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Abstract 

During slow wave sleep, both slow oscillations and sharp wave ripples (SWRs) are 

involved in memory consolidation, but the detailed mechanism remains elusive. Paper 21 

has provided evidence for the hypothesis that memory consolidation requires 

synaptogenesis which could be induced by the Ca2+ ions accompanied with the NMDA 

plateau. The accumulation of glutamate in a dendritic branch (which acts as a memory 

unit) is essential for the production of NMDA plateau. The major role of SWRs is likely to 

supply glutamate. Astrocytes have been demonstrated to regulate the UP state of the slow 

oscillation, possibly by the release of glutamate. In brain slices containing locus coeruleus 

(LC), the LC neurons display subthreshold oscillations at the frequency between 0.3 and 3 

Hz, which matches the frequency range of slow oscillations. This suggests that the slow 

oscillation could be paced by LC. The ON state occurs when LC neurons release 

norepinephrine to augment the activity of protein kinase A, resulting in the dissociation of 

the CABT complex (consisting of CRMP2 and tubulin) from NMDA receptors (NMDARs). 

As the release of norepinephrine terminates, CABT may block the GluN2B-containing 

NMDARs, resulting in NMDAR extinction, which could be the underlying mechanism for 

the network DOWN state.  

  

Introduction 

During slow wave sleep, the electroencephalography (EEG) exhibits slow oscillations 

which are characterized by transitions between UP and DOWN states. While in the 

DOWN state, neurons are virtually silent. By contrast, the UP state represents a period of 

intense neural activity. Decades of intensive investigations have established that both 

slow oscillations and sharp wave ripples (SWRs) are involved in memory consolidation, 

but the detailed mechanism remains largely unknown. This paper aims to explain the 
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origin of UP and DOWN states and elucidate how the interaction between slow oscillations 

and SWRs may lead to synaptogenesis which is crucial for the formation of enduring 

memory (Paper 21). Substantial evidence will be presented to corroborate the idea that 

the DOWN state may originate from NMDAR extinction. 

Memory Engram Cells Could be Spiny Neurons 

A memory does not reside in a small brain area. Rather, it is represented by a large 

population of neurons distributed over the brain (Herry and Johansen, 2014). The neurons 

involved in the storage of long-lasting memories are referred to as "memory engram cells". 

Several lines of evidence suggest that the engram cells could be the spiny neurons 

located in the cerebral cortex, hippocampus, basolateral amygdala, and striatum. 

1. Spiny neurons are characterized by a large number of dendritic branches and spines, 

well-suited for the storage of memory. 

2. During slow wave sleep, the above mentioned memory storage areas exhibit slow 

oscillations (Figure 1).  

3. Learning-induced synaptogenesis has been reported in these memory storage 

areas (Restivo et al., 2009; Xu et al., 2009; Fu et al., 2012; Mahmmoud et al., 2015; 

Bello-Medina et al., 2016). 

4. The basal dendrites of spiny neurons may produce NMDA plateaus which are 

required for the activation of engram cells. As discussed in the next section, the Ca2+ 

ions accompanied with NMDA plateaus also play a pivotal role in synaptogenesis. 
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Figure 1. The brain areas displaying slow oscillations during slow wave 

sleep. Note that the onsets and offsets of UP states are not perfectly 

synchronized among memory storage areas, but there does exist a time 

window when all relevant neurons are in the UP state. This time window 

could play an important role in integrating engram cells distributed over the 

brain. [Source: Oikonomou et al., 2014] 

Ca2+ Ions Trigger Synaptogenesis 

Synaptogenesis requires two events: (1) creation of dendritic filopodia in the 

postsynaptic neuron and (2) axonal branching in the presynaptic neuron. When an 

NMDA plateau is produced, the Ca2+ ions through NMDARs engulfs the entire length of 

the respective dendritic branch (Oikonomou et al., 2014). These Ca2+ ions may create 

dendritic filopodia (Leondaritis and Eickholt, 2015) in the dendritic branch that serves as 

a memory unit. On the other hand, Ca2+ can also activate Myosin II (Somlyo and 

Somlyo, 2003). Paper 21 suggests that the activated Myosin II may initiate the transport 

of the CABT complex (consisting of a CRMP2 monomer and a tubulin heterodimer) from 

dendritic spines toward axon terminals, based on the findings that Myosin II is essential 

for memory consolidation (Gavin et al., 2011; Young et al., 2016), and CRMP2 plays a 

key role in axonal branching and outgrowth. 

The NMDA plateau initially starts as the NMDA spike, which depends not just on the 

temporal summation of membrane voltage, but primarily on the chemical summation of 

the glutamate originating from two sources: (1) synaptic spillover and (2) release from 

astrocytes. Once initiated, the glutamate-mediated NMDA plateau could not be 

interrupted by negative voltage pulses. Moreover, activation of extrasynaptic NMDARs 

in cellular compartments even without spines is sufficient to initiate and support NMDA 

plateaus. The only requirement is a substantial "glutamate pond" (Figure 2), namely, the 

accumulation of glutamate in a dendritic branch (Oikonomou et al., 2012). 
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Figure 2. Illustration for the glutamate pond. Repetitive glutamatergic 

input can build up a "glutamate pond" to produce the NMDA plateau and 

activate a memory unit. The large amount of Ca2+ ions accompanied with 

the NMDA plateau may also trigger synaptogenesis. [Adapted from: 

Oikonomou et al., 2014] 

Sharp Wave Ripples Provide Glutamate 

Sharp wave ripples (SWRs) refer to a wave pattern in the electroencephalography 

(EEG) that oscillate at the frequency ranging from 110 Hz to 200 Hz. They are 

generated in the hippocampal CA3 and then rapidly propagate to CA1, possibly 

through gap junctions (Draguhn et al., 1998; Spruston, 2001). CA3 contains a 

recurrent circuit that can generate SWRs spontaneously (Buzsáki, 2015). SWRs may 

occur in the awake state reflecting "hippocampal replay" of previous experiences. 

They are also present in slow wave sleep, responsible for the dialogue between the 

hippocampus and cortex. SWRs have been demonstrated to play a crucial role in 

memory consolidation (Rothschild et al., 2017).  
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Figure 3. The memory engram network. Generation of SWRs in the 

CA3-CA1 regions may provide glutamate to activate memory units in 

other regions, particularly mPFC, DG, amygdala and nucleus 

accumbens. EC, entorhinal cortex; DG, dentate gyrus; SUB, subiculum; 

Amy, amygdala; NAcc, nucleus accumbens; RE, nucleus reuniens; 

mPFC, medial prefrontal cortex. [Adapted from: Jin and Maren, 2015] 

There are direct monosynaptic and indirect multisynaptic connections between the 

hippocampus and medial prefrontal cortex (mPFC). This pathway plays an 

important role in working memory, episodic memory and emotional memory. In 

particular, mPFC receives strong glutamatergic input from CA1 (Jin and Maren, 

2015). Therefore, SWRs may provide ample glutamate to produce NMDA plateaus 

and activate memory units within mPFC. The components of the memory engram 

network are interconnected (Figure 3). Hence, activation of mPFC memory units 

may induce activation of the memory units in other brain areas. This may explain 

why optogenetic stimulation of the anterior cingulate cortex (ACC, located in mPFC) 

is sufficient to induce contextual memory retrieval (Rajasethupathy et al., 2015). 

Stimulation of the dentate gyrus also suffices to retrieve fear memories (Liu et al., 

2012), despite the fact that memories are stored in distributed brain areas (Herry 

and Johansen, 2014). 
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The hippocampal replay is manifested in EEG as SWRs. It is essentially a 

spontaneous memory retrieval. Based on the above discussion, the following 

scenario has emerged: Generation of SWRs in the CA3-CA1 regions may send 

glutamatergic inputs to other regions in the memory engram network, particularly 

mPFC, DG, amygdala and nucleus accumbens (located in the striatum). The 

build-up of glutamate pond can then produce NMDA plateaus and activate the 

memory units encoding a specific memory. In the awake state, this may lead to 

retrieval of the memory. During slow wave sleep, the subject cannot experience the 

memory as consciousness is lost. However, in both cases, the Ca2+ ions 

accompanied with the NMDA plateau may trigger synaptogenesis to strengthen the 

memory. 

Slow Oscillations Could be Paced by Locus Coeruleus 

In brain slices containing locus coeruleus (LC), the LC neurons display 

subthreshold oscillations at the frequency between 0.3 and 3 Hz (Christie et al., 

1989; Alvarez et al., 2002), which matches the frequency range of slow oscillations. 

Moreover, LC neurons project to all memory storage areas mentioned above 

(Hansen, 2017; Ferrucci et al., 2013). This suggests that the slow oscillation could 

be paced by LC. Further evidence comes from the finding that LC neurons fire 

preferentially along the ascending edge of the slow oscillation, correlating with the 

DOWN-to-UP transition (Eschenko et al., 2012). 

When NMDARs are in the resting state, the build-up of a substantial glutamate 

pond is sufficient to produce NMDA plateaus (Oikonomou et al., 2012). However, 

after learning, NMDARs are likely to enter an extinction state where the channel 

pore is occluded by the CABT complex (see Paper 19 and Paper 20). In this case, 

to produce NMDA plateaus, NMDARs should first recover from the extinction state. 

The norepinephrine (NE) released from LC may play a crucial role in the recovery 

of NMDAR extinction. Briefly, NE can trigger signaling cascade to augment the 

activity of protein kinase A (PKA), resulting in GluN2B phosphorylation at S1166, 

consequently leading to the dissociation of the CABT complex from NMDARs. 

Further details are described in Article 1.  

Optogenetic Stimulation may Overcome NMDAR Extinction 

During natural physiological operation, reactivation of the memory units in a silent 

engram cell requires two conditions: (1) recovery from NMDAR extinction (i.e., 
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dissociation of CABT from NMDAR), and (2) a sizable glutamate pond. However, 

the silent engram cells can also be activated artificially by optogenetic method 

which incorporates light-sensitive cationic channels (e.g., channelrhodopsin-2) to 

depolarize the membrane (Liu et al., 2012; Ryan et al., 2015). The artificially added 

cationic channels more than compensate for the inhibition of NMDARs by the 

CABT complex. In the paper of Roy et al. (2017), the term "silent engram cells" is 

defined as the engram cells that can be activated by optogenetic stimulation for 

full-fledged recall, but not by stimulation using natural recall cues. This definition is 

not the same as the one used here. According to the definition on this website, an 

engram cell has various degree of silence, depending on the proportion of 

NMDARs in the extinction state. Mildly silent engram cell can be activated by 

natural recall cues as demonstrated experimentally (see Article 2). Severely silent 

engram cells, such as those involved in infantile amnesia, cannot be activated by 

natural recall cues.  

Astrocytes Regulate the UP State 

The NMDA plateau (also called "dendritic plateau potential") resembles the UP 

state of the slow oscillation (Oikonomou et al., 2014), suggesting that the UP state 

could originate from NMDA plateaus, which in turn arise from synchronized 

opening of NMDARs located in the basal dendrites of engram cells. This notion is 

supported by the finding that blocking NMDARs abolishes the UP state 

(Castro-Alamancos and Favero, 2015). It is also consistent with the observation 

that astrocytes regulate cortical UP states (Poskanzer and Yuste, 2011; Poskanzer 

and Yuste, 2016). 

Slow oscillations occur only in slow wave sleep, not in the awake state or other 

sleep stages. Compelling evidence suggests that they originate in the medial 

prefrontal cortex (mPFC) (Nir et al., 2011; Massimini et al., 2004). As discussed 

above, the production of NMDA plateaus requires a sizable glutamate pond. In the 

awake state, the natural recall cues may stimulate sensory neurons to supply 

glutamate. However, during slow wave sleep, where does the glutamate come 

from? 

The anterior cingulate cortex (ACC) is located within mPFC. During slow wave 

sleep, the majority of ACC neurons are activated just before ripple activity (Wang 

and Ikemoto, 2016). This result corroborates the finding that the cortical UP state 

preceded hippocampal SWRs (Mölle et al., 2006; Isomura et al., 2006). Hence, the 
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engram cells in mPFC should be able to reactivate spontaneously, with the 

required glutamate coming from a source other than SWRs. 

Important events, as reflected by repetitive glutamatergic input, may lead to 

accumulation of glutamate (i.e., "glutamate pond") in the basal dendrites of engram 

cells. The basal dendrites are surrounded by dense glial cells capable of absorbing 

glutamate (Oikonomou et al., 2014). If the glutamate supply exceeds glial 

absorption, there should be a significant glutamate pond shortly after learning, but it 

will diffuse away by the time of slow wave sleep.  

As mentioned above, the glutamate released from astrocytes is a primary source 

for the production of NMDA plateaus, suggesting that during slow wave sleep 

astrocytes may reverse their function from glutamate uptake to glutamate release. 

The glutamate may be released from astrocytes via several different mechanisms. 

One of them is Ca2+- dependent exocytosis (Malarkey and Parpura, 2008). Indeed, 

intracellular injection of a calcium chelator into individual astrocytes has been 

shown to inhibit spontaneous and stimulated UP states (Poskanzer and Yuste, 

2011). Furthermore, the adenosine level is known to increase during sleep 

(Bjorness and Greene, 2009). A1 adenosine receptor antagonist 

cyclopentyltheophylline (CPT) significantly decreased UP states. It was proposed 

that, through purinergic signaling, adenosine could lead to release of Ca2+ from 

internal stores across astrocytes in the local circuit, which then trigger cortical UP 

states via the Ca2+- dependent exocytosis of glutamate (Poskanzer and Yuste, 

2011). 

Although SWRs do not directly initiate the UP state, they could play a key role in 

targeting the potentiated memory units that demand strengthening. During learning, 

only the astrocytes located in the memory units that have been potentiated may 

absorb extracellular glutamate in the glutamate pond. Subsequently, the SWRs 

generated in the awake state also send glutamatergic input to the same ensemble 

of memory units. Therefore, at the time of slow wave sleep, only the astrocytes 

located in these potentiated memory units contain ample glutamate to initiate the 

UP state. 

NMDAR Extinction may Cause the DOWN State 

At the onset of the UP state, the CABT complexes do not occlude the channel pore 

of GluN2B-containing NMDARs. They could bind to actin filaments (F-actin). Then, 

the Ca2+ influx during the UP state may activate cofilin to depolymerize F-actin, 
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resulting in the dissociation of CABT from F-actin (see Article 3). The dissociated 

CABT complexes may move toward the postsynaptic membrane, but they cannot 

block GluN2B-NMDARs as long as the S1166 of GluN2B remain phosphorylated 

by PKA. The CABT complexes may block NMDARs to silence engram cells only 

after PKA activity is reduced by the termination of NE stimulation. Therefore, the 

timing of the DOWN state is also controlled by locus coeruleus. 

During the DOWN state, the Ca2+ level decreases, so is the activity of cofilin. Hence, 

the F-actin is re-polymerized, capable of binding CABT. In the next cycle, LC 

neurons release NE to stimulate PKA activity which, together with the glutamate 

provided by SWRs and astrocytes, may generate the ON state (Figure 4). The Ca2+ 

influx during the ON state may lead to three distinct results: 

1. If Myosin II is activated (Somlyo and Somlyo, 2003), the CABT complex could 

be transported along stable F-actin from dendritic spines to the shaft. This 

process may strengthen memory by establishing a prototype of synapses 

(Paper 21). The later stage of synaptogenesis could be achieved by 

metabotropic glutamate receptor subtype 5 (mGluR5) which may activate the 

transcription factor, NF-κB (Paper 20). 

2. If Myosin VI is activated (Batters, 2016), the AMPA receptors (AMPARs) 

could be transported along F-actin from the postsynaptic membrane to the 

endosome for degradation. This process may weaken or even erase memory 

(Paper 21). 

3. When calcineurin is activated, it may stimulate cofilin to depolymerize F-actin, 

resulting in NMDAR extinction. Furthermore, calcineurin may activate the 

transcription factor, nuclear factor of activated T-cells (NFAT) which targets 

BDNF - a key player in long-term memory extinction (Paper 20). 

Therefore, during slow oscillations, Ca2+ may strengthen, weaken, or extinguish a 

particular memory, depending on the expression of Myosin II, Myosin VI, and NFAT, 

respectively. These processes depend on the actin cytoskeleton, consistent with 

the findings that the actin cytoskeleton is involved in both memory formation 

(Rehberg et al., 2010; Lamprecht, 2016; Basu and Lamprecht, 2018) and extinction 

(Fischer et al., 2004; Wang et al., 2013; Trent et al., 2017). 
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Figure 4. A model for the mechanism of slow oscillations between 

UP and DOWN states.
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