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A close observation of the world surrounding us would indicate that it is generally the dual aspects 
of an entity that drive its manifestation or evolution. Be it black or white, positive or negative, left or 
right, yin or yang, any of the pairs consists of two discrete, identifiable representations from which a 
specific attribute can be derived. However, these “dual” representations are not likely to be separa-
ble in characterization or functionality; one may lose its ground of existence if its counterpart simply 
does not exist. Above all, they complement or counteract each other so that a versatility of manifes-
tations and functionality is preserved.  
 
This is particularly meaningful in ways how life comes into being; a marvellous example is the struc-
ture of DNA molecules, which is based on the composition of two strands, with one representing the 
sense, and the other, the antisense, meaning of life.  
 
Here, I intend to extend this metaphor of “duality” to the central nervous system (CNS), the seat of 
intelligence and integrity. Particularly, the topic will be focused on the memory function under stress, 
which connects a predominant form of human cognitive functions with an inevitable part of life – the 
challenges from the outside world. It is relying on the capabilities of our brain in coping with turbu-
lences in life that we gain advantage for survival strategies.  
 
1. One memory, two structures 
 
Living organisms rely on their memory ability to process and retain information that represents prior 
experiences; as such, the memory is associated with events that entail learning. In this way, the 
information is encoded, retained and retrieved (Howard, 1995).  
 
Memory is labile (Nader et al., 2000); it does not work like a hard drive onto which any information 
input would be authentically coded, stored, and duplicated. The memory is sensitive to modulation 
by various agents during different stages of information processing (McGaugh, 1966; Cahill and 
McGaugh, 1996; Dudai, 1996; Richter-Levin and Akirav, 2003). Thus, people could recall the same 
events differently. It is well known that the emotional state may determine the way how subjective 
experiences are to be remembered. There is little argument that emotional items are preferentially 
retained in memory in comparison with neutral ones (Cahill and McGaugh, 1995; Kensinger, 2004; 
McGaugh, 2006). A meal’s composition that resulted in your urgent visit to hospital would likely be 
vividly retold months later, while you might not be able to recall your latest lunch’s menu.  
 
Even though the emotional state can either be positive or negative – as the former is mostly linked 
to pleasure, the discussion of positive affect and its relation with memory is beyond the scope of this 
thesis. It was upon the negative affective impacts – arising from aversive events – that we have 
concentrated our studies, as these events may convey forms and aspects of perceived stress, and it 
was our central goal to unravel the intriguing capabilities of the brain in dealing with stress. 
 
Two of the main brain structures that play significant and indispensable roles in the formation of 
stress-related memory are the hippocampus and the amygdala.  
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In this text, we have placed particular interest in these two medial temporal lobe structures. This 
focus does not automatically exclude the implication of other brain regions in memory that might be 
just as susceptible to stress; for instance, a structure that has continually attracted increasing atten-
tion is the prefrontal cortex (PFC) (van Stegeren, 2009; Quirk and Mueller, 2008). Yet, to adopt a 
simple and realistic approach to start with, we decidedly chose the current two structures (hippo-
campus and amygdala) as the centre of the research; and it seemed that it is worthwhile to unravel, 
in the first place, the essential mechanisms underlying the constitutive actions of specific brain re-
gions in actively transforming environmental stimuli into meaningful memory representations. It is 
well hypothesised that these structures (hippocampus and amygdala) deliver specific aspects and 
loads of information in the formation of emotional memory, as to be discussed in the following. 
 
1.1 The hippocampus 
 
1.1.1 The structure 
The hippocampus, named after its seahorse-like look, is a primitive structure that is located deeply 
within the medial temporal lobe. It is considered part of the cortex, however with only 3 neuronal 
layers, representing even older cortical architecture. The hippocampus is a main component of the 
so-called “limbic system”, whose reputation can date back to scores of decades ago when its sig-
nificance for emotion, memory and behaviour was first contemplated (Maclean, 1952; Papez, 1995).  
 
The hippocampus can be divided into several subfields: the dentate gyrus (DG), the cornu ammonis 
(Ammon’s horn – due to its shape, including CA1-3) and the subiculum (Witter et al., 1989). In those 
areas, a single layer of principal cells can always be found, which reveal the characteristics of corti-
cal neurons. In the CA1, aside from the cell layer where the somata of pyramidal neurons compactly 
congregate, other layers are also visible. Just parallel to the pyramidal cell layer (i.e. stratum pyra-
midale), the stratum radiatum runs through; this is the fibre pathway that contains the Schaffer 
collaterals and their recipient dendrites that originate from the pyramidal neurons. Other layers such 
as, alveus, stratum oriens, stratum lacunosum moleculare are less significant for our discussion.  
 
In the dentate gyrus (DG), the cell layer contains the granule neurons, whose apical dendrites 
sprout into the neighbouring molecular layer. The molecular layer is the site where the projections 
from the perforant pathway are received and synaptic contacts are formed. This is the gateway 
where information flows into the hippocampus from the entorhinal cortex. There is also an inner 
layer, called the polymorphic layer, or the hilus.  
 
The hippocampus is renowned for its intrinsic connectivity, which refers to the vividly-called “tri-
synaptic circuit” (Figure 1B). As part of this circuit, glutamatergic input arising from the entorhinal 
cortex (EC) projects to the molecular layer of the dentate gyrus via the “perforant pathway” (and 
also to CA1 and CA3). The perforant pathway predominantly innervates the outer two-thirds of the 
molecular layer of the dentate gyrus. The synaptic transmission can further be relayed from the 
dentate gyrus to CA3, via the unmyelinated “mossy fibres” that connect the dentate granule cells 
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with the dendrites of CA3 neurons. CA3 neurons send out their collateral axons that massively in-
nervate the dendritic layer of the CA1 pyramidal cells; this composes the often studied “Schaffer 
collaterals”. The synaptic transmission is not yet ended, as the CA1 pyramidal neurons’ axons can 
further project through the subiculum to the entorhinal cortex – a place where the synaptic input 
exactly originates (Witter et al., 1989). This entorhinal cortex-dentate gyrus-CA1-entorhinal cortex 
loop may represent the anatomical basis that accounts for a cascade of information inflow from 
polymodal association areas, intra-hippocampus processing, and eventual information outflow 
(Kandel et al., 2000b; Richter-Levin, 2004).  
 
Thanks to the laminar organisation of the principal neurons, the hippocampus provides an ideal 
representation of an open electric field (Figure 5). In addition, the intrinsic projection pathways are 
well-defined; this has further facilitated the use of the hippocampus as a standard preparation for 
many studies where field potential recordings are the key experimental approach. Recordings in the 
dentate gyrus historically revealed the so-called phenomenon LTP: long-term potentiation (Bliss and 
Gardner-Medwin, 1973; Bliss and Lomo, 1973) (see Section 4.1).   
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cortical n.

central n.

medial n.
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Figure 1 The structures of the hippocampus and the amygdala. (A) The relative position of the hippocampus or 
the amygdala to other brain structures on a coronal rat brain section. Adapted from the online rat brain atlas 
available at BrainMaps.org. (B) An illustration of the “trisynaptic circuit” in the hippocampus. (C) Multiple sub-
groups and nuclei within the amygdaloid complex. The grey shaded area is the basolateral amygdala. 
Reprinted and adapted from Sah et al., 2003, Physiol Rev 83:803-834; used with permisson.  
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This overview so far has focused on the glutamatergic principal neurons and excitatory synaptic 
transmission pathways. However, it should not be ignored that extensive GABAergic projections 
exist within the hippocampus and play crucial functional roles (Freund and Buzsaki, 1996). Like-
wise, our restricted focus on the hippocampus does not imply that the structure per se may 
adequately enable a spectrum of hippocampus-related memory functions. Structures adjacent to 
and extensively connected with the hippocampus – the parahippocampal region – may collectively 
and significantly contribute to memory faculties; they include the entorhinal cortex, the peri- and the 
postrhinal cortex (also parahippocampal cortex ) (Witter et al., 1989; de Curtis and Pare, 2004).  
 
1.1.2 Involvement in memory 
Ample evidence has suggested the critical involvement of the hippocampus in establishment of 
memory. This understanding has gone into the textbook as a standard part of knowledge. In the 
following, I will only list a few of the distinct facts that pinpoint the hippocampus’ central status in 
memory. 
 
One of the major hallmarks in research on the hippocampus is the well-known case of the patient 
H.M., who had chronically suffered from untreatable bilateral temporary lobe seizure as a result of 
childhood brain damage (Scoville and Milner, 1957). Surgical procedures attempting to relieve epi-
leptic symptoms had removed his medial temporal lobe containing the hippocampus, the amygdala 
and several other temporal cortical structures. Unanticipated memory deficit occurred after the sur-
gery, in which case his short-term and long-term memories prior to the surgery remained intact, 
whilst he could no longer convert later new experiences into long-term memory. This suggested a 
form of anterograde amnesia and indicated the pivotal role of the hippocampus in forming and re-
taining new memory. As H.M. was, nonetheless, able to acquire new motor skills, this pinpointed the 
relevance of the hippocampus to declarative memory (Kandel et al., 2000d). Such an acknowl-
edgement of the hippocampal function in memory was further strengthened by other studies; in the 
R.B. case, anterograde amnesia relating to declarative memory arose from lesions that were re-
stricted to the hippocampal CA1 region (Zola-Morgan et al., 1986).  
 
The knowledge of the hippocampus’s association with memory was recently publicised through the 
media. While sounding like an anecdote, researchers have shown that London taxi drivers, needing 
to memorise massive amounts of navigational information, have their hippocampi restructured – e.g. 
enlarged posterior parts; and the hippocampal volume changes are correlated with the years of 
navigation experience (Maguire et al., 2000). This represents a plastic change of the hippocampus 
corresponding to information retention. A previous study, by applying PET techniques, has likewise 
illustrated the engagement of the hippocampus in recalling navigation experience through functional 
revelations (Maguire et al., 1997). 
 
In rodents, an analogous form of declarative memory is the spatial memory. Based on this under-
standing, sophisticated experimental approaches were developed to test the animal’s memory 
performance. Richard Morris pioneered the use of the well-known Morris water maze to measure 
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the animal’s ability of remembering a submerged platform, to which the pathway was once learned 
by training aided with contextual cues. Execution of a proper learning and memory function in such 
a task requires the integrity and functional activation of the rodent hippocampus (Morris et al., 
1982). Similarly, in animal literature, one may come across the term of “place cells” in the hippo-
campus, which refers to the observation that certain cells in the hippocampus will fire to high 
frequencies in correspondence with the animal’s specific locations in the environment (O'Keefe and 
Dostrovsky, 1971). This discovery led to the belief that the hippocampus virtually forms a “cognitive 
map” of the environment (O'Keefe and Nadel, 1978) and underlies the processes of spatial encod-
ing and memory – recently, this concept has been enriched with an emphasis on the episodic 
memory function as executed by the hippocampus (Wagatsuma and Yamaguchi, 2007; Ei-
chenbaum et al., 1999). Similar place cells can also be found at the human level (Ekstrom et al., 
2003).  
 
It is still worthwhile to mention that the hippocampus is the site where long-term potentiation (LTP) 
was initially discovered (Bliss and Gardner-Medwin, 1973; Bliss and Lomo, 1973) and is the struc-
ture currently widely used for studying LTP. LTP has been considered the best neurobiological 
substrate to date that accounts for the mechanism of learning and memory. Its relevance to the 
memory phenomenon will be discussed in Section 4.1. 
 
1.2 The amygdala 
 
1.2.1 The structure 
The amygdala is a bilateral almond-like structure (from which its name was derived) located deeply 
inside the medial temporal lobe. Just like the hippocampus, it forms part of the limbic system.  
 
The term of the amygdaloid complex actually refers to a group of heterogeneous nuclei, which are 
further divided into 3 main subgroups: the basolateral, the cortical, and the centromedial group (Fig-
ure 1C). The basolateral group consists of the lateral nucleus, the basolateral (or basal) nucleus 
and the basomedial (or accessory basal) nucleus; the cortical group includes the cortical nuclei and 
nucleus of the lateral olfactory tract; and the centromedial group is composed of the medial and 
central nuclei. There are some other structures, such as the intercalated cell masses and the amyg-
dalohippocampal area, which do not belong to any of these subgroups (Sah et al., 2003).  
 
Some authors suggested that the amygdaloid complex should be grouped as follows – as their func-
tional relevances may be inferred – the frontotemporal, autonomic, main olfactory and accessory 
olfactory systems. According to this categorisation, the basolateral nuclei are composed of embry-
ologically cortical-like neurons which are similar to and connected with the frontotemporal system, 
while the central nucleus is embrylogically striatal in origin, thus similar to cells in the striatum and 
functionally related to the autonomic system (Swanson and Petrovich, 1998; Sah et al., 2003). 
These characteristics may underlie the functional basis upon which individual nuclei can exert their 
relevant physiological functions. It is believed that the basolateral group of the amygdala is respon-
sible for assigning emotional value to information input, and the central nucleus receives input from 
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the basolateral amygdala and controls the hypothalamus and the brain stem to mediate autonomic 
and behavioural responses.  
 
The principal neurons in the basolateral amygdala share certain common features with cortical neu-
rons (Swanson and Petrovich, 1998). They are basically considered pyramidal-like neurons; 
however, they are not necessarily uniform in morphology and arborisation, thus constituting a spec-
trum of cells ranging from pyramidal to semi-pyramidal to stellate. Additionally, the architecture of 
the neurons is not as organised as  that in the hippocampus, and is absent of clearly defined lay-
ered structures (Sah et al., 2003). GABAergic interneurons are also present among the basolateral 
nuclei (Sah et al., 2003). 
 
In terms of connectivity, several connections are of our particular research interest. First, there are 
intra-connections within the basolateral amygdala (e.g. from lateral nucleus to basolateral nuclei) 
(Pitkanen et al., 2000; Wang et al., 2002; Sah et al., 2003). Second, there are extensive,  reciprocal 
inter-connections between the basolateral amygdala and the hippocampus (CA1 and subiculum) as 
well as the parahippocampal region (e.g. entorhinal cortex) – which structures are crucially involved 
in the generation of memory (Pikkarainen et al., 1999; Pitkanen et al., 2000). 
 
1.2.2 Relevance to emotional memory 
The functional significance of the amygdala was first recognised in the Klüver-Bucy syndrome 
(Kluver and Bucy, 1997). In the initial animal experiment, the absence of the amygdala after re-
moval of the temporal lobes of the rhesus monkey had lead to major changes in emotional 
behaviour. 
 
Later, the role of the amygdala in emotional memory was detailed in Joseph Ledoux’s work by the 
famous animal model of fear conditioning (LeDoux, 1993, 1994, 2000). In such a model, the rodent 
may respond to a neutral stimulus with fear behaviour – most notably, the “freezing”: cessation of 
any physical movement. This type of animal behaviour is normally only visible in a noxious condi-
tion, but can become prominent in response to neutral stimuli when the neutral and aversive stimuli 
were paired during a prior training. Often, these two categories of stimuli are auditory tones and 
electric foot shock respectively, also described as conditioned stimulus (CS) and unconditioned 
stimulus (US); freezing is considered the conditioned response. In such a setting, the neutral stimu-
lus is assigned an emotional significance arising from a previous experience that has associated the 
neutral condition with an aversive one, so that the neutral condition is remembered to be threaten-
ing (i.e. fear conditioning). This may represent a form of emotional memory. Fear conditioning can 
also occur in humans (Buchel and Dolan, 2000; Cheng et al., 2003; Marschner et al., 2008). 
 
Joseph LeDoux and colleagues attempted to decipher the structural systems responsible for the 
establishment of the conditioning process, by disrupting various pathways that channel stimulus 
information to subcortical areas. Finally, they could narrow their search down to the amygdala and 
identified its involvement in mediating conditioned fear responses (LeDoux et al., 1984; Iwata et al., 
1986; LeDoux et al., 1990; LeDoux, 1993, 1994, 2000). With their research, they suggested that the 
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external stimuli (neutral or aversive) may via individual sensory input pathways converge on the 
lateral nucleus of the amygdala (LeDoux et al., 1990; LeDoux, 1993, 2000); therefore, a form of 
associative learning may take place at the site that employs Hebbian plasticity (Blair et al., 2001). 
Hebbian plasticity can simply be described as “neurons that fire together, wire together”. Thus, in 
the lateral nucleus, when the group of postsynaptic neurons that are mildly activated by the neutral 
stimulus (CS) are simultaneously strongly activated by the aversive stimulus (US), the synaptic 
responses to the neutral stimulus will be enhanced continuously (Blair et al., 2001; Sigurdsson et 
al., 2007). This may underlie a putative learning / memory mechanism. Ideally, this type of synaptic 
plasticity should be revealed with the manifestation of long-term potentiation, and indeed this was 
so demonstrated in several studies (Rogan and LeDoux, 1995; Rogan et al., 1997; Maren, 1999). 
 
The lateral nucleus projects directly and indirectly via the basolateral nuclei to the central nucleus. 
The central nucleus, by activating the brain stem and hypothalamus, mediates the expression of the 
fear responses (LeDoux, 1993, 2000). This constitutes a traditional view of how fear conditioning is 
established and expressed through the systems and projection pathways that centre on the amyg-
dala.  
 
Holding the aforementioned view may easily lead one into thinking that, as fear conditioning is 
achieved through such an “emotional circuit” that actually mediates a sequence of: input of emo-
tional information (into the amygdala), specific synaptic strengthening (within the amygdala), and 
output of fear responses (from the amygdala), it is likely that the amygdala is the centre of emotional 
memory and thus the site where the emotional memory is formed and stored (LeDoux, 1994; Ma-
ren, 1999). However, this would be only one side of the story.  
 
Many researchers have argued that the amygdala (especially the basolateral portion) may – other 
than merely being a storage site of emotional memory – play an important role in modulating mem-
ory activity in other brain regions (Cahill and McGaugh, 1998; Cahill et al., 1999; Pare, 2003; 
Richter-Levin and Akirav, 2003). This modulatory action may be most prominent during the memory 
consolidation stage. McGaugh and other authors (Cahill and McGaugh, 1998; McGaugh et al., 
2002; Pare, 2003; Richter-Levin and Akirav, 2003; McGaugh, 2004) have suggested that the baso-
lateral amygdala acts as a central target of various types of manipulations (e.g. electrically or 
pharmacologically), through which the consolidation of newly acquired memory is affected. The 
information embedded in an emotional arousing event receives a “tag” through the activation of the 
basolateral amygdala, and then undergoes a preferential process (for better preservation) in the 
memory structures – particularly, the hippocampus; this may underlie why emotional arousing 
events are better retained than neutral ones (Richter-Levin and Akirav, 2003; Richter-Levin, 2004).  
 
McGaugh and others (McGaugh et al., 2002; McGaugh and Roozendaal, 2002; McGaugh, 2004) 
have emphasised the involvement of, among others, the adrenal stress hormones – (nor)adrenaline 
and glucocorticoids, in stimulation of the amygdala to modulate the memory process elsewhere. 
Increases in stress hormones are often a direct physiological outcome that is inherent in the experi-
ence of negatively emotional scenarios.  
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These authors showed that, in a water maze task (i.e. strongly dependent on hippocampal function), 
post-training administration of noradrenaline to the basolateral amygdala enhanced the animal’s 
spatial memory performance (Hatfield and McGaugh, 1999). Another animal model was often used 
in their studies, called inhibitory avoidance task, which is similar to the fear conditioning paradigm 
and involves contextual information processing. In this task, the animal was subjected to an experi-
mental compartment where it received inescapable foot shocks; the animal was subsequently 
tested by monitoring the latency of its re-entry into the compartment that had once been associated 
with the shocks, as this provided an indicator of established memory for the aversive experience. 
With this paradigm, post-training injection of the β-adrenergic agonist (Ferry and McGaugh, 1999) 
or glucocorticoids (Roozendaal and McGaugh, 1997b) into the basolateral amygdala enhanced 
memory retention. Likewise, glucocorticoids infused into the dorsal hippocampus right after training 
could also enhance the animal’s memory; however, this facilitation required the integrity of its baso-
lateral amygdala (Roozendaal and McGaugh, 1997a).The researchers have further identified the 
requirement of noradrenergic activity within the basolateral amygdala for such enhancement attrib-
utable to the regional application of glucocorticoids (Roozendaal et al., 1999). We will further 
discuss the interactive effects between these two hormone systems in Section 2.3.  
 
1.3 Amygdala and hippocampus, coupling in memory 
Structurally, the hippocampus and the amygdala are well interconnected; this may provide a basis 
upon which their co-work and cross-talk can be established, thus ensuring that any emotionally 
arousing stimulus will be processed collaboratively in a way that preserves its comprehensiveness 
and meaningfulness.      
 
The functional coupling of both systems in the formation of emotional memory may involve mecha-
nisms that require further elucidation. It is likely that the hippocampal system handles memory 
traces during encoding and consolidation, and the amygdala, activated by the affective aspect, 
modulates the memory being constructed in – for instance – the hippocampus by giving an “emo-
tional tag” (Pare, 2003; Richter-Levin and Akirav, 2003). However, it is still likely that certain 
aspects, particularly of purely affective nature, are processed separately in the amygdala other than 
the declarative information being processed by the hippocampus. The amygdala may store part of 
the information (at least in the fear-evoking situation), as is needed for constituting a full picture of 
the experienced emotionally arousing event (LeDoux, 1994, 2000). The amygdala may also collect 
contextual information as having been processed by the hippocampus (Phillips and LeDoux, 1992, 
1994; McNish et al., 1997).  
 
The interrelationship between the hippocampus and the amygdala in emotional memory has been 
addressed by several human studies with neuroimaging methods. In a patient study of temporal 
lobe epilepsy, it was shown that the required functions of the amygdala and hippocampus and the 
encoded emotional items are well correlated (Richardson et al., 2004). The amygdala-hippocampal 
interaction was also observed with human conditioning paradigms (Buchel et al., 1999; Alvarez et 
al., 2008). The functionality emphases of the amygdala and the hippocampus were disclosed in 
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another study that illustrated that amygdala activity was related to later remembered emotional 
items, while the hippocampus more likely bound to contextual information (Kensinger and Schacter, 
2006).  
 
2. One stress, two hormones 
 
Our interest was focused on stress experience, which is usually inherent in aversive events. Stress 
is something that we cannot be more familiar with; it occurs by day, by minute and by second, from 
missing the last train, making an elevator pitch, being a victim of violence, to near-death experience. 
 
Here, we inherit the traditional concept of “stress” that is traced back to Hans Selye (Selye, 1998), 
which refers to the state that the physiological or psychological inner balance or stability (i.e. ho-
meostasis) of a living organism is being challenged by exogenous or endogenous agents, stimuli, or 
conditions (i.e. “stressors”), and the organism’s physiological and behavioural responses are hence 
directed towards regaining the new levels of homeostasis (Kopin, 1995; Fink, 2000; de Kloet et al., 
2005). Stress responses characteristically involve the activation of two neuroendocrinological path-
ways: the hypothalamic-pituitary-adrenal (HPA) axis and the autonomous nervous system (ANS). 
Both systems eventually target their actions at the adrenal gland, from which (though of different 
origins) two types of hormones are secreted – glucocorticoids from the adrenal cortex, and cate-
cholamines (adrenaline and noradrenaline) from the adrenal medulla (Pacak et al., 1995; De Kloet 
et al., 1998; Tsigos and Chrousos, 2002; Smith and Vale, 2006). These are the central molecules 
on which our research interest rested, in that we considered them as the starting point for our inves-
tigation of stress-mediated effects on cognitive functionalities.  
 
2.1 The noradrenergic system in CNS 
Acute stress responses, also referred to as the “fight-or-flight” response, can immediately trigger the 
activity of the autonomic nervous system (ANS), and through the activation of the sympathetic-
adrenomedullary circuits, the circulating levels of adrenaline and noradrenaline are elevated (Tsigos 
and Chrousos, 2002; Eysenck, 2004; Smith and Vale, 2006).  
 
Within the central nervous system, perceived stress promptly activates a brain-stem structure called 
the locus coeruleus (LC), which is responsible for maintaining vigilance and responsiveness to un-
expected environmental stimuli. This is a nucleus where the majority of noradrenergic neurons in 
the brain cluster (Kandel et al., 2000a; Smith and Vale, 2006). It has extensive noradrenergic pro-
jections to other areas such as the cerebral cortex, the cerebellum, the amygdala, the hippocampus, 
the hypothalamus, the thalamic relay nuclei, the brain stem and spinal cord (Foote et al., 1983). 
Therefore, the amygdala-hippocampus emotional memory system is an obvious target of noradren-
ergic regulation. There is also indication that reciprocal connections are established between the 
LC-noradrenergic and CRH-releasing systems (Valentino et al., 1993; Chrousos, 1998; Tsigos and 
Chrousos, 2002).  
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Peripherally-released adrenaline can also stimulate the ascending vagal afferents that terminate at 
the nucleus of solitary tract (NTS) – whose noradrenergic neurons directly innervate the basolateral 
amygdala. Furthermore, NTS can via indirect pathways stimulate the locus coeruleus and enhances 
noradrenergic activity therein (Van Bockstaele et al., 1998; Roozendaal, 2000, 2003; McGaugh, 
2004).  
 
2.2 The glucocorticoid system, facts and mechanisms 
Perceived stress and potential challenges to homeostasis stimulate the HPA axis to respond to the 
changes in environment. “Stress information” funnels through the paraventricular nucleus (PVN) of 
the hypothalamus, which, when activated, releases corticotropin-releasing hormone (CRH) and 
arginine-vasopressin (AVP); these hormones can subsequently induce secretion of adrenocortico-
tropic hormone (ACTH) from the anterior pituitary gland. ACTH enters the blood stream, and is 
hence able to stimulate the adrenal cortex to release the glucocorticoids. Glucocorticoids can medi-
ate negative feedback at the pituitary and hypothalamus levels to regulate secretory volumes and 
terminate heightened responses, thus ensuring a well-balanced physiological response (Tsigos and 
Chrousos, 2002; de Kloet et al., 2005). Dysregulation of the feedback mechanism has been impli-
cated in maladies such as depressive disorders or post-traumatic stress disorder (Yehuda, 2002). 
The activity of the HPA system is also influenced by the hippocampus; and on the other hand, the 
hippocampus is the site where memory functions are significantly regulated by glucocorticoids (De 
Kloet et al., 1998; Joels, 2001; Smith and Vale, 2006).  
 
It is worthwhile to mention that, when not responding to stress, the secretion pattern of the glucocor-
ticoids may naturally follow a circadian rhythm. That means that, for example, in human the 
secretion activity peaks in the morning and diminishes slowly and gradually over time, reaching its 
minimal levels during late hours in the evening (Gwinup, 1967; Weitzman, 1976); as most rodents 
are nocturnal creatures, their pattern is reversed (De Boer and Van der Gugten, 1987; Engeland 
and Arnhold, 2005). Recently, there are also strong indications of an ultradian rhythm being avail-
able, even within the brain; and the peaks of these ultradian pulses constitute the gross circadian 
pattern  as discussed above (Droste et al., 2008; Lightman et al., 2008). 
 
The principal form of glucocorticoids in humans is cortisol, and in rodents corticosterone. These are 
steroid hormones that are directly synthesised from cholesterol by the adrenal cortex. With their 
lipophilic nature, they obtain easy entry into the intracellular domain. When released into the circula-
tion, the hormones will reach their target organs, including the central nervous system; however, a 
few factors may restrict the regional availability and efficacy of the hormones, including their respec-
tive binding proteins (corticosteroid binding globulin, CBG) in serum, the multidrug resistance (MDR) 
P glycoprotein in the blood-brain barrier, and local metabolising enzymes (De Kloet et al., 1998; de 
Kloet et al., 2005; Joels, 2006). These factors represent a primary-level regulation that controls the 
hormones’ access to their ligand-binding receptors. We will in the following further discuss the sig-
nal transduction pathways occurring intracellularly. 
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 2.2.1 One hormone, two receptors 
There are two types of receptors existing inside the neurons to which glucocorticoids may bind to 
mediate their regulatory functions; they are respectively called mineralocorticoid receptors (MRs) 
and glucocorticoid receptors (GRs). MRs and GRs belong to a super-family of nuclear receptors 
that just act as transcriptional factors (de Kloet et al., 2000).  
 
One notable feature about the receptors is that MRs exhibit a much higher affinity for glucocorti-
coids than do GRs, to an range of 10-fold stronger (Reul and de Kloet, 1985; De Kloet et al., 1998; 
Kellendonk et al., 2002). Therefore, the binding patterns of the hormone to MRs and GRs will vary 
according to the levels of circulating corticosteroids, in association with the extents of perceived 
stress. This may provide a basis for the suggestion that, by different doses of glucocorticoids, an 
inverted U-shape relationship (from a functional perspective) can be established within certain brain 
areas (de Kloet et al., 1999; Lupien et al., 2005; Joels, 2006). Others also propose that the ratios of 
MR/GR occupancy may actually differentiate the outcomes of the hormones’ actions (Lupien and 
Lepage, 2001; Lupien et al., 2005).  
 
Another distinct difference between the receptors is about their distributions. In the brain, the MRs 
are localised in limbic structures, and abundantly expressed in the hippocampus, the amygdala, and 
the septum. The GRs are dispersed over the whole brain. The amygdala and the hippocampus are 
among the structures where the co-localisation of both receptors is achieved (Reul and de Kloet, 
1985; Van Eekelen et al., 1988; Morimoto et al., 1996; Kellendonk et al., 2002). Therefore, it would 
be reasonable to assume that one stress hormone can, by responding to one incidence, reach mul-
tiple functional areas co-incidentally, and within each region, a balance of receptor activities will 
dictate how the functions are tuned to meet the challenge on hand.  
 
Both types of receptors show certain common characteristics in signal transduction. They behave in 
ways similar to most nuclear receptors. When bound by glucocorticoids, MRs and GRs dissociate 
from a complex of chaperon proteins and expose the nuclear localisation signals which facilitate 
their translocation to the nucleus. During the process MRs or GRs can form homodimers; and these 
will occupy their binding sites in the DNA promoter regions (i.e. GRE: glucocorticoid responsive 
elements) of the target genes, and initiate recruitment of co-regulatory factors and assemble the 
transcriptional machinery. Through this pathway, these receptors act just like transcription factors, 
regulating the transcriptional activity of glucocorticoid responsive genes. Upward and downward 
regulations are both likely, which may result in enhanced or repressed gene expressions (De Kloet 
et al., 1998; Vreugdenhil et al., 2001; Kellendonk et al., 2002; de Kloet et al., 2005; Zhou and Cid-
lowski, 2005). The signalling cascades can also involve another mechanism that does not require 
receptor homodimerisation and through which monomeric receptors directly bind to other types of 
transcription factors – that is the protein-protein interaction. In this fashion, MRs and GRs can alter 
or block gene transcriptions as stimulated by other transcription factors such as AP-1, NF-κB (De 
Kloet et al., 1998; Vreugdenhil et al., 2001; Kellendonk et al., 2002; de Kloet et al., 2005; Zhou and 
Cidlowski, 2005).  
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Through these two mechanisms, the receptor activation-initiated transcriptional and translational 
products can eventually alter the functionality of individual neurons, by modifying the membrane 
properties through regulation of, for example, G-protein-coupled receptors, ion channels, ionotropic 
receptors, and ion pumps (De Kloet et al., 1998; de Kloet et al., 2005). Furthermore, a rich collection 
of target genes implicated in essential neuronal functions has been proposed for their responsive-
ness to corticosteroids, which are related to synaptogenesis, vesicle recycling, neurotransmitter 
synthesis, signal transduction, axonal support, and neural cell adhesion molecules (Datson et al., 
2001; Vreugdenhil et al., 2001).      
 
2.2.2 A second mode of action 
Currently, there is a growing body of evidence to suggest that glucocortioids do not necessarily rely 
on the intracellular gene-mediated pathways to exert their functions in the brain; this can clearly be 
identified in the time-frame within which they elicit instantaneous cellular responses. Thus, it has 
been proposed that the hormone also employs a fast, non-genomic action that arises within sec-
onds to minutes, as significantly different from the nuclear-receptor dependent mode that requires a 
more durable period to accomplish the essential processes (McEwen, 1991; Borski, 2000; Makara 
and Haller, 2001; Stellato, 2004).  
 
In fact, glucocorticoids do mediate their negative feedback actions rapidly at the hypothalamus and 
pituitary levels. This rapid action was also evidenced in an in vitro experimental condition, where the 
pituitary was stimulated by CRH to secret ACTH; administration of glucocorticoids could rapidly 
inhibit the efficacy of CRH within 10 – 20 minutes (Widmaier and Dallman, 1984). In another study, 
it was shown that AVP releases from hypothalamic slices were inhibited within minutes by bovine 
serum albumin (BSA)-conjugated corticosterone, a form of corticosteroids to which the membrane is 
impermeable (Liu and Chen, 1995). In the hippocampus, it was found that systemic and intrahippo-
campal administration of corticosterone could lead to rapid extracellular increases of excitatory 
amino acids, and these effects were not dependent on MRs and GRs, or protein synthesis activity 
(Venero and Borrell, 1999). At the functional level, a recent report demonstrated that corticosterone 
application could transiently increase the frequency of miniature excitatory postsynaptic currents in 
CA1 pyramidal neurons; this facilitation does not require the hormone’s access to the intracellular 
compartment and is not dependent on intracellular translational activity – however, it did indicate the 
engagement of MRs, which might allegedly achieve a certain degree of mobility to migrate towards 
the membrane (Karst et al., 2005).  
 
To elucidate the diverse mechanisms underlying the rapid, nongenomic hormone actions remains a 
challenge. It has been suggested that glucocorticoids are able to directly modulate second-
messenger systems, change ion fluxes and activate various kinase pathways (Chen and Qiu, 1999; 
Borski, 2000; Stellato, 2004). The significance of the membrane-associated receptors has been 
indicated in these processes – these are “non-classical” membrane proteins or binding sites that 
have a high affinity and specificity for glucocorticoids. Still, some variants of the classical intracellu-
lar receptors are suggested that may be associated with the membrane, mediating rapid hormonal 
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functions and yet subject to traditional intracellular receptor antagonists (Falkenstein et al., 2000a; 
Falkenstein et al., 2000b; Stellato, 2004).  
 
This functional “promptness” can ensure the hormone’s capability in coping with real-time stress 
challenges, while in close collaboration with other fast-acting molecules such as CRH, catechola-
mines, and neuropeptides (de Kloet et al., 2005; Joels et al., 2006; de Kloet et al., 2008). On the 
other hand, the classical pathways seem to sustain a sequence of stress-evoked responses, which 
may just take off later but last longer. A detailed illustration of this notion is provided in Chapter 2.   
 
2.3 A typical model of hormonal interactions 
Across various systems and tissues, it was discovered that certain hormones (e.g. glucocortiocoids, 
thyroid hormones) may mediate a “permissive” regulation of cell functions, which means that the 
cell’s sensitivity and ability to respond to another type of hormone (such as catecholamines) will be 
altered. This involves regulations targeted at the G-protein coupled receptors and the adenylate 
cyclase system (Malbon et al., 1988). 
 
Accordingly, Roozendaal and McGaugh, by using the aforementioned animal models like inhibitory 
avoidance task (Roozendaal et al., 2002), have elegantly shown the permissive action of glucocorti-
coids on noradrenergic activity at the site of basolateral amygdala that may underlie significant 
regulatory functions of both hormones on the memory process during a highly stressful condition.  
 
In their model (Figure 2), noradrenaline (norepinephrine) as released through central or peripheral 
stimulations, via the noradrenergic innervation of the basolateral amygdala, activates the β-
adrenoceptors and α1-adrenoceptors harboured by the principal neurons therein. Subsequently, as 
coupled with adenylate cyclase, β-adrenoceptors stimulate the production of cAMP; and cAMP fur-
ther initiates activation of protein kinase A (PKA). This is the primary mode of noradrenergic action 
that is thought to be contributory to memory regulation. α1-adrenoceptors can modulate this β-
adrenoceptor-cAMP/PKA pathway, and this is where glucocorticoids can step in, by activating GRs 
which are allegedly coupled with α1-adrenoceptors, to enhance the efficacy of the β-adrenoceptor-
mediated cascades. Glucocorticoids may also rely on a presynaptic modulation of norepinephrine 
release to facilitate the intra-amygdala noradrenergic activity (Roozendaal, 2000, 2003; McGaugh, 
2004; Roozendaal et al., 2006). There is indication that glucocorticoid-mediated, non-genomic 
mechanisms are likely involved at the postsynaptic as well as the presynaptic levels, as noradren-
ergic efficacy can be diminished by the GR antagonist within a very short time-frame (Roozendaal, 
2003), and glucocorticoids are known to inhibit catecholamine uptake via a non-genomic mecha-
nism (Makara and Haller, 2001; Roozendaal, 2003).  
 
The amygdala is a major site where the two hormone systems can interact and collaborate to de-
liver their regulation of memory activity, in consistency with the experience of stress being 
perceived.    
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Figure 2 The noradrenergic and glucocorticoid systems interact within the amygdala to mediate memory-
modulating effects. This is the cornerstone and fact-based model of Roozendaal and colleagues’ “amygdala 
modulation theory” (see the text in Section 2.3 for explanation). Reprinted from Roozendaal, 2003, Prog Neu-
ropsychopharmacol Biol Psychiatry 27:1213-1223; with permission from Elsevier.  
 
 
 
3. Stress effects on memory, a two-way ticket 
 
3.1 Phenomena  
Ample evidence has pointed out that memory is susceptible to influences from stress. Acute stress 
is often connected to events of negative affective significance. Those events may, on the one hand, 
activate the amgydala, and on the other hand, stimulate the release of the memory-modulating 
stress hormones. It is common for us to recognise that those emotionally arousing events, consis-
tent with the perceived stress, are granted easy entry into our memories and are better preserved. 
Victims of accidents, disasters or terrorism would vividly recall what they have gone through (Cahill 
and McGaugh, 1998; Joels et al., 2006; Shors, 2006). In Chinese, there is a saying to describe such 
a kind of the “engraved” experience in memory – “once you are bitten by a snake, you will be afraid 
of seeing a grass rope (due to its similarity to a snake) for three years right after”. This may be taken 
to an extreme level by patients of diseases such as post-traumatic stress disorder; in this case, a 
disturbing memory of previous traumas is not readily to be quelled (Newport and Nemeroff, 2000; 
Yehuda, 2002).  
 
Several human experimental settings are quite relevant to this aspect of memory. Cahill and col-
leagues have shown that with a physical stressor (ice-cold water) administered immediately after 
learning, the subjects exhibited improved memory one week later for negatively arousing items, but 
not for neutral ones (Cahill et al., 2003). Abercrombie and associates also demonstrated that by a 
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post-learning psychosocial stressor (public speaking), levels of cortisol output were correlated with 
improved memory performance (primary for the negative stimuli) among subjects who reported 
having experienced high stress-related negative affect (Abercrombie et al., 2006). In another study, 
it was elegantly shown that by oral administration of hydrocortisone prior to encoding, subjects 
could remember emotionally arousing information better than with placebo control (Buchanan and 
Lovallo, 2001). Interestingly, other authors showed that pre-learning administration of hydrocorti-
sone could induce memory enhancement of emotional stimuli, which was however accompanied by 
an impaired memory of neutral ones (Kuhlmann and Wolf, 2006). Nevertheless, highly specific 
modulation of emotional items may not be considered an absolute end of stress (hormone) regula-
tion, as this was not constantly attained in certain studies (Abercrombie et al., 2003; Tops et al., 
2003).   
 
Equally, there are other notions suggesting that stress can hamper specific aspects of memory. For 
instance, eyewitnesses may have unreliable memory concerning details of the traumatic events 
underwent (Christianson, 1992). During the period of stress, one could forget procedural matters 
that were routinely performed. A staff member of customer services might report: “I realise that I 
forgot to take lunch today, as it was a tough day and I had to pacify several angry customers”. Or on 
another occasion, “I had to deal with many urgent requests today; I actually forget from whom they 
came and what their issues were.”  
 
Experimentally, Kirschbaum and associates, using either a psychosocial stress paradigm (Trier 
Social Stress Test) or an oral administration of hydrocortisone prior to learning, produced impaired 
declarative memory in subjects who had elevated levels of cortisol (Kirschbaum et al., 1996). In 
another study where words of different valence were used as items to be remembered, TSST (Trier 
Social Stress Test) evoked a cortisol elevation that was considered to account for the impairment of 
word recall as restricted to the neutral words (Smeets et al., 2006). Maheu and associates applied 
the TSST to subjects at different times of the day (morning or afternoon); interestingly, they could 
show that stress induction impaired declarative memory during the morning session (relevant to 
endogenous circadian rhythm), and it was the emotionally negative information that represented the 
target of regulation (Maheu et al., 2005).    
 
More prolonged corticosteroid exposure as well as pathological conditions has been considered to 
associate with impaired memory function. In a study where subjects were given oral doses of hy-
drocortisone for a period as long as 4 days, they displayed a reversible impairment in memory 
performance attributed to the high-dose treatment that approximates cortisol output during major 
stress (Newcomer et al., 1999). Also, in certain pathological conditions relating to perceived stress, 
e.g. depressive disorders, memory deficits and cognitive dysfunction are identifiable (Bornstein et 
al., 1991; Burt et al., 1995; Gonzalez et al., 2008). 
 
In sum, stress and associated hormones may act bidirectionally to drive the newly acquired memory 
to opposite ends. This insight was actually the starting point of this research. 
 



CHAPTER I 
 
 

 
17 

3.2 Theories and models 
The dichotomy of stress effects on memory remains an intriguing question; several attempts have 
been made to untangle the mysterious truth. I will only list a few of the most relevant ones. 
 
3.2.1 Stage differentiation 
Roozendaal has emphasised that the “functional duality” correlates with the stages of memory; 
namely, two stages are the known targets of hormonal regulation – consolidation and retrieval. He 
favours a view that stress and glucocorticoids are beneficial to memory consolidation, but deleteri-
ous to memory retrieval. This insight is based on extensive studies with animal models 
(Roozendaal, 2002, 2003; Roozendaal et al., 2006). With an elegant approach, de Quervain and 
teammates could show that footshock stress impaired the rat’s memory established in a water maze 
task, and footshocks were only effective if they were given within a short while before the retrieval 
test, but not any earlier; gluccorticoids were the actual effector that mediated the footshocks’ effect 
(de Quervain et al., 1998).  
 
At both stages of the memory process, the basolateral amygdala is significantly involved in the 
modulation mediated by stress or glucocorticoids. This relies on the noradrenergic activity within the 
amygdala and hormonal interactions between the glucocorticoid and the noradrenergic systems 
thereof (Roozendaal et al., 2006). A mechanistic model of how these systems interact has earlier 
been described (Figure 2; see Section 2.3).   
 
3.2.2 Competitive interaction 
Diamond and Kim have proposed an all-in-one model to depict the ongoing processes taking place 
in the amygdala-hippocampus complex under stress (Kim and Diamond, 2002). Both the hippocam-
pus and the amygdala are susceptible to modulation by released stress hormones; however, what 
occurs to the hippocampus also depends on the regulatory input from the amygdala. Hence, by a 
synergy of the action of stress hormones per se, amygdala regulation, and hormonally-regulated 
amygdala activity, patterns of neuroplasticity at the site of the hippocampus are altered; and the 
stress-related memory is thus formulated and modulated (Figure 3).  
 
Later in a review, Diamond and colleagues extended their view into developing a hypothetical model 
of “ruthless competition”, in which he pointed out that “stimuli compete against each other for ac-
cess to memory-related resources…” and “the victors in the competition, that is, those stimuli that 
generate memory representations that persist, are likely to be those stimuli that activate the hippo-
campus and the amygdala…”. In his view, the winner is just sitting, side by side, with the loser, and 
the latter literally refers to the memory representations or synaptic plasticity that are to be van-
quished, suppressed or “depotentiated” (Diamond et al., 2005).  
 
Recently, they have attempted to address this topic from a slightly different angle; an element of 
temporal dynamism was incorporated into their model, which can be exemplified by an excitatory 
phase and a refractory phase of hippocampal functioning in memory-related neuroplasticity, as 
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mediated through action of multiple modulatory agents and functional interactions (with, e.g., the 
amygdala and the prefrontal cortex) (Diamond et al., 2007).   
 

stress
hormonal input

hormonal input

amygdala

hippocampus

 
Figure 3 The functionality of the hippocampus and the amygdala in a stress condition; insight extracted from 
Diamond and Kim’s model (Kim and Diamond, 2002).  
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Figure 4 Illustration of the three dimensional interplay between the MPP-DG and BLA-DG synaptic transmis-
sion that impacts on DG synaptic plasticity. The first dimension of modulation is dependent upon the activation 
strength of the MPP-DG pathway, the second dimension associated with the level of BLA activation, and the 
third related to BLA-DG synaptic strength. LTP: long-term potentiation, LTD: long-term depression. Drawing 
based on the theorised model in Nakao et al., 2004.   
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3.2.3 BLA stimulation 
From Diamond and others’ views, we already know that a complete picture of the stress-related 
memory should consist of the structures, functionalities, and interactions beyond the boundary of 
one single system. It is not merely what happens within the hippocampus or amygdala that deter-
mines the destiny of the newly acquired memory, but what may happen elsewhere, and how they 
are incorporated and mediate impact on different systems. Nakao and associates (Nakao et al., 
2004), in a recent paper, have elegantly illustrated a three-dimensional representation of the inter-
play between the activity of the basolateral amygdala and the hippocampal dentate gyrus, in 
relation to the memory-related neuroplasticity – long-term potentiation (LTP) (Figure 4).  
 
They could show in an in vivo animal model that synaptic strength between the medial perforant 
pathway (MPP)–dentate gyrus (DG) synapses is subject to bidirectional regulation depending on the 
intensities of stimulation. Interestingly, joint activation of BLA can also bidirectionally modulate the 
alterations in synaptic strength resulting from MPP–DG stimulation – that is, strong activation of 
BLA results in elevation of the modified synaptic strength in DG, and however, reduced activation of 
BLA impoverishes synaptic gain or aggravates the depression of synaptic efficacy therein. Further-
more, the BLA–DG transmission per se can undergo bidirectional plastic changes; and the state of 
BLA–DG transmission may further define the way how DG synaptic strength is being modified by 
conjoint MPP and BLA activation (Nakao et al., 2004). In this study, an indication of the bidirection-
ally modulatory mechanisms involved in stress-related emotional memory that recruit parallel 
stimulations of the hippocamus and amygdala systems and their joint efforts and interactions has 
just surfaced.  
 
The BLA stimulation has been tested in other experimental settings. Richter-Levin’s group have 
used the paradigms of “BLA priming” and “space activation” in their in vivo animal models (Akirav 
and Richter-Levin, 2002). These two paradigms are generally similar with regard to the electric 
stimulation of the BLA; however, they differ in terms of the time-point at which the stimulation is 
delivered. Interestingly, with BLA priming – given 30 sec prior to the stimulation of the medial per-
forant pathway, MPP–DG LTP can be enhanced; whilst spaced activation, representing a 
stimulation that occurs 2 hours in advance of MPP stimulation, impairs DG LTP. This implies a time-
dependent mode of action in regard to the amygdala modulation of hippocampal activity. In this and 
following studies (Akirav and Richter-Levin, 2002; Vouimba et al., 2007), it has been shown that 
noradrenergic and glucocorticoid (particularly, intra-amygdala) mechanisms are implicated in the 
amygdala-mediated modulation.  
 
3.2.4 The “timing” model 
We will be able to extensively describe our “timing” model in Chapter 2 that follows. The focus of 
this model is on neuromodulators that take effect during the time of stress. We envisage the in-
volvement of fast-acting and slow-acting factors that orchestrate their efforts in accommodation to 
the challenges to homeostasis that affects memory functions. We have concentrated on two classes 
of stress hormones: glucocorticoids and noradrenaline (norepinephrine). Notably, the time-



A temporal perspective on stress hormones and memory 
 
 

 
20 

dependent mechanism is an intrinsic feature of glucocorticoid function. We have further emphasised 
the significance of temporal and spatial convergences of information flow, stress, and neuromodula-
tors (Joels et al., 2006). 
 
Our model thus attempts to offer a new perspective with which to view the relationship between 
stress (hormones) and memory. It is by no means intended as an exhaustive description entailing 
all likelihoods and explanations that may offer a “total solution” to this intriguing question. In reality, 
one might be aware that none of the aforementioned theories shall be considered as an absolute 
answer to this question; however, they do complement, reconcile, and coordinate with each other in 
such a way that a complete picture of truth may just get into sight.  
 
Different stages of memory may just arrive hand in hand; new memory may be formed at the price 
of repressing the old one. Competition just arises that is driven and reinforced by other orders of 
control. Patterns of rivalry shift over time; small agents, based on their intrinsic behaviour and char-
acteristics may find their way to direct the memory system towards a functional appropriateness or, 
contrarily, a malfunction.   
 
4. One project, two levels of study 
 
To strengthen our vision based on the model by proven facts, we have established our studies at 
two levels: on rodents (rats) and on humans. This literally means that we first set up animal studies 
to test the hypothesis and then extended experimentation on humans; therefore, we are able to 
address the fundamental underlying mechanisms as well as the overall physiological functionality. 
This may provide an opportunity for establishing either a “bottom-up” or a “top-down” understanding. 
In our studies, we concentrated on the following measures that can closely represent the neural 
substrates of memory at distinct levels. 
 
4.1 In vitro electrophysiology and long-term potentiation 
A large part of our research was done at the animal electrophysiological level by measuring long-
term potentiation (LTP). LTP is a phenomenon discovered around 1970s, initially in the rabbit den-
tate gyrus (Bliss and Gardner-Medwin, 1973; Bliss and Lomo, 1973). It is a wondrous realisation of 
Hebb’s postulate that “cells that fire together, wire together”. In practice, it depicts a phenomenon 
that a short train of high-frequency, repetitive stimulation (tetanisation) of afferent presynaptic fibres 
can result in a persistent increase of postsynaptic neuronal responses that may last for hours, days 
and longer.   
 
Long-term potentiation provides itself as a good candidate for the cellular and molecular mecha-
nisms of learning and memory (Martin and Morris, 2002; Andersen, 2003; Morris, 2003; Rodrigues 
et al., 2004). It is owing to several key features of LTP that it is aligned to the practical needs of 
long-term information formation and storage. Apart from its rapid induction and persistent effective-
ness, LTP is characterised by input-specificity, associativity, and cooperativity – particularly in the 
hippocampus. Input-specificity indicates that LTP only occurs at one specific synapse, and it con-
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cerns no others. Associativity means that a weak stimulation of one pathway is accompanied by a 
strong activation of another, and then it can generate LTP as would otherwise be unattainable by its 
own force (this likely underlies associative learning or classical conditioning, as we have earlier 
discussed in the lateral amygdala). Cooperativity refers to the requirement of stimulation of multiple 
inputs at weak strength if LTP is to be induced, and it is the summation of individual contributions of 
stimuli that eventually depolarises the postsynaptic cell; in another way, LTP could be achieved by 
weak single stimuli coupled with postsynaptic depolarisation. The depolarisation is particularly rele-
vant to the engagement of the NMDA type of glutamate receptors in LTP. NMDA receptors require 
both binding of glutamate and sufficient postsynaptic depolarisation as a prerequisite for their allow-
ance of Ca2+ influx into the cell by expelling blocking Mg2+ (Wang et al., 1997; Malenka and Nicoll, 
1999; Kandel et al., 2000c; Purves et al., 2001).   
 
The molecular mechanisms of LTP have traditionally been identified as a series of intracellular sig-
nalling events that may involve activation of NMDA receptors, Ca2+ influx, downstream transduction 
involving Ca2+/calmodulin kinase, PKC, PKA, tyrosine kinases, MAPK, CREB, etc., as well as retro-
grade signals. The intracellular signalling pathways can, on the one hand, modify the properties, 
functionalities and trafficking of glutamate receptors via extranuclear mechanisms; on the other 
hand, nuclear signalling and protein synthesis are essential for the expression and maintenance of 
the phenomenon per se and its long-term impacts. Structural remodelling at the synapse level may 
take place that reflect dynamic neural adaptations that are just crucial for acquiring and storing new 
information (Malenka and Nicoll, 1999; Purves et al., 2001; Wang et al., 2002; Rodrigues et al., 
2004). 
 
In some literature, the word of “metaplasticity” is used; this refers to the concept that the ability of a 
synapse to undergo plastic functional changes (such as LTP) is itself modifiable in a way that this 
ability is plastic too (Abraham and Bear, 1996; Abraham and Tate, 1997). In this regard, metaplas-
ticity is often linked to approaches that can alter the synapse’s capability to undergo forms of 
modification of synaptic strength. It was implied that stress may mediate a “metaplastic” modulation 
of synaptic strength (Kim and Yoon, 1998; Garcia, 2001).     
 
4.1.1 Field potential recordings 
The measurement of synaptic potentiation can be achieved by techniques such as field potential 
recordings, which represent an extracellular recording method that can monitor the group electrical 
potentials of excited neurons. LTP often manifests as an increase of field postsynaptic excitatory 
potentials after tetanisation in comparison with their prior states.  
 
The mechanism of extracellular recordings can easily be understood by the way in which a neuron 
is viewed as an electric dipole when a locus of its membrane is being depolarised (Figure 5). As the 
depolarisation is local and the excitatory site reverses its polarity responding to presynaptic input, a 
contrast in the potentials between the depolarised site and distal areas arises and a current flow is 
generated. Such a dipole can be established between the dendrite(s) and the soma of a cell, with 
both literally acting as a sink whereby the current may enter the cell and a source from which it exits 



A temporal perspective on stress hormones and memory 
 
 

 
22 

(Johnston and Wu, 1995). The electric potentials may well be captured by placing a recording elec-
trode in the extracellular electric field composed of aggregated dipoles that are created by neuronal 
excitatory activities. The field level recordings of excitatory post-synaptic potentials (fEPSPs) are 
usually conducted at the site where the dendrites of the group of neurons congregate. This often 
applies in the studies performed at the hippocampus. 
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Figure 5 Mechanism exploited by field potential recordings. For a detailed explanation, see the text in Section 
4.1.1. This illustration represents an open electric field, as found in the hippocampus; the black arrows indicate 
current flows.  
 
As described earlier, the hippocampus exhibits a well-organised, laminated cell layout; this com-
poses an ideal open electric field wherein the dendrites face one direction, the somata the other 
(Figure 5). Thus, when the hippocampal neurons are excited, the dendrites side becomes negative, 
and the somata side positive (Johnston and Wu, 1995). If fEPSPs are the main measure that would 
be compared for LTP, the recording electrode needs to be placed at the dendritic layers. In the ba-
solateral amygdala, the organisation of the electric field is highly complicated; and for measurement, 
it requires consistent identification and monitoring of the structural and responsive characteristics of 
the target cell group. 
 
4.2 fMRI and subsequent memory effects 
In the later part of the research, we made use of functional magnetic resonance imaging (fMRI), a 
cutting-edge technology that can provide a real-time representation of brain activation during spe-
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cific cognitive tasks – in a non-invasive way (thus, this works on humans). In this respect, fMRI pro-
vides the likelihood by which distinctive patterns of neural activities can be visualised that are 
correlated with specific memory processes. Such observations may picture the neural substrates 
that directly underlie memory function (in specific experimental designs), representing the highest 
order of measurement to date that closely and directly monitor the physiologically mechanistic ac-
tions of human memory. In memory study, while the brain activity is monitored, a memory 
behavioural task is also necessarily carried out; thus the neuroimaging data acquired can often be 
compared side by side with memory performance results. By so, studies aiming to examine the 
subsequent memory effect have been introduced. 
 
The logic behind those studies are just simple; subsequent memory effects are identified by meas-
uring neural activity in an experimental setting whereby measures are recorded for each studied 
item non-selectively, and a subsequent memory test will disclose any existing contrasts in terms of 
the brain activity between the remembered and the forgotten items. Thus, the difference in brain 
activities accounts for the difference in subsequent memory; this is a difference due to memory 
(Dm) effect. As said earlier, the Dm effect offers significant predictive and descriptive value to eluci-
dating the neural underpinnings of human memory process (Paller et al., 1987; Wagner et al., 1999; 
Fernandez and Tendolkar, 2001; Paller and Wagner, 2002).   
 
An inherent requirement of these experiments is that the representation of neural activity must be 
captured for every individual stimulus, and a trial-by trial analysis need to be performed. In this re-
gard, only experimental designs that implement an event-related approach will be appropriate 
(Wagner et al., 1998; Wagner et al., 1999) for this purpose; and the fMRI approach can accommo-
date such a need.  
 
4.2.1 Technology, mechanisms and the BOLD contrast 
An abundance of descriptive and explanatory information on MRI physics is available elsewhere (for 
instance, see online resource: http://www.cis.rit.edu/htbooks/mri/). Here, I will only focus on func-
tional MRI which can yield a high spatial resolution in detecting neural activity in relation to specific 
cognitive tasks. One of its major advantages is its capability to monitor brain activity non-invasively, 
or in simple words, “watch it as it works” (Parry and Matthews, 2002).  
 
An MRI scanner is virtually an extraordinarily strong magnetic field with a strength that can equal 
several ten-thousand times as much as that of the natural earth magnetic field. When inside the 
scanner, the hydrogen atoms widely and abundantly existing within the human tissues (of water 
molecules) will undergo a series of events like: alignment with the main magnetic field, excitation by 
a radiofrequency (RF) pulse, and relaxation as the RF pulse is relieved. T1 and T2 relaxation rates 
that associate with magnetisation alterations by different dimensions are used to generate contrasts 
between different tissues and to reconstruct scanned structures. Practically, T2 decay is an actual 
outcome of the loss of coherence of spinning atoms during relaxation, which is based on inho-
mogeneity of the applied magnetic field and the spin-spin interaction. Moreover, a so-called T2* 
(star) decay is considered specifically sensitive to the influence from the inhomogeneity of the mag-
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netic field (Jezzard et al., 2001). Interestingly, this inhomogeneity is actually capitalised on to moni-
tor haemodynamic responses that can indirectly reflect the ongoing brain activity.  
 
In certain cases, the magnetic field becomes inhomogeneous simply because of the presence of 
substances that may alter the field to some extent. One of most notable examples is the iron in 
blood haemoglobin. The magnetic property of haemoglobin is related to its oxygenation status. 
Conversion of its state of being oxygenated to deoxygenated is accompanied by the change in its 
magnetic susceptibility from being diamagnetic to paramagnetic. Deoxyhaemoglobin thus disturbs 
the magnetic field and introduces inhomogeneity that leads to increased dephasing. Therefore, 
contrasts arise that are dependent upon the differences in the levels of blood oxygenation, which 
are hence considered blood oxygen level-dependent (BOLD) (Tracey, 1998; Jezzard et al., 2001). 
The BOLD signal is particularly meaningful for brain activity, as this activity is closed linked to its 
process of instantaneous consumption of oxygen, which is enabled though the haemodynamic re-
sponses during cognitive tasks.  
 
The physiological basis of BOLD signals is illustrated as a synthesis of multiple factors of haemody-
namic responses to meet the need of functional activity. It starts with increased local oxygen 
metabolism as neural activity requires, which commands an increased blood flow and an increased 
blood volume; and this results in a net reduction of deoxygenated haemoglobin, as those haemody-
namic responses have eventually delivered more oxygen supply than oxygen demands. With this 
reduction, an increase in fMRI signals is achieved (Tracey, 1998). A typical BOLD signal peaks at 
around 5 – 8 sec after initial neuronal stimulation (Jezzard et al., 2001). 
 
One might consider that the BOLD signal can only be regarded as an indirect index of the underly-
ing event of neuronal activity. However, it was recently emphasised that the BOLD effect should be 
interpreted as a representation of neurotransmitter-driven (e.g. glutamate) neural signalling instead 
of a locus of energy utilisation. It is the neural signalling mechanisms that take actual charge of the 
haemodynamic responses (Attwell and Iadecola, 2002).    
 
5. Outline of the thesis 
 
As mentioned at the beginning of this chapter, our major interest was to investigate the influences of 
stress (hormones) on one of the most crucial cognitive functions – memory. This is certainly a com-
prehensive issue as numerous questions can be put forward, such as: 
 

How does stress affect memory functions?  
How and why can stress regulate memory bidirectionally?  
How are stress hormones implicated in these regulatory processes, and what are their 
discrete or interactional/synergic roles?  
How are glucocorticoids’ binary working modes (genomic and non-genomic) incorporated 
in hormonal regulatory actions? Are they able to drive or do they actually underlie the 
functional bi-directionality?  
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Can we find substantial evidence from animal level research that may offer insights into a 
fundamental basis with which these considerations can well be aligned?  
Can we leverage our insights to a higher-level, more realistic approach that can decipher 
real life questions as regards human memory?  
Can we find commonality and discrepancy among various functional structures and levels, 
and can we integrate diverse perspectives into a general understanding of ample induc-
tive value? 

 
With these open questions in mind, we were driven to implementation of studies that could effec-
tively generate clues for an essential understanding that delivers insights to the time-dependent 
aspect of the stress hormones in memory regulation – in particular, based upon the assumption that 
the two major stress hormones (i.e. noradrenaline and glucocorticoids) interactively and time-
dependently modulate memory and/or its underlying substrates, as identifiable at the amygdala and 
the hippocampus, and from an animal to human level. 
 
In an effort to illustrate these efforts, the following framework was adopted when the thesis was 
composed.   
 
In Chapter 2, revolving around the considerations above mentioned, we have provided a model – 

based upon previous observations and theoretical analysis – that is suggestive of an un-
precedented perspective for reviewing the relationship between stress and memory. The 
model is intended to be more complementary than exhaustive. It serves as a theory-
based starting-point for subsequent experimental chapters.  

 
In Chapter 3, experimental efforts were targeted at the hippocampal dentate gyrus, and long-term 

potentiation was studied therein, which revealed the impacts of stress hormones (i.e. glu-
cocorticoid and noradrenergic systems) and their time-dependent actions on the 
neurobiological substrate of learning and memory. 

 
In Chapter 4, likewise, long-term potentiation was examined in the region of basolateral amygdala, 

due to the consideration of the structure’s central role in emotional or stress-regulated 
memories. The effects of stress hormones therein were investigated, and the timed effect 
of glucocorticoids were tested.  

 
In Chapter 5, human memory was tested by the fMRI approach; pharmacological manipulations 

enabled the isolation of distinct effects of the glucocorticoids associated with the timing of 
drug administration. Emotionally arousing and neutral pictures were provided as the learn-
ing material, and the subsequent memory was tested. This study provides a distinctly 
novel view on the specific aspects of memory that are subject to the control of stress hor-
mones.  
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In Chapter 6, a summary and a brief conclusion of the major findings are provided. This chapter 
emphasises the added value of this research to previous ideas based upon the under-
standing of the “stress and memory” issue, and offers inspirational insights for further 
exploration.  
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The effects of stress on learning and memory are not always clear: both facilitating and im-
pairing influences are described in the literature. Here we propose a unifying theory, which 
states that stress will only facilitate learning and memory processes: (i) when stress is ex-
perienced in the context and around the time of the event that needs to be remembered, and 
(ii) when the hormones and transmitters released in response to stress exert their actions on 
the same circuits as those activated by the situation, that is, when convergence in time and 
space takes place. The mechanism of action of stress hormones, particularly corticoster-
oids, can explain how stress within the context of a learning experience induces focused 
attention and improves memory of relevant information. 
 
 
Introduction 
 
Our daily lives are full of emotionally arousing experiences, ranging from small annoyances to major 
life events like the loss of a spouse. Collectively, these potential threats of our bodily homeostasis 
are referred to as “stress” (Levin, 2005). Stressful events (“stressors”) can be tangible or mentally 
evoked, and of a physical or psychological nature. 
 
Many studies have examined how stress affects learning and memory abilities (McGaugh, 2004; 
Lupien et al., 2005; Shors, 2006). The literature, though, is extremely confusing. On the one hand it 
is generally accepted that stressful events are very well remembered: the more salient, the better 
remembered, up to the point that people would like to forget what they experienced but can't do so, 
as in post-traumatic stress disorder (PTSD) (Olff et al., 2005). Studies with animals, using pharma-
cological and genetic tools, have indeed shown that stress facilitates, and might even be 
indispensable for, good learning and memory performance (Oitzl and de Kloet, 1992; Sandi and 
Rose, 1994; Roozendaal and McGaugh, 1996; Sandi et al., 1997; Oitzl et al., 2001). Likewise, facili-
tating effects of stress and arousal have been demonstrated in humans (Lupien et al., 2002; Cahill 
et al., 2003). Yet, stress has also been associated with impaired cognitive performance. For in-
stance, people who experience a very stressful event often show unreliable memory for details 
(Christianson, 1992). Furthermore, cognitive decline has been observed in conditions that – in pre-
disposed individuals – are linked to persistent hyperactivity of stress systems, such as major 
depression or aging (McGaugh, 2004; Shors, 2006). 
 
How can these paradoxical findings be explained? In the first part of this article we will describe 
which variables play a major role in determining whether stress improves or impairs learning and 
memory performance. In the second part we propose a new, unifying theory of how stress can lead 
to these seemingly opposite effects, based on the mechanisms by which stress hormones affect cell 
and network function. We will argue that the activity of networks can be shifted into opposite direc-
tions by stress-released transmitters and hormones, depending on the timing and localization of 
their respective actions. 
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Factors determining the effect of stress on learning 
 
Stress leads to the activation of two biological systems that are highly conserved among verte-
brates: the autonomic nervous system (ANS) and the hypothalamo–pituitary–adrenal (HPA) axis 
(see Box 1) (de Kloet et al., 2005). The main actors of these systems are (nor)adrenaline, cortico-
tropin releasing hormone and cortisol (corticosterone in most rodents). As the transmitters and 
hormones that are released in response to stress are highly conserved among vertebrates, animal 
models have often been used to try to understand more about the effects of stress on learning in 
humans. 
 
The degree to which the ANS and HPA-axis are activated depends on the severity of the stressor, 
but can also show considerable individual variation due to genetic background and life history (de 
Kloet et al., 2005). When studying the effect of stress on learning, these individual differences and 
the severity of the stressor are important but so too are other variables, such as the context and 
memory phase during which stress is experienced, gender (van Stegeren et al., 1998; Shors and 
Miesegaes, 2002; Shors, 2006), age (Lupien et al., 2005; Shors, 2006) and so on. Below we high-
light some of these variables. 
 
Importance of context 
Several studies have shown that stress induced by and in close association with a learning task (i.e. 
stress that forms an intrinsic part of the situation to be remembered) facilitates consolidation of the 
event (de Kloet et al., 1999). For instance, rats trained to find a hidden platform in a Morris water 
maze using spatial cues (Martin and Morris, 2002) show elevated circulating corticosteroid levels 
(Oitzl et al., 2001). The elevation is more pronounced when the temperature of the water is lowered 
(Sandi et al., 1997). This rise in corticosteroid level correlates positively with the memory of the 
platform location one day, and even one week, after training (Sandi et al., 1997). However, the 
corticosteroid-dependent improvement is only true down to a certain water temperature; lower 
temperatures do not give further improvement but impair performance. This is often used as an 
argument in support of a U-shaped dose-dependency, meaning that only moderate stressors im-
prove memory whereas severe stressors do not (Kim and Diamond, 2002). Although such a dose-
dependency for corticosteroid hormone actions in the brain undeniably exists (Kim and Diamond, 
2002; de Kloet et al., 2005), the seemingly delayed learning with lower water temperatures can also 
be interpreted in a different way: that at these temperatures animals switch to another strategy 
(conserving energy), which starts to interfere with the learning task. 
 
 
Box 1 Systems activated by stress 
 
If an organism is subjected to physical or psychological challenges, information-gathering behavior is en-
hanced to assess the destabilizing potential of the stressor. Comparison of the ongoing event with a cognitive 
representation based on previous experience will stimulate arousal, alertness, vigilance and focused attention, 
and requires mnemonic processing. The interface between the incoming sensory information and the appraisal 
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process is formed by limbic brain structures including the hippocampus, amygdala, and the prefrontal cortex. 
These brain regions are connected to the hypothalamus, which is a key regulator of the rapidly acting auto-
nomic sympathetic system (ANS) and the slower hypothalamo-pituitary-adrenal (HPA) axis (see Figure I). 
 
 

 
 
Figure I The brain areas and hormone systems involved in response to stress (see text and Glossary for details). 
Glossary ACTH: adrenocorticotropin hormone; AMY: amygdala nuclei; ANS: autonomic nervous system; CORT: corticoster-
one; CRH: corticotropin releasing hormone; HIPP: hippocampus; HPA axis: hypothalamo–pituitary–adrenal axis; HYP: 
hypothalamus; LC: locus coeruleus; NA: noradrenaline; PFC: prefrontal cortex 
 
 
HPA axis activation will through intermediate steps release corticosterone (in most rodents) or cortisol (hu-
mans) from the adrenal gland. Corticosteroid hormones enter the brain and bind to discretely localized 
intracellular receptors. These comprise high-affinity mineralocorticoid receptors, which are extensively occu-
pied when hormone levels are low, are enriched in limbic areas, and involved in the ongoing transfer of 
information and stability of circuits; and the lower affinity glucocorticoid receptors (GRs), which become sub-
stantially activated when hormone levels rise after stress, are ubiquitous and play a role in normalizing the 
activity. Via GRs in the hypothalamus and pituitary, corticosteroids exert a negative feedback action, thereby 
reducing the enhanced HPA-activity. Autonomic activation can indirectly (via the vagal nerve, solitary tract 
nucleus and locus coeruleus) lead to release of noradrenaline in the brain. Corticosteroids and noradrenaline – 
as well as transmitters and peptides not mentioned in this review, such as acetylcholine, glutamate, GABA, 
CRH, ACTH, vasopressin and opioids (McGaugh, 2004) – act together, not only helping to face imminent 
threats but also to prepare the organism for similar challenging situations in the future. 
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Importantly, preventing corticosterone from being active during water-maze learning, either by 
blocking the glucocorticoid receptor (GR) pharmacologically (Oitzl and de Kloet, 1992) or by using 
mice with genetically modified GRs (Oitzl et al., 2001), impairs the performance one day after train-
ing. This points to an important role for glucocorticoids in the consolidation of spatial memory. 
Facilitatory effects of corticosteroids have also been observed with conditioned taste aversion in 
one-day-old chicks (Sandi and Rose, 1994), and during extinction of passive avoidance behavior in 
rats (Bohus and de Kloet, 1981). 
 
Both corticosterone and noradrenaline are important for optimal memory performance in rats sub-
jected to an inhibitory avoidance task (Roozendaal and McGaugh, 1996). In humans too, changes 
in the level of these hormones at the time of learning play a major role in memory performance. For 
instance, interfering with the effect of corticosteroids by a steroid-synthesis inhibitor during learning 
of a verbal task impairs the delayed, but not immediate, recall of learned information (Lupien et al., 
2002). Likewise, raising stress hormone levels at the time of learning, for example, by exposing the 
subjects to a cold stressor or infusing adrenaline, facilitates delayed recall in declarative memory 
tasks (Cahill et al., 2003). 
 
Collectively, these studies underline an important principle regarding stress and memory: increases 
in stress hormone levels, particularly of corticosteroid hormones, within the context (and around the 
time) of the learning situation help to remember that particular event. 
 
Convergence in time 
In addition to the learning context, convergence in time seems to be crucial for the nature of the 
effects. Thus, although stress hormones generally act in a facilitatory way when they are present 
around the time of learning, they have opposite effects when present in high amounts either before 
or a considerable time after a learning task. For instance, declarative memory is impaired if humans 
are exposed to stress or high cortisol levels before (15 min or 1 hour respectively) the acquisition of 
a learning task (Kirschbaum et al., 1996). In rats, a foot shock or injection of corticosterone one day 
after training in a Morris maze and 30 min before a free swim trial was found to impair the discrimi-
nation between the former platform quadrant and the opposite quadrant of the pool (de Quervain et 
al., 1998). Along the same lines, humans who experience stress or receive a high dose of hydrocor-
tisone 24 h after training in a verbal task, show poorer recall than control subjects shortly afterwards 
(de Quervain et al., 2000; Kuhlmann et al., 2005). 
 
Clearly, stress has differential effects on distinct phases of the learning and memory processes: 
consolidation can be facilitated when stress is experienced at the time and within the context of the 
event to be remembered, whereas retention seems to be impaired by exposure to stress shortly 
before a retrieval test. The latter results are sometimes interpreted as a specific, negative effect of 
corticosteroid hormones on retrieval of information (de Quervain et al., 1998; de Quervain et al., 
2000), but they could also signify a facilitated new process of learning, in competition with or over-
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writing earlier learned information (Diamond et al., 2005). For instance, during a stressful examina-
tion people often have problems recalling earlier learned information (impaired retrieval), but at the 
same time this “embarrassing” situation is burnt deeply into their memory (enhanced consolidation). 
Such competition between earlier learned information and current challenges is certainly not always 
maladaptive, because consolidating information about new (physical or psychological) threats can 
improve chances of survival in the future. 
 
Convergence in space 
The nature of the stressor and the learning task itself also determine how stress affects memory. 
This relates to the brain circuits that are activated by the stressful situation. Physical stressors will 
activate lower brain regions that are implicated, for example, in pain responses, whereas psycho-
logical stressors are more likely to activate limbic regions (Herman and Cullinan, 1997). This is 
exemplified by studies using stressful information or situations that entail a strong emotional com-
ponent: under such circumstances the (baso)lateral amygdala is prominently activated and this 
process is facilitated by a local rise in noradrenaline (McGaugh, 2004). The coinciding activation of 
the circuit involving the basolateral amygdala and the local presence of stress hormones promotes 
the memory of salient but not neutral information (Cahill et al., 2003). We propose that facilitation 
will only occur when stress hormones (corticosteroids, noradrenaline, CRH) exert their actions in the 
same areas as those activated by the particular stressful situation; that is, when convergence in 
space takes place. This hypothesis can explain why a predator stress (strongly activating the amyg-
dala–hippocampus loop), but not arousal in general, interferes with recently acquired spatial 
memory (Woodson et al., 2003). Obviously, such influences of stress can only be perceived when 
the test probes the functionality of the area in which convergence took place. For instance, the fa-
cilitating effect of stress on fear memory will be seen when the trial involves reactivation of the 
amygdala, but not necessarily when the function of other circuits is examined. 
 
Single versus repetitive stress 
Finally, much of the confusion about stress effects on learning and memory stems from conflating 
short-lived physiological stressors with chronic or repetitive stressors. Most of the examples dis-
cussed above concern brief stress, around the time of learning. We propose that if convergence in 
time and space takes place, stress hormones help to store the information attached to the event for 
future use. This beneficial, adaptive process is fundamentally different from the situation in which 
the brain has been exposed for a long period of time to uncontrollable stressors and then is tested 
for its ability to learn and remember. Chronic overactivity of the HPA axis, as in predisposed indi-
viduals, can occur in association with many diseases and with aging, is known to result in dendritic 
atrophy, reduce neurogenesis, alter responsivity to neurotransmitters and impair synaptic plasticity 
(Sapolsky, 1999; Joels et al., 2004; McEwen, 2004). It is therefore not surprising that the learning 
abilities of a brain in such a condition are impaired. This cognitive decline, however, refers to 
somewhat extreme situations that are risk factors for pathology. 
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The importance of neurotransmitter networks 
 
The emerging picture from the studies discussed above is that stress facilitates learning and mem-
ory if convergence in space and time occurs. We argue that the transmitters and/or hormones 
released by the stressful situation have to reach the very neuronal circuits that are involved in proc-
essing the information, at approximately the time that these circuits are activated by the event. If 
increases in corticosteroid hormone levels are separated in time from the event to be remembered, 
suppression of learning content is observed. How can this be understood at the cellular and network 
level? 
 
Catecholamines, peptides and steroids: action in different but overlapping domains 
It is important to consider first the mechanism of action by which catecholamines, peptides and 
corticosteroid hormones change cell and network function. Peptides and catecholamines like 
noradrenaline are released at specific sites from nerve terminals. After binding to G-protein-coupled 
receptors in the membrane they induce rapid but short-lasting changes in neuronal excitability. In 
some cases secondary gene-mediated effects occur, which are slow in onset and long-lasting. 
 
Corticosteroid hormones, by contrast, reach all parts of the brain but are only active at those sites 
where receptors are expressed (Box 1). These receptors are transcriptional regulators, so that ele-
vations in corticosterone level after stress will primarily evoke gene-mediated changes in cellular 
excitability. These become apparent after approximately an hour, that is, when hormone levels have 
largely been normalized again (de Kloet et al., 2005). Recently, though, rapid non-genomic effects 
of these hormones have been observed (Di et al., 2003; Karst et al., 2005). Thus, although cate-
cholamines will predominantly alter neuronal activity quickly and transiently after stress, and 
corticosteroids will do so with a considerable delay but with a longer-lasting effect, some overlap in 
the time domains seems to exist. 
 
Action of stress hormones at the sites of information processing 
What happens when an organism is exposed to a psychological stressor? Information is perceived 
through sensory organs and relayed to various brain areas (Rodrigues et al., 2004) (see Figure 1). 
This will eventually lead to activation of the autonomic nervous system and HPA-axis (McGaugh, 
2004). Via some intermediate steps this will result in the rapid release of catecholamines 
(noradrenaline) and peptides (e.g. CRH) in those areas where strengthening of contacts is taking 
place. Similarly, with a short delay corticosteroid hormones will reach areas where their receptors 
are highly expressed, including the amygdala nuclei, hippocampus and parts of the prefrontal cor-
tex. Exchange of information between the amygdala and hippocampus will further strengthen the 
link between emotional and contextual aspects of the event, and reciprocal connections from the 
prefrontal cortex to the amygdala and brainstem nuclei are also strengthened, which is necessary 
for control of the system (Rodrigues et al., 2004). 
 
A crucial question is what stress hormones like noradrenaline, CRH and corticosteroids do to syn-
aptic contacts that at the same time are in the process of being strengthened to preserve 
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information. It has been found that both noradrenaline (Stanton and Sarvey, 1985; Katsuki et al., 
1997) and CRH (Blank et al., 2002) strengthen synaptic contacts in the hippocampus. Their effects 
are similar to long-term potentiation (LTP) of synapses, observed after stimulating hippocampal 
afferents with patterned input. LTP, which is selective and associative, is generally considered to be 
the best available neurobiological substrate for processes taking place during memory formation 
(Lynch, 2004). Noradrenaline and CRH not only enhance synaptic responses by themselves, they 
also facilitate electrically evoked LTP. 
 
 

 
 
Figure 1 Hormonal and neurotransmitter pathways involved in processing of stressful information in a learning 
situation. Stressful events are perceived through sensory systems and relayed, via several brain regions (e.g. 
the thalamus) to limbic and cortical areas, including the hippocampus, amygdala nuclei and prefrontal cortex. 
By means of recurrent loops, information in these areas becomes more closely linked. From there, output 
(negative or positive) funnels through the hypothalamus, an area important for activation of the autonomic 
nervous system (ANS) and the hypothalamo-pituitary-adrenal (HPA) axis. Through several steps (here indi-
cated by the dotted lines) effectors of these two systems, in particular noradrenaline, CRH and corticosterone, 
reach various brain areas. Rapid effects of these three compounds can facilitate (+) the encoding of informa-
tion when (i) they act in the same areas that are involved in processing of the information to be remembered 
and (ii) do so around the time that synaptic strengthening in these areas takes place. Corticosterone also initi-
ates a much slower genomic signal that will suppress (−) unrelated information reaching these circuits some 
time after the stressful event. This dual effect of corticosterone serves to enhance the signal-to-noise ratio of 
important information. Consolidated information will eventually be stored in higher cortical regions. 
 
 
Corticosterone as a two-stage rocket 
Facilitation of LTP is also observed for corticosterone, but only when corticosterone is present 
around the time that LTP is induced (Korz and Frey, 2003; Wiegert et al., 2006). Given the immedi-
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ate effect of corticosterone this particular action of the hormone is clearly accomplished via a non-
genomic pathway. However, the main action of corticosterone is slow and gene-mediated. Through 
this gene-mediated action high amounts of corticosterone and severe stress were consistently 
found to suppress LTP and to promote long-term depression, with a delay of at least an hour (Kim 
and Diamond, 2002). This might be accomplished by insertion of glutamate receptors into the mem-
brane (Saal et al., 2003; Karst and Joels, 2005), which would promote ongoing activity but elevate 
the threshold for synaptic strengthening of input from other sources, in a fashion known as “meta-
plasticity” (Abraham and Bear, 1996). This action will enhance the signal-to-noise ratio of informa-
tion attached to the stressful event, because information reaching the same circuit hours after the 
initial learning process must be salient enough to overcome this threshold and gain access to mem-
ory resources. 
 
 

 
 
Figure 2 Opposing effects of stress on learning depend on the timing of the events. (A) Stress within the con-
text of a learning situation leads to the release of NA, CRH and CORT, all of which are active in the brain at the 
time that the initial phases of learning take place. At this stage the neurotransmitters and hormones facilitate 
the ongoing process. Corticosterone, however, also initiates a gene-mediated pathway, which will elevate the 
threshold for input unrelated to the initial event and restore neuronal activity (normalization), with a delay of 
more than an hour. (B) If an organism has been exposed to a stressor some time before the learning process 
takes place, the gene-mediated suppression of activity will have developed by the time that acquisition occurs. 
Under these conditions corticosterone will impair learning processes. 



A temporal perspective on stress hormones and memory 
 
 

 
36 

 
In summary, we propose that in the short term, stress-induced hormones will facilitate the strength-
ening of contacts involved in the formation of memories of the event by which they are released. But 
at the same time, corticosterone initiates a gene-mediated signal that will suppress any information 
unrelated to the event reaching the same areas hours later. This is a very efficient strategy to pre-
serve an appropriate priority in the reaction to challenges. The proposed mechanism also explains 
why the timing of stress application and learning is so important. If corticosterone is released by a 
stressor one hour before training of a learning task starts, the genomic action will have developed 
already by the time input related to the learning event reaches the circuit, so this input will encounter 
an elevated threshold for synaptic strengthening (Figure 2). 
 
The dichotomy in stress hormone actions caused by timing is not only supported by the effects of 
corticosterone on LTP. For instance, amygdala stimulation facilitates LTP induction in the dentate 
gyrus when given shortly before tetanic stimulation of dentate afferents; this facilitation of LTP de-
pends on noradrenaline and corticosterone (Akirav and Richter-Levin, 2002). Yet when amygdala 
and dentate stimulation are separated in time by, for example, one hour, amygdala stimulation sup-
presses LTP in the dentate (Richter-Levin, 2004). Another example pertains to the effect of 
noradrenaline and corticosterone on passive avoidance behavior. Both hormones seem to be nec-
essary to accomplish a facilitatory effect on avoidance memory, but they only do so when acting 
more or less at the same time (Roozendaal, 2003). If, however, corticosteroid levels rise some time 
(e.g. one hour) before noradrenaline is active, the memory-facilitating action by noradrenaline is 
suppressed and dose-dependently desensitized (Borrell et al., 1984). In this respect it is revealing 
that, at the cellular level, corticosterone given several hours before noradrenaline indeed sup-
presses the effectiveness of the latter, via a gene-mediated pathway (Joels and de Kloet, 1989). 
 
Conclusion 
 
From the many examples above it is clear that stress affects learning and memory processes. We 
propose that the direction of changes in memory performance – improvement or impairment – de-
pends on whether the stress is experienced closely linked in time to and within the context of the 
information to be learned. Future studies will need to supply more experimental evidence for this 
view. The relevance of stress within a learning context is also something to take into consideration 
when designing experiments. Particular attention has to be paid to “hidden” stressors, for example, 
measurements involving an fMRI apparatus, which can be quite arousing, especially in children. 
 
We predict that stress experienced within the context of a learning experience will induce focused 
attention and improve memory of relevant over irrelevant (later) information. Importantly, stress-
induced release of corticosteroid hormones is necessary to restore (normalize) the activity of circuits 
involved in the processing of information linked to the event. Both the initial stress-induced facilita-
tion of these circuits and the normalization seem to be required for adequate learning and memory. 
If the normalization phase is insufficient, for example, when the release of corticosteroid hormones 
is curtailed, inappropriate recall of salient information might ensue. This could in part explain the 
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burden of traumatic memories in PTSD patients, in whom a strong autonomic response is combined 
with a strong negative feedback function of the HPA-axis, causing relatively small and transient 
increases in cortisol level (Yehuda, 2002). According to the prevailing view (Yehuda, 2002), circuits 
of fear and other negative emotions are underexposed to the hormone, preventing (i) the hormone's 
role in normalization of activity and (ii) its facilitating effects in extinguishing fixed, maladaptive pat-
terns. In line with this, treatment of PTSD patients with a low dose of cortisol appears to be 
beneficial (Aerni et al., 2004). This emphasizes the importance of stress hormones in maintaining 
optimal memory processing, both in health and in disease. 
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Previous experiments in the hippocampal CA1 area have shown that corticosterone can fa-
cilitate long-term potentiation (LTP) in a rapid non-genomic fashion, while the same hormone 
suppresses LTP that is induced several hours after hormone application. We here elaborated 
this finding by examining whether in the dentate gyrus too corticosterone exerts opposite 
effects on LTP depending on the timing of hormone application. Moreover, we tested rapid 
and delayed actions by corticosterone on β-adrenergic dependent changes in LTP. Unlike 
the CA1 region, our in vitro field potential recordings show that rapid effects of corticoster-
one do not influence LTP induced by mild tetanization in the hippocampal dentate gyrus, 
unless GABAA receptors are blocked. By contrast, the β-adrenergic agonist isoproterenol 
does initiate a slow-onset, limited amount of potentiation. When corticosterone was applied 
concurrently with isoproterenol, a further enhancement of synaptic strength was identified, 
especially during the early stage of potentiation. Yet, treatment with corticosterone several 
hours in advance of isoproterenol fully prevented any effect of isoproterenol on LTP. This 
emphasizes that corticosterone can regulate β-adrenergic modulation of synaptic plasticity 
in opposite directions, depending on the timing of hormone application.  
 
 
Introduction 
 
Living organisms like mammals experience stressful situations regularly in their lives. Stress, be it of 
a physical or psychological nature, potentially disrupts physiological homeostasis. Two systems are 
subsequently activated, which help to adapt to environmental changes and restore physiological 
balances: activation of the autonomous nervous system (ANS) triggers the release of adrenaline 
from the adrenal medulla; the hypothalamo-pituitary-adrenal (HPA) axis elicits secretion of glucocor-
ticoids (cortisol in humans, corticosterone in rodents) from the adrenal cortex. Although 
glucocorticoids can cross the blood-brain barrier easily, adrenaline does not readily reach the cen-
tral nervous system; however it can stimulate peripheral vagal afferents and lead to central release 
of noradrenaline from both the nucleus of the solitary tract and the locus coeruleus (Roosevelt et al., 
2006). These hormones target many areas, including those involved in processing of the informa-
tion about the stressful event, i.e. the hippocampus and the amygdala. Each of these structures is 
specialized in formulating specific aspects of the ongoing event; yet, their outputs integrate and 
underlie the memory of an overall picture of the experienced “stress” (Kim and Diamond, 2002; 
McGaugh, 2004; Richter-Levin, 2004).  
 
Typically, the amygdala and the hippocampus are extensively involved in behavioral tasks like in-
hibitory avoidance or fear conditioning (Richter-Levin, 2004; Roozendaal et al., 2006). These 
behaviors are affected by corticosterone and noradrenaline. Thus, post-training microinjection of 
noradrenaline or β-adrenergic agonists into the basolateral amygdala enhances memory consolida-
tion in inhibitory avoidance task (Ferry and McGaugh, 1999; Lalumiere and McGaugh, 2005), as 
well as in contextual fear conditioning (LaLumiere et al., 2003) and in spatial water maze task 
(Hatfield and McGaugh, 1999). Likewise, glucocorticoid receptor (GR) agonists micro-infused into 
the basolateral amygdala (Roozendaal and McGaugh, 1997b) or the hippocampus (Roozendaal 
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and McGaugh, 1997a; Oitzl et al., 2001) enhance memory retention. It was subsequently shown 
(Roozendaal et al., 2002) that noradrenergic activation is essential for the memory-enhancing ef-
fects, and that glucocorticoids play a permissive role in noradrenergic actions thus promoting 
memory formation. Notably, it was suggested that the interaction between the two hormones should 
occur within an interval of 30 minutes, which is rather a short time-interval for gene-mediated events 
to occur (Makara and Haller, 2001; Roozendaal, 2003).  
 
Yet, glucocorticoids can also suppress noradrenaline-mediated regulation. Thus, adrenalectomy 
impairs memory in an inhibitory avoidance task; this deficit could be rescued by post-training ad-
ministration of adrenaline (Borrell et al., 1984). Pretreatment with corticosterone one hour before 
adrenaline dramatically reduced the efficacy of adrenaline. A similar result was also observed at the 
cellular level in the hippocampus (Joels and de Kloet, 1989), where noradrenaline increases the 
excitability of CA1 pyramidal neurons from adrenalectomized animals; treatment of tissue with GR 
agonists 1 – 4 hours prior to noradrenaline attenuated such increases. Given the delayed action of 
corticosterone, it is likely that these corticosteroid effects involve gene-mediated mechanisms 
(Reichardt and Schutz, 1998; Vreugdenhil et al., 2001; de Kloet et al., 2005; Zhou and Cidlowski, 
2005).    
 
Collectively, these observations have led to the hypothesis that corticosterone can enhance mem-
ory formation or boost noradrenergic actions when these elements coincide in time, whereas the 
hormone suppresses these activities when it reaches the same circuits some hours in advance of a 
learning event (Joels et al., 2006). This is in line with recent observations in the hippocampal CA1 
area, showing that corticosterone can enhance long-term potentiation (LTP) – presently the best 
described neurobiological substrate of learning and memory (Martin and Morris, 2002; Morris, 
2003), when the hormone is applied  around the time of LTP induction (Wiegert et al., 2006); while it 
suppresses LTP when given several hours in advance (Alfarez et al., 2002; Wiegert et al., 2005).  
 
The present study aimed to acquire further evidence for this hypothesis in the rat hippocampal den-
tate gyrus (DG). To this end, we first examined the effects of corticosterone alone on LTP, under 
conditions where the hormone was either present during tetanic stimulation or several hours in ad-
vance. Next, we tested the effects of corticosterone on noradrenergic regulation of LTP, based on 
the known fact that noradrenergic activation generally facilitates LTP in the dentate gyrus (Stanton 
and Sarvey, 1985, 1987; Dahl and Sarvey, 1990; Chaulk and Harley, 1998; Bronzino et al., 2001; 
Frey et al., 2001; Straube and Frey, 2003). We specifically tested: 1) if corticosterone administration 
around the time of LTP induction and application of the β-adrenergic agonist isoproterenol promotes 
the β-adrenergic action on LTP; and 2) if corticosterone administration more than 2 hours earlier 
suppresses the isoproterenol-mediated effect.  
 
Materials and Methods 
 
Animals 
The Animal Committee for Bioethics of University of Amsterdam approved all of the experiments. 
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Male Wistar rats (Harlan CPB, the Netherlands) were housed in groups, with food and water ad 
libitum available. A 12 hr:12 hr light-dark cycle (light-on at 8.00 am) was maintained, and the tem-
perature kept at 20 – 22 °C, the humidity at 55 ± 15 %. After arrival, the rats were not disturbed for 
at least one week before the experiments started. The body weights ranged between 200 g and 300 
g at the time of the experiment. 
 
In vitro slice preparation   
The animals were decapitated early in the morning – between 9:25 and 10:15 hours, when plasma 
corticosterone levels are still quite low. The brain was rapidly removed from the skull and immersed 
in chilled (4 °C) dissection buffer which consists of 120 mM NaCl, 3.5 mM KCl, 5.0 mM 
MgSO4⋅7H2O, 1.25 mM NaH2PO4, 0.2 mM CaCl2⋅2H2O, 10 mM glucose and 25 mM NaHCO3, oxy-
genated with 95 % O2 and 5 % CO2. 400 μm-thick horizontal slices were made with a vibroslicer 
(Leica VT1000S). Slices were kept in artificial cerebrospinal fluid (aCSF) containing 120 mM NaCl, 
3.5 mM KCl, 1.3 mM MgSO4⋅7H2O, 1.25 mM NaH2PO4, 2.5 mM CaCl2⋅2H2O, 10 mM glucose and 
25 mM NaHCO3, oxygenated with 95 % O2 and 5 % CO2. Slices remained in aCSF at room tem-
perature for 2 hours before being transferred to the recording chamber. 
 
Electrophysiology  
One slice at a time was transferred to the recording chamber, where the temperature was main-
tained at 30 – 32 °C. For recordings of field excitatory postsynaptic potentials (fEPSPs) in the 
hippocampal dentate gyrus, a bipolar stimulation electrode (60 µm in diameter, stainless steel, insu-
lated except for the tip) was placed at the medial perforant pathway and a glass microelectrode 
(impedance 2 – 5 MΩ, filled with aCSF) was positioned within the middle third of the molecular 
layer in the suprapyramidal blade, serving as the recording electrode.   
 
At the beginning of each experiment, an input-output relationship was established by gradually in-
creasing the stimulus intensity until the maximally evoked responses were obtained. The 
relationship was fit with a sigmoidal function: R(i)=Rmax /(1+exp((i-ih)/(-S)), where R(i) represents the 
response at the intensity (i), Rmax the maximal response, ih the intensity at which the half maximal 
response is observed, and S represents an index proportional to the slope of the stimulus-response 
curve. The intensity that evoked the half-maximal response was applied throughout the experi-
ments. The magnitudes of the responses were assessed by measurement of both the slopes and 
the amplitudes of the fEPSP signals (Alfarez et al., 2003; Krugers et al., 2005). Both parameters 
yielded comparable results; we here only report on the slope of the fEPSP. 
 
In most of the experiments, electrophysiological recordings were done in aCSF. In some experi-
ments, GABAergic transmission was inhibited with 10 μM (-)-bicuculline methiodide (Sigma-Aldrich) 
added to the aCSF. 
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Protocols and drug application 
In the groups of slices that were tested for rapid drug effects, baseline synaptic transmission at half 
maximal stimulation intensity was monitored for 10 minutes, which was followed by the perfusion of 
either: 1) corticosterone (Sigma-Aldrich) 100 nM, 2) the β-adrenergic agonist (-)-isoproterenol (+)-
bitartrate (Sigma-Aldrich) 1.0 μM, 3) a combination of 1.0 μM (-)-isoproterenol (+)-bitartrate with 
100 nM corticosterone, or 4) vehicle solution, as the control, into aCSF for 15 minutes. Perfusion co-
terminated with the tetanus, which consisted of theta-burst stimulation (TBS): a burst of 4 pulses at 
100 Hz, repeated 200 ms later by another 4 pulses at 100 Hz; this sequence was repeated 5 times, 
with an inter-train interval of 30 seconds (Alfarez et al., 2003). After TBS, synaptic responses were 
further monitored for 60 minutes. 
 
For the groups of slices that were tested with corticosterone pretreatment, slices were incubated 
with 100 nM corticosterone at 32 °C for 20 minutes starting one hour after decapitation. These 
slices then remained in aCSF at room temperature for at least two hours before being transferred to 
the recording chamber. For one group, baseline transmission was monitored during 10 minutes, 
followed by a 15-minute period of perfusion with 1.0 μM (-)-isoproterenol (+)-bitartrate; this co-
terminated with TBS, and synaptic responses were further observed during 60 minutes. For the 
other group, baseline transmission was monitored during 25 minutes in total without any perfusion 
period, this followed by TBS; after TBS, synaptic responses were monitored during 60 minutes.    
 
Data analysis  
Synaptic potentiation after tetanus was expressed as percentual change from the baseline; the 
average of the measurements during the 25 minute pre-tetanus period served as the baseline 
value. Changes in synaptic response beyond ± 10% from the baseline were considered not related 
to spontaneous fluctuation and were physiologically meaningful. A two-tailed, paired Student’s t-test 
was used to compare synaptic responses before versus after TBS within each group. The general 
linear model for repeated measures (GLM) was performed for between-group comparisons of over-
all differences in LTP, followed by post hoc least significant difference (LSD) multiple comparison 
tests. Two-tailed, unpaired Student’s t-tests were additionally conducted to examine the signifi-
cances. Between-group comparisons were performed 1) for the entire 60 minutes post-tetanus 
period, 2) for the initial post-tetanus phase (0’ – 10’), and 3) for the later phase after tetanus (30’ – 
60’). All data are expressed as average ± S.E.M.; n indicates the number of animals. P-values < 
0.05 were accepted as significantly different.     
 
Results   
 
LTP induction in the dentate gyrus with theta burst stimulation 
We observed that theta burst stimulation (TBS) alone was insufficient to evoke LTP in the dentate 
gyrus, as illustrated in the control group where the vehicle medium of corticosterone was perfused 
for 15 minutes and co-terminated with TBS (Figure 1A). In this control group, TBS resulted in an 
insignificant increase in the slope of the field excitatory postsynaptic potentials (mean slope fEPSP 
± SEM over the post-tetanus 60 minutes: 107 ± 3 %, n = 10) compared to the pre-TBS baseline 
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response. The early component of potentiation (here defined as the average fEPSP slope over 
post-tetanus 0’ – 10’) was 96 ± 3 % of the baseline value while the later component (defined as the 
average fEPSP slope during post-tetanus 30’ – 60’) amounted to 108 ± 4 %. 
 
As suggested by earlier reports, TBS can become effective in the dentate gyrus when GABAA inhibi-
tory activity is prevented (Alfarez et al., 2003; Boekhoorn et al., 2006). This was confirmed in the 
current study if the vehicle group was tested in the presence of 10 μM (-)-bicuculline methiodide. 
With bicuculline supplemented to aCSF, the mean fEPSP slope ± SEM over 60 minutes, subse-
quent to TBS, was 124 ± 5 % (n = 7, P < 0.01) of the baseline level (Figure 2A). Early phase of 
potentiation (post-tetanus 0’ – 10’) amounted to 104 ± 8 % and later phase (post-tetanus, 30’ – 60’) 
to 128 ± 5 % (P < 0.01). We conclude that TBS alone is insufficient to induce LTP in vitro in the 
dentate gyrus unless GABAA receptors are blocked simultaneously.  
 
Effects of corticosterone on LTP  
Application of 100 nM corticosterone (in the absence of bicuculline), just before and during TBS, did 
not significantly influence synaptic responses after the tetanus. Synaptic responses over the post-
tetanus 60 minutes amounted to 115 ± 9 % (mean slope fEPSP ± SEM, n = 11) of the baseline 
value (Figure 1A), with 105 ± 3 % and 115 ± 10 % in the early (post-tetanus 0’ – 10’) and later 
(post-tetanus 30’ – 60’) phases respectively.  In comparison with the vehicle treated slices, perfu-
sion of corticosterone around the time of TBS did not result in changes in synaptic responses with 
regard to both early and later components of potentiation (Figure 1B). Apparently, corticosterone 
cannot potentiate synaptic responses in the DG when linked to a sub-threshold protocol of LTP.    
 
Next, slices were incubated for 20 minutes with 100 nM corticosterone more than 2 hours before 
TBS. Over the post-synaptic 60 minutes, synaptic responses amounted to 111 ± 2 % (n = 4) of its 
pre-tetanus value, which is very similar to the values seen in vehicle treated control slices (Figure 
1A). Also, synaptic responses during both the early phase and later phase after TBS were indistin-
guishable from those of slices perfused with vehicle only (Figure 1B).   
 
We considered the possibility that corticosterone can become effective under conditions that 
GABAergic transmission is suppressed and LTP is induced, i.e. in the presence of 10 μM bicu-
culline. Previously, we reported that under those conditions a brief pulse of corticosterone 1 – 4 
hours in advance of TBS tends to suppress potentiation, but this effect did not reach significance 
(Alfarez et al., 2003). We presently completed these observations in the presence of bicuculline by 
examining putative non-genomic effects of corticosterone in the DG, i.e. when corticosterone was 
administered just before and during TBS. Interestingly, we observed that in the presence of bicu-
culline, such application of corticosterone results in a clear form of LTP over 60 minutes (mean 
slope fEPSP ± SEM: 130 ± 9 %, n = 8, P < 0.05) (Figure 2A) compared to the pre-tetanus values. 
Early phase of potentiation (post-tetanus 0’ – 10’) was 123 ± 10 % (P = 0.055) of the baseline value 
and later phase (post-tetanus 30’ – 60’) was 129 ± 9 % (P < 0.05). Compared with the vehicle-
treated slices in bicuculline subjected to TBS, a significant enhancement in synaptic response was 
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found in the corticosterone- versus vehicle-treated group with respect to the early ( P < 0.05) but not 
the later phase of potentiation (Figure 2B). 
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Figure 1 Effect of corticosterone on the slope of the fEPSP evoked in the dentate gyrus by perforant path 
stimulation. (A) In aCSF (with vehicle perfusion, as indicated by the horizontal bar, n = 10), theta burst stimula-
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tion (TBS) does not induce LTP (the upper graph). Brief perfusion of 100 nM corticosterone just before and 
during TBS resulted in a slight increase in synaptic responses, but this did not reach statistical significance (the 
middle graph, n = 11). Pre-incubation with 100 nM corticosterone for 20 minutes > 2 hrs prior to TBS did not 
modify post-tetanus synaptic responses (the lower graph, n = 4). The symbols represent the mean (+ SEM) 
slope of the fEPSP. VEH: vehicle; CORT: corticosterone. The representative analogue traces of recordings are 
shown on the right, respectively; the asterisk indicates the stimulus artifact. (B) Mean (+ SEM) synaptic re-
sponses during the early phase after TBS (here defined as post-tetanus 0’ – 10’; the left graph) or the later 
phase after TBS (post-tetanus 30’ – 60’; the right graph) revealed no significant effect of corticosterone treat-
ment compared to vehicle treatment (white bars). The absence of any effect was seen both when the hormone 
was applied just prior to and during tetanic stimulation (gray bars; using the protocol as indicated in the middle 
graph in A), and when corticosterone was briefly perfused > 2 hrs before TBS (dark bars; using the protocol as 
indicated in the lower graph in A).   
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Figure 2 Effects of corticosterone on synaptic potentiation in the DG, in the presence of bicuculline. (A) When 
10 μM bicuculline (BIC) was continuously present during recording, TBS stimulation did result in a significant 
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and lasting potentiation of the fEPSP slope with vehicle (the upper graph, n = 7). Clear synaptic potentiation 
was also seen with TBS after brief perfusion with 100 nM corticosterone (the lower graph, n = 8). The symbols 
represent the mean (+ SEM) slope of the fEPSP. The representative analogue traces of recordings are shown 
on the right, respectively; the asterisk indicates the stimulus artifact. #, ##: P < 0.05, P <0.01, compared with 
the pre-tetanus baseline. (B) The mean (+ SEM) fEPSP slope in the early phase after TBS (post-tetanus 0’ – 
10’, the left graph) was not increased in the vehicle treated animals (diagonally striped bar) in bicuculline. 
However, synaptic potentiation was significantly enhanced by perfusion of corticosterone (gray bar). In the later 
phase after TBS (post-tetanus 30’ – 60’, the right graph), both groups revealed a comparable degree of synap-
tic potentiation without between-group difference. *: P < 0.05, comparison with the vehicle treatment.  
 
 
To examine the effect of corticosterone on isoproterenol-mediated actions (next section), we chose 
to record under conditions that are as close as possible to the “natural” situation, i.e. with intact 
GABAergic activity. As reported above, corticosterone by itself – when applied shortly before TBS or 
when given more than 2 hours in advance – does not significantly affect synaptic potentiation in-
duced by TBS under those circumstances.  
 
Effect of corticosterone on isoproterenol-mediated actions 
The β-adrenergic agonist (-)-isoproterenol (+)-bitartrate (1.0 μM) was rapidly applied by perfusion 
for 15 minutes before and during TBS; this was done to test whether β-adrenoceptor activation 
could facilitate LTP induction by TBS.  Results show that after a brief administration of isoprotere-
nol, mild potentiation was observed over the post-tetanus 60 minutes (mean slope fEPSP ± SEM: 
118 ± 7 %, n = 11, P < 0.05) (Figure 3A).  Potentiation was not manifest during the first 10 minutes 
after tetanus; however, it slowly developed over time. Early responses (post-tetanus 0’ – 10’) 
amounted to 100 ± 5 % of the baseline value, and later responses (post-tetanus 30’ – 60’) to 122 ± 
10 % (P < 0.05). These data indicate that β-adrenergic activation can mildly facilitate synaptic re-
sponses after TBS; this facilitation particularly pertains to the later phase of LTP. 
 
Interestingly, when 100 nM corticosterone was co-applied with 1.0 μM isoproterenol, synaptic po-
tentiation was already observed during the early phase after TBS. Synaptic responses over the 
post-tetanus 60 minutes were 126 ± 8 % of the baseline value (mean slope fEPSP ± SEM, n = 9, P 
< 0.05) (Figure 3A). Average fEPSPs were significantly enhanced with respect to the early phase 
(post-tetanus 0’ – 10’: 119 ± 6 %, P < 0.05) and the later phase (post-tetanus 30’ – 60’: 125 ± 11 %, 
P < 0.05) in comparison to the baselines. Early phase of potentiation – when corticosterone and 
isoproterenol were co-applied – was significantly different from that of the slices perfused with iso-
proterenol only (P < 0.01), with corticosterone only (P < 0.05), or with vehicle only (P < 0.01); 
however, no significant differences were identified among these groups with regard to the later 
phase of potentiation (Figure 3B).  
 
In order to examine if isoproterenol-mediated effects on LTP can be differently modulated by corti-
costerone via a delayed action, 100 nM corticosterone was briefly (for 20 minutes) applied to the 
slices more than two hours in advance of isoproterenol perfusion; isoproterenol perfusion co-
terminated with TBS. An interval of 2 hours was chosen to ensure that gene-mediated effects can 
take place (Karst and Joels, 2005; Wiegert et al., 2005; Morsink et al., 2006). Contrary to what was 
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seen with isoproterenol only or with concurrent perfusion of both hormones, isoproterenol did not 
affect synaptic responses after TBS if corticosterone was applied to the same slice a few hours 
earlier. In that case, the mean fEPSP slope over the post-tetanus 60 minutes was 97 ± 4 % (mean 
slope fEPSP ± SEM, n = 6) of the baseline (Figure 3A), comparable to the control group not sub-
jected to any hormonal treatment (Figure 1A). During the early post-tetanus phase (post-tetanus 0’ 
– 10’), average responses (101 ± 2 %) were significantly smaller than those of slices where corti-
costerone and isoproterenol had been co-applied (P < 0.01), but did not differ from those of slices 
perfused with isoproterenol only (Figure 3B). With regard to the later phase (post-tetanus 30’ – 60’), 
synaptic responses (96 ± 5 %) were significantly reduced in comparison to the slices perfused with 
both hormones (P < 0.05), or perfused with isoproterenol only (P < 0.05) (Figure 3B).  
 
Baseline transmission with stress hormones  
Baseline synaptic responses in response to half-maximal stimulation during the perfusion period 
with: 1) corticosterone, 2) isoproterenol, 3) isoproterenol together with corticosterone, or 4) corticos-
terone incubation > 2 hours before isoproterenol perfusion, did neither demonstrate within-group 
differences compared with their (10 minutes) pre-perfusion baselines, nor between-group differ-
ences compared with the vehicle-perfused group (Figure 4). These data suggest that synaptic basal 
transmission was not altered by a brief administration of stress hormone(s) at the present dosages.   
 
Discussion  
 
In this study we tested the hypothesis that corticosterone time-dependently affects LTP and β-
adrenergic actions in the rat DG. Based on earlier findings in the hippocampal CA1 area (Wiegert et 
al., 2005; Wiegert et al., 2006), we presumed that in the DG corticosterone – in a rapid non-genomic 
fashion – promotes LTP and noradrenergic efficacy while the same hormone has suppressive ef-
fects when acting through slow gene-mediated pathways. We observed that in the DG, 
corticosterone can enhance the early phase of synaptic potentiation only when GABAA-receptor 
mediated transmission is blocked; delayed suppression by the hormone, though, was not seen us-
ing the present stimulation protocol. Isoproterenol potentiated particularly the later phase of LTP. 
When corticosterone was co-applied with isoproterenol, a significant enhancement of the early but 
not the later LTP phase was observed. Finally, brief administration of corticosterone several hours 
before application of isoproterenol markedly suppressed the efficacy of isoproterenol to potentiate 
the later phase of LTP. These observations are largely in line with the hypothesis, although the 
effects of corticosterone were in some aspects unexpected.  
 
Effect of corticosterone on LTP in the DG 
Under in vitro recording conditions, mature DG granule cells exhibit a quite negative resting mem-
brane potential (Liu et al., 1996). Moreover, these neurons are subject to a strong GABAergic 
inhibitory tone (Nusser and Mody, 2002; Chandra et al., 2006). Consequently, it is not easy to in-
duce robust synaptic potentiation in mature DG cells in vitro (Wang et al., 2000). This was 
confirmed in the present experiments. Under those conditions, corticosterone was unable to facili-
tate synaptic potentiation after TBS in a rapid non-genomic fashion. However, when the GABAergic 
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inhibitory tone was relieved by applying bicuculline, a rapid facilitatory effect of corticosterone par-
ticularly in the first 10 minutes after TBS became apparent. Earlier studies in the CA1 area also 
revealed that corticosterone applied just before and during high frequency stimulation has particu-
larly strong effects during the first phase of potentiation, while later phases seem somewhat less 
affected (Wiegert et al., 2006); it should be noted, though, that in the CA1 area as opposed to the 
DG, corticosterone administered around the time of high-frequency stimulation still significantly 
enhanced synaptic potentiation over the entire recording period.  
 
The fact that rapid effects of corticosterone in the DG (as opposed to the CA1 area) can only be 
seen in the presence of bicuculline could signify that the hormone induces sub-threshold actions 
which do not become evident when cells are far removed from the firing threshold, but can become 
essential when these neurons are in a more depolarized state. We cannot exclude this possibility 
with the current extracellular recording approach; yet, the fact that corticosterone by itself did not 
change the basal synaptic response in any respect seems to argue against it. Similarly, it is unlikely 
that bicuculline-induced enhancement of endogenous noradrenaline release (Barik and Wonnacott, 
2006) can explain the findings, in view of the continuous perfusion prior to the start of electrophysio-
logical recording thus washing out most of the endogenously released transmitters. An interesting 
possibility is that corticosterone could exert rapid effects on GABAergic transmission which counter-
act putative facilitatory effects on TBS-induced synaptic potentiation. In support of this view, recent 
experiments revealed that neurosteroids potentiate tonic GABAergic inhibition in the DG, an effect 
that involves GABAA receptor δ-units (Stell et al., 2003). If corticosterone is partly metabolized, the 
actions of these metabolites could mask putative facilitatory actions of the hormone. This differs 
from the situation in the CA1 area where δ-subunits (which play a key role in the steroid-induced 
enhancement of tonic GABAergic inhibition) are much less expressed (Pirker et al., 2000; Peng et 
al., 2002).   
 
In contrast to the CA1 area, brief administration of corticosterone several hours in advance of high-
frequency stimulation did not affect synaptic potentiation, neither in the absence (this study) nor in 
the presence of bicuculline (Alfarez et al., 2003). In the former case this could be simply due to the 
fact that synaptic potentiation with TBS is so weak that suppressive effects by corticosterone cannot 
be discerned; however, this cannot explain the findings in the presence of bicuculline where appre-
ciable LTP is observed. As argued earlier, the apparent lack of gene-mediated effects on LTP may 
be linked to the TBS protocol (Alfarez et al., 2002; Alfarez et al., 2003). It should be noted, though, 
that an apparent lack of gene-mediated corticosteroid effects in the DG – presumably via the low 
affinity glucocorticoid receptor (GR) – is not unprecedented, as a similar protocol of corticosterone 
administration also failed to change calcium currents (van Gemert and Joels, 2006) and AMPA-
receptor mediated responses (Karst and Joels, 2003) in granule cells, while these parameters are 
clearly altered by the hormone in the CA1 region (Kerr et al., 1992; Karst et al., 2000; Karst and 
Joels, 2005). As DG granule cells, like CA1 pyramidal cells, abundantly express GRs, this could 
signify that DG granule cells i) express different receptor variants, ii) are exposed to lower intracellu-
lar levels of corticosterone, or iii) contain a different set of cellular proteins that determine the 
transcriptional activity of the GR (Joels, 2006).  
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Figure 3 Time-dependent effects of corticosterone on β-adrenergic actions. (A)  Brief perfusion of 1.0 μM iso-
proterenol (ISO) just before and during TBS (indicated by horizontal bar) induced a slow-onset potentiation of 
the fEPSP slope (the upper graph, n = 11). Concurrent perfusion of isoproterenol and corticosterone (the mid-
del graph, n = 9) immediately evoked LTP after TBS. Brief administration of corticosterone (20 minutes, CORT) 
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> 2 hours in advance of isoproterenol perfusion completely prevented the occurrence of LTP (the lower graph, 
n = 6). All symbols represent the mean (+ SEM) slope of the fEPSP. The representative analogue traces of 
recordings are shown on the right, respectively; the asterisk indicates the stimulus artifact. #: P < 0.05, com-
pared with the pre-tetanus baseline. (B) Co-application of corticosterone and isoproterenol (gray bar) during 
perfusion enhanced the mean (+ SEM) fEPSP slope during the early phase after TBS (post-tetanus 0’ – 10’, 
the left graph) when compared to the slices perfused with isoproterenol only (white bar). No differences were 
found between the groups with respect to the later phase after TBS (post-tetanus 30’ – 60’, the right graph). 
Pretreatment of corticosterone >2 hours in advance of isoproterenol application (dark bar) prevented synaptic 
potentiation as could be found in the co-application group during the early phase, and abolished the potentia-
tion as could be found in both co-application and isoproterenol alone groups during the later phase after TBS. 
*, **: P < 0.05, P < 0.01, based on between-group comparisons. 
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Figure 4 Baseline transmission during drug perfusion was not affected by stress hormones. 
The mean (+ SEM) slope of the fEPSP induced by half-maximal stimulation of perforant path afferents was not 
significantly altered by perfusion of corticosterone and/or isoproterenol. This was true when signals were com-
pared to the average of the pretreatment baseline signal for each condition shown below, and when signals 
recorded during the various drug applications were compared to each other. The observations were based on 
the following number of animals for each condition: VEH, white bar, n = 11; CORT, gray bar: n = 12; ISO, white 
striped bar: n = 11; CORT+ISO, gray striped bar: n = 9; CORT > 2hrs before ISO, dark bar: n = 6. 
 
 
All in all, we conclude that under the present recording conditions corticosterone does not affect 
synaptic potentiation in the DG, unless the GABAergic inhibitory tone is relieved to reveal a rapid 
facilitatory effect by the hormone. 
 
Effects of isoproterenol and its modulation by corticosterone 
In contrast to corticosterone, the β-adrenergic agonist isoproterenol does rapidly facilitate synaptic 
potentiation induced by a weak stimulation protocol in the DG. This is in line with most previous 
studies in the DG (Stanton and Sarvey, 1985, 1987; Dahl and Sarvey, 1990; Chaulk and Harley, 
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1998; Bronzino et al., 2001; Frey et al., 2001; Straube and Frey, 2003), as well as in the CA1 region 
(Katsuki et al., 1997). Several other studies have identified a form of long-lasting potentiation in the 
DG by applying β-adrenergic agonists without tetanization, which resembles LTP and is NMDA 
receptors- and protein synthesis-dependent (Stanton and Sarvey, 1987; Sarvey et al., 1989; Dahl 
and Sarvey, 1990). Another study using in vivo microdialysis established an association between 
increases in hippocampal noradrenaline level and tetanization of the medial perforant pathway 
(Bronzino et al., 2001). These studies suggest that noradrenaline can act as an endogenous media-
tor of DG LTP and suffices to result in long-term enhancement of synaptic strength. In our recording 
conditions, isoproterenol-mediated regulation of baseline activity was not observed. This may be 
due to the fact that in our set-up isoproterenol levels peaked only briefly, which may be too short to 
evoke long-lasting potentiation.  
 
The most remarkable finding of our study is that corticosterone can bi-directionally modulate the 
isoproterenol-mediated effect. When corticosterone was applied several hours in advance of isopro-
terenol, the former fully prevented the facilitatory actions of the latter. In view of the time delay and 
the dose of corticosterone that was applied, it seems likely that these actions are mediated via in-
tracellular GRs. By contrast, when corticosterone was co-applied with isoproterenol, the steroid 
enhanced the early phase of synaptic potentiation, similar to what was seen when bicuculline was 
perfused (in the absence of isoproterenol). Possibly, corticosterone enhances the availability of the 
β-adrenergic agonist, through mechanisms that resemble its interference with extrasynaptic cate-
cholamine uptake (Grundemann et al., 1998). Also, it cannot be excluded that corticosterone in the 
short term increases isoproterenol-induced cAMP accumulation, as has been described in thymo-
cytes (Durant et al., 1983). Both pathways, however, would be expected to enhance isoproterenol 
effects not only during the early but also during the later phase of LTP. The data rather seem to 
indicate that corticosterone and isoproterenol enhance synaptic responses independently and 
through different pathways. Isoproterenol (like bicuculline) may relieve the inhibitory tone in the DG 
just enough to enable rapid facilitatory effects of corticosterone to develop.  
 
The dichotomy fits well with earlier studies at the behavioral and cellular level. In an inhibitory 
avoidance task, corticosterone interacted with β-adrenergic activation to facilitate memory consoli-
dation (Roozendaal et al., 2002). In view of the time window in which corticosterone was active, a 
rapid non-genomic mechanism seems to be indicated  (Roozendaal, 2003), although the effective-
ness of the selective GR agonist RU 283862 argues against this notion. Delayed effects of 
corticosterone were examined in another study in adrenalectomized rats (Borrell et al., 1984). Post-
training application of adrenaline could rescue the memory deficit in inhibitory avoidance behavior 
seen after adrenalectomy. If corticosterone was given more than 1 hour before adrenaline, the 
dose-response relationship was altered and the efficacy of adrenaline was significantly reduced. 
Along the same line, at the cellular level noradrenaline was shown to enhance cellular excitability in 
hippocampal CA1 pyramidal neurons from adrenalectomized rats; when corticosterone was tran-
siently applied more than 1 hour in advance, the β-adrenergic enhancement of activity was 
suppressed (Joels and de Kloet, 1989). While these earlier studies suggest evidence for a time-
dependent effect of corticosterone, the present study is the first to demonstrate that in a controlled 
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experimental setting corticosterone acts in the same direction as a β-adrenergic agonist when the 
two compounds are present in the circuit around the same time, while corticosterone exerts an op-
posite effect when cells have been exposed to this hormone several hours before β-adrenoceptors 
are activated. 
 
A similar bidirectional modulation with time was also found in vivo in studies which explored the role 
of the amygdala on DG LTP. Thus, basolateral amygdala stimulation enhanced DG LTP when 
amygdala activation was closely linked in time to DG stimulation, while it impaired LTP when amyg-
dala stimulation preceded DG stimulation by more than 1 hour (Akirav and Richter-Levin, 2002; 
Vouimba and Richter-Levin, 2005; Vouimba et al., 2006). Importantly, in both cases, noradrenaline- 
and corticosterone-mediated mechanisms appeared to be involved.  
 
Functional implications 
The presently observed effects can have consequences for DG-dependent encoding and consolida-
tion of information under stressful circumstances. When an organism is “stressed”, levels of 
corticosteroids, noradrenaline and neuropeptides in – among others – limbic regions such as the 
amygdala and hippocampal subfields will be raised, i.e. in areas that are enriched with receptors for 
these factors. The present data indicate that at least in the DG, patterned input that is transferred 
along specific afferent fibers will be strengthened by the hormones, so that the ensuing synaptic 
potentiation (which is weak when hormone levels are not elevated) becomes appreciable shortly 
after arrival of the patterned input and until at least up to 60 minutes later. This may promote encod-
ing of the information associated with the stressful event. 
 
At that time, however, corticosterone will also initiate a gene-mediated cascade which changes cell 
functions several hours later. Based on the present data, it is expected that unrelated information 
arriving at the same place some hours after the initial stressful event will become difficult to be en-
coded, especially when it involves a combination of patterned input and elevated noradrenaline 
levels. This would preserve the initial information and thus promote the consolidation of that event. 
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CHAPTER IV 
 
 
Interactive effects of corticosterone and isoproterenol on synaptic plasticity 
in the rat basolateral amygdala in vitro 
 
Zhenwei Pu, Harm J. Krugers, Marian Joëls 
 
SILS-CNS, University of Amsterdam, The Netherlands 
 
 
An abbreviated version of this chapter was published in Learning & Memory, 2009; 16:155-160; 
under the title – “β-adrenergic facilitation of synaptic plasticity in the rat basolateral amygdala in vitro 
is gradually reversed by corticosterone”. 
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The basolateral amygdala plays a significant role in emotional learning. Earlier behavioral 
studies have indicated noradrenaline and corticosterone as important modulators of this 
process. In the present study, we examined the effectiveness of corticosterone and the β-
adrenergic agonist isoproterenol in modulating, separately or by interaction, synaptic plas-
ticity occurring in the basolateral amygdala induced by high-frequency stimulation of lateral 
amygdala fibers. Isoproterenol (1 μM) markedly enhanced synaptic plasticity induced by a 
relatively weak (theta-burst) stimulation paradigm but was ineffective when applied in con-
junction with stronger stimulation protocols. Brief application of corticosterone just before 
and during high-frequency stimulation – thus focusing on nongenomic actions of the hor-
mone – did not markedly affect synaptic plasticity, nor did it rapidly alter the modulatory 
action of isoproterenol. However, two observations support a delayed suppressive effect of 
corticosterone on the facilitatory action by isoproterenol. First, when corticosterone was 
given at the same time as isoproterenol (i.e. just before and during theta-burst stimulation), 
the facilitatory effect of isoproterenol was gradually reversed. Second, when corticosterone 
was applied for 20 minutes several hours in advance of isoproterenol, the facilitatory effect 
of the β-adrenergic agonist was entirely suppressed. These data suggest that for the lateral 
to basolateral amygdala pathway, β-adrenergic rather than glucocorticoid influences pro-
mote synaptic plasticity within the short term, especially when synaptic strengthening is 
relatively weak. The β-adrenergic facilitatory action may be gradually normalized through a 
presumably gene-mediated modulation by corticosterone, thus preventing the basolateral 
amygdala network from overshooting after stress. 
 
 
Introduction 
 
Information that strongly evokes emotional responses is generally much better retained than less 
significant events. The amygdala is crucially involved in the modulation of emotional memory (Cahill 
and McGaugh, 1998; LeDoux, 2000; McGaugh, 2004; Richter-Levin, 2004), as clearly demonstrated 
in the well-established animal model of fear-conditioning (LeDoux et al., 1990; Romanski et al., 
1993; Rogan et al., 1997; Nader et al., 2001; Blair et al., 2003). In addition, it was proposed that the 
amygdala – more precisely, the basolateral nucleus (BLA) – can modulate memory-related proc-
esses in other brain regions, e.g. the hippocampus (McGaugh et al., 1996; Kim and Diamond, 2002; 
Pare, 2003; Richter-Levin and Akirav, 2003; Roozendaal, 2003; Richter-Levin, 2004; Roozendaal et 
al., 2006b); thus, memory traces constructed in the hippocampus that are “emotionally tagged” are 
rendered the competitive advantage for retention (Richter-Levin and Akirav, 2003; Diamond et al., 
2005).  
 
Within the BLA, multiple neuromodulatory systems exert their influences on memory, including, 
notably, the noradrenergic system and the glucocorticoid system (Roozendaal, 2003; Roozendaal et 
al., 2006b). Interestingly, these systems are necessary for the amygdala-mediated modulation of 
activity-dependent synaptic plasticity in the hippocampal dentate gyrus (Vouimba et al., 2007). The 
adrenal hormones are rapidly secreted into the circulation when an organism confronts an acute 
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stressful situation to which negatively emotional arousal is collateral. While glucocorticoids can 
readily cross the brain-blood barrier, adrenaline stimulates the noradrenaline release within the 
central nervous system (Roozendaal, 2003). Glucocorticoids and noradrenaline bind to their respec-
tive receptors in the brain, including the BLA. Animal behavioral studies suggested that 
noradrenergic activity within the BLA plays a central role in mediating a memory-enhancing effect, 
while glucocortoid receptor (GR) activation may exert a “permissive” function (Roozendaal et al., 
2002; Roozendaal et al., 2006a). However, experiments in which the two hormones were not given 
concurrently showed that glucocorticoids may otherwise have a suppressive impact on the 
noradrenergic effect (Borrell et al., 1984). This suggests that the interactive hormonal functions 
affecting the memory systems are not always uniform.  
 
Support for this non-uniformity was recently obtained at the neuronal network level, in the hippo-
campal dentate gyrus (Pu et al., 2007). Corticosterone time-dependently modulated noradrenergic 
action on long-term potentiation (LTP) – which is the best-described neurobiological substrate of 
learning and memory to date (Goosens and Maren, 2002; Martin and Morris, 2002; Morris, 2003). 
Thus, in the dentate gyrus, β-adrenergic activation could facilitate the induction of LTP by high-
frequency stimulation (HFS). If corticosterone was co-applied with a β-adrenergic agonist and tem-
porally linked to the occurrence of HFS, the β-adrenergic-mediated facilitation was further enhanced 
during the initial stage of LTP. However, if cortcosterone was transiently applied several hours be-
fore HFS – allowing gene-mediated effects to develop, it prevented the β-adrenergic effect on LTP 
(Pu et al., 2007). Therefore, in the dentate gyrus, corticosterone can bidirectionally modify the ca-
pability of the noradrenergic system in regulating synaptic plasticity.  
 
In view of the behavioral observations that β-adrenoceptor agonists and glucocorticoids both affect 
the memory processes involving the BLA (Roozendaal et al., 2002), we here investigated the time-
dependent hormonal interactions in this region. LTP was induced in the lateral-to-basolateral amyg-
dala (LA-BLA) pathway with three different levels of tetanization: strong, moderate and weak. We 
were particularly interested in identifying: 1) β-adrenergic effects on amygdala LTP induced by dif-
ferent stimulation paradigms; and 2) the effect of corticosterone on amygdala LTP or on β-
adrenergic modulation of amygdala LTP, either when corticosterone was co-applied with the β-
adrenergic agonist (isoproterenol) around tetanization, or was applied more than 2 hours in advance 
of isoproterenol.  
 
Materials and Methods 
 
Animals 
The Animal Committee for Bioethics of University of Amsterdam approved all of the experiments. 
Male Wistar rats (Harlan CPB, the Netherlands) were housed in groups, with food and water ad 
libitum available. A 12 hr :12 hour light-dark cycle (light-on at 8.00 a.m.) was maintained; the tem-
perature kept at 20 – 22 °C, and the humidity at 55 ± 15 %. After arrival, the rats were not disturbed 
for at least one week before experiments started. The body weights ranged between 200 g and 300 
g at the time of experiment. 
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In vitro slice preparation   
The animals were decapitated early in the morning, between 9:30 and 10:30 hours – when plasma 
corticosterone levels are low. The brain was rapidly removed from the skull and immersed in chilled 
(4 °C) dissection buffer which consisted of 120 mM NaCl, 3.5 mM KCl, 5.0 mM MgSO4⋅7H2O, 1.25 
mM NaH2PO4, 0.2 mM CaCl2⋅2H2O, 10 mM glucose and 25 mM NaHCO3; oxygenated with 95 % O2 
and 5 % CO2. 500 μm-thick coronal slices containing the basolateral complex of the amygdala were 
made with a vibroslicer (Leica VT1000S, Germany). Slices were then kept in artificial cerebrospinal 
fluid (aCSF) consisting of 120 mM NaCl, 3.5 mM KCl, 1.3 mM MgSO4⋅7H2O, 1.25 mM NaH2PO4, 
2.5 mM CaCl2⋅2H2O, 10 mM glucose and 25 mM NaHCO3; oxygenated with 95 % O2 and 5 % CO2. 
Slices remained in aCSF for at least 1 hour before being transferred to the recording chamber. 
 
Electrophysiology and protocols  
One slice at a time was transferred to the recording chamber, where the temperature was main-
tained at 30 – 32 °C. For field potential recordings in the BLA, a bipolar stimulation electrode (60 
µm in diameter, stainless steel, insulated except for the tip) was placed in the lateral amygdala to 
stimulate the LA-BLA pathway (Rammes et al., 2000; DeBock et al., 2003; Schimanski and Nguyen, 
2005; Huang and Kandel, 2007). Field potential signals were recorded with a glass microelectrode 
(impedance 2 – 5 MΩ, filled with aCSF). The stimulus intensity was adjusted to evoke a synaptic 
response at around the half value of the maximal amplitude, and this intensity was applied through-
out the experiment. The amplitudes were measured by projecting the negative peak of the field 
potential onto a plotted line between the onset of the signal and the most positive point after signal 
decay (Figure 1A). The LA-BLA pathway was stimulated four times each minute, and four consecu-
tive responses were averaged to represent the mean value for each minute.  
 
Baseline synaptic transmission was monitored for 10 minutes, followed by the perfusion of either: 1) 
corticosterone (Sigma-Aldrich, 100 nM); 2) the β-adrenergic agonist, (-)-isoproterenol (+)-bitartrate 
(Sigma-Aldrich, 1.0 μM); 3) a combination of 1.0 μM (-)-isoproterenol (+)-bitartrate and 100 nM 
corticosterone; or 4) vehicle solution, as a control, into aCSF for 15 minutes. All perfusions co-
terminated with a tetanic stimulation (see below), after which synaptic responses were monitored for 
another 60 minutes.  
 
In order to reveal the delayed effect of corticosterone, part of the slices were preincubated with 100 
nM corticosterone at 32 °C for 20 minutes, starting one hour after decapitation. After a resting pe-
riod of no less than two hours (thus allowing the full development of the late effect), in one half of 
these slices, baseline transmission was monitored for 10 minutes, followed by a 15-minute period of 
perfusion with 1.0 μM (-)-isoproterenol (+)-bitartrate; this co-terminated with high-frequency stimula-
tion, and synaptic responses were further observed for 60 minutes. In another half of the slices, 
baseline transmission was monitored for 25 minutes under the control condition, followed by high-
frequency stimulation; afterwards, synaptic responses were monitored for 60 minutes. 
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To induce LTP, the following high-frequency stimulation protocols were used: 1) 5 trains of 100 Hz 
pulses, each train lasting 1 sec, with an inter-train interval of 10s (Rammes et al., 2000); 2) 1 train of 
100 Hz pulses, lasting for 1 sec (Rammes et al., 2000; DeBock et al., 2003); 3) theta-burst stimula-
tion (TBS): a burst of 4 pulses at 100 Hz, repeated 200 msec later by another 4 pulses at 100 Hz; 
this sequence was repeated 5 times, with an inter-train interval of 30 sec (Alfarez et al., 2003; 
Wiegert et al., 2005).  
 
Data analysis  
Synaptic potentiation after tetanus was expressed as percentage change from the baseline; the 
average of the measurements during the 25 minute pre-tetanus period served as the baseline 
value. A two-tailed, paired Student’s t-test was used to compare synaptic responses before versus 
after high-frequency stimulation within each group. The general linear model for repeated measures 
(GLM) was performed for between-group comparisons of overall difference in LTP, followed by post 
hoc least significant difference (LSD) multiple comparison tests. Between-group comparisons were 
performed for 1) the entire 60 minutes post-tetanus period; 2) the final part of the post-tetanus pe-
riod (50’ – 60’); and 3) in certain cases, the initial post-tetanus phase (0’ – 10’). All data are 
expressed as average ± S.E.M.; n indicates the number of animals. P-value < 0.05 was accepted 
as significantly different.  
 
Results 
 
Identification of field potential signals in the BLA 
The field potential signal that was recorded in the LA-BLA pathway was characterized by a nega-
tive-going waveform with a constant latency of 2 – 3 msec (Figure 1A). It could follow 100 Hz 
stimulation without failure (Figure 1B). The signals disappeared in the presence of the AMPA recep-
tor antagonist CNQX (10 μM) and were restored after the antagonist was washed away (Figure 1C). 
Therefore, the field potentials could be identified as AMPA-receptor mediated, monosynaptic re-
sponses, comparable to signals described in literature (Rammes et al., 2000; Huang and Kandel, 
2007). 
 
In the presence of vehicle medium, three protocols were tested for their abilities to induce LTP in 
the LA-BLA pathway: 1) 5 x (100 Hz x 1s), the strongest one; 2) 1 x (100 Hz x 1s), the intermediate 
one; and 3) theta-burst stimulation (TBS), the weakest protocol (see Materials and Methods for 
details). LTP was effectively induced by the strongest and intermediate protocols (Figure 2A and B); 
over 60 minutes after tetanus, the degree of potentiation amounted to 152 ± 9 % (mean amplitude 
± S.E.M., normalized to the pre-tetanus baseline, n = 5) and 153 ± 10 % (n = 5) respectively, both 
of which indicated a significant increase from their baseline values (both P < 0.01). Accordingly, 
during the final 10 minutes of the recording period (50’ – 60’, post-tetanus), strong and significant 
potentiation was observed in both cases (156 ± 13 %, P < 0.05 and 157 ± 14 %, P < 0.05, respec-
tively). The weakest protocol that we applied, i.e. TBS, did not result in stable LTP (Figure 2C). The 
potentiation after tetanus only amounted to 113 ± 9 % (n = 5) over 60 minutes and 108 ± 10 % over 
the last 10 minutes (both P > 0.05).  
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Figure 1 Field potential signals as induced in the LA-BLA pathway that represent a monosynaptic, AMPA-
mediated response. (A) Positioning of the stimulating electrode and the recording electrode at their respective 
sites within the lateral and basolateral amygdala. The magnitude of the recorded field potential signal was 
measured by projecting the most negative point of the negative-going signal onto a line that connected the 
onset of the signal and the most positive point during its decay phase. The depicted signal represents an aver-
age of the responses to four consecutive stimuli. (B) This signal could follow multiple pulses of stimulation at 
100 Hz without failure. (This trace specifically displays a not-averaged signal). (C) The signal was abolished in 
the presence of the AMPA-receptor antagonist CNQX (10 μM), but restored when the drug was cleared away 
from the medium. Signals represent averaged responses to four consecutive stimuli. The asterisk indicates 
where the stimulus artifact appeared.   
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For these 3 protocols, over the entire 60 minute post-tetanus period, there was an overall difference 
(F(2, 12) = 5.79, P < 0.05). Post hoc tests did not indicate any difference between the strongest and 
intermediate protocols (P > 0.05); by contrast, the effect of the weakest protocol: TBS was signifi-
cantly different from the other two (both P < 0.05) (Figure 2D). This suggests that a single train of 
100 Hz pulses (for 1 sec) was adequate to produce amygdala LTP in our current setting, which may 
well achieve a maximal level of potentiation. On the other hand, theta bursts were a subthreshold 
protocol for LTP induction. 
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Figure 2 The effect of isoproterenol on synaptic plasticity in the basolateral amygdala with 3 stimulation proto-
cols of different strengths. (A) Strong tetanic stimulation, using 5 trains of 100 Hz for 1 sec, induced stable LTP 
in the LA-BLA pathway. Administration of isoproterenol (ISO, 1 μM, n = 4) instead of vehicle (VEH, n = 5) did 
not affect the degree of potentiation. Perfusion with ISO or VEH is indicated by the horizontal grey bar; the 
tetanus was given at t = 25 min (arrow). (B) Similarly, tetanic stimulation with a single train of 100 Hz for 1 sec 
yielded stable LTP in the LA-BLA pathway under VEH condition (n = 5). Perfusion with ISO (n = 5) resulted in a 
comparable level of potentiation. (C) With a weak stimulation paradigm (theta-burst stimulation, TBS), only 
brief post-tetanic potentiation was observed under VEH condition (n = 5). If ISO was perfused just before and 
during TBS (n = 4), a markedly stable form of synaptic potentiation was achieved. (D) Mean values ( + S.E.M.) 
representing the averaged responses during the final 10 minutes of the post-tetanus recording period. Under 
VEH conditions (white column), both the strong and intermediate stimulation paradigms resulted in stable and 
significant potentiation in comparison to the pre-tetanus baselines; and comparable results were found for ISO 
perfusion conditions (black column). TBS did not induce significant potentiation under the VEH condition, 
whereas strong potentiation was observed if ISO was rapidly perfused. #, ##: P < 0.05, P < 0.01, respectively, 
compared with the individual pre-tetanus baseline. **: P < 0.01, compared between the groups. 
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Effect of isoproterenol on LTP 
Subsequently, we investigated the effect of the β-adrenergic agonist isoproterenol (1.0 μM) on syn-
aptic plasticity with these 3 protocols. Importantly, the concentration of the agonist was based on 
the positive effects seen with this concentration in the dentate gyrus (Pu et al., 2007); moreover, this 
was the lowest dose that yielded reproducible effects on single neuron synaptic responses in the 
BLA (Liebmann et al., unpublished data). When isoproterenol was applied for 15 minutes before 
and during the strongest stimulation protocol (5 x (100 Hz x 1s)), long-lasting potentiation was ap-
parent (155 ± 18 % of baseline over 60 minutes, n = 4; 151 ± 15 % over the last 10 minutes, P < 
0.05; Figure 2A). However, there was no difference between the vehicle- and isoproterenol-treated 
slices (neither over 60 minutes nor the last 10 minutes, both P > 0.05; Figure 2D).  
 
When the intermediate protocol (1 x (100 Hz x 1s)) was tested in the presence of isoproterenol, a 
similar pattern was found. After perfusion of isoproterenol and tetanization, a significant level of 
potentiation was observed (n = 5; 143 ± 8 % of baseline, over 60 minutes and 143 ± 9 % over the 
last 10 minutes, both P < 0.01; Figure 2B). Yet, again there was no difference between isoprotere-
nol-treated and vehicle-treated groups (both P > 0.05, over 60 minutes and the last 10 minutes; 
Figure 2D).  
 
By contrast, a clear effect of isoproterenol became apparent when the β-adrenergic agonist was 
administered in conjunction with the weakest protocol, TBS. Thus, when isoproterenol was applied 
before and during TBS, a significant level of potentiation was observed (n = 4; 161 ± 10 % of base-
line over 60 minutes, P < 0.01, and 166 ± 17 % over the last 10 minutes, P < 0.05; Figure 2C), 
which was significantly different from the vehicle condition (over 60 minutes as well as the last 10 
minutes, both P < 0.01; Figure 2D). We conclude that modulation of synaptic plasticity in the LA-
BLA pathway by a β-adrenergic agonist is only seen along with a mild degree of synaptic strength-
ening, and not revealed in a context where synaptic strength is already boosted to the maximum.  
 
Interactions between isoproterenol and corticosterone 
We next examined whether corticosterone could alter the efficacy of isoproterenol to modulate LTP 
in the LA-BLA pathway, either in a rapid (thus, nongenomic) or in a delayed (presumably, gene-
mediated) way.  
 
Corticosterone perfusion just before and during TBS (i.e. without isoproterenol) resulted in a mar-
ginal level of potentiation over 60 minutes after high-frequency stimulation (114 ± 5 %, n = 5, P < 
0.05; Figure 3A). Over time the potentiation became less obvious so that it was no longer significant 
during the last 10 minutes (111 ± 8 %, P = 0.27; Figure 3A and C). Interestingly, application of corti-
costerone in conjunction with a stronger protocol (1 x (100 Hz x 1s)) produced an analogous pattern 
that indicates a less efficient potentiation later on (data not shown). Hence, while over the entire 60 
minutes post-tetanus period the average synaptic response amounted to 126 ± 4 % of the pre-
tetanus value (n = 6, P < 0.01), this reached a level of 121 ± 7 % during the last 10 minutes (P < 
0.05), which resulted in a significant reduction from the level of potentiation as could be induced by 
this protocol in the control condition (P < 0.05).  
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Figure 3 Modulation by isoproterenol and/or corticosterone of synaptic plasticity in the LA-BLA pathway with 
theta-burst stimulation. (A) Brief perfusion with ISO lead to stable LTP after TBS (n = 4). When 100 nM corti-
costerone was perfused together with isoproterenol (ISO + CORT, n = 7), a significant level of LTP was seen 
over the entire 60 minute post-TBS period; however, it declined during the late stage of potentiation. Perfusion 
of corticosterone alone (CORT, n = 5) before and during TBS did not result in synaptic potentiation, similar to 
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VEH (depicted in Figure 2, not shown in this graph). The horizontal grey bar indicates the perfusion period; the 
arrow points to the moment of tetanus. (B) If corticosterone was briefly (20 min) administered more than 2 
hours in advance of isoproterenol and TBS (CORT before ISO, n = 6), any form of LTP attributable to isopro-
terenol-mediated facilitation was completely lost. Pretreatment with corticosterone alone (CORT preincubation, 
n = 5) did not result in significant synaptic potentiation, similar to VEH treatment (not shown in this graph). (C) 
Between-group comparisons (mean + S.E.M.) show that isoproterenol alone enhanced synaptic responses 
after TBS (the final 10 minutes value of the post-tetanus period). This facilitatory effect of β-adrenergic activa-
tion was not further enhanced by concomitant application of corticosterone (through its rapid effect); by 
contrast, a decrease was noticed during the last 10 minutes of the post-tetanus period. The facilitative effect of 
β-adrenergic activation was completely prevented if corticosterone was applied more than 2 hours in advance 
(through its delayed effect). (Veh: white column; ISO: black column; CORT: gradiently grey column; ISO + 
CORT: full grey column; CORT preincubation: striped white column; CORT before ISO, striped grey column.) 
#: P < 0.05, compared with the individual pre-tetanus baseline. *, **: P < 0.05, P < 0.01, respectively, compared 
between the groups.  
 
 
Next, the ability of corticosterone to alter the facilitatory effects of isoproterenol on TBS was studied. 
If corticosterone was given in addition to isoproterenol before and during tetanus (Figure 3A), a 
significant level of LTP was observed during the entire period of 60 minutes (135 ± 10 %, n = 7, P = 
0.01); however, for the last 10 minutes, it only reached a trend of significance (126 ± 12 %, P = 
0.07; Figure 3A and C). In the between-group comparison we were particularly interested in the 
initial stage of potentiation, since an earlier experiment in the dentate gyrus revealed rapid interac-
tive actions of corticosterone and isoproterenol in this time window (Pu et al., 2007). For the 
combined treatment, a significant level of potentiation (142 ± 11 %, P = 0.01) was observed during 
the first 10 minutes after tetanus. Comparing the co-application,  isoproterenol only, corticosterone 
only and the vehicle-treated group, there was an overall difference during the first 10 minutes after 
tetanus (F(3,17) = 3.53, P < 0.05); this could be attributed to a difference between corticosterone and 
isoproterenol or between corticosterone and co-application of the two hormones. Importantly, sig-
nals recorded after co-application of corticosterone and isoproterenol did not differ from those seen 
after isoproterenol application only (P > 0.05).  
 
For the last 10 minutes (50’ – 60’, post-TBS), there was an overall difference (F (3,17) = 4.09, P < 
0.05) between the four groups. Post hoc comparisons between the groups demonstrated significant 
differences between the isoproterenol-treated and vehicle- (P < 0.01) or corticosterone-treated 
groups (P < 0.01), and between isoproterenol treatment and co-application of both hormones (P < 
0.05) (Figure 3C). Collectively, these results indicate that under the current experimental conditions, 
corticosterone did not rapidly facilitate noradrenergic action in the BLA. Rather, brief application of 
corticosterone around the time of TBS gradually diminished the facilitation of synaptic strengthening 
caused by β-adrenergic activation, implying a delayed suppressive corticosteroid action.  
 
To further examine a putative delayed suppressive effect of corticosterone, slices were incubated 
for 20 min with corticosterone more than 2 hours in advance of TBS induction of LTP. With such 
brief preincubation of corticosterone, only a transient post-tetanus potentiation was seen; over 60 
minutes the synaptic responses amounted to 109 ± 7 % (n = 5, P > 0.05; Figure 3B), with a declina-
tion to 89 ± 9 %  (P > 0.05) during the last 10 minutes. If isoproterenol was rapidly perfused to 
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slices that were previously incubated with corticosterone, the isoproterenol-mediated facilitation of 
post-TBS signals was not seen (Figure 3B). Under this condition, synaptic responses amounted to 
118 ± 15 % (n = 6, P > 0.05) and 105 ± 12 % (P > 0.05) during the first and the last 10 minutes 
after tetanization respectively, very similar to the baseline values. Comparison during the first 10 
minutes after tetanus among the four experimental groups, i.e. slices preincubated with corticoster-
one, preincubated prior to isoproterenol perfusion, with isoproterenol perfusion only or with vehicle 
treatment, revealed no overall difference (F(3,16) = 1.43, P > 0.05) and no between-group differ-
ences. However, for the last 10 minutes (50’ – 60’, post-TBS), an overall difference was identified 
(F(3,16) = 6.96, P < 0.01). As shown in Figure 3C (50’ – 60’, post-TBS), post hoc analysis among all 
groups revealed a significant difference between corticosterone preincubation prior to isoproterenol 
perfusion and isoproterenol perfusion only (P < 0.01). Clearly, a delayed, suppressive effect of cor-
ticosterone on β-adrenergic facilitation of synaptic plasticity was evident in our study.  
 
Baseline transmission with the hormones 
All of the above-mentioned differences in LTP between the groups were not driven by any drug-
mediated changes in baseline transmission, such as arising from modulation of basal transmission 
by hormone application alone, irrespective of LTP induction. This was evident from the fact that 
there was no overall difference with regard to the baseline transmission during perfusion of different 
hormone(s) (pooled data, including all 3 stimulation protocols: F(4,69) = 0.16, P > 0.05) and no be-
tween-group differences for any individual comparison against the vehicle treatment (all P > 0.05) 
(see Figure 4). 
 

baselines with hormones

0
20
40
60
80

100
120
140
160
180
200

treatment

re
sp

on
se

 (%
 o

f b
as

el
in

e)

VEH ISO CORT ISO + CORT CORT before ISO

 
Figure 4 The baseline neurotransmission was not affected by rapid perfusion of the hormone(s) in any condi-
tion. The values of synaptic responses during perfusion were not different from their individual pre-perfusion 
baselines, nor different from those in another treatment condition or from those during the vehicle perfusion. 
(Pooled data; Veh: white column, n = 18; ISO: black column, n = 13; CORT: gradiently grey column, n = 18; 
ISO + CORT: full grey column, n = 19; CORT before ISO, striped grey column, n = 6.)  
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Discussion 
 
Aversive situations are generally well remembered (Cahill and McGaugh, 1998; Richter-Levin and 
Akirav, 2003; Olsson and Phelps, 2007). Behavioral studies have shown that this phenomenon 
critically depends on noradrenaline- and corticosterone-mediated actions exerted in the BLA 
(Quirarte et al., 1997). It has been postulated that, in particular, β-adrenergic activation is of para-
mount importance to the memory of stressful, aversive events (Roozendaal et al., 2006b). Some 
studies have described the role of corticosteroids as permissive (Roozendaal, 2003; Roozendaal et 
al., 2006b), although at least one study found that corticosterone may counteract the effect of 
adrenaline (Borrell et al., 1984). Attempting to unravel this paradox, we earlier performed experi-
ments in the hippocampal dentate gyrus (Pu et al., 2007) in which we tested the hypothesis that the 
character of the corticosteroid modulation is associated with its mode of action: genomic versus 
nongenomic. This was based on the finding that corticosterone nongenomically enhances LTP in 
the CA1 area whereas suppresses LTP through a delayed gene-mediated pathway (Wiegert et al., 
2005; Wiegert et al., 2006). Also, time-dependency was found to be crucial for the influence of 
amygdala activity on dentate gyrus function – activation of the amygdala enhances LTP induction in 
the dentate gyrus when the two processes are closely temporally linked, but mediates a suppres-
sion with longer delays (Akirav and Richter-Levin, 2002; Vouimba and Richter-Levin, 2005); such 
studies have implied the engagement of the noradrenergic and glucocorticoid systems (Akirav and 
Richter-Levin, 2002; Vouimba et al., 2007).  
 
In the dentate gyrus, we have observed that corticosterone rapidly, nongenomically accelerates the 
facilitatory action of isoproterenol on (a weak form of) synaptic plasticity (Pu et al., 2007). Con-
versely, via a delayed and presumably gene-mediated mechanism, corticosterone suppresses the 
efficacy of isoproterenol in facilitating this plasticity. Based on these observations, we proposed that 
the effects of the two hormones synergize when they are present in the dentate gyrus at around the 
same time (as occurs during and immediately after a stressful event), but in the meanwhile, due to 
the gene-mediated mechanism, corticosterone suppresses any further activation of noradrenergic 
pathways for hours to come (Pu et al., 2007).  
 
In view of the significant role of the BLA in memory retention of aversive situations, we here tested if 
a comparable, time-dependent interaction between corticosterone and isoproterenol also exists in 
the major afferent pathway to the BLA. We found that β-adrenergic activation facilitates synaptic 
plasticity, though only in a condition that synaptic strengthening was not yet saturated. There was 
yet no evidence of a permissive action of corticosterone at the network level within the BLA. How-
ever, corticosterone consistently and slowly diminished the facilitatory action of isoproterenol on 
synaptic strength. 
 
The network function and isoproterenol 
The lateral amygdala supplies one of the major afferent pathways to the BLA (Pitkanen et al., 1995; 
Wang et al., 2002). The AMPA-receptor mediated signals described in the current study in the LA to 
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BLA pathway are highly consistent with those observed by literature (Rammes et al., 2000; DeBock 
et al., 2003; Schimanski and Nguyen, 2005). In vitro, relatively strong stimulation protocols are nec-
essary to evoke lasting potentiation of the LA-BLA pathway. Thus, LTP was consistently found with 
the LA being stimulated with five trains of 100 Hz (for 1 sec)  (Rammes et al., 2000; DeBock et al., 
2003; Schimanski and Nguyen, 2005), but fewer trains only resulted in transient forms of potentia-
tion (Rammes et al., 2000). In our hands, one train of 100 Hz (1 sec) stimulation was sufficient to 
evoke stable potentiation, which was indistinguishable from the LTP seen with five trains. Contrarily, 
weaker stimulation by a theta-burst protocol was ineffective to produce stable LTP. It should be 
realised that the in vitro slice preparation lacks tonic excitatory input, which could render this prepa-
ration relatively insensitive to synaptic potentiation. This was not unprecedented; for instance, in 
vivo theta-burst stimulation in the entorhinal cortex produces a robust increase in BLA field poten-
tials (Yaniv et al., 2003; Kavushansky and Richter-Levin, 2006), whereas in vitro this pathway 
demands multiple tetanic stimuli to achieve lasting potentiation (Rodriguez Manzanares et al., 
2005).  
 
Noradrenaline is known to exert bidirectional actions on the BLA. Generally, inhibitory actions ap-
pear to act via α2-adrenergic receptors (Ferry et al., 1997; DeBock et al., 2003; Buffalari and 
Grace, 2007), whereas β-adrenergic receptors facilitate excitatory transmission and synaptic poten-
tiation in the BLA (Huang et al., 1996; Ferry et al., 1997; Wang et al., 1999) or LA (Huang et al., 
2000). Isoproterenol (15 μM) was found to increase AMPA-receptor-mediated responses via pre-
synaptic enhancement of P/Q calcium currents (Huang et al., 1996), while postsynaptically 
isoproterenol is able to enhance NMDA-receptor-mediated currents (Huang et al., 1998a). At the 
field potential level, we did not observe significant changes in response to baseline stimulation dur-
ing the 15-minute perfusion with 1 μM isoproterenol. The lack of effect is probably due to the 
moderately low concentration of the β-adrenergic agonist used in the present study. It seems likely 
that the effect of isoproterenol on synaptic potentiation is caused by postsynaptic actions on the 
NMDA receptors, although we cannot fully exclude the role of putative subthreshold effects of iso-
proterenol on AMPA-receptor-mediated transmission.    
    
Modulatory effects of corticosterone 
We did not observe any rapid effects of (100 nM) corticosterone on synaptic responses evoked in 
the BLA, neither during baseline stimulation nor posterior to high-frequency stimulation. This is in 
line with a recent study reporting no rapid effects of (100 nM) corticosterone on excitatory postsy-
naptic potentials evoked in identified BLA principal neurons (Duvarci and Pare, 2007). It should be 
taken into account that the period during which corticosterone was applied was relatively short (15 
minutes totally). However, it is considered a sufficient length of time to alter the frequency of minia-
ture excitatory synaptic currents in the CA1 area (Karst et al., 2005), but slower kinetic properties of 
putative “rapid” effects of corticosterone in the BLA cannot be ruled out.  
 
The lack of rapid corticosteroid effects on the facilitatory action by isoproterenol on TBS in the BLA 
differs from what was observed in the dentate gyrus (Pu et al., 2007). Notably, in the dentate gyrus, 
isoproterenol mediated a gradually-developing enhancement of synaptic strength, a process that 
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was accelerated by corticosterone. In the BLA, however, facilitation by isoproterenol was visible 
immediately after TBS; this left little room for further acceleration by corticosterone to occur. Possi-
bly, the enhancing effects of corticosterone could be revealed if even lower concentrations of 
isoproterenol were applied; we presently refrained from doing so, because lower concentrations of 
isoproterenol do not give consistent effects in single cell recordings (Liebmann et al., unpublished 
data).    
 
With corticosterone applied just before and during a moderate high-frequency stimulation paradigm 
(1 train of 100 Hz x 1 sec), a gradual declination of potentiation took place, resulting in significantly 
decreased signals (compared to vehicle treatment) during 50’ – 60’ after the tetanus. With the 
weakest paradigm, potentiation during the post-TBS 50’ – 60’ period was not significant, as op-
posed to that of earlier time points; but in view of the marginal potentiation seen with the latter 
paradigm, these data should be interpreted with extreme care. Notwithstanding, the overall data 
suggest that corticosterone can modulate synaptic potentiation in the BLA, but only in a particular 
(i.e. intermediate) range of activity-dependent synaptic plasticity.  
 
The gradually-appearing effect of corticosterone on synaptic potentiation could signify that the hor-
monal actions were mediated by a slow gene-mediated pathway and/or that a specific late phase of 
synaptic potentiation was targeted. In the LA and the dentate gyrus, this late phase of LTP was 
found to depend on protein kinase A and mitogen-activated protein kinase (Huang et al., 2000; Wu 
et al., 2006), the second messengers that are also influenced by β-adrenergic agonists (Huang et 
al., 1998a; Huang et al., 1998b; Price et al., 2004). By sharing a common endpoint, acting in an 
opposite direction, corticosterone could gradually reduce noradrenergic efficacy via β-adrenergic 
receptors, as exactly shown in this study. However, other gene-mediated pathways by which corti-
costerone could interfere with the development and maintenance of LTP and the efficacy of β-
adrenergic agonists also need to be explored. Presently, the information about corticosteroid ac-
tions on identified BLA neurons still remains relatively sparse. At the single cell level, 100 nM 
corticosterone was reported to slowly attenuate GABAergic neurotransmission and spike frequency 
accommodation in the BLA (Duvarci and Pare, 2007; Liebmann et al., 2008). As this is expected to 
promote rather than impair synaptic potentiation, contribution of these phenomena to the currently 
observed delayed actions by corticosterone seems limited. 
 
Functional implications 
The present electrophysiological studies indicate a facilitatory role of noradrenaline in synaptic plas-
ticity via β-adrenergic receptors in the BLA, which is in line with behavioral observations that 
pinpoint a quintessential function of BLA β-adrenergic receptors in the consolidation of emotionally 
arousing learning events (Ferry et al., 1999; Roozendaal et al., 2006b). Our findings would suggest 
that activation of β-adrenergic receptors is particularly effective in relatively weak learning para-
digms, but less so with stronger forms of aversive learning.  
 
Under the current experimental conditions we did not find evidence for a permissive role of corticos-
terone in the BLA, which differs from the effect observed earlier in the dentate gyrus (Pu et al., 
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2007). The lack of effect may contrast with behavioral observations (Roozendaal et al., 2002; Rooz-
endaal et al., 2006b). The latter studies, however, used the selective glucocorticoid receptor agonist 
RU 28362, whereas we administered corticosterone, which has, in addition, a very high affinity for 
mineralocorticoid receptors. Moreover, we could not, at this stage, exclude the possibility that corti-
costerone may be effective with a lower degree of β-adrenergic receptor activation. 
 
While corticosterone did not promote the action of isoproterenol, a consistently suppressive effect 
was observed, developing in a delayed (and presumably gene-mediated) manner. This fits well with 
the result at a behavioral level, which showed that post-learning administration of adrenaline to 
adrenalectomized rats facilitated memory retention in a passive avoidance paradigm – a facilitation 
that was largely impaired by pretreatment with corticosterone (Borrell et al., 1984). Interestingly, we 
did not only see a gradual suppressive effect when corticosterone was administered several hours 
in advance of isoproterenol, but also when the two compounds were given simultaneously. As intra-
BLA elevations in the levels of noradrenaline and corticosterone are indeed expected to occur within 
a restricted time window after stress exposure, this strongly argues that noradrenaline, via β-
adrenergic receptor system, rapidly promotes activity-dependent synaptic plasticity in the BLA, 
which is subsequently and gradually normalized by corticosterone. If so, corticosteroids would serve 
to contain the initial stress response and prevent it from dysfunctional overshooting.  
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In rodents, glucocorticoids can regulate neural mechanisms underlying learning and mem-
ory in a time-dependent way. This was evidenced in in vitro studies where synaptic plasticity 
as well its efficacy mediated by noradrenergic activity was bidirectionally regulated by glu-
cocorticoids in ways that represented either a rapid facilitatory or a delayed inhibitory 
action. This time-dependent effect has been proposed to result from an instantaneous non-
genomic and a late-onset gene-mediated mechanism respectively. In the present study, we 
attempted to extend this insight to discovery at the human-level research. With a random-
ised double-blind, placebo-controlled, within-subject design, we tested whether the memory 
encoding for either neutral or negatively emotional information (in a picture learning task) 
differs significantly among three pharmacological conditions: application of 20 mg hydrocor-
tisone 3 hours before encoding (i.e. “early” application, allowing the development of a 
delayed cortisol effect), application of 20 mg hydrocortisone just prior to encoding (i.e. “late” 
application, concentrating on rapid cortisol effects), and the placebo control. It was shown 
that the drug treatments did not result in apparent changes in the overall numbers of pic-
tures remembered; however, the ratio of successfully remembered negative versus neutral 
pictures was significantly decreased through “early” drug application, thereby reflecting a 
diminished weight of emotional information in overall memory formation. fMRI data further 
corroborated this type of regulation by demonstrating a reduced activity of the left hippo-
campus in the early hydrocortisone treatment group. In sum, these findings indicate that 
emotional information can lose its relative weight (in association with memory enhancement) 
in encoding, when modulated by a proposed, delayed gene-mediated glucocorticoid mecha-
nism; by so, the significance of emotional items in memory formation is hampered.  
 
 
Introduction 
 
An abundance of evidence supports the susceptibility of memory faculties to the influence of stress 
and its associated hormones (e.g. glucocorticoids) (McEwen and Sapolsky, 1995; Roozendaal et 
al., 1997; Lupien and Lepage, 2001; Kim and Diamond, 2002; Shors, 2006). On the one hand, 
stress is considered a “bad guy” due to its deleterious effects on memory functions under specific 
circumstances (de Kloet et al., 1999; Sapolsky, 2000) – such as during memory retrieval (de Quer-
vain et al., 1998; Roozendaal et al., 2008; Wolf, 2008) or after chronic stress (McEwen, 2004; 
Pittenger and Duman, 2008; Wolf, 2008); on the other hand, it is also observed that an acute stress 
event, particularly of significant affective relevance, is better retained in memory than any routine 
incidence entailing trivial challenge (Cahill and McGaugh, 1998; Joels et al., 2006).   
 
Negatively emotionally-arousing information is often inherent in a stressful condition. Emotional 
prevalence is demonstrated by the superiority of emotional arousing information in the process of 
memory encoding and retention (Cahill and McGaugh, 1995; Kensinger and Corkin, 2003). In ani-
mal studies, negative information often takes the form of aversive stimuli, which invariably lead to 
enhanced memory for the aversive scenario (LeDoux et al., 1990; LaLumiere et al., 2004). It has 
been proposed that activation of the amygdala is crucial in assigning incoming information an “emo-
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tional tag” (Richter-Levin and Akirav, 2003), thereby differentiating the significance of the informa-
tion and facilitating the remembering of aversive conditions (Cahill et al., 1996; Canli et al., 2000; 
van Stegeren et al., 2005). As a stressful experience is often collateral to emotional arousal, such a 
condition entails even greater complexity; in this regard, if stress arises in association with negative 
emotion provocation, its impact on memory is established upon a synthesis of amygdala stimulation 
and the regulation of stress hormones. Perceived stress reliably induces stimulation of the hypotha-
lamic-pituitary-adrenal axis and the autonomic nervous system, resulting in the releases of 
glucocorticoids and catecholamines (adrenaline and noradrenaline) respectively (Tsigos and 
Chrousos, 2002; Smith and Vale, 2006). Ample evidence from human studies demonstrates that 
memory formation of emotionally arousing events is subject to regulation by stress or glucocorticoid 
treatments (Buchanan and Lovallo, 2001; Cahill et al., 2003; Abercrombie et al., 2006; Schwabe et 
al., 2008). This culminated in the “amygdala modulation” theory, which proposes that glucocorticoid-
mediated regulation of memory requires noradrenergic activity within the basolateral amygdala, and 
that the basolateral amygdala can effectively modulate various memory processes in other brain 
regions including, among others, the hippocampus (Roozendaal, 2003; McGaugh, 2004; Richter-
Levin, 2004; Vuilleumier et al., 2004; Roozendaal et al., 2006).    
 
As such, there is a growing understanding of and an increasing interest in the regulatory functions 
of stress hormones in memory. Focusing on the cellular and molecular bases of these neuromodu-
lators, a theoretical model has been proposed that attempts to divide the actions of the hormones 
into two types of temporally-linked regulations, in relation to a fast-acting mechanism and a slow-
onset action respectively. There is indication that the time-dependency of the regulations can virtu-
ally lead to opposing ends of memory functionality (Joels et al., 2006). This is best exemplified by 
glucocorticoids. While their gene-mediated signalling pathways – recruiting the nuclear receptors 
(i.e. MRs: mineralecorticoid receptors and GRs: glucocorticoid receptors) and requiring an adequate 
length of time to channel a complex of intracellular events to transcriptional activity – have been well 
studied (Vreugdenhil et al., 2001; Kellendonk et al., 2002; Zhou and Cidlowski, 2005), their instant, 
nongenomic effects attract additional attention (Chen and Qiu, 1999; Borski, 2000; Makara and 
Haller, 2001). A nongenomic effect was recently identified at the cellular level where a brief admini-
stration of stress-levels of corticosterone rapidly and reversibly enhanced glutamate transmission of 
hippocampal CA1 pyramidal neurons, in which case a specific mechanism of the membrane-linked 
MRs was implicated (Karst et al., 2005).  
 
At the network level, we have previously examined the time-dependent effects of corticosteroids 
employing a “synaptic plasticity” model of learning and memory – long-term potentiation (LTP), 
which represents the most widely-acknowledged neurobiological model for memory to date (Martin 
and Morris, 2002; Morris, 2003). It was shown that in hippocampal CA1 neurons, an identical stimu-
lation paradigm variably modifies synaptic strength, with enhancement achieved by acute 
corticosteroids application and suppression arising from brief pre-treatment of the hormone hours in 
advance (Wiegert et al., 2005; Wiegert et al., 2006). In a following study, we have further demon-
strated a time-dependent hormonal regulation of LTP in the hippocampal dentate gyrus (DG); the 
bidirectional pattern was notably found for the interactions between the glucocorticoid and 
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noradrenergic systems (Pu et al., 2007). Appreciating the significant role of the amygdala in emo-
tional memory, an additional study was performed within the basolateral amygdala; although the 
functional bidirectionality was not readily identified, we nevertheless showed a suppressive effect of 
corticosteroids on the amygdala LTP mediated though β-adrenergic activation (Pu et al., 2009).  
 
Until now, our insight into the time-dependent glucocorticoid regulation was built entirely upon in 
vitro animal models. Any conclusion drawn from such is far from being complete. Therefore, we 
were particularly interested in extending our findings to human-level observation. Here, we ap-
proached this issue by tapping a human behavioural study, in which the respective memory for 
emotional-arousing and neutral information was tested, and, more significantly, the glucocorticoid 
regulatory effects on these memories were examined. To increase the explanatory power of the 
study, functional magnetic resonance imaging (fMRI) was applied in monitoring real-time brain ac-
tivitation during encoding, and this was done in conjunction with a subsequent memory paradigm. 
The latter discloses the underpinning of memory formation by contrasting the brain activity between 
successful and unsuccessful memories (i.e. the Dm effect – difference due to memory) (Fernandez 
and Tendolkar, 2001; Paller and Wagner, 2002), and implementation of such a paradigm was based 
on a previous study that illustrated Dm effects at the amygdala and medial temporal lobe (MTL) in 
relation to emotional memory (Dolcos et al., 2004).  
 
In the current study, we tested the hypothesis – based upon previous animal studies (Wiegert et al., 
2006; Pu et al., 2007, 2009) – that delayed effects of glucocorticoids in the human brain, developing 
gradually over time prior to learning, impair subsequent memory, whereas rapid hormone effects 
can promote it. The design required that human volunteers memorise a series of pictures of either 
negative or neutral valence and have their brain activity monitored by fMRI during encoding (i.e. 
picture viewing). Experiments were performed in a randomised double-blind, placebo controlled 
fashion, in which 20 mg hydrocortisone or placebo was orally administered to ensure that a rapid 
glucocorticoid effect, a delayed one, and the control could be differentiated across sessions. We 
specifically focused on the following questions: 1) whether there is an emotional effect on memory; 
2) whether memory can be regulated time-dependently by glucocorticoids; and 3) whether the emo-
tional effect on memory is also subject to glucocorticoid regulation. In this text, only a set of 
preliminary results are reported, which will constitute the major output of a large-scale human re-
search project that will be published in a more extensive form elsewhere. 
 
Materials and Methods 
 
Participants  
The study was performed in accordance with the institutional guidelines of the local ethics commit-
tee (CMO Region Arnhem-Nijmegen, the Netherlands) and the Declaration of Helsinki. All 
participants had given informed consent to their participation prior to the commencement of the 
study. 
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At the current stage, 12 young male volunteers (aged 21 – 29, median 23) were included in the 
study, all right-handed. The inclusion was based on assessing their backgrounds to examine 
whether they were free from any of the following criteria: history of head injury, historical or current 
treatment of psychiatric, neurological, or endocrine disorders, regular use of corticosteroids, psycho-
tropic or recreative substances, frequent and heavy smoker or drinker, recent illnesses (within 3 
weeks), history of autonomic failure, current periodontitis, claustrophobia, acute inflammatory dis-
eases, acute peptic or duodenal ulcers, intensive physical exercises, irregular day-night cycle, 
presence of metal objects against MRI safety. Furthermore, participants had been screened with 
Beck Depression Inventory (Beck, 2002), Spielberg Trait Anxiety Inventory (T-anxiety) (van der 
Ploeg, 1980, 1981), and NEO FFI Personality Inventory (Costa, 1992), which would have provided 
any indication of a pathological level of depression, anxiety and neuroticism. The participants, in 
addition, were not experiencing ongoing stressful events or major life events during the experiment 
periods and had no prior exposure to pictures used in the study.  
 
As an introductory interview had been made for individual participants, during which they had un-
dergone a T1-weighted anatomical scan; therefore, all participants were experienced in MRI 
environment before the study sessions began.   
 
Procedure  
A single session: Participants were invited to totally 3 counterbalanced experimental sessions. A 
single session consisted of two consecutive afternoons, with the first one comprising drug admini-
stration and the picture encoding task and the second the memory recall tests (Figure 1). Selection 
of the afternoon as an optimal testing period reflects the need of diminishing the impact of diurnal 
variations in cortisol levels. Participants were instructed to refrain from using any recreational drug 
since 3 days prior to each session and from having alcohol, tobacco and exercise 24 hrs in ad-
vance. They were also prohibited from brushing teeth, flossing, or having any drink (but water) 
within 2 hours beforehand. They were asked to take a light lunch and do so no later than ½ hours 
before arrival; their lunch could not contain any citrus products, coffee, tea, milk and sweets (e.g. 
hot chocolate) (Maheu et al., 2005). Throughout the entire study period, they had no further food 
intake and had merely water to drink.  
 
On the first afternoon, the participant arrived at the laboratory at 12:15 ± ¾ hrs; he was instructed 
by the investigator about the procedures to follow, so that a comparable familiarity with the task was 
either established or reinstated. The participant was also aware that an unknown amount of mone-
tary award would be given in proportion to his performance in recall tests, thus his commitment and 
effort could be encouraged. After ½ – ¾ hr from arrival, two salivary samples measuring his base-
line level of cortisol were collected.  
 
During the entire period (~ 3 ¾ hrs) prior to the encoding task, the participant had been waiting in a 
quiet, isolated room where he was free to conduct most personal activities but anything potentially 
stressful (e.g. video games). One capsule (containing hydrocortisone or placebo) at once was pro-
vided to him at two time-points: 3 hrs and ½ hrs preceding the encoding task. Salivary samples 
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were regularly collected at various time-points that might reveal crucial changes in cortisol levels 
before and after drug administration and before and after the encoding (as later explained). 
 
During the encoding task (~ 1 hr), the participant lay supine in the scanner and viewed the screen 
via a mirror positioned onto the head coil. It was emphasised that he lay still, with eyes open fixing 
the centre of the screen where study materials (i.e. pictures) were displayed. The participant was 
required to watch the pictures for the entire presentation time (6 sec) and the fixation cross during 
the inter-picture intervals (4 – 8 sec). As described below, two categories of pictures were used – 
neutral or negative; accordingly, he needed to rate the valence of each picture with a right-hand 
button press as an orientation task. Pictures were displayed in a pseudorandom order – no more 
than two pictures of the same valence were shown consecutively, and the first slides were always 
neutral, so that the ceiling effect resulting from a combined effect of arousal and primacy could be 
prevented (Cahill et al., 2003).  
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Figure 1 A scheme of an individual experimental session (totally 3 sessions of this for the complete within-
subject study), in which the drugs were applied at two different time-points prior to the encoding tasks (on the 
1st day afternoon) and saliva samples were collected at various time-points over the entire session.  
 
 
On the second day, the participant arrived at 14:15 ± ¾ hrs. After an acclimatization period of ½ – 
¾ hr, baseline measurement was made by collecting two salivary samples. Salivary samples were 
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further collected before and after individual memory tests. The participant stayed in a quiet, isolated 
room and committed himself to, first, a free recall memory test (~ 1 hr), and then a cued recall test 
(~ 1 hr). In both tests, the participant was required to write to the utmost detail all the characteristics 
of the pictures he could remember, so that an outsider would, with the information provided, identify 
the pictures as distinctively recognisable (Dolcos et al., 2004). The cued recall test differed from the 
free recall in that the participant had received one- or two-word written cues (of similar valence to 
that of the picture) that may facilitate his recall. All results were later scored by two raters; a “hit” 
(defining a remembered picture) was only considered when a consensus between the two raters 
was reached. 
 
Drug administration and counterbalancing: The participant needed to undergo 3 counterbalanced 
experimental sessions, with an approximate inter-session interval of one month. The whole proce-
dure for individual sessions remained identical except that the drug administration schemes differed 
from session to session. All drug capsules, containing either 20 mg hydrocortisone (to elevate circu-
lating cortisol levels) or placebo, were administered orally.  
 
In order to ensure a double-blind, placebo-controlled paradigm and to monitor the time-dependent 
effect of cortisol, the following schedules were used: 1) 1st capsule containing hydrocortisone, 2nd 
placebo – to reveal the delayed drug effect of cortisol; 2) 1st placebo, 2nd hydrocortisone – to dis-
close the rapid cortisol effect; and 3) 1st placebo, 2nd placebo – the control. For a particular 
participant, a specific schedule was followed during one session only – that is, that he had to follow 
3 different schedules for all 3 sessions. The orders of drug administration were fully counterbal-
anced among participants.  
 
Stimulus materials  
An individual stimulus set presented during the encoding task consisted of 80 negative and 80 neu-
tral pictures, supplemented by 41 null events (fixation cross). Three different sets were used for all 3 
study sessions (counterbalanced across participants), which were free from inter-set differences in 
terms of arousal and valence.  
 
Pictures used were selected from both a standard set of affective pictures (IAPS: International Af-
fective Picture System) (Lang, 1999) and an additional collection of new pictures downloaded from 
the Internet and included based on their similarity in valence and content to the IAPS set. To con-
firm the homogeneity of new pictures and the IAPS ones, 20 male volunteers were invited to rate 
the pictures on a scale from 1 to 9 for arousal and valence according to the Self-Assessment Mani-
kin (SAM) (Bradley and Lang, 1994), during which the new pictures were mingled with standard 
IAPS pictures. The selection was based on valuation of arousal and valence ratings. Negative pic-
tures were chosen due to their moderate-to-high arousal quality (average score 5.5, S.E.M. = 0.7) 
and negative valence (average score 3.1, S.E.M. = 0.7), – as measured by SAM (Bradley and Lang, 
1994). Neutral ones were selected for relatively low arousal degrees (average score 2.5, S.E.M. = 
0.7) and neutral valence (average score 5.3, S.E.M. = 0.3). Individual sets contained around 50 % 
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newly rated neutral and 15 % newly rated negative pictures; and chromatic features and complexity 
were matched within the sets whilst content overlaps were minimized.  
 
Endocrine, psychological and physical measures  
Cortisol:  Cortisol levels were monitored by collecting saliva samples at various time-points during 
both days of study (Figure 1), following a pattern that was reflective of the elevations after drug 
administration and the magnitudes around memory tasks.  
 
Typically, during a single session, on the first day (t0 = 0 hr, as arrival), the following time-points 
(approximately) were scheduled for saliva collection: t1 = ½ hr (baseline), t2 = ¾ hr (baseline right 
before drug 1), t3 = 1 ¼ hrs, t4 = 1 ¾ hrs, t5 = 2 ¾ hrs, t6 = 3 ¼ hrs (right before drug 2), t7 = 3 ¾ hrs 
(right before encoding),  t8 = 4 ¾ hrs (right after encoding). On the second day (t0 = 0 hr, as arrival), 
the following time-points (approximately) were chosen: t1 = ½ hr (baseline), t2 = ¾ hr (baseline right 
before free recall), t3 = 1 ¾ hrs (right after free recall and before cued recall), t4 = 2 ¾ hrs (right after 
cued recall).   
 
Saliva was collected using a commercially available collection device (Salivette®, Sarstedt, Ger-
many). To collect a sample, the participant was required to place the cotton swab supplied by the 
salivette inside his mouth and chewed it gently for no less than 1 min. The swab was then returned 
to the salivette, which was subsequently stored in the freezer at -25 °C until assay. Biochemical 
analysis was performed at a collaborator’s site (Department of Biopsychology, TU Dresden, Ger-
many). After thawing, salivettes were centrifuged at 3,000 rpm for 5 minutes, which resulted in a 
clear supernatant of low viscosity. Salivary-free cortisol concentrations were determined employing 
chemiluminescence immunoassay (CLIA) with a high sensitivity of 0.16 ng / ml (IBL; Hamburg, 
Germany).  
 
Positive and negative affect: Both affective states were assessed using the PANAS scales (Watson 
et al., 1988; Peeters, 1996) at the following time-points during the first day of each session: ½ hr 
after arrival, before encoding when inside the scanner, and after encoding when inside the scanner.  
 
Heart rates: The cardiac rhythm of the participant was measured during scanning by using a pulse 
oximeter connected to his left index finger. He was required to keep his left hand still during the 
entire scanning period.  
 
MRI Acquisition  
Participants were scanned by a Siemens (Erlangen, Germany) MAGNETOM Avanto 1.5 Tesla MRI 
scanner equipped with an 8-channel head coil. Three series of blood oxygenation level dependent 
(BOLD) T2*-weighted gradient echo EPI images were acquired with the following parameters: TR = 
2340 ms, TE = 35 ms, FA = 90 °, 32 axial slices approximately aligned with AC-PC plane, slice 
matrix size = 64 x 64, slice thickness = 3.5 mm, slice gap = 0.35 mm, FOV = 212 x 212 mm2. Owing 
to its relatively short TE, this sequence yields optimal contrast-to-noise ratio in the medial temporal 
lobe, hippocampus and amygdala. The whole period of functional imaging spanned approximately 1 
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hour. High resolution anatomical images were acquired for individuals by a T1-weighted 3D Mag-
netization-Prepared RApid Gradient Echo (MP-RAGE) sequence, which employed the following 
parameters: TR = 2250 ms, TE = 2.95 ms, FA = 15 °, orientation: sagittal,  FOV = 256 x 256 mm2, 
voxel size = 1.0 mm isotropic. 
 
Functional MRI Data Analysis  
All data acquired were processed and analyzed by using Statistical Parametric Mapping software 
(SPM 5; UCL, London) and in-house software. The first five EPI-volumes were discarded to allow 
for T1 equilibration. Prior to analysis, all images linking to the encoding task were motion-corrected 
by rigid body transformation and sum of squared differences minimization. They were further ad-
justed for temporal differences in sampling across slices. All functional images were co-registered 
with the participant-specific high-resolution T1-weighted anatomical images through normalized 
mutual information maximization. The anatomical image was subsequently used to normalize all 
scans to the MNI T1-152 (Montreal Neurological Institute) space. The functional images were re-
sampled with a voxel size of 2 mm isotropic. Finally, all images were smoothed with an isotropic 8-
mm full-width half maximum Gaussian kernel in order to accommodate residual func-
tional/anatomical variances between participants.  
 
Data were analyzed by applying a general linear model whereby individual events were modelled on 
the basis of subsequent remembering, emotional valence and session (i.e. drug conditions). The six 
covariates corresponding to the movement parameters obtained from the realignment procedure 
were altogether included. Regressors were temporally convolved with the synthetic hemodynamic 
response function of SPM 5. To reduce the differences between scan sessions, the average signal 
per scan was estimated with global normalization by using proportional scaling. The single subject 
parameter estimates from each session and condition resulting from the first-level analysis were 
included in subsequent random effects analysis. For the second-level random-effects analysis, a 
factorial ANOVA was performed whereby drug conditions (control, delayed, rapid), emotional va-
lence (negative vs. neutral), and subsequent memory (remembered vs. forgotten) were defined as 
within-subject factors. Statistical tests were family-wise error (FWE) corrected for multiple compari-
sons using Gaussian random field theory across the whole brain. Based on our a priori hypothesis, 
data concerning the regions of interest: MTL structures (e.g. the hippocampus, the amygdala) were 
corrected for reduced search regions (based on size) and small volumes through several anatomi-
cal masks (i.e. automated anatomical labelling derived masking images of the bilateral 
hippocampus, bilateral amygdala, unilateral hippocampus, and unilateral amygdala). A conjunction 
analysis had only been used for identifying functional overlaps between the subsequent memory 
effect and emotional valence. For all analyses, statistical thresholds were set at P < 0.05. 
 
Behavioural and physiological analyses 
Behavioural and physiological data were exported to SPSS and analysed by repeated measures 
ANOVA. P values < 0.05 were accepted as significantly different. If main effects or interactions in-
volving the order factor were noticed, the drug order was also included as a between-subjects 
factor. In this text, unless otherwise mentioned, all data are presented as value ± S.E.M.. 
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Results 
 
Endocrine, psychological and physiological measures 
Cortisol: 20 mg hydrocortisone (CORT) was effective to elevate circulating cortisol levels, as re-
flected in saliva samples. The elevation was evident from 30 minutes after oral drug administration, 
and continued beyond a period of one hour (Figure 2A). For early CORT application (the active 
substance was applied at the 1st drug point, allowing the development of a delayed cortisol effect), 
significant increases of salivary cortisol levels in comparison with the immediate before-drug level 
(t2: mean ± S.E.M = 5.88 ± 0.71 nmol/L) were found at the time-points from t3 until t8 (Figure 2A). 
For late CORT application (the active substance was applied at 2nd drug point, mediating a rapid 
cortisol effect), when compared with the immediate before-drug level (t6: mean ± S.E.M. = 4.38 ± 
0.48 nmol/L), significant increases were found at t7 and t8. For placebo control, there was no main 
effect of time over the entire first-day period (F(3,35) = 1.660, P > 0.05).    
 
It was important to identify the difference among all 3 drug conditions in salivary cortisol levels be-
fore or after the encoding task. For the time-point right before the encoding (t7), there was an overall 
difference among all drug conditions (F(1,12) = 6.162, P < 0.05); and this was attributed to a signifi-
cant difference between placebo control and early CORT application (delayed effect) (P < 0.01), 
and between placebo control and late CORT application (rapid effect) (P < 0.05), in the absence of 
any difference between the early and late drug conditions (P > 0.05). For the time-point after the 
encoding (t8), an overall difference was also found (F(1,15) = 24.904, P < 0.001), which was attribut-
able to a difference between the placebo control and early CORT application (P < 0.05), and 
between the control and late CORT application (P < 0.001), and between early and late CORT ap-
plications (P < 0.01).   
  
For the second day of memory recall tests, there was no main effect of time over the entire period of 
the test for individual drug conditions (early CORT application: F(1,15) = 1.358, P > 0.05; late CORT 
application: F(2,22) = 0.892, P > 0.05; placebo control: F(1,14) = 3.366, P > 0.05) (data not shown). 
 
PANAS: For all drug conditions, a consistent reduction in the degrees of positive affect was seen 
over the study period; a main effect of time was identified for each drug condition (early CORT ap-
plication: F(2,22) = 9.102, P < 0.01; late CORT application: F(2,22) = 15.322, P < 0.001; placebo 
control:  F(2,22) = 14.668, P < 0.001) (Figure 2B). The differences were mainly found between the 
degrees of positive affect after the encoding and that after arrival (all P < 0.01) or that just before 
the encoding task (all P < 0.01). No overall differences in positive affect were found between vari-
ous drug conditions: neither before encoding (F(2,22) = 0.691, P > 0.05) nor afterwards (F(2,22) = 
1.591, P > 0.05). 
 
As regards the negative affect, there were not shown any apparent changes over time for all drug 
conditions (early CORT application: F(2,22) = 0.892, P > 0.05; late CORT application: F(2,22) = 1.844, 
P > 0.05; placebo control: F(2,22) = 2.593, P > 0.05). Neither was there any overall difference among 
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drug conditions found at the time before or after encoding (F(2,22) = 1.166, P > 0.05 and F(2,22) = 
3.274, P > 0.05 respectively). 
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Figure 2 Endocrine, psychological and physiological measures during the first-day session. (A) cortisol levels 
were substantially elevated after 30 minutes from oral drug administration, and such an elevation lasted for 



A temporal perspective on stress hormones and memory 
 
 

 
82 

hours. *, **, ***: P < 0.05, P < 0.01, P < 0.001 respectively, for the cortisol level at the individual time-point as 
compared to the immediate before-drug level (t2) in the early CORT condition. #, ###: P < 0.05, P < 0.001 
respectively, for the cortisol level at the individual time-point as compared with the immediate before-drug level 
(t6) in the late CORT condition. Arrows indicate the time when the drug was administered. (B) Across all 3 
session, participants’ subjectively-felt positive affect was decreased after encoding, though negative affect was 
not significantly altered. ##: P < 0.01, compared with both the post-arrival level and the pre-encoding level. (C) 
Mean heart rates during encoding across all 3 sessions. Little difference across drug conditions was found. 
Placebo: the placebo control; early: early CORT application (delayed cortisol effect); late: late CORT applica-
tion (rapid cortisol effect). 
 
 
It can be concluded that watching emotional pictures inside the MRI environment, regardless of the 
treatment, may significantly diminish the levels of positive affect; however, such experience does 
not necessarily lead to a heightened sense of negative affect.   
 
Heart rate: Mean heart rates for the entire encoding period during individual drug conditions were: 
62.31 ± 1.80 (mean ± S.E.M.) for early CORT application, 59.87 ± 2.05 for late CORT application, 
and 62.22 ± 2.28 for placebo control (Figure 2C). There was no overall difference among the 3 drug 
conditions (F(2,22) = 1.243, P > 0.05). Heart rates were to a large extent indicative of sympathetic 
activity during encoding, thus such activities were not found to have altered across different condi-
tions. In the current study, heart rates were consistently measured after a resting (waiting) period of 
up to 3 ¾ hrs, thus any changes in value responding to the encoding task would have been noticed 
from a stable, physiologically basal level.  
 
In view of the endocrine, psychological and physiological results, we arrived at a conclusion that 
endogenous physiological and psychological responses to the presentation of emotional pictures 
and the fMRI procedures were mostly homogeneous across all 3 within-subject sessions (i.e. 3 drug 
conditions), apart from a major difference in endogenous cortisol levels arising from external phar-
macological manipulation. It is worth noting that peripheral autonomic responses are not the 
indicator of noradrenergic responses occurring centrally in the brain in relation to emotional arousal 
(Strange and Dolan, 2004). 
 
Memory performance 
The memory of the pictures viewed on the previous day was tested in two separate tests: a first free 
recall test followed by a cued recall test. In a primary level of analysis, memory performance was 
measured on the basis of the absolute number of pictures remembered (Table 1). For both tests, 
there was a main effect of emotional valence for all 3 study sessions (free recall: F(1,11) = 70.019, P 
< 0.001; cued recall: F(1,11) = 8.947, P < 0.05). Significantly more negative pictures were remem-
bered than neutral ones. However, in either of the tests, there was no indication of a main drug 
condition effect across the sessions (free recall: F(2,22) = 0.427, P > 0.05; cued recall: F(2,22) = 0.427, 
P > 0.05), nor was an interaction effect between drug conditions and valence available (free recall: 
F(2,22) = 0.399, P > 0.05; cued recall: F(2,22) = 2.397, P > 0.05).  
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Figure 3 Behavioral and fMRI data for memory performance. (A) Memory results shown for the free recall test 
and the cued recall test. Consistently, early CORT application (delayed effect) resulted in a reduction of the 
“emotional memory weight” (expressed as negative pictures remembered devided by neutral pictures remem-
bered) as compared with the placebo control in both tests. *, **: P < 0.05, P < 0.01 respectively, compared with 
the control. It should be noted that there was also a difference between the early condition and the late condi-
tion in the free recall test (P < 0.05), which is here not marked explicitly. (B) fMRI results show a significant 
drug condition X emotional valence interaction, as identified in the left anterior hippocampus. T = 3.44, P < 
0.05. (C) At the signal peak within the left hippocampus, it appeared that the signal contrast derived from the 
main valence effect was significantly reduced, in a way mimicking the result shown by cued recall test. Value 
estimates with 90 % confidence interval are shown. 
 
 
Subsequently, we employed a special index for analysis that represents the extent of “emotional 
enhancement”, computed as the number of remembered negative pictures divided by the number of 
remembered neutral pictures (emotion weight rate = negative pictures remembered / neutral pic-
tures remembered). Hence, for each session (and each drug condition), a single emotional weight 
(EW)-rate was derived (Figure 3A). By comparing these rates, we observed that there was a signifi-
cant main effect of drug conditions across all 3 session for the free recall test (F(1,15) = 4.190, P < 
0.05), and similarly, a trend of significance (F(2,22) = 3.349, P = 0.054) in the cued recall. Pair-wise 
comparisons demonstrated that, for free recall, there was a significant difference between the ef-
fects of early CORT application (i.e. delayed effect) and the placebo control (P < 0.01), and 
between early CORT application and later CORT application (i.e. rapid effect) (P < 0.05); likewise, 
in cued recall, a significant difference between early CORT application and the control was found (P 
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< 0.05). Thus, both tests (Figure 3A) conjointly indicate that early drug application – by allowing the 
development of a delayed (presumably gene-mediated) cortisol effect – can diminish the “emotional 
memory weight” attributed to negative information, which can be crucially relied upon for emotional 
memory enhancement.   
 
Neuroimaging 
For the purpose of fMRI analysis, we set up a statistical model by utilising the behavioural data from 
the cued recall test integrated with those from the free recall test. Such an approach was taken with 
the consideration of: a) the number of the memory hits counted in the free call test alone was rela-
tively small, this seriously undermines the efficacy and reliability of contrasting any effect between 
the remembered and forgotten items; b) the cued recall test facilitates memory recall via externally 
provided cues, its results being more indicative of the outcomes of previous successful encoding 
with limited reference to the capability of retrieval; in our design, the neural activity was monitored 
during the encoding phase, thus a focus on the cued recall results is most relevant; c) occasionally, 
there were memory hits found in the free recall test, but not by the cued recall test; undoubtedly, 
such hits represents the outcomes of successful encoding, but due to the occasional performance 
variations they were not detected by another test. In this regard, both tests had produced comple-
mentary results to be used in the following analyses, in which all memory hits as identified by either 
of the tests would be aggregated into a single category of “remembered”, and only those pictures 
that were unmentioned in both of them were considered “forgotten”. 
 
 
 
 

  
 

placebo 
(control) 

 

early drug 
(delayed CORT effect) 

late drug 
(rapid CORT effect) 

 
Free 
recall 

 
Neutral pictures 

remembered 
 

 
16 (2.90) 

 
18 (2.22) 

 
18 (3.64) 

 Negative pictures 
remembered 

 

31 (3.04) 32 (2.32) 34 (2.61) 

 
Cued 
recall 

 
Neutral pictures 

remembered 
 

 
36 (4.05) 

 
38 (3.47) 

 
40 (4.16) 

 Negative pictures 
remembered 

 

45 (3.17) 43 (3.00) 44 (2.58) 

 
Table 1 Memory Performance. Figures are shown for picture numbers with S.E.M. in brackets.  
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First of all, there was a main Dm effect (i.e. successful memory formation) found across sessions. 
Increased neural activity was identified in regions of the inferior frontal gyrus, inferior temporal 
gyrus, inferior parietal gyrus and the hippocampus. All appear to be lateralized to the left hemi-
sphere. A main effect of emotional valence was found in several frontal and temporal regions, the 
fusiform gyrus, cerebellum, and particularly in the hippocampus and amygdala, which corroborated 
earlier findings that pinpointed the engagement of the amygdala and MTL in memory processing of 
emotional stimuli (Canli et al., 2000; Dolcos et al., 2004). Interestingly, it seemed that the Dm main 
effect and the emotion main effect were actually correlated in specific MTL regions – the left hippo-
campus and the left amygdala, as this was demonstrated by a conjunction analysis that had 
combined those contrasts displaying the main Dm effect and the main emotion effect. A main drug 
condition effect was only noticed between the placebo control and early CORT application, and 
localised to the left middle cingulum and right middle frontal cortex. (For an overview of the T values 
and statistical significances for individual effects, see Table 2 at the end of the chapter; note that 
only those effects qualified for a significance of P < 0.05 were reported). 
 
Furthermore, we examined the interaction effects among all main factors. No significant interaction 
effect was observed on neural activity as a consequence of the drug condition-by-Dm effect interac-
tion or of the drug condition-by-Dm effect-by-emotion valence interaction. However, a significant 
effect was identified for the Dm-by-emotion interaction in the superior medial frontal region. Above 
all, we were interested in knowing whether a drug condition-by-emotion interaction effect indeed 
existed, as this would correspond to our behavioural results, implying that “emotional memory 
weight” was subject to drug manipulation. For this test, we defined our a priori regions of interest to 
be the amygdala and the hippocampus, and the bilateral structures were examined in each sepa-
rate hemisphere, as it seemed that the memory effect was predominant in the left hemisphere. This 
paralleled a view of the lateralised functionality of the amygdala or the hippocampus in associating 
emotional effects with subsequent memory performance, as indicated by several studies (Canli et 
al., 2000; Dolcos et al., 2004). With such an approach, we identified a significant interaction be-
tween the emotional valence and the drug condition (placebo control vs. early CORT application 
only), localised to the left hippocampus (Figure 3B). At the site (the anterior hippocampus) where 
such an effect was maximal, it appeared that the signal contrast generated by emotional valence 
was substantially reduced in the condition of early drug application, in comparison with the control 
condition. The difference of the contrasts was less observable between late CORT application and 
the control, and between early CORT application and late CORT application (Figure 3C). This en-
tirely mirrored the pattern of differences as recognised in the behavioural results, and displayed a 
good alignment between the neuroimaging data and behavioural results, in both functional and 
structural terms.     
 
Discussion 
 
In the current study, we tested in humans the hypothesis – as established upon earlier findings at 
the animal level (Wiegert et al., 2006; Pu et al., 2007, 2009) – that the delayed effect of glucocorti-
coids can impair subsequent memory formation whereas the rapid hormone effect may facilitate it. 



A temporal perspective on stress hormones and memory 
 
 

 
86 

To this end, we deliberately manipulated drug application of hydrocortisone, attempting to achieve a 
time-dependent pattern of the drug efficacy. Exogenous hydrocortisone administration was for this 
reason preferable over stress exposure, since it allowed the precise control of “timed” elevations of 
hormone levels and the isolation of the glucocorticoids function as the main determining factor. 
Consistently, we observed that the drug treatment merely introduced differences in the timing and 
amount of active cortisol, without impacting on the subjective affective ratings and sympathetic ac-
tivity. Early administration of hydrocortisone unequivocally resulted in marked increases of salivary 
cortisol over several hours prior to encoding, virtually allowing a sufficient length of time to elapse 
before the onset of encoding, which permitted the development of gene-mediated actions. For the 
late drug administration group, salivary cortisol levels were elevated during the entire encoding 
session, a condition that purports to facilitate memory formation. It should be noted that, although 
the early treatment group had significantly lower cortisol levels at the end of the encoding period 
than did the late drug group, a comparably high cortsiol level was discernible at the outset. We can 
therefore not fully exclude that the proposed delayed hormonal effect was herein confounded by a 
putative rapid effect. If so, the rapid effect would not have escaped from being detected at the be-
havioural level in the intended testing, which seems to not have achieved; thus, the influence of this 
potential confounder may be limited. However, such a view merits any further investigation that may 
allow an even longer delay between the hydrocorticone administration and picture encoding. 
 
Behavioural observations 
The major behavioural finding of this study is that negative information gains a preferential retention 
in memory over neutral information, and this bias is subject to regulation by glucocorticoids, contin-
gent upon the timing of the hormone application. This extends previous views on the stress 
hormone’s regulatory influence on emotional memory (Cahill and McGaugh, 1998; Buchanan and 
Lovallo, 2001; Cahill et al., 2003; Abercrombie et al., 2006; Roozendaal et al., 2008). In those stud-
ies, elevations in corticosteroid level occurred shortly before or after the encoding and lead to 
enhanced memory of emotional information. In our hands, introducing a lengthy delay between the 
elevation in corticosteroid levels and the encoding, thus allowing a full development of gene-
mediated actions, unambiguously resulted in a suppression of the distinction power between the 
memories of negative and neutral information. It should be realised that glucocorticoids- or stress-
induced impairment of emotional memory is not unprecedented (Rimmele et al., 2003); as was once 
shown in the case of increased hormone levels shortly before memory retrieval (Kuhlmann et al., 
2005; Kuhlmann and Wolf, 2006). Furthermore, impaired declarative memory may arise from an 
extended application of glucocorticoids over several days – unlike through a brief single-dose ad-
ministration, possibly reflecting certain of gene-mediated hormone mechanisms instead of any rapid 
action (Newcomer et al., 1999).  
 
It needs to be recognised that in our study, cortisol did not reduce the total number of negative pic-
tures remembered. In general, the numbers of remembered pictures (in both categories) were 
comparable among variable drug conditions. Thus, the overall amount of information encoded and 
retained did not alter significantly, but rather the proportion of the respective category of encoded 
information. It thus reflects a shifted balance between the weights of two types of information – i.e. 
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neutral and negative – in memory, without modification of the global level of information encoding. 
Of note, though, our present observations are based on a relatively small cohort, which clearly 
needs to be extended before definite conclusions can be drawn. 
 
If the present observations hold in an even larger cohort, one implication is then that within a de-
fined mental resource pool, certain forms of competition may take place, and the strengths of 
“competitor” information can be uplifted or undermined through modulatory efforts. Such a “competi-
tion view” was taken by Diamond and associates (Diamond et al., 2005) in account of potentially 
opposite memory behaviour resulting from stress. Indeed, a recent human study reported that pre-
learning psychosocial stress could impair long-term declarative neutral memories, meanwhile en-
hancing emotional ones (Payne et al., 2007). Also, pre-treatment of cortisol a couple of hours in 
advance resulted in impaired memory for neutral verbal stimuli, concurrent to an increase in nega-
tive stimuli remembered, as displayed in a recognition task right after learning (though, not quite 
identical to our results) (Tops et al., 2003). In addition, another study has illustrated a developed 
enhancement of emotional memory recall resulting from cortisol treatment, which was clearly linked 
to a parallel decrease in neutral memory (Kuhlmann and Wolf, 2006). This lends support to the 
notion that one type of information gains weight at the other’s loss. 
 
A readily identifiable functional relevance is that stress-induced rises in cortisol in conjunction with 
emotionally distressing situations favours the encoding of emotionally “tagged” over neutral aspects 
(Richter-Levin and Akirav, 2003; Richter-Levin, 2004). Notably, information is being tagged or emo-
tionally-weighted in alignment with its significance relative to other, and gaining a predominant 
representation that is required for achieving an essential advantage in dealing with challenges in 
which it is inherent. A lowering of the emotional weight would invariably signal an impaired adaptive 
memory function in this sense; this can at least, as shown by this study, be achieved through a prior 
glucocorticoid action, which allows the full development of gene-mediated mechanisms. This proba-
bly occurs in a condition that preceding stress induction inhibits the distinction – thus the enhanced 
encoding – of later-occurring stressful incidences.  
 
Neural substrate 
We located the effect of glucocorticoid-mediated impairment of emotional memory weight to the 
brain region that underlies the effectiveness of this regulation – the left anterior hippocampus. It is 
undoubted that this is an area centrally targeted by the stress hormones in influencing memory 
function (Dolcos et al., 2004; Richardson et al., 2004). However, it was still surprising to notice that: 
first, this region did not exhibit a subsequent memory-by-emotion-by-drug condition (control vs. 
early drug application) effect; second, emotional effect being one of the key variables, amygdala 
involvement was not seen for the emotion-by-drug condition interaction effect. It is tempting to con-
sider that as Dm represents a direct substrate of informational processing of memory, the emotional 
weight actually falls into a second-level processing that codes the relativity of the primary informa-
tion representing a derivative of emotional stimulation embedded in an information acquisition 
context; thus its susceptibility to hormonal regulation is not reflected at the basic level encoding, as 
the Dm would have indicated. On the other hand, if emotional stimulation initially engages the 



A temporal perspective on stress hormones and memory 
 
 

 
88 

amygdala and initiates information differentiation (Cahill et al., 1996; McGaugh, 2004; Costafreda et 
al., 2008), its effect can well be translated into an encoding effort that is integrated into the overall 
hippocampal activity in memory function; thus amygdala activity could be an upstream event that is 
least modifiable by the hormonal regulation aiming at shifting its already assigned weight (to individ-
ual information representations). Still, the Dm effect and the emotional effect are unlikely separable 
in the current context, as a conjunction of both effects at the left hippocampus was clearly present. 
This may be relevant to certain mechanisms recruiting both emotional and information inputs, which 
are still elusive. Less significantly, there seemed to be a tendency of left lateralisation for several 
identified effects; if not arising from the handness, this may likely indicate a certain lateralised func-
tional relevance. In several earlier studies, the specificity of effects being localised to the left MTL 
structures was documented (Canli et al., 2000; Dolcos et al., 2004; Matsuoka et al., 2007); however, 
this mostly was restricted to females instead of males (Cahill et al., 2004).     
 
In conclusion, we have identified a delayed, presumably gene-mediated action of glucocortoids on 
emotional memory, represented primarily by a suppression of the relative weight of emotional infor-
mation over neutral one, which takes its effect by regulating left hippocampal functions. Such a 
finding can yield valuable insights for the development of novel therapeutic approaches in quelling 
excessively strengthened emotional memories in diseases like posttraumatic stress disorder 
(Yehuda, 2002; de Quervain, 2008), emphasising readjustment of their balance with neutral, routine 
information through “timed” pharmacological treatment.   
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Region Coordinates Peak T-score 
 x y z  
 
Main effect of Dm 
 

    

remembered > forgotten 
 

    

Inferior Frontal, L -48 8 28 6.01** 
 
 

-46 40 8 5.28* 

Inferior Temporal, L 
 

-52 -60 -12 5.44** 

Inferior Parietal, L 
 

-48 -40 50 5.28* 

Hippocampus, L -16 -6 -12 4.22## 
 
 

-26 -4 -22 3.90# 

 
 

    

Main effect of emotion valence 
 

    

negative > neutral 
 

    

Mid Temporal, L 
 

-52 -64 8 13.05*** 

Cerebellum, L  
 

-16 -72 -46 7.70*** 

Fusiform, R 
 

44 -46 -18 13.40*** 

Inferior Frontal, R 
 

54 36 0 8.38*** 

Precuneus, R 
 

4 -56 30 7.78*** 

Superior Medial Frontal, R 4 50 32 7.50*** 
 
 

4 30 54 4.91* 

Rectus, R 
 

6 56 -16 6.10*** 

Hippocampus, L 
 

-18 -6 -14 6.48### 

Hippocampus, R 18 -4 -12 8.77### 
 
 

22 -24 -6 3.71# 

Amygdala, L 
 

-24 -4 -18 6.60††† 

Amygdala, R 
 

22 -4 -16 7.83††† 

 
 

    

Main effect of drug conditions 
 

    

placebo control > early CORT application 
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Mid Cingulum, L 
 

-6 -42 42 5.19* 

Mid Frontal, R 
 

28 42 34 4.92* 

 
 

    

Dm x Emotion  
 

    

Positive interaction 
 

    

Superior Medial Frontal, L 
 

-2 66 20 5.24* 

 
 

    

Dm ∩ Emotion 
 

    

remembered > forgotten  &  negative > 
neutral  
 

    

Hippocampus, L -16 -6 -12 4.22## 
 
 

-26 -4 -22 3.90# 

     
Amygdala, L -26 -2 -22 3.76++ 
 
 

-20 -4 -12 3.51+ 

 
 

    

Drug condition x Emotion 
 

    

placebo control > early CORT application 
 

    

Hippocampus, L 
 

-34 -12 -12 3.44& 

     
 
Table 2  FMRI results. *, **, ***: P < 0.05, P < 0.01, P < 0.001, respectively, whole brain corrected.  #, ##, ###: P 
< 0.05, P < 0.01, P < 0.001, respectively, small volume corrected with the bilateral hippocampus AAL mask.  
†††: P < 0.001, small volume corrected with the bilateral amygdala mask.  +,++: P < 0.05, P < 0.01, respectively, 
small volume corrected with the left amygdala mask.  &: P < 0.05, small volume corrected with the left 
hippocampus mask.  
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1. Round-up 
 
In the preceding chapters, we have described our attempts in elucidating the role of stress hor-
mones in regulation of the neurophysiology of memory. This thesis is characterised by two aspects: 
first, the scope of study – recognising that, to address the sophisticated functional outcomes of 
memory, the major parts in a functional complex deserve equal attention and balanced considera-
tions, our study was not restricted to a single spot of observation, but rather attempted to establish 
insights from examining individually contributory structures and functionalities in the rodent brain, 
and then testing new knowledge in the human functional study; second, the focused approach – 
across various structures and study levels, measures were consistently chosen that reflect the neu-
ral correlates of excitatory neuronal activity underlying the processes of information acquisition, 
processing and encoding.  
 
Earlier pioneering work (Wiegert et al., 2005; Wiegert et al., 2006) had coined the idea that corticos-
teroids can not only affect memory formation in a delayed way but also through a rapid action; yet 
this idea required full establishment and substantiation. For this goal, we first laid down a theoretical 
framework by weighing existing evidence and identifying missing points (Chapter 2). The theory 
states that stress, together with its responsive agents, may not necessarily mediate a one-way ac-
tion – this is highly realistic in that the stress-mediated responses should not be ever-lasting and 
unitary in order to render the organism resilience and flexibility. Fine-tuning the responses can be 
linked to two universal parameters: time and space. Translating these two external variables into 
internal driving forces requires the allegiance of endogenous hormones, which rely on their molecu-
lar actions to mediate most seemly responses. The central roles are taken by the adrenal stress 
hormones. In general, the model specifies that corticosteroids interact with catecholamines (particu-
larly, noradrenaline) to promote memory formation when the hormones and information-encoding 
associated pattern input coincide – in terms of both space and time. In the meanwhile, corticoster-
oids-mediated signalling pathways are also initiated that take hours to accomplish, which will 
normalise the neural activity or raise the threshold for following information events (i.e. irrelevant to 
the previous hormones-evoking incidence). 
 
Next, this model was experimentally tested in the hippocampus (Chapter 3). The two adrenal hor-
mones (corticosterone and the β-adrenergic agonist: isoproterenol) were applied to in vitro slice 
preparations, and the proposed neurobiological substrate of learning and memory (i.e. long-term 
potentiation) was monitored. Earlier studies had defined a more generic – rapid and delayed – effect 
of corticosteroids on CA1 pyramidal neurons (Wiegert et al., 2005; Wiegert et al., 2006); and in our 
study, such effects were examined in further detail within the dentate gyrus. In the DG, corticoster-
one is also effective; however this efficacy seems to be restrained by GABAergic inhibition. Since 
we were interested in corticosteroid actions under conditions that come close to the “natural” sce-
nario, a condition of intact GABAergic inhibition was pursued in all experiments. Hence, it was 
shown that corticosterone on its own does not affect synaptic strengthening; however, β-adrenergic 
activation acts rapidly to facilitate synaptic potentiation. We further demonstrated that corticosterone 
can, in a rapid fashion, accelerate this kind of facilitation and bring it to a synergic advantage. Inter-
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estingly, corticosterone behaves quite differently in a delayed manner, by which it can restrain the 
facilitated information process mediated by the fast-acting noradrenergic effect. The findings at the 
DG were in line with our prediction that corticosteroid and noradrenergic signallings act in synergy if 
occurring at the same time and to the same circuit, and if fully developed, corticosterone’s gene-
mediated mechanisms may counteract the effectiveness of β-adrenergic activation.  
 
In view of the prominence of the amygdala in emotional information processing, we could not afford 
to not include this structure in our observation. Therefore, we established recording procedures to 
measure long-term potentiation in in vitro slices containing the basolateral amygdala (Chapter 4). 
Shown by this approach, the β-adrenergic agonist still performed as a fast-acting agent that can 
facilitate synaptic potentiation, but only when there was room for such facilitation to appear. How-
ever, corticosterone could not wield its permissive power any more. Instead, corticosterone’s late-
onset suppressive effect was triggered and manifest in various experimental settings. Corticoster-
one can effectively constrain the facilitation of synaptic strengthening – as mediated by β-adrenergic 
activation, no matter whether such a response is intrinsic to the ongoing information process, or 
linked to a future information event. Unlike our findings in the hippocampus, we were unable to pro-
duce identifiable results that exhibit the corticosteroids’ rapid facilitatory modulation in the amygdala. 
The underlying message is that in the basolateral amygdala – at least in the current experimental 
setting – corticosteroids cannot rapidly synergize with β-adrenergic activity in the facilitation of syn-
aptic potentiation, yet retaining the capacity to slowly curtail this facilitation.   
 
Eventually, we extended our observation, centring on the time-dependent effects of the hormones, 
to the human functional level (Chapter 5). Even though a phenomenal congruence (human vs. 
slices) had not been fully anticipated, findings at a higher functional level would invariably comple-
ment our knowledge of and provide futher insight into the power of the model. Therefore, human 
memory tests were performed, in which emotionally arousing and neutral pictures were used as the 
matetial for learning. Emotional arousal may inescapably engage the amygdala and stimulate 
noradrenergic activity therein (Cahill and McGaugh, 1998; van Stegeren et al., 2005; Abercrombie 
et al., 2006; Roozendaal et al., 2006). The double-blind, placebo controlled hydrocortisone admini-
stration ensured that pharmacological manipulation could achieve a time-dependent control of 
circulating cortisol levels for specifically examining the hormonal effect during the respective time-
domain (rapid vs. delayed). By this setting, the suppressive effect of glucocorticoids was shown; 
even though the negative pictures representing high emotional arousal were preferentially retained 
in memory, this preferentiality was unambiguously hampered by a delayed glucocorticoid effect. 
Furthermore, neuroimaging data pinpointed the left hippocampus as a likely neural substrate upon 
which such a regulatory effect depended.  
  
Combining all of the findings, we are able to illustrate our model in a most practical and meaningful 
way that embodies the structurally-, functionally-, and contextually-specific validities. It is important 
to realise that, despite the model manifestations could vary in accordance with various contexts, the 
core value of the model shall subsist; in other words, a model is only a truly living one if it can in-
deed drive multifaceted representations in the face of realistic functional demands.   
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2. Added value 
 
It is not the intention of this text to reconcile diverse theoretical models for depiction of definitive 
functional outcomes of stress. An obvious value-added activity would be to integrate the current 
“timing” model into the existing ones (see Chapter 1), enhancing the validity and applicability of 
individual models. Disregarding the different focuses and emphases they have taken, a common 
ground being uniformly enjoyed is that hormone releases are a central event sequential to per-
ceived stress; thus the hormonal contributions represent an appropriate angle to concentrate on, in 
the hope of being able to re-connect the disparate parts of the established wisdom.  
 
In the following, we restate the highlights of the individual models earlier mentioned; these items 
serve as cues to aid the reader’s reminiscence of the significance of these models and their rele-
vance to the discussion to follow.  
 

- Ledoux tells us that the amygdala is a major structure indispensably involved in emotional 
memory (LeDoux, 1994, 2000).  

- Diamond and Kim think that for the memory process during stress, a complex of functional 
structures comes into play, including the hippocampus and the amygdala. The hippocam-
pal activity is subject to input from amygdala activity and stress hormones (Kim and 
Diamond, 2002). It is likely that competition for access to and utilisation of memory re-
source exists within this process and accounts for the directionality of memory regulation 
(Diamond et al., 2005). 

- Mcgaugh and other authors (Cahill et al., 1996; McGaugh et al., 2002; Pare, 2003) have 
emphasised the amygdala’s modulatory functions; and consistently, Richter-Levin pro-
poses that certain memories are “emotionally tagged” to gain preferential strengthening, 
mediated through amygdala activation (Richter-Levin and Akirav, 2003). 

- At the mechanistic level, amygdala activation that impacts on the neural activity elsewhere 
has been described to relate to two types of mechanisms: first, electrophysiological activ-
ity, as shown in LTP studies by Nakao and associates (Nakao et al., 2004); second, intra-
amygdala noradrenergic activity and its interaction with the glucocorticoids, as illustrated 
by Roozendaal and colleagues (Roozendaal et al., 2002; Roozendaal et al., 2006). 

- Roozendaal further proposes that the directionality of the memory-modulating effect of 
stress hormones is dependent on the specific stage of the memory process (Roozendaal, 
2002, 2003; Roozendaal et al., 2006). 

- Several models have, to a lesser extent, implied certain time-relevant mechanisms in-
volved in the stress-associated memory, as shown by  the illustrated dissection of the 
“excitatory” and “refractory” phases by Diamond and colleagues (Diamond et al., 2007), 
and the differentiation between “BLA priming” and “spaced activation” by Richter-Levin’s 
group (Akirav and Richter-Levin, 2002).  
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2.1 Memory, as a region-based function of stress 
Stress evokes hormone releases of, particularly, glucocorticoids and noradrenaline. The reach of 
the hormones is extensive, among which both of the crucial emotional memory structures – the 
hippocampus and the amygdala (Phelps, 2004) are the obvious targets. Thus, a unitary movement 
in hormone levels can lead to functional changes in two active structures.  
 
In individual studies, we have shown how these two structures, in separation, perform functionally in 
response to changes in the “hormonal environment”. This provides an illustration of the first-
dimensional regulation by the stress hormones via their direct actions upon these functional struc-
tures. This echoes the proposed view by Diamond and associates (Kim and Diamond, 2002). Our 
model complements this view by implying that: 1) in acute stress, a single hormone movement acts 
as a central axis to link the activities of both memory regions, as their actions are coordinated to 
respond to the hormone releases – in other words, when the status quo is being challenged by 
hormone surges, these structures strive to react in liaison. 2) Apart from a first-level regulation 
driven by movements in hormone level, a second driver is in place; this refers to the time-
dependency of hormone functionality. From this point of view, the temporal parameter needs to be 
integrated with the dose parameter in determination of the dependent variable of the region based 
function of the stress – i.e., the regulated memory outcomes.  
  
2.2 Correlation of the amygdala and hippocampal functionalities 
Bearing in mind the region-based function of stress impacts, we can look further for understanding 
of the amygdala-hippocampus interrelationship in this context. Admittedly, in the animal studies, we 
would not be able to accentuate any direct finding from an anatomically-connected amygdala-
hippocampus preparation. Undoubtedly, study on connected structures is something more likely 
with in vivo recording approaches (Akirav and Richter-Levin, 2002; Yaniv et al., 2003); however due 
to the inherent constraints of the in vitro technique, we were unable to achieve this. It should also be 
noted that, for an in vitro slice preparation, the global connections between the target structures are 
unlikely to be fully intact; thus, an attempt to monitor the electrophysiology of the anatomically-linked 
amygdala-hippocampus structure by in vitro approaches does not seem worthwhile.  
 
From our region-based focuses, we were able to show that as triggered by one central event – hor-
mone releases, the local memory-related centres (the hippocampus and the amygdala) do not 
perform uniformly. Although facilitation is commonly visible with β-adrenergic receptor activation, the 
interactive patterns between the β-adrenergic and the glucocorticoid systems seem to differ to some 
extent across structures. This is not surprising, as both structures are not functionally analogous 
ones with dissimilar localisations, but rather highly differentiated functional mediators that achieve to 
constitute a constructive memory function. With our findings, we can argue against an assumption 
of the parallel functionality of the two structures; this adds to earlier understandings that, on the one 
hand, suggest that the amygdala mediates a different order of control than merely serves as a 
memory storage site (Cahill and McGaugh, 1998; Richter-Levin and Akirav, 2003), and on the other 
hand, indicate different temporal dynamics of the functionalitiess of the hippocampus and amyg-
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dala, just as illustrated by Diamond and associates in their temporal dynamics model (Diamond et 
al., 2007).  
 
However, we also realise that the differentiated interactional patterns in our in vitro animal model 
were only revealed for the function of corticosteroids. To be more specific, it indicates that, in com-
parison with its function in the DG, in the BLA corticosterone does not further enhance the initial 
excitatory phase but tends to drive the system towards suppression. Yet, it cannot be fully excluded 
that this was partly attributed to technical constraints – i.e. 1.0 μM isoproterenol could just be too 
much to enable a limited level of potentiation that allows extra facilitation by corticosterone. Con-
comitant patch clamp recordings, though, showed that lower isoproterenol concentrations do not 
always consistently affect BLA cell function (Liebmann et al., unpublished data). If, indeed, corticos-
terone is less capable of facilitating noradrenergic modulation of BLA LTP, this may be indicative of 
a gradual drift of the function of hippocampal activity, as imposed by the amygdala-mediated con-
trol, that is geared towards containment of rapid stress-evoked hyperactivity. If so, it can be inferred 
that a properly functioning glucocorticoid action targeting the BLA should help prevent the exagger-
ated stress effects on memory. Understandably, in a clinical setting, this notion may provide 
grounds for using glucocorticoids in treatment of posttraumatic stress disorder (Schelling et al., 
2006; de Quervain and Margraf, 2008). Also, consistent with this, decreased levels of glucocorti-
coids have been implicated in the etiopathology of this illness (Yehuda, 2002b, a). 
 
Still, in the BLA, our result may signal a latent discrepancy with an earlier prediction that relates to 
the “permissive” role of glucocorticoids in noradrenergic activity. Roozendaal and associates have 
described that a glucocorticoid-coupled mechanism can enhance the efficacy of the noradrenergic 
system within the BLA that mediates memory-regulating functions (Roozendaal et al., 2002; Rooz-
endaal, 2003). It could be argued that their studies were conducted at the in vivo animal level, and, 
unlike this study, involved multiple neuromodulatory systems and exploited intact structural connec-
tions. However, what is more significant is for one to recognise that, the current in vitro tests on 
isolated slice preparations employed identical stimulation patterns and hormonal profiles – thus, in 
such a unitary setting where the sole difference was the regions per se, we demonstrated the coor-
dinated behaviour and the existing incoherence between these correlated functional structures, i.e. 
the hippocampus and the amygdala. This certainly gives rise to an insight that is focused upon a 
higher order of modulation based on functional correlations.  
 
Following the same route of observation by monitoring the coordinated performance of the hippo-
campus and the amygdala, we can identify that the fast-acting agent – the β-adrenergic agonist, 
nonetheless, mediate an enhancement of synaptic activity in both regions. It is likely that through 
the phase coherence of these enhancements, memory establihsent becomes easier than ever. This 
is least surprising if viewed in line with previous studies employing amygdala stimulation; it is indeed 
that elevated amygdala activity, if occurring conjointly with the DG stimulation, modifies DG neuro-
plasticity resulting in an uplift of the overall strength of synaptic potentiation – as was elegantly 
shown by Nakao and associates (Nakao et al., 2004). It is still interesting to consider what a durable 
elevation of BLA synaptic activity (e.g. LTP) may actually contribute. It is unclear whether it simply 
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represents: 1) a part of the ongoing memory process attributed to the emotional aspect of the mem-
ory (LeDoux, 1994; Fanselow and LeDoux, 1999); 2) a sustained BLA activation that maintains the 
uplifted level of hippocampal activity continuously; or 3) a parallel manifestation of the BLA-DG syn-
aptic plasticity (Abe et al., 2003; Nakao et al., 2004).  
 
It should be noted that, in technical terms, the tetanisation protocol (i.e. theta bursts) exploited in 
our in vitro experiments that successfully revealed the β-adrenergic agonist-mediated facilitation 
was actually inadequate for LTP induction in its own right. In this regard, the LTP observable in 
either the BLA or the DG experiment actually arose from combinatorially the high frequency stimula-
tion and the β-adrenergic activity. Thus, on the one hand, induced LTP is itself an outcome of 
hormone-facilitated activity, and on the other hand, the phase coherence of activity enhancements 
provides a synergic facility for both structures that eventually pushes the amygdala-hippocampal 
system to new heights.  
 
2.3 The memory stage-related considerations 
It is understood that the bidirectionality of glucocorticoid regulation of memory can depend upon the 
specific stages of memory process. Facilitation is expected if corticosteroids are present during 
consolidation, and impairment occurs when the hormones are in place for retrieval (Roozendaal, 
2002, 2003; Roozendaal et al., 2006). An interesting real-life example is that under extreme stress, 
one might find difficulty recollecting essential information for completing routine tasks, while the 
state of awkwardness and embarrassment arising from such could be vividly recalled later. This 
may signal that memory stages are not simplistic components that can be mechanically isolated; 
and it is often that a certain stage (i.e. retrieval) arises in the company of others (such as, encoding 
and consolidation). The interrelationship between various memory stages has been highlighted by 
several human studies and the indication of interconnected mechanisms was proposed (Kent and 
Lamberts, 2008; Rugg et al., 2008). Likewise, a retrieval process may elicit an inherent process of 
reconsolidation or extinction – either activity to be viewed as a tendency to process new “online” 
information into established memory representations, which may, though with opposing ends, even-
tually tap a consolidation-like mechanism recruiting, e.g., protein synthesis activity (Abel and Lattal, 
2001; Nader, 2003; Dudai and Eisenberg, 2004; Eisenhardt and Menzel, 2007).  
 
A notable feature of the “stage differentiation” model is that it links the bidirectional actions of gluco-
corticoids to disparate memory stages – the hormones selectively facilitate the memory 
consolidation whilst impair retrieval, being rapidly applied in conjunction with the process per se. 
Interestingly, we have concentrated on a general facilitatory effect of rapid hormone application on 
memory formation, and the memory deficit suggested to exist for the retrieval process (de Quervain 
et al., 1998; de Quervain et al., 2000; Okuda et al., 2004) was not explicitly exhibited. However, 
these views can readily be reconciled if the retrieval process is not considered to be devoid of the 
company of other memory activities, e.g. consolidation. This consideration is particularly meaningful 
if put into the context of “ruthless competition” (Diamond et al., 2005) that implies that the memory 
activities and traces may compete for access to and utilisation of memory resource, and one’s gain 
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is just another’s loss. Thus, the impairment of retrieval may just occur alongside the enhancement 
of memory formation.  
 
Notwithstanding, our proposed “timing” model indeed entails an essential element of the inhibition 
mediated glucocorticoids, without associating it to a specific memory process. We equally acknowl-
edge the dichotomy of memory regulations by the hormones, though we consider that the 
directionality of hormone actions is dependent upon the “drug stages” rather than the “memory 
phases”. It is at the various temporal stages after the drug administration that the memory process 
will be variably modulated; and this may exploit the hormone’s endogenous molecular mechanisms 
for achieving this – comprehensibly, via the non-genomic or genomic effects (Joels et al., 2006; de 
Kloet et al., 2008).  
 
Holding this view and examining our results, an interesting question appears: if it is a delayed drug 
effect that mediates the inhibition, then upon what kind of memory incidences does it actually exert 
its power? In both the hippocampal DG and BLA, prior exposure of corticosterone invariably pre-
vented the facilitated induction of LTP occurring hours later, which may represent an influence on 
later memory acquisition from initial corticosteroids administration. It is reasonable to assume that 
the delayed glucocorticoid effect has elevated the barrier for the success of a following learning 
event. A meaningful implication is that by toning down the new learning, any ongoing activity of the 
previous memory event, say consolidation, can be prevented from being interfered. It was indeed 
that post-training LTP induction can disrupt recently acquired memory (Martin and Morris, 2002; 
Diamond et al., 2004). Also, a hormonal effect on subsequent LTP induction reflects a specific as-
pect of stress-mediated metaplasticity (Kim and Yoon, 1998).  
 
Thus, this may propose that the delayed effect of glucocorticoids is protective of ongoing memory 
formation. However, we also identify that – notably in the BLA – an ongoing LTP activity may un-
dergo a gradually-developing reversal of synaptic strength as attributable to the delayed 
corticosterone effect. This is more indicative of a hormonal effect committed to constraining the 
current ongoing activity, irrespective of any future incidences. Despite the fact that we are yet uncer-
tain whether the BLA LTP represents the memory formation thereof (i.e. in the amygdala), we can 
assume that such a declination of amygdala activity would not avoid being accommodated to by the 
hippocampal activity, thus the hippocampus-dependent memory process is under siege.  
 
Here, a manifestation of “yin and yang” is still in place – even though a unitary action of the delayed 
glucocorticoid effect was revealed by two experimental settings (in BLA), it is unlikely to tell whether 
such an effect is indeed good or bad towards the ongoing memory activity. Or perhaps, the “good” 
and “bad” differentiation should not be arbitrarily based on the directions of electrophysiological 
measures, and it can only be appreciated in the view of realistic physiological needs, demands and 
contexts.  
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3. A new perspective, based on the human study 
 
In a realistic scene, as described for the human study, a new perspective of the memory phenome-
non has arisen. In general terms, one may have assumed that any memory-enhancing or impairing 
effect is represented by a movement in the amount of information encoded and/or retained. Such an 
assumption is straightforward and intuitively acceptable; however, the results arising from our pic-
ture-encoding task have arguably demonstrated another aspect of encoded information that is 
susceptible to glucocorticoid regulation (see Chapter 5). 
 
The question here is whether the relativity of different types of information (notably, in a stressful 
condition there exists information of neutral as well as negative nature) is also encoded that is be-
yond the basic level of information acquisition and retention, and if so, how this can be integrated 
into the basic memory presentations. In the context of acute stress, this sort of “weight encoding” 
seems to be particularly meaningful. Without preferential treatment of certain specific information, its 
significance would not be recognised and exploited in developing optimal strategies in coping with 
the challenges; and such “preferentiality” in memory could hardly be achieved by merely absorbing 
all basic aspects of incoming information that illustrates the features but not the relative strengths. 
This may prompt a need for a secondary mechanism that enables “weight encoding” – as most 
applicable in an acute stress condition that entails high emotional arousal. Thus this “secondary 
encoding” may complement the “primary encoding” in mediating a proper memory effectiveness, in 
a sense similar to the relationship between “genetic coding” and “epigenetic coding” (which simply 
describes the interconnected mechanisms with the latter being able to modify the cellular phenotype 
without altering the underlying DNA sequence (Biel et al., 2005)). It is perceivable that the “cold” 
information that enters into the hippocampus and the emotionally-felt one that recruits the amygdala 
(LeDoux, 1994, 2000) can be differently coded via the secondary mechanism, when the primary 
features of these items (“the facts”) are equivalently taken up by the memory system.    
 
If such a view is adopted, a problem may arise concerning basing memory and stress studies on the 
in vitro animal LTP model, which questions how this “weight-encoding” could be reflected and tested 
in an experimental setting where a uniform stimulation paradigm is applied. A conventional para-
digm like this can achieve pathway-specific information input that is deemed almost homogenous; 
thus a representation of relative significances of the information is highly unlikely. Therefore, when 
using LTP to imply stress or emotional memory, it is commendable to establish an integrated view 
on the behaviour of both the amygdala (due to its central role of assigning the “emotional tag” to 
memory) and the hippocampus, or implement a correlated analysis of the results from these re-
gions. 
   
4. Lesson learned and key takeaways 
 
Following our line of description, one might be tempted into assuming our proposed “timing” model 
to be universally applicable in the emotional memory system, and that all the experimental efforts so 
far have aimed at verifying the uniformity of this model in diverse regions and at different levels. 



A temporal perspective on stress hormones and memory 
 
 

 
100 

Such a view would only reflect a superficial understanding of the applicability of the model. It would 
be imprudent to consider that, as the molecular mechanisms of hormonal actions remain constant, 
structural and contextual specificities can be ignored. The main strength of this series of studies is 
its balanced approach in targeting multiple functional regions and levels, and this approach is armed 
with the explicit goal to draw insights from a “multiplicity” of observations to derive a comprehensive 
understanding that enables this model for broad functional contexts.  
 
Instead of focusing on a particular facet of manifestation of the “timing” model, we feel it necessary 
to emphasise the core value of the model and a generic perspective to take for a wide range of 
implications. A generic understanding of the “timing” model should include the following aspects: 
 

- Stress evokes the adrenal releases of two major types of hormones: glucocorticoids and 
catecholamines.  

- These hormones, among other “stress molecules” (e.g. CRH, vasopressin, etc, which are 
not the focus of this thesis, though their relationships and interactions with the adrenal 
hormone systems are worth further exploration), can substantially regulate the brain func-
tionality that underlies learning and memory. 

- Generally, two types of actions can be identified from these active substances: the fast-
acting one, e.g. noradrenaline, CRH or glucocorticoids (the rapid component), and the 
slow-onset one, e.g. corticosteroids (the delayed component) (de Kloet et al., 2005; Joels 
et al., 2006). 

- Associated with their temporally-determined modes of action, bidirectional modulations of 
memory functionality can be achieved; this is best exemplified by the activity of a single 
modulator – glucocorticoids, which employ both a non-genomic and a genomic mecha-
nism to enable opposing ends. 

- The time-dependent bidirectionality of hormonal regulation can be considered in the 
sense of: 

a) total hormone effects (i.e. of multiple systems) – fast facilitatory agents and slow 
suppressive ones; 

b) hormone interactions, i.e. between the glucocorticoid system and the noradren-
ergic system;  

c) corticosteroid effects on hippocampal functionality per se (Wiegert et al., 2005; 
Wiegert et al., 2006; Pu et al., 2007); 

d) Intermixed binary actions of all above factors that lead to a combined effect of 
hormonal regulation, which actualise the “timing” model in practice. 

 
With our comprehensive approach in monitoring both the amygdala and the hippocampus, and in 
measuring both animal results and human memory performance, we are able to generate further 
insights which would not be attainable in a single focused study; they are stated as follows: 
 

- Although the “timing” mechanism is effective, it does not necessarily drive the functionality 
of different memory structures (i.e. the amydala and the hippocampus) into uniform tem-
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poral dynamics. Thus, the correlated structures may undergo diverse in-phase or out-of-
phase modulations, which result in overall shifts in regulatory patterns (see Section 2.2). 
This represents a functional “timing” mechanism rather than a hormonal “timing” one.   

- Not a strong argument yet, it is still possible that, as the emotional memories are “tagged” 
by the amygdala, amygdala activation can account for the second-level encoding (of in-
formation weight, strength or relativity due to emotional load) as proposed in Section 3. 
Being a target of the hormones’ timed regulation, it can correspondingly affect the relative 
weight of encoded information, by introducing a variation in the proportion of emotional in-
formation. This effect can be exhibited at a complex level as in human memory 
performance and was shown in our case on the (left anterior) hippocampal activity. 

 
5. Future directions 
 
It is almost certain that more aspects of the interrelationship between stress hormones and memory 
need to be examined. First, within the current experimental frameworks, there is still room for sig-
nificant improvement in regard to the design and the implementation of the studies. This may 
especially be meaningful to the LTP study in the amygdala and to the human memory study. Nota-
bly, in these studies, we could not readily identify a rapid, nongenomic glucocorticoid effect that 
mediates a major facilitatory function. Although it can well be that a rapid facilitatory effect may sim-
ply not occur in such contexts, it requires significant caution to arrive at such a conclusion. In fact, 
recent studies (Van Stegeren et al., submitted paper; Henckens et al., submitted paper) do suggest 
that a rapid facilitatory effect of corticosteroids on memory per se does exist. This issue thus re-
quires further investigation by employing alternative experimental settings that target at the 
amygdala or at the human level. This can be achieved by: for instance, in the amygdala, manipulat-
ing the dose of the noradrenergic agonist, thus leaving room for the putative glucocorticoid 
facilitatory effect to manifest; or in the human study, redesigning the learning task and adjusting the 
oral cortisol doses. However, in either case, more extensive time and effort is in demand.  
 
One might raise the question whether, for an animal level study, an in vivo approach would be more 
ideal. Such an argument has considerable fundamental grounds. Unlike the isolated in vitro prepa-
ration, whose major advantage is “isolating” – in terms of the structure, the function and the drug 
effect of key research interest, an in vivo setting may keep to the largest extent most functional 
networks intact. This provides a better and realistic background from which the functional birection-
ality of glucocorticoids might be evidenced. Moreover, for the reason mentioned in Section 3, as the 
functional connectivity between the amygdala and the hippocampus is undisrupted, this may likely 
ensure the presence of emotionally-weighted memory representation alongside that for non-
emotional information, as particularly achievable through animal behavioural paradigms, e.g. fear 
conditioning (Phillips and LeDoux, 1992). This approach would offer a closer match with the specific 
perspective on emotional memory as indicated by our human study; and it also provides an inter-
mediate link between the tissue and the human level studies. Such an in vivo approach can well be 
applied for LTP studies, coupled with corticosterone administration or hormone induction by stress 
paradigms; LTP can be monitored “online” (when the animal is alive) or compared with “offline” 
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results (on tissue preparations after an “online” stress or hormone condition). Similar approaches 
were recently employed in demonstrating distinct stress (hormones)-related effects on LTP in CA1, 
DG and the amygdala (Kavushansky et al., 2006; Vouimba et al., 2007). Any possible further steps 
would involve implementing prolonged in vivo recordings with implanted electrodes. 
 
The ultimate goal is to derive therapeutic implications from current and future understandings of the 
time-dependent actions of stress hormones. Such insights can be established upon conducting 
studies in a clinical setting, e.g. for prevention or treatment of PTSD. It was shown in our human 
study that glucocorticoids can shift the balance between the negative memories and neutral ones 
without affecting the overall amount encoded; this is particularly relevant to PTSD patients, who 
may exhibit a significant memory bias for negative or traumatic information (Zeitlin and McNally, 
1991; Moradi et al., 2000). Recently, there is an increasing trend in applying glucocorticoids in 
treatement of PTSD (Schelling et al., 2004; Schelling et al., 2006; de Quervain, 2008; de Quervain 
and Margraf, 2008). Often, these applications involve a prolonged drug administration or prior expo-
sure (e.g. in phobia). Although the therapeutic mechanism is being contemplated from different 
angles, a focus on the time-dependent, gene-mediated action has not been tapped. Clinical studies 
aiming at exploiting this effect could provide a background from which diverse theories can be re-
considered for new understandings and innovative and comprehensive therapeutic approaches may 
be developed.  



 

 
103 

References 
 
Abe K, Niikura Y, Misawa M (2003) The induction of long-term potentiation at amygdalo-hippocampal synapses 

in vivo. Biol Pharm Bull 26:1560-1562. 
Abel T, Lattal KM (2001) Molecular mechanisms of memory acquisition, consolidation and retrieval. Curr Opin 

Neurobiol 11:180-187. 
Abercrombie HC, Speck NS, Monticelli RM (2006) Endogenous cortisol elevations are related to memory facili-

tation only in individuals who are emotionally aroused. Psychoneuroendocrinology 31:187-196. 
Abercrombie HC, Kalin NH, Thurow ME, Rosenkranz MA, Davidson RJ (2003) Cortisol variation in humans 

affects memory for emotionally laden and neutral information. Behav Neurosci 117:505-516. 
Abraham WC, Bear MF (1996) Metaplasticity: the plasticity of synaptic plasticity. Trends Neurosci 19:126-130. 
Abraham WC, Tate WP (1997) Metaplasticity: a new vista across the field of synaptic plasticity. Prog Neurobiol 

52:303-323. 
Aerni A, Traber R, Hock C, Roozendaal B, Schelling G, Papassotiropoulos A, Nitsch RM, Schnyder U, de 

Quervain DJ (2004) Low-dose cortisol for symptoms of posttraumatic stress disorder. Am J Psychia-
try 161:1488-1490. 

Akirav I, Richter-Levin G (2002) Mechanisms of amygdala modulation of hippocampal plasticity. J Neurosci 
22:9912-9921. 

Alfarez DN, Joels M, Krugers HJ (2003) Chronic unpredictable stress impairs long-term potentiation in rat 
hippocampal CA1 area and dentate gyrus in vitro. Eur J Neurosci 17:1928-1934. 

Alfarez DN, Wiegert O, Joels M, Krugers HJ (2002) Corticosterone and stress reduce synaptic potentiation in 
mouse hippocampal slices with mild stimulation. Neuroscience 115:1119-1126. 

Alvarez RP, Biggs A, Chen G, Pine DS, Grillon C (2008) Contextual fear conditioning in humans: cortical-
hippocampal and amygdala contributions. J Neurosci 28:6211-6219. 

Andersen P (2003) A prelude to long-term potentiation. Philos Trans R Soc Lond B Biol Sci 358:613-615. 
Attwell D, Iadecola C (2002) The neural basis of functional brain imaging signals. Trends Neurosci 25:621-625. 
Barik J, Wonnacott S (2006) Indirect modulation by alpha7 nicotinic acetylcholine receptors of noradrenaline 

release in rat hippocampal slices: interaction with glutamate and GABA systems and effect of nico-
tine withdrawal. Mol Pharmacol 69:618-628. 

Beck AT, Steer, R., Brown, G.K. (2002) Beck Depression Inventory-II-NL. Handleiding. De Nederlandse versie 
van de Beck Depression Inventory, 2nd edition Edition. Lisse: Swets Test Publishers. 

Biel M, Wascholowski V, Giannis A (2005) Epigenetics--an epicenter of gene regulation: histones and histone-
modifying enzymes. Angew Chem Int Ed Engl 44:3186-3216. 

Blair HT, Tinkelman A, Moita MA, LeDoux JE (2003) Associative plasticity in neurons of the lateral amygdala 
during auditory fear conditioning. Ann N Y Acad Sci 985:485-487. 

Blair HT, Schafe GE, Bauer EP, Rodrigues SM, LeDoux JE (2001) Synaptic plasticity in the lateral amygdala: a 
cellular hypothesis of fear conditioning. Learn Mem 8:229-242. 

Blank T, Nijholt I, Eckart K, Spiess J (2002) Priming of long-term potentiation in mouse hippocampus by corti-
cotropin-releasing factor and acute stress: implications for hippocampus-dependent learning. J 
Neurosci 22:3788-3794. 

Bliss TV, Lomo T (1973) Long-lasting potentiation of synaptic transmission in the dentate area of the anaesthe-
tized rabbit following stimulation of the perforant path. J Physiol 232:331-356. 

Bliss TV, Gardner-Medwin AR (1973) Long-lasting potentiation of synaptic transmission in the dentate area of 
the unanaestetized rabbit following stimulation of the perforant path. J Physiol 232:357-374. 

Boekhoorn K, Terwel D, Biemans B, Borghgraef P, Wiegert O, Ramakers GJ, de Vos K, Krugers H, Tomiyama 
T, Mori H, Joels M, van Leuven F, Lucassen PJ (2006) Improved long-term potentiation and mem-
ory in young tau-P301L transgenic mice before onset of hyperphosphorylation and tauopathy. J 
Neurosci 26:3514-3523. 

Bohus B, de Kloet ER (1981) Adrenal steroids and extinction behavior: antagonism by progesterone, deoxycor-
ticosterone and dexamethasone of a specific effect of corticosterone. Life Sci 28:433-440. 

Bornstein RA, Baker GB, Douglass AB (1991) Depression and memory in major depressive disorder. J Neuro-
psychiatry Clin Neurosci 3:78-80. 

Borrell J, de Kloet ER, Bohus B (1984) Corticosterone decreases the efficacy of adrenaline to affect passive 
avoidance retention of adrenalectomized rats. Life Sci 34:99-104. 



A temporal perspective on stress hormones and memory 
 
 

 
104 

Borski RJ (2000) Nongenomic membrane actions of glucocorticoids in vertebrates. Trends Endocrinol Metab 
11:427-436. 

Bradley MM, Lang PJ (1994) Measuring emotion: the Self-Assessment Manikin and the Semantic Differential. J 
Behav Ther Exp Psychiatry 25:49-59. 

Bronzino JD, Kehoe P, Mallinson K, Fortin DA (2001) Increased extracellular release of hippocampal NE is 
associated with tetanization of the medial perforant pathway in the freely moving adult male rat. 
Hippocampus 11:423-429. 

Buchanan TW, Lovallo WR (2001) Enhanced memory for emotional material following stress-level cortisol 
treatment in humans. Psychoneuroendocrinology 26:307-317. 

Buchel C, Dolan RJ (2000) Classical fear conditioning in functional neuroimaging. Curr Opin Neurobiol 10:219-
223. 

Buchel C, Dolan RJ, Armony JL, Friston KJ (1999) Amygdala-hippocampal involvement in human aversive 
trace conditioning revealed through event-related functional magnetic resonance imaging. J Neuro-
sci 19:10869-10876. 

Buffalari DM, Grace AA (2007) Noradrenergic modulation of basolateral amygdala neuronal activity: opposing 
influences of alpha-2 and beta receptor activation. J Neurosci 27:12358-12366. 

Burt DB, Zembar MJ, Niederehe G (1995) Depression and memory impairment: a meta-analysis of the asso-
ciation, its pattern, and specificity. Psychol Bull 117:285-305. 

Cahill L, McGaugh JL (1995) A novel demonstration of enhanced memory associated with emotional arousal. 
Conscious Cogn 4:410-421. 

Cahill L, McGaugh JL (1996) Modulation of memory storage. Curr Opin Neurobiol 6:237-242. 
Cahill L, McGaugh JL (1998) Mechanisms of emotional arousal and lasting declarative memory. Trends Neu-

rosci 21:294-299. 
Cahill L, Gorski L, Le K (2003) Enhanced human memory consolidation with post-learning stress: interaction 

with the degree of arousal at encoding. Learn Mem 10:270-274. 
Cahill L, Weinberger NM, Roozendaal B, McGaugh JL (1999) Is the amygdala a locus of "conditioned fear"? 

Some questions and caveats. Neuron 23:227-228. 
Cahill L, Uncapher M, Kilpatrick L, Alkire MT, Turner J (2004) Sex-related hemispheric lateralization of amyg-

dala function in emotionally influenced memory: an FMRI investigation. Learn Mem 11:261-266. 
Cahill L, Haier RJ, Fallon J, Alkire MT, Tang C, Keator D, Wu J, McGaugh JL (1996) Amygdala activity at en-

coding correlated with long-term, free recall of emotional information. Proc Natl Acad Sci U S A 
93:8016-8021. 

Canli T, Zhao Z, Brewer J, Gabrieli JD, Cahill L (2000) Event-related activation in the human amygdala associ-
ates with later memory for individual emotional experience. J Neurosci 20:RC99. 

Chandra D, Jia F, Liang J, Peng Z, Suryanarayanan A, Werner DF, Spigelman I, Houser CR, Olsen RW, Harri-
son NL, Homanics GE (2006) GABAA receptor alpha 4 subunits mediate extrasynaptic inhibition in 
thalamus and dentate gyrus and the action of gaboxadol. Proc Natl Acad Sci U S A 103:15230-
15235. 

Chaulk PC, Harley CW (1998) Intracerebroventricular norepinephrine potentiation of the perforant path-evoked 
potential in dentate gyrus of anesthetized and awake rats: A role for both alpha- and beta-
adrenoceptor activation. Brain Res 787:59-70. 

Chen YZ, Qiu J (1999) Pleiotropic signaling pathways in rapid, nongenomic action of glucocorticoid. Mol Cell 
Biol Res Commun 2:145-149. 

Cheng DT, Knight DC, Smith CN, Stein EA, Helmstetter FJ (2003) Functional MRI of human amygdala activity 
during Pavlovian fear conditioning: stimulus processing versus response expression. Behav Neuro-
sci 117:3-10. 

Christianson SA (1992) Emotional stress and eyewitness memory: a critical review. Psychol Bull 112:284-309. 
Chrousos GP (1998) Stressors, stress, and neuroendocrine integration of the adaptive response. The 1997 

Hans Selye Memorial Lecture. Ann N Y Acad Sci 851:311-335. 
Costa PT, Jr., McCrae, R.R. (1992) Revised NEO Personality Inventory (NEO-PI-R) and the Five Factor Inven-

tory (NEO-FFI): Professional Manual. Odessa, FL: Psychological Assessment Resources. 
Costafreda SG, Brammer MJ, David AS, Fu CH (2008) Predictors of amygdala activation during the processing 

of emotional stimuli: a meta-analysis of 385 PET and fMRI studies. Brain Res Rev 58:57-70. 



REFERENCES 
 
 

 
105 

Dahl D, Sarvey JM (1990) Beta-adrenergic agonist-induced long-lasting synaptic modifications in hippocampal 
dentate gyrus require activation of NMDA receptors, but not electrical activation of afferents. Brain 
Res 526:347-350. 

Datson NA, van der Perk J, de Kloet ER, Vreugdenhil E (2001) Identification of corticosteroid-responsive genes 
in rat hippocampus using serial analysis of gene expression. Eur J Neurosci 14:675-689. 

De Boer SF, Van der Gugten J (1987) Daily variations in plasma noradrenaline, adrenaline and corticosterone 
concentrations in rats. Physiol Behav 40:323-328. 

de Curtis M, Pare D (2004) The rhinal cortices: a wall of inhibition between the neocortex and the hippocam-
pus. Prog Neurobiol 74:101-110. 

de Kloet ER, Oitzl MS, Joels M (1999) Stress and cognition: are corticosteroids good or bad guys? Trends 
Neurosci 22:422-426. 

de Kloet ER, Joels M, Holsboer F (2005) Stress and the brain: from adaptation to disease. Nat Rev Neurosci 
6:463-475. 

de Kloet ER, Karst H, Joels M (2008) Corticosteroid hormones in the central stress response: quick-and-slow. 
Front Neuroendocrinol 29:268-272. 

De Kloet ER, Vreugdenhil E, Oitzl MS, Joels M (1998) Brain corticosteroid receptor balance in health and dis-
ease. Endocr Rev 19:269-301. 

de Kloet ER, Meijer OC, Vreugdenhil E, Joels M (2000) The Yin and Yang of nuclear receptors: symposium on 
nuclear receptors in brain, Oegstgeest, The Netherlands, 13-14 April 2000. Trends Endocrinol Me-
tab 11:245-248. 

de Quervain DJ (2008) Glucocorticoid-induced reduction of traumatic memories: implications for the treatment 
of PTSD. Prog Brain Res 167:239-247. 

de Quervain DJ, Margraf J (2008) Glucocorticoids for the treatment of post-traumatic stress disorder and pho-
bias: a novel therapeutic approach. Eur J Pharmacol 583:365-371. 

de Quervain DJ, Roozendaal B, McGaugh JL (1998) Stress and glucocorticoids impair retrieval of long-term 
spatial memory. Nature 394:787-790. 

de Quervain DJ, Roozendaal B, Nitsch RM, McGaugh JL, Hock C (2000) Acute cortisone administration im-
pairs retrieval of long-term declarative memory in humans. Nat Neurosci 3:313-314. 

DeBock F, Kurz J, Azad SC, Parsons CG, Hapfelmeier G, Zieglgansberger W, Rammes G (2003) Alpha2-
adrenoreceptor activation inhibits LTP and LTD in the basolateral amygdala: involvement of Gi/o-
protein-mediated modulation of Ca2+-channels and inwardly rectifying K+-channels in LTD. Eur J 
Neurosci 17:1411-1424. 

Di S, Malcher-Lopes R, Halmos KC, Tasker JG (2003) Nongenomic glucocorticoid inhibition via endocannabi-
noid release in the hypothalamus: a fast feedback mechanism. J Neurosci 23:4850-4857. 

Diamond DM, Park CR, Woodson JC (2004) Stress generates emotional memories and retrograde amnesia by 
inducing an endogenous form of hippocampal LTP. Hippocampus 14:281-291. 

Diamond DM, Park CR, Campbell AM, Woodson JC (2005) Competitive interactions between endogenous LTD 
and LTP in the hippocampus underlie the storage of emotional memories and stress-induced amne-
sia. Hippocampus 15:1006-1025. 

Diamond DM, Campbell AM, Park CR, Halonen J, Zoladz PR (2007) The temporal dynamics model of emo-
tional memory processing: a synthesis on the neurobiological basis of stress-induced amnesia, 
flashbulb and traumatic memories, and the Yerkes-Dodson law. Neural Plast 2007:60803. 

Dolcos F, LaBar KS, Cabeza R (2004) Interaction between the amygdala and the medial temporal lobe mem-
ory system predicts better memory for emotional events. Neuron 42:855-863. 

Droste SK, de Groote L, Lightman SL, Reul JM, Linthorst AC (2008) The ultradian and circadian rhythms of 
free corticosterone in the brain are not affected by gender: an in vivo microdialysis study in Wistar 
rats. J Neuroendocrinol. 

Dudai Y (1996) Consolidation: fragility on the road to the engram. Neuron 17:367-370. 
Dudai Y, Eisenberg M (2004) Rites of passage of the engram: reconsolidation and the lingering consolidation 

hypothesis. Neuron 44:93-100. 
Durant S, Duval D, Homo-Delarche F (1983) Potentiation by steroids of the beta-adrenergic agent-induced 

stimulation of cyclic AMP in isolated mouse thymocytes. Biochim Biophys Acta 762:315-324. 



A temporal perspective on stress hormones and memory 
 
 

 
106 

Duvarci S, Pare D (2007) Glucocorticoids enhance the excitability of principal basolateral amygdala neurons. J 
Neurosci 27:4482-4491. 

Eichenbaum H, Dudchenko P, Wood E, Shapiro M, Tanila H (1999) The hippocampus, memory, and place 
cells: is it spatial memory or a memory space? Neuron 23:209-226. 

Eisenhardt D, Menzel R (2007) Extinction learning, reconsolidation and the internal reinforcement hypothesis. 
Neurobiol Learn Mem 87:167-173. 

Ekstrom AD, Kahana MJ, Caplan JB, Fields TA, Isham EA, Newman EL, Fried I (2003) Cellular networks un-
derlying human spatial navigation. Nature 425:184-188. 

Engeland WC, Arnhold MM (2005) Neural circuitry in the regulation of adrenal corticosterone rhythmicity. En-
docrine 28:325-332. 

Eysenck MW (2004) Psychology: an international perspective; pp 165-166. Taylor & Francis. 
Falkenstein E, Norman AW, Wehling M (2000a) Mannheim classification of nongenomically initiated (rapid) 

steroid action(s). J Clin Endocrinol Metab 85:2072-2075. 
Falkenstein E, Tillmann HC, Christ M, Feuring M, Wehling M (2000b) Multiple actions of steroid hormones--a 

focus on rapid, nongenomic effects. Pharmacol Rev 52:513-556. 
Fanselow MS, LeDoux JE (1999) Why we think plasticity underlying Pavlovian fear conditioning occurs in the 

basolateral amygdala. Neuron 23:229-232. 
Fernandez G, Tendolkar I (2001) Integrated brain activity in medial temporal and prefrontal areas predicts 

subsequent memory performance: human declarative memory formation at the system level. Brain 
Res Bull 55:1-9. 

Ferry B, McGaugh JL (1999) Clenbuterol administration into the basolateral amygdala post-training enhances 
retention in an inhibitory avoidance task. Neurobiol Learn Mem 72:8-12. 

Ferry B, Magistretti PJ, Pralong E (1997) Noradrenaline modulates glutamate-mediated neurotransmission in 
the rat basolateral amygdala in vitro. Eur J Neurosci 9:1356-1364. 

Ferry B, Roozendaal B, McGaugh JL (1999) Basolateral amygdala noradrenergic influences on memory stor-
age are mediated by an interaction between beta- and alpha1-adrenoceptors. J Neurosci 19:5119-
5123. 

Fink G (2000) Encyclopedia of stress: E-M; p xxix. Academic Press. 
Foote SL, Bloom FE, Aston-Jones G (1983) Nucleus locus ceruleus: new evidence of anatomical and physio-

logical specificity. Physiol Rev 63:844-914. 
Freund TF, Buzsaki G (1996) Interneurons of the hippocampus. Hippocampus 6:347-470. 
Frey S, Bergado-Rosado J, Seidenbecher T, Pape HC, Frey JU (2001) Reinforcement of early long-term po-

tentiation (early-LTP) in dentate gyrus by stimulation of the basolateral amygdala: heterosynaptic 
induction mechanisms of late-LTP. J Neurosci 21:3697-3703. 

Garcia R (2001) Stress, hippocampal plasticity, and spatial learning. Synapse 40:180-183. 
Gonzalez HM, Bowen ME, Fisher GG (2008) Memory decline and depressive symptoms in a nationally repre-

sentative sample of older adults: the Health and Retirement Study (1998-2004). Dement Geriatr 
Cogn Disord 25:266-271. 

Goosens KA, Maren S (2002) Long-term potentiation as a substrate for memory: evidence from studies of 
amygdaloid plasticity and Pavlovian fear conditioning. Hippocampus 12:592-599. 

Grundemann D, Schechinger B, Rappold GA, Schomig E (1998) Molecular identification of the corticosterone-
sensitive extraneuronal catecholamine transporter. Nat Neurosci 1:349-351. 

Gwinup G (1967) The hypothalamic-pituitary-adrenocortical system. Clinical evaluation by pharmacologic tech-
niques. Calif Med 106:159-164. 

Hatfield T, McGaugh JL (1999) Norepinephrine infused into the basolateral amygdala posttraining enhances 
retention in a spatial water maze task. Neurobiol Learn Mem 71:232-239. 

Herman JP, Cullinan WE (1997) Neurocircuitry of stress: central control of the hypothalamo-pituitary-
adrenocortical axis. Trends Neurosci 20:78-84. 

Howard RW (1995) Learning and memory: major Ideas, principles, issues and applications; pp 1 -28. Green-
wood Publishing Group. 

Huang CC, Hsu KS, Gean PW (1996) Isoproterenol potentiates synaptic transmission primarily by enhancing 
presynaptic calcium influx via P- and/or Q-type calcium channels in the rat amygdala. J Neurosci 
16:1026-1033. 



REFERENCES 
 
 

 
107 

Huang CC, Lin CH, Gean PW (1998a) Potentiation of N-methyl-D-aspartate currents by isoproterenol in the 
acutely dissociated rat amygdalar neurons. Neurosci Lett 253:9-12. 

Huang CC, Wang SJ, Gean PW (1998b) Selective enhancement of P-type calcium currents by isoproterenol in 
the rat amygdala. J Neurosci 18:2276-2282. 

Huang YY, Kandel ER (2007) 5-Hydroxytryptamine induces a protein kinase A/mitogen-activated protein 
kinase-mediated and macromolecular synthesis-dependent late phase of long-term potentiation in 
the amygdala. J Neurosci 27:3111-3119. 

Huang YY, Martin KC, Kandel ER (2000) Both protein kinase A and mitogen-activated protein kinase are re-
quired in the amygdala for the macromolecular synthesis-dependent late phase of long-term 
potentiation. J Neurosci 20:6317-6325. 

Iwata J, LeDoux JE, Meeley MP, Arneric S, Reis DJ (1986) Intrinsic neurons in the amygdaloid field projected 
to by the medial geniculate body mediate emotional responses conditioned to acoustic stimuli. Brain 
Res 383:195-214. 

Jezzard P, Matthews PM, Smith SM (2001) Functional MRI: an introduction of methods; chapter 3, 8. Oxford 
University Press. 

Joels M (2001) Corticosteroid actions in the hippocampus. J Neuroendocrinol 13:657-669. 
Joels M (2006) Corticosteroid effects in the brain: U-shape it. Trends Pharmacol Sci 27:244-250. 
Joels M, de Kloet ER (1989) Effects of glucocorticoids and norepinephrine on the excitability in the hippocam-

pus. Science 245:1502-1505. 
Joels M, Pu Z, Wiegert O, Oitzl MS, Krugers HJ (2006) Learning under stress: how does it work? Trends Cogn 

Sci 10:152-158. 
Joels M, Karst H, Alfarez D, Heine VM, Qin Y, van Riel E, Verkuyl M, Lucassen PJ, Krugers HJ (2004) Effects 

of chronic stress on structure and cell function in rat hippocampus and hypothalamus. Stress 7:221-
231. 

Johnston D, Wu SMS (1995) Foundation of cellular neurophysiology; chapter 14. The MIT Press. 
Kandel ER, Schwartz JH, Jessell TM (2000a) Principles of neural science; pp 1228-1229. McGraw-Hill Profes-

sional. 
Kandel ER, Schwartz JH, Jessell TM (2000b) Principles of neural science; p 891. McGraw-Hill Professional. 
Kandel ER, Schwartz JH, Jessell TM (2000c) Principles of neural science; pp 1259-1264. McGraw-Hill Profes-

sional. 
Kandel ER, Schwartz JH, Jessell TM (2000d) Principles of neural science; p 1232. McGraw-Hill Professional. 
Karst H, Joels M (2003) Effect of chronic stress on synaptic currents in rat hippocampal dentate gyrus neurons. 

J Neurophysiol 89:625-633. 
Karst H, Joels M (2005) Corticosterone slowly enhances miniature excitatory postsynaptic current amplitude in 

mice CA1 hippocampal cells. J Neurophysiol 94:3479-3486. 
Karst H, Karten YJ, Reichardt HM, de Kloet ER, Schutz G, Joels M (2000) Corticosteroid actions in hippocam-

pus require DNA binding of glucocorticoid receptor homodimers. Nat Neurosci 3:977-978. 
Karst H, Berger S, Turiault M, Tronche F, Schutz G, Joels M (2005) Mineralocorticoid receptors are indispen-

sable for nongenomic modulation of hippocampal glutamate transmission by corticosterone. Proc 
Natl Acad Sci U S A 102:19204-19207. 

Katsuki H, Izumi Y, Zorumski CF (1997) Noradrenergic regulation of synaptic plasticity in the hippocampal CA1 
region. J Neurophysiol 77:3013-3020. 

Kavushansky A, Richter-Levin G (2006) Effects of stress and corticosterone on activity and plasticity in the 
amygdala. J Neurosci Res 84:1580-1587. 

Kavushansky A, Vouimba RM, Cohen H, Richter-Levin G (2006) Activity and plasticity in the CA1, the dentate 
gyrus, and the amygdala following controllable vs. uncontrollable water stress. Hippocampus 16:35-
42. 

Kellendonk C, Gass P, Kretz O, Schutz G, Tronche F (2002) Corticosteroid receptors in the brain: gene target-
ing studies. Brain Res Bull 57:73-83. 

Kensinger EA (2004) Remembering emotional experiences: the contribution of valence and arousal. Rev Neu-
rosci 15:241-251. 

Kensinger EA, Corkin S (2003) Memory enhancement for emotional words: are emotional words more vividly 
remembered than neutral words? Mem Cognit 31:1169-1180. 



A temporal perspective on stress hormones and memory 
 
 

 
108 

Kensinger EA, Schacter DL (2006) Amygdala activity is associated with the successful encoding of item, but 
not source, information for positive and negative stimuli. J Neurosci 26:2564-2570. 

Kent C, Lamberts K (2008) The encoding-retrieval relationship: retrieval as mental simulation. Trends Cogn Sci 
12:92-98. 

Kerr DS, Campbell LW, Thibault O, Landfield PW (1992) Hippocampal glucocorticoid receptor activation en-
hances voltage-dependent Ca2+ conductances: relevance to brain aging. Proc Natl Acad Sci U S A 
89:8527-8531. 

Kim JJ, Yoon KS (1998) Stress: metaplastic effects in the hippocampus. Trends Neurosci 21:505-509. 
Kim JJ, Diamond DM (2002) The stressed hippocampus, synaptic plasticity and lost memories. Nat Rev Neu-

rosci 3:453-462. 
Kirschbaum C, Wolf OT, May M, Wippich W, Hellhammer DH (1996) Stress- and treatment-induced elevations 

of cortisol levels associated with impaired declarative memory in healthy adults. Life Sci 58:1475-
1483. 

Kluver H, Bucy PC (1997) Preliminary analysis of functions of the temporal lobes in monkeys. 1939. J Neuro-
psychiatry Clin Neurosci 9:606-620. 

Kopin IJ (1995) Definitions of stress and sympathetic neuronal responses. Ann N Y Acad Sci 771:19-30. 
Korz V, Frey JU (2003) Stress-related modulation of hippocampal long-term potentiation in rats: Involvement of 

adrenal steroid receptors. J Neurosci 23:7281-7287. 
Krugers HJ, Alfarez DN, Karst H, Parashkouhi K, van Gemert N, Joels M (2005) Corticosterone shifts different 

forms of synaptic potentiation in opposite directions. Hippocampus 15:697-703. 
Kuhlmann S, Wolf OT (2006) Arousal and cortisol interact in modulating memory consolidation in healthy 

young men. Behav Neurosci 120:217-223. 
Kuhlmann S, Piel M, Wolf OT (2005) Impaired memory retrieval after psychosocial stress in healthy young 

men. J Neurosci 25:2977-2982. 
Lalumiere RT, McGaugh JL (2005) Memory enhancement induced by post-training intrabasolateral amygdala 

infusions of beta-adrenergic or muscarinic agonists requires activation of dopamine receptors: In-
volvement of right, but not left, basolateral amygdala. Learn Mem 12:527-532. 

LaLumiere RT, Buen TV, McGaugh JL (2003) Post-training intra-basolateral amygdala infusions of norepineph-
rine enhance consolidation of memory for contextual fear conditioning. J Neurosci 23:6754-6758. 

LaLumiere RT, Pizano E, McGaugh JL (2004) Intra-basolateral amygdala infusions of AP-5 impair or enhance 
retention of inhibitory avoidance depending on training conditions. Neurobiol Learn Mem 81:60-66. 

Lang PJ, Bradley, M.M., Cuthbert, B.N. (1999) International Affective Picture System (IAPS): Technical manual 
and affective ratings. In. Gainesville, FL, USA: University of Florida. 

LeDoux JE (1993) Emotional memory: in search of systems and synapses. Ann N Y Acad Sci 702:149-157. 
LeDoux JE (1994) Emotion, memory and the brain. Sci Am 270:50-57. 
LeDoux JE (2000) Emotion circuits in the brain. Annu Rev Neurosci 23:155-184. 
LeDoux JE, Sakaguchi A, Reis DJ (1984) Subcortical efferent projections of the medial geniculate nucleus 

mediate emotional responses conditioned to acoustic stimuli. J Neurosci 4:683-698. 
LeDoux JE, Cicchetti P, Xagoraris A, Romanski LM (1990) The lateral amygdaloid nucleus: sensory interface 

of the amygdala in fear conditioning. J Neurosci 10:1062-1069. 
Levin S (2005) Stress: an historical perspective. Handbook of Stress and the Brain, Elsevier 3-23. 
Liebmann L, Karst H, Sidiropoulou K, van Gemert N, Meijer OC, Poirazi P, Joels M (2008) Differential effects of 

corticosterone on the slow afterhyperpolarization in the basolateral amygdala and CA1 region: pos-
sible role of calcium channel subunits. J Neurophysiol 99:958-968. 

Lightman SL, Wiles CC, Atkinson HC, Henley DE, Russell GM, Leendertz JA, McKenna MA, Spiga F, Wood 
SA, Conway-Campbell BL (2008) The significance of glucocorticoid pulsatility. Eur J Pharmacol 
583:255-262. 

Liu X, Chen YZ (1995) Membrane-mediated inhibition of corticosterone on the release of arginine vasopressin 
from rat hypothalamic slices. Brain Res 704:19-22. 

Liu YB, Lio PA, Pasternak JF, Trommer BL (1996) Developmental changes in membrane properties and post-
synaptic currents of granule cells in rat dentate gyrus. J Neurophysiol 76:1074-1088. 

Lupien SJ, Lepage M (2001) Stress, memory, and the hippocampus: can't live with it, can't live without it. Be-
hav Brain Res 127:137-158. 



REFERENCES 
 
 

 
109 

Lupien SJ, Wilkinson CW, Briere S, Menard C, Ng Ying Kin NM, Nair NP (2002) The modulatory effects of 
corticosteroids on cognition: studies in young human populations. Psychoneuroendocrinology 
27:401-416. 

Lupien SJ, Fiocco A, Wan N, Maheu F, Lord C, Schramek T, Tu MT (2005) Stress hormones and human 
memory function across the lifespan. Psychoneuroendocrinology 30:225-242. 

Lynch MA (2004) Long-term potentiation and memory. Physiol Rev 84:87-136. 
Maclean PD (1952) Some psychiatric implications of physiological studies on frontotemporal portion of limbic 

system (visceral brain). Electroencephalogr Clin Neurophysiol 4:407-418. 
Maguire EA, Frackowiak RS, Frith CD (1997) Recalling routes around london: activation of the right hippocam-

pus in taxi drivers. J Neurosci 17:7103-7110. 
Maguire EA, Gadian DG, Johnsrude IS, Good CD, Ashburner J, Frackowiak RS, Frith CD (2000) Navigation-

related structural change in the hippocampi of taxi drivers. Proc Natl Acad Sci U S A 97:4398-4403. 
Maheu FS, Collicutt P, Kornik R, Moszkowski R, Lupien SJ (2005) The perfect time to be stressed: a differen-

tial modulation of human memory by stress applied in the morning or in the afternoon. Prog 
Neuropsychopharmacol Biol Psychiatry 29:1281-1288. 

Makara GB, Haller J (2001) Non-genomic effects of glucocorticoids in the neural system. Evidence, mecha-
nisms and implications. Prog Neurobiol 65:367-390. 

Malbon CC, Rapiejko PJ, Watkins DC (1988) Permissive hormone regulation of hormone-sensitive effector 
systems. Trends Pharmacol Sci 9:33-36. 

Malenka RC, Nicoll RA (1999) Long-term potentiation--a decade of progress? Science 285:1870-1874. 
Maren S (1999) Long-term potentiation in the amygdala: a mechanism for emotional learning and memory. 

Trends Neurosci 22:561-567. 
Marschner A, Kalisch R, Vervliet B, Vansteenwegen D, Buchel C (2008) Dissociable roles for the hippocampus 

and the amygdala in human cued versus context fear conditioning. J Neurosci 28:9030-9036. 
Martin SJ, Morris RG (2002) New life in an old idea: the synaptic plasticity and memory hypothesis revisited. 

Hippocampus 12:609-636. 
Matsuoka Y, Nagamine M, Mori E, Imoto S, Kim Y, Uchitomi Y (2007) Left hippocampal volume inversely cor-

relates with enhanced emotional memory in healthy middle-aged women. J Neuropsychiatry Clin 
Neurosci 19:335-338. 

McEwen BS (1991) Non-genomic and genomic effects of steroids on neural activity. Trends Pharmacol Sci 
12:141-147. 

McEwen BS (2004) Protection and damage from acute and chronic stress: allostasis and allostatic overload 
and relevance to the pathophysiology of psychiatric disorders. Ann N Y Acad Sci 1032:1-7. 

McEwen BS, Sapolsky RM (1995) Stress and cognitive function. Curr Opin Neurobiol 5:205-216. 
McGaugh JL (1966) Time-dependent processes in memory storage. Science 153:1351-1358. 
McGaugh JL (2004) The amygdala modulates the consolidation of memories of emotionally arousing experi-

ences. Annu Rev Neurosci 27:1-28. 
McGaugh JL (2006) Make mild moments memorable: add a little arousal. Trends Cogn Sci 10:345-347. 
McGaugh JL, Roozendaal B (2002) Role of adrenal stress hormones in forming lasting memories in the brain. 

Curr Opin Neurobiol 12:205-210. 
McGaugh JL, Cahill L, Roozendaal B (1996) Involvement of the amygdala in memory storage: interaction with 

other brain systems. Proc Natl Acad Sci U S A 93:13508-13514. 
McGaugh JL, McIntyre CK, Power AE (2002) Amygdala modulation of memory consolidation: interaction with 

other brain systems. Neurobiol Learn Mem 78:539-552. 
McNish KA, Gewirtz JC, Davis M (1997) Evidence of contextual fear after lesions of the hippocampus: a dis-

ruption of freezing but not fear-potentiated startle. J Neurosci 17:9353-9360. 
Moradi AR, Taghavi R, Neshat-Doost HT, Yule W, Dalgleish T (2000) Memory bias for emotional information in 

children and adolescents with posttraumatic stress disorder: a preliminary study. J Anxiety Disord 
14:521-534. 

Morimoto M, Morita N, Ozawa H, Yokoyama K, Kawata M (1996) Distribution of glucocorticoid receptor immu-
noreactivity and mRNA in the rat brain: an immunohistochemical and in situ hybridization study. 
Neurosci Res 26:235-269. 

Morris RG (2003) Long-term potentiation and memory. Philos Trans R Soc Lond B Biol Sci 358:643-647. 



A temporal perspective on stress hormones and memory 
 
 

 
110 

Morris RG, Garrud P, Rawlins JN, O'Keefe J (1982) Place navigation impaired in rats with hippocampal le-
sions. Nature 297:681-683. 

Morsink MC, Steenbergen PJ, Vos JB, Karst H, Joels M, De Kloet ER, Datson NA (2006) Acute activation of 
hippocampal glucocorticoid receptors results in different waves of gene expression throughout time. 
J Neuroendocrinol 18:239-252. 

Nader K (2003) Memory traces unbound. Trends Neurosci 26:65-72. 
Nader K, Schafe GE, LeDoux JE (2000) The labile nature of consolidation theory. Nat Rev Neurosci 1:216-219. 
Nader K, Majidishad P, Amorapanth P, LeDoux JE (2001) Damage to the lateral and central, but not other, 

amygdaloid nuclei prevents the acquisition of auditory fear conditioning. Learn Mem 8:156-163. 
Nakao K, Matsuyama K, Matsuki N, Ikegaya Y (2004) Amygdala stimulation modulates hippocampal synaptic 

plasticity. Proc Natl Acad Sci U S A 101:14270-14275. 
Newcomer JW, Selke G, Melson AK, Hershey T, Craft S, Richards K, Alderson AL (1999) Decreased memory 

performance in healthy humans induced by stress-level cortisol treatment. Arch Gen Psychiatry 
56:527-533. 

Newport DJ, Nemeroff CB (2000) Neurobiology of posttraumatic stress disorder. Curr Opin Neurobiol 10:211-
218. 

Nusser Z, Mody I (2002) Selective modulation of tonic and phasic inhibitions in dentate gyrus granule cells. J 
Neurophysiol 87:2624-2628. 

O'Keefe J, Dostrovsky J (1971) The hippocampus as a spatial map. Preliminary evidence from unit activity in 
the freely-moving rat. Brain Res 34:171-175. 

O'Keefe J, Nadel L (1978) The hippocampus as a cognitive Map. Oxford University Press. 
Oitzl MS, de Kloet ER (1992) Selective corticosteroid antagonists modulate specific aspects of spatial orienta-

tion learning. Behav Neurosci 106:62-71. 
Oitzl MS, Reichardt HM, Joels M, de Kloet ER (2001) Point mutation in the mouse glucocorticoid receptor 

preventing DNA binding impairs spatial memory. Proc Natl Acad Sci U S A 98:12790-12795. 
Okuda S, Roozendaal B, McGaugh JL (2004) Glucocorticoid effects on object recognition memory require 

training-associated emotional arousal. Proc Natl Acad Sci U S A 101:853-858. 
Olff M, Langeland W, Gersons BP (2005) The psychobiology of PTSD: coping with trauma. Psychoneuroendo-

crinology 30:974-982. 
Olsson A, Phelps EA (2007) Social learning of fear. Nat Neurosci 10:1095-1102. 
Pacak K, Palkovits M, Kopin IJ, Goldstein DS (1995) Stress-induced norepinephrine release in the hypotha-

lamic paraventricular nucleus and pituitary-adrenocortical and sympathoadrenal activity: in vivo 
microdialysis studies. Front Neuroendocrinol 16:89-150. 

Paller KA, Wagner AD (2002) Observing the transformation of experience into memory. Trends Cogn Sci 6:93-
102. 

Paller KA, Kutas M, Mayes AR (1987) Neural correlates of encoding in an incidental learning paradigm. Elec-
troencephalogr Clin Neurophysiol 67:360-371. 

Papez JW (1995) A proposed mechanism of emotion. 1937. J Neuropsychiatry Clin Neurosci 7:103-112. 
Pare D (2003) Role of the basolateral amygdala in memory consolidation. Prog Neurobiol 70:409-420. 
Parry A, Matthews PM (2002) Functional magnetic resonance imaging: a window into the brain. Interdiscipl Sci 

Rev 27:50-60. 
Payne JD, Jackson ED, Hoscheidt S, Ryan L, Jacobs WJ, Nadel L (2007) Stress administered prior to encod-

ing impairs neutral but enhances emotional long-term episodic memories. Learn Mem 14:861-868. 
Peeters FPML, Ponds, R.W.H.M., Vermeeren, M.T.G. (1996) Affectiviteit en zelfbeoordeling van depressie en 

angst. Tijdschrijft voor Psychiatrie 38:10. 
Peng Z, Hauer B, Mihalek RM, Homanics GE, Sieghart W, Olsen RW, Houser CR (2002) GABA(A) receptor 

changes in delta subunit-deficient mice: altered expression of alpha4 and gamma2 subunits in the 
forebrain. J Comp Neurol 446:179-197. 

Phelps EA (2004) Human emotion and memory: interactions of the amygdala and hippocampal complex. Curr 
Opin Neurobiol 14:198-202. 

Phillips RG, LeDoux JE (1992) Differential contribution of amygdala and hippocampus to cued and contextual 
fear conditioning. Behav Neurosci 106:274-285. 



REFERENCES 
 
 

 
111 

Phillips RG, LeDoux JE (1994) Lesions of the dorsal hippocampal formation interfere with background but not 
foreground contextual fear conditioning. Learn Mem 1:34-44. 

Pikkarainen M, Ronkko S, Savander V, Insausti R, Pitkanen A (1999) Projections from the lateral, basal, and 
accessory basal nuclei of the amygdala to the hippocampal formation in rat. J Comp Neurol 
403:229-260. 

Pirker S, Schwarzer C, Wieselthaler A, Sieghart W, Sperk G (2000) GABA(A) receptors: immunocytochemical 
distribution of 13 subunits in the adult rat brain. Neuroscience 101:815-850. 

Pitkanen A, Pikkarainen M, Nurminen N, Ylinen A (2000) Reciprocal connections between the amygdala and 
the hippocampal formation, perirhinal cortex, and postrhinal cortex in rat. A review. Ann N Y Acad 
Sci 911:369-391. 

Pitkanen A, Stefanacci L, Farb CR, Go GG, LeDoux JE, Amaral DG (1995) Intrinsic connections of the rat 
amygdaloid complex: projections originating in the lateral nucleus. J Comp Neurol 356:288-310. 

Pittenger C, Duman RS (2008) Stress, depression, and neuroplasticity: a convergence of mechanisms. Neuro-
psychopharmacology 33:88-109. 

Price DM, Chik CL, Ho AK (2004) Norepinephrine induction of mitogen-activated protein kinase phosphatase-1 
expression in rat pinealocytes: distinct roles of alpha- and beta-adrenergic receptors. Endocrinology 
145:5723-5733. 

Pu Z, Krugers HJ, Joels M (2007) Corticosterone time-dependently modulates beta-adrenergic effects on long-
term potentiation in the hippocampal dentate gyrus. Learn Mem 14:359-367. 

Pu Z, Krugers HJ, Joels M (2009) beta-adrenergic facilitation of synaptic plasticity in the rat basolateral amyg-
dala in vitro is gradually reversed by corticosterone. Learn Mem 16:155-160. 

Purves D, Augustine GJ, Fitzpatrick D, Katz LC, LaMantia AS, McNamara JO, Williams SM (2001) Neurosci-
ence; pp 543-550. Sinauer Associates. 

Quirarte GL, Roozendaal B, McGaugh JL (1997) Glucocorticoid enhancement of memory storage involves 
noradrenergic activation in the basolateral amygdala. Proc Natl Acad Sci U S A 94:14048-14053. 

Quirk GJ, Mueller D (2008) Neural mechanisms of extinction learning and retrieval. Neuropsychopharmacology 
33:56-72. 

Rammes G, Steckler T, Kresse A, Schutz G, Zieglgansberger W, Lutz B (2000) Synaptic plasticity in the baso-
lateral amygdala in transgenic mice expressing dominant-negative cAMP response element-binding 
protein (CREB) in forebrain. Eur J Neurosci 12:2534-2546. 

Reichardt HM, Schutz G (1998) Glucocorticoid signalling--multiple variations of a common theme. Mol Cell 
Endocrinol 146:1-6. 

Reul JM, de Kloet ER (1985) Two receptor systems for corticosterone in rat brain: microdistribution and differ-
ential occupation. Endocrinology 117:2505-2511. 

Richardson MP, Strange BA, Dolan RJ (2004) Encoding of emotional memories depends on amygdala and 
hippocampus and their interactions. Nat Neurosci 7:278-285. 

Richter-Levin G (2004) The amygdala, the hippocampus, and emotional modulation of memory. Neuroscientist 
10:31-39. 

Richter-Levin G, Akirav I (2003) Emotional tagging of memory formation--in the search for neural mechanisms. 
Brain Res Brain Res Rev 43:247-256. 

Rimmele U, Domes G, Mathiak K, Hautzinger M (2003) Cortisol has different effects on human memory for 
emotional and neutral stimuli. Neuroreport 14:2485-2488. 

Rodrigues SM, Schafe GE, LeDoux JE (2004) Molecular mechanisms underlying emotional learning and 
memory in the lateral amygdala. Neuron 44:75-91. 

Rodriguez Manzanares PA, Isoardi NA, Carrer HF, Molina VA (2005) Previous stress facilitates fear memory, 
attenuates GABAergic inhibition, and increases synaptic plasticity in the rat basolateral amygdala. J 
Neurosci 25:8725-8734. 

Rogan MT, LeDoux JE (1995) LTP is accompanied by commensurate enhancement of auditory-evoked re-
sponses in a fear conditioning circuit. Neuron 15:127-136. 

Rogan MT, Staubli UV, LeDoux JE (1997) Fear conditioning induces associative long-term potentiation in the 
amygdala. Nature 390:604-607. 

Romanski LM, Clugnet MC, Bordi F, LeDoux JE (1993) Somatosensory and auditory convergence in the lateral 
nucleus of the amygdala. Behav Neurosci 107:444-450. 



A temporal perspective on stress hormones and memory 
 
 

 
112 

Roosevelt RW, Smith DC, Clough RW, Jensen RA, Browning RA (2006) Increased extracellular concentrations 
of norepinephrine in cortex and hippocampus following vagus nerve stimulation in the rat. Brain Res 
1119:124-132. 

Roozendaal B (2000) 1999 Curt P. Richter award. Glucocorticoids and the regulation of memory consolidation. 
Psychoneuroendocrinology 25:213-238. 

Roozendaal B (2002) Stress and memory: opposing effects of glucocorticoids on memory consolidation and 
memory retrieval. Neurobiol Learn Mem 78:578-595. 

Roozendaal B (2003) Systems mediating acute glucocorticoid effects on memory consolidation and retrieval. 
Prog Neuropsychopharmacol Biol Psychiatry 27:1213-1223. 

Roozendaal B, McGaugh JL (1996) Amygdaloid nuclei lesions differentially affect glucocorticoid-induced mem-
ory enhancement in an inhibitory avoidance task. Neurobiol Learn Mem 65:1-8. 

Roozendaal B, McGaugh JL (1997a) Glucocorticoid receptor agonist and antagonist administration into the 
basolateral but not central amygdala modulates memory storage. Neurobiol Learn Mem 67:176-
179. 

Roozendaal B, McGaugh JL (1997b) Basolateral amygdala lesions block the memory-enhancing effect of 
glucocorticoid administration in the dorsal hippocampus of rats. Eur J Neurosci 9:76-83. 

Roozendaal B, Quirarte GL, McGaugh JL (1997) Stress-activated hormonal systems and the regulation of 
memory storage. Ann N Y Acad Sci 821:247-258. 

Roozendaal B, Quirarte GL, McGaugh JL (2002) Glucocorticoids interact with the basolateral amygdala beta-
adrenoceptor--cAMP/cAMP/PKA system in influencing memory consolidation. Eur J Neurosci 
15:553-560. 

Roozendaal B, Barsegyan A, Lee S (2008) Adrenal stress hormones, amygdala activation, and memory for 
emotionally arousing experiences. Prog Brain Res 167:79-97. 

Roozendaal B, Nguyen BT, Power AE, McGaugh JL (1999) Basolateral amygdala noradrenergic influence 
enables enhancement of memory consolidation induced by hippocampal glucocorticoid receptor ac-
tivation. Proc Natl Acad Sci U S A 96:11642-11647. 

Roozendaal B, Okuda S, de Quervain DJ, McGaugh JL (2006a) Glucocorticoids interact with emotion-induced 
noradrenergic activation in influencing different memory functions. Neuroscience 138:901-910. 

Roozendaal B, Okuda S, Van der Zee EA, McGaugh JL (2006b) Glucocorticoid enhancement of memory re-
quires arousal-induced noradrenergic activation in the basolateral amygdala. Proc Natl Acad Sci U 
S A 103:6741-6746. 

Rugg MD, Johnson JD, Park H, Uncapher MR (2008) Encoding-retrieval overlap in human episodic memory: a 
functional neuroimaging perspective. Prog Brain Res 169:339-352. 

Saal D, Dong Y, Bonci A, Malenka RC (2003) Drugs of abuse and stress trigger a common synaptic adaptation 
in dopamine neurons. Neuron 37:577-582. 

Sah P, Faber ES, Lopez De Armentia M, Power J (2003) The amygdaloid complex: anatomy and physiology. 
Physiol Rev 83:803-834. 

Sandi C, Rose SP (1994) Corticosterone enhances long-term retention in one-day-old chicks trained in a weak 
passive avoidance learning paradigm. Brain Res 647:106-112. 

Sandi C, Loscertales M, Guaza C (1997) Experience-dependent facilitating effect of corticosterone on spatial 
memory formation in the water maze. Eur J Neurosci 9:637-642. 

Sapolsky RM (1999) Glucocorticoids, stress, and their adverse neurological effects: relevance to aging. Exp 
Gerontol 34:721-732. 

Sapolsky RM (2000) Stress hormones: good and bad. Neurobiol Dis 7:540-542. 
Sarvey JM, Burgard EC, Decker G (1989) Long-term potentiation: studies in the hippocampal slice. J Neurosci 

Methods 28:109-124. 
Schelling G, Roozendaal B, De Quervain DJ (2004) Can posttraumatic stress disorder be prevented with glu-

cocorticoids? Ann N Y Acad Sci 1032:158-166. 
Schelling G, Roozendaal B, Krauseneck T, Schmoelz M, D DEQ, Briegel J (2006) Efficacy of hydrocortisone in 

preventing posttraumatic stress disorder following critical illness and major surgery. Ann N Y Acad 
Sci 1071:46-53. 

Schimanski LA, Nguyen PV (2005) Mouse models of impaired fear memory exhibit deficits in amygdalar LTP. 
Hippocampus 15:502-517. 



REFERENCES 
 
 

 
113 

Schwabe L, Bohringer A, Chatterjee M, Schachinger H (2008) Effects of pre-learning stress on memory for 
neutral, positive and negative words: Different roles of cortisol and autonomic arousal. Neurobiol 
Learn Mem 90:44-53. 

Scoville WB, Milner B (1957) Loss of recent memory after bilateral hippocampal lesions. J Neurol Neurosurg 
Psychiatry 20:11-21. 

Selye H (1998) A syndrome produced by diverse nocuous agents. 1936. J Neuropsychiatry Clin Neurosci 
10:230-231. 

Shors TJ (2006) Stressful experience and learning across the lifespan. Annu Rev Psychol 57:55-85. 
Shors TJ, Miesegaes G (2002) Testosterone in utero and at birth dictates how stressful experience will affect 

learning in adulthood. Proc Natl Acad Sci U S A 99:13955-13960. 
Sigurdsson T, Doyere V, Cain CK, LeDoux JE (2007) Long-term potentiation in the amygdala: a cellular 

mechanism of fear learning and memory. Neuropharmacology 52:215-227. 
Smeets T, Jelicic M, Merckelbach H (2006) The effect of acute stress on memory depends on word valence. 

Int J Psychophysiol 62:30-37. 
Smith SM, Vale WW (2006) The role of the hypothalamic-pituitary-adrenal axis in neuroendocrine responses to 

stress. Dialogues Clin Neurosci 8:383-395. 
Stanton PK, Sarvey JM (1985) Depletion of norepinephrine, but not serotonin, reduces long-term potentiation 

in the dentate gyrus of rat hippocampal slices. J Neurosci 5:2169-2176. 
Stanton PK, Sarvey JM (1987) Norepinephrine regulates long-term potentiation of both the population spike 

and dendritic EPSP in hippocampal dentate gyrus. Brain Res Bull 18:115-119. 
Stell BM, Brickley SG, Tang CY, Farrant M, Mody I (2003) Neuroactive steroids reduce neuronal excitability by 

selectively enhancing tonic inhibition mediated by delta subunit-containing GABAA receptors. Proc 
Natl Acad Sci U S A 100:14439-14444. 

Stellato C (2004) Post-transcriptional and nongenomic effects of glucocorticoids. Proc Am Thorac Soc 1:255-
263. 

Strange BA, Dolan RJ (2004) Beta-adrenergic modulation of emotional memory-evoked human amygdala and 
hippocampal responses. Proc Natl Acad Sci U S A 101:11454-11458. 

Straube T, Frey JU (2003) Involvement of beta-adrenergic receptors in protein synthesis-dependent late long-
term potentiation (LTP) in the dentate gyrus of freely moving rats: the critical role of the LTP induc-
tion strength. Neuroscience 119:473-479. 

Swanson LW, Petrovich GD (1998) What is the amygdala? Trends Neurosci 21:323-331. 
Tops M, van der Pompe G, Baas D, Mulder LJ, Den Boer JA, Meijman TF, Korf J (2003) Acute cortisol effects 

on immediate free recall and recognition of nouns depend on stimulus valence. Psychophysiology 
40:167-173. 

Tracey I (1998) Brief introduction tofMRI – physiology. Oxford Centre for Functional MRI of the Brain. 
Tsigos C, Chrousos GP (2002) Hypothalamic-pituitary-adrenal axis, neuroendocrine factors and stress. J Psy-

chosom Res 53:865-871. 
Valentino RJ, Foote SL, Page ME (1993) The locus coeruleus as a site for integrating corticotropin-releasing 

factor and noradrenergic mediation of stress responses. Ann N Y Acad Sci 697:173-188. 
Van Bockstaele EJ, Colago EE, Aicher S (1998) Light and electron microscopic evidence for topographic and 

monosynaptic projections from neurons in the ventral medulla to noradrenergic dendrites in the rat 
locus coeruleus. Brain Res 784:123-138. 

van der Ploeg HM (1981) Zelf-Beoordelings Vragenlijst. Handleiding: Addendum 1981. Lisse: Swets & Zeitlin-
ger. 

van der Ploeg HM, Defares, P.B., Spielberger, C.D. (1980) Handleiding bij de Zelf-Beoordelings Vragenlijst, 
ZBV: Een Nederlandse vertaling van de Spielberger State-Trait Anxiety Inventory. Lisse: Swets & 
Zeitlinger. 

Van Eekelen JA, Jiang W, De Kloet ER, Bohn MC (1988) Distribution of the mineralocorticoid and the glucocor-
ticoid receptor mRNAs in the rat hippocampus. J Neurosci Res 21:88-94. 

van Gemert NG, Joels M (2006) Effect of chronic stress and mifepristone treatment on voltage-dependent 
Ca2+ currents in rat hippocampal dentate gyrus. J Neuroendocrinol 18:732-741. 

van Stegeren AH (2009) Imaging stress effects on memory: a review of neuroimaging studies. Can J Psychia-
try 54:16-27. 



A temporal perspective on stress hormones and memory 
 
 

 
114 

van Stegeren AH, Everaerd W, Cahill L, McGaugh JL, Gooren LJ (1998) Memory for emotional events: differ-
ential effects of centrally versus peripherally acting beta-blocking agents. Psychopharmacology 
(Berl) 138:305-310. 

van Stegeren AH, Goekoop R, Everaerd W, Scheltens P, Barkhof F, Kuijer JP, Rombouts SA (2005) 
Noradrenaline mediates amygdala activation in men and women during encoding of emotional ma-
terial. Neuroimage 24:898-909. 

Venero C, Borrell J (1999) Rapid glucocorticoid effects on excitatory amino acid levels in the hippocampus: a 
microdialysis study in freely moving rats. Eur J Neurosci 11:2465-2473. 

Vouimba RM, Richter-Levin G (2005a) Physiological dissociation in hippocampal subregions in response to 
amygdala stimulation. Cereb Cortex 15:1815-1821. 

Vouimba RM, Richter-Levin G (2005b) Physiological Dissociation in Hippocampal Subregions in Response to 
Amygdala Stimulation. Cereb Cortex. 

Vouimba RM, Yaniv D, Richter-Levin G (2006) Glucocorticoid receptors and beta-adrenoceptors in basolateral 
amygdala modulate synaptic plasticity in hippocampal dentate gyrus, but not in area CA1. Neuro-
pharmacology. 

Vouimba RM, Yaniv D, Richter-Levin G (2007) Glucocorticoid receptors and beta-adrenoceptors in basolateral 
amygdala modulate synaptic plasticity in hippocampal dentate gyrus, but not in area CA1. Neuro-
pharmacology 52:244-252. 

Vreugdenhil E, de Kloet ER, Schaaf M, Datson NA (2001) Genetic dissection of corticosterone receptor func-
tion in the rat hippocampus. Eur Neuropsychopharmacol 11:423-430. 

Vuilleumier P, Richardson MP, Armony JL, Driver J, Dolan RJ (2004) Distant influences of amygdala lesion on 
visual cortical activation during emotional face processing. Nat Neurosci 7:1271-1278. 

Wagatsuma H, Yamaguchi Y (2007) Neural dynamics of the cognitive map in the hippocampus. Cogn Neuro-
dyn 1:119-141. 

Wagner AD, Koutstaal W, Schacter DL (1999) When encoding yields remembering: insights from event-related 
neuroimaging. Philos Trans R Soc Lond B Biol Sci 354:1307-1324. 

Wagner AD, Schacter DL, Rotte M, Koutstaal W, Maril A, Dale AM, Rosen BR, Buckner RL (1998) Building 
memories: remembering and forgetting of verbal experiences as predicted by brain activity. Science 
281:1188-1191. 

Wang C, Kang-Park MH, Wilson WA, Moore SD (2002) Properties of the pathways from the lateral amygdal 
nucleus to basolateral nucleus and amygdalostriatal transition area. J Neurophysiol 87:2593-2601. 

Wang JH, Ko GY, Kelly PT (1997) Cellular and molecular bases of memory: synaptic and neuronal plasticity. J 
Clin Neurophysiol 14:264-293. 

Wang S, Scott BW, Wojtowicz JM (2000) Heterogenous properties of dentate granule neurons in the adult rat. 
J Neurobiol 42:248-257. 

Wang SJ, Cheng LL, Gean PW (1999) Cross-modulation of synaptic plasticity by beta-adrenergic and 5-HT1A 
receptors in the rat basolateral amygdala. J Neurosci 19:570-577. 

Watson D, Clark LA, Tellegen A (1988) Development and validation of brief measures of positive and negative 
affect: the PANAS scales. J Pers Soc Psychol 54:1063-1070. 

Weitzman ED (1976) Circadian rhythms and episodic hormone secretion in man. Annu Rev Med 27:225-243. 
Widmaier EP, Dallman MF (1984) The effects of corticotropin-releasing factor on adrenocorticotropin secretion 

from perifused pituitaries in vitro: rapid inhibition by glucocorticoids. Endocrinology 115:2368-2374. 
Wiegert O, Joels M, Krugers H (2006) Timing is essential for rapid effects of corticosterone on synaptic poten-

tiation in the mouse hippocampus. Learn Mem 13:110-113. 
Wiegert O, Pu Z, Shor S, Joels M, Krugers H (2005) Glucocorticoid receptor activation selectively hampers N-

methyl-D-aspartate receptor dependent hippocampal synaptic plasticity in vitro. Neuroscience 
135:403-411. 

Witter MP, Groenewegen HJ, Lopes da Silva FH, Lohman AH (1989) Functional organization of the extrinsic 
and intrinsic circuitry of the parahippocampal region. Prog Neurobiol 33:161-253. 

Wolf OT (2008) The influence of stress hormones on emotional memory: relevance for psychopathology. Acta 
Psychol (Amst) 127:513-531. 



REFERENCES 
 
 

 
115 

Woodson JC, Macintosh D, Fleshner M, Diamond DM (2003) Emotion-induced amnesia in rats: working mem-
ory-specific impairment, corticosterone-memory correlation, and fear versus arousal effects on 
memory. Learn Mem 10:326-336. 

Wu J, Rowan MJ, Anwyl R (2006) Long-term potentiation is mediated by multiple kinase cascades involving 
CaMKII or either PKA or p42/44 MAPK in the adult rat dentate gyrus in vitro. J Neurophysiol 
95:3519-3527. 

Yaniv D, Vouimba RM, Diamond DM, Richter-Levin G (2003) Simultaneous induction of long-term potentiation 
in the hippocampus and the amygdala by entorhinal cortex activation: mechanistic and temporal 
profiles. Neuroscience 120:1125-1135. 

Yehuda R (2002a) Clinical relevance of biologic findings in PTSD. Psychiatr Q 73:123-133. 
Yehuda R (2002b) Post-traumatic stress disorder. N Engl J Med 346:108-114. 
Yehuda R (2002c) Current status of cortisol findings in post-traumatic stress disorder. Psychiatr Clin North Am 

25:341-368, vii. 
Zeitlin SB, McNally RJ (1991) Implicit and explicit memory bias for threat in post-traumatic stress disorder. 

Behav Res Ther 29:451-457. 
Zhou J, Cidlowski JA (2005) The human glucocorticoid receptor: one gene, multiple proteins and diverse re-

sponses. Steroids 70:407-417. 
Zola-Morgan S, Squire LR, Amaral DG (1986) Human amnesia and the medial temporal region: enduring 

memory impairment following a bilateral lesion limited to field CA1 of the hippocampus. J Neurosci 
6:2950-2967. 

 
 
 
 
 
 



 

 
116 

 
Summary / Samenvatting 
 
 
English 
 
Title:  A temporal perspective on stress hormones and memory 
 
Life is seldom devoid of stress. Stress is caused by external or internal environmental stimuli that 
challenge the homeostasis of the organism. In coping with these challenges, the body is mobilised 
to restate the inner balance. Among others, the central nervous system (CNS) is a key effector in 
this adaptive process (in dealing with the challenges by employing cognitive capabilities) as well as 
a major target of the stress-initiated physiological alterations. Correspondingly, the functionality of 
learning and memory is undergoing constant and dynamic modification in a stressful context. This 
leads to commonly observed phenomena in which human memory formation and retention are sus-
ceptible to the influence of perceived stress. This has constituted the central interest of this research 
that aims to identify certain of the underlying mechanisms and definable rules of the stress’s im-
pacts on learning and memory, and more specifically, to decipher the intriguing phenomenon that 
memory is not uniformly affected by stress, but often with opposing ends (i.e. enhanced versus 
impaired memory). 
 
Perceived stress stimulates the sympatho-adrenomedullar system and the hypothalamic-pituitary-
adrenal (HPA) axis, both of which eventually activate the adrenal gland which can, in response, 
release two categories of hormones: (nor)adrenaline and glucocorticoids. These are, among others, 
the neuromodulators that can, through their active forms in the CNS, manipulate the brain functions 
by molecular actions. Thus, they are the two major types of stress hormones on which we have 
focused our research interest. We have also narrowed down our observation of memory-related 
functionality to two main structures: the hippocampus and the amygdala; the former was selected 
due to its well-recognised role in declarative memory, and the latter for its renowned involvement in 
emotional memory – as negative emotion is often linked to stress.  
 
The entire research was conducted with a view to identifying functional relevances; and multiple 
levels of study were achieved – as in rodents and humans. In the animal, we adopted an electro-
physiologically functional model at the network level – long-term potentiation (LTP), which 
represents a long-lasting increase in synaptic strength for neuronal contacts that have undergone 
activation and transmission events (activity-dependent synaptic plasticity). It shares various key 
characteristics with memory and is widely acknowledged as the best model to date to account for 
memory. In the human, we observed overall memory behaviour and employed fMRI technology to 
monitor real-time brain functional activities during memory encoding.  
 
Bearing our questions, focuses and approaches in mind, we first distilled insights from several pre-
vious studies and established a theoretical model in which the relationship between the stress 
hormones and memory is viewed from a new perspective that is centred on the time-dependency 
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consideration of hormonal actions. We considered this as the starting-point to subsequent experi-
mental attempts. In Chapter 2, we elaborated on the proposed theory by elucidating several 
variables that can drive stress actions towards defined modulation of memory. Here, we highlighted 
the significance of convergence in time and space of the “stress factors” and the learning and mem-
ory activity to which they are intrinsically linked. Stress is part of the context or history of this 
learning activity, it modifies the way how new information is acquired and retained. Functional regu-
lation relies upon the molecular actions of modulatory factors. In our theory, the best example is 
given by glucocorticoids. This major type of stress hormones, by employing different, time-
dependent mechanisms – genomic and nongenomic, can result in opposite regulations of neuronal 
physiology. The fast, nongenomic action, in combination with the effects from other fast-acting fac-
tors (e.g. noradrenaline, CRH), can facilitate synaptic transmission while the slow-onset, gene-
mediate mechanism simply impairs it. In the following, we aimed to acquire more substantial evi-
dence in support of this view.  
 
We extended our observations concerning (inter)actions of corticosteroids and β-adrenoceptor ago-
nists from the hippocampal CA1 area to the dentate gyrus. As shown in Chapter 3, experiments 
were performed in in vitro rats brain slices. In the dentate gyrus, we were unable to demonstrate a 
corticosterone-mediated effect on LTP per se; however, a certain effect was revealed during inhibi-
tion of GABAergic transmission. A β-adrenergic agonist, isoproterenol, was capable of facilitating 
the induction of LTP after brief administration. The major finding was that, if corticosterone was 
supplied in unison with isoproterenol and LTP induction, synaptic potentiation was accelerated (or 
enhanced during the early stage of potentiation), while a pretreatment of corticosterone hours in 
advance of isoproterenol and synaptic stimulation unequivocally hampered the LTP induced later 
on. This finding indicates that the time-dependent mechanisms of corticosteroids can enable bidi-
rectional modifications of the interaction between the glucocorticoid and β-adrenergic systems, with 
direct impacts on activity-dependent synaptic plasticity within the hippocampus. 
 
Reported in Chapter 4, we were able to replicate this study in the rat basolateral amygdala. Simi-
larly, the β-adrenergic agonist, isoproterenol was shown to facilitate the induction of LTP within the 
amygdala, representing the efficacy of a fast-acting factor. However, corticosterone application 
predominantly displayed a suppressive effect on LTP, which was demonstrated by a gradual rever-
sal of β-adrenergic-facilitated LTP in the case of co-application of corticosterone and isoproterenol 
around LTP induction, and by a full suppression of the isoproterenol-mediated LTP in the case of 
corticosterone pretreatment hours in advance. All these represent a slow-onset suppressive effect 
of corticosteroids on synaptic plasticity in the amygdala – a structure highly associated with emo-
tional memory.  
 
We eventually elevated our research level to human study (Chapter 5), in which we asked our sub-
jects to view and memorise both neutral and (negatively) emotional pictures and had their real-time 
brain activity monitored through fMRI. We concentrated on the time-dependent effects of glucocorti-
coids by administering an identical stress dose of cortisol to subjects at different time-points. In this 
study, we have identified a general enhanced memory of negative stimuli. Moreover, a prior admini-
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stration of cortisol (several hours in advance) was found to diminish the proportion of the negative 
pictures among all pictures remembered, without altering the absolute numbers of the remembered 
pictures, indicating a weight shift in memory encoding for emotional information. Neuroimaging has 
located this effect to the left hippocampus. This demonstrates a delayed, presumably genomic, 
glucocorticoid effect on human emotional memory.  
 
In conclusion, we have investigated two types of stress hormones, focusing on measurement of 
functional outcomes and exploitation of multiple levels of research (i.e. in the rodent and human 
brains). Our results support the notion that a focus on the molecular mechanisms of stress hor-
mones is valid in the exploration of stress-mediated regulation of cognitive functions. These 
molecular actions can drive diverse regulatory patterns, best exemplified by the effects of glucocor-
ticoids; indeed, we have demonstrated their facilitative effects and suppressive actions in specific 
contexts. Above all, we have proposed a new perspective to take in examination of stress influ-
ences, which is fundamentally based upon the understanding of the time-dependency of the 
hormonal functions; by doing so, we can add significant value to established theories. Especially 
from human-level research, our results indicate a significant relevance to the control of the emo-
tional bias reflected in memory – likely achievable through glucocorticoids manipulation; this may 
lend support to newly developed therapeutic approaches in the field.  
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Nederlandse  
 
Titel:  Temporele aspecten van stress en geheugen 
 
Organismen leven zelden zonder stress. Stress ontstaat onder invloed van externe of interne stimuli 
die een potentiële bedreiging vormen voor essentiële levensprocessen van het organisme. Om hier 
het hoofd aan te bieden, wordt met behulp van het lichaam een inwendig evenwicht hersteld. Een 
hoofdrol in dit adaptieve proces – vooral wat betreft de cognitieve aspecten – is weggelegd voor het 
centrale zenuwstelsel (CZS) en het CZS is dan ook een belangrijk doelwitorgaan voor stress-
geïnduceerde fysiologische veranderingen. Dit brengt ondermeer met zich mee dat leer- en geheu-
genprocessen voortdurend en dynamisch beïnvloed worden door stressvolle omstandigheden. Dit 
leidt tot een veel-waargenomen verschijnsel, namelijk dat het opslaan en ophalen van informatie bij 
de mens gevoelig is voor stress. Deze waarneming vormde de aanleiding tot het huidige onderzoek 
dat tot doel heeft het mechanisme en principe te begrijpen dat ten grondslag ligt aan de impact van 
stress op leren en geheugen, en meer in het bijzonder, om te onrafelen waarom het geheugen niet 
uniform door stress wordt beïnvloed maar vaak op een tegenovergestelde wijze (d.w.z. toename 
versus afname van het geheugen). 
 
Stress leidt tot activatie van het sympatho-adrenomedullaire systeem en de hypothalamo-hypofyse-
bijnier as, die allebei de bijnier activeren leidend tot de afgifte van twee soorten hormonen: 
(nor)adrenaline en glucocorticoïden. Dit zijn, naast andere hormonen, de neuromodulatoren die – 
via hun actieve vormen in het CZS – de werking van de hersenen veranderen, via moleculaire pro-
cessen. Het zijn ook de twee stress hormonen waarop we ons in dit proefschrift geconcentreerd 
hebben. We hebben verder het onderzoek beperkt tot twee gebieden die belangrijk zijn voor ge-
heugenvorming, de hippocampus en amygdala; de hippocampus vanwege de algemeen aanvaarde 
rol in declaratief geheugen en de amygdala  vanwege een grote rol in emotioneel geheugen, aan-
gezien stress vaak gepaard gaat met negatieve emoties.   
 
Het onderzoek was gericht op functionele relevantie van stress hormonen voor geheugen, en werd 
op meerdere nivo’s uitgevoerd in ratten en mensen. In het dierexperimentele werk hebben we ge-
bruik gemaakt van een electrofysiologisch functioneel model op netwerk nivo, lange-termijn 
potentiatie (LTP), dat verwijst naar een langdurige versterking in de synaptische contacten tussen 
neuronen na activatie en neurotransmissie (activiteitsafhankelijke synaptische plasticiteit). Het vol-
doet aan enkele hoofdkenmerken van geheugenvorming en wordt alom als het best beschikbare 
model voor geheugen gezien. In de mens hebben we geheugenprestaties onderzocht en daarbij 
ook fMRI technologie gebruikt om van moment tot moment de veranderingen in hersenactiviteit 
tijdens het opslaan van informatie te kunnen onderzoeken.  
 
Met deze overwegingen in gedachten hebben we allereerst de inzichten van eerdere studies bestu-
deerd om tot een theoretisch model te komen waarin de werking van stress hormonen werd bezien 
vanuit een nieuw perspectief, waarbij tijdsafhankelijkheid in overweging werd genomen. Dit vormde 
het uitgangspunt voor de experimentele studies in de volgende hoofdstukken. In Hoofdstuk 2 is een 
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theorie kader geschetst waarin verschillende variabelen tegen het licht worden gehouden die de rol 
van stress op geheugen richting zouden kunnen geven. Vooral het belang van convergentie in tijd 
en plaats van ‘stress factoren’ in samenhang met het aan de stress gekoppelde leerproces is bena-
drukt. Stress vormt een onderdeel van de context en recente historie van de te leren informatie, het 
is van invloed op de wijze waarop nieuwe informatie wordt opgenomen en vastgelegd. Functionele 
regulatie hangt af van de moleculaire effecten van de modulerende factoren. In ons theoretisch 
model wordt dit vooral geïllustreerd door de werking van glucocorticoïden. Dit belangrijke type 
stresshormoon kan neurofysiologische processen in twee tegengestelde richtingen veranderen door 
gebruik te maken van verschillende, tijdsafhankelijke mechanismes, t.w. genonomisch en niet-
genomisch. De snelle niet-genomische werking faciliteert synaptische transmissie – in samenspel 
met andere snelwerkende stoffen (bv. noradrenaline, CRH),  terwijl het langzame gen-gemedieerde 
mechanisme juist leidt tot onderdrukking van synaptische transmissie. In het vervolg van het proef-
schrift hebben we geprobeerd dit model verder experimenteel te onderbouwen. 
 
In Hoofdstuk 3 hebben we eerdere observaties in het CA1 hippocampale gebied over de (in-
ter)acties van corticosteron en β-adrenoceptor agonisten uitgebreid naar de gyrus dentatus. In de 
gyrus dentatus vonden we geen effect van corticosteron zelf op LTP; een klein effect werd zichtbaar 
als de GABAerge transmissie werd onderdrukt. De β-adrenerge agonist isoproterenol bleek de in-
ductie van LTP te faciliteren. De belangrijkste observatie in de hoofdstuk was dat als corticosteron 
tegelijk met isoproterenol werd aangeboden synpatische potentiatie werd versneld (of versterkt 
tijdens de vroege fase van potentiatie), terwijl een voorbehandeling met corticosteron enkele uren 
voor isoproterenol behandeling de inductie van LTP juist onderdrukte. Dit resultaat geeft aan dat 
tijdsafhankelijke effecten van corticosteron bij kunnen dragen aan bidirectionele interacties tussen 
glucocorticoïden en het β-adrenerge systeem, wat direct impact heeft op activiteitsafhankelijke sy-
naptische plasticiteit in de hippocampus.  
 
Zoals beschreven in Hoofdstuk 4 werden deze resultaten gerepliceerd in de basolaterale amygdala 
van de rat. De β-adrenerge agonist isoproterenol faciliteerde inductie van LTP in de amygdala, het-
geen de werking van een snel werkend stress hormoon weergeeft. Toediening van corticosteron, 
echter, liet vooral een onderdrukkend effect zien, zoals duidelijk werd uit het geleidelijk normalise-
ren van β-adrenerge facilitatie van LTP wanneer corticosteron en isoproterenol tegelijk werden 
toegediend rond het opwekken van LTP, en uit de volledige onderdrukking van het effect van is-
oproterenol op LTP als corticosteron enkele uren eerder werd toegediend. Dit toont allemaal de 
langzame, onderdrukkende werking van corticosteroïden op synaptische plasticiteit in de amygdala, 
een hersenstructuur die sterk geassocieerd is met emotioneel geheugen. 
 
Tenslotte hebben we ons onderzoek naar het nivo van de humane hersenen getild (Hoofdstuk 5), 
waarbij we de proefpersonen vroegen om zowel neutrale als (negatief) emotionele plaatjes te bekij-
ken waarbij hun hersenactiviteit real-time m.b.v. fMRI werd gemeten. We concentreerden ons op de 
tijdsafhankelijke effecten van glucocorticoïden, door een vaste stress-dosis van cortisol aan proef-
personen te geven op verschillende momenten voor de taak. Over het geheel genomen werden 
negatieve plaatjes beter onthouden dan neutrale. Toediening van cortisol (enkele uren voor de 
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taak) bleek het percentage negatieve plaatjes die werden onthouden (t.o.v. het geheel) te onder-
drukken, zonder een effect te hebben op het totaal aantal onthouden plaatjes, hetgeen aangeeft dat 
het gewicht van negatieve informatie werd beinvloed. Neuroimaging gegevens gaven aan dat dit 
gepaard ging met veranderde functie van de linker hippocampus. Deze gegevens tonen een traag, 
waarschijnlijk gen-gemedieerd, glucocorticoïd effect aan op het emotionele geheugen bij mensen. 
 
Samenvattend: We hebben twee typen stress hormonen onderzocht, ons geconcentreerd op functi-
onele parameters en meerdere nivo’s van hersenwerking onderzocht in rat en mens. De resultaten 
ondersteunen het idee dat het inzoomen op moleculaire werkingsmechanismes van stress hormo-
nen een valide benadering is als men de regulatie van cognitieve functies door stress wil 
onderzoeken. De moleculaire effecten kunnen verschillende regulatoire routes activeren, die het 
best geïllustreerd kunnen worden aan de hand van glucocorticoïd effecten: deze kunnen faciliterend 
maar ook onderdrukkend werken afhankelijk van de specifieke context. We hebben vooral een 
nieuwe invalsblik ontwikkeld voor het onderzoek naar stress invloeden, een blik die gebaseerd is op 
het fundamentele begrip van de tijdsafhankelijkheid van hormonale effecten; op die wijze konden 
we een significante bijdrage leveren aan reeds bestaande theorieën. In het bijzonder de resultaten 
van de humane studies laten de relevantie zien van hormonen voor de mate waarin emotionele 
informatie wordt opgeslagen; dit effect wordt tot stand gebracht middels variatie van het glucocorti-
coïd nivo. Dit geeft een neurowetenschappelijke onderbouwing van eventueel nieuw te ontwikkelen 
therapieën in dit veld. 
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