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Abstract 
The thalamic reticular nucleus (TRN) is crucial for the modulation of sleep-related 

oscillations. The caudal and rostral subpopulations of the TRN exert diverse activities, 

which arise from their interconnectivity with all thalamic nuclei, as well as other brain 

regions. Despite the recent characterization of the functional and genetic heterogeneity 

of the TRN, the implications of this heterogeneity for sleep regulation have not been 
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assessed. Here, using a combination of optogenetics and electrophysiology in C57BL/6 

mice, we demonstrate that caudal and rostral TRN modulations are associated with 

changes in cortical alpha and delta oscillations, and have distinct effects on sleep 

stability. Tonic silencing of the rostral TRN elongates sleep episodes, while tonic silencing 

of the caudal TRN fragments sleep. Overall, we show evidence of distinct roles exerted 

by the rostral and caudal TRN in sleep regulation and oscillatory activity. 

A list of abbreviations 
Arch - archaerhodopsin  

EEG – electroencephalogram 

EMG - electromyography 

eYFP – green/yellow fluorescent protein 

NpHR – halorhodopsin 

NREM – Non-Rapid Eye Movement 

PV - parvalbumin 

REM – Rapid Eye movement sleep 

TRN – Thalamic reticular nucleus 

Introduction 

Sleep is a homeostatic function preserved across the animal kingdom. The main 

neurobiological drivers of global sleep and arousal are found in primordial brain areas 

(Batini et al., 1958; Mcginty & Sterman, 1968; von Economo, 1930); however, the 

forebrain has been found also to impact sleep quality and quantity (Siclari & Tononi, 

2017). During Non-Rapid-Eye-Movement sleep (NREM), the interplay between the 

thalamus and the cortex generates major sleep rhythms: delta (1 – 4 Hz) and short, 

recurrent alpha oscillations known as sleep spindles (9 – 16 Hz) (Steriade et al., 1993). 

An atypical thalamic nucleus, the thalamic reticular nucleus (TRN), modulates sleep-

related oscillations and sleep architecture via inhibitory control over other thalamic 

nuclei (Fernandez et al., 2018; Halassa et al., 2014; Lewis et al., 2015; Halassa et al., 

2011). For example, the rise in the sleep spindle density caused by various genetic or 

optogenetic manipulations on the TRN leads to prolonged or less fragmented NREM 

sleep (A. Kim et al., 2012; Ni et al., 2016; Wimmer et al., 2012) whereas the reduction 

in the sleep spindle density results in fragmented sleep (Li et al., 2020; Wells et al., 

2016). Sleep spindles act as a hallmark of brain state change (Vyazovskiy et al., 2004). 

They manifest at the beginning and at end of NREM sleep (Astori et al., 2011; Schönauer 
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& Pöhlchen, 2018; Winsky-Sommerer et al., 2008), and the artificial introduction of 

sleep spindles increases the number of NREM-REM and REM-NREM transitions (A. Kim 

et al., 2012). 

The TRN is strategically located between the cortex and thalamus, which allows it to exert 

distinct functions during awake and sleep states. During awake states, the TRN controls 

selective attention, via its interactions with the sensory thalamic nuclei (Crick, 1984; 

Halassa et al., 2014; McAlonan et al., 2006). Conversely, during sleep states, TRN activity 

induces a strong inhibition of the thalamus, and participates in sleep spindle production 

(Halassa & Acsády, 2016; Herrera et al., 2016; Lewis et al., 2015). The role of limbic-

projecting TRN neurons during awake states is still unresolved; however, during sleep 

they are known to remain silent till arousal (Halassa et al., 2014). 

The TRN anteroposterior heterogeneity has been characterized at the anatomic 

(Crabtree, 1996; Pinault, 2004; Shosaku et al., 1989) and genetic level (Li et al., 2020). 

According to anatomical studies, the TRN resembles the cortical functional map with 

two overlapping subsectors: limbic and sensory. All limbic thalamic nuclei not 

incorporated in the sensory information propagation, send fibers to the rostral part of 

the TRN. In contrast, all thalamic nuclei integrating sensory information are located on 

the caudal side of the TRN area. Genetically, recent transcriptomic analysis uncovered 

two subtypes of TRN neurons localized in a similar anteroposterior manner (Li et al., 

2020). Despite these recent advances, little is known about the functional role of the 

anterior and posterior TRN subdivisions on the sleep-wake cycle. 

In this study, optogenetic manipulations of the rostral and caudal TRN showed opposite 

effects on the sleep episode length without affecting overall sleep duration. The caudal 

TRN had effects on sleep initiation and maintenance, as demonstrated by the fact that 

its inhibition resulted in rapid awakening and fragmented sleep. On the contrary, the 

optogenetic silencing of the rostral TRN resulted in prolonged sleep episodes, 

suggesting a role of this area in arousal. Both debilitating and enhancing effects on sleep 

architecture caused by TRN manipulation was associated with the reduction of cortical 

delta (1 – 4 Hz) and alpha (9 – 16 Hz) oscillations at distinct sleep stages. 

Results 
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Expression of inhibitory opsins in caudal and rostral TRN 

To optogenetically inhibit the rostral and caudal TRN, we expressed inhibitory opsins, 

archaerhodopsin (Arch) or halorhodopsin (NpHR), in parvalbumin (PV) containing 

neurons in the TRN, which account for 80 percent of all neurons in the TRN (Hou et al., 

2016; Clemente-Perez et al., 2017; Steullet et al., 2018). We stereotactically injected an 

adeno-associated virus (AAV) carrying a Cre-inducible vector encoding either inhibitory 

opsins or eYFP (control) in the rostral or caudal TRN of PV-Cre mice. Virus injection and 

bilateral optic fiber placement in rostral mice took place at -0.8 mm from the Bregma 

on the anteroposterior axis (Figure 1a). In caudal mice the injection was performed at -

1.6 mm from the Bregma (Figure 1d). Virus expression in rostral mice was mainly 

restricted to the rostral TRN and rarely spread to the caudal part of the nucleus (Figure 

1b, 1c; Supplementary Figure 9). Likewise, caudal TRN showed strong virus expression 

in caudal mice and little or no virus in the rostral TRN (Figure 1e, 1f; Supplementary 

Figure 9). Optical fibers were placed on top of the virus injection sites.  

Sleep episode duration changes following optogenetic inhibition of caudal and rostral 
TRN. 

To examine the role of the caudal and rostral TRN during sleep we used optogenetics 

combined with cortical EEG recording in freely moving animals (See Methods). Tonic 

green light (560 nm, 3mW) delivery to the TRN through chronically implanted optic 

fibers was applied in the following pattern: ‘light on’ phase (30 s) followed by ‘light 

off’ phase (60 or 90 s). Each recording session contained on average 40 cycles 

of light stimulation (Figure 2a). Additionally, we introduced 2 sessions of control 

recordings (Figure 2b), when optic light fibers were not connected to the optic 

fiber implants on mice head and light did not reach the TRN (No Stim session). 

All Arch animals slept during No Stim sessions and unfortunately only couple of 

animals from NpHR and Control groups slept during dedicated sessions. An algorithm 

for sleep state classification was adopted from Halassa et al., (2014) (Supplementary 

Figure 1).  In general, rostral animals showed non fragmented sleep during Stim 

sessions (Figure 2c), but caudal animals showed fragmented sleep in Stim sessions 

compared to No Stim sessions (Figure 2d). Light stimulation in rostral animals 

expressing inhibitory opsin (Arch and NpHR) introduced tendency to longer 

sleep episodes, while caudal mice showed the opposite effect, that is 
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fragmented sleep [Caudal Opsin: t3 = 3.736, p = 0.033, d = 1.868; Rostral 

Opsin: t3 = 3.711, p = 0.034, d = 1.856; paired t-test; Fig. 2e]. During 

Stim sessions, the sleep episodes of mice expressing Arch and NpHR in 

the rostral TRN were less fragmented relatively to animals expressing 

inhibitory opsins in the caudal TRN and eYFP [Stim: Two-Way ANOVA F2,13 

= 6.736, p = 0.009; Pairwise comparison: Caudal Arch vs Rostral Arch, p = 

0.002; Caudal NpHR vs Rostral NpHR, p = 0.007; Rostral Arch vs Rostral 

Control, p = 0.001; Rostral NpHR vs Rostral Control , p = 0.007; Fig. 2f]. 

Synergistic effects for sleep episode comparison were produced by the 

combination of Arch and NpHR animals into opsin group [Stim: One-Way 

ANOVA F2,16 = 15,879, p = 0.0001; Tukey HSD: Caudal Opsin vs Rostral 

Opsin, p = 0.0003; Rostral Opsin vs Control, p = 0.0007; Fig. 2g]. Light 

stimulation did not have any effect on the wake episode duration or on total 

sleep duration in animals expressing inhibitory opsins and eYFP  

(Supplementary figure 2). Overall, we observed opposite effects on sleep quality 

arising from silencing of different parts of the TRN. These data support distinct 

functional roles of the rostral and caudal TRN in sleep.  

Caudal TRN activity is important for sleep initiation and maintenance. 

We confirmed that rostral and caudal optogenetic inhibition of the TRN induced 

opposite changes to sleep episode duration. Next, we wanted to understand what 

causes such variations and during which sleep phases these differences arise. First, we 

investigated the effect of the TRN optogenetic inhibition on the early sleep. The 

inclusion criteria for analysis were the following: mice were asleep more than 10 s 

before light stimulation and woke up within 80 s from the start of the light 

stimulation (Figure 3a). Caudal mice expressing Arch had a strong linear 

relationship between sleeping time before light stimulation and the latency to 

arousal, during light stimulation (Figure 3b, 3c and 3d). If an animal slept less than 

20 s prior to stimulation, rapid wake up followed. Such unexpected relationship 

between early sleep and light stimulation was not observed in rostral Arch-expressing 

mice, or in NpHR-expressing mice (Figure 3e). When the results of both inhibitory 

opsins (Arch and NpHR) were combined in Opsin group, the relationship observed 
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in caudal and rostral mice was still maintained (Figure 3f). Surprisingly, t h e  

Control group with rostral stimulation showed number of rapid awakenings during 

stimulation (Figure 3g). 

Next, we investigated whether the TRN light stimulation during early sleep (period 

between 10 to 20 s) a n d  deep sleep (> 20 s) had a similar effect on arousal 

latencies (Figure 4a and 4b). Light stimulation of caudal TRN had a dramatic effect 

on the length of latency during early sleep phase. Mice expressing Arch and NpHR 

in the caudal TRN woke up faster during early sleep stimulation [Arch Caudal: Mann-

Whitney U, U = 168, z = - 3.372, p = 0.0007; NpHR Caudal: Mann-Whitney U, U = 

471, z = - 2.803, p = 0.005; Opsin Caudal: Mann-Whitney U, U = 1210, z = - 4.442, 

p = 0.000009; Fig. 4c]. Control stimulation of caudal TRN did not influence 

latency to arousal [Control Caudal: Mann-Whitney U, U = 80, z = - 1.628, p = 

0.108; Fig. 4c]. Only caudal TRN inhibition led to rapid state change during early 

sleep, as rostral TRN inhibition rarely resulted in the arousal [Arch Rostral: Mann-

Whitney U, U = 93, z = - 0.873, p = 0.404; NpHR Rostral: Mann-Whitney U, U = 83, z = - 

0.954, p = 0.359; Opsin Rostral: Mann- Whitney U, U = 356, z = - 1.33, p = 0.184; Fig 4d]. 

Control stimulation of rostral TRN resulted in rare, but rapid arousal [Control Rostral: 

Mann- Whitney U, U = 3, z = - 3.503, p = 0. 0.00001; Fig. 4d]. We concluded 

that caudal TRN activity during early sleep is important for sleep initiation, while 

rostral TRN is not involved. 

Next, we wanted to understand the TRN role in the maintenance of deep sleep. If 

an animal slept more than 20 s before light stimulation (Figure 4a) and woke up within 

80 s after stimulation, we labeled it as a short sleep episode. Mice with rostrally 

inhibited TRN tended to rarely wake after stimulation, while animals with caudal 

inhibition woke up in 55% of cases [Arch - Caudal: 57%, 3 mice vs Rostral: 32%, 3 mice, 

t4= 2.895, p = 0.044; NpHR - Caudal: 53%, 4 mice vs Rostral: 28%, t6= 2.038, p = 0.088; 

Control - Caudal: 41%, 2 mice vs Rostral: 40%, 3mice, t3 = 0.144, p = 0.895; two-tailed t-

test; Fig. 4e]. Both inhibitory opsins showed identical results [F2, 16 = 6.572, p = 0.008, 

One-way ANOVA; Post – hoc: Opsin, p = 0.006; Control, p = 0.161; Fig. 4f]. Stimulation 

during deep sleep induced more fragmented sleep in caudally inhibited mice. The 

total amount of sleep was not affected by the TRN inhibition [F2, 16 = 1.184, p = 
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0.129, One-way ANOVA, Fig. 4g]. Additionally, the continuous manner of the light 

application did not have effect on the latency to wake (Supplementary figure 3a and 

3b). In summary, mice with rostrally inhibited TRN had less fragmented sleep 

and caudal TRN inhibition had more fragmented sleep, as caudal TRN activity 

appeared to be important for the sleep initiation and maintenance. 

Caudal TRN inhibition during deep sleep led to alpha oscillation power reduction. 

To examine site-specific effects of optogenetic TRN inhibition on cortical EEGs, we 

compared different frequency bands before and after the onset of optical stimulation. 

First, we probed deep sleep oscillations (Figure 5a). We recorded the reduction of EEG 

powers in several frequency bands, but these were affected only during 10 s of 

the stimulation (Figure 5b and 5c). Delta (1 – 4 Hz) power reduction during 10 s of 

stimulation was significantly changed for both caudal and rostral animals [χ2(2) = 7.38, 

p = 0.025, η2 = 0.405. Kruskal-Wallis H test, pairwise comparison; Caudal vs Control, p = 

0.008; Rostral vs Control, p = 0.04; Fig 5d and Supplementary Figure 4a]. Alpha (sleep 

spindle) power (9 – 16 Hz) was significantly decreased only in the caudally stimulated 

animals expressing inhibitory opsins [F2,16 = 4.681, p = 0.025; η2 = 0.369. One-way 

ANOVA; Post – hoc: Caudal vs Control, p = 0.021; Rostral vs Control, p = 0.182; Fig. 

5e and Supplementary Figure 4b]. Additionally, we employed paired t-test analysis to 

compare the power spectra derived from EEG traces 10 s before and during the 10 s 

light stimulations. Caudal TRN inhibition demonstrated a reduction in the alpha power 

oscillation [Alpha, p = 0.04; Delta, p = 0.217, paired t-test; Supplementary Figures 5 and 

6]. Rostrally inhibited TRN did not induce any difference in alpha and delta oscillations 

over 10 seconds stimulation. [Alpha, p = 0.39; Delta, p = 0.166, paired t-test; 

Supplementary Figures 5 and 6]. Although, a brief, 5 seconds long, delta oscillation 

reduction was recorded in caudal and rostral animals expressing inhibitory opsins 

[Caudal – Delta, p = 0.031; Rostral – Delta, p = 0.006; Supplementary Figure 6]. Light 

stimulation in caudal and rostral TRN of control animals did not have any effect on 

alpha and delta oscillation powers. [Caudal - Alpha, p = 0.58; Delta, p = 0.08. Rostral - 

Alpha, p = 0.12; Delta, p = 0.05, paired t-test; Supplementary Figures 5 and 6]. Rostral 

light stimulation in control mice induced delta power increase during sleep (p = 0.05, 

paired t-test; Supplementary Figures 6). Continuous light stimulation did not introduce 
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any additive effect on the oscillation power reduction (Supplementary figure 3c, 3d and 

3e). 

The fact that the sleep spindle oscillation (9-16 Hz) was reduced in caudal animals 

expressing inhibitory opsins, underlies the idea that the sleep spindle events should be 

affected too. An algorithm for sleep spindle events detection was adopted from Halassa 

et al., (2014) (Supplementary Figure 7). We recorded a reduction of sleep spindle events 

in caudal animals over 12 s of the stimulation (Caudal Opsin: t9 = 2.374, p = 0.042, d 

= 0.751; Rostral Opsin: t7 = 1.152, p = 0.287, d = 0.407; Control: Z = 0.944, p = 0.345. 

Paired t-test or Wilcoxon Signed Rank test; Fig 5f). 

Overall, rostral and caudal TRN optogenetic inhibition over 10 seconds resulted in delta 

oscillation reduction, but only caudal TRN inhibition was associated with alpha power 

and spindle events decrease. Control light stimulation in rostral TRN slightly increased 

the delta power. 

Rostral TRN inhibition during pre-wake sleep led to alpha and delta oscillation power 
reduction. 

Next, we analyzed the pre-wake traces, during which animals were asleep at least 20 s 

before stimulation, 10 s during stimulation and then woke up in the period of 80 s after 

stimulation (Figure 6a). The overall power reduction for alpha and delta oscillation 

balance shifted relative to deep sleep phases. In the pre-wake stage, the strongest 

power reduction was recorded in animals with rostrally inhibited TRN (Figure 6b and 

Supplementary Figure 8b). Inhibition of both parts of the TRN induced visible 

power reduction on spectrograms (Figure 6c and Supplementary Figure 8c), but 

in pre-wake sleep the significant change in alpha and delta reduction was 

recorded only in the rostrally inhibited TRN [Caudal - Alpha, p = 0.106, Delta, p = 

0.066; Rostral - Alpha, p = 0.015, Delta, p = 0.012 paired t-test; Figure 6d and 

Supplementary Figure 8d]. Lewis et al., (2015) optogenetically stimulated caudal TRN 

and recorded significant increases in delta oscillations. Our control light stimulation of 

rostral TRN had a similar tendency to increase delta power during sleep, but contrary 

to the Lewis et al. study, it was associated with rise in beta-gamma power (15 – 50 Hz) 

(p = 0.02, paired student t-test; Figure 6f and Supplementary Figure 8f). 

To summarize, the pre-wake sleep oscillation inhibition balance shift was 
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marked by a significant drop in delta and alpha power during optogenetic inhibition of 

rostral TRN. 

Alpha oscillation reduction is correlated with wake-up latency in animals with caudally 
inhibited TRN. 

Lastly, we wanted to understand which oscillation band power reduction, caused 

by the TRN optogenetic oscillation, is correlated with arousal latency. Inclusion criteria 

for this analysis was identical to the pre-wake traces collection, where the animal 

slept at least 20 s before stimulation and at least 10 s during stimulation to calculate 

EEG power difference (Figure 7a). Only caudally stimulated Arch-expressing animals 

showed strong, positive correlation between alpha oscillation change during first 

10 seconds of stimulation and the arousal latency (Figure 7b). Rostrally stimulated 

Arch animals during pre-wake did have significant reduction in the alpha oscillation 

power [p = 0.01, paired t-test], but this was not related to wake-up latency (Figure 

7b). Neither group of NpHR-expressing mice showed significant correlation with 

latency (Figure 7c). We did not observe synergistic statistical empowerment when 

we combined the Arch and NpHR groups and correlation was reduced in caudally 

stimulated animal (Figure 7d). Alpha power change did not relate to the arousal 

latency in control animals (Figure 7e). 

Reduction of the alpha oscillation in caudally targeted animals is related to the 

fragmented sleep, while the reduction of the alpha power in rostral part of the TRN does 

not speed up wake up and putatively can prolong sleep during pre-wake period. 

Discussion 

We showed that optogenetic silencing of caudal and rostral TRN had opposed effects on 

the sleep architecture. Caudal inhibition of the TRN introduced fragmented sleep, while 

rostral TRN inhibition promoted sleep bout prolongation. Optogenetic inhibition of 

both areas led to reduction of the delta and alpha cortical oscillations during distinct 

sleeping stages. Current characterization of the TRN subpopulation activity during 

various sleeping stages would allow a better understanding of thalamocortical 

interactions during sleep and anesthesia. 

The TRN is a non-homogenous structure containing sensory and limbic projecting 

neurons, which can fire in a state-dependent manner (Halassa et al., 2014). In the 
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present study, we characterized the impact of optogenetic inhibition of two TRN 

subpopulation on the sleep architecture and showed that the activity shift to the caudal 

TRN is important for sleep initiation and maintenance, while the pre-wake sleeping 

stage is characterized by an activity shift to the rostral TRN. Recently, two TRN 

subpopulations were characterized to quantitatively distribute in an anterior posterior 

manner. Dysfunction in the posteriorly (caudally) located TRN cells, which project to 

sensory thalamic nuclei, results in reduction of delta oscillation, sleeping spindles and 

NREM sleep bouts (Li et al., 2020). Likewise, optogenetic inhibition of the posterior TRN 

in our case resulted in reduced sleeping episodes, alpha and delta oscillations during 

deep sleep stages. We also showed that inhibition of the rostral TRN leads to 

reduction in the alpha and delta oscillations, which putatively promotes less 

fragmented sleep. It has been shown that altered neuronal firing in the TRN can result 

in frequent or prolonged brain state transitions (Astori et al., 2011; A. Kim et al., 

2012). Thus, TRN distinct subnetworks are involved in the initiation, maintenance, 

and termination of local sleep. 

The area of the TRN that is involved in NREM-REM transitions is still unresolved. One 

caveat of our approach is the low sensitivity to small REM traces during analysis of deep 

and pre-wake sleep. It is important to note that a previous study on TRN modulation 

during REM sleep did not introduce any changes in EEG oscillation or sleep quality 

(Herrera et al., 2016). 

The alpha oscillation reduction caused by optogenetic inhibition of caudal TRN resulted 

in fragmented sleep and was correlated with the latency to arousal. The sleep spindle 

malfunction leads to the altered sleep cycle (A. Kim et al., 2012; Ni et al., 2016; Wells 

et al., 2016; Wimmer et al., 2012). The short timescale of the oscillation reduction (10 

s) could be caused by the photocurrent decline characteristics for Arch and NpHR opsins 

and light induced heating. It is important to note that recorded sleep spindle event 

decrease can act as reflection of the sleep spindles’ amplitude reduction. 

We used two inhibitory opsins with different hyperpolarization mechanisms to silence 

neurons, and therefore, we expected them to yield different results (Chow et al., 2010; 

Zhang et al., 2007). EEG power modulation and sleep/wake cycle effect were almost 

identical for the two inhibitory opsins used, but the effect on the latency to wake up was 
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significant only in Arch-expressing mice. We hypothesize that Arch light stimulation led 

to a stronger neuronal inhibition relative to NpHR, as all mice were stimulated at optimal 

wavelength for Arch (525 nm, green), but not for NpHR (593 nm, yellow). 

Sleep spindles were recorded and named ‘alpha’ waves more than 90 years ago, but we 

are still far from complete understanding of their physiological role (Lüthi, 2014; 

Práwdicz-Neminski, 1925). As the sub-product of the TRN neuronal bursting discharge, 

the neural circuits responsible for these waves were characterized in rodents based on 

the neurochemistry ((Clemente-Perez et al., 2017), cortical location (D. Kim et al., 2015), 

and interconnection with thalamic nuclei ((Clemente-Perez et al., 2017; Fernandez et 

al., 2018). The large cortical area in humans allowed the topographical organization of 

fast (~12 Hz) and slow (~14 Hz) sleep spindles to be distinguished, with a sharp border 

in the supplementary motor area (Andrillon et al., 2011). Current methodologies fail to 

differentiate fast and slow spindles in mice, but the sensory TRN neurons have been 

shown to be capable of stronger repetitive burst discharge relatively to limbic TRN areas 

due to higher activity of the low-threshold Ca2+ channel CaV3.3 (Fernandez & Luthi, 2020; 

Fernandez et al., 2018; Li et al., 2020). This suggest that mice have at least two types of 

sleep spindles generated by different circuitries (Li et al., 2020). According to our data, 

caudal and rostral TRN could be generating alpha oscillations in mouse cortex at 

different sleeping periods. Thereby, the distinct sleep spindles might be further 

differentiated based on the temporal resolution and functionality. Future studies 

addressing sleep spindle mechanisms should consider the location of the targeted TRN 

subsector and the sleep stages during which spindles are produced. 

Tonic activation of the TRN induced slow wave activity in awake animals (Lewis et 

al., 2015). Conversely, in our hands, tonic inhibition in the awake states did not produce 

any detectable changes on EEG oscillation. During the wake state, thalamic neurons 

have higher membrane potential levels, and the TRN neurons exhibit weaker 

inhibitory control, as they fire in tonic manner and can only amplify chosen cortical 

inputs without modulation of their content (Halassa & Acsády, 2016). Thus, the 

optogenetic inhibition of the TRN during the awake state does not have a pronounced 

effect on the global EEG oscillations, but still has obvious consequences on behavior 

(Clemente-Perez et al., 2017; Halassa et al., 2014). Additionally, the modulation of the 
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TRN activity did not affect global sleep length, as it might act as part of the circuit for 

arousal control across only local cortical areas (Fernandez et al., 2018; Lewis et al., 

2015), through which the brainstem, hypothalamus and basal forebrain can control 

the forebrain arousal state activity (Buzsaki et al., 1988; Herrera et al., 2016; Kolmac 

& Mitrofanis, 1998). 

A limitation of the current study is that a relatively small number of control animals 

slept during recording session. In vivo electrophysiological recording during light 

application would be an interesting addition to the study.  However, we can predict that 

in vivo recording during TRN optogenetic inhibition would not generate a 

straightforward result as the TRN is a complex structure with a highly interconnected 

neuronal network (Pinault, 2004). Previously it has been shown that tonic optogenetic 

activation of the caudal TRN neurons exhibited heterogeneous changes in firing rates, 

as the majority of TRN cells showed decreased firing rate (Lewis et al., 2015).  

Overall, we concluded that rostral and caudal TRN consist of distinct subnetworks, 

which have different activity levels during sleep. The caudal segment of TRN is 

important for sleep initiation and maintenance, while the activation of the rostral TRN 

is linked to sleep cessation. We described the TRN functional heterogeneity by using 

location principles and highlight that the optogenetic targeting of the TRN segments 

in future should be taken into account during the design of novel optogenetic 

experiments. 

Materials and methods 
Animals 

Ten- to sixteen-week-old female (5) and male (19) C57BL/6 mice expressing Cre 

recombinase in parvalbumin-expressing neurons (PV-Cre) were used (n=24). Animals 

were housed under standard conditions, with food and water ad libitum. All work was 

approved by the University of Strathclyde Ethical Review Committee and performed 

under license in accordance with UK legislation as defined in the Animals (Scientific 

Procedures) Act 1986. 

Viral vectors and injections 

For opsin expression, archaerhodopsin (AAV5-Ef1a-DIO-eArch3.0-EYFP), halorhodopsin 
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(AAV5- Ef1a-DIO-eNpHR3.0-EYFP) and YFP only (AAV5-Ef1aDIO- EYFP) viruses were 

used. Viruses were purchased from Vector Core (University of North Carolina) with 

titers around 1012 VG/ml. These viruses were injected bilaterally at volumes of 200 – 

600 nl into the TRN of PV-Cre mice using a Nanoliter (WPI). Different mice were used 

for rostral (A/P, - 0.8mm; ±M/L, 1.4mm; D/V, -3.2mm, -3.5 mm, -3.8 mm) and caudal 

(A/P, - 1.6mm; ±M/L, 2.2 mm; D/V, -3.2mm, -3.5 mm, -3.8 mm) TRN targeting. In order 

to express opsins in TRN in dorsoventral coordinate, virus was injected in 3 different 

dorsoventral coordinates. Mice were given at least 4 weeks of recovery following 

surgery to allow virus expression. 

Stereotaxic surgery 

Mice were anesthetized with 5% isoflurane and maintained at 1.5-2%. Five stainless-

steel screws were placed in frontal (A/P, + 2.0mm; ±M/L,1.0mm) parietal (A/P, - 3.0mm; 

M/L, 4.0 mm) and cerebellar (ground) parts of the skull. The EEG recorded from frontal 

screws were used for analysis. The EMG wire was placed in the neck muscle. A pipette 

filled with virus was lowered at the rate of 500-1000 μm/min. The virus was injected at 

the rate of 25-50 nl per minute using Nanoliter (WPI). The virus injection was performed 

in three coordinates of dorsoventral axis. After each injection, the pipette remained in 

the brains at least for 5 minutes to ensure diffusion into the target area. Optic fiber 

implants (Thorlabs lab, 0.39 NA) were placed in the brain at the depth of 2.7 mm. Kwik-

Sil (WPI) was used to cover an interface between open brain area and the skull, and the 

dental cement was applied to hold the optic fiber implants stable. The cement mixed 

with black ink were used to cover the light propagation. 

Optical stimulation 

Archaerhodopsin, halorhodopsin and YFP expressing neurons were stimulated with a 

Plexon LED Modules (Plexon, USA) with a wavelength of 525 nm. The light delivery 

method was adopted from Lewis et al., (2015). Briefly, a 30 s stimulation was followed 

by a 60–90 s off period. Light intensity was maintained at constant levels throughout a 

single 30 s period. Simulations for the transmission of light through tissue were 

performed using the calculator developed by the Deisseroth lab 

(http://web.stanford.edu/group/dlab/cgibin/graph/chart.php). The light intensity at 

the tip of the optic fiber was ~ 300 mW/mm2 for all recordings. Halorhodopsin light 
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stimulation had gradual ramping of the light intensity at the end of the signal, to exclude 

electrophysiological artifacts induced by chloride pump after sharp deactivation. 

Recording sessions were limited to no more than 60 stimulation trials to prevent 

habituation effects. 

Electrophysiology 

Four weeks after viral infections, the mice were transferred daily to the recording 

chamber to acclimate. Recording chamber consisted of 1 or 2 plastic, black boxes (50 

cm (W), 25 cm (D), 25 cm (H)) inserted in a custom-made Faraday cage. During the 

habituation session, a mouse was connected to the EEG-EMG cable. Cables were 

flexible and the mouse was able to move around in the recording chamber. Each 

chamber contained material for nest building. Electrophysiological recording sessions 

typically lasted for 2 hours. The connectors on the skull were connected through a 

custom-made adaptor to an Intan Technologies amplifier RHD 2132 board which 

amplified EEG and EMG signals 1000 times. The amplified signal was sent to the Intan 

evaluation board where it was further processed. RHD2000 Interface software was used 

to monitor, and store recorded EEG/EMG signals. The EEG and EMG data were acquired 

at 1 kHz sampling rate. 

Immunohistochemistry 

To reach terminal anesthesia pentobarbital/lidocaine mixture (50/50) was injected 

intraperitoneally (≥200 mg/kg). After complete loss of reflexes, the mouse was attached 

to a board and the ribcage was opened. It was intracardially perfused using 25 ml of 

PBS and 25 ml 4% paraformaldehyde solution (PFA) in PBS. Brains were removed and 

placed in the 4% PFA for 24 hours at 4 degrees. On the next day the brains were moved 

to a 30% sucrose in PBS for at least 48 hours before sectioning. 

Sucrose cryoprotected brains were placed in the microtome Leica where they were 

frozen using dry ice. The brains were cut into 50 μm sections and placed in wells filled 

with PBS. After 3 washes (10 minutes each) with PBS the incubation was performed at 

room temperature in PBS containing 0.3% Triton X-100 and 1-2% normal donkey serum 

(PBSX solution). Primary antibody against PV (P3088; Sigma) was diluted at 1/2500 with 

PBSX solution and applied to brain slices. Well plates were left on the shaker overnight. 

After several washes with PBS, the sections were incubated for 2-4 hours with a mixture 
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of secondary antibody (Alexa Fluor 594; A-11005; Invitrogen; 1:200) with PBSX solution. 

Sections were mounted on the glass slides covered by Vectashield Hard Set (Vector 

Labs) and a cover slip placed on them. 

The sections were observed using an upright epifluorescent microscope (Nikon, Eclipse 

E600). The digital images were captured using MetaMorph. Photoshop (Adobe Inc) was 

used to quantify the number of pixels produced by parvalbumin staining (red) and opsin 

expression (green). The percentage of opsin expression was quantified by division of 

the numbers of pixels produced by opsins and parvalbumin. In the cases when the 

number of green pixels were higher than number of red pixels, the proportion of pixels 

was reduced to 100%. 

Data analysis 

Sleep state classification 

All data was analyzed offline with MATLAB (Mathworks). For behavioral state analysis, 

an algorithm was adopted from Halassa et al. (2014). We classified EEG traces into two 

states: wake and sleep (majority of which was expected to consist of slow-wave-sleep) 

using EMG recording. EMG data were filtered from 60 – 200 Hz and threshold were 

applied. The algorithm, by going through the EEG/EMG data in 5 seconds steps, 

detected brain state for each step. Minimum criteria for sleep was at least 15 seconds 

duration. Threshold was detected by visual examination and was identical for all 

animals (thr = 5). The wake trace was identified by higher value than the threshold and 

sleep trace had lower values than imposed EMG threshold (Supplementary Figure 1). 

The sleep scoring was done in a semiautomatic way using custom written MATLAB 

algorithms. Visual inspection was used to discard putative sleeping trials with low 

slow/delta oscillation, non-characteristic for slow wave oscillation. Proportionally, a 

small number of the time segments not related to sleep or wake states were not used 

in the analysis. 

Detection of sleep spindles  

An algorithm for detection of sleep spindles was adopted from Halassa et al., (2014). 

The EEG trace was filtered for 9-16 Hz frequency and transformed with Hilbert 

transformation. The envelope of signal (1 s smoothing) was used as a basis for spindle 

detection. A threshold was calculated as a sum of mean and one standard deviation. 
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The threshold was calculated for each trace from the trace area not used for spindle 

collection (Light Off/Light On). Each threshold crossing, with parameters of > 0.5 s and 

< 3 s, was counted as a sleep spindle event (Supplementary figure 7). Bins of 12 seconds 

before (Light Off) and during (Light On) light stimulation were used to collect sleep 

spindles for calculation of the overall number of sleep spindles. Sleep spindles per trial 

were calculated by division of the overall number of sleep spindles over the number of 

EEG traces. A window of 12 seconds was used to collect all sleep spindles events over 

10 seconds, as sleep spindle event could last up to 3 seconds. 

EEG spectral analysis 

Before spectral analysis, each recording was chunked based on the inclusion criteria 

(pre-sleep, pre-wake sleep, deep sleep) and checked for artifacts. If the EEG trace 

contained a peak higher or lower than 800 µV, it was discarded. Power spectral density 

of each EEG trace was estimated with the Chronux toolbox (http://chronux.org/) using 

19 tapers over 5 or 10 second windows. Delta range (1-4 Hz) was taken from Lewis et 

al., (2015) as the design of the study was almost identical. Alpha or spindle frequency 

was introduced as range of 9-16 Hz ; this is in line with a recent article on sleep spindles 

Fernandez et al, (2018). Mean power spectral density was computed per animal before 

computing group average. Mean spectrograms were computed per animal before 

averaging group spectrograms with 5 tapers in 1 seconds sliding window with 0.01 

second steps. Same tapers, moving windows and steps were used for calculation of the 

single representative spectrograms. Single strong outliers from opsin group were 

removed in figures Supplementary Figure 5 and 6 for demonstration purposes. Outliers 

remained for statistical analysis and quantification. The codes used and processed data 

can be found on https://github.com/ Vladimir8585/TRN-project. Raw data will be 

provided per request. 

Statistical analysis 

To assess the effects of optogenetic stimulation on brain oscillations, each trial data 

from a 10 s period of stimulation was compared to that of 10 s pre-stimulation for each 

experimental group using Student’s paired t-test. To compute power spectral change 

for each animal, the power spectral difference for each trial was derived by subtraction 

of a 10 s pre-stimulation from a 10 s period of stimulation. Then, the power spectral 
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change for each animal was used to derive the power change for each group.  To 

compare differences between groups with different targeted areas (caudal or rostral) 

and viruses (archaerhodopsin, halorhodopsin and YFP), two-sample t-test, a n d  

one-way ANOVA were employed (SPSS, IBM). To test normality Shapiro-Wilk test 

was employed. Kuskal-Wallis, Mann-Whitney U and Wilcoxon Signed Rank tests were 

used for data which failed normality test. To quantify the effect of the green 

light stimulation on the sleep/wake cycle two terms were used: latency and the ratio 

of wake/sleep. The latency is a period from light stimulation starting point until the 

brain state change. The ratio of short sleep was calculated the following way: the 

number of stimulation trial with sleep episodes shorter than 80 seconds were divided 

on sum of the trial numbers with short (< 80 s) and long (> 80 s) sleeping episodes. 

Pearson correlations were used to measure the linear relationship between latencies 

and the power changes. 
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Figure 1. Opsin expression pattern after bilateral AVV targeting in caudally or rostrally injected 
mice. a, d Schematic of the genetic targeting and optic fiber used in stimulation of the rostral 
(caudal) TRN. AAV-DIO-Arch3-eYFP, AAV-DIO-NpHR3-eYFP or AAV-DIO-eYFP were infused into rostral 
TRN of the PV-cre mice. b, (e) Virus expression expansion during rostral (caudal) injection. Virus was 
selective targeting most of the TRN neurons in the rostral (caudal) TRN and limited fluorescence was 
detected in the caudal TRN. Scale bar: 250 µm. c, (f) Summary diagram of virus expression pattern in 
the rostrally/caudally injected mice expressing Arch (n = 5/4), NpHR (n = 5/7) and YFP (n =3/2). 
Schematic drawings of coronal sections of 2 coordinates containing the rostral and caudal TRN. Virus 
expression in the same area for several animals is shown in darker green colour. Th – thalamus, GP – 
globus pallidus. 
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Figure 2. Effect of rostral and caudal TRN inhibition on sleeping episode length. a, Schematic of the 
continued light delivery pattern during optogenetic stimulation. The 30 s long light application phase 
(Light On) was followed by a no light phase, which lasted 60 or 90 s. On average, single experiment 
consisted of 40 cycles. b, Schematic representation of the in vivo recording with (Stim) and without 
(No Stim) light stimulation. During No Stim, optic fibers were disconnected. c,d, Representative EMG 
traces, EEG traces and spectrograms from rostral and caudal mice with and without stimulation. 
Hypnograms are superimposed as black traces on the EEG spectrogram.  e, Average sleep episode 
length in mice expressing Arch and NpHR in rostral and caudal TRN before and during light application. 
f, Average sleep episode length in mice expressing Arch, NpHR and eYFP in the rostral and caudal TRN 
during light application. g, Average sleep episode length in mice expressing inhibitory opsin (Arch + 
NpHR) and eYFP in the rostral and caudal TRN during light application (Arch, n = 3/3; NpHR, n = 4/4; 
eYFP, n=3/2). *, p <0.05; **, p<0.01; ***, p<0.001. One-Way ANOVA or paired t-test. 
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Figure 3. Relationship between sleep length before stimulation and latency to wake. Latency is a 
time period between the light stimulation start and brain state change (wake). a, Schematic of the 
inclusion criteria. Data were included if animal slept more than 10 s before stimulation and woke up 
within 80 s after light stimulation start. b, c, The relationship between the sleep duration before 
stimulation and the latency in rostrally and caudally stimulated animals with (Stim) and without 
stimulation (No Stim). d, e, f The effect of the rostral and caudal light stimulation on relationship 
between the sleep duration before stimulation and the latency in animals expressing Arch, NpHR, 
inhibitory Opsin (Arch + NpHR) and Control (eYFP). r – correlation coefficient, p – probability value, s 
– seconds. Arch, n = 3/3; NpHR, n = 4/4; YFP, n = 3/2. 
  

 14609568, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ejn.15908 by U

niversity O
f Strathclyde, W

iley O
nline Library on [20/01/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



 

This article is protected by copyright. All rights reserved. 

 
Figure 4. Light stimulation effect during different sleep phases. a, b, Schematic of the inclusion 
criteria. Data were included if animal slept more than 10 s before stimulation and woke up within 80 
s after light stimulation started. Further, the data was differentiated into two groups depending of the 
pre-sleep period before stimulation: animals that slept less or more than 20 s prior stimulation c, 
Latencies to arousal in animals expressing Arch, NpHR, Opsin (Arch + NpHR) and YFP (control) in caudal 
part of the TRN. d, Latencies to arousal in animals expressing Arch, NpHR, Opsin (Arch + NpHR) and 
Control (YFP) in rostral part of the TRN. e, Proportion of the short sleep episodes in animals expressing 
Arch, NpHR and YFP (control), which sleep more than 20 s before stimulation. f, Proportion of short 
sleep episodes in animals expressing opsins (Arch + NpHR) and YFP (control), which sleep more than 
20 s before stimulation. i, Mean sleeping time during 30 s light stimulation episodes. *, p < 0.05; **, p 
< 0.01, ***, p < 0.001; c - Mann-Whitney U; e - t test; f - One-Way ANOVA. 
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Figure5. Effect of tonic optogenetic inhibition on delta and alpha band EEG power and sleep spindles 
during deep sleep. a, Schematic of the inclusion criteria. Data were included for analysis and named 
as a deep sleep if animal slept at least 30 s before stimulation and did not woke up within 60 s after 
light stimulation start. b, Representative EMG, EEG, filtered delta (1-4 Hz) and alpha (9-16) traces and 
the corresponding heat map EEG power spectrum illustrating behavioral response to optogenetic 
silencing in animals expressing inhibitory opsins in caudal (left) and rostral (right) TRN. c, 
Representative EMG, EEG, filtered delta (1-4 Hz) and alpha (9-16) traces and the corresponding heat 
map EEG power spectrum illustrating behavioral response to light stimulation in animals expressing 
eYFP in caudal (left) and rostral (right) TRN.  d, Quantification of the delta power (1-4 Hz) change 
during first 10 s of the optogenetic silencing in animals expressing inhibitory opsin (Arch or NpHR) and 
eYFP. e, Quantification of the alpha power (9-16 Hz) change during first 10 s of the optogenetic 
silencing in animals expressing inhibitory opsin (Arch or NpHR) and eYFP. f, Number of detected sleep 
spindles events per trial before and during light stimulation in animals expressing inhibitory opsins 
(Arch or NpHR) and eYFP in caudal and rostral TRN. *, p < 0.05; **, p<0.01; One-Way ANOVA or Paired 
t-test. 
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Figure 6. Effect of tonic optogenetic inhibition on alpha band EEG power during pre-wake sleep. a, 
Schematic of the inclusion criteria. Data were included for analysis and named as a pre-wake sleep, if 
animals woke up during 80 s after light stimulation starts. In addition, animals were supposed to sleep 
at least 20 s before stimulation and 10 s during light stimulation. b, Comparison of the alpha power (9 
– 15 Hz) change during deep sleep and pre-wake sleep. The power changes used for the comparison 
were recorded during first 10 s of the optogenetic silencing in animals expressing opsins (Arch or 
NpHR) in the TRN. c, Spectrograms are showing average effect on the alpha band power for 10 s light 
stimulation in animals expressing inhibitory opsins in caudal (left) and rostral (right) TRN. d, Average 
spectrum of the 10 s before and 10 s during light stimulation in animals expressing inhibitory opsins. 
Grey region shows zoomed-in plot of the alpha band spectrum. e, Spectrograms are showing average 
effect on the alpha band for 10 s light stimulation in animals expressing inhibitory YFP in caudal (left) 
and rostral (right) TRN. f, Average spectrum of the 10 s before and 10 s during light stimulation in 
animals expressing YFP. Grey region shows zoomed-in plot of the alpha band spectrum. *, p < 0.05; 
Paired t-test. 
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Figure 7. Correlation of the alpha power reduction with the latency to wake up. a, Schematic of the 
inclusion criteria. Data were included for analysis, if animals woke up during 60 s after light stimulation 
starts. In addition, animals were supposed to sleep at least 20 s before stimulation and 10 s during 
light stimulation. b,c,d,e Correlation of the alpha power reduction during 10 s of light stimulation with 
latency to wake up in animals expressing Arch, NpHR, Opsin and YFP (control). r – correlation 
coefficient, p –probability value. 
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