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            Abstract
The mammalian claustrum, owing to its widespread connectivity with other forebrain structures, has been hypothesized to mediate functions that range from decision-making to consciousness1. Here we report that a homologue of the claustrum, identified by single-cell transcriptomics and viral tracing of connectivity, also exists in a reptileâ€”the Australian bearded dragon Pogona vitticeps. In Pogona, the claustrum underlies the generation of sharp waves during slow-wave sleep. The sharp waves, together with superimposed high-frequency ripples2, propagate to the entire neighbouring pallial dorsal ventricular ridge (DVR). Unilateral or bilateral lesions of the claustrum suppress the production of sharp-wave ripples during slow-wave sleep in a unilateral or bilateral manner, respectively, but do not affect the regular and rapidly alternating sleep rhythm that is characteristic of sleep in this species3. The claustrum is thus not involved in the generation of the sleep rhythm itself. Tract tracing revealed that the reptilian claustrum projects widely to a variety of forebrain areas, including the cortex, and that it receives converging inputs from, among others, areas of the mid- and hindbrain that are known to be involved in wakeâ€“sleep control in mammals4,5,6. Periodically modulating the concentration of serotonin in the claustrum, for example, caused a matching modulation of sharp-wave production there and in the neighbouring DVR. Using transcriptomic approaches, we also identified a claustrum in the turtle Trachemys scripta, a distant reptilian relative of lizards. The claustrum is therefore an ancient structure that was probably already present in the brain of the common vertebrate ancestor of reptiles and mammals. It may have an important role in the control of brain states owing to the ascending input it receives from the mid- and hindbrain, its widespread projections to the forebrain and its role in sharp-wave generation during slow-wave sleep.
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                    Fig. 1: SWRs originate in the amDVR in sleeping Pogona.[image: ]


Fig. 2: SWRs occur spontaneously in DVR slices and originate at the anterior medial pole.[image: ]


Fig. 3: scRNA-seq and viral tract tracing show that the amDVR is a reptilian claustrum.[image: ]


Fig. 4: SWR production in the DVR depends on claustrum integrity and modulation.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Further description of SWR statistics and propagation in vivo.
a, The amplitude and frequency of sharp waves vary as the animal transitions between slow-wave and REM sleep. Top, illustrative LFP trace (<150Â Hz) showing a decrease in sharp-wave amplitude and frequency around the slow-waveâ€“REM transition point. Open circles indicate detected sharp waves3 (seeÂ Methods). Data in aâ€“d are from the same animal and a single night, and correspond to the recording in Fig. 1 (anterior recording site, red). Statistics are based on nÂ =Â 11,123 sharp waves. b, Distribution of sharp-wave width (measured at half peak amplitude) and peak amplitude from the animal in a and Fig. 1. Pr, probability. c, Average sharp-wave traceÂ Â±Â 1 s.d. (grey) calculated over nÂ =Â 11,123 sharpÂ waves. d, Inter-event interval (IEI) for sharp waves recorded during slow-wave sleep. The yÂ axis (probability) is on a logarithmic scale. e, f, Summary of data recorded over five nights from two animals. Each circle represents the mean of one night; black line shows the median. e, Mean inter-event intervals during slow-wave sleep. f, Mean sharp-wave width and amplitude (nÂ =Â 8,055â€“13,494 sharp waves per night). g, Delay distributions of sharp waves in anterior (or posterior) DVR, triggered on simultaneously recorded posterior (or anterior) DVR. Sharp waves from three nights (animal 1; nÂ =Â 24,501 sharp waves) and two nights (animal 2; nÂ =Â 13,070 sharp waves). h, Locations of simultaneous recording sites in the aDVR (circles). Left, schematic of recording configuration. Middle and right, confocal images highlighting the recording sites, as identified by electrolytic lesions and DiI dye that was applied to the back of the silicon probes. PostÂ hoc staining with an antibody against hippocalcin was used to determine the borders of the claustrum (see Fig. 3).


Extended Data Fig. 2 Comparison of SWR statistics across preparations and recording conditions.
a, Slice preparation (seeÂ Methods) for field-potential recordings. b, Spontaneous sharp waves (LFP; <150Â Hz) and corresponding ripples (high-pass (HP) band; 70â€“150Â Hz) in the amDVR. Insets: top left, magnification of the SWR marked with a dotted box; top right, 350 ripples; high-pass signal intensity (HPI)Â >70Â Hz aligned on trough of sharp wave (overlaid as average). c, Distribution of amplitude (x) and width (y, full width at half maximum) of SWR events in a representative DVR slice. d, Distribution of SWR amplitude and width (as in c) in a representative ex vivo preparation. e, Ratio of amplitude (Î¼V) to width (ms); nÂ =Â 5 sleep epochs from 3 animals (in vivo; blue), 4 ex vivo brains (red) and 12 slices (green). Lines show the mean. f, Autocorrelation function of sharp-wave times, showing that the characteristic rhythmic modulation of sharp-wave generation (which is due to the alternation of slow-wave sleep and REMÂ sleep with a 2â€“3 min period) in sleeping animals is absent from both ex vivo brain preparations and slice preparations (nÂ =Â 5 sleep epochs from 3 animals (in vivo), 4 ex vivo brains and 12 slices). g, Whole-cell patch-clamp recording (in current-clamp mode) of a DVR neuron (Vm), together with LFP recording in a neighbouring region (V (LFP)) with a glass micropipette. Note the simultaneous depolarization of the neuron and SWRs, and moderate neuronal depolarization that gives rise to occasional firing (three action potentials here). The experiment was repeated with 12 neurons. h, Whole-cell patch-clamp recording of an amDVR neuron in voltage-clamp mode, held at depolarized (blue) and hyperpolarized (red) holding potentials (Vh). Note the volleys of excitatory (red) and inhibitory (blue) currents at each SWR (LFP), and the near absence of synaptic input in between. i, Spike times of a patched amDVR neuron in relation to sharp waves. Note the locking to the sharp-wave trough (tÂ =Â 0), and the absence of firing otherwise (nÂ =Â 2 amDVR neurons). j, Mean excitatory (ge) and inhibitory (gi) conductances (nÂ =Â 20 and 21 events, respectively). The black and grey lines show averaged sharp waves recorded with inhibitory and excitatory conductances, respectively. Traces are aligned on the sharp-wave trough.


Extended Data Fig. 3 Additional single-cell transcriptomic characterization.
a, UMAP42 representation of 20,257 Pogona telencephalic cells, colour-coded by cluster. EG, ependymoglial cells; ExcNeur, excitatory neurons; InhNeur, inhibitory neurons; MG, microglia; mur, mural cells; NPC, neural progenitor cells; olig, oligodendrocytes; OPC, oligodendrocyte progenitor cells; prol, proliferating cells; RBC, red blood cells. b, Dot plot showing the expression of canonical cell markers (rows) across telencephalic cell clusters (columns). The size of the dot corresponds to the percentage of cells in a cluster in which the gene has been detected, and the colour represents the expression level. c, UMAP representation of 9,777 lizard telencephalic neurons, colour-coded by cluster. d, e, UMAP representations of glutamatergic (slc17a7) and GABAergic (slc32a1) neurons in the telencephalon dataset. f, Double colorimetric in situ hybridization in a frontal section through the anterior Pogona forebrain. Scale bar, 1Â mm. slc32a1 (blue) labels GABAergic neurons in the subpallium and scattered GABAergic neurons that have migrated from subpallium to pallium. slc17a6 (orange) labels glutamatergic neurons in the pallial region. g, Ordered matrix of pairwise Pearson correlations between the expression of 143 ion-channel and neurotransmitter-receptor genes detected in this glutamatergic pallial dataset from Pogona (see Extended Data Fig. 5). The dendrogram (top) is based on correlation coefficients and Ward.D2 linkage; red indicates a gene module with enriched expression in the amDVR. h, Average expression, in the 29 glutamatergic Pogona clusters, of the 143 genes in g (and Extended Data Fig. 5). Genes with enriched expression in the amDVR are listed on the right, with relevant neurotransmitter receptor genes in bold. i, UMAP representation of 4,054 lizard pallial glutamatergic neurons, colour-coded by cluster (same as in Fig. 3a). j, Dot plot showing the expression of specific cluster markers (rows) in the 29 pallial glutamatergic clusters (columns). The size of the dot corresponds to the percentage of cells in a cluster in which the gene has been detected, and the colour represents the expression level.


Extended Data Fig. 4 Mini-slices of the DVR and localization of SWR generation.
a, Left, recording configuration of mini-slices of the DVR on a planar 252-channel microelectrode array. Dots represent electrodes. Right, postÂ hoc immunostaining of the mini-slices. Red, Nissl; green, hippocalcin. b, Left, spatial distribution of SWR waveforms as recorded from the mini-slices in a. Right, illustrative LFP traces recorded from the amDVR or claustrum (1) and plDVR (2) (see recording positions on the microelectrode array on the left). In conclusion, SWRs occur spontaneously in the amDVR, and are absent from the plDVR once it is disconnected from the amDVR (claustrum).


Extended Data Fig. 5 Ion-channel and neurotransmitter-receptor mRNAs in the glutamatergic cell clusters of the Pogona telencephalon.
a, Dot plot showing expression of ion-channel and neurotransmitter-receptor genes (rows) in Pogona glutamatergic clusters (columns 1â€“29). The plot shows only genes that were detected in at least 20% of the cells of at least one cluster. The size of the dot corresponds to the percentage of cells in a cluster in which the gene has been detected, and the colour represents the expression level. Clusters 19 and 20 (box) correspond to the amDVR or claustrum. They differ by the expression of some acetylcholine- and serotonin-receptor subtypes (see also Fig. 3h). b, Ordered pairwise Pearson correlation matrix of cluster transcriptomes, calculated from the expression of the ion-channel and neurotransmitter-receptor genes in a. This gene set is sufficient to distinguish the amDVR clusters (19 and 20) from all of the others. The dendrogram is based on Pearson correlations and Ward.D2 linkage.


Extended Data Fig. 6 Identification of potential regulatory areas of brain states and distribution of GFP-labelled neurons after injection of rAAV2-retro into the claustrum.
a, Left, schematic of the Pogona brain in sagittal view, showing the regions defined by immunohistochemistry, in situ hybridization and retrograde tracing. Numbers 1â€“7 indicate the levels of the transverse sections that are shown on the right. Right (panels 1â€“7), micrographs and corresponding schematic representations of relevant areas (in red), identified by immunohistochemistry, in situ hybridization and Nissl staining. Scale bars, 500Â Î¼m. Far right of panels 1â€“7, magnified views of area(s) delineated as box(es) in the corresponding photomicrographs. Scale bars, 100Â Î¼m. b, Identification of rAAV2-retro injection sites. Scale bars, 500Â Î¼m. The red channel is not shown in the rightmost image. c, Illustrative examples of retrograde labelling of claustrum connectivity, in transverse sections. Panels 1, 2, inputs to claustrum revealed by rAAV2-retro injection in the claustrum. Panel 1, injection site in lateral claustrum. The claustrum is indicated by anti-hippocalcin immunostain (pink). Note retro-labelled cells in the anterior dorsal cortex (box, magnified at right). Panel 2, same brain as in 1, but a more posterior section. The labelled region in the box is the dorsal lateral amygdala. Panels 3â€“12, representative images illustrating the distribution of GFP-labelled neurons in the DLPT, DLT, DMT, prethalamus, SUM, mammillary nucleus (MN), TMN, VTA, SN, PAG, LoC and SC, with projections to the claustrum. Abbreviations as in Fig. 3. The catecholaminergic neuron marker tyrosine hydroxylase (TH) was used to indicate the location of the VTA, SN and LoC. Scale bars, 500Â Î¼m. Scale bars for magnified areas: DLPT, DLT, DMT, prethalamus, SUM, MN, TMN, VTA, LoC, 50Â Î¼m; SN, PAG, SC, 100Â Î¼m.


Extended Data Fig. 7 The claustrum of lizard and turtle differ in position and architectonics, but are both autonomous sources of SWRs.
a, Transcriptomic similarity between turtle and lizard clusters, measured as the fraction of single cells that mapped from the turtle pallium dataset to the Pogona clusters (Methods). Note that the turtle cell clusters e03â€“e06 (pallial thickening; PT) map to the lizard cluster 19 (amDVR or claustrum). Turtle data and clusters are from a previous study11. b, In situ hybridization in an anterior transverse section, showing expression of the pallial thickening marker gene crhbp. Scale bar, 500Â Î¼m. c, Architectonics of the lizard claustrum. Right, retrograde labelling of claustrum neurons by rAAV2-retro injected into the aDVR. Left, magnification of the boxed area on the right (in the claustrum). Note the disordered distribution of multipolar neurons. Pink colour shows anti-hippocalcin immunostaining. Scale bars, 100Â Î¼m (left); 500Â Î¼m (right). d, Architectonics of the turtle claustrum. Right, retrograde labelling of claustrum neurons by rAAV2-retro injected into the dorso-medial cortex. Left, magnification of the boxed area on the right. Note the arrangement of bipolar neurons within the pallial thickening layer (see also b for layering of pallial thickening). Scale bars, 100Â Î¼m (left); 500Â Î¼m (right). e, Spontaneous sharp waves recorded simultaneously in the claustrum and the DVR in turtle slice preparation. The red dots in the schematic indicate recording sites. Note sharp wave (LFP) and ripple in theÂ high-pass (HP) band. f, Bottom, 295 successive spontaneous ripples (high-pass signal intensity (HPI)Â >Â 70Â Hz) aligned on the trough of each sharp wave. Top, average of 295 sharp waves aligned on waveform troughs. Grey shading represents s.d. g, Representative cross-correlogram of LFP traces recorded simultaneously from the claustrum and the DVR (with claustrum as reference), showing the sharp waves from the DVR trailing those from the claustrum.


Extended Data Fig. 8 SWR recordings and stimulation experiments with lizard ex vivo brain preparations.
aâ€“f, Experiments in ex vivo brain preparation after cortex removal. a, Top, ex vivo brain preparation. Bottom, spontaneous SWRs recorded in the claustrum (<150 Hz) (top trace); HP: 70â€“150-Hz filtered LFP, showing ripples (bottom trace). b, Local pressure injection of 20Â Î¼M TTX into the claustrum and post hoc assessment of injection with Evans blue (transverse section at the bottom, red). c, Injection of TTX into the claustrum (shading) silences sharp-wave activity in the claustrum, but also (indirectly) in the DVR. d, Analysis of four experiments as in c. The filled circles represent meanÂ Â±Â s.e.m. Claustrum: *PÂ =Â 0.029, TÂ =Â 26 (two-sided Mannâ€“Whitney rank-sum test); DVR: *PÂ =Â 0.029, TÂ =Â 26 (two-sided Mannâ€“Whitney rank-sum test). e, Top, average trace and s.d. (shading) from 3,842 sharpÂ waves recorded from the claustrum of an ex vivo forebrain (alignment on trough). Bottom, HPI (>70Â Hz) aligned on sharp-wave trough, showing ripple alignment. f, Top, simultaneous recordings from ipsilateral claustrum and DVR in an ex vivo preparation. Bottom, cross-correlation between simultaneous recordings in ipsilateral claustrum and DVR, showing that the claustrum precedes the DVR by around 100Â ms. g, Peristimulus time histogram for multi-unit activity in the cortex, in response to activation of ipsilateral claustrum in an intact ex vivo forebrain. The experiment was carried out in normal ACSF at room temperature in the presence of 30Â Î¼M serotonin to suppress spontaneous SWRs in the claustrum and 50Â Î¼M carbachol to raise cortex excitability. The claustrum stimulus consisted of a single 50-Î¼s electrical pulse, delivered with a bipolar electrode. Cortex multi-unit activity was recorded with a glass micropipette. h, Change in cortical firing rate (FR) measured in a 200-ms bin after the claustrum stimulus versus a 200-ms bin before the stimulus (as in g, on each side of t = 0). The control column plots the firing-rate ratio measured in the experiment in g, and the GBZÂ +Â CGP column plots the results of the same experiment after addition of the GABA receptor antagonists gabazine (GBZ; 5Â Î¼M) and CGP52432 (CGP; 2Â Î¼M); nÂ =Â 4 ex vivo brains from 3 animals each. The control experiment shows that stimulation of the claustrum has an immediate and reliable inhibitory effect on the cortex (#: significantly different from baseline, PÂ =Â 0.017, t3Â =Â 4.8 (two-sided paired t-test)). The stimulation experiment in GABA receptor antagonists shows that stimulation of the claustrum now slightly excites the cortex (**: significantly different from control, PÂ =Â 2.0Â Ã—Â 10âˆ’3, t6Â =Â âˆ’5.22 (two-sided Studentâ€™s t-test)), suggesting that projections from the claustrum both activate and inhibit cortical neurons, probably via direct excitatory projections and indirect inhibitory ones through interneurons (see rodent experiments in aÂ previous study39). Short horizontal lines indicate mean.


Extended Data Fig. 9 Further analysis of in vivo ibotenic-acid-induced lesion experiments in sleeping Pogona.
a, Autocorrelation (top) and cross-correlation (bottom) of Î²-band activity in the left and right DVR during sleep in an animal with bilateral claustrum lesions (lesions are shown in d). Note that a periodic sleep rhythm (period of around 3Â min here) remains after claustrum lesions and therefore does not seem to depend on claustrum integrity. b, c, Same as a, but with unilateral ibotenic-acid-induced lesion in two animals (I and II). The non-lesioned (sham) side was injected with the same volume of PBS vehicle but without ibotenic acid. Dotted line, sham; solid line, lesion. d, Nissl stains (1â€“3) of transverse sections of the brain of animals with bilateral lesions (shown also in Fig. 4b), at levels indicated in the schematic on the left. Note the claustral lesions (arrows in 1), which are visible as cell-body loss, and the recording sites in left (2) and right (3) DVRs (dotted circles).


Extended Data Fig. 10 Further data on serotonergic projections to claustrum and their effects on the generation of sharp-wave ripples.
a, Transverse section of claustrum double-labelled with DAPI (blue, nuclei) and serotonin (axonal fibres) antibodies. NoteÂ the dense meshwork of serotonergic fibres. Scale bar, 50Â Î¼m. b, Frequency of spontaneous SWRs in claustrum mini-slices as a function of superfused serotonin concentration. Red circles represent individual experiments (slices). Black points and lines are meanÂ Â±Â s.e.m.
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