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5.1 Abstract

Hippocampus-dependent learning and memory is impaired in Fragile X syndrome 

(FXS), a hereditary mental retardation in which the Fragile X mental retardation 1 gene 

(Fmr1) is silenced, which leads to disturbed synaptic transmission.

During slow wave sleep subsequent to spatial exploration, groups of hippocampal 

neurons are synchronously active in sharp-wave ripple (SWR) events, in which elements 

of an animal’s  past experience are frequently replayed. SWR events are thought to 

provide a mechanism for offline memory consolidation.

Previously, we showed that spatial information processing is disturbed in Fmr1-KO 

mice during spatial exploration. In the current study, we investigate whether spatial 

information processing is also disturbed after exploration, by characterizing their 

SWR events. We find that the intrinsic oscillation frequency of SWRs is reduced in 

Fmr1-KO compared with wildtype animals. These results may provide a biomarker for 

the contribution of the Fmr1 gene, and related elements of its signaling cascade, to 

neuronal network phenomena related to offline hippocampal processing of spatial 

information.
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5.2 Introduction

Fragile X syndrome (FXS) is a hereditary mental retardation {Belmonte 2006}

{Budimirovic 2011}. It is caused by a mutation that silences the Fragile X mental 

retardation 1 gene (Fmr1), abolishing the Fragile X mental retardation protein (FMRP), 

which leads to disturbed synaptic transmission {Pilpel 2009}{Santos 2014}. In Chapters 

2 and 4 we showed that, compared with littermate wildtype (WT) animals, mice 

lacking Fmr1 expression (Fmr1-KO {Mientjes 2006}) show specific hippocampal spatial 

information processing impairments at the level of single neurons (place cells) and in 

the local field potential (LFP) of the neuronal network. In this study, we aim to identify 

whether Fmr1-KO affects hippocampal population dynamics related to information 

processing during rest periods.

In offline brain states such as quiet wakefulness and slow-wave sleep, hippocampal 

CA1 stratum radiatum shows large, 40-120 ms long LFP amplitude deflections (sharp 

waves) associated with fast (110-200 Hz), synchronous network oscillations known as 

ripples {O’Keefe 1976}{Buzsáki 1992}{Ylinen 1995}. These sharp wave-ripple (SWR) 

events are observed in the hippocampus of rodents and humans alike {Bragin 1999} 

and are associated with memory consolidation {Foster 2006}{Diba 2007}{Girardeau 

2009}{Eschenko 2008}{Ponomarenko 2008}{Nakashiba 2009}.

In the hippocampal LFP, SWRs can occur in absence of extrahippocampal inputs 

(see {Buzsáki 2015}) and must therefore reflect intrahippocampal bursts of neuronal 

population activity. It has been suggested that CA1 SWRs arise from the excitatory 

recurrent circuit in hippocampal CA3, reflecting synchronous bursting of CA3 pyramidal 

cells {Buzsáki 1986}. During active wakefulness, this activity is mostly suppressed 

through cholinergic neuromodulation and extrahippocampal input {Hasselmo 1999}. 

During offline brain states however, the recurrent excitation circuit is disinhibited to 

allow excitatory CA3 neuronal population bursts (visible in the LFP similar to SWRs) 

that strongly depolarize CA1 pyramidal cells via the Schaffer collaterals and give rise 

to SWRs in area CA1 {Csicsvari 1999}.

Place cells with overlapping place fields and correlated activity during active 

exploration of an environment show strong firing correlations in subsequent sleep 

{Wilson 1994} and maintain their temporal order of firing sequences during SWR 

events {Skaggs 1996a}. Selective electrical disruption of SWRs during post-exploration 

sleep impairs hippocampal spatial learning {Girardeau 2009}. In contrast, enhancing 

the link between hippocampal SWR and coordinated neocortical activity (by closed-

loop electrical neocortical stimulation triggered by SWRs) improves spatial memory 

{Maingret 2016}. Indeed, hippocampal learning and memory consolidation correlate 
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with multiple parameters of SWR events, such as frequency, amplitude, and duration 

{Ponomarenko 2008}{Nakashiba 2009}{Eschenko 2008}.

The source of SWR generation is not well understood, and there are multiple 

models describing the interactions between excitatory pyramidal cells and inhibitory 

interneurons in CA3 and CA1 that underlie these oscillations {Stark 2014}. Compelling 

evidence points towards local CA1 parvalbumin-expressing (PV) interneurons, activated 

by CA3 excitatory bursts, as necessary pacemakers for synchronous pyramidal cell 

spiking during SWRs {Racz 2009}{Schlingloff 2014}. In doing so, interneurons may 

recruit co-activated CA1 pyramidal cells to replay fragments of recent waking neuronal 

sequences in a compressed format (such as the place cells described above), which is 

ideally suited to induce lasting synaptic changes such as long term potentiation (LTP) 

due to its large excitatory gain and rapid succession of pre- and postsynaptic activity 

(spike-timing-dependent plasticity, STDP) {Buzsáki 1987}. The reactivated information 

in these selected assemblies might be fed forward to neocortical and subcortical 

targets, where it can be integrated in preexisting memory structures {Qin 1997}{Ji 

2007}{Pennartz 2009}{Lansink 2009}.

The two-stage model for memory consolidation {Buzsáki 1989}{Battaglia 2011} posits 

that during learning (active wakefulness), neocortical information input is processed 

in hippocampus and modified through synaptic circuit alterations. This modified 

information is then transferred back to neocortical circuits for long-term storage 

when the brain is disengaged from environmental stimuli during SWRs. During these 

events, single CA1 neurons (such as place cells) fire in similar sequences as in awake 

states (for instance, as during environmental exploration), albeit highly temporally 

compressed {Skaggs 1996a}. Through their high synchrony and large amplitude, SWR 

events effectively increase the signal-to-noise ratio of hippocampal output, and are 

therefore ideally suited to transfer these compressed hippocampal spike sequences 

to neocortex in line with the two-stage memory consolidation model. SWR events can 

therefore be seen as a neurophysiological biomarker for hippocampus-dependent 

memory consolidation {Buzsáki 2015}{Khodagholy 2017}. 

Fmr1-KO mice show behavioral indications of disrupted hippocampus-dependent 

memory consolidation and retrieval, for instance in the Barnes maze {Yan 2004}. In 

Chapter 2 we described impaired stability of Fmr1-KO place fields in mice performing 

a spatial exploration paradigm. In the current study, we ask whether these KO mice 

show alterations in CA1 SWR dynamics, which can be taken as a biomarker of spatial 

memory consolidation. We discuss how the alterations we identified may relate to the 

impairments in CA1 place fields as reported in Chapter 2.
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5.3 Results 

Recording pre- and post-exploration SWR events in Fmr1-KO and WT mice

SWRs provide a signature of proper information processing in hippocampus, and 

their characteristics are affected by experience {Eschenko 2008}{Ponomarenko 2008}

{Nakashiba 2009}. In Chapter 2 we described impaired stability of Fmr1-KO spatial 

maps between subsequent introductions to the same environment. In the current 

study, we sought to characterize whether this impairment was reflected in SWR events 

during sleep, in between the exploration sessions applied on the same day.

We therefore compared SWR events in 20 minute rest sessions immediately before 

(Rest-1) and after (Rest-2) the first exploration session in the novel environment (Figure 

1A). Raw LFP traces showed characteristic SWRs during rest compared with exploration, 

which were detected by filtering the trace between 100 and 300Hz (Figure 1B). Our 

recordings yielded 5897 WT and 2244 Fmr1-KO SWR events during respectively 17 and 

12 pre- and post-exploration recordings. A summary of SWR event counts per animal 

and their contribution to the total is provided in Table 1.

Table 1. Numbers of WT and Fmr1-KO hippocampal CA1 SWR events.
Total number of SWRs recorded animal per genotype, and the proportion of each animal’s 
contribution to the total number of SWRs recorded per genotype (%).

Genotype Animal Number of sessions Number of SWR Proportion of total

WT 1 2 751 ~13%

2 3 1760 ~30%

3 4 2261 ~38%

4 5 903 ~15%

5 3 222 ~4%

KO 1 1 31 ~1%

2 3 896 ~40%

3 3 812 ~36%

4 4 505 ~23%
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Figure 1. Experimental setup.
(A) Recording timeline. Neuronal activity was recorded as the animal rested in its homecage 
(left and right) immediately before (Rest-1) and after (Rest-2) the first exploration of the novel 
environment in Session 1 (middle), when all four visual cues were new. (B) Example CA1 stratum 
pyramidale LFP traces recorded in the open field (Exploration, top) and in the homecage (Rest, 
middle). SWR events are prominently visible in the 100-300 Hz filtered raw Rest LFP trace (bottom).

Session 1

20 min
Rest 1

(homecage)

30 min
Exploration
(open field)

20 min
Rest 2

(homecage)

Exploration

Rest

100-300 Hz

100 ms

A

B
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Figure 2. Characteristics of SWR events.
(A) Peak amplitude of SWR events (μV): WT Rest-1: mean=72.9, SEM=1.74; WT Rest-2: mean=72.4, 
SEM=1.60; KO Rest-1: mean=68.50, SEM=4.61; KO Rest-2: mean=72.37, SEM=1.19. (B) Duration 
of SWR events (s): WT Rest-1: mean=0.056, SEM<0.01; WT Rest-2: mean=0.059, SEM<0.01; KO 
Rest-1: mean=0.057, SEM<0.01; KO Rest-2: mean=0.058, SEM<0.01. (C) Onset of SWR peak 
amplitude (s): WT Rest-1: mean=0.029, SEM<0.01; WT Rest-2: mean=0.030, SEM<0.01; KO Rest-
1: mean=0.028, SEM<0.01; KO Rest-2: mean=0.029 SEM<0.01. Data were compared using a two-
way repeated measures ANOVA with per-animal means as the unit of observation.

A

B

C
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Fmr1-KO does not affect peak amplitude, onset thereof, or duration of SWR events

We found no difference in peak amplitude or duration of SWR events between Fmr1-

KO and WT in Rest-1 or Rest-2 (Figures 2A,B). These parameters have been shown 

to increase with behavioral learning, but not with habituation to the experimental 

environment {Eschenko 2008}. It is therefore possible that the open field exploration 

in our experiment did not induce these changes in SWRs.

The timeframe of SWR events is ideally suited to induce spike timing-dependent 

plasticity {Markram 1997}{Bi 1998} through which synaptic connections can be 

strengthened but also weakened, depending on the spike timing of neurons 

participating in the cell assembly. In fact, an alternate theory on the role of SWRs 

during sleep is that they promote global synaptic downscaling after a firing rate 

increase during  exploration {Lubenov 2008}. This theory can be reconciled with the 

two-stage model of memory consolidation assuming that only the sparse, experience-

relevant synaptic connections in CA1 are strengthened (in early-firing neurons, which 

receive many depolarizing inputs), whereas most synaptic connections are weakened 

(in late-firing neurons, which receive few depolarizing inputs) {Sadowski 2016}.

In this way, the detrimental effects of Fmr1-KO on maintaining spatial representations 

(Chapter 2) might lie in the offline processing of spatial information, shifting the 

balance between selectively strengthening replayed connections and weakening 

inconsequential ones in SWR events toward depression of recently co-activated 

neurons. Although peak amplitude of SWRs was unaffected, we hypothesized that 

Fmr1-KO alters the timing of synchronous spiking within SWR events, reflected in the 

onset of the peak amplitude within single SWR events. However, no such difference 

was found between genotypes or rest sessions in our dataset (Figure 2C).

Fmr1-KO decreases intra-ripple peak frequency of SWR events

The intra-ripple peak frequency of SWR events can influence synaptic plasticity in 

downstream neurons, underlying memory consolidation. Indeed, hippocampal learning 

and memory consolidation have been associated with post-training increased intra-

ripple peak frequency {Ponomarenko 2008}{Nakashiba 2009}. In our study, exploration 

significantly increased the intra-ripple peak frequency of hippocampal SWR events in 

both genotypes, yet the intra-ripple peak frequency of Fmr1-KO SWR events remained 

lower than that of WT both before and after exploration (Figure 3; Two-way repeated 

measures genotype x session ANOVA, effect of genotype: F1,7 = 9.01; P <0.02, effect of 

session: F1,7 = 53.75; P <0.001; using per-animal means as observation unit).
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Figure 3. Intra-ripple oscillation frequency of SWR events.
Peak oscillation frequency of SWR events (Hz): WT Rest-1 mean=147.6, SEM=2.07; WT Rest-2 
mean=158.8, SEM=2.06; KO Rest-1 mean=134.6, SEM=5.45; KO Rest-2 mean=146.2, SEM=3.08. 
Data were compared using a two-way repeated measures ANOVA with per-animal means as the 
unit of observation.
* P < 0.02. *** P < 0.001.

** *
* *
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5.4 Discussion

Based on our results from Chapter 2, where we found impaired stability of Fmr1-KO 

place fields, we asked whether local field dynamics related to offline information 

processing  was normal in these animals. Indeed we find a decreased peak oscillatory 

frequency of SWR events in Fmr1-KO relative to WT mice post-exploration. However, 

pre-exploration peak frequency of SWR events also differs between genotypes, which 

raises the questions whether (1) Fmr1-KO place field instability is a consequence of 

abnormal post-exploration SWR-mediated spatial information processing, whether (2) 

the emergence of normal SWR events post-exploration requires stable place fields 

during exploration, or whether (3) the hippocampal network alterations that underlie 

abnormal pre-exploration SWR events also affect stability of spatial representations 

and post-exploration SWR events.

Abnormal SWRs have been observed in multiple mouse models of cognitive 

hippocampal deficits {Witton 2015}{Altimus 2015}, sometimes combined with 

impaired hippocampal spatial mapping. For instance, increased incidence and mean 

amplitude of CA1 SWR events was found in a mouse model of schizophrenia (22q11.2 

deletion syndrome), and a separate cohort of mice in the same study showed reduced 

place field stability correlated with impaired performance in a spatial learning task 

{Zaremba 2017}. The abnormal SWRs however were not linked to the spatial mapping 

experiment, and these animals only showed a deficit in the remapping of already 

acquired place fields, so these findings do not address the causality or directionality of 

disturbed SWRs in spatial memory consolidation. In another spatial exploration study, 

a calcineurin knockout schizophrenia mouse model showed abnormal SWR-associated 

replay of cell sequences during subsequent sleep {Suh 2013}. Parallel to what we 

observe in Fmr1-KO (Chapter 2), properties of place cell activity (firing rate, field size, 

and spatial information) were normal in these animals. Unfortunately, the study did 

not assess the stability of place fields or otherwise functional implications of disturbed 

SWR events, and therefore cannot inform the interpretation of our results either way.

The Fmr1-KO SWR abnormalities we observe in our study might be linked to the 

impaired stability of place fields we observed in Chapter 2 in a number of ways. As 

Fmr1-KO intra-ripple frequencies are lower, their individual oscillation cycles are longer 

than those of WT, which might compromise the sequence of replayed cell assembly 

activity within them. Additionally, slower SWR oscillations might disrupt the timeframe 

of STDP during these replayed sequences, which could disturb development of the 

cognitive map (mental representation of the environment {O’Keefe 1978}) {Bush 

2010}. Replay may promote the integrity and solidity of the hippocampal cognitive 
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map {Gupta 2010}. It is possible that Fmr1-KO place fields are thus not properly 

integrated in or anchored to the map, leading to their impaired stability. Future studies 

are required to correlate SWR characteristics with replay of place cells and place field 

deficits in Fmr1-KO.

Decreased intra-ripple peak frequency of Fmr1-KO SWR events can occur for a variety 

of reasons. As interneurons are thought to be the pacemakers of SWR oscillations 

{Ylinen 1995}{Racz 2009}{Schlingloff 2014}, it is possible that, in the absence of FMRP, 

the temporal precision of interneuronal alignment of CA1 network activity is altered, 

underlying for instance the disturbed interneuron-LFP coupling we describe in 

Chapter 4. An interesting direction for future analyses would therefore be to examine 

interneuronal activity during these events.

SWRs occur during offline brain states such as quiet wakefulness and slow-wave sleep. 

SWRs differ between awake and sleep states in many ways (including differences 

in recruitment of cell assemblies) {Roumis 2015} and may exert different effects on 

downstream targets depending on the animal’s state of arousal {Wang 2016}. Disrupted 

sleep is observed both in human FXS patients {Kronk 2010} and Fmr1-KO mice {Saré 
2017}. It is possible therefore that the SWR abnormalities we describe in this study are 

due to abnormal sleep patterns in these animals as a consequence of the FMRP deficit. 

Unfortunately, no behavioral tracking was done during Rest-1 and Rest-2 recording 

sessions, so we cannot characterize Fmr1-KO sleeping patterns in our study. Future 

studies are necessary to link altered arousal states in FXS to abnormal SWRs.

There is an important limitation that constrains the interpretation of the Fmr1-KO 

SWR impairments we observe. SWRs occur during offline brain states such as quiet 

wakefulness and slow-wave sleep. We performed these experiments in the animal’s 

light phase and homecage, i.e. when and where the animal would naturally sleep. 

However, since no behavioral tracking was done during these sessions, we cannot be 

certain that the animal was indeed sleeping or still during SWR events, and it is therefore 

possible that our dataset is contaminated with active, awake periods, possibly leading 

us to classify artifacts as SWRs. We have circumvented this issue with a relatively high 

amplitude threshold and duration cutoff in our ripple detection (see methods) as well 

as through visual inspection of the detected ripples (Figure 2B).

Since we could not control for body movement as a variable between genotypes, 

and therefore could not ensure each animal spent the same amount of time in quiet 

wakefulness or slow-wave sleep, we focused our analysis on within-SWR parameters, 

and refrained from characterizing the incidence of SWRs and the inter-SWR intervals 

in our recordings. However, increased incidence of SWRs has been observed after 

exploration of novel environments {Ramadan 2009} and it is therefore likely that 
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quantifying the number of SWR events during sleep would have provided useful 

information in explaining the specific Fmr1-KO impairments we observe.

Finally, post-exploration reactivation of hippocampal cell assemblies occurs 

preferentially in the first 30 mins of sleep {Kudrimoti 1999}. We only recorded 20 mins 

of post-exploration homecage rest, so it is possible that our data does not reflect the 

entire Fmr1-KO SWR phenotype.

In conclusion, our results indicate that SWR dynamics are disturbed by FMRP deficits. 

How exactly this finding can be related to the impaired stability of place fields and 

altered locking of interneurons to ongoing network activity we previously described in 

Fmr1-KO is a topic for future investigation.
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5.5 Methods

In the current study, we used four Fmr1-KO mice {Mientjes 2006} and five littermate 

wildtype (WT) control mice, undergoing the experiments described in Chapter 2. All 

experiments were performed in accordance with Dutch National Animal Experiments 

regulations, were approved by the Universiteit van Amsterdam, and were carried out 

by certified personnel. Animals were maintained on a regular 12-hour light-dark cycle 

(lights on: 8am, lights off: 8pm). Animals were always studied in pairs of a KO and a 

WT mouse; both recordings were done on the same day and counterbalanced per 

genotype. We compared SWR events before and after the first introduction to the 

novel environment: Session 1 in the experiments described in Chapter 2, i.e. when 

all four visual cues are new. Hippocampal CA1 neuronal activity was recorded for 20 

minutes each time while the animal rested in its homecage immediately before and 

after the 30 minute open field recording sessions (Figure 1A).

No behavior tracking was done during these resting periods in between or before 

spatial exploration sessions. Neuronal analysis was done using custom-written Matlab 

routines {Lansink 2009}: Raw LFP traces were filtered 100-300 Hz (Figure 1B), and 

individual SWR peaks were identified each time the squared amplitude of the filtered 

LFP trace crossed a 4 standard deviation threshold for at least 25 ms, at least 100 ms 

after the previous SWR event. SWR on- and offset were determined by the first and 

last time points surrounding these peaks where the squared amplitude of the trace 

was larger than 0.33 * threshold. Duration, peak amplitude (as peak to baseline), and 

peak intra-ripple oscillation frequency were determined for each SWR event. Onset 

of peak ripple amplitude was calculated as the lag between ripple onset and time of 

peak amplitude.
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