change in
synapse function is involved in memory storage, yet
plasticity is typically observed only in select synapses.
Thus, considerable research has focused on identifying
mechanisms underlying synapse-specific alterations.
Steward and Levy (1982) discovered polyribosomes in
dendritic spines in the dentate gyrus, suggesting the
possibility of local translation in the dendrites, and
Steward et al. (1998) later identified the mRNA for the
immediate early gene Arc near postsynaptic densities.
These findings suggested that plasticity-associated
proteins could be translated near the synapse. Control
of local translation would provide an elegant mecha-
nism for addressing how synaptic alterations can be
made in a timely fashion because it can be more rapid
and efficient than somatic protein synthesis, which
requires transport of a signal from the synapse to the
nucleus and then transport of proteins from the soma
back to the synapse. Moreover, local protein trans-
lation provides a straightforward mechanism for en-
suring synapse-specific modifications. In confirmation
of this hypothesis, Tang et al. (2002) found that
mechanistic target of rapamycin (mTOR) kinase,
which plays a critical role in the late phase of hippo-
campal LTP, regulates local translation of plasticity-
related proteins.
Alternatively, synapse-specific changes can occur

through a synaptic tagging process. In the synaptic
tag-and-capture mechanism of synapse-specific plas-
ticity, first proposed by Frey andMorris (1997), a synaptic
tag, temporarily present in a weakly stimulated post-
synaptic site, links that synapse to the plasticity-inducing
proteins that are translated at a strongly stimulated
synapse. This hypothesis provides an explanation for
why weak stimulation of a synapse does not induce
protein synthesis, whereas strong stimulation of a
neighboring synapse is sufficient to produce new
proteins that appear selectively in the two stimulated
synapses, but not in nearby synapses that received no
stimulation at all. Evidence for this mechanism comes
from the finding that induction of short-lasting LTP in
one pathway with a weak stimulus results in long-
lasting LTP when it is paired with strong stimulation
of a different synapse on the same neuron (Frey and
Morris, 1997, 1998).

VII. Amygdala Modulation of
Cellular Consolidation

These discoveries made in studies of synaptic plas-
ticity have informed hypotheses about how the amyg-
dala modulates memory storage through interactions
with downstream brain regions. As noted earlier,
considerable research has focused on the hippocampus
for its interactions with the amygdala during memory
processing. Early studies of the influence of the amyg-
dala on cellular processing in the hippocampus revealed
that BLA stimulation and lesions enhance and im-
pair, respectively, perforant path stimulation-induced
LTP in the dentate gyrus (Ikegaya et al., 1994; 1995).
Stimulation of the lateral perforant path together with
the medial perforant path produces a similar enhance-
ment, suggesting that BLA influences on dentate gyrus
plasticity involve the BLA–entorhinal cortex pathway
(Nakao et al., 2004). Soon after the discovery that the
BLA modulates the strength of perforant path–dentate
gyrus synapses, Frey and colleagues (2001) reported
that BLA stimulation converts the early phase of LTP to
late-phase LTP and that late-phase LTP depends on
protein kinase A activation (Huang et al., 1995; Abel
et al., 1997), indicating a role for catecholamines at the
site of cellular consolidation.

A. Basolateral Amygdala Influence on Expression of
Plasticity-Related Proteins in the Hippocampus

The evidence that the BLA modulates hippocampal
synaptic plasticity, as well as memories of various
kinds, suggests that sensory input determines the
specific synapses targeted for plasticity and that BLA
actions influence consolidation of functional changes at
those synapses (McIntyre et al., 2005; McReynolds and
McIntyre, 2012). This hypothesis shares some charac-
teristics with the emotional tagging hypothesis de-
scribed by Richter-Levin and Akirav (2003). Both
attempt to explain why most memories are lost almost
instantly, whereas emotionally arousing memories fre-
quently persist. According to the emotional tagging
hypothesis, hippocampal activation by experience sets
a local synaptic tag that emotional arousal reinforces,
thus promoting cellular consolidation that supports
hippocampus-dependent long-term memory. Research
over the past 18 years provides evidence that the BLA
influences the expression of plasticity-related proteins
that promote synaptic consolidation in the hippocam-
pus and in other areas of the brain implicated in
memory processing.

The mRNA for the immediate early gene Arc is found
specifically in dendritic regions that are near stimulated
synapses (Steward et al., 1998;Dynes andSteward, 2012),
and it can be translated to protein in synapses that are
isolated from the soma (Yin et al., 2002;Waung et al., 2008).
Administration of Arc antisense oligodeoxynucleotides
(ODNs) into the dorsal hippocampus interferes with
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translation ofArcmRNA to protein and impairs memory
and plasticity. Guzowski et al. (2000) found that intra-
dorsal hippocampus infusions of Arc antisense ODNs
impair the maintenance of LTP, without affecting in-
duction, and impair long-term memory for a spatial
water-maze task. Such infusions did not affect initial
learning. These findings suggest that ARC protein is
necessary for hippocampal synaptic plasticity that con-
tributes to memory consolidation.
Based on this evidence, several studies have exam-

ined the influence of the BLA on hippocampal expres-
sion of ARC. Memory-enhancing infusions of the
b-adrenergic receptor agonist clenbuterol into the
BLA immediately after inhibitory avoidance training
increase expression of ARC protein in the dorsal
hippocampus, whereas post-training infusions of the
sodium channel blocker lidocaine impair long-term
memory and reduce ARC protein levels in the dorsal
hippocampus (McIntyre et al., 2005). Infusions of ARC
antisense ODNs into the dorsal hippocampus impair
long-term memory (McIntyre et al., 2005), indicating a
critical role for hippocampal ARC protein. The study
found that changes in protein do not correlate with
changes in mRNA levels. Taken together, these results
suggest that the BLA modulates memory consolidation
through actions on the synaptic plasticity-related pro-
tein ARC in the hippocampus. Moreover, the results
indicated that inhibitory avoidance training increases
hippocampal Arc mRNA, but that intra-BLA infusions
of clenbuterol do not further increase Arc mRNA
(McIntyre et al., 2005). Similarly, Ren et al. (2008)
found that the anesthesia propofol decreases ARC
expression in the hippocampus and that intra-BLA
muscimol reverses the propofol effect on hippocampal
ARC protein, but not mRNA, suggesting that the BLA
exerts a post-transcriptional influence on hippocampal
ARC expression. However, Huff et al. (2006) reported
evidence indicating that the BLA also modulates Arc
mRNA in the hippocampus. Nonetheless, detection
methods for mRNA are generally more sensitive than
those for protein, suggesting that reports of protein
differences without accompanying mRNA differences
indicate that the BLA influence on hippocampal ARC
expression occurs, at least at times, via a post-
transcriptional mechanism.
In view of the evidence that ArcmRNA is transported

to stimulated regions of the dendrite where it can be
locally translated and that the BLA can modulate ARC
protein expression without affecting Arc mRNA, it is
likely that Arc mRNA is transcribed following novel
context-associated sensory input and driven specifically
to postsynaptic regions of synapses that are active in
response to the sensory input. Arc translation is
necessary for consolidation of hippocampus-dependent
memories, but not all novel contexts become long-
lasting memories. According to this model, Arc mRNA
is translated to protein when BLA actions reinforce the

synapse. By extension, novel experiences prime hippo-
campal synapses for consolidation, but those experi-
ences (and related synapses) are rapidly consolidated
only if they are emotionally arousing. In support of this
model, post-training administration of the stress hor-
mone corticosterone enhances consolidation of inhibi-
tory avoidance and increases ARC protein expression
in synaptoneurosomes (synapse-enriched samples)
taken from the dorsal hippocampus. Blockade of BLA
b-adrenergic receptors attenuates the corticosterone
effects on memory and hippocampal ARC expression
(McReynolds et al., 2010). These findings suggest that
dendritically localized synaptic plasticity-related
mRNAs like Arc are markers of where synaptic plastic-
ity is occurring and that BLA activation is a regulator
of when it occurs. Na et al. (2016) recently found that
glutamate induced rapid translation of ARC in hippo-
campal dendrites and that reactivation of stalled poly-
ribosomes mediated this effect. Figure 3 provides a
schematic diagram for how the BLA influences ARC
expression in regions, such as the hippocampus, impor-
tant for processing declarative memory information.

B. Basolateral Amygdala Influence on Expression of
Plasticity-Related Proteins in Other Brain Regions

Following these results, other studies examined
whether the BLA exerts a similar influence on ARC
expression in other regions involved in memory consol-
idation, including the prelimbic region of the medial
prefrontal cortex (Roozendaal et al., 2009) and the
rostral anterior cingulate (Malin et al., 2007). Post-
training b-adrenergic receptor activation in the BLA
increases synaptic expression of ARC protein in the
medial prefrontal cortex (McReynolds et al., 2014) and
the rostral anterior cingulate (Holloway-Erickson et al.,
2012), and blockade of ARC protein expression in either
area impairs memory consolidation (Holloway and
McIntyre, 2011; McReynolds et al., 2014). Blockade of
b-adrenergic receptors in the BLA attenuates the
memory enhancement produced by post-training ad-
ministration of corticosterone, but, in contrast to the
BLA-mediated reduction in hippocampal ARC expres-
sion, such blockade in the BLA increases ARC expres-
sion in the prelimbic region of the medial prefrontal
cortex (McReynolds et al., 2014). These findings suggest
that the BLA is a regulator of ARC expression else-
where in the brain. Although ARC expression in the
medial prefrontal cortex is necessary for normal mem-
ory consolidation of inhibitory avoidance, additional
expression does not benefit memory consolidation.

C. Mechanisms of Action of ARC

Although many reports have established a critical
role for ARC in memory and synaptic plasticity
(Guzowski et al., 2000; Plath et al., 2006; Shepherd
et al., 2006; Bramham et al., 2008; Ploski et al., 2008;
Korb and Finkbeiner, 2011; Shepherd and Bear, 2011),
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the precise function of ARC at the synapse that contrib-
utes to memory consolidation remains unknown
(Steward et al., 2015). ARC contributes to actin poly-
merization (Messaoudi et al., 2007), suggesting a role in
strengthening synapses through influences on cytoarch-
itecture. ARC is necessary for the maintenance of LTP
(Guzowski et al., 2000), but ARC also promotes long-
term depression by stimulating the endocytosis of
AMPA receptors (Waung et al., 2008; Jakkamsetti
et al., 2013). Thus, rather than playing a direct role in
the strengthening of stimulated synapses, it is possible
that ARC participates in enhancing the signal-to-noise
ratio at the synapse (Okuno et al., 2012) or contributes
to synaptic homeostasis (Turrigiano, 2007), allowing
synapses to compensate for changes in neuronal excit-
ability (Beique et al., 2011).

D. Going beyond ARC

It is unlikely that ARC is the only synaptic plasticity-
associated protein that emotional arousal or amygdala
activity influences. For example, memory-enhancing
post-training intra-BLA infusions of clenbuterol in-
crease CaMKIIa expression in the anterior cingulate
(Holloway-Erickson et al., 2012). As with ARC,CaMKIIa
mRNA is transported to dendrites, where it can be
translated to protein (Mori et al., 2000; Lee et al.,
2009), and dendritic targeting of CaMKIIa is necessary
for normal hippocampal plasticity as well as spatial
memory, fear conditioning, and object recognition
memory (Miller et al., 2002). In contrast to ARC and
CaMKIIa, memory-enhancing intra-BLA infusions of

clenbuterol do not affect expression of the protein
product of the immediate early gene c-Fos in the anterior
cingulate or dorsal hippocampus (McIntyre et al., 2005;
Holloway-Erickson et al., 2012). These findings indicate
that the two immediate early genes (Arc and c-Fos) do not
respond in the same manner to memory-enhancing BLA
manipulations, but two mRNAs that are locally trans-
lated (Arc and CaMKIIa) do, providing additional evi-
dence that the BLA influences the local translation
of synaptic plasticity-related proteins. However, it is
important to consider the possibility that these pro-
teins may be regulated at the level of transport to the
synapses, translation, or degradation (see McReynolds
and McIntyre, 2012 for review).

Finally, although beyond the scope of the present
review, it is important to note that strictly neuronal
accounts of memory consolidation are incomplete, as
considerable evidence in recent years has pointed to
the influence of non-neuronal cells, especially glia-
based systems, in mediating the effects of neurotrans-
mitters and other chemicals on plasticity (Pearson-Leary
et al., 2016). For example, glucose, which modulates
memory consolidation,most likely does so at least in part
via effects on astrocytic release of lactate, which then
influences neuronal functioning (Gold, 2014). Recent
work has also found that astrocytic b2-adrenergic recep-
tors in the hippocampus are involved in the consolida-
tion of contextual learning in a fear-conditioning task
(Gao et al., 2016), suggesting the possibility that glia
mediate some noradrenergic influences on memory
consolidation.

Fig. 3. Schematic diagram illustrating a theoretical model of amygdala modulation of memory and synaptic plasticity in the hippocampus. Sensory
and contextual stimuli activate specific synapses of the hippocampus (orange arrow), leading to the encoding of declarative or declarative-like
memories. The activity-dependent immediate early gene Arc is transcribed and delivered to activated synapses, where it is degraded. In an event that
is sufficiently emotionally arousing to be rapidly stored as a long-term memory, the coincident amygdala response to stress hormones directly or
indirectly (green arrow) influences translation of Arc mRNA to protein in the recently activated synapse. Fluorescent immunohistochemistry image
shows nuclei stained with 49,69-diamidino-2-phenylindole (blue) and ARC protein in neuronal cell bodies and dendrites (red) in hippocampal tissue.
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VIII. Memory Modulation—Evidence from
Human Studies

The evidence discussed above concerning the role of
the amygdala and hormone systems in influencing
memory consolidation was largely based on nonhuman
animal studies. However, the potential for translational
implications of these findings depends on whether these
systems operate similarly in humans. Stimulation of the
vagus nerve enhances memory in humans (Clark et al.,
1999), providing clinical confirmation of this important
component of the memory-modulatory system. Other
studies, using positron emission tomography (PET) and
functional magnetic resonance imaging (fMRI), have
provided considerable evidence indicating that amygdala
activation influences the strength of memories of human
subjects in a manner similar to that observed with
nonhuman animals. In an early study, subjects viewed
two different videos, consisting, respectively, of emotion-
ally arousing film clips or emotionally neutral clips while
undergoing PET imaging for glucose metabolism (Cahill
et al., 1996) and were then tested for memory of the films
3 weeks later. The findings indicated that amygdala
activity at the time of encoding significantly correlated
with memory of the emotionally arousing clips. Addi-
tional evidence of a relationship between amygdala
activation induced by exposure to visual stimuli and
subsequent memory was obtained in studies using
fMRI (Hamann et al., 1999; Canli et al., 2000).
Moreover, work using PET and fMRI approaches has

reported that, during emotionally influenced learning,
amygdala activity not only correlates with enhanced
memory but also with activity in hippocampal regions
(Kilpatrick and Cahill, 2003; Dolcos et al., 2004, 2005).
Analyses of fMRI studies have revealed the existence of
large-scale networks, in which distinct brain regions
appear to show correlational changes in activity that
may reveal such amygdala interactions with other
regions with regard to mnemonic processes. Of partic-
ular interest, a network identified as the default mode
network includes a variety of prefrontal regions that
demonstrate functional connectivity with medial tem-
poral lobe structures, including both the hippocampus
and amygdala (Raichle et al., 2001). Coordinated activ-
ity among these structures during rest may be an
important mechanism by which the amygdala influ-
ences the activity and plasticity in these other brain
regions, thereby modulating the strength of memories
(Hermans et al., 2014).
Considering the widespread reports suggesting sex

differences in a variety of disorders that involve amyg-
dala functioning (Kessler et al., 2003; Bangasser and
Valentino, 2014; Hyde, 2014), it is worth considering
evidence for sex differences in amygdala functioning in
memory processes. Indeed, whereas amygdala activity
appears to play the same role in both males and females
in terms of influencing memory consolidation, imaging

studies have suggested an interaction between sex and
lateralization, with females having stronger activation
of the left amygdala and males having stronger activa-
tion of the right amygdala (Canli et al., 2002; Cahill
et al., 2004; Mackiewicz et al., 2006). In attempting to
understand some of the sex differences with regard to
amygdala, early research suggested that males have
larger amygdala volumes than females, even corrected
for overall brain size (Giedd et al., 1996; Brierley et al.,
2002). However, a recent meta-analysis suggests that
corrected amygdala volumes are the same for both sexes
(Marwha et al., 2017). Nonetheless, even if there are no
basic anatomic differences in the amygdala between
men and women, sex differences in amygdala-based
memory tasks may arise from differences in connectiv-
ity between the amygdala and other brain regions or,
alternatively, from sex steroid–hormone interactions.

IX. Pharmacological Implications for Brain-
Based Disorders

For most of us, it is difficult to remember information
such as the state capitals without committing a great
deal of time and attention to practice, whereas memo-
ries of personal tragedies seem to stay with us in-
definitely, a paradox explained by the findings and
conclusions described in the previous sections. An un-
fortunate outcome of this, however, is that it frequently
requires effort to retain the memories we wish to keep,
yet we cannot forget the memories of life’s most
troubling moments even when such memories create
significant dysfunction in our lives. Therefore, efforts
have attempted to tap into the processes and mecha-
nisms underlying memory consolidation to artificially
drive and inhibit memory and synaptic plasticity. This
work has led to potential pharmacotherapies for the
treatment of anxiety disorders and post-traumatic
stress disorder (PTSD), as well as new approaches to
enhance memory and facilitate rehabilitation from
stroke and traumatic brain injury.

A. Extinction and Exposure Therapy

Although antidepressant and anxiolytic drugs show
some beneficial outcomes for the treatment of anxiety
and PTSD, they treat the symptoms and not the
cause(s) of these problems (Lee et al., 2016). Whether
the core feature of the disorder is a troubling memory
or an irrational belief, therapies can use new learning
to overcome maladaptive thoughts and behaviors.
Exposure-based therapies, in which patients are
exposed to the fear- or anxiety-inducing stimuli, are
considered the gold standard of treatment of PTSD and
anxiety disorders because patients’ responses to the
stimuli extinguish and/or the patients learn new, more
adaptive associations or responses to triggers (Rauch
et al., 2012). Unfortunately, and especially in the most
clinically significant manifestations of these disorders,
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such treatments do not always provide long-lasting
benefit, as strong traumatic memories often overcome
the new learning as time passes or reminders arise
(Boschen et al., 2009; Vervliet et al., 2013).

B. Reconsolidation

Ideally, therapies would target problematic memo-
ries for permanent erasure or alteration, and, in fact,
some research has attempted to use mechanisms of
memory consolidation to interfere with specific trau-
matic memories. These attempts largely stem from
findings in rodents indicating that post-training
intra-BLA infusions of the protein synthesis inhibitor
anisomycin impair consolidation of a conditioned fear
memory (Schafe and LeDoux, 2000) and that similar
infusions given after a fear-conditioning retrieval
session (i.e., following a brief exposure to the conditioned
stimulus) in the absence of reinforcement also appear to
impair the original fear-conditioning memory, even
when tested 1 or 14 days later (Nader et al., 2000). The
authors proposed that retrieval makes memories (and
their neural substrates) labile and susceptible to disrup-
tion. Just as the initial consolidation of long-term
memory requires protein synthesis, the reconsolidation
of memories requires protein synthesis when memories
are retrieved (Nader et al., 2000).
This finding led to a great deal of enthusiasm because

it suggested that a disabling memory could be weak-
ened or even eliminated altogether with a simple
retrieval followed by a memory-impairing treatment.
Because humans would have physical difficulty toler-
ating the systemic administration of an anisomycin
dose sufficient to block protein synthesis in the amyg-
dala, research has focused on developing other ap-
proaches. One procedure involves a combination of a
reactivation session with extinction training. Specifi-
cally, the person undergoes a brief retrieval trial
followed by extinction training. Using this procedure
with fear conditioning, previous work has found an
attenuated fear response in rats (Monfils et al., 2009)
and humans (Schiller et al., 2010), and the fear response
did not return in humans 1 year later. Although
potentially promising, these findings came from healthy
humans who were not susceptible to the relapse of fear
that is seen in pathologic conditions such as PTSD, and
there may be other potential limitations to the applica-
tion of reconsolidation findings, noted below. Moreover,
from a mechanistic level, it is curious that a combina-
tion of extinction and reconsolidation procedures, which
would normally be expected to produce opposing effects
on memory, could work well together to produce a
beneficial effect.

C. Norepinephrine

Evidence described in earlier sections suggests that
b-adrenergic receptor activation after a learning event
is a critical component for the emotional enhancement

of such memories. Based on this idea and in an attempt
to prevent the development of PTSD, Pitman et al.
(2002) identified individuals who entered the emer-
gency room after suffering acute psychologic traumas
and were thus at risk for developing PTSD and admin-
istered the b-adrenergic antagonist propranolol to the
patients. One month later, clinician-administered PTSD
scale scores were lower in propranolol-treated patients
than in placebo-treated control subjects. Furthermore,
6 of 14 placebo control subjects showed physiologic
responses to imagery of the traumatic event, whereas
none of the propranolol-treated group responded (Pitman
et al., 2002). These findings suggest that interfering
with noradrenergic signaling immediately following a
traumatic event reduces or even prevents the devel-
opment of PTSD.

However, it is not always possible to intervene in the
time between the trauma and consolidation of the
memory. Furthermore, only a small portion of trauma
sufferers develops PTSD, and it would, from a treat-
ment perspective, be better to treat only those who go
on to develop PTSD. Therefore, Pitman et al. (2002)
designed a study based on reconsolidation findings
indicating that the same systems that are involved in
initial consolidation are required for the reconsolidation
of the memory. In a study of patients diagnosed with
PTSD, they found that propranolol administration after
retrieval of the traumatic event reduced physiologic
responses to imagery related to the traumatic event
1 week later (Brunet et al., 2008). However, in a later
study, the same group repeated the experiment, adding
a control group that was given propranolol without
reactivation of the memory. In this follow-up study, the
group failed to replicate their earlier findings (Wood
et al., 2015). Reactivity to traumatic mental imagery
was slightly higher in the reactivation plus propranolol-
treated group in the follow-up study, which included
only men, whereas the first study was carried out in
men and women. Another difference was that propran-
olol was administered postreactivation in the first study
and before memory reactivation in the follow-up study.
Furthermore, reactivity fell below PTSD levels in the
propranolol-alone control group, suggesting that pro-
pranolol may have had a lasting, nonspecific effect on
physiologic responding. The authors concluded that
clinical applications based on the animal reconsolida-
tion literature are not likely to be straightforward.

Another potential approach based on the importance
of noradrenergic signaling in consolidation has been
combining extinction-based therapy with drugs target-
ing the noradrenergic system. Just as post-training
administration of norepinephrine enhances consolida-
tion of conditioned fear, intra-BLA infusions of norepi-
nephrine immediately after extinction training enhance
the consolidation of extinction (Berlau and McGaugh,
2006). Extinction procedures in rodents have provided
the basis for exposure therapy in patients, as described
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earlier. As a result, clinicians have examined the effect
of the a-adrenergic antagonist yohimbine on extinction
in humans with social anxiety disorder and claustro-
phobia (Powers et al., 2009; Smits et al., 2014). Yohim-
bine acts presynaptically to stimulate norepinephrine
release and, therefore, would be expected to have
memory-strengthening effects for any recent learning,
such as extinction learning. Consistent with animal
literature, yohimbine improves exposure therapy out-
comes (Powers et al., 2009; Smits et al., 2014). The
extinction-enhancing benefits of noradrenergic recep-
tor activation extend to cocaine-seeking behavior, as
activation and blockade of such receptors in the
ventral medial prefrontal cortex enhance and impair,
respectively, the extinction of cocaine seeking in rats
(LaLumiere et al., 2010), suggesting the potentially
broad-ranging utility of targeting the noradrenergic
system to alter memories for therapeutic benefit.
One challenge in translating findings from animal

research to mental health benefits in humans is the
large difference in conditions between controlled labo-
ratory studies in animals versus clinical treatment of
human psychopathologies. In particular, it should be
noted that the effects of manipulations on reconsolida-
tion in the laboratory, and especially in rodent studies,
are typically observed under specific, highly controlled
conditions that may be impossible to control in human
patients. Indeed, even in the laboratory, there appear to
be boundary conditions that determine whether manip-
ulations can alter reconsolidation, including the age of
the memory, the predictability of the reactivation
stimulus, training intensity, and whether a memory is
reactivated directly or indirectly (Nader and Einarsson,
2010). Older memories of intense and complicated
traumas may not be as susceptible to reconsolidation
blockade as are the simple, recent, and well-controlled
memories made in the laboratory.
Additionally, because much of the clinical research is,

for good reason, targeted at patients with PTSD and
similar disorders, it is important to consider that the prior
stressors these patients have endured have most likely
altered their neurobiology in fundamental ways (Aubry
et al., 2016). Indeed, evidence from the animal literature
suggests that chronic stress sensitizes noradrenergic
responses to later acute stress and alters hypothalamic-
pituitary-adrenal axis functioning (Nisenbaum et al.,
1991; Herman, 2013). Similarly, previous findings in-
dicate that prior chronic stress alters the consolidation
of long-term memories for later learning as well as
alters plasticity mechanisms in relevant brain regions,
including the BLA (Vyas et al., 2002; Monsey et al.,
2014; Suvrathan et al., 2013). Thus, differences between
animal and human clinical findings may also result
from such issues, and assumptions that patients with
PTSD will respond to treatment paradigms developed
in animal models lacking the chronic stress component
should be treated cautiously.

D. Glucocorticoids

As discussed earlier, emotionally arousing situations
induce release of GCs that both help to mobilize energy
resources and modulate the consolidation of memories
for the situation that may be important for survival.
However, administration of a dose of corticosterone that
enhances memory consolidation impairs the retrieval of
a spatial memory in rats (de Quervain et al., 1998).
Similarly, acute administration of cortisone in humans
impairs retrieval of a long-term declarative memory (de
Quervain et al., 2000). These findings offer interesting
mechanistic repercussions for understanding the rela-
tionship between consolidation and retrieval processes,
and they also have potential clinical implications, includ-
ing the possibility that GCs could provide benefits to
patients suffering from anxiety disorders by impairing
the retrieval of aversive memories while simultaneously
enhancing consolidation of the extinction memory
(de Quervain et al., 2009). In support of this hypothesis,
patients given hydrocortisone after cardiac surgery, an
event known to produce PTSD in some patients, demon-
strate resistance to the development of PTSD symptoms
(Schelling et al., 2004;Weis et al., 2006). Similarly, cortisol
administration to patients during exposure to reminders of
phobic fears, such as photos of spiders, enhances extinction
of the conditioned fear (Soravia et al., 2006).

Individual differences in endogenous cortisol signal-
ing are associated with PTSD risk. For example, the
cortisol response to dexamethasone is suppressed in
PTSD patients (Yehuda et al., 2004), and results of a
recent epigenetic study indicate that methylation of the
GC receptor gene NR3C1 is associated with reduced
risk of PTSD in survivors of the Rwandan genocide
(Vukojevic et al., 2014). In addition to enhancing the
consolidation of the new learning during exposure ther-
apywhile suppressing retrieval of the traumaticmemory,
GCs signal the hypothalamus-pituitary-adrenal axis to
terminate the stress response (Yehuda and LeDoux,
2007). Taken together, these results suggest that short-
term administration of GCs, specifically during exposure
therapy, may be a relatively safe and effective approach
to the treatment of PTSD.

E. Endocannabinoids

Preclinical findings indicate that endocannabinoid
signaling in the BLA, medial prefrontal cortex, and
hippocampus is critically involved in the consolidation
of emotionally arousing memories (Campolongo et al.,
2009; Morena et al., 2014). Further evidence suggests
that endocannabinoids are involved in the consolidation
of the extinction of conditioned fear (Marsicano et al.,
2002). Studies of human patients further indicate that
endocannabinoids play a role in PTSD pathology. A
single-nucleotide polymorphism of fatty acid amide
hydrolase (FAAH), an enzyme that breaks down endo-
cannabinoids, is significantly associated with PTSD
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diagnosis in Vietnam war veterans (Pardini et al.,
2012), and another common human mutation in the
FAAH gene increases endocannabinoid levels and en-
hances extinction learning in mice (Dincheva et al.,
2015), suggesting that pharmacological inhibitors of
FAAH could be used to enhance the effects of exposure
therapy. Likewise, administration of a synthetic can-
nabinoid to human volunteers enhances the extinction
of conditioned fear (Rabinak et al., 2013). In a study
conducted 4–6 years after the attacks on the World
Trade Center, circulating levels of endocannabinoids
were significantly reduced in individuals who developed
PTSD versus individuals who never met the criteria for
PTSD (Hill et al., 2013). A recent study found that acute
stress led to GC-mediated retrograde endocannabinoid
release in the amygdala, and this endocannabinoid
action regulates GABA release in the BLA (Di et al.,
2016), suggesting a mechanism by which endocannabi-
noids produce memory-modulating effects. Although
research demonstrating a role for endocannabinoids in
the extinction of fear and PTSD is relatively new, a
great deal of work is now dedicated to exploring the
neural mechanisms of endocannabinoids as modulators
of traumatic memories.

F. N-Methyl-D-Aspartate and a-Amino-3-Hydroxy-5-
Methyl-4-Isoxazolepropionic Acid Receptors

Research investigating the use of the partial
N-methyl-D-aspartate (NMDA) receptor agonist
D-cycloserine (DCS) as an adjunct to exposure therapy
has played a major role in translation of psychophar-
macology studies in rats to clinical treatments for
anxiety in humans. Glutamate actions at the NMDA
receptor are critical for most forms of plasticity and
memory, and, indeed, NMDA antagonists impair ex-
tinction of conditioned fear (Falls et al., 1992; Burgos-
Robles et al., 2007). However, increased NMDA activity
can produce cellular excitotoxicity, making the NMDA
receptor a target for modulation, rather than direct and
persistent activation. In the laboratory of Michael
Davis, Walker et al. (2002) found that administration
of DCS, a drug that is effective in treatment of
tuberculosis, enhanced the consolidation of extinction of
fear-potentiated startle in rats. In addition to its
antibiotic effects, DCS positively modulates the NMDA
receptor through actions at the L-glycine site on the
GluN1 subunit. Soon after the discovery of extinction
enhancement in rats, Ressler et al. (2004) reported
significantly improved outcomes in a study of acropho-
bia symptoms following DCS pairing with exposure
therapy. The proposal that DCS and other cognitive
enhancers could be used to improve extinction of fear
in humans who suffer from anxiety disorders has
profoundly influenced learning and memory research
(Singewald et al., 2015; Maren and Holmes, 2016).
Moreover, several other groups found that DCS admin-
istration enhances the effectiveness of exposure therapy

in patients with social anxiety disorder (Hofmann et al.,
2006), obsessive-compulsive disorder (Kushner et al.,
2007), and panic disorder (Otto et al., 2010).

However, studies of DCS effects on exposure therapy
outcomes in the treatment of PTSD have provided
mixed results (Litz et al., 2012; Rothbaum et al., 2014;
Bowers and Ressler, 2015). One possible explanation
for the failure of DCS is that its cognitive-enhancing
properties may serve to reinforce the negative associa-
tion of reminders of the trauma with the fear response
during unsuccessful exposure therapy sessions. Be-
cause the effectiveness of DCS in treatment of anxiety
disorders appears to be related to the acute effective-
ness of the exposure session prior to which the DCS was
administered (Smits et al., 2013b), current studies are
examining the specific variables associated with DCS
and therapy that will be predictive of successful out-
comes (Smits et al., 2013a; de Kleine et al., 2014). Post-
training DCS following only successful sessions may be
the optimal approach to using DCS to augment the
effects of exposure therapy. Another limitation of DCS
is that it cannot be given chronically due to rapid
tolerance (Quartermain et al., 1994; Singewald et al.,
2015). Difficult-to-treat disorders such as PTSD may
not be well suited for DCS augmentation of exposure
therapy due to the requirement of repeated exposure
therapy sessions. Despite the limitations of DCS as an
adjunct to exposure therapy in the treatment of PTSD,
research investigating cognitive enhancers as adjuncts
to exposure therapy owes its start to the discovery and
translation of DCS enhancement of extinction of condi-
tioned fear in rats.

AMPA receptors are responsible for much of the
postsynaptic current associated with fast excitatory
transmission in the brain, making them a natural
target for pharmacotherapies and cognitive enhance-
ment. As with NMDA receptors, direct activation of the
AMPA receptors for glutamate carries significant risk of
excitoxicity, and, consequently, fewer translational
studies have focused on these receptors with regard to
memory. In recent years, however, the development of a
drug class, often referred to as ampakines, that alloste-
rically modulates activity at these receptors has pro-
vided a potential route for targeting these receptors.
They may provide benefits through two mechanisms.
First, by positively modulating AMPA receptor activity,
these compounds may act as acute cognitive enhancers
(Lynch et al., 2011). Second, by increasing the post-
synaptic response, these compounds can enhance post-
synaptic plasticity mechanisms and thus enhance
memory-basedmechanisms for long-lasting therapeutic
improvement (Lynch et al., 2008).

For example, research using the allosteric AMPA
receptor potentiator 4-[2-(phenylsulphonylamino)-
ethylthio]-2,6-difluorophenoxyacetamide (PEPA) has
found that acute administration of this drug enhances
performance during a water-maze task in rats with
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ischemia-induced memory deficits and selectively en-
hances the extinction of contextual fear conditioning
without affecting the initial acquisition of the fear
conditioning (Sekiguchi et al., 1997; Zushida et al.,
2007). The latter finding appears to be due to a
preferential effect of PEPA on the medial prefrontal
cortex, known to be involved in extinction learning for
fear conditioning, rather than the BLA or hippocampus.
Indeed, PEPA administration into the ventral medial
prefrontal cortex enhances the consolidation of extinc-
tion learning for cocaine-seeking behavior as well and
acutely inhibits cocaine seeking in rats (LaLumiere
et al., 2010, 2012), suggesting the potential for its use in
drug addiction. Although ampakines carry potential,
the clinical research on ampakine compounds has
reported mixed effects (Ingvar et al., 1997; Wezenberg
et al., 2007; Fond et al., 2015), and the amount of
attention devoted to this class of drugs has been rela-
tively low. Moreover, clinical research has frequently
used acute drug administration to look at the drugs’
immediate effects on performance rather than to con-
sider how they may be used to enhance the long-term
consolidation of memories in a therapeutic manner.

G. Vagus Nerve Stimulation

Although epinephrine does not cross the blood-brain
barrier, post-training administration of epinephrine
enhances memory consolidation in both rats (Gold and
Van Buskirk, 1975) and humans (Cahill and Alkire,
2003), an effect most likely mediated by the vagus
nerve. Indeed, the vagus nerve is responsive to exog-
enously administered epinephrine (Miyashita and
Williams, 2006), and electrical stimulation of the vagus
nerve (VNS) increases norepinephrine levels in the
amygdala (Hassert et al., 2004) and enhances memory
in rats (Clark et al., 1995, 1998) and humans (Clark
et al., 1999). Because surgeons can, with relative ease,
access the vagus nerve, these findings suggest a possible
therapeutic use for controlling the vagus nerve in the
alteration of memory consolidation.
In 1997, the Food and Drug Administration approved

the use of chronic VNS as a seizure prevention therapy
in humans, enabling investigation of other uses, in-
cluding influencing memory-related processes and plas-
ticity. Recent research has worked to use control over
the vagus nerve to promote brain plasticity by precisely
timing VNS with training and rehabilitation (Hays,
2016). Work in rats suggests that pairing VNS with
auditory tones remodels the auditory cortex and elim-
inates the behavioral correlate of chronic tinnitus
(Engineer et al., 2011), and that pairing VNS with
exposure to conditioned cues enhances the extinction of
the conditioned fear response (Peña et al., 2013). Thus,
by tapping into the system that evolved to signal the
brain to store memories for emotionally arousing
events, clinical treatments using VNS may amelio-
rate neurologic symptoms and problems resulting

from stroke, brain injury, and even PTSD. Indeed,
evidence indicates that precisely pairing VNS with
skilled reaching and strength training during recov-
ery from stroke or traumatic brain injury significantly
improves performance on these skills (Khodaparast
et al., 2013; Pruitt et al., 2016). Together, the animal
and human research findings are the basis for clinical
trials currently in progress investigating the efficacy
of VNS pairing with rehabilitation in stroke and
tinnitus patients.

X. Conclusion

The present review has brought together several
areas of research, just as those lines of research have
themselves come together in recent years. In partic-
ular, the early studies suggesting that physiological
processesmodulatememory consolidation, combinedwith
those studies focusing on activity-dependent synaptic
plasticity, led to current work attempting to understand
the role of the amygdala in modulating synaptic plastic-
ity and to the identification of treatment targets for a
variety of disorders. Overall, the findings discussed in
this work indicate that a major mechanism influenc-
ing memory consolidation is emotional arousal, which
activates the BLA, leading to sustained influences on
activity and plasticity in a variety of brain regions
downstream of the BLA. In particular, the evidence
presented in this review strongly points to the critical
role of the noradrenergic system in the BLA and other
regions for influencing memory consolidation and plas-
ticity. Current and futureworkwill undoubtedly focus on
the synaptic mechanisms altered by emotional arousal
and BLA activity. Moreover, the emergence of new
techniques for addressing circuit-level questions will
provide additional and better methods to investigate
the influences of the BLA on synaptic plasticity in
specific downstream regions.

These decades of work as well as the ongoing work
in the field have made enormous strides in our un-
derstanding of these memory systems, enabling the
development of potential therapies for memory- and
plasticity-based disorders. Each of the treatment ap-
proaches discussed in this work has taken advantage of
different advances and aspects of the research, leading
to multiple promising therapeutic avenues. In partic-
ular, these treatment approaches use classic pharma-
cotherapy with innovative behavioral paradigms, in
which the treatment is given at a specific time within
the therapy and under specific limited conditions. This
approach may be a necessary and critical component to
successful treatment, as nonspecific exogenous admin-
istration of different drugs or compounds has the
potential to produce a variety of both nonspecific drug
effects and unwanted memory effects (see Fig. 1B).
Therefore, identifying the appropriate cognitive-behavioral
treatment paradigmwill be just as important as identifying
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the appropriate pharmacological treatments in devel-
oping effective combinations in the successful efforts to
ameliorate a variety of disorders.
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