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Abstract 

Memories can be formed in parallel in multiple systems, including a flexible ‘cognitive’ 

memory system depending on the hippocampus and a rather rigid ‘habit’ system depending on 

the dorsal striatum. When these memories are later retrieved, either system can potentially 

guide behavior. While stress is known to bias learning in favor of the ‘habit’ memory system, 

it is yet unclear if stress may also affect the balance between these memory systems during 

later retrieval. We pursued this question in a series of four studies using an associative 

memory task allowing to differentiate between ‘cognitive’ and ‘habit’ memory system 

engagement. Utilizing functional magnetic resonance imaging, study one found a preference 

for ‘habit’ memory system engagement during retrieval after stress and in association with 

cortisol elevations. However, studies two and three showed that stress or the pharmacological 

elevation of major stress mediators can also interfere with the retrieval of ‘habit’ memories, 

leading to a predominance of the ‘cognitive’ memory system during retrieval. Study three 

further suggested, that this effect of stress depends on combined actions of glucocorticoids 

and noradrenergic stimulation. Together, studies one to three revealed that stress may affect 

memory system balance during retrieval in different directions. The fourth and final study 

aimed to shed light on a possible moderating factor explaining this divergence, namely the 

extent of practice received before retrieval. The study revealed that stress promoted ‘habit’ 

memory retrieval only after moderate training but had no effect after an extended learning 

phase. Thus, stress may affect multiple memory systems by accelerating a normal, practice-

dependent shift towards ‘habit’ memory system engagement. Altogether, our studies show 

that stress can bias, which memory system guides memory retrieval. However, as opposed to 

the more uniform effects on memory formation, these effects may vary substantially, for 

example depending on the extent of received practice. 
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1 General Background 

 

For animals as well as for humans, it is vital to be able to learn from past experiences, 

allowing an individual for example to revisit reliable sources of food. However, there seem to 

be different kinds of learning and memory in our daily experience: for example, learning and 

remembering that exercise benefits our health and well-being is inherently different from 

establishing the corresponding behavior. These qualitative differences between memories 

received first scientific support by the symptoms of the well-known patient H.M., whose 

medial temporal lobe (MTL) was removed in wide parts as treatment for uncontrollable 

seizures (Milner, Corkin, & Teuber, 1968; Scoville & Milner, 1957). While the treatment 

successfully impeded the seizures, it severely impaired H.M.s ability to memorize new 

experiences. For instance, he failed to recognize people he was introduced to only hours ago, 

or to remember what he had for breakfast. Despite these impairments, he was still able to 

acquire new motor skills (Corkin, 1968). Thus, H.M.s lesions led to severe impairments in 

some memory functions, while leaving others intact, providing first evidence that memory is 

divided into separate systems relying on separate brain regions, as opposed to one unitary 

system. The following sections are going to explore these memory systems and their 

respective functions in detail. 

 

1.1 Multiple Memory Systems 

It has long been suggested that memory is divided into several subsystems, rather than 

consisting of one unitary system (Eichenbaum & Cohen, 2004; Squire, 2004; White, Packard, 

& McDonald, 2013). In a number of studies with rodents (McDonald & White, 1993; 

Packard, Hirsh, & White, 1989; Packard & White, 1991), at least two different memory 

systems were identified using the ‘win-shift’ task as well as a variation of this paradigm, the 

‘win-stay’ task (Figure 1). In the win-shift task, a rat is placed in a radial maze with eight 

arms, each arm baited with a food pellet. When the rat visits one arm and collects the food 

pellet, this arm is not baited again in the current trial, making it unprofitable to visit any arm 

more than once in a given trial. Consequently, entering an already visited maze arm is counted 

as an error in this task. In the win-stay task, the rat is placed in an eight-arm radial maze as 

well. However, only four of the eight arms are baited with a food pellet and the rewarding 

arms are indicated using light cues. When the rat collects a food pellet, another food pellet is 
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placed in that arm, so that each arm can be visited twice to collect food. After the second 

pellet is collected, the corresponding arm is not baited again and the light cue is turned off. 

Hence, the rats are rewarded for entering only lightened maze arms, while entering dark arms 

is counted as an error. In each trial, a different set of maze arms is chosen to be baited, so that 

the rat cannot utilize its memory of the arms visited before but has to rely on the light cues to 

find the food pellets. Therefore, the two tasks have different cognitive demands: in order to 

perform the win-shift task successfully, the animal needs to build a spatial representation of 

the maze, which allows it to remember the already visited arms. On the other hand, the win-

stay task only requires the association of a stimulus (the light cue) with a response (entering 

the maze arm). 

Interestingly, while healthy rats succeeded in learning and performing both tasks, there 

was a double dissociation in animals with specific brain lesions (McDonald & White, 1993): 

rats with a damaged hippocampal system were impaired in the win-shift task, but performed 

similar to healthy animals in the win-stay task. In contrast, rats with a dorsal striatal lesion 

were selectively impaired in the win-stay task, but not in the win-shift task. This double 

dissociation leads to the conclusion that there are at least two different kinds of learning and 

memory, depending on the hippocampus and the dorsal striatum. 

This dissociation between multiple memory systems is not restricted to rodents. For 

instance, a functional magnetic resonance imaging (fMRI) study with humans using a 

navigation task found that participants who used spatial cues in the environment to find an 

object in an eight-arm radial maze showed increased activity in their hippocampus (Iaria, 

Figure 1 Win-shift and Win-Stay Task. 
In the hippocampus-dependent win-shift task, rats need to build a spatial representation of the radial maze to 

retrieve all rewards while avoiding to visit previously entered arms. Contrarily, in the win-stay task, rats learn 

to approach a light cue to obtain a reward. 
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Petrides, Dagher, Pike, & Bohbot, 2003). On the contrary, participants who used non-spatial 

strategies (e.g., by counting the maze arms from a fixed position) showed activity in the 

dorsal striatum. Moreover, participants with MTL lesions achieved similar navigation 

performance to healthy control participants when using such a non-spatial strategy, but 

performance was impaired when they attempted to use a spatial strategy (Bohbot, Iaria, & 

Petrides, 2004).  

Apart from spatial navigation, the dissociation between multiple memory systems in 

humans can also be demonstrated using a probabilistic classification learning task (PCL, 

Knowlton, Mangels, & Squire, 1996). This task requires participants to predict the weather 

from presented cues (playing cards), which are probabilistically linked to two weather 

outcomes (sun vs. rain). Through feedback, participants incrementally learn the cue-outcome 

associations over the course of the task. Amnesic patients with hippocampal lesions were able 

to learn the associations similar to healthy control participants. In contrast, performance was 

impaired in patients suffering from Parkinson’s disease, which damages the basal ganglia (a 

structure including the dorsal striatum), suggesting that learning this task widely relied on the 

dorsal striatum. However, as opposed to the amnesic patients, Parkinson’s disease patients 

could provide declarative memories of the training episode, further supporting the idea that 

the hippocampus and dorsal striatum support separate kinds of memories. The dissociation 

between these memory systems was further demonstrated in healthy subjects by showing that 

a paired associates version of the PCL task that is acquired via observation of the cue-

outcome association elicited neuronal activity in the MTL, while the feedback version of the 

task was accompanied by activity in the basal ganglia (Poldrack et al., 2001).  

Hence, both in rodents and humans, memory is divided in multiple systems, which are 

differentially utilized depending on the task at hand. The dorsal striatum-dependent system 

acquires rigid associations between stimuli and specific responses, such as performing a 

specific body-turn at one point in a route (Packard & McGaugh, 1996) or approaching one 

specific cue (Packard & McGaugh, 1992) and it is referred to as the ‘habit’ system. In 

contrast, the hippocampus-dependent memory system, called the ‘cognitive’ system, 

processes information in a flexible and representational manner, allowing an individual to 

navigate to a location from different starting points (Packard & McGaugh, 1996) or to find 

novel short-cuts in a known environment (Hartley, Maguire, Spiers, & Burgess, 2003).  
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1.1.1 Dynamic Changes in Multiple Memory System Use 

Some tasks can be solved by both the ‘cognitive’ and the ‘habit’ memory system. One 

example for such a dual-solution task is the plus-maze task (Figure 2, Tolman, Ritchie, & 

Kalish, 1947), in which rats start from the same maze arm each trial (e.g., south) and are 

required to find a reward, which is also placed in the same maze arm in each trial (e.g., west). 

Hence, rats can either memorize the spatial location of the rewarded arm (hippocampus-

dependent place strategy) or remember the body-turn required to enter the rewarded arm 

(dorsal striatum-dependent stimulus-response strategy). To assess which strategy is used by 

the animal, probe trials are included, in which the rat is placed in the opposite (e.g., north) 

maze arm at the start of the trial. Rats that remembered the spatial location of the rewarded 

arm will enter the previously baited arm (place strategy) while rats using a stimulus-response 

(SR) strategy will still use the same body-turn and therefore enter the previously unbaited 

arm. The contribution of multiple memory systems to solve this task shifts dynamically over 

the course of learning. Typically, hippocampus-dependent learning dominates in the 

beginning, while in later stages of training learning is governed by the dorsal striatum both in 

rodents (Packard, 1999; Packard & McGaugh, 1996) and humans (Iaria et al., 2003).  

Another example for a dual-solution task is the PCL task introduced above: despite the fact 

that this task considerably engages the basal ganglia, it also elicits activity in the MTL 

(Foerde, Knowlton, & Poldrack, 2006; Moody, Bookheimer, Vanek, & Knowlton, 2004). 

Patient and imaging studies have linked the engagement of the hippocampal memory system 

in this task to the use of a simple behavioral strategy relying on single cues, while engagement 

Figure 2 Dual-Solution Plus-Maze Task. 
In the plus-maze task, rats start from the same maze arm in each trial to obtain a reward from a consistently 

baited arm. To assess, whether the animal learned the spatial location of the target (i.e., place learning) or 

learned a specific body-turn (i.e., SR-learning), a probe trial is administered, where the rat is placed in the 

opposite start arm. 
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of the dorsal striatal memory system is associated with more complex ‘multi-cue’ strategies 

(Gluck, Shohamy, & Myers, 2002; Kemény, Demeter, Racsmány, Valálik, & Lukács, 2019; 

Knowlton et al., 1996; Schwabe & Wolf, 2012; Shohamy, Myers, Onlaor, & Gluck, 2004). 

These strategies revealed a shift in memory system engagement across a learning experience 

similar to the dynamics observed in navigational tasks outlined above: healthy participants 

predominantly use strategies associated with the hippocampal ‘cognitive’ memory system 

early in training, but shifted towards dorsal striatal ‘habit’ strategies over the course of task 

acquisition (Shohamy et al., 2004). 

Beyond these practice-dependent dynamics, newly encoded memories undergo an 

offline-stabilization process after encoding, named memory consolidation (McGaugh, 2000). 

Sleep is important for memory consolidation (Diekelmann & Born, 2010), especially in the 

first night after encoding (Gais et al., 2007). Sleep increases the strength of both 

hippocampus-dependent (Ellenbogen, Hulbert, Stickgold, Dinges, & Thompson-Schill, 2006; 

Gais, Lucas, & Born, 2006) and hippocampus-independent memories (Korman et al., 2007; 

Walker, Brakefield, Morgan, Hobson, & Stickgold, 2002), suggesting that ‘cognitive’ as well 

as ‘habit’ memories can profit from sleep-dependent consolidation. Beyond these effects on 

memory strength, sleep-dependent consolidation may also shift the balance between memory 

systems: participants who learned to detect a statistical pattern in auditory tone sequences 

recruited their hippocampus during immediate retrieval, but after a night of sleep their dorsal 

striatal activity increased (Durrant, Cairney, & Lewis, 2013). This result suggests a possible 

offline transfer of control from the ‘cognitive’ to the ‘habit’ memory system. To sum the 

findings on multiple memory system dynamics, memory system engagement shifts towards 

the dorsal striatal ‘habit’ system with proceeding practice and this shift may even continue 

beyond the learning experience due to offline (e.g., sleep-dependent) consolidation. 

 

1.1.2 Parallel Organization 

In rodents, temporary deactivation of the dorsal striatum via lidocaine injections after 

intensive training in a navigation task leads to reinstatement of the hippocampal place strategy 

(Packard & McGaugh, 1996), suggesting that the hippocampal memory remains functional 

despite the practice-dependent shift towards dorsal striatal ‘habit’ learning. This finding 

received further support by a rodent study examining acetylcholine release (a marker for 

neuronal activity) in the dorsal striatum and the hippocampus over the course of learning in a 

plus-maze (Chang & Gold, 2003): acetylcholine release increased slowly and steadily in the 

dorsal striatum, mirroring the training-induced shift towards SR strategies. In the 
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hippocampus however, acetylcholine release increased rapidly at the beginning of training, 

reaching a plateau that persisted even later in training, when behavior was guided by dorsal 

striatum-dependent SR strategies. Together, these reports suggest that the hippocampal and 

the dorsal striatal memory systems operate in parallel during learning. As a result, at the end 

of learning, both systems establish a memory trace that can potentially control behavior 

(Packard & McGaugh, 1996).  

 

1.1.3 Interactions between Multiple Memory Systems 

The results reviewed above suggest that memory systems operate independently and in 

parallel. However, this independent organization does not imply that memory systems work in 

isolation. In fact, there is substantial evidence for interactions among memory systems 

(Freedberg, Toader, Wassermann, & Voss, 2020; Kim & Baxter, 2001; Poldrack & Packard, 

2003). For example, in rodents, experimentally deactivating the hippocampal system can 

enhance dorsal striatum-dependent performance and vice versa (Lee, Duman, & Pittenger, 

2008; McDonald & White, 1994; Packard et al., 1989; Schroeder, Wingard, & Packard, 

2002), suggesting mutual competition between memory systems. This notion is further 

supported by the result that hippocampal stimulation via injections of the excitatory 

neurotransmitter glutamate promotes hippocampal-dependent behavior even later in training, 

thereby overriding the dorsal striatum-dependent memory system (Packard, 1999). 

Additionally, in humans, MTL activity in a PCL task was negatively correlated with dorsal 

striatal activity (Poldrack et al., 2001), suggesting possible competitive interactions between 

hippocampal and dorsal striatal memory systems in humans as well. However, besides these 

results demonstrating competitive interaction, there have been observations of functional 

correlation between hippocampus and striatum (Dickerson, Li, & Delgado, 2011), suggesting 

that cooperative interaction is also possible. By means of such cooperative interactions, 

dysfunctions in one memory system might be compensated by another system (Voermans et 

al., 2004). 

To sum up the findings reviewed so far, it is well established that memory is divided 

into multiple systems that operate independently and in parallel but which can also interact 

competitively or cooperatively. One important factor influencing which memory system is in 

control is the stage of training: while the ‘cognitive’ memory system guides behavior early in 

training, control shifts towards the ‘habit’ system over the course of learning (Iaria et al., 

2003; Poldrack et al., 2001). However, there are more factors affecting memory system 

engagement apart from training intensity, one of them being stressful events (Packard & 
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Goodman, 2013). Over the course of the next sections, we are going to explore these effects in 

more detail. 

 

1.2 Stress and the Stress Response 

Over their lifespan, animals and humans experience a variety of challenging and sometimes 

threatening situations. In order to cope with such stressful experiences and ultimately restore 

homeostasis, the body releases a cascade of neurotransmitters and hormones with a specific 

composition of the individual substances as well as a specific time-course (Joels & Baram, 

2009). Beyond regulation of several peripheral functions, the physiological stress response 

also impacts brain function (de Kloet, Joels, & Holsboer, 2005). In the following sections, the 

actions of two primary stress response systems, namely the sympathetic nervous system and 

the hypothalamic-pituitary-adrenal (HPA) axis, will be reviewed, as well as their role in the 

stress-induced modulation of cognitive function.  

 

1.2.1 The Physiological Stress Response 

Within seconds after stress exposure, the sympathetic nervous system responds with increased 

activity, resulting in the release of catecholamines, including noradrenaline (Joels & Baram, 

2009). This initiates the well-known ‘fight-or-flight’ response (Cannon, 1929), characterized 

by increases in heart rate, blood pressure, respiration, sweating and general energy 

mobilization. Noradrenaline acts on a wide selection of receptors, including β-adrenoceptors, 

which are responsible for the stimulating effects of noradrenaline, while α2-adrenoceptors 

mediate inhibitory feedback of noradrenaline release (Tank & Wong, 2015). Although 

noradrenaline cannot pass the blood-brain-barrier to directly affect brain function, it 

stimulates the vagus nerve, resulting in noradrenergic stimulation of the amygdala (Williams 

& Clayton, 2001). In the amygdala, noradrenaline acts on β-adrenoceptors, promoting 

memory formation (Ferry, Roozendaal, & McGaugh, 1999; Hatfield & McGaugh, 1999). In 

addition to amygdala stimulation, release of noradrenaline in the locus coeruleus is facilitated, 

which projects to the cortex and the hippocampus (Valentino & van Bockstaele, 2008). In the 

hippocampus, noradrenaline facilitates synaptic plasticity through action on β-adrenoceptors 

(Gelinas & Nguyen, 2005; Katsuki, Izumi, & Zorumski, 1997). 

In parallel to the rapid, noradrenergic stress response, the HPA axis initiates a 

sequence of hormone release starting in the hypothalamus, continuing in the pituitary and 

finally resulting in glucocorticoid release in the adrenal medulla (Lovallo & Buchanan, 2017). 



8 
 

This response is considerably slower than the noradrenergic response: glucocorticoid 

concentrations reach their peak levels about 20 min after the onset of the stressful experience 

(Dickerson & Kemeny, 2004). As opposed to noradrenaline, glucocorticoids can pass directly 

through the blood-brain barrier, thereby reaching all areas of the brain. However, the 

prevalence of the two receptors sensitive to glucocorticoid actions, namely glucocorticoid and 

mineralocorticoid receptors (GRs and MRs, respectively) varies across the brain (Joels & 

Baram, 2009). These receptors are densely distributed in the hippocampus and the amygdala 

(Henckens, van Wingen, Joëls, & Fernández, 2010; Lovallo, Robinson, Glahn, & Fox, 2010; 

McEwen, 1997), which both play an important role in the stress-induced changes in memory 

function (Henckens et al., 2012; Roozendaal, 2002). MRs and GRs located at the cell 

membrane are responsible for immediate (within 1-2 h after stress onset), non-genomic effects 

of glucocorticoids (Joels, Karst, DeRijk, & de Kloet, 2008; Roozendaal et al., 2010). These 

effects facilitate activity in both the hippocampus (Karst et al., 2005; Olijslagers et al., 2008) 

and the amygdala (Karst, Berger, Erdmann, Schütz, & Joels, 2010), enabling instant changes 

in cognitive function in response to stress. Importantly, these effects of glucocorticoids on 

brain functioning act in concert with noradrenaline, interactively mediating the effects of 

stress on memory (McReynolds et al., 2010; Quirarte, Roozendaal, & McGaugh, 1997; 

Roozendaal, Quirarte, & McGaugh, 2002). In contrast, when acting on receptors within the 

cell, glucocorticoids elicit a slower (one to several hours after stress onset), genomic response 

that counteracts the rapid stress-response and restores homeostasis by modulating gene 

expression (Joels et al., 2008). For instance, these genomic effects have been shown to inhibit 

hippocampal long-term potentiation, as opposed to the facilitating rapid glucocorticoid effects 

(Pavlides, Watanabe, Magarin, & McEwen, 1995).  

To sum up, stress affects the activity in several brain regions via the actions of 

different stress mediators, including glucocorticoids and noradrenaline. These effects on 

single brain regions have been shown to converge on a higher level, resulting in a shift 

between overarching neural networks (Hermans, Henckens, Joels, & Fernandez, 2014): the 

rapid effects of stress mediators shift resources towards a ‘salience’ network including the 

amygdala and the striatum, promoting increased vigilance and attention to the surroundings in 

response to stress. In contrast, the delayed effects of stress are thought to restore normal 

function by promoting an ‘executive control’ network, including the prefrontal cortex. These 

changes in brain activity in response to stress have profound consequences for learning and 

memory, which will be described in more detail in the following section. 
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1.2.2 Stress and Memory 

As outlined above, stress mediators modulate brain activity, especially in regions taking part 

in memory function, such as the hippocampus and the amygdala. These complex effects result 

in a differential impact of stress depending on the specific memory function and the timing 

relative to the stressor (Joels, Fernandez, & Roozendaal, 2011; Schwabe, Joels, Roozendaal, 

Wolf, & Oitzl, 2012a). Stress or stress mediators often improve the formation and 

consolidation of new memories (Cahill, Gorski, & Le, 2003; Roozendaal, Okuda, van der Zee, 

& McGaugh, 2006c; Schwabe, Bohringer, Chatterjee, & Schachinger, 2008; Smeets, 

Giesbrecht, Jelicic, & Merckelbach, 2007; Vogel & Schwabe, 2016; Zoladz et al., 2011). At 

the same time, they consistently impair the retrieval of previously learned information 

(Buchanan, Tranel, & Adolphs, 2006; de Quervain, Roozendaal, & McGaugh, 1998; de 

Quervain, Roozendaal, Nitsch, McGaugh, & Hock, 2000; Gagnon, Waskom, Brown, & 

Wagner, 2019; Goldfarb, Tompary, Davachi, & Phelps, 2019; Kuhlmann, Piel, & Wolf, 

2005). These contrary effects of stress on different memory functions have been attributed to 

a ‘memory formation mode’ induced by the rapid effects of stress in the brain (Schwabe et al., 

2012a). In this mode, brain function is thought to be modified in a way that favors the 

encoding of the stress-related information, enabling an individual to prepare for future 

encounters of a similar stressor. Simultaneously, memory retrieval is inhibited, preventing 

potential interference with memory formation. Thereby, retrieval impairments after stress 

might even be adaptive. The modulation of memory function in response to stress depends on 

the interactive influence of glucocorticoids and noradrenaline in the basolateral part of the 

amygdala (BLA), which in turn modulates activity in memory-related regions, especially the 

hippocampus (Kim, Hongjoo, Jung-Soo, & Packard, 2001; Quirarte et al., 1997; Roozendaal, 

2002; Roozendaal, McEwen, & Chattarji, 2009; Roozendaal et al., 2006c).  

Although prior research has placed its focus on the effects of stress on hippocampal 

memories, it is to be mentioned that stress can also affect non-hippocampal memories. 

Mirroring the effects on hippocampal learning and memory, stress and glucocorticoids 

enhance the formation of SR memories (Guenzel, Wolf, & Schwabe, 2014; Vogel & 

Schwabe, 2018), but can impair SR memory retrieval (Atsak et al., 2016; Guenzel, Wolf, & 

Schwabe, 2013, but see also: Goldfarb, Mendelevich & Phelps, 2017). 

 

1.2.3 Stress Affects the Balance between Memory Systems 

Besides the effects of stress on memory quantity described above, i.e., how much information 

can be encoded to or retrieved from memory, stress can also affect the quality of learning. In 
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particular, stress has been shown to affect the contribution of multiple memory systems 

during learning of new information. For instance, in a study using a dual-solution water maze 

task, rats learned to swim to an escape platform which was placed in the same location in 

every trial and was additionally marked with a visual cue (Kim et al., 2001). Rats could solve 

the task by using either hippocampus-dependent ‘place’ learning (learning the actual location 

of the platform) or dorsal striatum-dependent SR learning (learning to approach the visual 

cue). After the learning phase, a single probe trial was conducted, in which the platform with 

the visual cue was moved to a different location. This trial revealed the learning strategies 

used by the animals: rats that utilized hippocampus-dependent learning would swim to the old 

location of the escape platform, while rats using dorsal striatum-dependent learning would 

approach the cue and consequently swim to the new location. While all undisturbed rats 

initially swam to the old location, 50 percent of rats that received tail-shock stress before the 

learning phase directly approached the new location, demonstrating a bias towards using SR 

strategies compared to control rats. A similar shift has been found in human participants, with 

a stress-induced bias towards using an SR strategy to locate a target in a room, as opposed to a 

spatial strategy (Schwabe et al., 2007). In another study using the PCL task introduced above 

(see section 1.1, Knowlton et al., 1996), stressed participants preferentially used behavioral 

strategies indicative of ‘habit’ memory system engagement during learning, accompanied by 

increased activity in the dorsal striatum (Schwabe & Wolf, 2012). 

 The shift towards SR strategies in rodents can be induced by glucocorticoid injection 

into the dorsal striatum (Siller-Pérez, Serafín, Prado-Alcalá, Roozendaal, & Quirarte, 2017), 

suggesting that glucocorticoids play an important role in the stress-induced modulation of 

‘habit’ learning. Furthermore, the shift towards dorsal striatal learning after stress can be 

prevented by administration of an MR-antagonist in rodents (Schwabe, Schächinger, de Kloet, 

& Oitzl, 2010a) and humans (Schwabe, Tegenthoff, Höffken, & Wolf, 2013), suggesting that 

glucocorticoids act on the MR to bias learning (Vogel, Fernandez, Joels, & Schwabe, 2016). 

This notion is further supported by the finding that the stress-induced shift towards ‘habit’ 

learning is limited to carriers of a genetic variant linked to increased MR expression (Langer, 

Moser, Otto, Wolf, & Kumsta, 2019; Wirz, Reuter, Wacker, Felten, & Schwabe, 2017a).  

Besides the apparent role of glucocorticoids, noradrenergic stimulation is also 

involved in the stress-induced preference of ‘habit’ learning: in rodents, pre-training 

injections of yohimbine, an α-adrenergic antagonist that increases noradrenergic activation, 

also produce a shift towards ‘habit’ learning (Packard & Wingard, 2004). Further suggesting a 

critical role of noradrenaline in multiple memory system modulation, a deletion variant of the 
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gene coding the α2b-adrenoceptor has been associated with a diminished stress-induced shift 

towards ‘habit’ memory (Wirz, Wacker, Felten, Reuter, & Schwabe, 2017b). Beyond these 

results focusing on major stress mediators in isolation, studies in humans using instrumental 

learning paradigms even show that concurrent glucocorticoid and noradrenergic activity is 

necessary to shift learning from cognitive, goal-directed to more habitual behavior (Schwabe, 

Tegenthoff, Höffken, & Wolf, 2010b, 2012b). Therefore, glucocorticoids and noradrenaline 

may even interact in mediating the stress-induced modulation of multiple memory systems.  

Although stress mediators are known to exert direct effects on brain regions 

underlying multiple memory systems, such as the hippocampus (Joels & Baram, 2009), the 

stress-induced shift towards ‘habit’ learning is thought to be largely mediated by the BLA. 

For instance, injection of yohimbine into the BLA is sufficient to promote ‘habit’ memory 

formation in rodents (Packard & Wingard, 2004). Conversely, a shift in favor of ‘habit’ 

memory induced by peripheral administration of an anxiogenic drug or exposure to predator 

odor can be prevented by pharmacologically inactivating the BLA (Leong & Packard, 2014; 

Packard & Gabriele, 2009). Furthermore, in humans, stress increases the functional 

connectivity between the amygdala and the dorsal striatum, while decreasing amygdala-

hippocampus connectivity (Schwabe et al., 2013). This stress-induced modulation of 

amygdala-striatum and amygdala-hippocampus crosstalk is blocked by administration of an 

MR-antagonist (Schwabe et al., 2013; Vogel et al., 2015), suggesting a critical role of MR-

mediated glucocorticoid action on multiple memory system modulation by the amygdala.  

To summarize the findings on stress-induced modulation of multiple memory systems 

reviewed above, it is well established that stress shifts learning processes from ‘cognitive’, 

hippocampus-dependent to dorsal striatal ‘habit’ learning. This process depends on the actions 

of the major stress mediators glucocorticoids and noradrenaline in the basolateral part of the 

amygdala. 

  

1.3 Which System Will Guide Behavior During Remembering? 

To recapitulate the results reviewed so far, it is well established that memories are formed in 

multiple systems simultaneously and in parallel. While the dominating memory system 

changes dynamically over the course of a learning experience, both the ‘cognitive’ and the 

‘habit’ system form memories that can potentially control behavior (Chang & Gold, 2003; 

Packard & McGaugh, 1996). When the learned information is retrieved later, the questions 
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arise: which memory system will be selected to guide behavior and what factors may 

influence this selection?  

As outlined above, stress can modulate the memory system engagement during the 

formation of new memories. Thus, stress might also bias the control of memory during 

retrieval. In fact, a first study in rodents revealed that noradrenergic stimulation with an 

anxiogenic drug before retrieval can induce a shift in favor of habitual SR strategies in a dual-

solution task (Elliott & Packard, 2008). Injection of the drug into the basolateral amygdala 

was sufficient to elicit this effect, suggesting that the shift of memory system engagement 

during retrieval depends on noradrenergic stimulation of the amygdala. Moreover, a recent 

study in humans showed that threat of shock before memory retrieval not only decreased 

performance in a hippocampus-dependent navigation task, but also increased the use of non-

spatial strategies in that task (Goodman, McClay, & Dunsmoor, 2020). Further evidence 

suggesting an effect of stress on the control of memory retrieval comes from studies 

investigating instrumental learning, showing that stress before the retrieval of previously 

learned behaviors facilitates habitual as opposed to goal-directed behavior (Fournier, 

d'Arripe-Longueville, & Radel, 2017; Hartogsveld, van Ruitenbeek, Quaedflieg, & Smeets, 

2020; Schwabe & Wolf, 2010). This preference for habitual responding was further linked to 

the stress-induced cortisol response (Smeets, Van Ruitenbeek, Hartogsveld, & Quaedflieg, 

2019). Together, these results provide first evidence that stress, through glucocorticoid and 

noradrenaline actions, may influence the control of memory retrieval by ‘cognitive’ and 

‘habit’ memory systems. 

 

1.4 Research Goals 

As outlined above, memories are simultaneously encoded and stored in multiple, parallel 

memory systems. These multiple memories are all potentially able to control behavior during 

later memory retrieval. However, little is known about the factors that determine which 

memory system ultimately guides retrieval. Stress plays an important role in the balance 

between memory systems during learning, suggesting that stress and major stress mediators 

might also bias, which memory system governs later retrieval. A study in rodents provided 

initial evidence that retrieval control by multiple memory systems may be modulated by stress 

mediators (Elliott & Packard, 2008). Despite that, whether and in which way stress would bias 

the balance between multiple memory systems during retrieval in humans is currently 

completely unclear. Thus, the main aim of the present work is to elucidate potential effects of 
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stress on the engagement of hippocampal and dorsal striatal memory systems during retrieval. 

These insights into how retrieval control is adjusted in response to stress may improve our 

general understanding of how multiple memory systems contribute to remembering. 

In order to shed light on the effects on stress and stress mediators on the control of 

memory retrieval as well as on the neural basis of such an effect, we performed a total of four 

experiments. In the first three studies, participants initially acquired a PCL task that can be 

solved using both the ‘cognitive’ and the ‘habit’ memory system (Knowlton et al., 1996; 

Knowlton, Squire, & Gluck, 1994). Twenty-four hours after learning, participants retrieved 

the learned associations either after a stress manipulation or after a pharmacological 

manipulation of stress mediator activity. The behavioral strategies utilized in the task 

indicated memory system engagement (Gluck et al., 2002; Schwabe & Wolf, 2012; Shohamy 

et al., 2004), allowing inferences regarding potential stress (mediator) effects on the control of 

memory retrieval. 

The three experiments critically differed in the type of manipulation implemented 

before retrieval on the second experimental day. In the first study, we aimed to reveal a 

potential stress-induced modulation of memory system engagement during retrieval as well as 

the neural basis of such an effect. Therefore, on the second experimental day, the participants 

underwent either a stress-induction paradigm or a non-stressful control manipulation. 

Afterwards, the retrieval phase was completed in the MRI scanner, allowing us to examine 

neural activity related to remembering. The second study aimed to elucidate the role of major 

stress mediators in the potential modulation of retrieval control. Previous results emphasized 

the interactive role of glucocorticoid and noradrenergic activity in influencing memory 

function (de Quervain, Aerni, & Roozendaal, 2007; Roozendaal, Okuda, de Quervain, & 

McGaugh, 2006b; Schwabe et al., 2012b). Therefore, in our second study, we assessed the 

effects of these stress mediators on the control of memory retrieval by pharmacologically 

manipulating glucocorticoid and noradrenergic activity before the retrieval phase on the 

second experimental day. In the third study, we further investigated the role of noradrenergic 

activation in potential stress effects on memory system engagement during retrieval. Because 

prior studies have suggested a critical role of noradrenergic activation in modulating the 

contribution of multiple memory systems to memory formation (Packard & Wingard, 2004; 

Wirz et al., 2017b), we aimed to uncover whether noradrenergic stimulation is necessary for 

potential stress effects on retrieval control. In order to test this, participants underwent a stress 

manipulation or non-stressful control procedure on the second experimental day after 

ingesting either a placebo or the β-adrenergic antagonist propranolol. Propranolol 
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administration diminished the autonomic response to the subsequent stress manipulation. 

Therefore, if the effects of stress on multiple memory system engagement during retrieval 

critically depend on the stress-induced noradrenergic stimulation, they should be prevented by 

propranolol administration. 

Inspired from the results of these three studies, we conducted an additional experiment 

to explore a potential moderating factor of the stress-induced modulation of retrieval control. 

Specifically, study four aimed to uncover whether the effect of stress on multiple memory 

system engagement during retrieval depends on the extend of practice. The engagement of 

multiple memory systems dynamically changes over the course of learning, gradually shifting 

control from the ‘cognitive’ memory system, which is predominantly engaged early in 

training, towards the ‘habit’ memory system (Chang & Gold, 2003; Iaria et al., 2003; 

Poldrack et al., 2001). Therefore, the extent of practice during learning can affect the balance 

between memory systems during retrieval. Depending on which memory system is in control 

after a certain extent of practice, effects of stress on memory retrieval may differ. Study four 

aimed to elucidate this issue by directly comparing the effect of stress on memory system 

engagement during retrieval after moderate or intensive training.  
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2 Experimental Studies 

2.1 General Methods 

The four experimental studies presented in this work partly employ overlapping methods, 

which will be introduced in the following sections. 

 

2.1.1 Probabilistic Classification Learning Task 

In all presented studies, the engagement of multiple memory systems was assessed using a 

PCL task, commonly called the ‘Weather Prediction Task’ (Knowlton et al., 1996; Knowlton 

et al., 1994). This task can be solved both by the ‘cognitive’, hippocampus-based system and 

the ‘habit’, dorsal striatum-based system (Knowlton et al., 1996; Poldrack et al., 2001; 

Shohamy et al., 2004).  

In the PCL task, participants predicted the weather from a pattern of presented playing 

cards. In each trial, a pattern of one to three (out of four possible) playing cards was shown to 

the participants, who judged the weather outcome (sun vs. rain) based on the card pattern 

(Figure 3). After the participants made their choice, a fixation cross was presented, followed 

by feedback about the correct weather outcome. This feedback allowed participants to learn 

the associations between card patterns and weather outcomes over the course of the learning 

task. Importantly, the card cues were probabilistically linked to the two weather outcomes: 

each of the 14 possible card patterns was followed by each weather outcome with a specific 

Figure 3 PCL Trial Procedure and Card Cues. 
(A) In each trial of the PCL task, participants see a pattern of card cues and judge the weather outcome 

indicated by the cue via button press. After a fixation period, feedback is presented. (B) In each trial, one, two 

or three of the four possible card cues is presented. 
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probability (Table 1). As a result, each card was linked with a fixed probability to each 

outcome across the whole task. In particular, the four cards indicated the outcome ‘sun’ with a  

probability of 75.6, 57.5, 42.5 or 24.4 percent, as implemented in previous studies using this 

task (Gluck et al., 2002; Knowlton et al., 1996; Knowlton et al., 1994; Schwabe et al., 2013; 

Schwabe & Wolf, 2012; Wirz et al., 2017b). A response was scored as correct if it 

corresponded to the most probable outcome linked to the presented card pattern, regardless of 

the feedback presented to the participants.  

In order to assess the memory system in control at memory retrieval, we constructed 

an additional retrieval version of the PCL task. This version was identical to the learning task, 

except the fact that no feedback was presented at the end of the trial. Thereby, further learning 

was precluded allowing us to specifically study memory retrieval. 

Different strategies can be used to solve the PCL task, which provide insight into the 

engaged memory system (Gluck et al., 2002). For instance, participants using ‘single-cue 

strategies’ base their choice either on the presence or absence of one specific card (‘one-cue  

strategy’) or learn the outcome of each singular card pattern and guess all the others 

 

Table 1  

Cue Patterns and Outcome Probabilities in the PCL Task 

 

Note. The 14 different patterns are distinguished by the presence (1) or absence (0) of the four individual cues. 

Each pattern was associated with a specific probability of occurrence (p (pattern)) and a probability for the two 

weather outcomes (‘rain’ = p(rain|pattern); ‘sun’ = 1 - p(rain|pattern)). 

pattern p (pattern) p (rain | pattern) 

0001 0.14 0.857 

0010 0.08 0.625 

0011 0.09 0.889 

0100 0.08 0.375 

0101 0.06 0.833 

0110 0.06 0.500 

0111 0.04 0.750 

1000 0.14 0.143 

1001 0.06 0.500 

1010 0.06 0.167 

1011 0.03 0.667 

1100 0.09 0.111 

1101 0.03 0.333 

1110 0.04 0.250 
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(‘singleton strategy’). In contrast, participants using the ‘multi-cue strategy’ base their 

response on the presented card pattern as a whole. Evidence from patient and brain imaging 

studies has closely linked the use of single-cue strategies to engagement of the ‘cognitive’, 

hippocampal memory system and multi-cue strategies to the ‘habit’, dorsal striatal system 

(Foerde et al., 2006; Gluck et al., 2002; Schwabe & Wolf, 2012; Shohamy et al., 2004). The 

used strategy was determined by comparing the response in a given trial to the ideal responses 

predicted by each strategy (Table 2). For each strategy, a fit score was derived by means of 

least-square estimates, reflecting how well the actual responses of the participant conform to 

the ideal responses predicted by the strategy. These fit scores can vary between 0 and 1, with 

0 reflecting a perfect fit. The strategy with the lowest fit score denoted the ‘best-fitting 

strategy’, thereby categorizing participants as single- or multi-cue users. If none of the fit 

scores was < .15, the strategy was determined as unidentifiable (Wirz et al., 2017b).  

 

Table 2  

Cue Patterns and Ideal Responses for Each Strategy 

pattern ideal response per strategy 

 single-cue multi-cue 

 
singleton 

one-cue  

(e.g., cue 4) 

 

0001 rain rain rain 

0010 rain sun rain 

0011 guess rain rain 

0100 sun sun sun  

0101 guess rain rain 

0110 guess sun guess 

0111 guess rain rain 

1000 sun sun sun  

1001 guess rain guess 

1010 guess sun sun 

1011 guess rain rain 

1100 guess sun sun 

1101 guess rain sun 

1110 guess sun sun 

Note. The 14 different patterns are distinguished by the presence (1) or absence (0) of the four individual cues. 

The different behavioral strategies, indicative of memory system engagement, can be distinguished by their 

specific ideal response to the cue patterns. 
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However, since the ‘best-fitting strategy’ measure categorizes participants in single- or 

multi-cue users, it might oversimplify the data and thereby be unable to capture potential 

differences in relative strategy dominance. Thus, we additionally computed the difference 

between the fit score for the single- and the multi-cue strategy (Fitsingle-cue – Fitmulti-cue). This 

measure, called the ‘strategy dominance score’ provides insight in the relative dominance of a 

particular strategy with negative scores indicating dominance of the single-cue strategy and 

positive scores indicating dominance of the multi-cue strategy. All fit scores were included in 

the strategy dominance score, irrespective of the threshold for the ‘best-fitting strategy’. 

 

2.1.2 Trier Social Stress Test 

In the studies that included a stress manipulation (i.e., studies two, three and four), 

psychosocial stress was induced using the Trier Social Stress Test (TSST), a standardized 

procedure reliably eliciting increases in salivary cortisol and autonomic arousal (Kirschbaum, 

Pirke, & Hellhammer, 1993; Kudielka, Hellhammer, & Kirschbaum, 2007). In the TSST, 

participants underwent a simulated job interview while being video-recorded and observed by 

a rather cold, unresponsive interview panel consisting of a man and a woman wearing white 

lab coats. After a preparation time of three minutes, participants gave a free speech for five 

minutes, followed by a difficult mental arithmetic task (counting backwards from 2043 in 

steps of 17) for five minutes. Participants in the control group completed a non-stressful 

procedure matched for the key characteristics of the task. Specifically, after a three-minute 

preparation time, participants gave a five-minute talk on a subject of their choice, followed by 

an easy arithmetic task (counting upwards from 0 in steps of 15). Participants in the control 

condition were neither observed nor video-recorded. 

The effectiveness of the manipulation was examined via blood pressure and pulse 

measurements as an indicator of sympathetic activity before, during and at several points in 

time after the manipulation. Furthermore, saliva samples were taken before and at several 

time points after the manipulation to assess salivary cortisol concentrations.  
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2.2 Study 1: The Neural Basis of Stress-Induced Modulation of Retrieval 

Control 

Zerbes, G., Kausche, F. M., & Schwabe, L. (2020). Stress-induced cortisol modulates the 

control of memory retrieval towards the dorsal striatum. European Journal of Neuroscience, 

00, 1-15.  

(Appendix A: pages 59-74) 

 

2.2.1 Background 

Stressful experiences have been shown to alter the contribution of multiple memory systems 

to learning processes, increasing the contribution of the dorsal striatal ‘habit’ system at the 

cost of the hippocampal ‘cognitive’ system (Packard & Goodman, 2012; Schwabe & Wolf, 

2012; Wirz, Bogdanov, & Schwabe, 2018). Glucocorticoids play a critical role in mediating 

this shift by acting through the mineralocorticoid receptor, thereby driving the amygdala to 

execute the shift from ‘cognitive’ to ‘habit’ learning (Schwabe et al., 2013; Vogel et al., 

2016). Previous studies have focused mainly on learning processes, therefore it is yet unclear, 

whether the control of memory retrieval would also be modulated by stress. First evidence in 

rodents found that noradrenergic activation can bias retrieval in favor of ‘habit’ memories 

(Elliott & Packard, 2008). However, whether and through which neural mechanisms stress 

itself may modulate memory system engagement during retrieval is currently unknown. 

Therefore, the aim of the present study was two-fold: first, we aimed to elucidate the effect of 

stress on the engagement of multiple memory systems during retrieval of previously learned 

information. Second, we utilized fMRI during the retrieval phase to reveal the neural basis of 

such an effect. We hypothesized that stress before memory retrieval would increase the 

reliance on the dorsal striatum-dependent ‘habit’ memory system and that this bias would be 

linked to stress-induced cortisol. 

 

2.2.2 Methods 

The study was conducted on two experimental days (Figure 4). Seventy-two healthy 

volunteers were tested, however, we had to exclude 19 participants because they did not 

successfully acquire the learning task (learning criterion: ≥ 60 % correctly classified trials), 

leaving a final sample of 53 participants (stress: 12 women, 12 men; control: 14 women, 15 

men). On the first experimental day, participants acquired the PCL task (see section 2.1.1). In 

addition to the PCL trials, participants performed visuo-motor control trials, in which they 
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were asked to indicate the number of cards presented on the screen (less than two vs. two or 

more) and received feedback after their response. These trials were designed to include the 

same motor response and visual features as the PCL trials, but lack the classification learning 

component and thereby provide a baseline to examine task-related brain activity. Participants 

completed in the learning phase 100 PCL trials and 100 visuo-motor control ones, which were 

presented randomly intermixed.  

Twenty-four hours later, participants returned to the lab and underwent either the 

TSST or a non-stressful control procedure (see section 2.1.2). Afterwards, participants 

completed the retrieval version of the PCL task in the MRI scanner. In addition to the PCL 

trials, participants completed visuo-motor control trials, which were identical to those in the 

learning phase, except that no feedback was presented (matching the control trials to the PCL 

trials in the retrieval phase). Participants completed 26 PCL trials and 26 visuo-motor control 

trials in the retrieval test, which were presented randomly intermixed. 

 

2.2.3 Results 

On the first experimental day, participants successfully acquired the PCL task: classification 

performance improved over the course of learning and reached 78 percent correctly classified 

trials at the end of the learning phase. Examining the best-fitting strategy, there was a distinct 

preference for the single-cue strategy overall (80 percent of all participants). In addition, 

strategy use changed significantly over the course of learning, as indicated by the strategy 

dominance score, revealing a relative increase in reliance on the multi-cue strategy.  

On the second experimental day, the effectiveness of the stress manipulation was verified by 

significant increases in blood pressure, pulse and salivary cortisol. In the retrieval test, 

participants reached a performance of about 75 percent correctly classified trials, independent 

Figure 4 Experimental Procedure of Study One. 
On experimental day one, participants completed 100 PCL trials, intermixed with 100 visuo-control trials. 

Twenty-four hours later, after a stress vs. control manipulation, participants completed the retrieval phase in the 

MRI, consisting of 26 PCL trials and 26 visuo-motor control trials. Adapted from: Zerbes et al. (2020b) 
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of experimental group, demonstrating that the learned associations were successfully 

remembered. In comparison to the end of learning, participants had an even stronger 

preference for using the single-cue strategy as opposed to the multi-cue strategy. There was 

no difference in strategy use between the stress and control group, but strategy use within the 

stress group was associated with the increase in cortisol: participants with higher stress-

induced cortisol levels showed a relative preference for the multi-cue strategy during retrieval 

(Figure 5). 

A wide-spread network of brain regions was engaged in general task retrieval, 

including the hippocampus as well as medial frontal and posterior parietal cortices. 

Furthermore, activity in the hippocampus, dorsal striatum and amygdala was positively 

associated with retrieval performance. Most interestingly, the stress group showed higher 

levels of task-related activity in the caudate nucleus compared to the control group, 

suggesting that stress promoted activity in the dorsal striatal ‘habit’ memory system (Figure 

6). In addition, activity in the caudate nucleus was positively correlated to the increase in 

salivary cortisol, suggesting that the stress effects on neural processes might be driven by 

glucocorticoid activity. Beyond the effects of stress on the activity in separate brain regions, 

we further performed psycho-physiological interaction (PPI) analyses to elucidate potential 

changes in brain connectivity, based on the idea that the stress-induced modulation of 

multiple memory system engagement might be coordinated by the amygdala (Vogel et al., 

2016). There were no effects of stress on the connectivity between the amygdala and the 

hippocampus or dorsal striatum. However, we found that the increase in salivary cortisol 

Figure 5 Association Between Strategy Dominance and the Stress-Induced Cortisol Increase. 
The stress-induced increase in salivary cortisol levels was linked to a relative shift towards the multi-cue 

strategy during retrieval. From: Zerbes, Kausche, and Schwabe (2020b) 
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levels was associated with the connectivity between the amygdala and the hippocampus. In 

particular, higher increases in cortisol were linked to reduced amygdala-hippocampus 

functional connectivity. 

 

2.2.4 Conclusions 

The present study aimed to elucidate effects of stress on the control of memory retrieval as 

well as the neural basis of such an effect. Successful memory retrieval was accompanied by 

activity in both the hippocampus and the dorsal striatum, suggesting that both memory 

systems contributed to task performance. On the behavioral level, we found an overall 

predominance of the single-cue strategy during the retrieval phase, indicating that memory 

retrieval was mainly controlled by the ‘cognitive’ system. Although stress per se did not affect 

strategy use, stress-induced increases in salivary cortisol were associated with an increased 

reliance on multi-cue strategies, suggesting that retrieval control was shifted in favor of the 

‘habit’ memory system under increased glucocorticoid activity. This shift was reflected on the 

neural level in the stress-induced increase in caudate nucleus activity, which was also linked 

to cortisol increases. Although there was no direct effect of stress or cortisol on hippocampal 

activity, cortisol increases were linked to negative coupling between the amygdala and the 

hippocampus, in line with the hypothesis that the amygdala mediates stress-induced changes 

in memory system engagement (Packard & Wingard, 2004; Schwabe et al., 2013; Vogel et al., 

2016).  

Figure 6 Stress Increased Dorsal Striatal Contribution to Memory Retrieval. 
In the stress group, activity in the caudate nucleus related to task performance was increased compared to 

the control group, suggesting higher reliance on the dorsal striatal ‘habit’ memory system. Error bars reflect 

standard error of the mean.  *** p < .001. Adapted from: Zerbes et al. (2020b). 
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2.3  Study 2: Modulation of Memory Retrieval Control by Glucocorticoid 

and Noradrenergic Activity 

Zerbes, G., Kausche, F. M., Müller, J. C., Wiedemann, K., & Schwabe, L. (2019). 

Glucocorticoids, noradrenergic arousal, and the control of memory retrieval. Journal of 

Cognitive Neuroscience, 31(2), 288-298. 

(Appendix B: pages 75-86) 

 

2.3.1 Background 

Memory can be divided into multiple, anatomically and functionally distinct memory systems, 

including a flexible, but resource-intensive ‘cognitive’ memory system based on the 

hippocampus and a rigid, but resource-effective ‘habit’ system depending on the dorsal 

striatum (Eichenbaum & Cohen, 2004; Squire, 2004; White & McDonald, 2002). After stress, 

memory formation is biased towards dorsal-striatal ‘habit’ learning (Packard & Goodman, 

2012; Schwabe & Wolf, 2012; Wirz et al., 2018), depending on the actions of glucocorticoids 

(in humans: cortisol, Schwabe et al., 2010a; Schwabe et al., 2013) and noradrenaline (Packard 

& Wingard, 2004; Wirz et al., 2017b). 

When memories are established in multiple memory systems in parallel during a 

learning experience (Chang & Gold, 2003), glucocorticoids and noradrenaline might also 

affect which memory system governs subsequent retrieval. First results in rodents suggest that 

noradrenergic stimulation (produced by administration of an anxiogenic drug) can in fact bias 

retrieval in favor of the ‘habit’ memory system (Elliott & Packard, 2008). In addition, our 

study one found a link between stress-induced cortisol and a relative preference for ‘habit’ 

memory engagement during retrieval. While these results provide first evidence that both 

glucocorticoids and noradrenergic activity are involved in modulating which memory system 

controls retrieval, the particular role of these major stress mediators is still unclear. 

Therefore, in study two, we pharmacologically stimulated the activity of two major 

stress mediators, namely glucocorticoids and the sympathetic nervous system before retrieval 

of previously acquired memories. Based on a previous rodent study (Elliott & Packard, 2008) 

and our study one, we hypothesized that glucocorticoid and noradrenergic activity would bias 

memory retrieval in favor of the ‘habit’ memory system. 
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2.3.2 Methods 

The study was conducted on two experimental days (Figure 7). We tested a total of 136 

healthy volunteers in this study but had to exclude 22 participants due to unsuccessful 

learning of the task on experimental day 1 (learning criterion: ≥ 60 % correctly classified 

trials). Further, we had to exclude two additional participants because of data loss during 

acquisition, leaving a final sample of 112 participants (56 women). 

On experimental day one (learning phase), participants completed 200 trials of the 

PCL task (see section 2.1.1). Twenty-four hours later, participants received either a placebo, 

40 mg hydrocortisone, 40 mg yohimbine (an α-adrenergic antagonist stimulating 

noradrenergic activation), or both drugs. Fourty-five minutes after pill intake, when the drugs 

were assumed to be fully resorbed, they completed the retrieval version of the PCL task, 

consisting of 100 trials. 

 

 

2.3.3 Results 

Over the course of the learning phase on experimental day one, the classification performance 

significantly increased from about 50 percent in the first block of ten trials to about 80 percent 

in the last block, demonstrating successful classification learning. The best-fitting strategy, 

indicative of memory system engagement also changed dynamically over the course of the 

task: while most participants used the single-cue strategy in the beginning of the task, multi-

cue strategy use increased significantly over the course of the task, resulting in 50 percent 

multi-cue strategy users at the end of learning.  

Figure 7 Experimental Procedure of Study Two 
On experimental day one, participants completed 200 PCL trials. Twenty-four hours later, they received the 

pharmacological manipulation. After 50 min, when the drugs were expected to be fully resorbed, participants 

completed 100 retrieval trials. CORT = hydrocortisone; YOH = yohimbine. Adapted from: Zerbes, Kausche, 

Müller, Wiedemann, and Schwabe (2019) 
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The action of the drugs on experimental day two was verified by significant increases 

in blood pressure, pulse, salivary alpha-amylase and salivary cortisol. Although no feedback 

was provided during the retrieval phase, participants overall accomplished about 83 percent 

correctly classified trials, thereby demonstrating successful remembering. The placebo group 

showed significantly increased multi-cue strategy utilization compared to the learning phase 

(about 80 percent multi-cue utilization), indicating that the shift towards ‘habit’ memory 

engagement established over the course of learning was even more pronounced after twenty-

four hours (Figure 8). However, this shift was abolished by the administration of 

hydrocortisone, yohimbine, or both drugs, which led participants to utilize the same strategies 

they employed at the end of learning.  

Retrieval performance was significantly enhanced for multi-cue users (93 percent 

correct) compared to single-cue users (78 percent correct), suggesting that the shift towards 

the multi-cue strategy from learning to retrieval observed in the placebo group could be 

beneficial for retrieval. This conclusion was at least partly supported by drug-induced 

retrieval impairments, with significantly decreased retrieval performance in the group 

receiving only cortisol and descriptive differences in the same direction in the yohimbine-only 

group and the group receiving both drugs. 

 

 

2.3.4 Conclusions 

In the present study, we have investigated the effect of the major stress mediators cortisol and 

noradrenaline on the control of memory retrieval by multiple memory systems. We have 

Figure 8 Change in Best-Fitting Strategy Use from Learning to Retrieval 
In the placebo group (PLAC), the proportion of participants using the multi-cue strategy increased from 

learning to retrieval, indicating engagement of the ‘habit’ memory system. This shift was abolished by the 

administration of hydrocortisone (CORT), yohimbine (YOH) or both drugs (CORT+YOH). * p < .05.  From: 

Zerbes et al. (2019).  
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found a general increase of multi-cue strategy use over the course of learning, in line with 

previous results reporting a shift towards dorsal striatal ‘habit’ learning with continued 

practice (Gluck et al., 2002; Iaria et al., 2003; Poldrack et al., 2001). During the retrieval 

phase twenty-four hours later, the placebo group showed an even more pronounced preference 

for the multi-cue strategy compared to the end of learning. Presumably, this ‘off-line’ shift 

towards the more effective multi-cue strategy was due to sleep-dependent consolidation 

processes (Diekelmann & Born, 2010) and resulted in superior retrieval performance. 

However, administration of cortisol, yohimbine or both drugs on experimental day two 

suspended this shift, resulting in retrieval strategies similar to the strategies employed at the 

end of the learning phase on experimental day one. This result suggests that the stress 

mediators prevented memory retrieval from taking full advantage of sleep-dependent 

consolidation, which, in part, manifested in impaired retrieval performance. Hence, as 

opposed to the beneficial effects of stress mediators on multiple memory system engagement 

during learning (Schwabe et al., 2010a; Vogel et al., 2016), the control of memory retrieval 

seems to be hampered by cortisol and noradrenergic activation. These results seem to diverge 

from the findings of an earlier rodent study (Elliott & Packard, 2008) as well as our study one, 

which have suggested that stress mediators promote the control of memory retrieval by the 

‘habit’ memory system. A possible explanation for these diverging effects may be differences 

in initial training: while the present study implemented an extensive learning phase of 200 

trials, study one only used moderate training (100 trials). Prolonged practice leads to 

enhanced contribution of the ‘habit’ memory system to behavior (Iaria et al., 2003; Poldrack 

et al., 2001), which may be differentially affected by stress and stress hormones.  

The results of study two suggest, that either glucocorticoid or noradrenergic activation 

is sufficient to bias which memory system controls memory retrieval, arguing against possible 

interactive effects of these stress mediators. However, this may result from the high levels of 

stress mediator activity achieved due to the pharmacological manipulation, exceeding the 

levels reached in the course of the physiological stress response. Because previous results 

strongly suggest an interactive influence of glucocorticoids and noradrenergic activity when 

modulating memory function (de Quervain et al., 2007; Roozendaal et al., 2006b; Schwabe et 

al., 2012b), our next study aimed to further elucidate the role of these major stress mediators 

in the stress-induced modulation of retrieval control.  
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2.4 Study 3: Noradrenergic Activation is Required for Stress-Induced 

Modulation of Retrieval Control 

Zerbes, G., Kausche, F. M., Müller, J.C., Wiedemann, K. & Schwabe, L. (2020). Stress-

induced modulation of multiple memory systems during retrieval requires noradrenergic 

arousal. Psychoneuroendocrinology, 122, 1-10. 

(Appendix C: pages 87-97) 

 

2.4.1 Background 

The stress-induced shift of memory system engagement during learning in favor of the dorsal 

striatal ‘habit’ system is known to be mediated by glucocorticoids, most likely acting through 

the mineralocorticoid receptor (Schwabe et al., 2010a; Schwabe et al., 2013; Siller-Pérez et 

al., 2017; Vogel et al., 2016). Despite that, it has been shown that noradrenaline plays a role in 

the stress-induced change in memory system engagement as well (Packard & Wingard, 2004; 

Wirz et al., 2017b). Evidence from instrumental learning paradigms has even suggested that 

glucocorticoids and noradrenaline interact to produce a shift towards habitual responding 

(Schwabe et al., 2010b, 2012b).   

If stress also influences which memory system guides later retrieval, it can be 

hypothesized that this process would be mediated by the combined action of glucocorticoids 

and noradrenaline as well. Based on the results of a prior study in rodents (Elliott & Packard, 

2008), it can be argued that noradrenergic activation may be sufficient to bias memory system 

engagement during retrieval. However, our study one has found an association between 

cortisol and the control of memory retrieval, while study two suggested that either 

glucocorticoid or noradrenergic activity can be sufficient to bias memory system engagement 

during retrieval.  Our third study aimed to further unravel the roles of these major stress 

mediators in the balance between memory systems during retrieval by investigating whether 

noradrenergic arousal is necessary for the stress-induced modulation of the control of memory 

retrieval. We hypothesized that the stress-induced bias of memory system engagement during 

retrieval required noradrenergic activation and would therefore be blocked by the 

administration of a β-adrenoceptor antagonist.  

 

2.4.2 Methods 

The study was conducted on two experimental days (Figure 9). A total of 120 healthy 

volunteers participated in the study, but we had to exclude 17 participants because they were 
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not successful in learning the PCL task (learning criterion: ≥ 60 % correctly classified trials), 

leaving a final sample of 103 participants (54 women). On experimental day one, participants 

completed 200 learning trials of the PCL task (see section 2.1.1). Twenty-four hours later, 

participants returned to the lab and received orally either 40 mg propranolol (a β-adrenoceptor 

antagonist) or a placebo. Fifty minutes later, when the drug was expected to be fully resorbed, 

participants completed either the TSST or a non-stressful control procedure (see section 

2.1.2). Afterwards, participants completed 100 trials of the retrieval version of the PCL task. 

If the effects of stress on memory retrieval critically depend on noradrenergic activity, they 

should be diminished by the administration of propranolol. 

 

2.4.3 Results 

On experimental day one (learning phase), the classification performance increased over the 

course of the PCL task, with about 80 percent correctly classified trials in the last block of ten 

trials, demonstrating successful learning. The utilized strategy significantly changed over the 

course of learning, showing a practice-dependent increase in multi-cue learning, thereby 

indicating a gradual shift towards engagement of the ‘habit’ memory system. 

The effectiveness of the pharmacological and stress manipulation on experimental day 

two was verified by significant stress-induced increases in blood pressure and pulse, which 

were reduced by administration of propranolol. Further, stress led to significant increases in 

salivary cortisol levels, regardless of propranolol administration. In the PCL retention test on 

experimental day two, participants demonstrated successful retrieval of the acquired 

associations (82 percent correctly classified trials), irrespective of stress or propranolol. The 

relative strategy dominance shifted significantly in favor of single-cue strategies from 

Figure 9 Experimental Procedure of Study Three. 
On the first experimental day, participants completed 200 PCL trials. Twenty-four hours later, they received 

either propranolol or a placebo. After a delay of 50 min to allow the drug taking effect, participants completed 

the TSST or a non-stressful control procedure, before performing 100 retrieval trials. From: Zerbes et al. 

(2020a).  
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learning to retrieval, suggesting a partial relapse to ‘cognitive’ system engagement. This shift 

was on trend-level (p = .086) modulated by the interactive influence of stress and propranolol. 

Resolving this interaction revealed that the shift in favor of more single-cue strategy 

utilization was most pronounced in the stress/placebo group (p = .047, Figure 10), indicative 

of increased ‘cognitive’ memory system engagement from learning to retrieval. However, this 

shift was completely abolished in the stress/propranolol group (p = .976). To further inspect 

the association of the stress response with strategy use, we constructed regression models with 

the predictors systolic blood pressure during the stress vs. control manipulation (as indicator 

of sympathetic arousal) and the salivary cortisol peak as well as their interaction. Although 

neither cortisol nor systolic blood pressure alone were linked to the strategy dominance, there 

was a significant interaction, suggesting that combined high levels of systolic blood pressure 

and salivary cortisol were associated with a relative dominance of the single-cue strategy. 

Furthermore, performing the same regression model with retrieval performance as criterion, 

we also found an interaction between cortisol and systolic blood pressure, indicating that 

combined high levels of both cortisol and systolic blood pressure are linked to impaired 

retrieval performance. Most interestingly, when additionally including retrieval strategy, this 

effect disappeared, suggesting that the interactive effect of cortisol and systolic blood pressure 

on retrieval performance was driven by the cortisol- and blood pressure-related changes in 

strategy use. 

 

Figure 10 Effects of Stress and Propranolol on Strategy Change. 
In the placebo group, strategy use under stress shifted from learning to retrieval towards single-cue strategy 

utilization, but this shift was abolished for participants receiving propranolol. Error bars represent standard 

error of the mean. * p < .05; # p < .10. From: Zerbes, Kausche, Müller, Wiedemann, and Schwabe (2020a). 
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2.4.4 Conclusions 

The present data revealed a shift in favor of single-cue strategies from learning to retrieval, 

which was most pronounced for the stress/placebo group, suggesting that stress promotes 

engagement of the ‘cognitive’ memory system and thereby diminishes the practice-dependent 

shift in favor of the ‘habit’ system. This stress-induced loss of advancements gained during 

training suggests that ‘habit’ memory can also be sensitive to detrimental effects of stress and 

stress mediators, corroborating previous results (Atsak et al., 2016; Guenzel et al., 2013). The 

shift was, however, completely blocked in the stress/propranolol group, suggesting that 

noradrenergic activation may be necessary for the stress-induced modulation of memory 

retrieval control. This notion is further supported by the interactive effect of cortisol and 

systolic blood pressure on strategy employment during retrieval: Only combined high levels 

of cortisol and systolic blood pressure were linked to a relative preference of single-cue 

strategy use. The shift back to using the ‘cognitive’ memory system was also reflected in 

retrieval performance, which was impaired by high levels of salivary cortisol combined with 

high systolic blood pressure. Importantly, this impairment disappeared when accounting for 

the retrieval strategy, suggesting that the effect of cortisol and blood pressure on retrieval 

performance was driven by the cortisol- and blood pressure-related changes in retrieval 

strategy. 

 

2.5 Study 4: Stress-induced Modulation of Retrieval Control Depends on 

Training Intensity 

Zerbes, G. & Schwabe, L. (2020). Stress-induced Bias of Multiple Memory Systems During 

Retrieval Depends on Training Intensity. Manuscript submitted for publication. 

(Appendix D: pages 98-127) 

 

2.5.1 Background 

Stress has been repeatedly shown to bias multiple memory system engagement during 

memory formation (Packard & Goodman, 2012; Schwabe & Wolf, 2012; Wirz et al., 2018), 

and accumulating evidence suggests that stress can also alter the contribution of multiple 

memory systems to retrieval. Specifically, a previous rodent study (Elliott & Packard, 2008) 

as well as our study one have suggested that stress or stress mediators produce a preference 

for dorsal striatal ‘habit’ memories during retrieval. On the contrary, our studies two and three 

have suggested a relapse towards the hippocampal ‘cognitive’ memory system under stress or 
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elevated stress mediators. A potential modulating factor explaining these diverging results 

might be differences in training intensity: our study one implemented a shorter learning phase 

than studies two and three (100 vs. 200 PCL trials). Because memory system engagement 

shifts from the ‘cognitive’ towards the ‘habit’ system over the course of learning (Iaria et al., 

2003; Packard & Goodman, 2013; Poldrack et al., 2001), moderate training may lead to a 

predominance of the ‘cognitive’ memory system at the end of learning, while the ‘habit’ 

system is in control after extended training. These differences in memory strength and 

memory system balance at the end of learning may lead to differential effects of stress on 

memory retrieval. Our fourth and final study aimed to directly compare the effects of stress on 

memory retrieval after low- and high-intensity training. We hypothesized, based on the results 

of studies one to three that stress would lead to preferred ‘habit’ memory system engagement 

during retrieval only after low-intensity training. After extended practice, however, stress may 

disrupt ‘habit’ memory, resulting in a relapse toward ‘cognitive’ memory system engagement. 

 

2.5.2 Methods 

One-hundred and eleven healthy volunteers (53 women) participated in the experiment and 

they were tested on one experimental day (Figure 11). In order to examine the effect of 

training intensity on a potential stress-induced modulation of memory retrieval, participants 

completed either 100 (moderate training) or 200 (intensive training) learning trials of the PCL 

task (see section 2.1.1). Afterwards, they underwent either the TSST (see section 2.1.2) or a 

non-stressful control procedure, depending on the experimental group. After the stress/control 

manipulation, participants completed 100 trials of the retrieval version of the PCL task. 

Figure 11 Experimental Procedure of Study Four. 
In the learning phase, participants completed either 100 or 200 trials of the PCL task. Then, after a stress 

induction paradigm (TSST) or a non-stressful control condition, participants completed 100 trials of the PCL 

retrieval version. 
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2.5.3 Results 

Participants in all groups successfully learned the PCL task, significantly improving their 

performances from 49 percent correctly classified trials to 69 percent (after 100 trials) and 75 

percent (after 200 trials). The strategy dominance score, indicating relative memory system 

engagement also significantly changed over the course of learning, revealing a training-

related gradual shift towards ‘habit’ memory system engagement. Over the last 50 trials of 

learning, participants in the intensive training group achieved higher classification accuracy as 

well as a higher strategy dominance score compared to the moderate training group, 

indicating a relative preference for ‘habit’ memory engagement after extended training. 

Importantly, the stress and control group did not differ in classification accuracy or strategy 

use at the end of learning, indicating comparable learning in both groups.  

The stress manipulation following the learning phase successfully elicited increases in 

blood pressure, pulse and salivary cortisol compared to the control group. In the retrieval 

phase, participants overall correctly classified 74 % of the trials, demonstrating successful 

memory retrieval. Importantly, the change in the strategy dominance score from learning to 

retrieval was interactively modulated by training intensity and stress: stress led to a relative 

increase in the strategy dominance score from learning to retrieval in the moderate training 

group, but not in the intensive training group (Figure 12). This result suggests a stress-induced 

Figure 12 Effect of Stress and Training on Relative Strategy Use. 
Stress led to a shift in relative strategy preference towards the multi-cue strategy, indicating ‘habit’ memory 

system engagement, after moderate training. However, after intensive training, retrieval control was unaffected 

by stress. Error bars represent standard error of the mean. * p < .05 
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shift towards ‘habit’ memory system engagement from learning to retrieval, but only after 

low-intensity training.  

 

2.5.4 Conclusions 

In the present study, stress before memory retrieval led to a relative preference of using multi-

cue strategies compared to the end of learning, but only after moderate training. In line with a 

previous study in rodents (Elliott & Packard, 2008) as well as study one, the present data 

suggest that stress before memory retrieval promotes the engagement of the dorsal striatal 

‘habit’ system. However, this shift only occurred after moderate training, when the 

hippocampal ‘cognitive’ memory system is still in control (Iaria et al., 2003; Poldrack et al., 

2001). Through extended training, control gradually shifts toward the dorsal striatal ‘habit’ 

system (Chang & Gold, 2003). As a consequence, stress before subsequent memory retrieval 

may have no further effect on the engagement of multiple memory systems. Our results 

therefore point to the conclusion that stress can accelerate the shift towards ‘habit’ memory 

system engagement that would normally occur due to advanced training. 
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3 General Discussion 

 

In this work, I have presented four studies that shed light on the way stressful experiences can 

impact the nature of remembering by shifting the balance between a ‘cognitive’ memory 

system depending on the hippocampus and a ‘habit’ memory system depending on the dorsal 

striatum. Specifically, the studies aimed to uncover whether stress can affect which memory 

system guides the retrieval of previously learned information. The first study utilized fMRI to 

investigate the neural underpinnings of memory system engagement during retrieval and the 

way it was affected by stress. We found that increases in cortisol in the stress group were 

associated with a relative preference for the multi-cue strategy, indicating engagement of the 

‘habit’ memory system. The neural data provided further support for this behavioral finding, 

showing that stress increased the contribution of the dorsal striatum to memory retrieval. In 

addition, the increase in dorsal striatal activity was associated to salivary cortisol elevations.  

In the second study, glucocorticoid and noradrenergic activity were pharmacologically 

elevated before memory retrieval to assess the effect of these major stress mediators on the 

engagement of multiple memory systems. Interestingly, and contrary to the results of study 

one, we found that either glucocorticoid or noradrenergic activity reversed a putative offline 

shift towards multi-cue strategy use, thereby disrupting the control of memory retrieval by the 

‘habit’ memory system. Study three aimed to further elucidate the role of noradrenergic 

activation in the stress-induced modulation of memory system engagement during retrieval. In 

line with study two, this study found a relapse towards using single-cue strategies after stress, 

which was blocked by the administration of the β-adrenergic antagonist propranolol. This 

relapse was associated with the concurrent elevation of salivary cortisol and autonomic 

activity, suggesting an interactive role of glucocorticoids and noradrenaline in the stress-

induced modulation of retrieval control.  

Based on the diverging results of study one compared to studies two and three, we 

hypothesized that the extent of practice during the learning phase critically modulates the way 

stress affects memory system engagement during retrieval. Therefore, the fourth and final 

study directly compared different training intensities and examined how stress before 

subsequent retrieval altered the contribution of multiple memory systems to remembering. 

The results suggested that stress before memory retrieval favors ‘habit’ memory system 

engagement only after moderate training. Together, the results reveal a complex effect pattern 
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of stress on the nature of remembering. The following sections will descramble this pattern 

and integrate the separate findings. 

 

3.1 Stress-induced Promotion of Dorsal Striatal ‘Habit’ Retrieval 

In study one, stress-induced cortisol elevations were linked to a relative preference for multi-

cue strategies during memory retrieval, indicating enhanced ‘habit’ system engagement. This 

effect was accompanied by increased activity in the dorsal striatum after stress as well as in 

association with cortisol. These findings point to the conclusion that stress before retrieval 

promotes engagement of the dorsal striatal ‘habit’ memory system, analogous to the well-

established shift towards ‘habit’ memory when stress is induced before learning (Kim et al., 

2001; Schwabe & Wolf, 2012; Wirz et al., 2018). This result is further in line with a finding 

in rodents showing that pharmacologically elevated noradrenergic arousal before retrieval 

promotes ‘habit’ memory system engagement (Elliott & Packard, 2008). 

Both the behavioral shift towards the ‘habit’ memory system and the increased 

contribution of the dorsal striatum in study one were related to salivary cortisol elevations. 

This result supports the notion that glucocorticoids play a critical role in modulating multiple 

memory systems (Schwabe et al., 2010a), likely by acting on the MR (Vogel et al., 2016). 

Specifically, it is thought that by action of glucocorticoids, the amygdala mediates the shift 

from ‘cognitive’ to ‘habitual’ learning (Schwabe et al., 2013; Vogel et al., 2017). In study one 

we found that increasing cortisol levels were linked to decreased functional connectivity 

between the amygdala and the hippocampus, suggesting that a similar mechanism may 

modulate multiple memory system engagement during retrieval. 

However, aside from the effects of glucocorticoids, amygdala-mediated changes in 

‘cognitive’ and ‘habit’ learning also depend on noradrenaline (Packard & Gabriele, 2009; 

Wingard & Packard, 2008). Furthermore, a study in rodents showed that pre-retrieval 

injection of an anxiogenic drug that increases noradrenergic stimulation into the BLA was 

sufficient to bias memory in favor of the ‘habit’ system (Elliott & Packard, 2008). Thus, 

although we have identified an association with cortisol in study one, it is possible that stress-

induced noradrenergic stimulation of the amygdala affects memory system balance during 

retrieval as well. Capturing such an effect would require a study design focusing on the role of 

noradrenaline, for example by pharmacologically inhibiting the stress-induced noradrenergic 

stimulation (see our study three), combined with neuroimaging. 
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It is important to note that the connectivity results in study one are correlational, 

therefore they do not allow definite conclusions about the direction of the effect. 

Nevertheless, our connectivity results may point to a cortisol-induced negative modulation of 

hippocampus activity, executed by the amygdala. This interpretation is supported by results 

showing that amygdala lesions can block adverse effects of stress on hippocampal memory 

and long-term potentiation (Kim et al., 2001). Furthermore, post-learning intra-amygdala 

injections of anxiogenic drugs not only facilitate memory formation in a dorsal striatal SR-

learning task, but also impair memory formation in a hippocampal place learning task 

(Wingard & Packard, 2008). This suggests that the shift from ‘cognitive’ to ‘habit’ learning is, 

at least in part, due to an amygdala-mediated inhibition of hippocampal function, which is in 

turn thought to alleviate competition between memory systems, thereby indirectly facilitating 

‘habit’ memory. Similarly, the stress-induced increase in dorsal striatal contribution to 

retrieval that was observed in our study one might be related to decreased competition 

between the hippocampus and the dorsal striatum, as a consequence of hippocampal 

modulation by the amygdala. However, prior results strongly suggested a stress-induced 

modulation of not only hippocampal, but also the dorsal striatal activity by the amygdala 

during learning (Schwabe et al., 2013; Vogel et al., 2015; Vogel et al., 2017). Although we 

did not find such an effect in our study one, it should be considered as a hypothesis for future 

studies. 

Interestingly, stress did not lead to impaired memory retrieval, despite the general 

view that stress suppresses memory retrieval (Joels et al., 2011; Schwabe et al., 2012a). 

Interestingly, previous results strongly suggest that stress and stress mediators especially 

interfere with the retrieval of hippocampus-dependent memories (de Quervain et al., 2007; de 

Quervain et al., 1998; Roozendaal, Griffith, Buranday, Dominique, & McGaugh, 2003). Thus, 

the shift towards dorsal striatal retrieval observed in study one may be an adaptive response to 

stress, preventing memory impairments due to disrupted hippocampal activity. A similar 

protective effect of the shift towards ‘habit’ learning under stress has been suggested before 

(Schwabe et al., 2013; Schwabe & Wolf, 2012). 

 

3.2 Diverging Effects Depending on Training Intensity 

Contrary to the results of study one, studies two and three suggested that stress or stress 

mediators affect retrieval control by reverting the shift towards the ‘habit’ memory system. 

Specifically, in study two, the pharmacological elevation of glucocorticoids or noradrenergic 
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activation abolished the shift towards the engagement of the ‘habit’ memory system observed 

in the placebo group after a delay of 24 hours. In study three, we even found a relative shift 

towards the ‘cognitive’ memory system under stress, which was blocked under the influence 

of the β-adrenoceptor antagonist propranolol.  

How can stress (mediators) in some instances promote ‘habit’ memory retrieval, but in 

other cases lead to a relapse toward ‘cognitive’ memory system engagement? One critical 

difference between our studies that might explain the divergent results is the intensity of 

training received during the learning phase. Specifically, in study one the learning phase 

consisted of 100 trials and stress led to increased engagement of the dorsal striatal ‘habit’ 

system. Similarly, a previous rodent study that used only 12 training trials in a plus-maze task 

found a preference for ‘habit’ memory during retrieval after pharmacologically elevating 

noradrenergic activity (Elliott & Packard, 2008). On the contrary, our studies two and three 

implemented an extended learning phase of 200 trials and a relapse towards the ‘cognitive’ 

memory system was observed after stress or the administration of major stress mediators. 

Because the ‘cognitive’ memory system is established more rapidly than the slowly evolving 

‘habit’ system (Iaria et al., 2003; Packard & Goodman, 2013; Poldrack et al., 2001), behavior 

is controlled by the hippocampal ‘cognitive’ system after brief training. With extended 

training, however, the ‘habit’ memory system is gradually strengthened and successively 

gains control (Chang & Gold, 2003). These dynamics result in a different balance between 

memory systems depending on the received training, which may affect the way stress 

modulates retrieval control.  

In study four, we tested this idea by directly comparing different training intensities in 

the learning phase. Stress before memory retrieval led to a shift towards ‘habit’ memory 

system engagement from learning to retrieval only after moderate practice, when the 

contribution of the ‘cognitive’ memory system to task performance was high. After prolonged 

training on the other hand, the ‘habit’ memory system was already supported due to task 

practice. Under these circumstances, stress before subsequent retrieval had no further effect 

on multiple memory system engagement. In other words, the results of study four suggest that 

stress can shift retrieval control towards the ‘habit’ memory system, but this shift only takes 

effect when the ‘habit’ memory system is not already promoted due to extended training. This 

finding is well in line with the results of study one, where stress has increased the contribution 

of the dorsal striatum to memory retrieval after moderate training. Stress may therefore affect 

memory retrieval by aiding the automatization of previously learned behaviors that otherwise 

would have required further practice.  
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3.3 Disruption of ‘Habit’ Memory Retrieval 

In studies one and four, stress increased the reliance on ‘habit’ memory during retrieval after 

moderate training but had no further effect when extended practice already led to a shift 

towards the ‘habit memory system. However, in studies two and three, stress (mediators) led 

to a relapse toward ‘cognitive’ memory system engagement during retrieval following 

extensive training, thereby even counteracting the practice-dependent shift observed over the 

course of learning. Thus, while study four found that differences in training intensity 

contribute to diverging effects of stress on the control of memory retrieval, this factor cannot 

entirely explain the results observed in studies two and three. Importantly, and in contrast to 

study four, the retrieval phase in studies two and three was conducted 24 hours after learning, 

including one night of sleep in between. In addition to extensive training, this delay between 

learning and retrieval might explain the observed effects.  

Over time, newly encoded memories are strengthened, a process called memory 

consolidation (McGaugh, 2000). Sleep, especially in the first night after encoding, plays an 

important role in these consolidation processes (Diekelmann & Born, 2010; Gais et al., 2007). 

Such offline consolidation processes may also affect the way memories are represented in 

multiple memory systems and thereby account for the differential effect of stress observed in 

studies two and three. For example, in a statistical learning task, hippocampal recruitment 

decreased after one night of sleep, while recruitment of the dorsal striatum increased (Durrant 

et al., 2013). This finding points to a possible transfer of control from hippocampal towards 

dorsal striatal memory systems over time. This sleep-dependent transfer was further 

associated with improved performance (Durrant et al., 2013; Durrant, Taylor, Cairney, & 

Lewis, 2011). In line with this observation, one night of sleep can also improve performance 

in the same PCL task used in our experiments (Djonlagic et al., 2009). Although we have not 

found such an overnight improvement from learning to retrieval in our studies, the results of 

the placebo group in study two suggested increased ‘habit’ memory system engagement 24 

hours after learning. This observation supports the idea that offline consolidation processes 

promote the control of behavior by the ‘habit’ memory system. In addition, offline changes in 

memory system engagement might also be driven by altered interactions between memory 

systems. In fact, sleep has been shown to decrease memory system interference (Brown & 

Robertson, 2007). Moreover, offline consolidation can increase cooperation between the 

hippocampus and striatum in a motor sequence learning task (Albouy et al., 2008). Such a 
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release of competition between memory systems may also change, which memory system 

governs behavior during retrieval. Taken together, these results suggest that a delay between 

learning and retrieval can alter the contribution of multiple memory systems, e.g., by 

increasing the reliance on the ‘habit’ memory system. Studies two and three suggest that the 

resulting ‘habit’ memories are vulnerable to disruptive effects of stress and stress mediators, 

leading to the reinstatement of retrieval control by the ‘cognitive’ memory system. Supporting 

this interpretation, stress or glucocorticoids have been shown to impair the retrieval of dorsal 

striatal SR memories (Atsak et al., 2016; Guenzel et al., 2013). In line with our results, these 

disruptive effects of stress or glucocorticoids were observed when learning and retrieval were 

separated by a delay allowing for offline consolidation.  

In study three, the relapse towards ‘cognitive’ memory system engagement was 

blocked after administration of propranolol, suggesting a critical role of noradrenaline. 

Further supporting this idea, the shift in memory system engagement was associated with the 

combined elevation of salivary cortisol and autonomic arousal. Together, these results suggest 

that the stress-induced disruption of ‘habit’ memory retrieval requires the action of both 

glucocorticoids and noradrenaline. This result is in line with the observation that the stress-

induced modulation of learning processes requires the interactive effects of glucocorticoids 

and noradrenaline (Schwabe, Höffken, Tegenthoff, & Wolf, 2011; Schwabe et al., 2010b, 

2012b).  

Study two further reported that the pharmacological elevation of either glucocorticoid 

or noradrenergic stimulation induces a shift back to ‘cognitive’ memory system engagement 

during retrieval. This complements the results of study three by suggesting a causal effect of 

both glucocorticoid and noradrenergic stimulation on retrieval control by multiple memory 

systems. At first glance, the results of study two seem to deny an interactive role of 

glucocorticoids and noradrenaline, because either drug was sufficient to elicit the relapse 

towards the ‘cognitive’ memory system. However, it is important to note that the 

pharmacological manipulation in study two induces stress mediator activity notably above the 

level achieved by the physiological stress response. Therefore, the interactive effects of 

glucocorticoid and noradrenergic activity may be masked by a ceiling effect in study two. 

Future studies will be needed further clarify this issue by comparing different drug dosages.  

Prior results suggested that glucocorticoids and noradrenaline interact in the amygdala 

to affect memory functions (Roozendaal, Hahn, Nathan, de Quervain, & McGaugh, 2004; 

Roozendaal et al., 2006a; Roozendaal et al., 2009). Moreover, the amygdala has also been 

implicated in the modulation of multiple memory systems not only during learning (Schwabe 
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et al., 2013; Vogel et al., 2015; Vogel et al., 2017), but also during retrieval (Elliott & 

Packard, 2008). It may therefore be hypothesized for future studies that the amygdala also 

orchestrates the disruption of ‘habit’ memories after stress we observed in studies two and 

three. If so, the effects of stress and stress mediators observed in the studies presented in this 

work may share a common neural basis, although diverging in direction.  

The idea that a stress-induced disruption of ‘habit’ memory retrieval leads to a relative 

preference for ‘cognitive’ memory retrieval seems to be in conflict with the well-supported 

notion that stress and glucocorticoids impair the retrieval of hippocampus-dependent 

memories (de Quervain et al., 2007; de Quervain et al., 1998; Roozendaal et al., 2003; 

Smeets, 2011; Tollenaar, Elzinga, Spinhoven, & Everaerd, 2009). In this regard, it is 

important to keep in mind that the strategies associated with the ‘cognitive’ memory system in 

the PCL task used in our studies consist of associating single cues with their most probable 

weather outcome (see section 2.1.1 for a detailed description of these strategies). Despite a 

potential stress-induced disruption of hippocampal function, retrieving these associations 

might still be manageable. However, if the hippocampus-dependent memories are more 

complex, results may differ from our studies. For example, in a recent study, participants 

extensively learned to use a specific route for navigating in a virtual environment (Brown, 

Gagnon, & Wagner, 2020). Twenty-four hours after training (allowing for a period of offline 

consolidation comparable to our studies two and three), participants were asked to find the 

shortest route to a specified landmark in the environment. Under stress, participants used the 

familiar route to navigate to the target (i.e., SR memory), while non-stressed participants were 

able to utilize novel shortcuts. In line with this behavioral result, hippocampal activity was 

decreased under stress, suggesting a stress-induced impairment of the ‘cognitive’ memory 

system. Most interestingly, at the same time dorsal striatal activity was also reduced after 

stress, suggesting decreased recruitment of the dorsal striatal ‘habit’ memory, although this 

did not impair the use of familiar routes during navigation. Coupled with our studies two and 

three, this result supports the idea that stress can interfere with the retrieval of both ‘cognitive’ 

and ‘habit’ memories after these memories have been stabilized by extended practice and a 

period of offline consolidation. Whether these disruptive effects translate to impaired 

performance and which memory system ultimately accomplishes to control memory retrieval 

may depend on the task at hand. For example, the PCL task used in our studies can be solved 

reasonably well with hippocampus-dependent strategies, which might be simple enough to be 

executed successfully even when hippocampal function is compromised under stress. In 

contrast, the spatial navigation task used by Brown et al. (2020) requires participants to 
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consult a mental map of the virtual environment in order to retrieve the shortest route. A 

stress-induced impairment of hippocampal function may affect this operation more severely 

than its counterpart in the PCL task, leading to preferential retrieval of dorsal striatal 

memories. 

The changes in brain function elicited in response to stress are generally thought to be 

adaptive, serving efficient coping with a stressful experience (de Kloet et al., 2005). For 

instance, the shift towards ‘habit’ learning after stress may promote resource-efficient 

processing in the face of a potential threat (Vogel et al., 2016). However, as opposed to 

‘habit’ formation, the retrieval of ‘habit’ memories may not always be the most adaptive 

option under stress. For example, navigating to a source of food or water may become 

habitual over time, when an individual repeatedly visits that place. These well-stabilized 

‘habit’ memories can efficiently guide behavior under normal (i.e., non-stressful) conditions, 

but they might not be as useful under stress (e.g., when facing a predator). Particularly remote 

‘habit’ memories that have been established over an extended period of time may be more 

tailored to deal with the daily routines of an individual, as opposed to the comparatively rare 

occurrence of a stressful event. Therefore, inhibiting the retrieval of strong, consolidated 

‘habit’ memories may even be adaptive under stress. 

In sum, while studies one and four showed that stress can promote dorsal striatal 

‘habit’ retrieval after moderate training, studies two and three suggested that stress and stress 

mediators can also interfere with ‘habit’ memory system engagement when retrieval is 

delayed by 24 hours, allowing for offline consolidation. Still, our studies did not directly 

compare immediate and delayed retrieval, therefore it cannot be concluded with certainty that 

the relapse toward the ‘cognitive’ memory system in studies two and three was a consequence 

of offline consolidation processes between learning and retrieval. Therefore, future studies 

will be needed to assess the stress-induced modulation of multiple memory system 

engagement during immediate compared to delayed retrieval. Moreover, studies two and three 

did not gather neuroimaging data, therefore the neural basis of a stress-induced relapse toward 

‘cognitive’ memory system engagement during retrieval requires further investigation. Most 

interestingly, a study comparing immediate and delayed retrieval while acquiring fMRI data 

may shed light on the question, whether the diverging effects encountered in the present 

studies may even share common neural underpinnings. More specifically, the effects observed 

in our studies might be based on modulation of multiple memory systems governed by the 

amygdala, as argued above (see section 3.1). If such a common neural basis could be 

established, it would be of great interest to further identify, how both promoting and 
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disrupting effects of stress on the ‘habit’ memory system are realized within the same neural 

mechanism.  

 

3.4 Stress and Memory System Engagement Across Memory Functions 

Extensive research over the past decades has established that stress promotes a shift towards 

the dorsal striatal ‘habit’ memory system during memory formation (Kim et al., 2001; 

Packard & Goodman, 2012; Schwabe & Wolf, 2012; Wirz et al., 2018). As a mechanism 

behind this stress-induced bias, it is thought that the major stress mediators glucocorticoids 

and noradrenaline act in the amygdala, which in turn modulates activity in hippocampal and 

dorsal striatal memory systems (Packard & Wingard, 2004; Vogel et al., 2017; Wirz et al., 

2017b). Our results extend these reports by showing that this preference for ‘habit’ memory 

system engagement under stress is not restricted to the formation of new memories but can 

also apply to the selection of existing memories, as suggested by study one. The results of this 

study further point to a mediating role of the amygdala in modulating multiple memory 

system engagement, suggesting that the effect of stress on retrieval may be based on a similar 

neural mechanism underlying the effect of stress on learning. These corresponding effects of 

stress on learning and retrieval may be related to a more general stress-induced shift in 

resource allocation between widespread brain networks, favoring a ‘salience’ network 

(including the dorsal striatum) at the cost of an ‘executive control’ network (Hermans et al., 

2014). 

However, stress only led to preferred ‘habit’ memory retrieval when the preceding 

learning phase was relatively short, but not after extended training, which itself promoted 

increased ‘habit’ memory system engagement. This result supports the idea that stress 

modulates multiple memory system engagement during learning and retrieval in a similar 

fashion, by accelerating the normal, practice-dependent shift towards engagement of the 

‘habit’ memory system. Therefore, stress may have no further effect on multiple memory 

system engagement if the shift towards ‘habit’ memory system is already accomplished due to 

an extended training phase. 

Our results further suggested that the effect of stress on memory system engagement 

during retrieval can even be reversed if learning and retrieval are separated by a delay that 

allows for offline consolidation, in addition to extended practice. Retrieval of these well-

learned and further stabilized memories under stress or elevated stress mediator levels led to a 

reinstatement of the strategies associated with the ‘cognitive’ memory system. The effects of 
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stress on multiple memory system engagement therefore seem to diverge not only depending 

on the extent of received practice, but also more generally depending on the present stage of 

memory development. More specifically, stress may promote ‘habit’ memory engagement in 

early memory stages, e.g., during learning or when memories are retrieved after moderate 

practice (Figure 13). This effect may reverse for memories stabilized by extended practice and 

memory consolidation, i.e., later stages of memory development.  

A similar divergence has been found for the effect of stress and stress mediators on 

quantitative memory, with facilitating effects on memory formation but impairing effects on 

memory retrieval (de Quervain et al., 1998; Roozendaal et al., 2006b; Vogel & Schwabe, 

2016). This has been attributed to a ‘memory formation mode’ induced by the rapid effects of 

stress in the brain, which prioritizes the encoding of stress-related information into memory 

and at the same time suppresses memory retrieval to prevent interference (Schwabe et al., 

Figure 13 Proposed Effects of Stress on Memory System Engagement Depending on the 

Current Stage of Memory Development. 
Together, our results suggested that the effect of stress on multiple memory system engagement may critically 

depend on the current stage of memory development. Specifically, during early stages of memory 

development, stress may similarly affect learning and retrieval by accelerating the shift towards the dorsal 

striatal ‘habit’ memory system. However, when memories are retrieved during later stages of memory 

development, stress can disrupt the ‘habit’ memory system, leading to predominance of the ‘cognitive’ 

memory system. Color intensity of the hippocampus/ dorsal striatum symbolizes relative strength of the 

‘cognitive’/ ‘habit’ memory system, respectively. 
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2012a). Extending this idea, our results suggest that this ‘memory formation mode’ after 

stress may accelerate the shift towards the ‘habit’ memory system not only during learning, 

but also beyond the actual learning phase, as long as the training- and time-dependent 

dynamics in multiple memory system engagement are still in process. However, as soon as 

these dynamics are widely completed, the retrieval suppressing effects of stress gain the upper 

hand, leading to a disruption of the ‘habit’ memory system and assigning retrieval control to 

the ‘cognitive’ memory system. Importantly, as argued above (see section 3.3), additional 

disruptive effects on hippocampal retrieval are possible and this may even lead to a preference 

for dorsal striatal memory retrieval under different task demands (Brown et al., 2020). 

Our results suggest that the intensity of initial training as well as the delay between 

learning and retrieval are both important moderators of the effect of stress on the control of 

memory retrieval. The effects of stress on memory system engagement during memory 

retrieval therefore appear to be more variable than the effects of stress on memory formation. 

Future studies may consider additional factors that possibly moderate the stress-induced 

modulation of retrieval control, e.g. genetic differences, which have already been shown to 

affect the stress-induced modulation of memory system engagement during learning (Langer 

et al., 2019; Wirz et al., 2017a; Wirz et al., 2017b).             

 

3.5 Conclusion and Outlook 

Acute stress affects a multitude of cognitive functions, including the remembering of 

previously learned information. In a series of experiments, we have shown that stress, through 

the action of glucocorticoids and noradrenaline, can bias which memory system is 

preferentially utilized during retrieval, thereby affecting the nature of remembering. This 

effect of stress on memory retrieval critically depended on the amount of training received 

during the preceding learning phase: if individuals received only moderate training and their 

behavior was therefore dominated by the ‘cognitive’ memory system, stress before memory 

retrieval promoted the engagement of the ‘habit’ memory system. Most likely, this effect was 

orchestrated by the amygdala, which in turn is thought to modulate the engagement of 

hippocampal and dorsal striatal memory systems. However, after extensive training leading to 

higher contribution of the ‘habit’ memory system, stress before retrieval had no further effect 

on multiple memory system engagement. This effect pattern suggests that stress modulates 

multiple memory systems by accelerating training-related dynamics, leading to a faster 

transformation of flexible, but resource-intensive memories to more rigid, but efficient ones. 
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As argued before (Vogel et al., 2016), such a shift to more efficient processes under stress 

may be highly adaptive by promoting rapid behavioral responses in the face of a threat.  

 Contrary to the promotion of the ‘habit’ memory system after stress, our results further 

indicated that stress and stress mediators may even lead to the reinstatement of control by the 

‘cognitive’ memory system. Most likely, this opposite effect is explained by offline 

consolidation processes between learning and retrieval. Specifically, in our studies, extensive 

training followed by a period allowing for offline consolidation led to diminished engagement 

of the ‘habit’ memory system during retrieval under stress. It is well established that 

prolonged training increases the reliance on dorsal striatal ‘habit’ memories (Gluck et al., 

2002; Iaria et al., 2003; Poldrack et al., 2001) and this may be further promoted by offline 

consolidation processes following the learning experience (Durrant et al., 2013). Considering 

these reports, the results of our present studies suggest that particularly the retrieval of well-

stabilized ‘habit’ memories may be vulnerable to impairing effects of stress and stress 

mediators. Because ‘habit’ memories are gradually built associations of a stimulus with a 

fixed response (White & McDonald, 2002), they are most useful in repeatedly occurring 

situations. Therefore, retrieval of these habits may be disadvantageous in exceptional 

circumstances, such as stressful experiences. For that reason, inhibiting the control of 

behavior by the ‘habit’ system under stress may in such cases even be adaptive. 

The presented results provide important insights into the contribution of multiple 

memory systems to remembering and the way these contributions may be affected by stress. 

Nevertheless, some open questions still remain. Most importantly, the neural representation of 

the stress-induced shift back to ‘cognitive’ memory system engagement is yet to be 

established. A possible mechanism is a disruption of ‘habit’ memory system engagement after 

stress, orchestrated by the amygdala. However, retrieval of hippocampal memories is also 

reliably impaired by stress (de Quervain et al., 1998; Diamond et al., 2006; Kuhlmann et al., 

2005), raising the question how these two disrupting effects of stress may act together to 

produce the observed results. An important additional factor that should be considered in 

future studies addressing this issue are cooperative and competitive interactions between 

memory systems (Freedberg et al., 2020), which might also be modulated by stress. 

To conclude and emphasize the main results, the formation of memories in 

hippocampal and dorsal striatal memory systems may in general be viewed as a journey on a 

one-way street: while beginning with a preference for the hippocampal memory system, the 

road steadily leads toward engaging the dorsal striatum. As long as we remain on this street, 

i.e., the journey towards ‘habit’ system engagement is not yet completed, stress acts as an 



46 
 

accelerator and increases our speed. However, as soon as we leave the street and settle in at 

the destination, the consequences of stress seem to be completely different and may even 

reverse the journey made before.  
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Abstract 

Stressful events promote a shift from hippocampus-dependent ‘cognitive’ learning towards 

dorsal striatum-dependent ‘habit’ learning. Beyond modulating the recruitment of multiple 

memory systems during learning, recent evidence suggests that stress may also affect which 

of these memory systems is employed during retrieval, thereby affecting the nature of 

remembering. However, while some studies reported increased reliance on ‘habit’ memory 

retrieval after stress, other studies suggested even a bias towards ‘cognitive’ memory retrieval 

after stress. In the present experiment, we tested the hypothesis that the nature of the stress 

effect on the control of memory retrieval depends on the extent of initial training. To this end, 

participants completed a probabilistic classification learning (PCL) task that can be solved by 

both the ‘cognitive’ and the ‘habit’ memory systems, which is reflected in the engagement of 

specific behavioral strategies. Critically, participants received either moderate (100 trials) or 

intensive (200 trials) training in the PCL task. Participants then underwent a stress protocol or 

a non-stressful control procedure, before they completed a retrieval version of the PCL task. 

Our results revealed that participants who received moderate training showed, during 

retrieval, a stress-induced shift towards strategies indicative of the dorsal striatal ‘habit’ 

memory system. After prolonged training, however, stress did not affect which memory 

system guided retrieval. The present results indicate that the effect of stress on the 

engagement of multiple memory systems during retrieval is critically dependent on the extent 

of initial training and, by inference, on the strength of the multiple memory traces established 

during learning.      

Keywords: Stress, Multiple Memory Systems, Habit Memory, Cognitive Memory, 

Training, Retrieval 
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1 Introduction 

Stressful events are known to have a critical impact on learning and memory. In particular, 

research over the past decades has shown that stress can enhance memory formation but 

impair memory retrieval (de Quervain et al., 1998; Cahill et al., 2003; Diamond et al., 2006; 

Joels et al., 2011; Schwabe et al., 2012a; Vogel & Schwabe, 2016). Beyond quantitative 

changes in memory consolidation and retrieval, stress can also influence the contribution of 

multiple, anatomically and functionally distinct memory systems to behavior. Specifically, 

stress has been shown to promote the engagement of an efficient but rather rigid ‘habit’ 

memory system depending on the dorsal striatum, at the cost of a more flexible, but resource-

demanding ‘cognitive’ memory system depending on the hippocampus (Kim et al., 2001; 

Schwabe et al., 2007; Schwabe et al., 2010a; Vanelzakker et al., 2011; Packard & Goodman, 

2012; Schwabe & Wolf, 2012; Siller-Pérez et al., 2017; Wirz et al., 2018). This stress-induced 

modulation of memory system engagement depends, same as stress effects on consolidation 

and retrieval (Roozendaal et al., 2004; Roozendaal et al., 2006a), on the action of 

glucocorticoids (Schwabe et al., 2010a; Schwabe et al., 2013; Vogel et al., 2016; Siller-Pérez 

et al., 2017; Vogel et al., 2017) and noradrenaline (Packard & Wingard, 2004; Wirz et al., 

2017). 

While initial findings showed a stress-induced modulation of ‘cognitive’ and ‘habit’ 

memory systems during learning, accumulating evidence suggests that stress and stress 

mediators can also affect which of these multiple memory systems is in control when the 

memories are later retrieved. More specifically, an early study in rodents showed that a 

pharmacological increase of noradrenergic stimulation before retrieval promoted a shift from 

hippocampal to striatal control of memory retrieval (Elliott & Packard, 2008). A recent study 

from our lab showed a similar stress-related bias towards ‘habit’ memory retrieval in humans 

(Zerbes et al., 2020b). There are, however, also findings suggesting that stress and stress 

mediators may even produce a shift in the opposite direction, towards the ‘cognitive’ memory 
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system (Zerbes et al., 2019, 2020a), thus raising the question how these heterogeneous 

findings can be reconciled. A potential explanation for the different direction of the stress 

(hormone) effects on the control of memory retrieval may be the intensity of training. It is 

well known that the engagement of memory systems during learning changes depending on 

the extent of training. Early during learning, the ‘cognitive’ memory system governs behavior, 

while control shifts towards the ‘habit’ system when learning is more advanced (Poldrack et 

al., 2001; Gluck et al., 2002; Iaria et al., 2003). However, the ‘cognitive’ memory established 

early in training is not damaged in this process, but instead both forms of memory are retained 

in parallel and can potentially control behavior (Packard & McGaugh, 1996; Chang & Gold, 

2003). Interestingly, the studies showing that stress or noradrenergic arousal led to a 

preference for the ‘habit’ system during later retrieval used rather moderate training (Elliott & 

Packard, 2008; Zerbes et al., 2020b), whereas studies that showed a stress-induced bias 

towards ‘cognitive’ memory retrieval used extensive training (Zerbes et al., 2019, 2020a). 

These data suggest that the extent of training may indeed modulate the stress effects on the 

balance of ‘cognitive’ and ‘habit’ memory during retrieval. This hypothesis, however, has not 

been systematically tested so far.  

The present study aimed to elucidate whether the stress-induced bias towards the 

‘cognitive’ or ‘habit’ memory system during retrieval depends on the extent of practice in the 

task. To this end, participants first acquired a probabilistic classification learning (PCL) task 

that can be solved by both the ‘cognitive’ and the ‘habit’ memory system (Knowlton et al., 

1996; Poldrack et al., 2001; Shohamy et al., 2004b). To investigate the role of the extent of 

training on the subsequent stress effect on the control of memory retrieval, participants 

received either moderate (100 trials) or intensive (200 trials) training in the PCL task. 

Afterwards, participants underwent either a stress protocol or a non-stressful control 

procedure before they completed a retrieval version of the PCL task. Memory system 

engagement in the PCL task can be inferred by the utilization of different behavioral 
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strategies (Gluck et al., 2002; Shohamy et al., 2004a; Schwabe & Wolf, 2012). This enabled 

us to examine the effect of stress on memory system engagement during retrieval and if it 

depends on the intensity of prior training. Based on previous results (Elliott & Packard, 2008; 

Zerbes et al., 2019, 2020a; Zerbes et al., 2020b), we hypothesized that stress after moderate 

training would induce a bias towards ‘habit’ memory during retrieval, whereas stress would 

induce a relapse towards the ‘cognitive’ memory system, usually recruited early in learning, 

after prolonged training.  

 

2 Materials and Methods 

2.1 Participants and experimental design  

One-hundred and eleven healthy volunteers participated in this study (53 women, age (mean ± 

SD): 25.41 ± 3.87). Participants were included if they reported no lifetime history of any 

mental or neurological disease, no drug- or tobacco-use and no current medication intake. 

Furthermore, women did not take hormonal contraceptives and were not tested during their 

menses. All participants provided informed consent before taking part in the study. The study 

was approved by the local ethics committee of the Universität Hamburg and conducted in 

accordance with the Declaration of Helsinki. 

In a fully-crossed between-subjects design with the factors treatment (stress vs. 

control) and extent of training (moderate vs. intensive), participants were randomly assigned 

to one of four experimental groups: stress/moderate training (STRESS/MOD, N = 27), 

stress/intensive training (STRESS/INT, N = 24), control/moderate training (CON/MOD, N = 

35) and control/intensive training (CON/INT, N = 25).  

2.2 Experimental Tasks and Procedure 

All testing took place between 13:00 and 18:00 to control for the diurnal rhythm of cortisol. 

After arriving at the lab, participants filled out a mood questionnaire (German Version of the 

Positive and Negative Affect Schedule, PANAS, Krohne et al., 1996), provided a saliva 
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sample using a salivette (Sarstedt, Nümbrecht, Germany) collection device. In addition, 

baseline measurements of blood pressure and pulse were taken using a Critikon Dinamap 

system (Tampa, FL, USA).  

Afterwards, participants completed a PCL task, commonly known as the ‘Weather 

Prediction Task’ (Figure 1, Knowlton et al., 1994; Knowlton et al., 1996). This task can be 

solved by both the hippocampal ‘cognitive’ memory system and the dorsal striatal ‘habit’ 

memory system (Knowlton et al., 1996; Poldrack et al., 2001; Shohamy et al., 2004a). Each 

trial started with the presentation of one, two or three (out of four possible) cue cards. The 

participant was asked to predict the weather outcome (sun vs. rain) based on the card cues via 

button press. Following the participant’s response, feedback about the correct weather 

outcome was presented, enabling the participant to learn the associations between the card 

cues and the weather outcome on a trial-by-trial basis. There were 14 possible card patterns, 

which were probabilistically linked to the two weather outcomes. These probabilities were 

determined in a way that the different cards were associated with the outcome ‘sun’ with a 

probability of 75.6, 57.5, 42.5 or 24.4 percent across the task. Responses corresponding to the 

most probable weather outcome were counted as correct, irrespective of the actual feedback 

Figure 1 Experimental procedure. In the learning phase, participants completed either 100 trials 

(moderate training) or 200 trials (intensive training) of the PCL task. Next, they underwent either a 

stress-induction protocol (Trier Social Stress Test, TSST) or a non-stressful control procedure. After 

the manipulation, all participants completed a retrieval version of the PCL task, consisting of 100 

trials without feedback. 
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that the participant received. Critically, in order to experimentally manipulate the extent of 

practice, participants completed either 100 (moderate training) or 200 trials (intentsive 

training) during the learning phase of the PCL task, depending on the experimental group. 

After the learning phase, additional measures of blood pressure and pulse were taken, 

a saliva sample was collected and subjective mood was assessed. Next, participants completed 

either the Trier Social Stress Test (TSST, Kirschbaum et al., 1993) or a non-stressful control 

procedure, depending on experimental group assignment. The TSST is a standardized stress-

induction paradigm that reliably elicits responses of the hypothalamus-pituitary-adrenal axis 

and the autonomic nervous system (Kudielka et al., 2007). In brief, the TSST represents a 

simulated job interview in which participants were asked to give a five-minute free speech, 

after a preparation time of three minutes. Thereafter, participants had to complete a difficult 

arithmetic task (counting backwards from 2043 in steps of 17). During both tasks, participants 

were video-taped and monitored by a cold, non-responsive interview panel consisting of a 

man and a woman, both dressed in white lab coats. In the control condition, participants gave 

a five-minute free speech on a topic of their choice, followed by an easy arithmetic task 

(counting forwards from 0 in steps of 15). During both tasks, participants were alone in a 

room and were neither monitored nor videotaped. Between the two tasks of the TSST/control 

manipulation, blood pressure and pulse measurements were taken. After the manipulation, 

participants rated on a scale from 0 to 100 how stressful, challenging and unpleasant they had 

experienced the manipulation. Next, blood pressure and pulse measurements, saliva samples 

and subjective mood ratings were taken again.  

Five minutes after the end of the TSST/control manipulation, when stress-induced 

cortisol was expected to peak, memory system engagement was assessed in a retrieval version 

of the PCL task. This retrieval version was identical to the learning task, except that no 

feedback was presented in order to prevent further learning and thus enabling us to 

specifically assess the recruitment of multiple memory systems during retrieval. Participants 
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completed 100 trials of the retrieval task. After the retrieval phase, another measurement of 

blood pressure and pulse, another saliva sample and subjective mood assessment were taken. 

Finally, participants were debriefed. After testing, the saliva samples were stored at -18°C 

until analysis. Free cortisol concentrations were analyzed from saliva samples when data 

acquisition was completed using a chemoluminescence immunoassay (IBL International, 

Hamburg, Germany). All inter- and intra-assay coefficients of variance were < 8%. 

2.3 Strategy analysis 

Memory system engagement can be inferred on the behavioral level from the use of different 

strategies in the PCL task (Gluck et al., 2002). Specifically, simple ‘single-cue’ strategies 

have been associated with the engagement of the hippocampus-dependent ‘cognitive’ memory 

system, whereas more complex ‘multi-cue’ strategies indicate the engagement of the dorsal 

striatum-dependent ‘habit’ memory system (Knowlton et al., 1996; Shohamy et al., 2004b; 

Foerde et al., 2006; Schwabe & Wolf, 2012). The strategies used by the participants were 

assessed by comparing participants’ actual responses to the ideal responses predicted by the 

different strategies. Using least-square estimates, a fit score was derived for each strategy 

ranging from 0 to 1, with 0 indicating a perfect fit. The strategy with the lowest fit score was 

determined as the best-fitting strategy, thereby categorizing participants as single- and multi-

cue users, respectively. If none of the fit scores was < .15, the strategy was considered 

unidentifiable, in line with previous studies using the same paradigm (Wirz et al., 2017; 

Zerbes et al., 2019; Zerbes et al., 2020b). Across the first 100 trials, 25.23 percent of the 

participants used no identifiable strategy, which did not differ between the four experimental 

groups (χ2(3, N=111) = 1.378; p = .711; Cramer’s V = 0.111). Across the second 100 trials 

(which were only completed by participants in the intensive training group), the proportion of 

unidentified strategies was 3.61 percent. We compared the proportion of unidentified 

strategies between groups across the second 100 trials using fisher’s exact test (Fisher, 1934), 
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as the expected values in each cell were too low for a standard χ2-test. The stress and control 

groups did not differ in the proportion of unidentified strategies (p = .110). 

Although the best-fitting strategies have been successfully used to assess multiple 

memory system engagement in previous studies (Gluck et al., 2002; Schwabe & Wolf, 2012; 

Wirz et al., 2017), categorizing participants in single- or multi-cue users might overlook more 

subtle differences between participants. Therefore, we recently introduced an additional 

measure that is computed as the difference between the fit scores for the single- and multi-cue 

strategies (Fitsingle-cue – Fitmulti-cue) and referred to as ‘Strategy Dominance Score’ (Zerbes et 

al., 2020a; 2020b). This score takes into account that multiple memory systems may be active 

in parallel and reflects the relative dominance of one strategy over the other, with positive 

values indicating dominance of the multi-cue strategy and negative values indicating 

dominance of the single-cue strategy. 

2.4 Control variables 

In order to control for potential group differences in chronic stress, state and trait anxiety as 

well as depressive mood, participants completed the Trier Inventory for the Assessment of 

Chronic Stress (TICS, Schulz & Schlotz, 1999), the State-Trait Anxiety Inventory (STAI, 

Spielberger & Sydeman, 1994) and the Beck Depression Inventory (BDI_II, Beck et al., 

1961). All questionnaires were completed before the testing day, except for the STAI state 

questionnaire, which was completed immediately before testing. 

2.5 Data analysis 

Subjective and physiological data were analyzed by means of mixed-design ANOVAs with 

the between-subject factors treatment (stress vs. control) and extent of practice (moderate vs. 

intensive) and the within-subjects factor time point of measurement. For classification 

performance during learning of the PCL task, the first 100 trials were analyzed with a mixed-

design ANOVA with the between-subjects factors treatment (stress vs. control) and training 

(moderate vs. intensive) and blocks of 10 trials as within-subject factor. In addition, for the 
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intensive practice group, classification performance was analyzed for the remaining 100 trials 

with only the between-subjects factor treatment (stress vs. control) and blocks of 10 trials as 

within-subjects factor. The strategy dominance score during learning was analyzed similar to 

the classification accuracy, except that the task was divided in blocks of 50 trials. 

In the retrieval phase, the change in classification performance and strategy dominance 

score relative to learning was assessed by means of a mixed-design ANOVA with the 

between-subject factors treatment (stress vs. control) and extent of practice (moderate vs. 

intensive) and the within-subject factor phase (learning vs. retrieval). In this analysis, we used 

the last 50 trials of the learning phase as a measure for learning performance and strategy at 

the end of learning. To further examine the role of the physiological stress response in the 

stress-induced modulation of multiple memory systems during retrieval, we conducted a 

multiple linear regression model within the stress group with the strategy dominance score 

during retrieval as criterion. We included the predictors salivary cortisol (measurement 15 

minutes after stress onset), systolic blood pressure (as indicator for autonomic arousal, using 

the measurement during the TSST), training condition as well as all possible interactions. In 

addition, we included the strategy dominance score across the last 50 trials of the learning 

phase as a predictor of no interest to control for potential baseline differences in strategy 

preference. 

While our analyses focused on the strategy dominance score, we also analyzed the 

best-fitting strategy for both learning and retrieval with either χ2-tests (for analyzing between-

subject effects) or McNemar tests (for analyzing within-subject effects). In addition, to 

control for possible baseline differences in strategy use during learning, we conducted logistic 

regression models for the best-fitting strategy during retrieval with the predictors treatment, 

training and learning strategy in the last 50 trials. All reported p-values are two-tailed. In case 

of violations of the sphericity assumption, Greenhouse-Geisser corrections were applied. All 

statistical analyses were carried out using R (version 3.5.2, R Core Team, 2018). 
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3 Results 

3.1 Successful Classification Learning 

Over the course of the first 100 learning trials, classification performance increased 

significantly from 49 percent to about 69 percent correct classifications (Figure 2A, 

F(6.42,686.43) = 15.30; p < .001; ηG
2 = .686). There were no differences between the 

moderate and intensive training groups in the first 100 trials of the learning phase (no 

significant main effects or interactions: all F < 0.75; all p > .593; all ηG
2 < .004). Over the 

course of the second 100 learning trials in the intensive training group, classification 

performance did not further improve relative to the first 100 trials (F(9,423) = 0.83; p = .587; 

ηG
2 = .008). However, in the last 50 training trials (i.e. trials 50 to 100 in the moderate training 

group and trials 150 to 200 in the extensive training group), participants in the extensive 

training group showed significantly better classification performance than participants in the 

moderate training group (F(1,107) = 6.38; p = .013; ηG
2 = .056), suggesting that, as expected, 

the training manipulation led to superior performance in the intensive training group at the 

end of learning. 

Figure 2 Learning accuracy and strategy. (A) Across the first 100 trials of learning, classification 

performance increased significantly, suggesting successful task acquisition. Classification 

performance did not improve further over the second 100 trials in the intensive training group. (B) 

Over the course of the first 100 trials, the strategy dominance score increased, indicating increased 

‘habit’ memory system engagement. There was no further change in the strategy dominance score 

across the second 100 trials in the intensive training group. (C) The best-fitting strategy revealed that 

both strategies were utilized, with an overall preference of the single-cue strategy. Strategy use 

indicated by the best-fitting strategy did not change significantly over the course of learning. Error 

bars denote standard error of the mean. *** p < .001. 
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Both in the first as well as in the second 100 trials of training, there was a significant 

treatment × block interaction (both F > 2.14; both p < .025; both ηG
2 > .012), suggesting that 

the stress group tended to perform lower at the beginning but better in the second half (Figure 

2A). This difference cannot be due to a treatment effect because the learning phase took place 

before the TSST/control manipulation. Importantly, comparing the performance between 

groups over the last 50 learning trials revealed no difference between the stress and control 

groups (F(1,107) = 1.84; p = .177; ηG
2 = .017), showing that the groups reached comparable 

levels of performance at the end of training.  

3.2 Practice-dependent shift from ‘cognitive’ to ‘habit’ learning  

Memory system engagement in the PCL task can be inferred from the use of behavioral 

strategies (Knowlton et al., 1996; Poldrack et al., 2001; Shohamy et al., 2004a). Across 

learning, 72 percent of the participants used single-cue strategies, indicating an overall 

predominance of ‘cognitive’ memory system engagement. The strategy dominance score, 

indicating the relative memory system preference, increased over the course of the first 100 

trials (Figure 2B, F(2.80,299.59) = 9.36; p < .001; ηG
2 = .039), suggesting a relative shift 

towards ‘habit’ system engagement across learning, as observed before (Iaria et al., 2003; 

Zerbes et al., 2019; 2020b). There were no further effects of treatment or training condition in 

the first 100 trials, except for a non-significant trend for a treatment × block interaction 

(F(2.80,299.59) = 2.58; p = .058; ηG
2 = .011, all other F < 0.36; all other p > .148; all other 

ηG
2 < .008). In the second 100 trials, there was no significant main effect of block or a 

treatment × block interaction (both F < 0.71; both p > .548, both ηG
2 < .007). When 

comparing the last 50 trials of training, the strategy dominance score did not differ between 

stress and control groups (F(1,107) = 0.25; p = .620; ηG
2 = .002), suggesting comparable 

engagement of multiple memory systems between the groups at the end of training. There 

was, however, a significant effect of the extent of training on the used learning strategy. The 

intensive training group showed a higher strategy dominance score compared to the moderate 
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training group over the last 50 trials of learning (F(1,107) = 5.23; p = .024; ηG
2 = .047), 

suggesting that extensive training led to a stronger preference for multi-cue strategies, 

indicating engagement of the ‘habit’ memory system.  

The best-fitting strategy did not change over the first 100 trials (Figure 2C, χ2(1, 

N=56) = 2.57; p = .109; Odd’s Ratio = 2.50) nor over the remaining 100 trials in the intensive 

training group (χ2(1, N=39) = 0.00; p = .999; Odd’s Ratio = 1). At the end of learning, across 

the last 50 trials, the best-fitting strategy did not differ between the training groups (χ2(1, 

N=87) = 0.83; p = .363; Cramer’s V = .098). However, the stress group used significantly 

more multi-cue strategies across the last 50 trials compared to the control group (χ2(1, N=87) 

= 5.18; p = .023; Cramer’s V = .244). In order to account for these baseline differences 

between the stress and control groups, the learning strategy was included as a predictor into 

models examining the effects of treatment and training on the best-fitting strategy during 

retrieval. 

3.3 Successful stress induction 

3.3.1 Physiological Measures 

The effectiveness of the stress/control manipulation was demonstrated by significant changes 

in blood pressure, pulse, and salivary cortisol (Figure 3A-D). Stress elicited significant 

increases in systolic and diastolic blood pressure as well as pulse (treatment × time 

interaction: all F > 28.20; all p < .001; all ηG
2 > .066). Specifically, blood pressure and pulse 

did not differ between the stress and control groups before the manipulation (all t < 1.56; all p 

> .122). During the manipulation, however, blood pressure and pulse were significantly 

increased in the stress group compared to the control group (all t > 4.34; all p < .001). After 

the manipulation, this difference rapidly disappeared for systolic blood pressure and pulse 

(both t < 1.55; both p > .125), while the stress-induced increase in diastolic blood pressure 

tended to remain (t(107.20) = 1.79; p = .078). After the retrieval task, the stress and control 

groups did not differ in blood pressure or pulse (all t < 1.12; all p > .267). There was no 
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significant effect of the extent of training on blood pressure or pulse (no main effects or 

interactions: all F < 1.90; all p > .149; all ηG
2 < .009). 

Stress led further to significant increases in salivary cortisol concentrations 

(F(1.44,151.26) = 32.13; p < .001; ηG
2 = .081). While the stress and control groups showed 

comparable cortisol concentrations before the manipulation (both t < .78; both p > .439), 

salivary cortisol was significantly increased in the stress group compared to the control group 

after the manipulation (t(58.69) = 4.46; p < .001) and remained elevated until the end of the 

retrieval task (t(54.12) = 5.59; p < .001). Salivary cortisol levels were not affected by the 

training condition (no main effects or interactions: all F < 1.74; all p > .187; all ηG
2 < .006). 

Figure 3 Successful stress induction. Stress led to significant increases in (A) systolic blood pressure, 

(B) diastolic blood pressure, (C) pulse, and (D) salivary cortisol concentrations. Error bars denote 

standard error of the mean. Stress vs. control: *** p < .001; # p < .10. 
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3.3.2 Subjective Ratings 

Participants in the stress group rated the manipulation as significantly more stressful, 

challenging and unpleasant compared to the control group (all F > 90.90; all p < .001; all ηG
2 

< .462, Table 1). These ratings were unaffected by the training condition (no main effect or 

training × treatment interaction: all F < 1.10; all p > .296; all ηG
2 < .010). 

 

Table 1 Subjective stress responses and control variables 

 STRESS/MOD STRESS/INT CON/MOD CON/INT 

Subjective rating     

challenging 68.89 (4.54)*** 73.91 (4.61)*** 28.29 (3.59) 32.40 (4.63) 

unpleasant 68.89 (5.07)*** 71.74 (5.89)*** 22.00 (3.01) 19.60 (3.98) 

stressful 69.63 (4.12)*** 70.00 (4.95)*** 26.86 (3.54) 19.20 (3.10) 
     

Positive subjective mood     

baseline 30.37 (1.14) 31.48 (0.90) 32.00 (1.12) 30.00 (1.33) 

pre-treatment  27.22 (1.36) 24.00 (1.50) 29.89 (1.24) 26.20 (1.43) 

post-treatment  27.15 (1.39)* 27.61 (1.53) 32.17 (1.28) 30.16 (1.31) 

post-retrieval  26.26 (1.67) 25.61 (1.38) 29.77 (1.28) 28.72 (1.78) 

     

Negative subjective mood 
    

baseline 12.74 (0.78) 12.65 (0.54) 13.51 (0.85) 13.32 (0.81) 

pre-treatment  13.26 (0.66) 14.83 (1.56) 14.20 (0.81) 12.76 (0.73) 

post-treatment  19.89 (1.66)*** 20.43 (1.64)*** 13.09 (0.69) 11.48 (0.40) 

post-retrieval  14.52 (0.82) 15.17 (1.19)* 13.09 (0.64) 11.80 (0.62) 
     

Depressive mood (BDI) 6.48 (1.37) 8.09 (1.50) 7.46 (1.11) 5.44 (0.86) 

State anxiety (STAI-S) 34.48 (1.50) 36.52 (1.12) 34.83 (7.92) 35.00 (1.53) 

Trait anxiety (STAI_T) 36.56 (1.73) 37.61 (1.74) 38.86 (1.47) 36.40 (1.34) 

Subjective chronic stress (TICS) 12.74 (1.66) 12.70 (1.91) 14.83 (1.52) 13.56 (1.60) 

Data represent mean (standard error of the mean). Asterisks denote difference between stress and control groups: 

* p < .05; *** p <.001 

 

Subjective positive mood decreased over time (F(3,318) = 19.93; p < .001; ηG
2 = .045, 

Table 1) and was overall significantly lower for the stress group compared to the control 
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group (F(1,106) = 4.43; p = .038; ηG
2 = .030). Furthermore, the change in positive mood over 

time was modulated by treatment (F(3,318) = 4.17; p = .006; ηG
2 = .010). Specifically, at the 

start of the experiment, the groups showed comparable positive mood ratings (t(107.66) = 

0.25; p = .801). Immediately before the manipulation, positive mood tended to be decreased 

in the stress group compared to the control group (t(105.36) = 1.86; p = .066). However, for 

both measurements after the manipulation, positive mood was significantly decreased in the 

stress group compared to the control group (both t > 2.23; both p < .028). In addition, the 

change in positive mood was modulated by training condition (F(3,318) = 2.95; p = .033; ηG
2 

= .007). This effect was driven by a significantly decreased positive mood in the intensive 

training group compared to the moderate training group at the measurement point after the 

learning task (t(101.87) = 2.57; p = .011), while the groups did not differ for the other 

measurement time points (all t < 0.74; all p > .459). The decreased subjective mood after 

learning in the intensive training group is likely explained by the longer task duration in that 

group, which might be experienced as exhausting. There were no further main effects or 

interactions on positive mood (all F < 1.47; all p > .228; all ηG
2 < .010). 

Negative mood ratings increased over time (F(2.63,278.95) = 14.76; p < .001; ηG
2 = 

.051) and were significantly higher in the stress group compared to the control group 

(F(1,106) = 11.25; p = .001; ηG
2 = .062). Moreover, the change in negative mood over time 

was modulated by treatment (F(2.63,278.95) = 32.91; p < .001; ηG
2 = .106). Specifically, 

negative mood did not differ between the stress and control groups before the manipulation 

(both t < 0.96; both p > .341), but was significantly increased in the stress group compared to 

the control group after the manipulation (both t > 2.72; both p < .008). Negative mood was 

not affected by training (no main effects or interactions: all F < 1.53; all p > .219; all ηG
2 < 

.009). 
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3.3 Stress promotes the use of ‘habit’ strategies after moderate but not intensive training 

Classification performance further improved from the last 50 trials of learning to retrieval 

(F(1,107) = 5.45; p = .021; ηG
2 = .006, Figure 4A), reaching an overall accuracy of 74 percent 

correctly classified trials during retrieval. The intensive training group achieved a higher 

retrieval accuracy than the moderate training group (F(1,107) = 4.21; p = .043; ηG
2 = .038), 

showing that the effects of the training manipulation on classification accuracy lasted during 

retrieval. In addition, classification performance was significantly higher in the stress group 

compared to the control group (F(1,107) = 4.78; p = .031; ηG
2 = .043). However, when 

including the learning accuracy in the last 50 trials as covariate and thereby controlling for 

baseline differences between groups, the effect was reduced to a trend (F(1,107) = 3.11; p = 

.081; ηG
2 = .028). Therefore, the effect of treatment on retrieval accuracy can be largely 

attributed to baseline differences between the stress and control groups during the training 

session. 

Figure 4 Retrieval accuracy and strategy. (A) Retrieval performance was significantly increased in 

the intensive training group compared to moderate training. In addition, the stress group achieved 

significantly higher retrieval accuracies than the control group. However, this effect was not 

significant anymore (p = .081), when the accuracy at the end of learning was included as a covariate. 

(B) After moderate training, stress led to a shift in relative strategy dominance from learning to 

retrieval in favor of multi-cue strategies, indicating ‘habit’ memory system engagement. Error bars 

denote the standard error of the mean. * p < .05. 
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Comparing the strategy dominance score in the last 50 trials of learning with the 

retrieval task revealed higher scores in the intensive training group compared to the moderate 

training group across phases (F(1,107) = 4.72; p = .032; ηG
2 = .035, Figure 4B), suggesting 

that the preference for ‘habit’ system engagement in the intensive training group overall 

persisted during retrieval. Most interestingly, however, the change in the strategy dominance 

score from learning to retrieval was modulated by treatment (treatment × phase interaction: 

F(1,107) = 4.68; p = .033; ηG
2 = .007) and this effect was further accompanied by a significant 

three-way interaction training × treatment × phase (F(1,107) = 4.40; p = .038; ηG
2 = .007). We 

examined this interaction by comparing the change in the strategy dominance score from 

learning to retrieval between the stress and control groups, separately for each training 

condition. In the moderate training group, the stress group showed a relative shift towards 

multi-cue strategies from learning to retrieval compared to the control group, indicating a 

stress-induced relative preference for ‘habit’ strategies (t(52.90) = 2.69; p = .010). However, 

in the intensive training group there was no effect of stress on the change in strategy 

dominance scores from learning to retrieval (t(46.98) = 0.13; p = .890), suggesting that 

extensive training made retrieval less sensitive to stress-induced changes.  

For the best-fitting strategy, the single-cue strategy constituted about 58 percent of all 

identifiable strategies, which did not significantly differ from the end of learning (χ2(1, N=81) 

= 1.19; p = .275; Odd’s Ratio = 1.635). We analyzed the best-fitting strategy using logistic 

regression models with the predictors treatment and training as well as their interaction. In 

order to control for any baseline differences in strategy use, we also added the learning 

strategy in the last 50 trials as a predictor of no interest. However, this model did not provide 

a higher fit compared to a model including only the learning strategy as a predictor (χ2(3) = 

0.03, p = .999), suggesting that the best-fitting strategy during retrieval was not affected by 

treatment or extent of training (all β < .04, all z < 0.17, all p > .864). 
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3.4 Role of autonomic arousal and cortisol in the recruitment of multiple memory 

systems during retrieval depending on training intensity   

To further elucidate the mechanisms involved in the stress-induced modulation of memory 

system engagement during retrieval, we examined whether the retrieval strategy was linked to 

stress-induced elevations of salivary cortisol or autonomic arousal. To this end, we 

constructed a multiple regression model within the stress group with the strategy dominance 

score during retrieval as criterion. As predictors we included the salivary cortisol peak, the 

peak in systolic blood pressure, the training condition as well as all possible interactions 

between these variables. Furthermore, we included the strategy dominance score in the last 50 

trials of the learning phase as a predictor of no interest, thereby controlling for differences in 

strategy use at baseline. The model overall provided a good fit to the data (F(8,42) = 8.20; p < 

.001; RAdj
2 = .535). For the individual predictors, there was a significant interaction between 

systolic blood pressure and training condition (β = .29; t(102) = 2.83; p = .007). We pursued 

this interaction by constructing separate models for the moderate and intensive training 

conditions, including the predictor systolic blood pressure and controlling for learning 

strategy. In the intensive training group there was no significant association of systolic blood 

pressure and the strategy dominance score during retrieval (β = .13; t(21) = -0.94; p = .359). 

However, there was a trend for a positive association in the moderate training group (β = .28; 

t(24) = 1.72; p = .098), suggesting that the stress-induced elevation of autonomic arousal 

tended to be associated with a relative preference for multi-cue strategy use after low-intensity 

training. Apart from that, the strategy dominance score during retrieval was also on trend-

level interactively modulated by salivary cortisol and systolic blood pressure (β = .20; t(102) 

= 1.69; p = .098). We resolved this interaction by performing a median-split for the salivary 

cortisol level (median = 5.82) and conducted separate regression models for the resulting 

subsamples. This analysis showed that systolic blood pressure tended to be positively 
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associated with the strategy dominance score for cortisol levels above the median (β = .28; 

t(22) = 1.95; p = .064), while there was no significant association when cortisol levels were 

low (i.e., below the median; β = .18; t(22) = -1.10; p = .284). In other words, concurrent 

elevations of salivary cortisol and systolic blood pressure after stress tended to be associated 

with a relative preference for multi-cue strategies during retrieval. However, as these 

associations did not reach statistical significance, they need to be interpreted with caution. 

3.4 Control variables 

There were no differences in depressive mood, chronic stress levels, or state and trait anxiety 

between any of the groups (all F < 2.13; all p > .147; all ηG
2 < .020, Table 1). 

 

4 Discussion 

It is by now well-established that stress favors ‘habit’ over ‘cognitive’ memory systems 

during memory formation (Packard & Goodman, 2012; Vogel et al., 2016; Wirz et al., 2018). 

There is also accumulating evidence that stress may modulate the engagement of multiple 

memory system during retrieval, yet whether stress favors ‘cognitive’ or ‘habit’ memory 

during retrieval remained inconclusive (Elliott & Packard, 2008; Zerbes et al., 2019, 2020a; 

Zerbes et al., 2020b). The present study aimed to elucidate whether differences in the extent 

of initial training may modulate how stress affects the control of subsequent retrieval. Our 

results show that the extent of practice had indeed a critical impact on how stress biased 

memory system during retrieval. More specifically, our results showed that stress after 

moderate training increased the reliance on ‘habit’ memory retrieval, whereas after prolonged 

training, stress had no significant effect on which memory system guided retrieval.  

With intensive training, participants not only achieved higher classification accuracy 

compared to moderate training, but also showed an increasing preference for using the multi-

cue strategy, indicating the engagement of the dorsal striatal ‘habit’ system. This training-

dependent shift in memory system engagement is in line with previous research (Poldrack et 
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al., 2001; Chang & Gold, 2003; Iaria et al., 2003). Here, we show for the first time that the 

control of later memory retrieval is differentially affected by stress depending on the extent of 

training. After moderate training, stress led to a relative shift towards the use of multi-cue 

strategies, indicative of the ‘habit’ system, during retrieval, in line with previous reports in 

rodents (Elliott & Packard, 2008) and humans (Zerbes et al., 2020b). Further, the present 

results extend previous work suggesting that stress may promote ‘habit’ memory system 

engagement not only during learning (Kim et al., 2001; Schwabe & Wolf, 2012; Wirz et al., 

2018), but also during later retrieval. 

With prolonged training, however, stress did not affect the engagement of multiple 

memory systems during retrieval in the present study. The absence of a stress-induced 

modulation of the control of memory retrieval after extended training may suggest that 

stronger memories become less sensitive to stressful events. However, previous studies from 

our lab showed that stress or stress mediators may even bias memory retrieval in favor of 

‘cognitive’ strategies after extended training (Zerbes et al., 2019, 2020a). These studies 

employed an identical training protocol as used here in the intensive training condition, 

indicating that the effects of stress on memory system engagement during retrieval may vary 

to some extent even when training intensity is held constant. A critical difference between our 

previous studies and the present study, however, is the delay between learning and retrieval. 

While the retrieval phase immediately followed learning in the present study, it was delayed 

by twenty-four hours in studies that reported a shift back to ‘cognitive’ strategies during 

retrieval under stress or after administration of stress mediators (Zerbes et al., 2019, 2020a). 

This delay allowed for (presumably sleep-dependent) offline consolidation processes, which 

can change memory system balance (Zerbes et al., 2019). These altered memories may be 

sensitive to disruptive effects of stress and stress hormones on dorsal striatal memories 

(Guenzel et al., 2013; Atsak et al., 2016). 
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How can the training-dependent effect of stress on the control of memory retrieval be 

explained? One explanation may be related to the training-dependent strength of ‘cognitive’ 

and ‘habit’ memory systems. After moderate training, behavior is predominantly governed by 

the ‘cognitive’ memory system, while the ‘habit’ memory trace is still weak (Poldrack et al., 

2001; Chang & Gold, 2003). At this stage, stress may affect the control of memory retrieval 

similar to memory formation by promoting ‘habit’ memory system engagement (Kim et al., 

2001; Schwabe & Wolf, 2012; Wirz et al., 2017). In line with this view, we showed recently 

that stress before retrieval increases indeed the activity of the dorsal striatum (Zerbes et al., 

2020b). However, extended training gradually shifts control towards the dorsal striatal ‘habit’ 

memory system (Poldrack et al., 2001; Iaria et al., 2003). This may preclude further stress-

induced enhancements of ‘habit’ memories during subsequent retrieval. This view is 

supported by our present finding that behavioral strategies indicative for the ‘habit’ system 

were indeed significantly more often engaged after extended than after moderate training.  

Interestingly, the stress-induced shift towards a preferential engagement of the ‘habit’ 

memory system after moderate training tended to be associated with the stress-induced 

elevation of autonomic arousal. Noradrenergic arousal has been shown to play an important 

role in the stress-induced modulation of multiple memory systems (Packard & Wingard, 

2004; Wirz et al., 2017), most likely by acting on the amygdala, which in turn modulates 

hippocampal and dorsal striatal systems (Vogel et al., 2016), as described for quantitative 

changes in consolidation and retrieval (Roozendaal et al., 2003; Roozendaal et al., 2006b). 

Apart from the effect of noradrenaline, glucocorticoids are also known the play a critical role 

in stress-induced changes in memory system engagement during learning (Schwabe et al., 

2010a; Schwabe et al., 2013; Vogel et al., 2016; Vogel et al., 2017). Although stress-induced 

cortisol was not significantly linked to strategy use in the present study, there was a trend-

level interaction of stress-induced elevations of cortisol and autonomic arousal. Interactive 

effects of cortisol and noradrenergic arousal are well-established for stress effects on memory 
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consolidation and memory retrieval per se (Roozendaal et al., 2004; Roozendaal et al., 2006b; 

de Quervain et al., 2007) and have also been shown to modulate different brain systems in the 

control of instrumental learning (Schwabe et al., 2010b, 2012b). The present findings suggest 

that concurrent increases in glucocorticoids and noradrenergic arousal may be associated with 

a relative preference of ‘habit’ memory system engagement during retrieval. Although the 

respective arousal-cortisol interaction was only a non-significant trend in the present study, 

the idea of an interactive influence of noradrenergic arousal and glucocorticoids on the control 

of memory retrieval is further in line with a recent pharmacological study from our lab 

indicating that a beta-adrenergic receptor antagonist prevented stress effects on the control of 

memory retrieval (Zerbes et al., 2020a). 

The present results suggested that classification accuracy in the PCL task was not 

impaired after stress, in line with previous results for both learning (Schwabe & Wolf, 2012; 

Schwabe et al., 2013) and retrieval (Zerbes et al., 2020a; Zerbes et al., 2020b). This stands in 

contrast to previous studies showing that stress hampers memory retrieval. However, this 

stress-induced retrieval deficit is typically found in tasks depending either on hippocampal or 

dorsal striatal memory alone, in which one system can hardly replace the other (de Quervain 

et al., 1998; Diamond et al., 2006; Schwabe et al., 2012a; Guenzel et al., 2013; Atsak et al., 

2016). Here, however, both the hippocampal ‘cognitive’ and the dorsal striatal ‘habit’ system 

could contribute to successful performance in the PCL task (Zerbes et al., 2020b), allowing 

for stress-induced adaptations in the utilized memory system, when memories were initially 

established in both systems. Such adaptations in memory system engagement may serve to 

buffer possible stress-induced impairments, as suggested before (Schwabe et al., 2010a; 

Schwabe et al., 2013). Thus, a retrieval deficit after stress may be primarily found if the task 

relies on a single memory system, for example by using a paired-associate learning version of 

the PCL task, which has been shown to depend to the ‘cognitive’ memory system (Poldrack et 

al., 2001; Shohamy et al., 2004a). 



122 
 

To conclude, the present study shows that the impact of acute stress on the balance of 

‘cognitive’ and ‘habit’ memory during retrieval depends on the extent of initial training. We 

show that stress favors dorsal striatal ‘habit’ memory during retrieval only after moderate 

learning, whereas the balance of ‘cognitive’ and ‘habit’ memory during retrieval remained 

unaffected by stress when training was extensive. The present findings provide not only 

further evidence that stress may affect the nature of remembering by modulating the use of 

multiple memory systems during retrieval but show also when this stress effect is likely to 

occur and suggest that stress accelerates a shift that would otherwise occur after extended 

training.  
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