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Abstract

A growing body of evidence implicates thalamo-cortical oscillations with the neuropathophysiology of
schizophrenia (SZ) in both mice and humans. Yet, the precise mechanisms underlying sleep
perturbations in SZ remain unclear. Here, we characterised the dynamics of thalamo-cortical networks
across sleep-wake states in a mouse model carrying a mutation in the enzyme glutathione synthetase
gene (Gclm-/-) associated with SZ in humans. We hypothesised that deficits in parvalbumin
immunoreactive cells in the thalamic reticular nucleus (TRN) and the anterior cingulate cortex (ACC) -
caused by oxidative stress - impact thalamocortical dynamics, thus affecting non-rapid eye movement
(NREM) sleep and sleep homeostasis. Using polysomnographic recordings in mice, we showed that
KO mice exhibited a fragmented sleep architecture, similar to SZ patients and altered sleep
homeostasis responses revealed by an increase in NREM latency and slow wave activities during the
recovery period (SR). Although NREM sleep spindle rate during spontaneous sleep was similar in
Gclm-/- and Geml +/+, KO mice lacked a proper homeostatic response during SR. Interestingly, using
multisite electrophysiological recordings in freely-moving mice, we found that high order thalamic
network dynamics showed increased synchronisation, that was exacerbated during the sleep recovery
period subsequent to SD, possibly due to lower bursting activity in TRN-antero dorsal thalamus circuit
in KO compared to WT littermates. Collectively, these findings provide a mechanism for SZ associated

deficits of thalamo-cortical neuron dynamics and perturbations of sleep architecture.
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74 Introduction

75  Schizophrenia (SZ) is a mental iliness that diminishes the life quality of the individuals and their

76 relatives on a daily basis. Clinically, the iliness is often diagnosed based on the presence of

77 hallucinations, delusions (positive symptoms) or apathy, anhedonia (negative symptoms) in addition to
78  deficits in attention, cognitive abilities, including sensory and emotional processing. Moreover, sleep
79  disturbances are commonly observed in patients, associated with exacerbated psychotic symptoms
80  and poor clinical outcomes '3 . Interestingly, they are often reported during the prodromal phase

81 preceding a first-episode of psychosis *°. Sleep perturbations include changes in the latency to sleep
82  onset, reduced latency to stage 3 sleep and rapid eye movement (REM) sleep, and fragmentation of
83  the sleep-wake cycle architecture while REM sleep remains unchanged 8. Polysomnography studies in
84  SZ patients revealed a non-rapid eye movement (NREM) sleep reduction of slow-waves (SWs) and

85  spindles "9, in particular in individuals with high-risk of developing psychosis 21",

86  Abnormal sleep spindles and SWs reflect aberrant coordinated activity within thalamo-cortical

87  networks which has been linked to the neuropathophysiology of SZ 23, The interplay of thalamic and
88  cortical networks modulates local topography of sleep oscillations including slow wave activity (SWA)
89  and spindles '*2'. During NREM sleep, high amplitude SWA nests higher frequency oscillations in

90 humans, cats??, and rodents' that result from a precise orchestration of an interplay between

91 inhibitory (GABAergic tone) and excitatory (glutamatergic tone) neurons within thalamo-cortical

92  networks 2*25, Accumulation of sleep pressure during wakefulness, or fragmented sleep, dissipate

93  during sleep a phenomenon called sleep homeostasis that is measured by the SWA 2123 2627 S\WAs
94 are more prominent in frontal cortices and it has been linked to cognitive processing including memory
95  consolidation and its correlation with spindles 2333, hence, assessing SWA dynamics may be

96 informative of cognitive deficits associated with SZ.

97 Spindles emerge from thalamo-cortical interactions as transient and distinct brain oscillations (9—
98 16 Hz) and reflect sleep stability in both rodents and humans 42324, In rodents, they are commonly
99 defined as waxing and waning oscillations of variable peak amplitude (~100 pV) and duration
100  (>400 ms), often coinciding with the UP-state of cortical slow waves or after a K-complex 3435,
101 Spindles are generated by thalamo-cortical interactions between the GABAergic neurons (mostly
102  parvalbumin (PV)) expressing neurons of the thalamic reticular nucleus (TRN) 2% 3¢ and the excitatory
103  cortico-thalamic cells 33738, At the cellular level, spindles are generated by the transient burst firing of
104  TRN neurons and thalamo-cortical (TC) relay cells, which generate typical spindling activity within
105  cortico-TC pathways 10.13.14.16.34,31.37.38 'Byrst firing is triggered by the activation of T-type calcium
106  channels —i.e., Cav3.2 and Cav3.3 in TRN neurons, Cav3.1 in TC cells % - that synaptically activate
107 layer IV pyramidal neurons in corresponding cortical areas and elicit excitatory postsynaptic potentials
108 and spindle oscillations. Both intrinsic '* and functional inputs to TRN cells from cortical origins are
109 sufficient to generate spindle-like activity %, whereas cortical inputs to the TRN are responsible for
110  spindle termination ¥. Functionally, a correlative role for spindles in memory consolidation,

111  intelligence, and cognition has been proposed 2526:27.2829  suggesting that the integrity of spindles is
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112 essential to higher brain functions. In fact, temporally extended and compressed spindles are

113  associated with SZ and other brain disorders, respectively 212,

114 The biological mechanisms underlying sleep disturbances and altered brain oscillations during NREM
115 sleep in SZ remain unclear. Accumulating evidence indicates that redox dysregulation and

116 susceptibility to oxidative stress (OxS) are among the pathological mechanisms driving the emergence
117  of psychosis “°. Energy metabolism and redox-dependent processes are intrinsically linked via multiple
118 cross talks to circadian cycle and activity to maintain proper homeostasis #'#3. Therefore, we

119 postulated that compromised redox regulation will affect sleep and its homeostatic regulation, as well
120  as TC network dynamics during sleep. To test this hypothesis, we used Geclm 7~ mice as a model of
121 redox dysregulation relevant to SZ 4. These mice have low brain levels of glutathione synthetase

122 (GSH) %, similarly to patients “6 and display oxidative stress together with anomalies in PV neurons-
123 associated networks in several brain regions of human subjects, including the TRN and the ACC 4>
124 4847 |n addition, using ex-vivo preparations, TRN neurons of Gelm 7~ mice show impaired bursting

125  density and firing patterns “6. Here, we characterized the sleep architecture and the sleep oscillations
126 in Geml”~ mice using multisite in-vivo electrophysiology in freely-moving mice. We simultaneously

127 recorded cortical, sensory and non-sensory thalamic network dynamics during spontaneous sleep and
128 subsequent sleep recovery. We found that Gelm 7~ mice showed a fragmented sleep architecture and
129 altered local sleep homeostasis in non-sensory TC networks. Our work provides new brain-wide circuit

130 mechanisms relevant to SZ.
131 Methods

132 Animals

133 We used Gelm” (KO) mice and Gelm™* (WT) littermates from a breeding maintained at the “Centre
134  d’Etude du comportement” at Lausanne University Hospital, originally reported in 4. Animals were
135  housed in individual custom-designed polycarbonate cages at constant temperature (22 + 1 °C),

136  humidity (40-60%) and circadian cycle (12-h light—dark cycle, lights on at 08:00). Food and water were
137 available ad libitum. Animals were treated according to protocols and guidelines approved by the

138  Veterinary office of the Canton of Bern, Switzerland (License number BE 49/17 and BE 18/2020).

139 Criteria for inclusion and exclusion are included in supplemental materials and methods.

140

141 Instrumentation

142 Animals were instrumented with two EEG electrodes (frontal: AP —2.0 mm, ML +2.0 mm, and parietal:
143 AP -3.0 mm, ML +2.7 mm) together with tetrode wires inserted into the reticular thalamic nucleus TRN
144 (AP -0.8 mm, ML +1.7 mm, DV -3.5 mm), Ventral posterolateral nucleus (VPL) (AP —1.6 mm, ML

145  -1.82mm, DV -3.6 mm), anterior dorsal thalamus (AD) (AP —0.85 mm, ML +0.75 mm, DV -2.75 mm),
146  sensory cortex (Brr) (AP -1.8 mm, ML +2.8 mm, DV -1.5 mm), anterior cingulate cortex (ACC) (AP
147  +1.2mm, ML +0.2 mm, DV -1.5 mm). Two bare-ended wires were sutured to the trapezius muscle on
148 each side of the neck to measure electromyography (EMG) signals. Details on the surgical procedures

149 and materials are included in supplemental materials and methods.


https://doi.org/10.1101/2021.07.20.453026

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.20.453026; this version posted July 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

150

151 In vivo electrophysiological recordings

152 For all multisite recordings, mice were connected to a tethered digitizing headstage (RHD2132, Intan
153  Technologies) and data sampled at 20 kHz was recorded with open source software (RHD2000

154  evaluation software, Intan Technologies). For details see supplemental materials and methods.

155

156  Histological characterization and immunohistochemistry

157 Confirmation of electrode placement (Figure 2 and suppl. Figure 2) was carried out as described in
158 supplemental materials and methods. Immunolabeling of fast-spiking PV GABAergic interneurons in
159 the ACC and the TRN were labelled as described in supplemental materials and methods and

160  quantified by manually counting the number of PV cells in a selected subarea of the brain structure in
161 a 8 bit image, automatically thresholded and analysed for number of particles using ImageJ software
162 analysis tool.

163

164  Determination of vigilance state

165  We scored vigilance states manually, blind to the experimental conditions, in 1 s epochs using the
166  concurrent evaluation of EEG and EMG signals and power band analysis. Vigilante states have been
167 defined as previously described and are detailed in supplemental materials and methods. Data

168  analyses were carried out using custom scripts written in MATLAB® (R2018b, MathWorks, Natick, MA,
169 USA). Furthermore, built-in functions from Wavelet and Signal Processing toolboxes of MATLAB were
170 investigated.

171

172 Spectral analysis

173 Power spectral density (PSD) was estimated using the Welch’s method (pwelch, MATLAB R2018b
174  Signal Processing Toolbox), using 8 s windows having 75 % overlap. A detailed description of the

175 power calculations, spindle detection and quantifications as well as correlation and modulation

176 between frequency bands are described in detail in supplemental material and methods.

177

178  Single unit analysis

179 Multiunit activity was first extracted from bandpass-filtered recordings (600—4000 Hz, fourth-order

180 elliptic filter, 0.1 dB passband ripple, —40 dB stopband attenuation). Filtering, detection threshold and
181  clustering were performed as previously described in 243!, We visually inspected sorted spikes and
182 excluded clusters with a completely symmetric shape, as noise clusters, or with a mean firing rate <
183 0.2 Hz from further analysis. Mean firing rate was calculated as total number of action potentials during
184 each condition divided by total time spent in that state and reported as number per second (Hz). Burst
185 firing of single units was detected as a minimum of three consecutive action potentials with inter-spike
186 intervals (ISls) < 6 ms, and preceded by a quiescent hyperpolarized state of at least 50ms as reported
187 in3.

188 Statistical methods

189 A detailed description of the statistical analyses is provided in supplemental materials and methods.
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190 Results
191  Sleep fragmentation in Gclm” mice.

192 Sleep is commonly affected in human subjects with SZ and appears as prodromal signature prior to
193  the first and recurring psychotic episodes %4849, Alterations on sleep onset and sleep maintenance
194 are present regardless patients are treated or untreated. Yet the mechanisms underlying the sleep
195  disturbances are elusive. Here, we compared the sleep architecture of GeIm** (WT) and Gelm” (KO)
196 mice susceptible to OxS that leads to a deficiency in PV expression, using longitudinal

197  polysomnographic recordings during the dark and light cycle, while baseline conditions and the sleep
198  recovery period after a protocol of sleep deprivation (SD) (see supplemental materials and methods;
199  Figure 1A-E). We used a SD protocol that consisted in keeping mice (both WT and KO) awake for an
200 extended 4-hour period at the onset of the light period and recorded the subsequent recovery sleep
201  (also called sleep rebound, SR) (Figure 1D). We found that KO mice showed an increase in the

202 number of wake and NREM sleep episodes evident in both light/dark cycles during spontaneous

203 sleep-wake cycle, that renormalized after SD (Figure 1F-H). Concomitant to this increase, the wake
204 bout duration was significantly reduced in both phenotypes with less effect on the total amount of
205  vigilant states (suppl. Figure 1A). Interestingly during the first hour of the SR period, we observed a
206  significant increase in the latency to NREM and REM sleep onset in KO mice as compared to WT
207  mice (Figure 1I-J). Together, these data revealed a strong sleep fragmentation in KO mice

208  accompanied with a decrease in NREM sleep consistent with clinical studies in SZ patients 104849,

209 Sleep fragmentation is often associated with altered the SWA (dominated by large amplitude and low
210  frequency EEG oscillations) during spontaneous NREM sleep and SR. Interestingly, a time-course
211  analysis revealed no homeostatic changes of SWA during SR in KO as compared to controls

212 (phenotype differences **P = 0.003 F (1, 7) = 19.89). Furthermore, remarkable differences were

213 observed in the topography of these changes (Figure 1L) suggesting a dysregulation of the networks
214 underling the modulation of sleep SWA in KO mice. In order to further investigate this aspect, we
215 sought to characterized the delta oscillations during spontaneous NREM sleep and SR using a

216 multisite electrophysiological approach that allows to study local neuronal activity as well as network
217 interactions. Delta oscillations can be split into 81 (0.75-1.75), relative insensitive to sleep

218 homeostasis, and 82 (2.75-3.5) whose amplitude directly depends on the time spent awake and that
219  correlates with activity in the medio-dorsal thalamus and the prefrontal cortex (PFC) 2. We recorded
220  cortical EEG signals concurrently with depth local field potentials (LFP) of high order thalamic (ACC),
221  antero-dorsal thalamic nucleus (AD), TRN, ventral posterolateral/medial nuclei (VPL/M) and somato-
222 sensory cortex (Brr) in freely-moving mice (see methods, Figure 2A-B and suppl. Figure 2A). As

223 previously reported 26, 52 amplitude was significantly increased during the SR period in WT mice but
224 not in KO littermates. In addition, delta amplitude in baseline conditions, 62 was significantly lower in
225  the frontal cortices (in both EEG™" and ACC electrodes), AD and to a lesser extend in the

226  somatosensory TC networks in KO as compared to WT (Figure 2D). As expected, 01 activity during
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227 SD was minimally affected in WT and found to be similar in KO mice (suppl. Figure 2B). Note that

228 altered & oscillations were altered in TRN during baseline sleep (BL; suppl. Figure 2B).

229 SWs amplitude and slope have been shown to be correlated to the frequency of 32 in mice 26. Using
230  an automated algorithm detection of SWs in mice %°, we confirmed that SW slope are increased in
231 cortical and intra-thalamic structures during the first hour of the SR period in WT mice, but absent in
232 KO mice consistent with their impaired sleep homeostasis (suppl. Figure 2C). As mentioned above,
233 redox-dependent processes are linked to circadian cycle and activity to maintain proper homeostasis
234 via multiple cross talks. Thus, we recorded mice during the second portion of the night (ZT 12-16) to
235 test whether changes in the wake inertia or circadian pressure affected delta power. We found no
236  significant changes in the amplitude of 81, 82 nor the slope of SWs (suppl. Figure 2D-E) during

237 naturally occurring NREM episodes, suggesting that animals showed normal sleep pressure again

238  once the wake inertia has dissipated °'.
239 Characterization of spindle dynamics in KO mice.

240  To further investigate the influence of OxS (including deficits of PV+ immune positive neurons in the
241  TRN and ACC) of GeIm™ (KO) mice on TC network dynamics, we quantified the sigma power in both
242 WT and KO mice. Sigma power was not altered in KO mice during the SR period or NREM sleep in BL
243 conditions (suppl. Figure 3A). To eliminate a possible contributions from background EEG activity and
244  selectively quantified spindles event (i.e., within sigma frequency band), we used an automatized

245  detection of sleep spindles 3! (figure 3A-B). We observed that spindle rate in spontaneous NREM

246 sleep in WT and KO animals were similar at the EEG levels as well as locally in higher order and

247  sensory thalamic networks (Figure 3C and suppl. Figure 3B, C), however, KO mice lacked a

248 homeostatic increase in spindle rate during SD as compared to WT and previously reported ' (WT BL
249  vs KO ***P <0.001, F(3,24)=14.95; KO BL Vs SR P=0.734 (F18,129) = 0.76; Figure 3B-C).

250  Differences in SWA amplitude and spindle dynamics Gelm”* (KO) mice are suggestive of possible
251 alterations in the interactions between oscillations in different frequency bands. To assess the relation
252 between SWA and spindles, we extracted SWA (0.5—4 Hz) and spindle envelopes from all signals
253  recorded using multisite LFP recordings (Figure 3D) and computed the SW-spindle CFC using the
254 normalized cross-correlation analysis between the peak of the SW and spindle envelopes for all

255 spindles occurring during NREM sleep (see supplemental materials and methods). Consistent with
256  previous reports *', we observed an increase in CFC in ACC after sleep deprivation in WT (ACC: P=
257  0.034; g=5.36; DF =6.02; two-way ANOVA with Tukey’s post-hoc test) whereas KO mice showed the
258  opposite dynamics (KO ACC * P=0.03, t = 5.30, DF = 7.22; Figure 3E). Note that CFC during SR is
259 significantly different between phenotypes as well in AD and TRN, suggesting that the frontal and

260  higher order thalamic but not somato-sensory thalamic networks were affected in Gelm” (KO) mice
261  (Figure 3E).

262  We next quantified the phase amplitude coupling (PAC) reflects oscillation synchrony associated with

263  cognitive and sensory processing in humans °2°3 and rodents %+ possibly associated with altered
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264  procedural and emotional processing in SZ patients . Here, we assigned directionality on the

265  modulation of two different brain areas by determining PAC between cortico-cortical (ACC-BRR),

266  higher order (ACC-AD), intra-thalamic (TRN-AD) and sensory TC (VPL-Brr) pairs (Figure 4A). During
267 spontaneous sleep, we observed a remarkable increase in PAC between ACC-AD and TRN-AD in KO
268 in KO as compared to WT mice (ACC-AD: *P=0.023, t= 2.9, df=86; TRN-AD: **P = 0.009, t=5.42,

269  df=6.254; two-way ANOVA with Bonferroni’s multiple comparisons test) but not in other pairs (Figure
270  4A and C). During SR, a significant increase was observed in ACC-Brr and ACC-AD in KO in

271 comparison to WT mice (ACC-Brr: ***P < 0.001; t=5.66; ACC-AD: ***P< 0.001, t= 6.06; DF = 86; two-
272 way ANOVA with Bonferroni’s multiple comparisons test, figure 4B and C). These data further confirm
273  the specific alterations of higher order TC network dynamics in KO mice and suggest an increase in

274  synchronization of non-sensory TC networks.
275  Altered spike dynamics in KO mice in non-sensory thalamic circuits.

276  Finally we aimed at elucidating the underlying cellular mechanisms associated with the alterations

277 reported above in KO mice as suggested by reduced propensity to generate bursts of action potentials
278 and decreased T-type calcium currents observed ex vivo 6. We characterized the spiking activity of
279  thalamic and cortical neurons across vigilant states in WT and KO mice (Figure 5). Examination of
280 firing rates from isolated neurons recorded from WT and KO mice revealed that spiking activity was
281 lower for TRN neurons during transitions from wakefulness to NREM sleep (Figure 5A and B and

282 suppl. Table 1) and higher in the ACC and AD during the same transitions (suppl. Figure 4A) in KO
283  mice as compared to WT animals (TRN: 25.1 +/-2.0, 15.5 =/- 2.9; ACC: 9.08 +/- 1.9, 23.34 +/- 3.8; AD:
284  4.63 +/- 1.36, 10.26 +/-1.39 for WT and KO respectively). Differences in spiking activity were most
285 prevalent during NREM sleep. Indeed, neuronal spiking rate activity was lower in TRN and in ACC in
286 KO as compared to WT animals (TRN: 24.2 +/- 4.05 and 8.45 +/- 1.45; and ACC: 5.36+/- 0.45 and
287 13.24 +/- 1.92 WT and KO respectively) but showed a renormalisation during SR. Interestingly, this
288  was possibly due to a lower proportion of bursting cells (i.e., less than one burst/min, see methods;
289  Figure 5G). Consistent with our results above, neuronal burst densities were decreased in TRN and
290 Brr, but increased in ACC, when comparing KO to the WT animals (TRN: 31.27 +/- 4.73 and 9.73 +/-
291  2.22; Brr:26.05 +/- 6.34 and 1.97+/- 0.31; and ACC: 1.66 +/- 0.19 and 4.98 +/- 0.42 # of bursts/min for
292  WT and KO respectively; Figure 5H), suggesting a change in the excitation-inhibition dynamics in both
293  TC loops. The burst density has been previously shown to be affected in KO mice in ex-vivo

294 preparations “¢ and reported to be modulated by the balance between inhibitory and excitatory

295 interplay within the TC networks while he length of a burst is determined by cortical influences . In
296  fact, we found that burst density amongst TRN -AD, but not TRN — VPL, circuits were significantly

297 lower in KO as compared to WT animals, consistent with impaired homeostatic regulation of TC

298 networks, in particular amongst AD circuits (8.81 +/- 0.22 BL, 7.28 +/-0.31 SR in ms; Figure 5I).

299  Altogether, these findings suggested a dysregulation of local cellular activity in higher order thalamic

300 networks responsible for the disturbances of fronto-parietal oscillatory activity during sleep.

301
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302 Discussion

303 In this study we investigated for the first time the TC modulation of local and brain-wide dynamics in
304 the Gelm” mouse model of SZ using in-vivo electrophysiology in freely-behaving mice. First, we found
305 that Ge/m” mice showed deficits in PV+ immunnoreactive cells in the TRN and ACC as previously
306  shown “6 and a significant fragmentation on the sleep-wake cycle due to an increase in the number of
307 sleep and wake episodes, both in the inactive (light) and the active (dark) period and SR. Features of
308  sleep homeostasis, including latency to first NREM bout, delta power and spindle density were

309 impaired in KO animals during SR period (Figure 1). These results are consistent with sleep disorders
310 present in some SZ patients "%4° as well as the increased sensitivity to mild stress situations reported

311 in this mouse model .

312  While circadian influences modulate characteristics of SWs 3, sleep-dependent modulation of SWs
313  during NREM is prominent in frontal cortices and implicate non-sensory TC circuits including the

314  medio-dorsal thalamus in mice 2564 and humans %57, Although the TRN neurons have been

315  implicated in spindle generation in somato-sensory thalamo-cortical areas '"318, their synaptic contact
316  onto medio-dorsal thalamus and its targets in the ACC is hypothesized to influence the

317 synchronisation of SWs in frontal area in a brain wide manner 53!, Furthermore, the propagation of
318  frontally-generated SWs throughout the brain in humans 2° and mice require a functional higher-order
319 anterior thalamic nucleus (e.g., AD) ?*. Interestingly, this fronto-parietal network dynamics showed
320 aberrant activity in subpopulations of SZ patients as revealed by functional connectivity MRI 6°,

321  including the prefrontalcortex (PFC), anterior cingulate cortex (ACC) and thalamus ° . Consistent with
322 this finding, delta activity and single SW analysis in our study showed a fronto-parietal disturbance in
323  the KO suggestive of a dysregulation of the higher order thalamo-cortical networks. This is further
324  supported by the changes in 82 (2.5-3.5 Hz), which implicate the centro-medial thalamic network

325 (CMT-ACC-AD) %. In fact, KO mice showed a remarkable lack of proper homeostatic regulation of
326  sleep oscillations responses in frontal cortical (ACC and AD) and local thalamic circuits (TRN)

327  dynamics during NREM sleep, where neuronal networks are essential for sleep homeostasis and

328  modulation of SWA 16366470 To note, others TC circuits (VPL, Brr and ACC) also show altered

329 response to the SD, confirming a dysregulation of intra-thalamic and cortico-thalamic networks.

330 Differences in the modulation of 81and &2 in the different thalamic and cortical nuclei of Gelm™ (KO)
331  further supports the idea that 81 and delta 62 are modulated by, and recruit, different TC networks.
332 Here, due to low PV+ immunoreactive cells within the TRN and the ACC, it is possible that local

333 changes in the neuronal excitability, as shown in /' may play a role in the input-output ratios at each
334 topographic location, and thus, in the orchestration of TC networks, although this remains to be further

335 investigated.

336 In this respect, SWs are temporally linked to the expression and topography of spindle occurrence in
337  humans and rodents 242566 Coherence between SWs and spindles are affected in the frontal cortex of
338 the KO mouse model, consistent with a role of CMT-ACC-AD circuit in SW propagation in rodents 4,
339 and the reduced volume of the medial dorsal (MS) thalamus and MD-PFC connectivity in resting state

340 fMRI from chronic and early SZ patients 3. Altogether these findings evidence a pathological lack of
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341  temporal coordination of SWs and spindles during NREM sleep in SZ due to reduced MD-PFC

342 connectivity.

343 Interestingly, recent investigations have pointed out deficits in the TC networks as an underlying

344 mechanism for the deficit in sleep spindles in patients with SZ. Here, despite reduced PV+

345 immunoreactive neurons and weakened perineuronal networks in the TRN together and its altered
346 intrinsic firing associated with reduced function of T-type calcium channels in KO mice #¢ (and

347 accompanying manuscript), spindle activity in this mouse model remains similar to control littermates.
348  Yet, KO mice showed a lack of increase in cortical and local TC spindle rates during the SR possibly
349  due to altered modulation of TRN inputs-outputs circuits 18, in particular the TRN-AD circuit

350 implicated in spindles generation and NREM-to- REM transitions *', although causal implication

351 remains to be investigated. Nevertheless, the absence of spindle alterations during spontaneous sleep
352 may be due to compensatory network dynamics during development in response to altered function
353  and integrity of the PV cells in the KO model 2°. Furthermore, spindle deficits may not be simply and
354  only modulated by the activity of the TRN cells, but implicate complex network interactions and

355 plasticity processes during NREM sleep that directly depends on the inhibitory or excitatory tone

356 amongst TC feedforward circuits and cortico-thalamic feedback loop’s interplay as previously

357 suggested 72. In fact, data collected from animals carrying a mutation in GRIA1 gene, another mouse
358 model relevant for neuropsychiatric disorders, showed altered glutamatergic transmission and reduced
359 synaptic plasticity, together with deficit in spindle density "3. Thus, further investigations of the

360 developmental, plastic and functional alterations associated with the different cell-types of specific

361 thalamic networks are required to better understand the pathophysiological mechanisms involved.

362 Nonetheless, our data provide with important links between the redox oxidative stress dysfunction and
363 homeostatic changes in SWA and spindles. Underlying mechanisms may include network and cellular
364  activity for the synchronization of brain activity during homeostatic changes including sleep

365 homeostasis. Here, we found that TRN spiking/bursting activity is decreased in the transitions from
366  wakefulness to NREM sleep which, together with the increase in the spiking/bursting activity in the
367  ACC-AD during Wake to NREM transitions, may result in the sleep fragmentation observed in KO

368 mice. One possible mechanism underlying this sleep instability may be related to the activity of T-type
369  calcium channel, as previously suggested by 467475 Together with our findings, these suggest that
370  alteration in the T-type calcium currents may alter network dynamics that are reflected at the functional
371 level during sleep modulation, and that may be play a pivotal role in the sleep modulation and

372 homeostasis.

373 Non-sensory and higher-order thalamic nuclei, such as the medio-dorsal, centro-lateral, and sensory-
374 motor (posterior group and latero-dorsal) nuclei, have distinct patterns of connectivity with prelimbic
375  cortex and other subcortical structures 2%, To test whether these could be involved in the

376 pathophysiological mechanisms of Gelm 7~ KO mice, we characterized the phase frequency coupling of
377 delta-spindle oscillations given the extensive evidence suggesting that perceptual grouping, attention
378  dependent stimulus selection, working memory, and consciousness are associated with synchronized

379  oscillatory activity in the theta-gamma but also the SWA-spindle band 6. Our results demonstrate that
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380 KO mice lack of proper synchronization of sleep oscillatory activity, which may be contributing to some
381  of the behavioural traits reported for these mice 8. Yet, our findings warrant further investigation
382 linking neuronal network activity, sleep oscillations and behavioural phenotyping to better understand

383 brain dynamics during different cognitive tasks relevant to SZ.

384  Growing body of literature highlights the potential of sleep as a window for neuromodulation therapy in
385 neurological and neuropsychiatry disorders. Identification of temporal and topographical alterations in
386 neuronal activity are thus essential to select proper targets for neuromodulation. Recent investigations
387  both in humans 7”78 and animal models "%8° have suggested perturbational procedures to enable real-
388  time tracking and manipulation of sleep EEG oscillatory activity using close-loop transcranial

389 stimulation or auditory stimuli to enhance or diminish SWs and spindles and facilitate brain plasticity
390 and repair %7881 Qur work identified the AD thalamus, as one of the synaptic targets of the TRN,

391 connected to the ACC, that may represent a target for future neuromodulation approaches. Ultimately
392  this will open new ways to identify sleep oscillations as predictive, diagnostic, or prognostic biomarkers

393  for SZ and other psychiatric disorders.
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628  Figure legends

629 Figure 1. Characterization of Sleep and Sleep homeostatic responses in GCLM** (WT) and

630 GCLM-” (KO) mice. A. Schematic representation of electroencephalogram (EEG) electrode

631 placement. B. Micrographs showing immune-reactive labelled parvalbumin (PV+) neurons in the ACC
632  and the TRN of adult WT and KO mice. C. Significant differences in number of PV+ cells in WT and
633 KO mice. D. Experimental recording time line. EEG/EMG signals were recorded for 4 hours in the light
634 period and 4 hours in the dark period to represent wake sleep cycles. A protocol of 4 hours of sleep
635  deprivation (SD) and subsequent SR period were recorded. Data analysed for SR was taken from the
636  first hour of the SR. E. Hypnograms taken from a representative wild-type litter mate (WT, black trace)
637  and a GCLM"knockout animal (KO, red trace). F. Min-Max graphs of summary data of the number of
638 episodes per hour +/- s.e.m during the dark n=5,6; for WT and KO respectively; for dark; **P< 0.001,
639 t=7.3, DF= 27 Sidak’s comparison tested for WT and KO). G. For the light period (n=8,7; for WT and
640 KO respectively; **P< 0.001, t= 4.6 for wake and t= 3.98 for NREM sleep, DF=36 for WT and KO). H.
641  Data from the first hour of SR (n=7,7; for WT and KO respectively; *P= 0.34, t= 2.66 for wake and *P=
642 0.14, t= 3.0, DF=36 for NREM tested for WT and KO). I. Average latencies to the first consolidated
643  NREM sleep bout +/- s.e.m for WT (black) and KO (red) during the dark, light and SR periods (n=6, 8
644  and 6 for WT and n= 6,6 and 5 for KO for dark, light and SR phase respectively; * P= 0.007; t= 5.56,
645 DF= 5.16). J. Averaged latencies to the first REM sleep episode +/- on the light, dark and SR phases
646 (n=4, 8 and 8 for WT and n= 6,6 and 5 for KO for dark, light and SR phase respectively; *P= 0.027; t=
647 6.02, DF= 3.0 for dark and *P= 0.036; t= 4.3, DF= 4.0 for SR). K. Average NREM sleep total duration
648 +/- s.e.m over 4 hours after extended wakefulness at the onset of the light phase (n= 5 and 5 WT and
649 KO respectively). L. Normalized time progression of SWA changes +/- s.e.m on the frontal EEG

650  derivation (left, n= 6 WT and n= 3 KO; **P= 0.009, t= 5.742, DF= 5.049 and *P= 0.039, t= 3.946, DF=
651  5.282) and from parietal EEG (EEGP®) electrode showing no significant differences (right). All multiple
652 comparisons were carried out using two-way ANOVA and Sidaks’s multiple comparison test.

653 Figure 2. Topographical characteristics analysis of NREM sleep SWA in WT and KO mice in BL
654 and SR period. A. Left, schematic representation of chronic multisite tetrode implantation for chronic
655 simultaneous EEG, EMG, and tetrode recordings in TC networks: anterior cingulate (ACC), anterior
656  dorsal thalamus (AD), ventral basal thalamus (VPL), reticular thalamic nucleus (TRN) and the

657  somatosensory cortex (Brr) in freely behaving mice. Right, schematic of coronal sections taken from
658 Paxinos and Franklin " atlas with electrode locations of all animals included in the analysis. B.

659 Experimental timeline for the NREM sleep analysis of the power spectra shown below. C.

660 Representative time-frequency of local power spectra recorded from EEG and TC placed electrodes in
661  WT and KO animals during baseline (BL, right) and sleep recovery (SR, left). D. Normalized Delta 2
662  (82) power (2.5-3.5) quantification during NREM sleep baseline (BL) and the first hour of sleep

663  recovery time (SR) taken from the EEG and tetrodes in TC nuclei (EEG™: WT-WT SR ***P< 0.001, t=
664  6.67; [WT SR]-[KO SR] **P= 0.002, t= 4.21, n=8 WT and n=5 KO; ACC: WT-WT SR ***P< 0.001, t=
665  4.12; [WT SR]-[KO SR] **P= 0030, t= 4.62, n=5 WT and n=3 KO; AD: WT-WT SR ***P< 0.001, t=

666  1.14,[WT SR]-[KO SR] ***P< 0.001, t= 3.01; n=5 WT and n=2 KO; TRN-WT-WT SR ***P< 0.001, t=
667  4.71; [WT SR]-[KO SR] ***P< 0.001, t= 5.10; n=7 WT and n=5 KO; Brr: WT-WT SR **P= 0.009, t=

668 3.82; [WT SR]-[KO SR] **P= 0.002, t= 4.25; n=6 WT and n=4 KO; DF= 116, all multiple comparisons
669  were carried out using two-way ANOVA and Bonferroni’'s multiple comparison test.

670 Figure 3. NREM sleep spindles in WT and KO mice. A. Representative traces of detected spindles
671  (top), normalized wavelet energy using the complex Morlet and frequency B-Spline functions (blue),
672  filtered EEG signals at spindle range (10-16 Hz, orange) and EEG (grey), LFP traces from ACC

673  (green), AD (light blue), TRN (blue), Brr (light green), VPL (purple) and, EMG (black) and hypnogram
674  on the bottom. B. Raster plot of detected spindles in Gelm*'* wildtype (WT) and Gelm™ knockout (KO)
675 mice through sleep-wake cycles of the light period. Time-frequency analysis of the delta power (0.5-4
676 Hz) and spindle envelop of the different recorded locations during NREM sleep baseline. C. Average
677 spindle density +/- s.e.m during NREM sleep baseline (BL) and sleep recovery period (SR) (significant
678  values from WT-WT SR in EEG™": **P< 0.007, t= 4.17, DF= 13.05; ACC: ***P< 0.001,t= 5.79, DF=
679 13.42; AD: **P= 0.003, t= 4.65, DF= 12; TRN: **P= 0.007, t= 4.11, DF= 13.68; Brr: **P= 0.001, t= 5.6,
680 DF=10.77; VPL: **P= 0.008, t= 4.04, DF= 13.12; n=8 and 8 for WT and KO respectively, comparisons

1 G Paxinos and KBJ Franklin, Paxinos and Franklin's the Mouse Brain in Stereotaxic Coordinates,
2019.
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681  were calculated using two-way ANOVA with Bonferroni’s multiple comparisons test). D. Averaged

682 cross-correlograms of time—frequency representations of spindles and SWA aligned to the peak of the
683 spindle envelop. E. Normalized averaged cross correlation during baseline (BL) and sleep recovery
684 (SR) in all recorded locations. (EEG fo: WT-WT SR *P= 0.015, t= 3.078, n=8, 7 for WT and KO; ACC:
685  WT-WT SR *P=0.010, t= 3.204; [WT SR]-[KO SR] ***P< 0.001, t= 3.89, n=5 WT and n=3 KO n=5,4
686  for WT and KO; AD: [WT SR]-[KO SR] *P= 0.032, t= 2.83, n=5 and 3 for WT and KO; TRN: KO-KO SR
687 *P= 0.36, t= 2.80, n=7 and 7 for WT and KO; VPL: KO- KO SR *P=0.024, t=0.48, DF= 129, two-way
688  ANOVA with Bonferroni’'s multiple comparisons test).

689 Figure 4. Topographic analysis of brain dynamics in Geclm”’- KO mice. A. Averaged phase-

690 amplitude comodulograms (0.5-4 Hz phase frequency and spindle range 10-16 Hz amplitude

691  frequency) computed for connected TC areas: ACC-AD, ACC-Brr, TRN-AD, VPL-Brr local field

692 potentials (LFPs) during NREM sleep in the light phase (BL) and the first hour of sleep recovery period
693  (SR) (n=8 WT and n=7 KO). Bottom: Normalized phase degree histograms of WT (grey) and KO

694  (coloured). B. Average modulation index +/- s.e.m. during NREM sleep in the light phase computed for
695 EEG front and EEG parietal signals, ACC-AD, ACC-Brr, TRN-AD, VPL-Brr TRN-AD, TRN-VB, VB-Brr,
696 ACC-Brr and ACC-AD LFPs (WT n=6,7,6,5 and 5 and KO n= 3,4,4,3 and 3 respectively. TRN-AD:
697 **P= 0.007, t= 5.421, DF= 6.254). C. Average modulation index +/- s.e.m during NREM sleep (BL) and
698 the first hour of the sleep recovery period (SR) for ACC-Brr, ACC-AD, TRN-AD, TRN-VPL and VPL-Brr
699 LFPs (WT n=5,6,6,5 and 5 and KO n=3 respectively. EEG front-par: *P= 0.04, t= 2.78; ACC-Brr: [KO
700  BL]-[KO SR] **P= 0.003, t= 3.67; [WT SR]-[KO SR] ***P< 0.001, t= 6.1; ACC-Brr: [WT BL]J-[KO BL]
701  *P=0.02, t= 2.98; [WT SR]-[KO SR] ***P< 0.001, t= 6.1; [KO BL]-[KO SR] **P= 0.004, t= 2.78; TRN-
702  AC: [WT BLJ-[KO BL] **P=0.009, t= 3.3, [KO BL]-[KO SR] *P= 0.04, t= 2.8; DF= 86,significance levels
703  were calculated using 2- way ANOVA and Bonferroni's multiple comparisons test. All results are

704  represented in mean +/- s.e.m. *P< 0.33, **P< 0.002 and ***P< 0.001).

705 Figure 5. Changes in spiking activity in Gclm”- KO mice. A. Raster plot spiking activity during wake
706  to NREM transitions isolated from tetrode implanted in the TRN in WT (107 transitions) and KO (123
707  transitions). Bottom, histogram of spiking rate per sec during the transition and representative isolated
708  unit from WT (black) and KO mouse (red). B. Summary data +/- s.e.m of spiking rate in transitions

709  from wake to NREM sleep in ACC for WT and KO (n= 5, 4), Brr (n=10,7), TRN (n=13,19), VPL

710 (n=10,6) and AD (n=2,4), significance level * P= 0.018, t= 3.03, DF= 70). C. Average spiking rate +/-
711 s.e.m in wake NREM and REM in in all recording sites of all isolated spiking neurons. D. Summary
712 data of spiking rated in NREM sleep during the baseline recoding ACC for WT and KO (*P= 0.036, t=
713  3.64, DF= 17.86, n=5,6), Brr (n=10,7), TRN (n=15,14 **P= 0.009, t= 3.9, DF= 5.61), VPL (n=10,10)
714  and AD (n=5,4). E. Spiking rate responses after SD during the first hour of sleep recovery (SR) and
715  summary data (F), same n values that in E. G. Proportion of all recorded cells in the different TC

716 nuclei where bursts were detected during the NREM sleep BL and during the SR. H. Averaged burst
717  density during NREM sleep baseline and SR recorded(ACC: WT-KO **P= 0.005, t= 7.18, DF= 4.98,
718 n=2,5 for WT and KO; TRN: WT-KO **P=0.009, t=4.12, DF= 11.43, n=9,10 for WT and KO; Brr: WT-
719 KO **P= 0.031, t= 3.8, DF= 8.04; [KO SRJ-[WT SR] **P= 0.007, t= 6.66, DF=5.03; [KO BL]-[KO SR]
720  ***P<0.001, t= 14.14, DF. 5.75; [WT SR]-[KO SR] *P= 0.013, t= 5.828, DF= 5.003) I. Averaged burst
721  length during NREM sleep baseline and SR recorded (AD: WT-KO ***P< 0.001, t= 14.08, DF=6.32,
722 [WT BL]-[WT SR] **P= 0.005, t= 8.4, DF= 5.88, [KO BL]-[KO SR] ***P< 0.001, t= 9.87, DF= 9.01; [WT
723  SR]-[KO SR] *P= 0.34, t= 5.18, DF= 7.3; TRN: WT-KO *P= 0.046, t= 3.84, DF= 15.30. ACC [BL n=2,5,
724 SR n=5,3], Brr [BL n=6,9, SR n=6,4], TRN [BL n=9,10, SR n=8,10], VPL [BL n=6,8, SR n=5,5] and AD
725 [BL n=4,5, SR n=2,6]. Significance levels were calculated using two-way ANOVA and Bonferroni’s
726 multiple comparison test. Data is represented in +/- s.e.m. Significance levels represent *P< 0.33, **P<
727  0.002 and ***P< 0.001.
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Figure 1. Czekus C et al.
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Figure 2 Czekus C et al.
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Figure 3. Czekus C et al.
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Figure 4. Czekus C et al.
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Figure 5. Czekus C et al.
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