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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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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. 
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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-
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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 
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(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.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


