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ABSTRACT  9 

The mammalian hippocampus exhibits sharp wave events (1-30 Hz) with an often-present superimposed 10 

fast ripple oscillation (120-200 Hz) forming a sharp wave ripple (SWR) complex. During slow wave sleep or 11 

consummatory behaviors, SWRs result from the sequential spiking of hippocampal cell assemblies initially 12 

activated during imagined or learned experiences. SWRs occur in tandem with cortical/subcortical 13 

assemblies critical to the long-term storage of specific memory types. Leveraging juvenile zebrafish, we 14 

show that SWR events in their hippocampal homologue, the anterodorsolateral lobe (ADL), in ex vivo 15 

whole-brains are locally generated and maintained. SWR events were also recorded in the basolateral 16 

amygdala (BLA). Concomitant single cell calcium imaging and local field potential (LFP) recordings showed 17 

that BLA SWs couple to ADL SWs. Calcium imaging recordings of whole-brains demonstrated that ADL and 18 

BLA SWRs are endogenously and spontaneously silenced by the activation of a more caudal population of 19 

putative cholinergic cells. Electrical stimulation of this caudal region silenced ADL SWs. Our results suggest 20 

that the SWR-generating circuit is evolutionarily conserved through shared acetylcholine modulating 21 

mechanisms. These findings further our understanding of neuronal population dynamics in the zebrafish 22 

brain and highlights their advantage for simultaneously recording SW/SWRs and single cell activity in 23 

diverse brain regions.  24 

INTRODUCTION  25 

The mammalian hippocampus exhibits intrinsic spontaneous neuronal population oscillations known as 26 

sharp wave ripples (SWRs) during periods of awake immobility and slow wave sleep (Buzsáki et al., 1983; 27 

Buzsáki, 1986). SWRs are characterized by a relatively slow (1-30 Hz) strong deflection or sharp wave 28 

(SW), with an often-present superimposed fast ripple oscillation (150-250 Hz for rodents and 80-140 Hz for 29 

humans). SWRs are associated with the rapid and sequential replay of hippocampal place cell assemblies 30 

previously activated during learning experiences (Joo & Frank, 2018) and are necessary for the transfer of 31 

experiences to the neocortex for memory consolidation (Axmacher et al., 2006; Buzsaki et al., 1992; 32 

Buzsáki, 1986, 1996, 2015; Colgin, 2016; Ego-Stengel & Wilson, 2009; Fell et al., 2001; Girardeau et al., 33 

2009, 2014; Jones et al., 2019; Mölle et al., 2006; Sadowski et al., 2016; Schlingloff et al., 2014; Skelin et 34 

al., 2021). Electrical or optogenetic disruption of SWRs is associated with impaired memory consolidation 35 

and recall (Ego-Stengel & Wilson, 2009; Girardeau et al., 2009). The basolateral amygdala (BLA), a 36 

subcortical brain region crucial for the processing, consolidation, and recall of emotional memories 37 

(McGaugh, 2004; O’Neill et al., 2018; Pignatelli & Beyeler, 2019), specifically associative and fear memories 38 

(Bocchio et al., 2017; Stork & Pape, 2002), also exhibits oscillatory neuronal patterns, including SWRs in 39 

mammals (Paré, 2002; Perumal et al., 2021; Ponomarenko et al., 2003; Popescu & Paré, 2011). Human 40 

studies have corroborated the translational relevance of using mammal animal models for recording and 41 

measuring SWRs events by showing mammalian SWR events’ importance and occurrence during memory 42 

consolidation and recall (Feng et al., 2018; Norman et al., 2019; Vaz et al., 2020). Given the role of the 43 

hippocampus and amygdala in learning and memory consolidation, it can be postulated that the 44 

consolidation of hippocampal-dependent memories accompanied by emotional valence requires the 45 
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occurrence of time-locked SWR events between both areas. In fact, Cox et al., 2020 showed that in 46 

humans, amygdala SWRs are temporally coupled with hippocampal SWRs during non-rapid eye movement 47 

(NREM) sleep. 48 

 49 

SWRs are modulated by neurotransmitters including GABA, glutamate, and acetylcholine (Buzsáki et al., 50 

1983; Buzsáki, 1996, 2015; Schlingloff et al., 2014; Sullivan et al., 2011; Sun et al., 2018; Ylinen et al., 51 

1995; Y. Zhang et al., 2021). SWR events are the result of the interplay between excitation and inhibition of 52 

neuronal subpopulations in the hippocampus (Buzsáki, 2015; Eller et al., 2015; Schlingloff et al., 2014; 53 

Sipilä et al., 2006; Ylinen et al., 1995). The same hippocampal circuitry that gives rise to SWR events during 54 

slow wave sleep and consummatory behaviors is necessary for the occurrence of theta/gamma burst (TGB) 55 

activity during exploration and memory encoding. Transition between the two states is modulated by 56 

acetylcholine levels. Exploration and memory encoding are associated with a high cholinergic tone and the 57 

sequential firing of place cells gives rise to TGB activity. TGB activity later transitions to SWR events, during 58 

which sequential re-activation of place cell assemblies occurs in an environment of low cholinergic tone 59 

(Buzsaki et al., 1992; Buzsáki, 1996; Csicsvari & Dupret, 2014; Hasselmo, 1999; Herweg et al., 2020; Ma et 60 

al., 2020; Nyhus & Curran, 2010; O’Keefe, 1993; Osipova et al., 2006; Sederberg et al., 2006; Sullivan et 61 

al., 2011; Wilson & McNaughton, 1994; Y. Zhang et al., 2021). Studies with isolated murine hippocampal 62 

slices, which lack septal cholinergic input, have shown that increasing acetylcholine tone, exogenously, is 63 

accompanied by a decrease in the abundance of SWR events. Bath application of the muscarinic and 64 

nicotinic agonist, carbachol, abolishes SWR complexes and allows the transition to gamma and theta 65 

oscillations (Fisahn et al., 1998; Fischer et al., 2014, p.; Konopacki et al., 1987; Li et al., 2019; S. Zhang et 66 

al., 2000). Alternatively, the cholinergic antagonist, atropine, reverses these changes and increases SWR 67 

abundance in mice (Fischer et al., 2014; Hashimoto et al., 2017). Furthermore, excessive cholinergic 68 

inhibition of hippocampal SWRs can impair memory (Buzsáki, 2015; Y. Zhang et al., 2021).  69 

 70 

SWRs have been described in the anterodorsolateral lobe (ADL) – hippocampus homologue – in ex vivo 71 

whole-brain preparations from adult zebrafish (Vargas et al., 2011, 2012). However, the neural substrates of 72 

juvenile zebrafish SWRs, including their spatial generation and maintenance, remain largely unknown. The 73 

homologue of the BLA can be found in the dorsal telencephalon of the zebrafish medially to the ADL. 74 

(Bartoszek et al., 2021; Ganz et al., 2015; Lal & Kawakami, 2022; Porter & Mueller, 2020; von Trotha et al., 75 

2014). To date, it is still unknown whether the BLA of zebrafish exhibit SWRs and if the coupling between 76 

hippocampal and BLA SWRs is conserved to aid in hippocampal-dependent emotional memory 77 

consolidation in this animal model. It is also unclear whether the cholinergic system plays a role in 78 

modulating zebrafish SWR events as it does in mammals.  79 

 80 

In this study we recorded local field potentials (LFP) from both whole-brain and de-tectomized 81 

(telencephalon-only) ex vivo preparations from juvenile zebrafish to determine SWR electrophysiological 82 

properties, including their modulation by different neurotransmitters. We also took advantage of the everted 83 

zebrafish brain, in which both the ADL and BLA are in the most dorsal side of the telencephalon and used 84 

concomitant LFP and calcium imaging in whole-brain ex vivo preparations to look at SW coupling between 85 

these regions. We found that the zebrafish SWR-like activity is locally generated and maintained in the 86 

telencephalon though its abundance and duration seem to be further controlled by extra-telencephalic 87 

afferents. Like SWRs from murine hippocampal slices and adult zebrafish, juvenile zebrafish SWs are 88 

sensitive to AMPA and GABAA but not NMDA blockade (Behrens et al., 2005; Maier et al., 2003; Schlingloff 89 

et al., 2014; Vargas et al., 2012; Wu et al., 2005). Consistent with previous literature, fluctuations in 90 

cholinergic tone modulated the abundance of SWs (Vandecasteele et al., 2014; Y. Zhang et al., 2021; Zhou 91 

et al., 2019). The endogenous activation of a caudal region with putative cholinergic neurons spontaneously 92 

and transiently suppressed SWs and the electrical stimulation of this region corroborated the silencing of 93 
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these events. Our results suggest that the zebrafish hippocampal homologue can locally generate and 94 

maintain SWs and that these are in turn modulated by the cholinergic system. The data also show the 95 

coupling between ADL and BLA SW events. SWR coupling between these regions supports zebrafish as a 96 

model for studying emotional memory encoding and consolidation.  97 

 98 

METHODS 99 

Zebrafish Maintenance and Husbandry  100 

Groups of 10-20 wild-type and Tg(elevI3:Hsa:H2B:GCaMP6s)jf5 juvenile (30-57 days old) zebrafish were 101 

housed in 2L tanks with water temperature kept at 28C. Males and females were not separated for this 102 

study: they were treated as one homogenous population. Zebrafish were fed twice a day and kept on a 103 

14/10 light-dark cycle (lights on 9 AM and lights off at 11 PM). All procedures were performed in accordance 104 

with the Institutional Animal Care and Use Committee of Georgetown University, Washington DC, USA.  105 

Zebrafish Local Field Potential Recordings and Ca2+ Imaging  106 

Zebrafish were submerged in an overdose of tricaine methanesulfonate (MS222, Sigma-Aldrich St. Louis, 107 

MO, USA) and whole-brains with the olfactory bulb intact, after decapitation and carefully removing the 108 

skull, were extracted. Brains were incubated in a chamber containing oxygenated (95% O2, 5% CO2) 109 

artificial cerebrospinal fluid (aCSF) previously described (Brenet et al., 2019), containing in mM: 134 NaCl, 110 

2.9 KCl, 2.1 CaCl2, 1.2 MgCl2, 10  HEPES, and 10 Glucose, pH 7.4 for at least 30 minutes at room 111 

temperature throughout the recovery period and recordings: 20 to 90 minutes. Recordings were obtained 112 

from the anterodorsolateral (ADL) lobe of the telencephalon of zebrafish, previously described (Vargas et 113 

al., 2012) to exhibit spontaneous events characterized as sharp wave (SW) with ripple embedded (SWR) 114 

similar to mammals. SWRs were also recorded from the BLA. For LFP recordings, electrodes from 115 

borosilicate glass pipettes were pulled using a Sutter P87 puller with 5 controlled pulls, resulting in an 116 

approximate 150 K tip resistance and were filled with aCSF. The brains were constantly perfused inside a 117 

submerged recording chamber at a high flow rate (20 mL/min) at room temperature.  118 

For concomitant LFP recordings and Ca2+ imaging, ex vivo whole-brains from juvenile 119 

Tg(elevI3:Hsa:H2B:GCaMP6s)jf5 zebrafish were kept in oxygenated aCSF at room temperature to recover 120 

for a minimum of 30 minutes. Brains were moved to an upright laser scanning confocal microscope system 121 

(Thor Imaging Systems Division) with constant perfusion and held down using a SHD-42/15 WI 64-1420 122 

Harp (Warner Instruments) for recording both LFP and single cell Ca2+ transient activity in the 123 

telencephalon. We used the 488 nm laser (green) for Ca2+ transient activity recordings and videos were 124 

captured using 512x512 pixel frames at a sample rate of 10 Hz. We used a 20x objective and an imaging 125 

field of 100-150 mm to ensure complete view of the telencephalon while retaining single cell resolution.  126 

Local Field Potential and Calcium Imaging Analysis 127 

Analysis of LFP recordings was performed using a custom MATLAB script previously described (Caccavano 128 

et al., 2020), with some modifications. After correcting for 60 Hz line noise and harmonics, a gaussian finite 129 

impulse response band-pass filter with corrected phase delay was applied between 1-1000 Hz and 130 

subsequently between the frequencies of interest including the SW (1-30 Hz) and ripple (120-220 Hz). The 131 

root mean square (RMS) of the SW and ripple was computed in sliding 30 and 5 ms windows, respectively. 132 

SW and ripple events were detected from the RMS signals that exceeded 6 and 4 standard deviations (SD) 133 
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above baseline, while the event start and end times were determined when the RMS signals exceeded 4 134 

and 3 SD above baseline, respectively. SWR events were defined as a subset of SW events with a 135 

concurrent ripple. For both SWs and ripples, events with a duration of less than 25 ms were discarded, and 136 

successive events with less than 150 ms inter-event interval were treated as one continuous event. To 137 

determine the baseline SD for each RMS signal in a way that accounts for both inactive and active 138 

recordings, the entire time series was binned into a histogram and a two-term gaussian fitting technique 139 

was employed to estimate both the baseline noise and true signal.  140 

Calcium imaging data were first preprocessed with custom ImageJ (FIJI) macros previously described 141 

(Caccavano et al., 2020), before analysis in MATLAB. Raw image stacks were corrected for 142 

photobleaching, which was modeled as an exponential decay. Circular region-of-interests (ROIs) were 143 

manually placed around cell somas. For regional ROIs, neuronal clusters were chosen based on the pattern 144 

of activation before and during a silent period. The change in fluorescence over total fluorescence (ΔF/F) 145 

was then computed as (F-F0)/(F0-Fb), where F0 was defined as the average of the ten lowest intensities for 146 

each ROI, and Fb was defined as the lowest intensity pixel across the entire image and time series. These 147 

ROI time series were subsequently imported into MATLAB for coincidence detection with the LFP. Slow 148 

changes in the baseline fluorescence were corrected with a smoothed moving average spanning 25% the 149 

duration of the file. ΔF/F signals were then interpolated to a 2 ms sampling rate, while the LFP was down-150 

sampled to the same common sampling rate. Calcium transients were detected above 6 SD of each ΔF/F 151 

signal, with event start and end times determined when the ΔF/F exceeded 4 SD. The baseline SD and 152 

event detection was carried out by the same algorithm as described for the SW and ripple detection.  153 

Pharmacological Agents 154 

Juvenile zebrafish ex vivo whole-brain preparations were exposed to pharmacological agents previously 155 

shown to modulate SW events in both mammals and adult zebrafish. AP-5 was used to block N-methyl-D-156 

aspartate (NMDA) transmission and NBQX was used to block α-amino-3-hydroxy-5-methylisoxazole-4-157 

propionic acid (AMPA) transmission. Bicuculine Methiodide (BMI) was used to block GABAA receptors. 158 

Atropine, a muscarinic receptor antagonist, and Mecamylamine (MEC), a non-competitive nicotinic receptor 159 

antagonist, were used to block cholinergic transmission. All drugs were purchased from Sigma, St. Louis, 160 

MO, USA, and stock concentrations were dissolved in distilled water. LFP activity was recorded after final 161 

bath concentrations of 30 µM AP-5, 5 µM NBQX, 5 µM NBQX + 25 µM AP-5, 30 µM Bicuculine, 10 µM 162 

atropine, and 20 µM MEC.  163 

Electrical Stimulation 164 

Region 4 (PMPa) was electrically stimulated (n = 3 whole-brain preparations) with a glass microelectrode 165 

with a tip opening of 10-50 µm (~50 K). The stimulus pulse duration was 0.05 ms (generated by a Master 166 

8 stimulator), 100 pulses at 50 Hz were used. The stimulus intensity was 1-5 µA.  167 

Statistical Analysis  168 

All statistical analyses were performed in GraphPad Prism 9.3. Data were tested for normality and 169 

lognormality via Shapiro-Wilk tests. Parametric Paired (Figure 2 & 5) and Unpaired Student’s t tests 170 

(Figures 1) were performed. Parametric one-way ANOVA tests (Figure 7) with post-hoc Tukey’s multiple 171 

comparisons corrections was performed after normality was accessed. Kolmogorov-Smirnov D test (Figure 172 

2) and Chi-Square (Figure 6) were also performed.   173 
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Biorender license  174 

Cartoon images of the zebrafish brain were made with Biorender.com with Agreement Number: 175 

PU24YGDOA2.  176 

Code Accessibility 177 

All code is open-source and available in public repositories, including versions under development (Github) 178 

as well as archival copies used for this manuscript (Zenodo). MATLAB R2022a functions are available at 179 

https://github.com/acaccavano/SWR-Analysis (archival copy: DOI: 10.5281/zenodo.7490166). ImageJ (FIJI) 180 

macros are available at https://github.com/acaccavano/deltaFoF (archival copy: DOI: 181 

10.5281/zenodo.362513). 182 

 183 

RESULTS  184 

SWR events in juvenile zebrafish are locally generated and maintained in the telencephalon 185 

We aimed to characterize the spatial generation, maintenance, and modulation of SW/SWR events in the 186 

ADL and BLA in the juvenile zebrafish which also enabled us to record calcium transients at single cell 187 

resolution in the entire telencephalon with a confocal microscope using a 20x lens. We previously showed 188 

that LFP recordings from the ADL region of the telencephalon of juvenile zebrafish display SW events with 189 

above background signal-to-noise ratio after 30 minutes of recovery in oxygenated aCSF at room 190 

temperature (Blanco & Conant, 2020). Building upon this observation, we applied dual LFP recordings from 191 

the ADL of both hemispheres in a whole-brain preparation and showed that both the left and right 192 

hemispheres have spontaneous time-locked LFP signal oscillations (Figure 1A-C). Given that in the 193 

mammalian hippocampus SWRs are locally generated and sustained in the absence of intact extra-194 

hippocampal afferent connections (Buzsáki, 1986; Maier et al., 2003), we sought to better understand the 195 

spatial generation and maintenance of SWR events in the juvenile zebrafish brain. Therefore, we recorded 196 

LFP from whole-brains and de-tectomized (telencephalon only) preparations (Figure 1D). Like whole-brain 197 

recordings, de-tectomized brains exhibited SWR events composed of a SW (1-30 Hz) with an occasional 198 

embedded fast oscillatory ripple (120-220 Hz) (Figure 1E), suggesting their local generation within the 199 

zebrafish telencephalon. Quantification of these events (Figure 1F) reveals a significant increase in the rate 200 

of events per minute in de-tectomized preparations (mean = ~14) compared to whole-brain (mean = ~11) 201 

(Unpaired Student’s t-test; t(33) = 2.279, p = 0.0293; whole-brain n = 18; de-tectomized n = 17). A trend 202 

towards a decrease in the inter-event-interval (IEI) in de-tectomized brains was observed though it did not 203 

reach significance (Unpaired Student’s t-test; t(31) = 1.693, p = 0.1004; whole-brain n = 16; de-tectomized n 204 

= 17).  The amplitude of these events was not changed (Unpaired Student’s t-test; t(28) = 0.9252, p = 0.3628; 205 

whole-brain n = 16; de-tectomized n = 14); however, removing the tectum and other extra-telencephalic 206 

areas significantly increased their duration (Unpaired Student’s t-test; t(33) = 3.507, p = 0.0013; whole-brain n 207 

= 18; de-tectomized n = 17). In our recordings we observed a decrease in the percent of SWR events 208 

compared to SW events given that some SW did not exhibit a ripple event (Figure 1G – left panel). 209 

Additionally, some SW events had an embedded doublet ripple (Figure 1G – right panel), previously shown 210 

to be associated with dendritic summation in rodents (Judák et al., 2022). As a result, we based further 211 

analysis on our quantitatively and qualitatively analysis on SW events alone. Together, the data show that 212 

SWR events are intrinsically generated and maintained within the telencephalon and that some of their 213 

properties are also regulated by extra-telencephalic afferents.  214 
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215 
Figure 1. SWR events are locally generated and maintained within the telencephalon of juvenile zebrafish. (a) 216 
Representative cartoon of the zebrafish brain and electrode placement in either the right or left ADL. (b) 217 
Representative superimposed LFP traces (1-1000 Hz) from the right ADL (white) and left ADL (red). (c) Zoomed in of 218 
individual LFP oscillation from (b). (d) Representative traces of electrode placement in the ADL of whole-brain 219 
preparations (left) and de-tectomized preparations (right). (e) Representative SWR complex from whole-brains (pink) 220 
and de-dectomized preparations (dark blue). (f) Quantification of SW events, IEI, amplitude, and duration between 221 
whole-brain and de-tectomized recordings. (g) Left panel: Representative SW event with no superimposed ripple. 222 
Right panel: Representative SW event with a ripple doublet. Data analyzed by Unpaired Student’s t test. Box & 223 
whiskers plot. *p < 0.05, **p < 0.005.  224 

SWs in juvenile zebrafish are modulated by AMPA and GABAA but not NMDA signaling  225 

To assess whether ADL-specific SW events are modulated by glutamate and GABA neurotransmission as 226 

previously described in mammals and whole-brain adult zebrafish (Behrens et al., 2005; Maier et al., 2003; 227 

Schlingloff et al., 2014; Vargas et al., 2012; Wu et al., 2005), we perfused whole-brain preparations with 30 228 

μM AP-5, an NMDA receptor antagonist; 25 μM AP-5 + 5 μM NBXQ, an AMPA and kainate receptor 229 

antagonist for glutamatergic signaling elimination; and 30 μM bicuculline, a GABAA receptor antagonist. 230 

Constant bath perfusion (30 minutes) with 30 μM AP-5 did not significantly affect the average abundance of 231 

SW events (paired t-test, t(7) = 0.2984, p = 0.7741, n = 8) (Figure 2A-C). Neither the amplitude nor the 232 

duration were significantly changed (paired t-tests, t(7) = 0.4016, p = 0.7000; t(7) = 0.8628, p = 0.4168, 233 

respectively); however, the addition of 5 μM NBQX to the bath solution in the presence of 25 μM AP-5 234 

significantly decreased SW events from an average of approximately 10 events per minute to 1 event per 235 

minute (paired t-test, t(3) = 4.638, p = 0.0189, n = 4) (Figure 2D-E). Although results were not significant, 236 
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exposure to NBQX/AP-5 showed a trend towards a decrease in both the amplitude (paired t-test; t(3) = 237 

3.138, p = 0.0518) and the duration (paired t-test; t(3) = 2.391, p = 0.0966) of SW events.  238 

Since locally generated spontaneous SW events are the result of the interplay between excitation and 239 

inhibition (Buzsáki, 2015; Eller et al., 2015; Schlingloff et al., 2014; Sipilä et al., 2006; Ylinen et al., 1995), 240 

we investigated whether the GABAA receptor antagonist bicuculline (30 μM) affected SWs in whole-brain 241 

juvenile zebrafish. After perfusion with bicuculline, there was a significant increase by approximately 50% in 242 

the occurrence of spontaneous events (paired t-test; t(6) = 2.643, p = 0.0384, n = 7) (Figure 2G) with a 243 

modified intermittent burst activity after filtering in the low-frequency band (1-30 Hz). This is similar to what 244 

was previously observed in whole-brain adult zebrafish with a lower dose (10 μM) (Vargas et al., 2012). This 245 

modified pattern was composed of bursting events with varied amplitudes that, when averaged across all 246 

recording events, showed no significant difference in amplitude between bicuculine-exposed and aCSF-247 

exposed brains (paired t-test, t(6) = 0.2456, p = 0.8142) (Figure 2H inset). Plotting the cumulative distribution 248 

for the amplitude (Figure 2H) (aCSF n = 2179, 30 μM bicuculline n = 4052) revealed a significant difference 249 

between aCSF and bicuculline-perfused brains (Kolmogorov-Smirnov D test = 0.4713, p < 0.0001). A 2-way 250 

ANOVA showed that bicuculline significantly shifted the amplitude of SW events to the left (green arrow) 251 

(Drug: F1, 14 = 0.08520, p = 0.7746, Bin: F86, 1204 = 458.8, p < 0.0001, Drug x Bin: F86, 1204 = 1.534, p = 252 

0.0017).  253 

254 
Figure 2. SW events in the ADL are modulated by GABAA and AMPA but not by NMDA signaling. (a) 255 
Representative image of electrode placement for LFP recording from the ADL. (b-c) Exposure to 30 μM AP-5 did not 256 
change the abundance of SW events or duration. (d-e) 5 μM NBQX + 25 μM AP-5 significantly decrease the 257 
abundance of SW events and trended towards a decrease in SW event amplitude and duration. (f-g) 30 μM Bicuculline 258 
significantly increased the average abundance of SW events. (h – inset) Average amplitude after bicuculine was not 259 
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changed. A significant change in the cumulative frequency was observed with a 2way ANOVA showing a shift to the 260 
left in the amplitude of SWs in the negative deflection (green arrow). *p < 0.05, **p < 0.005, ***p < 0.0005 261 

Ex vivo whole-brain preparations exhibit silent period events with no detectable LFP  262 

Sleep-like signatures have been previously shown in the zebrafish. Specifically, periodic slow bursting sleep 263 

alternates with propagating wave sleep, which is characterized by an overall reduction in neuronal activity. 264 

The latter follows a caudal-to-rostral activation of neurons located in the telencephalic midline in the dorsal 265 

pallium of sleep-deprived zebrafish (Leung et al., 2019). In our LFP recordings from the ADL of whole-brain 266 

ex vivo preparations, we also observed periods with no detectable LFP signal (no SW) ranging from 20 to 267 

over 150 seconds in duration, followed by a return of detectable LFP activity (Figure 3A). Most of these 268 

events occurred after a high amplitude SW event (purple arrow) with a pattern of subsequent activity that 269 

was variable. To understand the origin of silent periods in ex vivo whole-brain preparations, we 270 

simultaneously recorded LFP events and single cell calcium transient signals using the 271 

Tg(elevI3:Hsa:H2B:GCaMP6s) zebrafish line. Given the temporally coordinated firing of both telencephalic 272 

hemispheres (Figure 1A-C), most of our recordings and analyses were done in the right telencephalon 273 

(Figure 3B – top panel). We analyzed the calcium transients resulting from neuronal activity at the regional 274 

and single cell levels in two different planes of the zebrafish telencephalon (Figure 3B): the dorsal (D – pink) 275 

and the ventral (V – blue) side with a difference in depth of approximately 30-50 μm. At each plane, we 276 

selected regions of interest (ROIs) based on the activation pattern during SWs events and silent periods 277 

observed under the confocal microscope (numbered and color-coded in Figure 3B). We further selected 278 

single cell ROIs within these clusters. We then determined the change in fluorescence over total 279 

fluorescence (F/F) for each ROI as previously shown (Caccavano et al., 2020) with some modifications to 280 

accommodate the zebrafish data (see methods).  281 

Alignment between ADL LFP events and calcium transients from selected ROIs (Figure 3 C1-C2) in the 282 

dorsal telencephalon showed spontaneous activity in region 1 (ADL) and region 2 (BLA) that were time-283 

locked during the pre-silent period (Figure 3 C2). Strikingly, using single cell calcium transients, we 284 

observed that before a silent period event, the telencephalon underwent a massive activation possibly 285 

caused by depolarization (measured by the change in fluorescence – Figure 3 C2: Depolarization) in 286 

selected regions that was followed by a total elimination of LFP activity (Figure 3 C1-C2: Silent period). 287 

Single cell calcium transients (Figure 3 C3) were measured as F/F within demarked clustered regions and 288 

showed that regions previously not contributing to the generation and/or maintenance of SW events, such 289 

as region 4 (green) and 5 (blue) – most caudal ones, were involved in the silencing of SW events.  290 

Ventrally, when we examined the pre-chosen clusters (like in the dorsal area), we observed that the total 291 

fluorescence activity increased matching that of LFP recordings in ADL and BLA (Figure 3 D1-D3). A similar 292 

pattern was shown for the silencing of SW events with neuronal activation going from a caudal to rostral 293 

direction (Figure 3 D1-D3). However, we did not see significant changes in calcium transient signals at the 294 

single cell level in these ventral areas. This could be the result of the difference in depth of the tissue. The 295 

massive activation that culminates in the elimination of SW events in our preparations (dorsal and ventral) 296 

typically resulted from a stereotypical pattern of neuronal activity starting at the caudal region of the 297 

telencephalon (region 4) and propagating rostrally (Figure 3E). This type of caudal-to-rostral propagation 298 

often involved the activation of the telencephalic midline (Supplemental video 2). Though a more detailed 299 

analysis including neuronal tracing is needed to better decipher the propagation of caudal-rostral neuronal 300 

activity recruitment leading to silent periods, here we propose a working model for the silencing of SW 301 

events in the dorsal side of the telencephalon (Figure 3F). We posit that region 4, previously shown through 302 

immunohistochemistry to house cholinergic neurons (Clemente et al., 2004), receives input from other 303 
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areas of the brain which consequently increases the cholinergic tone in the telencephalon and leads to a 304 

silencing of SW events in both the ADL and the BLA. We further propose that this caudal region of putative 305 

cholinergic neurons may project to both the ADL and BLA via collaterals. Though region #3 is demarcated 306 

as an isolated region, it may be part of the amygdaloid complex (Porter & Mueller, 2020) and can explain 307 

the single cell activity observed in this region (Figure 3 C3 purple). 308 

Figure 3. Dual LFP and calcium transient recordings reveal silent period events in the zebrafish brain 309 
following massive caudal-rostral neuronal activation. (a) Representative SW traces from juvenile zebrafish with 310 
silent events lasting from 80 to 156 seconds. Returning SW events have distinct amplitude patterns: increase, 311 
decrease, and no change. Purple arrow shows a high amplitude event that often happens before a silent period. (b) 312 
Top: A dorsal view drawing of a zebrafish brain showing the olfactory bulb and the telencephalon with the right 313 
telencephalon bordered by a red dashed line, and a lateral view drawing showing the olfactory bulb and the 314 
telencephalon with the approximate levels of the dorsal (pink) and ventral (blue) planes indicated with lines. Directional 315 
axes are indicated as left (L) vs right (R,), dorsal (D) vs ventral (V), and rostral (Ro) vs caudal (C). Bottom: Images of 316 
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the left telencephalon of Tg(elevI3:Hsa.H2B:GCaMP6s) juvenile zebrafish under the confocal microscope with the pink 317 
bordered image corresponding to the dorsal plane and the blue bordered image to the ventral plane (about 30-50 318 
microns apart), the medial side is facing up and the lateral side is facing down. Images are divided into five different 319 
regions of interest based on the neuronal firing associated with both the generation of SW and the massive activation 320 
preceding silent periods. (c1-d3) The same analysis and similar neuronal firing were done for the dorsal area of the 321 
telencephalon (pink) and the ventral (blue) area with regards to silent period generation. Dual recordings of neuronal 322 
population recordings (c1, d1) and regional/single cell calcium imaging (c2, d2, c3, d3) in the 323 
Tg(elevI3:Hsa.H2B:GCaMP6s) were aligned showing temporally coordinated firing between the ADL (region 1) and 324 

BLA (region 2) during SW events while regions 4 and 5 were silent. (c2, d2) Massive increase in the F/F in all regions 325 

starting in region 4 in the dorsal and ventral regions of the telencephalon. (c2, d2 insets) Zoomed in graphs before and 326 
after the silent period. (e) Example timelapse images of the right hemisphere from the dorsal and ventral planes of a 327 
Tg(elevI3:Hsa.H2B:GCaMP6s) transgenic brain exhibiting SW events and a silent period – calcium transients are 328 

shown in green. During the Pre-silent period: regions 1 and 2 show SW events and changes in F/F. During the 329 

Activation phase, there are no detectable SW events but a massive activation that starts in region 4 and propagates 330 
rostrally. No single cell activity during the Silent period phase. (f) A proposed model of caudal-to-rostral inhibition of 331 
SW events (n = 3).   332 

SW event coupling between ALD and BLA in ex vivo juvenile zebrafish brains 333 

Previous studies in murine and humans have shown the occurrence of SWR events in the BLA and their 334 

coupling to SWR events in the hippocampus (Cox et al., 2020; Paré, 2002; Perumal et al., 2021; 335 

Ponomarenko et al., 2003; Popescu & Paré, 2011). Given that the BLA of juvenile zebrafish showed 336 

calcium transient neuronal activity that was time-locked to the activity in the ADL (Figure 3 and 337 

Supplemental video 1), we next asked if the zebrafish BLA had detectable LFP activity and consequently 338 

SW/SWR events. We performed dual LFP recordings from the ADL and BLA (Figure 4A-C) and showed 339 

that the zebrafish BLA exhibits LFP activity and that this activity is coupled to ADL LFP activity. We further 340 

demonstrated that spontaneously occurring LFP activity in the BLA exhibited events composed of a SW 341 

event (1-30 Hz) with a superimposed ripple oscillation (120-220 Hz) (Figure 4D).  342 

We then aligned single cell calcium transient recordings from the ADL (Figure 4E) and the BLA (Figure 4F), 343 

to LFP recorded specifically from the ADL to further show time-locked activity between single cells in both 344 

regions to ADL LFP recordings (Figure 4E-F). The alignment revealed that not all neurons in the ADL or 345 

BLA contribute to a SW event as measured by LFP in the ADL. This is a key similarity between murine 346 

hippocampal slices in which only up to 50% of pyramidal neurons contribute to a single SWR event 347 

(Ellender et al., 2010; Evangelista et al., 2020; Hajos et al., 2013, p.; Ylinen et al., 1995). Merging of single 348 

cell recordings from both brain regions (Figure 4G) corroborates the coupling between neuronal firing in 349 

these areas and the generation of a SW event (pink shaded areas in G are examples of coupling). Though 350 

not all SW events have an embedded ripple, the high temporal coordination in the LFP activity between the 351 

ADL and BLA will result in the coupling of SWR events in these two brain regions similar to that in 352 

mammals.   353 
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354 
Figure 4. BLA exhibits LFP activity that is coupled to ADL SWR activity. Single cell neuronal activity 355 
contributing to SW events is variable. (a) Representative image of electrode placement in both the ADL (red) and 356 
BLA (white). (b) Representative superimposed LFP traces (1-1000 Hz) between ADL (red trace) and BLA (blue trace). 357 
(c) Zoomed in individual LFP oscillation from (b). (D=d) Representative SWR complex from the ADL and the BLA. (e & 358 
f) Representative image of the telencephalon of a Tg(elevI3:Hsa.H2B:GCaMP6s) juvenile zebrafish with the ADL (e) or 359 
BLA (f) labeled and zoomed in to show ROIs for single cells, along with alignment of single cell activity (color matched) 360 
to LFP from the ADL. (g) Merged single cell activity, separating the ADL (top) from the BLA (bottom) by the solid blue 361 
line, aligned to ADL LFP. Examples of coupling between neuronal firing in these areas and LFP activity are shown in 362 
the pink shaded areas.    363 

Stimulation of region 4, containing putative cholinergic neurons, suppresses SW events 364 

Our data suggested (Figures 3 and 4) that silent periods preceded a massive activation of neurons in the 365 

telencephalon starting in region #4, which contains putative acetylcholinesterase positive neurons 366 

(Clemente et al., 2004). This region is known as the posteromedial pallial amygdala (PMPa) (Porter & 367 

Mueller, 2020), and is functionally connected to the BLA (Northcutt, 2008; von Trotha et al., 2014), perhaps 368 

explaining some single cell activation in this area during SW events. To corroborate the involvement of the 369 

PMPa in silencing SW events in the ADL, we stimulated this region and recorded LFP activity in the ADL 370 

(Figure 5A-B). A single stimulation suppressed SW event abundance (paired t-tests, t(2) = 4.507, p = 0.0459, 371 

n = 3) and decreased their amplitude (t(2) = 1.254, p = 0.3366, n = 3) despite the later not reaching 372 

significance (Figure 5D). In the ADL, the suppression time of SW events was variable (blue shaded areas) 373 

with returning events (Figure 5C). Interestingly, we observed that a second stimulation after LFP activity 374 

returned to baseline, increased the duration of the suppression, and decreased the amplitude of events 375 

compared to the first stimulation. We furthered observed that stimulation of PMPa induced suppression of 376 

LFP that was longer than endogenous silent period events (red shaded area).  377 
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378 
Figure 5. Caudal telencephalic stimulation of putative cholinergic neurons suppresses ADL SW events. (a) 379 
Proposed model for the generation of silent periods with activation of region 4 – putative cholinergic neurons. (b) 380 
Representative brain showing the placement of the stimulating electrode (region 4) and recording electrode (ADL – 381 
region 1). (c) Representative LFP trace showing the start of the stimulation and the resulting suppression of LFP 382 
activity (shaded blue area). After suppression the activity comes back and is further suppressed by a second 383 
stimulation. Of note: the trace had a silent period before stimulation. (d) Shows the quantification of both SW 384 
abundance and the SW amplitude both of which were decreased within the first 10 minutes after the first stimulation.  385 

Muscarinic receptor antagonism decreases silent periods  386 

We investigated the involvement of the cholinergic system in modulating silent periods and SW events by 387 

recording LFP from whole-brains treated with atropine (10 μM), and Mecamylamine (MEC – 20 μM). In the 388 

zebrafish, most cholinergic nuclei are located in the diencephalon, mesencephalon and rhombencephalon 389 

(Clemente et al., 2004; Toledo-Ibarra et al., 2013). We then reasoned that whole-brain preparations with an 390 

intact cholinergic system would exhibit more silent periods than recordings from de-tectomized preparations 391 

with a compromised cholinergic system. Silent periods were observed in all recordings (whole-brain in 392 

aCSF (n = 18), de-tectomized preparations (n = 17), whole-brains + atropine (n = 10), and whole-brains + 393 

MEC (n = 12)) (Figure 6A); however, compared to whole-brain (77% of brains had at least one silent 394 

period), de-tectomized preparations had a 2X reduction in the number of recordings exhibiting at least one 395 
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silent period (Figure 6B). Atropine significantly decreased the number of silent periods within a whole-brain 396 

preparation when compared to controls (40% reduction) but was not significantly different from de-397 

tectomized brain preparations. However, MEC did not decrease the number of brains exhibiting a silent 398 

period compared to whole-brain recordings. Together, the data show that muscarinic receptors and extra-399 

telencephalic afferents are involved in the modulation of silent periods, and additionally, these findings 400 

suggest that silent periods are locally regulated.  401 

402 
Figure 6. Silent periods are modulated by muscarinic receptors and can be generated intrinsically in the 403 
telencephalon. (a) Representative filtered SW events containing silent periods for whole-brain in aCSF, telencephalon 404 
only in aCSF, whole-brain + 10 µM atropine, and whole-brain + 20 µM MEC. (b) Quantification of the number of brains 405 
containing at least one silent period per recording and bar graph showing the corresponding percent change. Chi-406 
square (X2) = 13.50, df = 3, p = 0.0037. 407 

Muscarinic receptor antagonist and agonists differentially modulate SW events 408 

Rodent studies show that blocking muscarinic receptors significantly increases SWR events while 409 

enhancing muscarinic activity abolishes SWR events (Y. Zhang et al., 2021). These findings coupled with 410 

our result that atropine, a muscarinic antagonist, decreases the number of brains with at least one silent 411 

period led us to hypothesize that the introduction of atropine would increase the number of SW events 412 

compared to whole-brains. Indeed, we found that atropine increased the number of SW events per minute 413 

(aCSF mean = 8.79) approximately two-fold when compared to whole-brains in aCSF (atropine mean = 414 

18.78) (F(2,37) = 9.123, p = 0.0006 one-way ANOVA with Tukey’s multiple comparisons test: p = 0.0004) 415 

(Figure 7A). Using the non-competitive nicotinic antagonist MEC, however, did not significantly change the 416 

abundance of SW events (mean = 11.96) when compared to whole-brains in aCSF (p = 0.4435). A shift to 417 

the left was observed in the IEI cumulative frequencies from whole-brains treated with both atropine and 418 

MEC (single events were pulled from recordings in (Figure 7A), whole-brain in aCSF n = 9293, whole-brain 419 

+ atropine n = 13 400, whole-brain + MEC n = 9008) with a significant average decrease only in brains 420 

treated with atropine (Figure 7B – inset) (F(2,32) = 4.121, p = 0.0256 one-way ANOVA with Tukey’s multiple 421 

comparisons test) (p = 0.0213). Interestingly, individual IEI histograms revealed an IEI bi-modal distribution 422 

that was abolished with both atropine and MEC (Figure 7C-E).  423 
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424 
Figure 7. SW events are modulated by the cholinergic system. (a) 30 minutes exposure to 10 µM atropine 425 
significantly increased the number of SW events compared to whole-brains in aCSF, whereas exposure to 20 µM MEC 426 
did not. (b) Both atropine and MEC shifted the IEI cumulative frequency to the left with atropine showing a significant 427 
decrease in the average IEI compared to whole-brain in aCSF. (c-e) Histogram frequencies of IEI with 0.2 bin size and 428 
same n as in (b).  429 

  430 

DISCUSSION  431 

In the present study we show that SWR events recorded from the ADL are intrinsic to the telencephalon, 432 

though their abundance and duration can be controlled by extra-telencephalic afferents. Additionally, SWR 433 

events occur in the BLA and concomitant single cell calcium imaging and LFP recordings demonstrated that 434 

SW events in the ADL are coupled to BLA SW events. Moreover, calcium imaging of whole-brains 435 

demonstrated that SWs in both the ADL and BLA are endogenously and spontaneously silenced (silent 436 

periods) by the activation of a more caudal population of putative cholinergic cells, region 4 – PMPa. 437 

Electrical activation of this region silenced SW events in the ADL. Exposure to atropine decreased the 438 

number of brains with at least one silent period and increased the abundance of SW events in the ADL. 439 

These data contribute to our understanding of neuronal population dynamics in the zebrafish brain and 440 

highlight its advantage for the simultaneous recording of SWs and single cell activity in different brain 441 
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regions important for learning and memory consolidation. The data also suggest a remarkable conservation 442 

of regional SW coupling and cholinergic modulation from mammals to teleost. 443 

Intrinsically generated SWRs in the ADL:  444 

Previously, (Vargas et al., 2012) established the occurrence of SWR events in the ADL – hippocampus 445 

homologue – of whole-brain adult zebrafish showing that they had similar features to mammalian SWR 446 

events. In the present study we show these events in whole-brain juvenile zebrafish, similar to that of 447 

rodents and adult zebrafish (Behrens et al., 2005; Maier et al., 2003; Schlingloff et al., 2014; Vargas et al., 448 

2012; Wu et al., 2005), are modulated by AMPA and GABAA, but not NMDA signaling (Figure 2). We 449 

corroborated the induction of intermittent burst of spontaneous activity after perfusion with a high dose of 450 

bicuculline (30 µM) previously reported in adult zebrafish and murine preparations (Kim et al., 2004; Ogawa 451 

et al., 1991; Vargas et al., 2012). A finding of the present study is the time-locked occurrence of SW events 452 

between hemispheres and their intrinsic generation and maintenance in the telencephalon (Figure 1). 453 

Interestingly, recordings from sleeping Sprague-Dawley rats have previously shown asynchrony between 454 

SWR events from the left and right hippocampus due to the lateralization of spatial memories (Villalobos et 455 

al., 2017). Thus, future studies may be warranted to determine whether zebrafish ADL SW events are 456 

hemispherically uncoupled in select behavioral states. It is important to note that other zebrafish brain 457 

regions such as the habenula do show effects of laterality. 458 

Though zebrafish have approximately seven-fold fewer neurons than rodents, as in murine hippocampal 459 

slices, we observed that not all neurons in the SW-generating vicinity participate in the genesis and 460 

maintenance of a SW event (Figure 4E). Additionally, the activation of neurons during a single SW event 461 

does not seem dependent on their direct proximity to each other as neighbor neurons in the ADL behaved 462 

differently during a SW event (Figure 4E – grey versus blue or blue and purple). We can speculate that the 463 

differential activation of these neurons may resemble the re-activation of neuronal ensembles where not all 464 

cells within an area form part of the encoded memory. It has been previously shown that neighbor neurons 465 

that participate in a given ensemble do not need to be in direct contact with one another (Minatohara et al., 466 

2016; Wagatsuma et al., 2018).  467 

SW events recorded from the ADL of de-tectomized preparations showed an increase in their abundance 468 

and duration (Figure 1F). One explanation for the increase in SW events in the recordings of de-tectomized 469 

preparations is an overall decrease in the number of preparations containing a silent period (Figure 6). This 470 

pattern is also observed in whole-brains exposed to atropine (discussed in more detail later), which hints at 471 

the modulation of SW events by extra-telencephalic afferents. For instance, it is widely accepted that SWR 472 

events in mammals are modulated by different subcortical areas including the septum (Nicoll, 1985) and 473 

hypothalamus (Vicente et al., 2020). However, the dialogue between the hippocampus and other cortical 474 

areas, including the somatosensory cortex during specific types of memory formation (Tukker et al., 2020), 475 

cannot be discounted as a potential modulator of SW events in the zebrafish brain.  476 

Future research should investigate the involvement of the zebrafish habenula in controlling silent periods 477 

and the abundance and duration of SWs. In the zebrafish, the habenula is located between the 478 

telencephalon and the tectum and can be damaged in de-tectomized brains. In the fish, the habenula is 479 

additionally shown to house choline acetyltransferase positive neurons (Cheng et al., 2014) which play a 480 

critical role in modulating SW events. In rodents, the activity of the habenula has been shown to be phase-481 

locked to theta oscillations in the hippocampus and its silencing modulates hippocampal-dependent spatial 482 

recognition tasks (Görlich et al., 2013; Goutagny et al., 2013). This study suggested functional connectivity 483 

between the hippocampus and the habenula, specifically the same circuit that gives rise to SW events. The 484 
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habenula also exerts inhibitory control over brain areas associated with the dopaminergic system 485 

(Lecourtier et al., 2008). Indeed, the dopaminergic system, which adds saliency to memories, has been 486 

shown to enhance SW events during immobility in rodents (Ambrose et al., 2016; Fuchsberger & Paulsen, 487 

2022; Loren, 2009).  488 

SW/SWR events in the BLA and their coupling to ADL SW/SWR events: 489 

In mammals, diverse cortical/subcortical regions also exhibit synchronous neuronal oscillations, including 490 

sleep spindles during stage 2 sleep or SWR events during slow wave sleep, that are coupled to 491 

hippocampal SWR events and important to consolidation of different memory types (Eller et al., 2015; Fell 492 

et al., 2001; Fries, 2005; Ji & Wilson, 2007; Perumal et al., 2021; Skelin et al., 2019, 2021; Vaz et al., 2020; 493 

Wilber et al., 2017). Specifically, in human studies, the BLA has been shown to exhibit SWR events 494 

(Perumal et al., 2021) that are coupled to hippocampal SWRs for the consolidation of hippocampal-495 

dependent memories with emotional valence (Cox et al., 2020). In the present study, we present evidence 496 

for the generation of SWR events in the BLA of juvenile zebrafish. As in the ADL, a subset of SW events 497 

exhibits a superimposed ripple (120-220 Hz) (Figure 1E) and not all neurons contribute to the SW event 498 

(Figure 4F). An additional novel finding is the temporal coupling between ADL and BLA SW events as 499 

detected by simultaneous LFP and calcium imaging recordings (Figure 4). This supports the possibility that 500 

these two structures work in tandem to facilitate the consolidation of emotional memories in zebrafish as 501 

they do in mammals through the coupling of SWR events.  502 

In rodents an enriched environment enhances SWR amplitude in subsequently prepared ex vivo 503 

hippocampal slices (Landeck et al., 2021), and in humans learning just prior to sleep increases slow wave 504 

sleep-associated SWR abundance (Eschenko et al., 2008). Aversive learning associated coupling of 505 

hippocampal and amygdala activity in rodents is also observed in subsequent slow wave sleep (Girardeau 506 

et al., 2017). Thus, it would be of interest to determine whether an experience with emotional valence, such 507 

as novelty or fear learning, would increase the abundance of SWRs occurring simultaneously in the ADL 508 

and BLA in future studies. The zebrafish model, which facilitates combined electrophysiological recordings 509 

and simultaneous visualization of calcium responses in diverse brain regions, would lend itself well to the 510 

study of varied types of memory consolidation during physiological and pathological states.  511 

Cholinergic modulation of SW events and silent periods: 512 

The occurrence of SWR events is modulated by cholinergic tone with high cholinergic tone inhibiting SWR 513 

events and exploratory memory encoding through the appearance of TGB activity (Buzsaki et al., 1992; 514 

Csicsvari & Dupret, 2014; Fisahn et al., 1998; Fuchsberger & Paulsen, 2022; Hasselmo, 1999; Herweg et 515 

al., 2020; Konopacki et al., 1987; Li et al., 2019; Ma et al., 2020; Nyhus & Curran, 2010; O’Keefe, 1993; 516 

Osipova et al., 2006; Sederberg et al., 2006; Sullivan et al., 2011; Wilson & McNaughton, 1994; S. Zhang et 517 

al., 2000; Y. Zhang et al., 2021). A key difference between recordings from ex vivo hippocampal murine 518 

slices and ex vivo whole-brains from zebrafish is that the former lack septo-hippocampal connections. The 519 

lack of cholinergic afferents impairs SW modulation and their silencing in these slices. In fact, to stimulate 520 

the transition from SW events to TGB activity the addition of exogenous cholinergic agonists to the bath 521 

solution is required (Ballinger et al., 2016; Fisahn et al., 1998; Fischer et al., 2014; Hasselmo, 1999). 522 

Though we do not yet fully understand the circuitry modulating SWs in zebrafish, many of the cholinergic 523 

nuclei are in the diencephalon, mesencephalon, and rhombencephalon (Clemente et al., 2004; Toledo-524 

Ibarra et al., 2013). The presence of acetylcholinesterase (AChE)-positive neurons has also been shown in 525 

the telencephalon and the olfactory bulb, and the presence of choline acetyltransferase immunoreactivity 526 

(ChAT-ir) fibers in the caudal region of the telencephalon (Clemente et al., 2004). Additionally, it has 527 
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previously been shown that the transition from slow bursting sleep to propagating wave sleep in zebrafish, 528 

which respectively shares characteristics of slow wave sleep and REM sleep in mammals,  is stimulated by 529 

cholinergic agents (Leung et al., 2019). This modulation is similar to that in mammals, in which acetylcholine 530 

tone is off during SW-rich slow wave sleep and on during REM sleep. 531 

In our study, we observed silent events in ex vivo whole-brain preparations of juvenile zebrafish recordings, 532 

as defined by the absence of SW events in LFP recordings for at least 20 seconds in duration followed by 533 

the reappearance of these events with varied amplitude patterns (Figure 3). Single cell calcium imaging 534 

revealed that these silent events result from excitation that starts in region 4, housing putative cholinergic 535 

neurons (Clemente et al., 2004), and propagates through the entire telencephalon in a caudal-to-rostral 536 

fashion. Electrical stimulation of region 4 corroborates the suppression of SW events (Figure 5). Strikingly, 537 

previous literature showed that these events, or very similar events called propagating waves, are a 538 

signature of REM-like sleep in zebrafish (Leung et al., 2019), which suggests that the ex vivo preparation, in 539 

an ‘offline’ state, may have entrained sleep state-inducing mechanisms that are independent from external 540 

sensory cues. Furthermore, electrical stimulation of this region suppressed SW events for a period that was 541 

longer than endogenously generated silent periods. Post electrical stimulation events returned with 542 

increasing amplitude on all occasions, a pattern that was observed after endogenous silent periods (Figure 543 

3A – top trace).  544 

To better understand whether silent periods are the result of extra-telencephalic afferents, we recorded SW 545 

events from de-tectomized preparations (Figure 6A). Given that SW events are modulated by the 546 

cholinergic system and that the zebrafish brain has most of its cholinergic nuclei outside of the 547 

telencephalon, we reasoned that the number of de-tectomized brains exhibiting SW events would decrease. 548 

Only 50% of de-tectomized brains exhibited at least one silent period, similar to whole-brains treated with 549 

atropine (Figure 6 B). MEC, a nicotinic receptor antagonist, however, did not change the number of 550 

recordings containing silent periods (Figure 6B) nor did it affect the number of SW events as compared to 551 

that in whole-brains in aCSF (Figure 7A). The lack of effect of MEC can be explained by differences in the 552 

contribution of nicotinic receptors to the generation and maintenance of SW events in the zebrafish and 553 

different routes of exposure (bath exposure like in this study or local exposure) and the kinetics of the 554 

receptor and its desensitization. In fact, drugs targeting nicotinic receptors, such as nicotine, have varied 555 

effects on the aforementioned parameters (Fischer et al., 2014). Nonetheless, this data implies a 556 

conservation in mechanisms for the modulation of SW events by the cholinergic system. Together, these 557 

findings support the possibility that ex vivo whole-brain preparations may exhibit two different types of silent 558 

period events – one which is cholinergic-dependent and is most likely coming from the tectum, and a 559 

second which may or may not be cholinergic-dependent and originates within the telencephalon.  560 

In conclusion, the present study shows that SWRs are intrinsic to the telencephalon of zebrafish and that 561 

they are modulated by extra-telencephalic afferents. SWs from the right ADL are time-locked to events in 562 

the left ADL. The ADL exhibits silent periods with no detectable LFP activity that occur spontaneously 563 

following activation of region 4 (PMPa), which contains putative cholinergic neurons. Electrical stimulation of 564 

this area corroborated its involvement in silencing SW events. The BLA of zebrafish also exhibits SWR 565 

events that are coupled to SWs in the ADL, suggesting hippocampal to cortical/subcortical coupling that 566 

may contribute to memory consolidation. Finally, as in rodents, SW events in zebrafish are modulated by 567 

the cholinergic system. These data highlight zebrafish, in which whole-brain activity can be easily imaged, 568 

as an ideal model to study the coupling of SW events in diverse brain regions using both LFP and single cell 569 

calcium transients. Future studies are encouraged to examine SWRs and the modulation of their coupling 570 

between diverse brain regions in studies of learning and memory mechanisms, as well as zebrafish models 571 

of neurological and psychiatric disorders.  572 
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