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Abstract 

Arc/Arg3.1 has been shown to be crucial for long-term potentiation and depression and for 

long-term, but not short-term memory. In this study, we compared Arc/Arg3.1 knockout and 

wildtype mice to study the role of Arc/Arg3.1 in the physiological architecture of processes 

deemed important for episodic memory consolidation: sleep structure, hippocampal sharp 

wave–ripples and accompanying patterns of correlated firing of hippocampal neurons. 

Although most sleep architecture and ripple characteristics were intact in knockout mice, they 

showed a sharp reduction in the rate at which ripples occurred during sleep. The remaining 

ripples appeared intact, but CA1 hippocampal neurons of knockout mice exhibited a diminished 

density of firing during ripples, even though the overall firing rates were similar. 

We also found that knockout mice showed less correlated firing during pre- or post-task sleep 

as compared to wildtype mice. Interestingly, wildtype mice showed an additional increase in 

correlated firing in post-task sleep relative to pre-task sleep, but this increase following track-

running was absent in KO mice.  

Finally, knockout mice also expressed a specific attenuation in high-frequency oscillatory 

activity in CA1 local field potentials during sleep: while delta and theta oscillations were intact 

in knockout animals, they showed significantly lower power throughout the beta and gamma 

range. Altogether, the reduced prevalence of ripples and loss of correlated firing during sleep 

suggest neurophysiological substrates for consolidation defects reported previously for 

Arc/Arg3.1 KO mice. 
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1. Introduction 

Vast evidence demonstrates the hippocampus to have an instrumental role in spatial and 

episodic memory consolidation (e.g. Morris et al. 1990; Logue et al. 1997; Winocur et al. 2001; 

for a review, see  (Morris, 2001). For this process, the importance of hippocampal activity may 

be strongest during a relatively short time window after learning (Kim and Fanselow, 1992; 

Takehara et al., 2002). In particular slow-wave sleep, following learning in the awake state, has 

been shown to have a memory-enhancing effect in multiple studies in both humans and 

animals (Ekstrand, 1967; Barrett and Ekstrand, 1972; Gais et al., 2000; Stickgold et al., 2001; 

Hairston et al., 2005; Rasch et al., 2007). Similar to the time-restricted role of the hippocampus, 

sleep-dependent memory enhancement is limited to a certain time window following task 

performance (Stickgold et al., 2000; Palchykova et al., 2006). 

One of the most striking local field potential (LFP) patterns found throughout the brain is the 

hippocampal sharp wave–ripple (SWR) complex, which is seen most prominently during 

episodes of slow-wave sleep, behavioural immobility and consummatory behaviour. 

Hippocampal ripple oscillations are high-amplitude, high-frequency (100-250 Hz) oscillations 

that are abundant in the CA1 pyramidal layer (Buzsáki 1986; O’Keefe & Nadel 1978). During 

SWRs, pyramidal cell populations engage in bursty firing activity. These transient bursts are 

thought to promote synaptic plasticity: they are similar in terms of frequency and population 

bursting as the activity evoked by tetanic stimuli used to induce long-term potentiation (Ylinen 

et al. 1995; Buzsáki 1989; Draguhn et al. 1998). 

Increased SWR activity correlates with task novelty, reward and learning performance 

(Eschenko et al., 2008; Ramadan et al., 2009; Singer and Frank, 2009). It has been suggested 

that not only the number of ripple events but also the intra-ripple oscillatory frequency and 

amplitude may correlate with learning performance of rats (Ponomarenko et al., 2008). 

Furthermore, there is mounting evidence for a causal role of SWR activity in spatial memory. 

Interfering with ripple activity during a sleep episode that follows training has been shown to 

impair spatial learning performance (Girardeau et al., 2009b; Ego-Stengel and Wilson, 2010). 

During hippocampal SWRs, firing rates of CA1 and CA3 pyramidal cells and interneurons are 

increased. This bursty firing is thought to present reactivation of memory traces and serve as a 
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mechanism that facilitates consolidation of previous experiences (e.g. Wilson and McNaughton, 

1994; Siapas and Wilson, 1998; Knierim, 2009; Battaglia et al., 2011).  

Thus far SWR activity and its role in memory consolidation have been mainly studied in wildtype 

(WT) animals. Both from a mechanistic and clinical viewpoint, however, it is of a foremost 

importance to acquire animal models showing specific deficits in the processes, against a 

background of normal baseline behaviour and neurophysiological functioning. Here we set out 

to examine Arc/Arg3.1 knockout (KO) mice because this model shows a specific deficit in long-

term synaptic plasticity, whereas short-term plasticity is present and its baseline synaptic 

signaling is normal (Guzowski et al., 2000; Plath et al., 2006). Consistent with this deficit in long-

term synaptic plasticity, knockout animals have intact short-term memory and baseline 

behaviour (Guzowski et al., 2000; Plath et al., 2006; Wang et al., 2006; McCurry et al., 2010), 

but impaired explicit and implicit long-term memory (Plath et al., 2006). Similarly, rats which 

received Arc/Arg3.1 oligodeoxynucleotide injection in the lateral amygdala, showed an 

impairment in long-term, but not short-term memory in a Pavlovian fear conditioning task 

(Ploski et al., 2008). 

Arc/Arg3.1 is part of a complex molecular network, regulating, amongst others, AMPA receptor 

trafficking (Chowdhury et al., 2006; Rial Verde et al., 2006), spine morphology, and actin 

polymerization (Messaoudi et al., 2007; Peebles et al., 2010). This multi-faceted function is 

likely related to its importance in both long-term potentiation and depression (Guzowski et al., 

2000; Plath et al., 2006; Messaoudi et al., 2007), although the exact mechanisms through which 

Arc/Arg3.1 regulates synaptic plasticity and memory consolidation are still unknown.  

Expression of Arc/Arg3.1 protein is upregulated by NMDA receptor activation (Bloomer et al., 

2008), which is interesting given that NMDA receptor blockade impairs both LTP induction 

(Collingridge et al., 1983; Harris et al., 1984) and spatial memory (Morris, 1989). The 

importance of Arc/Arg3.1 for long-term synaptic plasticity (Guzowski et al., 2000; Plath et al., 

2006; Messaoudi et al., 2007) makes it an interesting candidate for acting as a molecular 

regulator of memory consolidation. The Arc/Arg3.1 gene is also gaining increasing interest from 

a clinical viewpoint, as Arc/Arg3.1 mRNA levels are  altered in mouse models showing cognitive 

impairments, such as models for Alzheimer disease (Wegenast-Braun et al., 2009; Wu et al., 

2011) and Fragile X mental retardation (Zalfa et al., 2003). 
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Here, we studied neural mechanisms deemed important for memory consolidation processes, 

such as ripples, oscillations in lower frequency ranges, and firing activity during ripples and 

correlated firing activity in hippocampal area CA1 of Arc/Arg3.1 knockout and wildtype mice in 

a task where mice were monitored during spatial navigation and sleep.  

2. Methods 

2.1. Mice 

Arc/Arg3.1 KO and wildtype mice were bred at the Center for Molecular Neurobiology, 

University of Hamburg (Germany) and arrived at the local animal housing facility of the 

University of Amsterdam at the age of 5-7 weeks. After arrival, mice were habituated to the 

colony rooms on a reversed day–night cycle (light off/on at 9.00/21.00 hrs) for at least 3 weeks 

prior to surgery. During the habituation period, mice were offered sucrose pellets (14 mg, 

Bioserv, Frenchtown, NJ) in addition to the regular food chow in the home cage.  

Before implantation, mice were housed in pairs with ad libitum access to food, except during 

pretraining (see below). Water was provided ad libitum in the home cage at all times. Two 

weeks before  surgery the experimenters started handling the animals and carried out 

pretraining sessions, during which mice were taught to collect sucrose pellets while exploring a 

T-maze (not used for the recordings described here). Mice that did not learn to reliably 

consume sucrose pellets were excluded from further experiments. All experimental procedures 

were approved by the institution's Animal Welfare Committee and were in compliance with the 

European Council Directive (86/609/EEC) and Principles of laboratory animal care (NIH 

publication No. 86-23, revised 1985). 

2.2. Microdrive and surgery 

All recordings were carried out using a custom-made, light-weight mouse microdrive with 6 

independently moveable tetrodes. After loading the microdrive (for details, see Battaglia et al. 

(2009)), tetrodes (four 0.0005" polyimide coated nichrome wires, Kanthal, PalmCoast, FL, 

twisted together) were gold-plated electrolytically in gold cyanide solution (Select Plating, 

Meppel, the Netherlands) to achieve an impedance of 600-1000 kΩ. 
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Prior to implantation, mice were given a subcutaneous injection of buprenorphine (3 mg/kg; 

Temgesic, Schering-Plough, Kenilworth, NJ) for sedation and analgesia. Thirty minutes after 

injection, anesthesia was induced by 3% isoflurane. Following the induction, the mouse was 

placed into a stereotact (David Kopf Instruments, Tujunga, CA) and anesthesia was maintained 

with 1-2% isoflurane. Body temperature was maintained around 36.5 
o
C with a thermal pad. 

Once the surface of the skull was exposed, six stainless steel screws were implanted to support 

the microdrive. One of the supporting screws, placed contralaterally to the implant, was 

connected to the microdrive ground to serve as a ground reference for LFPs. 

A craniotomy of about 1.5 mm in diameter was made over the right hemisphere, -2.00 mm 

lateral and -2.00 mm posterior to bregma. After removing the dura mater, the drive was placed 

on top of the brain. The connection was sealed with silastic elastomer (Kwik-Sil, World Precision 

Instruments, Berlin, Germany) and the drive was anchored to the supporting screws and skull 

bone with dental acrylic. 

Tetrodes were turned down for about 500 µm immediately after the surgery and then gradually 

lowered to the hippocampal pyramidal layer, as indicated by sharp wave–ripple oscillations and 

pyramidal cells exhibiting complex spiking activity. 

After implantation, mice were kept in a circular recovery cage that had an elevated ceiling in 

order to decrease pounding of the microdrive to the cage. During electrophysiological 

recordings, mice were of 12-20 weeks of age. 

2.3. Acquisition of electrophysiological and behavioral data 

The microdrive connected to two 16-channel headstage pre-amplifiers (Neuralynx, Bozeman, 

MT) via two connectors (Omnetics Connectors Corporation, Minneapolis, MN; custom ordered: 

NPD-18-FF-GS, Nano Dual Row Male, 18 contacts), which were in turn connected to the 

amplifiers via a custom-made commutator and tether cable.  All electrophysiological recording 

hardware and software was provided by Neuralynx (Bozeman, MT, USA). 

Two references were used for electrophysiological recordings: For spike recordings, we left one 

of the tetrodes in the corpus callosum, which is largely devoid of spiking activity but proximal to 
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the recording site. For local field potentials (LFPs), we used either this reference electrode or 

the ground screw located in the contralateral hemisphere. 

For single units, the signal was band-pass filtered between 600-6000 Hz. When the voltage 

signal exceeded a threshold (selected based on the signal/noise ratio), the spiking activity was 

sampled at 32 kHz during a 1 ms time window, with an amplifier gain of 5000. Local field 

potentials were sampled continuously at a rate of 2 kHz and band-pass filtered between 1 and 

475 Hz. 

Electrophysiological recordings were complemented with video tracking data acquired with 

Ethovision XT 5.1 software (Noldus, Wageningen, The Netherlands). These data were 

synchronised by transistor–transistor logic (TTL) pulses sent from the Ethovision system to 

Cheetah system. Automatic tracking of the mouse’s body centre position was manually 

inspected and corrected. Retracked position data were exported to MATLAB for further 

analysis. 

2.4. Behavioral protocol 

Mice were allowed to run 20 laps unidirectionally on a circular track (inner diameter: 60 cm; 

track width: 6 cm, see Chapter 4). Sucrose pellets (about 10 per track-running episode) were 

dropped at arbitrary locations on the track. Before and after track running, mice were resting or 

sleeping for about 30 minutes in their home cage which was placed in the middle of the circular 

track. Recording sessions was repeated twice a day for three to four days. 

2.5. Histology 

After the end of the experiments, end positions of each tetrode were marked by a 20 µA 

lesioning current (duration: 10 s) through one of the four leads. Mice were sacrificed the 

following day with an overdose of Euthasol (80mg/kg; AST Farma BV, Oudewater, Netherlands), 

after which a cardiac perfusion with saline, followed by paraformaldehyde, was carried out. 

Brains were removed and further fixated in 4% paraformaldehyde for at least a week before 

slicing them into 40 um coronal sections with a vibratome. Brain slices were mounted on 

gelatin-coated object glasses and Nissl stained. For further details on tetrode placement, see 

chapter 4. 
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2.6. LFP analysis and sleep detection 

For all local field potential analyses, artifacts such as high-amplitude cable swings (>2 mV, with 

a margin of 25 ms), 50 Hz and its harmonics, were removed by notch filtering. For estimating 

theta vs. overall LFP power ratio, we used Fast Fourier Transform (FFT) with a Hamming 

tapering method. For LFP analysis, power in specific frequency bands was normalized to the 

mean power in the spectra (1-250 Hz). 

Sleep recordings were divided into four stages: ‘awake’, ‘REM sleep’, ‘Slow-wave sleep/quiet 

wakefulness’ (SWS/QW) and ‘unclassified’. All episodes during which the mouse was moving 

with a velocity of > 1cm/s were classified as ‘awake’. Velocity was measured from the center 

point of the mouse’s body, with a moving average of 3 consecutive samples (0.5 s time step 

between samples). Episodes during which the animal was immobile and had high theta band (6-

10 Hz) activity for at least 5 s were classified as REM sleep (theta vs. overall LFP power ratio > 

0.25 as measured in the pyramidal cell layer (cf. Buzsáki et al., 2003; Lansink et al., 2009). 

Immobile episodes devoid of high theta band activity of at least 5 s were classified as SWS/QW. 

Episodes which did not meet any of the above mentioned criteria were labeled as ‘unclassified’. 

Neither WT nor KO mice showed a difference between novel and familiar conditions or 

between Sleep-1 and Sleep-2, so all sleep sessions were pooled together unless mentioned 

otherwise. All results were averaged over 51 (WT) and 37 (KO) sleep episodes. Wilcoxon's rank 

sum test was used for testing significance of ripple rate and characteristics. 

2.7. Ripple detection and analysis of single unit activity 

In general, ripple detection followed the method of Lansink et al. (2009). First, LFP recordings 

were bandpass-filtered between 100-300 Hz. Next, the absolute values of the filtered LFP trace 

were taken and oscillatory events which exceeded an amplitude threshold of 4 standard 

deviations of the baseline level for a minimum duration of 25 ms were included as ripples in the 

analysis. To exclude transient high-frequency gamma bursts and chewing artifacts, only events 

which had their highest amplitude in the middle 50% of the event and in which maximum 

power in the range of 100-250 Hz exceeded the maximum power in the range of 100-105 Hz 

were included.  
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Ripples meeting the above mentioned criteria were assigned start and stop times, and their 

duration was computed using the threshold crossings. Intra-ripple oscillatory frequency and 

peak amplitude were computed for each ripple event. To determine the ripple rate specifically 

for periods of SWS/QW, the number of ripple events was normalized to the duration of the 

sleep/wake episodes as defined above. Logarithms of the absolute amplitudes were used for 

comparing the peak amplitudes of the ripples. As for LFP analysis, Sleep-1 and Sleep-2 episodes 

were pooled together. Wilcoxon's rank sum test was used for testing significance of ripple rate 

and characteristics.  

The procedure for spike sorting and assigning cells into putative pyramidal cells and 

interneurons is explained in the previous chapter. After spike-sorting, we classified the cells into 

putative pyramidal cells and putative interneurons as described in Chapter 4. Both putative 

interneurons and pyramidal cells with at least 100 spikes during the task episode were included 

in the analyses. Cells which could not be assigned to either class were left out of further 

analysis. 

To assess whether firing rates were modulated upon ripple onset, peri-ripple time histograms 

were calculated following Pennartz et al., 2004. Briefly, firing rate histograms during Sleep-1 

and Sleep-2 sessions, respectively, were synchronized to ripple onset and plotted as a function 

of time relative to the ripple onset with a bin size of 12,5 msec. 

To compute the spike density during ripples, we computed for each cell the number of spikes 

during each ripple event during SWS/QW and normalized this number to the duration of the 

ripple event. To analyze correlated firing, we assigned putative pyramidal cells and interneurons 

to cell pairs (124 single cells, 206 cell pairs) and computed Pearson correlation coefficients 

(PCC) between the spike rates of the two cells with a bin size of 50 ms for each sleep and task 

episode (Pennartz et al., 2004). These correlation values were then pooled across different 

sessions yielding aggregate values for Sleep-1, Task and Sleep-2 sessions and WT and KO mice, 

respectively. Neither WT or KO mice showed a difference between novel and familiar 

conditions, so all sessions were pooled together. Wilcoxon's rank sum test was used to assess 

the significance of the findings. Ensemble sizes per recording session were generally not 

sufficiently large to permit analysis of replay.   
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3. Results 

We recorded and analyzed data from 4 WT mice and 3 KO mice. Cells which fired less than 100 

spikes during the task, as well as cells that could not be assigned to either pyramidal cells or 

interneurons, were excluded from further analysis (see Table 1 for a summary of included cells).  

 

Table 1 # mice      # recording sessions      #putative pyramidal cells      #putative interneurons 

WT 4 29         37          26 
KO 3 21         73         21 
 

WT and KO mice were indistinguishable in track-running behaviour. Running speeds of WT and 

KO mice (7.29 ± 0.33 and 7.62 ± 0.49 cm/s; mean ± SEM) did not differ significantly (p = 0.56) 

and neither did the amount of time KO and WT mice spent in different sleep stages (awake; p = 

0.16, REM-sleep; p = 0.07, SWS/QW; p = 0.44, unknown; p = 0.41, Fig 1A). 

Hippocampal SWRs have been previously associated with replay and memory consolidation and 

may well be a hallmark of offline memory retrieval and storage processes (Kudrimoti et al., 

1999; Pennartz et al., 2004; Davidson et al., 2009; Lansink et al., 2009; Carr et al., 2011). To 

study whether Arc/Arg3.1 KO mice, which have been shown to have long-term memory deficits, 

displayed altered SWR activity, we analyzed SWR activity during sleep in hippocampal area CA1 

of WT and KO mice. Various characteristics can be affected: besides rate of occurrence, intrinsic 

characteristics such as intra-ripple oscillatory frequency, amplitude and duration may be 

altered. 

On visual inspection, ripples looked relatively similar in WT and KO animals (Fig. 1B-C), but we 

found that ripple rates during SWS/QW were significantly lower in KO mice (3.10 ± 0.73 

ripples/min; N = 37 sessions) than in WT mice (7.74 ± 1.23 ripples/min; N = 51 sessions; p = 

0.0083; Fig. 1D). This effect remained also, when the ripple rate was computed for the total 

duration of the rest period, not only SWS/QW. We did not observe a significant change in ripple 

rates between Sleep-1 and Sleep-2 in either WT or KO mice. As reported in Chapter 4, ripple 

rates in KO mice were around 50% of that of WT animals during quiet wakefulness on the track; 

however, the relative reduction during SWS/QW that takes place in rest/sleep episodes appears 

to be even larger.  
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To assess whether the intrinsic dynamics of SWR activity were different between mouse groups, 

we quantified several temporal properties of ripples:  Intra-ripple oscillatory frequency was 

slightly lower in WTs (146 ± 3 Hz) than in KOs (161 ± 4 Hz; p = 0.035; Fig. 1E). Similarly, peak 

amplitudes of the ripples were slightly lower in WTs (66.1 ± 0.5 dB) than in KOs (68.5 ± 0.5 dB; p 

= 0.023; Fig. 1F). Furthermore, mean ripple duration was slightly longer in WTs (55 ± 1 ms) than 

in KOs (50 ± 2 ms; p = 0.019; data not shown). Despite the change in the ripple rates, the 

distribution of inter-ripple intervals, when normalized to the number of ripple events, was 

unchanged (Fig. 1G). 

 
Figure 1. Sleep architecture and ripple characteritics.  
A | Arc/Arg3.1 KO (light grey) and WT (dark grey) mice have indistinguishable sleep 
architecture.  Values are means ± SEM. B | Real-time LFP traces filtered to 100-300 Hz in WT 
(upper trace) and KO (lower trace) show ripple activity. C | Real-time samples of ripples (lower 
sample: WT; upper sample: KO). D | Ripple rates during SWS/QW. Ordinate shows the number 
of ripples normalized to the duration of SWS/QW and averaged across individual sessions          
(N = 51 for WT mice, N = 37 for KO mice).  E | Intra-ripple oscillatory frequency. F | Peak 
amplitude of ripples. G | Relative rate of ripple intervals occurring in time bins plotted on the 
abscissa in KO (light grey) and WT (dark gray) mice. Inter-ripple intervals were normalized to 
SWS/QW duration.  Error bars indicate standard error of the mean. * = p < 0.05; ** = p < 0.01; 
Wilcoxon's rank sum test. 
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Furthermore, we assessed single unit firing during ripple activity to examine whether neuronal 

output activity was altered during these periods of off-line processing. Spike density during 

ripple events in WT mice (3.13 ± 0.50 Hz) appeared higher than in KO mice (2.05 ± 0.30 Hz; Fig. 

2A), but this finding was not significant (p = 0.31). However, as the overall firing rates across the 

entire rest/sleep periods were similar in WT and KO mouse (median firing rates ± SEM: 1.01 ± 

0.84 Hz and 1.06 ± 0.20 Hz; respectively; p = 0.42), this relative loss of spikes in KO ripple 

activity was reflected in the spike density outside ripples, which was significantly higher in KO 

(1.81 ± 0.13 Hz) than WT mice (1.22 ± 0.18 Hz; p = 0.01; data not shown). Thus, the loss of 

Arc/Arg3.1 protein is associated with a lower prevalence of ripples and a trend towards lower 

firing rate during these events, whereas a complementary firing-rate increase occurs during 

inter-ripple intervals. 

 

 
Figure 2. Firing behavior during ripples and overall correlations in firing.  
A | Spike density during ripples. Both putative pyramidal cells and interneurons contributed to 
the means. B | Mean peri-ripple time histogram for WT (above) and KO mice (below).Firing 
rates are plotted as a function of time relative to ripple onset (t = 0) and time points where 
firing rate differed significantly (p < 0.05) from baseline are marked with gray bars.                       
C | Correlated firing during sleep episodes in WT (dark grey) and KO (light grey) mice. Ordinate: 
Median pairwise Pearson's correlation coefficients during sleep and task episodes. Both 
putative interneurons and task-active pyramidal cells were included in the analysis. * = p < 0.05; 
*** p < 0.005; Wilcoxon rank sum test. 
 
Peri-ripple time histograms were constructed to study differences in the peaks and time course 

of firing activity relative to ripple onset (Fig. 2B). In WTs, mean peak level was 3.52 Hz, which 

was significantly above baseline (p = 6.0*10
-5

), whereas in KOs mean peak level remained lower 

and was not significantly higher than baseline (1.53 Hz, p = 0.22). 
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Analysis of correlated firing revealed that during sleep (but not task), cell pairs in WT mice 

showed significantly higher median correlation coefficients than KOs (Sleep-1; p = 0.01, Sleep-2; 

p = 1.63*10
-8

, task; p = 0.59; Wilcoxon's rank sum test; Fig. 2C). This effect was independent of 

cell type and the pattern stayed similar when outliers (absolute Z-score > 3) were removed. 

Furthermore, WTs showed a significant decrease from Sleep-1 to Task (p = 0.031) and increase 

from Task to Sleep-2 (p = 8.32*10
-5

), whereas KOs had consistently low correlation coefficients 

during both sleep phases and failed to show any significant difference between them . That 

correlation values during track running were relatively low may be explained from the observed 

that only a minority of cell pairs showed clear and overlapping place fields on the track, while 

also anti-correlated and uncorrelated cell pairs contributed to the Task mean. Although these 

correlation results do not reveal replay of tracking-running patterns per se, they are indicative 

of a post-task difference in information-processing between WT and KO mice. 

In addition to SWR and single unit activity, we compared oscillatory activity during sleep-rest 

episodes of WT and KO mice in different frequency bands. In Fig. 3, examples of power as a 

function of frequency and time together with representative traces of the bandpass-filtered LFP 

in different frequency ranges are shown for WT (Fig. 3A) and KO (Fig. 3B) mice. 

To assess whether the lack of Arc/Arg3.1 differentially affects these frequency ranges, we 

compared the LFP spectra of WT and KO mice during sleep (Fig. 3C-H). During SWS/QW, KO 

mice appeared to have slightly higher power in the delta range (1-4 Hz) as normalized to the 

mean power across 1-250 Hz range (p = 0.012; data not shown). A slight attenuation in the 

theta range (6-10 Hz) in KOs failed to reach significance (p = 0. 10; Fig. 2E). However, KOs 

showed a clear attenuation in the beta-2 (20-35 Hz; p = 0.0004), low gamma (35-45 Hz; p = 

0.0002) and high gamma (60-100 Hz; p =0.0003) ranges (Fig. 3F-H, respectively). Overall, the 

results indicate a shift in dominance from higher to lower frequencies in the Arc/Arg3.1 KO 

mice (Fig. C-D). 
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Figu
Figure 3. Analysis of local field potential power during sleep-rest phases.  
A | Example of spectral power as a function of time and examples of LFP filtered to theta, beta-

2, low and high gamma frequencies in a WT mouse. Traces shown are representative excerpts 

from immobile periods taken from the overall sleep/rest epochs. B | Same for a KO mouse.       

C | Power spectra during SWS/QW in wild-type (dark grey) and KO (light grey) mice during sleep 

averaged across individual sessions. Double logarithmic scale; bands below and above the 

spectral averages indicate the 95% confidence interval. D | Inset: power spectrum for the low-

frequency range (0-20 Hz), now rendered on a normal abscissa scaling. E | Theta range;               

F | Beta-2 range; G | Low gamma range; H) High gamma range. *** = p < 0.005; Wilcoxon's rank 

sum test. 
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4. Discussion 

Here we report a salient reduction in the prevalence of SWR activity during SWS/QW, as well as 

rest episodes in general, in Arc/Arg3.1 KO as compared to WT mice (Fig 1C). This finding was 

accompanied by a diminished rise in firing rate upon ripple onset (Fig. 2A-B). We also found that 

neurons in KO mice failed to show increased co-firing after exposure to the task, as well as 

attenuated correlated firing during sleep in general (Fig. 2D). 

These differences were found against the background of a normal sleep architecture in KO mice 

(Fig. 1A), and a normal overall firing rate during rest-sleep periods, while other ripple 

characteristics (intra-ripple frequency, peak amplitude and spike density) changed only to a 

minor degree. Furthermore, we found a relative reduction in the LFP power in beta-2, low- and 

high-gamma frequency bands across SWS/QW periods and an increase in power in the delta 

band, indicating a shift towards higher frequencies in Arc/Arg3.1 KO mice. 

4.1. Effect of Arc/Arg3.1 on ripple prevalence, intra-ripple 

spike density and correlated firing 

Sharp wave–ripple activity in the hippocampal formation is considered a phenomenon of great 

interest in relation to memory retrieval and consolidation processes, as SWRs are associated 

with sequential replay of spike patterns characteristic of preceding experiences, both in 

hippocampus and in target structures such as ventral striatum (Kudrimoti et al., 1999; Lansink 

et al., 2009; Carr et al., 2011). Moreover, specific disruption of SWR during post-sleep period 

results in memory deficits (Girardeau et al., 2009; Ego-Stengel and Wilson, 2010). 

Our finding that ripple rates - embedded in an overall intact sleep architecture -  were 

specifically lowered in KO mice is interesting in the light of long term memory deficits attributed 

to the loss of Arc/Arg3.1 function (Plath et al., 2006; Ploski et al., 2008). The combined results 

support the conclusion that long-term memory deficits observed in these animals are 

attributable to specific consolidation-related hippocampal processing rather than general sleep-

dependent processes such as changes in arousal or disturbed circadian rhythm, which could 

alternatively explain long-term memory performance of KO mice.  
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Interestingly, the strong decrease in hippocampal ripple prevalence was not reflected in 

substantially altered intra-ripple characteristics. It is known that the observed amplitude and 

duration of ripple events rapidly decrease when the recording electrode is moved further 

ventral from the pyramidal cell layer (Ylinen et al., 1995; Maier et al., 2003), making tetrode 

placement an important determinant for ripple detection. To control for this, all the data 

included in the analysis were from tetrodes which showed negative-going SWRs during sleep 

and had place-active cells during the task. Furthermore, the lack of a decrease in ripple duration 

or peak amplitude as compared to WT mice strongly argues that the decreased prevalence of 

ripple cannot be ascribed to a signal detection confound. Of further interest is the finding that 

the increase in firing rate associated with ripple onset was much weaker in KO as compared to 

WT mice (Fig. 2B). That the overall spike density associated with ripples was not that much 

lower in KO as compared to WT mice (Fig. 2A) may be explained by the spikes in KO mice being 

more loosely grouped in and around ripples. Overall, the reduction in ripple prevalence is 

associated with a loss of CA1 output activity during the remaining ripples, even further 

decreasing the processing power during these important "off-line" events. 

As reported in Chapter 4, ripple rates in KO mice were decreased also in the awake state: during 

immobile periods on the track, KOs had about 50% lower ripple rates than WTs. Although this 

reduction was less dramatic than that observed during SWS/QW, it suggests that the network’s 

impaired capability of producing ripples is not limited to sleep. This might have profound 

consequences for encoding, consolidation and recall of spatial information. Previously, ripples 

during the immobile periods in between track running bouts have been connected with replay 

of recent spatial experience (Foster and Wilson, 2006; Diba and Buzsáki, 2007; Davidson et al., 

2009). If reduced ripple rate indicates impaired replay of recent patterns in KO mice, this may in 

part contribute to decreased late-phase performance and reversal learning deficit in Morris 

water maze observed in Arc/Arg3.1 KO mice (Plath et al., 2006). 

Although we found that ripple-generating mechanisms are dysfunctional , they are not 

completely switched off in KO animals, which may account for the residual long-term memory 

observed in various learning tasks (Plath et al., 2006). Indeed, learning in KO animals is better 

described as being retarded than as being globally and persistently impaired.  This view is 

further supported by the finding that rate-corrected inter-ripple intervals were similar in WTs 

and KOs (Fig. 1D): ripple doublets and triplets have been hypothesized to be of particular 
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importance in driving long-term plasticity and consolidation (Davidson et al., 2009). Assuming 

this hypothesis is valid, the remaining ripple-related activity in KO mice may be enough to 

support replay to some extent.  

Furthermore, KO mice showed less correlated firing during sleep in general and failed to show 

increased correlated firing after exposure to the task. This deficit in capability of generating 

coherent population activity is likely affecting neuronal processes that underlie memory. 

However, the present data do not allow to claim a direct relationship between the decrease in 

ripple prevalence, the reduction in correlated firing in KO mice, or the phenomenon of replay. 

We tested whether the higher levels of correlation in WT mice were attributable to a selective 

restriction of co-firing to ripples, but found the same pattern of results when the analysis was 

limited to periods in- or outside ripples (data not shown). The decrement in WT correlations 

during track running as opposed to sleep-1 or sleep-2 might seem paradoxical in the light of 

previous studies on replay, but it should be kept in mind that also fractions of anti-correlated 

and uncorrelated CA1 cell pairs contributed to the median Task value. These pairs were not 

confined to cells with clearly definable place fields. 

4.2. Effect of Arc/Arg3.1 on beta and gamma frequency 

bands of local field potentials during sleep 

During SWS/QW KO mice showed an attenuated power in higher frequency bands, particularly 

in the gamma and beta-2, but not theta and delta range. This shift from high to low frequencies 

suggests that KO animals may have a specific impairment in generating not only ripples but also 

other high-frequency network activity. This may have multiple consequences: Gamma 

oscillations have been associated with the temporal ordering of information within the theta 

cycle, thus potentially facilitating both retrieval and encoding of information (Jensen and 

Lisman 2005; Lisman 2005; Colgin and Moser 2010). In particular, the low-gamma range has 

been associated with the functioning of the CA3 network in relation to memory retrieval (de 

Almeida et al., 2007; Montgomery and Buzsáki, 2007), whereas the high-gamma band is 

strongly represented in entorhinal activity, which reaches area CA1 via layer III (Witter, 1993; 

Kloosterman et al., 2004; Colgin et al., 2009). In mice, the higher range of CA1 beta activity 

(beta-2; 23-30 Hz) has been previously associated with the exploration of novel environments 
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(Berke et al., 2008; see also Chapter 4), but has, to our knowledge, not been scrutinized during 

rest or sleep. Together, the decreased power in beta-2 and high gamma ranges might result in 

less efficient coding of spatial information, whereas the decrease in the low gamma range could 

have a role in CA3-dependent memory retrieval, and is consistent as such with the lower 

incidence of ripples. 

4.3. Brain mechanisms regulating ripple prevalence in 

hippocampal area CA1 

The observed reduction of ripple prevalence during sleep in Arc/Arg3.1 KO animals indicates an 

Arc/Arg3.1-dependent dysfunction of ripple-generating processes. Although the exact locus of 

this dysfunction is unknown, our finding may be related to an impaired long-term synaptic 

plasticity. Arc/Arg3.1 KO mice have intact short-term plasticity, which may allow storage of 

short-term memory in the awake state, explaining why the animals appear to have intact 

memory in most learning tasks when tested 1 h after training (Plath et al., 2006). However, lack 

of long-term maintenance of synaptic potentiation may mean that residual LTP is insufficient to 

drive ripple-related reactivation during sleep. 

An important driving source for SWR activity in area CA1 appears to originate in area CA3 

(Buzsáki et al., 1983; Buzsáki, 1986). Bilateral disruption of Schaffer Collateral – CA1 signaling 

briefly after contextual fear conditioning, while the memory is still labile, was reported to 

impair consolidation. This impairment is accompanied by a decreased intra-ripple frequency, 

even though the rate of SWRs remains intact (Nakashiba et al., 2009) — the remaining SWR 

activity may be generated by CA1 alone (Buzsáki et al., 1992; Maier et al., 2003), or by CA1 in 

combination with its significant entorhinal input (Witter, 1993). 

The CA3 region is an area with dense recurrent connectivity and synapses that are very prone to 

plasticity (Skrebitsky and Vorobyev, 1979; Debanne et al., 1998). LTP induction in area CA3 has 

been shown to induce SWRs in vitro (Behrens et al., 2005). It is thus conceivable that a potential 

lack of sustained LTP in area CA3  is already sufficient to disrupt ripple generating mechanisms, 

as the synaptic efficacy of recurrent collaterals may not be strong enough to support sufficient 

excitability in the CA3 autoassociative network (cf. Steriade et al., 1990). 
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It is important, however, not to restrict the analysis of Arc/Arg3.1 effects on CA1 SWR activity to 

the hippocampal formation, as physiological stimuli have been shown to induce Arc/Arg3.1 

protein expression in multiple areas throughout the brain, including olfactory bulb (Guthrie et 

al., 2000), visual cortex (Wang et al., 2006), parietal cortex (Ramírez-Amaya et al., 2005) and 

amygdala (Ploski et al., 2008). In the context of the observed decline in ripple rate in KO mice, 

this means that extrahippocampal events, such as the neocortical input patterns relayed to CA1 

via entorhinal cortex or dentate gyrus and area CA3, may be less likely to activate ripple-

generating mechanisms in Arc/Arg3.1 KO animals (Battaglia et al., 2004, 2011). Under normal 

circumstances in SWS, cortical ‘up’ and ‘down’ states work in concert in facilitating SWR activity 

and replay of neuronal ensemble activity (Johnson et al., 2010; Battaglia et al., 2011). 

Taken previous studies which show that intervening with ripples during the sleep episode that 

follows learning impairs long-term memory (Ramadan et al., 2009; Ego-Stengel and Wilson, 

2010), it can be hypothesized that memory consolidation deficits observed in Arc/Arg3.1 KO 

animals are attributable, at least in part, to reduced ripple rates. Thus, SWR-related 

synchronous firing may facilitate reactivation of previously activated firing patterns, thereby 

contributing to memory consolidation. However, it should be kept in mind that SWRs per se do 

not reveal the replay of behaviorally experienced sequences, but are better characterized as a 

'vehicle' or carrier wave for replay events. Thus, possible Arc/Arg3.1 effects on replay capacities 

must await future studies. 

Taken the role of coherent firing in processes that drive consolidation, it is interesting to note 

that, while the overall firing rates of the cells were not changed in KO mice, it appears that the 

temporal distributions of firing patterns were (Fig. 2A-C). The finding that neurons in area CA1 

of KO mice failed to increase their firing rates even during the sparsely occurrring ripples might 

be indicative of attenuated replay in KO animals. Furthermore, spike density analysis suggests 

that instead of expressing correlated firing bursts during ripples, firing activity in KOs migrated 

to a significant extent to intervals between ripples. 
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