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SUMMARY 

Sleep is beneficial for memory consolidation and enhances subsequent learning. It has been 

hypothesized that the reactivation of memories occurring during sleep, especially slow-wave 

sleep (SWS), would serve both of these memory processes. Although the benefit of sleep on 

learning and consolidation has repeatedly been demonstrated, the underlying neurochemical 

mechanisms supporting these functions of sleep are not yet fully understood. My thesis is 

centred on manipulating sleep-dependent memory consolidation by using pharmacological 

agents to unravel the neurochemical mechanisms that convert neural reactivation into plastic 

changes. My current work is focused on two major memory-related neurotransmitters, i.e., 

glutamate in the first study, and dopamine in the second study. 

Glutamate is the main excitatory neurotransmitter in the human brain. This neuro-

transmitter is involved in different forms of plasticity. In the hippocampus, long-term 

potentiation (LTP), which is an important factor for synaptic consolidation is mediated, by 

NMDA receptors, one type of glutamate receptor, containing the NR2A subunits, and long-

term depression (LTD) is mediated by NMDA receptors containing NR2B subunits. D-

cycloserine (DCS) as NMDA-receptor co-agonist preferentially acts through NR2A containing 

receptors, which may favour LTP over LTD. Sleep-dependent declarative memory consolida-

tion, has been shown to be facilitated by DCS administration. In the first study, we surveyed 

whether the administration of DCS during sleep impairs new declarative learning of a similar 

task after sleep due to the assumed enhanced potentiation of memory traces and corre-

sponding increased proactive interference under DCS during sleep. This potentiation might 

reduce the capacity for new encoding in the hippocampus. Presumably, this reduction in 

subsequent new learning under DCS will be enhanced by learning new overlapping infor-

mation (interference condition). Our results using DCS showed the predicted improvement in 

new learning after sleep compared to wakefulness. Unexpectedly, however, interference did 

not impair new learning but rather further improved it. This might be because rather than an 

interference effect processes of schema generation and knowledge abstraction may have 
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occurred. These effects seem to switch in a time-dependent manner. Furthermore, DCS did 

not impair, but rather improved new learning, and this was sleep-independent. Therefore, I 

speculate that forgetting, shown to rely on NMDAR-activation to erase old memories, boosts 

new learning through glutamatergic processes that occurs independent of sleep 

Dopamine, as a major modulatory neurotransmitter, facilitates plasticity for reward-

associated memories in the hippocampus and other reward-related midbrain structures dur-

ing encoding. Sleep selectively benefits the strengthening and transformation of highly 

relevant memories like rewarded memories by selective replay. However, it is not completely 

clear whether or not these sleep-dependent consolidation processes also engage the dopa-

minergic circuitry, which facilitated their initial encoding. I conducted a neuropharmacological 

experiment in humans using sulpiride, a D2-like receptor antagonist, to block the effect of 

dopaminergic afferents in the hippocampus and thereby reduce plasticity. Our results 

showed that highly rewarded memories were remembered better than lowly rewarded ones 

under both sulpiride and placebo conditions. This means blocking dopaminergic neurotrans-

mission did not impact the selectivity of sleep for consolidation. This finding indicates a less 

important role of dopaminergic pathways for the preferential consolidation of highly-rewarded 

memories during sleep compared to their role at encoding during wakefulness. We also 

found that better performance on highly rewarded items is linked to the time spent in sleep 

stage 4, which lends support to the idea that rewards increase replay activity during sleep to 

enhance relevant memories selectively. 

Altogether, these two studies show that pharmacological manipulations can improve 

our current knowledge about the neurochemical mechanisms, which underlie sleep-

dependent memory processes. Importantly, these direct manipulations in humans enabled us 

to investigate the complexity of human behaviour in response to neurochemical manipulation 

and allowed us to interpret these findings without translating them from animal models. This 

may allow developing new therapeutic applications for patients suffering from cognitive dis-

orders with more confidence.  
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Abbreviations 

 

ACh Acetylcholine 
 

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic-acid 
 

DCS 
 

D-cycloserine 

EEG  Electroencephalogram 
 

EMG 
 

Electromyogram 

EOG 
 

Electrooculogram 
 

FTT 
 

Finger tapping task 

GABA -amino-butyric acid 
 

LC 
 

Locus coeruleus 

LTD Long-term depression 
 

LTP 
 

Long-term potentiation 

MLT 
 

Motivated learning task 
 

NMDA 
 

N-methyl-D-aspartate 

NonREM sleep 
 

Non-rapid eye movement sleep 

PI 
 

Proactive interference 

REM sleep 
 

Rapid eye movement sleep 
 

RI 
 

Retroactive interference 

SHY 
 

Synaptic homeostasis theory 

SOs 
 

Slow oscillations 

S/N 
 

Signal to noise ratio 

SN 
 

Substantia nigra 

SWA 
 

Slow-wave activity 
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Slow wave sleep 
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Tyrosine-hydroxylase expressing 

TMS  
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1. Synopsis 

Sleep is universal among mammals and maybe among all animals. Even though during 

sleep activity is reduced, and organisms are less responsive to stimuli from the environment 

(Carskadon, 2011; Cirelli & Tononi, 2008), it should not be considered as a state, in which 

the brain and the body have shut down. Sleep has been shown to have several important 

functions, e.g., energy conservation (Roth et al., 2010), thermoregulation (Rechtschaffen & 

Bergmann, 1995), metabolic regulation, and detoxification of the brain from free radicals 

(Reimund, 1994). 

In humans, sleep is crucial for normal cognitive function, as a lack of sleep critically 

affects several functions, including language, reasoning, attention, decision making, learn-

ing, and memory (Durmer & Dinges, 2005; Jackson et al., 2013; Killgore, 2010). 

Furthermore, an early study showed that the forgetting rate is lower during sleep comparing 

to wakefulness (Jenkins and Dallenbach, 1924). Historically, a reduction of forgetting due to 

interference was a core concept of why sleep benefits memory (Jenkins & Dallenbach, 1924; 

McGeoch, 1932; Ekstrand, 1967; Wixted, 2004; Ellenbogen et al., 2006), whereas in the 

recent decades, active memory consolidation during the retention interval between infor-

mation uptake and retrieval has been attracting more attention (McGaugh, 2000; Feld & 

Diekelmann, 2015; Diekelmann & Born, 2010). Although there is already a broad body of 

evidence establishing a strong link between sleep and memory formation (Diekelmann & 

Born, 2010), the underlying neurochemical mechanisms remain poorly understood.  

In the following sections, I will give a brief overview of sleep and memory and their in-

teractions as well as the neurochemical agents involved in the regulation of memory 

processing during sleep. Subsequently, I will elaborate on how my current studies can add to 

our knowledge about sleep's role for memory consolidation and forgetting. 
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1.1.  Introduction to sleep 

 
Sleep in mammals is composed of two classical states: so-called rapid eye movement 

(REM) sleep – also known as 'paradoxical sleep' – and non-rapid eye movement (NonREM) 

sleep (Vorster & Born, 2015). In humans, periods of REM sleep were first identified by Aser-

insky and Kleitman (1953), which ultimately led to the first manual of methods and criteria for 

scoring sleep (Rechtschaffen & Kales, 1968). 

Based on the criteria established by Rechtschaffen and Kales (1968), sleep re-

searchers distinguish six vigilance stages (see Hypnogram in Figure 1). The first stage is 

known as quiet wakefulness (wake), characterized by high tonic muscular activity and, in the 

electroencephalogram (EEG), more than 50 % alpha rhythm (8-13 Hz) activity. Then there 

are four different stages (Stages 1-4), categorized together as NonREM sleep, roughly cor-

responding to sleep depth. Stage 1, occurs at the onset of sleep and in the transition 

between NonREM and REM sleep. It is defined by less than 50% alpha rhythm in the EEG. 

Stage 2, also called light sleep, which is distinguishable by the presence of sleep spindles 

(12-15 Hz, oscillation with the duration of more than 0.5 s) and K-complexes (sharp negative 

high-voltage deflexion of the EEG followed by a slower positive wave with a duration of more 

than 0.5 s). Stages 3 and 4 are known as slow-wave sleep (SWS, marked in blue in Figure 

1) or as deep sleep. Here the delta waves (1-4 Hz) are prominent (stage 3 is defined by 

more than 20 % delta waves and stage 4 more than 50% delta waves). The sixth stage in 

this guideline is REM sleep (Marked in green in Figure 1), which is known for the hallmark 

rapid eye movements, EEG theta wave (4-8 Hz) prominence, and muscle atonia (Jones, 

2005). While fast eye movements are common during REM sleep, in opposition, slow rolling 

eye movements are common during NonREM sleep, especially in sleep stage 1 (Brown et 

al., 2012). 

As sleep proceeds, the humans brain shifts sequentially between NonREM and REM 

sleep (Born et al., 2006). There are, on average, four to six cycles during each night of 
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sleep, and each cycle regularly lasts 90-100 minutes (Duclos et al., 2015). SWS is more 

dominant in the cycles during early sleep (i.e., the first half of the night), whereas REM sleep 

is more frequent in cycles during late sleep (i.e., the second half of the night) (Plihal & Born, 

1997, also see Figure 1). 

 

 

Figure 1. Schematic sleep hypnogram. During the first half of sleep (early sleep), NonREM 

sleep, especially SWS (S3+S4), dominates, whereas the second half (late sleep) is mainly dominated 

by REM sleep. Adapted from Feld and Diekelmann, 2015. 

 

There exists a second major sleep scoring system, which is suggested by the Ameri-

can Academy of Sleep Medicine (AASM, Silber, et al., 2007), and that can be seen as an 

update of the former sleep manual. The scoring systems are largely similar since they are 

both based on polysomnography, which is the combination of EEG, electrooculography 

(EOG), and electromyography (EMG) recordings. Both systems also apply a classification 

for each 30-second epoch one of the sleep. The most prominent difference between the 

AASM manual and Rechtschaffen and Kales (1968) manual is that AASM lumps together 

sleep stages 3 and 4 into just stage 3 (N3). In this thesis, I followed the traditional 

Rechtschaffen and Kales manual (1968) for offline scoring, as this is still currently the most 

widespread manual used by sleep scientists and allows a more straightforward comparison 

to previous work. 
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 Neurotransmitters, hormones, and sleep 

 
The neurochemical environment, including neurotransmitters and hormones, in the brain, 

can differ depending on wake and sleep states and even across different sleep stages (Holst 

& Landolt, 2018). For example, during SWS, cortisol, acetylcholine (ACh), and noradrenaline 

have very low levels (Born et al., 1997; Aston-Jones & Bloom, 1981; Weitzman et al., 1971; 

Marrosu et al., 1995). Inversely gonadotropin, growth hormone, and prolactin levels, are in-

creased during this stage (Born & Fehm, 1998; Gore, 1998). On the other hand, serotonergic 

and noradrenergic activity reaches an intermediate level during SWS and drops to a mini-

mum during REM sleep (Rasch & Born, 2013). 

Glutamate is an amino acid that also acts as the main excitatory neurotransmitter in 

the brain (Meldrum, 2000). Levels of glutamate are increased during REM sleep as well as 

during wakefulness, while they are decreased during Non-REM (Dash et al., 2009). Recent-

ly, it has been proposed that glutamate is the main regulator of arousal and, together with -

amino-butyric acid (GABA) are playing an important role in promoting waking and sleep 

states (Saper & Fuller, 2017). In addition, it has been strongly suggested that the switch from 

SWS to REM sleep is because of the interaction of multiple populations of glutamatergic and 

GABAergic neurons in the posterior hypothalamus and the brainstem (Luppi & Fort, 2019). 

Dopamine serves as a hormone, neurotransmitter, and neuromodulator (Beaulieu & 

Gainetdinov, 2011; Palacios-Filardo & Mellor, 2019; Yeragani et al., 2010). Likewise, levels 

of dopamine seem to be reduced during sleep (Feenstra et al., 2000; Sowers & Vlachakis, 

1984). Lena et al. (2005) have shown that dopamine has higher activity during wake and 

REM sleep compared to its reduction during SWS (Lena et al., 2005). Changes in central 

dopaminergic synaptic transmission has been shown in different disorders, such as Parkin-

son’s disease (due to dopamine depletion) and schizophrenia (due to hyperdopaminergia) 

(Carlsson, 1987; Mazei-Robison et al., 2005; Greenwood et al., 2006). Patients with these 

diseases demonstrate considerable disturbance in sleep, like REM sleep behaviour disorder 
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(Abbott, 2005; Gagnon et al., 2002), excessive daytime sleepiness (Adler, 2005), and de-

creased REM sleep latency (Maggini et al., 1986). This evidence suggests that dopamine 

might play a role in regulating the sleep-wake cycle (Dzirasa et al., 2006).  

1.2. Overview of memory 

 
Memory is the ability to encode, consolidate, and retrieve information, which can influence 

future action (Squire & Wixted, 2011). While learning and retrieval are supposed to be most 

effectively accomplished during wakefulness, consolidation is assumed to benefit most from 

sleep (Diekelmann & Born, 2010; Rasch & Born, 2013). Human memory is divided into short 

term memory (STM), which lasts for a few seconds, and long term memory (LTM), which 

might last from minutes to years. Long term memory is comprised of declarative or explicit 

memory, as well as non-declarative or implicit memories (Figure 2). Pioneering research by 

Scoville and Milner (1957), on the patient Henry Gustav Molaison (H.M.), whose medial 

temporal lobes (MTL) were resected bilaterally, provided strong support for the crucial role of 

this structure for long-term declarative memory (Corkin, 2002). 

A few years later, studying H.M. yielded first evidence showing the independence of 

skill learning from declarative memory. During the learning of a sensorimotor task (Milner, 

1962). His performance improved on the task across and during days of training even 

though he was not able to remember explicitly that he had practiced the task before. 

Declarative memories, including episodic and semantic memory, are available to 

conscious recollection and are hippocampus-dependent (Squire et al., 1993), Episodic 

memory refers to the autobiographical memories like memory for events that have a specific 

spatial and temporal context (Tulving, 2005). They can be learned fast, but also tend to be 

forgotten quickly (Wixted, 2004). Repeated encoding or activation of overlapping episodic 

memories results in semantic memory formation (Winocur et al., 2010). Semantic memory 
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refers to general knowledge about the world, and it is independent of contextual features 

(Squire & Dede, 2015).  

 

Figure 2. A taxonomy of long-term memory systems. Considering the specific brain struc-

tures involved in each system. Adapted from Squire & Zola, 1996. 

 

Non-declarative memories, as opposed to the declarative memories, do not engage 

MTL structures, and it is an umbrella term, which includes different memory systems that are 

dependent on several brain regions (Squire & Zola, 1996; Rasch & Born, 2013, see Figure 

2). Non-declarative memory includes procedural memories for motor skills, perceptual skills, 

priming, conditioning, and non-associative learning (Squire and Zola, 1996). Notably, non-

declarative memories are slow at learning (Squire et al., 1993) and can be implicitly learned 

and recalled without awareness. There are different tasks for assessing procedural memo-

ries, for example, finger tapping sequences are commonly used to assess explicit motor skill 

(Walker et al., 2002; Rasch et al., 2009) or the visual texture discrimination task for measur-

ing perceptual skills (Gais et al., 2000).  
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 Memory formation stages 

 
A core question in the field of memory research is how the brain acquires new information 

without overwriting and deleting the older memories, which is known as the "stability-

plasticity dilemma” (Abraham & Robins, 2005). The two-stage memory formation mecha-

nism, which is proposed by Marr (1971), offers a solution to this dilemma. Based on this 

mechanism, memories are initially encoded in a fast learning store and are then gradually 

transferred to a slow learning store for long-term storage. In the case of the declarative 

memory system, this process will be supported by a collaboration of the hippocampus as a 

fast learner and neocortex as a slow learner (Marr, 1971; McClelland et a., 1995) 

 

 

 

Figure 3. Standard consolidation model. According to this early model, the hippocampus ini-

tially serves as a hub, which binds new memory traces and disengages as soon as cortical traces can 
represent the memory without its support. Adapted from Frankland & Bontempi  2005. 

 

According to the standard consolidation model (Frankland & Bontempi, 2005), during 

wakefulness, information is encoded into the hippocampus (temporary store) and in parallel 

into distributed cortical areas (long-term store). Consecutive reactivation of the information in 

the hippocampal-cortical network is assumed to result in an accelerated strengthening of 

cortico-cortical connections. This increase in the strength of the cortico-cortical connections 

ultimately allows new memory representations to become independent of the hippocampus 

and to be gradually integrated with pre-existing cortical memories (see Figure 3). Initially, the 

Hippocampus 

Cortical modules 

Time 
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hippocampus acts as a hub that can bind the memory elements in the cortex (Winocur et al., 

2010; Battaglia et al., 2011) since it takes longer time for the cortex to form direct connec-

tions between these memory representations. The overlapping reactivation of memories, 

which have shared information, would lead to the formation of overarching schemata (Lewis 

& Durrant, 2011) and will make the integration of new memories easier. 

Müller and Pilzecker (1900) were the first to coin the term consolidation for the pro-

cess of stabilizing newly encoded memories (Müller & Pilzecker 1900; Lechner et al., 1999). 

Consolidation not only involves in the reorganization at the system level but also at the syn-

aptic level, which is known as synaptic consolidation (Dudai, 2004). During synaptic 

consolidation, memories are strengthened, and this strengthening involves those particular 

synapses that were involved in encoding of the memory trace. This process can be disturbed 

through the administration of protein synthesis blockers within a short time interval after 

learning (Bourtchouladze et al., 1998; Xia et al., 1998). 

 Different forms of synaptic plasticity 

 
Synaptic transmission can be modified by neuronal activity; it can be enhanced or de-

pressed. These activity-dependent changes in the efficiency of the pre-existing synapses are 

known as synaptic plasticity. Ramón y Cajal (1984), has suggested that new memories are 

generated when the synaptic strength shows long-lasting changes (Citri & Malenka, 2008), 

which was later advanced by Donald Hebb in 1949, who proposed that formation of associa-

tive memories in the brain rely on the correlation of the presynaptic neuron firing and 

postsynaptic neuron also firing.  

Long-term potentiation (LTP) and long-term depression (LTD) 

 In the mammalian brain, the two major forms of long-lasting synaptic plasticity are known as 

long-term potentiation (LTP) and long-term depression (LTD). LTP and LTD are character-

ized by a long-lasting increase or decrease in synaptic strength, respectively (Bear & 

Malenka, 1994). The initial experiments performed by applying current using an extracellular 
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electrode showed that a few seconds of high-frequency electrical stimulation can cause LTP 

for days or even weeks (Bliss & Lomo, 1973), whereas low-frequency stimulation causes an 

opposite process so-called LTD (Bear & Malenka, 1994; see Figure 4). Of note, LTD has 

several forms and functions, including homosynaptic (induced in the conditioned input), het-

erosynaptic (induced in a non-conditioned input), induced de novo, or following LTP 

(depotentiation; Collingridge et al., 2010).  

According to the revised synaptic tagging and capture hypothesis (Redondo & 

Morris, 2011) for LTP induction, four steps need to be considered: (1) in the early phase of 

LTP (E-LTP) synapses receive a tag, (2) during the late phase of LTP (L-LTP), plasticity-

related proteins (PrPs) are synthesized and distributed, (3) tagged synapses capture the 

PrPs under certain conditions, and (4) the tagged synapse is strengthened and consolidated. 

Importantly, most of the synapses that show LTP can also exhibit LTD (Citri & Malenka, 

2008) which leads to the synapse becoming less effective and depotentiatied (Fujii et 

al.,1991). 

Glutamate’s role in LTP and LTD induction  

As mentioned above, glutamate is an excitatory neurotransmitter in the mammalian central 

nervous system (Meldrum, 2000). This neurotransmitter has two different types of receptors, 

the ion-channel associated (ionotropic) and G-protein-coupled (metabotropic) receptors (Pin 

& Duvoisin, 1995). Ionotropic glutamate receptors (iGluRs) are classified as α-amino-3-

hydroxy-5-methyl-4-isoazolepropionic acid (AMPA), kainite, and N-methyl-D-aspartate 

(NMDA) receptors. Metabotropic glutamate receptors (mGluRs) are members of the G-

protein-coupled receptor (GPCR), and they influence various intracellular second messenger 

systems that modulate, i.e., neuronal excitability and synaptic plasticity (Chen et al., 2011). 

The mGluRs have eight subtypes, which are divided into three subgroups: group I containing 

mGluR1 and mGluR5, group II including mGluR2 and mGluR3, and group III with mGluR4, 

mGluR6, mGluR7, and mGluR8 (Schoepp, Jane & Monn, 1999). 

AMPA 

receptor NMDA 

receptor 
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Figure 4. Molecular mechanisms underlying LTP and LTD induction. LTP occurring due 

to strong stimulation from the presynaptic neuron leads to strong depolarization and activates kinas-
es, resulting in AMPA receptor exocytosis. LTD induction due to weak stimulation from presynaptic 
causes modest depolarization and phosphatase activation, resulting in AMPA receptor endocytosis. 

 

It has been shown that for LTP induction, glutamate as the main excitatory neuro-

transmitter plays an important role (Collingridge and Bliss 1987) and mediates its effects via 

NMDA and AMPA receptors (Malenka & Nicoll, 1999). NMDA receptors consist of three 

families of subunits: NR1, NR2 including (NR2A, NR2B, NR2C, NR2D) and NR3A 

(Dingledine et al., 1999). Most of the NMDAR receptors contain NR2 subunits (Monyer et al., 

1994). Importantly, most of the synapses which exhibit LTD also use glutamate receptors 

(Collingridge et al., 2009). Therefore both LTP and LTD require NMDA receptor activation 

(Bear & Malenka, 1994; Bliss & Collingridge, 1993). Among different subunits of NMDA re-

ceptors, it has been proposed that NR2A is important for LTP induction, while NR2B is 

crucial for LTD occurrence (Liu et al., 2004). Therefore, with manipulating the NMDA recep-

tor subunits, plasticity could be manipulated in different directions. Importantly, LTD like LTP 

needs elevated postsynaptic Ca2+ entry via NMDA receptors (Mulkey & Malenka, 1992), but 

the receptor’s gating for Ca2+ influx is complex.  
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At resting membrane potentials, Mg2+ ions block NMDA receptor permeability for Ca2+ 

influx. For opening the channel, NMDA receptors need to be co-activated by glutamate and 

a co-agonist, either glycine or D-serine (Kleckner & Dingledine, 1988; Mothet et al., 2000). 

Nevertheless, this is not enough for repelling the Mg2+ block and enabling the Ca2+ influx. 

Therefore, the postsynaptic membrane needs to be depolarized with activation of AMPA 

receptors, occurring upon the binding of glutamate, which is released due to stimulation from 

a presynaptic neuron in the synaptic cleft. Activation of AMPA receptors induces, among 

other cations, sodium influx through the connected ion channel and, if the activation is strong 

enough, it can depolarize the membrane. This depolarization releases the voltage-

dependent Mg2+ block of the NMDA receptor, which allows Ca2+ to enter into the cell (Citri & 

Malenka, 2008). The Ca2+ influx activates a series of signalling cascades involving kinases 

and phosphatases. It has been hypothesized that the quantity of the postsynaptic calcium 

entry within the dendritic spines determines whether LTP or LTD is triggered. LTD needs a 

modest increase in Ca2+ (Cummings et al., 1996), while for LTP induction Ca2+ should in-

crease above some critical threshold value (Malenka & Nicoll, 1993). Weak stimulation from 

presynaptic neurons leads to modest depolarization and smaller Ca2+ influx via NMDA re-

ceptors, which activate phosphatases that dephosphorylate AMPA receptors, resulting in 

promoting receptor endocytosis (Mulkey et al., 1993). Inversely, strong stimulation coupled 

with stronger depolarization inducing LTP via activating kinases resulting in AMPA receptor 

phosphorylation, and exocytosis (see Figure 4). Therefore, the strength of the depolarization, 

cytoplasmic Ca2+ concentration and associated enzymes activity will determine if more AM-

PA receptors are inserted into the membrane, which is the primary element for LTP 

induction, or if the existing AMPA receptors at the membrane are returned to the intracellular 

storage sites, which results in LTD (Borgdorff & Choquet, 2002; Henley & Wilkinson, 2013; 

Zhu et al., 2002; Sheng & Lee, 2001). However, recently, Nabavi et al. (2013) have shown 

that metabotropic action of the NMDAR, i.e., driving an ion-channel independent, is respon-

sible for LTD in the hippocampus rather than Ca2+ influx through the channel. This study 
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showed that LTD induction just needs a basal level of Ca2+, and metabotropic actions of 

NMDA-receptors can weaken active synapses without increasing the postsynaptic Ca2+ 

(Nabavi et al. 2013). 

Glutamate receptors role in memory formation 

The involvement of the glutamatergic system in memory processing in animals has been 

researched using ‘one-trial’ memory tasks. Here, NMDA receptors can be blocked before 

and/or after learning or just before retrieval to test its effect on retrieval later (Robbins & 

Murphy, 2006). In this regard, Bast et al. (2005), in a one-trial place memory test, have 

shown that hippocampal infusion of the NMDA receptor antagonist d-AP-5 blocked encoding 

and consolidation without affecting retrieval, while hippocampal infusion of the AMPA recep-

tor antagonist (CNQX) impaired retrieval. Opposite to NMDA receptors, blockade of AMPA 

and kainate receptors with a selective antagonist disrupts encoding, consolidation, and re-

trieval of spatial memories – pointing to the general importance of the AMPA receptors for all 

of these processes (Riedel et al., 1999). 

Neuromodulation of synaptic plasticity 

 
The process of regulating nervous system activity by controlling the physiological levels of 

several neurotransmitters is known as neuromodulation. Neuromodulators are a subset of 

neurotransmitters, which are not involved directly in synaptic communication of the brain, but 

modulate it. These neuromodulators include acetylcholine, dopamine, noradrenaline, and 

serotonin, and their release can modulate synaptic plasticity in the hippocampus (Palacios-

Filardo & Mellor, 2019). 

The role of Dopamine 

 Dopamine is a major modulator of neuronal function and has several receptor subtypes in 

the mammalian brain. Five distinct but closely related receptors mediate the physiological 

actions of dopamine (Beaulieu & Gainetdinov, 2011; Andersen et al., 1990; Niznik & Van 
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Tol, 1992). Dopamine receptors have been grouped into two general families: D1-like (D1 

and D5) and D2-like (D2, D3, and D4) receptors (Andersen et al., 1990; Niznik & Van Tol, 

1992). These receptors are metabotropic receptors, mostly but not only coupled to G pro-

teins (Beaulieu & Gainetdinov, 2011). 

 The major dopamine-producing neurons are located in the Ventral Tegmental Area 

(VTA) and Substantia Nigra (SN) (Bjorklund & Dunnett, 2007). The SN projects to the dorsal 

striatum, while dopaminergic cells in the VTA project throughout the limbic system, including 

the hippocampus, amygdala, ventral striatum and prefrontal cortex (Fallon & Loughlin, 1995; 

Gasbarri et al., 1997; Asan, 1998; Wise, 2004; Wise, 2005; Chinta & Andersen, 2005). 

These areas receive dopamine in two modes, either "tonic" or “phasic” modes (Grace, 1991; 

Grace et al., 2007). The tonic mode provides a baseline amount of dopamine for the normal 

functioning of the neural network (Schultz, 2007), whereas, in the phasic mode, the firing 

rate of these neurons will sharply increase or decrease, which involves mainly learning pro-

cesses (Schultz, 1998, 2007). Neuromodulators and specifically dopamine can influence the 

induction of LTP and/or LTD via specific changes in the initial levels of Ca2+ and cAMP which 

are the crucial regulators of LTP in the hippocampus, striatum and prefrontal cortex (Frey et 

al.,1993; Jay, et al., 1998; Spencer & Murphy, 2002; Gurden et al., 2000).   

In the mammalian brain, dopamine is part of the reward circuitry and supposed to in-

duce the adaptive effects of reward in the brain (Schultz, 2013; Schultz, 2000; Schultz, 2007; 

Wise, 2004; Wise & Rompre, 1989). Importantly it has been shown that dopaminergic sys-

tem activity is important for learning novel and salient experiences (Duzel et al.,, 2010; 

Lisman & Grace, 2005) and also crucial for reward learning (Schultz, 1998, 2007; Ungless, 

2004). Basically, information storage is prioritized based on relative novelty and reward val-

ue through dopaminergic signalling to the striatum and the hippocampus (Bromberg-Martin 

et al., 2010; Lisman & Grace, 2005).  

It has been shown that dopamine release can modulate the strength of declarative 

memories in the hippocampus and this modulatory effect correlates with the extent of 
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VTA/SN activation (Adcock et al., 2006; Wittmann et al., 2005) and the level of the released 

dopamine in the hippocampus (Clausen et al., 2011; Hansen & Manahan-Vaughan, 2014). It 

has been suggested that the hippocampus-ventral-striatum-ventral-tegmental-area-

hippocampus feedback loop plays an important role in declarative memory formation, in 

which dopamine input conveys the information about novelty and value of the stimulus to the 

hippocampus and determines which information enters to the long-term memory (Lisman & 

Grace, 2005). Probably, this dopamine signalling is also available during sleep, as ventral 

striatal reactivation, like hippocampal replay (Kudrimoti et al.,1999), is evident during SWS 

(Lansink et al., 2008; Lansink et al., 2009). 

The role of dopamine has been investigated across all the memory stages in ani-

mals, for instance, infusion of dopamine antagonists to the hippocampus during or 

immediately after encoding disturbed the delayed recall in animals (Bethus et al., 2010; 

O'Carroll et al., 2006), indicating the benefit of dopaminergic activity in encoding and per-

haps early consolidation. Increased dopamine levels within certain time points after learning 

can enhance memory consolidation; for example, infusing D1/D5 agonist to CA1 before 

learning has no effect while infusing after 3 or 6 hours post-learning increased performance 

at recall (Bernabeu et al., 1997). In older adult humans, levodopa– a dopamine precursor - 

was administered before learning, which showed no benefits on memory after 2 hours, but 

did show dose-dependent improvement in scene recognition after 6 hours (Chowdhury et al., 

2012). The delayed positive effect of levodopa probably suggests that dopamine has an im-

portant role in late human memory consolidation. 

1.3. What factors affect memory processing? 

 

Different factors are known to have an effect on memory processing in humans, like physical 

and mental activity (Korol et al.,2013), stress (de Quervain et al., 2000), attention (Rees et 

al., 1999), hunger (Murphy et al., 1998), environmental context in which learning or recall 
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occurs (Mulligan, 2011), reward, which can modulate memory formation (Wittmann et al., 

2011; Wittmann et al., 2008; Wittmann et al., 2005) and finally sleep. Studies have shown 

that sleeping immediately after learning can strengthen memory traces in the brain 

(Diekelmann et al., 2010; Takashima et al., 2006). 

In addition to the already mentioned factors, memory will be affected by interference 

and time, which can cause forgetting and memory loss. Regarding the effect of time, it has 

been assumed that our memories are susceptible to passive processes of forgetting over 

time. This effect of time on forgetting goes back to Hermann Ebbinghaus (1885), who stud-

ied the dynamics of forgetting by using lists of none-sense-syllables pairs. He famously 

coined "the forgetting curve" showing that forgetting happens quickly during the first few 

hours after learning, but decelerates the longer the retention interval lasts. A recent study 

following his experiment successfully replicated these results (Murre & Dros, 2015). 

The effect of interference, reward, and sleep will be discussed more in detail as they are 

relevant to the current work. 

Interference effect on memory 

 
It has been suggested that learning and memory are interacting, in which previously learned 

knowledge affects the learning of new knowledge (Krascum & Andrews, 1998; Murphy & 

Allopenna, 1994), and newly learned knowledge affects memory for already established 

knowledge (Roediger & Marsh, 2005). This interaction, in some cases, is facilitative; previ-

ous knowledge, or context, might serve as a schema that helps to understand and facilitates 

memory of new information, which is known as schema benefit on new learning (Preston & 

Eichenbaum, 2013). The concept of schema is introduced by Piaget (1929) and Bartlett 

(1932), and it is defined as a cognitive framework, representing an organized knowledge of 

some aspects of the world, which is obtained based on experience (Lewis & Durrant, 2011; 

Preston & Eichenbaum, 2013). 
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 At the same time, the interactions between learning new information and the already 

existing memories can produce interference effects, for example, previously formed memo-

ries can reduce learning of new information, i.e., proactive interference (PI), while uptake of 

new information disturbs the recall of previously encoded information, i.e., retroactive inter-

ference (RI; Wixted., 2004). For instance, PI might happen for a teacher at the beginning of 

the semester when he/she finds it difficult to learn the new student’s names since he/she has 

taught many students in the previous semester. In the case of RI, he/she might experience 

difficulty in remembering a particular student's name from the previous semester after learn-

ing new student’s names (Darby & Sloutsky, 2015). 

For over a century, researchers have designed experiments to examine the interfer-

ence effect to reach a better understanding of the mechanisms of learning and memory 

(Anderson and Neely, 1996; Wixted, 2004). A model paradigm that is used to investigate the 

interference effect in experiments is the paired-associates learning task. In this task, partici-

pants have to study lists of paired items, i.e., a paired association between a cue (A) and a 

target (B), such as clock-church (referred to as AB list). After learning the AB list, participants 

have to learn a second list of pairs before testing the memory for both lists. The second list 

can be completely new, i.e., new cues and new targets (CD), or use cues from the first list 

coupled with new targets (AC), or cues and targets from the first list, which are paired differ-

ently (Wixted, 2004; Darby & Sloutsky, 2015). According to this framework, if participants 

learn a list of paired associates (A-B) and then later learn another list with the same cue 

words (A) but different targets (C). Then at later testing for the A-C the memory performance 

will be worse than if they did not have to learn the A-B list previously (so PI would be ob-

served here). Darby and Sloutsky, (2015), performed an experiment on preschool-aged 

children and adults in order to gain developmental and mechanistic insights into retroactive 

and proactive interference effects. They found that PI and RI were present only for overlap-

ping sets of information (such as in the described above AB-AC). The magnitude of PI was 
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comparable in children and adults, whereas retroactive interference reached a catastrophic 

level just in the children. 

In the present work in order to investigate the proactive interference effect on new 

learning a associative word-pairs task was used in which participants were asked to learn 

two lists of word pairs (AB) in the evening after their arrival to the lab, and during the next 

day they had to again learn two lists of word pairs and one list had overlap with one of the 

first lists (AC) and the other one was completely new (CD).  

 
Reward effect on memory 

 One of the factors that determine which experiences are remembered and which ones are 

forgotten is motivation (Shohamy & Adcock, 2010). Studies on healthy adults demonstrated 

that motivational states which are associated with anticipating and receiving a reward (i.e., 

money) could enhance memory. Importantly, cues which are associated with future reward 

are better remembered than neutral cues (Wittmann et al., 2011; Wittmann et al., 2008; 

Wittmann et al., 2005). This advantage can be extended to the information that is presented 

after the reward-signalling cue (Adcock et al., 2006; Kuhl et al., 2010). Both intentional 

memory formation (Adcock et al., 2006; Kuhl et al., 2010; Murty et al., 2011) and incidental 

memory formation (Bialleck et al., 2011; Mather & Schoeke, 2011; Murayama & 

Kuhbandner, 2011; Wittmann et al., 2011; Wittmann et al., 2008; Wittmann et al., 2005) are 

sensitive to reward. For example, in order to investigate the effect of reward associated cues 

in intentional memory formation, the current work has adapted the Motivated Learning Task 

(MLT) from prior work of Feld and colleagues (Feld et al.,2014) and required the participants 

to memorize 160 pictures of landscapes and living rooms. The presentation of half of these 

pictures (80) was preceded by a 1 Euro symbol. The other half (80) was preceded by a 2 

Cents symbol. Participants were informed that they would receive the respective reward for 

every hit, 51 cents for a correct rejection, and they would lose 51 cents for a miss or a false 

alarm during the subsequent recognition test. In order to control for effects of encoding 
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depth, half of the pictures in each of the two reward conditions were presented for long and 

short duration, respectively. Recognition was tested twice, immediately after learning (after 

15 min.) and in the evening of the next day (for more detail see, chapter 6. pages 72, 73, 

74). 

 Sleep’s effect on memory 

There is a long history in neuroscience, exploring the potential link between sleep and 

memory processes. Following Ebbinghaus (1885) pioneering work on forgetting curves, Jen-

kins and Dallenbach (1924), replicated his work and claimed that the rate of forgetting was 

slower after sleep. They attributed this to a reduction in the incoming sensory information 

during sleep and the corresponding decrease in interference. In this way, sleep can protect 

memories from forgetting. An alternative explanation for this would be a lower metabolism 

during sleep, which could prevent the neurobiological decay of memory traces (Thorndike, 

1913). After the discovery of sleep structures and defining the sleep stages (Rechtschaffen 

& Kales, 1968), the sheltering interpretation of sleep against interference was challenged by 

showing that the memory retention for declarative memory was better over the first half of a 

night of sleep compared to the second half, which did not show superior retention compared 

to wakefulness (Yaroush et al.,1971). Later, studies suggested that declarative memories 

benefit more from SWS, while implicit memories mainly benefit from REM sleep (Plihal & 

Born, 1999; Plihal & Born, 1997). During recent years, the active effect of sleep on memory 

consolidation has been well-established (Diekelmann et al., 2010; Rasch & Born, 2013; 

Dudai, 2012). 

 Active system consolidation 

Opposite to the passive role of sleep in protecting memories from forgetting, i.e., via less 

interfering information or slower metabolism, the recent studies consider the neural replay of 

memories during sleep as an indicator for an active role of sleep for memory consolidation 

(Rasch & Born, 2013; Dudai, 2012). The active system consolidation hypothesis explains the 
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role of sleep for long-term memory formation in the hippocampus-dependent memory sys-

tem (Klinzing et al., 2019). Wilson and McNaughton (1994) recorded hippocampal place cell 

activity while rats performed a spatial behavioural task and also during SWS (before and 

after the task). The results showed that during post-task sleep, the likelihood for coincident 

firing of the hippocampal cells is higher for the cells which had correlated activity during 

wakefulness. This replay during SWS sleep also showed the same temporal order of firing 

as wakefulness (Ji & Wilson, 2007; Skaggs & McNaughton, 1996). A similar reactivation 

process is not evident in REM sleep (Kudrimoti et al., 1999). As mentioned before, active 

system consolidation is mainly related to hippocampus-dependent memories. However, a 

recent study on rats looking at sleep’s effect on novel-object recognition memories showed 

that sleep is also relevant for ‘non-hippocampus-dependent memories (Sawangjit et al., 

2018). In humans, the causal role of hippocampal-dependent reactivation during SWS has 

been shown for declarative hippocampus-dependent memories (Rasch et al., 2007; Rudoy 

et al., 2009).  

It is widely accepted that replay happening during the post-encoding sleep phase is 

involved in both system and synaptic consolidation of memories. During system consolida-

tion, newly encoded memory traces are reactivated during SWS in the hippocampus and 

also the cortex (Feld & Diekelmann, 2015). Here the hippocampus resembles a trainer for 

the cortical long-term store, which is repeatedly reactivating the cortical memory representa-

tions. Due to those reactivations, the cortical connections will become strengthened and 

finally become hippocampus-independent (Feld & Diekelmann, 2015). Then, during the sub-

sequent REM sleep, memories are stabilized via synaptic consolidation (Diekelmann et al., 

2010). 
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Figure 5. Schematic for the interplay between different oscillations during slow-wave 
sleep.  A replay of memories in the hippocampus, in the form of sharp-wave ripples, mainly occurs 

during the up-state of slow oscillations. The coupling of fast spindles to the up-state leads to spindle-
ripple event occurrence. This allows the reactivated memories to reach the cortex. Adapted from Feld 
and Diekelmann, 2015.   
   

 

 For successful system consolidation, slow oscillations (<1 Hz, generated in cortical 

areas), which are the hallmark oscillations of SWS, induce the replay of the recently encod-

ed memories in the hippocampus in synchrony with sharp wave-ripples (generated in 

hippocampus) and thalamo-cortical spindles (12-15 Hz) (Mölle & Born, 2009, see Figure 5). 

Through this synchrony, slow oscillations support the formation of ripple-spindle events that 

act together to gradually transfer replayed memories from the hippocampus to the neocortex 

(Buzsaki, 1998; Mölle & Born, 2009). As spindle activity coincides with the depolarizing slow 

oscillation up-state, it prepares this network for further synaptic plastic changes (Bergmann 

et al., 2012; Mölle et al., 2011). 

Basically, spindle activity during SWS primes the expression of the plasticity-related 

immediate early genes – the markers of synaptic potentiation – by increasing Ca2+ concen-

tration in selected cortical neurons (Sejnowski & Destexhe, 2000; Rosanova & Ulrich, 2005), 

and this prepares these memory traces for synaptic strengthening during REM sleep. This 
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synaptic consolidation occurring during REM sleep can complement the action of systems 

consolidation during SWS (Diekelmann & Born, 2010). 

Synaptic homeostasis hypothesis 

 Besides the theory of active systems consolidation, the synaptic homeostasis theory (SHY) 

proposed by Tononi & Cirelli (2006), suggests that sleep and SWS specifically promote the 

rebalancing and downscaling of synaptic weights, which has been unbalanced due to learn-

ing during prior wakefulness. Learning occurs based on Hebbian plasticity - for example, 

strengthening the connection between the neurons during encoding (Hebb, 1949), which 

results in a net increase in synaptic strength. This potentiation during wakefulness would 

increase space and energy demands. In order to avoid decreased signal to noise ratio (S/N) 

and saturation, renormalization of the synaptic strength is necessary, which happens during 

sleep since the synaptic inputs are not biased via sensory information (Tononi & Cirelli, 

2014; Tononi & Cirelli, 2019). There are different markers of changing synaptic strength (Ci-

relli, 2017), which in general support these wake/sleep synaptic changes suggested by SHY. 

For example, the expression of excitatory glutamatergic AMPA receptors, measured at the 

synaptic level in the rat cerebral cortex and hippocampus of adult rats, is higher after wake-

fulness than sleep (Vyazovskiy et al., 2008).  

The theoretical effectiveness of the slow-wave activity (SWA, 0.5 - 4.5 Hz) for renor-

malizing of synapses has been established by computer stimulations (Hill & Tononi, 2005; 

Esser et al., 2007; Sullivan & de Sa, 2008), and also empirically, by potentiating synapses 

via extended learning (Huber et al., 2004; Schmidt et al., 2006) or by transcranial magnetic 

stimulation (TMS) which is locally increasing the slow-wave activity (Huber et al., 2007; Hu-

ber et al., 2008). There is evidence suggesting that slow waves during NonREM sleep 

represent synaptic strength and possibly are responsible for synaptic downscaling (Massimi-

ni et al., 2009). 
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This SHY, in its first conceptualizations, disagrees with active systems consolidation 

theory, which suggests synaptic potentiation also occurs during sleep (Tononi & Cirelli, 

2006). Here, the authors suggested that sleep benefits memory by increasing the S/N, which 

is generated from synaptic-downscaling (Tononi & Cirelli, 2006). The theory has been up-

dated in order to show a unified concept considering the other functions of sleep: active 

systems consolidation. In the revised version, the concept of general downscaling is substi-

tuted by selective downscaling (Tononi & Cirelli, 2014), i.e., relevant representations, which 

are strengthened during wakefulness and fit to the existing circuits, might survive and the 

less activated and less well-fitting representations will be erased (Tononi & Cirelli, 2014). 

Effect of relevance and reward on memory consolidation during sleep  

Sleep's enhancement effect via active systems consolidation is selective: it mainly strength-

ens memories relevant for future behaviour. For example, Wilhelm et al. (2011) asked 

human subjects to learn word pairs before sleep or wakefulness and found, when partici-

pants were informed about the future retrieval test, their performance was superior after 

sleep compared to wakefulness. They also showed that expecting the retrieval could en-

hance sleep-associated consolidation of visuospatial and procedural motor memories. 

Future plans and expectations are important in long-term-retention of newly acquired infor-

mation (Diekelmann et al., 2013; Shimizu, 1996; Szpunar et al., 2007), i.e., information that 

is relevant for future plans is easier to recall later. Importantly, the relevance of an infor-

mation at encoding for the future can be signalled by reward (Miendlarzewska et al., 2016), 

which can increase the probability of these memories benefitting from sleep (Feld et al., 

2014; Igloi et al., 2015). In this regard, Fischer & Born (2009), found that that participants 

who expected rewards for their performance after sleep showed stronger sleep–dependence 

for the rewarded memories. 
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Sleep's effects on interference 

Studies have suggested that sleep can actively protect declarative memories against subse-

quent retroactive interference, occurring when the participants learn new yet overlapping 

information (interference learning) (Ellenbogen et al., 2009; Ellenbogen et al., 2006). In 

these studies, using the AB–AC word-pair learning paradigm (see page 18), interference 

disturbed memories much less following sleep compared to after a day of wakefulness. It 

seems memory consolidation transforms initially labile memories into more stable memories 

(e.g., Dudai, 2004) and due to this stabilization of memories after sleep (Rasch and Born 

2013) they are less susceptible to retroactive interference (Ellenbogen et al., 2009; 

Ellenbogen et al., 2006). 

Sleep’s effect on new learning 

 According to SHY, if extensive synaptic potentiation continued, the brain would reach its 

limit for encoding new information. Therefore renormalizing the synaptic weights is neces-

sary during sleep to avoid this saturation (Tononi & Cirelli, 2006; Cirelli & Tononi, 2008; 

Tononi & Cirelli, 2014).  

Synaptic downscaling during sleep should as a direct consequence, enhance learn-

ing after a period of sleep compared to a period of just wakefulness (McDermott et al., 

2003). Mander and colleagues (Mander et al., 2011), in a nap study, asked their participants' 

to learn new information twice in one day, once at noon and a second time in the evening. 

One group of participants could take a nap in between the two learning sessions, and an-

other group had to stay awake. Encoding ability declined across the day in the wake 

subjects, while the encoding performance of the participants in the nap group improved in 

the second session (Mander et al., 2011). This impairment in forming new memories was 

also demonstrated in sleep-deprived participants for a single night due to a deficit in hippo-

campal activity during encoding (Yoo et al., 2007). Regarding the importance of the slow-

waves for synaptic homeostasis as suggested by SHY (Tononi & Cirelli, 2014), it has been 
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shown in elderly participants that decreasing in the SWA could reduce the participant’s abil-

ity to encode novel images during the next morning (Van Der Werf et al., 2009). 

1.4. Pharmacological influences on sleep-dependent memory consolidation 

One of the potential strategies to better understand memory processes that occur during 

sleep at the molecular level is manipulating them with pharmacological agents. It has been 

shown that glutamatergic signalling is involved in sleep-dependent consolidation of sensory 

memory (Gais et al., 2008). In this study, healthy participants had to learn a procedural visu-

al texture discrimination task, which relies on glutamatergic plasticity in the visual cortex. 

During the night of retention sleep, an AMPA receptor blocker, caroverine, and a NMDA re-

ceptor blocker, ketamine, were given to different groups of participants, respectively. Both 

blockers disturbed the performance on subsequent retrieval of the task. These findings are 

related to the non-declarative memories, which are essentially not relying on hippocampal 

networks. Declarative memory (hippocampal-dependent memories) consolidation during 

sleep involves reactivating neuronal ensembles that encoded these memories during wake-

fulness (Diekelmann & Born, 2010). Furthermore, the reactivation in hippocampal and 

neocortical networks would involve glutamatergic neurotransmission and is temporally cou-

pled to hippocampal sharp wave-ripples and neocortical slow oscillations which is both 

supported by both, NMDA and AMPA receptor-related synaptic plasticity (Behrens et al., 

2005; Chauvette et al., 2012; Csicsvari et al.,1999; Espinosa & Kavalali, 2009; King et al., 

1999). Therefore, manipulating glutamatergic neurotransmission with specific drug like D-

cycloserine (DCS) as a NMDA receptor co-agonist might affects sleep-dependent declara-

tive memory consolidation as well. Of note, DCS is acting at the glycine-binding site of 

NMDA receptor and some evidences shows that it preferentially acts via NR2A containing 

receptors in order to enhance LTP (Kochlamazashvili et al, 2012; Sheinin et al., 2001). In 

this regards, in human subjects, the administration of DCS during retention sleep enhanced 
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hippocampus-dependent declarative memory consolidation (Feld et al., 2013). However, 

blocking NMDA and AMPA receptors with ketamine and caroverine, respectively, did not 

affect memory consolidation, which means the sleep-dependent consolidation probably does 

not simply depend on the AMPA and NMDA receptor reactivation, but glutamate neverthe-

less plays a crucial role.  

It seems that the reward circuitry, in which dopamine plays a critical role 

(Miendlarzewska et al., 2016), might play a role for sleep-dependent consolidation. Studies 

in rats using reward learning tasks have shown that hippocampal replay during sleep was 

linked to ventral striatal replay (Lansink et al., 2009; Pennartz et al., 2004). This replay was 

also found in the VTA (Valdes et al., 2015). Importantly these areas, as mentioned before, 

are known to be involved in reward feedback loops (Lisman & Grace, 2005). Therefore, re-

activation of these brain regions offers the possibility that replay in the hippocampus can 

access dopaminergic neuromodulation during sleep via the aforementioned feedback loop 

that acts similar to wake. Based on this, it seems manipulating the dopaminergic transmis-

sion during sleep can affect the consolidation of reward associated memories during sleep. 

In this regard, the administration of pramipexole, a D2-like receptor agonist, during sleep 

wiped out the difference in the consolidation of highly and lowly rewarded memories, and 

both memories benefited similarly from sleep-dependent reactivation (Feld et al., 2014).  

1.5. Hypotheses and aims of the conducted studies 

Sleep is an active process, and its dynamics can be affected by manipulating the brain's 

neurotransmitters. The effects of neurotransmitters are not just limited to sleep; their manipu-

lation also affects different functions, like memory. Notably, sleep can benefit memory 

processes (Diekelmann & Born, 2010). One of sleep’s functions is benefiting memory by 

consolidating traces, which were encoded during prior wakefulness (Diekelmann & Born, 

2010). Furthermore, it has been put forward that another function of sleep involves balancing 

processes of up and downscaling of synapses (Born & Feld, 2012). However, the neuro-
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chemical processes underlying the synaptic up and downscaling in the hippocampus are not 

yet fully understood. In my current work, focusing on glutamate as the main excitatory and 

dopamine as the main modulatory neurotransmitter, I have explored how these neurotrans-

mitters, which are known to be involved in memory formation during wakefulness, contribute 

to sleep-dependent memory processing. 

The aim of the first study (see chapter 5, study I) was trying to influence glutama-

tergic transmission during sleep using DCS, a NMDA receptor co-agonist. As it has been 

shown that DCS can enhance declarative memory consolidation during sleep (Feld et al., 

2013), we decided to test whether these consolidated memories proactively interfere with 

learning new information. To this end, we chose a word pairs task as our dependent varia-

ble.  Participants had to learn two lists of word-pairs (original lists) in the evening after their 

arrival and then orally received the medication (DCS or placebo) before 8 hours of sleep. 

Sleep EEG was prepared, and polysomnography was recorded during sleep. The next even-

ing, participants were asked to learn two lists of word-pairs again. One list consisted of 

entirely new word-pairs (new or no- interference list), while the other one used the cue words 

from one of the original lists and matched them with new target words (interference list). We 

hypothesized that new learning would decrease under DCS as the previously learned and 

consolidated memories under the drug would leave less space for new memories, and that 

this effect will even be facilitated by interference. To figure out whether the effect of DCS on 

new learning is sleep-dependent, we conducted a wake control study, where participants 

underwent the above described protocol but stayed awake until the new learning occurred. 

My second study (see chapter 6 study II) attempts to influence the consolidation of 

reward-related memories during sleep. For this aim, the dependent variable was represented 

by a motivated learning task (MLT) (adapted from Adcock et al., 2006 and Feld et al., 2014), 

which relies on the interaction of the hippocampus and ventral striatum at encoding. We 

chose the D2-like receptor antagonist sulpiride to block dopaminergic signalling during sleep. 

Medication (sulpiride or placebo) was administered after the learning phase of the MLT and 
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before an 8-hour sleeping period. The retrieval phase for the task was scheduled the next 

evening to minimize the residual amount of drug circulating at retrieval testing. We hypothe-

sized that reward contingencies are disturbed under sulpiride condition and that there will be 

no preference for consolidation of high versus low rewarded memories. 

1.6. General discussion 

Summary of the main results 

To understand in more depths the sleep’s neurochemical underpinnings that support 

memory processes, we decided to upregulate NMDA-receptor activity during sleep with its 

co-agonist DCS (study I). Additionally, we suppressed dopaminergic neurotransmission by 

using sulpiride, a dopamine D2-like receptor antagonist (study II).  

In the first study, we found a trend-wise enhancement in learning new word-pairs after sleep 

than wakefulness, and DCS distinctly enhanced the learning of new word pairs compared to 

the placebo group. This effect was independent of sleep. This enhanced new learning effect 

under DCS, might point to the involvement of glutamate receptors in time-dependent forget-

ting in addition to sleep-dependent consolidation, as it had been shown by Feld et al., 

(2013). Furthermore, this study has shown that the performance in new learning phase (Run 

1 and Run 3) for the no-interference list was positively correlated to time spent in sleep 

stage 4 in the placebo group. Unexpectedly, the interference list was generally learned bet-

ter than the new (no-interference) list. This may be due to schemata formation, which is 

again probably time-dependent rather than sleep-dependent. 

In the second study, using sulpiride, we found that at retrieval (after approximately 

22-h retention interval in order to minimize residual drug effects), highly rewarded memories 

were retained better than lowly rewarded memories in both sulpiride and placebo conditions 

without any marked effect of treatment. This means that preferential consolidation of highly 

rewarded memories is benefiting from frequent replay, which may have been primed during 
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encoding due to the activation of dopaminergic neurotransmission. Furthermore, an effect of 

sulpiride on items with different depths of encoding might open the possibility for a critical 

role of dopaminergic neurotransmission for consolidation of memories, which are not associ-

ated with rewards during sleep. Of note, in the current study, half of the pictures which have 

been shown for a long time belonged to the high reward category, and half of them to the 

low reward category, the same is true for pictures of the short duration time. Therefore, they 

are not independent of the reward value. Another finding in this study demonstrates the posi-

tive and negative relationship of S4 with high reward and low rewarded representations in 

the placebo group, respectively.  

Role of glutamate for new learning after sleep 

In study I, the NMDA receptor was up regulated using DCS to explore whether enhanced 

memory consolidation under DCS during sleep (Feld et al., 2013) would decrease the sub-

sequent new learning. The wake experiment was conducted to explore whether the effect of 

DCS on memory is sleep-dependent or not. The findings show that sleep and DCS are inde-

pendently enhancing new learning performance. It has been shown that glutamate-mediated 

signalling via receptors such as NMDA and AMPA receptors plays an important role in regu-

lating LTP and long term memory formation (Collingridge, 1987; Lynch & Baudry, 1984; 

Nicoll et al., 1988). Recently, the underlying mechanisms which are mediated by these glu-

tamate receptors for the time-dependent forgetting has been clarified (Hardt et al., 2013; 

Migues et al., 2016; Sachser et al., 2016; Shinohara & Hata, 2014; Villarreal et al., 2002).. 

According to Hardt et al., 2013, memory systems engage in acquiring memories irre-

spective of their later use, and only afterward, the brain actively decides which information is 

desired and is to be kept and which are unwanted and must be erased. It may, therefore, be 

a process of active decay that is employed after deciding about the value of already formed 

memory traces (Hardt et al., 2013). Interestingly, study I showed that new learning was sig-

nificantly improved after both sleep and wakefulness, under DCS (NMDA receptor co-
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agonist) administration. As proposed by SHY (Tononi & Cirelli, 2006), this result suggests 

that some kind of synaptic renormalization occurs. In the present case, this renormalization 

must be sleep independent and is possibly happening via a type of time-dependent decay-

related forgetting (Hardt et al., 2013) and can add to the current knowledge about the im-

portance of glutamate signalling for this time-dependent active decay.  

Furthermore, study I showed, next to sleep-independent improved new learning un-

der DCS, trend-wise enhanced new learning in the sleep compared to the wake group. This 

corresponds to earlier findings of enhanced encoding after sleep (Mander et al., 2011) and 

points to the benefit of sleep by providing new space for subsequent learning. Also, in sup-

port of an active role of sleep to enhanced encoding, study I found that time spent in S4 was 

positively related to new learning performance in the placebo condition. This finding can be 

explained well by the SHY hypothesis (see pages 23 and 24), suggesting that general 

renormalization occurs during sleep, which restores the capacity for further encoding (Tononi 

& Cirelli, 2006). 

The better learning in the interference condition compared to the no-interference 

condition points to a schema benefit on new learning (Preston & Eichenbaum, 2013), which 

means the prior knowledge facilitates new learning. Therefore, in the current work, the inter-

action between previous knowledge and new information leads to proactive enhancement 

rather than PI. This enhancement in the interference condition was independent of sleep and 

DCS administration. Even though theoretically schema formation by abstracting the 

knowledge form episodes, has been suggested to be sleep-dependent (Lewis & Durrant, 

2011) there exists empirical evidence supporting the time-dependency of establishing this 

knowledge base (Hennies et al., 2014), which is consistent with the current finding. 

Role of dopamine in consolidation of reward-related memory during sleep 

There are two possibilities for preferential retention of reward-associated memories after 

sleep. On the one hand, the reward circuitry which provides dopaminergic inputs at encoding 
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from the ventral tegmental area to the hippocampus via a feedback loop (during wakeful-

ness) is reactivated during sleep. On the other hand, dopaminergic inputs to the 

hippocampus at encoding can increase the frequency of reactivation during retention sleep 

independent of this dopaminergic network. In rodent studies, evidence for both accounts has 

been found (Lansink et al., 2009; Pennartz et al., 2004; McNamara et al., 2014). In the cur-

rent work, study II aimed at investigating whether dopaminergic neurotransmission is 

necessary for sleep's selective effect on rewarded memories. 

Our findings in this study are showing that after sleep, highly rewarded memories 

were retained better than lowly rewarded memories in both sulpiride and placebo conditions. 

This finding demonstrates that highly rewarded memories might be benefiting from a tagging 

mechanism similar to the one suggested by the synaptic tagging and capture hypothesis 

(Redondo & Morris, 2011), which can serve as an example of dopamine-related tagging. 

This tagging for highly rewarded memories at encoding possibly leads to preferentially hip-

pocampal reactivation during the following active system consolidation periods and better 

retention for the memories which are associated with high rewards compared to the low re-

wards (McNamara et al., 2014). Therefore it seems that reward-related specificity of active 

systems consolidation during sleep is promoted by fluctuation of reactivation frequency ra-

ther than involvement of dopaminergic neuromodulation.  

Furthermore, in study II, time spent in S4 was positively correlated with the retention 

of highly rewarded memories whereas it was negatively correlated with retention of lowly 

rewarded memories (in the placebo group). The revised form of synaptic homeostasis 

(Tononi & Cirelli, 2014), which has the active systems consolidation embedded, can justify 

how S4 is playing a role in both consolidating highly relevant memories and forgetting the 

non-relevant ones. 

One could assume that during NonREM replay, relevant memories (i.e., highly re-

warded ones), are consolidated on the system level and might thereby be protected from 

forgetting, despite an overall downscaling mechanism. This might be occurring by a dual role 
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of NonREM oscillations, including slow oscillations, sleep spindles, and sharp wave-ripples. 

On the one hand, it has been proposed that a precise temporal coupling or nesting of these 

NonREM oscillations might lead to consolidation at the system level (Staresina et al., 2015; 

Maingret et al., 2016). On the other hand, the isolated activity of slow oscillations and sharp 

wave-ripples would lead to synaptic depotentiation, as both produce the low concentration of 

Ca2+ (Tononi & Cirelli, 2006; Norimoto et al., 2018) and possibly induce LTD for irrelevant 

memories. 

Recently Kim et al. (2019) suggested an appealing scenario for this dual effect of 

NonREM sleep in memory consolidation and forgetting. They suggested a competing and 

dissociable role for slow oscillations (SOs) and delta waves for the dual function of sleep. 

The precise nesting of SOs and spindles is important for memory consolidation, possibly via 

driving and keeping the reactivation of awake experiences. However, delta wave-triggered 

processes promote weakening the reactivated memory traces, which is leading to forgetting, 

and it can also modulate the efficacy of SO-triggered processes. During NonREM sleep 

studies have found two separate classes of slow waves; one class is more global and has 

larger amplitudes and the other class is more local and has smaller amplitudes (Bernardi et 

al., 2018; Dang-Vu et al., 2008; Genzel et al., 2014; Mölle et al., 2002; Siclari et al., 2014). 

According to Kim et al., 2019, SOs are the large global slow waves, and delta waves are the 

local slow waves with smaller amplitude. Possibly, global SOs support systems consolidation 

(Genzel et al., 2014; Robertson, 2009). Oppositely, delta waves are just driving the local 

activity-dependent processes leading to weakening. Even though Kim et al., (2019), have 

suggested an active role for delta waves in weakening memories, it is plausible that delta 

waves mediate their effects just by reducing SO-related consolidation processes and nesting 

of spindles. 

Importantly, unlike Feld et al., (2014), we were unable to show that sleep-dependent 

consolidation for rewarded memories benefits from VTA-hippocampal loop reactivation. In 

that study, they showed that using pramipexole (D2-like receptor agonist) during sleep wiped 
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out the differences between highly and lowly rewarded memories, while the highly rewarded 

memories were retained better in the placebo group (Feld et al., 2014). However, the find-

ings from study II might give a clearer picture to what is occurring during the off-line retention 

intervals. Administrating dopaminergic system agonists (i.e., pramipexole) exert a dopamine 

effect on the existing receptors. Therefore this is not necessarily indicating endogenous do-

paminergic signalling as a major player during reactivation for selectively consolidating the 

rewarded information. If there was an endogenous dopaminergic reactivation, then blocking 

the D2-like receptors should reverse those effects, which study II has shown it did not. 

 

Role of an unexpected, new source of dopamine 

In study II, even though we demonstrated that sulpiride administration during sleep did not 

disturb the consolidation of reward associated memories (pointing to the less important role 

for the dopaminergic system during sleep for reward-associated memories), we found that 

sulpiride, during sleep affected the consolidation of the memories based on their encoding 

depth regardless of their association with highly or lowly rewards (see chapter 6, pages 77 

and 78). This finding might challenge the Lisman and Grace model (2005), which has pro-

posed that following novelty detection the dopamine released from the VTA to the 

hippocampus would plays a major role in signalling novelty and enhanced LTP and learning. 

Based on this model processing of novelty and reward are interrelated in order to control the 

entry of behaviorally relevant information to the long term memory. Our findings might bring 

up the question of whether another source of dopamine is responsible for releasing dopa-

mine following novelty for non-rewarded memories and might be available during sleep. 

The model mentioned above suggests that the tyrosine-hydroxylase expressing 

(TH+) neurons in the VTA within the hippocampus would release dopamine following novelty 

or surprise (Lisman & Grace, 2005; Lisman et al., 2011). Of note, there are limited VTA-TH+ 

axons releasing dopamine in the hippocampus (Gasbarri et al.,  1994; Gasbarri et al., 1997), 

which suggests the existence of another source of dopamine, like TH+ axons from the locus 
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coeruleus (LC) (Smith & Greene, 2012). TH+ axons from the LC are involved in novelty, 

arousal and cognition (Aston-Jones & Bloom, 1981; Harley, 1991; Sara, 2009), also, quite 

interestingly; LC activity can be regulated by the sleep slow oscillations (Eschenko et al., 

2012). Although LC reactivation during sleep is not established, it might play an important 

role in the consolidation of memories from novel experiences during SWS. Presumably, 

there are two different types of novelty; 'environmental novelty' and 'reward-associated nov-

elty' (Yamasaki & Takeuchi, 2017). It seems the LC-hippocampus system will mediate 

environmental novelty (Yamasaki & Takeuchi, 2017), as the dorsal hippocampus (important 

for spatial learning and memory) mainly receives dopamine from LC-TH+ neurons rather 

than the VTA (Takeuchi et al., 2016; Kempadoo et al., 2016). It has been suggested that LC 

dopamine release may increase attention to the salient features of the environment for spa-

tial learning and memory (Kempadoo et al., 2016), and Takeuchi et al., 2016 have shown 

that optogenetic activation of LC-TH+ axons after encoding enhanced memory related to 

environmental novelty in the hippocampus. These findings suggested that LC possibly co-

released dopamine with noradrenaline (NA) to the hippocampus. In support of this idea, it 

has been shown that chemical and electrical stimulation of LC triggers the release of both 

dopamine and noradrenaline in the hippocampus (Scatton et al., 1984; Quintin et al., 1986). 

The VTA-hippocampus system, which was previously proposed to signal the novelty of the 

experiences, might mediate reward-associated novelty (Yamasaki & Takeuchi, 2017) but not 

daily non-rewarded events. Interestingly, it has been proposed that it is plausible that the 

amount of dopamine released from LC might fluctuate depending on the level of its activa-

tion (Duszkiewicz et al., 2019), which can help to explain why pictures shown for longer 

durations might lead to sustained activation of LC and benefit more from the modulatory ef-

fect of dopamine.   

Importantly, it has been suggested that in the hippocampus, novelty-induced memory 

enhancement depends on D1/D5 receptors (Yamasaki & Takeuchi, 2017). These are not the 

same receptors we have blocked, but some pieces of evidence have shown that blocking D2 
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receptors can suppress LTP induction (Price et al., 2014). Furthermore, D2-like receptors 

are enhancing excitatory activity via inhibiting the release of GABA (the predominant inhibito-

ry neurotransmitter) and increasing glutamatergic transmission (Cooper & Stanford, 2001; 

Hu & White, 1997; Seamans et al., 2001; Smialowski & Bijak, 1987). Therefore, they might 

also be a candidate to affect novelty related plasticity in the hippocampus. 

Conclusion 

Glutamate and dopamine are involved in neuronal communication at learning during wake-

fulness (Collingridge & Bliss 1987; Robbins & Murphy, 2006; Bethus et al., 2010; McNamara 

et al., 2014; O'Carroll et al., 2006; Otmakhova & Lisman 1996). Regarding the findings from 

both studies, with manipulating glutamatergic and dopaminergic neurotransmission during 

sleep, it seems that these neurotransmitters are not necessarily taking a significant role in all 

sleep-dependent memory processing as it was expected. Specifically, upregulating the glu-

tamatergic neurotransmission using DCS enhanced new learning rather than hampering it, 

and its effect on new learning was not sleep-dependent. Also, based on the findings using 

sulpiride as a D2-like receptors antagonist, it seems replay of memories in the hippocampus 

during sleep does not necessarily recruit the dopamine reward circuitry for preferential con-

solidation of highly rewarded memories. Since blocking the dopaminergic neurotransmission 

did not reduce the retention of highly rewarded memories. 

The findings from current studies are adding to the two main fundamental theories, 

active systems consolidation and SHY, which have been proposed to explain the beneficial 

effects of sleep on learning and memory. Even though in study I, the new learning was gen-

erally enhanced after sleep due to renormalization based on SHY (Tononi & Cirelli, 2006).  

The distinct enhancement in new learning with upregulating the glutamatergic neurotrans-

mission under DCS is suggested to stem from a kind of renormalization, which is time and 

glutamate-dependent (Hardt et al., 2013). Therefore, it seems, this sleep-independent active 

decay has a more pronounced role than the sleep-dependent synaptic homeostasis for the 
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enhanced new learning. Findings in study II, point to the idea that during sleep, parallel to 

the active systems consolidation of the relevant memories, there might be another brain 

mechanism which renormalizes the synaptic strength to erase the unwanted memories and 

provide more space for further learning (Feld & Born, 2012). 

Critical appraisals, future directions, and application of the work 

Although future studies may be able to correct some limitations and extend on the reported 

results, these present studies were conducted to a high standard. In both studies, I collected 

the data from male participants because sex affects memory consolidation (Genzel et al., 

2012), and the responses to the monetary or social rewards (Wang et al., 2017). Therefore it 

would be beneficial to see if there is any difference when including female participants. In 

general, future research could go beyond the neurotransmitters used in the current work to 

manipulate memory during sleep. For example, it is possible that for reward modulation dur-

ing sleep other less well-studied neurotransmitter systems, like the endocannabinoid system, 

are playing a major role as this system is involved in metaplastic processes in the hippo-

campus (Chevaleyre & Castillo, 2004; Xu et al., 2014) and also reward processing (Solinas 

et al., 2008). Recent discoveries points to the involvement of two distinct and parallel dopa-

minergic systems (VTA-hippocampus and LC-hippocampus) in mediating novelty and 

memory consolidation, depending on the nature of the novel experiences (Yamasaki & 

Takeuchi, 2017; Takeuchi et al., 2016). Therefore it would be interesting to study the cued 

reactivation of reward-related memories using functional magnetic resonance imaging 

(fMRI). This will provide information that activation of which of the two dopamine resources is 

mainly correlating with the better retention of reward-related memories. 

Previously blocking the NMDA and AMPA receptors did not affect the consolidation 

of declarative memory during sleep (Feld et al., 2013). In the same vein, and the current 

work’s finding with upregulating the NMDA receptor suggested that glutamatergic neuro-

transmission might not be playing a major role in memory processes during sleep. Thus it 
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will be helpful to block NMDA and metabotropic glutamate receptor 5 (mGluR5) at the same 

time to avoid any of them taking over the function of the other. For example, it has been 

shown that blockade of NMDA receptors with ketamine can be reversed with activating 

mGluR5 (Chen et al., 2011). Thus, in this way, one could make the role of the glutamatergic 

system crystal clear during sleep for consolidation and subsequent new learning.  

In both studies, we tried to manipulate human cognitive functions using pharmacolog-

ical agents. DCS might be effective for diseases associated with memory/learning deficits 

(e.g., dementia) or for therapies that rely on learning processes (e.g., exposure therapy in 

anxiety disorders; Schade & Paulus, 2016; Hofmann, Sawyer, & Asnaani, 2012). Regarding 

to potential clinical applications of DCS, it has been suggested that, for the effective use of 

DCS in exposure therapy, likely it is better to use the drug either immediately before or after 

the exposure session (Norberg et al., 2008). Previously, Feld et al., (2013) showed a positive 

effect of DCS on memory consolidation during sleep. Current results do not tackle memory 

consolidation but rather are showing DCS engagement in enhancing new learning via accel-

erating the forgetting. Therefore considering these findings and suggested clinical 

application mentioned above, we can suggest amplifying the learned behaviors at the suc-

cessful exposure session by administrating DCS afterwards during sleep. Considering the 

improved new learning after DCS it can be further suggested to repeat the same exposure 

session during the next day to accelerate the effectiveness of treatment. Another feature that 

might influence the effectiveness of DCS is the dosage of the drug. First applications of DCS 

in exposure therapy have shown no difference reported for doses between 50 and 500 mg 

(Myers & Davis, 2007). In other studies, DCS also used at the doses of 50, 100 and 125 mg 

and all of these doses seems to be sufficient for enhancement of exposure therapy (Hof-

mann et al., 2013) and considering the possibility of acting as an antagonist at higher doses 

of DCS (i.e. > 500 mg) (Heresco-Levy et al., 2013), it seems our dose of 175 mg is close to 

the optimal dose. 

.  
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            Findings from study II has shown that sulpiride did not affect the consolidation of re-

ward associated memories. This finding hints at a minor role of the dopaminergic system in 

sleep-dependent memory consolidation. Although some previous human and animal studies 

point at such a dopaminergic pathway contribution (Feld et al., 2014; Lansink et al., 2009; 

Pennartz et al., 2004). Thus the translation of this finding in the current work using sulpiride 

to clinical application in humans does not seem evident. 

All in all, these direct administrations of medications and neurochemical manipulation 

of memory processes in humans enabled us to investigate the complexity of human behav-

iour. Furthermore, it provided the opportunity to interpret these findings without translating 

them from animal models even though animal research needs to complement the human 

work, for instance, in the cases to make use of substances not available in humans.
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ARTICLE

Overnight memory consolidation facilitates rather than
interferes with new learning of similar materials—a study
probing NMDA receptors
M. Alizadeh Asfestani1, E. Braganza1, J. Schwidetzky1, J. Santiago1,2,3, S. Soekadar4, J. Born1,5 and G. B. Feld1,6,7

Although sleep-dependent consolidation and its neurochemical underpinnings have been strongly researched, less is known about
how consolidation during sleep affects subsequent learning. Since sleep enhances memory, it can be expected to pro-actively
interfere with learning after sleep, in particular of similar materials. This pro-active interference should be enhanced by substances
that benefit consolidation during sleep, such as D-cycloserine. We tested this hypothesis in two groups (Sleep, Wake) of young
healthy participants receiving on one occasion D-cycloserine (175 mg) and on another occasion placebo, according to a double-
blind balanced crossover design. Treatment was administered after participants had learned a set of word pairs (A–B list) and before
nocturnal retention periods of sleep vs. wakefulness. After D-cycloserine blood plasma levels had dropped to negligible amounts,
i.e., the next day in the evening, participants learned, in three sequential runs, new sets of word pairs. One list—to enhance
interference—consisted of the same cue words as the original set paired with a new target word (A–C list) and the other of
completely new cue words (D–E set). Unexpectedly, during post-retention learning the A–C interference list was generally better
learned than the completely new D–E list, which suggests that consolidation of previously encoded similar material enhances
memory integration rather than pro-active interference. Consistent with this view, new learning of word pairs was better after sleep
than wakefulness. Similarly, D-cycloserine generally enhanced learning of new word pairs, compared to placebo. This effect being
independent of sleep or wakefulness, leads us to speculate that D-cycloserine, in addition to enhancing sleep-dependent
consolidation, might mediate a time-dependent process of active forgetting.

Neuropsychopharmacology (2018) 43:2292–2298; https://doi.org/10.1038/s41386-018-0139-0

INTRODUCTION
The relationship between sleep and memory maintenance has
received detailed attention in the last 20 years [1, 2] and there is
widespread interest in enhancing this beneficial effect of sleep on
memory [3], e.g., by enhancing neuronal oscillations [4, 5] or
externally cueing replay [6, 7] i.e., processes that support sleep-
dependent memory. We recently demonstrated that the N-
methyl-D-aspartate (NMDA) receptor co-agonist D-cycloserine
powerfully enhances sleep-dependent declarative memory con-
solidation when administered before sleep [8]. It is, however,
completely unclear, how this enhancement affects the subtle
balance of encoding and memory maintenance in the brain [9].
This is especially interesting as sleep has been suggested to also
benefit new learning [10].
One of the first reports investigating the effect of sleep on

memory was by Jenkins and Dallenbach [11], who famously
hypothesized that sleep enhances memory not via an active process
but by shielding it from interference, a line of argument that remains
popular [12]. However, since this proposal it has been convincingly
shown across species, modalities and paradigms that during sleep,

memory is actively strengthened by the repeated replay of traces
that were encoded during prior phases of wakefulness [6, 7, 13–15].
Intriguingly, it has also been shown that this sleep-dependent
consolidations makes memory traces more robust towards retro-
active interference [16], i.e., to the interfering influence of learning
new information that deteriorates the original trace even if it had
previously been successfully encoded [17]. When participants in this
experiment learned a set of word pairs (A–B) before sleep and had
to learn a retro-actively interfering set of word pairs (A–C) after sleep
(but before retrieval), the effect of sleep on memory retention was
enhanced. Moreover, in a study where participants encoded while
exposed to the smell of roses, re-exposing them to this odor
cue during sleep made the associated memory robust to retro-active
interference and the same treatment during wakefulness had the
opposite effect [18]. These findings pose the intriguing question
whether the reduction in memories’ susceptibility to retro-active
interference during sleep is due to a strengthening of the original
trace that would be accompanied by enhanced pro-active
interference, i.e., whether new memory traces are harder to establish
if they overlap with these stronger old memory traces [17]
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The oscillatory properties of sleep that support the consolidation
process [19] are ideally suited to drive the strengthening
of memory traces via long-term potentiation (LTP) [20], which
occurs mainly at glutamatergic synapses and is mediated by NMDA
receptors [21, 22]. Accordingly, we administered D-cycloserine, a
drug that supports NMDA receptor activation by binding to
its glycine-binding site [23], to participants after they learned
word pairs, so that peak plasma concentration occurred during the
first half of the sleep phase [8]. Enhancing NMDA receptor
activation benefited the sleep-dependent consolidation specifically
of the word pairs if given during sleep and thus represents
the ideal model to test whether memory traces enhanced by sleep
introduce detrimental pro-active interference on new learning.
To test this we asked participants to learn a list of word pairs (A–B)

and then enhanced sleep-dependent consolidation of these
memories by administering D-cycloserine [8]. We expected that,
when participants learned a new list of word pairs (A–C) the next
evening (i.e., after twice the drug half-life), performance would be
reduced under treatment compared to placebo due to enhanced
pro-active interference of the more strongly consolidated memory.
To specify whether this effect depends on the item specificity of pro-
active interference, participants also learned new word pairs that did
not overlap with the original list (D–E) and we expected that
performance on this list would not be affected by treatment. We
also tested a group of participants that did not sleep during the
retention interval to test our hypothesis that these effects are
mediated by processes active only during sleep.

METHODS
Participants
Fifty-one participants completed the study in the sleep (n= 30)
and the Wake (n= 21) conditions. Participants were healthy,

non-smoking, native German speaking men, age range between
18 and 30 years old, with a body mass index between 19 and 26
kg/m2. This narrow range of inclusion criteria was chosen to test
our hypothesis in a homogenous sample thereby limiting the
amount of noise from variables of non-interest. Before starting
the study a routine medical examination was performed for all the
participants to exclude any psychiatric, neurological or endocrine
diseases, participants who took regular medication were also
excluded. The medical screening relied on a structured interview
asking for current or past diagnosed conditions, a physical
examination as well as a blood pressure and blood-screening test
(white cells, red cells, hemoglobin, sodium, potassium, calcium,
chloride, glucose, bilirubin, alanine transaminase, alkaline phos-
phatase, gamma-glutamyltransferase, C-reactive protein, pro-
thrombin time, partial thromboplastin time) and only healthy
participants were included. Participants were pre-screened via
telephone making sure they did not take any acute medication at
the time of the experiments and that they reported a normal
sleep–wake cycle, no shift work, night work or intercontinental
flights (>4 h time difference) for at least 6 weeks before the
experiments. They were instructed to keep a steady sleep
schedule in the week before the experiment (approximately
sleeping from 23:00 to 07:00 each night), to go to bed at 23:00 the
night before experiments, to get up at 07:00 on experimental days
and, during these days, not to take any naps, no caffeine-
containing drinks after 13:00 and also not to consume alcohol
starting one day before the experimental nights. Adherence to
these rules was assessed with a questionnaire at the very
beginning of each experimental condition and experiments were
aborted and rescheduled, if gross deviation from this plan was
found. This questionnaire also asked about acute medication and
drug use as well as stressful events. Before the sleep experiment,
participants took part in an adaptation night under conditions of

Fig. 1 a Participants first learned 80 word pairs (A–B) up to a criterion of 60%, by a repeated cued recall procedure (see Methods section for
details). Afterwards at ~22:30, they took 175mg D-cycloserine or placebo. At 23:00 the participants in the Sleep group went to bed and
polysomnographic recording was performed, whereas the Wake participants watched documentaries about planets. All participants received
breakfast at 07:45 and watched animal documentaries until 18:00. Afterwards, at 18:30, the participants learned 80 new word pairs in three
consecutive runs and finally retrieved the original 80 word pairs. bMean and standard error of the mean (SEM) of the amount of correctly recalled
word pairs in total, c in the Sleep experiment, and d in the Wake experiment during the three runs of the New Learning phase are shown
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the experiment, which included the placement of electrodes for
polysomnographic recordings. The experiments were approved by
the ethics committee of the University of Tübingen. We obtained
written informed consent from all participants before their
participation.

Design and procedures
The experiments followed a double-blind, placebo-controlled,
within-subject crossover design, with Sleep vs. Wake between-
subjects groups. Within each group, participants took part in two
identical experimental sessions with the exception of administra-
tion of D-cycloserine or placebo (D-cycloserine: Cycloserine
Capsules®, 175 mg, the Chao Center for Industrial Pharmacy &
Contract Manufacturing, USA, plasma halftime: 10 h, plasma
maximum: 1–2 h; Fig. 1 summarizes study design). The dose of
D-cycloserine was chosen to be the same as in our previous study
[8], which effectively enhanced sleep-dependent consolidation of
word pairs. D-cycloserine was applied at 22:30, i.e., 30 min before
lights off in the Sleep group. This timing was chosen to maximize
drug levels during the slow wave sleep rich first half of the night,
which has been shown to be beneficial for the consolidation of
word pairs. New learning of word pairs was scheduled the next
evening, i.e., as late as possible without adding an additional night
of sleep, in an attempt to minimize direct effects of the drug. The
two experimental sessions were scheduled at least 14 days apart.
Participants arrived at 20:00 for each experimental night and

first filled out questionnaires. In the Sleep group, polysomno-
graphy was prepared by applying electrodes. In the Wake group
no polysomnography was assessed. Next, they learned the first set
of declarative word pairs (original word pairs) between 20:40 and
21:40. Participants were informed that the word pairs would be
recalled immediately and also the next evening, as well as, that
they would learn new word pairs during the next evening. This
was done to match expectations on the first session to those on
the second session, where these essential procedures would be
known by the participant. After learning they filled in ques-
tionnaires measuring mood and sleepiness and performed a
reaction time task to measure vigilance (psychomotor vigilance
task). At 22:30, Participants received the medication (D-cycloserine
or placebo). At 23:00, the electrodes were connected to the
amplifiers and lights were turned off, in the Sleep group. The
Wake group watched astronomy documentaries while sitting in a
comfy chair (two counterbalanced lists of films, one for each
session) in the lab during this time and were monitored by the
investigator through cameras at all times, who prevented them
falling asleep unintentionally. Approximately every 1.5 h, partici-
pants took a short walk together with the investigator to enhance
wakefulness. After ~8 h (between 06:45 and 07:15), the Sleep
group was woken up (if possible from sleep stage 1 or 2). All
participants first answered questionnaires measuring their mood
and sleepiness and, afterwards, received a standardized breakfast
and the Sleep group was allowed to shower to clean the electrode
gel off their head. During the day, participants followed a tight
protocol watching animal documentaries (two counterbalanced
lists of films, one for each session) for ~1½ h at a time (two
episodes), where the investigator checked in on them every 15
min to ensure wakefulness. Each of these episodes was followed
by a break to take a walk around the campus and participants
received two snacks in the afternoons. This was done for 10 h only
interrupted by lunch at the local canteen together with the
investigator. This protocol was chosen to standardize the
experience of the participants after drug application and to
minimize the opportunity of newly encoding written words. This
strategy included that participants were not allowed to use their
mobile devices and the internet or read books and magazines
during the experiment. Please note, however, that we cannot
completely exclude that participants encoded new words. We
chose not to completely deprive the participants from all sensory

input, which would have minimized these opportunities even
more, as it would have been nearly impossible to keep them
awake at the same time. At 18:30, participants learned new word
pairs and immediately recalled them. Next they recalled original
word pairs they learned the day before. Finally, we again
measured mood, sleepiness, and vigilance, as well as, word
generation.

Word-pair tasks
Consolidation was measured using 80 slightly associated word
pairs (A–B list, e.g., Democracy–System) in two lists (original lists).
The word pairs were presented on a computer screen for 4 s each
with a 1 s inter-stimulus interval (ISI). After presenting both lists,
the participant’s memory was tested in a cued recall procedure by
presenting only the first word and asking the participant to
produce the associated word. This was done for each list
individually. If the participant did not reach the criterion of 60%
correct responses on one (or both) of the lists, only this list (or
both lists) was presented again completely (3 s per pair) and cued
recall was repeated. This was done until he reached the criterion.
The amount of word pairs recalled during the last cued recall was
used as measure of learning performance. The cued recall
procedure as described above was performed again at the very
end of the Retrieval phase (after the New Learning phase—see
below). This was done, so that the participants formed the
intention to retain the word pairs across each of the two sessions,
which may have been undercut, if delayed retrieval did not take
place in the first session. The intention to retain word pairs has
previously been shown to be an essential factor driving sleep-
dependent memory consolidation [24]. Data from this retrieval
were not analyzed as they are confounded by the prior new
learning.
During the next evening, participants were presented a new set

of 80 word pairs in two separate lists. One list with 40 word pairs
(A–C list, Democracy–Equality) interfered with the original list, i.e.,
they contained a new sec word (C) paired with a cue word (A) of
the original list (interference list), the other also consisting of 40
word pairs (D–E list, e.g., Painter–Pianist) was completely new (no-
interference list). These two word-pair lists were also learned back
to back in a balanced order and each pair was shown for 4 s (1 s
ISI). The cued recall procedure described above was performed
three times (run 1–run 3) and after runs 1 and 2 the word pairs
were shown again for 3 s each. Note that we constructed six pairs
of A–B and corresponding A–C lists with 40 word pairs each. We
counterbalanced which of the lists was used for the interference
(two pairs per participant, A–B and corresponding A–C version)
and non-interference conditions (four lists per participant, i.e., only
the A–B or the A–C version of the remaining four pairs, referred to
as D–E lists below to convey that they were non-overlapping).

Polysomnography, sleep analysis, and EEG power analysis
The EEG was recorded continuously from electrodes (Ag-AgCl)
placed according to the 10–20 System, referenced to two linked
electrodes attached to the mastoids. EEG signals were filtered
between 0.03 and 35 Hz, and sampled at a rate of 250 Hz using a
Brain Amp DC (BrainProducts GmbH, Munich, Germany). Addi-
tionally, horizontal and vertical eye movements (HEOG, VEOG) and
the EMG (via electrodes attached to the chin) were recorded for
standard polysomnography. Sleep architecture was determined
according to standard polysomnographic criteria using EEG
recordings from C3 and C4 [25]. Scoring was performed by an
experienced technician who was blind to the assigned treatment
(an additional expert was consulted for ambiguous epochs). For
each night, total sleep time (TST), i.e., the time between the first
detection of transition from sleep stage 1 to 2 and lights on, and
time spent in the different sleep stages, i.e., wake; sleep stages 1,
2, 3, 4; SWS (defined by the sum of sleep stage 3 and 4) and rapid
eye movement (REM) sleep was calculated in minutes.
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Control measures—vigilance, sleepiness, and mood ratings and
test of encoding
Participant’s sleepiness and mood was assessed using self-report
measures. The Stanford Sleepiness Scale (SSS) [26] measures
subjective sleepiness with one item and eight answer options
ranging from one= “Feeling active, vital, alert, or wide awake” to
eight= “Asleep” (provided as an anchor). We assessed the
participant’s mood using the multidimensional mood question-
naire at three time points per session [27]. This questionnaire
produces the three scales positive mood (high is positive),
tiredness (low is tired), and calmness (high is calm). Objective
vigilance was additionally tested using the psychomotor vigilance
task (PVT; [28]. This 5-min version of the PVT required pressing a
button as fast as possible whenever a bright millisecond clock
presented on a dark computer screen started counting upward.
After the button press, this clock displayed the reaction time.
General capabilities of long-term memory retrieval were tested
using a word generation task, which, e.g., has been used to
diagnose such long-term memory capabilities in very mild
dementia [29], but also requires executive function that is affected
by total sleep deprivation [30]. Participants had to produce
as many words as possible starting with a certain letter (P or M)
or belonging to a defined category (hobby or profession) during
a time of 2 min each (Regensburger Wortflüssigkeitstest
[WFT]; [31]). At the end of each session all participants were
asked if they believed to have received the active agent or
placebo.

Data reduction and statistical analysis
In the Sleep group two participants were excluded because of
their extremely low learning performance (below seven word pairs
in more than one list). After checking the sleep scoring, two
participants were excluded because of disrupted sleep. Statistical
analyses generally relied on analyses of variance (GLM; SPSS
version 21.0.0 for Windows) including the repeated-measures
factors Substance (D-cycloserine vs. placebo), Interference (inter-
ference vs. no-interference) and, where appropriate, the factor
Runs (1,2,3) pertaining to the three recalls during the New
Learning phase, as well as, the between-subjects factor Sleep/
Wake. Greenhouse-Geisser correction of degrees of freedom was
applied where necessary. Significant interactions were followed
up by lower-level ANOVAs and post hoc t tests.

RESULTS
Word pairs
Concerning the New Learning phase of word pairs on the second
evening of each session, the interference list was learned
significantly better than the no-interference list, with this effect

being predominant on the first run (Interference × Run: F(2,90)=
9.035, p= 0.001, First run: F(1,45)= 9.492, p= 0.004; Table 1).
Trivially, performance improved across the three runs (F(2,90)=
832.695, p ≤ 0.001). We also found a trend towards the Sleep
group learning more new word pairs than the Wake group
(F(1,45)= 3.447, p= 0.070, for main effect of the Sleep/Wake factor,
i.e., not different between A–C and D–E lists). D-cycloserine
distinctly enhanced new learning of word pairs 20 h after
administration (F(1,45)= 6.512, p= 0.014, for main effect of
Substance). On average participants learned 2.7 more new word
pairs in the D-cycloserine condition than in the Placebo condition
(D-cycloserine: 57.30 ± 1.40, Placebo: 54.63 ± 1.43).
We also identified a three-way interaction of Substance × Run ×

Sleep/Wake (F(2,90)= 3.514, p= 0.034). This effect was mainly
driven by word pairs being learned more in the Sleep group after
D-cycloserine during the first run (t(25)= 1.964, p= 0.061), whereas
word pairs being learned more in the Wake group after D-
cycloserine during the second (t(20)= 2.880, p= 0.009) and third
(t(20)=2.102, p= 0.048) runs. All the other effects and interactions
were non-significant (All p ≥ 0.114; Table 1).

Sleep stages
Under D-cycloserine participants spent significantly more time (in
minutes) in wakefulness and sleep stage 1 (Wake: t(25)=−2.737 p
= 0.011; stage 1: t(25)=−2.661 p= 0.013, descriptive statistics are
provided in Fig. 2) and less time in REM sleep (t(25)= 2.768,
p= 0.010). We also found a trend towards reduced time in sleep
stage 2 in the D-cycloserine condition in comparison to placebo
(t(25)= 1.795, p= 0.085), but there was no significant difference
between the treatments in time spent in the other sleep stages (all
t ≥−0.356, p ≥ 0.451) or total sleep time (t(25)=−0.509, p= 0.615).
Time spent in sleep stage 4 was positively correlated to
performance during Run 1 and Run 3 of the New Learning phase
for the no interference list in the placebo condition (r= 0.34,
p= 0.091 and r= 0.42, p= 0.032, respectively). Conversely, time
spent awake was negatively related to performance during Run 3
of the New Learning phase for the no interference list in the
placebo condition (p= 0.017, r= 0.47). Of note, the reported
correlation is not evident, if sleep stages 3 and 4 are combined to
SWS (all p ≥ 0.23).

Control measures
As can be expected, in the Wake group, sleep deprivation led to
increased subjective sleepiness (measured by Stanford Sleepiness
Scale) in the morning and at retrieval (F(1,45)= 41.07, p ≤ 0.001 and
F(1,45)= 52.74, p ≤ 0.001, respectively), as well as, reduced
objective vigilance (measured by PVT) at retrieval (F(1,45)= 4.03,
p= 0.051) compared to the Sleep group. However, in both groups

Table 1. Mean (SEM) correctly recalled word pairs in the New Learning
phase for the interference and no-interference conditions

Sleep Wake

D-
cycloserine

Placebo D-
cycloserine

Placebo

Interference

First run 21.42 (1.12) 19.00 (0.93) 19.38 (1.32) 16.67 (1.49)

Second run 31.85 (0.82) 31.27 (1.00) 30.76 (1.25) 27.57 (1.57)

Third run 36.08 (0.53) 36.31 (0.59) 35.10 (1.13) 33.00 (1.22)

No-interference

First run 19.27 (1.28) 17.38 (0.98) 15.95 (1.61) 16.00 (1.62)

Second run 32.23 (1.20) 31.31 (0.99) 29.67 (1.62) 28.19 (1.97)

Third run 36.73 (0.62) 35.81 (0.65) 34.00 (1.34) 33.57 (1.26)

Fig. 2 Mean (SEM) time spent in the different sleep stages Wake, S1
(sleep stage 1), S2 (sleep stage 2), S3 (sleep stage 3), S4 (sleep stage
4), and REM (rapid eye movement sleep) sleep in minutes
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we found no differences between the treatments in the
psychomotor vigilance task (PVT, all p ≥ 0.196). In the Sleep group,
subjective “tiredness” in the morning after nocturnal sleep, was
enhanced in the D-cycloserine group (t(25)=−2.534, p= 0.018;
Table 2). In the Wake group, subjects in the morning after D-
cycloserine showed trend-wise higher “good mood” and less
“tiredness” (“tiredness”: t(20)= 1.910, p= 0.071, “good mood”: t(20)
= 1.805, p= 0.086; Table 2) than after placebo. Sleepiness (on the
SSS did not differ between substance conditions at all times (all
p ≥ 0.167). Also, we did not have any significant differences
between substance conditions in the general retrieval perfor-
mance as measured by the word generation task within any of the
groups (all p ≥ 0.503), however, the Sleep group produced more
words compared to the Wake group in an overall analysis (F(1,45)=
5.02, p= 0.030). Participants in both groups were not able to
discriminate between D-cycloserine and placebo (McNemars’ exact
test: p ≥ 0.774).

DISCUSSION
We expected that learning of new word pairs will be decreased
after sleep under D-cycloserine in comparison to placebo, due to

enhanced pro-active interference by the consolidated memory.
This effect was predicted to be facilitated, if the new word pairs
shared the consolidated word-pair’s cue word. In contrast, we
found that sharing a cue word with the original list enhanced new
learning rather than impaired it. Also, our results provide evidence
that new learning was generally facilitated by sleep and by D-
cycloserine. Notably the enhancing effect of D-cycloserine was
independent of whether it was given before sleep or wakefulness,
which was also unexpected. The effects of D-cycloserine on sleep
architecture replicated earlier findings of increased wake and light
sleep while REM sleep was reduced [8], suggesting a robust albeit
mild alerting effect of the drug. Generally, these findings suggest
that pro-active interference that is predominant immediately after
learning does not carry over to longer retention intervals but
rather is reversed by consolidation to aid new learning. Accord-
ingly, enhancing sleep-dependent consolidation of memory traces
appears to pro-actively support new learning. Moreover, the effect
of D-cycloserine being independent of sleep and associated
consolidation, suggests additional time-dependent mechanisms
supporting new learning perhaps by inducing active forgetting.
Our finding of better encoding in the interference condition

than in the no-interference condition indicates that rather than
producing pro-active interference and thereby impairing new
learning our interference condition enhanced new learning. This
cannot be explained by the initial memory merely decaying across
time and thereby reducing its pro-active influence, as this would
not enhance performance on the interference above and beyond
the no-interference condition. It has been proposed that new
information can be learned more easily, if it can be integrated with
existing knowledge [32]. Theoretically consolidation during sleep
may derive such knowledge by abstracting from episodes [33].
However, empiric evidence suggests that knowledge may be built
in a time-dependent rather than a sleep-dependent manner [34],
which is consistent with our data revealing that improved learning
of interfering materials is independent of prior sleep or wakeful-
ness. Intriguingly, work in rodents suggests, that after a schema is
established, new learning is facilitated [35] and subsequent work
has shown that such schema-dependent encoding may access the
cortical store directly [36]. Alternatively, the present effect may
rely on map-like representations of concepts established within
the entorhinal grid code [37], which has been shown to encode
complex associative memories [38]. Essentially, this question
needs to be addressed by additional experiments that go beyond
the scope of the current study and establish when pro-active
interference is overridden by knowledge abstraction.
The trend-wise enhanced encoding in the Sleep versus the

Wake group, corresponds to earlier findings of enhanced
encoding after sleep [10], however, this effect may also have
been due to sleep deprivation leading to reduced performance in
the Wake group. The absence of a more pronounced difference in
encoding performance between the sleep and the wake group
could also be indicative of a ceiling effect, which would be most
pronounced in the third run of the New Learning phase. In
support of an active contribution of sleep to improved encoding,
we found that time spent in sleep stage 4 was positively related to
New Learning phase performance in the placebo condition. While
this is in line with causal experiments that showed that boosting
slow wave activity can enhance the encoding of declarative
memories after sleep [39], an important function may also be
performed by sleep spindles during sleep stage 2 [10]. In contrast
to findings that suggest REM sleep down-scales synaptic weights
in the hippocampus [40], we found improved encoding after D-
cycloserine combined with the drug’s substantial suppression of
REM. Interestingly, we found that there was a significant three-way
interaction (between Substance, Sleep/Wake, and Runs), which
appeared to mainly reflect that in the Sleep group D-cycloserine-
enhanced new learning on run 1, whereas in the Wake group the
NMDA receptor co-agonist-enhanced learning on runs 2 and 3.

Table 2. Means (SEM) of performance are given for the control
measures

Sleep Wake

D-
cycloserine

Placebo D-
cycloserine

Placebo

Stanford Sleepiness Scale

Learning 3.23 (0.17) 3.77 (0.21) 2.81 (0.25) 2.95 (0.26)

Morning 3.65 (0.26) 3.42 (0.17) 5.05 (0.23) 5.38 (0.22)

Retrieval 2.81 (0.24) 2.92 (0.23) 5.43 (0.28) 5.14 (0.29)

Psychomotor vigilance task

Learning 3.74 (0.07) 3.70 (0.07) 3.73 (0.09) 3.74 (0.09)

Retrieval 3.82 (0.08) 3.78 (0.07) 3.60 (0.09) 3.55 (0.08)

Multidimensional mood questionnaire

Learning

Positive
mood

16.88 (0.51) 16.46 (0.66) 17.29 (0.44) 17.05 (0.41)

Tiredness 12.19 (0.47) 11.07 (0.58) 13.90 (0.64) 13.14 (0.60)

Calmness 16.69 (0.38) 15.85 (0.68) 16.00 (0.56) 15.57 (0.62)

Morning

Positive
mood

16.08 (0.66) 17.00 (0.50) 13.19 (0.65) 11.76 (0.73)

Tiredness 12.46 (0.77) 14.08 (0.59) 8.19 (0.74) 6.90 (0.64)

Calmness 15.96 (0.55) 16.62 (0.52) 13.19 (0.68) 12.67 (0.70)

Retrieval

Positive
mood

16.15 (0.84) 15.92 (0.76) 13.48 (0.75) 13.24 (0.70)

Tiredness 12.85 (0.81) 13.08 (0.70) 7.00 (0.69) 6.67 (0.64)

Calmness 14.27 (0.80) 14.46 (0.74) 12.00 (0.75) 12.24 (0.69)

Word fluency task

Category 19.35 (1.27) 18.58 (0.95) 16.71 (0.98) 17.24 (0.98)

Letter 17.96 (0.85) 18.35 (1.01) 15.14 (1.14) 15.67 (0.79)

Subjective sleepiness (Stanford Sleepiness Scale), objective vigilance
(Psychomotor Vigilance Task), mood (Multidimensional mood question-
naire), and general retrieval performance (Word Fluency Test). Learning
(after the original Learning phase), Morning (at ~07:15), Retrieval (after the
Retrieval phase).
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This can be interpreted as the Sleep group already reaching
ceiling levels after run 1, because of the additional boost in
learning through sleep. The Wake group on the other hand had
more opportunity to increase learning later on in the task. In
essence, we suggest that this interaction effect is mediated by
sleep-dependent increases in new learning that are independent
of the increases in new learning induced by D-cyloserine.
Thus, unexpectedly, D-cycloserine not only enhanced new

learning when administered before sleep but also when
administered before a wake retention period. This is difficult to
integrate. We suspect that this effect might reflect an involvement
of NMDA receptor activation in sleep-independent processes that
renormalize synaptic weights and generally free capacity for novel
encoding (see refs. [41, 42] for opposing remarks) that have
recently been shown to also occur during wakefulness [43]. Active
decay is a form of renormalization that has been suggested to
occur at glutamatergic synapses [44]. Studies of object-location
and associative memories in rats have shown that such decay can
be prevented by blocking the removal of α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors from the
synapse [45]. Similarly, blocking NMDA receptors for prolonged
periods impaired forgetting of spatial memory in rats [46]. As
activating the NMDA receptor in specific ways induces AMPA-
receptor endocytosis [47], it is tempting to speculate that the
present finding of a generally enhanced encoding (after wake as
well as sleep retention periods) involves D-cycloserine sensitizing
NMDA receptors to ambient glutamate levels [48], which drives
forgetting and frees up capacity for new learning. It is important to
note that although we aimed to minimize direct effects of D-
cycloserine on encoding by timing New Learning as late as
possible, i.e., after two times the half-life of the drug, the drug has
also been shown to directly enhance performance when
administered before learning [49], and a residual direct influence
on new learning cannot be ruled out completely. Remarkably, D-
cycloserine’s effect on memory has been suggested to rely on
lower-level, automatic mechanisms rather than directly affecting
high-level processes such as declarative learning [50], which nicely
aligns with drug effects in the present study and our previous
report [8] affecting processing not under immediate explicit
control, i.e., forgetting and consolidation, respectively.
Since sleep-dependent memory consolidation might be influ-

enced by sex and sex hormones [51] the present study is limited,
inasmuch as, only men were investigated, which was done to limit
risks of the drug to unborn life and reduce noise by assessing a
homogenous sample. Also, we only considered a high-level
declarative learning task in this study and sleep has been shown
also to re-process, e.g., motor sequence memories [52]. However,
no effect of sleep on subsequent encoding was found for this task
in a nap study [10]. Similarly, we did not manipulate the difficulty
of our memory task, which has been shown to modulate the
effects of sleep-dependent memory consolidation [16, 53], and
thus may have influenced the degree of sleep related interference
produced by our lists.
In conclusion, we found that overnight retention periods after

learning facilitated new learning in particular of interfering
materials. Sleep as well as D-cycloserine generally enhanced new
learning, and these effects might partly originate from their
consolidating influence of the originally learned A–B word pairs,
that might facilitate transfer learning of new wordlists (including
A–C and D–E lists). The effect of D-cycloserine likewise observed
after wake periods also suggests a contribution of NMDA receptor-
mediated active decay [44] that is established as a form of sleep-
independent synaptic renormalization [42, 43]. Examining how
this form of forgetting interacts with sleep-dependent forms of
synaptic renormalization [41] and sleep-dependent memory
consolidation [2], will be of essence to understand how
consolidation and forgetting sustain long-term memory and
new learning [54].
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Abstract 

Sleep enhances memories, especially, if they are related to future rewards. Although 

dopamine has been shown to be a key determinant during reward learning, the role of 

dopaminergic neurotransmission for amplifying reward-related memories during sleep 

remains unclear. In the present study, we scrutinize the idea that dopamine is needed for the 

preferential consolidation of rewarded information. We blocked dopaminergic 

neurotransmission, thereby aiming to wipe out preferential sleep-dependent consolidation of 

high over low rewarded memories during sleep. Following a double-blind, balanced, 

crossover design 20 young healthy men received the dopamine D2-like receptor blocker 

sulpiride (800 mg) or placebo, after learning a Motivated Learning Task. The task required 

participants to memorize 80 highly and 80 lowly rewarded pictures. Half of them were 

presented for a short (750 ms) and a long duration (1500 ms), respectively, which enabled to 

dissociate effects of reward on sleep-associated consolidation from those of mere encoding 

depth. Retrieval was tested after a retention interval of 20 h that included 8 h of nocturnal 

sleep. As expected, at retrieval, highly rewarded memories were remembered better than 

lowly rewarded memories, under placebo. However, there was no evidence for an effect of 

blocking dopaminergic neurotransmission with sulpiride during sleep on this differential 

retention of rewarded information. This result indicates that dopaminergic activation is not 

required for the preferential consolidation of reward-associated memory. Rather it appears 

that dopaminergic activation only tags such memories at encoding for intensified 

reprocessing during sleep.  
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Introduction  

Every day, the brain encodes large quantities of new information, and sleep related 

consolidation processes select the most relevant for long-term storage (Feld & Born, 2017; 

Wilhelm et al., 2011). During wakefulness, rewards play an important role to support this 

selection process, and, functional connectivity between the hippocampus and reward related 

areas at learning predicts memory retrieval a day later (Adcock, Thangavel, Whitfield-

Gabrieli, Knutson, & Gabrieli, 2006). For this, the hippocampus which is initially involved in 

all episodic memory storage, and the reward centres, i.e., the ventral striatum and the 

ventral tegmental area (VTA) interact via a feedback loop (Lisman & Grace, 2005)that 

enables dopamine to exert its influence on the learned behaviour (Schultz, 2007). However, 

while it seems clear that sleep plays an important role for the preferential consolidation of 

highly (over lowly) rewarded information (Fischer & Born, 2009; Igloi, Gaggioni, Sterpenich, 

& Schwartz, 2015; Studte, Bridger, & Mecklinger, 2017), it remains open whether this effect 

depends on enhanced dopaminergic activation during sleep. 

Sleep has been shown to support the consolidation of newly formed memories 

through the repeated replay of neuronal memory traces (e.g.,Diekelmann & Born, 2010; Ji & 

Wilson, 2007; Rasch, Buchel, Gais, & Born, 2007; Wilson & McNaughton, 1994). It has been 

proposed that this replay also involves dopaminergic pathways, thereby, promoting better 

consolidation for the highly rewarded memories through enhanced neuroplasticity akin to 

processes acting during wakefulness (Feld, Besedovsky, Kaida, Munte, & Born, 2014). This 

view is supported by findings in rats that underwent reward learning, where hippocampal 

replay was tightly linked to ventral striatal replay (Lansink, Goltstein, Lankelma, 

McNaughton, & Pennartz, 2009; Pennartz et al., 2004). Replay during sleep was also found 

in the VTA (Valdes, McNaughton, & Fellous, 2015), thereby completing the hippocampal-

ventral striatum-VTA loop implicated in this process. However, in another study, replay 

associated VTA activation remained restricted to post-encoding wakefulness and vanished 

during post-encoding sleep (Gomperts, Kloosterman, & Wilson, 2015). Thus, an alternative 

view assumes that rather than directly participating in sleep-dependent consolidation 
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processes, dopamine activity elicited by rewards tags memory traces during encoding 

leading to more intense replay and accompanied plasticity during subsequent sleep. This 

view is supported by the finding in mice that optogenetically stimulating dopamine release in 

the hippocampus during encoding increases replay and consolidation of respective 

memories during subsequent sleep periods (McNamara, Tejero-Cantero, Trouche, Campo-

Urriza, & Dupret, 2014).  

To collect causal evidence for or against a direct role of dopamine during sleep-

dependent consolidation of reward-associated memories, we investigated, in humans, 

whether directly blocking dopamine interferes with the consolidation of such memories 

during sleep. In our Motivated Learning Task, sleep has been confirmed to preferentially 

consolidate memory for high rewarded pictures over low rewarded pictures (Feld et al., 

2014). Based on this evidence, here, we hypothesized that this difference would be wiped 

out, if dopaminergic transmission is blocked during sleep-dependent consolidation by 

administration of the dopamine D2-like receptor blocker sulpiride. 

 

Methods 

Participants 

Twenty healthy, native German speaking men fulfilling the requirements to enter higher 

education, aged on average 25.30 years (18-30 years) and with an average body mass 

index of 23.38 kg/m2 (20-25 kg/m2) completed this study. Before entering the study, all 

participants underwent a routine medical examination to exclude any psychiatric, 

neurological, cardiovascular, endocrine or gastrointestinal diseases. Participants with 

hypersensitivity to sulpiride or Benzamide derivatives, regular excessive alcohol 

consumption (regularly more than two bottles of beer per day), nicotine consumption or 

taking regular medication (i.e., including painkillers and sleeping pills) were excluded. The 

medical screening relied on a structured interview asking for current or past diagnosed 

conditions, a physical examination as well as a blood pressure and a routine blood screening 

test (including haemoglobin, sodium, potassium, calcium, chloride, glucose, bilirubin, 
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glutamate pyruvate transaminase, alkaline phosphatase, Gamma-glutamyl-trans-peptidase, 

C-reactive protein, Partial thromboplastin time) and only healthy participants were included. 

In addition, participants reported a normal sleep-wake cycle, no shift work, night work or 

intercontinental flights (>4 h time difference) for at least 6 weeks before the experiments. 

Participants were instructed to keep a regular sleep schedule in the week before the 

experiment (approximately sleeping from 23:00 to 7:00 each night), to go to bed at 23:00 the 

night before experiments, to get up at 07:00 on experimental days and, during these days, 

not to take any naps, not to drink caffeine-containing drinks after 13:00 and also not to 

consume alcohol starting one day before the experimental nights. Adherence to these rules 

was assessed with a questionnaire at the very beginning on each experimental session. 

Before the experimental nights, participants took part in an adaptation night under the 

same conditions of the experiment, which included the placement of the electrodes for 

polysomnographic recordings and of the cannula for the blood drawing. The ethics 

committee of the University of Tübingen approved the experiments. We obtained written 

informed consent from all participants before their participation. 

 
Design and procedures 

The study followed a balanced, double-blind, placebo-controlled, within-subject crossover 

design (Figure 1A). Participants took part in two identical experimental sessions with the 

exception of administration of either sulpiride (4 Dogmatil Forte, sulpiride 200 mg, Sanofi 

Aventis, Germany) or placebo and parallel versions of the behavioural tasks where 

necessary, with at least two weeks interval between the sessions. The dose of 800 mg 

sulpiride (p.o., plasma maximum: 3-6 h, plasma half-life: 6-10 h) was chosen, because at a 

lower dose sulpiride is more likely to have an effect on presynaptic dopamine receptors and 

thus tends to increase dopamine release, whereas at 800 mg postsynaptic effects 

predominate. A single dose of 800 mg resulted in a 65% blockade of striatal D2-like 

receptors without adverse events in healthy volunteers (Takano et al., 2006). Sulpiride was 

administered after the Learning Phase at 23:00, i.e., 15min before lights off. We chose this 
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timing in order to maximize drug levels during the slow wave sleep (SWS) rich first half of the 

night and thereby maximise the effects during occurrence of replay. The Retrieval Phase for 

the reward task was scheduled the next evening, i.e., as late as possible to minimize the 

residual amount of drug circulating at retrieval testing.  

On the experimental nights (for an overview see Figure 1A), participants arrived at 

19:00 filled a general questionnaire and then an intravenous cannula was placed for drawing 

blood. Afterwards, electrodes were applied for polysomnographic recordings. Next, they 

filled in the questionnaires on mood and sleepiness. About one hour after cannula 

placement, the first blood sample was taken and then the behavioural tasks were performed. 

First they performed a vigilance task and then the reward task was learned with immediate 

recall of half the items scheduled after a 15 min break. Then, after additional breaks of 5 min 

each, declarative and procedural contents were learned as control tasks. Afterwards they 

again preformed the vigilance task and filled in the questionnaires on mood and sleepiness. 

At 22:50, blood was sampled again and at 23:00 the participant orally received either 

sulpiride or placebo. Participants slept from 23:15 to 7:15 and a polysomnogram was 

recorded. During the night, blood was sampled every 1.5 h starting at 0:30. A long thin tube 

connected to the cannula enabled blood collection during the night from an adjacent room 

without disturbing the participant’s sleep. Participants were woken between 7:00 and 7:30 

preferably from sleep stages 1 or 2. Next, they filled in mood questionnaires. Blood was 

sampled again approximately 15 min after waking up. Then participants were allowed to 

shower and received a standardized breakfast (2 slices of bread, butter, cheese and water) 

before leaving the laboratory. In the evening of the same day, participants returned to the 

laboratory at 20:00 and filled in the mood and sleepiness questionnaires. Afterwards, they 

performed the vigilance task and then the word fluency task. Next they performed the finger 

sequence tapping task (first retrieval of the learned sequence was tested and then a new 

control sequence was learned). After 5 min of break each, they were asked to retrieve the 

declarative word-pair task and to recognize the reward contents, respectively. Then they 
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performed the vigilance task and answered the mood and sleepiness questionnaires again. 

Blood was sampled once more at 21:30 before participants left the lab. 

 

 

Figure 1. (A) Participants took part in two identical experimental sessions, but for the administration 
of placebo or sulpiride. They started the session at around 7:00 pm, after preparing for blood 
sampling and sleep EEG, the Learning Phase started. Thereafter at 23:00, the capsules (Sulpirid or 
placebo) were orally administered. Participants were awakened at 7:15 the next morning. The 
retention interval was approximately 22 h, and retrieval was tested in the evening at approximately 
20:00. Blood was drawn before and after learning, after retrieval, and in 1.5-h intervals during the 
night. (B) The motivated learning task was adapted from (Adcock et al., 2006) and (Feld et al., 2014). 
At learning participants were presented 160 pictures for 750 msec (short presentation) or 1500 msec 
(long presentation). Each picture was preceded by a slide indicating a high (1 Euro) or a low (2 Cents) 
reward for correctly identifying the picture at later recognition. After each picture, participants 
performed on three items of a distractor task, which afforded pressing the arrow key corresponding to 
the orientation of an arrow presented on the screen. At immediate (Learning Phase) and delayed 
recognition (Retrieval Phase) testing, participants were shown different sets of 80 new and 80 old 
pictures and had to identify them correctly, which earned them their reward (see Methods for details). 

 
 

Motivated Learning Task  

The Motivated Learning Task was adapted from prior work Feld et al. (2014) and required 

the participants to memorize 160 unique pictures of landscapes and living rooms in each of 

the two parallel versions (see Figure 1B). Presentation of 80 highly rewarded pictures was 
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preceded (delay 2000 to 2500 msec) by a 1 euro symbol whereas the other 80 lowly 

rewarded pictures were preceded by a 2 cents symbol, and participants were informed that 

they would receive the respective reward for every hit during subsequent recognition. They 

were also informed that a correct rejection (identifying a novel picture as not being presented 

at learning) at recognition testing would earn them 51 cents and that for a miss or a false 

alarm they would lose 51 cents. This was done to exclude potential strategy effects, for 

example, only choosing items that would yield high rewards as old. Forty pictures each of 

the two reward conditions were presented for 750 and 1500 msec, respectively, to control for 

effects of encoding depth. Encoding depth was manipulated as the reward manipulations 

may also lead to differences in encoding depth, and we were interested whether the effect of 

sulpiride would be independent of this confound. Each picture was followed by three items of 

a distraction task where participants had to press one of two buttons according to the 

orientation of an arrow presented on the screen, and 1 sec later, the next trial started. 

Participants were allowed to train the task for three items including the recognition procedure 

before learning the pictures, and the first two and last two pictures that were added in 

addition to the 160 pictures were excluded from later recognition testing to buffer recency 

and primacy effects. Participants were also informed that recognition would be tested twice, 

immediately after learning and in the evening of the next day. Immediate recognition started 

15 min after learning had finished and, before starting, participants were reminded of the 

reward contingencies (also by training on three pictures). During recognition testing they 

were shown 80 of the original pictures together with 80 new pictures in a pseudo-random 

order and asked to indicate for each picture if they remembered or knew the picture (correct 

answers were summed and used to calculate individual hit rates) or if it was new by pressing 

a key on the keyboard (1, 2, or 3, respectively). They also pressed a key (1 or 2, 

respectively) according to whether they believed to receive a high or a low reward for the 

answer (thus, incorrect remember and know judgments allowed us to calculate individual 

false alarm rates for high and low reward categories). All participants received mock 

feedback of how much they had earned after each recognition test (the message “You 
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performed slightly above average and will receive X euros” was displayed with amounts 

varying between 47.5 and 52.5 euros”). This was done to keep participants motivated while 

controlling effects of high or low performance. Delayed recognition that was performed the 

next evening was identical, but the other 80 learned pictures were used and 80 completely 

new pictures were shown in comparison. D-prime, that is, the z-value of the hit rate minus 

the z-value of the false alarm rate was calculated as dependent variable, which is 

independent of response strategies. For constructing task stimuli, 32 similar groups of 20 

pictures each were generated with regard to mean valence and arousal ratings as assessed 

in a pilot study (n = 5). The presentation of the groups was then balanced across the 

old/new, immediate/delayed recognition, short/long presentation, and high/low reward 

conditions for the different participants. 

Control measures  

Behaviour. To control effects of the drug on declarative and procedural memory we used a 

word-pair task and a finger sequence tapping (Walker, 2003) task, respectively. In the 

declarative control task participants learned a list of 40 associated word-pairs (e.g., Painter - 

Pianist, presented for 4 sec each). After viewing the complete list of 40 pairs in a random 

order participant’s performance was tested using a cued recall procedure. After each 

response, the complete pair was displayed for 2 sec. This procedure was repeated until the 

participant reached 60% correct responses. The same cued recall procedure was used once 

more during the Retrieval Phase, except that no feedback of the correct answer was given. 

To measure the overnight retention we calculated the absolute differences between word-

pairs recalled during the Retrieval Phase and word-pairs recalled during the last run of the 

Learning Phase. For the procedural finger sequence tapping task participants had to 

repeatedly input a 5-element sequence (e.g., 4-1-3-2-4 or 4-2-3-1-4) with the fingers of their 

non-dominant hand as fast and as accurately as possible. This had to be done during twelve 

30-sec trials interrupted by 30-sec breaks. We scored for speed (number of correctly 

completed sequences) and error rate (proportion of incorrectly tapped sequences). Learning 

performance was calculated by averaging performance for the last three of these trials. 
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During the Retrieval Phase, participants performed another three trials, which were also 

averaged. The absolute difference between the Retrieval Phase and performance in the 

Learning Phase was calculated as a measure of overnight retention. As a control for effects 

of the drug during the Retrieval phase, participants performed the trials of a novel unlearned 

control sequence.  

 During the Retrieval Phase, participants were also tested on a word generation task 

(Regensburger Wortflüssigkeits test [WFT]; Aschenbrenner A, 2000) to control for effects of 

the drug on long-term memory retrieval function. Within 2 min each, participants had to 

generate as many words as possible first starting with a specified letter (p or m) and then 

from a specified category (jobs or hobbies). Further control measures were tested before 

and after the Learning Phase, as well as, the Retrieval Phase. We measured participants’’ 

vigilance with a 5 minutes version of the psychomotor vigilance task (PVT; Dinges et al., 

1997), their mood with the Positive and Negative Affective Schedule (PANAS; Watson, 

Clark, & Tellegen, 1988) and their subjective sleepiness with the Stanford Sleepiness Scale 

(SSS; Hoddes, Zarcone, Smythe, Phillips, & Dement, 1973). After finishing each session, 

participants were asked if they believed to have received sulpiride or placebo. 

Cortisol and prolactin. Serum concentrations of cortisol and prolactin were measured with 

the ADVIA Centaur XPT chemiluminescent immunoassay system from Siemens 

Healthineers, Eschborn, Germany. The inter-assay coefficients of variation were 5% for 

Cortisol and 2.5% for Prolactin. The area under curve was calculated as the weighted mean 

of the inter-interval approximation (time point n + time point (n + 1) / 2 x interval duration) for 

five time points, which occurred between lights out and waking, i.e., from 00:30 until 6:30. 

Polysomnography and sleep scoring 

The EEG was recorded continuously from electrodes (Ag-AgCl) placed according to the 10–

20 System, referenced to two linked electrodes attached to the mastoids. EEG signals were 

filtered between 0.16 and 35 Hz and sampled at a rate of 250 Hz using a Brain Amp DC 

(Brain Products GmbH, Munich, Germany). Additionally, horizontal and vertical eye 

movements (HEOG, VEOG) and the EMG (via electrodes attached to the chin) were 
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recorded for standard polysomnography. Sleep architecture was determined according to 

standard polysomnographic criteria using EEG recordings from C3 and C4 (Rechtschaffen & 

Kales, 1968). Scoring was carried out independently by two experienced technicians who 

were blind to the assigned treatment. Differences in scoring between the scorers were 

resolved by consulting a third experienced technician. For each night, total sleep time and 

time spent in the different sleep stages (wake; Sleep Stages 1, 2, 3, 4; SWS, that is, sum of 

Sleep Stages 3 and 4; REM sleep) was calculated in minutes. 

Data reduction and statistical analysis  

Three participants were excluded from the analysis, two of them for insufficient sleep and 

one for low levels of sleep and extremely long sleep latency. During blood sampling 73 

draws (20.3 % of the total) were missed due to blockage of the tubing (occurring typically 

when the participant bends his arm during sleep). Singular missing values were replaced by 

interpolating between the neighbouring values. For two or more subsequent missing values, 

we calculated the average value of the rest of the participants at the same time point. 

Statistical analyses generally relied on ANOVAs (SPSS version 21.0.0 for Windows) 

including repeated-measures factors Treatment (sulpiride vs. placebo), Reward (High vs. 

Low) and Duration (Long vs. Short). Of note, applying our previous analysis approach (Feld 

et al., 2014), we did not include a repeated measure factor for the Learning and Retrieval 

Phases as different stimuli were used for immediate and delayed recognition. Moreover, this 

would have led to a four factor ANOVA, which is hard to interpret. Significant interactions 

were followed up by post-hoc t-tests. Greenhous-Geisser correction of degrees of freedom 

was used, if data violated the assumption of homoscedacity.  
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Results  

Motivated Learning Task  

During the Learning Phase, highly rewarded pictures were recognized better than lowly 

rewarded pictures (main effect of reward: F(1,16) = 25.03, p ≤ 0.001, Table 1 and Figure 2) 

and long duration pictures were recognized better than short duration pictures (main effect of 

duration: F(1,16) = 6.75, p = 0.019). There were no significant interaction effects and no main 

effect of treatment in this analysis (all p > 0.511). 

 During the Retrieval Phase, highly rewarded and longer duration pictures were 

recognized significantly better than lowly rewarded and short duration pictures, respectively 

(main effect of reward: F(1,16) = 8.94, P = 0.009; main effect of duration: F(1,16) = 20.54, p ≤ 

0.001). However, there was no evidence of sulpiride affecting the recognition performance in 

general (main effect of treatment: F (1,16) = 0.02, p =0.892) or recognition performance in the 

reward conditions differentially (Treatment × Reward: (F(1,16) = 0.59 , p =0.454). To test the 

robustness of this null effect an exploratory overall analysis including Learning Phase and 

Retrieval Phase data was conducted, which also did not yield an effect of sulpiride regarding 

high or low rewards (Treatment × Reward: F(1,32) =0.57, p = 0.460). Rather we found that 

sulpiride diminished the performance difference between long and short duration pictures 

during the Retrieval Phase (Treatment× Duration: F(1,16) =11.06, p = 0.004). In the placebo 

condition long duration items were recognized better than short duration items (Long 

Duration: mean = 1.52, SD = 0.64, Short Duration: mean = 1.05, SD = 0.61, t(16) = 6.23, p ≤ 

0.001), which was not true for the sulpiride condition (Long Duration: mean = 1.33, SD = 

0.77 , Short Duration: mean = 1.20, SD = 0.57, t(16) = 1.44, p =0.170 , Figure 2).  
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Figure 2. (A) Performance on the motivated learning task for the immediate recognition test during 
the Learning Phase before sleep and (B) delayed recognition test during the Retrieval Phase after 
sleep for the sulpiride (purple) and the placebo (green) conditions. Mean (±SEM) performance is 
indicated as d-prime, that is, the z value of the hit rate minus the z value of the false alarm rate. n = 
17. ***p ≤ .001, **p ≤ .01 and *p ≤ .05 
 

To determine response strategies we calculated the response bias, i.e., the negative 

mean of the z-value of the hit- and of the false-alarm rate. In both recognition phases 

participants’ reactions were more conservative for the high-reward pictures (Learning Phase: 

F(1,16) = 18.18, p ≤ 0.001, Retrieval Phase: F(1,16) = 6.39, p = 0.022, Table 2). None of the 

other contrasts were significant (all p > 0.189). 

We also separately analysed hit rates and false alarm rate, which largely paralleled 

data for the sensitivity index. Hit rates were higher for longer duration pictures (Learning 

Phase: F(1,16) = 7.39, p = 0.015, Retrieval Phase: F(1,16) = 21.69, p ≤ 0.001) and highly 

rewarded pictures (Learning Phase: F(1,16)= 7.10, p = 0.017) and at learning and retrieval 

false alarms were reduced for highly rewarded pictures (Learning Phase: F(1,16) =12.59, p = 

0.003, Retrieval Phase: F(1,16) = 6.34, p = 0.023). For the hit rate, we also found that 

sulpiride differentially affected performance for long and short duration items, during the 

Retrieval Phase (Treatment × Duration: F(1,16) = 12.02, p =0.003; see Table 2).  
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Control Measures 

Declarative and procedural memory tasks. In the declarative word-pair task we found no 

effect of sulpiride on retention (t (1,16)= 0.35, p = 0.729). Under sulpiride, participants recalled 

significantly less word-pairs during the Retrieval Phase than during the Learning Phase (t(16) 

= 2.56, p = 0.021). However, this difference was already apparent during the Learning 

Phase (t(16) = -2.10, p = 0.052, Table1). There was no difference between the treatments 

regarding the amount of runs needed to reach the learning criterion (t(16) = -1.38, p = 0.188).  

In the finger tapping task, there was a trend wise effect for error rates decreasing 

more in the sulpiride condition across the retention interval (t(16) = 2.03, p = 0.059). However, 

this was from a trend wise higher baseline in the Learning Phase (t(16) = -1.81, p = 0.089). 

For the correctly tapped sequences we found a trend wise effect for participants tapping less 

correct sequences in the sulpiride condition during the Retrieval Phase (t(16) = 1.95, p = 

0.069). There was no effect of sulpiride on the control sequence only performed during the 

Retrieval Phase (correct sequences: t (16) = - 0.02, p = 0.982; error rates: t(16) = 0.25, p = 

0.809).  

Word fluency, vigilance, mood, and subjective sleepiness. Descriptive data can be 

found in Table 3. We did not find any significant differences in long-term memory retrieval 

performance (as measured by the word fluency task, all p≥ 0.868). In the vigilance task 

(PVT) we found significantly higher reaction speed (i.e., reaction time-1) in the Placebo 

condition after the Retrieval Phase (t(16) = 3.13, p = 0.006, all other p ≥ 0.637). In the placebo 

condition compared to the sulpiride condition, the mood questionnaire (PANAS) showed 

significantly higher positive mood before the Retrieval phase (t(16) = 2.25, p = 0.039) and a 

trend toward more negative mood after the Learning Phase (t(16) = 2.06, p = 0.056). In the 

sulpiride condition compared to the placebo condition, there was some evidence for 

increased subjective sleepiness (SSS) after the Learning Phase (t(16) = -2.75, p = 0.014) and 

a trend toward increased sleepiness before the Retrieval Phase (t(16) = -1.81, p = 0.090). 

Participants were not able to discriminate between sulpiride and placebo (McNemars’ exact 

test: p ≥ 0.791). 
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Cortisol and prolactin. We found no evidence of sulpiride affecting cortisol levels in general 

(Treatment: F = 1.65, p = 0.22) or at specific time points (Treatment x Time point: F(1,16) = 

0.92, p = 0.45). However, prolactin levels were increased in the sulpiride condition at some 

time points (Treatment: F (1,16) = 227.00, p ≤ 0.001, Time point: F(1,16) = 40.49, p ≤ 0.001, 

Treatment × Time point: F(1,16) = 37.32, p ≤ 0.001). This was true for all samples from 00:30 

until 21:30 (post-hoc t-test all p ≤ 0.001) as well as in an analysis of the area under the curve 

(AUC) from 00:30 until 06:30 (t(16) = -16.81, p ≤ 0.001,see Figure 3 C). This effect can be 

explained by Dopamine having a strong inhibitory effect on prolactin secretion (Fitzgerald & 

Dinan, 2008). Since prolactin was still elevated during the Retrieval Phase in the sulpiride 

condition, it is likely that an active level of the drug remained. This may explain lowered 

reaction speed and positive mood in the sulpiride group at this time point. Since our timing of 

the Retrieval Phase was already maximally postponed after intake this residual amount of 

drug cannot be prevented in our paradigm. 

Sleep Parameters 

Total sleep time and time spent in the different sleep stages did not significantly differ 

between the treatment conditions (all p ≥ 0.199, see figure 3A). In post-hoc analyses, we 

explored correlations between sleep parameters and performance on the reward memory 

task in the placebo condition (Figure 3B). We found a significant positive correlation between 

the time spent in sleep stage 4 and Retrieval Phase recognition performance for highly 

rewarded pictures (r = 0.58, p = 0.014), whereas this relationship was negative for lowly 

reward pictures (r = -0.54, p = 0.025). Meaning that participants generally performed better 

on highly rewarded picture recognition and worse on lowly rewarded picture recognition the 

more sleep stage 4 they had. This relationship remained largely consistent but was slightly 

weaker, when data for both conditions were pooled with similar correlations between the 

time spent in sleep stage 4 and Retrieval Phase performance (highly rewarded pictures: r 

=0.50, p = 0.041, lowly rewarded pictures: r = -0.48, p = 0.053). 



 

81 
 

 
 
Figure 3. (A) Sleep stages. Mean (±SEM) time (in minutes) spent in non-REM Sleep Stages S1, S2, 
S3, and S4; in REM sleep; in SWS (i.e., the sum of S3 and S4) and total sleep time, are provided for 
the sulpiride (purple) and placebo (green) conditions. (B) Correlation, across placebo condition 
between sleep stage 4 and low as well as high rewarded memories, respectively. (C) Blood hormone 
concentration. Values for Cortisol and Prolactin are shown at the top and bottom, respectively. Mean 
(±SEM) area under the curve (AUC) (from 00:30 until 06:30) is shown on the left and mean (thick 
lines) and individual data (thin lines) per time point is shown on the right. The sulpiride condition is 
shown in purple and placebo is shown in green. ***p ≤ .001 
 

Discussion 

We investigated whether activation of the dopaminergic reward network during sleep is 

necessary for selective consolidation of highly over lowly rewarded memories. To this end, 

we blocked dopamine D2-like-receptors – using the selective antagonist sulpiride – during 

sleep after participants learned a set of highly or lowly rewarded pictures. We found that, 

generally, highly rewarded pictures were retained better than lowly rewarded pictures across 

sleep, which concurs with earlier reports (Adcock et al., 2006; Feld et al., 2014) and is also 

in line with reports of sleep preferentially enhancing the retention of highly over lowly 

rewarded information (e.g.,Igloi et al., 2015). Contrary to our hypothesis, sulpiride did not 

affect these reward related differences in retention. Rather, we found that sulpiride 

diminished the preferential retention of deeply over shallowly encoded pictures. Importantly, 

the dopaminergic receptor antagonist did not significantly alter sleep architecture. Together, 
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these findings exclude a causal contribution of dopaminergic activation during sleep to the 

preferential consolidation of reward-associated memory. 

Both in the sulpiride and the placebo condition, participants recognized highly 

rewarded pictures better than lowly rewarded pictures at retrieval testing after sleep. With 

respect to previous studies, this finding reflects the successful involvement of midbrain 

dopaminergic structures during the encoding of reward related information in the 

hippocampus by our Motivated Learning Task (Geddes, Mattfeld, Angeles, Keshavan, & 

Gabrieli, 2018; Spaniol, Schain, & Bowen, 2014; Wolosin, Zeithamova, & Preston, 2012), 

which is eventually necessary for sleep to selectively enhance highly rewarded information 

(Igloi et al., 2015; Fischer & Born, 2009; Studte et al., 2017). There is overwhelming 

evidence that this sleep-dependent consolidation relies on the replay of neuronal memory 

traces during slow wave sleep (e.g., Bendor & Wilson, 2012; Rasch et al., 2007; Rudoy, 

Voss, Westerberg, & Paller, 2009; Wilson & McNaughton, 1994). In addition, some studies 

suggested that the reward circuitry of the brain, i.e., the hippocampus-ventral striatum-

ventral tegmental area-hippocampus loop, participates in this replay (Lansink et al., 2008; 

Lansink et al., 2009; Pennartz et al., 2004; Valdes et al., 2015). However, as our data 

revealed, a potent block of dopaminergic neurotransmission using sulpiride does not block 

the enhanced consolidation of highly over lowly rewarded information and, thus, the 

dopaminergic reward circuits seem not to engage in this consolidation process. This finding 

agrees with a recent study of single unit recordings in the hippocampus and VTA of rats, 

which learned reward locations in a maze (Gomperts et al., 2015). Here, replay during quiet 

wakefulness directly after task performance showed a co-involvement of hippocampus and 

VTA, whereas this relation was not evident for replay during subsequent slow wave sleep. 

Another study in rats showed that dopaminergic activation during learning can enhance 

replay during sleep even in the absence of a behavioural effect at learning (McNamara et al., 

2014). Those findings in combination with the present data, support the idea that augmented 

neuronal replay, rather than co-activation of dopaminergic neurotransmission, is the mayor 

player enhancing memory consolidation for highly rewarded information during sleep.  
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At a first glance, the present results are at odds with our study where the dopamine 

D2-like receptor agonist pramipexole selectively enhanced sleep-dependent consolidation of 

lowly rewarded pictures in the same task (Feld et al., 2014). However, unlike sulpiride, 

pramipexole administration caused severe disturbances of sleep. In fact, in mice, 

optogentically activating dopaminergic neurons of the VTA was found to promote 

wakefulness, whereas inhibition of the same cells supressed wakefulness, even in the 

presence of highly appetitive or threatening stimuli (Eban-Rothschild, Rothschild, Giardino, 

Jones, & de Lecea, 2016). Against this backdrop, it seems prudent to interpret the effects of 

pramipexole in that study as non-physiological, i.e., assuming that the enhancing effect the 

drug had on low reward items was secondary to its arousing effects.  

 Our additional post-hoc correlation analyses of the placebo condition revealed further 

hints consistent with a role of replay in specifically enhancing highly rewarded information. 

Here, time spent in deepest slow wave sleep (i.e., sleep stage 4) positively correlated with 

recognition performance of highly rewarded pictures, but negatively with performance on 

low-reward pictures. Replay has been especially connected to consolidation during slow 

wave sleep and sleep stage 4 has the most slow oscillations (of all sleep stages). These are 

thought to drive spindles top-down and, eventually memory replay activity together with 

ripples in hippocampal networks (Clemens et al., 2007; Diekelmann & Born, 2010; Staresina 

et al., 2015). Ripples together with spindles are likely the oscillations, which promote the 

neuroplasticity that strengthens memory traces in this process (Girardeau, Cei, & Zugaro, 

2014; Khodagholy, Gelinas, & Buzsaki, 2017; Sadowski, Jones, & Mellor, 2016; van de Ven, 

Trouche, McNamara, Allen, & Dupret, 2016). Importantly, hippocampal ripples appear to be 

simultaneously involved in processes of synaptic downscaling and forgetting (Feld & Born, 

2017; Norimoto et al., 2018; Tononi & Cirelli, 2014), and, thus, represent a putative 

mechanism explaining our observation that time in stage 4 sleep was also negatively 

correlated with recognition of low-reward items. 

Our finding that the enhanced recognition of highly rewarded pictures was already 

strongly evident at immediate recall, during the Learning Phase, points towards the 
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dopaminergic system exerting its enhancing role on rewarded information already during 

learning (Miendlarzewska, Bavelier, & Schwartz, 2016; Wolosin et al., 2012). Although some 

studies suggest that rewards mainly enhance memory performance after a delay rather than 

directly (Feld et al., 2014; Murayama & Kuhbandner, 2011; Patil, Murty, Dunsmoor, Phelps, 

& Davachi, 2017; Wittmann et al., 2005). What is important here is that this reward effect 

during the Learning Phase cannot be taken as evidence that preferential consolidation of 

highly rewarded information occurs in relation to encoding strength alone, as our task also 

included pictures that were shown for a short or a long duration. This also led to a 

recognition advantage for long duration pictures during the Retrieval Phase that, however, 

was wiped out by sulpiride during sleep. This finding opens the possibility that dopamine 

plays a non-reward related role during sleep, possibly in relation to recently discovered post-

encoding memory enhancement of novel stimuli by release of dopamine in the hippocampus 

that is mediated by the locus coeruleus (Takeuchi et al., 2016), a brain region with activity 

regulated by the sleep slow oscillation (Eschenko, Magri, Panzeri, & Sara, 2012). Of note, 

this finding was not predicted before conducting our study and Takeuchi and colleagues 

tested blocking d1-like rather than D2-like receptors in the hippocampus. So, future research 

will have to scrutinize these effects. 

A limitation of our study is that we blocked D2-like dopamine receptors and therefore 

finding no interaction between treatment and reward consolidation does not rule out that D1-

like receptors play a more important role during sleep. Considering evidence that both D2-

like and D1-like receptors are implicated in hippocampus dependent tasks and reward 

learning (Hopf, Cascini, Gordon, Diamond, & Bonci, 2003; Ikemoto, Glazier, Murphy, & 

McBride, 1997; Manahan-Vaughan & Kulla, 2003; Wilkerson & Levin, 1999)future studies 

should focus on d1-like receptor related effects using drugs like L-dopa, or dietary dopamine 

depletion (Montgomery, McTavish, Cowen, & Grasby, 2003) during sleep-dependent 

consolidation. 

In conclusion, our data challenge the idea that replay during sleep engages 

dopaminergic inputs to the hippocampus via a feedback loop consisting of the brain’s reward 
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centres to selectively enhance information related to high rewards. Rather, it seems likely 

that a form of dopamine related tagging occurs at encoding that enhances replay activity for 

relevant memories during sleep, thereby, strengthening them.
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Tables 

Table 1. Memory Tasks. Mean (±SEM) values are provided for the sulpiride and placebo 

conditions. Motivated Learning Task (MLT): d-prime is provided for performance during the 

Learning Phase and the Retrieval Phase. Finger tapping task: the average number of 

correctly tapped sequences per 30-sec trial and error rates (in percent of total tapped 

sequences) for finger sequence tapping during the last three 30-sec trials of the Learning 

Phase, the three trials during the Retrieval Phase and for the untrained control sequence. 

Additionally, the absolute difference (Retrieval-Learning) and percent of learning 

(Retrieval/Learningx100) are provided. Word-pair task: total amount of recalled words is 

given for the criterion trial during the Learning Phase and the recall trial during the Retrieval 

Phase. Also, the absolute difference (Retrieval-Learning) and percent of learning 

(Retrieval/Learningx100) are provided: ns: p > .10. 

 Placebo Sulpiride P-value 
MLT Learning Phase           
High reward 2.58 (0.22) 2.65 (0.20) ns 
Low reward 1.66 (0.20) 1.75 (0.24) ns 
Long duration 2.10 (0.21) 2.15 (0.22) ns 
Short duration 1.90 (0.18) 1.98 (0.21) ns 
MLT Retrieval Phase      
High reward 1.87 (0.19) 1.77 (0.18) ns 
Low reward 0.99 (0.20) 1.09 (0.25) ns 
Long duration 1.52 (0.16) 1.33 (0.19) ns 
Short duration 1.05 (0.15) 1.20 (0.14) ns 
Finger Tapping       
Correctly tapped sequences      
Learning Phase 22.63 (1.40) 21.01 (1.51) ns 
Retrieval Phase 26.00 (1.71) 23.41 (1.72) 0.069 
Absolute Difference 3.37 (0.83) 2.40 (0.68) ns 
% of Learning 115.47% (3.72%) 112.18% (3.63%) ns 
Error rates       
Learning Phase 0.07 (0.02) 0.13 (0.03) 0.089 
Retrieval Phase 0.09 (0.02) 0.07 (0.01) ns 
Absolute difference 1.71 (2.08) -5.71 (2.61) 0.059 
Control Sequence       
Correct Sequences 18.65 (1.70) 18.69 (1.46) ns 
Error rate in percent 9.85% (1.68) 9.31% (1.76) ns 
Word-pairs      
Blocks to criterion 1.59 (0.17) 1.76 (0.16) ns 
Learning Phase 29.59 (0.96) 31.47 (0.88) 0.052 
Retrieval Phase 28.06 (1.59) 29.47 (1.22) ns 
Absolut Difference -1.53 (0.98) -2.00 (0.78) ns 
% of Learning 94.09% (3.57%) 93.57% (2.61%) ns 
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Table 2. Motivated Learning Task Additional Response Information. Mean (±SEM) 

values are given for the sulpiride and placebo conditions for hits, false alarms and response 

bias during the Learning Phase and the Retrieval Phase. ns: p > .10. 

 Placebo  Sulpiride  P-value 

Hits      
Learning Phase      

High reward 0.79 (0.04) 0.82 (0.03) ns 

Low reward 0.76 (0.04) 0.79 (0.03) ns 

Long duration 0.80 (0.03) 0.82 (0.03) ns 

Short duration 0.75 (0.04) 0.78 (0.03) ns 
      

Retrieval Phase      

High reward 0.69 (0.05) 0.63 (0.04) ns 

Low reward 0.64 (0.04) 0.64 (0.04) ns 

Long duration 0.73 (0.04) 0.65 (0.05) 0.028 

Short duration 0.59 (0.05) 0.62 (0.04) ns 

      
False Alarms      
Learning Phase      
High reward 0.07 (0.02) 0.09 (0.03) ns 

Low reward 0.23 (0.05) 0.25 (0.05) ns 

Retrieval Phase      

High reward 0.14 (0.03) 0.12 (0.03) ns 

Low reward 0.31 (0.06) 0.29 (0.06) ns 

      
Response Bias      

Learning Phase      
High reward 0.37 (0.08) 0.29 (0.09) ns 

Low reward 0.02 (0.11) -0.01 (0.11) ns 

Retrieval Phase      
High reward 0.36 (0.13) 0.50 (0.11) ns 

Low reward 0.09 (0.13) 0.15 (0.11) ns 
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Table 3. Control Measures. Mean (±SEM) values are provided for the sulpiride and placebo 

conditions. SSS = Stanford Sleepiness Scale (subjective sleepiness); PANAS = Positive and 

Negative Affective Scale (mood); PVT = Psychomotor Vigilance Task (reaction speed = 

1/[RT in msec]); WFT = Word Fluency Test (Regensburger Wortfluessigkeitstest) long-term 

retrieval capabilities. ns: p > .10. 

 

 Placebo Sulpirid P-value 

SSS      

Before Learning 2.94 (0.16) 2.94 (0.26) ns 

After Learning 3.71 (0.27) 4.47 (0.26) 0.014 

Before retrieval 2.29 (0.22) 3.00 (0.32) 0.090 

After Retrieval 2.71 (0.19) 3.00 (0.33) ns 

Positive Affect (PANAS)      

Before Learning 2.42 (0.09) 2.48 (0.13) ns 

After Learning 1.91 (0.15) 1.77 (0.13) ns 

Before retrieval 2.58 (0.16) 2.18 (0.15) 0.039 

After Retrieval 2.32 (0.12) 2.15 (0.14) ns 

Negative Affect (PANAS)      

Before Learning 1.08 (0.03) 1.06 (0.04) ns 

After Learning 1.04 (0.01) 1.01 (0.01) 0.056 

Before retrieval 1.02 (0.01) 1.01 (0.01) ns 

After Retrieval 1.02 (0.03) 1.01 (0.01) ns 

PVT      

Before Learning 3.56 (0.09) 3.59 (0.07) ns 

After Learning 3.45 (0.10) 3.45 (0.09) ns 

Before retrieval 3.54 (0.10) 3.55 (0.08) ns 

After Retrieval 3.53 (0.10) 3.33 (0.07) 0.006 

WFT      

Category 20.18 (0.91) 20.24 (1.26) ns 

Letter 19.94 (1.01) 20.12 (1.39) ns 
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