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M Check for updates

Advanced imaging methods now allow cell-type-specific recording of neural activity
across themammalian brain, potentially enabling the exploration of how brain-wide
dynamical patterns give rise to complex behavioural states

"2 Dissociationisanaltered

behavioural state in which the integrity of experience is disrupted, resultingin
reproducible cognitive phenomenaincluding the dissociation of stimulus detection
from stimulus-related affective responses. Dissociation can occur as aresult of trauma,
epilepsy or dissociative drug use™*, but despite its substantial basic and clinical
importance, the underlying neurophysiology of this state is unknown. Here we establish
suchadissociation-like state in mice, induced by precisely-dosed administration of
ketamine or phencyclidine. Large-scaleimaging of neural activity revealed that these
dissociative agents elicited a1-3-Hzrhythmin layer 5 neurons of the retrosplenial cortex.
Electrophysiological recording with four simultaneously deployed high-density probes
revealed rhythmic coupling of the retrosplenial cortex with anatomically connected
components of thalamus circuitry, but uncoupling from most other brain regions was
observed—including anotable inverse correlation with frontally projecting thalamic
nuclei. Intesting for causal significance, we found that rhythmic optogenetic activation
of retrosplenial cortex layer 5 neurons recapitulated dissociation-like behavioural
effects. Local retrosplenial hyperpolarization-activated cyclic-nucleotide-gated
potassium channel1(HCN1) pacemakers were required for systemic ketamine toinduce
this rhythm and to elicit dissociation-like behavioural effects. In a patient with focal
epilepsy, simultaneousintracranial stereoencephalography recordings fromacross the
brain revealed a similarly localized rhythm in the homologous deep posteromedial
cortex that was temporally correlated with pre-seizure self-reported dissociation, and
local brief electrical stimulation of this region elicited dissociative experiences. These
results identify the molecular, cellular and physiological properties of a conserved deep
posteromedial cortical rhythm that underlies states of dissociation.

Recent advances in large-scale high-speed recording and control
of neuronal activity have enabled exploration of natural and causal
neural-circuit dynamics spanning the mammalian brain. We consid-
ered that these technological advances constitute a newly emerged
opportunity to explore the cellularimplementation of altered behav-
ioural states that might require a global perspective to understand.
Dissociation represents a paradigmatic example of such a state.

In dissociation—which can be elicited by diverse causes includ-
ing stress, epilepsy, dissociative drugs or certain neuropsychiatric
disorders—the normal integration of cognitive processing is dis-
rupted. A selective uncoupling can be observed, in which affective or
emotional responses are dissociated from sensory percepts, and the
sense-of-self is dissociated from body position or action. However,

despite its substantial basic and clinical importance, the underlying
cellular and circuit mechanisms of dissociation remain unknown. Here
we investigate the dissociative-like behavioural state using high-speed,
brain-wide approaches in both mice and humans, and identify
underlying deep posteromedial-cortex rhythmic dynamics along with
molecular, cellular and physiological mechanisms.

Imaging reveals aretrosplenial rhythm

Werecorded multiregional neuronal activity using widefield macros-
copy, acleared skull preparation, and atlas registrationin mice express-
ing GCaMP6s*%" (Fig.1a-c). Upon intraperitoneal injection of ketamine
(50 mg kg™, asubanaesthetic dose; see Methods), al-3-Hz oscillation
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Fig.1| Multiregional widefield imaging of cortical activity reveals effect sizes=3.96,3.90,3.76, 3.62. g, Power at 1-3 Hz in the RSP over 55 min,
ketamine-induced retrosplenial rhythm. a, Schematic of the widefield obtained from widefield imaging of GCaMPé6s, with 50 mg kg™ ketamine injected
macroscopy setup. b, Left, transparent skull preparation; right, 488-nm-excited intraperitoneally Smininto recording. The thick trace shows the meanforn=6
fluorescence image from a Thyl-GCaMP6s mouse. A, anterior; P, posterior. Scale mice. h, Change in power of the 1-3-Hz rhythm after administration of PCP,
bar,1mm. ¢, Neocortex atlas for alignment. MOT, motor; SS, somatosensory; MK801and memantine. The mean power at 1-3 Hz is shown (n =5 mice per drug).
PP, parietal; VIS, visual; RSP, retrosplenial. d, Cortical activity, visualized by a Corrected two-sided paired ¢-tests, *P< 0.05,**P< 0.01, NS (not significant)
video sequence of 410-nm-corrected fluorescence over1s, in a Thyl-GCaMPé6s P>0.05.Hedge’s g effect sizes: PCP =4.23,4.57,5.14,4.87; MK801=1.80,1.79,
mouse 10 minutes after i.p. injection of 50 mg kg ' ketamine. RSP activation is 2.16,1.28,1.56; memantine =1.00, 0.96, 0.27, 0.82. i, Left, single-cell activity traces
observedat 0.13sand 0.8 s; deactivationat 0.54 s. dF/F scale is normalized by obtained from two-photon microscopy from layer 2/3 or layer 5 RSP after
median fluorescence intensity. e, Top, fluorescence traces from five regions ketamine injection. Right, mean power of the 1-3-Hz rhythm across cells before
before (blue) and 10 min after (red) injection of S0 mg kg™ ketamine. Shown are and after ketamine administration. Layer 2/3, n=5 mice, two-sided paired t-test,

the 10-s,410-nm-corrected data. Bottom, corresponding power spectral density P=0.74,Hedge’s geffect size =-0.46. Layer 5, n=5mice, two-sided paired ¢-test,
(PSD) plots, obtained at minutes 10-11 post-injection (dataaremean ts.e.m.;n=5  P<0.01, Hedge’s g effect size = 3.16. j, tdTomato fluorescence after recombination

mice). f, Change in power of the 1-3-Hz rhythm after injection of ketamine, n=35 of TRAP2;Ai14 mice, after injection of 50 mg kg ketamine, showing dense
mice, each blackline represents amouse. One-way ANOVA, repeated measures, labelling of layer 5 cells. Dark cells are those expressing
Fy16=25.4,P<1x10™*. Corrected two-sided paired t-tests, **P< 0.01. Hedge’s g tdTomato. Scale bar, Imm.

emergedintheretrosplenial cortex (RSP), butnotinanyothercortical  inthe RSP but not in the neighbouring visual cortex (Extended Data
region (Fig. 1d-f, Extended Data Fig. 1a, Supplementary Videol;n=5 Fig.1k-o, Supplementary Video 2; n =4 mice, paired t-test, P= 0.035).
mice). The rhythm emerged within 120 s, returned to baseline after In humans, ketamine can cause dissociation, analgesia, hallucina-
approximately 45 min (Fig. 1g, Extended Data Fig.1b-e),and wassimilar  tions, sedation and anaesthesia. To test whether other drugs with
inmagnitude across five consecutive days; no ketamine-induced1-3-Hz  or without dissociative properties elicited similar cortical activity
movements were observed (Extended Data Fig.1g-i). Subanaesthetic  patterns, werepeated the imaging studies using N-methyl-D-aspartate
ketamine reduced correlations between RSP activity and activityin  (NMDAR) antagonists, a hallucinogen, anaesthetics, asedative and an
all other dorsal-cortical regions (Extended Data Fig. 1j). We thenused  analgesic. Phencyclidine (PCP)—which, like ketamine, isadissociative
high-magnification two-photon microscopy toimage superficialneuro- ~ NMDARantagonist—induced the RSP-localized oscillation (Fig. 1h), as
pilthrough aglass-covered cranial window, and observed the oscillation ~ did dizocilpine (MK-801), along-lasting dissociative NMDAR-antagonist.
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Fig. 2| Retrosplenial in vivo electrophysiology. a, Top, spike-train rasters from
all simultaneously recorded single units from the deep RSP in a head-fixed mouse
after injection of a sub-anaesthetic dose of 50 mg kg™ ketamine. Bottom, average
firing rate (FR) of the units shown above (in Hz, 10-ms bin). The pink boxes
indicate ON-states for bursts (see Methods). b, Timeline for amulti-Neuropixel
recording session. Ketamine was injected i.p. 20 mininto the recording session
through a previously implanted cannula. ¢, 3D-reconstruction showing the
insertion of Neuropixel probes (16 probe insertions are shown in total for

4 sessions). The different areas of the brain are shown by the changing colours
along each probe. Four Neuropixels were implanted into each mouse and
recorded simultaneously. d, Average change in firing rate per region between
8-12 min before and 8-12 min after ketamine injection. Cells from all four sessions
were included. The number of units for each region is shown along the x axis, after

Memantine—a low-affinity, uncompetitive NMDAR-antagonist with
anon-dissociative clinical profile—did not elicit the oscillation, nor
did saline or lysergic acid diethylamide (LSD) (Extended Data Fig. 2).
The non-dissociative anaesthetics dexmedetomidine and propofol,
and aketamine/xylazine cocktail that s frequently used in veterinary
medicine, elicited waves of cortical activity that were not restricted
to the RSP (Extended Data Fig. 3). Neither the GABAergic sedative
diazepam nor the centrally acting opioid analgesic buprenorphine elic-
ited the rhythm (Extended Data Fig. 4). Together, these data revealed
anoscillatory pattern, spatially restricted to the RSP, thatis selectively
induced by dissociative agents.

The RSP rhythmis localized to layer 5 neurons
Themultiregionalimaging approach revealed spatially localized dynamics
butdid notenable the observation of layer-specific cellular contributions.
We therefore restricted the expression of GCaMP6m to specific cortical
layers and measured single-neuron Ca* signalsinthe RSP (Extended Data
Fig. 5a,b). Inlayer 2/3 neurons (Cux2-CreER mice'®), neither oscillating
neurons nor populationsynchrony were observed (Fig. 1i, Extended Data
Fig. 5¢, d; n=5mice, paired t-test, P= 0.7). By contrast, layer 5 neurons
(Rbp4-Cre mice") exhibited synchronous activity (Fig. 1i, Extended Data
Fig.5e,f). We verified this layer specificity with brain-wide activity mapping
using the TRAP2 mouse line'®"; layer Swas specifically recruited (unpaired
t-test,P<0.001) (Fig.1j, Extended DataFig. 5g-i). Thus, under these condi-
tions, ketamine elicited rhythmicity selectively in layer 5 RSP neurons.

Spiking patternin the deep RSP and the thalamus

We extended our investigations to the single-spike millisecond-scale
domain, obtaining electrophysiological recordings with 32-channel

the region name. Data are mean +s.e.m. Corrected two-sided ¢-test versus O,
*P<0.05,*P<0.01,**P<0.001. Taeniart., taenia tecta; dors. pedunc., dorsal
peduncular; ant. olfact. n., anterior olfactory nucleus; caudate put., caudate
putamen; nuc. accumbens, nucleus accumbens; reticular nuc., reticular nucleus;
mid. retic. nuc., midbrain reticular nucleus; super. col., superior colliculi; red nuc.,
red nucleus. e, Average RSP correlation (mean regional activity) before and after
ketamine injection. The number of units for each region is shown along the x axis
after the region names, which are stated as abbreviated forms of the namesind.
Dataare mean +s.e.m. Corrected two-sided ¢-test versus 0, *P< 0.05,*P<0.01,
**P<0.00L.f, Correlation matrix between cells, grouped by region before and
after ketamine injection; obtained from 4-Neuropixel recordings in mouse.

g, Z-scored mean activity traces (corresponding to rasters in Extended Data

Fig. 7f) of three simultaneously recorded thalamic nuclei and RSP (green).

two-shank silicon probes. In mice injected with 50 mg kg™ ketamine,
deep RSP neurons engaged in intermittent synchronous bursts of
around 250 ms, separated by silent states of around 250 ms (Fig. 2a,
Extended Data Fig. 5j, k). Individual units fired about 5 to 10 spikes
perburst; nearly allidentified units participated in every burst event,
and most bursts contained nearly all units, with structured temporal
ordering (Extended Data Fig. 51-p).

Wethen constructed along-shank, high-contact-density recording
system comprising four Neuropixels probes to simultaneously record
hundreds of neurons throughout the brain (Fig. 2b, ¢, Extended Data
Fig. 6a). Subanaesthetic doses of ketamine were found to influence
several brainregions (Fig. 2d, Extended Data Fig. 6b, c). We observed
the1-3-Hz RSP rhythm as expected, but also discovered specific sub-
cortical regions—inaccessible to cortical imaging—that exhibited
increased rhythmicity (Extended Data Fig. 6d-g). Whereas nearly
allbrainregions were correlated with the RSP before the administra-
tion of ketamine, correlations were reduced 8-12 min after ketamine
injection—notably in the somatosensory cortex, subiculum, ventral/
anteromedial thalamus and the red nucleus (Fig. 2e, f, Extended Data
Figs.7a-e, 8).

A notable uncoupling was observed between adjacent, but
differently connected, thalamic nuclei. Whereas the laterodorsal
thalamus and the anteroventral thalamus (which have known poste-
rior cortical wiring relationships, including to the RSP?°?%) became
more strongly correlated to each other and to the RSP, anteromedial
thalamic neurons (which have known projections to the frontal cor-
tex?*?2) were found to oscillate out-of-phase with the RSP (Fig. 2f, g,
Extended DataFig. 7f-i). Brain-wide electrophysiology experiments
therefore revealed aglobally detectable activity-dissociation motif,
which can be interpreted through the rhythm and the wiring of the
RSP.
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Dissociative behaviour tracks RSP rhythm

We next conducted extensive behaviour testing in mice, beginning
with reflexive (paw-flick) and affective/self-protective (paw-licking)
responses to aversive stimuli (hot-plate test; Fig. 3a). Whereas the
administration of ketamine did not reduce reflexive responses
(paw-flick, one-way ANOVA, F, 5, =1.11, P=0.38)—revealing robustly
preserved sensory-detection and motor capabilities—it did abolish
affective/emotional (paw-lick, one-way ANOVA, F, ,,=10.1, P<5x107)
and motivational (jump-to-escape, one-way ANOVA, F, ,, =105, P<1
x107?) defensive behaviours at doses of 25 and 50 mg kg™ (Fig. 3b,
Extended Data Fig. 9a), with similar effects onrearing and behavioural
latency (Extended Data Fig. 9b, c).

This separability of stimulus detection from affective response sug-
gested a dissociation-like state. We next explored escape and social
interactions on longer timescales. Ketamine at doses of 25 mg kg™ or
higher suppressed both tail-suspension escape responses (one-way
ANOVA, F, ,0=9.36, P=0.0002) and resident-intruder interactions
(one-way ANOVA, F, ;5=13.6, P<0.0001) to asimilar extent (Extended
DataFig. 9d, e); consciousness was maintained as mice ambulated
spontaneously and responded to external stimuli. The righting-reflex
test for consciousness was preserved in all mice, but was abolished by
anaesthetic doses (200 mg kg™) of ketamine (Extended Data Fig. 9f).

Affective behaviours were consistently preserved after doses of 13 mg
kg™ ketamine, yet were selectively abolished at doses of 25 mgkg™. We
therefore directly compared RSP activity between these two doses
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Fig.3|Ketamine- and optogenetically elicited dissociation-like
behavioural phenotype. a, Stimulus detection (reflexive paw-flick) and
affective/emotional response (protective paw-licking) during the hot-plate
test. b, Rate of reflexive paw flicks (left) and licks (right) in ketamine-injected
mice.One-way ANOVA withrepeated measures: flick, P=0.38; lick, P=5x107*.
Corrected two-sided unpaired t-tests.n=5mice per group. Foreach dosein
order, Hedge’s g effect sizes for flick: 0.16,0.26,0.77,0.77; and lick: —0.028,
0.53,-1.43,-2.19.¢c, Left, fibre photometry traces from RSP: the rhythm was
observedat25mgkgbutnotat13 mgkg™. Right, 10 min after injection, the
power ateach dose across several mice (n=5mice for13mgkg™; n=3 mice
for25mgkg™; bars show meanvalues). Unpaired-t-test, P=0.008, Glass’s
A=3.2.d,Mean power at1-3 Hzas assessed by widefield imaging for different
doses of ketamine, with13 and 25 mg kg™ doses statistically compared. n=4
mice per dose, two-sided unpaired t-test, *P=0.027. e, Results of the hot-plate
testafter administration of drugs from other classes. Each experimental group
iscompared with the saline (control) group viaa corrected Mann-Whitney
U-test.Foreachdruginorder, Hedge’s geffect sizes: flick 3.10,-2.97,-2.19,1.14,
-2.16; Glass’s A: lick-15.2,-2.89,0.093,-0.40,-0.90. Corrected Pvalues versus
saline: flick 0.0001,0.0001,0.0008,0.0297,0.0008; lick1.9x10%,0.0092,
0.8146,0.5761,0.1395. Bup., buprenorphine; lido., lidocaine; diaz., diazepam.
**P<0.01,***P<0.001.f, Left, average velocity of mice in the open-field test
over aperiod of 5min.Ketamine, LSD and diazepam decreased velocity,
whereasbuprenorphineincreased velocity compared with controls. Each
experimental group was compared with saline (control) viaacorrected
Mann-Whitney U-test. Hedge’s g effect sizes: —6.14,1.02,4.98,0.20,-2.34,
-4.77.Corrected Pvalues versus saline: 0.1021,2.5x107%,0.7206,0.0020,
2.5x107%,9.1x 107, Right, traces of body position during the open-field test
afteradministration of saline or the stated dissociative drugs. The grey line
shows the position of the mouse over the full 5-min session, whereas the black
lineshows the position overa20-stracking period, beginning inminute 2.

g, Viralinjections, illumination pattern and behavioural arms. AA
VI1-nEF-DIO-eNpHR3.0-p2a-ChR2-YFP (eNPAC) was injected bilaterally into the
RSP of Rpb4-cre mice. lllumination was with20 Hz blue light and constant
yellow light, alternating every 250 ms. Results of the hot-plate test after
illuminationinthe RSP and the SS: for RSP, left to right: paw-flick: YFP versus
rhythmic, P=0.53; YFP versus random, P=0.48; rhythmic versusrandom,
P=0.43.Paw-lick: YFP versus rhythmic, *P=0.034; YFP versus random, P=0.38;
rhythmicversus random, P=0.20. Corrected two-sided unpaired t-tests,n=8
YFP,n=7rhythmic,n=7random mice. Hedge’s geffect sizes for flick: -0.31,
0.50,0.79;lick-1.43,-0.45,0.80.ForSS, left to right: paw-flick: P=0.50;
paw-licks: P=0.71; Hedge’s geffect size for flick: —0.35; lick: —0.19. Two-sided
paired t-test,n=8 control,n=6SSeNPAC mice.

using fibre photometry withlocally expressed GCaMP6m for increased
specificity, and widefield imaging for consistency with our earlier data.
RSP recordings revealed a 1-3-Hz oscillation after ketamine doses of
25mgkg™, but not 13 mg kg —suggesting that the 1-3-Hz RSP rhythm
could be critical for dissociation-like behavioural effects (Fig. 3¢, d).

Atdissociative doses, ketamine can alsoinduce analgesia, hallucina-
tions and sedation. We therefore repeated the panel of behavioural
experiments with four additional classes of drugs that elicit subsets
of these effects. The non-sedative dissociative agent PCP alone reca-
pitulated the ketamine-induced behavioural disconnection between
sensory-detection and affective responses in the hot-plate test; like
ketamine, PCP alsoinhibited longer-timescale escape and social behav-
iours (Fig. 3e, Extended Data Fig. 9g-k), while locomotion velocity was
unchanged (Fig. 3f, Extended Data Fig. 91). Analgesics (centrally acting
buprenorphine and topical lidocaine) decreased stimulus-detection
foot-flicks; neither diminished escape responses (Extended Data
Fig. 91). The hallucinogen LSD disrupted neither sensory-detection
nor affective responses, and tended to increase responsivity to
salient stimuli (decreased time-to-jump, increased rearing and sociali-
zation) while also reducing locomotionin the stimulus-poor open field.
Finally, the sedative diazepam did not recapitulate dissociative-like
behaviour.

Together, these results reveal a measurable and consistent
dissociation-like behavioural phenotype in mice—characterized by
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preserved stimulus detection with diminished affective response—that
is specifically elicited by dissociative agents at doses corresponding
to emergence of the RSP rhythm.

Causal role of RSP layer 5 in behaviour

Totest the causal effect of this oscillation, we optogenetically delivered
the corresponding activity to RSP layer 5 neurons by co-expressing
eNpHR3.0/ChR2 (eNPAC) in layer 5 (Rbp4*) RSP and rhythmically
stimulating at 2 Hz (250 ms/20 Hz blue light, alternating with 250 ms
continuous yellow light) (Fig. 3g, Extended Data Fig. 10a). Controls
included non-opsin-expressing mice, and the non-rhythmic (random)
illumination of opsin-expressing mice.

Whereas rhythmic RSP drive did not disrupt reflexive responses,
affective paw-licking was reduced compared with control mice
(unpaired t-test, corrected P = 0.034) (Fig. 3g). Rhythmic drive
lengthened time-to-escape compared both with mice in which
opsin was not expressed (unpaired ¢-test, corrected P=0.020) and
with randomly illuminated mice (unpaired t-test, corrected P=0.054)

Fig. 4| RSP HCN1 channels are required for ketamine to induce deep rhythm
and dissociation-like behaviour. a, Possible mechanisms underlying RSP
rhythm. b, Confocal images showing the monosynaptic inputs to the layer 5RSP,
from left to right: RSP, cingulate cortex, subiculum and dorsal thalamus cells.
Green, GFP; blue, DAPI. Scale bars,1mm. ¢, RSP recording during subcortical
inhibition. Left, AAVdj-CaMKIla-eNpHR3.0-YFP was injected bilaterally into the
dorsal thalamus or subiculum, and GCaMP6ém was expressed in the RSP. Right,
relative power of the 1-3-Hz rhythm before, during and after optogenetic
inhibition over 2-min periods beginning 10 min after ketamine injection. Dataare
normalized by PSD during the pre-period, and then linearly corrected to account
for the decrease in oscillation power across the 6-min recording. Thalamus
inhibition increased oscillation power (two-sided paired ¢-test, YFP P=0.057,
n=>5mice; subiculum P=0.91, n=5mice; thalamus P=0.003, n=7 mice). Hedge’s
geffectsizes: YFP 0.54; subiculum 0.065; thalamus 2.90. d, Confocal microscopy
images of immunohistochemistry with antibodies against GRIN1 (left) or HCN1
(right) in wild-type (WT) mice, to reveal channel expression. The HCNlimage
revealslow HCN1" density in the superficial RSP. cc, corpus callosum. Scale bars,
75 pm. e, RSP recording after local knockout. Left, photometry experimentsin
the RSP. AAVs expressing Cre-recombinase and Cre-dependent GCaMP6 were
injected to induce local disruption of NMDA-receptor or HCN1-channel
expression. Middle, photometry traces of the control, GRIN1and HCN1knockout
(KO) experiments. Right, reduced ketamine-induced oscillation power was
observed in GRIN1- and HCN1-knockout mice. Corrected two-sided paired ¢-test
for within-mouse comparison and corrected two-sided independent ¢-test for
between genotype comparisons: NS P>0.05, *P<0.05, **P<0.01, **P<0.001,
n=7 mice per group. Hedge’s g effect sizes: WT-pre/WT-post 3.22; GRIN1-pre/
GRINI-post 2.03; HCN1-pre/HCN1-post 1.02; WT-post/HCN1-post —2.75; WT-post/
GRINI1-post -2.26; HCN1-post/GRIN1-post 1.24; WT-pre/HCN1-pre 0.318; WT-pre/
GRINI-pre 0.322; HCN1-pre/GRIN1-pre 0.09. f, Results of the hot-plate test on
knockout mice after the administration of ketamine. Reflexive paw-flicks (left;
corrected Mann-Whitney U-test, P> 0.1) and affective paw-licks (corrected
Mann-Whitney U-test, WT versus GRIN1, P=0.56; WT versus HCN1, ***P< 0.001).
Hedge’s g effect-sizes for flick: 0.77,0.070; and lick: 0.40, 2.46.

(Extended Data Fig. 10b), and rearing was reduced in rhythmically
illuminated mice compared with control mice (unpaired ¢-test,
corrected P=0.020; Extended Data Fig.10c, d). Rhythmicillumination
significantly diminished tail-suspension escape behaviour (for which
repeated within-animal testing was possible) compared withrandom
illuminationin eNPAC-expressing mice (paired ¢-test, rhythmic versus
random illumination, P=0.038; Extended Data Fig. 10e). Rhythmic
drive did not reduce resident-intruder social interactions (paired
t-test, rhythmic versus random illumination, P=0.21; Extended Data
Fig. 10f); righting-reflex and open-field behaviours were unaffected
(Extended Data Fig. 10g-k). To test rhythmic optogenetic drive of a
different cortical area, we expressed eNPACin deep layers of the soma-
tosensory cortex; rhythmicilluminationinthislocation did notinduce
the dissociative behavioural state (Fig. 3g, Extended Data Fig. 101-0).
Insummary, in the absence of ketamine, optogenetically providing the
activity pattern that naturally arisesin layer 5RSP neuronsinresponse
to ketamine exerted the effect of diminishing the connectionbetween
sensory and affective responses.

Ketamine effects require RSP pacemaker

We next asked how systemic administration of ketamine could evoke
such a layer-specific, focal and behaviourally potent rhythm. We
explored two main hypotheses: that long-range subcortical inputs
provide a specific oscillatory drive to layer 5 retrosplenial neurons;
or that the selective expression of specific ion channels in the RSP
facilitates local oscillations (Fig. 4a).

Because thalamic nuclei have beenimplicated in rhythmicity
exhibited oscillations in our electrophysiology experiments, we con-
sidered that thalamo-cortical loops might contribute to RSP rhythms.
To test this hypothesis, we optogenetically inhibited monosynaptic
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Fig.5|Human PMCrhythm andself-reported dissociation. a, Simultaneous
iEEG and 3D-electrodelocationsin a patient, 10 s before seizure onset.
Locations are coded as follows (using RC3 as an example): R (right hemisphere)
C (electrodeletter) 3 (contact number) followed by anatomical region (for
example, posteromedial). Therhythm was observedinthe PMCinboth
hemispheres across contacts (magenta) and notin other regions (black).
Contactsoneachelectrodearerepresented by dots. b, Comments from the
patientdescribing their pre-seizure auraexperience. Notably, consistently
described symptoms of dissociation' caninvolve reproducible perceptions of
depersonalization (afeeling of being an outside observer of one’s body and/or
thoughts) and derealization (feeling of being detached from the surroundings).
Fortheinterview transcript, see Supplementary Note 1. ¢, Simultaneously
recordediEEG traces during the pre-seizure period, taken from a different

excitatory inputs (from the dorsal-thalamus or the subiculum) while
recording RSP activity after ketamine injection (Fig. 4b, ¢, Extended
Data Fig. 11a, b). Inhibition of the dorsal thalamus did not attenuate,
but rather enhanced, the cortical oscillation (paired t-test, corrected
P=0.003;Fig. 4c, Extended Data Fig. 11c); inhibition of the subiculum
(or illumination of control mice) had no effect.

To identify potential rhythm-generators in the RSP, we inves-
tigated two candidate channels: NMDA receptors (a primary tar-
get of ketamine??® and PCP) and hyperpolarization-activated
cyclic-nucleotide-gated potassium channel 1 (HCN1) pacemaker
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seizure tothatshownina. Traces fromone contact per electrode are shownin
black, and the trace fromthe deep PMC contactis shownin magenta. Seizure
onset was determined by an epileptologist and is marked with a vertical line.
d,iEEGspectrafromthe deep and the superficial PMC during aura (red) or
non-seizure (blue) periods. Mean +s.e.m.inright (top) and left (bottom)
regionsacrossauraperiods. e, Power of the 3-4 Hzrhythm during aura (red) or
non-seizure/auraperiod (blue). Mean across channelsineachregion; theaura
periodsareshownasablackdot.f, Left, locations of electrodes in the brain of
the patient (coloured dots). Electrodes inthe deep PMC are accentuated with
blue (right) and grey (left) indicators. Comments describing the patient’s
experience duringelectrical stimulation of the deep PMC are also shown.
Right, the percentage of times that aurawas reported for each shamor
electrical stimulation (=6 mA).

channels (which are involved in spontaneous rhythmic firing>-°).

Immunohistochemistry of HCN1 channels, but not NMDA receptors,
revealed high expressionlocalized in the deep RSP (relative to layer2/3
RSP and the neighbouring deep visual cortex; Fig. 4d, Extended Data
Fig.11d, i). We recorded from the RSP after NMDAR (GRIN1) or HCN1
channels were genetically disrupted vialocal injection of AAVdj-Efla-Cre
and AAVdj-Efla-DIO-GCaMP6ém viruses into the RSP of adult homozy-
gous floxed-channel transgenic mice, such that GCaMP6m would be
expressed only in Cre-expressing and gene-knockout cells (Fig. 4e,
Extended Data Fig. 10e, f). After four weeks, ketamine-induced



oscillations were significantly diminished in HCN1 and GRIN1 mice,
but preserved in wild-type mice (Fig. 4e, Extended Data Fig. 11g). The
use of local-knockout mice enables us to induce a brain state in which
all aspects of global ketamine action are preserved except for those
thatdepend on channelsin the RSP; furthermore, this canbe achieved
without directly inhibiting or lesioning the RSP, thus permitting—for
example—non-oscillatory RSP activity.

Forbehavioural experiments, mice were injected in multiple loca-
tions across the RSP, yielding a local reduction in protein expres-
sion (Extended Data Fig. 11h-j). In control experiments, 50 mg kg™
ketamine abolished affective paw-licking while preserving reflexive
paw-flicks—indicative of the dissociative phenotype (Fig. 4f). Injec-
tion of the Cre virus into the RSP of HCN1-knockout mice markedly
restored affective paw-licking (Mann-Whitney U-test, corrected
P <0.001); that s, the induction of dissociation-like behaviour by
ketamine was blocked. Mice in which both GRIN1and HCN1 channels
were knocked out also showed modest recovery of escape behaviour
inthetail-suspension test (P<0.001) and of resident-intruder social
interactions (P<0.01) compared with the wild-type, and all mice suc-
cessfully righted from postural inversion (Extended Data Fig. 11k-n).
Without the administration of ketamine, AAVdj-Efla-Cre-injected
HCN1-knockout and GRIN1-knockout mice exhibited reflexive and
affective behaviours comparable to those of wild-type C57BL/6 mice
(Extended Data Fig. 10p-s). We therefore conclude that local RSP
HCN1 pacemakers are required in order for systemic ketamine to
induce the deep RSP rhythm and elicit the dissociation-like behav-
ioural state.

Focal 3-Hzrhythm in human dissociation

A patient at the Stanford Comprehensive Epilepsy Center, who had
epilepsy with pre-seizure auras that were described as dissociative, had
previously beenimplanted with brain-wide intracranial electrodes to
enable intracranial electroencephalography/stereoelectroencepha-
lography (iEEG) for diagnostic recording and stimulation purposes
(Supplementary Note1). Inspection of the iEEG traces from this patient
near the onset of seizures with dissociative aurarevealed aprominent
rhythmic waveform only in the deep posteromedial cortex (PMC;
defined as retrosplenial, posterior cingulate and medio-ventral pre-
cuneus cortex; the rodent RSP is considered the closest analogue to
human PMC areas®) (Fig. 5a-c, Extended DataFigs.12a,b,13). Applying
the same analyses from the imaging of mice, we discovered a sharp
oscillatory profile centred on 3.4 Hz that was restricted to the deep
PMC (Fig.5d, e, Extended Data Fig.12c). Although the seizure focus was
localized to the right hemisphere, the left PMC engaged in simultane-
ous oscillatory dynamics, giving rise to bilaterality—as was observed
inmice.

As part of clinical mapping, brief stimulation (50 Hz, 2-10 mA,
total duration1.3 + 0.47 s; mean £ s.e.m.) was applied at individual
electrodes. To quantify the elicited response from each stimula-
tionin an unbiased fashion, we identified every electrical contact
that exhibited rhythmicity during spontaneous dissociative auras
(Extended Data Fig. 12d). Stimulation of the seizure focus in the
right PMC elicited dissociative, aura-like feelings similar to those at
seizure onset (Fig. 5f, comments 1-3). Stimulation of the left PMC
elicited immediate and confidently reported dissociative experi-
ences, without the negative valence of animpending seizure (com-
ments 4-6). Stimulations through these spontaneously oscillating
PMC contact sites evoked a dissociative aura 11 out of 13 times,
whereas almost no non-oscillating contacts responded in this way
(Fig. 5f, Extended Data Fig. 12e). Only one sham stimulation elicited
reportofanaura; this one report followed areal stimulation that had
elicited astrong aura. Together, these results demonstrated causal
elicitation of human dissociative symptoms local to sites exhibiting
the deep PMC rhythm.

Discussion

Here we have used large-scale optical recording technology to ena-
ble the discovery of a dissociative-agent-elicited, layer-5-restricted,
low-frequency rhythm that is localized to the deep RSP. This rhythm
was associated with elicitation of a dissociation-like behavioural state
in mice, and precisely paced optogenetic intervention revealed that
the rhythmicactivity itself was causally linked to the dissociative-like
effects. Knockout of HCN1 channels locally in the RSP abolished both
the pharmacologically induced rhythm and the dissociation-related
behaviour. Conscious experience of human dissociation was linked to
endogenous rhythmic activity in the homologous deep PMC. These
experimentsidentified molecular, cellular and physiological properties
ofadeep posteromedial cortical rhythm that underlies dissociation-like
states.

Key aspects of dissociation were recapitulated by three specific
interventions: administration of retrosplenial rhythm-inducing doses
of ketamine or PCP in mice; rhythmic RSP-localized optogenetic
stimulation in mice; and similarly localized electrical stimulation
in a patient with epilepsy originating from the right PMC (Extended
Data Fig. 14). We note that high-frequency electrical stimulation of
the PMC of non-epileptic subjects (spanning superficial and deep
regions across many humansubjects, in the absence of the epileptic
tissue-dependent low-frequency rhythm observed here) does not
induce dissociation®, consistent with our result that low-frequency
rhythmic optogenetic drive was specifically and causally linked
to dissociative-like behavioural effects. High-frequency electrical
intervention—when delivered to epileptic tissue that has specific wir-
ing or ion channel-expression properties—could cause dissociation
by several possible cellular mechanisms, including induced rhyth-
mic activity. Likewise, ketamine could induce additional effects in
humans or mice—beyond its effects on RSP rhythm—that contribute
to its behavioural properties® ™,

The biophysical mechanisms of both the rhythm and the behav-
ioural state were addressed in mice. HCN1 channels underlie /;,, a
hyperpolarization-activated depolarizing current that can pacerhyth-
mic activity; we found that RSP-specific HCN1 disruption selectively
abolished both the ketamine-induced rhythm and the dissociation-like
behavioural effects. Ketamine blockade of specific depolarizing chan-
nels—such as NMDARs—could enable RSP membrane potentials to
hyperpolarize, activating intrinsic HCN1 channels and permitting
rhythmic dynamics. Our observations regarding the optogenetic
inhibition of long-range inputs to the RSP—which enhanced (rather
thansuppressed) ketamine-induced oscillations—were consistent with
this model for HCN1functionin posteromedial cortical rhythmicity, as
thelong-rangeinputs are probably glutamatergic and excitatory. Cells
with certain high HCN1 expression levels might be most susceptible
to this effect—a prediction consistent at the regional level with the
spatial pattern of cortical HCN1 expression observed and our TRAP2
activity-localization results. The reliable temporal ordering of the
single-unit spike sequence during each oscillation cycle, as observedin
ourelectrophysiology experiments, might reflect the effect of such spe-
cificion-channel expression on membrane dynamics at the single-cell
level; future work in humans will be important to further investigate
how specific differential expression of rhythm-generating channels
might contribute to subjective disorders of dissociation. The effects
of GRIN1 knockout were less marked than those of HCN1 knockout,
and the magnitude of the rhythm was partially attenuated without
recovery of affective behaviour; the remaining oscillatory dynamics
could be of sufficient potency to cause dissociation, or alternatively
the rhythm-attenuated brain state would be permissive for affective
behaviour expression if postsynaptic temporal integration via func-
tional NMDA receptors were intact.

Regarding the functional importance of the ketamine-elicited tha-
lamic oscillation pattern, itis intriguing to consider that the decoupling
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of ‘primary’ thalamic systems (the laterodorsal nucleus (LD) and the
anterior ventral nucleus (AV), which are known to connect robustly
with posterior forebrain circuitry) and ‘secondary’ thalamic systems
(including the anterior medial nucleus (AM), which projects to the fron-
tal circuitry) could contribute to dissociative symptoms. The inverse
correlation of the AM from the AV, LD and RSP could affect autobio-
graphical cognition and egocentricity by disconnecting frontal-cortical
areas from posterior-cortical areas, while the 1-4-Hz rhythmicity could
maintain continuity of neural activity for periods of more than 200
ms in each subnetwork to preserve conscious mental experience, as
distinguished from anaesthesia.

Of all the neocortical regions observed, only the PMC exhibited
rhythmic activity that was linked to both dissociative pharmacology
and dissociative aura. Notably, previous work had suggested that the
effects of NMDAR-antagonizing agents could be greatestin the RSP or
inthe PMC**¥, but the capability forindependent functional operation
of this cortical region—as revealed here—was notable in light of data
frommany laboratories that point to extensive cortico-cortical wiring
and dynamicsthatintegrate the neocortexintoadistributed network.
Suchfindingslargely originate from task-performing animals, whereas
humanimaging datareportthe PMCto be less active in externally ori-
ented tasks and more active during stimulus-independent thought,
autobiographical cognition, and mind wandering—all self-oriented,
task-independent psychological states®,

Future clinical work could include the exploration of whether elec-
trically induced low-frequency rhythms in the deep PMC of healthy
humans can cause dissociative states, and whether dissociative drugs—
ordissociation-linked neuropsychiatric statesincluding post-traumatic
stress disorder and borderline personality disorder—involve these
rhythms in humans. Dissociation in human beings is a self-reported
state of mind, and no experimental technique inrodents or in humans
can currently define this subjective experience in full. However, the
clinically guided paradigm reported here could provide a framework
of behavioural, optical and physiological tools to enable exploration
of the neural activity that underlies dissociative states. These results
highlight the value of new brain-scale recording technologies; here,
initial optical and electrical multiregional activity screening guided
further quantitative testing of precise causal hypotheses. More gen-
erally, integrative technologies with broad and high-resolution per-
spective could provide increasingly informative experimental access
to internal representations of sensations, cognitions and actions at
cellular resolution (and with region-wide or even brain-wide perspec-
tive), providing a path forward for elucidating the dynamics involved
in creating complex brain and behavioural states that are important
in health and disease.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41586-020-2731-9.

1. Ferezouy, | et al. Spatiotemporal dynamics of cortical sensorimotor integration in
behaving mice. Neuron 56, 907-923 (2007).

2. Mohajerani, M. H. et al. Spontaneous cortical activity alternates between motifs defined
by regional axonal projections. Nat. Neurosci. 16, 1426 (2013).

3. Musall, S., Kaufman, M. T, Juavinett, A. L., Gluf, S. & Churchland, A. K. Single-trial neural
dynamics are dominated by richly varied movements. Nat. Neurosci. 22, 1677-1686
(2019).

4.  Kauvar, |. V. et al. Cortical observation by synchronous multifocal optical sampling
reveals widespread population encoding of actions. Neuron 107, 351-367.e19 (2020).

94 | Nature | Vol 586 | 1October 2020

5. Guo, Z. V. et al. Flow of cortical activity underlying a tactile decision in mice. Neuron 81,
179-194 (2014).

6.  Wekselblatt, J. B., Flister, E. D., Piscopo, D. M. & Niell, C. M. Large-scale imaging of cortical
dynamics during sensory perception and behavior. J. Neurophysiol. 115, 2852-2866 (2016).

7. Ma,Y.etal. Resting-state hemodynamics are spatiotemporally coupled to synchronized
and symmetric neural activity in excitatory neurons. Proc. Natl Acad. Sci. USA 113,
E8463-E8471(2016).

8. Allen, W.E. et al. Global representations of goal-directed behavior in distinct cell types of
mouse neocortex. Neuron 94, 891-907.e6 (2017).

9. Makino, H. et al. Transformation of cortex-wide emergent properties during motor learning.
Neuron 94, 880-890.e8 (2017).

10. Chen, T-W., Li, N., Daie, K. & Svoboda, K. A map of anticipatory activity in mouse motor
cortex. Neuron 94, 866-879.e4 (2017).

1. Xiao, D. et al. Mapping cortical mesoscopic networks of single spiking cortical or
sub-cortical neurons. eLife 6, €19976 (2017).

12.  Gilad, A., Gallero-Salas, Y., Groos, D. & Helmchen, F. Behavioral strategy determines
frontal or posterior location of short-term memory in neocortex. Neuron 99, 814-828.e7
(2018).

13.  American Psychiatric Association. Diagnostic and statistical manual of mental disorders
5th edn (American Psychiatric Association, 2013).

14.  Krystal, J. H. et al. Subanesthetic effects of the noncompetitive NMDA antagonist,
ketamine, in humans: psychotomimetic, perceptual, cognitive, and neuroendocrine
responses. Arch. Gen. Psychiatry 51,199-214 (1994).

15.  Guo, Z. V. et al. Procedures for behavioral experiments in head-fixed mice. PLoS ONE 9,
88678 (2014).

16. Gil-Sanz, C. et al. Lineage tracing using Cux2-Cre and Cux2-CreERT2 mice. Neuron 86,
1091-1099 (2015).

17.  Gerfen, C. R., Paletzki, R. & Heintz, N. GENSAT BAC Cre-recombinase driver lines to study
the functional organization of cerebral cortical and basal ganglia circuits. Neuron 80,
1368-1383 (2013).

18. Allen, W. E. et al. Thirst-associated preoptic neurons encode an aversive motivational
drive. Science 357, 1149-1155 (2017).

19. DeNardo, L. A. et al. Temporal evolution of cortical ensembles promoting remote
memory retrieval. Nat. Neurosci. 22, 460-469 (2019).

20. Oh, S. W. et al. A mesoscale connectome of the mouse brain. Nature 508, 207-214 (2014).

21.  Hunnicutt, B. J. et al. Acomprehensive thalamocortical projection map at the mesoscopic
level. Nat. Neurosci. 17,1276-1285 (2014).

22.  Phillips, J. W. et al. A repeated molecular architecture across thalamic pathways. Nat.
Neurosci. 22, 1925-1935 (2019).

23. McCormick, D. A. & Pape, H. C. Properties of a hyperpolarization-activated cation current
and its role in rhythmic oscillation in thalamic relay neurones. J. Physiol. (Lond.) 431,
291-318 (1990).

24. Leresche, N., Lightowler, S., Soltesz, I., Jassik-Gerschenfeld, D. & Crunelli, V. Low-frequency
oscillatory activities intrinsic to rat and cat thalamocortical cells. J. Physiol. (Lond.) 441,
155-174 (1991).

25. Poulet, J.F. A., Fernandez, L. M. J., Crochet, S. & Petersen, C. C. H. Thalamic control of
cortical states. Nat. Neurosci. 15, 370-372 (2012).

26. Fogerson, P. M. & Huguenard, J. R. Tapping the brakes: cellular and synaptic mechanisms
that regulate thalamic oscillations. Neuron 92, P687-P704 (2016).

27. MacDonald, J. F., Miljkovic, Z. & Pennefather, P. Use-dependent block of excitatory amino
acid currents in cultured neurons by ketamine. J. Neurophysiol. 58, 251-266 (1987).

28. Anis, N. A., Berry, S. C., Burton, N. R. & Lodge, D. The dissociative anaesthetics, ketamine
and phencyclidine, selectively reduce excitation of central mammalian neurones by
N-methyl-aspartate. Br. J. Pharmacol. 79, 565-575 (1983).

29. Ludwig, A., Zong, X., Jeglitsch, M., Hofmann, F. & Biel, M. A family of hyperpolarization-
activated mammalian cation channels. Nature 393, 587-591(1998).

30. Santoro, B. et al. Identification of a gene encoding a hyperpolarization-activated
pacemaker channel of brain. Cell 93, P717-P729 (1998).

31. Vogt, B. A. & Paxinos, G. Cytoarchitecture of mouse and rat cingulate cortex with human
homologies. Brain Struct. Funct. 219, 185-192 (2014).

32. Foster, B. L. & Parvizi, J. Direct cortical stimulation of human posteromedial cortex.
Neurology 88, 685-691(2017).

33. Moda-Sava, R. N. et al. Sustained rescue of prefrontal circuit dysfunction by antidepressant-
induced spine formation. Science 364, eaat8078 (2019).

34. Hua, T. et al. General anesthetics activate a potent central pain-suppression circuit in the
amygdala. Nat. Neurosci. 23, 854-868 (2020).

35. Yang, Y. et al. Ketamine blocks bursting in the lateral habenula to rapidly relieve depression.
Nature 554, 317-322 (2018).

36. Tomitaka, M., Tomitaka, S., Rajdev, S. & Sharp, F. R. Fluoxetine prevents PCP- and
MK801-induced HSP70 expression in injured limbic cortical neurons of rats. Biol.
Psychiatry 47, 836-841(2000).

37. Olney, J. W., Labruyere, J. & Price, M. T. Pathological changes induced in cerebrocortical
neurons by phencyclidine and related drugs. Science 244, 1360-1362 (1989).

38. Mason, M. F. et al. Wandering minds: the default network and stimulus-independent
thought. Science 315, 393-395 (2007).

39. Raichle, M. E. The brain’s default mode network. Annu. Rev. Neurosci. 38, 433-447 (2015).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2020


https://doi.org/10.1038/s41586-020-2731-9

Methods

Experimental model and subject details

All procedures were performed in accordance with protocols
approved by the Stanford University Institutional Animal Care and
Use Committee (IACUC) and guidelines of the National Institutes
of Health. Mouse strains used were C57BL/6/ (Black 6, Jackson Labo-
ratory (JAX), 664), Tg(Thyl-GCaMP6s)GP4.3Dkim (Thyl-GCaMPé6s,
JAX, 024275), Cux2-CreERT2 (gift from S. Franco, University of Colo-
rado), Ai148(TIT2L-GC6f-ICL-tTA2)-D (Ail48, JAX, 030328) (gift from
H. Zeng, Allen Institute for Brain Science), Tg(Rbp4-cre)KL100Gsat
(Rbp4-Cre, No.031125-UCD, MMRRC) (L. Luo), B6.129S-HcnitmiKndl/|
(HCN17'JAX, 028299) (gift from L. Giocomo, Stanford University),
B6.12954-Grinltm2Stl// (NR17*JAX, 005246). Male and female mice were
used, aged 6-24 weeks at the time of surgery. Mice were group-housed
in plastic cages with disposable bedding on astandard 12 hlight cycle
until surgery and behavioural studies, when they were moved toa12
hreversed light cycle.

Drug administration

Drugs used were ketamine (VEDCO, ketamine HCI, 6-200 mg kg™),
phencyclidine (PCP, 5 mg kg™, Sigma-Aldrich P3029), memantine
(50 mgkg™), MK801(0.75-1mgkg™), dexmedetomidine (0.35-1.5mg
kg™, propofol (35-140 mgkg™), xylazine (AnaSed AKORN, 12.5mgkg™),
buprenorphine SR (2mgkg™), lidocaine (topical), LSD ((+)-lysergic acid
diethylamide (+)-tartrate (2:1), 0.3 mg kg™) and diazepam (2 mg kg™).
For allimaging, recording and behavioural experiments, drugs were
injected intraperitoneally (i.p.) (witha 26-gauge needle) 10 min before
datawastaken unless noted otherwise (for example, see ketamineinjec-
tion for Neuropixels experiment in section ‘Simultaneous recording
from four Neuropixels probes with i.p. drug delivery’). For injection
during imaging or Neuropixels recording, a catheter was implanted
intraperitoneally before head-fixation (BD Saf-T-Intima, 383323). For
anti-depressant effects, human doses are typically 0.3-1mgkg™, and in
mouse 3-10 mg kg™. Following the same pattern, humans consistently
report potent dissociation at doses of around 2-3 mg kg™, and in the
mouse, the lowest tested dose causing the oscillation and behavioural
effects was 25 mg kg™ (refs. *°*%). Thus, the dose-response relation-
ship for the dissociative effects of ketamine in mice corresponds with
human/mouse mapping for previously studied effects of ketamine.
Notethat the oscillationinduced by ketamine is not likely to be aseizure
(Supplementary Note 2).

Pan-corticalimaging with blood autofluorescence correction

Asdescribed®, mice were anaesthetized with isoflurane, the scalp was
removed, the skull cleaned and dried, and a custom head-plate was
cemented to contacts over the cerebellum andin front of the olfactory
bulb. The skull was then covered in a thin layer of cyanoacrylate glue
(Apollo 2000, Cyberbond), clear dental acrylic (Ortho-Jet, Lang Dental),
and clear nail polish (Electron Microscopy Services). Buprenorphine
SR (0.1 mg kg™) was injected subcutaneously for pain management.
Mice were given at least one week to recover before experiments.
Imaging was performed on a custom-built fluorescence microscope
designed for high light collection efficiency and large field of view.
The microscope consisted of back-to-back 50 mm f/1.2 cameralenses
(Nikon), separated by a FF495-Di03-50.8-D dichroic mirror (Semrock),
mounted in a 60 mm cube (Thorlabs). An F-mounted ORCA Flash 4.0
(Hamamatsu) was used to record images, with a FF01-520/35-50.8-D
emission filter (Semrock). Alternating 410 nm and 488 nmillumination
fornon-Ca* dependent artefact removal was controlled using amicro-
controller (Arduino) slaved to the frame output trigger of the camera.

Two-photonimaging
Mice were anaesthetized withisoflurane and the skullabove the RSP was
removed and replaced witha 7 mm circular glass coverslip. For layer 1

experiments, ThylGCaMP6s mice were used. For layer 2/3 experiments,
Cux2-CreER;Ail48 mice were used (4-hydroxytamoxifen (4-OHT)
dissolved in corn oil was injected intraperitoneally at 0.1 mg g™ at
least 2 weeks beforeimaging). For layer 5 experiments, Rbp4-Cre mice
wereinjected locally in the RSP with 800 nl AAVdj-Efla-DIO-GCaMPé6f
(titre SE12) at stereotactic coordinates -3AP, 0.5ML,-0.6DV (AP, ante-
rior-posterior; ML, medial-lateral; DV, dorsal-ventral). Mice were given
at least 1 week to recover before imaging. Awake, head-fixed imaging
was performed onastandard two-photon microscope (NeuroLabWare).
A16x 0.8 NA Nikon objective was immersed in clear ultrasound gel
for imaging (Aquasonic, Parker Laboratories); frame rate of 30 Hz.
Although we observed oscillations in the RSP with a 50 mg kg™ dose
of ketamine, we were concerned that 50 mg kg may be too low a dose
to sensitively detect a potentially weaker signalin the visual cortex or
layer 2/3, and so we used a dose of 80 mg kg™ in these experiments.

Ketamine-TRAP experiments

Dissolved 4-OHT (20 mg ml™ in ethanol) was mixed with corn oil at a
concentration of 10 mg ml™, and ethanol evaporated by vacuum cen-
trifugation (60 min). Mice were each placed alone in a novel cage for
30 min, in which they remained for the duration of the experiment.
Two mice were injected with 50 mg kg™ ketamine intraperitoneally,
and two mice were injected with an equivalent volume of saline. After
1h, all mice were injected with 50 mg kg™ 4-OHT, as well as an addi-
tional dose of 50 mg kg™ ketamine or saline. After 1 h, a final dose of
ketamine or saline was administered. This protocol was designed to
ensure that the ketamine-induced oscillation (and associated cFos
expression) was occurring throughout the majority of the approxi-
mately 4 h post-tamoxifen-injection time window during which TRAP2
labels cells. After 10 days (to allow time for expression of tdTomato),
mice were perfused with ice-cold PBS and 4% PFA. Coronal sections
(50 um) were taken using a vibratome and imaged on an epifluores-
cence microscope.

Retrosplenial targeted recordings

Mice were anaesthetized with isoflurane, asmall craniotomy (around
2 mm in diameter) was performed above the RSP, and a custom
head-plateimplanted. The durawas gently removed, and then covered
with Kwik-Cast Sealant (World Precision Instruments). A skull screw
was implanted and secured with cement in the right frontal skull bone.
Mice were given 1-2 h to recover. Next, mice were i.p. injected with
50 mgkg'ketamine, and head-fixed under anin vivo electrophysiology
recordingapparatus. Torecord neural activity, a32-channel two-shank sili-
conneural probe (ASSY-37 P-1, Cambridge NeuroTech) was slowly lowered
into the RSP. The deepest tip of the electrode was 800-1,000 um from
the brain surface for all recordings.

Simultaneous recording from four Neuropixels probes withi.p.
drugdelivery

Surgeries. Mice were anaesthetized withisoflurane, carefully levelled
in a stereotaxic apparatus and their scalp and periosteum were re-
moved. A 3% hydrogen peroxide in saline solution was used to clean
the surface of the skull. A custom stainless steel headbar was levelled
onthe skulland attached using clear dental cement. After the cement
had dried, targeted probe entry sites were stereotaxically marked
on the cement layer with a permanent marker (Day 1: ‘mPFC’, 2.3AP,
0.6ML; ‘somatosensory’, —0.7AP, -4.0ML; ‘retrosplenial’, —2AP, -1ML;
‘subiculum’,-3.5AP, 2.14ML; Day 2: ‘OFC’: 2.5AP, 1.5ML; ‘mPFC’": 2.3AP,
-0.6ML; ‘retrosplenial’, —2AP, IML; ‘thalamus’,—1.5AP,-1.7ML). In part,
they were selected to cover areas with known connectivity to the RSP.
A2-mm-longinsulated platinum-iridium wire was implanted centrally
over the cerebellum, with the last several hundred micrometres bared
toserveasanelectrical reference. Buprenorphine SR was administered
torelieve pain and mice were allowed to recover for at least one week
before recordings began.
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Electrophysiological recording. Mice were acclimatized to head
fixation and the recording rig for several days before recording.
Several hours before recording, mice were anaesthetized for ap-
proximately 30 min each while small 1-mm craniotomies were made
over four pre-marked areas. Craniotomies were kept clean of bone
fragments and made such that bleeding was minimized. The skull was
covered with a pool of saline and with Quik-Cast to protect and keep
craniotomies moist before recording. Mice recovered in their home
cages before recording. Immediately before recording set up, mice
were very briefly anaesthetized with isoflurane and implanted with
anintravenous catheter system (BD Saf-T-Intima Closed IV Catheter
System: 22G x 34”, containing anintegrated Y adaptor and safety lock)
to theirintraperitoneal cavity and affixed with glue. The microtubing
had been previously loaded with a ketamine in saline solution (0.1 ml
0f 100 mg ml™ ketamine solution (KetaVed, VEDCO) in 2 ml of saline)
and was maintained at neutral pressure using asyringe attached at the
distal (from the mouse) end of the fluid line. While still anaesthetized,
mice were head-fixed and tubing was secured stably to a custom mouse
holder by tape. Quik-Cast was removed from the skull, and craniotomies
were briefly cleaned before being submerged in a pool of saline. Four
Neuropixels 1.0 probes***, were grounded together with the mouse
reference electrode, coated with red fixable dye (CM-Dil, Thermo
Fisher), positioned over each craniotomy, and carefully inserted at
approximately 15 degrees from the vertical axis to depths of 4-5mm at
arate ofapproximately 3ums™. After the completion of allinsertions,
the probes were allowed torest for at least 10 minbefore the recording
began.30kHz datawas acquired from the four probes simultaneously
using the Neuropixels control system (as described in the User Manual)
and SpikeGLX software (http://billkarsh.github.io/SpikeGLX/). The four
acquisitions were synchronized using a common squarewave signal
recorded for all probes and aligned to the nearest pulse edge. Follow-
ingthe beginning of recording, a20 min baseline period of activity was
collected. A 50 mg kg™ dose of ketamine was then remotely injected
i.p.throughthe catheter system, the administration time was marked,
and an additional 40 min of activity were recorded. After recording,
craniotomies were sealed and the skull was covered with Kwik-Cast.
A custom MATLAB script wrapping Kilosort2* (https://github.com/
MouseLand/Kilosort2) functions was used to spike sort data, using de-
faultKilosort2 parameters. After spike sorting with Kilosort2, clusters
were manually curated in Phy (https://github.com/cortex-lab/phy) to
separate ‘Noise’ clusters from‘Good’ clusters. Clusters were considered
‘Noise’if they contained electrical artefacts, were not well isolated, or
seemed to drift off of the probe (trend in decreasing amplitude corre-
lated with decreasing spike rate). Subsequent analysis was performed
using custom Python code.

Histology. Mice were perfused with phosphate buffered saline (PBS)
and 4% paraformaldehyde (PFA) before overnight post-fixationin 4%
PFA at 4 °C. Post-fixed brains were maintained for less than 1 week at
4 °CinPBSuntilsubsequent use. Brains were dehydrated in amethanol
gradientand subsequently processed as described previously*.. Whole
brains wereimaged with horizontal optical sectionsonaLaVision light
sheet microscope in dibenzyl ether for 488 nm autofluorescence and
532 nm CM-Dil electrode tracts. Image stacks were downsampled to
25 umresolution and registered using autofluorescence signal to the
Allen Brain Atlas CCFv3. Nonlinear registration and transformation was
performed using Elastix. Transformed CM-Dil electrode tract datawas
traced in CCF coordinates using a custom variant of AllenCCF software
(https://github.com/cortex-lab/allenCCF) and subsequently processed
using custom Python code for tract reconstruction and location as-
signment. Well-isolated unit locations were assigned to the electrode
locationwith peak unitamplitude. Thislocation was used to label a unit
with the nearest reference atlas subdivision. Reconstructed tracts were
manually assigned to corresponding Neuropixels probe recordings.

Asindividual probeinsertions were distant from each other and labelled
by hemisphere on the day of insertion, 8 tracts per brain (from two
sessions of recording per mouse) could be unambiguously assigned.

Data analysis. After recording time synchronization for all spike
times (as described above in the section ‘Electrophysiological record-
ing’), spikes for each ‘Good’ unit were binned at 10-ms intervals and
smoothed usinga 50-ms width causal moving averagefilter, resulting
inasmoothed spike rate. When shown, spiking dataare not binned or
smoothed. Correlations were computed using smoothed spike rate
traces. For correlations with the RSP, a single trace was computed with
the RSP asthe meanfiring rate across all unitsin the RSP. This RSP trace
was then correlated separately with the firing rate of each individual
unitfromthatrecordingsession. Firing rate was computed as the mean
smoothed spike rate across the designated four minute window before
or after ketamine administration (either minutes 12 to -8 or +8to +12).
For plotting z-scored traces, for each trace, its mean was subtracted and
itwas divided by its standard deviation. To select units for showing in
raster plot, units were sorted on the basis of their correlation of their
smoothed spike rate with the mean smoothed spike rate across all RSP
units, and the top five units from each region were shown.

Fibre photometry

A 405 nm and 470 nm LED illumination (Thorlabs) was combined
(425 nm longpass, Thorlabs DMLP425) and coupled into a fibre-optic
patch cord (400 pmdiameter, 0.48 NA, Doric Lenses) using alongpass
dichroic (505 nm, Thorlabs DMLP505) and a fixed-focused coupler/
collimator with a standard FC connector (F240FC-A, NA 0.51,
f=7.9mm)**8 Each illumination channel was frequency-modulated
using the sync output from a lock-in amplifier (SR810 DSP, Stanford
Research Systems). GCaMP fluorescence was collected through the
same patch cord and delivered through abandpass emission filter (Sem-
rock, FF01-520/35) onto a NewFocus 2151 femtowatt silicon photore-
ceiver (Newport, DC Low mode). The signal from the photoreceiver was
splitinto eachlock-in amplifier, and the filtered outputs were digitized
at 5 kHz using a NIDAQ (National Instruments PCle-6353) and saved
using a MATLAB (MathWorks) acquisition script.

General statistical analysis

Sample sizes were chosen using standards in the field established in
previous published studies and our laboratory’s experience with the
behavioural tests. Mean * s.e.m. was used to report statistics unless
otherwise indicated. The statistical test used and the definition n for
eachanalysisislisted in the text or figure legends. Multiple comparisons
were false-discovery-rate (FDR)-corrected by Benjamini-Hochberg
correction (a=0.05) and are indicated in the text as ‘corrected P. No
statistical methods were used to pre-determine sample size. Criteria
for animal exclusion was pre-established: mice were excluded if the
injected virus did not express or if optical fibres were mistargeted.
Variances were similar between groups that were statistically compared
except in a few cases in which the mean and variance were near zero.
Effect size was calculated using either Hedge’s g, or Glass’s A was used
if group variances were very different.

Widefield imaging and fibre photometry

Analysis was performed using custom MATLAB (MathWorks) scripts.
Widefield imaging videos were registered to a2D top-projection atlas
generated from the annotated Allen Brain Atlas volume, version CCFv2,
in MATLAB (MathWorks), using an affine transformation computed
from four manually selected control points. Each video was dF/F nor-
malized, using the median fluorescence intensity for each pixel over
the entire time series as F. The 410 nm channel was then temporally
smoothed using a moving average (width =400 ms). The smoothed
410 nm dF/F signal for each pixel was regressed onto the 488 nm dF/F
signal for the corresponding pixel, and the regression coefficients
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were used to scale the 410 nm channel to the 488 nm channel. This
scaled 410-nm dF/F signal was then subtracted from the 488 nm dF/F
signal to produce a normalized signal for each pixel. For quantifica-
tion, activity traces were extracted from points centred in five cortical
regions (visual, somatosensory, parietal, motor, retrosplenial) on the
left hemisphere of the brain. The video data was Gaussian smoothed
spatially (radius =2 pixels). Similarly, for fibre photometry recordings,
the 410 nm signal was regressed onto the 488 nm signal, the 410 nm
signal was scaled by the regression coefficients, and then subtracted
from the 488 nm signal.

Two-photonimaging

Two-photon tiff stack videos were registered to the average image
using the TurboReg Image]J plug-in using rigid body transformations.
Cellular region of interests (ROIs) were manually selected, because
automated algorithms did not perform well in detecting cells with
oscillatory activity. Contaminating neuropil signal was estimated
from an annulus surrounding each soma mask and removed using
the function F(t) = Fsoma(t) — 0.3 x Fneuropil(t), where Fsoma(t) isthe
somatic dF/Fand neuropil(t) is the dF/F from an annulus 4 pixels wide
surrounding each soma mask. The resulting traces were detrended
and z-scored. The full frame fluorescence (used for quantifying layer
1neuropil oscillations) was computed by summing all of the pixels in
eachframeoneachtime point, and then computing dF/F the same way,
with no neuropil subtraction step.

Frequency analysis

Eachtrace (correspondingto either afibre photometry signal, a cellular
two-photon signal, a widefield regional centroid, a widefield pixel, an
iEEG trace or asmoothed spike rate Neuropixels trace) was z-scored,
and the PSD was then estimated using Welch’s method (pwelch() in
MATLAB), with a window size of 10 x fs (15 x fs for human iEEG) where
fsis the sampling rate of the signal. The average band power within a
specified band (that is, 1-3 Hz) was then computed by integrating the
PSD estimate (bandpower() in MATLAB). For displaying the traces of
individual cells, traces were each z-scored by subtracting the mean
value of the trace (across the whole recorded time window) and divid-
ing by the standard deviation of the trace. Unless otherwise indicated,
the PSD was computed across the time window from minutes 10 to 11
post-injection.

32-channel acute silicon probe recordings

Extracellular electrophysiological data were recorded using 32-channel
acutessilicon probes (ASSY-37 P-1, Cambridge Neurotech) acquired at
30 kHz. Following common average referencing, well-isolated single
units were identified usingKiloSort and Phy. Data were analysed using
custom MATLAB scripts. Instantaneous firing rate was computed using
1msbins. We used a hidden Markov model with two states to label ON
and OFF states. ON states were considered to represent bursts, and
OFF states were inter-burstintervals. We fit the emission and transition
parameters of the model using the Baum-Welch algorithm (MATLAB
hmmtrain with a convergence threshold of 1 x10~® and initial guesses
of transition matrix: [0.95, 0.05; 0.05, 0.95] and emission:[0.5,0.5; 0.1,
0.99]), and then estimated the state assignment at each time point using
the Viterbi algorithm (MATLAB hmmviterbi). Various initial guesses
weretested, and they yielded the same or similar model fit. For popula-
tion analyses, abin size of 2 was used. In Extended Data Fig. 5, we look
at the number of spikes in each burst, which can vary depending on
the neuron being recorded, so we included every burst for every neu-
ron. To quantify the consistency of the sequential onset of activation
across bursts, we ranked each unit by its onset time for each burst. We
then ordered the units according to their median rank across bursts.
For each burst, we fitalinear model between the rankingin that burst
and the median rank. The distribution of correlation coefficients was
then plotted across bursts for each mouse and treatment condition.

Rodent behaviour

General behavioural notes. Mice were handled and acclimatized
to patch cord coupling before testing. Opsin and control mice were
randomly distributed across group-housed experiment cages. Experi-
menters were blinded to the identity of the mice during performance
and scoring of each behavioural assay, as well as when assessing viral
expression and fibre placement. For all statistical tests between groups
andinvolving multiple comparisons, aBenjamini-Hochberg FDR cor-
rection was used.

Hot-plate test. Mice were placed onthe hot plate (Bioseb), whichwas
setto 55 °Candsurrounded by aclear circular perimeter. Mouse activity
wasrecorded using two cameras from different angles. The experiment
ended when the mouse jumped to escape or when 90 s had elapsed.
Carewastakento cleanand dry the hot plate apparatus between mice.
For optogenetic experiments, mice were connected to patch cords and
then returned to a holding cage. lllumination began 30 s before mice
were placed on the hot plate.

Tail suspension test. Mouse activity was recorded using a 60-Hz web
camera. Struggling activity was quantified for minutes 2-10. For keta-
mine experiments, tail suspension began 5 min after injection, so that
post-injection minutes 7-15 were used for scoring. For optogenetic
experiments, mice were connected to patch cords and then returned
to a holding cage. Illumination began 30 s before tails were secured
with tape and suspended from the beam. Mice were excluded if they
climbed on their own tails.

Social interaction assay. Resident-intruder social interaction was
recorded for two minutes. Interactions were defined as close physical
proximity behaviours, including sniffing, touching and following. For
optogenetic experiments, mice were connected to patch cords and
then returned to their home cage. lllumination began 30 s before the
same-sex intruder mouse was introduced.

Righting reflex assay. Mice were held at the neck and tail, rotated to
supine positiononaflatsurface, and quickly released. Time to right was
quantified asmoment of release tomoment whenall 4 legs touched the
ground. A five second threshold was used to classify righting success
(less than 5 s) from failure (more than 5 s). For optogenetic experi-
ments, mice were connected to patch cordsand thenreturned toa hold-
ing cage. Illumination began for 30 s, and then the mouse was swiftly
inverted onto the flat surface.

Open field test. Mice were placed inan evenly illuminated 50 cm x50 cm
open field test box. Mouse position was captured using awebcam and
Viewer software (Biobserve).

Retrosplenial optogenetics

Stereotaxic surgery. Adult male and female Rbp4-Cre transgenic mice
were bilaterally injected with either 1 pul of AAV1-nEF-DIO-eNpHR3.0-
p2a-ChR2(H134R)-YFP (titre 5E12, known as eNPAC 2.0, and referred to
inthe text aseNPAC) or AAV5-Efla-DIO-eYFP (titre SE12) in the RSP (AP
-3.3,ML+0.5,DV0.5). Afibre wasimplanted above eachinjected area.
For S1opsin-expressing mice, theinjection was made at AP +0, ML 3.0,
DV 0.5. Viruses were obtained from the Stanford Neuroscience Gene
Vector and Virus Core. Mice were given four weeks for viral expression
and recovery before experimentation.

Illumination parameters. For blue light: 473-nm laser, 10-ms pulses,
20 Hz, 20 mW at fibre tip. For yellow light: 594 nm, continuous light,
15 mW at fibre tip. Alternating 250-ms bouts of pulsed blue light and
continuous yellow light were used for oscillatory stimulation experi-
ments. For non-rhythmic stimulation, alternating 20 Hzblue light and
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continuous yellow light were also used but with the length of each
illumination randomly selected from a uniform distribution with a
minimum of 50 ms and a maximum of 2 s. Each 30 s, blue light and
yellow light pulse length was selected such that the total time allotted
toblueoryellow light across 30 s matched that of the rhythmic group.

Subcortical projection optogenetics with fibre photometry
Stereotaxic surgery. Adult male and female wild-type C57/
BL6 wild-type mice were bilaterally injected into the dorsal an-
terior thalamus (AP -1.2, ML + 1, DV 3.25) or subiculum (AP -3.8,
ML + 2.5, DV -2.2) with 500 nl of either AAVdj-CaMKIla-NpHR3.0
(titre 5.15E12) or AAVS8-Efla-eYFP (titre 5E12). Then, 500 or 600 nl of
AAVdj-CaMKIla-GCaMP6m was injected into the right RSP (AP -3.3,
ML 0.5, DV 0.5). A fibre was implanted above each injected area (with
one of the subcortical fibres angled at 30°). Four weeks were allowed
for viral expression and recovery before experimentation.

Illumination parameters. lllumination was performed with 594 nm,
continuous light, with a power of 15 mW at each fibre tip. Eight min-
utes after the administration of ketamine (50 mg kg™), six minutes
of photometry data were recorded: two minutes of pre-illumination
photometry wererecorded, followed by two minutes with continuous
illumination, and then two minutes of post-illumination.

Histology. For monosynapticinputtracing, adult male Rpb4-cre mice
were injected with AAV8-EF1a-DIO-TVA-p2A-0G (9E12) into the RSP.
Two weeks later, ENVA-Rabies-GFP (3E8) was injected in the same
location. After five days, mice were perfused, brains fixed overnight,
and sectioned into 50-pm sections; full coronal sections wereimaged
ona confocal microscope for cell counting.

Retrosplenial gene disruption and fibre photometry

Stereotaxic surgery. Adult male and female HCN1”", NR1%, or wild-type
C57/BL6 mice wereinjected bilaterally in two retrosplenial locations (AP
-3.1and-3.4,ML*0.5,DV-0.5) with1pl of AAV8-Efla-mCherry-IRES-Cre
(titre 5E11) and AAVdj-Efla-DIO-GCaMPém (titre 1E13). A400-pm optical
fibre wasimplanted over oneinjectionlocation. At least four weeks were
allowed for viral expression and gene disruption before photometry
recording. For gene knockout behaviour experiments, injections of
AAVdj-Efla-Cre were made at AP -2.7,-3.1and -3.5; ML + 0.5; DV -1.35
and -0.70. For gene knockout control behavioural experiments, two
retrosplenialinjections of AAVdj-Efla-Cre were made in experimental
mice.

Rodent histology. After PFA-perfusion and overnight fixation in 4%
PFA at4C, 50 umsections were taken onavibratome. Forimmunobhisto-
chemistry, sections were washed in PBST (0.3% Triton-X) for 1 h, blocked
with 1% BSA for 30 min, and then incubated with primary antibody in
1%PBST-BSA overnight. Primary antibodies used were anti-HCN1:1:500
of abnova MAB6651 lot MH387188, anti-NMDAR: 1:500 of Invitrogen
RA5-85751, lot UF2785857C. Next, sections were washed for 30 minin 1%
PBST and thenincubated with secondary antibody (1:500 in PBST-BSA)
for 90 min at room temperature, and then washed for 1 hin PBST.
Sections were mounted on slides and imaged using a confocal
microscope.

HumaniEEG recordings

Allclinical researchwas reviewed and approved by the Stanford Institu-
tional Review Board. Informed consent was obtained from the subject
before participation in the study protocol. The patient (participant
number S19-137/SD056) was implanted with Ad-TechiEEG Depth Elec-
trodes as part of routine phase Il monitoring for refractory epilepsy.
A10 kHz research copy of the patient’s electrophysiological data was
acquired over Ethernet, simultaneous withinpatient clinical recording,
viaaNihonKhodenJE-120A junction box as part of an EEG-1200 clinical

acquisition system, stored using EEGStorage v.1.13, and processed via
Python. For ease of processing, the 10-kHz data were decimated to
20 Hz using a 20th-order FIR filter to evaluate the 3-Hz features. Key
times surrounding seizures were reviewed at 10 kHz. Video of the
patient, aligned to the electrophysiology with about 100-ms preci-
sion, was part of the clinical record and was reviewed to acquire
patient quotes during stimulation mapping. For quantification, 10 s
of pre-seizure datawere used, z-scored, and the PSD was then estimated
using Welch’s method (pwelch() in MATLAB). The average band power
withinaspecified band (3-4 Hz) was then computed by integrating the
PSD estimate (bandpower() in MATLAB). There was stillanincreasein
band power inthe PMC during pre-seizure auras relative to non-seizure
periods and to other regions when using the 1-4-Hz band, but there
was baseline low- frequency power inall regions that made the effect of
the approximately 3-Hz oscillation smaller. The clinical stimulus pulse
pattern used was the standard protocol of 50-Hz biphasic stimulation
for1-2s, and no other stimulation frequencies were attempted.

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

Data availability

The datasets generated and analysed are available from the correspond-
ingauthor upon reasonable request and at https://www.optogenetics.
org.Source data are provided with this paper.

Code availability

Code used for data processing and analysis is available from the cor-
responding author upon reasonable request.
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Extended DataFig.1| Time course of ketamine-induced retrosplenial
rhythm. a, Prominent 1-3 Hz retrospenial activity after ketamine injection seen
inafrequency response from Thyl-GCaMPé6s (top) but not control (Thyl-GFP)
mice (bottom). b, Expansion of the first 15 min of the recording shown in Fig. 1g.
¢, Power in1-3 Hzband in motor (MOT), somatosensory (SS), visual (VIS),
posterior parietal (PP) and retrosplenial (RSP) cortices (mean+s.e.m.,n=6
mice).d, Example 410-nm channel-corrected trace of RSP and SS activity from 3
min before to 12 min after intraperitoneal injection of 50 mg kg™ ketamine.
Vertical lines indicate injection time. e, Magnifications of 30 s of data
demonstrating oscillatory rhythm in the RSP but not the SS at ten minutes after
injection, or before injection. f, PSD in the RSP during five consecutive days of

50 mg kg™ ketamine injection (mean +s.e.m., n= 6 mice). g, Summary of power in
the1-3 Hzband in the RSP during five consecutive days of 50 mg kg™ ketamine
injection (ns, corrected paired ¢-test comparison with first day, P=0.10, 0.10,
0.80, 0.75,Hedge’s g=0.73, 0.49, 0.12, 0.15). h, Direct comparison of oscillation in
similarly aged male and female mice. PSD in the RSP and summary of power in the
1-3Hzband. Both sexes have significant increase in power relative to pre-
injection, but the magnitude is not significantly different between male and
female mice (P<0.01, corrected ¢-test versus 0, and P=0.21, t-test between
groups, Hedge’s g=0.76).1, Video tracking of mouse facial movements. Facial
movements did not show 1-3 Hz features before or after administration of
ketamine (paired t-test P=0.24, Hedge’s g = 0.80). j, Top, correlation of cortical

areas imaged with widefield imaging, before and after saline injection (n=5mice,
corrected paired t-test P=0.85,0.51,0.37,0.25, Hedge’s g = 0.08, 0.27,0.36, 0.21).
Bottom, correlation of cortical areas imaged with widefield imaging, before and
after injection of 50 mg kg™ ketamine (n =5 mice, corrected paired t-test
P=0.009,0.009,0.009,0.009, Hedge’s g = 3.88, 3.67,3.75, 3.39, 3.36).

k, Schematic of cranial window preparation and two-photon imaging of
superficial neuropil. I, Example fullfield fluorescence trace from the RSPina
ketamine-injected Thyl-GCaMPé6s mouse, imaged 30 pm below the cortical
surface. m, Example fullfield fluorescence trace from the visual cortex, in the
same mouse (same ketamine injection as in ). n, Quantification of oscillation
frequency content from neuropil in cortical surface before (blue) and after (red)
ketamine injection, n=4 mice. 0, Comparison of mean power in the 1-3 Hzband
after ketamine injection; n=4 mice (one-sided paired t-test, P= 0.035; Hedge’s
g=1.60). p, Quantification of oscillation frequency content before and after
injection of 80 mg kg™ ketamine, n =5 mice; solid line represents the mean and
shading denotes the s.e.m. q, After injection of 80 mg kg™ ketamine, comparison
of mean power inthe1-3 Hzband, n=5 mice. One-way ANOVA with repeated
measures, F, ;= 3.74, P=0.025. Corrected two-sided paired t-tests P=0.016,
0.034,0.016,0.034; Hedge’s g1.92,1.90,1.66,1.65. r, After injection of 80 mg kg™
ketamine, example temporal video sequence of 410 nm-corrected fluorescence
over1sinaThyl-GCaMPé6s mouse. A prominent rhythmis seenin the RSP.
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Extended DataFig.2|PCP and MK801-but not memantine, saline or LSD—
induce RSP-localized rhythms. a, Quantification of oscillation frequency
content before and after PCPinjection, n=5mice.b, For PCP,example temporal
videosequence of 410 nm-corrected fluorescence over1sinaThyl-GCaMP6s
mouse showing RSP rhythm. ¢, Quantification of oscillation frequency content
before and after MK801injection, n=5mice.d, For MK801, example temporal
videosequence of 410 nm-corrected fluorescence over1sinaThyl-GCaMP6s
mouse, showing RSP rhythm. e, Quantification of oscillation frequency
content before and after memantineinjection, n=5mice.f, For memantine,
example temporal video sequence of 410 nm-corrected fluorescenceacross1s

inaThyl-GCaMP6s mouse. Here, neither rhythms nor travelling waves are seen.
g, Quantification of oscillation frequency content before and after saline
injection, n=5mice. h, Quantification of mean powerin1-3 Hzband for saline
(n=5mice), corrected two-sided paired t-tests (*P<0.05,**P<0.01,NSP>0.05;
Hedge’sg0.36,0.18,0.14,0.01). i, Quantification of oscillation frequency
contentbefore and after LSD injection, n=5mice.j, Quantification of mean
powerinl1-3Hzband for LSD (n=5mice), corrected two-sided paired ¢-tests
(*P<0.05,**P<0.01,NSP>0.05;Hedge’sgLSD 2.05,0.62,1.07,0.65). k, For LSD,
example temporal video sequence of 410 nm-corrected fluorescenceacross1s
inaThyl-GCaMPé6s mouse. Here, neither rhythms nor travelling waves are seen.
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Extended DataFig. 3| Other anaesthetic classes donotinduce
retrosplenial cortex-localized rhythms. a, Quantification of oscillation
frequency content before and afterinjection of 1.5 mg kg dexmedetomidine,
n=5mice.b, Afterinjection of 1.5 mg kg dexmedetomidine, comparison of
mean powerinthel-3Hzband, n=5mice. One-way ANOVA with repeated
measures, F, ,,=2.66,P=0.07. Corrected two-sided paired t-tests, P=0.91,0.27,
0.15,0.91; Hedge’'sg=0.14,0.77,1.01, 0.06. ¢, Example temporal video
sequence of 410 nm-corrected fluorescence after injection of 1.5 mg kg™
dexmedetomidine over1sinaThyl-GCaMPé6s mouse.d, Quantification of
oscillation frequency content before and after injection of 0.75 mg kg™
dexmedetomidine, n=5mice.e, Afterinjection of 0.75 mgkg™
dexmedetomidine, comparison of mean power in the 1-3 Hzband, n=5mice.
One-way ANOVA with repeated measures, F, ,,=2.340,P=0.10. Corrected two-
sided paired t-tests, P=0.92,0.92,0.04,0.86; Hedge’s g=0.05, 0.11, 0.54, 0.13.
f, Quantification of oscillation frequency content before and after injection of
0.35mgkg™ dexmedetomidine, n=5mice. g, Afterinjectionof 0.35mgkg™
dexmedetomidine, comparison of mean power in the 1-3 Hzband, n=5mice.
One-way ANOVA withrepeated measures, F, ;,=2.68, P=0.07. Corrected two-
sided paired t-tests, P=0.29,0.95,0.013,0.95; Hedge’s g= 0.68,0.05,0.32, 0.01.
h, Quantification of oscillation frequency content before and after injection of
140 mg kg propofol, n=5mice.1i, After injection of 140 mg kg™ propofol,

comparison of mean power inthe 1-3 Hzband, n=5mice. One-way ANOVA with
repeated measures, F,;,=6.46, P=0.0027. Corrected two-sided paired t-tests,
P=0.0026,0.0029,0.0029,0.28; Hedge'sg=4.36,3.07,1.75,0.61.j, Example
temporal video sequence of 410 nm-corrected fluorescence after injection of
140 mg kg propofol over1sina Thyl-GCaMPé6s mouse. k, Quantification of
oscillation frequency content before and after injection of 70 mg kg™ propofol,
n=5mice.l, Afterinjection of 70 mg kg™ propofol, comparison of mean power
inthe1-3Hzband, n=5mice. One-way ANOVA with repeated measures,
F,16=1.34,P=0.30. Corrected two-sided paired t-tests, P=0.11,0.11,0.11,0.11;
Hedge’sg=0.79,1.17,0.37,0.83.m, Quantification of oscillation frequency
contentbefore and after injection of 35 mg kg™ propofol, n=5mice.n, For
injection of 35 mg kg™ propofol, comparison of mean power in the 1-3 Hzband,
n=5mice. One-way ANOVA with repeated measures, F, ,,=2.69,P=0.07.
Corrected two-sided paired t-tests, P=0.17,0.07,0.07,0.17; Hedge’s g= 0.66,
1.56,0.63,0.82. 0, Quantification of oscillation frequency content before and
afterinjection of ketamine/xylazine, n=5mice. p, After injection of ketamine/
xylazine, comparison of mean powerinthe1-3Hzband, n=5mice. One-way
ANOVAwithrepeated measures, F,;,=1.977,P=0.15. Corrected two-sided
paired t-tests, P=0.08,0.08,0.82,0.82; Hedge’sg=1.44,2.25,0.08,0.13.

q, Example temporal video sequence of 410 nm-corrected fluorescence after
injection of ketamine/xylazine over1sinaThyl-GCaMP6s mouse.
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fluorescence afterinjection of 2mgkg™ diazepam over1sina Thyl-GCaMPé6s
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Extended Data Fig. 5| Additional information for two photonimaging, TRAP
and 32-contact electrophysiology experiments. a, Schematic of two-photon,
head-fixed imaging. GCaMP6m was expressed in layer-specific transgenic mice,
and a cranial window was placed over the RSP. b, Epifluorescence images of
coronal sections showing GCaMP6m expression restricted to either layer 2/3 or
layer 5 neuronsin the RSP. Scale bar, 100 pm. ¢, Single-cell activity traces of all
recorded layer 2/3 retrosplenial neurons before ketamine injection, from one
mouse. d, Quantification of oscillation frequency content in single layer 2/3 cells
before and after ketamine injection, data show average ands.e.m.fromn=>5
mice. e, Single-cell activity traces of all recorded layer 5 retrosplenial neurons
before ketamine injection from one mouse. f, Quantification of oscillation
frequency contentin single layer 5 cells before and after ketamine injection, data
show average and s.e.m. from n=5mice. g, Fluorescence images showing
tdTomato expression after recombination of TRAP2;Ai14 mice, after saline
injections. Scale bar,1mm. h, Magnified example image of the RSP after ketamine
injection. Dense labelling (tdTomato’ neurons are black cells) in deep layers is
observed. i, Quantification of tdTomato* induction in the RSP in TRAP2;Ai14 mice

after saline (blue, n= 6 coronal sections) or ketamine (red, n =8 coronal sections)
injections. Two-sided unpaired t-test, layer 2/3, P= 0.42; layer 5, P< 0.0004;
Hedge’'s g=2.42.j, Left, histogram of spike rate during ON periods for mouse 3.
Right, summary plot for three mice. k, Left, histogram of spike rate during OFF
periods for mouse 3. Right, summary plot for three mice. I, Quantification of the
percentage of recorded units that participated in each burst. Left, histogram of
per cent units participating in a burst from mouse 3 (n =249 bursts). Right,
summary plot for three mice. m, Quantification of the number of spikes in

each burst. Left, histogram from mouse 3. Right, summary plot for three mice.
n, Quantification of the percentage of bursts that each neuron participatesin.
Left, histogram from mouse 3. Right, summary plot for three mice. o, For all 3
mice, correlation of rank sequence across all bursts over 2 min, compared to
shuffling of unit IDs. Two-sided paired ¢-test, P<0.0001 for all mice. The box
denotes the mean and the bars the s.e.m. Hedge’s g=2.30, 2.25,3.93. p, Temporal
organization of firing across bursts for each mouse. Left, rank of each neuron’s
first spike in burst (averaged across bursts for each neuron). Right, rank of each
neurons first spike with shuffling of unit IDs.
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Extended DataFig. 6 | Brain-wide single-cell firing rates and spectral
features. a,Recordinglocations overlaid on coronal sections from the Allen
Mouse Brain Atlas. b, Changein firing rate per brainregion between 8-12 min
before and 8-12 min after ketamine injection, each grey dotisanindividual cell.
Cellsfromall4 sessions areincluded. ¢, Nucleusaccumbens spike rasters
before (top) and after (bottom) ketamine injection from a single session.d, PSD
plots for cortical and subcortical regionsin Fig. 2d-f; before (blue) and after

(red) ketamineinjection. e, PSD plots for additional subcortical regions; before
(blue) and after (red) ketamine injection. f, Average regional power in the 1-3Hz
band for corticaland subcortical regions fromd. Each recordingis represented
asasingleline. The total number of recorded unitsisindicated. g, Average
regional power inthe1-3Hzband for additional subcortical regions frome.
Eachrecordingisrepresented asasingleline. The total number of recorded
unitsisindicated.



a T
Pre { 8-12 pre inj )
o 0.8
o
©
£ 0.6+
o
7]
X 0.4
c
3
g 02
=
Z 0
5
o L ‘o
£02. N
o
5-0.4f
o
-0.6
-0.8+
Cortical Olfac.Hippocampal Striatal Thalamic ~ Midbrain
-1 NOODONOINENOON—ANNOVONODNTINTTATOODI =N =FTNO
S e o PR T N R s
CocgaSrazgs0l o EJ2FZEX
2830 or 85503 Sanss SagT  Be SEggiEe

o

Unit

H
0.8F : :
.
.
806
©
b1
o 04
2
c 0.2
©
o}
£ 0
=
=
2-0.2
c
S
©-0.4
[
506
5-0.61
(&)
0.8
Cortical Olfac. Hippocampal Striatal Thalamic ~ Midbrain
-1 NONDONDINNOONTANNNOVODODNTANTTTDNTOOAT NN =TND
B YRy T T 88883 3INBIBBI TR
Loy TLT T g RoOrT an>JES>00fSoxl g2
CEOSFIREI-AZI02°00Fa0I5ST 2T LSS0 ZoagR
i 2xg0ragoTy 2neox 3L = 3%
Tr Post minus pre
o
o 0.8+
g
o 06
7]
o
c 04
o
o
E 02
£
H
z 0
k]
©-0.2
4
= L.
§-04 N : H
06F i : :
i -3
-0.8- :
Cortical Olfac. Hippocampal Striatal Thalamic * Midbrain
A1 NDODRONDINNOONTNNONONONINT T NTOORT NN =TNO
DOOBITAOTOBROIINT (- POSODOBNOBOO I =D =3
LonyY LT el ROOX T N>JES>00E50x] EgEZ
£88223maaraz359085Ea 8823232005228 55kE
d w =52 g S 0o gty s 0 [
o 05f
=4
a T
' 0
b7 w | %) *
38 a - x
o @05}
17}
4
£
3 06
= 2 o4t
5o
o 02}
2 0
<
. 06
173
o 04+
a
02
0
BE3BLIBTIBITT23B3BIFINBIBBICESTS
LON® LT e arTon>EsS>000x] EEZ
mEmSESmlJtlZ(MDFQQJE(Z<<4m§mZomm
w Jxso0F0g0smn O [} Zaa
52 EREA A S =" Eo

Extended DataFig.7|See next page for caption.
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Extended DataFig.7 | Brain-wide functional correlations with
retrosplenial cortex and thalamic rhythms. a, Before ketamine infusion,
correlation with the average RSP trace for every recorded cell (grey dot)
categorized by region. b, After ketamine infusion, correlation with the average
RSP trace foreveryrecorded cell (grey dot) categorized by region. c, For every
neuron, changeincorrelation with the mean RSP trace.d, Foreveryregion,
magnitude of correlation with the mean RSP trace. e, For everyregion, change
inthe correlation with mean RSP trace. Regional averages (bar) and s.e.m (line)
areshown.f, For mousel, raster plot of spike trains from simultaneously
recorded single unitsin somatosensory cortex (SS), anteromedial thalamus
(AM), anteroventral thalamus (AV), lateral dorsal thalamus (LD) and
retrosplenial cortex (RSP) before and after ketamine injection. g, For mouse 2,

raster plot of spike trains from simultaneously recorded single units in
somatosensory cortex (SS), anteromedial thalamus (AM), anteroventral
thalamus (AV), lateral dorsal thalamus (LD) and retrosplenial cortex (RSP)
before and after ketamine injection. h, Z-scored mean activity traces from
three simultaneously recorded thalamic nuclei and retrosplenial cortex
(green) corresponding torastersinf.i, Histological assessment registered to
the Allen Mouse Brain Atlas (2004)*. Electrode insertions revealed the location
of mouse 2’s thalamic probe at the edge of the anteromedial thalamus, a
possible explanation for this recording’s fewer AM neurons and weaker anti-
correlation with RSP. Right, a coronalimage from the Allen Mouse Brain Atlas
shows the locations of thalamic nuclei.
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Extended DataFig. 8| Brain-wide single-cell functional connectivity
matrices. a, Correlation matrix between individual cells, grouped by brain
region, before ketamine infusion for recording session1. b, Correlation matrix
betweenindividual cells, grouped by brainregion, after ketamine infusion for
recordingsession1.c, Changeinregional correlation for recording session1.

d, Correlation matrix betweenindividual cells, grouped by brainregion, before
ketamine infusion for recording session 2. e, Correlation matrix between

individual cells, grouped by brain region, after ketamine infusion for
recordingsession 2. f, Change inregional correlation for recording session 2.
g, Correlation matrix between individual cells, grouped by brainregion, before
ketamine infusion for recording session 3. h, Correlation matrix between
individual cells, grouped by brain region, after ketamine infusion for recording
session 3.1, Change inregional correlation for recording session 3.
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Extended DataFig.9|Additional characterization of dissociation-like
phenotypeelicited by ketamine and PCP. a, Hot-plate test. Time to jumpin
ketamine-injected mice. The maximum allowable test time was 90 s. One-way
ANOVA withrepeated measures: jump,1x1072 Horizontal dotted line
indicates the experimental time limit; mice that did notjump by 90 s were
removed and the experimentended. Corrected two-sided unpaired t-tests,

*P<0.05,**P<0.01,***P<0.001.n=5miceineachgroup. Foreach doseinorder,

Glass’s A effect size for jump = 0.55,1.9, Inf, Inf. b, Rate of rears in hot-plate test.
One-way ANOVA withrepeated measures, P<1x10™*, Two-sided unpaired
t-tests.Foreachdoseinorder, Glass’s A effect sizes=-0.82,-0.42,-24.6,-24.6.
¢, Latency tofirst flick, lick and rear in hot-plate test. The horizontal dotted line
indicates the experimental time limit. Hedge’s geffect sizes for flick=0.16,
0.34,-0.30,-0.17. Glass’s A effect size for lick=0.66,0.17,1.86, 7.62. Glass’s A
effect size forrear=0.47,0.85,Inf,10.5.d, Tail suspension test. Percentage of
time spentstruggling. One-way ANOVA with repeated measures, F, ,,=9.36,
P=0.0002,n=5miceforeachgroup. Glass’s A effect sizes=-0.30,0.024,
-2.49,-585.e, Timespentinteracting withanintruder mouse in2 min. One-way
ANOVAwithrepeated measures, F, ,,=15.8; P<0.0001, n=5mice for each
group. Glass’s A effect sizes=-0.27,-0.67,-44.7,-79.5.f, Number of mice that
corrected postural inversionwithin 5s. Mice dosed with 50 mg kg™ ketamine or
less reflexively righted. Mice injected with 200 mg kg™ ketamine did not right.
n=>5foreachgroup.g, Hot-plate test, time tojump. The maximum allowable
timeisindicated by adashed horizontalline (90 s); mice that did not jump by

90 swereremoved and the experiment ended. For all statistical comparisons,
each experimental group was compared with the saline (control) group via
corrected Mann-Whitney U-test.*P<0.05,**P<0.01,***P<0.001; for each drug
inorder, Glass’s A effect size for jump =Inf, 4.97,0.35,-1.69, 0.60. h, Rearing
rate was significantly decreased for the PCP group and increased for the LSD
group. Glass’sA=-10.9,-0.52,0.34,1.00,-0.10.1i, Latencies to expression of
affective (licking) and escape (rear) behaviours were significantly longer for
the PCP mice. The maximum allowable timeis indicated by dashed horizontal
line (90s). Hedge’s geffect sizes for flick=-0.78,1.87,1.07,-0.24,1.05. Glass's A
effectsize forlick=1.14,0.75,0.072,0.96,0.52. Glass’s A effect size for rear =
12.4,0.33,-0.63,-1.92,0.39.j, Tail suspension test. Significantly decreased
struggling time was observedin mice treated with PCP and diazepam
compared withsaline-injected mice (Mann-Whitney U-test with FDR
correction, **P<0.01). Glass’s A effect sizes=-2.51,0.074,-0.17,0.58, -6.50.

k, Socialinteraction. Significantly decreased social interaction time was
observedinmice treated with PCPand buprenorphine (Mann-Whitney U-test
with FDR,**P<0.01). Hedge’s geffect sizes=-2.10,-2.13,-0.068,1.88,-1.23.

I, Righting reflex, showing the number of mice thatright for each treatment
group. For each group, all mice successfully corrected posturalinversion.

m, Open field test. Example traces of body position after treatment with each
drug (2example mice shown). Grey line represents full 5-min session, black line
represents 20 s of tracking (from2minto2min20s).
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Extended DataFig.10|See next page for caption.




Extended DataFig.10 |Rhythmic optogenetic behaviour, alternative
cortical stimulationlocations, and behavioural controls. a, Frequency
content of rhythmic (magenta) and random (purple) illumination patterns.
b, Hot-plate test: time to jump. The maximum allowable time s indicated by
dashed horizontal line (90 s). Time-to-jump: YFP/rhythmic P=0.020, YFP/
random P=0.87, rhythmic/random P=0.054, corrected two-sided unpaired
t-tests,n=8 YFP, 7rhythmic, 7 random mice. Hedge’s geffect sizes for jump =
1.58,-0.79,-1.2).c, Rate of rears, two-sided unpaired t-test, YFP/rhythmic
P=0.020, YFP/random P=0.27, rhythmic/random P=0.44. Hedge’s geffect
sizes=-1.57,-0.68,-0.40.d, Latency to first withdrawal, lickand rear. The
maximum allowable time is indicated by the dashed horizontal line (90 s).
Two-sided unpaired t-tests, corrected Pvalues for foot flick (>0.5 for all
comparisons); foot lick: YFP/rhythmic P=0.087, YFP/random P=0.40,
rhythmic/random P=0.12;rear: P=0.071,0.42,0.071; Hedge’s geffect sizes for
flick=-0.0084,-0.43,-0.66; lick=1.20,0.42,-0.97; and rear=1.07,-0.42,
-1.2. e, Tail suspension test. Two-sided paired ¢-test for rhythmic/random,
corrected P=0.038; Two-sided unpaired t-tests: YFP/rhythmic corrected
P=0.31and YFP/rand corrected P=0.95. Hedge’s geffect sizes: YFP/
rhythmic-0.61, rhythmic/random-0.58, YFP/random 0.032. f, Social
interaction. Two-sided paired t-test for rhythmic/random, corrected P=0.21;
Two-sided unpaired t-tests: YFP/rhythmic corrected P=0.21and YFP/random
corrected P=0.39. Hedge’s geffect sizes: YFP/rhythmic=-0.85, rhythmic/
random=0.60, YFP/random =-0.42.g, Righting reflex, percentage of mice
thatright.Ineachgroup, all mice successfully corrected posturalinversion.

h, Average velocity inthe open field test during optogenetic stimulation,
comparingaverage light off and light on conditions within individual mice.
Paired t-test,eNPAC P=0.49,YFP P=0.40.1i, Timein centrein the open field
test,comparing average light offand light on conditions within individual
mice. Paired t-test,eNPAC P=0.06, YFP P=0.25.j, Velocity for each 3 min
epoch. eNPAC (magenta) and YFP (grey).s.e.m.isshown.k, Timein centre for
each3 minepoch.eNPAC (magenta) and YFP (grey).s.e.m.isshown.l, Hot-plate
test. Rate of jumps (P=0.85), rearing (P=0.03) and latencies. Two-sided paired
t-test,n=8 controlmiceand n=6 S1eNPAC mice. Hedge’s geffect size for
jump=0.09,rear=-1.27,latency to flick=-0.41, latency to lick= 0.78, latency to
rear=0.52.m, Tail suspension test. Percentage of time spent struggling for S1
eNPAC mice, with and without illumination, two-sided paired t-test, P=0.73.
Changeinstruggling time, P=0.73. Hedge’s g=0.11.n, Social interaction.
Interaction time significantly decreased withilluminationin S1eNPAC mice,
two-sided paired t-test, P=0.015; percentage change withillumination.
Hedge’sg=-0.29.0,Righting reflex for SLYFP and ENPAC mice. p, Hot-plate
test without ketamine. For rate of reflexive withdrawals (one-way ANOVA,
F,15=1.01,P=0.38), paw-licks (one-way ANOVA, F, ;s =2.2, P=0.14), jump (one-
way ANOVA, F, ;s=0.55,P=0.58), rearing (one-way ANOVA, F, 3= 0.09, P=0.91)
and latencies (one-way ANOVA for each behaviour, P>0.05). Controls are
pooledfromsalineinjected mice. q, Tail suspension test. Percentage of time
spentstruggling. One-way ANOVA, F, ,,=0.31, P=0.74.r, Social interaction.
Interaction time was similar across groups; one-way ANOVA, F, ,,=0.31,
P=0.74.s, Righting reflex for GRIN1-knockout and HCN1-knockout mice.
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Extended DataFig.11|See next page for caption.




Extended DataFig.11|Additional information forlong-rangeinputand
geneknockout experiments. a, Percentage of ipsilateral inputs from non-
retrosplenial regions across the whole brain (n=2 mice). The bar denotes the
mean. b, Top, example confocalimage showing eNPHR3.0-YFP expression.
Bottom, localizations of the fibre tip in opsin-expressing mice, each colour is
anindividual mouse. Scale bars, 500 um. ¢, Frequency content of example
recordinginadorsal thalamus NpHR3.0 mouse. Each time window (pre, stim,
post) consists of 2min. d, Density of GRIN1 (left) and HCN1 (right) cellsin the
RSP. GRIN1-expressing neurons were more dense in superficial thanin deep
layers (paired t-test, P=0.023; Hedge’s g =-1.94), but HCN1-expressing neurons
were mostly foundindeep layers (paired t-test, P=0.0066; Hedge’'s g=2.71).

e, Confocalimages showing expression of AAVdj-Ef1a-DIO-GCaMP6mand
GRINLin control (left) and GRIN1-floxed (right) deep RSP.f, Quantification of
genedisruption effectivenessin photometry experiments. Co-localization of
GRINland HCN1with GCaMP6é6m was greatly reduced. g, Quantification of
oscillation frequency content (PSD) before (blue) and after (red) ketamine
injection,n=7miceineachgroup.h, Confocalimages showingdistribution of

GRINI neuronsinwild-type and GRIN-knockout mice. i, Confocalimages
showingdistribution of HCN1" neurons in wild-type and HCN1-knockout mice.
Jj,Quantification of gene disruption for behavioural experiments. Density of
GRINT" cells (unpaired t-test, P=0.0031; Hedge’s g=-2.22) and HCNI" cells
(unpaired t-test, P<1x107* Hedge’s g=—-4.64) were significantly reduced by
injections of AAVdj-Efla-Cre (12 injections per mouse). k, Hot-plate test. No
mice jumped before the maximum allowable time, indicated by the dashed
horizontal line. Rate of rears was not significantly different (corrected Mann-
Whitney U-test P> 0.1) for either group. Average latency to first lick was lower
for HCN1-knockout mice. I, Tail suspension test. Significantly increased
struggling time was observed in HCN1and GRINI mice (corrected Mann-
Whitney U-test, **P<0.001. Glass’s A effect sizes=1.07,1.13. m, Social
interaction. Significantly increased social interaction time was observedin
HCN1and GRIN1 mice (corrected Mann-Whitney U-test,**P<0.01). Glass’s A
effectsizes=0.94,1.39.n, Righting reflex, fraction of mice thatright. Foreach
group, allmice successfully corrected postural inversion.
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Extended DataFig.12|Additional information on humaniEEG recordings.
a,3Drendering of electrode locations for right and left hemispheres.

b, Screenshot of raw clinical iEEG recordings (no processing). The RC electrode
isintheright PMC, withRC1 being the deepest contact. Vertical linesare1s.
Noterhythmincontactsinright deep posteromedial cortex RC3-4 through
RC8-9.0nesecond is highlighted in blue showing an approximately 3 Hz
rhythm. ¢, Frequency spectrum of iEEG traces from frontal lobe regions,

parietal, temporallobe cortical regions, and subcortical areas during aura
(red) or non-seizure (blue) epochs. d, Quantification of powerinthe3-4 Hz
band across all contacts during the seizure aura-period (n=2seizures, 10 s for
eachaura). Deep posteromedial regions on both hemispheres exhibit the
high power. Contacts that cross threshold (mean+2.5xs.d.) are coloured.

e, Locationof electrodes thatelicited adissociative experience (Fig. 5) that
were notlocatedinaspontaneously oscillating region of the cortex.



Posteromedial cortex (R) Hippocampus (L)

Middle Insular Cortex (L)

Extended DataFig.13|Locations of electrode contacts for humaniEEG recordings. MRIimages show anatomical locations of electrode contacts displayedin
Fig.5.
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Summary of behavioral effects
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Extended DataFig.14 | Summary of behavioural effects in therodent model. Overview of effects from all rodent behaviour experiments (corresponding to

Figs.3,4).
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Life sciences study design

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

Sample size Sample size was chosen using our lab's experience and standards in the field. Power calculations were not made prior to experimentation.

Data exclusions  Criteria for animal exclusion was pre-established. Animals were excluded if injected virus did not express or optical fibers were mis-targeted.

Replication Gene KO experiments were replicated in an entirely new cohort, and this was the only replication attempt of that experiment. Imaging
experiments were replicated across many cohorts and mice. Thalamus inhibition experiments were also replicated successfully in a new
cohort.

Randomization  Two sources of randomization were included in this study. First, control and experimental animals were randomly assigned to cages, such that
control and experimental animals shared cages. Second, the order of behavioral testing was randomized across groups.
For animals that experienced the same test twice, individual animals were counterbalanced within each experimental group.
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Blinding Experimenters were blinded to each animal's group identity while scoring behavioral videos. Experimenters were not blinded to drug identity
during imaging experiments.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
n/a | Involved in the study n/a | Involved in the study
] Antibodies [] chip-seq

X[ ] Eukaryotic cell lines [] Flow cytometry

X|[ ] palaeontology [ 1IX] MRi-based neuroimaging
] Animals and other organisms
X
0

[ ] Human research participants

Clinical data

Antibodies
Antibodies used Primary antibodies used: anti-HCN1: 1:500 of abnova MAB6651 lot MH387188, anti-NMDAR: 1:500 of Invitrogen PA5-85751, lot
UF2785857C
Validation anti-HCN1 citations: Congenital long QT syndrome. Crotti L, Celano G, Dagradi F, Schwartz PJ.Orphanet J Rare Dis. 2008 Jul

7,3:18. Ca(V)1.2 calcium channel dysfunction causes a multisystem disorder including arrhythmia and autism.
Splawski I, Timothy KW, Sharpe LM, Decher N, Kumar P, Bloise R, Napolitano C, Schwartz PJ, Joseph RM, Condouris K, Tager-
Flusberg H, Priori SG, Sanguinetti MC, Keating MT.Cell. 2004 Oct 1;119(1):19-31.

anti-NMDAR validation: Example images of primary cortical neurons shown on product webpage (ThermoFisher)

Animals and other organisms

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

Laboratory animals Mouse strains used were C57BL/6J (Black 6, Jackson Laboratory, #664), Tg(Thy1-GCaMP6s)GP4.3Dkim (Thy1-GCaMP6s,
JAX#024275)41, Cux2-CreERT2 (gift of S. Franco, University of Colorado)20, Ai148(TIT2L-GC6f-ICL-tTA2)-D (Ai148, Jax #030328)
(gift of H. Zeng, Allen Institute for Brain Science), Tg(Rbp4-cre)KL100Gsat (Rbp4-Cre, No. 031125-UCD, MMRRC) (gift of L. Luo,
Stanford), B6.129S-Hcn1tm1Kndl/J (HCN1f/f Jax #028299) (gift of L. Giocomo, Stanford), B6.129S4-Grin1tm2Stl/J (NR1f/f Jax
#005246). Male and female mice were used, aged 6-18 weeks at the time of surgery.

S
Wild animals N/A S

m

N
Field-collected samples N/A &
Ethics oversight All procedures were in accordance with protocols approved by the Stanford University Institutional Animal Care and Use

Committee (IACUC) and guidelines of the National Institutes of Health.

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration N/A

Study protocol N/A

Data collection

All clinical research was reviewed and approved by the Stanford Institutional Review Board. Informed consent was obtained from

the subject prior to participation in the study protocol. The patient (participant number $19-137 / SD056) was implanted with
Ad-Tech (Oak Creek, WI) SEEG Depth Electrodes as part of routine Phase Il monitoring for refractory epilepsy.

Outcomes N/A

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Behavioral performance measures

Acquisition
Imaging type(s)
Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI

[ ] Used

Preprocessing

Preprocessing software
Normalization
Normalization template
Noise and artifact removal

Volume censoring

Statistical modeling & inference

Model type and settings

Effect(s) tested

Specify type of analysis: |:| Whole brain

Anatomical location(s)

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

X] Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types
used for transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.qg.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

|X| ROI-based

|:| Both

Describe how anatomical locations were determined (e.g. specify whether automated labeling algorithms
or probabilistic atlases were used).
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Statistic type for inference
(See Eklund et al. 2016)

Correction N/A

Models & analysis

n/a | Involved in the study
|X| |:| Functional and/or effective connectivity

|X| |:| Graph analysis

|X| |:| Multivariate modeling or predictive analysis
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