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Modulation of memory storage 
Larry Cahill1 and James L McGaugh* 

For several decades, the concept of modulation of memory 

storage has significantly influenced research investigating 

neurobiological memory mechanisms. New evidence provides 

additional support for the view that stress hormones released 

during emotionally arousing situations modulate memory 

processes. Recent experiments have investigated the role of 

sympathetic adrenomedullary hormones in emotional memory 

in humans, as well as the role of adrenocortical hormones, 

primarily in animal studies. Further, it is becoming increasingly 

clear that the sympathetic adrenomedullary and the pituitary 

adrenocortical systems interact to modulate memory storage. 

Other new evidence emphasizes the role of peripheral 

influences to the brain on emotional memory, as well as the 

critical contribution of the amygdaloid complex in modulation 

of memory by emotional arousal. 
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Introduction 
Not all memories are retained equally well. This fact 
makes sense from an evolutionary and functional perspec- 
tive because animals, including humans, would appear 
to benefit little from having memories for trivial events 
that are as strong as memories for more important events. 
Thus, it makes sense that the brain should have evolved 
mechanisms for storing information that reflect the degree 
to which the information is worth storing. Systems that 
regulate information storage are clearly as important to an 
organisms’ survival as are those neural mechanisms that 
store the information. 

The concept of modulation of memory storage has guided 
extensive research into brain mechanisms of learning and 
memory over the past 30 years. This review highlights 
some of the more important recent developments in 
this research area, and focuses on those systems that 
appear to be most critical for memory modulation, namely, 
endogenous stress hormones released during emotional 
learning situations and the amygdaloid complex. 

The concept of a memory modulatory system 
The concept of memory storage modulation grew espe- 
cially from three related discoveries. First, recently formed 
memories are susceptible to post-learning influences (e.g. 
drug injections, brain stimulation) for a limited time 
after they are formed [l]. Second, many post-learning 
treatments have the potential to either enhance or impair 
(‘modulate’) memory, depending on the experimental 
conditions [Z]. Finally, some post-training treatments 
(e.g. injection of sympathetic stress hormones) affect 
memory storage even though they do not directly affect 
the brain [3-S]. From these facts, one may infer the 
existence of endogenous systems that influence memory 
storage processes but do not serve as the neural bases 
of memory storage. Compelling evidence that nervous 
systems contain memory-modulatory mechanisms came 
from work on invertebrate preparations (for discussion, 
see [6]). 

There are several important characteristics of a memory 
storage modulatory system [7,8]. Perhaps most critically, 
the role of a memory modulatory system is time limited: 
with the passage of sufficient time, a modulatory system 
can be inactivated with no loss of retrieval of stored 
memories. Furthermore, such a system can either enhance 
or impair memory, depending on the learning conditions. 
Lastly, whereas memory storage mechanisms may serve 
only specific forms of memory, a memory modulatory 
system should be capable of influencing different forms of 
memory. These conclusions and implications are strongly 
supported by recent findings. 

Stress hormones I: catecholamines 

Modulation of memory storage has been most exten- 
sively studied in experiments examining the effects of 
catecholamine stress hormones. A very large body of 
evidence from animal studies indicates that adrenergic 
stress hormones released peripherally during emotionally 
arousing events modulate the storage of memory for the 
events [9,10]. 

The findings of two recent studies investigating the role of 
catecholamines in memory in humans are consistent with 
the findings of research with animals. In both studies, the 
enhancing effects of arousal on memory were impaired by 
p-adrenergic blocking drugs. Cahill et a/. [ 1 l”] studied the 
effect, in healthy volunteers, of the I&blocker propranolol 
on long-term (1 week) memory for either an emotionally 
neutral story or a closely matched, but more emotionally 
arousing story. The drug selectively impaired memory for 
the emotionally arousing story. The effect of the drug 
could not be attributed to effects on attention or sedation, 
nor could it be attributed to a reduction of the emotional 
reaction of the subjects to the story. The findings support 
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the view that modulation of memory by emotional arousal 
depends on the activation of p-adrenergic receptors, even 
though such activation is not critical for normal memory 
under non-emotionally arousing circumstances. 

A second study by Nielson and Jensen [lP*], employing 
physically induced arousal (muscle tension) to enhance 
memory for written material, reported that young subjects, 
healthy elderly subjects, and elderly hypertensive subjects 
taking non-S-blocker medications all showed enhanced 
retention performance resulting from the arousal manip- 
ulation. In contrast, elderly hypertensive subjects taking 
B-blocker medication showed no evidence of enhanced 
retention with arousal. Although this study differs from 
that of Cahill et al. [l lo*] in several key respects (e.g. 
very different retention intervals, chronic versus acute 
dosing), both studies support the general conclusion that 
the enhancing influence of arousal (either emotionally or 
physically induced) on memory depends on B-adrenergic 
receptor activation. As noted above, these findings are 
consistent with studies examining the role of adrenergic 
activation in memory in animals. 

Other recent work implicates the dopamine system of 
the prefrontal cortex in modulating memory storage. 
Recording from single neurons in the prefrontal cortex of 
monkeys performing a short-term memory task, Williams 
and Goldman-Rakic [ 13**] found that the spatially defined 
‘memory fields’ of the cells were modified by iontophoretic 
application of antagonists to Dl dopamine receptors. More 
specifically, Dl antagonists increased the size of these 
‘memory fields’, implying that Dl receptors modulate 
short-term (and possibly long-term) mnemonic processing. 
This same group has reported effects of Dl agonists 
and antagonists on short-term memory in monkeys [14]. 
An interesting related study reported that lesions of the 
central amygdaloid nucleus attenuated a stress-induced 
increase in dopamine turnover in the prefrontal cortex [IS]. 
Considered together, these studies suggest that the effect 
of stress on memory may depend on amygdala influences 
on Dl-related activity of the prefrontal cortex. 

Glucose and memory 
Epinephrine is the stress hormone most extensively 
implicated to date in memory modulation. In recent years, 
considerable evidence has suggested that epinephrine may 
affect memory, at least in part, via its well established 
effects on blood glucose levels. For example, when admin- 
istered systemically after training, both epinephrine and 
glucose induce inverted-U, dose-response enhancement of 
memory [16,17]. Glucose has also been shown to enhance 
memory in elderly humans and in Alzheimer’s disease 
patients [18,19]. 

Recent work has focused on the mechanisms by which 
glucose affects memory. The findings of Kopf and Baratti 
[ZO] support the view that the effects of glucose on 
memory depend on a central cholinergic mechanism. 

They found that central, but not peripheral, cholinergic 
manipulations interact with glucose to affect memory: 
sub-effective doses of centrally acting cholinergic antag- 
onists impair, and agonists augment, the action of glucose 
on memory. Related to this, Gold and his colleagues 
[21*] found that both systemic and intra-septal injections 
of glucose augment the release of acetylcholine in the 
hippocampus. It is of particular interest that systemic 
glucose injections augmented hippocampal acetylcholine 
release only in a training situation that normally induces 
acetylcholine release [21*]. 

The role of glucose in modulating memory storage is prob- 
ably specific to learning situations in which epinephrine 
is released. However, emotional arousal can influence 
memory in the apparent absence of epinephrine release 
as, for example, in situations where emotion reduces 
heart rate [Z]. Thus, in emotionally arousing situations 
in which epinephrine is not released, it seems likely 
that p-adrenergic receptor activation (by norepinephrine) 
may be critical to memory enhancement [ 1 l”]. Because 
epinephrine is not released in such situations, glucose 
levels are not increased and, thus, are not likely to 
influence memory storage. 

Stress hormones II: corticosteroids 
In addition to inducing the release of adrenomedullary 
hormones epinephrine and norepinephrine, emotionally 
stressful events also release adrenocortical hormones. 
Unlike adrenomedullary stress hormones, adrenocortical 
hormones readily enter the brain [23]. It is also well 
established that corticosterone (the principle adrenocorti- 
cal hormone in the rat) acts at two distinct receptors, the 
mineralocorticoid (or type I) receptor and the glucocorti- 
coid (type II) receptor [24]. Most recent work into the 
effects of adrenocortical hormones on memory has focused 
on the impairing effects of high, sustained doses of these 
hormones (produced by multiple injections or chronic 
stress). For example, Newcomer et al. [ZS] found that 
four-day treatment of human subjects with dexamethasone 
impaired memory. In another study, Bodnoff et a/. [26] 
reported that chronic corticosterone or stress treatment 
impaired learning of ‘mid-age’ rats in a water maze task. 

The ‘inverted-U’ relationship between dose and retention 
performance is a well established outcome in studies 
of drug and hormone action on memory. The recent 
demonstrations of an inverted-U relationship between 
corticosterone levels and electrophysiological activity in 
the hippocampus thought to be related to learning [27,28] 
suggest that corticosteroid treatments should enhance 
performance under appropriate conditions, such as in 
studies using lower doses of corticosterone agonists. This 
implication has been supported by findings of several 
recent experiments [29”,30°*]: injections of low doses of 
the synthetic corticoid dexamethasone enhanced retention 
of one-trial avoidance learning and attenuated deficits in 
water-maze learning produced by adrenalectomy [29**]. 
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Because dexamethasone at this dose acts primarily at 
the glucocorticoid receptor, these results indicate that 
activation of the glucocorticoid receptor (which occurs 
primarily during periods of stress-induced elevations 
of corticosterone concentration) underlies the observed 
memory enhancement. How these findings relate to 
the currently more widespread view that glucocorticoid 
receptor activation (typically chronic) is related to im- 
paired cognitive functioning (see [23]) remains to be 
determined. It seems likely that glucocorticoid receptor 
activation may induce either memory enhancement or 
memory impairment, depending on the degree of receptor 
activation, as well as interactions between glucocorticoid 
and mineralocorticoid receptors [24,31”]. Neuronal death 
(most studied in the hippocampus) probably underlies the 
memory impairment produced by chronic corticosterone 
treatments [32,33]. 

Recent findings indicate that adrenocortical suppression 
blocks the memory enhancing effects of epinephrine and 
amphetamine [34]. These findings are consistent with con- 
siderable earlier evidence indicating that adrenomedullary 
and adrenocortical systems interact during stressful learn- 
ing situations to modulate memory: the effects of adreno- 
medullary hormones depend on the levels of adrenocorti- 
cal hormones [31”]. However, the specific nature of this 
interaction remains controversial [24,31”]. 

Other modulatory influences 

Many other neuromodulatory substances are released in 
response to stress, including B-endorphin, vasopressin, 
adrenocorticotropic hormone, substance P, and cholecys- 
tokinin. The findings of research investigating the effects 
of these hormones on memory are summarized in several 
reviews [10,31”,35,36’]. 

Evidence of peripheral nervous system 
modulation of memory 
Considerable evidence indicates that memory modulation 
is initiated by influences from the PNS to the CNS. Most 
fundamental to this conclusion is the fact that many of 
the peptide and catecholamine hormones implicated in 
memory modulation do not readily pass the blood-brain 
barrier. An early indication of the importance of peripheral 
influences on memory came from the finding that periph- 
eral, but not central, injections of the B-blocker propranolol 
attenuated the amnesia produced by stimulation of the 
frontal cortex [37]. More recent evidence indicates that the 
effect of epinephrine on memory is blocked by sotalol, a 
peripherally acting B-adrenergic antagonist [4]. 

A number of studies have suggested that afferents of the 
vagus nerve mediate the memory-modulating effects of 
peripherally administered drugs and hormones [38,39]. A 
recent study reported that direct electrical stimulation of 
the vagus can modulate memory storage. Clark et a/. [40*] 
implanted rats with a cuff through which the vagus nerve 
could be stimulated. Stimulation of the vagus immediately 

after one-trial avoidance learning enhanced subsequent 
retention, and, in an important parallel to drug and 
hormone studies, the stimulus intensity effect on memory 
had an inverted-U relationship. Memory enhancement 
induced by epinephrine is also blocked by injections of 
a local anesthetic into the nucleus of the solitary tract, the 
brain stem region to which the vagus nerve projects [41]. 

Modulation of memory in the brain: sites of 
action of peripheral influences 
Amygdaloid complex 

The amygdaloid complex is the brain region most clearly 
implicated to date in the modulatory effects of peripheral 
drugs and hormones on memory. It has long been known 
that direct stimulation of the amygdaloid complex can 
modulate (enhance or impair) memory, and that the effects 
of amygdaloid complex stimulation on memory depend on 
the integrity of adrenal hormones [42,43]. Recent evidence 
from humans with selective amygdaloid complex lesions 
indicates that the effects of emotional arousal on conscious 
memory depend on the amygdaloid complex [44,45*,46*]. 

A consistent body of evidence from animal studies indi- 
cates that lesions of the amygdaloid complex or the stria 
terminalis, a major amygdaloid complex afferent-efferent 
pathway, block the effects of many drugs and hormones on 
memory [8]. This is true not only for memory enhancing 
agents, but for amnestic agents as well. Several recent 
studies have confirmed this view. Consistent with much 
earlier work, Roozendaal and McGaugh [29**] reported 
that the memory-modulatory effects of glucocorticoids 
depend on an intact stria terminalis, and on the integrity of 
the basolateral nucleus of the amygdaloid complex [30**]. 
However, lesions of the central amygdaloid complex 
nucleus did not block glucocorticoid-induced memory 
enhancement [30**]. Flood and colleagues [47] reported 
that the memory-enhancing effects of both epinephrine 
and the gut peptide cholecystokinin depend on an intact 
stria terminalis. However, they also reported that stria 
terminalis lesions did not block memory enhancement 
produced by the cholinergic agonist arecoline, suggesting 
that the effect of this drug on memory does not critically 
depend on the integrity of the amygdaloid complex. This 
finding conflicts with earlier evidence indicating that stria 
terminalis lesions attenuate the effects of the cholinergic 
drugs atropine and oxotremorine on memory [48]. 

As described earlier, two important criteria for a memory- 
modulatory system are, first, a time-limited involvement 
in memory, and second, an ability to influence different 
forms of memory. A recent report by Packard, Cahill, 
and McGaugh [49**] suggests the functioning of the 
amygdaloid complex in learning and memory satisfies both 
criteria. Rats were trained in either a spatial (hidden- 
platform) or cued (visible platform) water maze task. 
Earlier studies had demonstrated a double dissociation 
between the hippocampus and the caudate nucleus in 
the effects of both lesions and injections of dopamine 
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agonists on the learning of these two tasks. In this 
experiment [49*‘], rats received unilateral injections of 
D-amphetamine into either the hippocampus, the caudate 
nucleus, or the amygdaloid complex immediately after 
training in one of the two tasks. Retention of the tasks 
was tested one day later. As expected, D-amphetamine 
injection into the hippocampus enhanced retention of the 
spatial, but not cued tasks. Conversely, D-amphetamine 
injection into the caudate nucleus enhanced retention of 
the cued, but not spatial tasks. In contrast, D-amphetamine 
injection into the amygdaloid complex enhanced retention 
of both tasks. Furthermore, the enhanced retention 
produced by post-training D-amphetamine injection into 
the amygdaloid complex was not affected by inactivation 
of the amygdaloid complex (via infusions of lidocaine) 
immediately before the retention test. This finding sug- 
gests that locus of change underlying enhanced memory 
after amygdaloid complex stimulation is not within the 
amygdaloid complex. Packard et a/. [49*.] thus suggest 
that amygdaloid complex stimulation probably enhances 
memory in spatial and cued water maze tasks by influenc- 
ing memory processes mediated by the hippocampus and 
caudate nucleus, respectively. 

Evidence supporting this view comes from recent 
experiments (using c-Fos immunochemistry) showing that 
amygdaloid complex stimulation can functionally affect 
both the hippocampus and caudate nucleus (L Cahill, 
unpublished data; [8]), both of which have been im- 
plicated in some forms of memory [49”,50]. Ikegaya 
and colleagues [51,X?*] have also recently shown that 
normal hippocampal long-term potentiation depends on 
influences from the basolateral amygdaloid complex. They 
report that both reversible [Sl] and permanent [.52’] 
lesions of the basolateral amygdaloid complex nucleus 
attenuate the induction of long-term potentiation in 
the dentate gyrus in &JO. Collectively, the studies just 
described support the view that the amygdaloid complex 
modulates memory processes in other brain regions, 
especially the hippocampus. 

Recent research has further implicated the amygdaloid 
complex in the modulation of memory storage by 
benzodiazepines (e.g. Valium). The well established ability 
of these compounds to impair memory consolidation 
acquires heightened importance given the growing body of 
evidence for the existence of endogenous benzodiazepines 
[53]. The basolateral, but not central, amygdaloid complex 
nucleus has been implicated in benzodiazepine-induced 
amnesia [54]. A recent report supports this view: diazepam 
(i.e. Valium) causes amnesia in rats for inhibitory avoidance 
learning when injected into the basolateral, but not 
central amygdaloid complex nucleus [KS*]. Injection of 
another benzodiazepine, midazolam, into the basolateral 
amygdala also impairs conditioned avoidance responding 

and conditioned hypoalgesia [56]. Amygdaloid complex 
dependent mechanisms are further implicated in memory 
modulation by benzodiazepines by the recent obser- 
vation that intra-amygdaloid complex injections of the 
GABAergic antagonist bicuculline block the amnesia 
induced by systemically administered midazolam [57]. 

Finally, recent research further implicates NMDA- 
dependent mechanisms within the amygdaloid complex 
in memory modulation. Liang, Hon, and Davis [58**] 
found that antagonism of NMDA receptors within the 
amygdaloid complex (with APV) produces a dose- and 
time-dependent retrograde amnesia for one-trial avoidance 
learning, but exerts no effect on retrieval of this task once 
learned. NMDA receptor blockade within the amygdaloid 
complex has also recently been shown to impair aversively 
motivated taste-potentiated odor conditioning [59]. 

The septo-hippocampal system 

Although the amygdaloid complex is the brain region 
most implicated to date in drug and hormone mod- 
ulation of memory, other brain regions, including the 
septo-hippocampal system also appear to be involved. 
The time-limited involvement of the septo-hippocam- 
pal system in long-term memory is well established 
[60*,61,62], and is consistent with a memory-modulatory 
role. Also, the septo-hippocampal system possesses a high 
number of receptors for many known memory-modulating 
agents, such as corticosterone (discussed earlier) and 
benzodiazepines [63]. Indeed, a recent report suggests 
that the septo-hippocampal system is involved in benzo- 
diazepine modulation of spatial memory: injection of the 
benzodiazepine chlordiazepoxide into the medial septum 
impaired working memory in a radial arm maze task [64]. 
In addition, both GABAergic [65,66] and opiatergic [67] 
dependent mechanisms in the septo-hippocampal system 
appear to be important in regulating long-term memory 
storage in a several learning situations. Each of these 
experiments is consistent with a modulatory role for the 
hippocampus in long-term memory storage. 

Conclusions 
The concept of memory modulation continues to guide 
research into the neurobiology of memory This research is 
helping to reveal how emotional arousal affects long-term 
memory storage in both animal and human studies. Recent 
research has reinforced the evidence that two factors, at 
minimum, are critical to the effects of emotion on memory: 
B-adrenergic activation (centrally and/or peripherally) and 
the amygdaloid complex. However, the evidence also 
suggests that complex interactions among many hormones 
and brain systems regulate the storage of long-term 
memory. Understanding these interactions is now a major 
goal of studies investigating the modulation of memory 
storage. 



Modulation of memory storage Cahill and McGaugh 241 

Acknowledgements 16. 

This research supported by USPHS grant MH12526 from the National 
Institute of Mencal Health and the National Institute on Drug Abuse 
(JL McGaugh). 

References and recommended reading 
Papers of particular interest, published within the annual period of review, 
have been highlighted as: 

. of special interest 

. . of outstanding interest 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

6. 

9. 

10. 

11. 
. . 

McGaugh JL: Time-dependent processes in memory storage. 
Science 1966, 153:1351-l 356. 

McGaugh JL, Herz MJ (Eds): Memory Consolidation. San 
Francisco: Albion Publishing Company; 1972. 

Gold P, Van Buskirk R: Enhancement and Impairment 
of memory processes with posttrial injections of 
adrenocorticotropic hormone. Behav &o/1976, 16:367-400. 

Introini-Collison IB, Saghafi D, Novack G, McGaugh JL: Memory- 
enhancing effects of posltralning dipivefrin and epinephrine: 
involvement of peripheral and central adrenerglc receptors. 
Brain Res 1992, 572:61-86. 

McGaugh JL: Affect, neuromodulatory systems and memory 
storage. In Handbook of Emotion and Memory: Current Research 
and Theory. Edited by Christianson SA. New Jersey: Erlbaum 
Associates; 1992:245-266. 

Krasne FB: Extrinsic control of intrinsic neuronal plasticity: an 
hypothesis from work on simple systems. Brain Res 1976, 
140:197-216. 

Gold PE, McGaugh JL: A single-trace, two process view 
of memory storage processes. In Short-Term Memory. 
Edited by Deutsch D, Deutsch JA. New York: Academic Press; 
1975:355-378. 

Packard MG, Williams CL, Cahill L, McGaugh JL: The anatomy 
of a memory modulatory system: from periphery to brain. 
In Neurobehavioral Plasticity: Learning, Development and 
Response to Brain Insults. Edited by Spear N, Spear L, Woodruff 
M. New Jersey: Lawrence Erlbaum Associates; 1995:149-l 84. 

McGaugh JL: Involvement of hormonal and neuromodulatory 
systems in the regulation of memory storage. Annu Rev 
Neurosci 1989, 12:255-287. 

McGaugh JL, Gold PE: Hormonal modulation of memory. 
In Psychoendocrinology. Edited by Brush RB, Levine S. New York: 
Academic Press; 1989:305-339. 

Cahill L, Prins B, Weber M, McGaugh JL: Beta-adrenergic 
activation and memory for. emotional events. Nature 1994, 
371:702-704. 

Examines the effects of a p-adrenergic blocking drug on relatively emo- 
tional and non-emotional memory. Presents evidence of a selective role for 
B-adrenergic receptors in memory for emotional events in humans. 

12. 
. . 

Nielson KA, Jensen RA: Beta-adrenergic receptor antagonist 
antihypertensive medications impair arousal-induced 
modulation of working memory In elderly humans. Behav 
Neural Biol 1994, 62:190-200. 

Provides further evidence (sea (11 “I) to support the view that the influence 
of arousal on memory in humans depends on B-adrenergic receptor activa- 
tion. 

13. Williams GV. Goldman-Rakic PS: Modulation of memorv fields 
. . by dopamine Dl receptors in prefrontal cortex Nature 1995, 

376:572-576 _._.-. - _.-. 
An electrophysiological analysis of memory modulation at the cellular 
level. The findings suggest that memory modulation depends on Dl receptor 
activity within the prefrontal cortex and help explain how dopaminergic 
agents given systemically influence memory storage. 

14. Amsten AF, Cai JX, Murphy BL, Goldman-Rakic PS: Dopamine 
Dl receptor mechanisms in the cognitive performance of 
young adult and aged monkeys. Psychopharmacology 1994, 
116:143-151. 

15. Davis M, Hitchcock JM, Bowers MB, Berridge CW, Melia KR, 
Roth RH: Stress-induced activation of prefrontal cortex 
dopamine turnover: blockade by lesions of the amygdala. Brain 
Res 1994, 664:207-210. 

1 7 

18. 

19. 

20. 

21. 
. 

Gold PE: Modulation of emotional and non-emotional 
memories: same pharmacological systems, different 
neuroanatomical systems. In Brain and Memory: Modulation 
and Mediation of Newa/ Plasticity. Edited by McGaugh JL, 
Weinberger NM, Lynch G. New York: Oxford University Press; 
1995:41-74. 

Messier C, White NM: Memory improvement by glucose, 
fructose, and two glucose analogs: a possible effect on 
peripheral glucose transpoh Behav Newa/ Biol 1987, 
48:104-l 27. 

Parsons M, Gold P: Glucose enhancement of memory in elderly 
humans: an inverted-U dose response curve. Neurobiol Aging 
1 QQ2, 13:401-404. 

Manning C, Ragouino M, Gold F’: Glucose enhancement of 
memory in patients with probable senile dementia of the 
Alzheimer’s type. Neurobiol Aging 1993, 14:523-528. 

Kopf SR, Baratti CM: Memory-improving actions of glucose: 
involvement of a central cholinergic mechanism. Behav Neural 
Biol 1995, 62~237-243. 

Ragouino ME, Unick KE, Gold PE: Hippocampal acetylcholine 
release during memory testing in rats: augmentation by 
glucose. Proc Nat/ Acad Sci USA 1996, in press. 

Provides evidence for the view that glucose modulates memory by affecting 
cholinergic processes within specific brain regions. Furthermore, suggests 
that the effects of glucose on cholinergic processes are specific to learning 
situations that themselves activate cholinergic mechanisms. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 
. . 

Heuer F, Reisberg D: Vivid memories of emotional events: 
the accuracy of remembered minutiae. Mem Cognition 1990, 
18:496-506. 

McEwen BS, Sapolsky RM: Stress and cognitive function. Gun 
Opin Neurobiol 1995, 5:205-216. 

De Kloet E: Brain cortlcosteroid receptor balance and 
homeostatic control. Front Neuroendocrinol 1991, 12:95-l 64. 

Newcomer JS, Craft S, Hershey T, Askins K, Bardgett ME: 
Glucocorticoid-induced impairment in declarative memory 
performance in adult humans. I Neurosci 1994, 14:2047-2053. 

Bodnoff SR, Humphreys AG, Lehman JC, Diamond DM, Rose GM, 
Meaney MJ: Enduring effects of chronic corticosterone 
treatment on spatial learning, synaptic plasticity, and 
hippocampal neuropathology in young and mid-aged rats. 
J Neurosci 1995, 15:61-69. 

Bennett MC, Diamond DM, Fleshner M, Rose GM: Serum 
corticosterone level predicts the magnitude of hippocampal 
primed-burst potentiatlon and depression in urethane 
anesthetized rats. Psychobiology 1991,19:301-307. 

Diamond DM, Bennett MC, Fleshner M, Rose GM: Inverted-U 
relationship between the level of peripheral cortlcosterone 
and the magnitude of hippocampal primed burst potentlation. 
Hippocampus 1992, 2:421-430. 

Roozendaal B. McGauah JL: The memorv-modulatino effects of 
glucocorticoi& depeid on an intact stria terminali; Brain Res 
1996,709:243-250. --_. 

See annotatlon 130.91. 

30. Roozendaal B, McGaugh JL: Amygdalold nuclei lesions 
. . differentially affect glucocorticoid-induced memory 

enhancement in an inhibitory avoidance task Neurobiol Learn 
Mem 1996, 65:1-8. 

Together with [29**], demonstrates memory enhancement resulting from 
glucocorticoid receptor activation, and indicates that the effects of cotticos- 
terone receptor activation on memory depend, at least for some forms of 
learning, on amygdala function. 

31. Bohus B: Humoral modulation of learning and memory 
. . processes: physiological significance of brain and peripheral 

mechanisms. In The Memory Systems of the Brain. Edited by 
Delacour J. Singapore: World Scientific; 1994:337-364. 

An excellent review of both recent and older literature on memory modulation 
by endogenous hormones. 

32. Landfield PW, Baskin RK, Pitler TA: Brain aging correlates: 
retardation by hormonal-pharmacological treatments. Science 
1981, 214:581-584. 

33. Sapolsky R, Krey L, McEwen BS: Prolonged glucocortlcoid 
exposure reduces hippocempal neuron number: implications 
for aging. J Neurosci 1985, 5:1121-l 127. 



242 

34. 

35. 

36. 
. 

Cognitive neuroscience 

Roozendasl B. Carmi 0. McGauoh JL: Adrenocortical 
supprassion blocks tha memo&-enhancing effects of 
amphetamine and epinephrine. Proc Nat/ Acad Sci USA 1996, 
93:1429-l 433. 

De Wied D, Diamant M, Fodor M: Central nervous system 
effects of the neurohypophyseal hormones and related 
paptides. Front NeuroendocrinollQQ3, 4:251-302. 

Kovacs GL, De Wied D: Peptidergic modulation of learning and 
memory processes. Pharmacol Rev 1994, 46:269-291. 

An excellent and comprehensive review of memory modulation by endoge- 
nous hormones and peptides. 

Together with [511, shows that normal hippocampal long-term potentiation 
depends on influences from the amygdala. The findings support the view 
that the hippocampus and amygdala may interact in memory modulation. 

53. lzquierdo I, Medina J (Eds): Naturally Occurring Benzodiazepines: 
Structure, Distribution and Function. New York: Ellis Horwood; 

37. Stemberg DB, Gold PE: Retrograde amnesia produced by 
elect&al stimulation of the amygdala: attenuation with 
adrenergic antagonists. Brain Res 1981, 211:59-65. 

36. Flood JF, Smith GE, Morley JE: Modulation of memory 
processing by cholecystoklnin: dependence on the vagus 
nerve. Science 1987, 236:632-834. 

54. 

39. Williams CL, Jensen RA: Vagal afferents: a possible mechanism 
for the modulation of peripherally acting agents. In Peripheral 
Signaling of the Brain in Neural-Immune and Cognitive Function. 
Edited by Frederickson RCA, McGaugh JL, Felten DL. New York: 
Hogrefe and Huber; 1991:467-472. 

40. Clark KB, Krahl SE, Smith DC, Jensen RA: Post-training 
. unilateral vagal stimulation enhances retention performance 

in the rat Neurobiol Learn Mem 1 QQ5, 63:213-218. 
A striking example of memory enhancement resulting from direct stimulation 
of the vagus nerve. Supports the view that Peripheral influences to the brain 
can alter memory storage processes. 

41. Williams CL, McGsugh JL: Reversible lesions of the nucleus of 
the solitary tract attenuate the memory-modulating effects of 
posttraining epinephrine. Behav Neurosci 1993, 107:1-8. 

55. De Souza-Silva MA, Tomsz C: Amnesia after dlazepam infusion 
. into basolateral but not central amygdala of Rattus norvegicus. 

Neuropsychobiol 1995, 32:31-36. 
Supports earlier evidence indicating that memory modulation by benzodi- 
azepines depends on the activity of a specific amygdaloid nucleus. 

56. Harris JA, Westbrook RF: Effects of benzodiazepine 
microinjection into the amygdala or periaqueductal gray on tha 
expression of conditioned fear and hypoalgesia in rats. Behav 
Neurosci 1995, 109:295-304. 

57. 

42. Bennett C, Liang KC, McGaugh JL: Depletion of adrenal 
catecholamines alters the amnestic effect of amygdala 
stimulation. Behav Brain Res 1985, 15:83-91. 

58. Liang KC, Hon W, Davis M: Pre- and posttraining infusion of 
. . N-methyl-o-aspartate receptor antagonists into the amygdala 

impair memory in an inhibitory avoidance task. Behav Neurosci 
1994,108:241-253. 

43. Liang KC, Bennett C, McGaugh JL: Peripheral epinephrlne 
modulates the effects of posttraining amygdala stimulation on 
memory. Behav Brain Res 1985, 15:93-l 00. 

Among other findings, demonstrates that post-training disruption of NMDA 
receptors in the amygdala produces a dose- and time-dependent amnesia 
for one-trial avoidance learning. The findings indicate that NMDA receptors 
in the smygdala are important for the acquisition, but not retention, of this 
task. 

44. Babinsky R, Celabrese P, Durwen HF, Markowitsch HJ, 
Brechtelsbauer D, Heuser L, Gehlen W: The possible 
contribution of the amygdala to memory. Behav Neural 1993, 
6:167-l 70. 

59. 

45. Markowitsch H, Calabrese P, Wuerker M, Durwen HF, Kessler J, 
. Babinsky R, Brechtelsbauer D, Heuser L, Gehlen W: The 

amygdala’s contribution to memory - a study on two patients 
with Urbach-Wiethe disease. Neuroreport 1994, 5:1349-l 352. 

See annotation [46’1. 

60. Kim JS, Clark RE, Thompson RF: Hippocampectomy impairs the 
. memory of recently, but not remotely. acquired trace eyeblink 

conditioned responses. Behav Neurosci 1995, 109:195-203. 
A clear example of the time-limited role of the hippocampus in Pavlovian 
conditioning. 

61. 
46. Cahill L, Babinsky R, Markowitsch H, McGaugh JL: The amygdala 

and emotlonal memory. Nature 1995, 377:295-296. 
;ogether with [44,45*], provides evidence of a role for the amygdala in 
emotionally influenced declarative recall in humans with selective amygdala 
damage. 

47. Flood JF, Merbaum MO, Morley JE: The memory enhancing 
effects of cholecystokinin octapeptide are dependent on an 
intact stria terminalis. Neurobiol Learn Mem 1995, 64:139-l 45. 

62. 

63. 

48. Introini-Collison IB, Arai Y, McGaugh JL: Stria terminalis lesions 
attenuate the effects of posttraining oxotremorine and atroplne 
on retention. Psychobiology 1989, 17:397-401. 

64. 

49. Packard MG, Cahill L, McGaugh JL: Amygdala modulation of 
. . hippocampal-dependent and caudate nucleus-dependent 

memory processes. Proc Nat/ Acad Sci USA 1994, 
9118477-8481. 

65. 

Shows that reversible stimulation of the amygdala can influence both 66. 
hippocampus-dependent and caudate nucleus-dependent memory 
processes. Furthermore, suggests that the role of the amygdala is time lim- 
ited in these learning situations. 

50. Chavez ME, Salado-Castillo R, Sanchez-Alavez M, auirarte GL, 
Prado-Alcala RA: Post-training injection of GABAergic 
antagonists into the striatum produces retrograde amnesia. 
Neurobiol Learn Mem 1995, 63:296-300. 

51. lkegaya Y, Saito H, Abe K: Requirement of basolateral amygdala 
neuron activity for the induction of long-term potentiation in 
the dentate gyrus in viva. Brain Res 1995,671:351-354. 

52. lkegaya Y, Saito H, Abe K: Attenuated hippocampal long-term 
. potentiation in basolaterai amygdala-lesioned rats. Brain Res 

1994, 656:157-l 64. 

1993. 

Tomaz C, Dickinson-Anson H, McGaugh JL: Basolateral 
amygdala lesions block diarepam-induced anterograde 
amnesia in an inhibitory avoidance task. Proc Nat/ Acad Sci 
USA 1992, 89:3615-3619. 

Dickinson-Anson H, Mesches M, Coleman K, McGaugh 
JL: Bicuculline administered Into the amygdala blocks 
benzodiazepine-Induced amnesia. Behav Neural Biol 1993, 
60:1-4. 

Hatfield T, Gallagher M: Taste-potentlated odor conditioning: 
impairment produced by an infusion of an N-methyl-o- 
aspartate antagonist into the basolateral amygdala. Behav 
Neurosci 1995, 109:663-668. 

67. 

Squire LR, Alvarez P: Retrograde amnesia and memory 
consolidation: a neurobiological perspective. Curr Opin 
Neurobiol 1995, 5:169-l 77. 

Kim JJ, Fanselow MS: Modality-specific retrograde amnesia of 
fear. Science 1992, 256:675-676. 

Young WS, Kuhar MJ: Radiohistochemical localization of 
benzodiazepine receptors in rat brain. I Pharmacol Drp Jher 
1980, 2121337-346. 

Stackman RW. Walsh TJ: Anatomical soecificitv and time- 
dependence bf chlordiazepoxide-induced s$tial memory 
impairments. Behav Neurosci 1995, 109:436-445. 

Nagahara AH, McGaugh JL: Muscimol infused into the medial 
septal area impairs long-term memory but not short-term 
memory in inhibitory avoidance, water maze place learning and 
rewarded alternation tasks. Brain Res 1992. 591:54-61. 

lzquierdo I: Pharmacology of memory: drugs acting upon 
the neurotransmitter mechanisms involved in memory 
consolidation. In The Memory Systems of the Brain. Edited by 
Delacour J. Singapore: World Scientific; 1994:337-364. 

Wan RQ, Givens BS, Olton DS: Opioid modulation of working 
memory: intraseptal, but not intraamygdaloid, infusions of 
b-endorphin impair performance in spatial alternation. 
Neurobiol Learn Mem 1995, 63:74-86. 


