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Psychedelic compounds directly excite 5-HT2A layer V medial
prefrontal cortex neurons through 5-HT2A Gq activation
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Psilocybin, and its active metabolite psilocin, have seen renewed interest due to studies suggesting potential therapeutic utility.
5-Hydroxytryptamine2A receptors (5-HT2ARs) are primary mediators of the psychoactive effects of psychedelics in animals and
humans, but the underlying neurobiological mechanisms remain poorly understood. Functional magnetic resonance imaging
identified significant psilocin-induced increases in medial prefrontal cortex (mPFC) activity, a site of enriched 5-HT2AR expression.
We identified a population of 5-HT2AR neurons in the prelimbic/anterior cingulate mPFC. Psilocin and the 5-HT2AR-selective
compound 25-CN-NBOH increased excitability, and stimulated firing across a range of current injections in these neurons that was
both 5-HT2AR and Gαq dependent. Similar effects were observed with a novel, non-hallucinogenic psychedelic compound. These
findings provide valuable insight into the specific role of 5-HT2AR-containing neurons in psychedelic-associated plasticity in mPFC
regions that are likely implicated in the clinical effects of psychedelics and further identify membrane-bound 5-HT2ARs and
subsequent intracellular Gαq signaling as therapeutic targets.
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INTRODUCTION
Psychedelic compounds act at 5-hydroxytryptamine 5-HT2A
receptors [1, 2] and are being explored as potential therapeutics
for neuropsychiatric disorders [3]. Psilocybin, the prodrug to the
active metabolite psilocin, was granted breakthrough status by
the FDA for rapid and enduring effects in treatment-resistant
depression and anxiety [4–7]. Psychedelics act at serotonin and
other biogenic amine receptors [8–12] and 5-HT2A agonism has
been shown to mediate purported hallucinogenic effects in
animals [13–15] and humans [16–19]. 5-HT2A receptors signal
through Gαq downstream effector systems [2, 20, 21], recruit
β-arrestin (βArr) in vitro [22], and 5-HT2A complexes with βArr1
and βArr2 in vivo [23]. There is current interest in creating biased
compounds to preferentially activate desired pathways down-
stream of 5-HT2A [24–27], however, the signaling pathways of
psychedelics in therapeutically-relevant brain regions remain
unclear.
In humans, the psychedelic effects of psilocin correlate with

5-HT2A occupancy in the prefrontal cortex (PFC) [28]. Psilocybin
increases excitatory neurotransmission in medial PFC (mPFC)
neurons and produces long-lasting changes in dendritic architec-
ture [29]. Despite significant 5-HT2A expression in the mPFC, the
actions of psychedelics on 5-HT2A mPFC neurons remain largely
unexamined; however, one recent study found cell-type specific
effects of psilocybin where increased excitability and persistent
behavioral effects were mediated by subcortical projection

pyramidal tract mPFC cells that demonstrated increased synaptic
calcium transients and firing rates acutely after administration
[30]. Patients with treatment-resistant depression report that
psilocin increases ability to modulate self-focus, reduces negative
emotional processing, and strengthens social functioning [31, 32],
processes governed by mPFC in maintaining a sense of self [33].
The goal of the present study was to investigate the actions of
psilocin in mPFC 5-HT2A neurons and determine the receptor
pharmacology and intracellular signaling pathways involved to
uncover the neurobiological mechanisms that may be implicated
in the therapeutic actions of psilocybin and other psychedelics.

MATERIALS AND METHODS
Animals
Experiments were conducted in adult (>P60, 19–30 g) male and female
C57BL6/J or 5-HT2AR-eGFP-CreERT2xAi9 mice that express 5-HT2A tagged
with GFP at the C-terminus with tamoxifen-induced cre-recombination.
Tamoxifen (100mg/kg, i.p.) was administered once/day for 4 d in mice
≥P35, to ensure adult receptor expression. Mice were bred in-house and
maintained with ad libitum access to food, water, and environmental
enrichment.

Ethics approval
All experimental parameters and procedures are in accordance with NIH
Guidelines and approved by the UNC Institutional Animal Care and Use
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Committee [NIH/PHS Animal Welfare Assurance Number: D16-00256
(A3410-01].

Functional magnetic resonance imaging (fMRI)
Mice were anesthetized with isoflurane (2–3% induction, 0.5–0.75%
maintenance) while preserving physiological homeostasis. The cradle
was pushed into MRI bore, and dexmedetomidine (0.0125 ug/kg, i.p.,
initial bolus; 0.05 ug/kg/hr, continuous infusion) was administered.
Imaging was performed on a Bruker BioSpec 9.4-Tesla, 30 cm bore
system with ParaVision 360.1.0 on an AVANCE NEO console, and an RRI
BFG 240/120, 1000 mT/m gradient insert (Resonance Research Inc.)
paired with an IECO GPA-400-350 gradient amplifier (International
Electric Company). A homemade surface coil (1 cm I.D.) with a miniature
circuit board served as a radio frequency transceiver. Magnetic field
homogeneity was optimized first by global shimming, followed by local
second-order shims using a Scan Shim protocol. fMRI data were acquired
using a ZTE-like imaging sequence: spoke-TR (repetition time) = 0.6 ms,
flip angle= 3°, initial matrix size = 16 × 16 × 16, initial FOV (field of
view)= 6.4 × 6.4 × 6.4 mm, nominal acquisition bandwidth 17 kHz (nom-
inal sampling interval 60 µs), spoke-oversampling factor= 8 (i.e.,
digitizing bandwidth = 136 kHz), reconstructed matrix size =
48 × 48 × 48, reconstructed FOV= 19.2 × 19.2 × 19.2 mm, total number
of spokes per volume = 3310, RF pulse-duration = 4 µs, T-R switch
deadtime = 4.75 µs, and dummy scan duration = ~10 s.
Subjects were scanned for 90min in three periods: Baseline (15 min),

Vehicle (15min: 5 kg/ml, s.c. 2% acetic acid in saline), and Drug Period
(2mg/kg, s.c. psilocin continued for remainder of scanning). Body
temperature was maintained at 37 ± 0.5 °C, respiration was monitored
through a pneumatic pillow (Respiration/EEG Monitor, SA Instruments) and
maintained between 90–110 breaths/min. A circulating water bath (Haake
S13, Thermo Scientific) heats the MRI mouse cradle.
Brain images were isolated with our U-Net deep-learning tool specifically

designed for skull stripping [34, 35]. Images were spatially normalized to fit
a ZTE template, and motion correction and smoothing processes were
executed using AFNI software [36]. For smoothing, a Gaussian kernel with a
full width at half maximum (FWHM) of 0.8 mm was utilized. We then
estimated the averaged time series in three selected mPFC regions:
prelimbic (PrL), infralimbic (IL), and anterior cingulate cortex (ACC, Fig. 1A)
according to Allen brain atlas [37]. For each time series, effects of motion
were regressed out. To account for linear drift, the linear trend was
identified within the vehicle and subsequently regressed out across the
entire time series. This detrending process involved fitting a linear model
to a specific set of data points within the vehicle and then subtracting this
trend line from the original time series. Finally, the entire time series was
normalized using the mean and standard deviation computed from the
baseline period. A linear mixed-effects model (LME) [38, 39] was used to
analyze the interaction effects of brain regions (IL, ACC, PrL) and
experimental groups (Experiment vs. Control) on fMRI responses. The
model included brain regions (IL, ACC, PrL) as a fixed effect, group
(Experiment vs. Control) as a fixed effect, and subject as a random effect to
account for individual variability.

Electrophysiological recording
Brains were removed and placed in ice-cold (in mM): sucrose 206.0; KCl 2.5;
CaCl2 0.5; MgCl2 7.0; NaH2PO4 1.2; NaHCO3 26; glucose 5.0; HEPES 5.
Coronal sections (300μm) were prepared on a vibrating microtome (Leica
VT1000S) and incubated in 95% O2/5% CO2 aCSF (in mM): NaCl 130; KCl
3.5; Glucose 10; NaHCO3 24; MgSO4-7H2O 1.5; NaH2PO4-H2O 1.26; CaCl
2.0 for 30min at 37 °C and 30min at room temperature (RT). Pipettes (4-
6 MΩ) were filled with internal solution (in mM: KCl 145; EGTA 5; MgCl2 5;
HEPES 10; Na-ATP 2; Na-GTP 0.2 or Kgluconate 145; EGTA 5; MgCl2 5; HEPES
10; Na-ATP 2; Na-GTP 0.2). Recordings were performed at RT with a
Multiclamp 700B amplifier (Molecular Devices) at a sampling rate of
10,000 Hz, low-pass filtered at 2-5 kHz, digitized (Digidata 1550B; Molecular
Devices) and stored using pClamp 10 software (Molecular Devices). Series
resistance was monitored with 10mV hyperpolarizing pulses; cells with
Ra > 20MΩ were excluded from analysis. 5-HT2A neurons were identified
using <2 s episodic fluorescent illumination. Current-clamp recordings
measured firing and voltage-clamp recordings (Vhold=−70mV) of
excitatory and inhibitory postsynaptic currents (EPSCs/IPSCs) were
performed using 6,7-dinitroquinoxaline-2,3-dione (DNQX, 20 μM), DL-2-
amino-5-phosphonovalerate (AP-5, 50 μM), and CGP55845 (1 μM) for IPSCs

and gabazine (SR-95531, 20 μM) and CGP55845 (1 μM) for EPSCs. Miniature
inhibitory and excitatory synaptic currents (mIPSCs/mEPSCs) were
measured using tetrodotoxin (1 μM). Drugs were focally applied by a
y-tube filament positioned in close proximity to the recorded cell with
vehicle (aCSF) solution exchange performed prior to drug application
(5–10min). Drugs were made fresh on the day of recording, dissolved to
experimental concentrations in aCSF, and stored in closed conical tubes
except while being applied during experimental recording. Series
resistance was continuously monitored throughout recording and cells
with >25% change in access resistance were excluded from data analysis.
Firing frequency was quantified by Clampfit (Molecular Devices) and IPSCs/
EPSCs were analyzed using MiniAnalysis (Synaptosoft) using an analysis
period with >60 events. Experimental drugs were only applied once per
slice to avoid confounds of repeated application.

Cell culture
HEK293T cells were authenticated by and obtained from ATCC, and
mycoplasma testing was performed upon arrival by standard laboratory
practices. Cells were maintained, passaged, and transfected in Dulbecco’s
Modified Eagle’s Medium containing 10% fetal bovine serum (FBS),
100 Units/mL penicillin, and 100 μg/mL streptomycin in a humidified
atmosphere at 37 °C and 5% CO2. After transfection, cells were plated in
DMEM containing 1% dialyzed FBS, 100 Units/mL penicillin, and 100 μg/mL
streptomycin for BRET assays.

BRET2 assays
Cells were plated in six-well dishes at a density of 700,000–800,000 cells/
well. Cells were transfected 2–4 hr later, using a 1:1:1:1 DNA ratio of
receptor:Gα-RLuc8:Gβ:Gγ-GFP2 (100 ng/construct). Transit 2020 was used
to complex the DNA at a ratio of 3 μL Transit/μg DNA, in OptiMEM at a
concentration of 10 ng DNA/μL OptiMEM. Next day, cells were harvested
and plated in poly-D-lysine-coated white, clear bottom 96-well assay plates
at a density of 30,000–50,000 cells/well.
One day after plating, white backings were applied to the plate bottoms,

and growth medium was carefully aspirated and replaced with 50 μL assay
buffer (1 × HBSS + 20mM HEPES, pH 7.4) containing fresh 50 μM coelen-
terazine 400a. After 5 min equilibration, cells were treated with 50 μL of
drug (2X) for an additional 5 min. Plates were read in a Pherastar FSX
microplate reader with 395 nm (RLuc8-coelenterazine 400a) and 510 nm
(GFP2) emission filters, at 1 s/well integration times. BRET2 ratios were
computed as the ratio of the GFP2 emission to RLuc8 emission. Results are
from ≥3 independent experiments, each performed in duplicate. Data
were normalized to 5-HT stimulation and analyzed using nonlinear
regression “log(agonist) vs. response”.

Drugs
Drugs were purchased as follows: psilocin (Cayman chemical), RS102221
(Tocris Bioscience), and M100907 (Sigma-Aldrich). FR900359 was obtained
from Evi Kostenis [40]. Stock solutions were prepared in ultra-pure water or
DMSO, stored at −20 °C and diluted to experimental concentrations
in aCSF.

Statistical analysis
Experimental subjects were randomly assigned to treatment groups and
sample sizes were calculated based on the minimum numbers required to
see statistically significant changes as determined by previous studies.
Data analysis and visualization were completed with Prism 9 (GraphPad) by
investigators unblinded to treatment condition. Membrane characteristics
were represented as mean ± SEM and compared via two-way ANOVA (sex
x response). sIPSC/sEPSCs were analyzed and visually confirmed using
threshold-based detection software (MiniAnalysis, Synaptosoft). Data were
analyzed by paired or unpaired t-test, and normalized data were analyzed
by one-sample t-test, where appropriate. Concentration-response curves
were fit to a three-parameter logistic equation in Prism 9 (Graphpad).
BRET2 concentration-response curves were analyzed as either raw net
BRET2 (fit Emax-fit Baseline) or by normalizing to a reference agonist for
each experiment. Efficacy (Emax) calculations were performed as
previously described [41]: stimulus-response amplitudes (net BRET2) were
normalized to the maximal responding agonist (maximal system response).
EC50 and Emax values were estimated from the simultaneous fitting of all
biological replicates.
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RESULTS
Psilocin effects on layer 5 pyramidal neurons from C57B6/
J mice
To examine global effects of psilocin, we performed fMRI in
C57BL6/J mice following systemic administration of vehicle or
psilocin (2 mg/kg, s.c.), an active dose that has been shown to
produce reliable increases in head twitch responding in mice
[42, 43]. We delineated three mPFC regions: the prelimbic (PrL),
infralimbic (IL), and anterior cingulate cortex (ACC; Fig. 1A) and
extracted the fMRI signal. The time series demonstrate increases in
activity in the ACC, PrL, and IL after psilocin, with the greatest

change in the PrL (Fig. 1B). The LME model assessing the effects of
brain regions (PrL, ACC, IL) and experimental groups (Experiment
vs. Control) on fMRI responses revealed a significant interaction
between group and brain regions was observed (F-value= 8.10,
p < 0.001) (Fig. 1C), indicating that the effect of group on fMRI
responses varied by brain region. To further explore these regional
differences, additional pairwise LME comparisons were conducted
within the experimental group. A trend toward higher activity was
observed in PrL compared to IL (β= 2.36, p= 0.059). However, no
significant differences were found in the comparisons of PrL vs.
ACC and ACC vs. IL within the experimental group. Further

Fig. 1 Psilocin effects in medial prefrontal cortex and on layer 5 pyramidal neurons from C57B6/J mice. A A representative 3D plot of the
three selected anatomical regions within the prefrontal cortex: prelimbic (PrL), infralimbic (IL), and anterior cingulate cortex (ACC). B The fMRI
signal normalized to the baseline (Error bars represent the standard error) in experiment and control groups. C Averaged fMRI signal changes
in PrL, ACC, and IL during the psilocin period in the experimental group and the vehicle period in the control group (F-value= 8.10, p < 0.001).
PrL exhibited a trend toward higher fMRI activity compared to IL (β= 2.36, #p= 0.059). Additionally, fMRI responses in ACC and PrL were
significantly elevated in the experimental group relative to the control group (ACC: β= 3.13, ***p < 0.005; PrL: β= 2.43, ***p < 0.005).
D Representative PFC Layer 5 pyramidal neuron location within slice. Representative recordings of neuronal firing after psilocin (10 µM)
showing increase (E), decrease (F), and no change (G). H Graphical depiction of differential neuronal responses to psilocin (10 µM). (I) Averaged
psilocin effects on firing in L5P (mean ± SEM, n= 19). J Membrane characteristics of layer V pyramidal neurons (mean ± SEM).
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between-group comparisons within each brain region revealed
significant effects. The experimental group exhibited significantly
higher responses compared to the control group in both PrL
(β= 3.13, p < 0.005) and ACC (β= 2.43, p < 0.005). However, no
significant difference between groups was observed in IL. These
findings suggest that while ACC and PrL exhibited increased
activity during psilocybin administration in the experimental
group, this enhancement was not present in the control group,
highlighting a group-dependent modulation of fMRI responses
across brain regions.
To examine psilocin’s cellular effects, we performed electro-

physiological recordings in PrL/ACC mPFC neurons (Fig. 1D). Layer
5 pyramidal neurons were identified based on morphology and
membrane characteristics. Current (<120pA) was injected to bring
neurons to a stable firing rate and held constant for the duration
of the experiment. Psilocin (10 μM) produced variable effects on
layer 5 pyramidal neurons in the PrL/ACC mPFC (Fig. 1E-I). Psilocin
increased firing (>120% change) in most neurons (n= 10 neurons/
N= 6 mice; Figs. 1E, 1H), decreased firing (<80% change) in ~30%
of neurons (n= 5 neurons/N= 4 mice; Fig. 1F, 1H), and produced
no change in firing (80–120% change) in the remaining neurons
(n= 4 neurons/N= 4 mice; Fig. 1G, 1H). There were no significant
differences in membrane properties between groups (Fig. 1J).

Psilocin effects on excitability and synaptic transmission in
5-HT2A neurons
To examine the effects of psilocin on 5-HT2A mPFC neurons, we
utilized a 5-HT2A-tdTomato-reporter mouse with cre-dependent
expression of 5-HT2A. We observed tdTomato expression throughout
PrL/ACC mPFC (Fig. 2A). 5-HT2A neurons were identified based on
morphology and tdTomato expression (Fig. 2B). Initial recordings
were performed in tdTomato non-expressing 5-HT2A negative as
well as TdTomato expressing 5-HT2A neurons, however consistent
with unspecified neurons (Figs. 1E-H), 5-HT2A negative neurons had
variable responses so all subsequent experiments focused solely on
5-HT2A neurons. Current was injected to achieve stable spontaneous
firing and held constant for the duration of continuous firing
recordings. Recordings were performed across a range of firing
frequencies ( < 1-6 Hz) including more elevated (4-6 Hz) and lower
frequencies (<1-2 Hz) to examine any differences in drug effect at
different baseline firing rates. Focal application of psilocin (10μM)
increased firing in 5-HT2A neurons (n= 13 cells/N= 10 mice, paired
t-test **p < 0.01; Fig. 2C, D) to ~200% of baseline (n= 13 cells/
N= 10 mice, one-sample t-test ***p < 0.001; Fig. 2E). Increased firing
was observed in males and females with moderately larger effects in
males (Figure S1A–C). To assess intrinsic excitability, we performed
episodic current-clamp recordings in 5-HT2A neurons with increasing
current steps and measured current-evoked firing (number of action
potentials at each current injection), rheobase (current injection at
which the first action potential was elicited), and threshold to fire
(voltage at which the first action potential was elicited). Psilocin
(10 μM) increased firing in 5-HT2A neurons at 20, 60, and 100pA
(n= 10–25 cells/N= 12 mice, paired t-test *p < 0.05 - **p < 0.01; Fig.
2F). Psilocin also reduced the threshold to fire (n= 25 cells/
N=12mice, paired t-test *p < 0.05; Fig. 2G) and rheobase (current
required to elicit an action potential), (n= 25 cells/N= 12 mice,
paired t-test ***p < 0.001; Fig. 2H).
We performed voltage-clamp recordings measuring glutama-

tergic transmission in 5-HT2A neurons. Psilocin (10μM) produced
no changes in spontaneous excitatory post-synaptic current
(sEPSC) frequency in raw (n= 12 cells/N= 8 mice, Fig. 2I, J) or
normalized values (Fig. 2K) or in raw (Fig. 2L) or normalized sEPSC
amplitude (Fig. 2M). Psilocin (10 μM) also produced no changes in
mEPSC frequency or amplitude (Figure S2A–E). We performed
voltage-clamp recordings measuring inhibitory transmission in
5-HT2A neurons. Psilocin (10 μM) produced no changes in
spontaneous inhibitory post-synaptic current (sIPSC) frequency
or amplitude (Figure S3A–E).

5-HT2A-selective agonist NBOH-2C-CN effects on excitability
and synaptic transmission in 5-HT2A neurons
We also performed recordings using the selective 5-HT2A agonist
NBOH-2C-CN. To guide dose selection, we conducted a TRUPATH
Gαq dissociation experiment at the mouse 5-HT2AR [44]. The
concentration response curve showed that NBOH-2C-CN had
increased potency compared to Psilocin (46 nM vs 7 nM, F-test
**p < 0.01; Fig. 3A) so 200 nM was selected to reflect potency
differences and minimize off-target effects. NBOH-2C-CN (200 nM)
increased firing in 5-HT2A neurons (n= 8 cells/N= 4 mice, paired
t-test *p < 0.05; Fig. 3B,C) to ~200% of baseline (n= 8 cells/N= 4
mice, one-sample t-test **p < 0.01; Fig. 3D). More pronounced
increases were observed in males compared to females (Fig. S1D,
E) with no differences overall (Fig. S1F). NBOH-2C-CN (200 nM) did
not alter current-evoked firing in 5-HT2A neurons at 20, 60, and
100 pA (n= 10–12 cells/N= 8 mice; Fig. 3E), but significantly
reduced threshold to fire (n= 11 cells/N= 7 mice, paired t-test
*p < 0.05; Fig. 3F) and rheobase (n= 11 cells/N= 7 mice, paired
t-test *p < 0.05; Fig. 3G).
NBOH-2C-CN (200 nM) produced no change in 5-HT2A neuron

sEPSC frequency in raw (n= 7 cells/N= 5 mice, Fig. 3H, I) or
normalized values (Fig. 3J). NBOH-2C-CN produced no changes in
raw (Fig. 3K) or normalized sEPSC amplitude (Fig. 3L). NBOH-2C-CN
also produced no change in mEPSC frequency or amplitude (Fig.
S2F-J) and no changes in sIPSC frequency or amplitude (Figure
S3F-J).

5-HT2A receptor involvement in the effects of psilocin and
NBOH-2C-CN on 5-HT2A neurons
To examine the role of 5-HT2A receptors 5-HT2A neuron activity
and in the effects of psilocin and NBOH-2C-CN, we performed
current-clamp recordings with the 5-HT2A-specific antagonist
M100907. M100907 (200 nM) decreased 5-HT2A neuron firing
(n= 10 cells/N= 6 mice, paired t-test *p < 0.05; Fig. 4A, B) to ~40%
of baseline (n= 10 cells/N= 6 mice, one-sample t-test *p < 0.05;
Fig. 4C). Subsequent application of psilocin (10 μM) with M100907
(200 nM) had no effect on firing (n= 10 cells/N= 6 mice, Fig. 4A,
D) or normalized firing (n= 10 cells/N= 6 mice, Fig. 4E). In
separate recordings, M100907 (200 nM) decreased firing in 5-HT2A
neurons (n= 9 cells/N= 5 mice, paired t-test *p < 0.05; Fig. 4F, G)
to ~35% of baseline (n= 9 cells/N= 5 mice, one-sample t-test
*p < 0.05; Fig. 4H). Subsequent NBOH-2C-CN (200 nM) application
with M100907 (200 nM) did not alter firing (n= 11 cells/N= 5
mice, Fig. 4F, I). When frequencies were normalized to baseline, no
effect on firing frequency was observed (n= 10 cells/N= 5 mice,
Fig. 4J). To examine whether these actions could be applied in
drug discovery, we examined the effects of the novel non-
hallucinogenic, therapeutic 5-HT2AR agonist R-70 [25]. R-70
(10 µM) significantly increased firing consistent with the effects
of psilocin and NBOH-2C-CN (Figure S4A, B). These effects were
also blocked by prior administration of the 5-HT2A-specific
antagonist M100907 (Figure S4C–F).

5-HT2C receptor involvement in the effects of psilocin and
NBOH-2C-CN on 5-HT2A neurons
To examine the role of 5-HT2C receptors 5-HT2A neuron activity and
in the effects of psilocin and NBOH-2C-CN, we performed current-
clamp recordings with the 5-HT2C-specific antagonist RS102221.
RS102221 (5 μM) decreased firing in 5-HT2A neurons (n= 11 cells/
N= 6 mice, paired t-test **p < 0.01; Fig. 5A, B) to ~30% of baseline
(n= 11 cells/N= 6 mice, one-sample t-test ****p < 0.0001; Fig. 5C).
Subsequent psilocin (10 μM) application with RS102221 (5 μM)
increased 5-HT2A neuron firing (n= 11 cells/N= 6 mice, paired t-test
*p < 0.05; Fig. 5A, D) to ~200% of baseline (n= 10 cells/N= 6 mice,
one-sample t-test *p < 0.05; Fig. 5E). In separate recordings,
RS102221 (5μM) decreased firing (n= 9 cells/N= 5 mice, paired
t-test **p < 0.01; Fig. 5F, G) to ~35% of baseline (n= 9 cells/N= 5
mice, one-sample t-test ***p < 0.001; Fig. 5H). Subsequent NBOH-2C-
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Fig. 2 Psilocin effects on excitability and synaptic transmission in 5-HT2A neurons in medial prefrontal cortex. A Visualization of
tamoxifen-induced expression (red) and 5-HT2AR (green) in the PFC of 5-HT2AR-eGFP-CreERT2xAi9 model. B Representative 5-HT2A neuron and
its location within PFC slice. C Representative recording of 5-HT2A neuron firing after psilocin (10 µM). D Averaged psilocin effects on firing in
5-HT2A neurons (mean ± SEM, n= 13 cells/N= 10 mice; paired t-test **p < 0.01). E Normalized psilocin effects on firing in 5-HT2A neurons
(mean ± SEM, n= 13 cells/N= 10 mice. One sample t-test ***p < 0.001). F Representative recordings of 5-HT2A neuron firing before and after
psilocin (10 µM) in response to 400ms injected currents of 20, 60 and 100 pA with averaged psilocin effect on number of action potentials
evoked (mean ± SEM, n= 10–25 cells/N= 12 mice; paired t-test *p < 0.05, **p < 0.01, ***p < 0.001). G Averaged psilocin effect on threshold to
fire (mean ± SEM, n= 25 cells/N= 12 mice; paired t-test *p < 0.05). H Averaged psilocin effect on rheobase (mean ± SEM, n= 25 cells/N= 12
mice; paired t-test ***p < 0.001). I Representative recording of 5-HT2A neuron spontaneous excitatory post synaptic currents (sEPSCs) after
psilocin (10 µM). J Averaged psilocin effect on sEPSC frequency (mean ± SEM, n= 12 cells/N= 8 mice). K Normalized psilocin effect on sEPSC
frequency (mean ± SEM, n= 12 cells/N= 8 mice). L Average of psilocin effect on sEPSC amplitude (mean ± SEM, n= 12 cells/N= 8 mice).
M Normalized psilocin effect on sEPSC amplitude (mean ± SEM, n= 12 cells/N= 8 mice).
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CN (200 nM) application with RS102221 (5μM) increased 5-HT2A
neuron firing (n= 10 cells/N= 5 mice, paired t-test **p < 0.01;
Fig. 5F, I) to ~200% of baseline (n= 10 cells/N= 5 mice, one-sample
t-test *p < 0.05; Fig. 5J).

Gαq signaling in the effects of psilocin and NBOH-2C-CN on
5-HT2A neurons
To examine Gαq signaling in the effects of psilocin and NBOH-2C-
CN, we performed current-clamp recordings using the selective
Gαq inhibitor FR900359. FR900359 (1μM) (Fig. 6A) decreased

5-HT2A neuron firing (n= 10 cells/N= 4 mice, paired t-test
**p < 0.01; Fig. 6B, C) to ~40% of baseline (n= 10 cells/N= 4
mice, one-sample t-test **p < 0.01; Fig. 6D). Subsequent psilocin
(10 μM) application with FR900359 (1μM) did not change 5-HT2A
neuron firing in raw (n= 10 cells/N= 4 mice, Fig. 6B, E) or
normalized values (n= 10 cells/N= 4 mice, Fig. 6F). In separate
recordings, FR900359 (1μM) decreased 5-HT2A neuron firing (n= 6
cells/N= 3 mice, paired t-test **p < 0.01; Fig. 6G, H) to ~40% of
baseline (n= 6 cells/N= 3 mice, one-sample t-test **p < 0.01;
Fig. 6I). Subsequent NBOH-2C-CN (200 nM) application with

Fig. 3 5-HT2A-selective agonist NBOH-2C-CN effects on excitability and synaptic transmission in 5-HT2A neurons. A Gq dissociation
concentration-response curves at mouse 5-HT2AR for psychedelic drugs psilocin and NBOH-2C-CN. B Representative recording of 5-HT2A
neuron firing after NBOH-2C-CN (200 nM). C Averaged NBOH-2C-CN effects on firing in 5-HT2A neurons (mean ± SEM, n= 8 cells/N= 4 mice;
paired t-test *p < 0.05). D Normalized NBOH-2C-CN effects on firing in 5-HT2A neurons (mean ± SEM, n= 8 cells/N= 4 mice; one sample t-test
**p < 0.01). E Representative recordings of 5-HT2A neuron firing before and after NBOH-2C-CN (200 nM) in response to 400ms injected
currents of 20 pA, 60 pA, and 100 pA with averaged NBOH-2C-CN effect on number of action potentials evoked (mean ± SEM, n= 10–12 cells/
N= 8 mice). F Averaged NBOH-2C-CN effect on threshold to fire (mean ± SEM, n= 11 cells/N= 7 mice; paired t-test *p < 0.05). G Averaged
NBOH-2C-CN effect on rheobase (mean ± SEM, n= 11 cells/N= 7 mice; paired t-test *p < 0.05). H Representative recording of 5-HT2A sEPSCs
after NBOH-2C-CN (200 nM). I Averaged NBOH-2C-CN effect on sEPSC frequency (mean ± SEM, n= 7 cells/N= 5 mice). J Normalized NBOH-2C-
CN effect on sEPSC frequency (mean ± SEM, n= 7 cells/N= 5 mice). K Averaged NBOH-2C-CN effect on sEPSC amplitude (mean ± SEM, n= 7
cells/N= 5 mice). L Normalized NBOH-2C-CN effect on sEPSC amplitude (mean ± SEM, n= 7 cells/N= 5 mice).
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FR900359 (1μM) did not change 5-HT2A firing in raw (n= 7 cells/
N= 3 mice, Fig. 6G, J) or normalized values (n= 7 cells/N= 3
mice, Fig. 6K).
We performed recordings with FR900359 (1 μM) included in the

internal pipette solution (Fig. 6L). Psilocin (10μM) with intracellular
FR900359 paradoxically decreased firing in 5-HT2A neurons (n= 9

cells/N= 5 mice, paired t-test *p < 0.05; Fig. 6M, N), with no
significant changes observed in normalized firing (n= 9 cells/
N= 5 mice, Fig. 6O). NBOH-2C-CN (200 nM) application with
intracellular FR900359 also did not significantly change 5-HT2A
neuron firing in raw (n= 8 cells/N= 4 mice, Fig. 6P, Q) or
normalized values (n= 8 cells/N= 4 mice, Fig. 6R).

Fig. 4 The role of 5-HT2A receptors in the effects of psilocin and NBOH-2C-CN on 5-HT2A neurons. A Representative recording of 5-HT2A
neuron firing after M100907 (200 nM) and psilocin (10 µM). B Averaged M100907 effects on firing in 5-HT2A neurons (mean ± SEM, n= 10 cells/
N= 6 mice). C Normalized M100907 effects on firing in 5-HT2A neurons (mean ± SEM, n= 10 cells/N= 6mice; one sample t-test **p < 0.01).
D Averaged M100907 + psilocin effects on firing in 5-HT2A neurons (mean ± SEM, n= 10 cells/N= 6 mice). E Normalized M100907 + psilocin
effects on firing in 5-HT2A neurons (mean ± SEM, n= 10 cells/N= 6 mice). F Representative recording of 5-HT2A neuron firing after M100907
(200 nM) and NBOH-2C-CN (200 nM). G Averaged M100907 effects on firing in 5-HT2A neurons (mean ± SEM, n= 9 cell/N= 5 mice; paired t-test
*p < 0.05). H Normalized M100907 effects on firing in 5-HT2A neurons (mean ± SEM, n= 9 cells/N= 5 mice; one sample t-test *p < 0.01).
I Averaged M100907+NBOH-2C-CN effects on firing in 5-HT2A neurons (mean ± SEM, n= 11 cells/N=5mice). J Normalized M100907+NBOH-
2C-CN effects on firing in 5-HT2A neurons (mean ± SEM, n= 10/N= 5 mice).
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DISCUSSION
The present study investigated population-specific effects of psilocin
in defined regions and populations of mouse medial prefrontal
cortex (mPFC). Systemic psilocin increased mPFC activity, specifically
in prelimbic (PrL) mPFC. Psilocin produced variable neuronal firing
responses, suggesting divergent population-specific effects within

PrL/ACC mPFC. Using transgenic 5-HT2A mice, we found that psilocin
consistently increased firing in 5-HT2A pyramidal neurons as did the
5-HT2A-selective agonist 25-CN-NBOH. The increased firing with
psilocin or 25-CN-NBOH occurred in the absence of changes in
excitatory or inhibitory transmission, suggesting direct postsynaptic
actions on 5-HT2A neurons and not changes in network activity. The

Fig. 5 The role of 5-HT2C receptors in the effects of psilocin and NBOH-2C-CN on 5-HT2A neurons. A Representative recording of 5-HT2A
neuron firing after RS102221 (5 µM) and psilocin (10 µM). B Averaged RS102221 effects on firing in 5-HT2A neurons (mean ± SEM, n= 11 cells/
N= 6 mice; paired t-test **p < 0.005). C Normalized RS102221 effects on firing in 5-HT2A neurons (mean ± SEM, n= 11 cells/N= 6 mice; one
sample t-test ****p < 0.0001). D Averaged RS102221 + psilocin effects on firing in 5-HT2A neurons (mean ± SEM, n= 11 cells/N= 6 mice; paired
t-test *p < 0.05). E Normalized RS102221 + psilocin effects on firing in 5-HT2A neurons (mean ± SEM, n= 10 cells/N= 6 mice ; one sample t-test
*p < 0.05). F Representative recording of 5-HT2A neuron firing after RS102221 (5 µM) and NBOH-2C-CN (200 nM). G Averaged RS102221 effects
on firing in 5-HT2A neurons (mean ± SEM, n= 9 cells/N= 5 mice; paired t-test **p < 0.01). H Normalized RS102221 effects on firing in 5-HT2A
neurons (mean ± SEM, n= 9 cells/N= 5 mice; one sample t-test ***p < 0.001). I Averaged RS102221+NBOH-2C-CN effects on firing in 5-HT2A
neurons (mean ± SEM, n= 10 cells/N= 5 mice; paired t-test **p < 0.01). J Normalized RS102221+NBOH-2C-CN effects on firing in 5-HT2A
neurons (mean ± SEM, n= 10 cells/N= 5 mice; one sample t-test *p < 0.05).
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excitatory effects were mediated by 5-HT2A as 5-HT2A (but not
5-HT2C) blockade prevented increased firing with psilocin or 25-CN-
NBOH. The increased firing was mediated by Gαq signaling, as global
and targeted application of a Gαq inhibitor prevented increased
firing with psilocin or 25-CN-NBOH. Collectively, these data illustrate
population-specific effects of psychedelics in the mPFC, specifically
implicating 5-HT2A neuronal populations in excitatory effects of
psychedelic drug administration. These findings provide mechanistic
insight into psychedelic drug effects in a brain region implicated in
mediating potential therapeutic actions that can guide the rational
design of novel antidepressant drugs.

Previous studies indicate that 5-HT2A activation in layer V
pyramidal neurons increases glutamatergic signaling [45, 46]
depolarization [47] and firing [48]. However, reports of direct
excitation with 5-HT2A activation are rare, and some speculate that
5-HT2A activation triggers the release of glutamate from thalamo-
cortical fibers via retrograde messenger. We found that psilocin
exerted differential effects on firing in unspecified layer V
pyramidal neurons. This is consistent with prior studies showing
increased firing in only a subset of pyramidal neurons in vivo and
ex vivo, suggesting that psychedelics exert differential effects
across cortical regions depending on drug, dose, and 5-HT2A
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density [49–51]. Importantly, these prior studies did not examine
5-HT2A neurons and only examined unspecified pyramidal
neurons. A more recent study found that while increased spine
density following psilocybin was observed in both intratelence-
phalic and pyramidal tract mPFC cells, increases in excitability and
reductions in stress-related behaviors were mediated primarily by
pyramidal tract cells, and both structural plasticity as well as
behavioral changes were abolished in cell-type-targeted 5-HT2A
receptor knockout mice [30]. We specifically targeted 5-HT2A
neurons and found that psilocin and 25-CN-NBOH significantly
increased firing in 5-HT2A neurons. However, in contrast to
psilocin, 25-CN-NBOH did not significantly increase the number
of action potentials elicited at depolarizing current injections,
despite significantly reducing the threshold to fire and rheobase. It
is possible that 25-CN-NBOH only increases excitability at lower
but not at higher stimulation, or it is also possible that the episodic
recording parameters were not sufficient to detect increased firing
that was more evident in stable continuous recordings. Overall,
these results suggest that 5-HT2A neurons may be uniquely
sensitive to the actions of psychedelics and could be the source of
increased excitation in the mPFC
We found that psilocin and 25-CN-NBOH increased firing

without altering excitatory or inhibitory synaptic transmission in
5-HT2A neurons. While we cannot rule out the possibility of
network changes that we were unable to detect, these findings
suggest that psilocin increases firing in 5-HT2A PrL/ACC through
direct actions and not changes in intrinsic or extrinsic synaptic
transmission. The direct excitation of 5-HT2A layer V pyramidal
neurons potentially causes an increase in glutamatergic recurrent
network activity. Previous work demonstrated that inhibition of
post-synaptic 5-HT2A in transfected neurons failed to inhibit
increases in sEPSCs [52], which is inconsistent with postsynaptic
5-HT2A-triggered release of a retrograde messenger. We provide
evidence for the simpler explanation that 5-HT2A neurons are a
discrete mPFC subpopulation capable of increasing glutamatergic
signaling in nearby non-5-HT2A neurons.
5-HT2A agonism mediates the psychoactive effects of psyche-

delics in preclinical models, and human imaging studies have
identified the PFC as a key brain region in the effects of
psychedelics. Human positron emission tomography (PET) studies
demonstrate that psilocin’s psychedelic effects are correlated with
PFC 5-HT2A occupancy [28]. Additionally, an fMRI study found that
the increase in PFC activity one day post-psilocin administration
was predictive of treatment response at 5wks post-treatment [53].
One limitation of our study is the relatively low sample size in the
fMRI experiments, which may contribute to variability in the
observed effects. To address this, we incorporated a control group
to account for non-drug related signal fluctuations and employed
a linear mixed-effects model to improve statistical rigor. While
these measures enhance the reliability of our findings, future

studies with larger cohorts will be necessary to further validate
and generalize our results. Recent animal studies have questioned
the role of 5-HT2A in the antidepressant activity of psychedelics
showing that ketanserin, a nonselective 5-HT2R antagonist, failed
to block psilocybin-induced changes in hippocampal synaptic
response [54]. We demonstrate that 5-HT2A is required for
increased firing in 5-HT2A mPFC neurons as a 5-HT2A antagonist
blocked the effects of psilocin and 25-CN-NBOH, suggesting that
effects of psilocin across different brain regions may be
modulated by different receptors. Future studies will investigate
the role of 5-HT2A neurons in different brain regions on behaviors
implicated in psychedelic drug actions, including anxiety-like and
motivated behaviors.
Currently-available psychedelic compounds including psilocin,

25-CN-NBOH, LSD, and mescaline activate several biogenic amine
receptors present in the mPFC in addition to 5-HT2A. One such
target is 5-HT2C, with one study showing that 5-HT2C deletion
attenuated DOI-induced head twitch response, a measure of
purported hallucinogenic-like effects [55]. We found that 5-HT2C
antagonism did not prevent increased firing in 5-HT2A neurons
with psilocin or 25-CN-NBOH, suggesting that 5-HT2C does not
mediate the effects of either compound. Interestingly, we
observed a reduction in firing with 5-HT2A or 5-HT2C antagonism,
suggesting 5-HT2A and 5-HT2C are both involved in maintaining
tonic basal activity; however, only 5-HT2A mediated the direct
excitatory effects of psilocin and 25-CN-NBOH on 5-HT2A neurons.
Biased signaling is a phenomenon where certain ligands

preferentially activate one signaling pathway. Canonically,
GPCRs signal directly through both G protein- and βArr-
mediated pathways. It has been proposed that biased ligands
may be useful for activating desired (i.e. therapeutically
efficacious) pathways rather than undesired (i.e. unwanted side
effect-producing) pathways [56]. Whether the hallucinogenic
and therapeutic effects of psychedelics are dissociable is an area
of growing interest, particularly in novel compound develop-
ment [25–27]. We tested one novel compound, the Gαq-biased
R-70 and found that it elicited similar effects to psilocin and
NBOH-2C-CN, that were also blocked by 5-HT2A antagonism. This
is especially interesting because R-70 exhibits therapeutic
effects but is devoid of hallucinogenic actions in rodents [25].
LSD preferentially signals through βArr2 at the 5-HT2A receptor
[11, 57] and LSD-elicited responses are significantly attenuated
or absent in βArr2-KO mice [58]. We found that the 5-HT2A-
mediated effects of psilocin in 5-HT2A neurons are dependent
upon a Gαq signaling pathway as inhibition of Gαq signaling in
the bath or in the recorded neuron prevented increased firing
with psilocin or 25-CN-NBOH. Although there have been reports
that psychedelics differentially couple 5-HT2A to Gαi/o signaling
in brain [14, 59], our results are consistent with work showing
that 5-HT2A mainly couples to Gαq-like transducers [57, 60–63],

Fig. 6 The role of Gαq signaling in the effects of psilocin and NBOH-2C-CN on 5-HT2A neurons. A Cartoon depicting extracellular
application of FR900359 drug onto recorded neurons. B Representative recording of 5-HT2A neuron firing after FR900359 (1 µM) and psilocin
(10 µM). C Averaged FR900359 effects on firing in 5-HT2A neurons (mean ± SEM, n= 10 cells/N= 4 mice; paired t-test **p < 0.01). D Normalized
FR900359 effects on firing in 5-HT2A neurons (mean ± SEM, n= 10 cells/N= 4 mice; one sample t-test **p < 0.01). E Averaged FR900359 +
psilocin effects on firing in 5-HT2A neurons (mean ± SEM, n= 10 cells/N= 4 mice). F Normalized FR900359 + psilocin effects on firing in 5-HT2A
neurons (mean ± SEM, n= 10 cells/N= 4 mice). G Representative recording of 5-HT2A neuron firing after FR900359 (1 µM) and NBOH-2C-CN
(200 nM). H Averaged FR900359 effects on firing in 5-HT2A neurons (mean ± SEM, n= 6 cells/N= 3 mice; paired t-test **p < 0.01). I Normalized
FR900359 effects on firing in 5-HT2A neurons (mean ± SEM, n= 6 cells/N= 3 mice; one sample t-test **p < 0.01). J Averaged
FR900359+NBOH-2C-CN effects on firing in 5-HT2A neurons (mean ± SEM, n= 7 cells/N= 3 mice). K Normalized FR900359+NBOH-2C-CN
effects on firing in 5-HT2A neurons (mean ± SEM, n= 7 cells/N= 3 mice). L Cartoon depicting intracellular application of FR900359 drug onto
recorded neurons. M Representative recording of 5-HT2A neuron firing with FR900359 (1 µM) in internal solution and psilocin (10 µM).
N Averaged FR900359 + psilocin effects on firing in 5-HT2A neurons (mean ± SEM, n= 9 cells/N= 5 mice; paired t-test *p < 0.05). O Normalized
FR900359 + psilocin effects on firing in 5-HT2A neurons (mean ± SEM, n= 9 cells/N= 5 mice). P Representative recording of 5-HT2A neuron
firing with FR900359 (1 µM) in internal solution and NBOH-2C-CN (200 nM). Q Averaged FR900359+NBOH-2C-CN effects on firing in 5-HT2A
neurons (mean ± SEM, n= 8 cells/N= 4 mice.). R Normalized FR900359+NBOH-2C-CN effects on firing in 5-HT2A neurons (mean ± SEM, n= 8
cells/N= 4 mice).
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and that genetic deletion of one copy of Gαq abolished
psychedelic drug-induced c-Fos expression [60].
Understanding region-specific activity is important in the

context of psilocin’s emerging therapeutic utility. Psychoaffective
disorders including anxiety, depression, and substance use are
associated with dysregulated activity in the frontal cortex [64]
followed by reductions in frontal cortex synapses [65]. Increasing
the activity level of specific mPFC neurons may counteract such
deficits, providing a mechanism for reducing depressive symp-
toms and opposing the loss of neural connectivity with advanced
disease phenotypes. One study observed increased dendritic
spine growth in the frontal cortex of mice 24 h after a single dose
of psilocybin with effects persisting up to 28 days [29]. This study
provides a potential source of these structural changes in the
mPFC occurring after systemic exposure as acute increases in
5-HT2A neuron activity provides one potential mechanism from
which these structural changes might originate.
Preclinical studies provide the opportunity for more detailed

mechanistic assessments of psychedelic drug action; however,
rodent models differ from human experience. While disease
states and affective components of psychedelics are difficult to
mimic in rodents, preclinical models can directly assess
functional consequences of psychedelic drug exposure and
underlying mechanisms. We investigated the effects of the
classical psychedelic psilocin on 5-HT2A mPFC neurons with a
focus on 5-HT2A and 5-HT2C. Given that receptor pharmacology
varies among different psychedelic drugs, future studies should
examine the effects of other psychedelics as well as non-
psychedelic 5-HT2A agonists. The effects of psychedelic drugs
have been shown to be altered in naturally-occurring single
nucleotide polymorphisms in the 5-HT2A gene [66]. Notably,
although mouse and human 5-HT2A sequences are highly
conserved, there are potentially functionally relevant differences
[67] that could impact drug effects and should also be
examined. Mapping circuit-specific sequelae of psilocin-
induced changes in 5-HT2A neuron activity will also be
important. Our work suggests that psychedelic-induced changes
in activity are complex and may involve differential downstream
network effects, so future work should also measure changes in
other 5-HT2A neuronal populations. One study found that μ-
opioid receptor activation blocked excitatory effects of 5-HT2A
agonists on layer V pyramidal neurons [68], presumably
including 5-HT2A neurons, suggesting that other neuromodula-
tory systems may be involved in psychedelic drug actions. A
clear, detailed understanding of how psychedelics exert their
effects is essential for the continued development of any clinical
applications. The current study dissects the effects of psilocin in
the mPFC as a brain region highly relevant to human disease,
and identifies population-specific, 5-HT2A-mediated effects.
These findings provide valuable mechanistic insight into the
effects of psilocin that may underlie potential therapeutic
applications and that can guide the rational design of novel
antidepressant drugs.
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