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Abstract (246 words) 36 

Forming reliable memories requires coordinated activity within distributed brain networks. At 37 

present, neural mechanisms underlying systems-level consolidation of declarative memory beyond the 38 

hippocampal-prefrontal interactions remain largely unexplored. The mediodorsal thalamic nucleus (MD) 39 

is reciprocally connected with the medial prefrontal cortex (mPFC) and also receives inputs from 40 

parahippocampal regions. The MD may thus modulate functional connectivity between the 41 

hippocampus (HPC) and the mPFC at different stages of information processing. Here, we characterized 42 

in freely behaving Sprague Dawley male rats the MD neural activity around hippocampal ripples, 43 

indicators of memory replay and hippocampal-cortical information transfer. Overall, the MD firing rate 44 

was transiently (0.76 ± 0.06 sec) decreased around ripples with the MD activity suppression preceding 45 

the ripple onset for 0.41 ± 0.04 sec (range: 0.01 – 0.95 sec). The degree of MD modulation correlated 46 

with ripple amplitude, differed across behavioral states, and also depended on the dynamics of 47 

hippocampal-cortical population activity. The MD suppression was the strongest and the most 48 

consistent during awake ripples. During NREM sleep, the MD firing decreased around spindle-uncoupled 49 

ripples, while enhanced around spindle-coupled ripples. Our results suggest a competitive interaction 50 

between the thalamo-cortical and hippocampal-cortical networks supporting ‘online’ and ‘offline’ 51 

information processing, respectively. We hypothesize that thalamic activity suppression during spindle-52 

uncoupled ripples is favorable for memory replay as it reduces interference from sensory relay. In turn, 53 

the thalamic input during hippocampal-cortical communication, as indicated by spindle/ripple coupling, 54 

may contribute to selectivity and reliability of information transfer. Both predictions need to be tested 55 

in future experiments.    56 
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Significance Statement (119 words) 57 

Systems mechanisms of declarative memory consolidation beyond the hippocampal-prefrontal 58 

interactions remain largely unexplored. The connectivity of the mediodorsal thalamic nucleus (MD) with 59 

extra-hippocampal regions and with medial prefrontal cortex (mPFC) underlies its role in execution of 60 

diverse cognitive functions. However, little is known about the MD involvement in ‘offline’ consolidation. 61 

We found that MD neural activity is transiently suppressed around hippocampal ripples, except for 62 

ripples co-occurring with sleep spindles, when the MD activity was elevated. The thalamic activity 63 

suppression at times of spindle-uncoupled ripples may be favorable for memory replay as it reduces 64 

interference with sensory relay. In turn, the thalamic input during hippocampal-cortical communication, 65 

as indicated by spindle/ripple coupling, may contribute to selectivity and reliability of information 66 

transfer.     67 
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Introduction (653 words) 68 

Higher-order brain functions rely on fine-tuned interactions within large-scale brain networks. 69 

The network-level information processing takes place during alert behaviors, but also during so-called 70 

‘offline’ states when sensory input is absent. The hippocampal-cortical network is essential for encoding, 71 

consolidation and retrieval of declarative memory (Wang and Morris, 2010; Eichenbaum, 2017). The 72 

two-stage model of the hippocampal-dependent memory consolidation (Buzsaki, 1989) postulates that 73 

experience-induced changes of neural activity in the hippocampus (HPC) are mediated ‘online’ by theta 74 

rhythm and ‘offline’ by high-frequency (~200 Hz) oscillations, or ripples, produced by synchronized 75 

discharge of CA1 neurons (Ylinen et al., 1995; Chrobak and Buzsaki, 1996). The hippocampal ripples 76 

preferentially occur during periods of enhanced cortical excitability (Sirota et al., 2003; Battaglia et al., 77 

2004; Moelle et al., 2006) and coincide with thalamocortical sleep spindles (Siapas and Wilson, 1998). 78 

The ripple-associated replay of experience-activated neurons is thought to reflect memory trace 79 

reactivation and promote selective synaptic plasticity (Skelin et al., 2018). The coordinated hippocampal 80 

and cortical population activity is thought to mediate information transfer from the HPC to cortex for 81 

long-term storage (Buzsaki, 1989; Wang and Morris, 2010; Skelin et al., 2018).   82 

The hippocampal-prefrontal pathway is the most extensively studied circuit in the context of 83 

mechanisms of declarative memory. Clearly, memory supporting network is not limited to these two 84 

brain regions; yet, the neural interactions beyond the hippocampal-prefrontal pathway remain largely 85 

unexplored. Our fMRI-based mapping of the whole brain activity at times of ripples in macaques 86 

revealed a characteristic pattern of positive and negative BOLD responses (Logothetis et al., 2012). 87 

Specifically, many cortical and limbic regions were activated during ripples, while a subset of subcortical 88 

areas, including the thalamus, showed activity suppression (Logothetis et al., 2012). Subsequent 89 

electrophysiological examination confirmed the ripple-associated inhibition in the lateral geniculate 90 

nucleus (Logothetis, 2015). The results of our fMRI study are consistent with numerous reports about 91 
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tight temporal coupling between the population bursts in the HPC and neuronal activity in associative 92 

(Peyrache et al., 2009; Wierzynski et al., 2009; Wang and Ikemoto, 2016; Wilber et al., 2017) and 93 

primary sensory (Sirota et al., 2003; Ji and Wilson, 2007; Rothschild et al., 2016) cortices. Enhanced 94 

activity around ripples has been also shown in the ventral striatum (Lansink et al., 2008). Furthermore, 95 

bidirectional modulation was reported for neurons in the ventral tegmental area (VTA) (Gomperts et al., 96 

2015) and basolateral amygdala (BLA) (Girardeau et al., 2017), while activity suppression was found in 97 

the median raphe (Wang et al., 2015) and the midline thalamic nuclei (Lara-Vasquez et al., 2016).  98 

In the present study, we sought to characterize the ripple-associated activity in the mediodorsal 99 

thalamic nucleus (MD). The MD integrates various types of information and mediates it to the medial 100 

prefrontal cortex (mPFC) for execution of diverse cognitive functions (Mitchell, 2015), including memory 101 

(Markowitsch, 1982; Van Der Werf et al., 2003). Although there are no known direct projections 102 

between the MD and HPC (Groenewegen, 1988; Varela et al., 2014), the MD contributes to declarative 103 

memory as a part of extra-hippocampal circuit (Ketz et al., 2015). The MD receives afferents from the 104 

lateral entorhinal and perirhinal cortices, which provide parallel multi-sensory input to the MD and HPC 105 

(Groenewegen, 1988; Burwell, 2000). The MD is reciprocally connected with the mPFC, which in turn 106 

receives direct input from the HPC (Jay et al., 1992). The MD is thought to gate the hippocampal-cortical 107 

and cortical-cortical interactions that are relevant for declarative memory (Floresco and Grace, 2003; 108 

Ketz et al., 2015). However, the role of MD in ‘offline’ processing has not been explored. Here, we report 109 

that the MD activity is systematically suppressed around ripples. We also found that the ripple-110 

associated MD modulation varied across awake/sleep states. The MD suppression was more consistent 111 

and robust during awake state, while synergistic activation of the MD-HPC-mPFC network occurred 112 

during non-Rapid-Eye-Movement (NREM) sleep at times of ripple/spindle coupling. Collectively, our 113 

results suggest competitive interactions between large-scale brain networks mediating different stages 114 

of information processing.  115 
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Materials & Methods 116 

Animals  117 

Eight adult male Sprague-Dawley rats (Charles River Laboratory, Germany) weighting 300-450g 118 

were used. After surgery rats were single-housed and kept on a 12h light-dark cycle (8:00 am lights on). 119 

All the experiments were performed during dark cycle. The study was performed in accordance with the 120 

German Animal Welfare Act (TierSchG) and Animal Welfare Laboratory Animal Ordinance (TierSchVersV). 121 

This is in full compliance with the guidelines of the EU Directive on the protection of animals used for 122 

scientific purposes (2010/63/EU). The study was reviewed by the ethics commission (§15 TierSchG) and 123 

approved by the state authority (Regierungspräsidium, Tübingen, Baden-Württemberg, Germany). 124 

Anesthesia  125 

Implantation of electrodes was performed under isoflurane anesthesia (initiation 4%, 126 

maintenance 1.5-2.0%). The depth of anesthesia was controlled by ensuring a lack of responses to mildly 127 

noxious stimuli (pinch of hind paw). Heart rate and blood oxygenation were monitored using a pulse 128 

oximeter (Nonin 8600V, Nonin Medical, Inc.); supplementary oxygen was provided to maintain the 129 

blood oxygenation level above 90%. Body temperature was maintained at 37°C throughout the entire 130 

anesthesia period.  131 

Surgery and electrode placement 132 

A fully anesthetized rat was fixed in a stereotaxic frame with the head angle at zero degree. The 133 

skull was exposed and local anesthetic (Lidocard 2%, B. Braun, Melsungen, Germany) was applied on the 134 

skin edges to additionally numb the skin. Burr holes were made for electrodes and anchor screws. Dura 135 

mater was removed when necessary.  For EEG recording, a stainless steel screw (0.86 mm diameter, Fine 136 

Science Tools, Heidelberg, Germany) was placed above the frontal cortex and the ground screw was 137 

placed above the cerebellum. Four anchor screws (1.19 mm diameter, Fine Science Tools, Heidelberg, 138 
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Germany) were placed on the skull side edges. Screws were fixed in the skull and additionally secured 139 

with tissue adhesive. For extracellular recording in the MD and HPC, twisted wires or tube tetrodes 140 

(Kapoor et al., 2013) were used. The tetrodes were made from insulated nichrome wire (12 μm 141 

diameter, Sandvik Wire and Heating Technology, Moerfelden-Walldorf, Germany) and assembled into a 142 

microdrive (Versadrive; Neuralynx, Bozeman, MT). A custom-design of the microdrive allowed targeting 143 

the MD with up to 6 tetrodes and dorsal HPC (dHPC) with up to 2 tetrodes. Before implantation, tetrode 144 

impedance was adjusted to 150-500 kΩ by gold-plating. The drive with electrodes was fixed in a 145 

stereotaxic micromanipulator (David Kopf Instruments, Tujunga, CA) and slowly lowered until the 146 

electrode tips targeting the MD reached ~5.0 mm below the brain surface; the tips of dHPC electrodes 147 

were fixed ~3.0mm higher and expected to reach ~2.0mm depth. A single platinum-iridium electrode 148 

(FHC, Bowdoin, ME) was implanted in the mPFC. The final adjustment of the electrode position was 149 

guided by online monitoring of neural activity. The entire implant was secured on the skull with dental 150 

cement (Paladur, Heraeus Kulzer GmbH, Wasserburg, Germany).  A copper mesh was mounted around 151 

the implant to protect exposed wires and also to isolate recording electrodes from the electrical noise. 152 

The injection of analgesic (2.5 mg/kg, s.c; Finadyne, Essex) and antibiotic (5.0 mg/kg, s.c.; Baytril, Bayer) 153 

was given before rat awakening from anesthesia and repeated at 24 h intervals during next 4 days. 154 

Animals were allowed one week of post-surgery recovery.   155 

Electrophysiological recording 156 

Rats were first habituated to the recording setup and cable plugging procedure. The head 157 

implant was connected to the Neuralynx Digital Lynx acquisition system via two 16-channel head stages 158 

with red/green tracking LEDs (Neuralynx, Bozeman, MT). The electrode placement in the MD was 159 

optimized by lowering the electrodes in 0.05-0.1 mm steps and monitoring spiking activity on the high-160 

passed (300 Hz – 8kHz) extracellular signal. The depth of dHPC electrodes was adjusted by gradually 161 

lowering the tetrodes (maximum 0.05 mm per day) until reliable ripple activity was observed. Once the 162 
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electrode position was optimized, the broad-band (0.1Hz - 8kHz) extracellular signals were acquired and 163 

digitized at 32kHz. The brain activity was referenced to the ground electrode. The animals’ movement 164 

was monitored by video tracking (25 frames per sec) with the aid of LEDs attached to the head stage. All 165 

recordings were performed between 10 a.m. and 7 p.m. for up to 2 hours. 166 

Single-unit isolation   167 

The MD single units were isolated using 2 or 4 tetrode channels. Extracellular signals were high-168 

pass (600 Hz) filtered and the spike waveforms with negative peaks exceeding -0.05mV were extracted. 169 

The template-matching algorithm based on the principal component analysis was used for clustering the 170 

spike waveforms of individual units (Spike2 software, CED, UK).  Various specific measurements of the 171 

spike waveform were additionally used for cluster refinement.  A unit cluster was classified as a single-172 

unit activity (SUA) if the refractory period (time between two consecutive spikes) was at least 1 msec. 173 

When the recording quality and the spike sorting did not allow unambiguous single-unit isolation, the 174 

spike cluster was conservatively classified as multiunit activity (MUA). 175 

Classification of behavioral states   176 

We classified the rat spontaneous behavior into awake and NREM sleep using frontal EEG or PFC 177 

LFPs by applying a standard sleep scoring algorithm described in detail elsewhere (Novitskaya et al., 178 

2016). Briefly, animal movement speed was extracted from the video recording synchronized with 179 

neural signal. The theta/delta (θ/δ) ratio was calculated from the artifact-free EEG in 2.5-sec epochs. The 180 

epochs of awake state were identified by the presence of active locomotion and above threshold θ/δ 181 

ratio; the epochs of NREM sleep were identified by the absence of motor activity and below threshold 182 

θ/δ ratio. The minimal duration of the same behavioral state was set to 20 sec; data segments with less 183 

steady behavioral states were excluded from further analysis. 184 

Detection of cortical spindles 185 
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Sleep spindles were detected from the artifact-free EEG channel by band-pass (12 - 16 Hz) 186 

filtering, down-sampling to 200 Hz, and thresholding of the spindle-band power envelop (root mean 187 

square with 0.2 s smoothing; spindle-RMS). The spindle detection threshold was calculated as 3 SDs of 188 

the spindle-RMS during NREM sleep. The minimal length of sleep spindle was set to 0.5 sec of 189 

continuous spindle-RMS values above the threshold. The spindle on- and off-sets were defined at 1SD 190 

threshold ascending and descending crossings, respectively.   191 

Detection of hippocampal high-frequency oscillations  192 

The transient high-frequency population bursts were detected from the LFPs recorded in the 193 

pyramidal layer of the dorsal CA1. The LFP signal was band-pass (gamma band: 70 - 120 Hz; ripple band: 194 

120 – 250 Hz) filtered, rectified and low-pass filtered at 25Hz. The resulting signal was z-score 195 

normalized. The high-frequency events were identified by signal amplitude exceeding a threshold of 5 196 

standard deviation (SD) for ripples and 4 SDs for gamma events. The event on- and off-sets were defined 197 

at the 1 SD threshold ascending and descending crossings, respectively.  We used a 70-ms refractory 198 

window to prevent double detection of the same event. The Morlet-wavelet time-frequency analysis 199 

was used to classify the events into gamma, gamma/ripple, and ripple oscillations based on intra-event 200 

frequency. For exploring the temporal pattern of ripple occurrence, we used a method based on 201 

computing the logarithm of inter-ripple intervals (IRI), described in detail elsewhere (Selinger et al., 202 

2007). Briefly, the bimodal log(IRI) distribution indicated two temporal patterns of ripple occurrence 203 

with shorter and longer IRIs. We identified the crossing time of two distributions and used it for 204 

classifying ‘clustered’ and ‘isolated’ ripples. Ripples with short IRI (< 0.33 sec) were considered as ripple 205 

cluster and treated as a single ripple event; the time of the first ripple in the cluster was considered the 206 

ripple onset time.   Spindle-coupled ripples were defined as ripples occurring between on- and offsets of 207 

spindles.  208 
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Analysis of peri-event neural activity 209 

To examine neural activity around transient oscillatory events (ripples, spindles, gammas), peri-210 

event spike histograms (PETHs) were generated ± 2 sec around the event onsets and smoothed with a 211 

Gaussian window (window size: 6ms, bin size: 2ms). To minimize the impact of slow fluctuations of the 212 

neuronal excitability that is synchronized throughout the entire forebrain, we applied an event 213 

permutation procedure. In specific, we created a ‘surrogate’ event sequence by randomly distributing 214 

the same number of events detected every 4 sec in a given session. The permutation procedure was 215 

repeated 100 times and the PETHs were generated ± 2 sec around the surrogate events. The time series 216 

(2-ms bins) of MD MUA/SUA around the surrogate events were subtracted from the corresponding 217 

values around ‘true’ events and the resulting (‘corrected’) PETHs were z-score normalized to the MD 218 

MUA/SUA firing rate during the entire 4-sec time window of the surrogate PETHs.  219 

To quantify peri-event changes of neural activity, a modulation index (MI) was calculated by 220 

extracting the area above/below the curve of each PETH ± 0.5 sec around time zero. To determine the 221 

significance of modulation, we built PETHs around ‘surrogate’ events generated by permutation of the 222 

inter-event intervals and calculated the MIs for each of 5000 shuffled PETHs; 95% confidence interval (CI) 223 

served as significance threshold. If the MI for event of interest was higher/lower than the upper/lower 224 

95% CI limits, the peri-event MD MUA/SUA change was considered to be significant. The onset/offset 225 

and the duration of the firing rate change were defined by ± 1SD threshold crossing of normalized peri-226 

event MD MUA. For examining MD modulation around sub-sets of ripples, for each data set the ripple 227 

times were bootstrapped and the bootstrapped MI (b-MI) was computed for 100 randomly selected 228 

ripples; then the same procedure was repeated 5000 times and distribution of b-MIs was plotted, also 229 

for awake and NREM sleep ripples.  230 
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Experimental Design and Statistical Analysis  231 

The LFPs and MUA recordings from different placements in the MD were considered 232 

independent if a linear distance between the sites exceeded 140μm (Buzsaki, 2004). A one-way analysis 233 

of variance (ANOVA) was used for independent measures. In case of repeated observations, a repeated 234 

measures ANOVA or paired t-test were used when data met the criteria for normality; otherwise 235 

Wilcoxon signed-rank test was used. For ANOVAs, when the sphericity assumption was violated, the 236 

Greenhouse-Geisser correction method was applied. Bonferroni test was used for post-hoc comparisons. 237 

Pearson’s linear correlations were used when appropriate.  The statistical significance α value was set at 238 

p= 0.05. The IBM© SPSS © Statistics (v.22) and Matlab (MathWorks) software packages were used for 239 

statistical analysis.   240 

Perfusion and Histology 241 

After the last recording session, rats were euthanized with a lethal dose of pentobarbital sodium 242 

(100 mg/kg ip; Narcoren, Merial) and perfused transcardially with 0.9% saline followed by 4% 243 

paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4).  The brain was removed and stored in the 244 

same fixative. Before sectioning, whole brains were placed in 0.1 M PB buffer containing 30% sucrose 245 

until they sank. Serial 60-μm-thick coronal sections were then cut on a horizontal freezing microtome 246 

(Microm HM 440E,Walldorf, Germany), collected in 0.1 M PB, and then directly stained or stored at -247 

20°C in a cryoprotectant solution (30% ethylene glycol and 10% sucrose in 0.05 M PB) until further 248 

processing. Nissl staining was performed according to a standard procedure. Briefly, sections were 249 

mounted on gelatin-coated glass slides, defatted, stained with cresyl violet, rinsed with acetic acid, 250 

dehydrated, and coverslipped. All sections were examined using an AxioPhot or AxioImager microscope 251 

(Carl Zeiss, Goettingen, Germany). Positions of the electrode tips were assessed visually and digitized. 252 
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Results  253 

We obtained 42 simultaneous recordings in the CA1 area of the dHPC, PFC-PL and MD in 8 rats. 254 

Figure 1A illustrates the electrodes targeting the dHPC and MD. We sampled MD activity from different 255 

sub-regions of the MD using multiple tetrodes and by lowering tetrodes after each recording session 256 

(see Methods). Two to 17 different electrode placements per rat resulted in total of 49 MD recordings 257 

from the medial (n = 19), central (n = 10), and lateral (n = 20) sections of the MD. Figure 1B shows the 258 

reconstruction of the deepest recording sites in the MD. Preliminary analyses did not reveal any 259 

difference in neural activity across the MD sites; therefore, the results described below were obtained 260 

using combined datasets from different MD sub-regions and, for simplicity, we will refer to all thalamic 261 

recordings as MD.  262 

Neural activity in the MD is suppressed around hippocampal ripples   263 

We first characterized the overall population activity in the MD around hippocampal ripples. 264 

Ripples were detected by thresholding at 5 SDs of the band-pass (120 - 250 Hz) filtered (smoothed at 265 

25Hz), rectified and z-score normalized CA1 LFP signal (Figure 2, middle trace). On average, 1013.4 ±66.3 266 

ripples were detected per each recording session. The multiunit spike times (referred here as multiunit 267 

activity, MUA) were extracted from the wide-band (0.1Hz – 8kHz) extracellular signal recorded in the 268 

MD by high-pass (600Hz) filtering and thresholding at -0.05 mV (Figure 2, bottom trace).  For each 269 

recording session and each MD site, a PETH was generated ± 2 sec around ripple onsets and 270 

subsequently corrected for spiking activity fluctuation around randomly distributed ‘surrogate’ events 271 

(see Methods for details). A significant transient suppression of the MD-MUA around ripples was 272 

present in essentially all MD-sites (Figure 3A). We also calculated a modulation index (MI, Figure 3C) and 273 

tested each MD MUA case for significant modulation (see Methods). The peri-ripple firing rate decrease 274 

was significant for all 49 MD MUA recordings (mean MI < lower limit of 95% CIs). To characterize in 275 
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more detail the dynamics of ripple-associated modulation of MD MUA, for each session-averaged PETH 276 

we extracted the onset, peak time, and duration of the firing rate change as illustrated on Figure 3C. 277 

Remarkably, in most cases a decrease of the MD firing rate preceded the ripple onset occurring on 278 

average 0.41 ± 0.04 sec (range 0.01 – 0.95 sec) before ripple. The MD suppression lasted, on average, for 279 

0.76 ± 0.06 sec (range: 0.13 – 2.10 sec) and peaked at 0.11 ± 0.01 sec after ripple onset (range: 0.04 – 280 

0.39 sec). Figure 3D shows the distribution for the MD inhibition onset (red line), duration (blue), and 281 

times of the minimal firing rate (black). There was no difference in the onset, peak time, or duration of 282 

MD MUA suppression across different MD sub-regions (one-way ANOVA, onset: F(2,37) = 0.72, p = 0.50; 283 

peak time: F(2,37) = 0.14, p = 0.87; duration: F(2,37) = 0.36, p = 0.70).  284 

It is possible, however, that the multi-unit population response does not capture the response 285 

profiles of the individual MD neurons. Therefore, we also characterized the ripple-associated firing rate 286 

modulation of the MD single units. The recording quality permitted reliable isolation of 40 single units (n 287 

= 6 rats). The ripple-associated suppression was present in all MD single units (Figure 3B). We thus 288 

considered the MD neurons responding homogeneously and used MD-MUA for further analyses.  289 

The degree of MD suppression correlates with ripple features  290 

We examined whether the degree of MD MUA modulation systematically varied with ripple 291 

intrinsic properties. To this end, we split all detected ripples according to their amplitude or intra-ripple 292 

frequency into quartiles and extracted for each ripple group the corresponding MI. A significant linear 293 

correlation was found between the MI and ripple amplitude (r = -0.28, p < 0.0001); a stronger MD MUA 294 

suppression was associated with ripples of higher amplitude (Figure 4A). No such relationships were 295 

revealed between MI and intra-ripple frequency (r = 0.096, p = 0.18).  296 

We also studied if the MD modulation depended on the temporal pattern of ripple occurrence. 297 

The visual inspection of the band-pass (120-250 Hz) filtered CA1 LFPs indicated that some ripples occur 298 

in close (< 0.33 sec) temporal proximity to each other, while other ripples are rather sparse (Figure 2, 299 
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middle trace and Figure 4B). Thus, we classified the detected ripples into ‘isolated’ or ‘clustered’ (see 300 

Methods). Clusters typically consisted of 2 -7 ripples. We computed the PETHs of the MD MUA around 301 

‘isolated’ and ‘clustered’ ripples (in case of ripple clusters, the first ripple onset was used as t=0) and 302 

observed a much stronger MD suppression around isolated ripples (-2.75 ± 0.19 vs. -1.94 ± 0.11 for MIs 303 

of ‘isolated’ and ‘clustered’ ripples, respectively; paired t-test, t(40) =  4.12, p < 0.001). Overall, the 304 

amplitude of ‘isolated’ ripples was slightly lower than one of ‘clustered’ ripples (8.86 ± 0.23 vs. 9.71 ± 305 

0.27 SDs, for isolated and clustered ripples, respectively; paired t-test, t(40) =  11.12, p < 0.0001). The 306 

difference in the temporal pattern of ripple occurrence did not affect the strong negative correlation 307 

between the MI and ripple amplitude as such relationships we present for both types of ripples (isolated:  308 

r = -0.24, p < 0.001; clustered: r = -0.27, p < 0.0001).  309 

Modulation of MD activity around gamma oscillations 310 

We also characterized the dynamics of MD MUA around transients of high-gamma (70-120 Hz) 311 

oscillations (or gamma events), which is another prominent type of population activity in the HPC 312 

(Sullivan et al., 2011). We detected the gamma events by thresholding at 4 SDs of the band-pass (70-313 

120Hz) filtered (smoothed at 25Hz), rectified and z-score normalized CA1 LFP signal (Figure 2, middle 314 

trace). Consistent with the existing literature (Ramirez-Villegas et al., 2015), a substantial fraction of 315 

gamma events (40.78 ± 1.92%) co-occurred with ripples. Based on the spectral composition of the 316 

detected transient high-frequency oscillations we split them into ‘pure’ gamma, ‘mixed’ gamma/ripple 317 

and ‘pure’ ripple events (Figure 5A-C). The MD MUA was significantly suppressed around ‘pure’ ripples 318 

in all cases (n = 49), while around gamma/ripple and ‘pure’ gamma events the MD MUA decrease was 319 

detected in 79.6% (n = 39) and 53.1% (n = 26) of cases, respectively. Consequently, the mean MI was the 320 

lowest for ‘pure’ ripples (-2.87 ± 0.15) indicating a more consistent decrease of the MD firing rate, 321 

compared to other event types (-1.81 ± 0.18 and -1.42 ± 0.13 for gamma/ripple and ‘pure’ gamma 322 

events, respectively). Figure 5D-F shows the profiles of the MD firing rate for each event type. Finally, 323 
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we compared the magnitude of MD suppression across event types by submitting only significantly 324 

modulated cases to the repeated measures ANOVA. There was a significant main effect of the event 325 

type (F(2, 62) = 31.99, p < 0.0001). Post-hoc tests showed that the MD MUA suppression was the 326 

strongest around ‘pure’ ripples and the weakest around ‘pure’ gamma events. Based on this result, for 327 

further analysis we considered only ripple oscillations without accompanying gamma power increase.  328 

Ripple-associated modulation of MD activity depends on behavioral state  329 

We further explored if the ripple-associated modulation of MD MUA depends on the behavioral 330 

state. We classified the behavioral state into awake and non-REM (NREM) sleep using frontal EEG or PFC 331 

LFPs (see Methods) as also described in detail elsewhere (Novitskaya et al., 2016). Briefly, animal 332 

movement speed was extracted from the video recording synchronized with neural signal. The 333 

theta/delta (θ/δ) ratio was calculated from the artifact-free EEG in 2.5-s epochs. The epochs of awake 334 

state were identified by the presence of active locomotion and above threshold θ/δ ratio; the epochs of 335 

NREM sleep were identified by the absence of motor activity and below threshold θ/δ ratio. Consistent 336 

with existing literature (Llinas and Steriade, 2006)the MD activity was higher during awake state than 337 

during NREM sleep (27.99 ± 1.78 Hz vs. 10.21 ± 0.75 Hz for awake and NREM sleep, respectively; 338 

Wilcoxon signed-rank test, p < 0.0001). Ripples occurred more frequently during NREM sleep than 339 

during awake epochs (7.84 ± 0.59 ripples/min vs 22.96 ± 1.28 ripples/min, respectively; Wilcoxon 340 

signed-rank test, p < 0.0001). We then repeated the analysis as described above for all ripples, but 341 

subdivided ripples according to the behavioral state. For each of 49 MD MUA cases, the averaged MI 342 

was calculated for awake- and sleep-ripples and the significance of modulation was defined based on 343 

the averaged MI value. During awake state, a significant ripple-associated MD suppression was present 344 

in 43 out of 49 MD MUA cases (87.8%), while less cases (35 out of 49 (71.4%) showed significant MD 345 

modulation during NREM sleep (Chi2 (1) = 4.91, p = 0.027). Furthermore, the MD suppression during 346 

awake state was significantly stronger than during NREM sleep, when only significantly modulated MD 347 
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cases were considered (-2.49 ± 0.21 vs.  -1.60 ± 0.11 for MI of ripples during awake and NREM sleep, 348 

respectively; Wilcoxon signed-rank test, p = 0.00057).  349 

Bidirectional modulation of MD activity during sleep ripples 350 

We next examined how MD MUA varied across individual ripples. To this end, for each data set 351 

the ripple times were bootstrapped and the b-MI was computed for 100 randomly selected ripples (b-352 

MI); then the same procedure was repeated 5000 times (see Methods for details). This analysis 353 

confirmed that MD inhibition accompanied the majority of b-MIs (78.10 ± 0.28%); however, some b-MIs 354 

were associated with either enhanced or unchanged MD MUA (0.61 ± 0.02% and 21.29 ± 0.30%, 355 

respectively, Figure 6A). Subdividing ripples according to the behavioral state (awake vs sleep) revealed 356 

that the b-MIs were mostly negative during awake, while both positive and negative b-MIs were 357 

obtained during NREM sleep (Figure 6B). Specifically, a significant MD suppression was present in 88.39 358 

± 4.27% of b-MIs during awake vs. 59.79± 4.34 % of b-MIs during NREM sleep. The MD enhanced activity 359 

around ripples was observed in 0.35 ± 0.2 % and 1.11 ± 0.7 % of b-MIs during awake and sleep, 360 

respectively. The difference in the distribution of b-MIs showing decreased, increased, or unmodulated 361 

MD MUA was statistically significant (Chi2 (2) = 1064.99, p < 0.0001). This result was consistent with a 362 

stronger MD modulation awake state reported above using session averaged MIs.  363 

The MD activity is not suppressed around ripples co-occurring with sleep spindles  364 

Beside fluctuations of neural activity in the HPC and MD thalamus across awake and sleep states, 365 

a temporal coupling exists between the hippocampal ripples and sleep spindles, which is thought to 366 

enable the hippocampal-cortical information transfer underlying memory consolidation (Siapas and 367 

Wilson, 1998; Maingret et al., 2016; Latchoumane et al., 2017). It is also well established that sleep 368 

spindles emerge as a result of synchronized interplay within the thalamo-cortical circuit (Contreras and 369 

Steriade, 1997; Llinas and Steriade, 2006). Sleep spindles were detected during NREM sleep episodes as 370 
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described elsewhere (Novitskaya et al., 2016) and the times of spindle on- and offsets were extracted. 371 

We first split ripples occurring during awake (34.3 ± 2.1 %) from the remaining ripples occurring during 372 

NREM sleep and the latter were further subdivided into ‘spindle-uncoupled’ (51.8 ± 0.7 %) and ‘spindle-373 

coupled’ (13.9 ± 0.6 %). Figure 7A-C shows representative epochs depicting different patterns of 374 

ripple/spindle coupling. Ripples occurring during different behavioral/brain states differ by their intrinsic 375 

properties. We compared the intra-ripple frequency and the ripple amplitude among three patterns of 376 

event occurrence. The repeated measures ANOVA revealed a significant effect of the condition for both 377 

the intra-ripple frequency (F (2, 181.11) = 4117.99, p < 0.0001) and the ripple amplitude (F (2, 164.57) = 378 

1119.10, p < 0.0001). The subsequent post-hoc comparisons (Bonferroni corrected) showed that awake-379 

ripples had the highest intra-ripple frequency and the highest amplitude, while the spindle-coupled 380 

ripples had the lowest intra-ripple frequency and amplitude (Figure 8).  Table 1 summarizes the 381 

correlation strength between the ripple amplitude and MI for different subtypes of ripples.  382 

We thus studied if the ripple-associated MD activity depends on the ongoing hippocampal-383 

cortical population dynamics. Remarkably, two distinct patterns of MD MUA were observed during 384 

NREM sleep around ripples that were coupled or uncoupled with sleep spindles (Figure 7E-F). 385 

Specifically, around spindle-uncoupled ripples the MD was primarily suppressed (85.71%, n = 42), while 386 

no change (24/49 cases, 48.98%) or a transient increase (20/49 cases, 40.82%) of the firing rate was 387 

present around spindle-coupled ripples (Figure 6F). The profile of MD MUA was almost identical around 388 

ripple-coupled spindles and around all detected sleep spindles (Figure 9). Since during NREM sleep the 389 

MD suppression was predominant during spindle-uncoupled ripples as well as it was during awake-390 

ripples, we compared the magnitude of MD suppression between these two subsets of ripples. The MD 391 

suppression was significantly stronger around awake ripples (mean MI: -2.46 ± 0.20 vs. -1.97 ± 0.11 for 392 

awake vs. spindle-uncoupled sleep ripples; Wilcoxon signed-rank test, p = 0.02).  393 
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Discussion (2,035 words) 394 

In the present study we have characterized neural activity in the MD, an associative thalamic 395 

nucleus, during epochs of memory replay as indicated by hippocampal ripples (Skelin et al., 2018). 396 

Overall, the MD spiking was transiently suppressed around both awake- and sleep-ripples. Notably, a 397 

decrease of MD firing rate systematically preceded the ripple onset. A stronger MD suppression 398 

corresponded to the ripples with higher amplitude and ones occurring sparsely (not in clusters). 399 

Strikingly, peri-ripple MD modulation was fine-tuned to the thalamo-cortical activity dynamics such as 400 

the MD suppression was observed around ripples occurring outside sleep spindles. In contrast, during 401 

spindle-coupled ripples no MD suppression was present and in about half of cases the MD firing was 402 

increased. We also characterized the MD activity around other hippocampal oscillatory patterns, namely 403 

the high-gamma episodes and mixed gamma/ripple oscillations. The high-gamma oscillations is another 404 

prominent pattern of the hippocampal population activity that typically occurs during alert behaviors 405 

(Colgin and Moser, 2010), but also during low arousal states including NREM sleep (Csicsvari et al., 1999; 406 

Sullivan et al., 2011). We found that the MD suppression was much weaker or absent around high-407 

gamma oscillations. Furthermore, although the MD suppression was systematically present around 408 

gamma/ripple events, the modulation magnitude was lower than around ‘pure’ ripples. The latter result 409 

is in agreement with existing evidence that although ripples and high-gamma oscillations share similar 410 

mechanisms, the network effects of gamma oscillations are more local (Sullivan et al., 2011). Overall, 411 

our present study provides a new evidence for coordinated activity between the associative thalamus 412 

and the dHPC during ‘off-line’ states and raises further questions about causality of these interactions 413 

and the functional significance of the ripple-associated modulation of the MD neural activity. 414 
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Brain-wide activity pattern associated with hippocampal ripples 415 

By now, it is well-established that many cortical regions show coordinated firing with 416 

hippocampal population bursts (Sirota et al., 2003; Ji and Wilson, 2007; Peyrache et al., 2009; Wierzynski 417 

et al., 2009; Rothschild et al., 2016; Wang and Ikemoto, 2016; Wilber et al., 2017). Inhibition of mPFC 418 

neurons was documented around awake ripples (Jadhav et al., 2016). Bidirectional modulation of 419 

prefrontal neurons during memory replay is well suited for selectivity of information transfer and 420 

triggering synaptic plasticity within memory trace specific cell assemblies (Peyrache et al., 2011; Jadhav 421 

et al., 2016). Ripple-associated neuron firing was also shown in the ventral striatum (Lansink et al., 2008). 422 

Both excitatory and inhibitory responses during ripples were observed in the VTA (Gomperts et al., 2015) 423 

and BLA neurons (Girardeau et al., 2017). Our recent study combining electrophysiological recordings in 424 

the HPC with the fMRI-based whole-brain activity mapping provided the first evidence for inverse 425 

relationships between the thalamic and hippocampal activity during ripples (Logothetis et al., 2012). The 426 

ripple-associated spiking suppression was subsequently demonstrated in the lateral geniculate nucleus 427 

in non-human primates (Logothetis, 2015). Similar findings have been recently reported in rats for the 428 

midline thalamus (Lara-Vasquez et al., 2016) and the median raphe nucleus (Wang et al., 2015). Taken 429 

together these observations reflect a widespread activation/inhibition pattern of the brain activity 430 

associated with presumed memory replay as indicated by hippocampal ripples. At present, the 431 

specificity of such distributed brain activity and its relevance to memory consolidation remains poorly 432 

understood.  433 

Bidirectional modulation of the ripple-associated thalamic activity 434 

The main finding of the present study is differential engagement of the MD during spindle-435 

coupled vs. spindle-uncoupled ripples. Elevated firing rate of MD neurons during spindle-coupled ripples 436 

is not surprising. It is well-established that sleep spindles emerge due to coordinated interactions within 437 

thalamo-cortical circuit (Contreras et al., 1996; Steriade, 2006). It has been also demonstrated that 438 
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ripples tend to occur during periods of enhanced cortical excitability, or Up-states (Sirota et al., 2003; 439 

Battaglia et al., 2004; Moelle et al., 2006), and coincide with sleep spindles (Siapas and Wilson, 1998). In 440 

our recordings, about 20% of ripples were temporally coupled with sleep spindles. Expectedly, the MD 441 

activity was enhanced during spindles, regardless if spindles coincided with ripples or not. A reduced 442 

inhibitory input from the limbic-projecting thalamic reticular nucleus (TRN) during sleep spindles 443 

(Halassa et al., 2014) is likely the key component regulating this spindle-associated MD activation.  On 444 

the other hand, a half of sleep ripples and all awake ripples were not temporally coupled with spindles 445 

and those spindle-uncoupled ripples (~ 80% of all ripples) were consistently associated with pronounced 446 

MD suppression. Thus, we observed a synergistic activity within the thalamo-hippocampal-cortical 447 

network during time windows of ripple/spindle coupling, yet a memory-specific relevance of the MD co-448 

activation is currently unknown.  449 

The spindle-ripple coupling has been suggested to be critical for memory consolidation 450 

(Diekelmann and Born, 2010). Indeed, experimentally-induced increase of the spindle-ripple coupling 451 

during post-learning sleep improved memory (Maingret et al., 2016; Latchoumane et al., 2017), while its 452 

disturbance impaired memory (Novitskaya et al., 2016). The hippocampal ripples tend to precede sleep 453 

spindles (Siapas and Wilson, 1998; Wierzynski et al., 2009; Peyrache et al., 2011); therefore, memory 454 

trace reactivation during ripples may trigger synaptic modifications in the cortex during subsequent 455 

spindles (Johnson et al., 2010; Timofeev and Chauvette, 2017). It was hypothesized that the 456 

hippocampal output during replay may selectively recruit thalamo-cortical cells into thalamo-cortical 457 

rhythmic interactions reflected as spindles (Peyrache et al., 2011). A strong engagement of cortical 458 

inhibition during spindles may permit activation of cortical cell assemblies representing specific memory 459 

trace and therefore reinforce synaptic plasticity within a selective network (Peyrache et al., 2011; Jadhav 460 

et al., 2016). The MD co-activation during ripple-spindle coupling may thus facilitate long-range network 461 

interactions (Nakajima and Halassa, 2017).  462 
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The thalamic suppression during spindle-uncoupled ripples may be favorable for memory 463 

processing as it appears to reduce the thalamo-cortical relay of sensory information. Indeed, the mPFC 464 

neurons appear more responsive to the hippocampal input during spindle-uncoupled ripples, i.e. during 465 

periods when the recurrent thalamo-cortical circuit was not engaged (Peyrache et al., 2011). In this 466 

context, a source of MD inhibition presents an interesting question. The ripple-associated MD 467 

modulation does not appear to simply reflect global fluctuations of the thalamo-cortical activity that is 468 

largely controlled by the TRN (Steriade et al., 1993). Extra-thalamic inhibitory control of the thalamic 469 

activity is thought to be more selective and therefore more effective for state-dependent gating of 470 

thalamo-cortical information transfer (Bokor et al., 2005; Halassa and Acsády, 2016). For example, 471 

cholinergic inputs from the midbrain parabrachial region cause hyperpolarization in the thalamocortical 472 

neurons in auditory thalamus (Mooney et al., 2004). Another candidate is the GABAergic input from the 473 

zona incerta that selectively targets higher-order thalamic relays (Bokor et al., 2005). The precise 474 

temporal dynamics of these interactions would shed light on the neurophysiological mechanisms 475 

controlling coordinated activation/deactivation of competing large-scale networks.    476 

The strength of long-range interactions may depend on the behavioral state and cognitive 477 

context. For example, a recent study reported differential modulation of activity in the anterior 478 

cingulate cortex (ACC) around awake- and sleep ripples (Wang and Ikemoto, 2016). Wang and 479 

colleagues (Wang and Ikemoto, 2016) proposed that the absence of ACC activation during awake-ripples 480 

may protect freshly acquired information from alteration and, in turn, facilitate intra-hippocampal 481 

information processing. Furthermore, a type of MD interaction with hippocampal-cortical network may 482 

gate the direction of information transfer. It has been shown that during time windows of spindle-ripple 483 

coupling (and MD co-activation), the cortex is less responsive to the hippocampal input (Peyrache et al., 484 

2011); therefore, cortical signaling to the HPC may prevail. In turn, during spindle-uncoupled ripples 485 

(and MD inhibition) the input from HPC to cortex is prevalent. Evidence accumulates that awake-ripples 486 
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may additionally support cognitive functions, such as behavioral planning and decision making (Diba and 487 

Buzsaki, 2007; Yu and Frank, 2015). Therefore, the MD suppression around awake-ripples may also favor 488 

memory retrieval from cortex or other non-mnemonic functions requiring cortical-hippocampal 489 

interactions. Thus, the functional state of the thalamo-hippocampal-cortical network as well as the 490 

content of neural replay and directionality of information transfer may differ during awake, spindle-491 

coupled or spindle-uncoupled ripples and these intriguing possibilities shall be further explored.   492 

Possible role of the MD for declarative memory 493 

The anatomical connectivity of the MD supports its involvement in processing and integration of 494 

diverse information and mediating it to the mPFC (Mitchell, 2015; Wolff et al., 2015). Consequently, the 495 

MD may present a key element within the executive control circuit (Van Der Werf et al., 2003; Ketz et al., 496 

2015), which in case of declarative memory includes the HPC. Through its connectivity with the 497 

hippocampal input and output structures (Groenewegen, 1988; Burwell, 2000), the MD can mediate the 498 

bidirectional information flow between the HPC and mPFC (Floresco and Grace, 2003; Peyrache et al., 499 

2011). Consistent with the thalamic selection hypothesis (Saalmann and Kastner, 2011), the MD 500 

neuronal populations may coordinate selective engagement of functionally diverse neural circuits in a 501 

particular oscillatory dynamics (Ketz et al., 2015). Indeed, the MD–PFC synchronization within the beta 502 

(13–30 Hz) frequency range accompanied performance of a spatial memory task (Parnaudeau et al., 503 

2013). Moreover, the MD inactivation reduced MD-PFC beta-synchronization and also impaired the task 504 

performance (Parnaudeau et al., 2013). Furthermore, sustained activity within the MD-PFC network has 505 

been implicated in maintaining information in working memory (Bolkan et al., 2017; Schmitt et al., 2017). 506 

Thus, the MD may enhance functional connectivity within a specific brain network (Nakajima and 507 

Halassa, 2017).  508 

The MD involvement in memory consolidation has been suggested (Squire, 1986; Lee et al., 509 

2011; Tu et al., 2014; Lara-Vasquez et al., 2016), yet this hypothesis requires further experimental 510 
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validation. The fact that a decrease of MD firing rate systematically preceded the ripple onset suggests 511 

that a decreased spiking in the MD may be related to reorganization of the network activity and a shift 512 

to a brain state permitting ripple generation, which in turn promotes the hippocampal-cortical 513 

communication mediating declarative memory consolidation. Apart from the MD, the midline thalamic 514 

nuclei have been also considered to play a role for memory processes (Pereira de Vasconcelos and 515 

Cassel, 2015). For example, based on anatomical connectivity, the nucleus reuniens (RE) could mediate 516 

the prefrontal-hippocampal interactions (Varela et al., 2014). A recent study by Lara-Vasquez and 517 

colleagues (Lara-Vasquez et al., 2016) correlated the activity of midline thalamic neurons with different 518 

oscillations in the HPC and observed a functional heterogeneity among different cell types. Specifically, 519 

the calcium-binding protein calretinin (CR) negative neurons were modulated by theta oscillations, while 520 

CR+ neurons were inhibited during hippocampal ripples. In our study, we sampled a relatively small 521 

number of MD single units and did not observe differential modulation. However, heterogeneity of MD 522 

responses may be revealed in future by examining of a larger population of MD single units.  523 

The thalamo-prefrontal and hippocampal-prefrontal pathways appear to participate in different 524 

types of information processing (Ketz et al., 2015; Eichenbaum, 2017) and therefore co-activation of 525 

these functionally distinct networks may lead to interference. If, indeed, the MD belongs to a competing 526 

(e.g. sensory mediating) network, its activation during ripples would likely interfere with stabilization of 527 

recent memory trace. Thus, a decrease of MD activity may reflect inactivation of a competing network, 528 

which would in turn facilitate the hippocampal-cortical communication mediating declarative memory 529 

consolidation. Consistent with this view, we have recently showed that thalamic activation produced by 530 

the ripple-triggered LC stimulation impaired consolidation of spatial memory in rats (Novitskaya et al., 531 

2016). Our present findings provide evidence that a transient suppression of MD neural activity that 532 

precedes hippocampal ripples may possibly play an active role in coordinating activity within large-scale 533 

networks involved in different aspects of information processing taking place ‘off-line’.  534 



 

24 
 

Thus, the activity pattern within a given brain region may reflect its engagement or 535 

disengagement within a functionally distinct and distributed network enabling specific types of 536 

information processing. Bidirectional modulation of MD activity around ripples was linked to different 537 

dynamic states of the thalamo-hippocampal-cortical network differing by topography, directionality of 538 

information transfer, and brain function they support. Possibly, spindle-uncoupled ripples combined 539 

with the thalamic activity suppression presents a brain state that is favorable for memory replay and 540 

information transfer from the HPC to the cortex, while the thalamic input at times of hippocampal-541 

cortical communication, indicated by spindle/ripple coupling, may contribute to the neural assembly 542 

selection for promoting synaptic plasticity in cortex. All in all, our present findings open the question 543 

about neurophysiological mechanisms regulating these fine-tuned cross-regional interactions and their 544 

functional significance.  545 
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Tables 693 

Table 1. Modulation Index (MI) of the MD MUA and MI correlation (r) with different subsets 694 
of ripples.  695 

 1st Quartile 2nd Quartile 3rd Quartile 4th Quartile Correlation 
Coefficient 

MI,                               
All Ripples -1.11 ± 0.10 -1.57 ± 0.11 -1.80 ± 0.17 -1.81 ± 0.15  r = -0.28, *** 

MI,                               
Awake Ripples -0.94 ± 0.10 -1.26 ± 0.13 -1.35 ± 0.11 -1.30 ± 0.11  r = -0.23, *** 

MI,                               
Spindle-uncoupled 
Ripples 

-0.93 ± 0.09 -1.30 ± 0.13 -1.20 ± 0.11 -1.20 ± 0.06  r = -0.12, * 

MI,                               
Spindle-coupled 
Ripples 

0.58 ± 0.10 0.46 ± 0.10 0.41 ± 0.09 0.45 ± 0.05  r = -0.06 

* - p < 0.05; *** - p < 0.001. 696 

Figure Legends 697 

Figure 1. Simultaneous multi-site electrophysiological recording in freely behaving rats. A, Schematic 698 

illustration of the electrode placements in the dHPC and MD. Tetrodes (2 for dHPC and up to 6 for MD) 699 

were mounted on a movable microdrive allowing depth adjustment of each tetrode individually. B, 700 

Reconstruction of the deepest recording sites within the MD is shown on different anterior-posterior 701 

planes; the medial MD (white circles), the central MD (grey), the lateral MD (black). 702 

 703 

Figure 2. Detection of ripple and gamma oscillations. Representative traces of simultaneously recorded 704 

neural activity in the dHPC (top) and MD (bottom). Two middle traces show band-pass filtered dHPC 705 

LFPs; black solid lines show rectified and smoothed signals. Horizontal dashed lines mark the detection 706 

threshold for ripples at 5 SDs, gamma events at 4 SDs and spikes at -0.05mV. Symbols above two middle 707 

tracers mark transient oscillatory events. Open triangles mark ‘isolated’ ripples, open circles mark 708 

‘clustered’ ripples, black triangles mark gamma events, and black circles mark gamma/ripple events. 709 

 710 
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Figure 3. Ripple-associated suppression of the MD neural activity. Normalized firing rate is plotted for 711 

MD MUA (A) and MD single units (B). The averages around onsets of all detected ripples are shown for 712 

49 MD MUA recordings obtained from different MD sites in 8 rats and 40 single units (n = 6 rats). The 713 

cases are sorted according to the values of modulation index (MI). Color bars show z-scores. Insert: box 714 

plot shows population distribution of MIs. C, Quantitative characterization of the ripple-associated firing 715 

rate change. The MI was calculated as the area (grey) between the curve and y = 0 within ± 0.5 sec 716 

around the ripple onset (t = 0). The on- and offset of modulation was detected by ± 1SD threshold 717 

crossing (vertical dashed lines). The time between on- and offset was considered as the duration of 718 

modulation (red horizontal line with two arrowheads). The peak time was determined as the time with 719 

the minimum firing rate (red arrow) D, The distribution of onsets (red), peak times (black) and offsets 720 

(blue) of the MD firing rate change relative to ripple onset (t = 0) for all MD MUA cases (n = 49) shown 721 

on A. 722 

 723 

Figure 4. The degree of MD modulation correlated with ripple amplitude and the temporal pattern of 724 

ripple occurrence. A, The MIs from all 49 MD MUA cases are plotted according to the quartiles of ripple 725 

amplitude. Black line shows the linear regression. Note that stronger MD suppression (lower MIs) 726 

corresponded to ripples of higher amplitude. B, Distribution of inter-ripple intervals. The log-scale 727 

distribution of inter-ripple intervals with Gaussian fittings (black lines). Numbers indicate the peak times 728 

and the crossing time of two Gaussians. Note a bimodal distribution of inter-ripple intervals. 729 

 730 

Figure 5. The MD activity modulation around different types of high-frequency population bursts in the 731 

dHPC. A-C, Representative peri-event spectrograms for gamma (left), gamma/ripple (middle), and ripple 732 

(right) events. D-F, Normalized and color-coded MD firing rates are plotted for all MD MUA cases (n = 49) 733 

around the gamma (D), gamma/ripple (E), and ripple (F) events. Horizontal color bar shows z-scores.  734 
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Overlaid black lines show the averaged MD population dynamics around corresponding event type. 735 

Color bars on the right of each plot show the proportion of MD MUA cases with ripple-associated 736 

suppression (blue), activation (red) and no modulation (green). Note the strongest MD suppression 737 

around ripples and bidirectional changes of the MD firing rate around gamma and gamma/ripple events. 738 

 739 

Figure 6. Ripple-associated MD modulation varies across behavioral states. A, Bidirectional changes of 740 

MD MUA around ripples. Example raster plots (top panels) and corresponding averages of z-scored MD 741 

firing rates (bottom) are plotted around 100 randomly selected ripples. B, Distribution of b-MIs 742 

generated by bootstrapping ripples during awake (black) and NREM sleep (white). The vertical dashed 743 

lines mark the lower and upper limits of 95% confidence interval. Note that all b-MIs during awake state 744 

are negative indicating consistent MD suppression, while both negative and positive b-MIs were 745 

obtained during NREM sleep. 746 

 747 

Figure 7. The MD activity is not suppressed around ripples co-occurring with sleep spindles. A-C, Top 748 

traces show the broad-band (0.1 – 300 Hz) and band-pass (12 -16 Hz) filtered LFPs recorded from the 749 

mPFC and the band-pass (120 – 250 Hz) filtered LFPs recorded from the CA1 subfield of the dHPC during 750 

awake (left) and NREM sleep (middle and right). Bottom traces show the corresponding MD firing rates. 751 

Black dots mark ripples, dashed-lined rectangles mark sleep spindles. D-F, Normalized firing rates of all 752 

MD MUA cases are plotted around ripple onset and sorted according to the MI value. Horizontal color 753 

bar shows z-scores. Vertical color bars show the proportions of MD cases with significant decrease (blue), 754 

increase (red), or no change (green) in the firing rate. Inserts: box plots show the MIs distribution across 755 

MD MUA cases with significant firing rate modulation. Note, during NREM sleep ripples may (right) or 756 

may not (middle) coincide with sleep spindles and that peri-ripple MD modulation depends on the 757 

ripple/spindle coupling. 758 
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 759 

Figure 8. Intrinsic properties of different ripple types. Bars represent ripple amplitude (A) and intra-760 

ripple frequency (B) for awake, spindle-uncoupled, and spindle-coupled ripples. *** p < 0.001 761 

(Bonferroni corrected). 762 

 763 

Figure 9. The MD firing rate is elevated around sleep spindles. A, Representative traces of 764 

simultaneously recorded neural activity in the mPFC, dHPC-CA1 and MD during NREM sleep. Black dots 765 

mark ripples. The dashed-lined rectangles mark ripple-coupled (left) and ripple-uncoupled (right) spindle. 766 

B, The MD firing rate is plotted around sleep spindles (solid line) and a subset of ripple-coupled spindles 767 

(dashed line). Spindle onset is at t = 0. Averages from 42 recording sessions (n = 8 rats) are shown; 4409 768 

(43.82%) ripple-coupled spindles were isolated from total of 10062 detected sleep spindles. 769 
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