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Through its widespread reciprocal connections with the cerebral cortex, the
claustrum is implicated in sleep and waking cortical network states. Yet, basic
knowledge of neuromodulation in this structure is lacking. The claustrum

is richly innervated by serotonergic fibers, expresses serotonin receptors, and
is suggested to play a role in the ability of psilocybin, which is metabolized to
the non-specific serotonin receptor agonist psilocin, to disrupt cortex-wide
network states. We therefore addressed the possible role of serotonin, and the
classic psychedelic psilocybin, in modulating cortical signaling through the
claustrum. We show that serotonin activates 5-HT;g receptors on anterior
cingulate cortex inputs - a primary driver of claustrum activity - to suppress
signaling to parietal association cortex-projecting claustrum neurons. Addi-
tionally, we demonstrate that psilocybin injection also activates anterior cin-
gulate cortex presynaptic 5-HT;g receptors to suppress cortical signaling
through the claustrum. Thus, serotonin, via 5-HT;g, may provide gain-control
of cortical input to the claustrum, a mechanism that may be directly targeted

by psilocybin to modulate downstream cortical network states.

An organism’s ability to successfully navigate complex environ-
mental demands is determined by cognitive control of optimal
behavioral responses. Cognitive control is shaped not only by
external environmental demands, but by internal brain-states, both
of which are supported through the activity of neuromodulator
systems that project broadly across the brain'®. Thus, the actions of
neuromodulators on nuclei involved in cognition must be under-
stood. Much work has investigated the contribution of the neuro-
modulatory monoamines, including serotonin (5-HT), dopamine, and
norepinephrine, in cortical cognitive nodes, such as the prefrontal
cortex (PFC)*™. However, investigation in subcortical nuclei that
may play critical roles in cortical networks subserving cognitive
control is lacking.

The claustrum, a subcortical telencephalic nucleus, supports
cortical networks'®" via cortico-claustro-cortical loops**?%. Receptors
for 5-HT are enriched in the claustrum across multiple species®’ and
the claustrum receives serotonergic input from the dorsal raphe
nucleus®. The dorsal raphe nucleus is less active during sleep® and the
claustrum produces synchronous cortical events during slow-wave
sleep, but not during active wakefulness®>*>, In humans, administration
of psilocybin disrupts claustrum functional connectivity with several
cortical networks and reduces the amplitude of low frequency fluc-
tuations in claustrum BOLD signal®. Together, these data lead to
speculation that the claustrum is targeted by 5-HT and related
drugs®®” to modulate excitatory neurotransmission in cortico-
claustro-cortical circuits.
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Among the strongest cortico-claustro-cortical circuits is the con-
nection between the ACC, through the claustrum, to the more
posterior-lying parietal association cortex (PtA)*. Indeed, ACC input
to the claustrum is dense®***** and is functionally significant: it is
required for optimal performance in a cognitively demanding task*°.
Exploring the possibility that 5-HT may modulate signaling through
this major pathway, we assayed the response of the ACC-claustrum
synapse to 5-HT and found that 5-HT activated presynaptic 5-HT;g
receptors to produce a synaptic depression. This effect was sufficient
to depress signaling from ACC to PtA-projecting claustrum neurons.
Additionally, we found that psilocybin injection also depressed claus-
trum signaling within the same population of neurons in a 5-HTp-
dependent manner. These findings establish a synaptic mechanism for
endogenous regulation of claustrum by 5-HT and suggest that the
claustrum is directly targeted by psilocybin.

Results

5-HT-induced depression of the ACC-claustrum synapse

To determine effects of 5-HT on glutamatergic transmission from ACC
to the claustrum, a channelrhodopsin2 (ChR2)-expressing virus was
injected in ACC (Fig. 1A, B) and claustrum neurons (Fig. 1C) were tar-
geted for recording of optically-evoked excitatory post-synaptic cur-
rent (0EPSC) amplitudes before and after bath application of 5-HT
(10 M, 10 min) (Fig. 1D). Neurons received paired-pulse optical sti-
mulation (50 ms inter-pulse interval) every 20 s, for 30 min, with bath
application of 5-HT (10 uM, 10 min) occurring after a five-minute
baseline. We observed that 5-HT application resulted in a depression of
the first oEPSC event amplitude compared to baseline (two-tailed
paired Student’s t-test, t;o=3.43, p=0.0064, n=13 neurons from 8
animals) or a no-drug control (n=6 neurons, from 4 animals) (two-
tailed Student’s t-test, t;, = 2.527, p = 0.0224) (Fig. IE-G). The observed
depression was not accompanied by an increase in series resistance
(Fig. 1E) and did not differ between males (N=6, 1-3 neurons per
animal) and females (N =9, 1 neuron per animal) (two-tailed Student’s
t-test, t;3 = 0.24, p = 0.54) (Figure SI).

In the same neurons, 5-HT (10 uM, 10 min) increased the paired
pulse ratio (PPR) (EPSC2/EPSC1) compared to baseline (two-tailed
paired Student’s t-test, t;;=3.18, p=0.007) (Fig. 1F), suggesting a
decrease in glutamate release probability. Correspondingly, the coef-
ficient of variation (COV) of the first EPSC magnitude decreased
compared to baseline (two-tailed paired Student’s t-test, t;» =3.80,
p=0.002). Application of 5-HT (10 uM, 10 min) in the presence of
500nM tetrodotoxin (TTX) and 100uM 4-Aminopyridine (4-AP)
(n=10 neurons, from 4 animals) elicited a synaptic depression (Fig. 1H)
that was equal to that of the depression elicited from 5-HT (10 uM,
10 min) alone (two-tailed Student’s t-test, tj4=0.017, p=0.99)
(Fig. 11-K). Thus, the 5-HT-mediated synaptic depression did not
appear to be a polysynaptic effect.

5-HT, receptor-mediated depression of ACC-claustrum synap-
tic transmission

As the change in PPR and COV indicated a presynaptic effect, we next
tested if the 5-HT-mediated depression could be explained by 5-HTg,
which is expressed presynaptically as a heteroreceptor*™* and is
expressed in claustrum®*°,

Continuing similar methodology (Fig. 2A), we found that appli-
cation of a 5-HTg receptor-selective agonist CP-93129 (10 uM, 10 min)
induced depression of oEPSC amplitudes compared to baseline (two-
tailed paired Student’s t-test, t;o =4.81, p < 0.001, n =11 neurons, from
8 animals) and this depression was blocked by the presence of the
specific 5-HT;g antagonist SB-216641 (20 uM, n=6, from 4 animals)
(two-tailed Student’s t-test, t;5=2.90, p=.011) (Fig. 2B-D). CP-93129
produced similar effects to 5-HT on PPR and COV, inducing an increase
in PPR (two-tailed paired Student’s t-test, t;=2.43, p=0.046, n=8
neurons, from 8 animals) (Fig. 2C), and an increase in COV (two-tailed

paired Student’s t-test, tg=3.80, p=0.005, n =8 neurons, from 8 ani-
mals), suggesting a decrease in presynaptic transmitter release prob-
ability. The 5-HTyp,p antagonist, GR-127935 (20 puM) similarly blocked
the CP-93129 (10 uM, 10 min) induced depression (two-tailed paired
Student’s t-test, t,=0.58, p=0.59, n=5 neurons from 3 animals)
(Fig. I). To determine if 5-HT;g may explain the entire 5-HT-mediated
depression, we applied 5-HT (10 uM, 10 min, n=7 neurons, from 7
animals) in the presence of SB-216641 (40 uM, n =6 neurons, from 4
animals) (Fig. 2E). This significantly, but not fully, attenuated the 5-HT-
mediated effect (two-tailed Student’s ttest, t;0=2.83, p=0.018)
(Fig. 2F-H).

Agonists and antagonists for 5-HT;g may have activity at 5-HT;p.
To ensure the specificity of our effects to 5-HT;g we applied CP-93129
(10 uM, 10 min) in the presence of a selective 5-HT;p antagonist, LY-
310762 (10uM) (Fig. 2J). LY-310762 failed to block the CP-93129
mediated depression of oEPSC amplitude responses (two-tailed paired
Student’s t-test, t;=5.89, p=0.004, n=5 neurons from 4 animals).
Additionally, we applied the selective 5-HT;p agonist, PNU-142633
(10 pM, 10 min) (Fig. 2K), which produced no change in the amplitude
of oEPSC events (two-tailed paired Student’s t-test, ts=0.33, p=0.76,
n =6 neurons from 3 animals) (Fig. 2K).

5-HT;p effects on spontaneous synaptic transmission

Thus far, the 5-HT;g-mediated depression appeared to be pre-
synaptically expressed. To confirm this, we applied 5-HT or CP-93129
and recorded excitatory spontaneous postsynaptic currents (SEPSCs)
in the presence of 50 pM picrotoxin (PTX). Application of 5-HT (10 pM,
10 min) induced an increase in the interevent interval (IEl) of SEPSCs
(two-tailed paired Student’s t-test, t;=2.55, p=0.038, n=8 neurons
from 4 animals) with no change in sEPSC amplitude (two-tailed paired
Student’s t-test, t;=2.18, p=0.066, n=8 neurons from 4 animals)
(Fig. 3A), further supporting a decrease in presynaptic release prob-
ability. Application of the 5-HT;z agonist CP-93129 (10 pM, 10 min)
increased sEPSC IEI (paired Student’s t-test, t;=2.56, p=0.037, n=8
neurons from 6 animals) with no change in the sEPSC amplitude (two-
tailed paired Student’s t-test, t;=0.21, p=0.84, n=8 neurons from 6
animals) (Fig. 3B).

Spontaneous synaptic events arise from all inputs to claustrum
neurons, not solely inputs from ACC. To assay ACC inputs specifically,
we recorded claustrum neurons from animals that received injection
of a ChR2-expressing virus to ACC, in an aCSF solution in which cal-
cium was replaced with strontium (Fig. 3C-E). In the presence of
strontium, vesicular release occurs asynchronously, allowing the ana-
lysis of vesicular release events from a specific input. Such asynchro-
nous oEPSCs (a-oEPSCs) were identified in the 100 ms immediately
after the first release event produced by optical stimulation, and the IEI
and amplitude of a-oEPSCs were determined. Application of CP-93129
(10 pM, 10 min) produced no change in a-oEPSC amplitude (two-tailed
paired Student’s t-test, t;; =0.057, p=0.96, n=12 neurons from 4
animals) but did produce a significant elevation in IEI (two-tailed
paired Student’s t-test, t;;=2.30, p=0.042, n=12 neurons from 4
animals). Thus, SEPSC and a-oEPSC event analyses suggested that
5-HTg-mediated depression of the ACC-claustrum synapse occurred
via a presynaptic mechanism.

Miniature excitatory postsynaptic currents (mEPSC) were subse-
quently recorded, via continuous presence of TTX (500 nM) and
picrotoxin (50 pM) in the bath solution. 5-HT produced no change in
either mEPSC IEI (two-tailed paired Student’s t-test, to=1.08, p=0.31,
n=10 neurons from 4 animals) or amplitude (two-tailed paired Stu-
dent’s t-test, to=0.78, p=0.46, n=10 neurons from 4 animals) of
mEPSCs (Figure S2A), and CP-93129 similarly produced no change in
IEI (two-tailed paired Student’s t-test, ty = 0.14, p = 0.89, n =10 neurons
from 4 animals) or amplitude (two-tailed paired Student’s t-test,
to=0.78, p=0.46, n=10 neurons from 4 animals) (Fig. S2B). This
suggested that the 5-HT- and CP-93129-mediated depression occurred
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Fig. 1| Serotonin (5-HT)-mediated presynaptic depression at the anterior cin-
gulate cortex (ACC) to claustrum (CL) synapse. A Diagram detailing the experi-
mental approach. B Representative image of the ACC injection site and terminal
expression in claustrum. C Higher magnification of image in panel B depicting ACC
terminal expression in the claustrum; Cortex (CTX) and striatum (STR) are also
labeled. D Diagram of whole-cell patch recordings with optical stimulation of ACC
terminals, corresponding to E-G. E 10 min of 10 pM 5-HT induced a depression of
optically evoked post synaptic potential (0EPSC) amplitude. F Top, normalized
oEPSC amplitude is significantly lower during the last five minutes of recording in
neurons exposed to 10 min of 10 uM 5-HT (n =13, from 8 animals) compared to a
no-drug control (n = 6 neurons, from 4 animals) (two-tailed Student’s t-test,

ti6 =2.53, p=0.022). Bottom, 5-HT (10 min, 10 puM) significantly increased paired-
pulse ratio (PPR) (two-tailed paired Student’s t-test, t;; =3.18, p=0.008, n=13

neurons from 8 animals). G Representative traces of paired-pulse oEPSC events
during baseline and the last five minutes of recording for both 5-HT-exposed
neurons (blue) and no-drug control neurons (black). H Diagram of whole-cell patch
recordings with optical stimulation of ACC terminals, corresponding to I-K. 1 The 5-
HT- (10 min, 10 uM) mediated depression of oEPSC amplitude persisted in the
presence of TTX and 4-AP. J The oEPSC amplitude during the last 5 min of recording
is not significantly different between 5-HT/TTX/4-AP (n=10, from 4 animals) or
5-HT alone (n= 6, from 4 animals) conditions (two-tailed Student’s t-test,
t12=0.017, p = 0.99). K Representative traces of paired-pulse oEPSC events during
baseline and last five minutes of recording for both TTX/4-AP/5-HT (light blue) and
5-HT alone (dark blue) conditions. Scale bars are 1 mm for B, 0.3 mm for C, 25 ms
(horizontal) by 200 pA (vertical) for G and K. All error bars represent standard error
of the mean (SEM). Source data are provided as a Source Data file.
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through alterations of the excitability of the presynaptic axon terminal
rather than direct interaction with the protein machinery of vesicular
release”’.

5-HT or 5-HT; agonist suppression of ACC input to PtA-
projecting claustrum neurons

Considering that we observed a depression of the ACC-claustrum
synapse, we next sought to determine whether 5-HT- or a 5-HT

i

agonist suppressed signaling onto projection-specified claustrum
neurons. The PtA-projecting neurons were chosen as claustrum neu-
rons that project to the PtA have the largest excitatory responses to
ACC input compared to neurons that project to other cortical
regions®. To do this, we injected AAV-hSyn-ChR2-EYFP into ACC and
retrogradely transported rgAAV-CAG-tdTomato into PtA (Fig. 4A-D).
Retrogradely-labeled tdTomato-positive claustrum neurons were then
recorded while optically stimulating ACC inputs to produce optically
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Fig. 2 | 5-HT-induced depression of the ACC-claustrum synapse: 5-HT;g
dependence. A Diagram of whole-cell patch recordings with optogenetic stimu-
lation of ACC terminals, corresponding to B-D. B CP-93129 (10 uM, 10 min), a
specific 5-HT;p agonist, induced a depression of the ACC-claustrum synapse (two-
tailed paired Student’s t-test, t;o = 4.81, p <.001, n =11 neurons from 8 animals) that
was blocked by SB-216641 (20 uM, 10 min), a specific 5-HT;g antagonist. C Top,
comparison of the magnitude of oEPSC amplitude during the last five minutes of
recording after 10 pM CP-39129 exposure (n =11, from 8 animals) or 20 pM SB-
216641 (n =6, from 4 animals) (two-tailed Student’s t-test, t;5=2.90, p = 0.01).
Bottom, PPR significantly increased after exposure to 10 pM CP-93129 (two-tailed
paired Student’s t-test, t; =2.43, p=0.046, n =8 neurons from 8 animals).

D Representative oEPSC events during baseline and last five minutes of recording
for both 10 pM CP-93129 exposed neurons (orange) and 10 pM CP-93129 in 20 uM
SB-216641 exposed neurons (light brown). E Experimental diagram corresponding
to F-H. F The 5-HT-induced depression of the ACC-claustrum synapse was blocked
by 40 uM SB-216641. G Comparison of the magnitude of oEPSC amplitudes during
the last five minutes of recording for 10 pM 5-HT exposed cells in normal aCSF
(n=7, from 7 animals) or 40 pM SB-216641 (n = 6, from 4 animals) (two-tailed
Student’s t-test, t;o = 2.83, p = 0.01). H Representative oEPSC events during baseline

and the last five minutes of recording for both 10 pM 5-HT (blue) and 10 pM 5-HT in
40 uM SB-216641 (light blue) conditions. I Top, experimental diagram corre-
sponding to this panel. Middle, CP-93129 (10 uM, 10 min) did not induce a change in
oEPSC amplitude while in the presence of GR-127935 (20 pM), a 5-HT1g,p antagonist
(two-tailed paired Student’s t-test, t; = 0.58, p = 0.59, n = 5 neurons from 3 animals).
Bottom, representative oEPSC events during baseline and after exposure to CP-
93129 (10 pM, 10 min) in GR-127935 (20 pM) aCSF. J Top, experimental diagram
corresponding to this panel. Middle, CP-93129 (10 pM, 10 min) depressed the ACC-
claustrum synapse in the presence of LY-310762 (10 uM), a selective 5-HT1p
antagonist (two-tailed paired Student’s t-test, t;=5.89, p=0.004, n =5 neurons
from 4 animals). Bottom, representative oEPSC events during baseline and after
exposure to CP-93129 (10 uM, 10 min) in LY-310762 (10 uM). K Top, experimental
diagram corresponding to this panel. Middle, PNU-142633 (10 pM, 10 min), a spe-
cific 5-HT1p, agonist, did not alter oEPSC amplitude (two-tailed paired Student’s t-
test, ts=0.33, p=0.76, n = 6 neurons from 3 animals). Bottom, representative
OEPSC events during baseline after exposure to PNU-142633 (10 pM). Scale bars are
25 ms (horizontal) by 200 pA (vertical) for D, H, and I-K bottom. All error bars
represent SEM. Source data are provided as a Source Data file.

evoked excitatory postsynaptic potentials (0EPSPs) or action poten-
tials (APs) (Fig. 4F), thus specifically isolating input from ACC to PtA-
projecting claustrum neurons. As extended recordings may incur
changes in resting membrane voltage, we elected to record tdTomato-
labeled neurons within the same claustrum slices before and after
temporary application of 5-HT (10 uM, 10 min) to assess alterations in
signaling. To capture the full dynamic range of potential responses,
optical stimulation was performed across a range of stimulation
intensities. For each light intensity, three stimulation events were
delivered with an interpulse interval of 150 ms. This was repeated every
20 seconds over the course of one minute (for a total of nine stimu-
lation events). This protocol was repeated across the following light
intensities: 3.2mW (100% intensity) 2.56 mW (80%), 1.92 mW (60%),
1.28 mW (40%), 0.64 mW (20%), and O mW (0%). The average number
of APs per light pulse stimulation (APs/LP) and the area under the curve
(AUC) of the voltage response were determined and averaged across
all light intensities as measures of functional circuit strength, matching
previous protocols®.

Neurons recorded after temporary exposure to 5-HT (10 uM,
10 min, n=12 neurons, from 5 animals) showed lower AUC (two-
tailed Student’s t-test, ty» =2.10, p=0.048) and APs/LP (two-tailed
Student’s t-test, t,, =2.10, p = 0.048) compared to neurons from the
same slices recorded prior to exposure (n=12 neurons, from the
same 5 animals) (Fig. 4G, H, S3A-B). In the same neurons, we
observed no differences in measures of intrinsic excitability or cell
properties between 5-HT (10 uM, 10 min) exposed and unexposed
cells, including membrane capacitance (two-tailed Student’s t-test,
t; =178, p=0.089), resting membrane potential (two-tailed Stu-
dent’s t-test, t,»=0.96, p=0.35), input resistance (two-tailed Stu-
dent’s t-test, t,o=1.04, p=0.31), membrane resistance (two-tailed
Student’s t-test, ty, = 0.33, p = 0.74), rheobase (two-tailed Student’s t-
test, tyo =1.24, p=0.23), or AP threshold (two-tailed Student’s t-test,
ty0=0.94, p=0.36) (Figure S4 A-G).

Correspondingly, after temporary exposure to the 5-HT;g agonist
CP-93129 (10 uM, 10 min, n=15 neurons, from 4 animals) (Fig. 41),
neurons also showed lower AUC (two-tailed Student’s t-test, t,7 = 2.30,
p =0.030) and APs/LP (two-tailed Student’s t-test, t,o = 2.36, p = 0.025)
compared to unexposed neurons from the same slices recorded prior
to exposure (n =14 neurons) (Figs. 4J-K, 3C-D). Thus, the suppression
of ACC signaling to PtA-projecting claustrum neurons by 5-HT may be
mediated by 5-HTg. In the same neurons, following application and
washout of CP-93129 (10 pM, 10 min) we also observed no changes in
membrane capacitance (t,;=1.89, p=0.070, two-tailed Student’s t-
test), resting membrane potential (two-tailed Student’s t-test,
t6=0.22, p=0.83), input resistance (two-tailed Student’s t-test,

ty7=0.70, p = 0.49), membrane resistance (two-tailed Student’s t-test,
to6=0.75, p=0.46), rheobase (two-tailed Student’s t-test, tys=0.60,
p=0.55), or action potential threshold (two-tailed Student’s t-test,
t26=0.09, p = 0.93) (Fig. S4H-N).

Psilocybin induced, 5-HT;g receptor-mediated suppression of
signaling from ACC to PtA-projecting claustrum neurons

The classic psychedelic drug psilocybin is metabolized to psilocin,
which is a pan-serotonin receptor agonist*®. To determine if psilocybin
similarly suppressed signaling from ACC to PtA-projecting claustrum
neurons, we first performed viral injections as before (AAV-hSyn-ChR2-
EYFP into ACC and retrogradely transported rgAAV-CAG-tdTomato
into PtA) and 5-6 weeks were allowed for expression. Mice were then
injected 1 mg/kg psilocybin or equivalent volume of saline (i.p.) prior
to recording head twitch events for 30 min. Head twitches are rapid
head movements occurring in mice after psychedelic drug adminis-
tration, which are mediated by 5-HT,,**7°. Thus, the presence of head
twitches was used to confirm the central efficacy of psilocybin. After
the 30 min of head twitch recordings, mice were then euthanized,
brains sliced and oEPSPs or APs recorded as described above (Fig. 5A).
Head twitch events were elevated in the psilocybin injected animals
(N =10 animals) compared to vehicle controls (N=10 animals) (two-
tailed Student’s t-test, t;g=12.45, p < 0.0001) (Fig. 5B), confirming the
efficacy of the drug. AUC and APs/LP for each neuron recorded were
averaged for all neurons within a given animal (4-10 neurons per ani-
mal), and the average AUC and APs/LP for each animal were compared
across groups. Psilocybin-injected animals had lower AUC (two-tailed
Student’s t-test, t;g=2.67, p=0.016) and APs/LP (t;3=2.26, p =0.036)
(Figs. 5C, D, S5A-B) compared to vehicle-injected animals. Animals
injected with psilocybin (1 mg/kg) showed no difference in membrane
capacitance (two-tailed Student’s t-test, t,;=1.89, p=0.070), resting
membrane potential (two-tailed Student’s t-test, t,¢=0.22, p=0.83),
input resistance (two-tailed Student’s t-test, t,;=0.70, p=0.49),
membrane resistance (two-tailed Student’s t-test, tyo =0.75, p = 0.46),
rheobase (two-tailed Student’s t-test, ty=0.60, p=0.55), or action
potential threshold (two-tailed Student’s t-test, tys=0.09, p=0.93)
compared to vehicle controls (Fig. S4 O-U).

Next, to determine if the observed psilocybin-mediated suppres-
sion was 5-HT1g- dependent, we pre-injected animals with the selective
5-HTpp antagonist GR-127935 (10 mg/kg, N=12 animals) or saline
(N=12 animals) 15min before injection with 1mg/kg psilocybin,
recording head twitch events before slicing and performing
fluorescence-guided patch-clamp recordings as before (4-7 neurons
per animal) (Fig. 5E). Head twitches were unaltered between the GR-
127935 and saline pre-injected groups (two-tailed Student’s t-test,
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right, cumulative probability plot of sEPSC amplitude before (gray) and after (blue)
exposure to 10 pM 5-HT. Bottom left, exposure to 10 pM S-HT increased the
interevent interval (IEI) of sEPSCs (two-tailed paired Student’s t-test, t;=2.55,

p =0.038, n =8 neurons from 4 animals). Bottom right, cumulative probability plot
of sEPSC IEI before (gray) and after (blue) exposure to 10 uM 5-HT. B Top, repre-
sentative SEPSC events before and after exposure to 10 uM CP-93129 for 10 min.
Middle left, 10 pM CP-93129 did not alter sEPSC amplitude (two-tailed paired Stu-
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exposure to 10 M CP-93129. Bottom left, 10 M CP-93129 increased the interevent
interval (IEI) of sEPSC events (two-tailed paired Student’s t-test, t;=2.56, p = 0.037,
n =8 neurons from 4 animals). Bottom right, cumulative probability plot of SEPSC
IEI before (gray) and after (blue) exposure to 10 pM CP-93129. C Experimental
diagram corresponding to D and E. D Representative a-oEPSCs elicited by stimu-
lation of ACC terminals at baseline and after exposure to 10 pM CP-93129 for

10 min. E Top, 10 pM CP-93129 did not alter a-oEPSC amplitude (two-tailed paired
Student’s t-test, tj; = 0.057, p = 0.96, n = 12 neurons from 4 animals). Bottom, 10 uM
CP-93129 increased interevent interval of a-oEPSCs elicited by ACC terminal acti-
vation (two-tailed paired Student’s t-test, t;; = 2.30, p = 0.042, n =12 neurons from 4
animals). Scale bars are 5 s (horizontal) by 20 pA (vertical) for A and B, top. Scale
bars are 20 ms (horizontal) by 40 pA (vertical) for D. All error bars represent SEM.
Source data are provided as a Source Data file.

t22 = 0.91, p=0.37) (Fig. 5F), confirming that GR-127935 was not mod-
ulating psilocybin’s action as a 5-HT,x agonist*®**°. GR-127935
(10 mg/kg) pre-injected animals showed higher AUC (two-tailed Stu-
dent’s t-test, ty,=2.55, p=0.018) and APs/LP (two-tailed Student’s
t-test, t,,=2.73, p=0.012) compared to animals that received saline
pre-injection (Figs. 5G, H, S5C-D). This suggested that 5-HT is

required for psilocybin-induced depression of ACC synapses onto PtA-
projecting claustrum neurons.

To examine if the psilocybin-mediated depression of ACC sig-
naling to PtA-projecting claustrum neurons remained stable over time,
we injected animals with either saline (N =14 animals) or psilocybin
(Img/kg, N=13 animals), recorded head twitches, and allowed a
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period of 24 h prior to slice recording (3-6 neurons per animal) (Fig. 51). Discussion

An elevation of head twitches in the psilocybin recorded animals
compared to saline controls (two-tailed Student’s t-test, t;5=13.85,
p < 0.0001) (Fig. 5)) confirmed efficacy of the drug. Psilocybin injected
animals exhibited lower AUC (two-tailed Student’s t-test, tys=2.16,
p =0.041) and APs/LP (two-tailed Student’s t-test, ty5s=2.32, p = 0.029)
compared to saline-injected animals at the 24 h timepoint (Fig. 5K, L).
These data suggest that psilocybin induced a lasting depression of the
signaling from ACC to PtA-projecting claustrum neurons, via 5-HTg, as
psilocin is fully metabolized within 24 h*3,

Our results show that 5-HT induced a presynaptically-expressed,
5-HT;g-mediated synaptic depression of glutamatergic input from the
ACC to the claustrum, including PtA-projecting neurons. Additionally,
we show that psilocybin recruited 5-HT;g to produce a lasting (up to 24
hr) suppression of ACC input to PtA-projecting claustrum neurons.
These findings demonstrate a primary role for 5-HT in regulation of
cortico-cortical interactions through the claustrum. Considering the
role for the claustrum in supporting cortical networks and the dis-
solution of these networks in response to psilocybin administration®*,
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Fig. 4 | 5-HT or CP-93219 decreased ACC signaling to PtA-projecting claustrum
neurons. A Diagram of the dual viral strategy for interrogation of the ACC-
claustrum-PtA circuit. B Representative image of ACC terminal labeling in claus-
trum. C Representative image of labeling of PtA-projecting neurons in claustrum.
D Overlay of somata and terminal labeling from B and C. E Experimental diagram
corresponding to panels G, H,J, and K. Three light pulses were applied with an inter-
pulse interval of 150 ms. This happened every 20s, for a total of nine stimulations.
This was repeated across multiple stimulation intensities. The area under the curve
(AUC) and action potentials per light pulse (APs/LP) were determined and averaged
across all stimulations. F Experimental diagram corresponding to F and G. G Left,
the AUC of the voltage response to optical stimulation was lower in neurons
recorded after 5-HT (10 pM, 10 min) exposure (n =12 neurons, from 5 animals)
compared to those recorded from the same slices before exposure (n =12 neurons,
from the same 5 animals) (two-tailed Student’s t-test, t» =2.092, p = 0.0482). Right,
the average APs/LP was lower after exposure to 5-HT (10 pM, 10 min) compared to
those recorded from the same slices before exposure (two-tailed Student’s t-test,
t2,=2.10, p=0.048). H Top, representative voltage responses to optical

stimulation at baseline (gray) and in 10 pM 5-HT (blue). Bottom, the average voltage
response of all neurons recorded, unexposed neurons (left), 5-HT exposed neurons
(right). I Experimental diagram corresponding to I and J. J Left, the average AUC of
the voltage response to optical stimulation was lower in neurons recorded after CP-
93129 (10 pM, 10 min) exposure (n =15, from 4 animals) compared to those
recorded from the same slices prior to exposure (n =14, from the same 4 animals)
(two-tailed Student’s t-test, t,;=2.30, p=0.030). Right, the average APs/LP was
lower after exposure to CP-93129 (10 pM, 10 min) compared to neurons recorded
from the same slices prior to exposure (two-tailed Student’s t-test, t,o =2.36,
p=0.025). K Top, representative traces of voltage responses to optical stimulation
in unexposed (gray) and neurons exposed to 10 pM CP-93129 (orange). Bottom, the
average voltage response of all neurons recorded, unexposed neurons (left) and
CP-93129 exposed neurons (right). Scale bars are 0.3 mm for B-D. Scale bars for E
are 800 ms (horizontal) by 20 mV (vertical). Scale bars for H and K are 100 ms
(horizontal) by 40 mV (vertical). All error bars represent SEM. Source data are
provided as a Source Data file.

these results suggest that 5-HT;g may, in part, mediate these and other
effects of psilocybin in the brain.

Our findings are in alignment with other observations of 5-HTg-
mediated presynaptic depression, which occurs at excitatory corti-
costriatal synapses in mouse****** and in the lateral habenula in rat**,
Our findings of a 5-HTz-dependent synaptic depression by psilocybin
are in accordance with previous findings showing that psilocin, the
centrally active metabolite of psilocybin, possesses high affinity for
5-HT;g receptors®*°. To our knowledge, this observed synaptic effect
represents the first demonstration of a central effect induced by psi-
locybin that is 5-HTg-dependent; psilocybin is thought to primarily act
through 5-HT,,, and many acute subjective effects of psychedelics can
be attributed to that receptor”’. However, recent consideration of
psychedelic effects has expanded to include other receptors®® as
interest in therapeutic effects of psychedelics that may not require
5-HT,4*, has increased.

The 5-HT;g receptor has been previously shown to produce pre-
synaptic inhibition via inhibition of presynaptic voltage-gated calcium
channels®®®’, This mechanism may explain why miniature release
events appeared insensitive to 5-HT or CP-93129, as such release events
are independent of voltage-gated calcium channel activity at some
synapses*”®%, Beyond this 5-HTg-mediated effect, other 5-HT-mediated
mechanisms modulating claustrum function undoubtedly exist.
Mouse and reptile claustrum produce highly synchronous activity
during sleep®*, which in reptiles is suppressed by a 5-HT;p agonist™.
Here we observed no effect of a 5-HT;p agonist on the ACC-claustrum
synapse, suggesting that any possible 5-HT;p role in the murine
claustrum exists outside of the ACC-claustrum synapse. 5-HT,c acti-
vation by 5-HT decreases claustrum neuron excitability®®, which while
concordant with a general role for 5-HT in suppressing claustrum
signaling, is in contrast to the lack of any changes in cellular excitability
measures in response to psilocybin injection or 5-HT application to
acute brain slices found here. A likely explanation is that these pre-
viously reported excitability effects are transient relative to the known
persistent effects induced by activation of 5-HT;g and other G;-coupled
presynaptic receptors*®*, Supporting this notion, we recorded after
removal of 5-HT or CP-93129 from the bath solution, and in the case of
psilocybin experiments, slices were incubated and recorded in aCSF
solution not containing any pharmacological agents.

The dose of psilocybin used here (1mg/kg) and the dose in
humans that produces a decrease in claustrum amplitude of low fre-
quency fluctuation BOLD signal (10 mg/70 kg) can both be considered
relatively low for the respective species®**“¢, Nevertheless, Barrett,
et al.** noted significant subjective alterations in conscious experience
and here we noted significant head twitch responses at these doses.
Barrett et al. (2020) found widespread functional connectivity effects
between claustrum and multiple cortical networks and here we found

significant suppression of signaling from ACC to PtA-projecting
claustrum neurons. Together this suggests that even relatively low
doses of psilocybin alter the activity of the claustrum and its functional
relationship with cortex. Since psilocin is a potent agonist of 5-HT a4,
which is widely expressed across cortex®”*®, and 5-HT 3 is additionally
expressed in cortex®”*°, 5-HTg-mediated suppression of ACC inputs to
cortically-projecting claustrum neurons may be only one component
leading to the disruption of cortical networking by psilocybin. As such,
we can cautiously conclude that our data provide a potential circuit
mechanism for psilocybin-induced alterations in claustrum signaling
seen invivo® and lends further support for a claustrum contribution to
psychedelic action, as previously proposed™®.

The suppressive effects of 5-HT and psilocybin injection on the
ACC-claustrum-PtA circuit cannot be assumed to be universally
applied to all cortico-claustro-cortical circuits. Additionally, while pre-
administration of a 5-HTg antagonist before psilocybin suggests the
5-HT;5 dependance of ACC-claustrum-PtA circuit suppression by psi-
locybin, there are no doubt additional effects of psilocybin mediated
by other receptors and not captured within this study. Indeed, due to
the limitations inherent in pharmacological manipulations in acute
brain slices used herein, the role of other receptors cannot be ruled
out. Many other 5-HT receptors are expressed within the claustrum
such as 5-HT,s, 5-HT,c, and 5-HT142%2%7°75, Some effects within
cortico-claustro-cortical circuits may additionally occur at the
claustrum-cortex synapse, which was not assayed within this study.
Additionally, some effects of psilocybin in other regions, such as
increases in spine density in cortex, do not fully appear until more than
a day after drug administration’.

In conclusion, input from the ACC to the claustrum is required for
optimal performance under cognitive demand*® and the claustrum
itself is implicated in instantiation of cortical networks'*". Considering
the present report that 5-HT depresses glutamate release from ACC
inputs to the claustrum, it is possible that this effect may serve as a
gain-control mechanism for claustrum control of downstream cor-
tices. Alternatively, if this effect is differentially expressed across var-
ious cortical inputs to the claustrum, 5-HT may serve to bias claustrum
signaling toward specific circuits over others. Thus, 5-HT signaling is
poised to modulate cortico-claustral transmission in concert with
acetylcholine, which is co-released with GABA to induce ‘toggling’ of
efficient information flow to either subcortical or cortical claustrum
projection targets”’. Considering that exogenous drugs, such as psi-
locybin demonstrated herein, may ultimately activate 5-HT;g receptors
to significantly modulate cortico-claustro-cortical signaling, this may
contribute to the cognitive or subjective effects of psilocybin and
other 5-HT;z agonists. Further investigation is required to fully
understand when this 5-HT;g mechanism is engaged in vivo and how it
may contribute to the potential therapeutic effects of psilocybin.
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Methods

Animals

117 C57BL/6 (wild type) male and female mice were used for slice
electrophysiology experiments. All cohorts, unless otherwise stated,
contained equal numbers of male and female mice. Mice were
10-20 weeks of age at the time of experimentation and group-
housed with food and water available ad libitum. All mice were on a

Vehicle 1mgl/kg

-20 0 50 100 150

Time (ms)

150 -20 0 50 100

Psilocybin Time (ms)

12h light/dark cycle beginning at 7:00a.m. and all behavioral
experiments were performed during the light cycle. For experiments
with comparisons across animals, control and experimental groups
were drawn from the same litters to minimize potential litter effects.
Four mice were used for histology and verification of surgical coor-
dinates. Animals were euthanized by inhalation of an overdose of
isoflurane, followed by decapitation, in accordance with University of
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Fig. 5 | Psilocybin injection suppressed ACC activation of PtA-projecting
claustrum neurons in a 5-HT;g-dependent manner. A Experimental timeline,
corresponding to B-D. B Left, average rate of head twitches in animals injected with
1mg/kg psilocybin (N =10) was significantly elevated over vehicle injected animals
(N=10) (two-tailed Student’s t-test, t;g=12.45, p=3 x10"°). Right, average head
twitches over the 30-minute scoring period immediately post psilocybin injection.
C Top, representative voltage responses in neurons from vehicle-injected (gray) or
psilocybin-injected (purple) animals. Bottom, the average voltage response of all
neurons recorded (4-10 neurons per animal): neurons from vehicle-injected ani-
mals (left), neurons from psilocybin injected animals (right). D Average AUC (left)
and APs/LP (right) across all neurons recorded. Both AUC (two-tailed Student’s t-
test, t;g=2.67, p=0.016) and APs/LP (two-tailed Student’s t-test, t;g=2.26,
p=0.036) were lower in the psilocybin-injected animals. E Experimental diagram
corresponding to F-G. F Left, average rate of head twitches was not different
between animals pre-injected with the 5-HTygp antagonist 10 mg/kg GR-127935
(N=12) or vehicle (N=12) (t;,=0.91, p=0.37, two-tailed Student’s t-test). Right,
average head twitches immediately post psilocybin injection with (green) or with-
out (purple) GR-127935 pre-injection. G Top, representative voltage responses in

neurons from vehicle pre-injected animals (purple) and animals pre-injected with
GR-127935 (green). Bottom, the average voltage response of all neurons recorded
(4-7 neurons per animal): vehicle (left) and psilocybin with GR-127935 pre-injection
(right). H Animals pre-injected with GR-127935 exhibited higher average AUC

(ty2 =2.55, p=0.018, two-tailed Student’s t-test) and APs/LP (t,,=2.73, p=0.012,
two-tailed Student’s t-test) than vehicle pre-injected animals. I Diagram of the
experimental timeline, corresponding to J-L.J Left, average rate of head twitches in
animals injected with 1 mg/kg psilocybin (N =13) was significantly elevated over
vehicle injected animals (N =14) (t,5 =13.85, p =3 x 1075, two-tailed Student’s t-test).
Right, average head twitches immediately post psilocybin injection. K Top, repre-
sentative voltage responses in neurons from vehicle-injected (gray) or psilocybin-
injected (purple) animals, recorded 24 h after drug injection. Bottom, the average
voltage response of all neurons (3-6 neurons per animal): vehicle-injected (left),
psilocybin-injected (right). L Animals injected with psilocybin showed lower AUC
(tz5=2.16, p = 0.041, two-tailed Student’s t-test) and APs/LP (t,5=2.32, p=0.029,
two-tailed Student’s t-test) 24 h after drug injection compared to vehicle-injected
animals. Scale bars in C, G, and K are 100 ms (horizontal) by 40 mV (vertical). All
error bars represent SEM. Source data are provided as a Source Data file.

Maryland IACUC guidelines. This study was performed in accordance
with the National Institutes of Health Guide for Care and Use of
Laboratory Animals and the University of Maryland, School of Med-
icine, Animal Care and Use Committee (approval no. 0522009).

Viral Vectors and Stereotaxic Procedures

Mice were anesthetized via inhalation of isoflurane (3.5%) prior to
being placed in a mouse stereotaxic frame (David KOPF instruments,
Tujunga CA). Anesthesia was subsequently maintained with inhaled
isoflurane (1%). Following incision of the scalp, small holes were drilled
in the surface of the skull using a drill with a 0.5 nm diameter ball mill
carbide drill bit. 250 nL of an adeno-associated virus (AAV) vector
expressing Chr2 (AAV5-hSyn-ChR2(H134R)-EYFP; Addgene: 26973-
AAVS) was injected into ACC. The coordinates utilized for ACC were
anterior-posterior: +1.00 mm, medial-lateral: +0.30 mm, dorsal-ven-
tral: -1.10 mm. For experiments specifically targeting the ACC input to
PtA-projecting claustrum neurons, mice received an additional injec-
tion 150 nl of a retrograde AAV expressing tdTomato (rgAAV-CAG-
tdTomato; Addgene: 59462-AAVrg) into PtA. The coordinates utilized
for PtA were anterior-posterior: -1.90 mm, medial-lateral: +1.40 mm,
dorsal-ventral: -0.40 mm. All injection sites were checked for accuracy
prior to experimentation. For all coordinates, anterior-posterior and
medio-lateral coordinates were measured from bregma and dorsal-
ventral coordinates were measured from top of brain surface.

Brain slice preparation

Male and female wildtype C57BL/6 mice between the ages of 10-16
weeks were anesthetized with isoflurane prior to decapitation. The
brain was immediately removed and placed within an ice chilled cut-
ting solution composed of 194 mM Sucrose, 30 mM NaCl, 4.5 mM KCl,
1mM MgCl,, 26 mM NaHCO3, 1.2 mM NaH,PO,4, 10 mM Glucose. 250
pm thick coronal slices were then cut with a Leica VT1200 vibrating
microtome. The vibratome chamber was ice-chilled prior to cutting
and was filled with oxygenated cutting solution. Slices were incubated
at 32 °C in oxygenated artificial cerebrospinal fluid (aCSF). The aCSF
(adjusted to 308-315mOsm with sucrose) contained 124 mM NaCl,
4.5mM KCI, 1mM MgCl,, 26 mM NaHCOj3, 1.2 mM NaH,PO,4, 10 mM
Glucose, and 2mM CaCl,. The cutting solution and aCSF were pre-
pared with deionized water (18.2 MQ-cm), filtered (0.22um), and
bubbled with 95% O, and 5% CO, for at least 15 min prior to use and
throughout slice preparation and recording. After incubation, slices
were maintained at room temperature until whole-cell patch-clamp
recording, which was performed in the same aCSF formulation used
for incubation. For experiments recording asynchronous release
events, an alternative aCSF formulation was used for recording only, in
which 2 mM CacCl, was replaced with 2 mM SrCl,.

Whole-cell patch-clamp electrophysiological recordings

Whole-cell recordings were performed at 28-30 °C using borosilicate
glass recording pipettes of 2.5-4.5MQ resistance. For recordings per-
formed in current clamp configuration, recording pipettes were filled
with a potassium-based solution (300-308 mOsm; pH 7.3) composed
of 126 mM potassium gluconate, 4 mM KCL, 10 mM HEPES, 4 mM Mg-
ATP, 0.3mM Na-GTP and 10 mM phosphocreatine. For recordings
performed in voltage clamp configuration, recording pipettes were
filled with a CsMeSOj3-based solution (300-308 mOsm; pH 7.3) com-
posed of 120 mM CsMeSO3, 5 mM NacCl, 10 mM TEA-CI, 10 mM HEPES,
1.1 mM EGTA, 0.3 mM Na-GTP, and 4 mM Mg-ATP. Clampex software
(Version 10.4; Molecular Devices) was used for all electrophysiological
recordings. During all voltage clamp recordings, neurons were held at
—-60 mV for the duration of the recording. Recordings were filtered at
2kHz and digitized at 10 kHz using MultiClamp 700B software
(Molecular Devices). In experiments utilizing ChR2 stimulation, 5 ms
light pulses (470 nm wavelength) were delivered to the slice via an
optical fiber to evoke presynaptic transmitter release. In experiments
selectively targeting ACC input to PtA-projecting claustrum neurons,
recordings were derived only from fluorescent retrogradely-labeled
claustrum projection neurons. In all experiments, expression of eYFP
in ACC terminals was utilized to identify the claustrum within the slice.

Drugs

Bath applied drugs used in electrophysiological experiments (TTX,
PTX, 4-AP, CP-93129, SB-216641, 5-HT, PNU-142633, GR-127935, LY-
310762) were obtained from Tocris Bioscience. Injected drugs, Psilo-
cybin (Cayman Chemical) and GR-127935 (Tocris Bioscience) were
dissolved in 0.9% Sodium Chloride (USP) at 0.1 mg/ml and 2 mg/ml
respectively and stored at -20°C until use and were injected
intraperitoneally (i.p).

Head twitch responses

A head twitch response is a rapid head movement that occurs in mice
after administration of psychedelic drugs, mediated by 5-HT5**°.
Recording of these events was used to confirm the activity of psilo-
cybin. Immediately after psilocybin injection, animals were placed in a
19.5 cm diameter, 25 cm tall cylindrical chamber for video recording of
head twitch responses. Head twitches were semi-automatically scored
using a human supervised combination of machine-learning based
pose estimation via SLEAP v1.3.3® and custom python code. Auto-
mated continuous tracking of the ears allowed identification of can-
didate head twitches as instances of ear acceleration exceeding an
empirically determined threshold value. Candidate events were then
extracted from video and visually confirmed by a trained human
experimenter.
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Histology

Mice were perfused with room temperature 0.1 M phosphate-buffered
saline (PBS), pH 7.3, and then with chilled (4 °C) paraformaldehyde
(PFA) solution in PBS. After extraction, brains were post-fixed in 4%
PFA solution overnight. Brains were then sliced to 50 um thickness
using an Integraslice 7550 MM vibrating microtome (Campden
Instruments, Loughborough, England). Slices were then mounted
using ProLong Gold antifade reagent (Invitrogen) and imaged using a
CSU-W1 confocal microscope or fluorescence microscope (Nikon,
Minato, Tokyo, Japan).

Data analysis and statistics

Whole-cell patch-clamp electrophysiology data were analyzed using
Minhee Analysis Package”, Python, and pyabf v2.3.8%, with sub-
sequent statistical analysis performed in Prism v10.3.1 (GraphPad
Software; La Jolla, CA). Significance levels are denoted as *P < 0.05,
*P < 0.01, **P < 0.001, **P < 0.0001; ns, not significant for all
figures.

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

Data availability

None. Source data are provided with this paper.

Code availability
The python code used in this study is available at https://github.com/
MathurLabUMSOM/maddenetal2025.
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