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Abstract
Our memories are not all created equally strong: Some experiences are well remembered while
others are remembered poorly, if at all. Research on memory modulation investigates the
neurobiological processes and systems that contribute to such differences in the strength of our
memories. Extensive evidence from both animal and human research indicates that emotionally
significant experiences activate hormonal and brain systems that regulate the consolidation of
newly acquired memories. These effects are integrated through noradrenergic activation of the
basolateral amygdala which regulates memory consolidation via interactions with many other
brain regions involved in consolidating memories of recent experiences. Modulatory systems not
only influence neurobiological processes underlying the consolidation of new information, but
also affect other mnemonic processes, including memory extinction, memory recall and working
memory. In contrast to their enhancing effects on consolidation, adrenal stress hormones impair
memory retrieval and working memory. Such effects, as with memory consolidation, require
noradrenergic activation of the basolateral amygdala and interactions with other brain regions.
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Over a century ago, William James (1890) asked a critical question that continues to guide
current memory research: “Of some [experiences] no memory survives the instance of their
passage. Of others, it is confined to a few moments, hours or days. Others, again, leave
vestiges that are indestructible, and by means of which they may be recalled as long as life
endures. How can we explain these differences? (James, 1890 p 643).” Understanding the
neurobiological processes and systems that contribute to such differences in the strength of
our memories is the focus of research on memory modulation. Modulatory systems not only
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influence neurobiological processes underlying the consolidation of new information, but
also affect other mnemonic processes, including memory extinction, retrieval and working
memory.

Enhancement of Memory Consolidation
Memory modulation research began with studies of the effects of drugs on learning. In the
first published study of the effect of a drug on learning, Lashley (1917) reported that low
doses of strychnine administered to rats prior to training on a maze enhanced their
performance. Subsequent studies reported additional evidence that strychnine and other
stimulant drugs administered prior to training enhanced performance on tasks that employed
different kinds of motivation and different behavioral responses (McGaugh & Roozendaal,
2009).

Drug studies that use pretraining administration must confront the critical issue of
determining the basis (or bases) of the enhanced performance (McGaugh, 1989). Learning
and memory are, of course, inferred from experience-induced changes in behavior. Thus, the
distinction between learning and performance, originally proposed by Tolman (1932), is
essential for understanding modulatory influences on learning and memory. Findings of
experimentally induced retrograde amnesia (Duncan, 1949; McGaugh 1966; McGaugh &
Herz, 1972) suggested an alternative approach to investigating drug effects on learning and
memory: If memories are susceptible to disruption by treatments applied shortly after
learning (Müller & Pilzecker, 1900), they should also be susceptible to enhancement by
posttraining treatments administered after learning. Posttraining treatments thus provide a
means of distinguishing drug effects on memory from other effects on performance, as the
subjects can be drug-free during both acquisition and retention testing (McGaugh, 1973;
McGaugh & Petrinovich, 1965).

There is now extensive evidence that administration of CNS stimulants enhance memory
when administered shortly after training (McGaugh & Roozendaal, 2009). Such findings
provide strong evidence that the treatments enhance memory by modulating memory
consolidation processes (McGaugh, 2000).

Adrenal Stress Hormone Modulation
The finding that posttraining drug treatments can enhance memory consolidation suggested
the possibility that endogenous processes activated by experiences may serve to regulate the
consolidation of the experiences (McGaugh, 1983; McGaugh & Gold, 1989). Hormones of
the adrenal medulla (epinephrine) and adrenal cortex (cortisol; corticosterone in rodents) are
released during and immediately after emotionally arousing stimulation of the kinds
typically used in training tasks (Aguilar-Valles et al., 2005; Joëls & Baram, 2009; McCarty
& Gold, 1981; McGaugh & Gold, 1989). There is now extensive evidence that these
hormones modulate memory consolidation (Oitzl & de Kloet, 1992; McGaugh &
Roozendaal, 2002; Roozendaal, 2000; Roozendaal, Nguyen, Power & McGaugh, 1996b;
Roozendaal, McEwen & Chattarji, 2009a).

Epinephrine
Gold and van Buskirk (1975, 1978) were the first to report that, in adrenally intact rats,
systemic injections of the adrenomedullary hormone epinephrine enhance long-term
retention of inhibitory avoidance when administered shortly after training (Figure 1).
Comparable effects were obtained in subsequent experiments using many different types of
training tasks commonly used in experiments with rats and mice (Costa-Miserachs, Portell-
Cortes, Aldavert-Vera, Torras-Garcia & Morgado-Bernal, 1994; Introini-Collison &
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McGaugh, 1986; Izquierdo & Dias, 1985; Liang, Julier & McGaugh, 1986; Sternberg et al.,
1985).

As epinephrine does not readily cross the blood-brain barrier (Weil-Malherbe, Axelrod &
Tomchick, 1959), its effects on memory consolidation appear to be initiated, at least in part,
by activation of β-adrenoceptors located in the periphery. This conclusion is supported by
the finding that sotalol, a β-adrenoceptor antagonist that does not readily enter the brain,
blocks the enhancing effects of peripherally administered epinephrine on memory (Introini-
Collison, Saghafi, Novack & McGaugh, 1992). Epinephrine effects are most likely mediated
by activation of β-adrenoceptors located on vagal afferents that project to the nucleus of the
solitary tract (NTS) in the brain stem (Schreurs, Seelig & Schulman, 1986) that sends
noradrenergic projections directly and indirectly, via the locus coeruleus, to forebrain
regions (Ricardo & Koh, 1978; Williams & Clayton, 2001; Williams & Jensen, 1991;
Williams & McGaugh, 1993). Thus, the NTS appears to be an interface between peripheral
adrenergic activation and brain processes regulating memory consolidation. However,
posttraining peripheral administration of β-adrenoceptor agonists that enter the brain,
including dipivefrin and clenbuterol, also enhance memory. Such enhancement is blocked
by the β-adrenoceptor antagonist propranolol that readily enters the brain, but not by the
peripherally acting antagonist sotalol (Introini-Collison et al., 1992).

The finding that posttraining peripheral administration of glucose produces dose- and time-
dependent effects on memory comparable to those produced by epinephrine (Gold, 1986)
suggests that epinephrine may influence memory consolidation, in part, by enhancing
glycogenolysis in the liver (Gold, 1995; Messier & White, 1984, 1987). Doses of
epinephrine and glucose that are optimal for enhancing retention induce comparable levels
of plasma glucose (Hall & Gold, 1986). Glucose readily enters the brain and, thus, can
directly influence brain glucoreceptors (Oomura, Nakano, Lenard, Nishino & Aou, 1988).
The finding that memory is also influenced by peripherally administered fructose, a sugar
that has little influence on the brain, suggests that this sugar as well as glucose may act, at
least in part, at peripheral sites in influencing memory (Messier & White, 1987). In support
of this view, Talley and colleagues (Talley, Clayborn, Jewel, McCarthy & Gold, 2002)
reported that vagotomy blocks the memory-enhancing effects of peripherally administered
L-glucose, an enantiomer of glucose that does not cross the blood-brain barrier.

Glucocorticoids
Adrenocortical hormones released by emotionally arousing stimulation are also involved in
modulating memory consolidation (Bohus, 1994; de Kloet, 1991; Joëls, Pu, Wiegert, Oitzl &
Krugers, 2006; Lupien & McEwen, 1997; McEwen & Sapolsky, 1995; Roozendaal, 2000;
Sandi & Pinelo-Nava, 2007). Posttraining injections of glucocorticoids produce dose- and
time-dependent enhancement of memory (Cottrell & Nakajima, 1977; Okuda, Roozendaal &
McGaugh, 2004; Roozendaal & McGaugh, 1996a; Sandi & Rose, 1994; Zorawski &
Killcross, 2002). Glucocorticoids are highly lipophylic and, thus, readily enter the brain and
bind directly to mineralocorticoid receptors (MRs) and glucocorticoid receptors (GRs) (de
Kloet, 1991; McEwen, Weiss & Schwartz, 1968;). MRs have a high affinity for the natural
steroids corticosterone and aldosterone and are mostly saturated during basal corticosterone
levels whereas GRs become occupied by higher levels of corticosterone (Reul & de Kloet,
1985; Reul, de Kloet, van Sluys, Rijnberk & Rothuizen, 1990; Sutanto & de Kloet, 1987).
The memory-modulating effects of glucocorticoids appear to involve the selective activation
of the low-affinity GRs (Lupien & McEwen, 1997; Oitzl & de Kloet, 1992; Roozendaal,
Portillo-Marquez & McGaugh, 1996b) as blockade of GRs, but not MRs, shortly before or
immediately after training impairs long-term memory. Glucocorticoids are known to act
through intracellular and intranuclear receptors and can affect gene transcription by direct
binding of receptor homodimers to DNA (Beato, Herrlich & Schutz, 1995; Datson, van der
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Perk, de Kloet & Vreugdenhil, 2001) or via protein-protein interactions with other
transcription factors such as Jun or Fos (Heck et al., 1994). However, as discussed below,
glucocorticoids may also act more rapidly by interacting with membrane receptors and/or
potentiating the efficacy of the norepinephrine signal cascade via an interaction with G-
protein-mediated actions (Barsegyan, Mackenzie, Kurose, McGaugh & Roozendaal, 2010;
Dallman, 2005; Joëls, Fernandez & Roozendaal, 2011; Karst, Berger, Erdmann, Schutz &
Joëls, 2010; Roozendaal, Quirarte & McGaugh, 2002a; Tasker, Di & Malcher-Lopes, 2006).

Adrenergic-Glucocorticoid Interactions
Evidence from several kinds of studies indicates that catecholamines and glucocorticoids
released from the adrenal glands interact in influencing neural plasticity and memory
consolidation (Joëls et al., 2011; Pu, Krugers & Joëls, 2009; Roozendaal et al., 2006b).
Glucocorticoids alter the sensitivity of epinephrine in influencing memory consolidation in
adrenalectomized rats (Borrell, de Kloet, Versteeg & Bohus, 1983; Borrell, de Kloet &
Bohus, 1984). Meytrapone, a corticosterone-synthesis inhibitor that reduces the elevation of
circulating corticosterone induced by aversive stimulation, attenuates the memory-enhancing
effects of epinephrine (Roozendaal, Carmi & McGaugh, 1996a). Thus, the synergistic
actions of epinephrine and corticosterone may be essential in mediating stress effects on
memory enhancement.

The studies cited above used emotionally arousing training, such as inhibitory avoidance,
that induces the activation of both corticosterone and epinephrine. To determine whether
adrenergic activation induced by emotional arousal is essential in enabling corticosterone
effects on memory consolidation more recent studies used an object recognition task (Okuda
et al., 2004). Rats were given either extensive habituation to an apparatus, or no prior
habituation, and were then allowed to explore objects in the apparatus. Placing rats in a
novel testing apparatus evokes novelty-induced arousal and prior habituation of rats to the
apparatus reduces the arousal (de Boer, Koopmans, Slangen & van der Gugten, 1990).
Corticosterone administered immediately posttraining to non-habituated rats enhanced their
24-hour memory of the objects. In contrast, in habituated rats posttraining corticosterone did
not enhance retention (Okuda et al., 2004), suggesting that training-associated emotional
arousal may be essential in enabling glucocorticoid effects on memory consolidation.

Adrenergic activation appears to be a critical component of emotional arousal in enabling
glucocorticoid effects on memory consolidation. As is shown in Figure 2, the β-
adrenoceptor antagonist propranolol co-administered with the corticosterone immediately
after object recognition training blocked the corticosterone-induced memory enhancement
(Roozendaal, Okuda, van der Zee & McGaugh, 2006a). Additionally, in habituated rats,
corticosterone administered together with the noradrenergic stimulant yohimbine (an α2-
adrenoceptor antagonist) after object recognition training induced dose-dependent
enhancement of memory (Roozendaal et al., 2006a). These findings strongly suggest that
adrenergic activation is essential in enabling glucocorticoid enhancement of memory
consolidation.

Other Neuromodulatory Systems
Drugs affecting many other neuromodulatory and transmitter systems also influence
memory consolidation (McGaugh, 1989; McGaugh & Gold, 1989). The memory
enhancement induced by stimulant drugs known to act via GABA (picrotoxin, bicuculline)
and catecholamines (amphetamine, clenbuterol) is also induced by opiate receptor
antagonists (Introini & Baratti, 1984; Messing et al., 1979) and muscarinic cholinergic
receptor agonists (Baratti, Introini & Huygens, 1984; Flood, Landry & Jarvik, 1981;
Introini-Collison & McGaugh, 1988; Power, Vazdarjanova & McGaugh, 2003a; Stratton &

Roozendaal and McGaugh Page 4

Behav Neurosci. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Petrinovich, 1963). Drugs and hormones affecting several other systems also enhance
memory consolidation: Corticotropin-releasing factor (CRF) (Roozendaal, Brunson,
Holloway, McGaugh & Baram, 2002b), adrenocorticotropin (Gold & van Buskirk, 1976),
vasopressin (de Wied, 1984), oxytocin (Bohus, 1980), substance P (Huston & Staubli, 1981;
Schlesinger et al., 1986), histamine (da Silva, Bonini, Bevilaqua, Izquierdo & Cammarota,
2006; Passani et al., 2001), cholecystokinin (Flood, Smith & Morley, 1987),
endocannabinoids (Campolongo et al., 2009b) and the fat-induced satiety factor
oleoylethanolamide (OEA) (Campolongo et al., 2009a).

As is discussed below, many neuromodulatory systems affect memory consolidation via
interactions with noradrenergic and muscarinic cholinergic systems within the basolateral
amygdala (BLA). The initial research examining such interactions investigated the effects of
peripherally administered drugs and hormones (McGaugh & Cahill, 1997). Extensive
evidence indicates that opiate and GABAergic influences on memory consolidation are
mediated via adrenergic influences. The finding that the β-adrenoceptor antagonist
propranolol blocks the memory-enhancing effects of the opiate receptor antagonist naloxone
(Izquierdo & Graudenz, 1980) is consistent with evidence that opiates regulate the release of
norepinephrine in the brain (Arbilla & Langer, 1978; Nakamura, Tepper, Young, Ling &
Groves, 1982). Further, the β-adrenoceptor agonist clenbuterol blocks the memory
impairment induced by the GABAergic agonist muscimol (Introini-Collison, Castellano &
McGaugh, 1994). Such findings are consistent with the hypothesis that opioids and GABA
impair memory by decreasing norepinephrine release in the brain (Hatfield, Spanis &
McGaugh, 1999; Quirarte, Galvez, Roozendaal & McGaugh, 1998).

There is also extensive evidence that muscarinic cholinergic activation is essential for
norepinephrine-induced memory enhancement. As systemic injections of the muscarinic
cholinergic receptor antagonist atropine attenuate the memory-enhancing effects of the β-
adrenoceptor agonist clenbuterol as well as that of epinephrine (Introini-Collison & Baratti,
1992; Introini-Collison & McGaugh, 1988), cholinergic influences on memory consolidation
appear to act at a site or sites downstream from adrenergic activation.

Involvement of the Amygdala
Noradrenergic Influences in the Basolateral Amygdala

Findings of experiments by Kesner and Ellis (Ellis & Kesner, 1981; Kesner & Ellis, 1983)
and Gallagher and colleagues (Gallagher, Kapp, Pascoe & Rapp,1981) were the first to
suggest that neuromodulatory systems in the amygdala are involved in influencing memory
consolidation. β-Adrenoceptor antagonists infused into the amygdala posttraining impaired
memory and concurrent infusion of norepinephrine blocked the memory impairment
(Gallagher et al., 1981). Other early findings indicated that, as is found with systemic
administration, posttraining intra-amygdala infusions of opioid peptidergic agonists and
antagonists impaired and enhanced memory, respectively (Izquierdo & Graudenz, 1980;
Messing et al., 1979). More recent findings indicate that the basolateral amygdala (BLA) is
selectively involved in such memory-modulatory influences: The adjacent central nucleus
does not appear to play a significant role (Campolongo et al., 2009b; Da Cunha,
Roozendaal, Vazdarjanova & McGaugh, 1999; McGaugh, Ferry, Vazdarjanova &
Roozendaal, 2000; Parent & McGaugh, 1994; Roozendaal & McGaugh, 1996a, 1997a;
Tomaz, Dickinson-Anson & McGaugh, 1992). Thus, the effects of relatively large intra-
amygdala drug infusion volumes typically used in most early studies as well as many recent
studies are likely due selectively to influences on BLA activity. Moreover, findings
indicating that posttraining intra-amygdala infusions of drugs influence memory tested 24
hours or longer after the training, but do not affect memory tested within a few hours after
training, provide strong evidence that the treatments selectively affect the consolidation of
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long-term memory (Barros et al., 2002; Bianchin, Mello e Souza, Medina & Izquierdo,
1999; Schafe & LeDoux, 2000).

Other early findings also suggested that the amygdala may be a critical site mediating
adrenergic influences on memory consolidation. Adrenal demedullation or posttraining
administration of epinephrine alters the memory-modulating effects of electrical stimulation
of the amygdala (Liang et al., 1985) and lesions of either the amygdala or the stria
terminalis, an important amygdala input-output pathway, block epinephrine effects on
memory consolidation (Cahill & McGaugh, 1991; Liang & McGaugh, 1983). Early studies
also reported evidence that epinephrine induces the release of norepinephrine in the brain
(Gold & van Buskirk, 1978). The finding that posttraining intra-amygdala infusions of the β-
adrenoceptor antagonist propranolol block epinephrine effects on memory consolidation
(Liang et al., 1986) provided the first evidence suggesting that epinephrine effects on
memory are mediated specifically by noradrenergic activation within the amygdala. In
support of this implication, many subsequent studies found that posttraining infusions of
norepinephrine or the β-adrenoceptor agonist clenbuterol into the amygdala (or selectively
into the BLA) enhance memory consolidation (Bianchin et al., 1999; Ferry & McGaugh,
1999; Hatfield & McGaugh, 1999; Huff, Wright-Hardesty, Higgins, Matus-Amat & Rudy,
2005; Introini-Collison, Miyazaki & McGaugh, 2003; Introini-Collison, Dalmaz &
McGuagh, 1996; Izquierdo et al., 1992; LaLumiere, Buen & McGaugh, 2003; LaLumiere,
Nawar & McGaugh, 2005; Liang et al., 1986; Liang, McGaugh & Yao, 1990; Liang, Chen
& Huang, 1995; Roozendaal, Castello, Vedana, Barsegyan & McGaugh, 2008b).
Furthermore, posttraining intra-amygdala infusions of β-adrenoceptor antagonists impair
retention when administered alone and block the memory-enhancing effects of
norepinephrine co-administered (Liang et al., 1986; Liang et al., 1995; Roozendaal et al.,
2008b; Salinas & McGaugh, 1995).

In addition to β-adrenoceptor influences, α-adrenoceptor activation in the BLA also
modulates memory consolidation. Intra-BLA infusions of the α1-adrenoceptor antagonist
prazosin impair inhibitory avoidance memory whereas infusions of the non-selective α-
adrenoceptor agonist phenylephrine, administered together with yohimbine (an α2-
adrenoceptor antagonist), enhance retention (Ferry, Roozendaal & McGaugh, 1999a).
Additionally, posttraining infusions of the selective α2-adrenoceptor antagonist idazoxan
also enhance memory consolidation and the selective α2-adrenoceptor agonist UK 14,304
impairs memory (Ferry & McGaugh, 2008). The α1-adrenoceptor-induced memory
enhancement most likely involves an interaction with β-adrenoceptors, as posttraining intra-
BLA infusions of the β-adrenoceptor antagonist atenolol block the memory enhancement
produced by activation of α1-adrenoceptors. Evidence that posttraining intra-amygdala
infusions of the synthetic cAMP analog 8-bromo-cAMP enhance retention (Liang et al.,
1995) is consistent with the hypothesis that activation of β-adrenoceptors modulates memory
via a direct coupling to adenylate cyclase. Thus, the finding that intra-BLA infusions of the
α1-adrenoceptor antagonist prazosin do not prevent the memory enhancement induced by
concurrently infused 8-bromo-cAMP suggests that the memory-enhancing effects of α1-
adrenoceptor activation are mediated by an interaction with β-adrenoceptors upstream from
cAMP, probably at the G-protein level (Ferry, Roozendaal & McGaugh, 1999b).

Noradrenergic activity within the BLA is also involved in mediating GABAergic and opioid
peptidergic influences on memory consolidation (Roozendaal, 2007). Intra-BLA infusions of
the GABAergic receptor antagonists bicuculline and picrotoxin enhance memory
consolidation whereas GABAergic receptor agonists impair memory (e.g. Bianchin et al.,
1999; Brioni, Nagahara & McGaugh, 1989; Huff et al., 2005; Izquierdo et al., 1992;
Wilensky, Schafe & LeDoux, 2000). Similarly, posttraining infusions of the opioid
peptidergic antagonist naloxone enhance memory and opioid peptidergic agonists impair

Roozendaal and McGaugh Page 6

Behav Neurosci. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



memory (Introini-Collison, Arai & McGaugh, 1989; McGaugh, Introini-Collison &
Nagahara, 1988). β-Adrenoceptor antagonists infused into the amygdala block the memory-
enhancing effects of bicuculline or naloxone infused concurrently (Introini-Collison et al.,
1989; McGaugh et al., 1988, 1990). Raggozino and Gold (1994) reported that posttraining
intra-amygdala infusions of glucose block the memory impairment induced by the opiate
drug morphine. However, such glucose infusions do not attenuate the memory impairment
induced by propranolol (Lennartz, Hellems, Mook & Gold, 1996; McNay & Gold, 1998).
Thus, glucose effects do not appear to act either via adrenergic activation within the
amygdala or at sites downstream of adrenergic activation within the amygdala.

Noradrenergic activation within the BLA is also involved in the memory-modulatory effects
of many other treatments. Intra-BLA infusions of β-adrenoceptor antagonists block the
memory enhancement induced by oleoylethanolamide (OEA) (Campolongo et al., 2009a) as
well as CRF (Roozendaal, Schelling & McGaugh, 2008a) and orphanin FQ/nociceptin
(OFQ/N) (Roozendaal, Lengvilas, McGaugh, Civelli & Reinscheid, 2007). Posttraining
intra-BLA infusions of CRF enhance memory (Liang & Lee, 1988) and a CRF receptor
antagonist impairs memory (Roozendaal et al., 2002b). In contrast, posttraining intra-BLA
infusions of OFQ/N impair retention and an OFQ/N receptor antagonist enhances retention
(Roozendaal et al., 2007). The β-adrenoceptor antagonist atenolol infused into the BLA
blocks the memory-enhancing effect of both CRF and the OFQ/N receptor antagonist,
whereas it potentiates the memory-impairing effect of OFQ/N administered concurrently
(Roozendaal et al., 2007, 2008a).

Other studies have implicated the BLA in the memory-modulatory effects of bombesin
(gastrin-releasing peptide). Posttraining intra-BLA infusions of the bombesin receptor
antagonist RC-3095 impair memory of inhibitory avoidance (Roesler et al., 2004), whereas
temporary inactivation of the BLA blocks the memory-modulatory effects of systemically
administered bombesin or its antagonist (Rashidy-Pour & Razvani, 1998; Roesler et al.,
2004). Furthermore, the finding that bombesin infused into the NTS also modulates memory
consolidation (Williams & McGaugh, 1994) and that inactivation of the NTS blocks the
effects of peripherally administered bombesin (Rashidy-Pour & Razvani, 1998) suggests
that noradrenergic activity may be essential in mediating the effects of bombesin on memory
consolidation

The extensive evidence that adrenoceptor activation within the amygdala modulates memory
consolidation suggests that: 1) Emotionally arousing learning experiences should induce the
release of norepinephrine within the amygdala and 2) Drugs and hormones that enhance
memory consolidation should increase the release of norepinephrine. As is shown in Table
1, findings of studies using in vivo microdialysis and HPLC to measure on-going changes in
norepinephrine levels in the amygdala strongly support these implications. Footshock
stimulation comparable to that used for inhibitory avoidance training, the task used in many
studies discussed above, significantly increases amygdala norepinephrine release (Galvez,
Mesches & McGaugh, 1996; Quirarte et al., 1998). Moreover, drugs and hormones that
enhance memory consolidation potentiate footshock-induced increases in norepinephrine
levels in the amygdala and drugs that impair consolidation decrease amygdala
norepinephrine levels (Hatfield et al. 1999; Kawahara, Hesselink, van Scharrenburg &
Westerink, 2004; Quirarte et al., 1998; Williams, Men, Clayton & Gold, 1998;). Further,
stimulation of the vagus nerve or the NTS increases norepinephrine levels in the amygdala
and enhances memory consolidation (Clayton & Williams, 2000, Hassert, Miyashita &
Williams, 2004). McIntyre et al. (McIntyre, Hatfield & McGaugh, 2002) found that
norepinephrine levels in the amygdala increased significantly after inhibitory avoidance
training. Additionally, and importantly, the retention performance of individual animals
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tested the following day correlated highly with levels of amygdala norepinephrine induced
by the training (Figure 3).

Experiments investigating the role of amygdala norepinephrine in modulating memory
consolidiation have generally used arousing training conditions that induce the release of
high levels of norepinephrine in the amygdala. However, recent findings indicate that
posttraining noradrenergic activation of the BLA enhances memory of a low-arousing
training experience that otherwise would not induce strong memory (Roozendaal et al.,
2008b). Rats received intra-BLA infusions of norepinephrine after training in an object
recognition task. Prior studies (Okuda et al., 2004) indicated that brief (3 min) exposure to
two identical objects would not produce significant 24-hour memory. Importantly, rats given
posttraining intra-BLA infusions of norepinephrine after such brief training had enhanced
memory on a 24-hour test. Thus, these findings indicate that in the absence of high arousal,
noradrenergic activation of the BLA is sufficient to enhance memory consolidation. Rats
given longer training exposure (10 min) displayed memory of the objects on the 24 hour test
and post-training intra-BLA infusions of propranolol impaired this memory.

Glucocorticoid Influences in the Basolateral Amygdala
There is extensive evidence that glucocorticoids also affect memory consolidation through
influences involving the BLA. The effects of glucocorticoids on memory for inhibitory
avoidance training are highly similar to those of epinephrine. Lesions of the BLA or stria
terminalis block the memory-enhancing effects of posttraining systemic injections of the
synthetic glucocorticoid dexamethasone (Roozendaal & McGaugh, 1996a, 1996b).
Furthermore, either systemic or intra-BLA infusions of glucocorticoids modulate memory
consolidation (Roozendaal & McGaugh, 1996a, 1997a) and, as with effects of epinephrine,
such modulation requires noradrenergic activation within the amygdala. A β-adrenoceptor
antagonist infused into the BLA postraining blocks the memory-enhancing effects of
systemic injections of dexamethasone and corticosterone as well as the effects of the GR
agonist RU 28362 infused into the BLA concurrently (Roozendaal et al., 2002a, 2006a,
2006b; Quirarte, Roozendaal & McGaugh, 1997). Moreover, electrophysiologial evidence
indicates that glucocorticoids increase the excitability of BLA neurons (Duvarci & Paré,
2007).

As discussed above, studies investigating the effects of glucocorticoids administered
systemically after object recognition training found that, in naïve (i.e., emotionally aroused)
rats, propranolol blocked the corticosterone-induced memory enhancement and that in
habituated (i.e., less emotionally aroused) rats corticosterone enhanced memory only when
norepinephrine release was stimulated by yohimbine (Roozendaal et al., 2006a). A
subsequent experiment (Roozendaal et al., 2006a) found that, in naive rats, intra-BLA
infusions of a β-adrenoceptor antagonist blocked the enhancing effects of systemically
administered corticosterone on object recognition memory. Further, in habituated rats,
corticosterone activated BLA neurons, as assessed by phosphorylated cAMP response-
element binding (pCREB) immunoreactivity levels, only in animals also given yohimbine.
These findings provide strong evidence that the BLA is a critical locus of the synergistic
actions of glucocorticoids and emotional arousal-induced noradrenergic activation in
influencing memory consolidation.

Findings of studies investigating the mechanism of glucocorticoid interactions with the
noradrenergic system suggest that activation of GRs in the BLA may facilitate memory
consolidation by potentiating the norepinephrine-induced signaling cascade through an
interaction with G-protein-mediated effects. The enhancement of memory for inhibitory
avoidance training induced by posttraining intra-BLA infusions of the GR agonist RU 28362
is blocked by concurrent infusion of Rp-cAMPS, a drug that inhibits protein kinase A
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activity and thus blocks the norepinephrine signaling cascade (Roozendaal et al., 2002a).
Moreover, intra-BLA infusions of the GR antagonist RU 38486 attenuate the memory-
enhancing effects of the β-adrenoceptor agonist clenbuterol infused concurrently such that a
much higher dose of clenbuterol (100 ng vs 1 ng) is required to induce memory
enhancement (Roozendaal et al., 2002a).

As was found with epinephrine, glucocorticoid effects on memory consolidation also appear
to involve brain stem nuclei, including the NTS, that send noradrenergic projections to the
BLA. A GR antagonist infused into the NTS attenuates the memory-enhancing effects of
systemically administered dexamethasone (Roozendaal, Williams & McGaugh, 1999a).
Moreover, the finding that posttraining infusions of RU 28362 into the NTS enhance
inhibitory avoidance retention and that intra-BLA infusions of a β-adrenoceptor antagonist
block the enhancement (Roozendaal et al., 1999a) provides additional evidence that the NTS
influence on memory consolidation involves noradrenergic activation of the BLA (Clayton
& Williams, 2000; Miyashita & Williams 2002; Williams et al., 1998; Williams, Men &
Clayton, 2000). The findings of a recent in vivo microdialysis experiment suggest that
glucocorticoids facilitate the training-induced release of norepinephrine in the amygdala
(McReynolds et al., 2010). Corticosterone administered immediately after inhibitory
avoidance training increased amygdala norepinephrine levels whereas corticosterone
administered to non-aroused control animals did not affect norepinephrine levels in the
amygdala. Interestingly, as norepinephrine levels in the amygdala were elevated within 15
min after the corticosterone administration, these effects are compatible with rapid
nongenomic effect of glucocorticoids. Other recent studies suggest that such rapid effects of
glucocorticoids on the release of norepinephrine in the BLA might depend on
endocannabinoid signaling (Campolongo et al., 2009b; Hill & McEwen, 2009).

Cholinergic influences in the Basolateral Amygdala
There is extensive evidence that posttraining intra-amygdala infusions of muscarinic
cholinergic receptor agonists and antagonists enhance and impair, respectively, memory for
many kinds of training, including inhibitory avoidance, Pavlovian fear conditioning,
conditioned place preference and change in reward magnitude (Introini-Collison et al., l996;
LaLumiere, Nguyen & McGaugh, 2004; Passani et al., 2001; Power & McGaugh, 2002;
Power et al., 2003a; Power, McIntyre, Litmanovich & McGaugh, 2003b; Salinas, Introini-
Collison, Dalmaz & McGaugh, 1997; Schroeder & Packard, 2002; Vazdarjanova &
McGaugh, 1999). Further, lesions of the nucleus basalis, the major source of cholinergic
innervation of the BLA, impair inhibitory avoidance retention and posttraining intra-BLA
infusions of either oxotremorine or the acetylcholinesterase inhibitor physostigmine
attenuate the memory impairment (Power & McGaugh, 2002).

Cholinergic activation in the BLA appears to act downstream from adrenergic activation in
modulating memory consolidation. A β-adrenoceptor antagonist does not block the memory-
enhancing effect of intra-amygdala infusions of oxotremorine. However, a low and
otherwise ineffective dose of the muscarinic cholinergic receptor antagonist atropine blocks
the memory enhancement induced by intra-amygdala infusions of clenbuterol (Dalmaz,
Introini-Collison & McGaugh, 1993; Salinas et al., 1997). Cholinergic activation within the
BLA is critical for enabling glucocorticoid as well as dopamine enhancement of memory
consolidation. Atropine infused into the BLA blocks the memory-enhancing effects of RU
28362 or dopamine infused concurrently as well as the effects of systemically administered
dexamethasone (LaLumiere et al., 2004; Power, Roozendaal & McGaugh, 2000).
Conversely, cholinergic activation within the BLA affecting memory also appears to require
concurrent interaction with dopamine as dopamine receptor antagonists block the memory-
enhancing effects of posttraining intra-BLA infusions of oxotremorine (LaLumiere et al.,
2004).
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Figure 4 summarizes some of the neuromodulatory interactions within the BLA involved in
regulating memory consolidation.

Involvement of the Amygdala in Modulating Memory Extinction
Extinction learning, learning that cues that previously predicted aversive or appetitive
consequences no longer predict such consequences, is regulated by the same
neuromodulatory systems that regulate original learning. An early study found that
posttraining peripheral administration of the GABAergic antagonist picrotoxin enhances the
extinction of cued fear conditioning (McGaugh et al., 1990). More recent findings indicate
that posttraining intra-BLA infusions of the GABAergic antagonist bicuculline as well as
norepinephrine enhance extinction of contextual fear conditioning (Berlau & McGaugh,
2006). Further propranolol, infused into the BLA, blocks bicuculline induced enhancement
of memory consolidation. And, the GABAergic agonist muscimol infused into the BLA
together with norepinephrine posttraining does not block the enhanced extinction induced by
norepinephrine. Thus, these findings provide additional evidence that norepinephrine effects
within the BLA act downstream from GABAergic influences (Introini-Collison et al., 1994;
McGaugh & Cahill, 1997).

Intra-BLA infusions of the NMDA partial agonist d-cycloserine administered either pre- or
post-extinction also enhance extinction of fear conditioning (Ledgerwood, Richardson &
Cranney, 2003, 2005; Walker, Ressler, Lu & Davis, 2002). Furthermore, infusions of d-
cycloserine block the impairing effects of concurrent administration of the GABAergic
agonist muscimol on the consolidation of extinction memory (Akirav, 2007).
Dexamethasone administered systemically after extinction training or intra-amygdally prior
to extinction enhanced extinction of fear-potentiated startle (Yang, Chao & Lu, 2006). Other
studies have reported that the BLA modulates the extinction of conditioned place preference.
Glucose or oxotremorine infused into the BLA immediately after extinction training enhance
the extinction of amphetamine-induced place preference (Schroeder & Packard, 2003;
Schroeder & Packard, 2004).

Amygdala Interactions With Other Brain Regions
As discussed above, many of the experiments investigating BLA involvement in memory
consolidation have used inhibitory avoidance training and testing (Izquierdo et al., 1997;
McGaugh & Izquierdo, 2000; McGaugh, Ferry, Vazdarjanova & McGaugh, 2000; Parent &
McGaugh, 1994; Wilensky et al., 2000). However, comparable effects of posttraining
amygdala treatments have been obtained with many different kinds of training tasks,
including contextual fear conditioning (LaLumiere et al., 2003; Sacchetti, Lorenzini, Baldi,
Tassoni & Bucherelli, 1999; Vazdarjanova & McGaugh, 1999;), cued fear conditioning (Hui
et al., 2004; Roozendaal et al., 2006b; Sacchetti et al., 1999; Schafe & LeDoux, 2000), Y-
maze discrimination training (McGaugh et al., 1988), change in reward magnitude (Salinas
et al., 1997), conditioned place preference (Hsu, Schroeder & Packard, 2002; Schroeder &
Packard, 2003, 2004), radial-arm maze appetitive training (Packard & Chen, 1999), water-
maze spatial and cued training (Packard & Teather, 1998; Packard, Cahill & McGaugh,
1994), conditioned taste aversion (Miranda, LaLumiere, Buen, Bermudez-Rattoni &
McGaugh, 2003; Miranda, Quirarte, Rodriguez-Garcia, McGaugh & Roozendaal, 2008),
olfactory training (Kilpatrick & Cahill, 2003), object recognition (Roozendaal et al., 2006a),
extinction of contextual fear conditioning (Berlau & McGaugh, 2006) and extinction of
conditioned reward (Schroeder & Packard, 2003).

As these different training experiences are known to engage different brain systems (Gold,
2004; Izquierdo et al., 1997; McGaugh, 2002; Packard & Cahill, 2001; Packard &
Knowlton, 2002; Quillfeldt et al., 1996; Zanatta et al., 1996), the BLA-induced modulation
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no doubt involves influences on processing occurring in these different brain regions. This
implication is supported by the finding that training known to involve the amygdala (e.g.,
Pavlovian fear conditioning) induces the expression of several transcriptionally regulated
genes implicated in synaptic plasticity in many brain areas, including the hippocampus,
striatum and cortex, as well as the amygdala (Ressler, Paschall, Zhou & Davis, 2002). These
effects appear to be involved in memory consolidation and not due to non-specific effects of
stress or arousal, as they were found only when the stimuli used in the training induced
learning.

Interactions with the Caudate Nucleus, Hippocampus and Nucleus Accumbens
The amygdala projects directly to the caudate nucleus (via the stria terminalis) and both
directly and indirectly to the hippocampus (Petrovich, Canteras & Swanson, 2001; Pitkänen,
2000). The evidence that stria terminalis lesions block the memory-enhancing effects of
oxotremorine infused posttraining into the caudate nucleus indicates that efferents from the
amygdala influence memory processing involving the caudate nucleus (Packard, Introini-
Collison & McGaugh, 1996). Considerable evidence indicates that the caudate nucleus and
hippocampus are involved in different aspects of memory (e.g. McDonald & White, 1993;
Packard & Cahill, 2001; Packard & McGaugh, 1992, 1996). Packard and colleagues
(Packard & Teather, 1998; Packard et al., 1994) found that amphetamine infused
posttraining into the caudate nucleus selectively enhanced memory of visually cued water-
maze training whereas infusions administered into the dorsal hippocampus selectively
enhanced memory of spatial training. In contrast, amphetamine infused into the amygdala
posttraining enhanced both cued and place memory. Inactivation of the hippocampus (with
lidocaine) prior to testing blocked retention of the spatial training whereas inactivation of the
caudate nucleus blocked retention of the visually cued training. In contrast, inactivation of
the amygdala prior to retention testing did not block memory of either kind of training.
Thus, the amygdala modulates the consolidation of both caudate nucleus-dependent and
hippocampus-dependent memory but is not a critical locus of memory for either type of
training.

In fear conditioning tasks, including inhibitory avoidance, that are typically used in memory
modulation studies the rats learn that footshock occurs in a specific context. Such
information can be learned if rats are first exposed to the context and then, on a subsequent
day, given a brief footshock. As is shown in Figure 5, infusions of oxotremorine
administered into the hippocampus after context exposure enhanced the subsequent
conditioning but infusions administered after the footshock training were ineffective (Malin
& McGaugh, 2006). In contrast, oxotremorine infused into the rostral anterior cingulate
cortex selectively enhanced memory when administered after the footshock. Oxotremorine
infused into the BLA enhanced retention when administered after either the context or
footshock training. These findings provide additional evidence that amygdala influences on
memory consolidation are not restricted to specific kinds of information.

Studies of the effects of posttraining intra-amygdala infusions of a GR agonist provide
additional evidence of BLA-hippocampus interactions in memory consolidation. As is
shown in Figure 6, unilateral posttraining intra-hippocampal infusions of the specific GR
agonist RU 28362 enhance rats’ retention of inhibitory avoidance training and the
enhancement is blocked selectively by ipsilateral infusions of a β-adrenoceptor antagonist
into the BLA. Lesions of the BLA, stria terminalis or nucleus accumbens also block the
enhancement induced by GR activation in the hippocampus (Roozendaal & McGaugh,
1997b; Roozendaal et al., 1999b; Roozendaal, de Quervain, Ferry, Setlow & McGaugh,
2001). The BLA projects to the nucleus accumbens primarily via the stria terminalis (Kelley,
Domesick & Nauta, 1982; Wright, Beijer & Groenewegen, 1996). The possible involvement
of the BLA-stria terminalis-nucleus accumbens pathway in modulating memory
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consolidation was suggested by the finding that lesions of the nucleus accumbens, like
lesions of the BLA, block the memory-enhancing effects of systemically administered
dexamethasone (Roozendaal & McGaugh, 1996a; Setlow, Roozendaal & McGaugh, 2000).
Furthermore, the finding that unilateral lesions of the BLA combined with contralateral
(unilateral) lesions of the nucleus accumbens also blocked the dexamethasone effect
strongly indicates that these two structures interact via the stria terminalis in influencing
memory consolidation (Setlow et al., 2000). The finding (LaLumiere et al., 2005) that
infusions of a dopamine receptor antagonist selectively into the nucleus accumbens shell
block the memory enhancement induced by intra-BLA infusions of dopamine provides
further evidence of BLA-nucleus accumbens interactions in modulating memory
consolidation. Conversely, a dopamine receptor antagonist infused into the BLA blocks the
memory enhancement induced by dopamine infused into the nucleus accumbens shell
posttraining (Figure 7). As the hippocampus is known to project to the nucleus accumbens,
that region may be a critical locus of converging BLA and hippocampal modulatory
influences on memory consolidation (Mulder, Hodenpijl & Lopes da Silva,, 1998). The
finding that inactivation of the nucleus accumbens with infusions of bupivacaine prior to
training blocks the acquisition of contextual fear conditioning provides evidence consistent
with this hypothesis (Haralambous & Westbrook, 1999).

Noradrenergic stimulation of the BLA that enhances memory consolidation also increases
dorsal hippocampal levels of activity-regulated cytoskeletal protein (Arc) (McIntyre et al.,
2005), an immediate-early gene implicated in hippocampal synaptic plasticity and memory
consolidation processes (Guzowski et al., 2000). Additionally, inactivation of the BLA with
infusions of lidocaine impairs memory consolidation and decreases Arc protein levels in the
dorsal hippocampus (McIntyre et al., 2005). The finding that intra-BLA infusions of
muscimol attenuate the increase in Arc mRNA induced by contextual fear conditioning
provides further evidence that the BLA modulates memory consolidation via regulation of
Arc expression in the hippocampus (Huff et al., 2006).

Studies of BLA influences on hippocampal neuroplasticity provide additional important
evidence of amygdala-hippocampal interactions (Abe, 2001). Electrical stimulation of the
BLA enhances the induction of long-term potentiation (LTP) in the dentate gyrus of the
hippocampus (Akirav & Richter-Levin, 1999; Almaguer-Melian, Martinez-Marti, Frey &
Bergado, 2003; Frey, Bergado-Rosado, Seidenbecher, Pape & Frey, 2001; Ikegaya, Saito &
Abe, 1995b), but appear to block LTP in the CA1 region of the hippocampus (Vouimba &
Richter-Levin, 2005). Also, selective lesions of the BLA or infusions of a β-adrenoceptor
antagonist into the BLA block the induction of LTP in the dentate gyrus (Ikegaya, Saito &
Abe, 1994, 1995a; Ikegaya, Saito, Abe & Nakanishi, 1997). Norepinephrine and
corticosterone both influence the effects of BLA stimulation on dentate gyrus LTP (Akirav
& Richter-Levin, 2002; Vouimba, Yaniv & Richter-Levin, 2007). Recent findings indicate
that electrical stimulation of the BLA also enhances LTP at cortical synapses onto striatal
neurons (Popescu, Saghyan & Paré, 2007) and that coherent gamma oscillations couple the
BLA and striatum during learning (Popescu, Popa & Paré, 2009). Such findings fit well with
the evidence that amygdala activation enhances consolidation of striatal-dependent memory
(Packard & Teather, 1998; Packard et al., 1994).

Pavlovian fear conditioning induces an increase in synchronization of theta-frequency
activity in the lateral amygdala and CA1 region of the hippocampus (Pape, Narayanan,
Smid, Stork & Seidenbecher, 2005). Such findings strongly suggest that activation of an
amygdala-hippocampus circuit is involved in fear-based learning. Studies of synchronized
oscillatory activity occurring within the BLA suggest that such activity may facilitate
temporal lobe as well as neocortical processes involved in consolidating explicit or
declarative memory (Paré, 2003; Pelletier & Paré, 2004). The firing of cells in the BLA of
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cats is increased greatly by a single footshock and the increased firing lasts for at least two
hours (Pelletier, Likhtik, Filali & Paré, 2005). Such increased firing may serve to modulate
memory processing in efferent brain regions, including the entorhinal cortex and
hippocampus (McGaugh, 2005; Paré, Collins & Pelletier, 2002; Pelletier & Paré, 2004;
Tully & Bolshakov, 2010).

Basolateral Amygdala-Cortical Interactions
Findings of several studies indicate that the BLA also modulates cortical functioning
involved in memory consolidation. Neurons within the BLA project directly to the
entorhinal cortex (Paré & Gaudreau, 1996; Paré, Dong & Gaudreau, 1995; Petrovich et al.,
2001; Pikkarainen, Ronko, Savander, Insausti & Pitkanen, 1999). Memory enhancement
induced by posttraining drug infusions administered into the entorhinal cortex (Izquierdo &
Medina, 1997) requires a functioning BLA, as lesions of the BLA prevent the memory
enhancement induced by 8-bromo-cAMP infused posttraining into the entorhinal cortex
(Roesler, Roozendaal & McGaugh, 2002). BLA lesions or blocking of β-adrenoceptors in
the BLA also prevent the memory-enhancing effects of 8-bromo-cAMP infused posttraining
into the insular cortex (Miranda & McGaugh, 2004) and of oxotremorine infused into the
rostral anterior cingulate cortex (Malin, Ibrahim, Tu & McGaugh, 2007). Additionally,
cortical functioning is essential for BLA memory-modulatory effects. Lesions of the rostral
anterior cingulate cortex block the memory-enhancing effects of oxotremorine infused
posttraining into the BLA (Malin et al., 2007). However, the rostral anterior cingulate cortex
and the BLA serve quite different functions in memory. As discussed above, the anterior
cingulate cortex appears to play a somewhat selective role in memory for nociceptive
information whereas the BLA is not dedicated to the selective modulation of any specific
kind of information (Malin & McGaugh, 2006; McGaugh, 2002; Packard et al., 1994).

There is aloso evidence indicating that the BLA and the medial prefrontal cortex interact in
regulating memory consolidation. Inactivation of the medial prefrontal cortex with the
AMPA receptor antagonist CNQX impairs consolidation of inhibitory avoidance memory
(Liang, Hu & Chang, 1996). In contrast, activation of noradrenergic and dopaminergic
mechanisms in the medial prefrontal cortex enhances consolidation of inhibitory avoidance
and trace fear conditioning (Liang, 2001; Runyan & Dash, 2004). A GR agonist infused into
the medial prefrontal cortex induces similar memory enhancement (Roozendaal et al.,
2009b). However, lesions of the BLA block the GR agonist-induced memory enhancement.
Furthermore, consistent with the evidence of reciprocal inhibitory influences between both
brain regions (McDonald, 1991; Rosenkranz & Grace, 2002; Perez-Jaranay & Vives, 1991),
infusions of RU 28362 into the medial prefrontal cortex after inhibitory avoidance training
increases BLA activity, as assessed with phosphorylation of extracellular signal-regulated
kinase type 1 and 2 (Erk1/2), a member of the mitogen-activated protein kinase family
(Roozendaal et al., 2009b). Further, blockade of this increase in phosphorylated Erk1/2
levels in the BLA with the MEK inhibitor PD98059 blocks the memory enhancement
induced by medial prefrontal cortex GR agonist infusions. Interestingly, infusions of a GR
agonist into the BLA induce a similar increase in phosphorylated Erk1/2 activity in the
medial prefrontal cortex, suggesting mutual interactions between both brain regions in
regulating memory consolidation.

The BLA also influences cortical functioning, at least in part, via its projection through the
stria terminalis (Price, 1981) to the nucleus basalis, which provides cholinergic activation of
the cortex. Several findings suggest that the nucleus basalis-cortical projections may be
essential for learning-induced cortical plasticity (Miasnikov, McLin & Weinberger, 2001;
Miasnikov, Chen & Weinberger, 2006; Weinberger, 2003). Stimulation of the BLA activates
the cortex, as indicated by EEG desynchronization, and potentiates nucleus basalis
influences on cortical activation. Moreover, inactivation of the nucleus basalis with
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lidocaine blocks the BLA effects on cortical activation (Dringenberg & Vanderwolf, 1996;
Dringenberg, Saber & Cahill, 2001). Thus, the BLA may influence cortical functioning in
memory consolidation, at least in part, through its effects on the nucleus basalis and
consequent cholinergic activation of the cortex. In support of this suggestion, Power et al.
(Power, Thal & McGaugh, 2002) reported that selective lesions of cortical nucleus basalis
corticopetal cholinergic projections induced by 192-IgG saporin blocked the dose-dependent
enhancement of inhibitory avoidance induced by posttraining intra-BLA infusions of
norepinephrine (Figure 8). Thus, it is clear that cortical cholinergic activity is required for
BLA influences on memory consolidation.

BLA activation also directly influences the consolidation of cortical plasticity. It is well
established that stimuli that acquire importance gain increased representation in the cortex.
Auditory training shifts the tuning of neurons in the primary auditory cortex to the frequency
of the conditioning stimulus and increases in the significance of the stimulus importance
increase the area of representational gain (Weinberger, 2004). Moreover, and importantly,
repeated pairing of a tone with BLA stimulation induces specific tuning shifts of auditory
receptive fields toward that of the CS (Chavez, McGaugh & Weinberger, 2009). This
evidence that BLA activation induces highly specific and enduring learning-related
modifications of stimulus representations in the cortex provides additional evidence that the
BLA influences on memory involve interactions with other brain regions, including the
cortex.

Figure 9 summarizes the interaction of the BLA with other systems in regulating memory
consolidation.

Amygdala Activity and Modulation of Human Memory Consolidation
The findings of human studies on the effects of emotional arousal, stress hormones and
amygdala activation on memory are consistent with those of animal studies discussed above
(Buchanan & Adolphs, 2004; Cahill, 2000; Cahill & McGaugh, 1998, 2000; de Quervain,
Aerni, Schelling & Roozendaal, 2009; Dolan, 2000; LaBar & Cabeza, 2006; Smeets, Otgaar,
Candel & Wolf, 2008). Cortisol administered to subjects prior to presentations of words or
pictures enhance subsequent recall (Abercrombie, Kalin, Thurow, Rosenkranz & Davidson,
2003; Abercrombie, Speck & Monticelli, 2006; Buchanan & Lovallo, 2001; Kuhlmann &
Wolf, 2006; Van Stegeren, Roozendaal, Kindt, Wolf & Joëls, 2010). Amphetamine
administered to human subjects, either before or after they learn lists of words, also
enhances long-term memory (Soetens, D’Hooge & Hueting, 1993; Soetens, Casaer,
D’Hooge & Hueting, 1995). Administration of propranolol to subjects prior to their viewing
an emotionally arousing slide presentation blocks the enhancing effects of emotional arousal
on long-term memory (Cahill, Prins, Weber & McGaugh, 1994; Hurlemann et al., 2008;
Van Stegeren, 2008). Propranolol also blocks the memory enhancement produced by stress-
released epinephrine (Nielson & Jensen, 1994). Further, epinephrine or cold pressor stress
(that stimulates the release of adrenal stress hormones) administered to subjects after a
learning session enhances the subjects’ memory of the acquired information (Cahill &
Alkire, 2003; Cahill, Gorski & Le, 2003; Smeets et al., 2008). Similar effects are produced
by administration of the α2-adrenoceptor antagonist yohimbine, which stimulates
norepinephrine release (O’Carroll, Drysdale, Cahill, Shajahan & Ebmeier, 1999; Southwick
et al., 2002). Additionially, individuals who have a deletion variant of ADRA2B, the gene
encoding the α2b-adrenoceptor, have enhanced emotional memory (de Quervain et al.,
2007a). Other studies indicated synergistic actions between the glucocorticoid and
noradrenergic systems in human memory enhancement (Hurlemann et al., 2008; Van
Stegeren et al., 2010). Further, studies in which participants were classified as ‘high-
responders’ and ‘low-responders’ in terms of their cortisol elevations and emotional arousal
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in response to stress suggest that stress affects memory only if participants show a robust
increase in both cortisol and arousal (Abercrombie et al., 2006; Schwabe, Bohringer,
Chatterjee & Schachinger, 2008).

There is extensive evidence that amygdala activation is involved in enabling the enhanced
memory induced by emotional arousal. Memory for emotionally arousing material is not
enhanced in human subjects with selective bilateral lesions of the amygdala (Adolphs,
Cahill, Schul & Babinsky, 1997; Cahill, Babinsky, Markowitsch & McGaugh, 1995).
Findings of studies using positron emission tomography (PET) and functional magnetic
resonance imaging (fMRI) brain imaging provide additional evidence that the influence of
emotional arousal on human memory involves amygdala activation. In the first study of the
relationship between amygdala activity during encoding and subsequent memory Cahill et
al. (1996) found that amygdala activity assessed by PET imaging conducted while subjects
viewed emotionally arousing films correlated highly (+0.93) with the subjects’ recall of the
films assessed in a surprise memory test three weeks later. Importantly, the degree of
emotional arousal rather than the valence of the emotionally arousing material is critical in
influencing memory. In subsequent studies using PET imaging Hamann et al. (Hamann, Eli,
Grafton & Kilts, 1999; Hamann, Eli, Hoffman & Kilts, 2002) reported that amygdala
activity induced by viewing either pleasant or unpleasant slides correlated highly with
memory for the slides assessed one month later. Studies using fMRI have obtained highly
similar findings. Canli et al. (Canli, Zhao, Brewer, Gabrieli & Cahill, 2000) found that
subjects’ memory for a series of emotionally arousing scenes tested three weeks after brain
scanning correlated highly with amygdala activity induced by viewing the scenes.
Furthermore, and importantly, the relationship between amygdala activity during encoding
and subsequent memory was greatest for the scenes that the subjects had rated as being the
most emotionally intense. Thus, when assessed during encoding, PET imaging of amygdala
activity that is assessed over many minutes of arousal as well as event-related fMRI of
amygdala activity induced by single items both predict long-term memory of the arousing
stimuli (Cahill et al., 1996; Canli et al., 2000).

Human memory studies have provided additional evidence of the importance of
noradrenergic activation of the amygdala (Van Stegeren, 2009). β-Adrenoceptor antagonists
(e.g. propranolol) block both the increase in amygdala activity and the enhanced retention
induced by emotional stimuli obtained in fMRI studies (Strange & Dolan, 2004; Van
Stegeren et al., 2005). Thus, β-adrenergic activation of the amygdala appears to be essential
for the short-latency modulation induced by brief and mild emotional arousal used in fMRI
studies as well as the effects found in human and animal studies with longer intervals of
time between learning and stress hormone activation or administration. With both PET and
fMRI experiments, activity of the right amygdala is related to enhanced memory in men
whereas activity of the left amygdala is correlated with enhanced memory in women (Cahill
et al., 2001; Cahill, Uncapher, Kilpatrick, Alkire & Turner, 2004; Canli et al., 2001).
Understanding the bases of such sex differences may provide further insights into
mechanisms of emotional arousal underlying influences on memory consolidation. In this
respect it is interesting to note that a recent study reported that epinephrine administration
enhanced traumatic memories in male, but not female, patients after cardiac surgery,
whereas a β-adrenoceptor antagonist selectively impaired such memories in female patients
(Krauseneck et al., 2010).

Other findings based on an analysis of PET and fMRI scans provide evidence, consistent
with that of many animal studies, suggesting that amygdala activation influences memory
processing in other brain regions. Activation of the amygdala and hippocampal/
parahippocampal regions is correlated during emotional arousal (Hamann et al., 1999) and
such activation is correlated with subsequent retention (Dolcos, LaBar & Cabeza, 2004;
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Kensinger & Schacter, 2006; Ritchey, Dolcos & Cabeza, 2008). Findings of a “path
analysis” (structural equation modeling) study (Kilpatrick & Cahill, 2003) of amygdala
activity (based on PET) suggest that emotional arousal increases amygdala influences on
activity of the ipsilateral parahippocampal gyrus and ventrolateral prefrontal cortex. Other
human studies indicate that β-adrenoceptor activation increases amygdala-hippocampal
interactions in memory consolidation (Strange & Dolan, 2004) and that a genetic variation
of the noradrenergic system increased connectivity between the amygdala and the insula
during the encoding of emotional memories (Rasch et al., 2009). Such findings provide
additional evidence that amygdala influences on activity of other brain regions are critical in
creating lasting memories.

Involvement of the Amygdala in Modulating Memory Retrieval and Working
Memory

Most studies investigating neuromodulatory influences on memory have focused on the
processes underlying the consolidation of recent experiences. There is, additionally,
considerable evidence that neuromodulatory systems influence memory retrieval and
working memory. Consistent with its role in memory consolidation, recent findings indicate
that the BLA, via its projections to other brain regions, also plays an important modulatory
role in regulating these memory functions.

Memory Retrieval
Stress exposure or the glucocorticoid corticosterone administered systemically shortly
before testing for memory of training on inhibitory avoidance, contextual fear conditioning
or water-maze spatial tasks (24 hours earlier) produces temporary impairment of retention
performance (Bohus, 1973; Cai, Blundell, Han, Greene & Powell, 2006; de Quervain,
Roozendaal & McGaugh, 1998; Roozendaal, de Quervain, Schelling & McGaugh, 2004a;
Pakdel & Rashidy-Pour, 2006; Sajadi, Samaei & Rashidy-Pour, 2006; Yang et al., 2003). As
the same treatments administered shortly before training do not affect either acquisition or
retention performance assessed immediately after acquisition, such findings indicate that
glucocorticoids impair retention by influencing memory retrieval. These findings are
consistent with those indicating that stress exposure or glucocorticoids administered
immediately after a learning session also impair retention performance tested 30–60 minutes
after the session, i.e. at a time when the memory trace has not yet been consolidated into
long-term memory (Diamond, Park, Heman & Rose, 1999; Okuda et al., 2004; Woodson,
Macintosh, Fleshner & Diamond, 2003). Similarly, as is found with memory consolidation,
glucocorticoid effects on memory retrieval require concurrent activation of noradrenergic
mechanisms. The β-adrenoceptor antagonist propranolol administered systemically 30
minutes before inhibitory avoidance retention testing blocks the memory retrieval
impairment induced by concurrent injections of corticosterone (Roozendaal et al., 2004a).
The finding that stimulation of β1-adrenoceptors with systemic injections of the selective
agonist xamoterol induces memory retrieval impairment comparable to that seen after
corticosterone administration (Roozendaal, Hahn, Nathan, de Quervain & McGaugh,
2004b), suggests that glucocorticoid effects on memory retrieval impairment involve
activation of noradrenergic mechanisms.

Peripheral administration of the opioid peptidergic antagonist naloxone or D2 dopamine
receptor antagonists also blocks the impairing effect of concurrently administered
corticosterone or dexamethasone on memory retrieval (Rashidy-Pour, Sadeghi, Taherain,
Vafaei & Fathollahi, 2004; Pakdel & Rashidy-Pour, 2006). Memory retrieval is also
influenced by systemic administration of drugs affecting several other modulatory systems,
including epinephrine, adrenocorticotropin, β-endorphin, vasopressin, acetylcholine and
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serotonin (e.g., Altman, Stone & Ogren, 1987; Izquierdo, Barros, Medina & Izquierdo,
2002; Sato et al., 2004). In investigating drug effects on learning and memory, including
memory retrieval, it is critically important to distinguish the effects of the drugs on memory
retrieval from those on other processes that may affect the behavior used to assess memory.
Not all of the studies cited above adequately controlled for such performance effects.

Many studies have reported evidence that the hippocampus is involved in retrieval of spatial
and contextual information (Hirsch, 1974; Squire, Clark & Knowlton, 2001). Inactivation of
the hippocampus with local infusions of the glutamatergic AMPA/kainate receptor
antagonist LY326325 or the GABAergic agonist muscimol impairs memory retrieval of
water-maze spatial and contextual fear conditioning tasks (Holt & Maren, 1999; Riedel et
al., 1999). As the GR agonist RU 28362 administered into the hippocampus shortly before
retention testing also impairs retrieval of spatial memory (Roozendaal, Griffith, Burnaday,
de Quervain & McGaugh, 2003; Roozendaal et al., 2004b), such findings indicate that
glucocorticoid-induced memory retrieval impairment of such training depends, in part, on
GR activation in the hippocampus. Consistent with the findings of experiments using
peripherally administered drugs, a β-adrenoceptor antagonist infused into the hippocampus
prevents the retrieval-impairing effect of a GR agonist administered concurrently
(Roozendaal et al., 2004b). Other studies have shown that the effect of novelty stress on
memory retrieval is blocked by intrahippocampal infusions of the AMPA receptor
antagonist CNQX, the metabotropic glutamate receptor antagonist MCPG, as well as the
cAMP blocker Rp-cAMPs (Izquierdo, Barros, Medina & Izquierdo, 2000). In contrast,
infusions of the protein-synthesis inhibitor anisomycin do not block corticosterone effects on
memory retrieval (Sajadi et al., 2006), suggesting that stress and corticosterone may
influence memory retrieval through a protein synthesis-independent mechanism, a finding
consistent with the rapid onset of stress and glucocorticoid effects on memory retrieval.

Retrieval of memory of emotionally arousing information also induces activation of the
BLA (Boujabit, Bontempi, Destrade & Gisquet-Verrier, 2003; Hall, Thomas & Everitt,
2001). Furthermore, intra-BLA infusions of norepinephrine or CNQX affect retrieval of
memory for inhibitory avoidance training (Barros et al., 2001; Liang et al., 1996). In
contrast, intra-BLA infusions of a GR agonist do not appear to affect memory retrieval
(Roozendaal et al., 2003). However, the BLA interacts with the hippocampus in mediating
glucocorticoid effects on memory retrieval. Lesions of the BLA or infusions of a β-
adrenoceptor antagonist into the BLA block the impairing effect of a GR agonist infused
into the hippocampus on memory retrieval (Roozendaal et al., 2003, 2004b). These findings
are thus consistent with those discussed above concerning memory consolidation (e.g.,
Roozendaal & McGaugh, 1997b; Roozendaal et al., 1999b) and indicate that the BLA
regulates memory retrieval via interactions with other brain regions.

The findings of studies examining stress hormone effects on memory retrieval in humans are
consistent with those of animal experiments and indicate that glucocorticoids impair
memory retrieval via an interaction with noradrenergic mechanisms. Stress-level cortisol or
cortisone administration to human subjects impairs memory retrieval of emotionally
arousing information or during emotionally arousing test conditions (Buchanan & Adolphs,
2004; Buchanan, Tranel & Adolphs, 2006; Buss, Wolf, Witt & Hellhammer, 2004; de
Quervain, Roozendaal, Nitsch, McGaugh & Hock, 2000; Het, Ramlow & Wolf, 2005;
Kuhlmann & Wolf, 2006; Kuhlmann, Kirschbaum & Wolf, 2005a; Kuhlmann, Piel & Wolf,
2005b; Schwabe & Wolf, 2009; Smeets et al., 2009; Tollenaar, Elzinga, Spinhoven &
Everaerd, 2009; Wolf et al., 2001) and the β-adrenoceptor antagonist propranolol
administered orally blocks the impairing effect of glucocorticoids on memory retrieval (de
Quervain, Aerni & Roozendaal, 2007b; Schwabe et al., 2009). Findings of imaging studies
indicate that glucocorticoid effects on memory retrieval in human subjects are also
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mediated, at least in part, by actions in the hippocampus (de Quervain et al., 2003; Oei et al.,
2007). However, other findings of human imaging studies indicate that the amygdala is also
activated during the retrieval of previously learned emotionally arousing material and
indicate that the effect is independent of the valence of the emotional material (Dolan,
2000). Further, findings of human brain imaging studies are consistent with findings of
animal studies in indicating that the amygdala and hippocampus interact during the retrieval
of emotionally arousing information (Dolcos, LaBar & Cabeza, 2005; Greenberg et al.,
2005; Smith, Stephan, Rugg & Dolan, 2006).

Working Memory
Evidence from lesion, pharmacological, imaging and clinical studies indicates that working
memory, a dynamic process whereby information is updated continuously, depends on the
integrity of the medial prefrontal cortex (Brito, Thomas, Davis & Gingold, 1982; Fuster,
1991; Lee & Kesner, 2003; Levy & Farrow, 2001; Rowe, Toni, Josephs, Frackowiak &
Passingham, 2000; Stern, Sherman, Kirchoff & Hasselmo, 2001; Taylor, Birnbaum, Ubriani
& Arnsten, 1999). Decrements in prefrontal cortical function are induced by local depletion
of norepinephrine and dopamine, suggesting that these monoamines regulate prefrontal
cortical function (Brozoski, Brown, Rosvold & Goldman, 1979; Bubser & Schmidt, 1990;
Cai, Ma, Xu & Hu, 1993). The importance of endogenous norepinephrine and dopamine
stimulation in the medial prefrontal cortex is indicated by studies in which local infusion of
either noradrenergic α2 (Li, Mao, Wang & Mei, 1999) or dopaminergic D1 antagonists
(Sawaguchi & Goldman-Rakic, 1991; Seamans, Floresco & Phillips, 1998) administered
into the medial prefrontal cortex impairs performance on working memory tasks. In contrast,
activation of α2-adrenoceptors with guanfacine improves working memory functions in rats
and monkeys. Together, these data suggest that norepinephrine and dopamine are necessary
for optimal medial prefrontal cortical function.

Excessive levels of norepinephrine or dopamine, however, impair working memory
(Arnsten, 2009). The impairing effects of high doses of norepinephrine are mediated by
activation of the α1- and β-adrenoceptor (Arnsten & Jentsch, 1997; Arnsten, Mathew,
Ubriani, Taylor & Li, 1999; Birnbaum, Gobeske, Auerbach, Taylor & Arnsten, 1999;
Ramos et al., 2005). In contrast, α2-adrenoceptor activation enhances working memory
(Taylor et al., 1999). Electrophysiological studies have shown increased medial prefrontal
cortical activity in the delay period during which the information needs to be retained
(Fuster, 1991). Adrenergic agents that enhance working memory increase this neuronal
activity during the delay period, whereas adrenergic drugs that impair working memory
decrease such neuronal activity (Li et al., 1999). Dopaminergic D1 receptor agonists
influence working memory following an inverted-U shaped dose-response relationship. Too
little or too much D1 receptor stimulation impairs prefrontal cortical activity and working
memory in mice, rats and monkeys (Cai & Arnsten, 1997; Li et al., 1999; Lidow, Koh &
Arnsten, 2003; Zahrt, Taylor, Mathew & Arnsten, 1997).

Working memory deficits are also observed following exposure to stress (Arnsten &
Goldman-Rakic, 1998; Schoofs, Preuss & Wolf, 2008). Mild uncontrollable stress impairs
performance on a delayed alternation task, but does not impair performance on non-
mnemonic control tasks that have similar motivational and motor demands (Murphy,
Arnsten, Goldman-Rakic & Roth, 1996). Mild stress, such as noise or exposure to the
predator odor TMT, increases norepinephrine and dopamine turnover in the medial
prefrontal cortex (Finlay, Zigmond & Abercrombie, 1995; Morrow, Roth & Ellsworth,
2000). The medial prefrontal cortex response to stress is blocked by anxiolytic
benzodiazepine drugs and mimicked by the anxiogenic benzodiazepine inverse agonist
FG7142 (Birnbaum et al., 1999; Murphy et al., 1996; Tam & Roth, 1985). Also, like stress,
glucocorticoid administration impairs working memory. Basal levels of endogenous
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glucocorticoids are required to maintain prefrontal cortical function (Mizoguchi, Ishige,
Takeda, Aburada & Tabita, 2004), but systemic injections of stress doses of corticosterone
or intra-medial prefrontal cortical administration of the GR agonist RU 28362 impair
working memory, as assessed by delayed alternation performance, in rats (Roozendaal,
McReynolds & McGaugh, 2004c). Additionally, stress-level cortisol treatment impairs
prefrontal cortex-dependent inhibitory control of behaviors in squirrel monkeys (Lyons,
Lopez, Yang & Schatzberg, 2000) as well as working memory performance in human
subjects (Lupien, Gillin & Hauger, 1999; Wolf et al., 2001; Young, Sahakian, Robbins &
Cowen, 1999). Glucocorticoids appear to interact with noradrenergic mechanisms in
inducing working memory impairment, as systemic administration of the β-adrenoceptor
antagonist propranolol blocks the working memory impairment of corticosterone
administered concurrently (Roozendaal et al., 2004c). Furthermore, a β-adrenoceptor
antagonist or cAMP blocker infused into the mPFC also blocks working memory
impairment induced by a GR agonist administered concurrently (Barsegyan et al., 2010).

Glucocorticoid-induced working memory impairment also depends on interactions of the
medial prefrontal cortex with the BLA. As discussed above, the BLA both sends projections
to and receives projections from the medial prefrontal cortex (McDonald, 1991; Likhtik,
Pelletier, Paz & Paré, 2005; Perez-Jaranay & Vives, 1991; Rosenkranz & Grace, 2002).
Drug administration into the BLA does not appear to affect working memory (Bianchin et
al., 1999; Wan, Pang & Olton, 1994), but lesions of the BLA block the impairment induced
by either systemic administration of corticosterone or infusions of a GR agonist into the
medial prefrontal cortex (Roozendaal et al., 2004c) (Figure 10). These findings thus indicate
that the BLA interacts with the medial prefrontal cortex in regulating stress hormone effects
on working memory.

Interactions Between Emotional Arousal Effects on Different Memory Functions
The evidence that glucocorticoid hormones, as well as some other neuromodulatory drugs,
induce opposite effects on different memory functions raises the intriguing possibility that
emotional arousal effects on these different memory functions might be functionally related.
It seems possible that a temporary impairment of (task-irrelevant) working memory and
memory retrieval functions during emotionally arousing situations might benefit long-term
storage of newly acquired information (Kensinger & Corkin, 2003). Although researchers
have just begun to look into this question, we recently reported that local administration of
the GR agonist RU 28362 induces medial prefrontal cortex dysfunction and working
memory impairment on a delayed alternation task, at least in part, via an activation of the
intracellular cAMP/PKA signal transduction pathway (Barsegyan et al., 2010). We further
found that such a glucocorticoid-induced disruption of medial prefrontal cortex functioning
also induces enhanced consolidation of inhibitory avoidance memory. Importantly, as
unilateral infusion of the GR agonist administered into the medial prefrontal cortex
enhanced memory consolidation, but did not impair working memory, these findings suggest
that glucocorticoid-induced enhancement of memory consolidation does not depend on
concurrent impairment of working memory functions per se. Rather, as both memory effects
rely on functional interactions between the medial prefrontal cortex and BLA (Roozendaal
et al., 2004c; 2009b), glucocorticoid effects on working memory and memory consolidation
might be intrinsically linked because of a necessary interaction between the medial
prefrontal cortex and BLA. Accordingly, glucocorticoid-induced changes in medial
prefrontal cortex functioning might enhance BLA activity, thereby favoring the long-term
storage of emotionally arousing experiences (Roozendaal et al., 2009b). Highly relevant in
this regard are the findings by Dolcos & McCarthy (2006) investigating the brain systems
mediating cognitive interference by emotional and non-emotional distraction. Training of
human participants on a delayed-response working memory task normally evokes robust
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activity during the delay period in typical working memory regions (dorsolateral prefrontal
cortex and lateral parietal cortex). However, presentation of novel emotionally salient
information (i.e., emotional distracters) during the delay period induced strong activation of
the amygdala while simultaneously evoking relative decreased activity in the prefrontal
cortex and impairing working memory performance. Although the authors did not
investigate long-term memory for the emotional distracters, these findings are consistent
with the view that impairment of working memory observed by this pattern of brain activity
might be a cost incurred in order to prioritize the processing and consolidation of memory of
emotionally salient information.

Concluding Comments
Research investigating memory modulation evolved from many sources. Key, of course,
was Müller and Pilzecker’s (1900) Perseveration-Consolidation hypothesis proposed over a
century ago. The subsequent findings that treatments that impair brain functioning induce
retrograde amnesia (Duncan, 1949; McGaugh & Herz, 1972) provided critical evidence
supporting that hypothesis. Those findings also suggested the possibility that posttraining
treatments that stimulate brain activity might enhance memory consolidation. Evidence that
posttraining administration of stimulant drugs enhances long-term memory confirmed that
implication (Breen & McGaugh, 1961; McGaugh, 1966, 1973). The early studies of adrenal
stress hormone influences on memory consolidation (e.g., Gold & van Buskirk, 1975, 1976;
McGaugh, 1989; McGaugh & Gold, 1989) provided compelling evidence that peripheral
stress hormones released by emotional play an important role. The findings (e.g., Liang et
al., 1986) suggesting that stress hormones as well as drugs affect memory by noradrenergic
activation of the amygdala (i.e., the BLA) provided strong evidence suggesting that the BLA
is an essential part of a memory-modulatory system. This suggestion has now been
confirmed by the extensive findings that the BLA interacts with many other brain regions in
modulating memory consolidation (McGaugh, 2000, 2002, 2003, 2004). The findings
indicating that stress hormones modulate memory retrieval and working memory via
noradrenergic influences and the BLA provide yet other chapter to the story of memory
modulation (Roozendaal, 2002; Roozendaal et al., 2003, 2004a). Our understanding of
memory-modulatory systems is, of course, incomplete. But, in the past several decades,
research on memory modulation has made significant progress in understanding how
emotional arousal influences the consolidation and retrieval of significant experiences. The
recent introduction of genetic and epigenetic methodologies in research on memory
modulation (e.g. de Quervain et al., 2007a; Hauer et al., 2011) and the proven clinical
usefulness of memory modulation research in understanding and develoving new therapies
for affective memory disorders, including post-traumatic stress disorders and phobias (de
Quervain et al., 2009; Brunet et al., 2011) will ensure that memory modulation research will
remain a central focus of neuroscience for years to come.
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Figure 1.
Glucocorticoid effects on memory consolidation for object recognition training require
noradrenergic activation. A, Immediate posttraining administration of the β-adrenoceptor
antagonist propranolol (3.0 mg/kg, sc) blocked the corticosterone-induced enhancement of
object recognition memory in naïve rats. B, The α2-adrenoceptor antagonist yohimbine (0.3
mg/kg, sc) enabled corticosterone effect on object recognition memory in habituated rats.
Inset, Posttraining injections of yohimbine (0.3 mg/kg, sc) and corticosterone (1.0 mg/kg,
sc) separated by a 4-hour delay did not induce memory enhancement. Y→C; Yohimbine
administered immediately after training and corticosterone 4 hours later; C→Y;
corticosterone administered immediately after training and yohimbine 4 hours later. Results
represent discrimination index (mean ± SEM) in percentage on a 24-hour retention trial. The
discrimination index was calculated as the difference in time spent exploring the two
objects, expressed as the ratio of the total time spent exploring both objects. ★ ★, P < 0.01
as compared to the corresponding vehicle group. From Roozendaal et al., 2006a.
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Figure 2.
Norepinephrine levels in the amygdala in individual animals following inhibitory avoidance
training. Percent of baseline norepinephrine following inhibitory avoidance training is
graphed for each individual rat. The key notes retention score on the following day.
Amygdala norepinephrine levels correlate with 24-hour retention performance. Correlation
values for the first five posttraining samples varied from +0.75 to +0.92. From McIntyre et
al., 2002.
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Figure 3.
Noradrenergic activation of the basolateral amygdala modulates consolidation of object
recognition memory. A, Enhancing effects of posttraining intra-basolateral amygdala
infusions of norepinephrine on 24-hour object recognition memory. Saline-infused controls
displayed no evidence of memory of 3 minutes of training. The retention performance of
groups given norepinephrine (0.3 or 1.0 μg in 0.2 μl) after training was significantly better
than that of saline controls. Data presented as discrimination index (mean ± SEM) in
percentage on the 24-hour retention trial. The discrimination index was calculated as the
difference in time spent exploring the two objects, expressed as the ratio of the total time
spent exploring both objects. B, Impairing effects of posttraining intra-basolateral amygdala
infusions of the β-adrenoceptor antagonist propranolol on 24-hour object recognition
memory. All groups received 10 minutes of training. Saline-infused controls displayed
significant memory and propranolol (0.1, 0.3 or 1.0 μg in 0.2 μl) produced dose-dependent
impairment of memory. The performance of all three propranolol groups differed
significantly from that of the corresponding saline controls. ★, P < 0.05; ★ ★, P < 0.01 as
compared to the corresponding saline controls. From Roozendaal et al., 2008b.
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Figure 4.
Schematic summarizing the role of the noradrenergic system of the basolateral amygdala in
memory consolidation. Norepinephrine (NE) is released in the basolateral amygdala
following training in aversively motivated tasks and binds to both β-adrenoceptors and α1-
adrenoceptors at postsynaptic sites. The β-adrenoceptor is coupled directly to adenylate
cyclase to stimulate cAMP formation. The α1-adrenoceptor modulates the response induced
by β-adrenoceptor stimulation. Intracellular cAMP can initiate a cascade of molecular events
in the basolateral amygdala. The memory-modulatory effects of several other
neuromodulatory influences, including that of epinephrine, glucocorticoid, opioid
peptidergic and GABAergic systems, are mediated by converging influences on the
noradrenergic system of the basolateral amygdala. Drug interactions with the noradrenergic
system can occur at both presynaptic and postsynaptic loci. These noradrenergic effects in
the basolateral amygdala are required for regulating memory consolidation in other brain
regions. α1, α1-adrenoceptor; Ach, acetylcholine; β, β-adrenoceptor; cAMP, adenosine 3′,5′-
cyclic monophosphate; CREB, cAMP-response element-binding protein; GABA, γ-
aminobutyric acid; LC, locus coeruleus; MAPK, mitogen-activated protein kinase, NTS,
nucleus of the solitary tract; OP, opioid peptide; Pgi, nucleus paragigantocellularis; PKA,
protein kinase A. From McGaugh, 2000 and Roozendaal, 2000.
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Figure 5.
Differential involvement of the hippocampus, anterior cingulate cortex and basolateral
amygdala in memory for context and footshock. A, Posttraining infusions of the muscarinic
cholinergic receptor agonist oxotremorine (10 or 100 ng in 0.5 μl) into the dorsal
hippocampus enhanced 48-hour inhibitory avoidance retention latencies when administered
after context exposure but not after the shock exposure given 24 hours later. B, Posttraining
infusions of oxotremorine (0.5 or 10 ng in 0.5 μl) into the anterior cingulate cortex
selectively enhanced 48-hour inhibitory avoidance retention latencies when administered
after the shock experience but not after the context exposure. C, Posttraining infusions of
oxotremorine (10 or 100 ng in 0.2 μl) into the basolateral amygdala enhanced 48-hour
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inhibitory avoidance retention latencies when administered after either the context exposure
or the shock experience. Results represent retention latencies (mean + SEM) in seconds. ★,
P < 0.05; ★ ★, P < 0.01 compared with the corresponding saline group. From Malin &
McGaugh, 2006.
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Figure 6.
Glucocorticoid effects in the hippocampus on memory consolidation require noradrenergic
activity of the basolateral amygdala. Immediate posttraining unilateral infusions of the
glucocorticoid receptor agonist RU 28362 (3, 10 or 30 ng in 0.5 μl) into the hippocampus
induced dose-dependent enhancement of 48-hour inhibitory avoidance retention latencies in
rats given saline infusions into the basolateral amygdala concurrently. Ipsilateral infusions
of the β-adrenoceptor antagonist atenolol (0.5 μg in 0.2 μl) into the basolateral amygdala
blocked the memory enhancement induced by the glucocorticoid receptor agonist. Results
represent retention latencies (mean + SEM) in seconds. ★, P < 0.05; ★ ★, P < 0.01
compared with the corresponding vehicle group. ❶ ❶, P < 0.01 compared with the
corresponding saline group. From Roozendaal et al., 1999b.
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Figure 7.
Modulation of memory consolidation by the basolateral amygdala or nucleus accumbens
shell requires concurrent dopamine receptor activation in both brain regions. A, Intra-
basolateral amygdala infusions of dopamine (3 or 10 μg in 0.2 μl) immediately after
inhibitory avoidance training produced a dose-dependent enhancement of 48-hour retention
performance in rats receiving vehicle into the nucleus accumbens shell. Infusion of the non-
selective dopamine receptor antagonist cis-flupenthixol (10 μg in 0.3 μl) into the nucleus
accumbens shell blocked the memory enhancement induced by dopamine infusions into the
basolateral amygdala. B, Intra-nucleus accumbens shell infusions of dopamine (4.5 or 15 μg
in 0.3 μl) also induced memory enhancement and this effect was blocked by concurrent
infusions of cis-flupenthixol (10 μg in 0.2 μl) into the basolateral amygdala. Results
represent retention latencies (mean + SEM) in seconds. ★ ★, P < 0.01 compared with the
vehicle group; ❶ ❶, P < 0.01 compared with the corresponding vehicle group. From
LaLumiere et al., 2005.
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Figure 8.
Lesions of nucleus basalis cholinergic neurons with 192 IgG-saporin block the memory
enhancement induced by posttraining infusions of norepinephrine into the basolateral
amygdala. Intra-basolateral amygdala infusions of norepinephrine (0.3, 1.0 or 3.0 ng in 0.2
μl) immediately after inhibitory avoidance training produced a dose-dependent enhancement
of 48-hour retention performance in sham-operated rats. Rats with 192 IgG-saporin lesions
did not show memory enhancement with norepinephrine infusions. Results represent
retention latencies (mean + SEM) in seconds. ★, P < 0.05; ★ ★, P < 0.01 compared with the
saline group; ❶, P < 0.05; ❶ ❶, P < 0.01 compared with the corresponding sham lesion
group. From Power et al., 2002.
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Figure 9.
Schematic summarizing interactions of the basolateral amygdala with other brain regions in
mediating emotional arousal-induced modulation of memory consolidation. Experiences
initiate memory consolidation in many brain regions involved in the forms of memory
represented. Emotionally arousing experiences also release adrenal epinephrine and
glucocorticoids and activate the release of norepinephrine in the basolateral amygdala. The
basolateral amygdala modulates memory consolidation by influencing neuroplasticity in
other brain regions. From McGaugh, 2000.
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Figure 10.
The basolateral amygdala interacts with the medial prefrontal cortex in mediating
glucocorticoid effects on working memory. Systemic injections of corticosterone (1.0 or 3.0
mg/kg, ip; A) or infusions of the specific glucocorticoid receptor agonist RU 28362 (3.0 or
10.0 ng in 0.5 μl) into the medial prefrontal cortex (B) impaired delayed alternation
performance in sham-lesioned rats. Lesions of the basolateral amygdala blocked working
memory impairment induced by either corticosterone or RU 28362. Results represent
percent correct choices (mean + SEM). ★ ★, P < 0.05; ★ ★, P < 0.01 compared with the
corresponding vehicle group; ❶, P < 0.05; ❶ ❶, P < 0.01 compared with the
corresponding sham-lesion group. From Roozendaal et al., 2004c.
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Table I

Treatment effects on memory and amygdala norepinephrine levels

Treatment Effect on memory Effect on amygdala norepinephrine levels Reference

Footshock Varies directly with footshock intensity Varies with footshock intensity Quirarte et al. 1998

Epinephrine Enhances Increases Williams et al. 1998

Corticosterone Enhances Increases McReynolds et al. 2010

Muscimol Impairs Decreases Hatfield et al. 1999

Picrotoxin Enhances Increases Hatfield et al. 1999

β-endorphin Impairs Decreases Quirarte et al. 1998

Naloxone Enhances Increases Quirarte et al. 1998

Orphanin FQ/nociceptin Impairs Decreases Kawahara et al. 2004
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