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Psilocybin, a naturally occurring, tryptamine alkaloid prodrug, is currently being investigated for the treatment of a range of
psychiatric disorders. Preclinical reports suggest that the biological effects of psilocybin-containing mushroom extract or “full
spectrum” (psychedelic) mushroom extract (PME), may differ from those of chemically synthesized psilocybin (PSIL). We compared
the effects of PME to those of PSIL on the head twitch response (HTR), neuroplasticity-related synaptic proteins and frontal cortex
metabolomic profiles in male C57BI/6j mice. HTR measurement showed similar effects of PSIL and PME over 20 min. Brain
specimens (frontal cortex, hippocampus, amygdala, striatum) were assayed for the synaptic proteins, GAP43, PSD95, synaptophysin
and SV2A, using western blots. These proteins may serve as indicators of synaptic plasticity. Three days after treatment, there was
minimal increase in synaptic proteins. After 11 days, PSIL and PME significantly increased GAP43 in the frontal cortex (p =0.019;
p = 0.039 respectively) and hippocampus (p =0.015; p =0.027) and synaptophysin in the hippocampus (p = 0.041; p = 0.05) and
amygdala (p = 0.035; p = 0.004). PSIL increased SV2A in the amygdala (p = 0.036) and PME did so in the hippocampus (p = 0.014).
In the striatum, synaptophysin was increased by PME only (p = 0.023). There were no significant effects of PSIL or PME on PSD95 in
any brain area when these were analyzed separately. Nested analysis of variance (ANOVA) showed a significant increase in each of
the 4 proteins over all brain areas for PME versus vehicle control, while significant PSIL effects were observed only in the
hippocampus and amygdala and were limited to PSD95 and SV2A. Metabolomic analyses of the pre-frontal cortex were performed
by untargeted polar metabolomics utilizing capillary electrophoresis — Fourier transform mass spectrometry (CE-FTMS) and showed
a differential metabolic separation between PME and vehicle groups. The purines guanosine, hypoxanthine and inosine, associated
with oxidative stress and energy production pathways, showed a progressive decline from VEH to PSIL to PME. In conclusion, our
synaptic protein findings suggest that PME has a more potent and prolonged effect on synaptic plasticity than PSIL. Our
metabolomics data support a gradient of effects from inert vehicle via chemical psilocybin to PME further supporting differential
effects. Further studies are needed to confirm and extend these findings and to identify the molecules that may be responsible for
the enhanced effects of PME as compared to psilocybin alone.
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INTRODUCTION

There is renewed interest in studying psychedelics for a number of
psychiatric disorders including depression, PTSD, obsessive-
compulsive disorders and anxiety [1]. To date, clinical trials have
generally been conducted with chemically synthesized psilocybin
(PSIL), and little attention has been given to additional, potentially
therapeutic, psychoactive or non-psychoactive compounds found
in psychedelic mushrooms [2]. The same is true for other
psychedelics that are currently a focus of clinical research.
Dimethyltryptamine (DMT) is of plant and animal origin and has
also been identified in humans [3]. 5-methoxy-dimethyltryptamine
(5-MeOQ-DMT) is derived from the incilius alvarius species of toad

[4] and the most common source of mescaline is the peyote
cactus [5]. LSD was originally synthesized from lysergic acid which
is derived from ergotamine, an alkaloid found in the wheat-
infecting ergot fungus [6]. In most clinical studies chemically
synthesized forms of these compounds are used. Naturally
occurring psychedelic compounds do not exist in isolation but
are produced by the organism as part of an extensive milieu that
includes molecules of many different types. It is possible that
these molecules exert significant biological effects or modulate
the action of the active molecule in different ways. In regard to
cannabis, it is recognized that not only cannabidiol, but a number
of other “entourage” molecules exert significant biological effects
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along with those of delta-9-tetrahydrocanabinol (A -9 THC) and
modify the effect of A—9 THC [7].

Many experienced psychedelic mushroom users believe that
different Psilocybe species have distinctive and characteristic
effects [8, 9]. These reports are consistent with observations
regarding the effects of, Inocybe aeruginascens (high in aerugi-
nascin) as compared to the effects of mushrooms with a high
psilocybin and psilocin content. Gartz [10] observed an increased
mood-enhancing effect of mushrooms high in aeruginascin as
compared to those high in psilocybin, leading him to propose an
“entourage effect” of psychedelic mushrooms, whereby additional
components of the mushroom extract enhance the effect of
psilocybin. A preclinical study compared the effects of an extract
from Psilocybe argentipes to chemical psilocybin on marble-
burying behavior in mice (an animal screening model used to
study OCD) [11]. The results of the study showed that the
psilocybin mushroom extract was more effective in reducing
marble-burying than chemical psilocybin, doing so at a dose of
0.25 mg/kg psilocybin as compared to chemical psilocybin which
required 1.5 mg/kg and thus supporting further exploration of an
“entourage effect”. Further evidence for a psychedelic mushroom
“entourage effect” was provided by Zhuk et al. [12], who showed
that Psilocybe semilanceata and Pholiotina cyanopus mushroom
extracts were significantly more potent on in-vivo serotonin
5-HT2A receptor behavioral assays (as demonstrated by the head-
twitch response in mice) than the same dose of pure psilocin (the
active metabolite of psilocybin).

The variability in effects produced mushroom extracts
compared to chemical psilocybin may be explained by differing
psilocybin content [13] as well as by the presence and varying
levels of other potentially bioactive compounds in the different
species of mushrooms. These include tryptamines, such as 4-
phosphoryloxy-N-methyltryptamine (baeocystin), 4-phosphory-
loxy-N,N,N-trimethyltryptamine  (aeruginascin), 4-hydroxy-N-
methyltryptamine (norpsilocin) and 4-phosphoryloxytryptamine
(norbaeocystin) as well as B-carbolines such as harmine and
harmaline, and terpenes [14-18]. Little is known about the
effects of these additional components of psychedelic mush-
rooms in animal models, although there is accumulating
evidence regarding the effect of some of the tryptamines of
the psilocybin biosynthetic chain. Glatfelter et al. [19] recently
showed that only the tertiary amines, psilocybin, psilocin, and 4-
acetoxy-N,N-dimethyltryptamine (psilacetin) induced HTR in
mice while secondary amines such as baeocystin and norpsilocin
and quaternary ammonium compounds such as aeruginascin
had little or no effect. It is possible, however, that these
tryptamines present in psychedelic mushroom extracts may
modulate the effects of psilocybin. In particular, it has been
speculated that baeocystin or norpsilocin could potentially
contribute to variable subjective effects [20]. Furthermore,
additional components of mushroom extract such as beta-
carbolines may exert biologically meaningful effects in spite of
their low concentrations.

Recent research focusing on the possible therapeutic mechan-
isms of psychedelic agents has emphasized the putative role of
sustained neuroplastic effects [21, 22]. These have been demon-
strated by techniques that show an increase in dendritic spines
and other microscopic measures of synaptic plasticity induced by
psychedelics in cell cultures [23] and in living mouse brain by
single photon microscopy [24]. This therapeutic mechanism has
received considerable emphasis in the development of novel,
non-hallucinogenic, psychedelic agents [25-27].

In this context, it is of considerable mechanistic and transla-
tional interest to determine whether PME differs from PSIL in its
effects on HTR, induction of neuroplasticity and in the spectrum of
metabolic effects that it induces. These questions were the focus
of the current study. Recently, we comprehensively characterized
HTR induced by PSIL in male C57BI\6j mice [28]. Whether the
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characteristics of HTR induced by PME differ from those induced
by PSIL under the same experimental conditions and at the same
psilocybin dose, is an intriguing open question. A further key
question is whether PSIL and PME differ in their effects on
neuroplasticity which is increasingly regarded as playing a key role
in the beneficial effects of psychedelics on depression and other
psychiatric disorders [21, 22]. It is well established that synaptic
proteins are pivotally involved in formation, elimination and
pruning of synapses and modulation of their strength and
plasticity [29]. Synaptic proteins are also involved in synaptic
transmission and in maintaining synaptic structure and stability
[30]. In accordance with this role, we studied the synaptic proteins
GAP43, PSD95, synaptophysin and SV2A. Synaptic proteins may
possibly serve markers of synaptic plasticity induced by PSIL and
PME although definitive evidence would require demonstration of
a correlation with structural plasticity markers. Finally, we
performed a metabolomic analysis of the effect of PSIL and PME
on the mouse frontal cortex. Metabolomics is an emerging field
that seeks to systematically characterize the unique chemical
fingerprint that low-molecular-weight molecules leave behind
after a given stimulus in a biological specimen [31]. Alterations in
biochemical processes such as energy production, oxidative stress
and neurotransmission have been linked to various psychiatric
disorders including MDD [32]. A recent study analyzed the effects
of ayahuasca treatments on primary astrocytes, revealing altera-
tions in various biochemical pathways [33]. We set out to assess
cortical metabolomic effects of PSIL and PME in order to identify
key pathways that are involved in long-term sustained effects and
to potentially identify metabolic pathways that are common to, or
differentiate PSIL and PME.

METHODS

Animals

Experiments were performed on adult (~11 weeks old) C57BL/6J male
mice. Sample size was based on prior data. Animals were housed under
standardized conditions with a 12-h light/dark cycle, stable temperature
(22 £1°C), controlled humidity (55 + 10%) and free access to food and
water. Mice were assigned to experimental groups by randomly
extracting them from the holding cages and all experiments were
conducted with the investigator blind to treatment assignment.
Experiments were conducted in accordance with AAALAC guidelines
and were approved by the Authority for Biological and Biomedical
Models Hebrew University of Jerusalem, Israel, Animal Care and Use
Committee. All efforts were made to minimize animal suffering and the
number of animals used.

Drugs

PSIL was supplied by Usona Institute, (Madison WI, USA) and was
determined by AUC at 269.00 nm (UPLC) to contain 98.75 wt. % psilocybin.
PME was supplied by Back of the Yards Algae Sciences - Parow
Entheobiosciences (Chicago, IL, USA) and was determined to contain
psilocybin 1.3 wt.%, psilocin 0.17 wt.%, norpsilocin 0.01 wt.%, baeocystin
0.02 wt.%, norbaeocystin 0.007 wt.% and aerugeniscin 0.008 wt.% by LC-
MS/MS (See section, PME cultivation, extraction and analysis, for
description of analytic method). PSIL and PME were dissolved in 0.9%
NaCl. Whether administered PSIL or PME, mice received psilocybin at a
dose of 4.4 mg/kg intraperitoneally (i.p.). The dose of psilocybin that we
used (4.4 mg/kg) was chosen on the basis of our previous dose response
study on the effect of psilocybin on the head twitch response [28], and in
view of the fact this dose is equivalent in mice to a 25 mg dose in humans
according to the widely used DoseCal dose conversion methodology [34].
For PME the dose was based on the following calculation: To prepare a
solution for a mouse that weighs 30g so that the mouse will receive
4.4 mg/kg of pure psilocybin, 0.03 kg(since30g = 0.03kg) x 4.4mg/kg =
0.132 mg of psilocybin per 30 g mouse is needed. Since 1 mg of psilocybin
is found in 76.92 mg of PME (1.3%) the amount of PSIL that was given
needs to be multiplied by a factor of 76.92, 76.92x 0.132mg = 10.15mg
of PME is needed per 30 g mouse. In all cases, injections were administered
in a standard injection volume of 10 pl/g per mouse. Both PSIL and PME
rapidly dissolved completely in saline (0.9% NaCl).
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PME cultivation, extraction and analysis

PME cultivation and extraction. Psilocybe cubensis was cultivated from
genetically confirmed spore material (see www.Entheome.org for whole-
genome sequence) germinated on light malt extract agar in a petri dish.
Agar-cultured colonies were transferred to sterilized grain jars (rye, white
millet, and oats). The colonized grain was transferred into pasteurized bulk
substrate bags. The mushrooms were fruited and harvested after
18-28 days. The biomass was dried at 65°C for 6 h. The dried ground
biomass was extracted at a ratio of 1 g of biomass to 20 mL of methanol for
24 h at room temperature in stirred reaction vessels, and filtered through a
Biichner funnel whereafter a second extraction took place for a further
24 h. The filtrate from the second extraction was then combined with the
filtrate from the first extraction and the methanol was removed using a
rotary evaporator. The extract was then suspended in sterile water and
spray dried using a nitrogen electrostatic spray dryer (FluidAir, Chicago,
lllinois, USA) at conditions of inlet temperature —120 °C, outlet tempera-
ture —80 °C.

PME analysis. A Waters Acquity H-Class UPLC and Xevo TQ-S Micro MS and
Waters HSS T3 1.8 pm column (2.1 mm x 50 mm) (Waters Corporation, Milford,
MA, USA) was used for determining tryptamine concentrations. A seven-point
standard curve (10 ppb -1 ppm) was used to calculate concentration from the
detector response. It was produced using analytical standards produced by
Cerilliant (Round Rock, TX, USA) (psilocybin and psilocin) and Usona (Madison,
WI, USA) (norpsilocin, baeocystin, norbaeocystin, and aeruginascin). Values
obtained are given in the section, Drugs (above).

Head twitch response

Head twitch response (HTR) was measured over 20 min by means of a
magnetometer apparatus as described by de la Fuente Revenga et al. [35]
and Shahar et al. [28]. Briefly, small neodymium magnets (N50, 3 mm
diameter X T mm height, 50 mg), were attached to the outer ears of mice.
After a 5-7-day recovery period, the ear-tagged animals were placed inside
a magnetometer apparatus (supplied by Mario de la Fuente Revenga PhD.
of Virginia Commonwealth University) immediately after injection of
vehicle, PSIL, or PME. The output was amplified (Pyle PP444 phono
amplifier) and recorded at 1000Hz using a NI USB-6001 (National
Instruments, US) data acquisition system. Recordings were performed
using a MATLAB driver (MathWorks, US, R2021a version, along with the NI
myDAQ support package) with the corresponding National Instruments
support package for further processing. A custom MATLAB script was used
to record the processed signal, which was presented as graphs showing
the change in current as peaks (mAh). A custom graphic user interface
created in our laboratory was used to further process the recording into an
Excel spreadsheet.

Western blotting

The frontal cortex, amygdala, striatum and hippocampus were dissected
and stored at —80°C, lysed in Pierce RIPA sample buffer (Thermo
Scientific, USA), supplemented with protease inhibitor cocktail (Roche
Diagnostics, Germany) and boiled for 10 min. Equivalent amounts of
protein extracts (20 mg) were analyzed by SDS-12% PAGE, followed by
transfer of the proteins to polyvinylidene fluoride membrane. Blots were
blocked in 5% fat free milk in TBST buffer (Tris-Tween-buffered saline)
and incubated in primary antibodies, one hour at room temperature.
Primary antibodies included rabbit anti-GAP43 (ab75810, 1:2000; Abcam,
UK), rabbit anti-PSD95 (ab238135, 1:2000; Abcam, UK), rabbit anti-
Synaptophysin (ab32127, 1:2000; Abcam, UK), rabbit anti-SV2A (ab54351,
1:1000; Abcam, UK) and mouse anti-B-Actin (8H10D10, 1:5000, Cell
Signaling Technology). Blots were washed 3 times and incubated with a
horseradish peroxidase-conjugated secondary antibodies (1:5000, ABclo-
nal, China) for 1h, followed by repeated washing with TBST buffer.
Proteins were visualized by using enhanced chemiluminescence
(ChemiDoc Reader MP, Bio-Rad, USA). The amount of each phosphory-
lated protein was normalized to the amount of the corresponding total
protein detected in the sample and measured by intensity of B-actin.
-actin was selected because recent studies in the field of psychedelics
and the utilization of psilocybin have employed Western blot analysis,
using beta-actin exclusively as a housekeeping gene [36-39]. B-actin
levels did not differ between control group and psilocybin and PME
treatment groups (see Supplementary Fig. S37 for graphs). Representa-
tive Western blot images from each experimental group for each
analysis are shown in Figs. S1-S4.
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Plasma psilocin levels

C57BI/6j mice were administered PSIL (4.4 mg/kg; n =9) or PME (adjusted
to a PSIL dose of 4.4 mg/kg; n=9) by i.p injection. Blood samples were
obtained from the mice via submandibular bleeding 15, 30 or 60 min after
injection (3 mice in each group) and were collected into 0.5 mL K3EDTA
tubes (Greiner). Details of sample processing and HPLC psilocin measure-
ment are given in the Supplementary Information section.

Metabolomics

Brain tissue (frontal cortex) from mice administered PSIL, PME and VEH (n =5
each), sacrificed 11 days later and stored at —80°C was used for
metabolomics assays performed by Human Metabolome Technologies-
America (Boston, MA, USA). Brain tissue was placed in a homogenization
tube, along with zirconia beads and a solution containing 50% acetonitrile in
Milli-Q water (v/v) containing HMT internal standards, after which the sample
was homogenized (using beads shaker) at 4 °C for 120 s. The homogenate
was then centrifuged at 2300 x g, 4 °C for 5 min. The upper aqueous layer
was centrifugally filtered at 4 °C through a 5-kDa cut-off filter. The filtrate was
evaporated to dryness under vacuum and reconstituted in Milli-Q water for
metabolome analysis. Metabolomic analysis was performed for PSIL, PME
and VEH treated mice using untargeted CE-FTMS [40]. Extracted metabolites
were measured in the Cation and Anion modes of CE-FTMS based
metabolome analysis. An Agilent CE system and Q Exactive Plus mass
spectrometer were used for both anionic and cationic measurements. The CE
capillary was an uncoated fused silica capillary i.d. 50 pm x 80 cm using HMT
running and sheath buffers with mass scan range of m/z 70 to 1050.
MetaboAnalyst 5.0 software was used to analyze the data and identify
possible associated metabolic pathways and treatment-differentiated
metabolic expression patterns.

Statistical analysis

The experimental data are expressed as the mean + standard error of the
mean (SEM). To determine inter group differences, one- and two-way
repeated measure analysis of variance (ANOVA) were used as indicated.
Tukey’s or Dunnett’s Multiple Comparison Tests were used to analyze post-
hoc comparisons. p <0.05 (two tailed) was the criterion for significance.
Samples were excluded from analysis if their value was outside two
standard deviations of the mean. Graph Pad Prism, version 9.3.1 software
was used for all statistical analyses.

RESULTS

Head twitch response

We assessed the effect of PSIL and PME on mouse HTR at a
psilocybin dose of 4.4mg/kg as a representative human clinical
trial dose as previously described [28] (Fig. 1). HTR over time
(2 min time bins over 20 min) showed a strong increase of HTR
(Fig. 1a) compared to vehicle reflected in a between-subject main
effect of vehicle vs PSIL/PME in a two-way repeated measure
ANOVA (Time x Treatment F [18, 333] =10.86 p <0.0001, Treat-
ment F [2,37] =52.18 p < 0.0001), and no difference was observed
between PSIL and PME reflected in a within-subject main effect of
PSIL vs PME in a two-way repeated measure of ANOVA (Time x
Treatment F [9, 252] =1.162 p=0.3197, Treatment F [1, 28] =
0.04689 p = 0.8301). Total and peak PSIL/PME-induced HTR during
the 20 min measuring period were compiled (Fig. 1b, c). One-way
ANOVA and post hoc Sidék’s analysis of total and peak HTR show a
significant difference that both treatments compared to vehicle,
with no differences between them (Total HTR: Vehicle vs PSIL/PME
p <0.0001, PSIL vs PME p = 0.9419. Peak HTR: Vehicle vs PSIL/PME
p <0.0001, PSIL vs PME p = 0.8662.) These HTR results are for the
same mice that participated in the synaptic protein assays.
Supplementary Fig. S5 shows HTR results for a larger sample of
mice (including those reported above) that were tested for HTR.
Similarly, to the previous results, no difference between PSIL and
PME was observed.

Synaptic proteins

Using Western blot analysis, we quantified 4 synaptic proteins
(GAP43, PSD95, synaptophysin and SV2A - Figs. 2-5) in 4 brain
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HTR Time Course - PSIL vs PME
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Fig. 1

Induction of HTR by PSIL and PME at a psilocybin concentration of 4.4 mg/kg. a Time course of the HTR induction by each treatment

separated by 2 min time bins. Both treatments induced a peak effect at 4 min post injection. b Cumulative HTR during 20 min. ¢ The peak HTR
effect induced in a 2 min time bin. n = 10-16. Compared to vehicle ****p < 0.0001. Error bars represent SEM.

areas (frontal cortex, hippocampus, amygdala and striatum)
11 days after intraperitoneal injection of PSIL and PME, both at
4.4 mg/kg psilocybin. Initially we analyzed each synaptic protein in
each brain area separately. We found that PSIL and PME
significantly increased GAP43 levels in the frontal cortex (PSIL
p =0.019; PME p =0.039) and hippocampus (PSIL p=0.015; PME
p=0.027) and synaptophysin levels in the hippocampus
(PSIL, p=0.041; PME, p=0.05) and amygdala (PSIL, p =0.035;
PME, p = 0.004). In the striatum, synaptophysin was increased by
PME only (p=0.023). We further observed that PSIL increased
SV2A in the amygdala (p=0.036) and PME did so in the
hippocampus (p =0.014). There were no significant effects of
PSIL or PME on PSD95 in any brain area when these were analyzed
separately.

Analyzing the effects of PSIL and PME on synaptic proteins in
each of the 4 brain areas separately (Figs S6-S9) we found that
hippocampus was the brain area in which the greatest number of
significant effects of PSIL and PME were observed. PSIL and PME
both significantly increased GAP43 (p =0.015; p = 0.027, respec-
tively) and synaptophysin (p = 0.041; p = 0.035, respectively). PME
(p=0.014) but not psilocybin increased SV2A levels. In the
amygdala, synaptophysin was increased by PSIL (p =0.035) and
PME (p = 0.004) and SV2A by PSIL (p = 0.036) but not PME while in
the frontal cortex GAP43 was significantly increased by both PSIL
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(p=0.018) and PME (p=0.039). In the striatum, synaptophysin
was increased by PME only (p = 0.026).

A stronger effect of PME on synaptic proteins was highlighted
by comparing overall effects of PSIL and PME across all 4 brain
areas thus harnessing greater statistical power for the comparison.
We performed a nested ANOVA for each synaptic protein
separately (Fig. 6a—d). There was a significant overall increase in
GAP43 (F [2, 223] = 6.354, p=0.002). PME (p =0.0009) but not
PSIL was significant versus vehicle on post hoc testing (Fig. 6a). For
PSD95 there was also a significant overall increase across all brain
areas (F [2, 55]=4.599, p=0.014). PSIL (p=0.01) and PME
(p=0.022) were both significant versus vehicle on post hoc
testing (Fig. 6b). Synaptophysin was also significantly increased
across all 4 brain areas (F [2, 56] = 8.563, p = 0.0006). On post-hoc
testing only PME was significant (p = 0.0002) (Fig. 6¢). For SV2A
the overall effect of treatment was significant across all brain areas
(F [2, 1131 =4.21, p=0.017) and both PSIL (p =0.019) and PME
(p =0.033) were significant on post-hoc testing (Fig. 6d). Thus,
when overall effects across all four brain regions were taken into
account, PME increased all 4 synaptic proteins while PSIL
increased only 2 of them.

We performed a second nested ANOVA in which effects of PSIL
and PME on all 4 synaptic proteins were examined in each brain
area separately (Fig. S10a-d). A stronger effect of PME was evident
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GAP43 - 11 days
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Fig.2 GAP43 levels 11 days after treatment. GAP43 levels 11 days post treatment with VEH, PSIL, or PME in the brain regions of (a) Frontal
Cortex, (b) Amygdala, (c) Hippocampus, (d) Striatum (n=17-19). One-way ANOVA (a) F (2, 51)=4.250 p=0.0196, (b) F (2, 54)=1.715
p=20.1897, (c) F (2, 55) =4.745 p=0.0126, (d) F (2, 54) = 2.832 p = 0.0676; Dunnett’s multiple comparisons post hoc test: Compared to VEH,
*p < 0.05. Error bars represent SEM.

Molecular Psychiatry SPRINGER NATURE



O. Shahar et al.

PSD95 - 11 days
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Fig.3 PSD95 levels 11 days after treatment. PSD95 levels 11 days post treatment with VEH, PSIL, or PME in the (a) Frontal Cortex, (b) Amygdala,
(c) Hippocampus, (d) Striatum (n = 19-20). One-way ANOVA (a) F (2, 54) =0.9885 p =0.3788 (b) F (2, 54) = 2.046 p =0.1392, (c) F (2, 55)=1.084
p=0.3452, (d) F (2, 54) = 2.341 p =0.1059; Dunnett’s multiple comparisons post hoc test. Error bars represent SEM.
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Fig. 4 Synaptophysin levels 11 days after treatment. Synaptophysin levels 11 days post treatment in (a) Frontal Cortex, (b) Amygdala, (c)
Hippocampus, (d) Striatum (n = 18-19). One-way ANOVA (a) F (2, 52) = 0.9234 p = 0.4036, (b) F (2, 52) = 5.549 p = 0.0065, (c) F (2, 53) = 3.842
p=0.0277, (d) F (2, 53) =4.653 p = 0.0138; Dunnett’s multiple comparisons post hoc test: Compared to VEH, *p < 0.05, **p < 0.01. Error bars
represent SEM.
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Fig. 5 SV2A levels 11 days after treatment. SV2A levels 11 days post treatment with VEH, PSIL, or PME SV2A in (a) Frontal Cortex, (b)
Amygdala, (c) Hippocampus, (d) Striatum (n = 10). One-way ANOVA (a) F (2, 27) = 1.844 p =0.1775, (b) F (2, 24) =3.255 p=0.0561, (c) F (2,
27) =4.298 p =0.024, (d) F (2, 26) = 0.02239, p = 0.9779; Dunnett’s multiple comparisons post hoc test: Compared to VEH, *p < 0.05. Error bars
represent SEM.
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Fig. 6 Nested ANOVA of synaptic proteins. Nested ANOVA which compares the overall effect of PSIL, PME and VEH on each synaptic
protein separately over all 4 brain areas: (a) GAP43 F (2, 223) = 6.354 p =0.0021, (b) PSD 95F (2, 55) =4.599 p =0.0142, (c) Synaptophysin
F (2, 56) = 8.563 p = 0.0006, (d) SV2A F (2, 113) = 4.21 p=0.0172. Compared to VEH, *p < 0.05, **p < 0.01, ***p < 0.001.

in 3 out of 4 brain areas. In the frontal cortex there was a
significant overall effect of treatment (F [2, 57] =3.579, p = 0.034).
PME (p =0.028), but not PSIL, was significant versus vehicle on
overall testing (Fig. S6a). There was an overall effect of treatment
in the hippocampus too (F [2, 58] = 6.083, p = 0.004). In this case
both PSIL (p=0.005) and PME (p=0.011) were significant
(Fig. S6¢). In the amygdala (F [2, 56] = 5.273, p = 0.008) (Fig. S6b)
and striatum (F [2, 55]=3.516, p = 0.034) (Fig. S6d) there was an
overall effect of treatment but only PME (p =0.007; p =0.023,
respectively) was significant on post-hoc testing.

To determine whether effects on synaptic proteins might be
discernable after PSIL and PME administration at an earlier stage
than 11 days, we examined levels of three synaptic proteins
(GAP43, PSD95 and synaptophysin) in 4 brain areas 3 days after
treatment administration (Supplementary Figs. S11-5S14). There
were significant effects of PSIL (p =0.010) and PME (p = 0.037) to
increase GAP43 in the striatum. No effects on GAP43 in frontal
cortex, hippocampus and amygdala were significant nor effects on
PSD95 and synaptophysin in any of the 4 brain areas.

We further examined whether there was any relationship
between the HTR induced by PSIL and PME immediately after
injection and the effect of these agents on synaptic proteins
11 days later. We compared both total HTR and peak HTR that
each compound induced with each of the 4 synaptic proteins in
each of the 4 brain areas totaling a total of 64 simple linear
regression correlation tests. There was no correlation between
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synaptic protein increase to any HTR measurement (total or peak
HTR) (Supplementary Figs. S15-S30).

Metabolomics

The CE-FTMS polar method enabled detection of 466 library
annotated metabolites, 230 quantitated metabolites and an
additional 1566 features with partial identification. An initial
unsupervised principal component analysis revealed an overlap
between the groups (PME, PSIL and vehicle), with no discernible
differences between them (Fig. S31). Therefore, we performed
partial least squares-discriminant analysis (PLS-DA), a supervised
method which takes into account the predefined groups [41].
The PLS-DA was performed using MetaboAnalyst 5.0 (with 95%
confidence interval) to compare the metabolomic profiles
between the PME, PSIL, and VEH groups (Fig. 7a). The first two
principal components, explaining 18.4% and 24.3% of the
variance, were used in the analysis. Components beyond the
first two accounted for <10% variance each and were excluded
(Fig. S32). The results showed clear separation between PME and
VEH but not between PSIL and vehicle nor between PSIL and
PME. The principal metabolites contributing to this separation
were 3-phenyllactic acid and cystine (under-expressed in the
PME group) and phosphoenolpyruvic acid (PEP) (over-expressed
in the PME group) (Fig. 7b). In addition, the purines guanosine,
hypoxanthine and inosine showed a progressive decline from
vehicle to PSIL to PME groups, while their phosphorylated forms
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blue) to psilocybin (PSIL, middle, green) to psychedelic mushroom extract (PME, left, red) groups.

are progressively upregulated (Fig. S33). The gradual decrease in
expression of key metabolites across the vehicle, PSIL, and PSME
groups is visualized in a heatmap (Fig. 7C) showing the top 25
differentially expressed metabolites identified by a one-way
ANOVA test comparing all three experimental groups (per-
formed in MetaboAnalyst). Statistical analysis comparing the fold
change (1.25 cutoff) between PME vs. VEH revealed many
differentiated metabolites (Fig. S34), where guanosine and
6-aminohexanoic acid were found to be significant, withstand-
ing FDR correction (FDR < 0.1). Fig. S35 depicts the fold change
comparisons between the other two groups: PME versus PSIL
and PSIL versus Vehicle. These analyses did not identify any
metabolites with significantly differential expression between
the groups after FDR correction at p < 0.1. A heatmap visualizing
specific pathway analysis, based on the musculus (KEGG)
pathway library, between PME and VEH is presented in Fig. 8.
The following pathways were found to be significantly
differentiated between the groups (Table 1): Purine, pyrimidine,
arginine and proline, tryptophan and beta-alanine metabolism.
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In addition to the unique purine signature, polyamine levels
were also significantly altered between vehicle and FSME, while
remaining unchanged between PSIL and vehicle. Specifically,
putrescine, spermine, and N8-acetylspermidine were signifi-
cantly modulated in FSME compared to vehicle (p <0.05), but
not in PSIL versus vehicle. Relative to vehicle, alpha-synuclein
(SNCA) levels, which are promoted by polyamines (Fig. S36),
were significantly increased with FSME (p < 0.05) but decreased
with PSIL administration.

Plasma psilocin levels

To be certain that observed differences between the effects of
PSIL and PME were not due to differences in plasma psilocin, we
measured psilocin levels in the plasma of mice administered
with these two treatments. Plasma psilocin levels after admin-
istration of PSIL 4.4. mg/kg i.p were (mean +SD) 308.1+29.0
(15 min), 308.9+31.5 (30 min) and 197.0 +105.3 (60 min). After
PME (PSIL dose 4.4mg/kg i.p.) plasma psilocin levels were
3444+79.1 (15min), 283.7+62.2 (30min) and 171.9+92.2

Molecular Psychiatry
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(60 min). No differences were statistically significant (Supple-
mentary Fig. S38)

DISCUSSION

In a comprehensive series of studies that span immediate effects
on HTR, changes in synaptic protein levels 3 and 11 days after
treatment administration and changes in metabolic parameters at
11 days, we compared the effects of PSIL and PME at the
equivalent psilocybin dose. Our findings show no difference in
acute effects on HTR. However, we found an effect of PME on
synaptic protein levels in 4 brain areas that is significantly more
pronounced overall than the effect of PSIL. At the same time point
(11 days after treatment administration), the effect of PME on
metabolic parameters in the frontal cortex is clearly defined from
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that of PSIL suggesting a discernibly different or quantitatively
stronger therapeutic mechanism.

Our HTR findings contrast with those of Zhuk et al. [12] who
compared the effect of psilocin, the active metabolite of psilocybin,
on HTR to those of two different psilocin-containing mushroom
extracts, Ph. cyanopus and P. semilanceata. Zhuk et al. [12] found that
the two mushroom extracts induced a similar number of HTR
compared to pure psilocin, despite the fact that the amount of
psilocin present in the extracts was much lower. Zhuk et al. [12]
speculated that this phenomenon could be related to the synergistic
effect of the other indole alkaloids in the extracts. An important
difference between the two studies is that our comparison was
based on psilocybin and not psilocin content and the PME and PSIL
that we injected were held constant in terms of psilocybin content.
Thus, the two studies are not directly comparable.
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Table 1.

Metabolites

Guanosine
Inosine
Hypoxanthine
Xanthine
Xanthosine
AMP

5-Oxoproline
Putrescine
Cadaverine
Spermine

Pathway
Purine metabolism

Pyrimidine metabolisms

Putrescine
N-Acetylputrescine
Spermine
Phosophocreatine

Arginine and proline metabolism

Tryptophan metabolism Spermine

Uracil

beta-Alanine metabolism Riboflavin

Our second key focus was on comparing effects of PME and
PSIL on key synaptic proteins that we studied as possible markers
of neuroplasticity. Neuroplasticity refers to the lifelong capacity of
the brain to respond to experiences, learning and the environ-
ment and to reorganize structure, function and connections in
response to such stimuli. Neuroplastic effects may be defined and
measured in structural and functional terms. With regard to the
effect of psychedelics, a key focus in the domain of neuroplastic
effects has been on structural changes in the synapse with
emphasis on growth of new dendrites and proliferation of
dendritic spines [1, 23, 24, 42]. It is widely suggested that synaptic
plasticity is the central mechanism whereby psychedelics achieve
their therapeutic effects [21, 22, 43-45].

Synaptic proteins are pivotally involved in synaptic plasticity by
regulating synaptic transmission and because of their role in
structural changes that occur during plasticity [46]. Synaptic
proteins such as GAP43, PSD95, synaptophysin and SV2A play vital
roles in the development, functioning, and plasticity of the
nervous system [29]. GAP-43 plays a crucial role in axonal
outgrowth, guidance, and pathfinding during development
[47, 48]. It has been implicated in the remodeling of synaptic
connections, the stabilization of newly formed synapses, and the
modulation of neurotransmitter release. Studies have shown that
changes in the expression and localization of GAP-43 are
associated with synaptic plasticity and learning processes
[49, 50]. PSD-95 interacts with various binding partners, such as
associated synaptic proteins, ion channels, and cytoskeletal
elements, to form a complex network that stabilizes and regulates
synaptic function, transmission and formation and maintenance of
dendritic spines, receptor trafficking, and synaptic signaling and
plasticity mechanisms [51-54]. Synaptophysin is involved in
synaptic plasticity [55], and in synaptic vesicle exocytosis
[56, 57]. It is an integral component of the synaptic vesicle
membrane and interacts with other proteins to regulate vesicle
fusion with the presynaptic membrane, thereby facilitating the
release of neurotransmitters into the synapse [58-60]. SV2A is
involved in multiple aspects of synaptic vesicle function and
neurotransmitter release [61]. It plays a crucial role in regulating
the trafficking and exocytosis of synaptic vesicles [52, 62]. The
absence of SV2A leads to a decrease in neurotransmission
mediated by action potentials, while neurotransmission indepen-
dent of action potentials remains unaffected [62, 63].

Prior evidence that psilocybin or any other psychedelic drugs
influence brain levels of the synaptic proteins that we studied, is
limited to one report. Raval et al. [64] examined the density of
SV2A in pig brain one day and 7 days after a 0.08 mg/kg of
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psilocybin. SV2A protein density was determined by [3H]JUCB-J
autoradiography in the hippocampus and the prefrontal cortex.
Compared to the saline-treated group, psilocybin treatment was
associated with 4.42% higher SV2A in the hippocampus
(p <0.0001), one day after psilocybin injection and 9.24% higher
SV2A in the hippocampus (p = 0.024), seven days after psilocybin.
Our results partially overlap with those of Raval et al. [64]. We
found that in mice, a dose of PME containing a similar psilocybin
dose (adjusted for species differences), increased SV2A in the
hippocampus 11 days after administration and a similar dose of
PSIL increased SV2A in the striatum, an area that Raval et al. [64]
did not examine.

Taking into account both PME and PSIL, it is noteworthy that we
found an overall increase in all 4 synaptic proteins examined
(GAP43, PSD95, synaptophysin and SV2A) over all 4 brain areas
(frontal cortex, hippocampus, amygdala, striatum). The stronger
effect of PME was highlighted by the results of the nested analysis
of variance which takes into account the effect of the treatments
on each of the synaptic proteins over all 4 brain areas and showed
that the extract increased all four synaptic proteins, while PSIL
increased only two of them. These findings suggest that synaptic
protein levels can possibly serve as markers for the effect of
psychedelic compounds on synaptic plasticity. Further studies are
required to understand regional differences in the effect of PME
and PSIL on the synaptic proteins that we studied. It will also be of
considerable interest to compare the effect of PME and PSIL on
brain derived neurotrophic factor (BDNF) levels. Given the cardinal
role of BDNF in supporting growth, survival, and differentiation of
both developing and mature neurons and inducing synaptic
plasticity, its relationship to psychedelic compounds has been
extensively tested in the past years. Animal models have
established that BDNF expression is elevated after a single
administration of psychedelics [65], resulting in changed neuro-
plasticity including dendritic complexity, which outlasted the
acute effects of the psychedelic. Moreover, chronic psychedelic
administrations increased BDNF mRNA and protein levels up to a
month after treatment [66-68]. Human studies have usually
assessed peripheral plasma BDNF protein levels as a biomarker for
neuroplastic modulation, although results are mixed [22]. Most
recently, psychedelics have been found to directly bind to the
BDNF receptor TrKB, but the therapeutic implications of this
interaction are not fully understood [69].

In our metabolomics analyses, partial least squares-discriminant
analysis (PLS-DA) revealed complete separation between PME and
VEH groups, whereas PSIL components corresponded to a shared
area associated with both groups. This initial finding is expected
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given the natural complexity of biological specimens, as
compared to a single chemical molecule, when compared to
VEH and may explain the progressive differences in specific
metabolite expression. In this context we propose a “purine
hypothesis” where “free” purines in their unphosphorylated form
show a progressive decline from VEH, to PSIL, to PME while the
phosphorylated (bioactive) forms are progressively up-regulated
in the counter direction. This may in part explain the energy-
dependent biological processes that are attributed to the
potentially therapeutic effects of PSIL and PME (anti-inflammatory,
neurite outgrowth, neurogenesis, neuroprotection and more) [70].
This system level observation may further demonstrate key
longitudinal biotransformation changes (PEP associated ATP and
neurotransmitter synthesis, synaptic vesicle formation etc.) that
may underlie additional energy supply that enables positive
neuroplastic modulations [71]. Furthermore, signaling pathway
analysis supported this hypothesis, where the purine metabolism
pathway was found to be the most significantly differentiated
between PME and VEH. In addition to the unique purine signature,
polyamine levels were also significantly altered between vehicle
and FSME, while remaining unchanged between PSIL and vehicle.
Endogenous polyamines including spermine, spermidine, and
putrescine are abundant in the mammalian CNS and the
polyamine pathway is intrinsically linked to purine metabolism
via methylthioadenosine phosphorylase (MTAP), which plays a key
role in both polyamine and adenine salvage pathways. Polyamines
are essential for nucleic acid and membrane stability, and are
required for cellular growth and differentiation [72]. Exogenous
spermine administration rescues age-related neurodegeneration
in an autophagy-dependent manner in animal models [73].
However, polyamines also promote alpha-synuclein aggregation
and fibrillization [74]. Relative to vehicle, alpha-synuclein (SNCA)
levels were increased with FSME but decreased with PSIL
administration. While SNCA overexpression is implicated in
Parkinson’s pathogenesis basal SNCA is essential for normal
synaptic function and integrity during aging [75]. The precise
functions of synuclein aggregates in healthy neurons remain
unclear. Both SNCA deficiency and excess are deleterious,
indicating tight homeostatic control is required. Other metabolic
pathways that were found to be significantly different were the
pyrimidine metabolism pathway associated with nucleic acid
synthesis, and the arginine and proline metabolism pathway
associated with metabolism of several amino acids including
arginine, ornithine, proline, citrulline, and glutamate in mammals.

We used extract from Psilocybe cubensis for our experiment.
We cannot exclude that other species of psychedelic mush-
rooms have different effects as the concentration and ratio of
tryptamines and other potentially psychoactive components
changes by species, harvest and even part of the same
mushroom [76]. Furthermore, storage and processing conditions
impact the stability of the individual components [16]. This
highlights the need for further identification and refinement of
the molecules or combination of compounds that may enhance
the activity of psilocybin, in order to ensure consistent results.
Furthermore, the extract is not equivalent to a mushroom.
Methanolic extraction of mushrooms achieves the highest
concentration of the tryptamines, but not all potentially
bioactive compounds may be extracted, nor may they be
present in equivalent ratios to a those found in mushroom
fruiting body. Psilocybe mushrooms also contain water soluble
compounds that have been shown to have antioxidant and anti-
inflammatory activity, which may have a direct or an indirect
effect on neurons and microglia [77].

It is noteworthy that we found no difference in plasma psilocin
between mice administered chemical psilocybin and psychedelic
mushroom extract containing the same dose of psilocybin. This
finding excludes an important potential confounding factor. It is
possible that other factors present in mushroom extract could
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underlie the differences we observed in synaptic protein levels and
metabolomics. These include various tryptamines and harmines
present in psychedelic mushroom extract. This topic is of consider-
able interest and is the focus of ongoing studies in our laboratory.

In conclusion, it is imperative to acknowledge certain short-
comings of our study. In recent research in the field of
psychedelics western blot analysis has been conducted using
whole brain-region homogenates [36-39, 78, 79]. However specific
synaptic fractions have been used in some cases such as the study
conducted by Berthoux et al. [80] where the focus was on
assessing the impact of the synthetic psychedelic, 2,5-Dimethoxy-
4-iodoamphetamine (DOI), on glutamatergic transmission and
synaptic plasticity in mouse prefrontal cortex (PFC) slices. We
recognize that our use of whole brain-region homogenates may
introduce variations compared to determinations made with
synaptic fractions. Considering this, we plan to address this
question in further studies. Additionally, we are aware of the
challenge posed by concluding an increase in synaptogenesis
based on the 30-50% increases in synaptic proteins observed in
our study. Although it is reasonable to suggest that synaptic
proteins may serve as markers of synaptic plasticity, this has not
been definitively established and more direct approaches to
measurement of structural plasticity would enhance our findings.
A further shortcoming is the absence of tests reflecting
antidepressant-like, anxiogenic-like and other behavioral effects.
This is due to the lack of consistency we have encountered in the
effects of psilocybin and other psychedelics on behavioral markers
of this type. We continue to work on identifying appropriate tests
to use in this context. We also note that inclusion of male mice
only is a limitation and also the small size of our samples for the
metabolomics studies which raise a potential concern of type
1 error.

Despite these shortcomings, we have shown, in a mouse model,
clear synaptic protein pattern differences following the adminis-
tration of PME and PSIL and have demonstrated for the first-time,
alterations in cortical metabolic expression patterns between PME
and vehicle treated mice and have suggested possible pathway-
related mechanisms to explain these differences. While our data
do not provide conclusive evidence for the therapeutic superiority
of naturally-derived psychedelic mushroom extract over chemical
psilocybin, they open the door to serious consideration of the
potential of combinations of molecules found in psychedelic
mushrooms, especially those related to the psilocybin biosynthetic
pathway, with psilocybin. Such combinations may not only have
enhanced or more prolonged therapeutic effects but may result in
even more effective combinations by increasing the amount of
the additional neuroactive compounds that are only present in
extremely small amounts naturally.

DATA AVAILABILITY
Data will be provided for further analysis to qualified investigators. Please contact
lerer@mail.huji.ac.il or tzurilifschytz@mail.huji.ac.il
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