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Increased reactivity of the paraventricular
nucleus of the hypothalamus and decreased
threat responding in male rats following
psilocin administration

Devin P. Effinger 1,2, Jessica L. Hoffman2, Sarah E. Mott1,2, Sarah N. Magee2,
Sema G. Quadir 2, Christian S. Rollison2, Daniel Toedt2,
Maria Echeveste Sanchez2, Margaret W. High2, Clyde W. Hodge2 &
Melissa A. Herman 1,2

Psychedelics have experienced renewed interest following positive clinical
effects, however the neurobiological mechanisms underlying effects remain
unclear. The paraventricular nucleus of the hypothalamus (PVN) plays an
integral role in stress response, autonomic function, social behavior, and other
affective processes. We investigated the effect of psilocin, the psychoactive
metabolite of psilocybin, on PVN reactivity in Sprague Dawley rats. Psilocin
increased stimulus-independent PVN activity asmeasured by c-Fos expression
inmale and female rats. Psilocin increased PVN reactivity to an aversive air-puff
stimulus in males but not females. Reactivity was restored at 2- and 7-days
post-injection with no group differences. Additionally, prior psilocin injection
did not affect PVN reactivity following acute restraint stress. Experimental
groups sub-classified by baseline threat responding indicate that increased
male PVN reactivity is driven by active threat responders. These findings
identify the PVN as a significant site of psychedelic drug action with implica-
tions for threat responding behavior.

Clinical studies suggest that psychedelicsmay provide rapid-acting and
long-lasting improvements in psychiatric conditions including
treatment-resistant depression (TRD), alcohol use disorder (AUD), and
smoking cessation1–10. Psilocybin is currently in phase III clinical trials
for TRD11–13, and symptom improvements have been observed after a
single dose12,13. Psilocybin is dephosphorylated into its active metabo-
lite psilocin, which crosses the blood-brain barrier14 to evoke altera-
tions in synaptic structure and function15–17. The 5-hydroxytryptamine
2A receptor (5-HT2AR) has been shown to be a primary receptor
mediating the hallucinogenic effects of psychedelics17–20. However,
recent evidence suggests that the antidepressant21,22 and synaptogenic
effects15 may be independent of 5-HT2AR activation, with recent work

implicating the BDNF TrkB receptor22. Despite advancements in
knowledge, the neurobiological mechanisms underlying the fast-acting
and long-lasting effects of these drugs remain unclear.

Psychiatric disorders including post-traumatic stress disorder
(PTSD), anxiety, and major depressive disorder (MDD) are associated
with dysregulation of the hypothalamic-pituitary-adrenal axis (HPA
axis)23–26, which orchestrates the central and peripheral stress
response27,28. The paraventricular nucleus of the hypothalamus (PVN)29

is an integral hub within the HPA axis but has also been implicated in a
wide array of affective, social, and stress-related behavioral responses.
To investigate the effects of psilocin on PVN function, we utilized
histology, fiber photometry (FP), and simultaneous behavioral
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recording to measure changes in PVN activity and the corresponding
behavioral response to an aversive stimulus. Additionally, we per-
formed restraint stress to examine howprior psilocin exposure altered
PVN reactivity following an acute stressor. Here, we provide findings
pairing PVN reactivity with behavioral responding to an aversive air-
puff stimulus and demonstrate sex differences in baseline responding.
Additionally, we test how the serotonergic psychedelic, psilocin, alters
PVN activity, highlighting sex-specific effects of psilocin administra-
tion on stimulus-evoked PVN reactivity and behavior.

Results
Increased activity within the paraventricular nucleus of the
hypothalamus (PVN) following psilocin administration
Male and female SpragueDawley rats (~8weeks old) were injectedwith
vehicle or psilocin (2mg/kg, s.c.) 2 hr prior to perfusion. Immunohis-
tochemical analysis and quantification of PVN c-Fos expression as a
marker of basal neuronal activation was performed. As injections are
inherently stressors, vehicle control groups are included to account
for any injection-related confounds, and c-Fos+ expression in both
groups may be elevated compared to basal conditions. Following
analysis of coronal sections including the PVN, we found that psilocin
administration significantly increased c-Fos expression in the PVN of
males (t(8) = 2.603, p =0.03; Fig. 1A) and females(t(8) = 2.324,p =0.04;
Fig. 1B) compared to vehicle control, suggesting that psilocin admin-
istration resulted in increased stimulus-independent activity in the
PVN for both males and females.

Acute stimulus-evoked effects of psilocin on PVN reactivity and
behavior
Male and female SpragueDawley rats (~8weeks old, 250-300 g, Fig. 1C)
received microinjections of the genetically encoded calcium sensor
pGP-AAV-syn-jGCaMP7f-WPRE followed by fiber optic implantation
into the PVN (Fig. 1C). Group sizes were determined based on previous
work30. After 3 weeks to allow for viral transfection and recovery, fiber
photometry recordings were performed in conjunction with exposure
to an air-puff stimulus (Figs. 1C, D). Baseline recordings were con-
ducted to determine PVN reactivity prior to drug administration.
Animalswere assigned to groups following baseline recording sessions
to ensure that reactivity between groups was consistent at baseline,
thus accounting for any potential differences in viral transfection and
GCaMP expression between groups. Following baseline recordings,
animals received administration of vehicle or psilocin (2mg/kg, s.c.).
Follow-up recordings were performed 2- and 6/7-days post-injection.
Onday 8, recordingswere performed after a 20-minute restraint stress
to test for the effects of an acute stressor on PVN reactivity and the
potential effects of prior psilocin administration. To assess changes in
individual threat responding, maximum speed values (velocity) and
distance traveled were collected within the 10 sec period following air-
puff to align immediate behavioral responding with PVN reactivity.
Following the completion of all air-puff fiber photometry experiments,
brain tissue was collected, and site verification was conducted to
ensure proper virus infection and fiber placement (Fig. 1E). At baseline,
both males and females exhibited increases in PVN reactivity in
response to the air-puff stimulus. However, PVN reactivity in themales
was significantly greater than in the females (2-way ANOVA:
Finteraction(19,608) = 5.646, p <0.0001, Fig. 1F), with a significantly
greater increase in Peak Point (PP, t(32) = 2.406, p =0.02). Therefore,
males and females were split into separate groups for all analyses
moving forward.

In males, no differences were observed between groups in loco-
motorbehavior or time spent in the center of theopenfieldboxduring
habituation or the inter-stimulus interval (ISI) period (Fig. S1A). Fol-
lowing baseline air-puff, there was a significant increase in PVN reac-
tivity, with no differences seen in Area under the Curve (AUC) or PP
between vehicle and psilocin groups (Fig. 2A). There was a significant

interaction in baseline max speed following air-puff, with a greater
increase in velocity seen in vehicle control animals at 2 seconds com-
pared to the psilocin group (2-way ANOVA: Finteraction(9189) = 2.444,
p =0.01, Fig. 2B). All animals showed an increase in distance traveled
following air-puff, but no differences were seen between groups
(Fig. 2B). On the day of injection, male subjects received either vehicle
or psilocin (2mg/kg, s.c.) injection andwere placed in their home cage
for 30minutes prior to being connected to the fiber photometry sys-
tem and placed into the open field box for video-monitored habitua-
tion. Following injection, psilocin treated animals showed significant
reductions in distance traveled during the habituation period (2-way
ANOVA: Ftime(14,224) = 15.65, p <0.0001; Finteraction(14,224) = 1.795,
p =0.04; Ftreatment(1,16) = 13.41, p =0.002; Fig. S1B). Additionally, psi-
locin treatment significantly reduced time spent in the center as
compared to vehicle control, with significant differences seen at 4 and
5minutes (2-way ANOVA: Finteraction(14,224) = 3.160, p =0.0002;
Fig. S1B). Following air-puff, there was a significant increase in reac-
tivity for both groups, with psilocin treated animals showing sig-
nificantly greater PVN reactivity (2-way ANOVA: Finteraction(20,
320) = 1.951, p =0.0092; Ftreatment(1,16) = 5.478, p =0.0325; Fig. 2C),
with increases seen in both AUC (t(16) = 2.798, p =0.01) and PP
(t(16) = 2.334, p = 0.03) of the PVN reactivity trace compared to vehicle
control (Fig. 2C). Additionally, psilocin treated males exhibited sig-
nificantly lower velocity following air-puff as compared to vehicle
control (2-way ANOVA: Ftime(9,189) = 10.12, p <0.0001;
Ftreatment(1,21) = 6.246, p = 0.02; Fig. 2D left) and less distance traveled
compared to vehicle control (2-way ANOVA: Ftime(1,21) = 7.647,
p =0.01; Ftreatment(1,21) = 4.896, p =0.03; Fig. 2D right).

Next, female PVN reactivity and threat-responding behavior were
tested following the same timeline as above. At baseline, there were no
differences seen between groups in locomotion or time spent in the
center (Fig. S2A). Following the air puff, PVN reactivity was significantly
increased, with no differences seen between groups (Fig. 3A). In the
10-seconds following the baseline air puff, animals showed increased
velocity and distance traveled, but no differences were seen between
groups (Fig. 3B). On the day of injection, psilocin treated females
showed significantly less locomotion compared to vehicle group overall
(2-way ANOVA: Ftime(14,266) = 39.80, p<0.0001; Ftreatment(1,19) = 8.943,
p=0.008; Fig. S2B). For time spent in the center, changes across time
were dependent on the treatment group (2-way ANOVA:
Finteraction(14,266) = 1.922, p =0.024; Fig. S2B). Following injection, PVN
reactivity in the females was increased, however there were no differ-
ences between psilocin and vehicle groups (Fig. 3C). Similarly, all ani-
mals showed increased velocity and distance traveled in response to the
air-puff, but no differences were seen between groups (Fig. 3D).

Prolonged effects of psilocin on PVN reactivity and behavior
Given clinical findings suggesting prolonged effects of psychedelics
following a single dose, male and female subjects were tested at 2- and
6/7-days post-injection to assess prolonged changes in behavior and
PVN reactivity. In the males, at the 2-day follow up, there were no
differences seen in locomotion or time spent in center (Fig. S1C). There
was a significant increase in reactivity following the air-puff in both
groups, with no differences seen between groups (Fig. 4A). Animals
showed an increase in velocity within the 10-seconds following air-
puff, however no differences were seen between groups in velocity or
distance traveled (Fig. 4B). At the 6/7-day follow up, there were no
differences in locomotion or time spent in center (Fig. S1D). There was
a significant increase in PVN reactivity in response to the air-puff, with
no differences observed between groups (Fig. 4C). Additionally, all
animals showed an increase in velocity and distance traveled following
air-puff, but no differences were seen between groups (Fig. 4D).

In the females, on the 2-day follow up, there were no differences
seen between groups in locomotion (Fig. S2C). However, for time
spent in center, there was an interaction of treatment and time with
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significant difference between vehicle and psilocin treated rats at
minute 7 during habituation (2-way ANOVA: Finteraction(14,266) = 2.208,
p =0.008; Fig. S2C). At 2-days post-injection, there was a significant
increase in PVN reactivity in response to air-puff, but no difference
seen between groups (Fig. 5A). Velocity and distance traveled
increased immediately following air-puff, but no differences were seen
between groups (Fig. 5B). At the 6/7-day follow up, there were no
differences between groups in locomotion or time spent in center
(Fig. S2D). Following air-puff, there was a significant increase in PVN
reactivity that did not differ between groups (Fig. 5C). Interestingly,

there was a significant interaction in velocity wherein psilocin-treated
females showed greater velocity at 2 seconds compared to vehicle
control (2-way ANOVA: Finteraction(9,198) = 1.938, p = 0.04; Fig. 5D),
however, no differences were seen in distance traveled during that 10-
second period (Fig. 5D).

Effects of psilocin on PVN reactivity and threat responding fol-
lowing acute stress in male and females
One potential appeal of psychedelic compounds is that they appear to
provide prolonged therapeutic adaptations related to reductions in

Fig. 1 | Experimental details. AMales: representative images showing c-Fos+ cells
taggedwith a greenfluorescenceprotein (GFP) in the PVN. Scalebar = 100μm.Each
data point represents a single subject (average of c-Fos counts for 3 sections).
Histograms display group averages +/- S.E.M. Comparisons were made using an
unpaired 2-tailed t-test. Psilocin group n = 5; Vehicle group n = 5. B Females:
representative images showing c-Fos+ cells tagged with a green fluorescence pro-
tein (GFP) in the PVN. Scale bar = 100μm. Each data point represents a single
subject (average of c-Fos counts for 3 sections). Histograms display group averages
+/- S.E.M. Comparisons weremade using an unpaired 2-tailed t-test. Psilocin group
n = 4; Vehicle group n = 6. C Experimental timeline. Animals arrived at ~8 weeks old
and were allowed to habituate for 1-week prior to surgeries. Bilateral injection of
calcium sensor (jGCaMP7f-AAV9) and implantation of a dual tip fiber optic cannula
were conducted. After allowing 3 weeks for viral transfection, animals underwent a
series of fiber photometry experiments.D Illustration depicting the animal in open

field box with air-puff apparatus and fiber photometry system. E Representative
coronal section (left) and split cartoon schematic (right) showing fiber placement
andGCaMP expression. FBaseline PVN reactivity Females (n = 16) vs.Males (n = 18):
ΔF/F trace plots of changes in PVN fluorescence following exposure to a 500ms air-
puff. A 2-way ANOVA found a significant treatment x time interaction p <0.0001.
Šidák multiple comparisons found significant differences at time bin 12
(p =0.0038) and 13 (p =0.0140). Data points represent group averages within
500ms binned window mean +/- S.E.M. (shaded area); Heatmaps (top right) com-
paring individual responses to air-puff (dotted line) in males and females. Average
AUC and PP + /- S.E.M. (bottom right) compared by unpaired t-test. Each data point
represents an individual subject. Comparisons were made using 2-tailed unpaired
t-tests. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. AUC = area under curve,
PP = peak point, ΔF/F = change in fluorescence as a function of baseline
fluorescence.
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symptoms of anxiety and depression. Given that stress exposure can
instigate differential activation of stress-responsive circuitry, we wan-
ted to test whether prior psilocin administration altered PVN reactivity
following exposure to an acute stressor, so animals underwent a 20-
minute restraint prior to the air-puff photometry recording session. To
confirm restraint-induced stress, animals were tail bled immediately
following restraint to measure peripheral corticosterone (CORT)
levels. Once blood was collected, animals were placed into the open
field box for habituation prior to fiber photometry recordings to test
the reactivity of PVN following an acute stress exposure. Following the
20-minute restraint stress CORT levels were elevated consistent with
previous findings31 in both males and females, however no significant
effects of prior psilocin administration were found (Fig. 6A). In align-
ment with previous findings32,33, females showed greater concentra-
tions of CORT compared to males regardless of treatment (2-way
ANOVA: Fsex(1,34) = 51.52, p <0.0001; Fig. 6A).

In males, there were no differences seen in locomotion or time
spent in the center across the entire recording session (Fig. S3A).
Following acute restraint stress, the air-puff was able to elicit a sig-
nificant increase in PVN reactivity, but no differences were seen
between groups (Fig. 6B). Similarly, there was an acute increase in
velocity and distance traveled following air-puff, but there were no
differences between groups (Fig. 6C). In females, there were no dif-
ferences seen between groups in locomotion or time spent in the

center across the session (Fig. S3B). Following restraint stress, there
was a significant increase in PVN reactivity, however, no differences
were seen between groups (Fig. 6D). Similarly, there was an acute
increase in velocity and distance traveled following air-puff, but there
were no differences between groups (Fig. 6E).

Active vs. passive threat responding in males and females
Upon exposure to the air-puff stimulus, animals either employed an
active or passive threat response (Fig. 7A). An active response was
defined as darting behavior involving an escape from the quadrant
within which the air-puff was administered. A passive response was
defined as immobility that did not involve an active escape from the
quadrantwhere the air puff occurred. In themales, 58.3% of the vehicle
group and 44.4% of the psilocin group employed an active response to
the air puff at baseline (Fig. 7B) with a significantly higher proportion
of vehicle active responders at baseline (p =0.01) and injection
(p < 0.0001, Fig. 7B). In the females, 66.7% of the vehicle group and
83.3% of the psilocin group employed an active response at baseline
(Fig. 7C), with a significantly higher proportion of psilocin active
responders at baseline (p = 0.01) and 6/7-days post injection
(p < 0.0001), and greater proportion of vehicle active responders on
the day of injection (p <0.0001) and 2-days post-injection (p = 0.03,
Fig. 7C). In the females, most of the animals in the psilocin group
employed an active threat responding strategy, and therefore, groups

Fig. 2 | Acute stimulus-evoked effects of psilocin on PVN reactivity and beha-
vior in males. Fiber photometry: Psilocin n = 9, Vehicle n = 9; Behavior: Psilocin
n = 11, Vehicle n = 12; A Baseline PVN reactivity (left): ΔF/F trace plots of changes
following 500ms air-puff. A 2-way ANOVA was performed for statistical analysis.
Data points represent 500ms binned group averages with mean +/- S.E.M (shaded
area).; Heatmaps (top right) comparing individual responses to air-puff (dotted
line) in vehicle and psilocin groups.); Average AUC and PP + /- S.E.M. (bottom right)
compared by 2-tailed unpaired t-tests between groups. Each data point represents
an individual subject.BAveragemaximumspeed (left) and distance traveled (right)
after air-puff stimulus. A 2-way ANOVA was performed for statistical analysis. Data
points are group averages +/- S.E.M. (shaded area) (C) Day of injection PVN reac-
tivity (left): ΔF/F trace plots of changes following 500ms air-puff. A 2-way ANOVA
found a significant treatment x time interaction (p =0.0092) and a main effect of
treatment (p =0.0340). Šidák multiple comparisons found significant differences

at time bin 13 (p =0.0149). Data points represent group averages within 500ms
binnedwindow+/- S.E.M. (shaded area); Heatmaps (top right) comparing individual
responses to air-puff (dotted line) in vehicle and psilocin groups. Average AUC and
PP + /- S.E.M. (bottom right) compared by 2-tailed unpaired t-test with a significant
difference in AUC (p =0.0129) and PP (p =0.0330)between groups. Eachdata point
represents an individual subject. D Average maximum speed (left) and distance
traveled (right)after air-puff stimulus. A 2-way ANOVA found a main effect of
treatment (p =0.0208). Data points are group averages +/- S.E.M (shaded area). In
each trace bin plot, a significant increase in ΔF/F was determined whenever the
lower bound of the 99% CI was >0 with statistical significance shown as colored
lines above each ΔF/F curve with colors corresponding to the respective binned
traces. *p <0.05, **p <0.01, *** p <0.001, **** p <0.0001. AUC = area under curve,
PP = peak point, ΔF/F = change in fluorescence as a function of baseline fluores-
cence, CI = confidence interval.
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could not be further split into active and passive responding sub-
groups without compromising power. However, the proportion of
active vs. passive responderswasmore evenly split between themales,
allowing for secondary analysis to determine the effects of psilocin
within these threat-responding subgroups.

Psilocin produces increases in PVN reactivity in active
responding but not passive responding males
To further assess the active and passive responses to threat pheno-
type, additional analyses were conductedwithin each group across the
entire behavior period, including the 10min habituation period and
5min post puff ISI. Here, we examined the effects on immobility and
time spent in the center as these behaviors are thought to be involved
in the effect. In the active respondingmales, there were no differences
between groups in time spent in the center or time spent immobile at
baseline (Fig. S4A). Following air-puff, there were significant increases
in PVN reactivity, but no differences seen between treatment groups
(Fig. 8A). All animals displayed an increase in velocity and distance
traveled following the air-puff, however there were no differences
between groups (Fig. 8B). On the day of injection, there were no dif-
ferences between groups in time spent in center. However, the active
responding psilocin-treated males showed greater immobility com-
pared to vehicle control (2-way ANOVA: Finteraction(14, 84) = 2.382,
p =0.007; Ftime(14, 84) = 6.672, p <0.0001; Ftreatment(1, 6) = 10.19,
p =0.01, Fig. S4B). Following air-puff administration, the active

responding psilocin treated animals showed a significantly larger
response in PVN reactivity (2-way ANOVA: Finteraction(29, 203) = 8.247,
p <0.0001; Ftreatment(1, 7) = 12.80, p = 0.009, Fig. 6C), with a significant
increase in AUC (t(7) = 2.992, p = 0.02, Fig. 8C) compared to vehicle
control. Interestingly, psilocin active responders showed a sig-
nificantly greater reduction in active threat responding behavior
(increased passive responding) compared to vehicle control (Fisher’s:
p =0.0004, Fig. 8C inset), suggesting that increased PVN reactivitywas
associated with decreases in active threat responding behavior. All
animals displayed an increase in velocity and distance traveled fol-
lowing the airpuff, and there were no differences between groups
(Fig. 8D). No differences were seen between vehicle and psilocin active
responding males at the 2- and 6/7-day follow-up.

In the passive-respondingmales, therewere nodifferences seen in
immobility time or time spent in the center at baseline (Fig. S4C). At
baseline, there were significant increases in PVN reactivity to the air
puff seen inbothgroups,with a greater AUCbut not PPobserved in the
psilocin treated animals as compared to vehicle control (t(7) = 2.410,
p =0.046; Fig. 9A). All psilocin treated passive responders showed a
subtle increase in velocity and distance traveled following air-puff, but
therewere no differences between groups seen (Fig. 9B). On the day of
injection, there was a significant interaction of time and treatment for
time spent in center seen in the psilocin treated males (2-way ANOVA:
Finteraction(14, 112) = 2.540, p =0.003, Fig. S4D). Additionally, psilocin
treated passive males spent significantly more time immobile than

Fig. 3 | Acute stimulus-evoked effects of psilocin on PVN reactivity and beha-
vior in females. Fiber photometry: Psilocin n = 8, Vehicle n = 8; Behavior: Psilocin
n = 12, Vehicle n = 12; A Baseline PVN reactivity (left): ΔF/F trace plots of changes
following 500ms air-puff. Comparisons were made using a 2-way ANOVA. Data
points represent 500msbinnedgroup averageswithmean+/- S.E.M. (shaded area);
Heatmaps (top right) comparing individual responses to air-puff (dotted line) in
vehicle and psilocin groups. Average AUC and PP + /- S.E.M. (bottom right) com-
pared by 2-tailed unpaired t-tests between groups. Each data point represents an
individual subject. B Average maximum speed (left) and distance traveled (right)
after air-puff stimulus. A 2-way ANOVA was performed for statistical analysis. Data
points are group averages + /- S.E.M. (shaded area) (C) Day of injection PVN reac-
tivity (left): ΔF/F trace plots of changes following exposure to 500ms air-puff. A
2-way ANOVA was performed for statistical analysis. Data points represent group

averages within 500ms binned window +/- S.E.M. (shaded area); Heatmaps (top
right) comparing individual responses to air-puff (dotted line) in vehicle and psi-
locin groups.; Average AUC and PP + /- S.E.M (bottom right) compared by 2-tailed
unpaired t-tests between groups. Each data point represents an individual subject.
D Average maximum speed (left) and distance traveled (right) after air-puff sti-
mulus. Comparisons were made using a 2-way ANOVA. Data points are group
averages +/- S.E.M (shaded area). In each tracebin plot, a significant increase inΔF/F
was determined whenever the lower bound of the 99% CI was >0 with statistical
significance shown as colored lines above each ΔF/F curve with colors corre-
sponding to the respective binned traces. *p <0.05, **p <0.01, ***p <0.001,
****p <0.0001. AUC = area under curve, PP = peak point, ΔF/F = change in fluor-
escence as a function of baseline fluorescence, CI = confidence interval.
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vehicle control (2-way ANOVA: Ftime(14, 112) = 12.37, p <0.0001;
Ftreatment(1, 8) = 11.14, p =0.01, Fig. S4D). Following air-puff adminis-
tration, there was a significant increase in reactivity following air-puff
in both groups, with no differences between vehicle and psilocin
treated animals (Fig. 9C). Interestingly, in the vehicle treated passive
males there was a greater reduction in passive threat responding (i.e.,
increased darting) in response to the air-puff compared to baseline,
with no changes in threat responding seen in psilocin passive
responders (Fisher’s: p <0.0001, Fig. 9C inset). Additionally, in the
vehicle treated passive responder males there was an acute increase in
velocity and distance traveled following air-puff, but there were no
differences between groups (Fig. 9D). These findings suggest that drug
sensitivity is potentially driven by male subjects that employed an
active baseline threat response, however, as behavioral subgroups
were identified after data collection, sample sizes were out of our
control and are smaller than other experimental groups.

Discussion
In the current study, we utilized immunohistochemistry and fiber
photometry in combination with in-vivo behavioral recording to
determine the effects of the psychedelic compound, psilocin, on
stimulus-independent activity and stimulus-evoked reactivity within
the paraventricular nucleus of the hypothalamus (PVN). This study
provides insight involving the real-time analysis of changes in threat-

responding behavior paired with simultaneous fluctuations in calcium
dynamics within the PVN after administration of the serotonergic
psychedelic psilocin. This work provides a deeper understanding of
generalized changes in PVN reactivity following psychedelic adminis-
tration and a valuable foundation upon which future studies will
develop causal inferences regarding the role of changes in PVN reac-
tivity in the behavioral effects of psychedelics. However, one limitation
of this study is that there were no cell-type specific approaches
employed, and therefore specific mechanisms underlying changes in
PVN reactivity remain to be determined. In bothmales and females, we
found that psilocin administration (2mg/kg, s.c.) produced increases
in stimulus-independent activity as measured by c-Fos expression
within the PVN. Next, utilizing fiber photometry we found that the air-
puff stimulus evoked an increase in PVN reactivity at baseline for both
males and females, with a greater level of activation seen in males as
compared to females. Following injection, psilocin-treated males
showed increased PVN reactivity compared to vehicle control. Inter-
estingly, the increases in PVN reactivity seen inmales corresponded to
decreases in velocity and distance traveled within the same 10-second
timeframe. In females, there were no differences between the vehicle
and psilocin groups in PVN reactivity, and, additionally, no differences
in velocity or distance traveled immediately following air-puff. While
this observed sex-specificity is in contrast with the c-Fos data, it is
important to note the differences between stimulus-independent

Fig. 4 | Prolonged effects of psilocin on PVN reactivity and behavior in males.
Fiber photometry: Psilocin n = 9, Vehicle n = 9; Behavior: Psilocin n = 11, Vehicle
n = 12; A 2-days post-injection PVN reactivity (left): ΔF/F trace plots of changes
following exposure to a 500ms air-puff. A 2-way ANOVA was performed for sta-
tistical analysis. Data points represent group averages within 500ms binned win-
dow + /- S.E.M. (shaded area); Heatmaps (top right) comparing individual responses
to air-puff stimulus (dotted line) in vehicle and psilocin groups. Average AUC and
PP + /- S.E.M. (bottom right) compared by 2-tailed unpaired t-tests between groups.
Each data point represents an individual subject. B Average maximum speed (left)
and distance traveled (right) after air-puff stimulus. A 2-wayANOVAwas performed
for statistical analysis. Data points are group averages + /- S.E.M. (shaded area) (C)
6/7-days post-injection PVN reactivity (left): ΔF/F trace plots of changes following
exposure to a 500ms air-puff. A 2-way ANOVA was performed for statistical

analysis. Data points represent group averages within 500ms binned window+ /-
S.E.M. (shaded area); Heatmaps (top right) comparing individual responses to air-
puff stimulus (dotted line) in vehicle and psilocin groups. Average AUC and PP + /-
S.E.M. (bottom right) compared by 2-tailed unpaired t-tests between groups. Each
data point represents an individual subject. D Average maximum speed (left) and
distance traveled (right) after air-puff stimulus. A 2-way ANOVA was performed for
statistical analysis. Data points are group averages +/- S.E.M. (shaded area). In each
trace bin plot, a significant increase in ΔF/F was determined whenever the lower
bound of the 99% CI was >0 with statistical significance shown as colored lines
above each ΔF/F curve with colors corresponding to the respective binned traces
*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. AUC = area under curve, PP = peak
point, ΔF/F = change in fluorescence as a function of baseline fluorescence, CI =
confidence interval.
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activation and stimulus-induced activation. Stimulus-induced changes
can be impacted by a variety of different mechanisms and could point
towards differential cell-type expression or innervating circuitry
between sexes that could govern differential stimulus-induced acti-
vation. Future work will investigate upstreammediators of the PVN as
well as employ a more cell-type specific approach to address these
questions.

Given the observed persistent effects of psychedelics in clinical
trials and previously published work30, we assessed PVN reactivity at
multiple timepoints following injection. Inmales, acutely elevatedPVN
reactivity to the air puff following injection was restored at the 2- and
7-day follow-up time points. In both males and females, PVN reactivity
remained consistent between groups at 2- and 7 days following injec-
tion. To assess the effects of prior psilocin exposure on PVN reactivity
following an acute stressor, we utilized a 20-minute restraint stress
immediately followed by fiber photometry recording in the PVN. We
found that prior psilocin exposure did not alter PVN reactivity fol-
lowing acute restraint stress. To ensure that 20-minute restraint was
sufficient to elicit a stress response, serum analyses were performed
demonstrating levels of CORT indicative of a stressful experience31 in
both males and females following restraint, with higher levels seen in
females. Prior exposure to psilocin did not alter serum stress-
associated CORT levels in males or females. These data suggest that

psilocin does not interfere with the hormonal response to acute stress
or the ability of the PVN to increase reactivity following acute stress
exposure.

The PVN appears to be a highly relevant region as it pertains to the
subcortical effects of psychedelic drug compounds. Previous work has
shown that 5-HT2AR agonizts such as DOI, produce increases in c-Fos
expression within the PVN34 and increased plasma levels of
corticosterone35. Similarly, studies have shown that administration of
the 5-HT2AR agonist psychedelic lysergic acid diethylamide (LSD)
produced substantial increases in c-Fos expression in the PVN, with
increases seen up to 4 hr following administration, the latest time
point examined in the study36. Clinical work suggests that dysregula-
tion of the PVN is a characteristic of several psychiatric disorders. For
instance, post-mortem studies have shown increasedCRFmRNA levels
in the PVN of patients with MDD37. Patients with major depressive
disorder (MDD) have been shown to have increased CRF+ neurons in
the PVN38. Similarly, it has been shown that patients with MDD and
bipolar disorder exhibit increases in oxytocin, and vasopressin
neurons39. Additionally, patients with MDD and BD show selective
neuronal loss in the PVN40. Preclinical studies have shown that expo-
sure to a stressor promotes increases in oxytocin (OXT) release both
within the PVN and systemically41. Additionally, chronic variable stress
has been shown to double synapses onto CRF neurons within the PVN

Fig. 5 | Prolonged effects of psilocin on PVN reactivity and behavior in females.
Fiber photometry: Psilocin n = 8, Vehicle n = 8; Behavior: Psilocin n = 12, Vehicle
n = 12; A 2-days post-injection PVN reactivity (left): ΔF/F trace plots of changes
following exposure to a 500ms air-puff. A 2-way ANOVA was performed for sta-
tistical analysis. Data points represent group averages within 500ms binned win-
dow +/- S.E.M. (shaded area); Heatmaps (top right) comparing individual responses
to air-puff stimulus (dotted line) in vehicle and psilocin groups. Average AUC and
PP + /- S.E.M. (bottom right) compared by unpaired 2-tailed t-tests between groups.
Each data point represents an individual subject. B Average maximum speed (left)
and distance traveled (right) after air-puff stimulus. A 2-wayANOVAwas performed
for statistical analysis. Data points are group averages +/- S.E.M. (shaded area) (C)
6/7-days post-injection PVN reactivity (left): ΔF/F trace plots of changes following
exposure to a 500ms air-puff. A 2-way ANOVA was performed for statistical ana-
lysis. Data points represent group averageswithin 500msbinnedwindow+/- S.E.M.

(shaded area); Heatmaps (top right) comparing individual responses to air-puff
stimulus (dotted line) in vehicle and psilocin groups. H Average AUC and PP + /-
S.E.M. (bottom right) compared by unpaired 2-tailed t-tests between groups. Each
data point represents an individual subject. D Average maximum speed (left) and
distance traveled (right) after air-puff stimulus. A 2-way ANOVA found an interac-
tion between treatment and time (p =0.0486). Šidák multiple comparisons
revealed a significant difference at 2 seconds (p =0.0001). Data points are group
averages + /- S.E.M (shaded area). In each trace bin plot, a significant increase in
ΔF/F was determined whenever the lower bound of the 99% CI was >0 with sta-
tistical significance shown as colored lines above each ΔF/F curve with colors
corresponding to the respective binned traces *p <0.05, **p <0.01, ***p <0.001,
****p <0.0001. AUC = area under curve, PP = peak point, ΔF/F = change in fluor-
escence as a function of baseline fluorescence, CI = confidence interval.
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in rats42. Given the prominent role of the PVN in HPA axis activation,
known activation of PVN following administration of 5-HT2AR agonist
psychedelics, along with the well-documented dysregulation of the
HPA axis associated with psychiatric illness, the PVN is a central site
that likely contributes to the clinically observed therapeutic effects of
psychedelic compounds.

The current study provides insight into in-vivo PVN reactivity to
an aversive stimulus and identifies a sex-specific mechanism of action
for psilocin administration to alter PVN calciumdynamics and changes
in threat responding immediately following exposure to the stimulus.
Here, we showed that psilocin administration produced increases in
reactivity within the PVN inmales, but no significant effects were seen
in females, and no differences in either sex were seen at more pro-
longed time points. Interestingly, these effects are in contrast to pre-
vious findings from our group, wherein we found acute sex-specific
effects of psilocin administration causing increased CeA reactivity in
females only30. One potential mechanism for this could involve known
inhibitory PVN→CeA circuitry, wherein oxytocinergic projections from
the PVN to the CeA activate GABAergic cells in the lateral CeA (CeL)
that then inhibit output neurons of the CeA located in the medial CeA
(CeM)43. It is possible that psilocin produces sex-specific activation of
this circuit in males such that an increase in acute reactivity in
PVN→CeA circuitry that is having an inhibitory effect on CeM neurons
would reduce/prevent an increased activation in the CeA in males.

Another potential circuit mediating these effects is a disynaptic
hippocampus→bed nucleus of the stria terminalis (BNST)→PVN pro-
jection that has been shown to have an inhibitory effect on the PVN44.
One study showed that following exposure to a stressor, there is an
increase in CA1 spine density in males and a decrease in females45.
Given that CA1 pyramidal neurons have been shown to display high
levels of 5-HT2AR expression, and activation of these 5-HT2A receptors
increases the firing of these neurons46, differences in density could
contribute to differential activation of the known inhibitory hippo-
campus→BNST→PVN circuit. However, the lack of cell-type specificity
is a limitation of the current study, and further work is needed to fully
characterize the cell-type specific mechanisms behind the increases in
PVN reactivity seen in response to the air puff. Additionally, circuit
mapping to identify potential upstream mediators of the observed
effects will be an important future direction for this work.

Previous work in the lab showed that a single administration of
psilocin produced prolonged decreases in central amygdala reactivity

Fig. 6 | Effects of psilocin on PVN reactivity following an acute stress in male
and females. A Average male (Psilocin n = 9; Vehicle n = 9) and female (Psilocin
n = 11, Vehicle n = 9) plasma corticosterone levels. 2-way ANOVA revealed a main
effect of sex (p < 0.0001). Each data point represents an individual subject. Mean
+/- S.E.M. compared between groups. B Male post-restraint PVN reactivity (left):
ΔF/F trace plots of changes following exposure to a 500ms air-puff A 2-wayANOVA
was performed for statistical analysis. Data points represent group averages within
500ms binned window+ /- S.E.M. (shaded area); Heatmaps (top right) comparing
individual responses to air-puff stimulus (dotted line) in vehicle and psilocin
groups. Average AUC and PP+ /- S.E.M. (bottom right) compared by unpaired
2-tailed t-test between groups. Each data point represents an individual subject
(Psilocin n = 7, Vehicle n = 6). C Male: Average maximum speed (left) and distance
traveled (right) following air-puff stimulus. 2-way ANOVA was performed for sta-
tistical analysis. Data points are group averages + /- S.E.M. (shaded area) (Psilocin
n = 9, Vehicle n = 9) (D) Female post-restraint PVN reactivity (left): ΔF/F trace plots
of changes following exposure to a 500ms air-puff. 2-way ANOVA was performed
for statistical analysis. Data points represent group averages within 500ms binned
window +/- S.E.M. (shaded area); Heatmaps (top right) comparing individual
responses to air-puff stimulus (dotted line) in vehicle and psilocin groups. Average
AUC and PP + /- S.E.M. (bottom right) compared by unpaired 2-tailed t-test between
groups. Each data point represents an individual subject. (Psilocin n = 7, Vehicle
n = 5). E Female: Average maximum speed (left) and distance traveled (right) after
air-puff stimulus. 2-way ANOVA was performed for statistical analysis. Data points
are group averages +/- S.E.M. (shaded area) (Psilocin n = 11, Vehicle n = 9). In each
trace bin plot, a significant increase in ΔF/F was determined whenever the lower
bound of the 99% CI was >0 with statistical significance shown as colored lines
above each ΔF/F curve with colors corresponding to the respective binned traces
*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. AUC = area under curve, PP = peak
point, ΔF/F = change in fluorescence as a function of baseline fluorescence, CI =
confidence interval.
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in male, but not female Sprague Dawley rats30. In the present study, no
such effects were found, suggesting that acute stress-induced activa-
tion remained unperturbed. Although we did not find any effect of
psilocin on prolonged PVN reactivity, these data have been included as
we find the lack of prolonged effects within the PVN to be of interest.
These findings demonstrate stability in PVN reactivity to an aversive
stimulus that ismaintained following psilocin administration. The PVN
is an essential region mediating autonomic functioning and orches-
trating sympathetic nervous system activation. Previous work has
suggested that PVN functioning is influenced by complex local exci-
tatory and inhibitory circuitry47,48. For instance, it has been shown that
local nitric oxide and y-aminobutyric acid (GABA) containing neurons
within the PVN function to promote tonic inhibition over sympathetic
outflow. This regulation of neuronal activitywithin the PVN is crucial to
avoid hypertension and other, potentially lethal cardiovascular
outcomes49–52. Thus, given the tightly regulated activity within the PVN
due it’s heavy involvement in autonomic and cardiovascular func-
tioning, it is possible that a single administration of a drug would not
produce any enduring changes in function. This may also explain why
exposure to the 20-minute restraint stress didn’t alter PVN reactivity to
the air-puff stimulus. Stress exposure promotes excitation of
corticotropin-releasing factor (CRF) expressing neurons within the
PVN, leading to HPA-axis activation. Recent work suggests that within
the PVN there are also CRF sensitive neurons expressing the cortico-
tropin releasing factor receptor 1 (CRFR1) that serve as an inhibitory
feedback mechanism within the PVN to prevent hyperreactivity of the
PVN and as a result the HPA axis48. Given the observed increases in
peripheral corticosterone following restraint stress, it is likely that PVN
CRF release would also have activated these CRFR1 receptors in an
attempt to dampen hyperreactivity. This could also account for the
reactivity of the PVN not being altered following the acute restraint
stress. However, it is possible that the observed stability in PVN reac-
tivity may not be seen in subjects modeling psychiatric disease states,
for instance, following acute stress exposure. Future studies will
examine the effects of psilocin on PVN reactivity within subjects
demonstrating anxiogenic pathology to better understand how these
drug effects are modulated by psychiatric disease states.

Here,we replicatedpreviousfindings that females primarily employ
an active threat response30,53,54, whereas males are more evenly split
between active and passive responding. Interestingly, it appears that
active responding males showed slightly greater basal PVN reactivity
than the passive responders, with a similar trend seen in the max speed
following air-puff. This discrepancy between active and passive respon-
der PVN reactivity may provide clues for future work investigating the
neurobiological mechanisms underlying these divergent behavioral
phenotypes. Here, we showed that active responding psilocin-treated
males exhibited a significant increase in PVN reactivity compared to
active vehicle, while passive responders showed no difference between
groups, suggesting that increases in PVN reactivity seen in males were
driven by the males that exhibited active responding at baseline. These
findings replicate previous findings showing an effect of psilocin on
brain region reactivity in active, but not passive responding males30.
Together, these findings demonstrate that an animal’s implicit stress-
responding strategy and the underlying neurobiology driving this
behavioral adaptationmay be predictive of drug sensitivity, which could
have implications for the clinical use of psilocybin and other psychedelic
compounds. While these findings suggest that threat responding strat-
egymay be predictive of psychedelic drug sensitivity, a limitation of the
study is that subgroups were determined post hoc and were therefore
outside of our control. As a result, sample sizes were relatively small.
Given these findings, understanding the neurobiological underpinnings
governing this active threat responsemay offer clues to themechanisms
behind psilocybin’s effects. Recent work suggests there is divergent
circuitry from the paraventricular nucleus of the thalamus (PVT) to the
CeA and nucleus accumbens (NAc) controlling active vs. passive
responding to a stressor, specifically PVT→CeA circuitry promoting
passive responding and PVT→NAc circuitry promoting active
responding55. It has also been shown that females have a greater spine
density andproportionof large spineswithin theNAc56,57. Together these
findings point to a potential explanation for the increased prevalence of
active responding in females. Activation of the PVT→NAc pathway along
with a NAc that includes increased structural and functional suscept-
ibility to engagement could promote active vs. passive responding in
females.

Fig. 7 | Active vs. passive threat responding in males and females. A Illustration
depicting active vs. passive responding to the air-puff stimulus. B Males (Psilocin
n = 11; Vehicle n = 12): pie chart (top) showing the proportion of active vs. passive
responders at baseline. Line graph (bottom) comparing changes in the proportion
of active responders in male psilocin and vehicle groups across each recording
session. Each data point represents the proportion of active responders at each
time period. Statistical analysis comparisons utilized a 2-sided Fisher’s exact test
found significant differences between groups at baseline (p =0.0127) and injection
(p <0.0001). C Females (Psilocin n = 12; Vehicle n = 12): pie chart (top) showing the

proportion of active vs. passive responders at baseline. Line graph (bottom)
comparing changes in the proportion of active responders in male psilocin and
vehicle groups across each recording session. Each data point represents the
proportion of active responders at each time period. Statistical analysis compar-
isons using a 2-sided Fisher’s exact test found significant differences between
groups at baseline (p =0.0138), injection (p <0.0001), 2-day (p =0.0336), and 7-day
(p <0.0001). *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. BL = baseline, INJ =
injection.
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Interestingly, we showed in this study that males exposed to psi-
locin exhibited a significant reduction in active responding velocity
behavior. Activation of CRF+ neurons within the PVN has been impli-
cated in peripheral stress response. CRF+ neurons activate CRF
receptors leading to peripheral sympathetic nervous system
activation58,59. As activation of the PVN increased during the 10-second
window in which rats displayed decreased max speed and active/
darting behavior, it is possible that the psilocin induced increases in
activationwe found are not targetingCRF neuronswithin the PVN.One
potential mechanism behind an increased activation of PVN neurons
resulting in decreased flight behavior following psychedelic drug
administration could involve oxytocin (OT) neurons within the PVN.
Previous studies have suggested that OT administration increases
serotonin release in the dorsal raphe (DR) promoting a reduction in
anxiety-like behavior, an effect that was blocked with a 5-HT2A/2C

antagonist60. This work suggests that these 5-HT2AR expressing neu-
rons within the DR may also express oxytocin receptors, so pre-
sumably, the same mechanisms may occur in 5-HT2AR expressing
neurons in the PVN. Additionally, it has been shown that the endo-
genous release of OT within the PVN promotes inhibition of CRF+

cells61. Given that psilocin is a potent 5-HT2AR agonist, activation of
these neurons could also activate local OT inhibitory circuitry which
could explain decreases in darting behavior. While the current work

provides a deeper understanding of generalized changes in PVN
reactivity following psychedelic administration, a limitation of this
study is that there were no cell-type specific approaches employed,
and therefore specific mechanisms underlying changes in PVN reac-
tivity remain unknown. Future work is needed to examine cell-type
specificity in order to better characterize the alterations in reactivity
seen in the PVN following psilocin administration.

All together, these data provide insight into the involvement of
the PVN in psychedelic drug action. Given the relevance of HPA acti-
vation on psychiatric disease states, understanding how these drugs
alter functioning within this stress-responding circuitry will provide
key insights into better understanding how these drugsmay elicit their
therapeutic effects and provide potential predictive relevance in
treatment responsiveness in human clinical populations.

Methods
Stereotaxic surgery
Male and female Sprague Dawley rats (200–400g, ~8-weeks old at
arrival, Envigo, Indianapolis, IN) were group-housed in a humidity- and
temperature-controlled (22 °C) vivarium on a 12 hr light/dark cycle
with ad libitum access to food and water. At ~9-weeks, animals were
anesthetized using isoflurane with an initial bolus of 5%, followed by
maintenance at 2–3%. Animals then underwent intracranial surgery

Fig. 8 | Psilocin produces increases in PVN reactivity in active responding males.
Fiber photometry: Psilocin active n = 4, Vehicle active n = 5, Psilocin passive n = 5,
Vehicle passive n = 4; Behavior: Psilocin active n = 4, Vehicle active n = 6, Psilocin
passive n = 7, Vehicle passive n = 6; (A) Baseline PVN reactivity (left): ΔF/F trace
plots of changes following exposure to a 500ms air-puff. 2-way ANOVA was per-
formed for statistical analysis. Data points represent group averages within 500ms
binnedwindow+/- S.E.M. (shaded area); Heatmaps (top right) comparing individual
responses to air-puff stimulus (dotted line) in vehicle and psilocin groups. Average
AUC and PP + /- S.E.M. (bottom right) compared by unpaired 2-tailed t-test between
groups. Each data point represents an individual subject. B Average maximum
speed (left) and distance traveled (right) following air-puff stimulus. 2-way ANOVA
was performed for statistical analysis. Data points are group averages +/- S.E.M.
(shaded area) (C) PVN reactivity (left): ΔF/F trace plots of changes following
exposure to a 500ms air-puff. 2-way ANOVA significant treatment x time interac-
tion (p <0.0001) and main effect of treatment (p =0.0091). Data points represent

group averages within 500ms binned window +/- S.E.M. (shaded area); Heatmaps
(top right) comparing individual responses to air-puff stimulus (dotted line) in
vehicle and psilocin groups. Average AUC and PP + /- S.E.M (bottom right) com-
pared by unpaired 2-tailed t-test between groups, AUC (p =0.0202). Each data
point represents an individual subject. Inset: Histogram reflecting change in the
proportion of active responding animals compared to baseline. 2-sided Fisher’s
exact test revealed a significant difference between groups (p =0.0004).DAverage
maximum speed (left) and distance traveled (right) following air-puff stimulus.
2-way ANOVA was performed for statistical analysis. Data points are group avera-
ges + /- S.E.M. (shaded area). In each tracebinplot, a significant increase inΔF/Fwas
determined whenever the lower bound of the 99% CI was >0 with statistical sig-
nificance shownabove eachΔF/F curvewith colors corresponding to the respective
binned traces *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. AUC = area under
curve, PP = peak point, ΔF/F = change in fluorescence as a function of baseline
fluorescence, CI = confidence interval.
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using a (KOPF) stereotaxic frame. Bilateral infusions of pGP-AAV-syn-
jGCaMP7f-WPRE (Addgene plasmid# 104488-AAV9) were performed
at a rate of 100nl/minute into the PVN using coordinates from bregma
(AP: −1.8mm, ML: +/− 0.5mm, DV: −7.5 to −8.0mm). Following injec-
tion, the needle was left in place for 5minutes before retracting.
Immediately following microinjections, three skull cap screws were
put into place followed by implantation of a dual-tip fiber optic can-
nula (DFC_200/245-0.37_9mm_GS1.0_FLT), with fiber tips spaced 1mm
apart, placed at 0.3mmabove injection site (coordinates frombregma
AP: −1.8mm, ML: +/−0.0mm, DV: −7.2mm). Once fiber was in place,
Metabond dental cement (Parkell, Brentwood, NY) was used to fix
cannula in place and allowed to dry for 10minutes before removing
cannula holder and retracting stereotaxic arm. Animals were treated
with 2.5mg/kg of Flunixin on the day of surgery and for two days
following. Following intracranial surgery at ~8 weeks of age, animals
were single-housed in flat-lid cages with waterspout access, and food
bowls to avoid damage to implants. All procedures adhered to the
University of North CarolinaChapel Hill’s Institutional AnimalCare and
Use Committee (IACUC).

Drug Administration
On the day of injection, psilocin (Cayman Chemical) was dissolved in
2% glacial acetic acid and brought up to a 1mg/ml dilution in 0.9%

saline. Animals then received subcutaneous (s.c.) injections of either
vehicle (2% glacial acetic acid in 0.9% saline) or psilocin and placed
back into their home cage for 30minutes prior to the beginning of
habituation in open-field box. For the c-Fos cohort, animals received
s.c. injections 2 h prior to perfusion and collection of brain tissue for
immunohistochemical analysis.

Fiber photometry recording
Animals underwent fiber photometry/behavioral recordings at
~12 weeks of age. All fiber photometry recordings were taken using the
previously mentioned TDT RZ5 (Tucker-Davis Technologies, Alachua,
FL) real-time processor and Doric external components and were also
conducted in the same plexi-glass chamber30. To test how the PVN
would respond to the air-puff stimulus, baseline recordingswere taken
capturing changes in fluorescence (ΔF/F) following air-puff adminis-
tration. Animals were split into their respective groups (vehicle vs.
psilocin) following baseline recordings, to ensure that baseline PVN
reactivity was equivalent between the two groups at baseline. Cohorts
were split into two subgroups and ran consecutively to ensure that all
animals were running within the first half of the day. On each day of
recording, animals were placed in the chamber for 10minutes for
habituation. On the day of injection, animals were given an injection of
either vehicle or psilocin (2mg/kg) and then placed back in their home

Fig. 9 | Psilocin did not alter PVN reactivity in passive responding males. Fiber
photometry: Psilocin n = 5, Vehicle n = 4; Behavior: Psilocin n = 7, Vehicle n = 6;
A Baseline PVN reactivity (left):ΔF/F trace plots of changes following exposure to a
500ms air-puff. 2-way ANOVA was performed for statistical analysis. Data points
represent group averages within 500ms binned window +/- S.E.M. (shaded area);
Heatmaps (top right) comparing individual responses to air-puff stimulus (dotted
line) in vehicle and psilocin groups. Average AUC and PP + /- S.E.M (bottom right)
compared by unpaired 2-tailed t-test between groups with a significant difference
in AUC (p= 0.0468). Each data point represents an individual subject. B Average
maximum speed (left) and distance traveled (right) following the air-puff stimulus.
A 2-way ANOVA was performed for statistical analysis. Data points are group
averages+/- S.E.M. (shaded area) (C) Dayof injectionPVN reactivity (left):ΔF/F trace
plots of changes following exposure to a 500ms air-puff. A 2-way ANOVA was
performed for statistical analysis. Data points represent group averages within
500ms binned window +/- S.E.M. (shaded area); Inset: Change in the proportion of

passive responding animals compared to baseline (p <0.0001) by 2-sided Fisher’s
exact test. The data point reflects the reduction in percentage from the baseline for
the entire group. Heatmaps (top right) comparing individual responses to air-puff
stimulus (dotted line) in vehicle andpsilocin groups. AverageAUCandPP + /- S.E.M.
(bottom right) compared by unpaired 2-tailed t-test between groups. Each data
point represents an individual subject. D Average maximum speed (left) and dis-
tance traveled (right) following the air-puff stimulus. A 2-way ANOVA was per-
formed for statistical analysis. Data points are group averages +/- S.E.M. (shaded
area). In each trace binplot, a significant increase inΔF/Fwasdeterminedwhenever
the lower bound of the 99% CI was >0with statistical significance shown as colored
lines above each ΔF/F curve with colors corresponding to the respective binned
traces *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. AUC = area under curve,
PP = peak point, ΔF/F = change in fluorescence as a function of baseline fluores-
cence, CI = confidence interval.
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cage for 30minutes prior to being connected to the fiber optic patch
cord and the beginning of the habituation period. On the restraint
stressdays, animalsfirst underwent a 20-minute restraint followedby a
blood collection through tail bleed. Following these procedures, PVN
reactivity was tested following the same air-puff parameters as men-
tioned above. For all fiber photometry experiments, the same male
experimenter handled animals and recording. To avoid potential
confounding effects of an added stressor, females were not checked
for the estrous cycle.

Air-puff stimulus
The air-puff stimulus30 consisted of a custommade circuit controlling a
solenoid that was connected to the air source within the room. Air
pressure was regulated with a psi gauge and the solenoid was con-
nected to the TDT system through a BNC cable. Activation of the
solenoid through a button command on the TDT system opened the
solenoid allowing for an 500msburst of air (85 psi) directed at the face
of the animal. Tubing was connected to a metal pole and was inserted
through a hole in the sound attenuated chamber containing the open
field box environment that the animals were held in during recording
sessions. This was manually lowered into the arena and aimed toward
the animal’s face before activating the circuit box anddelivering an air-
puff and simultaneous tagged event in the TDT system for peri-event
signal analysis. Within each air-puff session, animals were exposed to a
500ms 85 psi air-puff directed towards the face of the animal followed
by a 5-minute inter-stimulus interval (ISI) and then a final repeated air-
puff. For each animal, an average of the two air-puffs was collected and
used as the reactivity readout.

Locomotor behavior
Locomotor activity was assessed in a clear, plexiglass open field
apparatus (50 cm×50 cm)whichwas locatedwithin a sounddampened
activity cabinet. Behavioral sessions were recorded and analyzed with
ANY-maze video tracking system (Stoelting Co, IL, USA). Behavioral
measurements were collected within two time periods: a 10-minute
habituation prior to the onset of the air puff and then a 5-minute ISI
immediately following exposure to the air puff. Analyzes across time
were calculated a 1min resolution for the overall locomotor behaviors,
and additionally at 1 s for the immediate post puff behavioral analysis
to correspond with fiber photometry time points. Measures of loco-
motor activity included distance traveled (m),max speed (m/s), % time
spent in the center zone, and time immobile (at 65% sensitivity, animal
must remain immobile for at least 2 s). The center zone was defined
within the tracking software ( ~ 7.6 cm×7.6 cm; 45% of total area), and
the time spent variable was calculated as (time spent in center zone/
(total time spent in center + time spent in periphery)) × 100). A total of
8 subjects (3 females and 5 males) were excluded from behavioral
analyses that included habituation time period (locomotion, time
spent in center, immobility) due to technical difficulties with beha-
vioral video recording.

Restraint stress
Restraint stress procedures were performed using a Broome Rodent
Restrainer (Braintree Scientific, BraintreeMA). Animals were placed in a
restraint stress tubewith a foam insert to help protect against excessive
bumping of the cannula on the plexiglass walls. Animalswere restrained
for 20minutes. Following the 20-minute restraint, animals were kept in
the tube for a 1–5min for the collection of an ample volume of blood
through the tail vein for cortisol analysis. Immediately following
restraint stress and blood collection, animals were placed in the open
field box for air-puff administration and PVN reactivity recording.

Perfusion
Animals were first anesthetized using isoflurane prior to perfusion.
Upon entry to the heart, the circulatory system was first flushed with

phosphate-buffered saline (PBS) followed by at least 120mL of 4%
paraformaldehyde (w/v). Brains were then stored in 4% paraf-
ormaldehyde (w/v) for 24 h before being transferred to a 30% sucrose
solution. Tissue was sectioned into 40 µm thick slices using a freezing
microtome and then stored in a cryoprotectant solution (comprising
30% v/v ethylene glycol and 30% w/v sucrose in phosphate-buffered
saline) at 4 °C until further use.

Corticosterone assay
Tail blood was collected in 1.5mLmicrocentrifuge tubes (Fisherbrand,
Waltham, MA, CAT#05-408-129) and kept on ice. Blood samples were
centrifuged, and serumwas collected in 0.2mL PCR tubes (Eppendorf,
Enfield, CT, CAT#951010006) and stored at −20 °C. The serum was
analyzed for corticosterone using a commercially available CORT
ELISA kit (Arbor Assays, Ann Arbor, MI, CAT#K014-H5) that was per-
formed per the manufacturer’s protocol. Results from the corticos-
terone assay are expressed as nanograms/milliliter (ng/mL).

Histology/Immunofluorescence staining
To assess changes in basal activity while under the acute effects of the
drugs, animals in both groups were given subcutaneous injections of
either vehicle or psilocin (2mg/kg). Given that injections are inherently
stressful, it is possible that both groups would have elevated levels of
c-Fos expression within the PVN. While this could confound baseline
levels of c-Fos, this perturbation is controlled between groups. Prior to
injection, animals were perfused, and brain tissue was collected for
analysis. 40μm sections (AP coordinates −1.6mm to −2.16mm) were
collected and prepared for immunohistochemistry (IHC) to stain for
the protein c-Fos. The IHC protocol is as follows: wash in PBS, 30min
incubation in 50% methanol/PBS, 5min in 3% hydrogen peroxide,
blocking solution (0.3% Triton X-100; Thermo Fisher), 1 hr at room
temperature (RT) in 1% bovine serum albumin, 24 hr incubation at 4 °C
in rabbit anti-cFos (1:3000, Millipore Sigma; ABE457). Day 2: wash in
0.1% Tween-20 in tris-buffered saline (TNT), 30min in TNB blocking
buffer (Perkin-Elmer FP1012), 2 hr in goat anti-rabbit horseradish per-
oxidase (HRP; 1:200, Abcam ab6721), TNT washes, and finally a 10min
at RT incubation in tyramide conjugated fluorescein (1:50) in TSA
amplification diluent (Akoya Biosciences, NEL741001KT). Following
IHC, slices were mounted on slides using Vectashield ® HardSet™
Antifade Mounting Medium with DAPI (H1500, Vector Laboratories,
Burlingame, CA). Images were acquired using a Keyence BZ-X800
fluorescencemicroscope. Images were taken at 20xmagnification and
the BZ-X800 Analyzer programwas used to create stitched images for
quantification. Quantification utilizing ImageJ62 was conducted to
manually count labeled, c-Fos+ cells. PVN region was outlined and
counted by two separate experiments. The experimenter was blinded
for counting. Counts were taken per hemisphere and averaged to
obtain a value for each subject.

Statistics and reproducibility
Collection of raw fiber photometry signal and subsequent data analysis
to include binning of data into 500ms time bins and bootstrapping
confidence intervalswereperformedusingMatlab (Version 2023a, The
Mathworks, Inc.) and a custom written Matlab script (https://doi.org/
10.5061/dryad.3ffbg79qr). For all binned trace data visualizations, we
applied abootstrapping confidence interval (CI)method (99%CI, 1000
iterations)63. This approach involved calculating a hypothetical ‘mean’
ΔF/F by repeatedly resampling the subject mean ΔF/F with replace-
ment, aligning with the number of samples. The sample size (n) for all
analyses matched the number of subjects per group. This boot-
strapping procedure was performed 1000 times to generate a non-
parametric distribution of population mean simulations for each time
point within the window. A statistically significant increase (>0%) in
Ca2+ transients following air-puff administrationwas identifiedbydata
points where the lower bound of the 99% CI exceeded 063–65 These
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significant increases were indicated on graphs by color-coded lines
above the trace bin plots. All comparisons of proportions were done
using Fisher’s exact tests. Comparisons of c-Fos, PP, AUC, and CORT
concentrations were done using unpaired t-test to compare between
groups at each time. 2-way RMANOVAS were used to compare binned
trace plots and behavioral data metrics between groups. All data were
graphed and statistically analyzed with Prism 10.0.3 (GraphPad Soft-
ware, MA, USA). For fiber photometry recordings, subjects were
excluded from group data analysis if site verification revealed incor-
rect GCaMP injection location and/or fiber placement was outside of
the PVN but was still included for behavioral analysis. Sample sizes for
all experimental groups are listedwithinfigure legends. Experimenters
were blinded during manual cell counting and manual behavioral
scoring. The experimenter was not blinded to condition during
experimentation or during data analysis as these were all automated
processes measuring changes in physiology and, therefore, did not
involve any subjective interpretation during data collection. Sample
sizesweredeterminedbasedonpreviouswork in the lab30, however no
a priori power calculations were conducted.

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

Data availability
All data generated in this study, including a source data file containing
raw data values for each figure, have been deposited in the Dryad
database [https://doi.org/10.5061/dryad.3ffbg79qr]. Source data are
provided in this paper.

Code availability
Custom written MATLAB code and resulting MATLAB structures have
been made available on the Dryad database [https://doi.org/10.5061/
dryad.3ffbg79qr].

References
1. Bogenschutz, M. P. & Johnson, M. W. Classic hallucinogens in the

treatment of addictions. Prog. Neuro-Psychopharmacol. Biol. Psy-
chiatry 64, 250–258 (2016).

2. Davis, A. K. et al. Effects of psilocybin-assisted therapy on major
depressivedisorder: a randomized clinical trial. JAMApsychiatry 78,
481–489 (2021).

3. Johnson, M. W., Garcia-Romeu, A. & Griffiths, R. R. Long-term fol-
low-up of psilocybin-facilitated smoking cessation. Am. J. drug
alcohol Abus. 43, 55–60 (2017).

4. Johnson, M. W. & Griffiths, R. R. Potential therapeutic effects of
psilocybin. Neurotherapeutics 14, 734–740 (2017).

5. Griffiths, R. R. et al. Psilocybin produces substantial and sustained
decreases in depression and anxiety in patients with life-
threatening cancer: A randomized double-blind trial. J. Psycho-
pharmacol. 30, 1181–1197 (2016).

6. Roseman, L., Demetriou, L., Wall, M. B., Nutt, D. J. & Carhart-Harris,
R. L. Increased amygdala responses to emotional faces after psi-
locybin for treatment-resistant depression. Neuropharmacology
142, 263–269 (2018).

7. Carhart-Harris, R. L. et al. Psilocybin for treatment-resistant depres-
sion: fMRI-measured brain mechanisms. Sci. Rep. 7, 1–11 (2017).

8. Nutt, D., Erritzoe, D. & Carhart-Harris, R. Psychedelic psychiatry’s
brave new world. Cell 181, 24–28 (2020).

9. Barrett, F. S., Doss, M. K., Sepeda, N. D., Pekar, J. J. & Griffiths, R. R.
Emotions and brain function are altered up to one month after a
single high dose of psilocybin. Sci. Rep. 10, 1–14 (2020).

10. Ross, S. et al. Rapid and sustained symptom reduction following
psilocybin treatment for anxiety anddepression in patientswith life-

threatening cancer: a randomized controlled trial. J. Psycho-
pharmacol. 30, 1165–1180 (2016).

11. Agrawal, M. et al. Assessment of psilocybin therapy for patients
with cancer and major depression disorder. JAMA oncol. 9,
864–866 (2023).

12. Goodwin, G. M. et al. Single-dose psilocybin for a treatment-
resistant episode of major depression. N. Engl. J. Med. 387,
1637–1648 (2022).

13. Raison, C. L. et al. Single-dose psilocybin treatment for major
depressive disorder: a randomized clinical trial. JAMA 330,
843–853 (2023).

14. Eivindvik, K., Rasmussen, K. & Sund, R. Handling of psilocybin and
psilocin by everted sacs of rat jejunum and colon. Acta pharma-
ceutica nordica 1, 295–302 (1989).

15. Shao, L.-X. et al. Psilocybin induces rapid and persistent growth of
dendritic spines in frontal cortex in vivo. Neuron 109, 2535–2544.
e2534 (2021).

16. Raval, N. R. et al. A single dose of psilocybin increases synaptic
density and decreases 5-HT2A receptor density in the pig brain. Int.
J. Mol. Sci. 22, 835 (2021).

17. Ly, C. et al. Psychedelics promote structural and functional neural
plasticity. Cell Rep. 23, 3170–3182 (2018).

18. de la Fuente Revenga, M. et al. Prolonged epigenomic and synaptic
plasticity alterations following single exposure to a psychedelic in
mice. Cell Rep. 37, 109836 (2021).

19. Vargas, M. V. et al. Psychedelics promote neuroplasticity through
the activation of intracellular 5-HT2A receptors. Science 379,
700–706 (2023).

20. Halberstadt, A. L., Chatha, M., Klein, A. K., Wallach, J. & Brandt, S. D.
Correlation between the potency of hallucinogens in the mouse
head-twitch response assay and their behavioral and subjective
effects in other species. Neuropharmacology 167, 107933 (2020).

21. Hesselgrave, N., Troppoli, T. A.,Wulff, A. B., Cole, A. B. & Thompson,
S. M. Harnessing psilocybin: antidepressant-like behavioral and
synaptic actions of psilocybin are independent of 5-HT2R activation
in mice. Proc. Natl Acad. Sci. 118, e2022489118 (2021).

22. Moliner, R. et al. Psychedelics promote plasticityby directly binding
to BDNF receptor TrkB. Nat. Neurosci. 26, 1032–1041 (2023).

23. Gillespie, C. F. &Nemeroff, C. B. Hypercortisolemia anddepression.
Psychosom. Med. 67, S26–S28 (2005).

24. Holsboer, F. Blunted corticotropin and normal cortisol response to
human corticotropin-releasing factor in depression.N. Engl. J. Med
311, 1127–1137 (1984).

25. Abelson, J. L., Khan, S., Liberzon, I. & Young, E. A. HPA axis activity in
patients with panic disorder: review and synthesis of four studies.
Depression anxiety 24, 66–76 (2007).

26. Condren, R., O’Neill, A., Ryan, M., Barrett, P. & Thakore, J. HPA axis
response to a psychological stressor in generalised social phobia.
Psychoneuroendocrinology 27, 693–703 (2002).

27. Jankord, R. & Herman, J. P. Limbic regulation of hypothalamo‐
pituitary‐adrenocortical function during acute and chronic stress.
Ann. N. Y. Acad. Sci. 1148, 64–73 (2008).

28. Feldman, S., Conforti, N. & Weidenfeld, J. Limbic pathways and
hypothalamic neurotransmitters mediating adrenocortical
responses to neural stimuli. Neurosci. Biobehav. Rev. 19, 235–240
(1995).

29. Gray, T. S., Carney, M. E. & Magnuson, D. J. Direct projections from
the central amygdaloid nucleus to the hypothalamic para-
ventricular nucleus: possible role in stress-induced adrenocorti-
cotropin release. Neuroendocrinology 50, 433–446 (1989).

30. Effinger, D. P., Quadir, S. G., Ramage, M. C., Cone, M. G. & Herman,
M. A. Sex-specific effects of psychedelic drug exposure on central
amygdala reactivity and behavioral responding. Transl. Psychiatry
13, 119 (2023).

Article https://doi.org/10.1038/s41467-024-49741-9

Nature Communications |         (2024) 15:5321 13

https://doi.org/10.5061/dryad.3ffbg79qr
https://doi.org/10.5061/dryad.3ffbg79qr
https://doi.org/10.5061/dryad.3ffbg79qr


31. Kalil, B., Leite, C., Carvalho-Lima,M. &Anselmo-Franci, J. Role of sex
steroids in progesterone and corticosterone response to acute
restraint stress in rats: sex differences. Stress 16, 452–460 (2013).

32. Haleem, D. J., Kennett, G. & Curzon, G. Adaptation of female rats to
stress: shift to male pattern by inhibition of corticosterone synth-
esis. Brain Res. 458, 339–347 (1988).

33. Kant, G. J. et al. Comparison of stress response in male and female
rats: pituitary cyclic AMP and plasma prolactin, growth hormone
and corticosterone. Psychoneuroendocrinology 8, 421–428 (1983).

34. Zhang, Y. et al. Evidence that 5-HT2A receptors in the hypothalamic
paraventricular nucleus mediate neuroendocrine responses to (−)
DOI. J. Neurosci. 22, 9635–9642 (2002).

35. Mikkelsen, J. D., Hay‐Schmidt, A. & Kiss, A. Serotonergic Stimulation
of theRatHypothalamo‐Pituitary‐AdrenalAxis: Interactionbetween5‐
HT1Aand5‐HT2AReceptors.Ann.N. Y.Acad. Sci. 1018, 65–70 (2004).

36. Frankel, P. S. & Cunningham, K. A. The hallucinogen d-lysergic acid
diethylamide (d-LSD) induces the immediate-early gene c-Fos in rat
forebrain. Brain Res. 958, 251–260 (2002).

37. Raadsheer, F. C. et al. Corticotropin-releasing hormone mRNA
levels in the paraventricular nucleus of patients with Alzheimer’s
disease and depression. Am. J. Psychiatry 152, 1372–1376 (1995).

38. Raadsheer, F. C., Hoogendijk, W. J., Stam, F. C., Tilders, F. J. &
Swaab, D. F. Increasednumbers of corticotropin-releasinghormone
expressing neurons in the hypothalamic paraventricular nucleus of
depressed patients. Neuroendocrinology 60, 436–444 (1994).

39. Purba, J. S., Hoogendijk, W. J., Hofman, M. A. & Swaab, D. F.
Increased number of vasopressin-and oxytocin-expressing neurons
in the paraventricular nucleus of the hypothalamus in depression.
Arch. Gen. psychiatry 53, 137–143 (1996).

40. Manaye, K. F. et al. Selective neuron loss in the paraventricular
nucleus of hypothalamus in patients suffering from major depres-
sion and bipolar disorder. J. Neuropathol. Exp. Neurol. 64,
224–229 (2005).

41. Nishioka, T., Anselmo-Franci, J. A., Li, P., Callahan, M. F. &Morris, M.
Stress increases oxytocin release within the hypothalamic para-
ventricular nucleus. Brain Res. 781, 57–61 (1998).

42. Miklós, I. H. & Kovács, K. J. Reorganization of synaptic inputs to the
hypothalamic paraventricular nucleus during chronic psychogenic
stress in rats. Biol. psychiatry 71, 301–308 (2012).

43. Knobloch, H. S. et al. Evoked axonal oxytocin release in the central
amygdala attenuates fear response. Neuron 73, 553–566 (2012).

44. Cole, A. B., Montgomery, K., Bale, T. L. & Thompson, S. M. What the
hippocampus tells the HPA axis: Hippocampal output attenuates
acute stress responses via disynaptic inhibition of CRF+ PVN neu-
rons. Neurobiol. Stress 20, 100473 (2022).

45. Shors, T. J., Chua, C. & Falduto, J. Sex differences and opposite
effects of stress on dendritic spine density in the male versus
female hippocampus. J. Neurosci. 21, 6292–6297 (2001).

46. Zhang, G. et al. Examination of the hippocampal contribution to
serotonin 5-HT2A receptor-mediated facilitation of object memory
in C57BL/6J mice. Neuropharmacology 109, 332–340 (2016).

47. Herman, J. P., Tasker, J. G., Ziegler, D. R. & Cullinan, W. E. Local
circuit regulation of paraventricular nucleus stress integration:
glutamate–GABA connections. Pharmacol. Biochem. Behav. 71,
457–468 (2002).

48. Jiang, Z., Rajamanickam, S. & Justice, N. J. CRF signaling between
neurons in the paraventricular nucleus of the hypothalamus (PVN)
coordinates stress responses. Neurobiol. stress 11, 100192 (2019).

49. Stern, J. E. Nitric oxide and homeostatic control: an intercellular
signallingmolecule contributing to autonomic andneuroendocrine
integration? Prog. biophysics Mol. Biol. 84, 197–215 (2004).

50. Watkins, N., Cork, S. & Pyner, S. An immunohistochemical investi-
gation of the relationship between neuronal nitric oxide synthase,
GABA and presympathetic paraventricular neurons in the hypo-
thalamus. Neuroscience 159, 1079–1088 (2009).

51. Zhang, K.&Patel, K. P. Effect of nitric oxidewithin theparaventricular
nucleus on renal sympathetic nerve discharge: role of GABA. Am. J.
Physiol. -Regulatory, Integr. Comp. Physiol. 275, R728–R734 (1998).

52. Pyner, S. Neurochemistry of the paraventricular nucleus of the
hypothalamus: implications for cardiovascular regulation. J. Chem.
Neuroanat. 38, 197–208 (2009).

53. Gruene, T. M., Flick, K., Stefano, A., Shea, S. D. & Shansky, R. M.
Sexually divergent expression of active and passive conditioned
fear responses in rats. Elife 4, e11352 (2015).

54. Mitchell, J. R. et al. Darting across space and time: parametric
modulators of sex-biased conditioned fear responses. Learn. Mem.
29, 171–180 (2022).

55. Ma, J. et al. Divergent projections of the paraventricular nucleus of
the thalamusmediate the selection of passive and active defensive
behaviors. Nat. Neurosci. 24, 1429–1440 (2021).

56. Wissman, A. M., May, R. M. & Woolley, C. S. Ultrastructural analysis
of sex differences in nucleus accumbens synaptic connectivity.
Brain Struct. Funct. 217, 181–190 (2012).

57. Forlano, P. M. & Woolley, C. S. Quantitative analysis of pre‐and
postsynaptic sex differences in the nucleus accumbens. J. Comp.
Neurol. 518, 1330–1348 (2010).

58. Rajamanickam, S. & Justice, N. J. Hypothalamic corticotropin-
releasing factor neurons modulate behavior, endocrine, and auto-
nomic stress responses via direct synaptic projections. Current
Opinion in Endocrine and Metabolic Research, 26, 100400 (2022).

59. Carrasco, G. A. & Van de Kar, L. D. Neuroendocrine pharmacology
of stress. Eur. J. Pharmacol. 463, 235–272 (2003).

60. Yoshida,M. et al. Evidence that oxytocin exerts anxiolytic effects via
oxytocin receptor expressed in serotonergic neurons in mice. J.
Neurosci. 29, 2259–2271 (2009).

61. Pati, D. et al. Endogenous oxytocin inhibits hypothalamic
corticotrophin-releasing hormone neurones following acute
hypernatraemia. J. Neuroendocrinol. 32, e12839 (2020).

62. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to
ImageJ: 25 years of image analysis.Nat. Methods 9, 671–675 (2012).

63. Bland, J. M. & Altman, D. G. Statistics notes: bootstrap resampling
methods. BMJ. 350, h2622 (2015).

64. Bird, K.D.Analysis ofVarianceViaConfidence Intervals. (Sage, 2004).
65. Choi, E. A., Jean-Richard-dit-Bressel, P., Clifford, C.W. &McNally, G.

P. Paraventricular thalamus controls behavior during motivational
conflict. J. Neurosci. 39, 4945–4958 (2019).

Acknowledgements
This work was supported by National Institute of Health grants
AA026858 (M.A.H.), GM135095 (D.P.E.), and by the Brain and Behavior
Research Foundation NARSAD Young Investigator Award (M.A.H.)

Author contributions
D.P.E. contributed to the initial conception, experimental design, appa-
ratus design, surgical procedures, behavioral recording, histology, data
analysis, custom code, data visualization, the initial draft of the manu-
script, and manuscript editing. J.L.H. contributed to the behavioral
recording, behavioral analysis, a section in methods, and manuscript
editing. S.E.M. contributed to CORT assay, CORT analysis, and section in
methods. S.N.M. contributed to CORT assay. S.G.Q. contributed to his-
tological analyses, schematic illustrations, and manuscript editing.
C.S.R. contributed to histology and draft editing. D.T. contributed to
histology and manuscript editing. M.E.S. contributed to histology and
manuscript editing. M.W.H. contributed to histology and manuscript
editing. C.W.H. contributed to the behavioral recording and manuscript
editing. M.A.H. contributed to the initial conception, experimental
design, behavioral assay, and acquisition of funds.

Competing interests
Authors have no competing interests to report.

Article https://doi.org/10.1038/s41467-024-49741-9

Nature Communications |         (2024) 15:5321 14



Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-49741-9.

Correspondence and requests for materials should be addressed to
Melissa A. Herman.

Peer review information Nature Communications thanks the anon-
ymous, reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

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

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-49741-9

Nature Communications |         (2024) 15:5321 15

https://doi.org/10.1038/s41467-024-49741-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Increased reactivity of the paraventricular nucleus of the hypothalamus and decreased threat responding in male rats following psilocin administration
	Results
	Increased activity within the paraventricular nucleus of the hypothalamus (PVN) following psilocin administration
	Acute stimulus-evoked effects of psilocin on PVN reactivity and behavior
	Prolonged effects of psilocin on PVN reactivity and behavior
	Effects of psilocin on PVN reactivity and threat responding following acute stress in male and females
	Active vs. passive threat responding in males and females
	Psilocin produces increases in PVN reactivity in active responding but not passive responding males

	Discussion
	Methods
	Stereotaxic surgery
	Drug Administration
	Fiber photometry recording
	Air-puff stimulus
	Locomotor behavior
	Restraint stress
	Perfusion
	Corticosterone assay
	Histology/Immunofluorescence staining
	Statistics and reproducibility
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




