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The thalamic reticular nucleus (TRN), the major source of thalamic inhibition,
regulates thalamocortical interactions that are critical for sensory processing,
attention and cognition'. TRN dysfunction has been linked to sensory abnormality,
attention deficit and sleep disturbance across multiple neurodevelopmental
disorders®®. However, little is known about the organizational principles that underlie
its divergent functions. Here we performed an integrative study linking single-cell
molecular and electrophysiological features of the mouse TRN to connectivity and
systems-level function. We found that cellular heterogeneity in the TRN is
characterized by a transcriptomic gradient of two negatively correlated
gene-expression profiles, each containing hundreds of genes. Neurons in the
extremes of this transcriptomic gradient express mutually exclusive markers, exhibit
core or shell-like anatomical structure and have distinct electrophysiological
properties. The two TRN subpopulations make differential connections with the
functionally distinct first-order and higher-order thalamic nuclei to form molecularly
defined TRN-thalamus subnetworks. Selective perturbation of the two subnetworks
invivorevealed their differential role in regulating sleep. In sum, our study providesa

comprehensive atlas of TRN neurons at single-cell resolution and links molecularly
defined subnetworks to the functional organization of thalamocortical circuits.

The TRN haskey roles in sensory processing, arousal and cognition>. It
consists of ashell of GABAergic neurons, receives inputs from cortical
andsubcortical regions, and provides the major inhibition to thalamo-
cortical neurons*. During sleep, the TRN participates in sleep-rhythm
generation, sleep stability and memory consolidation'®", whereas in
active states, TRN neurons contribute to the sensory filtering under-
lying attention®2. TRN dysfunction may cause behavioural deficits
in disorders including schizophrenia, autism and attention deficit
hyperactivity disorder (ADHD)® . Despite itsimportance, little isknown
about the detailed molecular, cellular and functional organization of
the TRN at the single-cell level, a prerequisite for understanding the
broad function of thalamocortical circuits.

Though they are often treated as a homogeneous group of GABAe-
rgic neurons, an increasing number of studies are suggesting that
TRN neurons exhibit heterogeneity in characteristics such as their

molecular and electrophysiological properties, connectivity and func-
tion", However, the nature of this heterogeneity and its potential
rolein shaping thalamocortical circuit function remain unknown. We
performed multiscale single-cell analyses to systematically examine the
TRN-neuron diversity by integrating transcriptomic profiling, electro-
physiological recording, connectivity mapping, insitu localization and
invivo functional perturbation. We found that TRN neurons cannot be
separated into distinct subtypes defined by gene-expression profiles.
Rather, TRN neuron heterogeneity is characterized by atranscriptomic
gradient of two negatively correlated expression profiles, each contain-
ing hundreds of genes. Neurons at the extremes of this transcriptomic
gradient can be identified by the near-exclusive expression of a few
marker genes including SppI (encoding secreted phosphoprotein 1)
and Ecell (encoding endothelin converting enzymelike 1), enabling the
characterization of the two subpopulations that we refer to as Spp1*
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and EcelI" subpopulations. The two subpopulations exhibit distinct
anatomical, physiological and functional features. Notably, the SppI*
subpopulation preferentially projected to first order (FO) thalamic
nucleiand had ahigh tendency to generate sustained rebound bursts.
By contrast, the Ecell subpopulation preferentially projected to higher
order (HO) nucleiand had alow propensity to generate rebound bursts.
Selective perturbation of the two subnetworks in vivo revealed their
distinctrolesinregulating sleep. Taken together, our study providesa
comprehensive atlas of TRN neurons at the single-cell resolution and
links systematically identified genetic subnetworks to the functional
organization of the mammalian forebrain.

Transcriptomic heterogeneity

We applied single-nucleus RNA sequencing (snRNA-seq) to identify
transcriptomic profiles of possible neuronal subtypes. Consistent
with previous studies?®?, nearly all TRN neurons expressed Pvalb,
which showed a high degree of overlap with Gad2 expression across
theentire TRN, as shown by RNA fluorescentinsitu hybridization (FISH)
(Extended Data Fig. 1). We prepared a single-nucleus cDNA library??**
using microdissected TRN tissue from Pvalb-tdTomato transgenic
mice? (Fig. 1a). We analysed the transcriptomes of 1,687 nuclei with
anaverage of 1.3 x10° mapped reads and a median library complexity
0f 3,909 genes, in line with previous studies®.

Clustering analysis identified expected GABAergic (Gad2") and
non-neuronal cell types as well as glutamatergic neurons (Slc17a7"),
which probably originated from adjacent thalamic regions (Fig. 1b,
Extended Data Fig.2a). Subsequent hierarchical clustering of the GABAe-
rgic cellsrevealed four subpopulations (Extended Data Fig. 2b, ¢). The
predominant cluster was enriched for the inhibitory neuronal marker
Puvalb, consistent with RNAFISH (Extended Data Fig.1). This Pvalb® clus-
ter (atotal of 671 neurons) thus represents inhibitory neurons of the TRN.

t-Distributed stochastic neighbour embedding (¢-SNE) clustering
onthe basis of the most variable genes showed no clear subclusters of
Gad2'Pvalb’ cells, the putative TRN neurons. To capture finer distinc-
tionsamong closely related TRN neurons, we corrected for batch effects
and applied the biSNE clustering algorithm? to the Gad2'Pvalb* cells.
Notably, biSNE mapped cells to an elongated continuum. Examining
the most variable genes showed no obvious demarcation separating
the neurons into distinct classes. To assign a cellular transcriptional
profile along the continuum precisely, we defined a gradient score
for how much the expression of genes deviates relative to the mid-
dle of the continuum (Methods). Application of the gradient score
revealed a continuous shiftin gene expressionin TRN neurons (Fig. 1c).
Further scoring of the genes by their correlation to the gradient iden-
tified two negatively correlated transcriptional profiles (Fig. 1d, e).
Thefirst profile was highly expressed on one side of the gradient, and
consisted of increased expression of SppI and more than 100 other
genes, including Cacnali, encoding the low-voltage-activated T-type
calcium channel subunit a-1i, which isimportant for rebound burst fir-
ing of TRN neurons? (Fig. 1e). The second profile was highly expressed
on the other side of the gradient, and consisted of increased expres-
sion of Ecell and many other genes, including Slc6al, whichencodes a
GABA transporter that mediates rapid removal of GABA at the synapse
(Fig. 1e). The continuum, which we refer to as a transcriptomic gradi-
ent, is characterized mainly by the shift in the number of expressed
genes that are specific to the ‘SppI’ profile versus the ‘Ecell’ profile
(profile-specific genes) (Fig.1e, f). Notably, cells that express both Spp1
and Ecell (referred to as Spp1/Ecell double positive (DP)) or express
neither (Spp1/Ecell double negative (DN)) do not appear to be low
quality as a similar number of genes were detected compared with
SppI* or Ecell’ single-positive cells (hereafter referred to as SppI* or
Ecell’, respectively) (Extended DataFig. 3a,b). The DPand DN cells also
heldintermediate positions along the gradient, suggesting that these
cells may be part of afunctional range between Spp1” and Ecell” profiles
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Fig.1|snRNA-seqrevealstranscriptomicgradient of TRN neurons. a, Left,
illustration of TRN gating on thalamocortical circuitry and experiments. Green
arrowsillustrate thalamocortical projection modulated by TRN. MO, motor
cortex; SS, somatosensory cortex; Aud, auditory cortex; Vis, visual cortex.
Right, TRN tissueis labelled inred (tdTomato). b, -SNE shows nuclear clusters,
indicated with different colours. ASC, astrocytes; GABA, GABAergic neurons;
Glut, glutamatergic neurons; MCG, microglia; ODC, oligodendrocytes; OPC,
oligodendrocyte precursor cells. n=1,687 nuclei. c,d, biSNE embedding of
Gad2' and Pvalb® single nuclei, pseudocoloured by gradient score (c) or Sppl
(left) or Ecell (right) expression (d), showing two extremes marked by SppI and
Ecell.n=671nuclei.e, Heat map showing SppI-and Ecell-associated
transcriptional programs. Some genes relevant to electrophysiological
properties are highlighted on the right. Columns show single nucleiand rows
aregenes.f,Scatter plot showing the percentage of Spp1- and
Ecell-profile-specific genes expressedinindividual TRN cellsalong the
transcriptomic gradient. g, Distribution of TRN SppI’, Ecell' and intermediate
DN and DP populations along the transcriptomic gradient.

(Fig.1e, g). Thus, our data suggest that the molecular diversity in TRN
is characterized as a single transcriptomic gradient composed of a
combination of two distinct transcription programs marked by highly
expressed SppI” or Ecell’ profiles.

Asshell/core-like distribution

The binarized on-off pattern of SppI and Ecell expression correlates
strongly with the transcriptomic gradient (Fig. 1c, d, g, Extended Data
Fig.3a), suggesting that these genes could be used as markers for the
two TRN subpopulations. We developed a classification approach to
assign neuronalidentity along the gradient on the basis of whether Spp1
or Ecell are expressed. We divided the gradient into three consecutive
segments: Spp1*, DP or DN, and Ecell’; cells along the gradient can be
classified into one of the three segments with high accuracy (Extended
DataFig.3c, d),

Thus, to examine the spatial distribution of neurons within the
TRN, we used Spp1 and Ecell as representative markers for the two
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subpopulations and performed RNA FISH using Ecell, Spp1 and Pvalb
probes. Consistent with snRNA-seq data, SppI* and Ecell* subpopula-
tions exhibited largely non-overlapping expression patterns (Fig. 2).
Notably, the Spp1and Ecell expression patterns divided TRN into a core
(SppI’) and shell (EcelI”) structure spanning the entire anterior-pos-
terior extent of the TRN, with DP and DN neurons intermingled within
the shell and core (Fig. 2a, b, Extended Data Fig. 3e, f). Quantification
revealed agradually increased fraction of SppI”neurons and arecipro-
caldistribution of EcelI" from anterior to posterior, whereas DP neurons
were sparse throughout and DN neurons were most abundant in the
anterior part (Fig. 2c).

Hierarchical TRN-thalamic connectivity

Within each functional modality (for example, somatosensory, visual
orauditory) thalamic nuclei are categorized into hierarchically distinct
FO and HO nuclei on the basis of their principal ‘driver’ inputs®*?. FO
nucleireceive and relay peripheral and subcortical sensory information
to the cortex, whereas HO nuclei receive their principal driver inputs
from cortical layer V and transfer information among functionally
related cortical areas® %,

We next determined whether hierarchically distinct FO and HO tha-
lamic nuclei are innervated by the same or distinct TRN subpopula-
tions. We focused on three main sensory thalamocortical pathways
inFO and HO nuclei: visual, somatosensory and auditory. Fluorescent
RetroBeads were injected into each thalamic nucleus to retrogradely
label TRN and cortical inputs, and RNA FISH was used to determine the
molecular identity of labelled TRN neurons (Fig. 3a). The retrograde
cortical labelling recapitulated known FO and HO corticothalamic
connectivity patterns?*?, confirming the accuracy of our thalamic
injection (Extended Data Fig. 4). Notably, we found that the majority
of TRN neurons retrogradely labelled by injection in FO nuclei were
Sppl’(85.7+3.8%, meants.e.m.)locatedinthe coreregion of the TRN.
By contrast, most TRN neurons retrogradely labelled from HO nuclei
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TRN Pvalb’ cells thatare SppI*, Ecell*, DN and DP, quantified by RNA FISH
co-stainingin coronal sections along the anterior (A) to posterior (P) axis.
Insert, schematic showing orientation of the TRN coronal sections.

were Ecell” cells (86.0 +1.3%) located in the shell region of the TRN
(Fig.3b, c). DPand DN TRN neurons did not exhibit aninnervation bias
(Fig. 3b). These results demonstrate a topographical organization of
TRN inputs to hierarchically distinct FO versus HO thalamic nuclei,
indicating the existence of specific TRN subnetworks for regulating
FO and HO thalamocortical pathways.

Molecular and physiological correlation

We combined whole-cell patch-clamp recordings with snRNA-seq
(patch-seq) (Methods) to examine therelation of transcriptional pro-
files and electrophysiological properties of TRN neurons. We analysed
76 neurons across the entire TRN (Fig. 4a, Extended Data Fig. 5a). For
eachneuron, werecordedits location and electrophysiological proper-
ties. The cell contents were then collected for snRNA-seq. The distri-
bution of transcriptional profiles of these cells was comparable to the
continuumgradientinthe original snRNA-seq dataset, indicating that
TRN neurondiversity was adequately sampled (Extended Data Fig. 5b).

TRN neurons are known to display two firing modes, depending
on their resting membrane potential: tonic and burst firing. Whereas
tonicfiring refers to regular sodium spikes at depolarized membrane
potentials, burst firing is characterized by repetitive low-threshold
T-type Ca*" spikes crowned by high-frequency sodium spike trains
elicited at hyperpolarized membrane potentials. This burst firing
mode is believed to be critical for the generation and/or maintenance
of sleep rhythms and may serve unique functions in information pro-
cessing®?%3°, We thus analysed rebound burst firing properties of TRN
neurons (Fig. 4b). The SppI* subpopulation displayed robust rebound
bursting activity (average of 5.5 + 2.4 bursts per 5 s; Fig. 4c, d), high
spike frequencies within bursts (166.1+40.2Hz) and alarge post-burst
after-hyperpolarization (AHP) (26.5 + 8.6 mV; Fig. 4c). By contrast,
the Ecell" subpopulation displayed significantly less bursting activity
(average of 0.95+ 0.8 bursts per 5s; Fig. 4c,d) and asignificantly lower
intra-burst spike frequency (86.1 + 44.7 Hz) with smaller post-burst
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AHP (12.25 + 9.7 mV; Fig. 4c). DP and DN subpopulations exhibited
intermediate firing properties (Fig. 4c, d, Extended DataFig. 5c). Plot-
ting the key properties of the burst firing showed a distribution pat-
tern similar to that of the transcriptome data (Fig. 4e). Of note, the
maximum number of bursts strongly correlated with the molecular
gradient score, suggesting that TRN subpopulations have differential
molecular mechanisms to generate low-threshold T-type Ca?* spikes,
whichformstheionicbasis for the rebound burst firingin TRN neurons
(Fig. 4f, Extended Data Fig. 5c).

In parallel, we examined the tonic firing by focusing on single action
potential (AP) propertiesincluding AP threshold and half-width (APhw),
and observed similarly graded changes across TRN subpopulations
(Extended DataFig. 6a,b). SppI* neurons exhibited lower AP threshold
and APhw than Ecell* neurons, suggesting greater excitability, whereas
DP and DN subpopulations showed mixed intermediate features. The
passive membrane properties, nevertheless, showed little difference
among TRN subpopulations (Supplementary Table 1). Moreover,
biocytin reconstruction of TRN neurons revealed that neurons with
Ecel1*-like firing pattern had a more complex pattern, with dendritic
ramifications extendingin nearly all directions. By contrast, SppI*-like
neurons had shorter total dendritic length (Spp1*-like, 974 +361.8 pm
and EcelI*-like, 1907 + 739.3 um) and a simpler dendritic arborization
(number of intersections: SppI*-like, 7.5 2.2 and Ecell*-like, 14.1+ 4.6)
with a planar discoid-like architecture (Extended Data Fig. 6¢-e).

To identify genes contributing to specific neurophysiological
properties of TRN neurons, we used a pooled adeno-associated virus
(AAV)-mediated CRISPR-Cas9 in vivo knockout approach by target-
ing distinct groups of genes (Extended Data Figs. 7, 8). We found that
knockout of Kcngl increased bursting firing in EcelI*-like cells, whereas
knockout of Kcnd2increased rebound bursting in both SppI*-like and
EcelI*-like neurons without modifying other rebound bursting prop-
erties (Extended Data Fig. 9). These results suggest that Kcnd2 and
Kcngl may normally limit burst firing in TRN neurons (Supplementary
Information).

TRN subnetworks in sleep rhythms

During sleep, stereotypical rhythmic activity patterns are observed
across the mammalian forebrain® and are thought to contribute to
the organization and function of sleep. It is known that two major
patterns, deltaand spindle oscillations, depend onreciprocalinterac-
tions between thalamus and cortex®*>*. In addition, global knockout
of Cacnali, the principal low-voltage-activated T-type Ca** channel
in TRN neurons, leads to changes in these rhythms, suggesting that
TRN neurons may have specific roles in generating these global fore-
brain dynamics®®*. As our data revealed a differential propensity of
TRN subpopulations to generate low-threshold T-type Ca* spikes, we
investigated whether TRN subpopulations make distinct contributions
tosleep rhythms.

To selectively modulate low-threshold Ca*" spikes in the TRN sub-
populations, we developed agenetic perturbation approach that uses
the y,-subunit of T-type Ca** channels. Overexpression of y, reduces
T-type Ca* currentinvitro by downregulating trafficking of T-type Ca**
channels to the membrane®. Although this subunit is highly expressed
in skeletal and cardiac myocytes, it is not expressed in the brain®, and
canthus be used to target neurons selectively. We first confirmed the
effect of y, onreducing Ca* currents in brainslices from mice injected
inthe TRN with lentiviruses containing y, (Extended Data Fig.10a, b).
To target SppI’ or Ecell’ subpopulations, we injected cre-dependent
retrograde lentiviruses containing y, fused to mCherry into somatosen-
sory FO ventral posteromedial (VPM; for SppI* neurons) or HO pos-
teromedial (POm; for Ecell” neurons) thalamic nuclei of Vgat-IRES-cre
mice, which restricts y, expression to the TRN GABAergic neurons that
project to the injected thalamic nuclei (Fig. 5a). Overexpression of y,
led to asignificant decrease inthe number of hyperpolarization-evoked
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rebound bursts in both thalamic FO and HO projecting TRN neurons
(Fig. 5b, c, Extended Data Fig.10c-e).

We then performed in vivo electroencephalography (EEG) record-
ings to determine whether sleep rhythms were affected by specifically
reducing the bursting activity of FO- or HO-projecting TRN subpopu-
lations. The y, overexpression in somatosensory FO-projecting TRN
neurons, but notin HO-projecting TRN neurons, significantly reduced
the power of delta rhythms during non-rapid eye movement (NREM)
sleep compared to the control group (Fig. 5d, e). Analysis of spindle
oscillations during NREM sleep showed that y, overexpressionin soma-
tosensory FO-projecting neurons significantly reduced the number and
thelength of spindle oscillations (Fig. Se, f, Extended Data Fig. 10f). By
contrast, y,overexpressionin HO-projecting subpopulationincreased
the length of spindle oscillations without changing their numbers
(Fig. 5e, f, Extended Data Fig.10f). Furthermore, we observed areduc-
tioninNREM sleep bouts only in animals expressing y, in FO-projecting
TRN neurons but not HO-projecting neurons (Extended Data Fig.10g,
h). Collectively, our datademonstrate that burst firing of TRN neurons
mediated by T-type Ca*" channels has a crucial role in sleep spindle
generation during NREM sleep, in concert with previous findings2>*,
Moreover, our data suggest differential roles for the SppI* and Ecell*
subpopulations in regulating sleep spindles and sleep bouts.
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Discussion

Our study has generated acomprehensive single-cell-resolution atlas
of TRN revealing its cellular heterogeneity in relation to functionally
distinct TRN subnetworks. This knowledge will provide aframework for
deducing the computational principles of TRN in regulating thalamo-
cortical interactions relevant to sensation, action and cognition.
Contrary to the long-held belief that brain cells are represented by
discrete cell types, ours and several other recent reports have found
evidence for graded gene expression in multiple brain regions and
cell types, though the extent of graded heterogeneity is highly vari-
able. In some cases, a single or a few genes related to developmental
cues were found (in retina and cortex***°), whereas in other cases—
similar to the TRN in the present study—tens to hundreds of genes
exhibiting continual variation were identified (that is, in the striatum
and hippocampal CAland CA3)>*"* Notably, the continuum of tran-
scriptomic variability in TRN correlates with electrophysiological,
connectivity and anatomical organization, suggesting that the tran-
scriptomic gradient may serve to increase heterogeneity underlying
arange of cellular properties for wide-range functional tuning. This
cellular diversity may facilitate the intrinsic flexibility of TRN to meet
the diverse and graded spatial and temporal demands of thalamocor-
tical interactions in the context of sensation, action and cognition.
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hyperpolarizing current step injections after injection of y,-AAVin FOand HO
thalamic nuclei, which retrogradely preferentially labels Spp1* and Ecel1*
neurons, respectively. ¢, Expression of y,reduced the number of rebound
burstsin TRN neurons (FO control, 6.1+1.6 bursts; y,, 1.7 + 0.8 bursts,
P=0.0001;HO control, 1.1+ 0.26 bursts; y,, 0.3+ 0.1bursts; P=0.0081;
two-sided unpaired t-test). Data are presented as individual data points with
mean +s.d.Ina-c, for FO, n=14 (control) and n =18 (y,) neurons from 4 mice; for
HO, n=12(control) and n=11(y,) neurons from 4 mice. d-f, Expression of y, in
TRNneurons labelled retrogradely from FO led to reduction in the power of
deltarhythms (1-4 Hz) (d) reductionin spindle density (e) and decreased
spindlelength (f), whereas expression of y6 in TRN neurons labelled
retrogradely fromHO led toincreased spindle length (f). d, Left, normalized
power spectrum; right, percentage of power indeltarhythm.FO, P=0.0045;
HO, P=0.75; two-sided unpaired t-test.Ine, FO, P=0.038; HO, P=0.96;
two-sided Wilcoxon rank-sumtest.Inf, FO,P=2x1072%;HO, P=4.5x107"%;
Kolmogorov-Smirnov test. Insert, representative traces of sleep spindles. In
d-f,for FO, n=8 (control), n=8 (y,); for HO n=7 (control), n = 8 (y,) mice.In box
plots, centre pointsrepresent median, box edges represent 25th and 75th
percentiles, and whiskers show the range of values. NS, not significant.

It remains to be determined whether the transcriptome continuumisa
general organizational principle across wide brainregions or afeature
specific to integration centres such as the TRN.

From a topographical viewpoint, our results are largely consistent
with divided functional reticular modalities based on distinct input-
output relationships between cortex and thalamus*®*. Within each
functional modality, we revealed the distinct spatial distribution of core
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(SppI’) versusshell (Ecell’) TRN subpopulations that project to FO and
HO thalamic nuclei respectively, providing molecular details for the
previous reported ‘slab’ or tier-ordered topographical organization
in the somatosensory sector”?**, These anatomical types exhibited
distinct propensities to generate low-threshold Ca? spiking charac-
terized by distinctions in rebound burst firing. By targeted ectopic
expression of the y, regulatory subunit in these TRN subpopulations,
we demonstrated their distinct effects on sleep rhythms (delta and
spindle rhythms) in vivo.

The TRN has essential roles in sensory processing that require mul-
tiple steps and complex computations'>*%, Given the distinct elec-
trophysiology and connectivity characteristics of each of the TRN
subpopulations, it is likely that these subpopulations mediate differ-
ent aspects of sensory processing: the first-order projecting SppI*
TRN neurons with lasting firing are most probably involved in sensory
gating, whereas higher-order projecting Ecell* TRN neurons with fast
dynamics could be involved in the integration of complex features
across modalities or the generation of sensory induced motor signals.
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Methods

Datareporting

No statistical methods were used to predetermine sample size. The
experiments were not randomized. Unless stated, the investigators
were not blinded to allocation during experiments and outcome assess-
ment.

Mice

All experiments were done in accordance with NIH guidelines and
approved by the Broad Institute and MIT Institutional Animal Care and
Use Committee (CAC 041602419 MIT, CAC 000806141 Broad Institute).
Mice were housed with a standard 12 h light/12 h-dark cycle (lights on
at 07:00, lights off at 19:00) with ad libitum food and water. All mice
used were C57BL/6) background. Animal sample sizesin this study were
chosenbased onsimilar previous publications. All mice used in current
study were randomly assigned to experimental versus control groups.
Experimenters were blinded to genotypes or treatment conditions for
data collection and analysis.

Single-nucleus RNA-seq

Dissection of the TRN region. We used a transgenic Pvalb-tdTomato
mouse line expressing tdTomato in TRN neurons® and performed
fluorescence-aided micro-dissection of tdTomato-positive TRN tissues
under a stereo fluorescence microscope. To avoid batch effects due
to gender differences, only female mice were included for the whole
TRN section series. Female mice at 13-15 weeks of age were deeply
anaesthetized withisoflurane followed by cervical dislocation and de-
capitation for tissue collection. Brains were rapidly removed and placed
inice-cold cutting solution containing (inmM):194 sucrose, 30 NaCl, 4.5
KCl, 1.2 NaH,PO,, 0.2 CaCl,, 2 MgCl,, 26 NaHCO,, and 10 D-(+)-glucose
saturated with 95% O,and 5% CO,, pH 7.4,320-340 mOsm ™. A sagittal
slice (thickness of 250 um) series covering the whole TRN section was
prepared using a slicer (Leica Microsystems, VT1200 S) and placed
under afluorescent stereomicroscope for microdissection. Dissected
TRNregions were placed intoice-cold RNAlater (Sigma-Aldrich, R0901)
to preservesamples. Afterwards, the samples were transferredto 4 °C
overnight followed by storage at —-80 °C until further processing. In ad-
dition, we collected tissue from thalamus and globus pallidus, which
areadjacentto TRN, as controls.

Single nuclei isolation and FACS. We purified nuclei as described®
with the following modifications. First, we used Vybrant DyeCycle Violet
Stain (Thermo Fisher Scientific, V35003) instead of Ruby stain to avoid
the spectrumoverlapping with tdTomato.Second, in one of the batches,
neuronal nuclei were enriched by using NeuN antibody staining*. To
perform NeuN antibody staining, we incubated purified nucleiin 500 pl
phosphate buffered saline (PBS) buffer with 0.5% bovine serum albumin
(BSA) (Sigma-Aldrich, A9418) and 0.2 U pl ™ RNase inhibitor (Clontech/
TaKaRa, 2313A) at 4 °C for 15min followed by adding 1 pl anti-NeuN an-
tibody conjugated with Alexa Fluor488 (EMD Millipore, MAB377x) and
incubating at 4 °C for another 15 min. We removed the staining buffer
after spinning downin 500g for 5minat4 °C, re-suspended the nuclei
pelletinbuffer as described® and labelled nuclei with Vybrant DyeCy-
cle Violet Stain. We used an Astrios flow cytometry sorter (Beckman
Coulter) tosortone nucleus into each well of 96-well plates containing
Sul TCL buffer (Qiagen, 1031576) with 1% 2-Mercaptoethanol (b-ME) in
eachwell. We set fluorescence-activated cell sorting (FACS) gating on
forward scatter plot, side scatter plot and on fluorescent channels to
include only Violet" or Violet" NeuN" (for neuronal nuclei).

Single nucleus RNA library construction and sequencing. Single nu-
cleusRNA library construction was performed as described®. Inbrief,
RNA wasfirst purified using Agencourt RNAClean XP beads (Beckman
Coulter, A63987) at 2.2x beads to sample volume ratio. PCR product

was purified using AMPure XP beads (Beckman Coulter, Agencourt
AMPure XP, A63880) twice at 0.7X volume ratio and eluted in EB buffer
(Qiagen, 19086). Purified cDNA were quality checked on the Agilent
2100 BioAnalyzer with high sensitivity DNAKit (Agilent, #5067-4626)
and quantified using Quant-iT PicoGreen dsDNA Assay Kit (Thermo
Fisher Scientific, #P7589) on the EnVision 2104 Multilabel Reader (Per-
kin EImer). Sequencing libraries were prepared using a Nextera XT kit
(Illumina, FC-131-1024) with 0.075 ng cDNA from each nucleus and 1/4
of the standard reaction volumes. Single nucleus RNA-Seq libraries
were sequenced on an lllumina NextSeq 500 with average depth of >1
million reads per nucleus.

Initial processing of sequencing reads. To estimate genome mapping
rate, TopHat 2.0.10°° was used to align reads to mouse mm10 UCSC
genome with default parameters. To estimate gene expression, RSEM
v1.2.8* was run with default parameters on alignments created by Bow-
tie2%> on UCSC gene annotation. TPM estimates were transformed to
log-space by taking log (TPM+1). Genes were considered detected if
their transformed expression levels are equal to or above 3 (1.1in log
(TPM+1) scale). A library was removed if it had less than 40% genome
mapping rate or less than 1500 detected genes.

Analysis of nuclei clusters. Analysis of nuclei clusters and differen-
tial gene expression was performed using biSNE software (https://
github.com/yingingl/nucseq_analysis) according to the instructions
asdescribed”. When clustering TRN Pvalb' single nuclei, batch effects
were found, which caused data to cluster into three nuclei clusters
separated mainly by batches. To correct for this batch effect, the top
variant genes within each batch were identified in biSNE analysis, and
the identified genes from different batches were pooled. Then, clus-
tering of all TRN Pvalb’ single nuclei was repeated with these pooled
set of top variant genes. To obtain gradient score for the TRN Pvalb*
neurons, first, pseudo-time was calculated for all TRN Pvalb* neurons
using biSNE software package with the default parameters. Then, the
first 5% and last 5% neurons along the pseudo-time were chosen as two
representative populations for the gradient extremes. For each neuron,
the median of the Euclidean distance in the PCA space (top 5 PCs) to
eachmember of these two representative populations was calculated
and the difference between the medians of the two representative
populations was taken as the gradient score.

To assign neuron identities along the gradient, a three-category
classifier was constructed using Matlab function ‘fitcnb’ with weights
of SppI*, Ecell" samples set to 1 and weights of DP/DN samples set to
2 tonormalize sample size. The accuracy of the classifier is estimated
using Matlab function ‘predict’.

Collection of Pvalb* neurons from hippocampus, striatum, so-
matosensory and motor cortex. Stereotactic viral injections were
performed on 8-10 week-old Pvalb-cre mice (The Jackson Labora-
tory, stock 8069). The animals were anaesthetized via isoflurane.
One microlitre of high titre AAV1/2 (=4 x 10" Vg ml™ of pAAV-E
F1a-DIO-EGFP-KASH-WPRE-hGH-polyA; a gift from F. Zhang laboratory
(MIT)) wasinjected into dorsal and/or ventral hippocampus, striatum,
somatosensory or motor cortex (M2). The Cre-mediated expression of
the KASH domain directs the fused GFP protein to the outer nuclear
membrane and enables sorting for Pvalb® positive nuclei. The corre-
sponding stereotactic coordinates were applied for the four brain re-
gions (hippocampus: AP:-1.7 mm, ML: £1.0 mm, DV: 1.7 mm; striatum:
AP:0.5mm, ML:+2.0 mm, DV: -3.4 mm; somatosensory: AP:—0.7 mm,
ML:+2.8 mm, DV:-1.2 mm; motor cortex: AP:2.1mmML:+1.5mm, DV:
-1.2mm). After eachinjection, the pipette was held in place for 5 min be-
foreretractionto preventleakage. Finally, the incision was sutured and
postoperative analgesics (SR-Bupronex, 1mgkg™) were administered
after the surgery. Three to four weeks later after viral injection, brain
tissue from these four regions was dissected into ice-cold RNAlater
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followed by theisolation of single nuclei and processing similar to that
describedin ‘Dissection of the TRN region’ with the FACS gating seton
forward scatter plot, side scatter plot, and on fluorescent channels to
include only DAPI"GFP* nuclei.

Identification of genes enriched in Pvalb* neurons in TRN compared
to other brain regions. First, Smart-seq2 data from non-TRN brain
regions (hippocampus, motor cortex (M2), somatosensory cortex
and striatum) were processed using RSEM as described in ‘Sequencing
reads initial processing’. Data from all four tissues were combined into
one TPM matrix which was loaded into R and processed with Seurat
(v.2.2.0)%. Tobe consistent with the TRN data, nuclei expressing <1,500
genes wereremoved. For clustering, variable genes were selected with
the FindVariableGenes function (with default parameters, except set-
ting x.low.cutoff=1), while ScaleData function in Seurat package was
usedtoregress out the number of genes per cell. Louvain clustering was
performed?* using 50 nearest neighbours and 9 principle components.
Clusterswereidentified based on marker gene expression. Two clusters
of Pvalb* inhibitory neurons were used for further analysis.

Second, 10X single cell data from mousebrain.org were processed.
Count data and metadata were downloaded from http://mousebrain.
org®. We extracted a UMI based count matrix consisting of all Pvalb*
inhibitory neurons with >500 genes detected. The data were trans-
formed into log counts per million (CPM). We also extracted the cluster-
inginformation for these cells from the website. Using markers extracted
fromthe Smart-seq2 TRN data (Six3, Sst, and IslI) two clusters, DEINH1
and DEINH2, where identified as putative TRN Pvalb® inhibitory neurons.

Next, TRN enriched genes were extracted. For the Smart-seq2 data,
Pvalb* TRN cells were compared to Pvalb cells from each of the other
3 tissues with MAST?*, including the scaled number of genes per cell
as acovariate. For the 10X data, the putative Pvalb® TRN cluster was
comparedto Pvalb® cells from each of the other regions in the dataset,
including the scaled number of UMIs per cell as a covariate. We only
considered regions that had >50 Pvalb’ inhibitory neurons. Here we
used the region annotation produced by the mousebrain.org team,
except for cells in DEINH1 and DEINH2 which were labelled as coming
from the TRN. The Pvalb* neurons from the thalamus in the 10X data
were also excluded from the analysis, as many of those might be TRN
neurons that were clustered with the thalamus cells. In both analyses,
we limited ourselves to genes that were detected in at least 10 cells.

We extracted genes that match the following criteria: (a) an FDR
adjusted Pvalue <0.05; (b) log (fold change) >log(2) in all comparisons
according to MAST?**; (c) expressed in >40% of TRN cells in both the
Smart-Seq2 and mousebrain.org® data; (d) expressed in <25% of Pvalb*
inhibitory neurons in other regions of both datasets.

Disease associated genes. MAST (version 1.05)** was used to find
differentially expressed (DE) genes between SppI* cells and Ecell’ cells
(double positive and double negative cells were excluded). A list of ASD
genes was downloaded from the SFARI website (https://gene.sfari.org/
database/human-gene/) on 25June 2018%, We used all genes with gene
scores1or 2 (strong/ high confidence genes). A list of Schizophrenia
genes was extracted from the recent CLOZUK GWAS®. In particular,
we took all significant loci that overlapped exactly one gene in either
the PGC GWAS or the joint CLOZUK and PGC meta-analysis®®, and used
the associated genes that mapped from humanto orthologous mouse
genes. In Extended DataFig.7d, the plot features all genes from this list
with absolute log fold change > log(2) and FDR adjusted P value <.05
according to MAST. Genes are ordered by log fold change, cells ordered
as in Extended Data Fig. 7c, and rows are mean centred and scaled by
standard deviation, before being plotted using ggplot2.

FISH and image analysis
Multiplex RNA FISH. We used a single molecule fluorescent in situ
hybridization (smFISH) method, commercialized as Advanced Cell

Diagnostics RNAscope Fluorescent Multiplex Assay, for FISH experi-
ments. Four and 15 week-old mice were deeply anaesthetized with
isoflurane, decapitated, the brains were rapidly dissected out and frozen
inblocks using Optimal Cutting Temperature (OCT) compound (Sakura
Tissue-Tek, 4583) in anisopropanol/dry ice bath. Serial sections of the
samples were cut at 16-pm thickness using a cryostat (Leica Microsys-
tems, CM1850), adhered to SuperFrost Plus microscope slides (Thermo
Fisher Scientific,12-550-15), and stored at —80 °C until use. Samples were
immediately fixed in 4% paraformaldehyde for 30 min at4 °Cand stained
on the slide according to the Advanced Cell Diagnostics RNAscope
Fluorescent Multiplex Assay (ACDBio, 320850) protocol. Samples were
then stained for Pvalb (ACDBio, 421931), Spp1 (ACDBio, 435191), Ecell
(ACDBio,475331), Gad2 (ACDBio, 415071), and Sst (ACDBio, 404631) with
antisense probes, and mounted with a coverslip using Vectashield hard-
setantifade mounting mediumwith DAPI (Vector Laboratories, H-1500).
Z-stackserialimages were taken through the whole depth of tissue across
thewhole TRN onaNikonTiEclipseinverted microscope equipped with
an Andor CSU-W1 confocal spinning disc unit and an Andor DU-888
EMCCD together with20X/0.75 NA air objective lens. Microscope and
camera settings were consistent for allimaging procedures.

FISH image analysis and quantification. Identification of the TRN
was performed manually and confirmed by the characteristic Pvalb
expression pattern in this region with reference to the mouse brain
atlas. Quantification of cellular colocalization of RNA transcripts was
first performed manually using Fiji ImageJ (https://imagej.net/Fiji),
and then semi-automatically using CellProfiler (https://cellprofiler.
org/) for each TRN series experiment®’.

For manual quantification, colocalization was performed on 20X
images using the Cell Counter ImageJ plugin. Allimage Z-stacks were
max projected and stitched to obtain the full TRN structure of each
sample. In smFISH, the counts of fluorescent puncta reflect the RNA
expression level, permitting moderate contrast enhancement without
compromising gene-expression assessment. Brightness and contrast
were adjusted, and colour was flattened identically across samples.
Colocalization of Pvalb, Spp1, and Ecell FISH experiments, as well as
Pvalb, Sst, and Gad2 FISH experiments were quantified on a per cell
basis, where cells were delineated by DAPI staining. Total Pvalb* neu-
rons, Pvalb* SppI* neurons, Pvalb® Ecell* neurons, triple positive Pvalb*
SppI" Ecell* neurons, and Pvalb* SppI” Ecell neurons were counted.

For CellProfiler semi-automated quantification, a CellProfiler pipe-
line that involves a series of imaging processing steps to extract cell
types was constructed. In brief, for each image, a mask outlining the
TRNwas drawn manually using signal from the Pvalb channel as aguide.
Next, the outlines of nuclei (DAPI channel) were identified, following
tophat-filter signal enhancement and smoothing, using Otsu threshold-
ing with limits on object size and an algorithm to de-clump groups of
tightly packed cells. Similarly, signals from the Pvalb, Spp1, and Ecell
channels were identified using adaptive thresholding after tophat
filtering. Finally, Pvalb positive cells were identified as those nuclei
with a threshold of 30% (by area) co-localization with Pvalb signal.
Sppl positive and Ecell positive cells were identified as nuclei with a
threshold of 10% (by area) co-localization with each respective signal.
The mean fluorescent intensity for each smFISH channel, whichis an
approximation for the positive puncta counts normalized by cell size,
was obtained for each cell. Complete CellProfiler pipelines for each
dataset can be found at https://cellprofiler.org/.

To obtain normalized medial-lateral position for TRN cells, TRN
left and right boundaries were identified as the leftmost and right-
most Pvalb” neurons at their dorsal-ventral (d-I) positions along the
medial-lateral (m-I) axis. The m-I positions of the boundary neurons
were smooth-fitted against their d-I positions using Matlab function
‘interpl’ with ‘pchip’ kernel. The normalized m-I position of each TRN
neuron was calculated as the relative distance to the smoothed left
and right boundary at its d-I position, using Matlab function ‘interp1’.
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Connectivity mapping

Surgery. Three-month-old C57BL/6) mice were anaesthetized with
isoflurane and placed in a small animal stereotaxic apparatus (David
Kopf Instruments). Animals were injected a volume of 60-80 nl red
RetroBeads IX (Lumafluor) using a Nanoject (Drummond Scientific)
via glass pipettes with 20-30-pum-diameter tips in different thalam-
ic nuclei (coordinates in Supplementary Table 2). The incision was
closed with vetbond and mice recovered onaheat padina clean cage.
The post-surgery mice were given injected analgesics (SR-Bupronex
1mgkg™) every 72 h or as needed, and were allowed to recover for at
least 5days before any experimental procedures. All the experimental
mice were group-housed pre and post-surgery.

Cryosectioning and fluorescent staining for retrograde tracing.
Mice were deeply anaesthetized with isoflurane followed by cervi-
cal dislocation and decapitation for tissue collection. Mouse brains
were removed and placed in cryomolds containing enough fresh OCT
medium to cover the sample as described in the section ‘Multiplex
RNA-FISH’. Sections were cutin aset of 4 rotating series, each containing
everyone out of four sections. Slides were stored in —80 °C until further
processing. One series was used to confirm RetroBeads labelling and
toselectthe sections for further processing. In brief, slides were fixed
inastandard fixation protocolin 4% paraformaldehyde in PBS (4 °C, 15
min) followed by three, 5-min dehydrationat room temperature in 50%,
70%, and then100% ethanol. Once the ethanol was air dried, the samples
were stained with Hoechst 33342 (1:1,000) (Thermo Fisher Scientific,
H3570) for 15 min at room temperature (RT). After one wash with 1x
Wash Buffer (ACDBio, USA, 320850), the samples on glass slides were
mounted with Fluoromount Aqueous Mounting Media (Sigma-Aldrich,
F4680) and left to dry overnight.

RetroBead imaging and counting. Mounted slides were transferred to
amicroscope equipped withepifluorescence and IR-DIC optics aligned
for Kohler illumination. Entire slides were then imaged at 10x for the
red RetroBeads (excitation/emission (nm): 530/590), and Hoechst
33342 (excitation/emission (nm): 350/461). The cortical subdivisions
were determined according to the Allen Brain Atlas using DAPI chan-
nel image. For each cortical subdivision, the RetroBeads were then
counted using a custom MATLAB script (https://github.com/yinqingl/
image_analysis), which allows normalization of background intensity
and pixel counting of fluorescent RetroBeads.

RNA-FISH with RetroBeads

Sections with RetroBeads labellinginthe TRN and projection areas were
identified as described in ‘Cryosectioning and fluorescent staining for
retrogradetracing’. Freshfrozensections, correspondingtotheselected
sectionsin the same series of slide-set, were removed from -80 °C and
fixedin4% paraformaldehydein PBS at 4 °C for 1h.FISH for Ecell, Spp1,
and Pvalb expression was performed on selected sections using the
RNAscope Fluorescent Multiplex Assay (ACDBio, USA, 320850) accord-
ing to the manufacturer’s instructions. RNAscope probes used were
Mm-Spp1-C1(ACDBio, USA, 435191, NM_001204201.1, region 2-1079),
Mm-Ecell-C3 (ACDBio, USA, 475331-C3, NM_001277925.1, region 879-
1992), and Mm-Pvalb-C4 (ACDBio, USA,421931-C4,NM_013645.3, region
2-885).DAPI (1:1,000) was included in the final wash buffer for nuclear
counterstaining. Slides were mounted with coverslips using Fluoro-
mount mounting media.

Confocalimaging. The fluorescent multiplex FISHimages were taken
as z-stacks on a Nikon Eclipse Ti-E inverted confocal equipped with
Andor CSU-W1 spinning disc unit and EMCCD camera (Andor, iXon
Ultra 888). Excitationlaser lines are 405 nm (DAPI), 488 nm (Alex Fluor
488),561nm (AlexaFluor 568, RetroBeads), 640 nm (Alexa Fluor 647).
Pvalb-C4 wasimaged in wide field LED fluorescent using afilter set for

Cy7.Z-stacks were max projected and stitched using ImageJ and Matlab
with customized algorithms (https://github.com/yinqingl/image_analy-
sis). ImageJ cell counter was used to manually count RetroBead-labelled
cells colocalized with the different FISH probes. Maps of cell localization
were generated based on counting density.

Patch-seq

Slice preparation for Patch-Seq. Coronal slices (250 um) were ob-
tained from Pvalb-tdTomato mice at 25-30 p.n. days. Mice were anaes-
thetized viaisoflurane inhalation and perfused transcardially using
ice-cold saline containing (in mM): 194 sucrose, 30 NaCl, 4.5KCl, 1.2
NaH,PO,, 0.2 CaCl,,2MgCl,, 26 NaHCO,, and 10 D-(+)-glucose saturated
with95% 0,and 5% CO,, pH7.4,320-340 mOsm ™. Slices were cut using
aslicer (LeicaMicrosystems, VT1200S) and thenincubated for 10 min
in a holding chamber (Scientific System Design, BSK4) at 32 °C with
regular artificial cerebral spinal fluid (aCSF) containing the following
inmM:136 NaCl, 3.5KCl, 1MgCl,, 2.5 CaCl,, 26 NaHCO; and 11 glucose
saturated with 95% O, and 5% CO,, followed by at least one hour recovery
atroom temperature (21-25 °C) before recording.

Electrophysiological recordings and cell content extraction. To
obtain electrophysiology and transcriptome data from single neu-
rons, additional modifications were made to the original Patch-seq
protocol®®* to improve recording of TRN neurons and RNA recovery.
Aseries of pilot experiments were carried out to test various protocol
modifications, including (1) the inclusion of RNase inhibitor in the
intracellular patch-clamp solution, (2) silanization of the glass capil-
laries used for patch-clamping, (3) inclusion of the nucleus during the
extraction process, (4) pipette tip size and (5) volume of intracellular
solution. These protocols were compared based on electrophysiology
recording stability, quality, and cDNA quality measured by BioAnalyzer
(Agilent, High Sensitivity DNA Kit, 5067-4626). The following protocol
was selected and was used to collect data. Glass capillaries were auto-
claved before pulling patch-clamp pipettes, all work surfaces includ-
ingmicromanipulator pieces were thoroughly cleaned with DNA-OFF
(Takara, 9036) and RNase Zap (Life Technologies, AM9780) and great
care was taken to maintain an RNase-free environment during sample
collection. Recording pipettes of 2-4 MQ resistance were filled with
RNase-free intracellular solution containing: 120 mM potassium glu-
conate, 12mMKCIl, 10 mM HEPES, 1.1mM EGTA, 4 mM MgATP, 0.3 mM
Na,GTP, and 1U pl™ recombinant RNase inhibitor (TaKaRa, 2313A),
pH about 7.3. To maximize RNA recovery, it was critical to use a small
volume of intracellular solutionin the patch-clamp pipette (ideally less
than1pl, but certainly less than 2 pul). RNA was collected at the end of
therecording (typically 15-20 min from break-in to RNA extraction) by
applyinglight suction untilthe cell had visibly shrunken and cell content
entered the pipette. The entire nucleus and most of the cytoplasm could
often be found entering the pipette, and this was associated with a high
yield of cDNA. The contents of the pipette were ejected by applying
positive pressure into an RNase-free PCR tube containing 20 pl of TCL
buffer with10% beta-mercaptoethanoland snap frozenondryice.The
tip of the pipette was broken and left in the same collection tube. The
samples were transferred to —80 °C until further processing. We used
aprocedure similar to that described in ‘Single nucleus RNA library
construction and sequencing’, with the modification that all reagents
used in Smart-seq2 protocol were scaled up three times, to construct
Patch-seq RNA sequencing libraries.

Morphology reconstruction. Brain slices containing biocytin-filled
neurons were post-fixed in 4% paraformaldehyde in sodium
phosphate-buffer (PBS, pH 7.5) at 4 °C. Slices were washed 4 times in
PBS and cleared using CUBIC reagent 15%° (25% urea, 25 wt% N,N,N’,
N’-tetrakis(2-hydroxypropyl) ethylenediamine and 15 wt% polyeth-
ylene glycol mono-p-isooctylphenyl ether/Triton X-100) for 2 days.
After 5-7 washes in PBS, biocytin localization was visualized using
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streptavidin-conjugated with Alexa-488 (Thermo Fisher Scientific,
$32354). Slices were then re-washed in PBS and submerged in CUBIC
reagent 2 (50% sucrose, 25% urea, 10 wt%2,20,20 -nitrilotriethanol and
0.1%v/v% Triton X-100) for further clearing. Post hoc neuroanatomy and
neuronal reconstructions were performed using 20x and 60x objec-
tives. Z-stack serialimages were acquired on aNikonTi Eclipseinverted
microscope equipped with an Andor CSU-W1 confocal spinning disc
unit and an Andor DU-888 EMCCD camera. Images were collected at
1-pum z-step intervals. The images were imported into Fiji ImageJ (htt-
ps://imagej.net/Fiji). Individual cells were traced and 3D reconstruction
made using the open source Simple Neurite Tracer plugin in the Fiji
ImageJ package. Total neurite arbor size and branching was measured
within FijiImageJ. The skeletonized neuron from Simple Neurite Tracer
was used to run Sholl analysis on each traced neuron, with the centre
of the cell body as the origin. The Sholl analysis was performed with
Fiji Image]J using the linear method with a sphere separation of 1 pum
and no normalization.

Invivo CRISPR-Cas9 functional genetic screening

Construction of the sgRNA expression vector. The sgRNA express-
ing vector (AAV:ITR-U6-sgRNA(backbone)-hSyn-EGFP-KASH-WPRE-s
hortPA-ITR) was constructed based on the AAV:ITR-U6-sgRNA(backb
one)-hSyn-Cre-2A-EGFP-KASH-WPRE-shortPA-ITR (pAAV60231) (Ad-
dgene, Plasmid 60231)°.. In brief, to remove the Cre from pAAV60231,
PAAV60231 was digested by Acc651 and EcoRI (New England Biolabs,
R0599 and R3101) and the plasmid backbone was agarose gel puri-
fied. EGFP-KASH was PCR amplified from pAAV60231 with primer
pair o_Bsal_Acc651_EGFP_f, o_Bsal_EcoRI_KASH_r (primer sequences
in Supplementary Table 6). The amplified product was digested with
Bsal (New England Biolabs, R3535) and purified. The sgRNA expressing
vector was constructed by ligating the digested backbone and the PCR
product using T4 ligase (New England Biolabs, M0202). The sequence
of the sgRNA expressing vector was verified by Sanger sequencing.

Selection of the CRISPR-Cas9 targets. We selected targets from three
sources, (1) the top differentially expressed genes between SppI*and
EcelI’ TRN Pvalb* neurons; (2) the top differentially expressed genes
between Pvalb' neurons from TRN and from other brain regions; (3)
toprisk genes of schizophreniaidentified in GWAS studies and de novo
mutations found in autism genetic studies. Among the differentially ex-
pressed genes, we mainly focused onion channels and neurotransmitter
receptors. A total of 34 genes were chosen and grouped into 7 pools
(Supplementary Table 3). Additionally, we added a TRN non-expressing
gene IghE as anegative control.

Design and cloning of the sgRNA library. Five exon-targeting sgRNAs
were designed for each gene using Benchling (https://benchling.com).
Thetop 5sgRNAs with highest predicted on-target efficiency and lowest
predicted off-target rate were chosen (https://benchling.com) (Sup-
plementary Table 7). Multiple sgRNAs were designed to target asingle
genetoincrease the chance for knockout and to reduce off-target rate.
Specifically, for ontarget, multiplex sgRNA targeting would have higher
chance of introducing an exon deletion than asingle sgRNA targeting;
for off-target, any off-target site would be targeted by no more than one
sgRNA whose abundance is reduced to 20% in 5-plex design, leading
toreduced off-target rates. The sgRNAs were synthesized individually
(Integrated DNA Technologies) and cloned into the sgRNA-expressing
AAV vector (AAV:ITR-U6-sgRNA(backbone)-hSyn-EGFP-KASH-WPRE-sh
ortPA-ITR) as previously described®. In brief, primers (Supplementary
Table 6) for each sgRNA were phosphorylated and annealed by T4 Poly-
nucleotide Kinase (New England Biolabs, M0201). The sgRNA library
backbone was digested with Saplendonuclease (New England Biolabs,
#R0569), and annealed sgRNA inserts were cloned into the backbone
by Golden Gate assembly. Then, assembly reactions were transformed
into Mix & Go competent E. coli (Zymo Research, T3001) according to

the manufacturer’s directions. To verify the sgRNA insert sequences,
the sgRNA were individually sequenced from the U6 promoter using
the U6-fwd primer (Supplementary Table 6).

To make pooled sgRNA libraries, sgRNA targeting selected genes
were pooled and concentrated by isopropanol precipitation. Pooled
sgRNA libraries were electroporated at 50-100 ng/pl using EnduraElec-
trocompetent cells (Lucigen, 60242) according to the manufacturer’s
instructions, and plated on square assay agar plates with Ampicillin.
The bacterial cultures were grown for 14 h and were scraped and col-
lected in LB medium. Midiprep was made using Qiagen Plasmid Plus
Midiprep Kit (Qiagen, 12945). The AAV virus serotype AAV2/1for each
pooled sgRNA library was prepared by the Boston Children’s Hospital
Viral Core.

Surgery for the CRISPR AAV viral injection. Twenty-one- to
twenty-five-day-old Cas9 mice®* were anaesthetized with isoflurane
and placed inasmall animal stereotaxic apparatus (David KopfInstru-
ments). Mice were injected bilaterally a volume of 180 nl of pooled
AAV1/2. Twoinjection points were chosen for each hemisphere to cover
mostofthe TRN at coordinates: AP—0.7, ML1.65and DV -3.2/-3.55. The
incision was closed with Vetbond and postoperative care was provided
asdescribed above. Mice were allowed 10 days of recovery before elec-
trophysiological recordings were performed.

Electrophysiology. Horizontal slices (250 pm) were obtained from
injected mice at 30-35 postnatal days. Mice were anaesthetized via
isofluraneinhalation and perfused transcardially with cold saline con-
taining (in mM): 194 sucrose, 30 NaCl, 4.5KCl, 1.2 NaH,PO,, 0.2 CaCl,,
2 MgCl,, 26 NaHCO,, and 10 D-(+)-glucose saturated with 95% O, and
5%CO,, pH=7.4,320-340 mOsm ™. Slices were cut using aslicer (Leica
Microsystems, VT1200S) and then incubated for 10 min in a holding
chamber (Scientific System Design, BSK4) at 32 °C with regular aCSF
containing the following in mM: 136 NaCl, 3.5 KCI, 1 MgCl,, 2.5 CaCl,,
26 NaHCO;and 11 glucose saturated with 95% O, and 5% CO,, followed
by at least one hour recovery at room temperature (21-25 °C) before
recording.

We performed whole cell patch-clamp recordings with borosilicate
glass pipettes (King Precision Glass, KG33) heat polished to obtain
direct current resistances of about 4-6 MQ. Pipettes were filled with
an internal solution containing in mM: 120 K-Gluconate, 2 MgCl,, 10
HEPES, 0.5EGTA, 2Na,ATP,and 0.2 Na,GTP. The recordings were made
with amicroelectrode amplifier with bridge and voltage clamp modes
of operation (Molecular Devices, Multiclamp 700B). Cell membrane
potential was held at —60 mV, unless otherwise specified. Signals were
low-pass-filtered at 2 kHz and sampled at 10-20 kHz with a Digidata
1440A (Molecular Devices), and data were stored on acomputer for sub-
sequent off-line analysis. Cells with the series resistance (Rs, typically
8-12MQ) changed by >20% were excluded for dataanalysis. Inaddition,
cells with Rs more than 20 MQ at any time during the recordings were
discarded. AAV1/2labelled neurons were identified for recordings on
the basis of GFP expression visualized with a microscope equipped
with GFP filter (Olympus, BX-51WI).

TRN perturbation by y,expression

Construction of ys and control vectors. To construct LV_syn_DIO_
gammaé6_2a_mCherry, two PCR amplicons DIO-Gammé6-P2A and
mCherry-P2A-DIO were amplified from LV_syn_gammaé_2a_mCherry
using primer pairs, o_BamHI_DIO_mCherry_f,0_ ACCT_p2A_r,and o_
ACCT_p2A_f, o_EcoRI_DIO_gammaé_r (Supplementary Table 6). The
backbone was constructed by digesting LV_syn_DIO_gammaé6_2a_
mCherry with BamHI (New England Biolabs, R3136) and EcoRI and
gel-purified. The two PCR amplicons and the digested backbone were
ligated in a golden gate reaction using BsmBI (Thermo Fisher Scien-
tific, ERO451) and T4 ligase. The constructed plasmid was verified by
Sanger sequencing.
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To construct LV_syn_DIO_mCherry, amplicon DIO mCherry was
cloned from LV_syn_DIO_gammaé6_2a_mCherry using primer pair,
o_BamHI_DIO_mcCherry_f, o_EcoRI_DIO_mCherry_r. The amplicon
was combined with the LV_syn_DIO_gammaé6_2a_mCherry backbone
digested by BamHIand EcoRlin agolden gate reaction using BsmBland
T4 ligase. The constructed plasmid was verified by Sanger sequencing.

Surgery for yg viral injection. Pvalb-Cre or VGat-IRES-Cre mice
at 21-25 p.n. days were used for in vitro electrophysiological vali-
dation and VGat-IRES-Cre mice of 8-10 weeks old were used for
in vivo recordings. Each mouse was deeply anaesthetized with iso-
flurane and similar procedures as described in ‘Connectivity map-
ping, Surgery’ section were followed. Retrograde Cre-dependent
LV-syn-DIO-gammaé-2a-mCherry (titre 1.6 x 10° IlU ml™, MGH Viral
Vector Core) or control LV-syn-DIO-mCherry (2.6 x 10° IU ml™, MGH
Viral Vector Core) lentivirus was FuG-B2 pseudo-typed (pFUGB2) and
wasinjected at the following coordinates for each mouse VPM: AP-1.4,
ML1.5and DV -3.6;POm:AP-1.6,ML1.3,DV-3.2. Atotal volume of 180 nl
wasinjected at each desired depth at the speed of 20 nl per second.

In vitro validation of y, perturbation. In vitro electrophysiological
recording were performed similarly as described in ‘In vivo CRISPR-
Cas9 functional genetic screening, Electrophysiology’. Additionally,
T-type mediated calcium current recordings were performed in volt-
age clamp mode with amodified aCSF containing (inmM):120 NaCl, 3
KCl,20 TEA-CI,5CsCl, 10 HEPES, 14-AP,2 MgCl,and 1 CaCl,. Toensure
calcium currentisolation, we used aCsMeSO, based internal solution
containingin mM:130 CsMeSO,, 10 EGTA, 5MgCl,, 10 TEA-CI, 5Na,ATP
and 10 HEPES.

EEG recordings. Eight- to ten-week-old VGat-IRES-Cre mice were
deeply anaesthetized with a 1% to 1.5% isoflurane. After retrograde
Cre-dependent LV-syn-DIO-gammaé-2a-mCherry (titre 1.6 x 10° IlU ml ™,
MGH Viral Vector Core) or control LV-syn-DIO-mCherry (2.6 x10° IUml ™,
MGH Viral Vector Core) was injected using ananoinjector, ascrew EEG
electrode (Pinnacle Technology, 8403) was implanted into the skull
abovethe primary somatosensory cortex, S1(AP:-1.8 and ML: +3.0 mm)
using astereotaxic device (David KopfInstruments). Areference elec-
trode was screwed in the occipital region of the skull, and stainless-steel
electromyography (EMG) electrodes were placed in the nuchal muscle.
All the electrodes were connected to a head-mount (Pinnacle Tech-
nology, 8201-SS) and secured by using dental cement. The mice were
allowed torecover for atleast 2 weeks. Spontaneous EEG/EMG signals
were recorded for 48 h with adifferential amplifier (Pinnacle Technol-
ogy, 8200-K1-SL amplifier). All signals were digitized at a sampling
frequency of 1,000 Hz, filtered (1-100 Hz bandpass for EEG; 10-1kHz
bandpass for EMG), and acquired using the Sirenia Acquisition program
(Pinnacle Technology). Data were analysed offline using Matlab (Math-
Works, R2016a). The spectral power was calculated in 0.5-Hz bins (fast
Fourier transform with Hamming window) with artefact-free 4-h EEG
signals from each mouse. The power for spectral band was normalized
inreferencetothe power of the entire EEG spectrum (1-100 Hz) ineach
mouse and averaged across all the mice in the same treatment.

Sleep architecture, spindle detection and analysis. Sleep spin-
dles were identified as previously described? In brief, using a
semi-automated process, one 12 hlight-period of freely moving behav-
iour was classified for each mouse into three different states based on
simultaneous EEG and EMG recordings: wake, non-rapid-eye-movement
(NREM) sleep, and rapid-eye-movement (REM) sleep. Wake periods
were identified by high EMG activity,and REM sleep was determined by
low EMG activity and a high EEG theta/delta power ratio. The remaining
epochs were treated as slow wave sleep (SWS). Minimum criteria for
Wake and SWS were >16 s and REM was >5 s. NREM sleep bout dura-
tions were compared between groups using non-parametric statistics

(Wilcoxon rank-sum and Kolmogorov-Smirnov test). For spindle de-
tection, EEG recordings were filtered within the spindle frequency
band (9-15Hz), and its Hilbert transform (MATLAB function ‘hilbert’)
was calculated. The envelope of the signal (1s smoothing) was used as
abasis for spindle detection. A threshold of one standard deviation
was applied, and each threshold crossing wasinitially included. These
events were subsequently visually inspected. Visualization was done
aided by atime-frequency plot of the EEG signal and was performed
blinded to experimental groups. Events <0.5 s were excluded from
analysis, as in standard practice®. Spindle count was normalized to
time spent in NREM sleep, and spindle duration distributions were
compared between groups using non-parametric statistics (Wilcoxon
rank-sum and Kolmogorov-Smirnov test, respectively).

Statistical analysis

All data extracted from the analysis of the different experiments were
transferred to GraphPad Prism for analysis and graphing, unless oth-
erwisestated. Dataare presented as mean +s.d. All error barsindicate
s.d. unless otherwise stated. A Shapiro-Wilk test was applied to the
original data to assess normality of data distribution. Group results
were compared by using a two-sided unpaired Student’s ¢-test. The
significance level for all tests was P < 0.05. Researchers were blinded
for the injection sites in the RetroBeads quantifications. Researchers
were blinded for the experimental conditions in the EEG recordings
and analysis. All electrophysiological recording and data analysis in
the first round of CRISPR-Cas9 experiments were performed with
researchers blinded to treatment conditions.

Ethics statement

All experiments were done in accordance with NIH guidelines and
approved by the Broad Institute and MIT Institutional Animal Care and
Use Committee (CAC 041602419 MIT, CAC 000806141 Broad Institute).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Sequencing datafor this study is available through the Gene Expression
Omnibus GSE145273. All additional data, and plasmids are available
fromthe authors upon reasonable request.

Code availability

Code for the snRNA-seq analyses and the associated ¢-SNE mappings
areavailable at https://github.com/yinqingl. Any additional code used
isavailable from the authors upon reasonable request.
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Extended DataFig.1|Expression patterns of Gad2and Pvalb across TRN. position: Left: overview of the RNA-FISH co-stainingin TRN; Right: Zoom-in
a, Schematic of positions of coronal sections shown along the anterior to view of theboxed areain the left panel. For b-d, repeated withn=2.

posterior axis (indicated by numbers). b-d, RNA-FISH co-staining of Gad2 and e, Representative FACS plot showing gating strategy used insorting single
Pvalbin anterior (b), medial (c), and posterior (d) coronal sections. For each nucleifor RNA sequencing. Repeated withn =53 plate-based sorting.
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Extended DataFig. 3 | Binarized expression pattern of Spp1and Ecell
represents transcriptomic gradient. a, Expression levels of SppI and Ecell
(top) and log(Sppl1/Ecell) (bottom) inindividual cells along the transcriptomic
gradient, showingbinary pattern of SppI and Ecell correlated with the gradient
score.b, Number of genes detected for the major celltypesand TRN
subpopulations, showing that the SppI'Ecell' (DP) and Spp1 Ecell” (DN) are of
quality comparable to other cell populations. n,sc =124, ng, =226, ngpps = 868,
Nopc =388, Ngaar ek’ =9, Norc =23, Ny =28, Ny, =21nuclei. Between Sppl*and
DP,P=0.1787; DN and EcelI’, P=0.2897, two-sided ranksum test. n.s.:not
significant. No adjustment for multiple testing was applicable. Box plots shows
25th, 50th, 75th percentiles, and the whiskers extend to the most extreme data
points, ‘+’are taken as outliers. ¢, Schematics of naive Bayes classifiers to assign
SppI', Ecell’,DP and DN neurons into segments of the transcriptomic gradient.
d, Classification accuracy of the naive Bayes classifiers. Shown are the

probability of assigning SppI" to ‘Sppl’ segment, DP and DN neurons to the
intermediate segment, and EcelI" to ‘Ecell’ segment, respectively. n=671nuclei
total, ng,,;" =264, Npp.pn =195, N =212 neurons. €, Schematics for
normalization of medial-lateral position of individual neurons in FISH images.
Blueline: TRN boundary; Red dots: Pvalb*Sppl' neurons; Green dots:
Puvalb*Ecell neurons; Yellow dots: DP neurons; DN are not shownin the
schematics. f, Scatter plots showinglog(Spp1/Ecell) inindividual Pvalb*
neurons at normalized medial-lateral positionin selected tFISH images along
anterior to posterior TRN, correspondingto Fig. 2c. m-l: medial-lateral
position; Blue dots: individual cells; Solid red line: smooth fitting of blue data
points, showinginverted-‘U’ shape; Dashed blue line: mean of blue data points,
indicating the difference in the FISH background of SppI and Ecell channelin
differentimages.
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Extended DataFig. 4 |Injectionsitesindistinct thalamicrelay nucleiand
corresponding cortical projections. a, The positions of retrogradely labelled
neuronstraced fromdifferent thalamic relay nucleiindicated by different
coloursareshowninthe coronal view of TRN section seriesarranged from
anterior to posterior. Thelight green and the magenta shaded areas indicate
thedistribution of typical Ecell" and SppI* neurons, respectively. VPM, ventral
posterior medial; dLGN, lateral geniculate nucleus (dorsal part); POm,
posterior-medial; LP, lateral posterior-lateral part; AMGN, medial geniculate-
dorsal part; YMGN, medial geniculate-ventral part; VM, ventromedial; VL,
ventrolateral.n=3 mice perregion. b, Panoramic view of coronal sections
showing theinjection sites and cortical projection foreach FO and HO thalamic
nuclei. V1: primary visual cortex; V2L: secondary visual cortex lateral part;
V2ML:secondary visual cortex medial-lateral part; SIBF: primary

somatosensory cortex barrel field; SIDZ: primary somatosensory cortex
dysgranular zones; SIFL: primary somatosensory cortex forelimb; SIHL:
primary somatosensory cortex hindlimb; S2: secondary somatosensory
cortex; AuV:secondary auditory cortex ventral area; Aul: primary auditory
cortex; AuD: secondary auditory cortex dorsal area; MGD: medial geniculate
nucleidorsal part; MGM: medial geniculate nuclei medial part; TeA: temporal
cortex, association area.n=3 mice per region. ¢, Quantification of the
projectionratio between the primary and higher-order secondary/tertiary
cortical areas for different thalamicinjection sites. ng oy =12 slices/2 mice,
np=12slices/2mice, nyg,=15slices/2 mice, nygpmem =12 slices/2 mice, nypy =12
slices/2 mice, nyo, =12 slices/2 mice. Bars represent mean +s.e.m. and raw data
points.
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Extended DataFig. 5| Distribution of TRN neurons according to molecular
gradientscore. a, Theanatomical distribution of Patch-seqrecorded neurons
incoronal sections of TRN along the anterior-posterior axis. The cells were
labelled with different coloured numbers asindicated (SppI‘, magenta, EcelI",
green, DP,blackand DN, blue). Numbersindicate cell ID. Shown are n=76 cells/
Smice, datacollected by 2 experimenters. b, biSNEembedding of the collected
TRNneurons for Patch-seq showing molecular gradient pattern with SppI1*
(magenta), Ecell" (green), and the intermediate sub-populations DP (blue) and

1}

DN (black). Shown are subset of neurons fromabatch of n= 68 neurons/5 mice.
c,Representative voltage changes inresponse to hyperpolarizing current step
injections. SppI* neurons (magenta) show robust rebound burst firings elicited
by hyperpolarization with high firing frequencies withinaburst. When asimilar
protocolisapplied, most of the EcelI' neurons (green) show only one rebound
burst with lower firing frequencies withina burst than SppI* neurons. DN (blue)
and DP (black) neurons present intermediate properties. ny.;," =15, ng,,, =29,
npy=9, npp=10 neurons.
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Extended DataFig.7|AAV-mediated pooledin vivo CRISPR screening.

a, Schematics of the AAV-mediated pooled CRISPR-Cas9invivoscreen.b, List
of poolsand genes selected for knockout in the CRISPR-Cas9 screening. TRN
enriched refers to genes differentially expressed between Pvalb* neurons from
TRNand from M2 cortex, somatosensory cortex, striatum, and hippocampus.
¢, Aheat map showing the expression pattern of the selected genesin the TRN
neurons. Theselected disease-risk genes arelabelled on theright side.d, A heat
map showing the differentially expressed disease-risk genesin SppI*versus
Ecell' neurons: autism spectrumdisorder (ASD, purple) and schizophrenia
(orange).e, Violin plots showing alist of genes differentially expressed
between Pvalb* neuronsin TRN compared and Pvalb* neuronsin the four other
brainregionsincluding hippocampus (HP), secondary motor cortex (M2),
somatosensory cortex (SCX), and striatum (STR). f, Violin plots confirming the

TRN-enriched genelistasshownin einadditional brainregions using the
mousebrain.org datasets. CB: cerebellum; Hypoth: hypothalamus; MBd:
medial basal nucleus dorsal part; MBV: medial basal nucleus ventral part; SC:
spinal cord; Thal: thalamus. g, Violin plots showing selected differentially
expressed disease-risk genes compared to the Pvalb* neuronsinthe other four
brainregions asindicated. HP: hippocampus; M2: secondary motor cortex;
SCX:somatosensory cortex; STR: striatum. Foreand g, n,;, =90, n\;,=97,

Nsex =116, nsr =13, nrpy =671 cells; For (f), ncy =136, neg =477, Nyypon =156,

Nys =331, Ny, =209, Nyeguiia = 121, Npons =199, Ngc = 69, Nyyy = 54, ngy =501 cells.
Theviolin plots widthis based off of a Gaussian kernel density estimate of the
data (estimated by the standard density functionin Rwith default parameters),
scaled to have maximum width equalto1.
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Extended DataFig. 8| Pooled invivo CRISPR-Cas9 screeningreveals gene
sets contributing to TRN bursting firing properties. a, Representative
current-clamp recording traces of SppI* like (‘Spp1’, magenta) and EcelI' like
(‘Ecell’, green) neurons held at different membrane potentials. The trace with
the maximum number of bursts was selected for measuring different burst
properties and calculating the Z-score (shownin the right). b, Plot showing
confidenceintervalellipses for classifying SppI*like (‘Sppl’) and EcelI" like
(‘Ecell’) neurons based onthe AHP and the number of rebound bursts.

¢, Representativerebound burst traces of recorded neurons after knocking out
different sets of genes via CRISPR-Cas9 gene editing. Traces show rebound
bursting activity changesin response to hyperpolarizing current step
injections. TRN neurons exhibited distinct changesin their firing patterns
afterknockout of different gene groups. d, Radar plots of 5
electrophysiological parametersillustratedin a, showing the deviation of

perturbed group to the control after knocking out sets of genes in the pooled
approach. Positive changes show anincrease towards a parameter, while
negative changes show adecrease when compared to control. Greenline
indicates deviationsin EcelI" like neurons and colour shadesindicates
deviationsin SppI’like neurons. e, Summary of the maximum number of
rebound bursts of TRN neurons elicited by comparable hyperpolarizing
currentstepinjection asdescribed inFig. 4b after different sets of genes were
knocked outinthe pooled approachin SppI*like (‘Spp1’) vs Ecell* like (‘Ecell’)
neurons (‘Sppl’ Pooll, P=4.8742 x107; Pool3, P=0.0033; Pool5, P=0.0088;
Pool7,P=0.0065. ‘Ecell’ Pool3, P=0.0081; Pool7, P=0.023, two-sided unpaired
t-test). Barsrepresentthe mean+s.e.m.Fora-e:‘Sppl’Ighen=12,Poolln=12,
Pool2n=9,Pool3n=13,Pool4 n=9,Pool5n=10, Pool6 n=9,and Pool7 n=10
cells; ‘Ecell’Ighe n=9, Poolln=12,Pool2n=13,Pool3 n=10,Pool4 n=8,Pool5
n=10,Pool6n=8,and Pool7 n=9 cells from 24 mice (3 mice per pool).
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Extended DataFig.9|See next page for caption.



Extended DataFig. 9| Characterizationand validation ofin vivo CRISPR-
Cas9screening reveals key genes contributing to TRN bursting firing
properties. a, Representative rebound burst traces of recorded neurons after
knocking out differentindividual genes from Pool3 via CRISPR-Cas9 gene
editing. Knocking out of Kcnd2recapitulates the effects of Pool#3. b, Radar
plots for Pool3 individual gene. Top: Changesin SppI”like (‘Sppl’) neurons, pink
line showing the effect of the Pool3 gene knock out and colour shades showing
the effect produced by individual gene knock out. Bottom: Changes in Ecell*
like (‘Ecell’) neurons, green line showing the Pool3 gene radar plot and colour
shades showingthe changes produced by individual gene knockout. Kcnd2
knockout closely recapitulates the effect of Pool3in both populations.

¢, Summary of the maximum number of rebound bursts of TRN neurons
elicited by comparable protocols after individual genes from Pool3 were
knockoutinSppI*like (‘Sppl’) vs Ecell’ like (‘Ecell’) neurons (‘Sppl’Kend2,
P=0.0095.Ecell’Kcngl, P=0.0088; Kend2, P=0.019, two-sided unpaired
t-test). Barsrepresent the mean +s.e.m.Fora-c, ‘Sppl’Kcngln=6,Kcnc3n=6,

Kcng4 n=5,Kenipln=7,Kend2n=7; ‘Ecell’Kengln=10,Kene3 n=8,Keng4
n=9,Kcnipln=11,Kend2n=11.d, Schematics of the analysis for on-target and
off-targetefficiency. Upper: analysis flowchart. WGA: whole genome
amplification; NGS: next generation sequencing. Lower: schematics of sgRNA
design and primers for on-target analysis for Kcnd2knockout. Five sgRNA were
designedin Exon2, Exon3,and Exon4. As the length spanned by the leftmost
sgRNA and the rightmost sgRNA exceeds the NGS analysis limit, nested PCR
combined with Sanger sequencing was used for on-target efficiency analysis.
Primers for the nested PCRare shown as black arrowsin Exonland Exon5. e, Bar
chartshowingthe on-target efficiency (5 sgRNA pooled) analysed by nested
PCR and Sanger sequencing (control: n=96 nuclei, viralinjected: n=384
nuclei) and off-target rate for the top predicted (Methods) off-target loci of
eachsgRNA analysed by NGS (n=1,600 cellsand 72,000 nuclei). Predicted off-
targetsequences are shown with mismatched bases inlower case. Bar plots
represent maximum likelihood estimation (MLE) and upper Wilsonscore
intervals, no raw data point applicable® (Supplementary Information).
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Extended DataFig.10|y,expression andits perturbation effectinthe TRN
cells. a, Calcium currents measured in control (black traces) and with yg
expression (red traces). b, Summarized current density versus voltage
relations showing that y, expressing TRN neurons exhibit smaller calcium
currentdensities than controls (P=0.02, two-sided unpaired t-test, data
presented asmeants.e.m.).Fora, b, n=6nneurons/3 mice.c,d, Quantification
ofretrogradely labelled cells (c; P=0.6170, n.s, not significant, two-sided
unpaired t-test) and their percentage of total PV* neurons (d) in the series of
coronalslices frominjected mice. L:left hemisphere; R: right hemisphere; g6:
Yo FO:firstorder; HO: higher order. For ¢, d, n=7 for each experimental
condition, data presented asmean +s.e.m.Forc, plotsare overlaid with raw
datapoints. e,Scatter plots showing y, expressing percentage and the effect

size forindividual mice. Top row: delta power percentage; middle row: number
of spindles per minutesin NREM; bottom row: median length of sleep boutin
NREMinseconds; dots: animals with retrograde y,injectionin FO (Red) and HO
(Green) somatosensory thalamic nucleus. n= 6 for each conditions.

f, Cumulative distribution of sleep spindle length for each individual mouse
withretrogradey,injectionin FO (upper) and HO (lower) somatosensory
thalamic nuclei, corresponding to Fig. 5h. g, h, Summary of median length

of NREMssleep bouts withretrograde ysinjectionin FO (g) and HO (h)
somatosensory thalamic nuclei. Right: two-sided Wilcoxon rank-sum test; Left:
Kolmogorov-Smirnov test. For datain f-h, n g (FO) =8, 1, (FO) =8, Nconeron
(HO)=7,n,,(HO) =8.Box plots represent minima, 25th, 50th, 75th percentiles,
maxima.
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Statistical parameters

When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main
text, or Methods section).
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|X| An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
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State explicitly what error bars represent (e.g. SD, SE, Cl)

Our web collection on statistics for biologists may be useful.

Software and code

Policy information about availability of computer code

Data collection Sequencing data was collected on NextSeq with NextSeq Software System Suite 2.0.2. Flow cytometry (operating software Summit 6.3.1)
was used only for sorting nuclei out of dissociated tissue. No flow cytometry analysis is used in this study.

Data analysis Graphpad Prism 7 was used for statistical analysis in this study. Single nuclei data was mapped to the mm10 reference with TopHat
2.0.10 for QC purposes, and independently quantified with RSEM v1.2.8 and Bowtie2. Analysis of the TRN data was performed with biSNE
software (https://github.com/yingingl/nucseq_analysis), implemented in Matlab (R2017a). All other single cell/ single nuclei data was
analyzed with Seurat (v2.2.0) in R (v3.3). Differential expression was performed with MAST (version 1.05). Data was visualized using
ggplot (version 3.1.1).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Sequencing data for this study is available through the Gene Expression Omnibus and Bioproject with accession code GSE145273. Single nuclei expression data will
also be placed on the Broad's single cell portal. All additional data including raw data and plasmids are available from the authors upon reasonable request.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical calculations were applied to pre-determine sample size, but our sample sizes are similar to those reported in previous
publications (reference Habib et al., Science 2016 and Cadwell et al., Nat Biotechnol 2016).

Data exclusions  No data point from any behavioral assays was excluded for all results reported in this study. Single nuclei RNA sequencing data exclusion
criteria for filtering low quality cells was described in the method section, following an established procedure (Habib et al., Science 2016).

Replication All experimental findings were reliably reproduced among in all experiments. The number of replicates were described in the legends of the
corresponding figures.

Randomization  Randomization of animals and groups were applied throughout in vivo sleep experiments in the study.

Blinding All EEG scoring, data analysis in this study were carried out by trained researchers. Researchers were blinded to group allocation during data
collection and analysis. For the retrograde fluorescent beads tracing quantification, researchers were blinded to the retrobeads injection
conditions. For in vivo CRISPR/Cas9 screen experiment, electrophysiologists were blinded to the viral pool # during data analysis.

Reporting for specific materials, systems and methods

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

|:| Unique biological materials
|X| Antibodies
|:| Eukaryotic cell lines

|X| |:| ChlIP-seq
|:| |X| Flow cytometry

|X| |:| MRI-based neuroimaging

|:| Palaeontology
El Animals and other organisms

XXX

|:| Human research participants

Antibodies
Antibodies used We utilized Anti-NeuN antibody conjugated with Alexa Fluor®488 (EMD Millipore, #MAB377x). The antibody was purchased from
Millipore Sigma, with the catalog number MAB377X, Clone A60, lot 2736529, and was used at 1:500 dilution of 1 mg/ml stock.
Validation The antibody utilized in this study was previously validated in the reference Krishnaswami et al. Nat Protoc 2016. "a nuclear

staining gate using Hoescht and NeuN labeling to isolate single neuronal nuclei (Fig. 3d,e)." Additional references can be found in
the manufacturer's website, "Vertebrate neuron-specific nuclear protein called NeuN (Neuronal Nuclei). MAB377X reacts with
most neuronal cell types throughout the nervous system of mice including cerebellum, cerebral cortex, hippocampus, thalamus,
spinal cord and neurons in the peripheral nervous system including dorsal root ganglia, sympathetic chain ganglia and enteric




ganglia. The immunohistochemical staining is primarily in the nucleus of the neurons with lighter staining in the cytoplasm. The
few cell types not reactive with MAB377X include Purkinje, mitral and photoreceptor cells.".

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Juvenile (21-28 days) and adult (94-114 days) laboratory mice (Mus musculus) of both genders were utilized in this study.
Wild animals The study did not involve wild animals.
Field-collected samples The study did not involve samples collected from fields.

Flow Cytometry

Plots
Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation Isolating nuclei from mouse brain tissue using the sucrose gradient method. Using Viybrant® DyeCycle™ Violet Stain for nuclei in
general and using Anti-NeuN Antibody for neuron nuclei selection.
Instrument MoFlo Astrios EQ cell sorter, Beckman Coulter
Software Summit 6.3.1, operating software for the flow cytometer

Cell population abundance  Tissue dissociation was loaded on the flow cytometer. Out of all detected events, nuclei, 78.75% (gatel), singlet, 54.58% (gate2),
GFP+ 0.97% (gate3).

Gating strategy We set fluorescence activated cell sorting (FACS) gating on forward scatter plot, side scatter plot (gatel) and on fluorescent
channels to include only Violet+ (gate2) or Violet+ NeuN+ (gate3) (for neuronal nuclei), as shown in Extended Data Figure 1.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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