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Abstract 24 

Deep brain stimulation (DBS) has been scarcely investigated in the field of sleep research. We 25 

hypothesize that DBS onto hypothalamic sleep- and wake-promoting centers will produce 26 

significant neuromodulatory effects, and potentially become a therapeutic strategy for patients 27 

suffering severe, drug-refractory sleep-wake disturbances. We aimed to investigate whether 28 

continuous electrical high-frequency DBS, such as that often implemented in clinical practice, 29 

in the ventrolateral preoptic nucleus (VLPO) or the perifornical area of the posterior lateral 30 

hypothalamus (PeFLH), significantly modulates sleep-wake characteristics and behavior. We 31 

implanted healthy rats with electroencephalographic/electromyographic electrodes and 32 

recorded vigilance states in parallel to bilateral bipolar stimulation of VLPO and PeFLH at 33 

125 Hz at 90 µA over 24 h to test the modulating effects of DBS on sleep-wake proportions, 34 

stability and spectral power in relation to baseline. We unexpectedly found that VLPO DBS at 35 

125 Hz deepens slow-wave sleep as measured by increased delta power, while sleep 36 

proportions and fragmentation remain unaffected. Thus, the intensity, but not the amount of 37 

sleep or its stability, is modulated. Similarly, the proportion and stability of vigilance states 38 

remained altogether unaltered upon PeFLH DBS but, in contrast to VLPO, 125 Hz stimulation 39 

unexpectedly weakened SWS, evidenced by reduced delta power. This study provides novel 40 

insights into non-acute functional outputs of major sleep-wake centers in the rat brain in 41 

response to electrical high-frequency stimulation, a paradigm frequently used in human DBS. 42 

In the conditions assayed, while exerting no major effects on sleep-wake architecture, 43 

hypothalamic high-frequency stimulation arises as a provocative sleep intensity-modulating 44 

approach. 45 
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Introduction 46 

 The regulation of physiological sleep and wakefulness relies on the equilibrium of a 47 

well-explored network of wake- and sleep-promoting centers in the brain. Mutual inhibition 48 

between these centers has been proposed as main regulatory mechanism in the flip-flop switch 49 

model [1, 2], where effective sleep requires the suppression of arousal systems by the mainly 50 

inhibitory GABAergic ventrolateral preoptic nucleus (VLPO) in the anterior hypothalamus [3, 51 

4], whose activation via agonism of adenosine receptors increases non-rapid eye movement 52 

(NREM) sleep [5, 6]. Additional inhibition of wake-promoting neurons by adenosine builds 53 

up on this neurotransmitter’s sleep-promoting action [7]. As a counterpart, the perifornical 54 

area of the posterior lateral hypothalamus (PeFLH) is densely populated, among other cell 55 

populations, by hypocretin (orexin) neurons, implicated in the facilitation of arousal [8]. The 56 

PeFLH region may also be an important organizer of the normal succession of stages during 57 

the sleep-wake cycle through excitatory reciprocal feedback to monoaminergic centers 58 

including the locus coeruleus (LC), a major arousal hub [8].  59 

 The complex regulation of sleep and wakefulness by counteracting and heterogeneous 60 

hypothalamic and brainstem nuclei, including VLPO and PeFLH, has been demonstrated in 61 

the last decades using stereotaxic injections of toxins/receptor agonists, as well as by opto- 62 

and pharmacogenetics [9-12]. Such approaches have been very useful and successful in 63 

specifically targeting distinct neuronal populations within heterogeneous brain areas and 64 

modulating sleep phenotypes in animals, thus identifying the basic nature of the wake- and 65 

sleep-controlling nuclei. However, while precise information is obtained from these 66 

approaches when they are acutely applied, their neuromodulatory effects during long-term 67 

(hours, days) applications have not been characterized. Additionally, this molecular approach 68 

presents some practical limitations towards cell types and species [13], with restricted genetic 69 

tools and inaccessibility to larger brains [14], which joins other factors such as the 70 
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irreversibility of the genetic manipulation and the unknown long-term consequences of viral 71 

expression, and potential protein accumulation, as caveats for eventual clinical applications.  72 

 Overall, clinically accessible approaches, such as electrical deep brain stimulation 73 

(DBS), have to be explored to determine whether targeting sleep-wake-controlling brain areas 74 

is a valuable therapeutic strategy offering significant neuromodulatory effects.  75 

 Here we aimed to study the effects of high frequency electrical neuromodulation of the 76 

VLPO and PeFLH nuclei, as representative sleep-wake-controlling hypothalamic targets, to 77 

determine whether these regions can serve as valuable putative therapeutic targets in further 78 

animal and human studies on the treatment of severe, drug-refractory sleep-wake 79 

disturbances. We thus tested the effect of continuous electrical high frequency stimulation 80 

(HFS, often implemented in clinical practice for reversible functional ablation of the targeted 81 

nuclei; [15]) on sleep-wake behavior, stability, and intensity as assessed by 82 

electroencephalographic/electromyographic (EEG/EMG) recordings in light, dark and 24 h 83 

periods. We hypothesize that HFS of the VLPO area will decrease NREM sleep proportion, 84 

stability, and/or intensity - by functionally inhibiting its sleep-promoting action -, whereas 85 

HFS of the PeFLH region will decrease wakefulness proportion, stability and/or intensity - by 86 

functionally disabling the arousal/wake-promoting nucleus’ function -. 87 

 88 

Materials and methods 89 

Experimental design 90 

 A total of 14 animals were chronically instrumented with EEG/EMG headsets and 91 

DBS leads into the VLPO, from which 5 animals were excluded from the analysis due to 92 

histological determination of mistargeting of the DBS leads, leaving 9 available animals. In 93 

those 9 animals, we performed sleep-wake proportions, fragmentation and delta power 94 
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analyses upon HFS in light, dark and 24 h periods. For each analysis, statistical outliers, 95 

defined as cases with behavioral scores > 2 standard deviations from each overall group 96 

mean, and/or animals presenting technical issues with the EEG/EMG, were additionally 97 

excluded from the analysis. Thus, for the VLPO, the remaining number of animals analyzed 98 

was n=7 during the light period (1 statistical outlier and 1 technical failure in entire EEG) and 99 

n=6 during the dark period (1 statistical outlier, 1 technical failure in entire EEG, and 1 100 

technical issue during the dark period) for all parameters. 101 

 A total of 8 animals were chronically instrumented with EEG/EMG headsets and DBS 102 

leads into the PeFLH, from which 1 animal was excluded from the analysis due to histological 103 

determination of DBS leads mistargeting. In the remaining 7 animals, we analyzed sleep-104 

wake proportions, fragmentation and delta power analyses also in light and dark periods and 105 

per 24 h. No statistical outliers were found in the analyses, whereas again we excluded one 106 

animal presenting technical issues in the entire EEG/EMG. Thus, in the PeFLH, the remaining 107 

number of animals analyzed was n=6 for all parameters.  108 

 109 

Animals 110 

 We included adult male Sprague-Dawley rats (Charles River Laboratories 111 

International Inc, Germany) weighing between 290-380 g at the time of surgery. The rats 112 

were housed individually on a 12:12 light:dark cycle with food and water available ad libitum 113 

throughout the experiments. In compliance with ethical regulations and to explore potential 114 

side effects that would cause eventual protocol discontinuation, we monitored animals’ 115 

weight daily while in EEG/EMG recordings/DBS sessions as well as home-cage activity after 116 

interventions. We additionally checked body temperature before and after the interventions. 117 

The animal room temperature was constantly maintained at 21-24°C. All experiments were 118 
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approved by the veterinary office of the canton of Zurich and conducted according to the local 119 

guidelines for care and use of laboratory animals under license ZH205/12. 120 

 121 

Surgical procedures for EEG/EMG and DBS electrode implantation 122 

 We anesthetized rats with isoflurane (4.5% for induction, 2.5% for maintenance) and 123 

injected them with buprenorphine (0.05 mg/kg, s.c.) for analgesia. We monitored wound 124 

healing, body weight and home-cage activity of the animals on a daily basis over the first 125 

week after surgeries and weekly thereafter. 126 

 We performed the EEG/EMG and DBS implantation procedures using adapted 127 

versions from previous established protocols [16, 17]. Briefly, we positioned the animals in a 128 

standard stereotactic apparatus (model 1900, Kopf Instruments, Tujunga, CA, USA) over a 129 

temperature-controlled pad, and made a midline incision exposing the skull. We made burr 130 

holes over the position of DBS coordinates followed by duratomy. Before insertion of the 131 

DBS electrodes, we frontally placed two anchoring screws (M1, one per hemisphere) and 132 

inserted four screws for peridural EEG recording, one pair per hemisphere over the parietal 133 

cortex. Additionally, we inserted a pair of gold wires into the rats’ neck muscles, which 134 

served as EMG electrodes for monitoring muscle tone. All EEG/EMG electrodes were 135 

connected to a plug by soldering to stainless steel wires.  136 

 We implanted DBS electrodes on targets after adjustment of the initial coordinates: (i) 137 

VLPO (AP -0.04 mm, ML 0.8 mm, DV -10 mm) using a factor obtained by dividing the 138 

measured individual Bregma-Lambda distance by the reference measure from the Atlas [18], 139 

(ii) PeFLH (AP -2.9 mm, ML 1 mm; DV -9 mm) with AP -2.7 mm applied for measured 140 

Bregma-Lambda distance < 6.9 mm and AP -3.1 mm applied for measured Bregma-Lambda 141 

distance ≥ 6.9 mm. Finally, we cemented all headpieces to the skull as illustrated in Fig 1. 142 

 143 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 11, 2021. ; https://doi.org/10.1101/2021.08.11.455908doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.11.455908


7 
 

Fig 1. DBS and EEG/EMG electrode implantation in rats. (A) Scheme of the experimental 144 

set up. The animal is freely moving in its cage while connected to a swivel cable, which 145 

allows both stimulation of the targeted brain structure and recording of the sleep-wake 146 

patterns. (B) Post-surgical DBS-EEG/EMG electrode construction. 147 

 148 

Deep brain stimulation: hardware and characteristics 149 

 In our experimental set up, we used bilateral concentric bipolar DBS electrodes as 150 

previously described [16], stereotactically implanted into the VLPO and PeFLH. The gold-151 

plated electrodes, composed of an inner platinum-iridium wire, functioning as the negative 152 

pole, and an outer stainless steel layer as the positive one, produce a concentrated current field 153 

around the tip of the electrode. The maximum outer diameter of the electrode is about 250 μm 154 

with a tip diameter of approximatively 50 μm (Technomed, Beek, The Netherlands).  155 

 We used a stimulus of rectangular shape in a current-controlled paradigm and applied 156 

a bipolar biphasic (60 µs negative - 60 µs positive) stimulation, which bears the advantage of 157 

potential translation into clinical studies. 158 

 159 

Selected DBS parameters  160 

 Based on the most commonly used parameter in the literature, we selected 125 Hz as 161 

frequency of stimulation, fixing the negative pulse width at 60 μs as regularly used in clinical 162 

studies. We based the choice of the pulse amplitude on a priori simulations aiming at 163 

investigating the distribution of the electrical field in brain tissue [19]. We modeled the 164 

electrode position in the VLPO, as proxy structure due to its relatively small and well-defined 165 

anatomy. For this, we used the final outcome of the finite element method of modeling and 166 

simulation, a widely applied numerical technique for calculating approximate solutions of 167 

general partial differential equations [19]. The model integrated the electrode configuration 168 
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(top vs. center) and aspects of the local structure of the surrounding region. We split the 169 

region of interest into 4 quadrants and neglected overlapping effects of the resulting borders. 170 

We applied a physics controlled mesh, and set the density with an application of a spatial 171 

resolution of 1 µm for the region close to the electrode (0 to 0.15 mm). For the distal region 172 

(0.15 mm to 10 mm), we used a spatial resolution of 10 µm. We set tissue conductivity to 173 

0.07 S/m (within common frequency ranges), at body temperature and of bovine origin due to 174 

lack of data for the rat [20] and the pulse width to 0.06 ms. Moreover, we accommodated for 175 

dielectric tissue properties represented by optic chiasm –och– (medial to the left VLPO) and 176 

median forebrain bundle –mfbb– (lateral to the left VLPO). We assessed the distance of mfbb 177 

and och by taking the average of two brain slices at AP level 0.00 and -0.12 mm from bregma 178 

[18] where we preferentially targeted the VLPO. We performed simulations at 40, 90 and 150 179 

µA and observed no summation effects (i.e. absence of rest-energy when the second pulse is 180 

applied). Accordingly, we neglected effects of frequency. To increase the comparability 181 

between the different simulations using either 40, 90 or 150 µA, the absolute field strength 182 

(3.75 V/mm) was kept constant. The simulations were based on relative (and not absolute) 183 

electrical field strengths. The final outcome of the simulations revealed distributions of the 184 

electrical fields beyond the target-region at the three intensities of interest for both top and 185 

center configurations. Stimulation at 90 and 150 μA would target 50 to 100% of VLPO 186 

volume, depending on the position of the electrodes (i.e. top or center). In comparison to 90 187 

µA, however, at 150 µA the boundaries of the main surrounding structures (och and mfbb) 188 

would largely be affected by the stimulation. Still, even at lower intensities of stimulation, the 189 

modeling results indicate that we cannot avoid affecting, at different degrees, the surrounding 190 

structures of VLPO, predicting that targeting a specific region without any current leakage is 191 

unlikely. Thus, we chose to stimulate at 90 μA to minimize the main leakage effects while 192 

substantially targeting the VLPO. We also chose this amplitude of stimulation for the PeFLH 193 

area, a relatively bigger area than VLPO, assuming we will be further limiting leakage effects. 194 
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 195 

Experimental protocols and setup 196 

 We single-housed the rats following surgery and granted a recovery of at least 2 weeks 197 

to all animals before further interventions. We connected the DBS electrodes to a stimulation 198 

device (model STG4008-1.6mA, Multi Channel Systems MCS GmbH, Reutlingen, Germany) 199 

in parallel to EEG/EMG electrodes through externalized cables that hang from a rotating 200 

swivel at the top of the cage, allowing free motion of the animals inside the experimental cage 201 

(Fig 1). We monitored stimulus delivery using an oscilloscope. Following a setup adaptation 202 

period of one to two days, we conducted EEG/EMG recordings for 24 h during two 203 

consecutive days, one before (DBS OFF) and one during (DBS ON) continuous bilateral 204 

electrical stimulation (Fig 2A).  205 

 206 

Fig 2. Experimental design and DBS electrodes placement. (A) Rats were implanted with 207 

EEG/EMG electrodes and DBS headset for the recording of vigilance states and stimulation 208 

respectively, followed by a recovery period of minimum two weeks. After one to two days of 209 

adaptation, EEG/EMG recordings were performed for two consecutive days: before (DBS 210 

OFF, 24 h) and during (DBS ON, 24 h) stimulation. Animals were then sacrificed, and 211 

electrode location and tissue integrity were verified through hematoxylin-eosin staining 212 

analyses. White squares: light period; grey squares: dark period. (B) and (C) Schematic 213 

coronal sections indicating site of electrode placements in VLPO (n=9) (B) and PeFLH (n=7) 214 

(C) regions (Bregma coordinates in mm) with target outlined in black and electrode tip 215 

pointed in red. (D-G) Representative low and high-magnification micrographs illustrating 216 

electrode targeting of VLPO (D, E) and PeFLH (F, G). Scale bars represent 200 µm in all 217 

pictures. VLPO: ventrolateral preoptic area; PeFLH: perifornical lateral hypothalamic area; X: 218 
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electrode track; aca: anterior commissure, anterior part; och: optic chiasm; f: fornix, 3V: third 219 

ventricle; mt: mamillo-thalamic tract.  220 

 221 

EEG/EMG recording, scoring and analysis 222 

 We sampled EEG and EMG at 200 Hz and amplified and processed the signals by an 223 

analog-to-digital converter. We used EMBLA hardware and Somnologica-3 software 224 

(Medcare Flaga). We discarded activity in the 50 Hz band from the analysis because of power 225 

line artifacts. We obtained power spectra of the EEG by discrete Fourier transformation 226 

(range: 0.5-100 Hz; frequency resolution: 0.25 Hz; time resolution: consecutive 4 s epochs; 227 

window function: Hanning).  228 

 We performed blinded visual scoring of acquired EEG manually as described 229 

previously [17]. We excluded artifacts by visual review of the raw data and identified and 230 

scored three vigilance states based on EEG/EMG patterns: wakefulness (WAKE), NREM 231 

sleep, and rapid eye movement (REM) sleep. We divided the 24 h scoring sessions into light 232 

and dark periods or into 1 h intervals, and assessed the proportion of the vigilance states 233 

separately for each period. To provide a quantitative measure of sleep fragmentation, we 234 

calculated the sleep fragmentation index as follows: a behavioral state bout was defined as a 235 

consecutive series of epochs in the same behavioral state without state transitions. The 236 

resulting amount of behavioral state bouts was then divided by the total number of 4 s epochs 237 

in the same sleep stage, resulting in a comparable measure for fragmentation between 0 and 1 238 

[17, 21]. We also determined the total delta power of NREM sleep, calculated as the 239 

summarized power in the slow-wave activity (SWA) band (0.5-4 Hz), before and during 240 

stimulation. We performed all signal processing and analyses as described using MATLAB 241 

(MathWorks). 242 
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 Furthermore, we analyzed the build-up of delta power (relative delta power) upon 243 

transition into consolidated NREM sleep as described earlier [22]. To this end, we identified 244 

all consolidated NREM episodes lasting longer than 6 minutes. This value was determined 245 

based on established criteria (7 minutes; [23]) and adapted empirically to ensure a significant 246 

amount of consolidated sleep bouts in the analysis (6 minutes time frame). 247 

 248 

Electrode placement confirmation 249 

 Upon completion of the experiments, we sacrificed the rats via intracardiac perfusion 250 

as previously described [24]. We verified correct electrode placement and visualized potential 251 

tissue damage due to the stimulation by hematoxylin-eosin stainings in coronal 40 μm fixed 252 

brain sections (Fig 2B-G) [18].  253 

  254 

Statistical analyses 255 

 We expressed the light, dark and 24 h proportions of vigilance states, and the 256 

logarithm of delta power as medians and quartiles with 95% confidence intervals (CI), while 257 

fragmentation and data presented in 1 h intervals were plotted as means ± S.E.M. The full 258 

spectrum EEG data were reported as absolute values. Bivariate comparison of delta power 259 

and sleep fragmentation ON vs. OFF stimulation was done by Wilcoxon’s signed rank tests 260 

and Bonferroni corrections (n=4 tests). A two-way analysis of variance (ANOVA) with 261 

repeated measures (factor band - 4 levels: alpha, beta/gamma, delta, theta; factor DBS - 2 262 

levels: OFF, ON) was used for the statistical assessment of the full spectrum EEG data for the 263 

three vigilance states and for the analysis of delta-build up in time, followed by Bonferroni 264 

post-hoc tests as appropriate. One-way ANOVA with repeated measures (factor: hour - 24 265 

levels: 12 hours OFF vs. ON) was additionally applied within each light and dark periods, for 266 

the detailed analysis of the time course of the vigilance states and delta power, followed by 267 
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Student-Newman-Keuls post-hoc tests as appropriate. We used a threshold for statistical 268 

significance of P ≤ 0.05. We performed all statistical analyses using StatView® (SAS 269 

Institute Inc., USA) and R (Team). 270 

 271 

Results 272 

No distinct side effects or tissue damage upon DBS 273 

 Importantly, we did not observe side effects in respect to body weight, body 274 

temperature, and/or overall home cage behavior (data not shown) in association with our 275 

interventions. Evaluation of hematoxylin-eosin staining revealed no significant tissue damage, 276 

besides the electrode tracks, in or around the target structures (Fig 2). 277 

 278 

DBS modulation effect on sleep-wake behavior and stability 279 

 Detailed analysis of the 24 h time course of the vigilance states in 1 h data intervals 280 

did not reveal specific time windows of neither VLPO (Fig 3A) nor PeFLH (Fig 3B) DBS 281 

effects for WAKE (VLPO, light period: F(23,138) = 4.46, P < 0.0001; dark period: F(23, 115) 282 

= 2.72, P = 0.0002; followed by non-significant Student-Newman-Keuls post-hoc 283 

comparisons; PeFLH, light period: F(23, 115) = 2.26, P = 0.0025; dark period: F(23, 115) = 284 

4.61, P < 0.0001; followed by non-significant Student-Newman-Keuls post-hoc comparisons), 285 

NREM sleep (VLPO, light period: F(23,138) = 3.79, P < 0.0001; dark period: F(23,115) = 286 

2.65, P = 0.0004; followed by non-significant Student-Newman-Keuls post-hoc comparisons; 287 

PeFLH, light period: F(23, 115) = 2.11, P = 0.0052; dark period: F(23, 115) = 4.16, P < 288 

0.0001; followed by non-significant Student-Newman-Keuls post-hoc comparisons), and 289 

REM sleep (VLPO, light period: F(23,138) = 3.79, P < 0.0001; dark period: F(23,115) = 2.26, 290 
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P = 0.0026; followed by non-significant Student-Newman-Keuls post-hoc comparisons; 291 

PeFLH, light period: F(23, 115) = 2.28, P = 0.0023; dark period: F(23, 115) = 4.71, P < 292 

0.0001; followed by non-significant Student-Newman-Keuls post-hoc comparisons). We 293 

additionally corroborated no significant changes in light, dark and per 24 h sleep-wake 294 

proportions upon HFS in either VLPO (Fig 3C) or PeFLH (Fig 3D). Stability of sleep-wake 295 

behavior - as calculated by the index of fragmentation in both dark and light periods for all 296 

three vigilance states - was also unaltered upon VLPO (Fig 4A) and PeFLH (Fig 4B) HFS.  297 

 298 

Fig 3. Effect of VLPO and PeFLH HFS on vigilance state proportions. (A-B) No changes 299 

in the hourly proportions of vigilance states nor in the (C-D) light, dark or total 24 h periods, 300 

when comparing data before (DBS OFF) and during (DBS ON) 125 Hz stimulation of VLPO 301 

(A-C) and PeFLH (B-D). Vigilance state proportions data are expressed as medians and 302 

quartiles with 95% CI. Data in 1 h intervals are means ± S.E.M. Wilcoxon’s signed rank tests 303 

and Bonferroni corrections. One-way repeated measures ANOVA followed by Student-304 

Newman-Keuls tests. n=6-7 per group. Two statistical outliers (criteria: scores > 2 standard 305 

deviations; 1 for the analysis of the light period and 1 for the analysis of the dark period) were 306 

excluded from the analysis. WAKE: wakefulness, NREM: non-rapid eye movement sleep, 307 

REM: rapid eye movement sleep; min: minutes. 308 

 309 

Fig 4. Effect of VLPO and PeFLH HFS on sleep fragmentation index. Behavioral state 310 

stability was maintained as represented by the absence of changes in the fragmentation index, 311 

when comparing data before (DBS OFF) and during (DBS ON) stimulation of VLPO (A) and 312 

PeFLH (B). Fragmentation index data are expressed as means ± S.E.M. Wilcoxon’s signed 313 

rank tests and Bonferroni corrections. n=6-7 per group. Two statistical outliers (criteria: 314 

scores > 2 standard deviations; 1 for the analysis of the light period and 1 for the analysis of 315 
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the dark period) were excluded from the analysis. WAKE: wakefulness, NREM: non-rapid 316 

eye movement sleep, REM: rapid eye movement sleep. 317 

 318 

DBS modulation effect on sleep intensity 319 

 Following no changes in sleep-wake behavioral patterns and along the hypothesis 320 

that DBS could alternatively have specifically modulated intensity of sleep, we further 321 

analyzed temporal changes of delta power (i.e. density in the delta frequency band during 322 

high amplitude low-frequency oscillatory activity, which mirrors sleep depth [25]) in NREM 323 

sleep in DBS OFF vs. ON conditions for both targets. This analysis revealed a significant 324 

average increase of 36% in the average delta power in NREM sleep per 24 h (36.4%, P < 325 

0.05, Wilcoxon’s signed rank tests and Bonferroni corrections; Fig 5A) upon VLPO 125 Hz 326 

DBS on the ON condition, as compared to DBS OFF. On the other hand, PeFLH 125 Hz DBS 327 

induced a significant average decrease of 30% in the average delta power in NREM sleep per 328 

24 h (30.4%, P < 0.05, Wilcoxon’s signed rank tests and Bonferroni corrections; Fig 5B). 329 

 To get more insights into the 24 h time course of delta power changes at HFS, we 330 

analyzed the measure in 1 h intervals during both light and dark periods. No specific time 331 

windows during the light or dark periods of neither VLPO (Fig 5C) nor PeFLH (Fig 5D) DBS 332 

effects were detected (one-way repeated measures ANOVAs followed by non-significant 333 

Student-Newman-Keuls post-hoc comparisons as appropriate; P > 0.05).  334 

 To further explore the effect of VLPO and PeFLH HFS on sleep intensity dynamics 335 

[23], we calculated the build-up of delta power during consolidated NREM episodes (≥ 6 336 

minutes; Fig 5E, F). We observed no significant effect from neither VLPO nor PeFLH 337 

stimulation on delta power build-up over consolidated sleep (two-way repeated measures 338 

ANOVA, P > 0.05), indicating that changes in delta power were global and not related to its 339 

dynamics. 340 
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 341 

Fig 5. Effect of VLPO and PeFLH HFS modulation on delta power and delta power 342 

dynamics during NREM sleep. (A) Delta power increased during the 24 h period of 343 

recording upon stimulation of VLPO at 125 Hz and decreased (B) upon 125 Hz PeFLH 344 

stimulation as compared to DBS OFF condition. (C-D) The time course of delta power 345 

presented in 1 h intervals for 24 h showed no significant effects of DBS at 125 Hz within 346 

either VLPO (C) or PeFLH (D) at any time windows, nor during the light or the dark periods 347 

as a whole. (E) Neither VLPO nor (F) PeFLH DBS affected the build-up of delta power in 348 

consolidated, ≥ 6 minutes, NREM episodes. The logarithm of delta power is expressed as 349 

medians and quartiles with 95% CI. Wilcoxon’s signed rank tests and Bonferroni corrections. 350 

Data in 1 h intervals are means ± S.E.M. * P < 0.05 DBS ON vs. DBS OFF. One-way 351 

repeated measures ANOVA followed by Student-Newman-Keuls tests. Delta power is 352 

reported as absolute values. Two-way repeated measures ANOVA followed by Bonferroni 353 

tests. n=6-7 per group. Two statistical outliers (criteria: scores > 2 standard deviations; 1 for 354 

the analysis of the light period and 1 for the analysis of the dark period) were excluded from 355 

the analysis. Min: minutes; VLPO: ventrolateral preoptic area; PeFLH: perifornical lateral 356 

hypothalamic area. 357 

  358 

We further explored alterations in the 24 h average full EEG spectrum upon HFS in 359 

both target regions, for which we calculated EEG power spectra OFF vs. ON stimulation for 360 

all 3 vigilance states (Fig 6). Despite some variability observed in the EEG spectrum, notably 361 

in the delta activity of WAKE, multiple bivariate comparisons for all frequency bands (delta, 362 

theta, alpha, beta/gamma) did not reveal significant band-specific changes upon HFS (two-363 

way ANOVA with repeated measures followed by Bonferroni post-hoc comparisons as 364 

appropriate, P > 0.05).   365 

 366 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 11, 2021. ; https://doi.org/10.1101/2021.08.11.455908doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.11.455908


16 
 

Fig 6. Effect of VLPO and PeFLH DBS on 24 h spectral power in each behavioral state. 367 

(A) 24 h average spectral power in the EEG during WAKE (top panels), NREM (middle 368 

panels) and REM (bottom panels) states upon high-frequency VLPO, or (B) PeFLH 369 

stimulation. No band-specific effect between DBS and any frequency band were noted. Two-370 

way ANOVA with repeated measures followed by Bonferroni post-hoc comparisons. WAKE: 371 

wakefulness, NREM: non-rapid eye movement sleep, REM: rapid eye movement sleep; Hz: 372 

hertz; VLPO: ventrolateral preoptic area; PeFLH: perifornical lateral hypothalamic area. 373 

 374 

Overall, HFS of VLPO increased delta power, whereas HFS of PeFLH decreased delta 375 

power over light and dark periods of recordings. 376 

 377 

Discussion 378 

 In this report, we investigated the direct effects over sleep-wake behavior and 379 

characteristics of high frequency DBS on sleep- and wake-controlling centers in healthy 380 

animals. Our findings suggest that 24 h DBS of the VLPO at 125 Hz modulates sleep-wake 381 

characteristics mainly by deepening slow-wave sleep (SWS) as measured by an increase in 382 

delta power (36%), while sleep architecture and fragmentation remain unaffected. In other 383 

words, the intensity but not the amount of sleep or its stability is enhanced. Similarly, the 384 

proportion of vigilance states remained unchanged during 24 h DBS of the wake-promoting 385 

PeFLH region but, in contrast to VLPO, stimulation at 125 Hz depressed delta power (30%), 386 

weakening SWS. Furthermore, sleep microstructure, as measured by delta build-up over time, 387 

was unchanged upon DBS in both targets. Moreover, based on the marked, yet non-significant 388 

effect on delta activity upon VLPO DBS, we cannot rule out a behavioral state-specific effect 389 

on SWA selectively in wakefulness. This would indicate that VLPO DBS might have a sleep-390 

inducing rather than a sleep-enhancing effect, by acting more on the sleep-inducing 391 
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permissive neurons rather than on the sleep-maintenance executive neurons [26]. However, 392 

due to the small effect and sample size these conclusions remain speculative. The negative 393 

results of the detailed spectral power analysis in each behavioral state and the build-up 394 

analysis of delta power during consolidated SWS (or NREM) episodes, demonstrated that 395 

DBS-elicited changes were global in nature, not affecting sleep intensity dynamics. 396 

 397 

Electrical neuromodulation of VLPO and PeFLH areas 398 

 The VLPO has been reported to present a low frequency intrinsic firing pattern of ~10 399 

Hz [27]. Thus, finding increased delta power during NREM sleep with HFS in the VLPO was 400 

rather unexpected, given that HFS is empirically known to produce a functional inhibition of 401 

the target nucleus. However, this initial oversimplification has been actively disputed, and 402 

HFS appears to rely on more complex and multifactorial mechanisms [15, 28, 29]. DBS may 403 

notably reduce cellular activity while concurrently exciting the axons of the stimulated 404 

neurons, which was shown in both humans and animals [30-32]. Interestingly, excitatory 405 

stimulation (i.e. increased output) in parts of the basal ganglia in non-human primates at HFS 406 

has shown to excite both glutamatergic [33] and GABAergic [34] efferent neurons. Therefore, 407 

it is conceivable that the cell bodies of the VLPO neurons were inhibited by DBS while the 408 

output from this GABAergic nucleus increased simultaneously, inhibiting the downstream 409 

arousal systems.  410 

 VLPO sleep-active neurons have also been shown to progressively increase their firing 411 

rate along with sleep depth in rats [35]. The increased intensity of SWS of about 36% upon 412 

HFS revealed in our experiments may thus rely on this neurophysiological property. Indeed, 413 

HFS could further increase the discharge rate of VLPO sleep-active neurons, based on the 414 

synchronization of the target neuronal firing to the stimulus frequency as shown in other 415 

nuclei [33], and consequently increase the depth of sleep, as observed in this study. 416 
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 417 

 PeFLH HFS, on the other hand, decreased delta power during NREM sleep by 418 

approximately 30%, suggesting an excitatory effect of HFS on this wake-promoting region. 419 

Once more, the apparent activation of the PeFLH region at, supposedly inhibitory, HFS is 420 

unexpected. Nevertheless, activation of the tuberomammillary nucleus (TMN), a neighboring 421 

wake-promoting target with similar firing rates to PeFLH arousal-related neurons, upon HFS 422 

(100 Hz) has been already demonstrated in rodents [36]. Moreover, the PeFLH is crossed by 423 

the mfbb, carrying projections from groups of neurons critical for sleep-wake control [37], 424 

which unintended stimulation could additionally compound in the observed effects. Although 425 

the exact neurophysiological mechanisms sustaining these results remain speculative, 426 

comparable processes (i.e. activation of neuronal processes rather than cell soma) in VLPO 427 

and PeFLH regions may have been involved, increasing the output of these simplistically 428 

regarded sleep- and wake-promoting regions by excitation of efferent neurons.  429 

 Noteworthily, however, a decrease in SWA has been previously observed by electrical 430 

stimulation of the PeFLH neurons [8]. The delivery of trains of electrical stimuli at 50 Hz in 431 

the PeFLH area of anesthetized rats increased the mean firing rate of LC neurons and induced 432 

an activation of the EEG shown by a decrease in the proportion of delta waves together with 433 

an increased percentage of faster (> 4 Hz) waves. This result, although obtained under 434 

anesthesia as opposed to our awake, freely-moving rats, reveals a direct role of the PeFLH 435 

neurons in the modulation of delta power, in line with our findings. 436 

 437 

Lack of behavioral modulation with VLPO and PeFLH DBS: potential 438 

compensatory mechanisms  439 
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 Although VLPO is an important sleep-promoting center and PeFLH an organizer of 440 

wakefulness/sleep stages, the electrical modulation of these regions did not change the 441 

proportions of sleep-wake stages, nor the fragmentation of behavioral states in response to 442 

HFS. In this line, we cannot exclude a possible DBS effect on regions neighboring VLPO, 443 

predominantly populated by wake-active cells in the lateral preoptic / anterior hypothalamic 444 

area [35], and/or on the main monoaminergic arousal projections from LC, raphe nuclei and 445 

TMN to VLPO, which could counteract the effect of the stimulation on VLPO sleep-active 446 

neurons.  447 

 Similarly, we cannot exclude the activation of the main inhibitory afferents (i.e. VLPO 448 

and median preoptic nucleus) to the PeFLH region upon DBS that could have 449 

counterbalanced the stimulatory effects of this conceptualized wake-promoting area. Also, 450 

stimulation of a sub-population within the heterogeneous PeFLH, the melanin-concentrating 451 

hormone (MCH) neurons, known to promote sleep [38], might have played a role. Indeed, 452 

these neurons - electrically silent in the absence of synaptic activity - show pronounced firing 453 

at 100 Hz upon brief repeated current injections in rodent brain slices [39, 40]. Strikingly, 454 

application of high levels of orexin peptides excited some MCH neurons in vitro [41]. In this 455 

context, possible over-excitation of orexin neurons by electrical stimulation may have in turn 456 

stimulated MCH neurons as a feedback mechanism to prevent hyperarousal and, 457 

consequently, overall changes in sleep-wake amounts. 458 

 459 

Limitations 460 

 The most challenging part of any DBS study is identifying the optimal combination of 461 

parameters producing a targeted effect while limiting side effects, for which the lack of 462 

conclusive dose-response assessments for each parameter analyzed (frequency, intensity, 463 

duration) is one of the main limitations of our study. Also, despite the use of bipolar 464 
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electrodes producing a concentrated current around the tip of the electrodes, our study 465 

expectedly suffers from a fundamental DBS limitation which, unlike other highly specific 466 

approaches such as optogenetics [42], lacks selectivity between the activation of local cells 467 

and that of passing axons using conventional symmetrical biphasic pulses, as illustrated in 468 

computational models with monopolar electrodes [43]. Additionally, cell heterogeneity within 469 

a target constitutes an intrinsic biological limitation of DBS. For instance, electrical 470 

stimulation of PeFLH, whose activation has been shown to produce changes at feeding and 471 

motor activity [44], could have additionally affected another sub-population besides the wake-472 

promoting hypocretin neurons, such as MCH neurons, known to discharge in a reciprocal 473 

manner to orexin neurons across the sleep-wake cycle [45, 46] and promote sleep [38]. 474 

Nevertheless, DBS remains to be a preferred tool of clinical choice, as opposed to approaches 475 

involving invasive mutagenic and viral strategies. For this, its exploration remains remarkably 476 

important in the context of the search for new therapeutic targets. 477 

 A limitation of technical nature is the use of a relatively short pulse width in our study. 478 

Longer pulse widths (in the range of milliseconds) could be used in the future to preferentially 479 

stimulate the cell bodies of our targets [47]. However, increasing the pulse width would also 480 

increase the charge density (i.e. the amount of electrical charge per surface area) accumulated 481 

per pulse, thus potentially reaching safety limits and causing tissue lesions, which we avoided 482 

in our study.   483 

 484 

Conclusions 485 

 Our investigation has provided new insights into DBS modulation of important centers 486 

of the sleep-wake-regulating network. In summary, our unexpected results suggest that tight 487 

compensatory mechanisms counteracted the intended changes in sleep-wake behavior in our 488 

healthy rats. However, escaping the tight regulatory controls, sleep intensity is specifically – 489 
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but contrary to predicted – modulated by hypothalamic DBS, shining light on non-acute 490 

neuromodulation outputs of hypothalamic high frequency electrical stimulation. Overall, 491 

although our results indicate that clinical implementation of HFS in hypothalamic centers for 492 

the treatment of disabling sleep-wake behavior disorders should eventually be explored with 493 

utmost caution, they encourage new avenues of research intended to further explore and 494 

understand the findings for instance by means of implementation of hypothalamic HFS in 495 

animal models of sleep-wake disorders.  496 
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