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Psilocybinis a serotonergic psychedelic with therapeutic potential for treating mental
illnesses'™. At the cellular level, psychedelics induce structural neural plasticity>®,

exemplified by the drug-evoked growth and remodelling of dendritic spinesin
cortical pyramidal cells”®. A key question is how these cellular modifications map
onto cell-type-specific circuits to produce the psychedelics’ behavioural actions™.
Here we use in vivo optical imaging, chemogenetic perturbation and cell-type-specific
electrophysiology to investigate the impact of psilocybin on the two main types

of pyramidal cells in the mouse medial frontal cortex. We find that a single dose of
psilocybinincreases the density of dendritic spines in both the subcortical-projecting,
pyramidal tract (PT) and intratelencephalic (IT) cell types. Behaviourally, silencing the
PT neurons eliminates psilocybin’s ability to ameliorate stress-related phenotypes,
whereas silencing IT neurons has no detectable effect. In PT neurons only, psilocybin
boosts synaptic calcium transients and elevates firing rates acutely after
administration. Targeted knockout of 5-HT,, receptors abolishes psilocybin’s effects
onstress-related behaviour and structural plasticity. Collectively, these results identify
thatapyramidal cell type and the 5-HT,, receptor in the medial frontal cortex have
essential rolesin psilocybin’s long-term drug action.

Psilocybin is a classic psychedelic that has shown promise as a treat-
ment for psychiatric disorders. Clinical trials demonstrated that one
or two sessions of psilocybin-assisted therapy attenuate depression
symptoms for many weeks'>. It has been hypothesized that antidepres-
sants may work by forming and strengthening synapsesin the prefron-
tal cortex, which counteracts synaptic dysfunction in depression™.
Consistent with this framework, recent studies in mice demonstrated
that a single dose of psilocybin or related psychedelic drugs leads to
sustained increases in the density and size of apical dendritic spines
in cortical pyramidal cells” >3,

However, neurons are heterogeneous, and it is unclear how
psychedelic-evoked neural adaptations manifest in different excita-
tory cell types. Notably, there are two major, non-overlapping popu-
lations of cortical pyramidal cells—PT and IT neurons. PT and IT
neurons have distinct cellular properties and participate in differ-
ent long-range circuits because they send disparate axonal projec-
tions to communicate with different brain regions™ (Fig. 1a). PT
neurons are predominantly subcerebral projection neurons that
send axons to subcortical destinations, including the thalamus and
brainstem’®. By contrast, axons of IT neurons stay within the cere-
brum, but can project to both ipsilateral and contralateral cortical
and striatal locations. These pyramidal cell types constitute a micro-
circuit motif that is found in most regions in the neocortex, sup-
porting a range of behavioural functions” ", Impairments in these

distinct types of pyramidal cells have been linked to neuropsychiatric
disorders'®?,

Itis unclear how PT and IT neurons respond to psilocybin. Classic
psychedelics are agonists at serotonin receptors. In response to sero-
tonin, some pyramidal cells elevate spiking activity through 5-HT,,
receptors, whereas other pyramidal cells suppress firing through
5-HT,, receptors®?, It was reported that, in mouse brain slices,
serotonin-evoked firing occurs in pyramidal cells with commissural
projections (IT neurons), but not those with corticopontine projec-
tions (PT neurons)®?*. Transcript expression in the mouse frontal cor-
tex corroborates this view—although PT and IT neurons both express
Htr2a®, there is more Htr2a in IT neurons?. However, another study
performed in anaesthetized rats showed that psychedelics can excite
midbrain-projecting pyramidal cells, which would constitute PT neu-
rons?. Thus, the current literature provides conflicting clues towards
how the main pyramidal cell types should contribute to psychedelic
drugaction.

Here we measured the acute and long-term effect of psilocybinon PT
andIT neuronsin the mouse medial frontal cortexin vivo. We found that
PT neurons were the pyramidal cell type selectively driven by psilocybin
toincrease synaptic calcium transients and elevate spiking activity in
awake mice. Moreover, although psilocybin evokes structural plasticity
inboth PT and IT neurons, causal manipulations indicate that frontal
cortical PT neurons are needed for psilocybin’s effectsin stress-related
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Fig.1|Psilocybininduces structural plasticityinboth PTand IT types of
frontal cortical pyramidal neurons. a, PT and IT neurons have different long-
range projections.b,c, Schematic diagram (b) and image (c) of the strategy to
express eGFP selectively in PT neuronsin the medial frontal cortex. AAVrg, AAV
serotyperetrograde.d,e, Similar tob and c, respectively, but for IT neurons.
CP, caudoputamen. f,g, Schematic (f) and timeline (g) of the longitudinal two-
photon (2p) microscopy analysis. Obj., objective. h, Example field of view
(FOV), tracking the same apical tuft dendrites for 65 days after treatment with
psilocybin. i, The density of dendritic spines in the apical tuft of PT neurons
after treatment with psilocybin (yellow;1 mgperkg,i.p.) orsaline (grey) across
days, expressed as the fold change from the baselinein the firstimaging session
(day-3).j, The spine-formation rate was determined on the basis of the number
of new and existing spines in consecutive imaging sessions across atwo-day
interval, expressed as the difference from the baselinein the firstinterval
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(day -3today -1).k, Similar toj, but for the elimination rate. Fori-k,n=8 (PT
neurons, saline) and n=9 (PT neurons, psilocybin) mice.I-n, The spine density
(), formation rate (m) and elimination rate (n), similar toi-k, respectively, but
for IT neurons after treatment with psilocybin (purple) or saline (light purple).
n=38mice pergroup. There was no cell type differencein psilocybin’s effect on
thespine density, formationrate or eliminationrate. Dataare mean +s.e.m.
acrossdendrites. Fori-n, Pvalues for theinteraction effect of treatment x
celltypeindicatedinthe plots were calculated using a mixed-effects model:
Pireatment, cetteype = 0-813 (i,1), 0.580 (j,m) and 0.084 (k,n). Subsequently, post-hoc
two-sample t-tests were used to compare the psilocybin and saline groups for
each day. Pvalues for post-hoc t-tests were adjusted using Bonferroni correction
for multiple comparisons;*P<0.05,***P<0.001. Detailed sample size nvalues
areprovidedinthe Methods. Full statistics are provided in Supplementary
Table1.Scalebars, 500 um (d and e), 10 pm (h (left)) and 5 um (h (right)).



behavioural assays. Using conditional-knockout mice, we found that
the 5-HT,, receptor is required for psilocybin-evoked structural remo-
dellingin PT neurons. Theresults therefore reveal that frontal cortical
PTneuronsandthe 5-HT,, receptor are essential components mediating
psilocybin’s long-term drug action in the brain.

Psilocybin-evoked structural plasticity

To sparsely express eGFPin PT or IT neurons for dendriticimaging, we
injected alow titre of the retrogradely transported adeno-associated
virus AAVretro-hSyn-Cre into the ipsilateral pons or contralateral
striatum, and AAV-CAG-FLEX-eGFP into the medial frontal cortex of
adult C57BL/6) mice (Fig. 1b,d and Extended Data Fig. 1). We focused
on the cingulate and premotor portion of the medial frontal cortex,
specifically the dorsal anterior cingulate area (ACAd) and the medial
secondary motor area (medial MOs), because brain-wide FOS mapping
indicates that the region robustly responds to stress?® and psilocybin®.
Histological analysis confirmed that eGFP-expressing cell bodies of PT
neurons were restricted to deep cortical layers, whereas somata of IT
neurons were spread across layers 2/3 and 5 (Fig. 1c,e), in agreement
with the laminar distribution of the cell types'¢. We used two-photon
microscopy to image through a chronically implanted glass window
while the animal was anaesthetized. We visualized the same apical tuft
dendrites located at 20-120 pm below the pial surface over multiple
sessions across >2 months (Fig. 1f-h). At the baseline, PT neurons had
alower spine density but a higher spine head width compared with IT
neurons (Extended DataFig. 1).

For each of the four cell type and treatment conditions, we tracked
and analysed 1,040-1,147 spines from 69-85 dendrites in 8-9 mice of
bothsexes. For statistical tests, mixed-effects models were used, which
included random-effects terms to account for the nested nature of the
datawhere spines areimaged from the same dendrites or same mouse.
Details of the sample sizes and statistical tests for all of the experiments
are provided in Supplementary Table 1. One dose of psilocybin (1 mg per
kg, intraperitoneal (i.p.)) increased the spine density in both pyramidal
celltypes (PT,19 + 2% (psilocybin), —4 + 2% (saline) on day 1;IT, 14 + 2%
(psilocybin), -4 +1% (saline); main effect of treatment, P<0.001,
mixed-effects model; Fig. 1i,I and Extended Data Fig. 2a-d,g,h). The
elevated number of dendritic spines remained significant in the last
imaging session at 65 days for psilocybin relative to the control. For
both cell types, the higher spine density was driven by an increase in
the rate of spine formation within 1 day after psilocybin (Fig. 1j,mand
Extended Data Fig. 2e,i), with additionally a smaller decrease in spine
elimination rate for PT neurons (Fig. 1k,n and Extended Data Fig. 2f j).

The psilocybin-evoked structural remodelling occurred in mice of
bothsexes (Extended Data Fig. 2k-r). There was no change detected in
spine protrusion length (Extended Data Fig. 2s-v). Owingto the sparse
labelling, we could often trace the dendrites back to the cell body. Sepa-
rately analysing IT neurons residing in layer 2/3 and layer 5 (Extended
Data Fig. 3) indicated that the laminar position is not the reason for
the difference observed across cell types. These results replicate our
previous finding’ that psilocybin increases the spine density in frontal
cortical pyramidal cells, while extending the observation window to
show that the change persists for >2 months in mice, which occurs for
both the PT and IT subpopulations.

Essential role of frontal PT neurons

Animportant question is whether the frontal cortical cell types are
relevant for psilocybin’s behavioural effects. To answer this ques-
tion, we expressed broadly and bilaterally inhibitory DREADD*® in
PT and IT neurons by injecting AAV-hSyn-DIO-hM4DGi-mCherry
into adult Fezf2-creER and Plxndl-creER mice (Fig. 2a,b). These
tamoxifen-inducible Cre-driver lines target PT and IT neurons, respec-
tively®.. Control mice were injected with AAV-hSyn-DIO-mCherry.

We treated the mice with the chemogenetic ligand deschloroclo-
zapine® (DCZ; 0.1 mg per kg, i.p.) 15 min before injecting psilocybin
(I mgperkg,i.p.) orsaline, thereby silencing the respective subsets of
pyramidal cells when the drug s active in the brain.

We tested four behavioural assays. The head-twitch response is an
indicator of hallucinogenic potency of acompound in humans® and
occurs nearly immediately after the administration of psilocybin in
rodents. Psilocybininduced head twitchesin our mice as expected, and
this was not affected by DREADD-mediated silencing of frontal cortical
PT orIT neurons (n =11-20 mice ineach group; Fig. 2c-e and Extended
DataFig.4). Next, learned helplessness s a preclinical paradigm that is
relevant for modelling depression pathophysiology. Mice were exposed
to inescapable foot shocks during two induction sessions and were
subsequently tested for avoidance when faced with escapable foot
shocks during atest session (Fig. 2f). Asingle dose of psilocybin reduced
escape failures, suggesting that drug-treated animals were less affected
by the uncontrollable stress (Fig. 2g,h). This psilocybin-induced relief
of the stress-induced phenotype was abolished if frontal cortical PT
neuronswere silenced during drug administration (interaction effect
of treatment and DREADD: P < 0.001, two-factor analysis of variance
(ANOVA); n=13-16 miceineachgroup; Fig.2g and Extended DataFig. 4).
Meanwhile, inactivating IT neurons had no effect (n =11-14 mice in
eachgroup; Fig.2h and Extended DataFig.4). The tail-suspension test
assesses stress-related escape, in which the immobility time serves as
anindicator of stress-induced escape behaviour (Fig. 2i). Mice that
were treated with psilocybin 24 h before testing showed a significant
decrease in immobility time compared with the saline-treated mice,
animprovement that was likewise abolished specifically by inactiva-
tion of frontal cortical PT neurons (interaction effect of treatment and
DREADD: P < 0.001, two-factor ANOVA; n = 9-14 mice in each group;
Fig.2j,k and Extended DataFig. 4). Finally, we found that frontal cortical
PT neurons are needed for psilocybin-driven facilitation of fear extinc-
tionin chronically stressed mice (Extended Data Fig. 5). Together the
behavioural dataindicate that PT neuronsin the medial frontal cortex
are akey part of the brain’s circuitry for mediating psilocybin’s effect
onstress-related behaviours.

Effects on dendritic Ca* signals

We next examined the early events thatinitiate the psilocybin-induced
structuraland behavioural adaptations. Calciumis asecond messenger
that regulates synaptic plasticity in pyramidal cells**. There are differ-
ent plasticity mechanisms that depend on calcium elevations, both
globally in dendritic branches® and locally in dendritic spines®. To
determine whether calciumin dendritic branches and dendritic spines
isinvolved in psilocybin’s action, we used two-photon microscopy to
image the apical dendrites of pyramidal cells in ACAd/medial MOs of
awake, head-fixed mice. We focused on the acute phase of psilocybin
action, imaging the same fields of view located at 20-120 pm below
the pial surface for 10 min before and within 1 h after drug injection
(Fig. 3a). Tovisualize calcium transients, we expressed the genetically
encoded calcium indicator GCaMPé6f in PT or IT neurons by injecting
AAVretro-hSyn-Cre into the ipsilateral pons or contralateral striatum
respectively, and AAV-CAG-FLEX-GCaMPé6f into the medial frontal
cortex (Fig. 3b,c). We used automated procedures® to detect calcium
eventsinregions ofinterest corresponding to dendriticbranches and
dendritic spines before and after administering psilocybin (1 mg per
kg, i.p.) orsaline.

For dendritic branches, a single dose of psilocybin increased the
rate of spontaneous calciumevents in PT neurons (psilocybin, 23 + 4%,
n=149branches,4 mice;saline,5 + 2%, n =140 branches, 4 mice; Fig.3d-f
and Extended DataFigs. 6 and 7). Conversely, psilocybin did not affect
calciumeventsindendriticbranches of IT neurons (psilocybin, -2 + 3%,
n=95branches, 3 mice;saline,1+ 3%, n=90branches, 3 mice;interac-
tion effect of treatment x cell type, P=0.008, mixed-effects model;
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Fig.2|PT neurons are essential for psilocybin’s effects on stress-related
behaviours. a, Inhibitory chemogenetic receptor (hM4DGi) expressed in PT
neurons in the medial frontal cortex of Fezf2-creER mice. b, Similar toa, but
forIT neuronsin Plxnd1-creER mice. ¢, Head-twitchresponse (HTR).d, The
effect of PT neuroninactivation during psilocybin (1 mg perkg, i.p.) or saline
administration. The circles representindividual animals. n =13 (mCherry,
saline), n=14 (mCherry, psilocybin), n=15(hM4DGi, saline) and n =20 (hM4DGi,
psilocybin). e, Similar tod, but for IT neurons. n=12 (mCherry, saline),n=15
(mCherry, psilocybin), n =13 (hM4DGi, saline) and n =11 (hM4DGi, psilocybin).
f,Learned helplessness. g, The effect of PT neuroninactivation during psilocybin
orsaline administration (interaction effect of treatment x DREADD: P< 0.001,
two-factor ANOVA). The circlesrepresent individual animals. n =15 (mCherry,
saline), n=13 (mCherry, psilocybin), n=13 (hM4DGi, saline) and n =16 (hM4DGi,
psilocybin). h, Similar tog, but for IT neurons.n=11(mCherry, saline), n =14
(mCherry, psilocybin), n =11 (hM4DGi, saline) and n = 11 (hM4DGi, psilocybin).
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i, Tail-suspensiontest (TST).j, The effect of PT neuroninactivation during
psilocybin or salineadministration on the subsequent proportion of time
spentimmobile (interaction effect of treatment x DREADD: P< 0.001, two-
factor ANOVA). Thecircles representindividual mice. n=10 (mCherry, saline),
n=14 (mCherry, psilocybin), n=12 (hM4DGi, saline) and n =13 (hM4DGi,
psilocybin). k, Similar toj, but for IT neurons.n =9 (mCherry, saline), n =14
(mCherry, psilocybin), n=9 (hM4DGi, saline) and n =9 (hM4DGi, psilocybin).
Dataaremean +s.e.m.across mice.Ford,e,g,h,j Kk, the Pvalue forinteraction
effect of treatment and DREADD (Pysment, preapp) indicated above each plot was
calculated using two-factor analysis of variance (ANOVA). Subsequently, post-
hoctwo-sample t-tests were used to compare the psilocybin and saline groups
inmCherry miceand hM4DGi mice. Pvalues from the post-hoc t-tests were
adjusted using Bonferroni correction for multiple comparisons; *P< 0.05,
***P < (0.001.Detailed sample size nvalues are provided in the Methods. Full
statistics are provided in Supplementary Table 1. Scale bars, 500 um (aandb).
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Fig.3|Psilocybin elevates the number of Ca? transientsin dendritic
branches and spines of PT neurons. a, Two-photon microscopy analysis of
spontaneous dendritic calcium signals in awake mice. b, The viral strategy to
express GCaMPé6fselectively in PT neurons in the medial frontal cortex and
anexampleinvivoimage.c,Similartob, but for IT neurons.d, AF/F,fromaPT
dendriticbranch before and after saline, and from a different branch before
and after psilocybin (1 mg per kg, i.p.). Right, magnified views of the boxed
areasontheleft. e, Fractional changeintherate of calciumeventsdetected in
PT dendriticbranches after psilocybin (yellow) or saline (grey).f, The raw rates
of calciumevents, averaged across dendriticbranchesin the same FOV, after
psilocybin (yellow) or saline (grey). Each circle represents a FOV. g-i, Similar to
d-f, respectively, but for IT dendriticbranches. The colour keysine, f,handi
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alsoapplytok,l,nand o, respectively.j-1, Similar to d-f, respectively, but

for PT dendritic spines. m-o, Similar to d-f, respectively, but for IT dendritic
spines. For fand 1, n =14 FOVs from 4 mice (saline) and n =15 FOVs from 4 mice
(psilocybin). Foriand 0,n=9FOVs from 3 mice (saline) and n =10 FOVs from

3 mice (psilocybin). For e,h,k,n, the Pvalue for the interaction effect of
treatment x cell type (Pyreatment, celitype) iNdicated above each plot was calculated
using amixed-effects model. Subsequently, post-hoc two-sample t-tests
were used to compare the psilocybin and saline groupsinPT neuronsandIT
neurons. Pvalues from the post-hoc t-tests were adjusted using Bonferroni
correction for multiple comparisons; **P < 0.01, ***P < 0.001. Detailed sample
size nvalues are providedin the Methods. Full statistics are provided in
Supplementary Table 1. Scale bars, 10 um (b (left)) and 5 um (b (right) and c).
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Fig. 3g-iand Extended Data Figs. 6 and 7). For dendritic spines, we
analysed fluorescence signals after subtracting the contribution from
adjoining dendriticbranch using aregression procedure®* to estimate
calciumtransients arising from subthreshold synapticactivation. Simi-
lar to what we observed for dendritic branches, psilocybin elevated
the rate of synaptic calcium events in dendritic spines of PT neurons
(psilocybin, 68 + 5%, n = 2,637 spines, 4 mice; saline, 37 + 6%, n = 2,307
spines, 4 mice; Fig. 3j-1and Extended Data Figs. 6 and 7), but not in IT
neurons (psilocybin, 20 + 3%, n = 2,198 spines, 3 mice; saline, 16 + 2%,
n=2,237 spines, 3 mice; interaction effect of treatment x cell type,
P <0.001, mixed-effects model; Fig. 3m-o0 and Extended Data Figs. 6
and 7). These datashow that psilocybin preferentially boosts dendritic
and synaptic calcium signalling in PT neurons in the medial frontal
cortex.

Effects on spiking dynamics

The heightened dendritic calcium signals are probably due toincreased
dendritic excitability, which can lead to higher spiking activity in PT
neurons. Alternatively, it has been shown that some 5-HT,, receptors
localize to the axon initial segment*°, creating a scenario in which
dendrites can be excitable while firing remains unchanged or sup-
pressed in PT neurons. To disambiguate these possibilities, we used
cell-type-specific electrophysiology to record from PT and IT neurons
inawake, head-fixed mice. Toidentify the cell type, we expressed chan-
nelrhodopsin (ChR2) in PT or IT neurons by injecting AAV-EF1a-double
floxed-hChR2(H134R)-eYFP into the medial frontal cortex of adult
Fezf2-creER or Plxndi-creER mice (Fig. 4a,b). We targeted the medial
frontal cortex with a high-density Neuropixels probe* (Fig. 4c) and
isolated single units by spike sorting and quality metrics (Extended
DataFig. 8a,b). We recorded for 30 min, injected psilocybin (1 mg per
kg, i.p.) or saline, and then recorded for another 60 min. At the end
of each recording session, we performed opto-tagging by applying
trains of brieflaser pulses (473 nm, 20 ms) to identify ChR2-expressing
cells. The opto-tagged PT and IT neurons were reliably driven by the
photostimulation to spike with short latency (Fig. 4d-fand Extended
DataFig.8c-g).

A fraction of the opto-tagged PT neurons in Fezf2-creER mice
responded vigorously to psilocybin. Specifically, 20% of the PT neurons
substantially increased spiking activity, whereas few cells exhibited
decrease after psilocybin or change after saline (psilocybin, 14 cells
with post-drug mean z > 2, 2 cells with z< -2, n =70 tagged neurons,
5 mice; saline, 2 cells with z>2 and 3 cells with z< -2, n =104 tagged
neurons, 6 mice; Fig. 4g). On average, comparing before drug firing
versus after drug firing, PT neurons showed significantly higher spike
rates after psilocybin (P < 0.001, paired t-test with Bonferroni correc-
tion; Fig. 4h). By contrast, there was no notable change in the firing
activity of IT neurons in PlxndI-creER mice after psilocybin adminis-
tration (psilocybin, 2 cells with z>2, O cells withz< -2, n= 57 tagged
neurons, 5 mice; saline, 2 cells with z>2 and O cells withz<-2,n=38
tagged neurons, Smice; P=1.0, paired t-test with Bonferroni correction;
Fig.4i,j). These results show that psilocybin produces cell-type-specific
changes in neural dynamics in the medial frontal cortex, highlighted
by aset of PT neurons that responded acutely to drug administration
by firing vigorously.

5-HT,, receptoris needed for behavioural changes

Our results thus far indicate that frontal cortical PT neurons are a
target for psilocybin. We next investigated whether the cell type acts
through 5-HT,, receptors. Current literature provides conflicting data
onwhether the 5-HT,, receptor is needed®* or is non-essential***
for the long-term neural and behavioural effects of psychedelics. The
discrepancy may stem in part from the use of constitutive knockout
animals and antagonist drugs, which can have unwanted effects on
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neurodevelopment or other receptors. Here we therefore took a differ-
entapproach, using a conditional-knockout mouse, Htr2a” (encoding
5-HT,,receptor), for region- and cell-type-targeted deletion of 5-HT,,
receptors in adult animals®. We first investigated whether there are
5-HT,, receptors in frontal cortical excitatory cell types. Analysis of
AllenlInstitute’s single cell sequencing data* revealed abundant Htr2a
transcriptsinaproportion of frontal cortical PT and IT neurons (Fig. 5a).
Next, we validated Cre-mediated knockout of 5-HT,, receptorsin Htr2a”
mice. After injection of AAV-CaMKII-GFP-Cre into the medial frontal
cortex, at the transcript level, analysis using quantitative PCR (qQPCR)
confirmed the absence of Htr2a transcripts in GFP* cells (control, 2
mice; knockout, 3 mice; Fig. 5b,c). At the synaptic level, we performed
whole-cellrecordings from GFP* layer 5 pyramidal cells, which did not
exhibit a5-HT-evoked increase in spontaneous excitatory postsynap-
tic currents (SEPSCs; control, 22 cells from 4 mice; knockout, 23 cells
from 4 mice; Fig. 5d and Extended Data Fig. 9a,b), a 5-HT,,-receptor-
dependent phenomenon®.

Using the Htr2a” mice, we investigated whether the 5-HT,, recep-
tor in frontal cortical neurons is needed for psilocybin’s effects in the
same set of behaviours tested for Fig. 2. We injected either AAV-hSyn-
Cre-P2A-dTomato or AAV-hSyn-eGFP bilaterally and broadly into
the medial frontal cortex of Htr2a” mice. The mice with the local-
ized knockout of 5-HT,, receptors exhibited the same amount of
psilocybin-evoked head-twitch response as the controls (n = 6-9 mice
ineachgroup; Fig. 5e). The lack of dependence on the 5-HT,, receptor
for the psilocybin-evoked head-twitch response was specific to local
manipulation in the medial frontal cortex, because Camk2a“Htr2a"*
mice with constitutive and more widespread receptor knockout had
markedly fewer head-twitch responses than control mice had after
psilocybin administration (Extended Data Fig. 9c-e). Notably, the
region-specific 5-HT,, receptor knockout was sufficient to render
psilocybinineffective for ameliorating the stress-related phenotypes
inthe learned-helplessness (n = 8-13 mice in each group; Fig. 5f) and
tail-suspension (n = 8-9 mice in each group; Fig. 5g) tests. Note the
caveat that, although the results from the head-twitch response
and tail-suspension tests were clearly interpretable, the response
of control animals to psilocybin in learned helplessness did not
reach statistical significance, probably due to the floor effect from
the low baseline rate of escape failures in this Htr2a” strain. Collec-
tively, the datashow the importance of 5-HT,, receptorsin the medial
frontal cortex for psilocybin’s ameliorative effects on stress-related
behaviour.

5-HT,,Ris needed for structural plasticity

We next investigated whether the 5-HT,, receptor is needed for
psilocybin-evoked dendritic remodelling. To answer this question,
we performed targeted knockout of 5-HT,, receptors by injecting
low titre of AAVretro-hSyn-Creinto theipsilateral pons and AAV-CAG-
FLEX-eGFP into the medial frontal cortex of Htr2a” mice (Fig. 6a). In
thisviral strategy, the Cre recombinase was needed for dual purposes
to express eGFP for visualization and to mediate knockout; the control
animals therefore need the same viruses, which areinjected into wild
type C57BL/6) mice. We used two-photon microscopy to image the
same apical tuft dendrites for four sessions, including before and after
treatment with psilocybin (1 mg per kg, i.p.) or saline (Fig. 6b,c). For
each condition (genotype and psilocybin or saline), we tracked and
analysed 445-1,008 spines from 31-68 dendrites in 5-7 mice of both
sexes. In agreement with our earlier findings, the frontal cortical PT
neurons in control animals exhibited increased spine density after a
single dose of psilocybin (spine density, 15 + 2% (psilocybin), =2 + 2%
(saline), onday1). By contrast, the cell-type-targeted 5-HT,, receptor
knockout abolished psilocybin’s effects (spine density: -1 + 2% (psilo-
cybin),1+2% (saline), onday1;interaction effect of treatment x geno-
type: P=0.01for spine density, mixed-effects model; Fig. 6d-f and
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Fig.4|Psilocybinacutely increasesfiringinasubset of PT neuronsinvivo.
a, Neuropixel recording of ChR2-expressing neurons in Fezf2-creER and Plxnd1-
creER mice.b, The experimental timeline, including the pre-drug (-30-0 min)
and post-drug (0-60 min) periods. ¢, Probe tracks recovered from histological
analysis and rendered in the Allen Mouse Brain Common Coordinate
Framework. Green, ACAd and MOs. d, Spike raster of tagged neurons. Blue, laser
stimulation. Inset: the mean waveform +s.d. e, The time of the first spike relative
totheonsetofthelaserforalltagged neurons. Yellow, Fezf2-creER; purple,
Plxnd1-creER.f, The mean pre-drugfiringrates of all of the tagged neurons. The
patches show the symmetric kernel density estimate. The box plot withineach
patchindicates the median (centreline), the first and third quartiles (box limits),
and the whiskers extend to the range within1.5x the interquartile range.n =174

tagged cells from 11 Fezf2-creER mice and n = 95 tagged cells from 10 PlxndI-creER
mice. g, Theactivity for all tagged neurons in Fezf2-creER mice before and after
treatment with saline (left). The firing rate of each neuron was convertedtoa
zscorebynormalization based onits pre-drug firing rate. Right, mean pre-and
post-drug firing rates for all tagged (yellow) and untagged other neurons (grey)
in Fezf2-creER mice treated with saline. Each dot represents oneneuron. The
colourkeysingandialsoapplytohandj, respectively. h, Similar tog, but

for psilocybin-treated Fezf2-creER mice.1i,j, Similar togand h, respectively,

but for PlxndI-creER mice. Statistical analysis: Kolmogorov-Smirnov test (e),
unpaired t-test (f) and paired t-test (g—j). Pson, Bonferroni-corrected Pvalue.
Detailed sample size nvalues are provided in the Methods. Full statistics are
providedinSupplementary Tablel.
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Fig.5|5-HT,,receptorsin the medial frontal cortex mediate psilocybin’s
alleviating effect on stress-related behaviours. a, Single-cell transcript
counts summed from the mouse anterior cingulate area (ACA), anterior-lateral
motor (ALM) region, orbital (ORB) region and prelimbic-infralimbic (PL-ILA)
region, extracted from the SMART-Seq data from the AllenInstitute. b, The
viralinjection strategy for inducing 5-HT,, receptor knockout or controlin
GFP* cellsin the medial frontal cortex. Inset: post-hoc histological analysis.
¢, Htr2amRNA levels in GFP* cells quantified using qPCR after fluorescence-
activated cell sorting. The circles representindividual animals. n =2 (control)
and n=3(5-HT,,RlocalKO).d, Whole-cell voltage-clamp recordings of
spontaneous EPSCs from GFP* layer 5 pyramidal neurons at the baseline,
after 20 uM 5-HT or after 5-HT and 100 nMMDL100907. The circles represent
individual cells. Dataare mean +s.e.m. across cells.n=22 (baseline),n=22
(5-HT)and n=6(5-HT + MDL) cells from 4 mice in the control condition; and

Extended Data Fig. 10). In vivo two-photon microscopy has a spatial
resolution close to the limit needed for measuring spine size, motivat-
ing us to perform post-hoc confocal microscopy in fixed tissues from
the same animals to determine psilocybin’simpact on spine morpho-
logy (n=68-136 dendrites from 3-7 mice in each group; Fig. 6g,h).
Extracted fromday 3 after psilocybin dosing, the confocal datashowed
a psilocybin-evoked increase in spine head width in apical tufts of
frontal cortical PT neurons (0.53 + 0.01 um (psilocybin), 0.50 + 0.01 pm
(saline)), an effect that was absent when 5-HT,, receptors were selec-
tively deleted (0.50 + 0.01 pm (psilocybin), 0.51 + 0.01 um (saline);
interaction effect of treatment x genotype: P=0.025, two-factor
ANOVA; Extended Data Fig. 10j). These data strongly point to the
necessity of 5-HT,, receptors for psilocybin-induced structural neu-
ral plasticity.
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n=23(baseline),n=23(5-HT),n=7(5-HT + MDL) cells from4 micein the
5-HT,,Rlocal KO condition. e, The head-twitch response was measured in
control animals after treatment with saline (grey) or psilocybin (red) and in
5-HT,,Rlocal KO animals after treatment with saline (light grey) or psilocybin
(blue). The circles representindividual animals. Dataare mean £s.e.m. across
mice.n =6 (control, saline), n=9 (control, psilocybin), n =8 (5-HT,,R local KO,
saline)and n=7 (5-HT,,Rlocal KO, psilocybin). f, Similar to e, but for learned
helplessness.n =13 (control, saline), n=11(control, psilocybin), n =8 (5-HT,,R
local KO, saline) and n =8 (5-HT,,R local KO, psilocybin). g, Similar to e, but for
tail suspension.n =9 (control, saline), n=9 (control, psilocybin), n=9 (5-HT,,R
local KO, saline) and n =8 (5-HT,,R local KO, psilocybin).*P<0.05,**P< 0.01,
***P<0.001 (two-sided unpaired t-test; d-g). Full statistics are provided in
Supplementary Table 1. Scale bar,1 mm (b).

Discussion

Here we demonstrate that psilocybin’s long-term behavioural effects
aredissociated at the level of pyramidal cell types in the frontal cortex.
The cell-type-specific dissociation may be amechanism leveraged by
new psychedelic analogues to isolate therapeutic effects from hallu-
cinogenic action'>***°, A key finding is that frontal cortical PT neurons
are essential for psilocybin’s beneficial effects in stress-related pheno-
types. The consequence for the structural plasticity in frontal cortical
IT neuronsis unclear; it may be an epiphenomenon, or the IT cell type
may mediate other psilocybin-induced behavioural changes that were
not tested in this study.

Our results emphasize the importance of 5-HT,, receptors for psilo-
cybin’slong-term effects. However, given that many PT and IT neurons
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Fig.6|The 5-HT,, receptorisrequired for psilocybin-induced structural
plasticity in PT neurons. a, The viralinjection strategy forinducing
conditional 5-HT,, receptor knockout and GFP expression forimagingin
frontal cortical PT neurons. b, Longitudinal two-photon microscopy followed
by confocalimaging. ¢, Example FOV tracking the same apical tuft dendrites
before and after psilocybin treatment. d, The density of dendritic spinesinthe
apical tuft of PT neurons across days, expressed as the fold change from the
baselinein firstimaging session (day -3) in wild-type mice after saline (light
grey) or psilocybin (yellow) treatment and in mice with PT-neuron-targeted
5-HT,,receptor knockout after saline (grey) or psilocybin (blue) treatment.
Post-hoc testing compared the WT +salineand WT + psilocybin groups per day;
***P<0.001.e, Thespine-formation rate was determined on the basis of the
number of new and existing spinesin consecutive imaging sessions across a two-
dayinterval, expressed as difference from the baselineinfirstinterval (day -3 to
day-1;interactioneffect of treatment x cell type: P= 0.004, mixed-effects model).

inthe frontal cortex have abundant Htr2a transcripts, the expression
profile cannot fully explain why PT neurons respond preferentially
to psilocybin. It is plausible that, under in vivo conditions, circuit
mechanisms steer psilocybin’s action to favour PT neurons. For exam-
ple, psilocybin may heighten activity of certain long-range axonal
inputs with biased connectivity to frontal cortical PT neurons, such
as those from contralateral medial frontal cortex*® and ventromedial
thalamus®. Another possibility is that psilocybin may cause disinhibi-
tion by suppressing specific GABAergic neurons, such as deep-lying
somatostatin-expressing interneurons that preferentially inhibit PT

Post-hoc testing compared the WT +salineand WT + psilocybin groups per day;
***p<(0.001.f, Similar to e, but for the eliminationrate. For d-f,n=7 (WT, saline),
n=5(WT, psilocybin),n=5(PT5-HT,,RKO, saline)andn=6 (PT 5-HT,,RKO,
psilocybin) mice. g, Example FOVimaging of apical tufts using confocal
microscopy. h, The dendritic spine density in the apical tuft of PT neuronsin
wild-type mice after treatment with saline (light grey) or psilocybin (yellow)
and in mice with PT neuron-targeted 5-HT,, receptor knockout after treatment
withsaline (grey) or psilocybin (blue). The circles representindividual dendritic
segments.n=7(WT,saline),n=5(WT, psilocybin), n=3 (PT 5-HT,,RKO, saline)
andn=5(PT5-HT,,RKO, psilocybin) mice. Statistical analysis was performed
using two-factor ANOVA. Pvalues from post-hoc tests were adjusted using
Bonferroni correction for multiple comparisons; ***P< 0.001. Data are mean
ands.e.m.across dendrites. Detailed sample size nvalues are provided in the
Methods. Full statistics are provided in Supplementary Table 1. Scale bars 5 pm
(cand g (right)) and 200 um (g (left)).

neurons®>*, Receptor and circuit mechanisms are not mutually exclu-
sive and their relative contributions to psilocybin’simpact on frontal
cortical neural dynamics should be determined in future studies.
Ahallmark of psychedelics is their ability to alter conscious percep-
tion. Layer 5 pyramidal cells, including specifically the PT neuron sub-
population, have beenimplicated in the transition from anaesthesia to
wakefulness***, Inthe medial frontal cortex, PT neurons represent the
subcortical output pathway, sending axons toipsilateral thalamus and
other deep-lying brain regions. There is growing interest to develop
new treatments for depression that pair antidepressants with other
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approaches, such as electroconvulsive or transcranial magnetic stimula-
tion*, with the goal of augmenting neural plasticity and enhancing the
therapeutic outcome. This study delineates the cell types and receptors
that underpin psychedelic action, highlighting the neural circuits that
may be promising targets for neuromodulation and precision treatment.
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Methods

Animals

Wild-typeC57BL/6) (000664), Fezf2-2A-creER> (B6,12954-Fezf2 ™ 1ere/ERT2Zk
/), 036296), PlxndI-2A-creER* (B6,12954-Plxnd 1™ c/fR™24h) 036296),
ThyI°™ line M* (Tg(Thyl-eGFP)MJrs/J, 007788), and Camk2a“ (B6.Cg-
Tg(Camk2a-cre)T29-1Stl//, 005359) mice were from Jackson Labora-
tory and bred in our animal facility. Htr2a” mice were described in a
previous study* and bred in our animal facility. For behavioural and
electrophysiological studiesinvolving PT and IT neurons,homozygous
Fezf2-2A-creER and Plxnd1-2A-creER mice (5-8 weeks) were used for viral
injection, then tested 2 weeks later. For two-photon imaging studies,
C57BL/6) or homozygous Htr2a” mice (aged 5-7 weeks) were used
for viral injection, then implanted with a glass window and imaged
2-3 weeks later. For validation and behavioural studies involving the
Htr2a” mice, homozygous Htr2a” mice or littermate controls (aged
5-8 weeks) were used for viral injection, then tested 3 weeks later.
Mice were housed in groups with 2-5 mice per cage in a temperature-
controlled room, operating under anormal 12 h-12 hlight-dark cycle
(08:00 to0 20:00 for light), at 70-72 °F ambient temperature and
30-70% humidity. Food and water were available ad libitum. Animals
were randomly assigned to different experimental groups. Animal
careand experimental procedures were approved by the Institutional
Animal Care & Use Committee (IACUC) at Cornell University and Yale
University.

Viruses

AAV1-pCAG-FLEX-eGFP-WPRE (51502), AAVretro-hSyn-Cre-WPRE-hGH
(105553), AAV1-CAG-Flex-GCaMP6f-WPRE-SV40 (100835), AAV1-hSyn-
DIO-hM4D(Gi)-mCherry (44362), AAV1-hSyn-DIO-mCherry (50459),
AAVI-EF1a-double floxed-hChR2(H134R)-eYFP-WPRE-HGHPpA (20298),
AAV9-CaMKII-HI-GFP-Cre. WPRE.SV40 (105551), AAV8-CaMKIla-eGFP
(50469), AAV9-hSyn-Cre-P2A-dTomato (107738) and AAV9-hSyn-eGFP
(50465) were purchased from Addgene. AAVretrois an AAV designed for
efficient retrograde transport®®. All viruses had titres of >7 x 10* viral
genomes per ml. The viruses were stored at —80 °C. Before stereotaxic
injection, they were taken out of the -80 °C freezer, thawed onice and
diluted to the corresponding titre for injection.

Surgery

Before surgery, each mouse was injected with dexamethasone (3 mg
perkg, intramuscular; DexajJect, 002459, Henry Schein Animal Health)
and carprofen (5 mg per kg, subcutaneous; 024751, Henry Schein Ani-
mal Health) for anti-inflammatory and analgesic purposes. At the
start of surgery, anaesthesia was induced with 2-3% isoflurane and
the mouse was affixed in a stereotaxic apparatus (Model 900, David
KopfInstruments). Anaesthesiawas maintained with1-1.5% isoflurane.
Body temperature was maintained at 38 °C using a far-infrared warm-
ing pad (RT-0515, Kent Scientific). Petrolatum ophthalmic ointment
(IS4398, Dechra) was applied to cover the eyes. The hair on the head
was shaved. The scalp was disinfected by wiping with ethanol pads and
povidone-iodine. Small burr holes were made above the targeted brain
regions using a handheld dental drill (HP4-917, Foredom). AAV was
delivered intracranially into the brain by inserting aborosilicate glass
capillary and using an injector (Nanoject Il Auto-Nanoliter Injector,
Drummond Scientific). Injections were done for the various experi-
ments using different viruses and volumes, as specified in the para-
graphsbelow, using 4.6 nl pulses witha20 sinterval betweeneach pulse.
To reduce the backflow of the virus, we waited 5-10 min after complet-
ing aninjection at one site before retracting the pipette to move onto
the nextsite. For the medial frontal cortex and striatum, the stereotaxic
apparatus was positioned at four sites corresponding to four vertices
ofa0.2-mm-wide square centred at the coordinates mentioned below.
Throughout the procedure, the brain surface was kept moist with arti-
ficial cerebrospinal fluid (aCSF; 135 mM NaCl, 5 mM HEPES, 5 mMKCl,

1.8 mM CaCl,, 1 mM MgCl,; pH 7.3). After injections, the craniotomies
were covered with silicone elastomer (0318, Smooth-On), and the skin
was sutured (1265B, Surgical Specialties). At the end of surgery, the
animalwas given carprofen (5 mg per kg, subcutaneous) immediately
and then again once on each of the following 3 days.

For two-photonimaging of the dendritic structure, totarget PT neu-
rons, 110.4 nl of AAVretro-hSyn-Cre-WPRE-hGH (1:100 diluted in PBS
(P4417,Sigma-Aldrich)) wasinjectedintothe pons (anteroposterior (AP),
-3.4 mm; mediolateral (ML), -0.7 mm; dorsoventral (DV), -5.2 mm; rela-
tive to bregma; the same applies below, unless otherwise specified) and
92 nlof AAV1-pCAG-FLEX-eGFP-WPRE (1:20 diluted in PBS) was injected
intothe ACAd and medial MOs subregion of medial frontal cortex (AP,
1.5mm; ML, -0.4 mm; DV, -1.0 mm) of a C57BL/6J or a Htr2a” mouse.
TotargetIT neurons,101.2 nl of AAVretro-hSyn-Cre-WPRE-hGH (1:100
diluted in PBS) wasinjected into the contralateral striatum (AP, 0.6 mm;
ML, 2.2 mm; DV, -2.8 mm) and 92 nl of AAV1-pCAG-FLEX-eGFP-WPRE
(1:20 diluted in PBS) was injected into the medial frontal cortex of a
C57BL/6) mouse. After 2-3 weeks, the mouse underwent asecond pro-
cedure, with the same pre- and post-operative care, toimplant a glass
window for imaging. An incision was made to remove skin above the
skull, and the skull was cleaned to remove connective tissues. A dental
drill was used to make an approximately 3-mm-diameter circular cra-
niotomy above the previously targeted location at the medial frontal
cortex.aCSF was used toimmerse the exposed durain the craniotomy.
A two-layer glass window was made by bonding two round coverslips
(3 mmdiameter, 0.15 mm thickness; 640720, Warner Instruments) with
ultraviolet light-curing optical adhesive (NOA 61, Norland Products)
using an ultraviolet illuminator (2182210, Loctite). The glass window
was placed over the craniotomy and, while maintaining a slight pres-
sure, super glue adhesive (Henkel Loctite 454) was carefully used to
secure the window to the surrounding skull. A stainless steel headplate
(eMachineShop; design available at https://github.com/Kwan-Lab/
behavioural-rigs) was secured onto the skull and centred on the glass
window using a quick adhesive cement system (Metabond, Parkell).
The mouse would recover for at least 10 days after the window implant
prior toimaging experiments.

For two-photonimaging of dendritic calcium transients, to target PT
neurons, 110.4 nl of AAVretro-hSyn-Cre-WPRE-hGH (1:10 diluted in PBS)
was injected into the pons, and 92 nl of AAV1-CAG-Flex-GCaMPé6f-
WPRE-SV40 (1:10 diluted in PBS) was injected into medial frontal
cortex of aC57BL/6) mouse. Totarget IT neurons, 110.4 nl of AAVretro-
hSyn-Cre-WPRE-hGH (1:10 diluted in PBS) was injected into con-
tralateral striatum and 92 nl of AAV1-CAG-Flex-GCaMP6f-WPRE-SV40
(1:10 diluted in PBS) was injected into medial frontal cortex of a
C57BL/6) mouse. For two-photon imaging of dendritic structure in
ThyI°" mice, 345 nl of AAV9-hSyn-Cre-P2A-dTomato (1:100 diluted in
PBS) was injected into the medial frontal cortex of ThyI®"Htr2a” or
ThyI1°"Htr2a”"" mice. Thesurgical procedures were the same as above.

For chemogenetic experiments, 276 nl of AAV1-hSyn-DIO-hM4D(Gi)-
mCherry or the control virus AAV1-hSyn-DIO-mCherry was injected into
the medial frontal cortex bilaterally (AP, 1.5 mm; ML, 0.4 and -0.4 mm;
DV, -1.0 and -1.2 mm) of Fezf2-2A-creER mice to target PT neurons and
PlxndI-2A-creER mice to target IT neurons. For in vivo electrophysi-
ology, 276 nl of AAV1-EFla-double floxed-hChR2(H134R)-eYFP was
injected into the medial frontal cortex unilaterally (AP, 1.5 mm; ML,
0.4 mm; DV, -1.0 and -1.2 mm) of Fezf2-creER and Plxnd1-creER mice
totarget PT and IT neurons, respectively. After 2 weeks, the mouse
would undergo a second procedure. Anincision was made to remove
the skin and the periosteum was cleared. A dental drill was used to
make a 0.9 mm craniotomy and a 0.86 mm self-tapping bone screw
(19010-10, Fine Science Tools) was placed through the skull bone into
the cerebellum to act as a ground screw and provide further struc-
tural support for head-fixation. A custom stainless steel headplate was
affixed onto the skull using a quick adhesive cement system. The mouse
wouldrecover for at least 1 week after surgery before commencement
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of electrophysiological experiments. In both cases, injection of AAVs
were made before administration of tamoxifen.

For validation of the Htr2a” mouse line, homozygous Htr2a” animals
were bilaterally injected with AAV9-CaMKII-HI-GFP-Cre WPRE.SV40
(441.6 nl, 1:10 diluted in PBS) or AAV8-CaMKIla-eGFP (441.6 nl, 1:10
diluted in PBS) in the medial frontal cortex (AP, 1.5 mm; ML, +0.4 mm;
DV,-0.4,-0.6 and -1.2 mm, relative to dura). Incised skin was sutured.
Animals would recover for at least 3 weeks before euthanasia for
transcript or slice electrophysiology experiments. For behavioural
experiments involving Htr2a” mice, homozygous Htr2a” animals were
bilaterally injected with AAV9-hSyn-Cre-P2A-dTomato (690 nl, 1:50
diluted in PBS) or AAV9-hSyn-eGFP (690 nl, 1:50 diluted in PBS) in the
medial frontal cortex (AP, 1.5 mm; ML, —-0.4 mm; DV, -0.4, -0.6 and
-1.2 mm, relative to dura). Incised skin was sutured. Animals would
recover for atleast 3 weeks before behavioural experiments.

Tamoxifen

Tamoxifen was used for inducible Cre-dependent gene expressionin
Fezf2-creER and PlxndI-creER mice. Tamoxifen (T5648, Sigma-Aldrich)
was dissolved in corn oil (C8267, Sigma-Aldrich) at concentration of
20 mg ml™in an ultrasonic bath at 37 °C for 1-4 h. The solution was
thenaliquotedinto1 mltubes, wrapped with aluminium foil and stored
at—20 °C. For injections, the tamoxifen aliquots were thawed at 4 °C.
Each animal was weighed and received tamoxifen (75 mg per kg, i.p.)
onceevery 24 hfor 5 consecutive days. Experimentsinvolving inducible
Cre expression were conducted at least 2 weeks after the last dose of
tamoxifen to allow time for viral-mediated expression.

Histology

Histology was performed to determine the accuracy of injection
locations and assess transgene expression. For two-photon imaging
and behavioural studies, after completion of experiments, mice were
perfused with PBS, followed by paraformaldehyde solution (PFA, 4%
(v/v) in PBS). The brains were extracted and further fixed in 4% PFA at
4 °C for 12-24 h. Subsequently, 40-um-thick coronal sections were
obtained usingavibratome (VT1000S, Leica) and mounted ontoslides
with glass coverslips. The sections were imaged using awide-field fluo-
rescence microscope (BZ-X810, Keyence). For electrophysiology, the
coronal sections were prepared similarly, mounted onto slides using
Vectashield containing DAPI (H-1200-10, Vector Laboratories) and
imaged. To locate the Neuropixels probe, we used SHARP-TRACK* to
align the images of the coronal sections, including the Dil tracks, with
the standardized Allen Common Coordinate Framework 6 (ref. 60).
Reconstructed probe tracks were visualized within the Allen Common
Coordinate Framework using Brainrender®'.

Two-photonimaging
Two-photon imaging experiments were performed using a Movable
Objective Microscope (MOM, Sutter Instrument) equipped with a
resonant-galvo scanner (Rapid Multi Region Scanner, Vidrio Technolo-
gies) and awater-immersion x20 objective (XLUMPLFLN, x20/0.95 NA,
Olympus). Scanlmage 2020 software®* was used to control the micro-
scope forimage acquisition. To visualize GFP- or GCaMP6f-expressing
dendrites, atuneable Ti:Sapphire femtosecond laser (Chameleon Ultra
II, Coherent) was used as the excitation source. The excitation wave-
length was set at 920 nm, and emission was collected behind a 475-
to 550-nm band-pass filter for fluorescence from GFP or GCaMP#é6f.
The laser power measured at the objective was typically <40 mW and
varied depending on theimaging depth. Whenimaging of the same FOV
across days, the laser power was kept the same in eachimaging session.
For structural imaging of dendrites, in each imaging session, the
mouse was head fixed and anaesthetized with 1% isoflurane through a
nose cone. Thebody temperature was maintained at 37.4 °C through a
heating pad system (40-90-8D, FHC) with feedback control from arectal
thermistor probe. Eachimaging session lasted 0.5-1.5 h. Totarget the

ACAd and medial MOs subregion of the medial prefrontal cortex, we
imaged within 400 pm of the midline as determined by first visualizing
the sagittal sinus in bright-fieldimaging. To target apical tuft dendrites,
we firstimaged 0-200 umbelow the pial surface toidentify the apical
tuft dendrites and apical trunk, and then select apical tuft dendrites
located between 20-120 um below the pial surface for longitudinal
imaging. Multiple different fields of view were imaged in the same
mouse. For each FOV, 10- to 40-um-thick z stacks were collected with
1-um steps using 15 Hz bidirectional scanning at 1,024 x 1,024 pixels
with a resolution of 0.11 pm per pixel. Each mouse was imaged at the
same fields of view on day -3, -1, 1, 3,5, 7, 35 and 65 relative to the day
of drug administration. On the day of treatment (day 0), no imaging
was performed and the mouse was injected while awake with either
psilocybin (1 mg per kg, i.p.; prepared from working solution, which
was made fresh monthly from powder; Usona Institute) or saline (10 ml
per kg, i.p.). After injection, the mouse was placed into a clean cage,
and head twitches were visually inspected for 10 min before return-
ing the mice to their home cage. At the end of the imaging session,
for the purpose of reconstructing the apical dendritic trees, a z stack
was acquired between 0 and 900 pm below the dura with 2 pm steps.
For structural imaging of dendrites, 148 dendrites from 17 C57BL/6)
mice were imaged for psilocybin (8 male, including 5 for PT and 3 for
IT neurons; 9 female, including 4 for PT and 5 for IT neurons), and 154
dendrites from16 C57BL/6) mice wereimaged for saline (7 male, includ-
ing 4 for PTand 3 for IT neurons; 9 female, including 4 for PT and 5 for IT
neurons). For structural imaging to test the effects of 5-HT,, receptor
knockout on dendrites, 117 dendrites from 11 mice were imaged for
psilocybin (6 Htr2a” mice; 5 C57BL/6) mice), and 80 dendrites from
12 mice were imaged for saline (5 Htr2a” mice; 7 C57BL/6) mice). For
structuralimaging of ThyI°" mice, 38 dendrites from 2 Thy1“"Htr2a"™™
mice were imaged for psilocybin, 49 dendrites from 5 ThyI®*Htr2a"
mice wereimaged for psilocybin and 98 dendrites from 3 ThyI®"Htr2a™
mice were imaged for saline.

For calciumimaging of dendrites, the mouse was habituated to head
fixation in an acrylic tube under the microscope for 3-4 days, with
increasing durations each day, before the day of data collection. To
examine the acute effects of psilocybin, we imaged 2 fields of view,
each for 10 min to obtain pretreatment baseline data. Imaging was
then paused to inject psilocybin (1 mg per kg, i.p.) or saline (10 ml per
kg, i.p.). At 30 min after injection, we imaged those same two fields of
view again, each for10 mintoacquire post-treatment data. Each animal
received both psilocybin and saline, with at least 1week betweenimag-
ing sessions and the order of treatment was balanced across subjects,
except for two IT mice that were administered only saline and psilocybin
separately. For calciumimaging of dendrites, 8 C57BL/6) mice, including
3 male and 5 female mice, were treated with psilocybin (244 dendritic
branches, including 149 from PT and 95 from IT neurons; with 4,835
dendritic spines, including 2,637 from PT and 2,198 from IT neurons)
and saline (230 dendritic branches, including 140 from PT and 90 from
IT neurons; with 4,544 dendritic spines, including 2,307 from PT and
2,237 fromIT neurons).

Analysis of the imaging data

For structuralimaging of dendrites, motion correction was performed
using StackReg plug-in® in ImageJ. Quantification of structural param-
eters, such as spine head width and spine protrusion length, were done
according to standardized critera®*. In brief, a dendritic spine was
counted whenthe protrusion extended for >0.4 pm from the dendritic
shaft. Theline segment toolin Image) was used to measure the distances.
The spine head width was determined as the width of the widest part of
the spine head. Dendritic spine protrusion length referred to the dis-
tance fromthetip of the head to the base at the shaft. Alterationsinspine
density, spine head width and spine protrusion length were calculated
asthefold change compared with the value measured for each dendritic
segment on the firstimaging session (day -3). The raw values for spine



density, spine head width and spine protrusion length are provided in
Extended DataFigs.2c,d,g,h,u,vand 10g. The spine-formation rate was
calculated by determining the number of newly formed dendritic spines
between two consecutive imaging sessions (that is, day -3 and day -1)
divided by the total number of dendritic spines counted in the preceding
imaging session (that is, day —-3). Similarly, the spine elimination rate
was calculated by determining the number of missing dendritic spines
betweentwo consecutiveimaging sessions divided by the totalnumber
of dendritic spines countedin the preceding imaging session. To assess
the longitudinal alterations in spine formation and elimination rates,
we calculated the difference of the spine formation or elimination rate
from the baseline rate, which was the spine formation or elimination
rate for same dendritic segment before psilocybin and saline injection
(between day -3 and day -1). The raw values for spine formation and
eliminationrates are provided in Extended Data Figs. 2e,f,i,j and 10h. To
divideIT neurons onthe basis of laminar position, we treated those with
cell bodies residing at a depth of between 200 and 400 um below the
duraaslayer2/3,and those with cell bodies residing at adepth between
450 pm and 650 pm as layer 5 (refs. 65,66).

For calcium imaging of dendrites, multi-page.tiff image files from
one experiment were concatenated and processed with NoRMCorre® in
MATLABto correct for non-rigid translational motion. As an overview,
processing involved: (1) regions of interest (ROI) corresponding to
dendriticbranches and spines were manually traced using anin-house
graphical user interfacein MATLAB; (2) the average fluorescence trace
fromeach ROlwas then processed similar to previous work®* to exclude
background neuropil signal, and converted to fractional change in
fluorescence (AF/F(t)); (3) deconvolve the fluorescence trace into dis-
crete calcium events. Details for each of these processing steps are
described below.

Dendritic branch and spine ROIs were manually traced by scrolling
through the imaging frames to find putative dendritic segments (that
is, neurite segments with >10 spiny protrusions showing a correlated
pattern of fluorescence transients). First, a given branch ROl would
be traced around the dendritic shaft segment using a lasso drawing
tool. Next, the putative dendritic spines for that branch segment were
captured usinga circle drawing tool (typically 0.8-to 1.2-pm-diameter
ROIs).ForeachROI, the pixel-wise average was calculated at each data
frame to generate afluorescence time course Fyq,(£). As calciumimag-
ing was performed on the same FOV before and after drug injections,
asingle ROl mask was used to extract calcium signals before and after
treatment. All ROl selection was done blinded to treatment group.

EachROlIwasthen processed to reduce the contribution from back-
ground neuropil. Taking each ROI's area and considering a circle with
an equivalent area with radius r, an ROI-specific neuropil mask was
created as an annulus with inner radius 2r and outer radius 3r centred
on the centroid of the ROI. Neuropil masks excluded pixels belong-
ing to any other dendritic branch or spine ROI. To exclude neuropil
mask pixels that may belong to unselected dendritic structures, we
calculated the time-average signal for each pixel, taking the median
among pixelsin the mask. Pixels were excluded fromthe neuropil mask
if their time-averaged signal was higher than the median. Finally, the
remaining pixels in the neuropil mask were averaged per data frame
to generate F,opi(t). Each ROl had the fluorescence fromits neuropil
mask subtracted as follows:

F(t) = FROl(t) —CcX Fneuropil(t)

where the neuropil correction factor, ¢, was set to 0.4. Next, the frac-
tional change in fluorescence AF/F(t) was calculated for each ROl by
normalizing F(t) to its baseline, Fy(t), estimated as the 10th percentile
within a2-minsliding window:

AF/F(8) = (F(¢) = Fo(0))/Fo(t)

For each dendritic spine’s AF/F,.(t), we estimated the branch-inde-
pendentspineactivity, AF/F,....(t), by subtracting ascaled version of

the fluorescence from the corresponding dendritic branch, AF/Fy (),
as follows:

AF/Fsynaptic(t) = AF/Fspine(t) -ax AF/Fbranch(t)

where the branch scaling factor, a, was computed in an ROI-specific
manner using a linear regression of AF/F,,,...(t) predicted by
AF/Fyanen(8) forced through the origin. In a previous study, we have
calibration to show that, with this analysis approach, the majority of
the spontaneously occurring calcium transients in dendritic spines
can be attributed to synaptic activation®®.

Calcium events were detected using automated procedure for each
AF/Fine(t) and AF/F,,.ner(6) using a deconvolution peeling algorithm®.
The peeling algorithmuses aniterative template-matching procedure
todecompose a AF/F(t) traceinto aseries of elementary calcium events.
The template for elementary calcium events was set to have aninstan-
taneous onset, anamplitude of 0.3 and asingle-exponential decay time
constant of1s.Inbrief, the algorithm searches a given AF/F(¢) trace for a
match to thetemplate calciumevent, subtracts it from the trace (that s,
peeling) and successively repeats the matching process until no events
are found. This event detection process outputs the recorded event
times with atemporal resolution by the originalimaging frame rate. In
this way, itis possible to detect multiple calcium events during the same
imaging frame (for example, for large amplitude transients). For each
imagingsession, an ROI’s calcium event rate was computed by dividing
the number of calcium events by the duration of the imaging session.
The calcium events were examined further by their binned amplitude
(average number of calcium events per frame, among frames with at
least one event detected) and frequency (number of imaging frames
with at least one event, divided by the total imaging duration). The
changein calciumevent rate, amplitude and frequency across treatment
injections was computed for each ROl using the post-injection minus
pre-injection values divided by the pre-injection values and provided
raw values for calcium event rates averaged across dendriticbranches
inthe same FOV. Separately, we have tried analysing the AF/F,;,.(f) and
AF/F,,nen(t) using a different calcium event detection algorithm OASIS™,
whichyielded qualitatively similar results (data not shown).

Confocal imaging

After longitudinal two-photon imaging and at 3 days after psilocybin
(I mgperkg,i.p.) orsaline (10 mlperkg, i.p.) injection, the mouse was
deeply anaesthetized with isoflurane and transcardially perfused with
PBS followed by PFA (4% in PBS). The brains were fixed in 4% PFA for
24 hat4 °C, and then 50-pm-thick coronal brain slices were sectioned
usingavibratome (VT1000S, Leica) and placed onto slides witha cover-
slip with mounting medium (Vector Laboratories, H-1500-10). The
brain slices were imaged with a confocal microscope (LSM 710, Zeiss)
equipped with aPlan-Apochromat x63/1.40 NA oil objective (zoom2.5)
and 0.37-um steps at 1,024 x 1,024 pixels with a resolution of 0.08 pm
per pixelto collect the structuralimaging data. Intotal, 204 dendrites
from 10 mice were imaged for psilocybin (5 Htr2a” mice; 5 C57BL/6)
mice), and 207 dendrites from 10 mice were imaged for saline (3 Htr2a™”
mice; 7 C57BL/6) mice).

Overview of behavioural studies

Allbehavioural assays were conducted between 10:00 and 16:00. For
the animals used in chemogenetic manipulation, the same mice were
tested on all assays. At least 2 weeks were allotted between stress-
related assays. Mice were randomized into different groupings for each
assay (thatis, the same mouse could be part of the psilocybingroup on
first assay, and then saline group on the second assay).

For studies involving PT neurons, Fezf2-2A-creER mice were tested
on fear extinction; then, 2-3 weeks after the last extinction session,
on learned helplessness; then, 1-2 weeks later, on head-twitch
response; and, finally, 3 weeks later, on tail suspension. We started,



Article

for fear extinction, with 58 Fezf2-2A-creER mice injected with DREADD
or control viruses, including 17 mice for psilocybin + mCherry (9 male,
8 female), 13 mice for saline + mCherry (7 male, 6 female), 13 mice for
psilocybin + hM4DGi (8 male, 5 female) and 15 mice for saline + hM4DGi
(7 male, 8 female). For learned helplessness, we had 57 Fezf2-2A-creER
mice remaining, including 13 mice for psilocybin + mCherry (8 male,
5female), 15 mice for saline + mCherry (8 male, 7 female), 16 mice for
psilocybin + hM4DGi (9 male, 7 female) and 13 mice for saline + hM4DGi
(5male, 8 female). For head-twitchresponse, we had 53 Fezf2-2A-creER
mice remaining, 9 mice were tested on both psilocybin and saline with
1-week interval while the rest received psilocybin or saline, includ-
ing 14 mice for psilocybin + mCherry (6 male, 8 female), 13 mice for
saline + mCherry (6 male, 7 female), 20 mice for psilocybin + hM4DGi
(12male, 8 female) and 15 mice for saline + hM4DGi (7 male, 8 female).
For the tail-suspension test, we had 49 Fezf2-2A-creER mice remaining,
including 14 mice for psilocybin + mCherry (7 male, 7 female), 10 mice
forsaline + mCherry (5male, 5female), 13 mice for psilocybin + hM4DGi
(6 male, 7 female) and 12 mice for saline + hM4DGi (8 male, 4 female).

For studies involving IT neurons, Plxnd1-2A-creER mice were tested
onlearned helplessness, then1-2 weeks later on head-twitch response
and, finally, 3 weeks later on tail suspension. We started, for learned
helplessness, with 47 Plxnd1-2A-creER mice injected with DREADD or
control viruses, including 14 mice for psilocybin + mCherry (7 male,
7 female), 11 mice for saline + mCherry (Smale and 6 female), 11 mice for
psilocybin + hM4DGi (6 male, 5 female) and 11 mice for saline + hM4DGi
(5male, 6 female). For head-twitch response, we had 47 Plxnd1-2A-creER
mice remaining, 4 mice were tested on both psilocybinand saline with
al-weekinterval while the rest received psilocybin or saline, includ-
ing 15 mice for psilocybin + mCherry (8 male, 7 female), 12 mice for
saline + mCherry (6 male, 6 female), 11 mice for psilocybin + hM4DGi
(6 male, 5 female) and 13 mice for saline + hM4DGi (7 male, 6 female).
For thetail-suspension test, we had 41 PIxnd1-2A-creER mice remaining,
including 14 mice for psilocybin + mCherry (7 male, 7 female), 9 mice
forsaline + mCherry (5 male, 4 female), 9 mice for psilocybin + hM4DGi
(5male, 4 female) and 9 mice for saline + hM4DGi (5 male, 4 female).

For behavioural studies involving Htr2a” mice, separate groups of
mice were used for each behavioural test. For learned helplessness,
16 local 5-HT,,-receptor-knockout mice were tested: 8 mice with
saline (4 male, 4 female) and 8 with psilocybin (4 male, 4 female).
24 littermates injected with control virus were tested: 13 with saline (6
male, 7 female) and 11 with psilocybin (6 male, 5 female). For the tail-
suspension test, 17 local 5-HT,,-receptor-knockout mice were tested:
9 mice with saline (5 male, 4 female) and 8 with psilocybin (4 male,
4 female).18 littermates injected with control virus were tested: 9 mice
with saline (5 male, 4 female) and 9 with psilocybin (5 male, 4 female).
For head-twitchresponse, 15local 5-HT,,-receptor-knockout mice were
tested: 8 mice with saline (4 male, 4 female) and 7 mice with psilocybin
(3 male, 4 female). 15 littermate controls were tested: 6 with saline
(3 male, 3 female) and 9 mice with psilocybin (4 male, 5 female). For
head-twitch response involving Camk2a® mice, 12 Camk2a“Htr2a”
mice (4 male, 8 female) and 11 littermate controls (3 male, 8 female)
were tested with psilocybin.

Head-twitch response

Foreachmouse, DCZ (0.1 mg perkg, i.p.; HY-42110, MedChemExpress) or
saline (10 mlperkg,i.p.) wasinjected if chemogenetic manipulation was
tested, and then psilocybin (1 mgperkg,i.p.) or saline (10 mlperkg, i.p.)
wasinjected 15 min later. Head-twitch response was measured in groups
of 2-3 mice, typically with psilocybin- and saline-treated mice tested
simultaneously. After the injection, eachmouse wasimmediately placed
intoits own plexiglass chamber (4 in x 4 in x 4 in), whichhad atranspar-
ent lid and was positioned within a sound attenuating cubicle (Med
Associates). A high-speed video camera (acA1920, Basler) was mounted
overhead above the chambers. We recorded videos for 10 min. Between
measurements, the chambers were thoroughly cleaned with 70% ethanol.

The videos were scored for head twitches by a different experimenter
blinded to the experimental conditions. Previously, we showed that head
twitches can be quantified using magnetic ear tags'®; however, here we
were concerned that the ear tag might interfere with the performance
inother behavioural assays so we opted for video recording.

Learned helplessness

For learned helplessness, we performed the assay using an active
avoidance box with a stainless-steel grid floor and a shuttle box auto
door separating the two compartments (8 in x 8 in x 6.29 in) inside a
sound-attenuating cubicle (MED-APA-D1M, Med Associates). On day
land day2, there was one induction session on each day. Each session
consisted of 360 inescapable foot shocks delivered at 0.2 mAfor1-3s,
with arandom inter-trial interval ranging from1to 15 s. At 10-15 min
after the end of the second induction session, DCZ (0.1 mg per kg, i.p.)
orsaline (10 mlperkg,i.p.) was given (the animals used in chemogenetic
manipulation), and then psilocybin (1 mg per kg, i.p.) or saline (10 ml
per kg, i.p.) was injected 15 min later. On day 3, one test session was
conducted, consisting of 30 escapable foot shocks delivered at 0.2 mA
for10 s, withaninter-trialinterval of 30 s. A shock would be terminated
early ifthe mouse moved to the other compartment. Movement of the
mouse was captured by beam breaks in the shuttle box. A failure was
counted when the mouse failed to escape before the end of a shock.
Aftereachinduction or testing session, the shuttle box was cleaned with
70% ethanol. Before each testing session, the shuttle box was cleaned
with 1% acetic acid solution to provide a different olfactory context.

Tail-suspension test

Animals were tested 24 h after administration of psilocybin (0.1 mg per
kgi.p) orsaline (10 ml per kg, i.p.). For chemogenetic manipulation, DCZ
(0.1 mg per kg, i.p.) or saline (10 per kg, i.p.) was given 15 min before
psilocybin or saline administration. Within a tall sound-attenuating
cubicle (Med Associates), the setup included a metal bar elevated 30 cm
fromthe floor. An animal was suspended from the metal bar by secur-
ingits tail to the bar using removable tape (NC9972972, Thermo Fisher
Scientific). A small plastic tube was placed around the base of the tail
to prevent tail climbing during the session. Videos of the suspended
animals were recorded for 6 min. The behavioural apparatus was thor-
oughly cleaned with 70% ethanol before and after each session.

Stress-induced resistance to fear extinction

For chronic restraint stress, we based the procedures on a published
study”™. The mice were restrained inside a cone-shaped plastic bag with
openings on both ends (Decapicone, MDC200, Braintree Scientific)
for 3 h each day for 14 consecutive days. The opening corresponding
totherearofthe mouse was sealed by tying a wire, leaving the mouse’s
tail protruding. Restrained animals were secured inan upright position
inside an empty cage and monitored frequently. At 24 h after the end
of last restraint session, we began fear conditioning and extinction
procedures, which were performed using a near-infrared video fear
conditioning system (MED-VFC2-SCT-M, Med Associates). Before each
session, the mouse was brought to the behaviour room for habituation
for around 30 min. The fear conditioning system was equipped with
stainless-steel grid floor and was controlled by the VideoFreeze software
(Med Associates). On day 1(fear conditioning), the chamber had blank
straight walls and stainless-steel grid floor. Surfaces of the chamber
were cleaned with 70% ethanol (context A). Each mouse was conditioned
individually inachamber and given 3 min to habituate. Subsequently,
it received five presentations of an auditory tone as the conditioned
stimulus (CS; 4 kHz, 80 dB, 30 sduration). Each CS co-terminated with
afootshockas the unconditioned stimulus (US; 0.8 mA, 2 s duration).
A90-sintertrial interval separated the CS + US pairings. On day 3 (fear
extinction1), foreachmouse, DCZ (0.1 mg per kg, i.p.) or saline (10 per
kg, i.p.) was injected, and then psilocybin (1 mg per kg, i.p.) or saline
(10 perkg,i.p.) wasinjected 15 minlater. Then, 45 min later, we started



the test for fear extinction, while the drug was presumably still present
in the brain. The chamber had two black IRT acrylic sheets inserted
for a sloped roof and stainless-steel grid floor covered with a white
smooth floor. Surfaces of the chamber were cleaned with 1% acetic
acid (context B). Each mouse was tested individually inachamber and
given 3 minto habituate. Subsequently, it received 15 presentations of
the CS without the US. A 15-s intertrial interval separated the CS pres-
entations. On day 4 (retention 1), we repeated the test for fear extinc-
tionin context B. On day 17 (retention 2), we repeated the test for fear
extinctionin context B.

Invivo electrophysiology
Mice were habituated to head fixation with increasing duration over
several days. Atleast 3 hbefore recording, mice were anaesthetized with
isoflurane and a2-mm-diameter craniotomy was made over the medial
frontal cortex (AP, 1.7 mm; ML, 0.5 mm). Cold (4 °C) aCSF was used to
irrigate to clear debris and reduce heating during drilling. Care was
taken to minimize bleeding and keep the area clear of bone fragments.
The durawas removed usinga metal pin (10130-10, Fine Science Tools). A
piece of Surgifoam (1972, Johnson &Johnson) soaked in aCSF was placed
above the brain tissue, which was covered with silicon polymer (0318,
Smooth-On) to keep the craniotomy moist and clean before recording.
For drugadministration, to avoid inserting aneedle during recording
session, which we found to cause the animal to move and therefore
compromise recording stability, we used a catheter system described
previously”. A 22-gauge intravenous catheter system (B383323, BD
Saf-T-Intima Closed IV Catheter Systems) was preloaded with psilocybin
orsalineand maintained at aneutral pressure. At 1 hbefore recording,
the mice were briefly anaesthetized with isoflurane and implanted
with the intravenous catheter to their intraperitoneal cavity and the
catheter was fixed with a drop of Vetbond tissue adhesive (1469, 3M
Vetbond). The mice were then head fixed and the catheter tubing was
secured tothe mouse holder acrylic tube with tape. Silicon polymer and
Surgifoam were removed from the skull and the craniotomy was briefly
irrigated with aCSF. A high-density silicon probe (Neuropixels 1.0, IMEC)
with the ground and reference shorted was coated using a 10 pl drop
of CM-Dil (1 mM in ethanol; C7000, Invitrogen). The probe was then
slowly lowered (100 pm min™) into the brain using amicromanipulator
(MPM; M3-LS-3.4-15-XYZ-MPM-Inverted, New Scale Technologies) to
the target depth of -2,000 um. The probe was configured to record
from 384 sites. At the target depth, we waited for the probe to settle for
at least 30 min before recording began. Data were acquired using the
OpenEphys software’ in external reference mode. Action potential and
local field potentials were recorded at 30 kHz and 2.5 kHz, respectively.
Once the recording began, 30 min of baseline activity was collected.
The animal was then administered either psilocybin or saline through
the catheter and an additional 60 min of data were collected. At the
end of eachrecording session, opto-tagging was performed to identify
ChR2-expressing PT or IT neurons. A fibre-coupled 473 nm laser (Obis
FP 473LX, Coherent) was connected to a 200 pum optical fibre, which
was mounted onto the manipulator with an unjacketed end aimed at
the craniotomy. The OpenEphys software was used to trigger a Pulse-
Pal (1102, Sanworks) to drive the laser control unit to produce 20 ms
pulses at1Hz and ~25 mW mm™ per trial. Each trial lasts for 1s, with
aninter-trial interval of 980 s, and we conducted at least 500 trials.
For Fezf2-2A-creER mice treated with saline, we recorded from 551
cells from 6 animals (1 male, 5 female), including 104 tagged neurons
and 447 untagged other single units. For Fezf2-2A-creER mice treated
with psilocybin, we recorded from 439 cells from 5 animals (4 male,
1female), including 70 tagged neurons and 369 untagged other single
units. For PlxndI-2A-creER mice treated with saline, we recorded from 701
cellsfrom5animals (4 male, 1female), including 38 tagged neurons and
663 untagged other single units. For PIxnd1-2A-creER mice treated with
psilocybin, we recorded from 607 cells from 5 animals (4 male, 1 female),
including 57 tagged neurons and 550 untagged other single units.

Analysis of in vivo electrophysiology data

Spikelnterface’ was used to preprocess, spike sort and calculate
single-unit metrics. Putative single units were initially identified by Kilo-
sort (v.2.5)"* and were further manually curated in Phy (https://github.
com/kwikteam/phy). Phy was executed using a dedicated Python envi-
ronment created with Miniconda. Quality and waveform metrics were
generated via Spikelnterface. We included units that satisfied all the
following quality metrics: present for at least 90% of the recording
(presenceratio), ISl violation rateless than 0.5 and amplitude cut-off of
less than 0.1. Toidentify opto-tagged neurons, we created peri-stimulus
time histograms by aligning putative single-unit spiking activity tothe
onset of laser stimulation. We classified opto-tagged neurons by visual
inspection, considering the latency to spike and reliability of spiking
in response to onset of laser stimulation.

Analysis of single-cell transcriptomics data

We accessed the ‘whole cortex and hippocampus 2020’ SmartSeq
single-cell RNA-seq dataset made publicly available by the Allen Insti-
tute*® (https://doi.org/10.1016/j.cell.2021.04.021). We analysed cells
that belong to neuron classes already identified by the Allen Institute as
layer2/3(L2/3)IT, layer 4/51T,L5IT,L6IT,L5PTand L6 CT. Werestricted
our analyses to cells that reside in frontal cortical regions: ACA, ALM,
ORBandPL-ILA. Thisyielded1,403L2/31T, 3,118 L4/51T,1,541L5IT, 640
L6IT,471L5PTand 2,159 L6 CT neurons. We extracted expression levels
for 6 genes: Htrla, Htr2a, Htr2b and Htr2c, which encode the 5-HT,,,
5-HT,,, 5-HT,;and 5-HT, receptors, as well as Sic17a7 and Gad1, which
are markers for glutamatergic and GABAergic neurons. The expres-
sion level was quantified by calculating the trimmed mean (25-75%)
of log,(CPM +1), where CPM is counts per million.

RNAisolation and RT-qPCR

Tissue around viral injection sites in the medial frontal cortex was
microdissected with tools treated with RNase Away (7002, Thermo
Fisher Scientific) and processed using a Dounce homogenizer in
BrainBits Hibernate A (NC1787837, Thermo Fisher Scientific). The cell
solutionwas layered onto OptiPrep Density Gradient Medium (D1556,
Sigma-Aldrich) and centrifuged for lipid/myelin debris removal. Cell
solution was filtered and GFP* cells were sorted (BD FACSMelody Cell
Sorter). RNA was extracted from GFP* cells using the RNeasy Plus Mini
Kit (74134, Qiagen). RNA was reverse transcribed to cDNA using the
High Capacity cDNA Reverse Transcription Kit (4368814, Applied
Biosystems), amplified with the KAPA SYBR FAST qPCR Master Mix
(KK4603, Roche) using qPCR (QuantStudio 7 Pro) and normalized on
the basis of reference gene Gapdh expression. Primers were designed
using Primer3 and data were analysed using the comparative threshold
cycle method. Some steps for studies involving Camk2a“* mice were
different: tissue around the medial frontal cortex was processed using
aDounce homogenizer in TRIzol (Thermo Fisher Scientific, A33251).
Homogenized solution was phase separated with chloroform (Electron
Microscopy Sciences, 12540). RNA was precipitated with isopropyl
alcohol (American Bio, ABO7015-0100), washed with 75% ethanol and
reconstituted in ultrapure distilled H,O (Invitrogen 10977-015). RNA
was reverse transcribed, amplified and analysed as above.

Slice electrophysiology

Brainslices were prepared as previously described”. Inbrief, mice were
first anaesthetized with chloral hydrate (400 mg per kg, i.p.). After
decapitation, the brains were removed rapidly and placed inice-cold
(around 4 °C) aCSF in which sucrose (252 mM) was substituted for NaCl
(sucrose-ACSF) to prevent cell swelling. Coronal slices (300 pm) were
cutin sucrose-ACSF with an oscillating-blade vibratome (VT1000S,
Leica).Slices were allowed torecover foraround1-2 hin sucrose-ACSF
before commencement of recording. The slices were then placed
into a submerged recording chamber in standard ACSF, and the bath
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temperature wasraised to 32 °C. The standard ACSF (pH of around 7.35)
was equilibrated with 95% 0,/5% CO, and contained 128 mM NaCl, 3 mM
KCl,2 mM CaCl,, 2 mM MgSO,, 24 mM NaHCO,, 1.25 mM NaH,PO, and
10 mM D-glucose. L5 pyramidal cells in the medial frontal cortex were
visualized under an Olympus BX51WImicroscope using a x60 infrared
objective withinfrared differential interference contrast videomicros-
copy. A digital CMOS camera (ORCA-spark, Hamamatsu) was used to
visualize neuronsintheslice. Low-resistance patch pipettes (3-5MQ)
were pulled from borosilicate glass (Warner Instrument) using a hori-
zontalmicropipette puller (P-1000, Sutter Instrument). Pipettes were
filled with internal solution containing 115 mM K-gluconate, 5 mMKClI,
2 mMMgCl,,2 mM Mg-ATP,2 mM Na,ATP,10 mM Na,-phosphocreatine,
0.4 mM Na,GTP and 10 mM HEPES, calibrated to pH 7.33. Whole-cell
patch clamp recording was performed witha Multiclamp 700B ampli-
fier (Axon Instruments). The output signal was low-pass-filtered at
3 kHz, amplified 100x and digitized at 15 kHz and acquired using the
Clampex 10.5/Digidata 1550A software. Series resistance, monitored
throughout the experiment, was between 4-8 MQ. Cells were discarded
ifthe series resistance rose above 8 MQ. Liquid junction potential was
notcorrected.sEPSCs wererecorded by clamping cells near their rest-
ing potential (around —75 mV + 5 mV) to minimize holding currents.
After baseline recording, 20 puM 5-hydroxytryptamine creatinine sul-
fate (Sigma-Aldrich) was washed on for 2 min for recording in 5-HT.
Subsequently, there was awashout, before 30 nM MDL100907 (Marion
Merrell Dow) was washed on for 5 minand then recordings were made
in20 uM 5-HT +30 nM MDL100907.

Analysis of sEPSC frequency was conducted using commercially
available Mini Analysis software (Synaptosoft, Decatur). sSEPSCs were
detected and measured according to the amplitude, rise time, dura-
tion and area under the curve (fc). Synaptic events were those with an
amplitude threshold of 5 pA and area threshold of 50 fc. Traces were
recorded for 60 s, and the average of three traces (180 s) was used for
analysis for each cell/treatment.

Forlocal 5-HT,,-receptor-knockout mice, we recorded from 23 cells
from 4 animals for the baseline, continued to obtain recording from the
same 23 cells after bath application of 20 uM 5-HT and, for 7 of the cells,
recorded after bath application of 20 uM 5-HT and 100 nM MDL100907.
For the Htr2@” mice injected with control virus, we recorded from 22
cells from 4 animals for the baseline, continued to obtain recording
from the same 22 cells after bath application of 20 pM 5-HT and, for 6
ofthecells, recorded after bath application of 20 uM 5-HT and 100 nM
MDL100907. Some cells did not go through all treatment conditions,
because the seal had degraded and the input resistance changed sig-
nificantly.

Immunohistochemistry

Brains were sectioned using a vibratome (VT1000S, Leica) to yield
50-um-thick coronal sections. The free-floating sections were washed
three times with 0.3% Triton X-100/PBS before al-hincubationinblock-
ing buffer (5% normal donkey serum in 0.3% Triton X-100/PBS) and
thenincubated overnight at room temperature with anti-rabbit HTR2A
antibody (1:250, RA24288, Neuromics). The brain sections were washed
with 0.3% Triton X-100/PBS three times and then incubated with goat
anti-rabbit IgG AlexaFluor 555 (1:1,000 dilution, A21528, Invitrogen)
secondary antibodies at room temperature for 2 h. The sections were
washed three times with PBS. The sections were mounted and cover-
slipped with Vectashield Mounting Medium with DAPI (H-1500-10,
Vector Laboratories). Tissue sections were imaged on a Zeiss LSM 710
Confocal Microscope withaPlan-Apochromat x63/1.40 NA oil objective.

Statistics and reproducibility

Supplementary Table1provides detailed information about the sample
sizes and statistical analyses for each experiment. Sample sizes were
based on pilot and existing relevant studies and were not statistically
predetermined. All tests were two-sided, and results are displayed

as the mean + s.e.m. For behavioural studies and confocal imaging,
statistical analyses were performed with GraphPad Prism 10. For
two-photonimaging experiments, statistical analyses were performed
onthebasis of mixed-effects models using the Ime4 package inR. Linear
mixed-effects models were used to account for repeated measures and
within-subject nesting (for example, multiple spines per branch) in a
manner that makes less assumptions about underlying data than the
commonly used repeated-measures ANOVA. Details about the models
aredescribed below.

For two-photon imaging of dendritic structure, analyses were per-
formed blinded to treatment and cell type or genotype. A separate
mixed-effects model was constructed for each of five dependent varia-
blesrelated to dendritic spines: spine density, average spine head width,
spine protrusion length, spine-formation rate and spine elimination
rate. Each modelincluded fixed-effects terms for treatment (psilocybin
versussaline), cell type (PT versusIT), sex (female versus male) and time
(day1today 65) as factors, inaddition to all second- and higher-order
interactionsamongthese terms. The variation for repeated measures
withinmouse, celland dendrite were accounted for by including aran-
dom intercept for dendrites nested by cell nested by mice. Residuals
plots were inspected visually to confirm no deviations from homo-
scedasticity or normality. Fixed-effect P values were computed using
likelihood ratio tests comparing the fullmodel against amodel without
the effectin question. Post-hoc two-sample ¢-tests were used to contrast
psilocybinand saline groups per day, with and without splitting the sam-
ple by sex. The Pvaluesresulting from post-hoc ¢-tests were Bonferroni
corrected for multiple comparisons. For two-photonimaginginvolving
Htr2d” mice, a similar mixed-effects model and post-hoc t-tests were
used, except each model included fixed-effects terms for treatment
(psilocybinversussaline), genotype (Htr2a” versus wild type) and time
(daylandday3)asfactors, inadditionto allsecond- and higher-order
interactions among these terms. For two-photon imaging involving
ThyI°™Htr2a” mice, two-factor ANOVA was used for the analyses of
spine density to test the interaction between treatment (psilocybin
versus saline) and conditions (ThyI°" Htr2a** + psilocybin versus
ThyI®"Htr2a" + psilocybin versus ThyI°"Htr2a” + saline) and time
(day1today?7).Post-hoct-tests were used to compare ThyI®"Htr2a™* +
psilocybin versus ThyI®™"Htr2a” + psilocybin, ThyI°"Htr2a™ + psilo-
cybinversus ThyI°™"Htr2a” + saline or ThyI®"Htr2a™* + psilocybin and
ThyI®"Htr2a” + saline. Bonferroni correction was used for multiple
comparisons. Fold changes in spine density, spine head width and spine
protrusionlength, and the difference in spine-formationrate and spine
elimination rate were shown as percentages for visualization purposes.
For statistical analysis, original fold change values were used.

Forimaging of dendritic calcium signals, blinding procedures were
implemented by having one person perform the imaging and scramble
the group names, and another person analysed the data blinded to
treatment and cell type information. Data were unblinded after all of
the analyses were completed. A similar linear mixed-effects model-
ling approach was used to examine three dependent variables: cal-
ciumeventrate, amplitude and frequency. Dendritic branch and spine
(branchindependent) signals were analysed in separate models (that s,
sixmodelstotal). Each modelincluded fixed-effects terms for treatment
(psilocybin versus saline), cell type (PT versus IT) and the interaction
term for treatment x cell type. Treatment order (psilocybin before
saline versus psilocybin after saline) was included in the model as a
nuisance variable. The variation for repeated measures of mice and
dendrites was accounted for by including arandomintercept for den-
drites nested by FOV nested by mice. Post-hoc two-sample ¢t-tests were
used to contrast psilocybin and saline groups, with and without splitting
the sample by cell type. The calcium imaging statistical outputs were
processed akin to the structural imaging model outputs as described
above (that s, residuals plots were inspected, fixed-effect P values
were computed with likelihood ratio tests, and post-hoc two-sample
t-test Pvalues were Bonferroni-corrected for multiple comparisons).



For confocalimaging, two-factor ANOVA was used for the analyses of
spine density, spine head width and spine protrusion length to test the
interaction between treatment (psilocybin versus saline) and genotype
(Htr2a” versus wild type). Post-hoc t-tests were used to compare psilo-
cybin + PT neuron-targeted 5-HT,, receptor knockout versus saline + PT
neuron-targeted 5-HT,, receptor knockout, or psilocybin + wild-type
and saline + wild-type. Bonferroni correction was used for multiple
comparisons.

For behavioural studies, performance was analysed using software
with automated procedures for fear extinction and learned helpless-
ness. For head-twitch response and tail-suspension tests, video scor-
ing was done by a different experimenter blinded to conditions. For
PT/IT studies, Two-factor ANOVA and post-hoc t-tests were used for
head-twitchresponse, learned-helplessness and tail-suspension tests.
The same statistical test was used for fear conditioning, extinctionand
retention totest the interaction between treatment (psilocybin versus
saline) and DREADD (hM4DGi versus mCherry). Post-hoc ¢t-tests were
used to compare psilocybin + mCherry versus saline + mCherry or
psilocybin + hM4DGi and saline + hM4DGi for different sets of tonesin
asession. Bonferroni correction was applied for multiple comparisons.
Owingtoatechnicalissue (faulty USB connection causing VideoFreeze
software to crashinthe middle of asession), asmall subset of data from
some mice was not used for the statistical test. For behavioural studies
involving Htr2a” mice, two-tailed unpaired t-tests were used to compare
control +saline versus control + psilocybin and local 5-HT,, receptor
knockout + saline versus local 5-HT,, receptor knockout + psilocybin.
For head-twitch response involving in Camk2a“Htr2a” mice, two-tailed
unpaired t-tests were used to compare Camk2a“Htr2a” versus control
mice. For slice electrophysiology, two-tailed unpaired ¢-tests were
used to compare control baseline versus control with SHT; KO baseline
versus KO with SHT; control baseline versus control with SHT + MDL;
or KO baseline versus KO with SHT + MDL.

Forinvivoelectrophysiology, we firstidentified opto-tagged neurons
by constructing 0.1 ms bin peristimulus time histogram plots aligned
to the laser pulse onset. For comparison of time to first spike latency
between PT and IT neurons, we conducted two-sided two-sample
Kolmogorov-Smirnov tests of time to first spike for all neurons. Tocom-
parethebaseline firing rates we used atwo-sample independent ¢-test.
For comparing the changes infiring rates before and after administra-
tion of saline or psilocybin, we conducted a paired two-sided ¢-test using
each neuron’s baseline mean firing rate in the 30-min period before
saline or drug administration and the mean firing rate in the 60-min
period after saline or drug administration and Bonferroni correction
was applied for Pvalues.

Data were collected from multiple experiments. To ensure repli-
cability of findings, all behavioural tests and in vivo electrophysiol-
ogyrecordings were performed in at least two cohorts, and datawere
combined and analysed together in a blinded manner. For imaging
experiments, we used at least three biological (mice) replicates per
experimental condition. All two-photon imaging experiments were
conductedinatleast three cohorts, with data combined and analysed
together in a blinded manner. The exact sample sizes are provided in
the Methods and the Supplementary Table 1. All attempts at replica-
tion were successful.

Reporting summary
Furtherinformation onresearchdesignisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Details for sample sizes and statistical tests for all experiments are
provided in Supplementary Table 1. Data associated with the study
areavailable at GitHub (https://github.com/Kwan-Lab/shaoliao2025).
The RNA-seq dataset was obtained from publicly available sources at

the AllenInstitute (https://doi.org/10.1016/j.cell.2021.04.021). Source
data are provided with this paper.

Code availability

Codefor dataanalysis associated with the study are available at GitHub
(https://github.com/Kwan-Lab/shaoliao2025), and from the corre-
sponding author on request.
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