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Niels C. Rattenborg *'

* Avian Sleep Group, Max Planck Institute for Ornithology, S@éesen, Germany,? Cognitive Neurobiology and Helmholtz
Institute, Utrecht University, Utrecht, Netherlands

Propagating slow-waves in electroencephalogram (EEG) oodal eld potential (LFP)
recordings occur during non-rapid eye-movement (NREM) sép in both mammals and
birds. Moreover, in both, input from the thalamus is thoughto contribute to the genesis of
NREM sleep slow-waves. Interestingly, the general featusef slow-waves are also found
under iso urane anesthesia. However, it is unclear to what x@ent these slow-waves
re ect the same processes as those giving rise to NREM sleep Iew-waves. Similar
slow-wave spatio-temporal properties during NREM sleep ath iso urane anesthesia
would suggest that both types of slow-waves are based on releed processes. We
used a 32-channel silicon probe connected to a transmitter & make intra-cortical
recordings of the visual hyperpallium in naturally sleegnand iso urane anesthetized
pigeons (Columba livig using a within-bird design. Under anesthesia, the amplitle of
LFP slow-waves was higher when compared to NREM sleep. Specal power density
across all frequencies (1.5-100 Hz) was also elevated. In ddion, slow-wave coherence
between electrode sites was higher under anesthesia, indating higher synchrony when
compared to NREM sleep. Nonetheless, the spatial distribidn of slow-waves under
anesthesia was more comparable to NREM sleep than to wake or BM sleep. Similar to
NREM sleep, slow-wave propagation under anesthesia mainlyccurred in the thalamic
input layers of the hyperpallium, regions which also showedhe greatest slow-wave
power during both recording conditions. This suggests thatthe thalamus could be
involved in the genesis of slow-waves under both conditionsTaken together, although
slow-waves under iso urane anesthesia are stronger, theylsare spatio-temporal activity
characteristics with slow-waves during NREM sleep.

Keywords: Columba livia , avian brain, visual hyperpallium, NREM sleep, iso urane an esthesia, slow-waves, burst

suppression, propagation

INTRODUCTION

In mammals, non-rapid eye-movement (NREM) sleep is charadrizy the slow alternation
in neuronal membrane potentials between hyperpolarized detates with neuronal quiescence
and depolarized up-states with action potentials, which gn&sto slow-waves (0.5-4.5Hz) in
local eld potential (LFP) and electroencephalogram (EEG)rdimmgs (Steriade et al., 199B8c
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that propagate horizontally across the neocortéfagsimini  Reiner et al., 2004; Jarvis et al., 2Q@6lacks the neocortical
et al., 2004; Murphy et al., 2009; Nir et al., 2010ur laminar cytoarchitecture consisting of pyramidal cells withcapi
understanding of the neurophysiology of slow-waves is myostldendrites spanning multiple layers. Instead it is composed of
based on EEG, LFP, and intracellular recordings performetbun small, densely packed stellate neurofskpwicz et al., 2006
anesthesia. Previous experiments on rats and cats anesitheti arranged in “pseudo-layers” separated by cell-free laminze, a
with urethane or ketamine—xylazine revealed slow corticatonnected to each other via axonal projectiomge(iina and
activity similar to that found during NREM sleefs(eriade et al., Reiner, 2000; Briscoe and Ragsdale, p@&lthough the neuronal
1993a,b,cContreras and Steriade, 1995; Haider et al., 200@ell types in the avian hyperpallium are not organized in a
2007; Volgushev et al., 2006; Hasenstaub et al., 2007;K.uczertical manner, they are homologs to the neurons that make
et al., 2007; Chauvette et al., 2010, 2011; Sharma et &), 20Lp the mammalian neocortexBfiscoe and Ragsdale, 2018
Under higher doses of anesthesia, this slow cortical agtivitConsequently, we will refer to the hyperpallium as being cattic
occurs in bursts that alternate with low-amplitude periods ofhereafter. Starting dorsomedially, the hyperpallium is magde u
suppressed activity (i.e., burst suppressiewank and Watson, of the hyperpallium apicale (HA), interstitial nucleus of the
1949; Amzica, 20)5Although slow-waves during NREM sleep HA (IHA), hyperpallium intercalatum (HI), and hyperpallium
and anesthesia appear visually similar, a quantitative coisar densocellulare (HD) Atoji et al., 201% Similar to layer 4 of
in cats revealed multiple distinct features between the tveanb  the neocortex, IHA is the primary recipient of visual input
states Chauvette et al.,, 20).1Anesthesia (urethane and/or from the dorsal part of the lateral geniculate nucleus [LGN,
ketamine-xylazine) induced slow-waves were more rhythmiavian nucleus geniculatus lateralis pars dorsalis (GL&j}ien
(i.e., intervals between slow-waves became more regutal) aet al., 1973; Watanabe et al., 1983; Wild, 1987; Ng et al0);201
occurred more synchronously across cortical areas thaindur though HI and, to a lesser extent, HD also receive some input
NREM sleep $teriade et al., 1993c; Wolansky et al., 2006rom the GLd. The exact boundary between IHA and HI is
Clement et al., 2008; Chauvette et al., J0XQverall slow- poorly de ned in the posterior hyperpalliumi{arten and Hodos,
wave amplitude was higher under anesthesia and area specil®67, and therefore will be referred to collectively as IHA/HI
di erences in slow-wave amplitude observed during NREMhereafter. Despite the di erences in underlying cytoarctiitee,
sleep were reduced under anestheSiaguvette et al., 20).1n  slow-waves during avian NREM sleep show spatio-temporal and
addition, while power in the slow/delta (0.1-4 Hz) and spindlepropagation properties similar to those found in mammalsug
(8-14 Hz) frequency ranges decreased, the power in the gamrieer Meij et al., 2010 Moreover, the initiation and propagation
band (30-100Hz) increased. Finally, anesthesia incretieed of slow-waves primarily occurs in the thalamic input layershef t
duration of the hyperpolarization periods of slow-waves wherhyperpallium (i.e., IHA/HI), regions which also show the gresite
compared to NREM sleefChauvette et al., 20).1 slow-wave activity (SWA; power in 1.5-4.5Hz band) during
In addition to investigating the spectral di erences occagi NREM sleep \(an Der Meij et al., 2019 suggesting thalamic
under anesthesia, several studies have also examinedy#re la involvementin avian cortical slow-waves. Alternativekguronal
speci ¢ aspects and propagation of slow-waves under anesthesianetwork properties intrinsic to these regions may accouwnt f
and NREM sleep, although a direct comparison betweetheir greater propensity to initiate slow-waves.
conditions is lacking. In both anesthetized and naturalgeping Few studies have examined sleep-related brain activity in
cats, for instance, similar intra-columnar propagation patte birds under anesthesia. The burst suppression pattern has been
are found with slow-wave up-states that appear rst withinobserved in chickens anesthetized with pentobarbitab{awa
layer 5 Chauvette et al., 20)0a layer that together with and Gotoh, 1965; Kadono et al., 1967; Ookawa and Takenaka,
layer 4 receives thalamic inputConstantinople and Bruno, 1967; Ookawa, 19)2and zebra nches, chickens, and pigeons
2013, and then propagate vertically within a column to anesthetized with iso uraneSeckers et al., 2014; Mcilhone et al.,
layer 4 and the supragranular layerSh@auvette et al., 2010; 2014; Tisdale et al., 201&8owever, as no direct comparison of
Constantinople and Bruno, 2013; Capone et al., 2017; Fialh et &.FP slow-waves occurring during anesthesia and NREM sleep
2019. Contrary to the intra-columnar propagation of up-stateshas been conducted across the hyperpallial pseudo-layers, the
examined during NREM sleep and anesthesia, the layer-speciguestion remains to what extent slow-waves under anesthesi
horizontal propagation of up-states has only been examined are comparable to NREM sleep slow-waves. Consequently, we
vivo in anesthetized rodents_(czak et al., 2007; Sakata andperformed intra-cortical recordings covering all pseudgdes
Harris, 2009; Reyes-Puerta et al., 2015 of the visual hyperpallium (including pseudo-layers with and
At present, our understanding of the network propertieswithout direct thalamic input) in the same naturally sleepegd
underlying slow-waves and their propagation under NREMiso urane-anesthetized pigeons.
sleep and anesthesia is limited to the few mammalian studies
described above. Interestingly, birds exhibit mammaliée;l MATERIALS AND METHODS
homeostatically regulated EEG slow-waves during NREM sleep
(Lesku et al., 20)1 even though the cytoarchitecture of Experimental Design
the avian “cortex” or hyperpallium diers from that of the Animals
mammalian neocortex\(edina and Reiner, 2000 Although  Four adult pigeons@olumba livig two females and two males),
most of the hyperpallium is considered homologous to themplanted for our previous study\an Der Meijj et al., 2019
primary visual cortex in mammalsMedina and Reiner, 2000; were used in this study. We chose to work on pigeons, rather
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than other birds, due to (1) their ability to carry the recamd  The probe was slowly lowered, until all 32 channels were ésid
equipment, (2) the availability of a stereotaxic brain aflésrten  the brain (i.e., top row of electrode sites approximately mo0
and Hodos, 196)7and extensive neuroanatomical work on thisunderneath brain surface). After the probe was in position,
species $hanahan et al., 20),3and (3) the use of pigeons in the exposed brain and protruding probe shanks were covered
earlier work on avian sleepvén Twyver and Allison, 1972; using Kwik-Sil (World Precision Instruments). Next, the gralin
Walker and Berger, 1972; Tobler and Borbely, 1988; Martineand reference wires were placed between the skull and the
Gonzalez et al., 20D@irds were reared and housed in a breedingdura overlaying the cerebellum. Dental acrylic (Tetric Hook
aviary. Preceding the start of the electrophysiological @doce, Ivoclar Vivadent) was used to secure the electrode and atione
the birds were taken from the colony and housed in pairs in @0 the skull. Finally, the skin was sutured around the base
room with recording aviaries (12 h:12 h light: dark cycledaay of the dental acrylic. In addition, for analgesia, Lidocaed
dimensions: lengttD 2m, width D 1m, heightD 2m). All was applied to the wound and an intramuscular injection of
procedures were performed in accordance with German laws andeloxicam (2 mg/kg) was administered. Finally, the birdsiged
regulations on animal experiments, and were approved by tha subcutaneous injection of saline (0.7-0.9 ml).

Government of Upper Bavaria, according to the Tierschutzgeset

approval number 55.2-1-54-2532-126-2013. Natural Sleep Recordings
After the pigeon had fully awoken from the surgery, the wireless
Surgery head stage (Multi Channel Systems, Reutlingen, Germany) was

Prior to surgery, birds received an injection of diazepam (2attached and the bird was brought back to the aviary. Thesird
mg/kg) into the breast muscle after which they were anegthdt quickly resumed normal behavior including feeding and gito

with iso urane gas vaporized in oxygen (induction: 3 to 4%and from their perch. Natural sleep recordings were madezstle
and maintenance: 1.5 to 3.5%). Next, the bird's head was xetl week later and reported ivian Der Meij et al. (2019)in short,

in a custom-built stereotaxic frame (i.e., two ear bars aild b neuronal activity was recorded using a 32-channel silicased
clamp) of which the line from the axis of the ear and mouth barmulti-electrode probe (a4 8-5 mm-200-400-177, NeuroNexus
was angled downward 25elative to the horizontal axis of the Technologies, Ann Arbor, MI). The probe consisted of four
stereotaxic frame. The bird's body temperature was maiethin parallel shanks (shank thickness,nif) separated by 40@m,
around 40C with a heat pad and checked continuously witheach holding 8 recording sites (site surface, I¥#) spaced

a thermometer (Thermalert TH5, Physitemp Instruments |nc. 200mm apart. The resulting matrix of 4 8 recording sites thus
Clifton, NJ) placed underneath the bird's abdomen. To prevenéextended over 1200 1400mm allowing for the simultaneous
dehydration during the surgery, a subcutaneous injectidn orecordings of HA, IHA/HI, and HD. The probe was referenced
saline (0.7-0.9 ml NaCl 0.9% in sterile water) was admiragste to a wire under the skull placed over the cerebellum. The
into the neck. Prior to performing a midline incision, head probe's Omnetics connector was attached to a wireless hegel sta
feathers were clipped and Lidocaine gel (2%, as analgesigith integrated ampli er (W32, 0.1 Hz5kHz bandwidth, 16
was applied to the skin. An initial small window was madebits resolution, 5 kHz sampling rate per channel, 12.5mV input
in the rst layer of the skull to expose the bifurcation point voltage range, Multi-Channel Systems, Reutlingen, Germany).
of the mid-sagittal sinus which served as the medial-lateralhe head stage was powered by a 900 mAh battery (LiPol Battery
and anterior-posterior coordinate zero point. In the secondCo., Ltd) which was attached to the birds' back with a Velcro©
skull layer, two small holes were made over the left and righstrip glued to trimmed feathers. The amplied and digitized
side of the cerebellum for later insertion of the ground andsignal was sentto a wireless receiver, which in turn was ecieal
reference wires. A second craniotomy was made on the righo the USB interface board and a data acquisition computer
side, overlaying the probe insertion site in order to target¢ t with MC_Rack software (Multi Channel Systems, Reutlingen,
posterior visual hyperpallium. Probe implants in the posteriorGermany). Before the start of each recording session, ttierlga
visual hyperpallium Il D 4) were placed between 6800 andwas placed on the bird's back and attached to the head stage.
7050mm anterior, and between 1250 and 136 lateral. Due Neural activity was recorded in natural sleeping pigeons from
to the use of a smaller size pigeon (Tippler) and di erent headights o till lights on (i.e., 12 consecutive hours). The tisrwere
angle compared to the birds in the pigeon brain atlésrten and  video recorded throughout the night.

Hodos, 196), these coordinates resulted in probe placements

in areas histologically comparable with atlas coordinat#8.80 1so urane Anesthesia Recordings

(hyperpallium; including the lower part of HA, IHA/HI, and Following the rst full night of natural sleep recording €.,

the top part of HD). An incision was made in the dura for starting at least 1 week after surgery) the bird was recorded
the coronal probe insertion. Preceding probe insertion, nplét  under di erent levels of iso urane gas anesthesia accordimg
small holes (dental acrylic anchor points) were drilled in tie¢  the following protocol. On the day of recording, birds weredoo
layer of the skull surrounding the insertion side. Additally = deprived from noon onwards in order to minimize vomiting
the skull surrounding the holes and craniotomies was prepareduring and after anesthesia recordings. Then in the eveltiings
using Clear| SE Bond 2 (Kuraray Co., Ltd) for later dentalwere taken out of the aviary at lights out (i.e., the same tame
acrylic attachment. The positioning of the probe was completethe natural sleep recordings would start), equipped with adygtt
using a micromanipulator. The precise positioning of the probeon the back to power the head stage, and were transported to
depended on avoidance of blood vessels on top of the braithe surgical room. Birds were anesthetized with iso urarses g
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FIGURE 1 | Comparison of power spectral density during wake, rapid eyenovement (REM) sleep, non-rapid eye-movement (NREM) sleegand low (1.5%) iso urane
anesthesia: For each state a 10 s example waveforrBottom) is plotted with accompanying spectrogram(Top).
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FIGURE 2 | Slow-waves in the hyperpallium during non-rapid eye-moveent (NREM) sleep and different levels of iso urane anesthesi(A) Location of the
32-channel silicon probe. Probes were inserted horizontl in the visual hyperpalliumN D 4 birds). The orientation of the electrode grid (red) is degtied with the
medial side to the left and the surface of the brain on top. E, opallium; HA, hyperpallium apicale; HD, hyperpallium desocellulare; Hl, hyperpallium intercalatum;
IHA, interstitial part of hyperpallium apicale; LaM, laminaesopallialis; LFM, lamina frontalis suprema; LFS, lamirieontalis superior; LMD, lamina medullaris dorsalis;
LSt, striatum laterale; MD/MV, dorsal and ventral mesopalin; MSt, striatum mediale; N, nidopallium. Figure is repragted from Van Der Meij et al. (2019py
permission of Oxford University Press(B) Five-seconds local eld potential (LFP) recording exampleBom the same electrode site during NREM sleep and the four
different levels of iso urane anesthesia. Each row of wavefm plots depicts the recording from a different bird Bird 1-4). Using the same scale for all recording
conditions reveals the larger amplitude of the LFP signal ding iso urane recordings. Additionally, LFPs under higheevels of iso urane show more “spiky” slow-wave
episodes interrupted by increasingly longer periods of sygression. (C) Five-seconds LFP example recorded from the 4 8 electrode array, showing the distribution
of oscillations during NREM sleep (left) and under 1.5% (nmdte) and 3% (right) iso urane anesthesia. The red underlinegpisodes in each waveform are shown in
more detail inFigures 7A-C .
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vaporized in oxygen (induction: 3—4%, the same professionaliy the surgical room in order to keep an eye on the bird. Steyti
calibrated vaporizer was used for all birds). Subsequerity, t from the induction level (3 or 4% iso urane), and going down
bird's head was xed in a custom-built stereotaxic frame.(i. 0.5% per step, 5min recordings were made for every iso urane
two ear bars). The birds body temperature was maintainedevel. Between each change of iso urane level, a 5 to 10 neiakor
around 40C with a heat pad which was only turned on betweenfrom recording was taken, during which the heating pad was
recordings to minimize electrical noise on the recordingsturned on and time was giving to reach the new anesthesia leve
Peripheral body temperature was checked continuously by When the minimum level of iso urane anesthesia required to
thermometer (Thermalert TH5, Physitemp Instruments Inc.,keep the bird anesthetized (i.e., 1.5%; at lower iso uramelte
Clifton, NJ) placed underneath the bird's abdomen. Allanesth  the birds showed signs of arousing such as eye opening and
recordings were done under dim light and with the experimente postural changes) was reached and the recording at thisuesel
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FIGURE 3 | Differences in spectral composition of slow-waves under surane anesthesia: (A) Mean power source density (PSD) over all birds and all epised of
non-rapid eye-movement (NREM) sleep (i.e., early and lateREM sleep combined) or all slow-wave episodes under differe levels of iso urane anesthesia. Each
condition shows a power frequency distribution typical fopigeon sleep (artinez-Gonzalez et al., 200§; however, PSD of slow-wave episodes under all levels of
iso urane is higher in all frequency bands when compared to NEM sleep. (B) Mean power ratio in the 1.5-5 Hz (slow-wave activity), 5-25Hand 25-100 Hz
(gamma) bands was calculated over the mean of all slow-wavepisodes from all birds N D 4) during NREM sleep and different levels of iso urane anes#isia. Power
in all examined bands was higher during iso urane anesthesiwhen compared to NREM sleep (i.e., stipulated line at y-axeB 1). The largest increase in power under
increasing levels of iso urane anesthesia occurred in the 25.00 Hz band.
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completed, the iso urane level was turned back to the inducti  interfere with the slow-wave analysis. Unit activity wasyonl
level for one last high level anesthesia recording. At tiieadithe  present within the rst few days after implantatioivgn Der Meij
recording session, the iso urane was turned o and the pigeoret al., 201pand could thus not be analyzed in the recordings used
was allowed to wake up from the anesthesia. After the pigedn han this study, which were made at least one week after surgery
fully awoken, the battery was detached and the bird was netir

to the aviary. The bird's behavior was monitored during trexn  Natural Sleep Scoring

hour to check for complete recovery from the anesthesia. ThEOr each bird a full night recording, at least 1 week post-syrger
birds quickly resumed normal behavior including feedingdan Was analyzed. From this recording, 2 h of “early” night sleep,(

ying to and from their perch. 1 h after lights 0 ) and 2 h “late” night sleep (i.e., 2 h befdights
Anatomy
Prior to implantation, the electrode probes were coated witl 1.0 =T
the uorescent dye Dil (DilC 18(3), Invitrogen) for anatoiwal
registration with histological sections. At the end of tihedy, the 0.9
brain was removed and frozen for histology to determine probe Ran¥
placement. Frozen brains were cut into & serial coronal 0.8 NN
sections using a freezing microtome and mounted on gladssli NN
Subsequently, DAPI {#%-diamidino-2-phenylindole) and Nissl g 0.7
staining was applied. Fluorescence microscopy (Leica) was use §
to verify probe location in all birds. E 06 \\\

. ® 55 N
Analysis
Signal Filtering 54 /\/\...\
Raw recordings were band-pass lItered ( nite impulse response ' TN
Iter) from 1.5 to 200Hz to yield LFP signals, and high-pass 0.3
Itered at 350Hz to yield action potential activity. Based on
the analysis in our earlier workvVan Der Meij et al., 2019 02
a substantial part of the power below 1.5Hz increased during
the rst post-operative week and, unlike higher frequencynslo Qq? Q\%” Q«? Qf? Qc‘&' gfa” RN AR IR
waves¥ 2 Hz), had an irregular distribution across the recording DIStaREs bstwEsH Sitas: (i)
array. Activity below 1.5 Hz probably re ects an artifactulimg
from the development of gliosis around the electrodesan FIGURE 5 | Coherence between neighboring and distance sites during NRM
et al., 201y. Hence, to remove this activity, a 1.5 Hz high-pass sleep and iso urane anesthesia: Mean coherence (dots; whigk's are SD) in
Iter was applied to the signals. As the earlier NREM sleep the 1.5-5Hz frequency band decreases with increasing distace between
recordings made before the onset of this artifact showed tha ele_ctrode sites. Nonet.heless, c_oherence is signi cantly lgher under all levels
hyperpalial slow-wav power pealcs around 2 Hz n pgedis (| 1117 s (.94 epeere i rs o et o
Der Meij et al., 201p the Iter applied in this study did not

Wake REM NREM 105 Iso 1.5% 10'3;5
2.0
2.0
2 E
15 £ >
. >
& 15 3
5 9
1.0 2 1.0 %
z &
05 ~ 05
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FIGURE 4 | Slow-wave activity (SWA) during both non-rapid eye-moven# (NREM) sleep and iso urane anesthesia: Mean SWA (1.5-5 Hower; N D 4 birds) over
all episodes of wake, rapid eye-movement (REM) sleep, NREMegp, and low (1.5%) iso urane episodes. SWA during NREM slgeand low anesthesia is the highest
in the diagonal of the recording array (i.e., on the electragsites that were placed in IHA/HI, the thalamic input layer). Inga plots of SWA activity under 2.0, 2.5, and
3.0% iso urane anesthesia showed the same pattern as the 1.5%anesthesia image plot (data not shown).
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on) was extracted. Within these recordings one represergati
channel, near the center of the array, was chosen for slegijngc
Raw data of the selected channel was o ine low-pass Itered at
100 Hz and down-sampled to 200 Hz using MC_Rack software
(Multi Channel Systems, Reutlingen, Germany). Subsequently,
sleep states were manually scored by visual inspection &RRe
signal using Somnologi®®4 (Embla Sleep Diagnostics) and the
video recordings, in order to di erentiate sleep states axclede
(movement) artifacts. Rather than using scoring epochgpsle
states were scored from the start until the end of each bout ¢
each state. As in previous studié&rtinez-Gonzalez et al., 2008;
Lesku etal., 20)lwake was characterized by low amplitude, high
frequency LFP signals in combination with waking behayiors
REM sleep by low amplitude, high frequency LFP activity in
combination with REM sleep behaviors (e.g., eye closure and
head drops); and NREM sleep by immobility accompanied by
high amplitude, low frequency (4.0 Hz) LFP signals, which had
approximately twice the amplitude of alert wakefulness.

=Y

Anesthesia Scoring

The same electrode site as used for the natural sleep scoring
was chosen for the anesthesia scoring. Slow-wave episodes an

periods of suppression were manually scored from the start unti
the end of each bout by visual inspection of the LFP signalgusin
Remlogic" (Embla Sleep Diagnostics). As not all birds could be
recorded at all iso urane levels, we only analyzed the levkish
were present for all birds (i.e., 1.5 to 3.0%).

Slow-Wave Analysis

The following analyses were performed on the Itered signal
(excluding artifacts and broken electrodes sites) follayinith
some exceptions, the method previously described®atkers
et al. (2014); Van Der Meij et al. (2019)

Initial visual inspection of the LFP signal was performed
by creating waveform plots and spectrograms of each natura
sleep and anesthesia recording, in order to directly compar
activity during wake, REM, NREM, and iso urane anesthesia. FQ
visualization, spectrograms were calculated following atimul
taper approach(homson, 1982; Prerau et al., 2),1using the
“multi_taper_psd” function of the Python (version 3.6) Nitam
toolbox (version 0.72) with a bandwidth parameter of 2 Hz and
0.5 s window duration, with time steps of 10 ms.

Spatio-temporal propagation of LFP slow-waves across the
2D-plane of the recording electrode matrix was quanti ed
to examine traveling wave activitpBéckers et al., 2014; Van
Der Meij et al.,, 201p In short, at 1-ms intervals, LFP
waves in the electrode grid that were stronger (i.e., more
negative) than the threshold criterion (individual-depemnte
between 85 and 150mV) were identied as negative
waves, and the changes of their spatial mean in time were
tracked. The median number of negative traveling wave
“trajectories” that were found in the 2-h NREM sleep recoghn
was 16609 (range: 14044 to 25691). The median number
of negative traveling wave “trajectories” that were found
in the lowest anesthesia (1.5% iso urane; 5min recording
duration) recordings was 648 (range: 502 to 892). To identif
and track positive traveling waves the same procedure was
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RESULTS
FIGURE 6 | oscillations appear to be globally distributed across theetording
array. (B) Detail of the LFP peak indicated with a red asterisk ifA), showing We recorded electrical activity from the visual hyperpallimm
that peak activity actually occurs at slightly differentrties in different sites, pigeons during wake. REM. and NREM sleep and di erent levels

especially along the diagonal of the recording plane, coreponding to IHA/HI. o R . . .
Gray bars depict the negative component of the wave and are agtered on the (1-5- 2.0, 2.5, and 3-0/0) of iso urane anesthesia, using a h|gh

negative peak of the site indicated with a red asterisk iA). (C) LFP peak density electrode array connected to a telemetric systémaLife

propagation across the grid is tracked by calculating the ceter of gravity of of a within-bird design allowed us to compare LFP recordings

the propagating slow-wave in 1-ms intervals, based on sitesvith a potential < from the same region in the same bird under natural sleepestat
0.15 mV.

and iso urane anesthesia conditions.

Comparing Brain Activity During Iso urane

followed by selecting LFP waves stronger (i.e., more peitiv Anesthesia and Natural Wake/Sleep States

than the threshold criterion (individual-dependent betwe85  \jsual inspection of waveforms and accompanying spectrograms

and 150 mV). of the LFP activity recorded within the same bird during wake
Videos illustrating the slow-wave patterns were rendereQREM, NREM sleep, and iso urane anesthesia (examples in

from the band-pass Itered LFP signal (1.5 to 200 Hz) in eitherFigure 1) con rms that LFP activity found under iso urane

real-time or 25x slowed down, in order to capture individual anesthesia predominantly consists of slow-waves that appear

traveling patterns. similar in power distribution to those that are characteigsof
) NREM sleep and that are much weaker or absent during wake or
Spectral Analysis REM sleep.

Power spectral density (PSD) was calculated (using Welch's

method; 10.0 Hz bin size) for all episodes of NREM sleep (withoug|g\w-\Wave Characteristics Are Altered
wake interruptions) within each 2 h natural sleep (i.e., earig %nder Iso urane Anesthesia

late sleep) recording and for all episodes of anesthesia slovy- . :
t all levels of iso urane anesthesia, LFP slow-waves oedur

waves and suppression, separately, within each iso urané le i - . .

recording Th(fr? mean PSB for l\)l/REM sleep, and iso UranéCross all recording sites and, as in NREM sleep, had the highes

bursts and suppr,ession was calculated for each,recording)site amplitude at the electrode sites corresponding to the thalamo-
agcipient IHA/HI (based on the stereotaxic coordinates and

each bird. From this, the mean integral power in the 1.5-5Hz " . ;
(slow-wave activity; SWA), 5-25Hz and 25-100Hz (gamm istology; also segan Der Meij et al. (2019)Figures 2A,Q.

band was calculated for NREM sleep and slow-wave episodﬁgg\’ever’ un?er-lfl r,1,esthe5|a, :the ovgtLaII ; Iow-wavet. Wavefolim
recorded under the four di erent iso urane levels. Given tha '1a¢ & MOre 'Spiky” wave pattern with sharp negative peaks

apparent gliosis around the probes recording sites inducea sloWhen compared to NREM sleefrigures 2B,G. Furthermore,

artifacts, we were not able to assess frequencies below 1T5 waveforms from recordings made under increasing iso urane

relatively large bin size and selected frequency bandsialblove 'e".e's showed an increase in suppression period duration .(LMM;
mentioned analysis were selected because of the shorticlurat estimateD 0.67337, std. errdd 0.09531p D 5.64e-06, duration

of the slow-wave episodes under the higher iso urane anagthe log-transformed Supplementary Figure S1} The duration of

levels, which sets a limit to the length of the window size fmsuppression periods within each iso urane recording level was
spectr,al analysis stable. Moreover, there was no di erence in suppression dunatio

at 3% iso urane anesthesia measured at the beginning of the
Coherence recordings session compared to the end of the recordingmessi

Coherence between all possible electrode site pairs wasatattu (Supplementary Figure S1B

(using Welchs method; 10.0Hz bin size) for all NREM sleep_ . ) .

episodes and slow-wave episodes under anesthesia to examiierences in Spectral Composition of

both global coherence, and coherence between neighboridg aSlow-Waves Under Iso urane Anesthesia

distant sites. All coherence calculations were done usig t LFPs recorded in the same bird showed clear slow-waves
scipy.signal toolbox in Python where coherence is de ne€ag: during both NREM sleep and iso urane anesthesia, but spectral
D abs(Pxy) 2/(Pxx Pyy), with Pxx and Pyy being power spectralanalysis revealed some di erences. When compared to NREM
density estimates of x and y, and Pxy being the cross spectgleep (mean negative amplitud® 0.33mV, range: 0.08 to

density estimate of x and y. 1.04 mV), the amplitude of the negative component of LFPs was
signi cantly lower during anesthesia (mean negative anoplé
Statistics D 0.57mV, range: 0.11to 1.32mV; log-transformed LMM,

Statistical analyses were performed in R (version 3.4.4)thé estimateD 2.5e 02, std. erroD 6.4e 04,p< 2e 16,Figures 1
libraries Ime4 and ImerTest. Unless noted otherwise, siedis 2B,C). Nonetheless, area specic dierences in amplitude
tests were carried out using linear mixed models (LMM),observed between IHA/HI and HA/HD during NREM sleep, was
combining early and late NREM sleep, with bird identity as asustained under iso urane anestheskidure 20). In addition,
random factor and iso urane level as a xed factor. Allnunieal  higher power spectral density (PSD) levels were found in
values are the mean SD, unless otherwise stated. all frequency bins under iso urane anesthesigigure 3A).
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Speci cally, PSD in the slow-wave frequency range (i.es 1.5amplitude LFP signal,
5Hz) was signicantly higher under low (1.5%) iso urane on the suppression states. PSD in all frequency bands was
lower than during NREM sleep. However, there was still
1.0e 3, std. errorD 1l.1e 4, p D 7.5e 4). As some of considerably more power in the 1.5-5Hz range than in the

anesthesia compared to NREM sleep (LMM, estimé@te

the waveform plots depicting suppression states showed a ldwgher frequency ranges.
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Comparing the mean power ratio in the frequency bandsfound that the power was higher in all examined bands during
1.5-5Hz (SWA; slow-wave activity), 5-25Hz and 25-100 Hiso urane anesthesia compared to NREM sleep. In addition,
(gamma) over all slow-wave periods from all birdsl (O  comparing the power ratio in each examined frequency range
4) during NREM sleep and di erent levels of anesthesia, weinder increasing levels of iso urane revealed that the datg
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FIGURE 7 | Propagation of slow-waves during non-rapid eye-movementNREM) sleep and iso urane anesthesia: The red underlined egndes in Figure 2C are
visualized in a sequence of image plots where pixels represeelectrode sites and electrical potential is coded in colo Slow-wave propagation patterns during(A)
NREM sleep and,(B,C) 1.5 and 3.0% iso urane anesthesia. LFP (local eld potentialactivity generally initiates along the diagonal of the reeding plane,
corresponding to IHA/HI, and propagates mostly within the diagnal under all recording conditions. LFP voltage scale défs across sub gures (A-C).

increase in power under anesthesia occurred in the 5-25 Hanesthesia levelEigure 3B). Looking at the spatial distribution
and 25-100 Hz bandRjgure 3B). The power in the slow-wave of SWA power over the electrode grid, we found that the same
activity range (i.e., 1.5-5Hz) did not change with incregsi electrode sites (i.e., the ones placed in IHA/HI) that showfes
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highest SWA during NREM sleep also showed the highest SWwaves under NREM sleep (0.36 0.23mm) and low (1.5%)

under iso urane anesthesid&igure 4). iso urane anesthesia (0.53 0.28 mm) showed a slight, but
signi cant di erence (pairedt-test: dfD 3, p D 0.01) while
Slow-Wave Coherence Increased Under there remains large variation in the direction of individua

Iso urane Anesthesia slow-wavesRigure 88). . .
Comparing the waveforms of LFP slow-waves under NREM sleeg The alternation of slow-waves and suppression periods under
i

. . 0 urane anesthesia, compared to the almost continuoug/slo
and di erent anesthesia levels suggested that slow-wavesappe . ) . .
; . . Wave pattern during NREM sleep, allowed us to investigate which
to be more spatially synchronized between electrode rengrdi

sites during anesthesia. To quantify this, we calculatediean component (i.e., neg_atwe or positive) of_the LFP _Ieads .o_lunng

g . slow-wave propagation under anesthesia. Superimposition of
coherence in the 1.5-5Hz frequency band between sites djVer\ia\/aveform lots of the rst slow-wave after a suppression period
LFP slow-wave events per NREM sleep and low (1.5%) anestheés P bp P

I . i
recordings. Mean coherence between sites during NREM slem?)ﬁgnmen_t based on scored stgrt time of each single ;Iow—
. . . . . . “Wave period) showed that, during low (1.5%) anesthesia, a
is 0.49 (range: 0.39 to 0.65) while during low anesthesia it | ositive component of the eld leads with respect to the negativ
0.8 (range: 0.67 to 0.85). We additionally examined cohmren P P P L

between electrode sites as a function of distance betwéen Sicomponent Figure 9).

and state (i.e., NREM sleep and anesthesia levels). Coleasasc

signi cantly higher under all anesthesia levels when corepdao DISCUSSION

NREM sleep (LMM; estimat® 0.21578, std. errdd 0.05694p

D 0.0289Figure 5), and coherence overall decreased as distanc@ur understanding of the similarities and di erences betwee

between sites increased (sldpe 0.127883p 2e 16). slow-waves occurring under di erent types of anesthesia and
NREM sleep has been primarily based on EEG, LFP, and
Comparable Slow-Wave Propagation intracellular recordings in cats Sferiade et al., 1993ap,c

Under Iso urane Anesthesia Chauvette et al., 20).1Based on those studies, anesthesia is now
g well-established method for studying the cortical dynesni

At a time scale of seconds, during both NREM sleep an . - . ’
. : of slow-waves when experiments in freely behaving animals are
anesthesia recordings, the LFP waveforms appear the sanss acro

the array Figure 64). almost as if the oscillations occur near- technically impossible. Given that birds show similar sleefes

. . N to mammals, anesthesia is also used in avian sleep research
synchronously across the di erent “pseudo-layers.” Howeger . .
. - L Beckers et al., 20).4Moreover, anesthesia (often iso urane)
the time scale of tens of miliseconds, and zooming in on a|{s used in other elds, such as the neuroscience of birdson
single LFP peak fronfrigure 6A, shows that this peak occurs ’ 9

at slightly di erent times across the electrode grigidure 6B) (e.g.,B_eckers anq Gahr, 2012; Menardy et al., 30Aithough
. L e . there is EEG evidence for parallels between NREM sleep and
with the activity peak shifting later along the diagonal otth

array. In general, like NREM sleep, LFP slow-waves unddse urane anesthesia in birdg(sdale et al., 20)8a comparison

. o . of the underlying intra-cortical brain activity has beercking.
iso urane anesthesia primarily propagate along the IHA/HItwi S . . . .
. . . Using intra-cortical high-density electrode array recioigk from
occasional propagation to the overlying HA and, to a lesser . . . .
: g . the same naturally sleeping and iso urane anesthetized pigeo
extent, the underlying HD. This is also evident when slowva . . .
. . . . we characterized and compared the spatio-temporal properties
LFPs across the electrode matrix are plotted in a time seri

e . . ) . .
of image plots Figures 7A-C Supplementary Figure S2and gitﬁlgg;\évsves in the avian hyperpallium occurring during
Supplementary Videos 43). Moreover, tracing the trajectories ’

of the center of gravity of propagating slow-waves shows that .

slow-waves under anesthesia, as during NREM sleep, often occ%ﬁeCtS of Iso urane Anesthesia

rst along the diagonal of the recording plane, correspondingon Slow-Waves

to IHA/HI ( Figures 6G 8A and Supplementary Figures 3A, B Our intra-cortical recordings of pigeons revealed that slow
When the net movement of each slow-wave across the plane wiaves occur at all iso urane anesthesia levels examintba,uh

the electrode grid was expressed as a mean vector, the graup meéhe duration of slow-wave episodes becomes shorter and the
vectors for both positive and negative component of LFP slowperiods of suppression between them become longer, as the
waves showed signi cantly non-random directions (Rayheig level increases. Slow-waves under iso urane anesthesiaare
tests;p < 0.001) in every recording\N( D 8, 2h natural sleep similar in spatial power distribution to NREM sleep than to
recordings andN D 16, 5min anesthesia recordings at fourwake or REM sleep. In addition, as in NREM sleep, slow-waves
di erent levels from 4 birds). The mean group vectors underunder anesthesia propagate through the hyperpallium following
low (1.5%) iso urane anesthesia show small, non-signi canthe same spatio-temporal patterns including primary slow-wave
di erences in direction (paired-tests: diD 3,p> 0.1) from the initiation and propagation in the thalamic input layer IHA/HI.
mean group vectors under NREM sleep (black dofsigure 8B).  Interestingly, the analysis of the rst slow-wave after isane
Nonetheless, mean vector length for positive slow-wavegundinduced periods of suppression revealed that slow-waves under
both NREM sleep (0.39 0.25mm) and low (1.5%) iso urane anesthesia have a leading positive component followed by a
anesthesia (0.48 0.28 mm) is not signi cantly di erent (paired negative component. Although this might re ect a dipole pagsin
t-test: dfD 3, p D 0.09) and mean vector length for negativethe 2D-plane of the array, three dimensional recordings agri
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FIGURE 8 | Continued.

NREM sleep and intra-cellular recordings are needed to fullwith iso urane (Murrell et al., 2008; Mcilhone et al., 2014
understand the spatial distribution of positive and negatelds.  Consequently, brain activity during the lowest level of isane
Despite the similarities between slow-waves occurringrdpri (i.e., 1.5%) possible to measure from in this study most closely
NREM sleep and iso urane anesthesia, a number of di erencesesembles NREM sleep. The low amplitude activity visible durin
were observed. First, under anesthesia, periods of suppnessigome episodes of suppression states are of unknown origin but
emerged in between slow-waves. The time spent in suppressiaright be caused by local processes, artifacts on the re@sdin
increased with increasing anesthesia levels, a nding tiest sites or volume conduction from multiple, dispersed sources
also previously been reported in rats and chickens anes#tktiz further away in the same hemisphere or from the left hemisphere,

Frontiers in Neuroscience | www.frontiersin.org 14 March 2019 | Volume 13 | Article 262



van der Meij et al. Comparing Pigeon Sleep and Anesthesia

FIGURE 8 | Slow-wave trajectories and propagation direction(A) Wave trajectories along the 2D-plane of the recording arrafN D 50 random waves; plus signs
depict electrode sites) during non-rapid eye-movement (NBM) sleep (the early night results shown here and comparabte late night results) and under 1.5%

iso urane anesthesia.(B) Net wave propagation (in mm) was calculated for every local Id potential (LFP) slow-wave in a 2 h recording of NREM sleethé early night
results shown here and comparable to the late night resultsgnd 5 min 1.5% iso urane anesthesia recording from the same bd. Shown are negative (red dots),
positive waves (blue dots) and mean propagation directiorblack dot). Each row of graphs depicts the results of a diffemt bird (N D 4).

as slow-waves (i.e., burst state) can occur asynchronoustyall examined frequency bands (1.5-100 Hz) under iso wan
between hemisphereffttenborg and Amlaner, 2010; Tisdaleanesthesia, with the highest increase taking place in the
et al.,, 2018 Second, the LFP negative peak amplitude waS—25 and 25-100Hz bands. Nonetheless, the power spatial
signi cantly larger (i.e., more negative) during anesiheshen distribution in the slow-wave frequency band (i.e., 1.5-4H
compared to NREM sleep. Third, PSD signi cantly increasedinder low (1.5%) iso urane anesthesia is more comparable to
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FIGURE 9 | Leading positive component of local eld potential (LFP) sle-waves during iso urane anesthesia: For each bird (differg rows) the start of each
slow-wave episode after a suppression period during diffent iso urane levels was plotted (gray lines, mean in red). @-waves after a period of suppression start
with a positive component followed by a sharp negative compoent.

NREM sleep than to wake and REM sleep, suggesting thated to be determined in future studies. Lastly, slow-wave
slow-waves during iso urane anesthesia are similar, thougcoherence between electrode sites was higher under alk leve
stronger, than slow-waves under NREM sleep. This nding iof anesthesia when compared to NREM sleep. Interestingly,
in agreement with a recent EEG study in pigeonssflale higher coherence in the slow-wave frequency range during
et al., 201R Interestingly, cats anesthetized with ketamine-anesthesia compared to NREM sleep was also found in cats
xylazine exhibit lower power in the low frequencies (0.1-4 Hanesthetized with ketamine-xylazin€tauvette et al., 20).1
and 8-14 Hz) when compared to NREM sleéfhfuvette et al., Additional studies will have to determine whether increased
2019). Whether this di erence in power spectra is due to the coherence in the slow-wave frequency range is a commonrfeatu
use of dierent anesthetics, or to the species examined, withf anesthetics.
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Conclusion, Implications, and (CID), which is funded through the Gravitation Program of
Future Perspectives the Dutch Ministry of Education, Culture, and Science and the
To our knowledge, this is the rst direct comparison of intra- Netherlands Organization for Scienti ¢ Research (NWO; grant
cortical brain activity during wake, NREM sleep, and REMnNumber 024.001.003).

sleep, and dierent levels of iso urane anesthesia in birds.

We opted for iso urane in this study as this is a common ACKNOWLEDGMENTS

anesthetic used in lab studies examining the neurophysyolog

of avian sleep (e.gBeckers et al., 201Zisdale et al., 20)8 We thank Manfred Gahr for providing laboratory facilities @n
and the neurological correlates of bird song (eRpckers and €quipment; Martina Oltrogge for technical assistance. JvelM i
Gahr, 2012; Menardy et al., 2Q1Monetheless, future research @ member of the International Max Planck Research School for
should consider examining other anesthetiesgng et al., 2095  Organismal Biology.

Furthermore, as read-outs of vaporizer output levels of dre=sa

could be imprecise, future experiments should monitor theSUPPLEMENTARY MATERIAL

blood level of the anesthetic. Nonetheless, this initialdgt

demonstrates that, as in a number of mammals, slow-waves ifhe Supplementary Material for this article can be found
pigeons anesthetized with iso urane are similar in some retgpe online at: https://www.frontiersin.org/articles/10.388ins.

to those occurring during NREM sleep. In particular, the primary2019.00262/full#supplementary-material

propagation pattern of LFP slow-waves along the IHA/HI, a layeBupplementary Figure S1 | Progression of suppression durations at the different
receiving thalamic input, under iso urane anesthesia andlﬁtj;l iso urane levels: (A) Mean suppression duration (black dot, standard error barsi
NREM sleep could indicate thalamic involvement in the geEi;iesigrey) becomes longer with increasing anesthesia leve(B) Normalized

. . . suppression duration per iso urane level (colored circlesynd per bird (different
of cortical slow-waves durmg both states. Nonethelesso@er graphs). Duration of suppression episodes was stable withieach iso urane

of suppression, higher coherence, and increased high-frexyue recording level. Moreover, there was no difference betweesuppression duration
activity, clearly distinguished iso urane anesthesiafrtlREM  at 3% iso urane anesthesia measured at the beginning of the reording session
sleep. These considerable dierences might be important téplue circles) compared to the ending of the recording sessn (black circles; i.e.,
take into consideration when attempting to interpret datarfro turning back to 3% after recording at 1.5%). Note that diffeznces in circles plotted

. S . . . . along the x-axis are due to slight variation in recordings dation per level and bird.
studies utilizing anesthesia in neurophysiological experita.
Supplementary Figure S2 | High temporal resolution (2 ms) plots of propagating
slow-waves during low (1.5%) and high (3.0%) iso urane anebesia depicted in
DATA AVAILABILITY Figure 7B (frame 320-380) andrigure 7C (frame 650-670), respectively. Similar

to NREM sleep, the local eld potential (LFP) activity undemesthesia generally
The datasets generated for this study are available on se¢uie initiates along the diagonal of the recording plane, corrggonding to IHA/HI, and

the Corresponding author. propagates mostly within this diagonal.
Supplementary Figure S3 | Slow-wave trajectories and propagation direction
AUTHOR CO NTRI BUTlONS during higher iso urane levels(A) Wave trajectories along the 2D-plane of the

recording array N D 50 or less random waves; plus signs depict electrode sites)

. i X under 2.0, 2.5, and 3.0% iso urane anesthesia, which are comprable to the
JvdM, GB, and NR contributed to COI’ICEp'[IOI’l and deS|gn of therajectory plots depicted inFigure 8A . (B) Net wave propagation (in mm) was

study. JvdM and DM-G collected the data. JvdM, DM-G, GBgalculated for every local eld potential (LFP) slow-wave ia ve minute iso urane
and NR analyzed data. JvdM and GB performed the statisticahesthesia recording (2.0, 2.5, and 3.0%, respectively)dm the same birds as
analyses JvdM wrote the rst draft of the manuscript All boits depicted in Figure 8B . Shown are negative (red dots), positive waves (blue dots)

. . .. and mean propagation direction (black dot). Each row of gr. depicts the
contributed to manuscript revision, read, and approved the g .. apdifferzm bird Kl D 4)_( ) greps dep
submitted version.

Supplementary Video S1| Video (slowed down 25x) of the image sequence
shown in Figure 7A . Slow-wave propagation pattern during natural NREM sleep.
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