UNIVERSITA
DI PAVIA

SCUOLA DI ALTA FORMAZIONE DOTTORALE
MACRO-AREA SCIENZE E TECNOLOGIE

Dottorato di Ricerca in Scienze della Terra e dell’ Ambiente

Valentina Cesaroni

Improving the researches on Hericium erinaceus
for a better use of its medicinal properties in
central nervous system

Anno Accademico 2018-2019
Ciclo XXXII

Coordinatore Tutor
Prof. Roberto Sacchi Dott. Elena Savino

Co-tutors
Prof. Paola Rossi,
Dott. Federica Corana



Inside there was a world, and no one knew it until then.



Index

1. INTRODUCTION

1.1 The genus Hericium and its presence in Italy
1.1.1 Hericium alpestre
1.1.2 Hericium cirrhatum
1.1.3 Hericium coralloides
1.1.4 Hericium erinaceus
1.1.5 References
1.2 Medicinal properties of H. erinaceus
1.2.1 H. erinaceus and its effects on Central Nervous System (CNS)
1.2.2 Human clinical trials
1.2.3 References
1.3 Medicinal mushroom and supplementation
1.3.1 “The mushrooms pyramid”
1.3.2 Criticisms about dietary supplements production
1.3.3 References

2. AIM OF THE PHD PROJECT

3. RESULTS AND DISCUSSION
Scientific pathway of the PhD project through highlights of each article

3.1. Cesaroni et al., 2019
3.2. Coranaetal., 2019
3.3. Brandalise et al., 2017
3.4. Rossietal., 2018

3.5. Ratto et al., 2019

4. CONCLUSIONS

5. AKNOWLEDGMENTS



1. INTRODUCTION

1.1 The genus Hericium and its presence in Italy

The present PhD thesis deals with the wood-inhabiting macrofungus Hericium erinaceus (Bull.) Pers.
related to some aspects of its numerous medicinal properties.

According to the main international databases, this species belongs to Fungi, Dikarya,
Basidiomycota, Agaricomycotina, Agaricomycetes, Russullales, Hericiaceae, Hericium.

(http://www.mycobank.org; http://www.indexfungorum.org).

Taxonomy and phylogeny of the genus Hericium Pers. have been intensely debated in recent years
both as it regards its collocation within Agaricomycetes and the intra-genus discrimination of single
species. Thus, Hericium is currently located in Russulales, as well as many other former
“Aphyllophorales”, on the basis of both synapomorphic characters (e.g. gloeocystidia) and
molecular data (Larsson E and Larsson KH, 2003). Phylogenetically, Hericium is classified in the
Hericiaceae within the russuloid linage, and very closely to Laxitextum, with stereoid basidiome
(Larsson KH, 2007).

Hericium is represented in Europe, Italy included, by four species: H. alpestre Pers.; H. cirrhatum
(Pers.) Nikol; H. coralloides (Scop.) Pers.; H. erinaceus (Bull.) Pers..

At a subspecific level, different subspecies, varietates and formae have been proposed and some
nomenclatural confusion was consequently generated by time, particularly among conifericolous
taxa. In order to reduce such a confusion, H. flagellum (Scop.) Pers. has been proposed to replace

H. alpestre sensu stricto (www.indexfungorum.org) but this has not always been accepted

(http://www.mycobank.org). In the present doctoral project it was decided to follow the indications

of Mycobank database, therefore the name H. alpestre has been used.

All Hericium species are pileate, fleshy and typically hydnoid, white to cream coloured when fresh;
hyphal system is monomitic (Stalpers, 1996). Spines have been proposed to have an important
evolutionary effectiveness related to the increase in spore production; moreover spine morphology
is an important discriminant in species identification. Namely, H. coralloides only has branched
spines while H. erinaceus only has spines up to 4-5 cm long. Sporophore is imbricate and flattened
in H. cirrhatum, whereas it is globose to branched in the other European species (Bernicchia and
Gorjon, 2010; Pallua et al., 2015).

Hericium species develop their sporophores on living or dead broadleaved trees, generally they are

considered weakly parasitic or saprotrophic, causing a white-rot. The main hosts reported in Europe



are Fagus sylvatica and Quercus spp. as regards H. erinaceus, H. cirrhatum and H. coralloides. As

a whole, H. coralloides and H. erinaceus are reported in Eurasia and North America, whereas the

presence of H. cirrhatum in North America was suggested but not furtherly confirmed by molecular

data (Harrison, 1984). The geographic distribution of H. alpestre is almost exclusively limited to

South Europe and Caucasus, since this species appears strictly related to the South-European

orophytes in Abies alba L. complex (Boddy et al., 2011; Das et al., 2013; Hallenberg et al., 2013).

At the end of the Introduction chapter, the description of each European species is reported, with

particular emphasis on H. erinaceus; hereafter the dichotomous key proposed by Bernicchia and

Gorjon (2010) for Hericium European species has been copied down.

“Key to the European species of Hericium”

1.

Basidiome pileate, caps usually dimidiate, imbricate and flattened, hyphae non-amyloid,
spores 3.5-4.5 x 2.5-3.5 um, seemingly smooth at the light microscope............. H. cirrhatum
Basidiome fleshy, globose to branched, rarely resupinate, hyphae somewhat amyloid,
spores verrucose at the light MICrOSCOPE.....ccoi i e e e 2
Basidiome globose, unbranched, spines up to 4(-5) cm long, spores 5-6.5 x 4-5(-5.5)

LY ettt ettt et et et et e a e e e e eb e sbesae e a e saeeae et ee e s eea e eeseeaeeeaeeenben sreeatbenes stentneeteens H. erinaceus
Basidiome branched, more rarely resupinate, spines up to 2 cm long, spores variable..........3
Spines unbranched and distributed in tufts along the ramifications of the basidiome,
usually terminal as well, spines up to 2 cm long, spores 5-6.5 x 4.5-5.5 um........... H. alpestre
Spines branched, evenly distributed on the lower side of the basidiome, spines up to 1 cm

lONg, SPOres 3.5-5 X 2.5-4 UM iccuiiiiiiicireieie sttt sttt e e et s e H. coralloides



1.1.1 Hericium alpestre

The description is mainly based on the following references: Bernicchia and Gorjon (2010),

Hallenberg (1983), Stalpers (1996), www.eol.org, www.gbif.org, www.iucn.ekoo.se,

www.mycobank.org.

The sporophore is up to 30 cm across, fleshy, branched and even forms are known to be resupinate.
Individual branches are covered with unbranched tufted and pendant spines; the spines are usually
thick and long up to 1,5 - 2 cm. Hyphal system is monomitic, sparsely branched, with simple sept
and clamps; hyphae are hyaline, and in some specimens amyloid. Gloeoplerous hyphae are present,
with a yellowish, oily content, more or less sulfo-positive.

Basidiospores are broadly ellipsoid to subglobose, minutely verrucose, amyloid, 5-6,5 x 4,5-5,5 um.
The distribution is restricted to Central and South Europe (Austria, Belgium, Bulgaria, Croatia,
France, Germany, Poland, Czech Republic, Romania, Russia, Slovakia, Slovenia, Switzerland, The
Netherlands, Ukraine), and also in Italy where it is reported in Emilia-Romagna, Toscana and
Trentino Alto-Adige (Onofri, 2005).

Fallen trunks and stumps of Abies alba lying on the ground, but sometimes on still standing trees,
are the substrata colonized.

According to “The Global Fungal Red List”, H. alpestre is just considered “an appropriate fungus to

assess” (www.iucn.ekoo.se).

> H. alpestre was recorded and collected during the samplings carried out for this PhD project.

Sporohores were detected in November 2017 and 2018 at “Parco Nazionale Foreste Casentinesi,
Monte Falterona e Campigna”, Arezzo, AR, ltaly, thanks to dr. Annarosa Bernicchia’s personal
communication and the permission issued by the Park authority, and in October 2018 at Mt.
Abetone, Pistoia, PT, Italy, thanks to the local Mycological Group.

The sporophores, collected from A. alba standing or lying dead trunk (fig.1), were processed at
Mycological Laboratory of Department of Earth and Environmental Sciences (DSTA), University of
Pavia (Italy), to isolate the strains as described in Cesaroni et al. (2019).

In Petri dishes containing 2% malt extract agar (MEA), the fungus showed the culture characteristics

reported by Hallenberg (1983) but it grew very slowly (0,92mm/d) (fig. 2).



Fig. 1 (photos by V. Cesaroni ©): a) H. alpestre at Mt. Abetone (PT); b) H. alpestre at Parco Nazionale Foreste
Casentinesi, Monte Falterona e Campigna (AR).

Fig. 2 (photo by V. Cesaroni ©): Petri dish (2% MEA) with H. alpestre mycelium isolated in pure culture.



1.1.2 Hericium cirrhatum

As reported by Bernicchia and Gorjon (2010), the sporophore is pileate, dimidiate to semicircular,
fleshy, with imbricate growth, upper sterile surface more or less smooth to granulose or tomentose,
cream coloured. Hymenophore is hydnoid with spines 1-2 cm long, yellowish cream; context fibrous,
whitish.

The hyphal system is monomitic; hyphae with clamps, thin-walled, frequently ampulliform and
variable in size, usually 4-8 um wide, hyaline. Gloeocystidia cylindrical, sinuous, about 100 x 6-8 um,
with granular contents. Basidia clavate, 25-35 x 4-5 um, with 4-sterigmata, with a basal clamp.
Basidiospores are ellipsoid to subglobose, 3.5-4.5 x 2.5-3.5 um, smooth at light microscope (rugose
at SEM), hyaline, amyloid.

The species is widely distributed in Europe, mainly in Norway and Sweden, but also in Belarus,
Belgium, Bulgaria, Denmark, Finland, France, Germany, Italy, Poland, Romania, Russia, Spain, The
Netherlands, and Ukraine. It is recorded in the United Kingdom, Turkey, Australia and United States
of America. In ltaly, it is present in Basilicata, Calabria, Emilia-Romagna, Lombardia, Marche,
Piemonte, Sicilia, Sardegna, Trentino Alto-Adige, and Veneto (Onofri, 2005).

It grows preferentially on Fagus sylvatica but other hardwood substrata such as Betula spp., Quercus

spp. and Acer spp. can be colonized (Boddy et al., 2011).

Even if this species is more common than H. alpestre in Europe and in Italy too, it was never recorded

during the samplings carried out for this PhD project.




1.1.3 Hericium coralloides

The description refers to the following literature datas: Bernicchia and Gorjon (2010), Hallenberg

(1983), Stalpers (1996), www.eol.org, www.gbif.org, www.iucn.ekoo.se, www.mycobank.org.

Sporophore is fleshy, branched and even resupinate; individual branches are covered with spines;
the spines are rather evenly distributed on the lower surface of the branches, like the teeth on a
comb. There are specimens with thin and delicate branches as well as thick and short ones. The
spines are usually thin and not more than 1 cm long. Hyphal system is monomitic, sparsely branched,
simple septate with clamps, hyaline, in some specimens amyloid; gloeoplerous hyphae are present,
with a yellowish, oily content, more or less sulfo-positive. Basidiospores are broadly ellipsoid to
subglobose, minutely tuberculate, amyloid, 3,5-5 x 3-4 um.

This species is widely distributed in Armenia, Bosnia and Herzegovina, Bulgaria, China, Croatia,
Poland, Czech Republic, Denmark, Estonia, France, Germany, Greece, Iran, ltaly, Japan, Korea,
Latvia, Lituania, Macedonia, Netherlands, Norway, Philippines, Poland, Romania, Russia, Serbia,
Slovakia, Spain, Sweden, Switzerland, Ukraine, and UK. In Italy it is present in Basilicata, Calabria,
Emilia-Romagna, Lazio, Lombardia, Piemonte, Sardegna, Sicilia, Toscana, Trentino Alto-Adige and
Veneto (Onofri, 2005).

The species develops its basidioma on standing or dead trunks of Quercus spp., Fagus spp., Picea
abies, and Pteridium aquilinum.

According to “The Global Fungal Red List”, H. coralloides has been included in the “Preliminary global

red-list assessment” as LC (Least Concern).

> H. coralloides was recorded and collected during the samplings carried out for this PhD project.

One sporohore was detected in October 2016 at “Localita Buonconvento” (Sovicille, Siena) thanks
to a personal communication of a local Mycological Group. The sporophore, collected from a dead
standing trunk of Fagus (fig. 3), was processed at Mycological Laboratory of Department of Earth
and Environmental Sciences (DSTA), University of Pavia (Italy), to isolate the strain as described in
Cesaroni et al. (2019).

In Petri dishes containing 2% malt extract agar (MEA), the fungus showed culture characteristics

reported by Hallenberg (1983) but it grew very slowly (1,33 mm/d) (fig. 4).



Fig. 3 (photo by V. Cesaroni ©): sporophore of H. coralloides in the surruondings of Siena.

Fig. 4 (photos by V. Cesaroni ©): a) Petri dish (2% MEA) with H. coralloides mycelium isolated in pure culture; b)
mycelium of H. coralloides on culture broth (2% ME).

The wild type sporophore and its isolate were analyzed by HPLC-ESI-MS/MS method at the
laboratory of Mass Spectrometry of the Centro Grandi Strumenti of the University of Pavia (Italy).
The preliminary data (not shown) revealed that erinacine A was detected by the chromatographic
traces in the H. coralloides mycelium at a retention time of 10.42 min.; while the UV
chromatographic trace of the sporophore did not reveal the presence of both hericenone C and D,
detected as standard at the retention time of 42.91 min and 44.53 min. In the same UV
chromatographic trace, other peaks are present: by comparison with literature data (Arnone et al.,
1995; Kobayashi et al., 2018), the peaks detected at the retention time of 45.36, 46.27, 46.50 and
47.65 mins were attributed to hericenes D, A, B and C. These data could be confirmed when

standard molecules will be available.



1.1.4 Hericium erinaceus

Bulliard, the first taxonomist that described this species in 1797, having found a strong resemblance
to the hedgehog (in Latin erinaceus), chose the appellation “erinaceus” for this Hericium (Fig. 5).

Thanks toits particular morphological aspect and the wide geographical distribution, many common
names have been attributed to this fungus: the German name is Igel-Stachelbart; some common
names in the UK are Bearded Hedgehog or Hedgehog Mushroom; in Japan is known as
Yamabushitake (Yamabushi means mountain priest); in China the most common name is Houtou,
which means monkey head. In other parts of the worlds it is also called pompom mushrooms, bear’s

head, white beard and so on. Nowadays the most popular common name is Lion's mane mushroom.

Fig. 5: Hericium erinaceus wild type sporophore found in the surroundings of Siena (Italy) (photo by V. Cesaroni©) and
an hedgehog.

H. erinaceus is characterized by a conspicuous pileate, fleshy, hydnoid and globose sporophore,
consisting of numerous single, typically long, dangling, fleshy spines, which are at first white,
becoming yellowish, and then brownish with age. It is morphologically close related to Climacodon,
but the latter differs in having inamyloid basidiospores (Bernicchia and Gorjon, 2010). The upper
sterile surface is more or less hirsute to tomentose and cream coloured. The hymenophore is
hydnoid with spines 1-4(5) cm long, yellowish cream, in a fibrous and whitish context, pendent,
arranged in a beard-like manner. The hyphal system is monomitic, hyaline, clamps are present;
hyphae with thick and amyloid walls, frequently ampullate and variable in size (6-10/15 um wide).
Gloeocystidia with granular content are present, they are variable in shape and size (3-)5-13 um,

often protruding into the hymenium. Basidia are clavate, 25-40 x 5-8 um, with 4-sterigmata and a



basal clamp. Basidiospores are short ellipsoid to subglobose, 5-6.5 x 4-5.5 um, minutely verrucose,
thick-walled, more or less hyaline, amyloid (Harrison, 1973; Stalpers, 1996; Stamets, 2005;
Bernicchia and Gorjon, 2010; Thongbai et al., 2015).

H. erinaceus is widely distributed in the Northern hemisphere (fig. 6); in particular, it has been
recorded in Armenia, Australia, Austria, Belgium, Bosnia and Herzegovina, Bulgaria, China,
Colombia, Costa Rica, Croatia, Czech Republic, Denmark, France, Georgia, Germany, Greece,
Hungary, India, Italy, Japan, Korea, Luxemburg, Macedonia, Mexico, Mongolia, Nepal, Netherlands,
Norway, Pakistan, Poland, Portugal, Romania, Russia, Serbia, Slovakia, Slovenia, Spain, Sweden,
Switzerland, Turkey, Ukraine, UK, USA. In Italy, it is present in Basilicata, Calabria, Emilia-Romagna,
Lazio, Liguria, Lombardia, Molise, Piemonte, Sardegna, Sicilia, Toscana, Umbria and Veneto (Onoffri,

2005; Bernicchia and Gorjon, 2010).

lap contributors,

Fig. 6: geographic distribution of H.erinaceus around the world (www.gbif.org).

The species is considered a saprotroph or a weak parasite on old deciduous and sclerophylous trees:
mainly Fagus sylvatica and Quercus spp.; occasionally it can grow on Betula, Fraxinus, Juglans,
Malus, Ailanthus and Sorbus (Fraiture and Otto, 2015).

In Europe, it prefers beech and oak wood (http://iucn.ekoo.se): it grows mainly on Fagus in the UK,

Denmark and Poland, on Fagus and Quercus spp. in Austria, the Czech Republic and in Slovakia;
almost exclusively on Quercus in Hungary (Kunca and Ciliak, 2017). In North America, most
frequently it habits oak and less frequently beech, and occasionally other trees (Boddy et al. 2011).
It grows both in preserved and in regularly managed forests but almost always on old trees.
However, it was reported also on young living beech trees (15-20 cm in diameter) in Krasnodar

territory in Russia (http://iucn.ekoo.se).




In Italy it occurs mainly along the Apennines mountain chain, in Sicily and Sardinia; it grows on Fagus
sylvatica and Quercus ilex, Q. petraea, Q. pubescens (Venturella et al., 2016; Savino et al., 2017;
Girometta et al., 2018; Cesaroni et al., 2019; Siniscalco et al., 2019).

Sporophores are usually fruiting from September to December (or over winter and spring in warmer
climates), and only rarely there are two 'flushes' of fruiting from a single location on a tree within a
year. The fungus is characterized by intermittent fruiting on occupied trees over several decades
and this often continues for many years after the branch or trunk falls to the ground

(https://www.mushroomexpert.com/hericium erinaceus.html).

H. erinaceus is included in the list of 21 fungal indicator species of the conservation value of
European beech forests (Christensen et al., 2004) and is red-listed as well as protected by law in
many European countries (Dahlberg and Croneborg, 2003; Fraiture and Otto, 2015), according to

“The Global Fungal Red List” (http://iucn.ekoo.se).

A part of the European localities of the species is situated in the area of National Parks and nature
reserves (e.g., in Slovakia and Poland): this increases conservation effectiveness through habitat
protection.

The occurrence of the species strongly depends on the presence of a proper substrate - mainly old
and large beech or oak trees, large diameter dead wood, and rather more humid and mild climate.
Of particular concern in this respect is the removal of older wood, particularly trunks and main
branches of beech in areas with known fruiting populations of the fungus, because of the extended
period required for their natural regeneration and replacement. Further research on the
establishment phase of the fungus is required to help inform decision-making regarding which and
how many trees are best left 'for the fungus' where woodland is being managed for the dual aims

of forestry and biodiversity.

> Samplings of H. erinaceus were performed during this PhD project.

The first H. erinaceus sporophore and its strain (H.e.1) were respectively sampled and isolated in
2013; so, this sample was available since the beginning of the PhD project for analytical analyses.
Other sporohores were detected in October 2016 (strain H.e.2) in the surroundings of Siena at Colle
Val d’Elsa (Italy); in October and November 2017 and in October 2018 (strain H.e.3 and H.e.4) in the
surroundings of Siena (Italy),

thanks to personal communications of local Mycological Groups.



The sporophores, collected on living trees of Q. ilex (fig.7), were consequently processed at

Mycological Laboratory of Department of Earth and Environmental Sciences (DSTA), University of

Pavia (Italy), to isolate the strains as described in Cesaroni et al. (2019).

Fig. 7 (photos by V. Cesaroni ©): on the left H.e.1 and on the right H.e.2 sporophores sampled in the surroundings of

Siena (Italy).

The strains grew in Petri dishes (MEA 2%) as reported by Stalpers (1978) and Stamets (2005):
mycelium was whitish, forming triangular zones of collected rhizomorphs, radiating from the dense
center section. The mat was downy or downy-farinaceous, remaining so or becoming thinly cottony.
As cultures age, the mycelia became yellow to distinctly pinkish or greyish.

Each strain showed also peculiar morphological characteristics: H.e.1 had a transversal growth into
the culture medium similar to H.e.3 that appeared more cottony; H.e.2 showed a negative
geotropism generating various primordia from the mycelium; H.e.4 had a transversal growth,
producing red-brown metabolites, probably phenols, so the cultural medium became darker (fig. 8).
Till now, only the strains H.e.1 and H.e.2 were analyzed by HPLC-ESI-MS/MS method at the laboratory of

Mass Spectrometry of the Centro Grandi Strumenti of the University of Pavia, Italy. Data were published in

Ratto et al. (2019) and Corana et al. (2019).



Fig. 8 (photos by V. Cesaroni ©): Petri dishes of different strains of H. erinaceus collected in Tuscany (Italy).
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1.2 Medicinal properties of Hericium erinaceus

Out of approximately 15.000 known species of mushrooms, 2000 are edible for humans and about
650 of them display potential therapeutic and healthy values (Rai et al., 2005).

Hericium erinaceus is listed as one of the “Four Famous Dishes” in China, where it is mostly
consumed as food. The taste is usually described as a shrimp or lobster; the flavor and the odor
belong to a mixture of chemical aromatic compounds. H. erinaceus contains, for 100 g of dried
mushrooms, 22.3 g of proteins, 3.5 g of unsaturated fatty acids, 57 g of carbohydrates, and 22.3 g
of fibers (Wang et al., 2014, Jiang et al., 2014).

It is known that a variety of constituents from H. erinaceus could have beneficial activities such as
anti-tumor, immune-modaulating, antihyperglucemic and antihypercholesterolemic, antimicrobial,

antioxidant, antiaging and, in particular, neuroprotective activities (fig. 1).
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Fig 1 (drawing by V. Cesaroni): effects of H. erinaceus on human health.

The effects of H. erinaceus on central nervous system (CNS) have attracted great interest for its
potential neuroprotective action on neurodegenerative diseases such as Alzheimer’s, Parkinson’s,
dementia, depression, anxiety and cognitive impairment. Diseases of the aging nervous system such

as Parkinson’s, Alzheimer’s and stroke are increasingly global public health problem.



H. erinaceus contains an array of metabolites, comprising more than 70 among secondary
metabolites, structurally different and isolated from both, the mycelium and the sporophore
(Friedman et al., 2015).
These bioactive metabolites could be classified mainly into (Kawagishi et al., 1994; Mizuno et al.,
1992; Thongbai et al., 2015):

a) high molecular weight compounds, such as polysaccharides,

b) low molecular weight compounds, such as terpenoids.
Polysaccharides (xylans, glucoxylans, heteroxyloglucans, galactoxyloglucans) constitute about 20%
of the total biomass of the mushroom (26.63% and 18.71% in sporophore and mycelium,
respectively) and are mainly present in the cell walls (Sokol et al., 2016). They are implicated, as
major bioactive components, in a wide range of properties such as anti-microbial, anti-diabetic, anti-
hypertension, anti-tumor and in immune-modulation (Khan et al., 2013).
In figure 2 are reported the biological properties and the commercial typology of uses of

polysaccharides extracted from H. erinaceus (He et al., 2017).
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Fig. 2: biological properties and commercial typology of uses of polysaccharides extracted from H. erinaceus (He et al.,
2017).

The low molecular weight compounds comprise a large number of terpenoids, secondary
metabolites isolated from H. erinaceus sporophore and mycelium.

Hericenones, a benzyl alchol derivatives with simple fatty acids, isolated from the sporophore (fig.
3), and erinacines, a cyathane-type diterpenoids isolated from the mycelium, that include 20
members of 24 diterpenoids (fig. 4), are the most representative components of the low molecular

weight compounds (Thongbai et al., 2015).



Different biological activity of single hericenones depends on the chain length and on the presence

of double bonds in fatty acids.
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Fig. 3: chemical structures of hericenones (Thongbai et al., 2015).
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Fig. 4: chemical structures of erinacines (Thongbai et al., 2015).

The main features of these compounds are the poor water solubility and the necessity to use organic
solvents for their extraction. The figure 5 shows some organic solvents listed according to their

polarity and the related molecules extracted.



In particular, for the experiments conducted during the present PhD project, the procedures
reported by Gerbec et al. (2015) was slightly modify using a concentration of 70% ethanol, and

maintaining the material at 50 °C for 24 h.
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Fig. 5 (drawing by V. Cesaroni): polarity of different solvents and hydrophilic and hydrophobic molecules extracted.

The main bioactive compounds isolated from both sporophore and mycelium of H. erinaceus are

reported in table 1.



Table 1: bioactive compounds isolated from H. erinaceus.
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1.2.1 H. erinaceus and its effects on Central Nervous System (CNS)

Hericenones and erinacines exert a predominant neuroprotective effect promoting Nerve Growth
Factor (NGF) synthesis in vitro and in vivo (Kawagishi et al., 2008). NGF is a highly conserved protein
with an high molecular weight. It plays a crucial role for survival and proliferation and is involved in
repair, regeneration and protection of neurons, supporting synapse formation and enhancing
memory function (Obara and Nakahata, 2002; Kawagishi et al., 2008). It is assumed that functional
deficiency of NGF is related to Alzheimer’s disease, a progressive neurodegeneration of the brain,
commonly diagnosed in the aging population over 65 years old. Nowadays, degenerative brain
diseases such as dementia are one of the major causes of decreased quality of life in humans during
aging.

However, NGF cannot pass the blood-brain-barrier (BBB) and its effect by directly injection into the
brain is an invasive treatment for patients. On the other hand, erinacines and hericenones were the
first natural compounds with a low molecular weight capable to pass the BBB.

Until now, there were identified 15 erinacines and 8 of them display neuroprotective properties,
such as enhancement of NGF-release (erinacines A-l), reduction of amyloid-B deposit, and

management of neuropathic pain (erinacine E) (Li et al., 2018) (see table 2).

Table 2: biological activities of erinacines isolated from H. erinaceus in in vitro and in vivo tests (Li
etal., 2018).

Erinacines Tests Concentration Biological activities
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Several experimental works, starting from 1994, reported the stimulation of NGF synthesis by a
group of erinacines (Kawagishi et al., 1994). Ethanolic extract of H. erinaceus increases the level of
NGF mRNA in 1321N1 human astrocytoma cells and its expression in the hippocampus via activation
of the c-jun N-terminal kinase pathway (Mori et al., 2008). Furthermore, ethanolic extract of H.
erinaceus promotes normal development of cultivated cerebellar cells suggesting a regulatory
effect on the process of myelin genesis in vitro (Kolotushkina et al., 2003).

H. erinaceus sporophore extract was studied by Moldavan et al. (2007) on rat brain slices in vitro,
using whole-cell patch clamp recording demonstrating that it exerts neurotropic action and
improves the myelination process in the mature myelinating fibers, not affects nerve cell growth,
and not evokes a toxic effect or nerve cell damage.

Furthermore, also an H. erinaceus aqueous extract promotes functional recovery following crush
injury to the peroneal nerve in rats (Wong et al., 2011).

Phan et al. (2014) showed a potential neurotrophic activity in PC12 cells by the hericenone E
mediated partially by TrKA phosphorylation by NGF.

In vivo studies on the effect of H. erinaceus assessed the effect on memory performance both in
animal models and in humans. In particular in animal models recognition memory is valuated
through different behavioural tests. Recognition memory is considered one of the most important
features of human and mammalians personality. Recognition memory is defined as a long-term,
declarative, episodic memory (fig. 5). Recognition memory is based on two processes: a
“knowledge” process that allows the recognition of a novel or a familiar person or object and a
“remember” that allows the reconstruction of a spatial and temporal context of the event (fig. 6).

By using different test is possible to discriminate between the two steps of the recognition memory.
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Fig. 6 (drawing by V. Cesaroni): schematic drawing of the effects of H. erinaceus on recognition memory and the
hippocampal network.

Mori et al. (2011) examined the effect of a 23 days diet with lyophilized sporophore of H. erinaceus
on memory and learning of mice with an AB(25-35)-induced cognitive impairment by using in vivo
tests. Data revealed that H. erinaceus reduces impairments of spatial short-term memory and visual

recognition memory, suggesting that it may be useful for short-term spatial memory performances



In 2017, with the paper published by Brandalise et al. (2017), we tested the effect of two months
oral supplement made by AVD reform (Casal Noceto, Parma) of H. erinaceus on middle aged wild-
type mice, both in vitro and in vivo, considering cognitive skills and hippocampal neurotransmission.
In particular, by means of patch-clamp whole-cell recordings we demonstrated that spontaneous
glutamatergic synaptic currents (SEPSCs) recorded in CA3 neurons increased in both frequency and
amplitude, and the mossy fiber-CA3 glutamatergic evoked synaptic currents (EPSCs) increased in
amplitude. The mechanism involved in this increase in excitatory neurotransmission between mossy
fiber and CA3 neurons is due to an increase in neurotransmission. Furthermore, H. erinaceus
supplementation induced a significantly improvement in the novelty seeking behaviour and in the
novel object recognition, in particular in the “knowledge” component of the recognition memory.
After that, we evaluated the effect of an H. erinaceus daily diet in wild-type mice in spatial memory
(the “remember” component of the recognition memory) by behavioural tests (Rossi et al., 2018).
Results showed an increasing in general locomotor activity but no effect on spatial memory, leading
us to the conclusion that H. erinaceus has a selective and discriminating effect between the two
components of recognition memory. This data has allowed us to conferm the hypothesis that
recognition memory involves two different anatomical structures (fig. 5, 6).

Among all the erinacines molecules erinacine A is described to display both in vitro and in vivo
neuroprtective effects (see table 1). Results obtained in preclinical studies suggest that erinacine A
is effective in reducing neurodegenerative disease-induced cell death, by enhancing NGF synthesis
in vitro and NGF level in locus coeruleus and hippocampus in rats (Shimbo et al., 2005), by reducing
infarcted volume in cortex and subcortex of transient stroke rats (Lee et al., 2014), and by reducing
amyloid plaque burden in cerebral cortex in a transgenic mice model (Chen et al., 2016).

To date, there are growing preclinical studies that demontrate how H. erinaceus mycelium enriched
with erinacines is able to reduce the risk of dementia and cognitive impairment in their early and

intial stages (fig. 7).
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Fig. 7: mechanisms of action of H. erinaceus mycelium enriched with erinacines in stroke, Parkinson’s and Alzheimer’s
diseases, (Li et al., 2018).

1.2.2 Human clinical trials

H. erinaceus was also tested in human trials. The first human clinical trial have been carried out by
Kasahara et al. (2001) in a rehabilitation hospital in Japan. Patients suffering from dementia received
5 g of dried sporophore of H. erinaceus for 6 months and have been evaluated as functional
independence measure (FIM) before and after the treatment. The majority of the patients improved
the overall FIM scores and perceptual capacities; furthermore, some bedridden patients were able
to get up and eat.

In another clinical test, Ohtomo et al. (2011) examined the efficacy of oral supplementation of
powdered H. erinaceus for 3 months to dementia patients. Data were evaluated by the mini-mental
state examination (MMSE) test that is used not only to screen dementia but also to estimate the
severity of cognitive impairments following patients in the course of the pathology. Results obtained
showed that people treated with H. erinaceus have significantly improved the MMSE score.

In a double-blind, parallel-group, placebo-controlled trial Mori et al. (2009) confirmed the beneficial
effect of an oral supplementation with H. erinaceus tablets for 4 months in patients with mild

cognitive impairments (MCI), evaluating through their functional independence scores (FIS).



Effects of oral H. erinaceus supplementation on depression, menopause, anxiety and sleep disorders
were first investigated by Nagano et al. in 2010 in a randomized, double-blind, placebo-controlled
trial over 4 weeks. By using Kupperman Menopausal Index (KMI), Center for Epidemiologic Studies
Depression Scale (CES-D), the Pittsburgh Sleep Quality Index (PSQI) and the Indefinite Complain
Index (ICl), researchers suggested that H. erinaceus may reduce depression and anxiety.

A pilot study examined the effect of H. erinaceus (Amyloban3399, a product made of amycenone, a
standardized extract of H. erinaceus containing hericenones and amyloban) in female students,
declaring the improvement of sleep quality, mood, attentiveness to one’s surroundings, voluntary
interactions with others and the level of mental alertness.

In the 2015, it was reported a case of schizophrenia who recovered from schizophrenia with
Amyloban3399 (Inanaga, 2015), with a significantly improving of all the average scores on PANSS
(positive and negative syndrome scale), including positive, negative, and general psychopathology.
Recently, mood disorder such as depression, anxiety, binge eating and sleep disorders have been
investigated by Vigna et al. (2019) in an 8 weeks pilot study. The aim of the study was to evaluate
the effect of the H. erinaceus supplement provided by AVD reform (the same supplement tested in
Brandalise et al., 2017; Rossi et al., 2018), in patients affected by overweight or obesity and
subjected to a low calorie dietary regimen. Obesity and depression are connected by a bidirectional
link and it has been reported that about 50% of overweight patients are depressed and vice versa.
Two months of H. erinaceus supplementation reduced anxiety, depression, and sleep disorders in
overweight patients following a hypocaloric diet. The beneficial effect of oral supplementation
persist also after 8 weeks wash-out.

Based on experimental studies, both on mice and humans, the H. erinaceus is considered safety and
it could be used as functional ingredient with medicinal properties for the brain and nerve health.
Daily consumption may keep people away from life-threatening disorders. More extensive clinical
trials are needed to substantiate results obtained till now.

Besides the wide range of bioactivities reported, there could be other potential attractive properties
not yet discovered. Furthermore, H. erinaceus is used from millennia in the Traditional Chinese
Medicine and our experimental data support the popular knowledge, and connect like a bridge

Western and Eastern medicine.
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1.3 Maedicinal mushrooms and supplementation

1.3.1 “The mushrooms pyramid”

Chang and Wasser (2012) stated that about more than 100 medicinal functions are thought to be
related to medicinal mushrooms (MM).

According to an old Chinese saying, medicine and food have a common origin. This quote can be
attributed also to medicinal mushrooms for their nutritional qualities. From more than 3000 years,
Chinese population used mushrooms as a food for the human healthy state, as a medicine to treat
the ill states and as dietary supplement to strengthen the sub-healthy state between the healthy

and the ill states (fig. 1).

a medicine\" / = —> (Illness)
/ As a DS (tonic) & +—> (Sub-health)

~~
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> Main use (function)
msmmmmalp- Supplemental use (function)

Fig. 1: a pyramid model of the mushrooms usage (Chang and Wasser, 2012).

Nowadays, medicinal mushrooms, such as H. erinaceus, produce beneficial effects not only as a
drugs but also as a novel class of products: dietary supplements (DS), functional foods,
nutraceuticals and mycopharmaceuticals.

Medicinal mushrooms have been used in many different cultures and are considered safe for their
long traditional use. Nevertheless, safety on MM preparations is strictly lacking and must be
mandatory for any regulation measure and should be verified and proven as thoroughly as possible.
The interest in the treatment of physiological disorders with natural remedies and the recognition
of some beneficial properties of mushrooms has led to the birth of “mushrooms nutriceuticals”,
mycelium or sporophore extract (or dried), consumed in tablets or capsules as a DS with a potential

therapeutic effect.



One of the most important criticism in studying dietary supplements from medicinal mushroom
preparations regards the products variety available on markets:

- powders of cultivated sporophores;

- hot water or alcoholic extracts of sporophores;

- dried and pulverized preparations of mycelia, primordia and sporophores (single or combined);

- mycelium harvested from submerged liquid cultures;

- dried sporophores in capsules or tablets;

- spores or their extracts.

Chang (2006) suggested a list of guidelines to improve the quality of mushroom products:

- good laboratory practice (GLP) for maintaining and preserving the nature and the source of the
stain used;

- good agriculture practice (GAP) for monitoring the growth and environmental conditions;

- good manufacturing practice (GMP) for monitoring the extraction processes;

- good production practice (GPP) for analyzing chemical and microbial composition;

- good clinical practice (GCP) for evaluate the appropriate dosage and formulation of products.

Many problems regard labeling of MM products because the majority are marketed as mushrooms
although they contain different fungal ingredients (mycelium or sporophore) or a mixture of grains
and mushrooms, sometimes not fully specified.

To date, approximately 80% of MM products are composed of cultivated sporophores and their
composition results considerably diverse, inconstant and unpredictable because the growth
substrate and ingredients. One primary step in mushrooms cultivation could be optimizing the
culture medium composition and the growth condition to obtain a high yield of biomass and known
amounts of specific metabolites.

Up to now, there are already many MM species without a correct scientific name. So, future studies
could be helpful to check the correct identification, correlating classical taxonomical methods and

DNA barcoding.



1.3.2 Criticisms about dietary supplements production

Unresolved issues including standardization, regulation and safety of medicinal mushrooms dietary
supplements are still in the early stages of the debate, as reported in various papers (Chang and

Wasser, 2012; Wasser, 2014; Zied et al., 2017) (fig. 2).
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Fig. 2 (drawing by V. Cesaroni): criticisms about dietary supplements production that could led to the resolution of a

standardized extract.

Until now, there are not internationally recognized standards and protocols for the production and
testing MM products. This leads to a difference in the composition and in the related medicinal
effect expected among the various products available on the markets. In fact, it is not known
whether bioactive effects are attributable to the activity of a single component or if the effect is the
consequence of a synergistic mechanism between the various bioactive molecules of the fungus.
At the present time, the majority of the medicinal properties of MM products have been evaluated
through in vitro and animal-based experiments, with a lack to the application to the human context.
Improvements in the creation of standards for the production and protocols for the control of
quality are essential to retain the consumer, protect public health, and to maintain a high level of
guality and safety set by regulatory authorities.

One of the advantages that would be useful to exploit should be to combine the knowledge of
Western and Eastern medicine. They adopted different regulation systems among countries for
medicinal plants and fungi to evaluate the quality control and the best standards for the consumers
of commercial products. One of the major differences between the two regulation regard the

necessity of clinical studies before the introduction to the markets of MM dietary supplements.
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2. AIM OF THE PHD PROJECT

The final goal of my PhD project was to reconstruct the experimental chain, starting from samplings
of Hericium sporophores in Italy to functional behavioural tests in mice, to obtain the best
performing extract on recognition memory.

Furthermore, to achieve the aim of my PhD project, | set myself some key points in the experimental
development and procedures:

- preserve the biodiversity of this Mediterranean resource through ex situ conservation;

- collect Italian samples to evaluate the intraspecific biological variability, comparing with those
collected in other countries of the world;

- maintain a translational approach in functional tests in order to obtain data in mice that could be
transferred to humans, “from bench to bedside”;

- recognize, quantify and screen some neuroactive metabolites present in Italian samples by using
analytical chemistry methods.

Thanks to an interdisciplinary approach and solid collaborations between various laboratories, | was

able to follow all the stages of the supply chain to obtain the best performing MM extract (fig. 1).
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Fig. 1 (drawing by V. Cesaroni): gears of different activities done during my PhD project that led to the creation of high
quality products, containing the best performing medicinal mushroom extract used in behavioural tests.



3. RESULTS AND DISCUSSION

The necessary steps to achieve the goals of my PhD project on H. erinaceus Italian samples, never

investigated before, were:
1. to collect wild sporophores in order to isolate the strains;
2. todeposit the ITS sequences in GeneBank;

3. to detect and to quantify a few metabolites affecting the central nervous system (CNS) in

order to select the potentially best performing strain/s;

4. totestthe H. erinaceus selected materials (mycelium, cultivated and wild-type sporophores)

in vivo experiments on memory performances in mice.

Results obtained in point 1 and 2 were published in Cesaroni et al. (2019). Sporophores of H.

alpestre, H. coralloides and H. erinaceus were collected in Italy and the corresponding mycelia were
isolated in pure culture. Internal transcribed spacer (ITS) sequences from the Italian strains were
phylogenetically compared along with 64 other sequences available from GenBank, the CBS Strain
Database and the European Nucleotide Archive (ENA) for the same Hericium species. Bayesian
phylogenetic analysis produced a phylogram that permitted a good discrimination between
Hericium species, providing an updated phylogeny within the genus Hericium and a better
understanding of affinity among the species analyzed. The phylogenetic comparison further
confirmed the importance of a joint morphological-molecular approach to avoid misidentification

and to guarantee the quality of strains for further chemical and medicinal characterization.

Once obtained the molecular identification of the strains, it was possible to proceed with the

identification and quantification of the neuroactive metabolites (point 3) present in our samples.

Until now, these analyses regard only H. coralloides, as described in the first chapter, H. erinaceus

strain 1 (Ratto et al., 2019) and strain 2 (Corana et al., 2019). In this last study, an array of

metabolites at different growth stages (mycelium, primordium and cultivated and wild-type
sporophores) of H.e.2 was analyzed. In particular, for the first time there were described the
metabolites present from the formation of the mycelium to the appearance of the primordium and

up to the sporophore development, the hericenes.

The last point of my PhD was obtained thanks to the scientific contribution of two papers, Brandalise

et al. (2017) and Rossi et al. (2018), which investigated the effect of a commercial product provided

by AVD Reform, Parma, Italy, containing H. erinaceus in a wild type middle aged mouse model with



respect to the double component of the recognition memory (“knowledge” and “remember”).
Thanks to these data, it was possible to confirm the dual-component hypothesis of memory
recognition, asserting that the two component are placed in two different brain areas, such as
hippocampus and parahippocampus.

After discovering these results, it was evaluated if H. erinaceus could also improve recognition

memory during physiological aging (Ratto et al., 2019). At this purpose, it was developed a model

of physiological aging in mice, and frailty index (FI) for monitoring cognitive and locomotor decline
during aging was tuned. Data revealed that the locomotor and cognitive performances developed
in parallel. Locomotor performances anticipate the cognitive decline in recognition memory and
decreased to a more extent. These data suggest that, by monitoring locomotor performances, we
can intercept cognitive decline in memory. Once obtained a frailty index, the most frailty mice were
indivuduated. In frailty mice the effect of two months of oral supplementation of H. erinaceus was
studied. An ethanolic extract of a blend made by a known amount of erinacine A and hericenones C
and D of an Italian strain of H. erinaceus (strain H.e.1) was used for the tests. H. erinaceus extract
reverted the cognitive frailty of about 4 months in mice, corresponding at about 13 years in humans.
It should be noted that a translational approach was used with the purpose to transfer the results
obtained in preclinical model to clinical trials on humans. For this reason, the blend with a known
amount of bioactive metabolites to mimic the dose administered to humans and behavioural test
that are comparable to that carried out for human in clinical.

The mechanism involved in this effect was assessed by immunohystochemical experiments on
hippocampus and cerebellum sections, testing both the proliferating cell nuclear antigen (PCNA)
and doublecortin (DCX), as specific markers of active proliferation and neurogenesis.

Results showed an increased expression of both these markers in hippocampus and cerebellum of

adult mice, indicating an effect of H. erinaceus on cell proliferation and neurogenesis.

The articles published during my PhD are listed below:

- Cesaroni et al., 2019, Int. J. Med. Mushrooms. 24;3511:1-14;

- Corana et al., 2019, Molecules, 2019,24:3511;

- Brandalise et al., 2017, Evid. Based Complement. Alternat. Med. 3864340:1-13;
-Rossi et al., 2018, Int. J. Med. Mushrooms. 20,485-494;

- Ratto et al., 2019, Nutrients, 2019(11):1-20.
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Abstract: Hericium erinaceus is a medicinal mushroom that contains many molecules promising a
plethora of therapeutic properties. In this study, the strain H.e.2 (MicUNIPV, University of Pavia,
Italy) was isolated from a sporophore collected in Tuscany (Italy). Mycelium, primordium, and wild
type and cultivated sporophores were analyzed by HPLC-UV-ESI/MS. Erinacine A in the mycelium
and hericenones C and D in the sporophores were quantified by comparison with their standard
molecules. For the first time, H. erinaceus primordium was also investigated for the presence of
these molecules. Comparing with the literature data, hericenes, molecules structurally similar to
hericenones, were present in all our samples. The highest contents of hericenones C and D were
detected in cultivated sporophores, compared to the wild type. The comparison of these data with
those of another Italian H. erinaceus strain (H.e.1 MicUNIPV) was discussed. The results led us to
select H. erinaceus strains more suitable for mycelium production or sporophore cultivation to obtain
extracts with a higher content of bioactive compounds. This work provides a further step towards
standardizing the procedures in the development of dietary supplements made from mushrooms.

Keywords: medicinal mushroom; Hericium erinaceus; bioactive compounds; mycelium; sporophore;
primordium; erinacines; hericenones; hericenes

1. Introduction

Hericium erinaceus (Bull.) Pers. is a fungus belonging to Basidiomycota, Agaricomycetes,
Russulales, and Hericiaceae [1]. Among all mushrooms, H. erinaceus, an edible and medicinal
mushroom in traditional Chinese medicine, has been widely reported to have healthy effects on:
the central nervous system [2,3]; different cancerous cell lines, such as HepG2 (hepatoma), MCF7
(breast cancer), HL-60 (human acute promyelocytic leukemia), and SGC-7901 (human gastric cancer
cells) [4-6]; depression [7]; diabetes [8]; lipedema [9]. It also exhibited a reversion of frailty cognitive
decline during aging [10]. Up to now, about 70 different secondary metabolites have been isolated from
either sporophore or mycelium, or both. The investigation of chemical constituents promising for their

Molecules 2019, 24, 3511; d0i:10.3390/molecules24193511 www.mdpi.com/journal/molecules
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properties is constantly being updated in the search for the discovery of a new drug source [11]. Both the
high-weight metabolites (e.g., polysaccharides) and low-weight metabolites (e.g., polyketides, phenols,
and terpenoids) include bioactive molecules, although each substance category provides in turn an
extremely various bouquet of molecules, where only a fraction shows evidence for bioactivity [12-15].
Hericenones are low-weight aromatic compounds first isolated by Kawagishi et al. (1990) [14] from the
sporophore of H. erinaceus. Up to now, eight different compounds have been recognized as hericenones
(A-H) [11,16]. Hericenones C, D, and E have stimulating activity on the synthesis of nerve growth
factor (NGF) [17]. Hericenone F has been reported to be responsible for an anti-inflammatory effect by
reducing nitrogen monoxide (NO) release [18]. Analyses of dried sporophores have detected different
volatile compounds, some of them represented by hexadecanoic acid, linoleic acid, phenylacetaldehyde,
and benzaldehyde. The erinacines in H. erinaceus are a group of cyathane-type diterpenoids, including
20 members of 24 diterpenoids described by Tang et al. [19]. To date, 15 erinacines (A, B, C, D, E, F,
G H,LPQ,J KR,S)isolated from H. erinaceus mycelium have been identified and eight out of 15
show neuroprotective properties, such as enhancing NGF release (erinacines A-I), reducing amyloid-f
deposition, increasing insulin-degrading enzyme (IDE) expression (erinacines A and S), and managing
neuropathic pain (erinacine E), while the others have different pharmacological activities [12,20-26].

At present, H. erinaceus is widely used as a dietary supplement. Nevertheless, the lack of
standardization strongly affects the quality and effective bioactivity of the final product. As above
described, only a few molecules have been reported to stimulate NGF release, namely erinacines A-I
from mycelium (the most studied being erinacine A) and hericenones C-D from sporophore. To obtain
this specific target on neuroprotection, the standardization process of dietary supplements therefore
relies on the selective detection and quantification of such molecules. A major problem at this concern
is the availability of pure analytical standards, due to the difficulty in the isolation and achievement of
suitable amounts.

The aim of this study is to analyze and compare different stages of H. erinaceus (mycelium,
primordium, and sporophore) sampled in Tuscany (Italy), in order to detect the presence and to
quantify the concentration of the target bioactive metabolites erinacine A and hericenones C and D.
The results could be useful for suggesting optimization strategies for future dietary supplements.

2. Results

2.1. H. erinaceus Samples for Chemical Analyses

The H. erinaceus wild type (WT) sporophore analyzed in the present study was collected on a
living holm oak (Quercus ilex L.) in the hilly area around Siena (Italy) in 2018. The sporophore was
identified based on the macro- and micromorphological characteristics of the species [27]. The main
features are reported in Table 1.

Table 1. Characteristics of Hericium erinaceus wild type sporophore.

H. erinaceus

fresh weight (g) 620
dried weight (g) 153
diameter (cm) about 20

the collected specimen was mature, without any

remarks on the sporophore alteration by atmospheric or animal agents

The strain obtained from the WT was confirmed to belong to H. erinaceus [28] and is maintained
in the Fungal Research Culture Collection of Pavia University (MicUNIPV) as H.e.2.

The cultivation of H. erinaceus at the Botanical Garden of the University of Pavia (Italy) led to the
collection of 44 sporophores, total weight 1344.2 g. The diameter of the collected samples was 6-15 cm.
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The primordium can be considered the transition stage before sporophore. It is formed by dense
myecelial cords developing with negative geotropism (Figure 1). Primordia were harvested after 60
days, at the maximum of their development, and the fresh material was analyzed.

Figure 1. Different stages of growth of the primordium. 30 (A), 45 (B), 60 (C) days of growth and fresh
collected material (D).

2.2. Chemical Analyses

We processed 1 g of lyophilized mycelium, dried WT and cultivated sporophores, and fresh
primordium for chemical analyses.

In order to identify and analyze the bioactive metabolites present in our samples, we compared
them with the standard molecules of erinacine A and hericenones C and D by HPLC-UV-ESI/MS.
The molecular formula, chemical structures, and molecular weight of these molecules are reported in
Table 2 [29].

Table 2. Molecular formula, chemical structures, and molecular weights of erinacine A and hericenones

Cand D.
Erinacine A Hericenone C Hericenone D
molecular formula C25H36O6 C35H5406 C37H5806
molecular weight 430 570 508

(MW) (g/mol)

0 OH 0 OH
S X CHO X X CHO
i R
chemical structure HsCO 0 HyCO OR
R = palmitoyl R = stearoyl

Figure 2 shows the mass spectrum (MS) chromatographic traces of H.e.2 mycelium and the
standard molecule of erinacine A. The standard erinacine A was detected using HPLC-UV-ESI/MS
at the retention time (RT) of 10.44 min. By comparing the RT and molecular ion or mass spectra, the
presence of this molecule in the H.e.2 mycelium was detected too. Besides, the chromatographic trace
of H.e.2 mycelium also showed a peak at RT 12.58 min that belongs to a molecule not yet identified
with a MW of 430 Da.
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Figure 2. Mass spectrum (MS) traces of mycelium (top) and erinacine A molecule standard (bottom).

Figure 3 shows the UV chromatographic traces of H.e.2 mycelium and the standard molecules of
hericenones C and D. In mycelium, hericenones C and D were not present. Moreover, the peaks at RT
46.46 min, 47.41 min, 47.63 min, and 48.83 min were supposed to be, respectively, hericene D, hericene
A, hericene B, and hericene C, based on the data reported by Arnone et al. (1994) and Kobayashi et al.
(2018) [30,31]. The molecular formula, chemical structures, and molecular weights of the hericenes are
reported in Table 3 [29].

RT: 40.30 -50.00
47.41
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4763
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>
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1000000 4583
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3
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e
41 42 43 44 45 46 47 48 49
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Figure 3. UV traces of mycelium (top) and the standard molecules of hericenones C and D (bottom).

Table 3. Molecular formula, chemical structures, and molecular weights of hericenes.

Hericene A Hericene B Hericene C Hericene D
molecular formula C35H5605 C37H5805 C37H6005 C37H5605
molecular weight 556 582 584 580

(MW) (g/mol)

chemical structure

R = palmitoyl R = oleoyl R = stearoyl R = lineoyl
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Our hypothesis was also confirmed by ion fragments in MS/MS spectra. Figure 4 reports the
MS/MS-ESI spectra of hericenes: from top to bottom, hericenes D, A, B, and C are shown. The ion m/z
301 was present in all the spectra and derives from the loss of the side chain R. Spectra of hericenes D
and B also show ions derived from fragmentation close to double bonds of R.
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©0 | 180 200 220 | 240 260 20 w0 3 30 a0 | W0 40 420 40 40 4% =0 &0 80  s0 | s €0 €0 e
me
i w0128
o] Hericene A
o 16258 17714 191.18 219.2¢ 245.2 27326 28329 [303.16 319.17 37331 387.39 397.46 41539 433.44 44728 471.04 48834 501.08 52963 53930 58225
T T T T T T T T T T T T T T T T T T T T T T T T T
w00 180 200 20 20 260 20 w0  am 30 a0 W/ 40 20 4% 40 4w W0 =0 s 50 50 0 &0 e
e
1009 0127 56548
s
507 .
e Hericene B
17714 19118 215.27 237.14 24521 27238 20931 |30322 3128 34531 35729 st VO41 41342 |148 | sseea| 47350 soms2 mess 52728 54782 |sesns ;708 0425
— T T T T T T T T T T T B s e
160 180 200 220 220 260 220 200 320 340 200 380 0 420 40 460 480 500 520 540 560 580 €00 - 840
e
s w0127
=] Hericene C
17715 19120 21340 22431 24488 27314 28331 [30268 319.08 39588 41550 43238 44248 460.67 48355 491.74 51664 52552 557.47 56653 584.91
o 1 T T ; R T T LR S T T T T T T T T T T T T T
160 180 200 220 220 260 220 200 320 340 200 380 0 420 490 480 480 500 520 540 560 580 800 @0 840

mz

Figure 4. MS/MS-ESI spectra of hericenes D, A, B, and C (from top to bottom).

WT and cultivated sporophores were analyzed. The data were compared with the standard
molecules hericenones C and D.

Figure 5 shows the UV chromatographic traces of the WT sporophore collected in Italy,
the cultivated and the two standard molecules of hericenones: C detected at RT of 43.98 min
and D detected at RT of 45.83 min. Hericenone C was detected in the WT at RT of 43.92 min and at RT
of 43.94 in the cultivated sporophore. Hericenone D was detected at RT of 45.74 min in both samples.
There were also other peaks close to these hericenones that could be attributed to hericenone E (RT
of 42.72 min), hericenone I (RT of 44.18 min), and hericenone H (RT of 47.37 min) on the basis both
of previous publications [16] and the similarity of their fragmentation pattern to that of hericenones
C and D standard. In the same chromatogram (Figure 5), there were peaks that could be attributed
to hericenes: from lower to higher RT hericene D (RT 46.28 min), hericene A (RT 47.37 or 47.38 min),
hericene B (RT 47.52 or 47.53 min), and hericene C (RT 48.83 min).
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=
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Figure 5. UV traces of wild type sporophore (top), cultivated sporophore (middle), and hericenones C
(RT 43.98 min) and D (RT 45.83 min) standards (bottom).

Figure 6 displays MS chromatographic traces of the two sporophores and the standard molecule
of erinacine A. The erinacine A molecule was not present in both sporophores. Besides, the



Molecules 2019, 24, 3511 6 of 14

chromatographic traces also showed other peaks at RT of 11.29 and 12.52 min for the WT sporophores
and at 11.44 and 12.50 min for the cultivated sporophores that belong to molecules not yet identified.

RT: 5.00-13.50 SM: 7G

100 1129
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60
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20
0
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60 1277
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20
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20
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Figure 6. MS traces of wild type sporophore (top), cultivated sporophore (middle), and erinacine A
standard molecules (bottom).

Chemical analyses of primordium showed neither erinacines (Figure 7) nor hericenones (Figure 8).
MS trace of primordium (Figure 7) also showed a peak at RT of 11.37 min that has not yet been
determined. Instead, the UV trace of primordium showed peaks at the same RT described for hericenes
D, A, B, and C (Figure 8), as mentioned for the mycelium, and the WT and cultivated sporophores.
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Figure 7. MS (mass spectrum) traces of primordium (top) and erinacine A molecule standard (bottom).
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Figure 8. UV traces of primordium (top) and hericenones C and D standards (bottom).

Table 4 summarizes the array of metabolites present in different stages of H. erinaceus.

Table 4. Presence of different molecules (erinacine A, hericenones C and D, and hericenes) in the
lyophilized mycelium, fresh primordium, and dried sporophores.

erinacine A hericenone C  hericenone D hericenes
mycelium v - - v
primordium - - - 4
WT sporophore - v v v
olied / / /

The content of erinacine A in H.e.2 mycelium and of hericenone C and D in sporophores were
measured by the calibration curves [10] (Table 5).

Table 5. Content of erinacine A and hericenones C and D in H.e.2 lyophilized mycelium, fresh

primordium and dried sporophores.

Erinacine A (ug/g) Hericenone C (ug/g) Hericenone D (ug/g)

mycelium 105 - -
primordium - - -
WT sporophore - 760 100
cultivated sporophore - 1560 188

Figure 9 summarizes the UV chromatographic traces of different samples where it is possible to
identify peaks that are attributed to hericenes. From lower to higher RT, hericene D (RT at 46.47 or
42.29 or 46.28), hericene A (RT at 47.41 or 47.39 or 47.37 or 47.38), hericene B (RT at 47.63 or 47.54 or
47.52 or 47.53), and hericene C (RT at 48.83 or 48.84) were identified. As previously reported, hericenes
were present in all the samples in different amounts.
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Figure 9. UV chromatographic traces of hericenes in (from top to bottom) mycelium, primordium, and
wild type and cultivated sporophores.

Table 6 reports peak area values of hericenes A, B, C, and D in different samples.

Table 6. Content of hericenes in mycelium, primordium, and wild type (WT) and cultivated sporophores.

Hericene A Hericene B Hericene C  Hericene D

Total Area 10° Area 103 Area 103 Area 103 Area 103
mycelium 684 327 232 51 74
primordium 557 201 262 21 73
WT sporophore 627 70 305 / 252
cultivated sporophore 1685 645 588 42 410

3. Discussion

At present, medicinal mushrooms such as H. erinaceus are exploited as dietary foods or supplements,
producing beneficial effects by daily use in a balanced and varied diet. There are different products
available on the market, increasing in number year by year. Despite this, there are still unresolved
issues, including standardization and safety for the production of fungal supplement. Standardization
is still in its early stage because of the lack of protocols and international guidelines [32].

This study is placed within an interdisciplinary research project to draw up the steps for the
production of high quality dietary supplements to improve cognitive functions. The project has been
following all the stages of the supply chain: strains selection, production, extraction, chemical analysis,
and finally a pre-clinical test on animal models. More specifically, this study is the first step planned to
analyze the array of some metabolites present in different growth stages of the H. erinaceus collected
in Italy.

Thanks to the comparison with standard molecules, we were able to identify and quantify erinacine
A in mycelium, hericenones C and D, and in wild type (WT) and cultivated sporophores.

In MicUNIPYV, the Fungal Research Culture Collection at the University of Pavia (Italy), two strains
of H. erinaceus collected in Italy are present to date: H.e.1 and H.e.2 [10,28]. The content of erinacine
Ain H.e.2 (105 ng/g) is slightly less compared to H.e.1 mycelium (150 pg/g) [10]. These amounts of
erinacine A are comparable to that reported by Krzyczkowski et al. (2010) in improved submerged
cultivation [33].

The same comparison between the WT sporophores showed that H.e.2 contains more hericenones C
and D (760 pg/g and 100 pg/g, respectively) compared to H.e.1 (500 pg/g and <20 pg/g, respectively) [10].
These values are comparable with those of some strains reported by Lee et al. (2016) [18].
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Therefore, given these data, the H.e.2 strain must be used for sporophore cultivation, whereas the
H.e.1 for mycelium production.

By comparing the WT and cultivated sporophores of H.e.2, hericenones C and D in the cultivated
sporophores are about two folds higher (1560 pg/g vs. 760 pg/g and 188 ng/g vs. 100 ng/g,
respectively). Generally, wild sporophores exhibit biological variability, depending on the different
growth environment and on seasonality. Conversely, the cultivated conditions are more stable. In
particular, for the mycelial colonization, for the appearance of primordia, and the development of
sporophores, the medium components (nitrogen, carbon, and mineral sources) and environmental
factors (pH, temperature, and relative humidity) are fundamental in order to optimize the growth and
to influence the bioactive metabolites production.

The primordium is an intermediate stage of the fungus between the mycelium and the sporophore
development, characterized by the formation of spider-like aerial spines that grow above the culture
medium. Generally, there are still few studies concerning primordium and none for H. erinaceus [34,35].
In our primordium, only hericenes were present, without any hericenone and erinacine. Hericenes are
also found in mycelium and sporophores, both WT and cultivated, in agreement to what was reported
by Arnone et al. (1994) [30] and Kobayashi et al. (2018) [31]. Preliminarily, in order to obtain a relative
measure among the different samples, we compared the peak areas of the single hericenes detected,
which were supposed to be A, B, C, and D, by HPLC-UV-ESI/MS. In particular, it is notable that in
H.e.2 mycelium and primordium, hericenes A and B are more present compared to hericenes C and D.
In cultivated sporophores, all hericenes are present, with a wider peak area if compared to the other
samples. In WT sporophores, hericene C is absent and hericene A is at a lower level, whereas hericenes
B and D peak areas have considerable values. Hericene B is present in fairly constant quantities in all
samples, whereas hericene C is present in smaller quantities.

It should be noted that the cultivated sporophore has higher content than all the hericenes
compared to the WT one. Similarly, the contents of hericenones C and D are higher in the cultivated
sporophores than in the WT.

We could hypothesize a chemical correlation between hericenes and hericenones. Hericene A has
a side chain with palmitoyl acid similar to hericenone C. Hericene C is similar to hericenone D with a
side chain with stearic acid. Hericene D is similar to hericenone H and contains a side chain with a
linoleoyl acid. Thus, in these paired molecules the side chain is maintained but hericenones differ from
hericenes for their oxidation state. We can speculate that hericenone C derives from the oxidation of
hericene A and hericenone D from the oxidation of hericene C. Other hericenones, such as I and E,
could derive from the oxidation of hericenes B and D, respectively.

Up to now, ethanolic extracts obtained from H.e.1 mycelium and sporophores, with the
standardized amounts of erinacine A and hericenones C and D, have been used to evaluate the
effects of oral supplementation on cognitive decline in a mice model, during physiological aging [10].
Because of the different amounts of the neuroactive metabolites present in the different strains, now
it is possible to prepare the best extract blend for in vivo tests. The present study contributes as it
re-addresses the selection of raw material.

Further investigation will be carried out by setting different cultivation conditions to maximize
the yield of bioactive metabolites.

4. Materials and Methods

4.1. Study Area and Sampling

Samplings were conducted in the hilly area around Siena (Tuscany, Italy), where both
Mediterranean and temperate environments are present. The plant communities are dominated
by holm oak (Quercus ilex), strawberry tree (Arbutus unedo), heather (Erica arborea), Mediterranean
buckthorn (Rhamnus alaternus), juniper (Juniperus communis), and other deciduous species such as the
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downy oak (Q. pubescens). Q. ilex is an important feature in the landscape, being usually prevalent and
resistant to anthropic stress.

The wild type (WT) sporophore was collected from an old living specimen of Q. ilex and kept at 4
°C until experimental use.

4.2. H. erinaceus Samples for Chemical Analyses

The H. erinaceus samples processed for chemical analyses were: the WT sporophore (the sample
was dried and maintained in a freezer at —20 °C for at least one month in order to avoid any further
degradation); the strain isolated from it; the sporophores cultivated at the Botanical Garden of the
University of Pavia (Italy) using the above mentioned isolated strain; the primordium that was the first
aerial part consisting of mycelial cords.

4.3. H. erinaceus Strain Isolation

The isolation of mycelium in a pure culture from the WT was performed in accordance with the
usual procedures [36-38]. Small pieces (up to 10 mm?) were aseptically cut off from the center of
the WT and inoculated into Petri dishes containing 2% malt extract agar (MEA, Biokar Diagnostics).
Chloramphenicol at 50 ppm was added in this first step. Incubation was performed at 24 °C in
complete darkness. The isolated strain is maintained in the Fungal Research Culture Collection of
Pavia University (MicUNIPV).

4.4. H. erinaceus Sporophores Cultivation

The cultivation of H. erinaceus sporophores was performed in the mushroom greenhouse of the
Botanical Garden at the University of Pavia (Italy). As the substrate, a mix of 70% oak sawdust, 20% rice
bran, and 10% wheat straw, combined with 1% sucrose and 1% calcium carbonate, was used [36,39—-41].
The substrate was mixed and hydrated, and then 300 g were placed in polypropylene bags with filters
to allow gas exchange. Each bag was sterilized twice at 120 °C for 60 min.

In parallel, the spawn with H. erinaceus was prepared: the mycelium grew in sterilized
polypropylene bags containing 300 g of hydrated barley. They were taken at 24 °C with 90%
relative humidity (RH) in the dark for two weeks, until complete colonization.

We aseptically put and mixed 5% of spawn into each substrate bag. The cultivation room was
kept at 24 °C and bathed to maintain high relative humidity (95%-100%).

Soon after the substrate was completely colonized by the mycelium, the bags were moved to a
room where it was possible to carry out the light-dark cycle, maintaining the temperature at 18 °C-24
°C, the RH of 90%-95%, and good aeration condition to induce primordia formation.

In correspondence to the appearance of primordia, holes were made in the bags to allow the
development of sporophores [36,39-41]. Once collected, the sporophores were weighed, measured,
dried, and maintained frozen.

4.5. Extraction Procedures

The procedure of alcoholic extraction described by Lee et al. (2016) and Gerbec et al. (2015) [18,42] was
followed with slight modification: 1 g of lyophilized mycelium/dried WT/cultivated sporophores/fresh
primordium was blended with 10 mL of ethanol 70% and left in the thermostat at 50 °C for 24 h. At the
end, the material was transferred for centrifugation (4000 rpm for 3 min) and the supernatant was
stored at —20 °C for HPLC analysis.

4.6. HPLC-UV-ESI/MS Method

HPLC-UV-ESI/MS analyses were carried out on a LCQ FLEET system (Thermo Fisher Scientific,
San Jose, CA, USA), equipped with a PAD-UV detector working at 254 nm. The chromatographic
separation was performed using an F5 HPLC column 150 X 3.0 mm, 2.7 um particle size
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(Ascentis®Express, Merck KGaA, Darmstadt, Germany) maintained at 40 °C, with a flow rate
of 0.3 mL/min and an injection volume of 20 pL. The mobile phase consisted of water containing 0.1%
formic acid (solvent A) and acetonitrile (solvent B) (Table 7). The following gradient method was
utilized: 0-9 min (30%-50% B), 9-27 min (50%—60% B), 27-54 min (60%-100% B), 54—69 min (100%—-30%
B), and 69-75 min (30% B).

Table 7. The mobile phase and the gradient method.

Time Solvent A Solvent B

0 70 30
9 50 50
27 40 60
54 00 100
69 70 30
75 70 30

An Electro Spray lonization (ESI) interface was used as an ion source, under positive ion conditions
(ESI+). The Ion Spray voltage and Capillary voltage were set at 5 kV and 10 V in positive ion mode.
The capillary temperature was 400 °C. Acquisition was performed both in Full Scan mode (mass
range 200-2000 Da) and Dependent Scan mode. The data station utilized the Xcalibur MS Software
Version 2.1.

Stock solutions of erinacine A and hericenones C and D (1 mg/mL) were prepared in 70% ethanol.
Standard solutions with the final concentration range of 1-25 ug/mL for erinacine A and 20-100 pg/mL
for hericenones C and D were obtained by the proper dilution of stock solutions.

Calibration curves were constructed by injecting the standard mixture solutions at five
concentrations (1, 5, 10, 15, 25 ug/mL) for erinacine A and at four concentrations (20, 50, 75, 100 pg/mL)
for hericenone C and D. Linear least-square regression analysis for the calibration curves showed
correlation coefficients of 0.9968, 09945, and 0.9951, respectively, for erinacine A, hericenones C, and
hericenones D with respect to the peak area, demonstrating a good linear relationship in the different
ranges tested. Each concentration was analyzed in triplicate [10].

5. Conclusions

In this study, an array of metabolites at different growth stages of the fungus H. erinaceus collected
in Italy was analyzed. In particular, for the first time we described the array of metabolites present
in primordium stage, i.e., the hericenes. These molecules are also present from the formation of the
mycelium to the appearance of the primordium and up to the sporophore development. Experiments
in the future will focus on testing the functional role of these molecules in vitro and in vivo.

In conclusion, in our opinion this methodological approach is a necessary step for developing
dietary supplements with a higher and standardized content of bioactive metabolites.
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Hericium erinaceus (Bull.) Pers. is a medicinal mushroom capable of inducing a large number of modulatory effects on human
physiology ranging from the strengthening of the immune system to the improvement of cognitive functions. In mice, dietary
supplementation with H. erinaceus prevents the impairment of spatial short-term and visual recognition memory in an Alzheimer
model. Intriguingly other neurobiological effects have recently been reported like the effect on neurite outgrowth and differentiation
in PCI2 cells. Until now no investigations have been conducted to assess the impact of this dietary supplementation on brain
function in healthy subjects. Therefore, we have faced the problem by considering the effect on cognitive skills and on hippocampal
neurotransmission in wild-type mice. In wild-type mice the oral supplementation with H. erinaceus induces, in behaviour test, a
significant improvement in the recognition memory and, in hippocampal slices, an increase in spontaneous and evoked excitatory
synaptic current in mossy fiber-CA3 synapse. In conclusion, we have produced a series of findings in support of the concept that
H. erinaceus induces a boost effect onto neuronal functions also in nonpathological conditions.

1. Introduction [2]. Recently, Hazekawa et al. [3] described the neuroprotec-
tive effects of H. erinaceus dietary supplementation in mice
subjected to middle cerebral artery occlusion. Furthermore,
scores on the cognitive function scale improved after oral
administration of H. erinaceus in patients suffering from mild

cognitive impairment [4]. Finally, in humans, reduction of

Hericium erinaceus (Bull.) Pers. (also known as Yamabushi-
take, Lion’s Mane, or Satyr’s beard) is a mushroom that grows
on both living and dead broadleaf trees. It has been used
for centuries as food source and herbal medicine in several

Asian countries. However, over the last 10 years, the potential
nootropic capabilities of H. erinaceus in neurodegenerative
diseases have attracted considerable attention [1].

In mice, dietary supplementation with H. erinaceus
prevents the impairment of spatial short-term and visual
recognition memory induced by amyloid (25-35) peptide

depression and of anxiety following 4 weeks of H. erinaceus
intake was described in 30 females by means of a question-
naire investigation for psychometric measures [5].

Most of the effects induced by H. erinaceus have been
correlated with an increase in the NGF production. NGF is a
small secreted protein that acts as a neurotrophin that plays
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pivotal roles in neuronal survival in the adult mammalian
brain and modulates forms of structural and functional
plasticity, like the neurogenesis and memory (for a review see
[6]).

What is the link between NGF and H. erinaceus dietary
supplementation? A study conducted by Mori et al. 2008 [7]
has shown that the extract of the fruiting body of H. erinaceus
presents a 5-fold increase in the level of expression of NGF
mRNAs in isolated human astrocytoma cells with respect to
the control. Similar effect was also described by others [8, 9].
Interestingly, NGF effect was detected in the hippocampus
but not in the cortex, thus suggesting an essential role of NGF
in hippocampal learning and memory [10]. Furthermore,
the presence of a persistent neurogenesis has recently been
discovered in a specific region of the hippocampus, the
dentate gyrus; it involves the main neuronal type present
there, the granule cells (for a review see [10]).

Despite an extensive investigation of the preventing
action of H. erinaceus in cognitive pathological conditions,
to date, no studies have investigated the effects of dietary
supplementation with H. erinaceus in healthy mice. To
approach this point a group of wild-type mice were fed with
a dextrin dietary supplementation and another one with H.
erinaceus dietary supplementation and we investigated the
effect on behaviour and on the neuronal network involved in
memory skills. We therefore performed in vivo and in vitro
experiments to assess novelty exploration and recognition
memory by a battery of spontaneous behavioural tests and
the effect on hippocampal mossy fiber to CA3 pyramidal
cells synapses in wild-type mice after two months of dietary
supplementation with H. erinaceus.

The H. erinaceus supplemented mice were able to perform
better in a novel object recognition test. They were also more
adventurous in exploring a novel environment. Electrophysi-
ology recording in the mossy fiber-CA3 region suggested that
there was a higher amount of neurotransmitter release from
mossy fiber to CA3. This conclusion was supported by higher
frequency and higher amplitude of spontaneous excitatory
activities and lower number of stimulation failures and
decreased pair-pulse ratio of evoked activities in Hr-fed mice.

2. Materials and Methods

2.1. Subjects. Blind experiments were carried out in wild-type
mice (strain C57BL-6]). To avoid any potential differences
related to the oestrous cycle in females, only males were
selected. One-month-old wild-type male mice were divided
into two groups: control mice received 2 months of a diet
containing 5% dextrin dietary supplementation (dx mice),
and Hericum erinaceus treated mice (Hr mice) received two
months of a diet containing 5% “Micotherapy Hericium”
supplement (corresponding to 0.025 g/g body weight). Water
was provided ad libitum for both groups.

After 2 months of dietary supplementation in vivo exper-
iments were performed in dx and Hr mice. At the end of
behavioural test session, the same animals were maintained
with the same diet and about 1 week later were used for patch-
clamp experiments.
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TABLE 1: Nutrient composition of dietary supplements (supplied by
A. V. D. Reform, Noceto, Parma, Italy).

Components Per capsule (mg)
Hericium mycelium 400
Hericium fruiting bodies extract 100
Titled in polysaccharides 38.6

TABLE 2: Nutritional composition of H. erinaceus extract.

Analyte Result Unit
Calorie 2.23 Kcal/g
Crude proteins 8.25 %wt
Crude fat 0.17 %owt
Crude fiber 5.92 %wt
Polysaccharides/total glucan >45 %wt
Sodium 0.0146 %owt

TaBLE 3: Nutritional composition of H. erinaceus mycelium.

Analyte Result Unit
Calorie 1.98 Kcal/g
Crude proteins 10.22 %wt
Crude fat 1.02 %wt
Crude fiber 39.2 %wt
Polysaccharides/total glucan >37 %wt
Sodium 0.0031 %wt

2.2. Fungal Supplementation. The supplement “Micotherapy
Hericium” was provided by A. V. D Reform s.r.l. (Noceto,
Parma, Italy). The supplement contains mycelium and fruit-
ing body extract of Hericium erinaceus in a ratio 4/1 (Table 1).
H. erinaceus (Her. Erin. strain) culture was obtained from the
fungal culture bank of MycoMedica d.o.0., Slovenia, and was
cultivated in the dark on PDA (Potato Dextrose Agar; Difco,
USA) at 24°C. After 20 days, cultures were transferred onto
lignocellulosic substrates and further incubated for 60 days
at 24°C. After incubation, fruiting bodies and fungal biomass
were harvested.

Fruiting bodies extractions were performed for three
hours using water and ethanol as solvents in a 1:15 extrac-
tion ratio (w/v). The remaining extracted liquid as well as
mycelium was dried under vacuum at 70°C and —0.9 bar
and further milled by using a UPZ mill (Hosokawa Alpine
Aktiengesellschaft, Augsburg, Germany) to obtain particles
mostly smaller than 100 ym.

The polysaccharide content of H. erinaceus fruiting
bodies extract and of H. erinaceus mycelium, contained in
“Micotherapy Hericium” supplement, was determined using
B-Glucan Assay Kit (Megazyme, Ireland) and expressed as
total (« plus f3) glucan content (Tables 2 and 3).

All experiments were carried out according to the guide-
lines laid down by the institution’s animal welfare committee,
the Ethics Committee of Pavia University.

2.3. Apparatus and Procedures for Behavioural Test. Motor
activity was quantified by means of a SMART video tracking
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system (2 Biological Instruments, Besozzo, Varese, Italy) and
a Sony CCD colour video camera (PAL).

2.3.1. Emergence Test. To assess approach and exploratory
behaviour in rodents, we performed the emergence test,
which is a variant of the open-field test that was designed to
reduce anxiety by providing a safe enclosure within the open
field. This test has been used to test anxiety-like behaviour
in mice [11-13]. The free exploration test entails housing
animals in a compartment prior to giving the animal a free
choice between a novel compartment and a familiar one [14].
In our experimental conditions, the mouse is situated in a
familiar environment (a cage 33 cm long, 15cm wide, and
13 cm high) with a hole in one side (5 cm long and 4 cm wide)
through which it can emerge in a larger arena (90 cm long
and 60 cm wide) with a laminated floor but without walls.
While the primary measure of anxiety-like behaviour is taken
to be the latency to emerge into the novel arena, auxiliary
markers of anxiety-like behaviour may include the number
of emergences and the time spent out of the cage.

2.3.2. Novel Object Recognition Task. The novel object recog-
nition task (NOR) is used to test novelty exploration
behaviour and recognition memory in rodents [15, 16]. The
task consists of three phases: habituation, familiarization, and
the test. In the habituation phase, for the first two days each
mouse is given 10 minutes to freely explore the open-field
arena in the absence of objects, after which it is removed
from the arena and placed in the holding cage. On the third
day, during the familiarization phase, each mouse is placed
into the open-field arena and left free to explore two identical
objects for 5 minutes. After the retention phase has elapsed
(15 minutes), the mouse is put back into the open box where
it is exposed both to a familiar object, identical to the one
previously encountered in the familiarization phase, and to a
novel object with a different size and shape. Approaches are
defined as nose entries within 2 cm far from the object.

In both behavioural tests, the apparatus was wiped clean
with water and dried after every trial.

2.4. Behavioural Test Analysis. In the emergence test, the
software collected the following:

(1) The number of times a mouse completely emerged
from the cage with all four limbs.

(2) The amount of time a mouse spent exploring the large
environment outside the cage.

(3) The latency before the first exit from the cage.
In the NOR task, the software collected the following:

(1) The number of approaches.

(2) Total duration of approaches.

(3) Average duration of an approach.
(4) Latency of the first approach.

(5) Total latency between approaches.

(6) Average latency between approaches.

TABLE 4: Electrical properties of neurons in Dx mice (n = 16) and
Hr mice (n = 16). R,,, input resistance; C,,, membrane capacitance;

in>

and R, series resistance. Differences are not statistically significant.

Dx mice Hr mice
R, (Mohm) 122 +£22 115+ 11
C,, (pF) 294 +17 211.8 £ 15.2
R, (Mohm) 6.7+ 1.7 5705

2.5. Hippocampal Slices Preparation. 250 ym thick hip-
pocampal sagittal slices were prepared from mice treated
with either placebo or H. erinaceus by oral administration for
two months. Briefly, mice were anesthetized by isofluorane
inhalation (Aldrich, Milwaukee, WI, USA) before they were
decapitated (the experimental procedure was approved by the
Ethical Committee of the University of Pavia; Regulation of
the Italian Ministry of Sanity, number 68/97-A). Artificial
cerebrospinal fluid (ACSF) solution for slice cutting and
recovery contained (in mM) the following: NaCl 120, KCl 2,
MgSO, 1.2, NaHCO; 26, KH,PO, 1.2, CaCl, 2, and glucose 11.
This solution was equilibrated with 95% O, and 5% CO,, pH
7.4. Slices were maintained at room temperature before being
transferred to the recording chamber (1.5 ml) mounted on the
stage of an upright microscope (OLYMPUS BX51WI, Japan).
The preparation was then superfused at a rate of 2 ml/min
with Krebs™ solution and maintained at 30°C by a feedback
Peltier device (TC-324B, Warner Instr. Corp., Hamden, CT,
USA).

2.6. Electrophysiological Data Collection and Analysis. Patch-
clamp whole-cell recordings were performed in CA3 pyrami-
dal neurons. CA3-CA3 and mossy fiber-CA3 synapses were
studied; spontaneous and evoked postsynaptic current were
recorded in placebo and treated mice. No more than two
neurons have been recorded from the same mice.

Whole-cell patch-clamp recordings were made from the
soma of visually identified CA3 pyramidal neurons and
membrane currents were recorded by using an Axopatch
200B amplifier. Data were sampled with a Digidata-1440
interface. The resting membrane potential was between —60
and —70 mV. Table 4 shows electrical properties of recorded
CA3 neurons.

The detection of the spontaneous excitatory currents was
accomplished by using an automated routine based on the
derivatives of the recording waveform with an algorithm
similar to that previously published with a detection thresh-
old of 10 pA compared to a noise level of about 2 pA [17].
Minijature and EPSCs recordings were performed at the
reversal potential for GABAergic IPSCs (=70 mV).

Mossy fiber axons were electrically stimulated with a
bipolar electrode (glass pipette with tip diameter of ~4 yum
filled with media solution, glued to a fine tungsten rod) placed
in stratum lucidum (30-50 ym from the edge of the pyramidal
cell layer) at a lateral distance of 75-200 ym from the record-
ing pipette. The minimal stimulation intensity and duration
were adjusted to observe failures of synaptic transmission
(stimulus intensity and duration ranged between 140 and 160
microampere and 20 and 30 psec, Figure 4(b)).



In some experiments, a stimulating electrode was placed
in stratum radiatum (150-200 ym from stratum pyramidale)
to activate CA3-CA3 synapses. Test pulses were delivered
every 10 seconds; a hyperpolarizing current pulse (20 pA,
300ms) was injected into the cell between test pulses to
monitor input resistance and series resistance throughout
each experiment. Accepted deviations from these parameters
over the time-windows used for statistical analysis were
less than 10%. Patch pipettes were pulled from borosilicate
capillaries (Hingelberg, Malsfeld, Germany) and had 5-8 MQ
resistance before a seal was formed. The filling solution
contained (in mM) the following: potassium gluconate 126,
NaCl 4, MgSO, 1, CaCl, 0.02, BAPTA 0.1, glucose 15, ATP 3,
HEPES 5, and GTP 0.1and 1 mM picrotoxin (pH was adjusted
to 7.2 with KOH). After obtaining a whole-cell configuration
we waited 5 minutes before starting the recordings, in order
to inhibit all IPSCs by picrotoxin.

At the end of the experiments we perfused in the bath
2 uM DCG-1V, a receptor agonist of Group II metabotropic
glutamate that blocks glutamate release from mossy fibers
terminals.

Experimental traces were analyzed by using P-Clamp
(Axon Instruments, Foster City, CA, USA) and Origin
(Microcal Software, Northampton, MA, USA) software.

2.7 Statistics. After using Bartlett’s test [17] for Homogeneity
of Variances, two-way ANOVA repeated measures were
used, where parameters reported in Figures 2(b) and 2(c)
(number of approaches or total duration of approaches or
average duration of approaches or latency of first approaches)
were the dependent variable, the within subjects factor was
“familiar object” or “novel object,” and the between subjects
factor was “dextrin” or “Hericium” treatment. For emergence
test a one-way ANOVA test was used.

Descriptive statistics, expressed as data, are reported as
means + standard error of the mean (SEM), and statistical
comparisons in electrophysiological experiments analysis
were made by using Student’s t-test. Before applying the
Student ¢-test, a QQ plot was generated and the Shapiro-Wilk
test was performed for each pool of data to confirm a normal
distribution.

In figures symbols indicate *P < 0.05, **P < 0.01, ***P <
0.001.

More details about each statistical analysis are given in
Section 3 and figures captions.

3. Results

3.1. Behavioural Tests

3.1.1. Hr Supplementation Increases Novelty Exploration
Behaviour of a New Environment. We first investigated the
effect of oral supplementation with H. erinaceus on novelty
exploration behaviour in healthy mice by using the emer-
gence test (Figure 1(a)). We tested 18 dx mice and 22 Hr mice.
The results show that the Hr mice had a higher frequency of
complete exits (9.5 + 0.8 versus 4.1 + 0.8; T test P < 0.001,
Figure 1(b)), spent more time out of the cage exploring the
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new environment (129.6 sec + 14 versus 59.2sec + 15.8; T
test P < 0.01, Figure 1(c)), and had a lower latency before
the first exit (13.1 + 2.6 sec versus 31.7 + 10.3sec; T test P <
0.05, Figure 1(d)). Overall, the number of complete exits (2.3-
fold increase), the exploring time (2.2 times longer), and the
decreased latency to the first exit (2.4 times shorter) all of
them indicate an increase in novelty-seeking behaviour after
the oral supplementation with H. erinaceus for two months.

3.1.2. Hr Supplementation Increases Recognition Memory and
Exploration of a Novel Object. Previous studies showed that
H. erinaceus oral supplementation in mice with learning and
memory deficits induced by intracerebroventricular admin-
istration of A 3(25-35) amyloid f3(25-35) peptide prevented
cognitive deficits in a memory recognition task but not in a
spatial working task [3]. Based on these findings, we decided
to test the effect of H. erinaceus on recognition memory in
wild-type mice by using the NOR task (Figure 2).

In the NOR task, in dextrin mouse (n = 12) the animals’
natural inquisitiveness regarding the presence of a new object
in the arena is expressed by a longer latency of the first
approach to the novel object (42.7 + 9 sec versus 17.6 + 5.7 sec;
F; 4 = 6.47, P < 0.001, Figure 2(e)). The number (13.9 +
1.7 versus 14 + 0.8, Figure 2(b)) and the total duration of
approaches (45.4 + 7.9 sec versus 33 + 5.6 sec, Figure 2(c)) and
consequently the average duration of an approach to the novel
object did not reach the significance (3.2 £ 0.5 sec versus 2.3 +
0.4 sec, Figure 2(d)).

When we compared the behaviour of dx and Hr mice (n =
19) toward the familiar object (Figures 2(b), 2(c), 2(d), and
2(e)), the only parameter that was statistically significantly
lower in the latter was the latency for the first approach
(Figure 2(e), 17.6 + 5.7 sec versus 6.7 + 2.4 sec, resp., P < 0.05),
indicating that Hr and dx mice approach a familiar object in
the arena in fairly similar ways.

Interestingly, the comparison of the behaviour of dx and
Hr mice toward the novel object revealed that the number
of approaches (13.9 + 1.7 versus 18.9 + 15; F;,c = 3.24,
P < 0.05, Figure 2(b)) and the total duration of approaches
(45.4 £ 7.9 sec versus 65.4 + 5.7 sec; F; 4,5 = 8.86, P < 0.05,
Figure 2(c)) were significantly different, with the Hr mice
showing 36% and 44% increases, respectively, in exploratory
behaviour toward the novel object. Furthermore, the latency
of the first approach (42.7 + 9sec versus 19.5 + 5.9sec;
F; 46 = 6.47, P < 0.05, Figure 2(e)) and the average latency
between approaches (8.6 + 1sec versus 5.9 + 0.4, T test,
P < 0.05, Figure 2(g)) were significantly lower (54% and
31.4% decrease) in Hr mice. However, neither the average
duration of an approach (3.2 + 0.5sec versus 3.5 + 0.3 sec,
Figure 2(d)) nor the total latency (221.6 + 12 sec versus 203 +
7 sec, Figure 2(f)) reached significance. Briefly, Hr mice
showed increased numbers and total duration of approaches
when exploring the novel object in the arena and are less
distrustful when approaching a novel object for the first time.

As expected, three out of four parameters that we mea-
sured in the behaviour of Hr mice with the familiar and novel
objects were significantly different, with the total duration
of approaches (31.5 + 3.6 sec versus 65.4 + 5.7sec; Fy 5 =
8.86, P < 0.001, Figure 2(c)), the average duration of an
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FIGURE I: H. erinaceus increases novelty exploration behaviour. Emergence test in dx (n = 12) and Hr-dietary supplemented mice (n = 22)
during an 8 min session. (a) Schematic of the experimental set-up and procedure used. Histograms show (b) the number of complete exits;

(c) duration of exploring time; and (d) the latency of the first exit.

approach (1.9 £ 0.2sec versus 3.5 + 0.3sec; F;,s = 8.86,
P < 0.001, Figure 2(d)), and the latency of the first approach
(6.6 + 2.4 sec versus 19.5 + 5.9sec; F; 6 = 6.47, P < 0.05,
Figure 2(e)) all being significantly higher. We conclude that,
after H. erinaceus dietary supplementation, mice spent more
time exploring the novel object and increased the latency of
the first approach compared with the familiar object.

To evaluate the discrimination between novel and famil-
iar objects in dx and Hr mice, we calculated the mean novelty
discrimination index (NI) by using the following formula:
NI = (n— f)/(n+ f) [18], where n is the average time with the
novel object, and fis the average time with the familiar object.
This index ranges from —1 to 1, where —1 means complete
preference for the familiar object, 0 means no preference,
and 1 means complete preference for the novel object. The NI
index was 0.15 for the dx mice and 0.35 for the Hr mice.

In conclusion, Hr mice displayed very different behaviour
compared with dx mice specifically when exploring novel
objects, not familiar objects. The data are concordant and

indicate that Hr mice show increased recognition memory
performance.

3.2. Electrophysiological Data. Pyramidal cells in hippocam-
pal area CA3 receive both excitatory and inhibitory inputs.
We recorded spontaneous and evoked synaptic currents
in single CA3 pyramidal cells, in which GABAA receptor
mediated responses were reduced with 1mM intracellular
picrotoxin (Figure 3(a)) and cells were voltage-clamped
at =70 mV. In this experimental condition only excitatory
currents are detected. CA3 pyramidal cells received excitatory
synaptic inputs mainly from two sources: collateral axons
from other CA3 pyramidal cells synapse on the medial apical
and basal dendrites (CA3-CA3 synapse), and mossy fiber
axons of dentate granule cells on the proximal, basal, and
apical dendrite (mf-CA3 synapse).

3.2.1. Hr Supplementation Increases the Frequency and Ampli-
tude of Spontaneous Synaptic Excitatory Currents of Mossy
Fiber-CA3 Synapse. As a direct measurement of the synaptic
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FIGURE 2: H. erinaceus increases recognition memory. Novel object recognition test (NOR) in dx (n = 10) and Hr-dietary supplemented
mice (n = 15) during a 10 min session. (a) Schematic of the experimental set-up and procedure used. Histograms show (b) the number of
approaches to the familiar and novel objects; (c) the total duration of approaches; (d) the average duration of an approach; (e) the latency to
the first approach; (f) total latency; and (g) average latency between approaches.

activity received by the CA3 neuron, we recorded sponta-
neous excitatory postsynaptic currents (sEPSCs) in single
hippocampal CA3 pyramidal neurons voltage-clamped at
—-70 mV in mice after two months of oral supply with dextrin
or H. erinaceus (Figure 3(a)).

By a multimodal fitting of the frequency histogram of
spontaneous excitatory currents we can distinguish between
collateral-CA3 and mossy fiber-CA3 events [19].

Figures 3(b) and 3(c) show representative traces (left)
and frequency histogram (right) of spontaneous postsynaptic
currents recorded in dx (n = 6 cells, Figure 3(b)) and Hr
mice (n = 5 cells, Figure 3(c)). The frequency histograms
obtained by representative neurons can be fitted by a trimodal
Gaussian distribution with data binned into 10 pA bins (Fig-
ures 3(b) and 3(c), right). In our experimental condition the
first Gaussian peak could be due to the multiquantal release
of the recurrent transmission CA3-CA3. The frequency of
the events contributing to the first peak is not statistically
different between dx and Hr mice (0.32 + 0.07 Hz for dx
versus 0.28 + 0.09 Hz for Hr).

Giant spontaneous EPSCs at the hippocampal mossy
fiber to CA3 pyramidal cell are monoquantal [19-22] and in
our experimental condition should correspond to the second
Gaussian peak, at about 120 pA. The frequency of the sponta-
neous events contributing to the second peak is statistically
higher in Hr mice compared to dx mice (0.13 + 0.03Hz
for Hr versus 0.05 + 0.01Hz in dx; T test P < 0.01,
Figure 3(c) compared to Figure 3(b), right). The third peak of
the histogram at about 200-250 pA (Figure 3(c) compared to
Figure 3(b), right) is only just sketched in dx mice, while it is
clearly visible in Hr mice. This peak could be due to the mossy

fiber-CA3 synapses originating from the younger granule
cells that, as reported in literature, display an increase of the
input resistance giving a dramatic increase in granule cells
excitability ([23] see discussion). The overall spontaneous
activity is significantly higher in Hr as compared to dx mice
(Figure 3(d), 1.32 + 0.19 Hz in dx versus 1.79 + 0.26 Hz in Hr;
T test P < 0.001).

In conclusion, spontaneous activity at hippocampal
mossy fiber to CA3 pyramidal cell is significantly higher in
Hr as compared to dx mice.

3.2.2. Hr Supplementation Increases the Amplitude and
Decreases the Failures Rate in Evoked Excitatory mf-CA3
Currents. By stimulating mossy fiber in the dentate gyrus
(see Materials and Methods), we recorded evoked mf-CA3
synaptic excitatory currents (EPSCs). Minimal mossy fiber
stimulation was applied at low frequency (0.1Hz). Two
key inclusion criteria were stated for differentiating EPSCs
evoked by mossy fibers and CA3 recurrent fibers: the latency
of evoked responses is longer when stimulating mossy fibers
(n = 16 cells, 6.4 + 0.8ms; T test P < 0.001) versus
CA3 recurrent fibers (n = 16 cells, 2.1 £ 0.3ms; T test
P < 0.001) [24] and the inhibition by DCG-IV, an agonist
of the metabotropic glutamate receptor 2. At the end of the
experiments we blocked the mf-CA3 neurotransmission by
local perfusion of DCG-IV (2 uM, [25], see Figure 3(c) plot
on the right).

EPSCs evoked by minimal mossy fiber stimulation were
studied in the failures rate and in the amplitude (see rep-
resentative traces in Figure 4(a), upper traces in dx mice
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FIGURE 4: Mossy fiber-CA3 synapse evoked synaptic excitatory current (EPSCs) recorded after minimal stimulation at low frequency (0.1 Hz).
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representative traces in (a) are taken. (c) EPSCs amplitude histogram in dextrin treated mice (Dextrin) and in H. erinaceus oral supplemented

mice (Hericium erinaceus).

and lower traces in Hr mice). We measured the failures
percentage at minimal mossy fiber stimulation (see Materials
and Methods). In dx mice (1 = 8 cells) the failure percentage
is significantly higher than in Hr mice (n = 8 cells,
Figure 4(b), P < 0.001). The EPSC mean peak amplitude
is significantly lower in dx mice compared to Hr mice (85.9
+ 179 pA versus 1879 + 68pA, Figure 4(a); T test P <
0.001). H. erinaceus oral supply causes a significant decrease
in percentage of failures and an increase in EPSCs amplitude.

3.2.3. Hr Supplementation Increases Neurotransmitter Release
in mf-CA3 Synapse. Paired-pulse facilitation (PPF) is a rela-
tively simple experimental protocol to estimate the dynamic
of presynaptic release during evoked neurotransmission
[26]. PPF of the excitatory synaptic transmission at mossy
fiber-CA3 synapse in the hippocampus was studied. While
stimulating mossy fibers at low frequency (0.1Hz), EPSCs
were elicited in pairs with an interpulse interval of 50 ms
between the two stimuli in both dx and Hr mice (Figure 5(a),
representative traces in dextrin and H. erinaceus).

Mossy fiber-CA3 synapse always results in paired-pulse
facilitation as described [27] and as confirmed in our dx mice
(Figure 5(a), upper traces). In dx mice the ratio between
the 2nd and 1st EPSP in a pair was 1.9 £ 0.3 (n = 8 cells,
Figure 5(b)), indicating an increase in the release probability
in the second of the two stimuli applied. In Hr mice, the ratio

between the 2nd and Ist EPSP was 1.2 + 0.2 (Figure 5(b),n = 6
cells) showing a significant reduction (T test P < 0.001).

If the neurotransmission is increased the paired-pulse
ratio (PPR, i.e., the ratio between the 2nd and 1st EPSP in a
pair) should decrease in the 2nd peak for the lower availability
of neurotransmitter vesicle [28] and/or for the postsynaptic
receptor desensitization [29].

A decrease in paired-pulse ratio, a decrease in failure
rate, and an increase in EPSCs amplitude are concordant
data indicating an increase in neurotransmission between
mossy fiber and CA3 hippocampal neuron probably due to an
increase in neurotransmitter release from mossy fiber axon.

4. Discussion

Our in vivo data concordantly demonstrate that wild-type
mice supplemented with H. erinaceus increased their explo-
ration of novel stimuli. It has been recognized that several
parameters of a task need to be recorded to support the
validity and interpretation of the data of a behavioural
experiment [30]. In our emergence test, the decreased latency
of the first exit, the increase in the frequency of complete exits,
and the longer duration of exploring time offer convergent
evidences of increased novelty-seeking behaviour.
Recognition memory, a form of declarative memory, can
generally be defined as the ability to discriminate the novelty
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or familiarity of previous experiences by identifying when
something (e.g., an object or an environment) has already
been encountered. The results of the NOR task indicate that
the Hr mice spent more time approaching the novel object
than the familiar object; the decreased latency of the first
approach and the increase in the frequency of approaches,
combined with the longer duration of approaches, further
support a state of increased novelty exploration behaviour.
Conversely, the NOR test revealed no differences between Hr
and dx mice in the exploration of the familiar object, indi-
cating that the increase in exploratory activity is specifically
oriented to the novel object.

The ability to cope with novelty is essential in all mammal
species [31]. Novelty-seeking has been identified as one of the
six major human personality dimensions, whereas neophobia
describes hesitancy to engage with novel objects and places
and can be considered a risk factor for anxiety disorders
[32, 33]. A low level of exploratory activity towards novelty
is interpreted as a sign of anxiety-like behaviour, whereas
a high level reflects less anxiety [34]. Furthermore, reduced
novelty-seeking and, in turn, increased neophobia can be
considered core symptoms of depression; these behaviours
are closely related to rigid evaluative patterns and reduced
coping flexibility that also characterize the depressive state
[35-38]. A recently published paper described the reduction
of depression and anxiety by 4 weeks’ intake of H. erinaceus
dietary supplementation in 30 female subjects [5].

As we did, several studies have used the novelty approach
as a measure of anxiety and the parameters measured were
the latency, the frequency, and the duration of approaches [39,
40].

When rodents explore novel objects the pathway from the
perirhinal cortex to lateral entorhinal cortex and then to the
dentate gyrus and CA3 is engaged, whereas the pathway from
the perirhinal cortex to lateral entorhinal cortex and then to
CALl is involved when familiar object s are explored [41].

Therefore, we focused our attention in this pathway, in
particular on the final projection from the dentate gyrus
(the mossy fiber tract) to the CA3 area (the pyramidal CA3
neurons).

The differential effect in Hr for novel versus familiar
objects is reflected in the network as an increased neurotrans-
mission at the mossy fiber-CA3 activity on both spontaneous
(amplitude and frequency) and evoked glutamatergic events
(amplitude).

The electrophysiological data obtained by recording in
CA3 pyramidal neurons show some substantial differences in
a number of features on both spontaneous excitatory postsy-
naptic currents (sSEPSCs) and evoked excitatory postsynaptic
currents (EPSCs) in mf-CA3 synapse in mice treated with H.
erinaceus compared to those treated with dextrin.

In Hr mice, sEPSCs recorded from mf-CA3 neurons are
increased in frequency and amplitude while a nonstatistical
change in CA3-CA3 spontaneous currents was observed. In
vivo and in vitro it was demonstrated that only a 2-5%
fraction of granule cells in the hippocampal dentate gyrus
neurons are spontaneously active and a monoquantal release
was described [42-44].

Again, in Hr mice evoked mf-CA3 EPSCs are higher in
amplitude and the frequency of the failures is lower. Fur-
thermore, in paired-pulse protocol, we revealed a decrease
in paired-pulse facilitation in EPSCs recorded in Hr mice.
All these data together are in agreement with an increase in
neurotransmitter release by the mossy fiber axons.

Adult hippocampal neurogenesis is the most interesting
of the neurogenic zones in the adult brain, because it is
involved in higher cognitive function, most notably memory
processes, and certain affective behaviour [45]. In particular,
in the dentate gyrus, adult and persistent hippocampal
neurogenesis generates new excitatory granule cells in the
dentate gyrus and contributes significantly to plasticity across
the life span.
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The hypothesis of on increased neurogenesis is in agree-
ment with our data. As extensively reported by both in
vitro and in vivo investigations [24] the newborn granule
cells (GCs) have peculiar electrophysiological properties.
Among them the most relevant one consists of a higher input
resistance [46, 47] and of a lower rheobase [48]. Both of
these parameters lower the threshold for the generation of the
action potential in the newborn compared to the mature GCs,
so increasing the neuron excitability. Consequently, a lower
threshold for the generation of the action potential increases
the likelihood that an action potential is triggered from the
newborn GCs with two major consequences: an increase in
the frequency of spontaneous events and a decrease in the
frequency of the failures in evoked currents recorded in the
postsynaptic CA3 pyramidal cells.

Moreover, while the mature GCs spontaneous firing
activity is normally characterized by a single spike, the new
born GCs deliver a burst of action potentials at high fre-
quency [48]. Consequently, due to the temporal summation,
a higher number of action potentials will provide a larger
amount of the neurotransmitter released for every event and
this will be detected as an increase in the amplitude of the
excitatory spontaneous and evoked postsynaptic currents.
Briefly, even though more experiments must be performed in
future, the findings described in our investigation support the
hypothesis of an increased neurogenesis in the hippocampal
dentate gyrus as a consequence of H. erinaceus dietary
supplementation in wild-type animals.

Hippocampal neurogenesis would impact the animal
behaviour. A neurogenetic hypothesis of depression was orig-
inally formulated upon the demonstration that neurogenesis
is regulated negatively by stressful experiences and positively
by treatment with antidepressant. Since then much work
has established that newborn neurons in the dentate gyrus
are required for mediating some of the beneficial effects of
antidepressant treatment [49-51].

What might be the molecular mechanism at the base of
all those effects mediated by H. erinaceus?

Interestingly it was demonstrated that chronic intrac-
erebroventricular infusion of nerve growth factor improves
recognition memory in the rat [52] through an increase in
the expression of NGF and of its receptor, TrkA, and of the
synaptic vesicle protein, synapsin. This effect was paralleled
by an increase in cell proliferation in the dentate gyrus of NGF
treated rats. These data indicate that NGF chronic infusion
can stimulate an improvement in learning and memory that is
associated with specific cellular changes in the hippocampus,
including synaptogenesis and cell proliferation.

Opverall, our data show that H. erinaceus supplementation
for two months has influential effects on wild-type mice,
increasing glutamatergic synaptic drive novelty exploration
behaviour and recognition memory in hippocampus.

Our study on the effects in wild-type mice of H. erinaceus
oral supplementation on brain in both in vivo and in vitro
experiments yielded several key findings that we hope will
pave the way for new studies in healthy humans and bridge
the gap between the millenary Eastern medicine and our
Western medicine [53-55].
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ABSTRACT: Hericium erinaceus is an edible and medicinal mushroom with potential neuroprotective effects. The
study of H. erinaceus has attracted considerable attention during the past 10 years, particularly with regard to its
potential utility in the treatment of motor dysfunction, Alzheimer disease, and other forms of dementia. We previ-
ously determined that oral supplementation with H. erinaceus results in significant improvements in novelty-seeking
behavior and novel object recognition in mice. In this study, H. erinaceus was added to the diets of wild-type mice for
2 months, and effects on spatial memory were evaluated by means of a Y maze and an object location task. We found
that H. erinaceus increased general locomotor activity but had no effect on spatial memory. Thus, oral supplementa-
tion with H. erinaceus yields specific and selective improvements in recognition memory without altering spatial
working memory, which supports the hypothesis that recognition memory can be modeled as a dual process. In this
model, the perirhinal cortex supports the recognition of individual items as part of a circuit involved in familiarity
with an encountered stimulus, whereas the hippocampus supports recollected associations and relationships between
stimuli.

KEY WORDS: dual-processes model, Hericium erinaceus, medicinal mushrooms, oral supplementation, recognition
memory, spatial working memory

ABBREVIATIONS: BDNF, brain-derived neurotrophic factor; DX, dextrin; NGF, nerve growth factor
I. INTRODUCTION

The lion’s mane medicinal mushroom, Hericium erinaceus (Bull.) Pers. (Hericiaceae, Agaricomycetes), can
grow on living or dead broadleaf trees and is used in several Asian countries as both food and herbal medi-
cine without any reported harmful effects.! H. erinaceus comprises numerous compounds with intriguing
biologic activities; these include promotion of the synthesis of nerve growth factor (NGF)? and brain-derived
neurotrophic factor (BDNF),? cytotoxic functions,* antimicrobial effects,’ and antitumor and antioxidant
activities.*? The compounds hericenones C—H'® and erinacines A—I'""'* have been isolated from the fruiting
bodies and mycelia, respectively, of H. erinaceus. Hericenone and erinacine are low molecular weight, rela-
tively lipid-soluble compounds that can cross the blood-brain barrier. These compounds have been shown to
stimulate NGF synthesis in cultured astrocytes.'>!*!> Moreover, oral administration of H. erinaceus increases
expression of NGF mRNA in the mouse hippocampus. '

NGF has been shown to exert crucial functions in the central nervous system. Results of preclinical
studies involving pathological animal models demonstrate that NGF acts on cholinergic neurons, induces
neuronal differentiation, promotes neuronal survival and regeneration, and ameliorates neurodegeneration
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and cognitive deficits.'® In mice, oral administration of H. erinaceus prevents amyloid B (25-35) pep-
tide—induced impairment of spatial short-term memory and visual recognition memory.'” Orally delivered
H. erinaceus was found to confer neuroprotection in mice in which the middle cerebral artery was
occluded.'® Furthermore, scores on a cognitive function scale improved following oral administration of
H. erinaceus to patients with mild cognitive impairment.' Thus, dietary supplementation with H. eri-
naceus has potential therapeutic benefits, particularly in the management of neurodegenerative diseases
(for a review, see Phan et al.??).

Herein we describe the effects of H. erinaceus on spatial memory in mice. The animals were tested
behaviorally by means of an object location task and a Y maze. The object location task—a variant of the
spontaneous object recognition task—enables investigation of recognition memory for the spatial location
of objects. The Y maze is a simple and automatable task that allows rapid assessment of the willingness of
rodents to explore new environments.?'** Because the behavior is not reinforced with external rewards or
punishments, this task is considered spontaneous; that is, the Y maze yields information about spontane-
ous alternation and spatial working memory. The free-running Y maze was applied in this study; it has
the advantages of avoiding excessive handling of the mice, which stresses the animals, and of providing
a measure of locomotor activity in terms of the frequency of arm entries.** Our findings of a selective
effect of H. erinaceus supplementation on these tasks suggest that this medicinal mushroom has a specific
target in the central nervous system and that recognition memory is supported by 2 functionally distinct
processes in wild-type mice.

Il. MATERIALS AND METHODS
A. Animals

Wild-type mice (strain C57BL-6J) used in this study had a mean = standard deviation body weight of
41 + 1 g and were 40 to 50 days old. Animals were bred at the Animal Facility of the University of Pavia
(Pavia, Italy) in a temperature- and humidity-controlled room. To avoid variations related to the estrous
cycle in females, only male mice were included. The mice were housed in groups of 4 or 5 and were
given water ad libitum. Twelve mice received a normal diet containing 5% dextrin (DX) for 60 days (DX
group); 19 mice received powdered H. erinaceus mixed with a normal powdered diet (~0.025 g/g body
weight, adjusted to contain 5% [w/w] of H. erinaceus) for 60 days.

B. Dietary Supplementation

A wild sample of H. erinaceus fruiting bodies was collected from a dead oak tree (Quercus sp.) in
Slovakia in 2009; MycoMedica d.o.o. (Kranjska Gora, Slovenia) isolated the strain (HER.ERIN) and
confirmed its identification through a nucleotide sequence that has been submitted to GenBank (acces-
sion no. SUB3440287). Culture was cultivated on potato dextrose agar (Difco) at 24°C in the dark;
then, after 20 days, cultures were transferred onto lignocellulosic substrates and further incubated at
24°C for 60 days. After that, fruiting bodies and fungal biomass were harvested. Fruiting bodies were
extracted in water and ethanol (1:15 [w/v] ratio). The fruiting body extract and mycelia were dried under
a vacuum (70°C and —0.9 bar). To obtain particles mostly smaller than 100 um, samples were milled
further using a UPZ Fine Impact Mill (Hosokawa Alpine Aktiengesellschaft, Augsburg, Germany). The
H. erinaceus supplement was prepared by A.V.D. Reform (Micotherapy Hericium; Noceto, Parma, Italy).
One capsule of Micotherapy Hericium contains 400 mg mycelia and 100 mg dried fruiting body extract
(50 mg polysaccharide; ratio 4:1). The polysaccharide (expressed as total a- and B-glucan content) was
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determined using a B-Glucan Assay Kit (Megazyme; Bray Co., Wicklow, Ireland); the nutrient composi-
tion of the supplement has been described previously (see Tables 1-3 in the publication by Brandalise
et al.?). All experiments were carried out according to guidelines set forth by the Ethics Committee of
Pavia University.

C. Apparatus and Procedures

For all experiments, researchers were blinded to the group assignment (DX or H. erinaceus). Motor activ-
ity was quantified by means of the SMART Video Tracking System (2Biological Instruments, Besozzo
VA, Italy) and a charge-coupled device color video camera with a phase-altering line (Sony, New York,
NY). The object location (spatial) memory test was carried out in an open box; the task does not involve
reinforcement and does not require training.

The object location task comprises 3 phases: habituation, familiarization (sample phase), and testing.
During the habituation phase, each mouse was allotted 15 minutes/day during the first 2 days to freely
explore the open-field arena in the absence of objects. The mouse was subsequently removed from the
arena and placed in a holding cage. On the third day, during the familiarization phase, each mouse was
placed in an open-field arena that contained 2 identical objects. The mouse was free to explore these
objects for 5 minutes. To prevent coercion to explore the objects, the mouse was placed against the center
of the wall opposite the objects, with its back to them. After familiarization, the mouse was placed in the
holding cage, and a 10-minute retention phase elapsed. The mouse then was returned to the same open
box containing the 2 identical objects, but 1 of these objects had been repositioned. This test phase pro-
ceeded for 5 minutes, during which approaches by the mouse with its nose were observed. An approach
was defined as the mouse’s nose moving within 2 cm of the object.

The software collected the following data from the object location task:

1. Number of approaches (the number of times either of the 2 objects was approached)

2. Total duration of approaches (the amount of time the animal spent exploring the objects)

3. Mean duration of an approach (the amount of time spent exploring the objects divided by
the number of approaches)

4. Latency of the first approach (the time elapsed between placement of the animal in the arena
and its first approach to either object)

5. Total latency between approaches (the amount of time spent between each approach to
either object)

6. Mean latency between approaches (the total latency between approaches divided by the
number of approaches)

We subsequently applied the spontaneous Y maze task. This test typically is performed to study spatial
working memory and general locomotor activity without any external reward or punishment.?* A Y-shaped
maze was constructed with 3 symmetrical grey, solid plastic arms (40 cm long, 12 cm high, 8 cm wide)
positioned at 120° angles from each other. Before each session, the maze was cleaned with 10% ethanol
to eliminate trace odors. Each session began with the mouse placed in the center of the maze. The mouse
could freely explore the 3 arms for 8 minutes.?®® In this task, an “arm entry” was defined as all 4 of the
animal’s limbs entering an arm of the maze. A “triad” was defined as a set of 3 arm entries in which each
consecutive entry was into a different arm of the maze. That is, if the arms of the Y maze are designated
A, B, and C, entry would proceed as ABC, ACB, BAC, BCA, CAB, or CBA. A failure was defined as
repeated entry into the same arm (ABA, ACA, AAB, AAC, BAB, BCB, BBC, BBC, CBC, CAC, CCB, or
CCA)."” The number of arm entries and the number of triads were measured. The percentage alternation
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was computed by dividing the number of triads by the number of possible alternations (number of entries —
2) and then multiplying by 100.
The software collected the following data from the Y maze task:

1. Frequency of arm entries (all 4 limbs entering an arm of the maze)

2. Number of triads (sets of 3 arm entries in which each consecutive entry was to a different
arm of the maze [ABC, ACB, BAC, BCA, CAB, or CBA])

3. Percentage alternation.

D. Statistical Analysis

Descriptive statistics were expressed as the mean =+ standard error of the mean. Statistical significance
was ascertained with the Student ¢ test after evaluating data on the assumption of normality by means of
the Shapiro-Wilk test. Statistical significance was defined as P < 0.05.

lll. RESULTS

Figure 1A shows a schematic drawing of the experimental protocol for the object location task.
In the DX group (control; n = 12 mice), measures when the 2 objects were positioned in a famil-
iar location compared with a novel location indicated no significant differences in the number
of approaches (13.7 £ 2 vs. 15.5 + 2.3; Fig. 1B), the total duration of approaches (28.9 £ 4.3 vs.
30.9 £ 5.4 seconds; Fig. 1C), the mean duration of an approach (2.7 = 0.6 vs. 2.6 £ 0.6 seconds;
Fig. 1D), or the latency of the first approach (7.5 + 1.9 vs. 10 + 2.6 seconds; Fig. 1E). In mice fed
H. erinaceus (n=19), comparisons of measures related to object placement (familiar vs. novel) indicated
no significant differences in the number of approaches (10 + 0.9 vs. 11.6 + 1.2; Fig. 1B), the total duration
of approaches (18.9 2.5 vs. 19.6 + 2.5 seconds; Fig. 1C), the mean duration of an approach (2.2 + 0.4 vs.
1.8 £ 0.2 seconds; Fig. 1D), or the latency of the first approach (8.8 +2.1 vs. 12.5 + 2.1 seconds; Fig. 1E).
Thus, when a familiar object was repositioned, mice fed H. erinaceus behaved like mice in the DX group
with regard to the metrics evaluated. In a comparison of the DX and H. erinaceus groups, the total latency
(240.1 + 8.8 vs. 261.5 £ 4.7 seconds; Fig. 1F) and the mean latency between approaches (11.3 + 2.1
vs. 13.6 + 1 seconds; Fig. 1G) were similar (Fig. 1). Dietary supplementation with H. erinaceus in wild-type
mice does not affect exploration of familiar and repositioned objects; hence, H. erinaceus supplementation
has no effect on spatial memory tasks.

In the Y maze test of spontancous alternation (Fig. 2A), we measured the number of total entries into
arms of the maze, the number of alternation triads, and the alternation triad percentage in mice given
DX (control; n = 12) or H. erinaceus (n = 19). As shown in Fig. 2, mice fed H. erinaceus performed a
significantly greater number of spontaneous entries and alternation triads. The number of entries into
the maze arms was 50.1 = 5.5 for the DX group and 63.7 + 3.7 for the H. erinaceus group—a 27.4%
increase with H. erinaceus treatment (P < 0.04; Fig. 2B). The number of alternation triads was 27.3 £
3.5 for the DX group and 34.1 £ 1.8 for the H. erinaceus group—a 24.9% increase with H. erinaceus
treatment (P < 0.05; Fig. 2C). By dividing the number of triads by the number of possible alternations
(number of entries — 2), we determined the percentage alternation (Fig. 2D). This value was similar for
the 2 groups: 55.4% + 3.5% for the DX-treated mice and 56.2% + 1.9% for the H. erinaceus—fed mice.
Taken together, our data reveal that although spatial working memory did not improve—as indicated
by the percentage of alternations—we noted an increase in spontaneous crosses in maze arms in the
H. erinaceus group compared with the controls.
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FIG. 1: Results of the object location task (a 5-minute session) for the dextrin group (n = 12) and the Hericium eri-
naceus supplementation group (n = 19). (A) Schematic drawing of the experimental setting and procedure. (B-F)
The histograms depict the number of times the mouse approached familiar and novel objects (B), the total duration
of approaches (C), the mean duration of an approach (D), the latency of the first approach (E), the total latency (F),
and the mean latency between approaches (G).
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FIG. 2: Results of the Y maze test (an 8-minute session) for the dextrin group (n = 12) and the Hericium erinaceus
supplementation group (n = 19). (A) Schematic drawing of the experimental setting and procedure. (B-D) The
histograms depict the total number of arm entries (B), the number of alternation triads (C), and the alternation per-
centage (D). Results are presented as the mean + standard error of the mean. *P < 0.05.

IV. DISCUSSION

H. erinaceus has attracted considerable attention owing to its putative neuroprotective role in neurode-
generative diseases such as dementia and motor dysfunction. Hericenone and erinacine are compounds
isolated from the fruiting bodies and mycelia, respectively, of H. erinaceus. These compounds are able
to traverse the blood-brain barrier and stimulate NGF synthesis in cultured astrocytes'>! and in the hip-
pocampus of mice after oral administration.'> We previously determined that oral supplementation with
H. erinaceus induces significant improvements in novelty-seeking behavior and recognition memory in
wild-type mice compared with controls.”> Moreover, H. erinaceus increases spontaneous and evoked
glutamatergic synaptic currents in CA3 hippocampal pyramidal cells of these mice.?

Recognition memory is a form of declarative memory whereby memories can be consciously recalled.
Recognition memory can be defined as the process of identifying when something (e.g., an object, a per-
son, or an environment) has been encountered previously. Researchers have long been interested in the
mechanisms underlying recognition memory. Current consensus agrees that 2 distinct cognitive processes,
recollection and familiarity, contribute to performance on recognition memory tests.?? However, it remains
debatable whether recollection and familiarity reflect anatomically and functionally distinct, dissociable
memory processes (i.e., the dual-process model) or whether these processes constitute a single expression
of memory traces of different strengths in the context of a unitary declarative memory system (i.e., the
unitary strength model).”' Answering this question is key to understanding recognition memory function.
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Some researchers maintain that 2 functionally distinct processes support recognition memory and that
these are mediated by different structures in the medial temporal lobe: the parahippocampal region and,
in particular, the perirhinal and entorhinal cortices. These structures are thought to contribute to a circuit
involved in familiarity with and recognition of individual items that yields a feeling of “knowing.””**** In
this theoretical framework, the hippocampus supports recollected associations and relations among stimuli
to produce a feeling of “remembering” (for a review, see Ameen-Ali et al.*?). Results of studies involving
human patients with amnesia and hippocampal damage have provided useful insight in this debate; some
investigators observed selective impairment of recollection with spared familiarity processing,?’ thereby
offering support to the dual-process model.**

Findings from animal studies in which lesions were induced and tests of spontaneous novel object
recognition and object location were performed have enhanced our understanding of the anatomic basis
for recognition memory. The perirhinal cortex is critical to successful performance on tests of novel object
recognition,’**’ whereas lesions in the hippocampus or fornix have no detrimental effect on novel object
recognition.’**” Conversely, rats with lesions of the dorsal hippocampus exhibit poor functioning in tests
of object location, but lesions of the perirhinal cortex do not interfere with the ability to locate objects.’’

To explore the role of H. erinaceus in recognition memory, we evaluated the effect of 2 months of
oral administration of this medicinal mushroom in wild-type mice. We applied 2 spontaneous behavioral
tests: the object location test and the Y maze test. Object location tasks involve multiple items and con-
textual associations. The Y maze reflects spatial memory functioning and the capacity to enter an arm of
the maze that had not been entered immediately previously.

We determined that H. erinaceus did not affect object location function. Results of all parameters
(i.e., number, total duration, and mean duration of approaches, and latency of the first approach) were
similar for the DX and H. erinaceus groups, suggesting that oral H. erinaceus has no effect on spatial
working memory in wild-type mice. Findings from the Y maze test indicated that the percentage alterna-
tion, a measure of performance in choosing different maze arms at each inspection, was unchanged with
H. erinaceus supplementation, whereas general locomotor activity—ascertained as the total number
of arm entries—was increased with H. erinaceus treatment. Hence, we determined that H. erinaceus
imposes no seemingly hippocampus-dependent effects on object location and Y maze tasks. However,
parahippocampus-dependent, recognition memory—based functioning, assessed in terms of performance
on novel object recognition and emergence tasks, was enhanced by H. erinaceus supplementation. These
findings support the hypothesis that H. erinaceus has a selective role in increasing parahippocampus-
dependent cognitive performance (Fig. 3A). Anatomical/functional evidence is strongly recommended
to strengthen our hypothesis, and we are planning experiments to study at the cellular level possible dif-
ferences in the neural network.

We previously described the effect of oral supplementation of H. erinaceus in hippocampal slices
from wild-type mice.”® Through the use of patch-clamp experiments, we observed an increase in mossy
fiber—CA3 neurotransmission on both spontaneous and evoked glutamatergic synaptic currents; this pos-
sibly was caused by an increase in the release of neurotransmitter from granule cells. We speculate that this
finding might entail an increase in the upstream network of the entorhinal cortex that later is transmitted to
the hippocampus via the perforant pathway (Fig. 3B). Our in vivo results could be strengthened by means
of patch-clamp experiments that compare parahippocampal slices from the H. erinaceus—supplemented
group with slices from the DX group. In particular, neurotransmission in the perirhinal and entorhinal
cortices could be recorded to verify potential differences in neurotransmission activity in the upstream
hippocampal network.

The effects of H. erinaceus supplementation in wild-type animals strongly suggest that recognition
memory is a dual process that involves distinct behavioral mechanisms and/or different anatomic structures.
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DUAL-PROCESS MODEL

| DECLARATIVE MEMORY |
| RECOGNITION MEMORY |
SPATIAL MEMORY:
FAMILIARITY AND RECOGNITION ITEM RECOLLECTED ASSOCIATIONS AND
KNOWING” RELATIONSHIPS AMONG STIMULI
|‘ "REMEMBERING”
PARAHIPPOCAMPAL-DEPENDENT | , | HIPPOCAMPAL-DEPENDENT
=
CA;:»\i ) oA\
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FIG. 3: Schematic drawing of the effects of Hericium erinaceus on recognition memory and the hippocampal
network. According to the dual-process model, recognition memory can be divided in 2 processes: familiarity and
recognition items, and recollected associations and relations among stimuli. The first process is described as a feel-
ing of “knowing”; this process is dependent on the functioning of the parahippocampus and can be evaluated by
means of the novel object recognition (NOR) test. The second component of the dual-process model is described
as a feeling of “remembering.” This process can be examined with the object location (OL) test and is dependent
on the hippocampus. Oral supplementation of wild-type mice with Hericium erinaceus (HR) had no effect on
hippocampus-dependent spatial memory (i.c., object location) but improved parahippocampus-dependent cogni-
tive performance (i.e., novel object recognition).'® The entorhinal cortex (EC) in the parahippocampal gyrus is
connected by the perforant pathway to the dentate gyrus (DG), which contains granule cells. These cells give rise to
mossy fibers, which contact CA3 pyramidal neurons. Oral administration of HR yields enhanced mossy fiber—CA3
hippocampal neurotransmission.

Furthermore, H. erinaceus supplementation exercises a selective effect, determining recollection memory
with spared familiarity processing.

V. CONCLUSIONS

Hippocampal functioning is not directly involved in the improvement of cognitive performance observed
in H. erinaceus—fed mice. Our findings lend support to the hypothesis that recognition memory involves
dual processes. Specifically, the perirhinal cortical region supports recognition of individual items in a
circuit associated with familiarity toward an encountered stimulus. Concomitantly, the hippocampus
supports recollected associations and relations between stimuli (for a review, see Ameen-Ali et al.*?).
Dietary supplementation with H. erinaceus specifically targets parahippocampal structures, increasing
glutamatergic synaptic drive in the hippocampus. This effect is reflected through increased novelty-seeking
animal behavior and in the “knowing” component of recognition memory.
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Abstract: Frailty is a geriatric syndrome associated with both locomotor and cognitive decline,
implicated in both poor quality of life and negative health outcomes. One central question
surrounding frailty is whether phenotypic frailty is associated with the cognitive impairment during
aging. Using spontaneous behavioral tests and by studying the dynamic change during aging, we
demonstrated that the two form of vulnerability, locomotor and recognition memory decline,
develop in parallel and therefore, integration of the motoric and cognitive evaluations are
imperative. We developed an integrated frailty index based on both phenotypic and recognition
memory performances. Hericium erinaceus (H. erinaceus) is a medicinal mushroom that improves
recognition memory in mice. By using HPLC-UV-ESI/MS analyses we obtained standardized
amounts of erinacine A and hericenones C and D in H. erinaceus extracts, that were tested in our
animal model of physiological aging. Two-month oral supplementation with H. erinaceus reversed
the age-decline of recognition memory. Proliferating cell nuclear antigen (PCNA) and doublecortin
(DCX) immunohistochemistry in the hippocampus and cerebellum in treated mice supported a
positive effect of an H. erinaceus on neurogenesis in frail mice.

Keywords: aging; phenotypic frailty; cognitive decline; Hericium erinaceus; erinacines; hericenones;
medicinal mushrooms supplementation; neurogenesis
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1. Introduction

Recent reports on the European population suggest that by 2060, 30% of Europeans will be over
the age of 65. Frailty is a geriatric syndrome associated with poor quality of life and negative health
outcomes, such as acute illness, falls, hospitalization, disability, dependency, and mortality, adjusted
for comorbidities [1,2,3], in the absence of recognized disabilities or organ-specific diseases. Health
declines in frailty are accelerated and accompanied by the failure of homeostatic mechanisms [4,5].

Fried defined phenotypic frailty as an aging-associated phenotype expressing at least three of
the following symptoms: weakness, weight loss, slow walking speed, fatigue, and a low level of
physical activity [1]. Most older people gradually become frail and oscillations between non-frail,
pre-frail, and frail are not uncommon [6]. Cognitive impairment is a decline of cognitive functions
such as remembering, reasoning, and planning, ranging from mild forms of forgetfulness to severe
dementia. Cognition-impaired frailty in human studies was associated with global cognition and
perceptual speed, but not with episodic memory [7]. Quality of life in the elderly is particularly
affected by impairments in the functioning of the memory system [8]. In order to evaluate the
inclusion of cognitive performances in frailty clinical diagnosis [9], it is necessary to first determine
whether phenotypic frailty is associated with cognitive impairment [10].

Several epidemiological studies have reported that higher levels of phenotypic frailty increases
the risk of cognitive impairment and dementia [11,12,13], and that higher levels of cognitive
impairment or dementia increase the risk of phenotypic frailty [14,15,16]. This suggests that frailty
may be an early indicator for subsequent cognitive decline. Understanding the mechanisms by which
phenotypic frailty is linked to cognitive impairment has implications for the management of those
susceptible for both phenotypic frailty and cognitive impairment.

Hericium erinaceus (H. erinaceus) is found in Europe, Asia, North America, Oceania, and generally
throughout the north temperate latitudes. In Italy, it is considered quite rare; it occurs along the
Apennines mountain chain, near Sicily and Sardinia, while in the North only few sporadic sightings
have been reported.

H. erinaceus is an edible mushroom widely used as herbal medicine, in all areas mentioned above
and in a few East Asian countries. Since 1990, studies on H. erinaceus secondary metabolites reported
several (about 70) structurally related terpenoids, such as erinacines, hericenones, hericerins,
hericenes, hericenols, and erinacerins [17,18,19].

All of the above-mentioned molecules, except erinacines, share a geranyl side chain bonded to a
resorcinol framework; that is, they are aromatic compounds containing the 6-alkyl-24-
dihydroxybenzoic acid unit also known as (3-resorcylate [20]. Erinacines are classified as cyathane-
type diterpenoids, including 20 members of 24 different diterpenoids in H. erinaceus [18]. The
standardization of dietary supplements from medicinal mushroom:s is still in its early stages, because
proper standards and protocols are lost and cannot guarantee product quality [21,22].

Existing data have suggested that there is a neuroprotective effect of dietary supplementation
with H. erinaceus in mice subjected to middle cerebral artery occlusion [23]. Furthermore, H. erinaceus
provided a partial recovery of intellectual function of patients with a mild cognitive impairment or
against other forms of neurodegenerative diseases, including dementia and Alzheimer’s [24,25,26]. It
has been shown that erinacines A-I and hericenones C-H are responsible for the neuroprotective
effects of stimulating Nerve Growth Factor (NGF) [27,28] and of brain derived neurotrophic factor
(BDNF) synthesis in vitro [29,30]. A possible role of polysaccharides in neuroprotection has been
suggested as well [25,27,31]. Additionally, the effects of H. erinaceus on recognition memory and on
hippocampal mossy fiber-CA3 neurotransmission in wild-type middle-aged mice was recently
published [32,33]. Among the neurogenic zones, hippocampus is the most interesting area in the
adult brain, because it is involved in higher cognitive function, such as memory processes and certain
affective behaviors. In particular adult and persistent hippocampal neurogenesis generates new
excitatory neurons in the dentate gyrus and contributes in a significant way to plasticity across the
life span [34].

In the current report, we have created a frailty index for locomotor and recognition memory
performance and we examined the relationship between them in aging, wild-type mice. Furthermore,
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we observed the effect of an H. erinaceus supplement (Hel) containing a known amount of Erinacine
A, Hericenone C, and Hericenone D on frailty. Moreover, we assessed the Hel effect on hippocampal
and cerebellum neurogenesis in frailty animals, by investigating specific protein markers
representative of cell proliferation activity and newborn neurons occurrence.

2. Materials and Methods

2.1. Animals

Fifteen wild-type male mice (strain C57BL-6]), starting at 11 months old, were maintained in
single cages in the Animal Care Facility at University of Pavia on a 12-h light/dark cycle. Water and
food were provided ad libitum. All experiments were carried out in accordance with the guidelines
laid out by the institution’s animal welfare committee, the Ethics Committee of Pavia University
(Ministry of Health, License number 774/2016-PR).

In vivo experiments were performed at six different experimental times (Figure 1), between 11
and 23.5 months old.
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Figure 1. Comparative age between men and mice during their life span and the chosen experimental
times (modified by Dutta and Sengupta, 2016).

Seven out of fifteen mice, starting from 21.5 months old, received for two months a drink made
by a mixture of Hel mycelium and sporophore as ethanol extracts solubilized in water, in such a way
that every mouse received 1 mg of supplement per day. This amount was chosen to mimic the oral
supplementation in humans (about 1g/day). Daily consumption of water and supplements was
monitored for each mouse.

At each experimental time, mice were weighed; no statistically significant change was recorded
either during aging or between the Hel and control groups.

2.2. Apparatus and Procedures

We performed a spontaneous behavioral test to study locomotor activity and recognition
memory in mice. For all experiments, researchers were blinded to the group assignment (control and
Hel). Mice activity was quantified by SMART video tracking system with a selected sampling time
of 40 ms/point (2 Biological Instruments, Besozzo, Varese, Italy) and Sony CCD color video camera
(PAL). All mice, at different times from TO until T5, performed two spontaneous tests, Emergence
and Novel Object Recognition (NOR) tasks. Emergence and NOR tasks are used to assess recognition
memory for the environment and the object, respectively.

2.2.1. Emergence Test

We carried out emergence tests in accordance with procedures described by Brandalise et al.,
2017 [32]. In the emergence test, we measured total distance and resting time covered in the familiar
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compartment as locomotor parameters, while we measured the number of exits, latency of first exit,
and the time of exploration outside as cognitive indicators (Table 1).

Table 1. selected parameters to measure locomotor and cognitive performances in each task. DI =
discrimination index between novel/repositioned and familiar object. NOR = novel object recognition.

Test Locomotor Parameters Cognitive Parameters
Exit Number (1)

Resting Time In (s)

Emergence . Latency of First Exit (s)
Total Dist I
otal Distance In (cm) Time of Exploration (s)
(Open Arena)
Resting Time (s)
Number of A hes: DI
NOR Total Distance (cm) }lﬂeef) fo A pﬁ)rfca;e;sm
Max Speed (cm/s) pp )
Mean Speed (cm/s)

2.2.2. Novel Object Recognition Task

We carried out novel object recognition tasks in accordance with procedures described by
Brandalise et al., 2017 [32], consisting of three primary phases: open arena, familiarization, and test.
To assess locomotor activity, mice were observed for 15 min while freely exploring the open-field
arena in the absence of objects. Locomotor parameters of mean speed, maximum speed, resting time,
and the total distance covered in the arena (Table 1) were all considered. During test phase, we
measured the number of approaches and the time of approaches to the familiar and the novel objects
as cognitive parameters (Table 1). To evaluate the discrimination between novel and familiar objects,
we calculated the Mean Novelty Discrimination Index (DI) by using the following formula (1) [35],

DI = (n—f)/(n+f) (1)

where n is the average time or number of approaches to the novel object and f is the average

time or number of approaches to the familiar one (Table 1). This index ranges from -1 to 1, where -1

means complete preference for the familiar object, 0 means no preference, and 1 means complete
preference for the novel object.

2.3. The Frailty Index

A variant of Parks’s methodology [36,37] was used to calculate the Frailty Index (FI). In Parks’s
procedure for creating the FI, a graded scale was calculated as follows: values that were 1 standard
deviation (SD) above or below the mean reference value were given a frailty value of 0.25; values that
differed by 2 SD were scored as 0.5; values that differed by 3 SD were given a value of 0.75, and values
that were more than 4 SD above or below the mean received a frailty value of 1. Parameters that
differed from TO reference values by less than 1 SD received a score of 0.

Park’s procedure, as described above, was changed in order to obtain more accurate values
during aging. The mean value and the standard deviation (SD) for each of the parameters were
calculated at TO. The values obtained in each mouse at different times, from T0 to T5, were compared
to the mean value at T0, by using the following formula (2):

FI = ((Value-Mean Value at T0))/(SD at T0)*0.25 (2)

This procedure was applied for both Locomotor FI and Cognitive FI. Finally, to obtain LAC
(Locomotor And Cognitive) FI we averaged the Locomotor and Cognitive FIs.

2.4. H. erinaceus

The Hel (strain 1 of H. erinaceus) was isolated from a basidioma collected in 2013 in Siena
province (Region Tuscany, Italy) from a live specimen of Quercus ilex [38]. The basidioma was
aseptically cut in small portions (about 1 mm?3) that were placed into Petri dishes with 2% malt extract
agar as a culture medium (MEA, Biokar Diagnostics). Chloranphenicol at 50 ppm was added in this
first step. Incubation was performed at 24 °C in complete darkness. The strain was maintained in the
Italian Culture Collection of Pavia University (MicUNIPV).
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2.4.1. Extraction Procedures

Lyophilized mycelium and sporophores of Hel were extracted in 70% ethanol, per the procedure
described by Gerbec et al. [39]. In details, one gram of dry substrate was blended with 10 mL of 70%
ethanol and left in the thermostat overnight at 50°C. Before withdrawing, the material was stirred for
one hour and was centrifuged at 4000 rpm for three minutes. The supernatant was stored at -20°C.

2.4.2. HPLC-UV-ESI/MS Method

HPLC-UV-ESI/MS analyses were carried out on a Thermo Scientific LCQ FLEET system,
equipped with a PAD-UV detector working at 254 nm (Thermo Scientific®, San Jose, CA, USA). The
chromatographic separation was performed using an Ascentis Express F5 HPLC column (150 x 3.0
mm, 2.7 um particle size Sigma Aldrich, Milan, Italy) maintained at 40 °C, with a flow rate of 0.3
mL/min and an injection volume of 20 pL. The following gradient method was utilized with water
containing 0.1% formic acid (solvent A) and acetonitrile (solvent B): 0-9 min (30-50% B), 9-27 min
(50-60% B), 27-54 min (60-100% B), 54-69 min (100-30% B), and 69-75 min (30% B); all solvents are
from Sigma Aldrich, Milan, Italy. The HPLC system was interfaced to the ion trap mass spectrometer
with an Electro Spray lonization (ESI) ion source. The compounds were analyzed under positive
(ESI+) ion conditions. The ion spray and capillary voltage were set at 5kV and 10V, respectively, in
positive ion mode. The capillary temperature was 400 °C. The acquisition was performed both in Full
Scan mode (mass range 200-2000 Da) and MS/MS Dependent Scan mode. The data station utilized
the Xcalibur MS Software Version 2.1 (Thermo Scientific®, San Jose, CA, USA).

Erinacine A and hericenones C and D were used as standards [40,41]. Stock solutions (1 mg/mL)
of erinacine A and hericenones C and D were prepared in 70% ethanol. Standard solutions with the
final concentration range of 1-25 ug/mL for erinacine A and 20-100 pg/mL for hericenones C and D
were prepared. Linear least-square regression analysis for the calibration curves showed correlation
coefficients of 0.9968, 0.9945, and 0.9951, respectively, for erinacine A, hericenones C, and hericenones
D with respect to the peak area, demonstrating a good linear relationship in the different ranges
tested. Each concentration was analyzed in triplicate.

2.5. Tissue Sampling: Hippocampal and Cerebellar Specimens Preparation

Mice were anesthetized by isoflurane inhalation (Aldrich, Milwaukee, WI, USA) before
decapitation.

The brain and cerebellum were immediately excised as previously described [42], washed in
0.9% NaCl, and fixed by immersion for 48 h at room temperature in Carnoy’s solution (6 absolute
ethanol/3 chloroform/1 acetic acid). The tissues were then kept in absolute ethanol for one hour,
followed by acetone for 50 min, and finally embedded in Paraplast X-TRA (Sigma Aldrich, Milan,
Italy). Eight micron-thick sections, collected on silane-coated slides, of brain and cerebellar vermis
were cut in the sagittal plane.

2.6. Immunohistochemistry: Fluorescence Microscopy Assessment and Quantification of Cell Proliferation
and Neurogenesis

To avoid possible staining differences due to small changes in the procedure, the
immunoreactions were carried out simultaneously on slides from controls and treated animals.
Paraffin-embedded sections were deparaffinized in xylene, rehydrated through a series of graded
alcohol treatments and rinsed in phosphate-buffered saline (PBS, Sigma).

PCNA (PC10), a 37 kDa molecular weight protein also known as cyclin, was employed as marker
of cell proliferation. In particular, in cells fixed with organic solvents, the PCNA was demonstrated
to be strongly associated in the nuclear regions where DNA synthesis is occurring [43]. DCX is
considered a marker for neuronal precursors and migrating neuroblasts during neurogenesis
recovery [44]. The presence and distribution of PCNA and DCX was assessed using commercial
antibodies on murine specimens, focusing on the hippocampus and cerebellum. Brain and cerebellar
sections of control and Hel mice were incubated overnight at room temperature with the primary
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antibody: (i) mouse monoclonal antibody against PCNA (1:600, Abcam, Cambridge, MA, USA), and
(ii) goat polyclonal antibody against DCX (1:100, Santa Cruz Biotechnology, Santa Cruz, CA, USA).
After washing in phosphate buffer saline (PBS), sections were incubated for one hour with the
secondary antibody: (i) Alexa Fluor 488-conjugated anti-mouse (1:100, Molecular Probes, Space,
Milano, Italy) and (ii) Alexa Fluor 594-conjugated anti-goat (1:100, Molecular Probes, Space, Milano,
Italy),in a dark, moist chamber. Then the nuclei were counterstained for 10 min with 0.1 pg/mL
Hoechst 33258 (Sigma Aldrich, Milan, Italy). After PBS washing, coverslips were mounted in a drop
of Mowiol (Calbiochem, San Diego, CA, USA).

Sections were observed by fluorescence microscopy with an Olympus BX51 equipped with a
100- W mercury lamp used under the following conditions: 330-385 nm excitation filter (excf), 400
nm dichroic mirror (dm), and 420 nm barrier filter (bf) for Hoechst 33258; 450480 nm excf, 500 nm
dm, and 515 nm bf for the fluorescence of Alexa 488; 540 nm excf, 580 nm dm, and 620 nm bf for
Alexa 594. Images were recorded with an Olympus MagnaFire cam and processed with the Olympus
Cell F software.

Immunofluorescence quantification was performed by calculating the percentage of PCNA or
DCX immunocytochemically positive nuclei or cytoplasm of nervous cells (from the hippocampus
and cerebellum) of a total number (about 300) for each animal and experimental condition, in a
minimum of 10 randomly selected high-power microscopic fields.

2.7. Statistics

Data are reported as mean * standard error of the mean (SEM). We performed Bartlett and
Shapiro Wilk Tests to establish and confirm the normality of parameters. To verify statistically
significant differences, we used a one-way Anova for repeated measures of the aging of mice and a
two-way Anova for the effect of H. erinaceus supplementation. The statistical analysis for
immunofluorescence was carried out using an Unpaired Student’s t-test. The differences are
considered statistically significant for p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).
Statistical analyses were performed with GraphPad Prism 7.0 software (GraphPad Software Inc., La
Jolla, CA, USA).

3. Results

3.1. Locomotor and Recognition Memory during Physiological Aging

We first investigated locomotor performance and recognition memory during physiological
aging in healthy mice (1 = 15) using different spontaneous behavioral tests. Novelty recognition
memory for a new environment and for novel objects was tested by way of emergence and NOR
tasks, respectively.

We carried out behavioral spontaneous tests in mice at 11 (T0), 14 (T1), 17 (T2), 20 (T3), 21.5 (T4),
and 23.5 (T5) months old. For the reader to understand the practical application of these tests, a
comparison of the different developmental stages between humans and mice during their life span,
according to Dutta and Sengupta is outlined in Figure 1 [45]. To monitor the physiological aging in
mice, we choose six experimental times: TO and T1 corresponding to adulthood phase, T2 to
reproductive senescence, and T3, T4, and T5 to senescence phase.

Figure 2A shows the locomotor parameters measured in the open arena during aging. Total
distance and resting time decreased from TO to T1, stabilizing at T3. Mean speed in the open arena
changed at T2 and then worsened with the aging. Maximum speed worsened later, in senescence
phases T4 and T5.

Figures 2B and 2C show the cognitive parameters measured in emergence and in NOR,
respectively. In the emergence test latency to the first exit, the exit number and the exploring time
worsened from TO to T1 and then remained relatively stable, whereas the latency to the first exit
worsening again in the senescence phase. In the NOR test, the time of approach and the number of
approaches decreased in T2 and even more in senescence phase.
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Figure 2. Locomotor and cognitive parameters during aging. (A) Locomotor parameters: total
distance, resting time, mean speed, and max speed measured in open arena during aging. (B)
cognitive parameters: latency to first exit, exit number, and exploring time measured in emergence,
and (C) cognitive parameters: discrimination index (DI) of the time of approaches and of the number
of approaches measured in NOR test. Statistical results were performed by Anova for repeated
measures: * vs TO0, # vs T1, $ vs T2, and £ vs T3. For all symbols reported p <0.05 (*, #, $, £), p <0.01 (**,
##, $$, ££), p <0.001 (***, ###, $$$, £££).

3.1.1. Locomotor Frailty Index
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We calculated the Locomotor Frailty Index (FI) for each of the parameters reported in Table 1,
then averaged the values for each experimental time. Figure 3, Panel A shows the Locomotor FIs from
TO to T5 and the linear least-square regression analysis, with R? = 0.8912. Results from a one-way
ANOVA are reported in Figure 3. These results suggest that during physiological aging, locomotor
performances decline linearly from the adulthood to the senescence stage.

The slope obtained by the linear least-square regression analysis (slope value = 0.1044) indicated
that for every three months passed, locomotor activity decreased by about 35.43%, yielding a
significantly different Locomotor FI value from the previous one each time.
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Figure 3. Locomotor, cognitive, and LAC (locomotor and cognitive) decline during physiological
aging in mice. Locomotor (panel (A)), cognitive (panel (B)), and LAC (panel (C)) Frailty Index during
physiological aging in mice. Linear regressions of experimental points and statistical results were
reported. p <0.05 (¥), p <0.01 (**), p <0.001 (***).

3.1.2. Cognitive Frailty Index

Novelty recognition memory was evaluated, resulting in a calculation of the Cognitive Frailty
Index (FI) during aging (Figure 3B). Cognitive FI was calculated using a linear least-square regression
analysis, with R? = 0.8077. Results from a one-way ANOVA are reported in Figure 3.
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The slope obtained by the linear least-square regression analysis (slope value = 0.0825) indicated
that for every 3 months passed, recognition memory declined by about 26.04%, yielding a
significantly different Cognitive FI value the previous one each time.

3.1.3. Cognitive Frailty Index

In order to evaluate a global trend of both phenotypic and cognitive decline in physiological
aging, we calculated the Locomotor and Cognitive FI (LAC frailty index) by averaging all frailty
indices obtained prior to evaluating the locomotor and cognitive performances during aging (Figure
3C). The LAC FI significantly increased from TO to T5. Similarly, as previously described for
Locomotor FI and Cognitive FI, the LAC FI values follow a linear trend (R? = 0.8847) (Figure 3C). The
slope obtained by the linear least-square regression analysis (slope value = 0.0934) indicated that for
every 3 months passed, the frailty of the mouse increased by about 30.7%.

3.2. Identification and Quantification of Erinacine A, Hericenone C, and Hericenone D

In order to identify and quantify the bioactive metabolites of interest, we analyzed the mycelium
and sporophore extracts of Hel using HPLC-UV-ESI/MS. Erinacine A and hericenones C and D were
identified by comparing both retention times and ESI/MS spectra with the authentic standards.

Characteristic ions of Erinacine A in the ESI/MS spectrum (Figure 4) are sodium and potassium
adducts of a single molecule as well as a dimer (Table 2). Hericenone C and D spectra (Figure 5)
present just [M+H]+ and [M+Na]+ ions (Table 2).
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Figure 4. ESI/MS spectrum of Erinacine A. Panel (top, right) reports calibration curves and linear
regression curve for Erinacine A.
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Figure 5. ESI/MS spectra of Hericenone C and D. Panels (top, right) report calibration curves for

Hericenone C and D.

Table 2. shows the Erinacine A, Hericenones C and D molecular formula, molecular weight, chemical

structure, characteristic structure, and content in 1 g of dried Hel mycelium and sporophore.
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Erinacine A was detected using HPLC/ESI-MS. By comparing the retention time and molecular
ion or mass spectra, we confirmed the peak identification. We quantified it by comparing the peak
areas with those of the standard (Figure 6). The calibration curve was constructed by injecting
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standard mixture solutions at five concentrations (1, 5, 10, 15, and 25 ug/mL). The linear least-square
regression analysis for the calibration curve showed a correlation coefficient of r = 0.9968. The level

of Erinacine A present in mycelium of Hel calculated by the calibration curve was 150 ug/g (Table
2).
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Figure 6. MS (Mass Spectrum) traces of Hel mycelium and Erinacine A (Rt 10,57) standard. Peak area
of Erinacine A is pointed out.

The hericenones C and D chromatographic conditions produced a good resolution of adjacent
peaks. UV detection provided sufficient sensitivity for each analyte, allowing proper quantification
of both compounds by comparing the peak areas in the UV trace with those of the standards (Figure
7). Calibration curves were constructed by injecting the standard mixture solutions at four
concentrations (20, 50, 75, 100 pg/mL.). Linear least-square regression analysis for the calibration
curves showed correlation coefficients of r=0.9945 and r = 0.9951, respectively, for hericenones C and
D. The levels of hericenones C and D present in Hel basidioma, calculated by calibration curves, were
500 pg/g and less than 20 ug/g, respectively (Table 2).

("L} LR A

_-1':1&. . I\ w808 g o annd st ainy asm

Figure 7. UV (Ultra Violet) traces of Hel sporophore (top) and Hericenone C (Rt 42.57) and D (Rt
44 .34) standards (bottom). Peak areas corresponding to Hericenone C and D are pointed out.
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3.3. Hel Supplementation Improved Recognition Memory Performances during Aging

We investigated cognitive and locomotor performances after oral H. erinaceus supplementation
on frail mice. Seven mice with a T4 LAC FI score measured of more than 1.30 received a mixture of
components made by Hel mycelium and basidioma for two months until T5.

Figure 8 shows the frailty index before (T4) and after Hel supplementation (T5). Hel
supplementation improved recognition memory in mice during aging, characterized by a Cognitive
FI decrease from 1.71 + 0.21 to 0.72 + 0.22. Locomotor performances before and after He
supplementation were not significant different. Considering together locomotor and memory
performances by means of the LAC index, Hel regressed aged-related frailty, but this change in LAC
index was completely driven by the improve in memory function.

Hel supplementation

*

2 -
x 15 I
]
=]
=
z 17
.g

05

0

LOCOMOTOR COGNITIVE
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Figure 8. H. erinaceus improved recognition memory during mice aging. Value measured pre-
supplementation (pre) and post-supplementation (post) on locomotor, recognition memory, and LAC
(Locomotor And Cognitive) FL p <0.05 (*).

3.4. Hel Supplementation Improved Hippocampal and Cerebellum Proliferation and Neurogenesis

To examine the molecular mechanism involved in the Hel effect on aging mice, we performed
immunocytochemical studies on different cerebral tissues, i.e. the hippocampus and cerebellum,
testing both the proliferating the cell nuclear antigen (PCNA) and doublecortin (DCX) as specific
markers of active proliferation and neurogenesis, respectively. We performed immunocytochemistry
on Hel frail mice and on untreated (control) animals at T5.

Preliminary data seem to demonstrate that cell proliferating activity achieved the highest
expression in both brain areas in Hel mice compared to control animals. Specifically, the PCNA
nuclear immunolabelling appeared more marked in the hippocampal dentate gyrus (DG) granule
cells and in the CA3 pyramidal neurons, while the immunopositive cells (possibly granular or glial
cells) predominantly localized in the width of the outer molecular layer in the cerebellar cortex
(Figure 9A). Notably, clusters of PCN A-positive cells, possibly newborn granule cells, were observed
suggesting the occurrence of a recovered proliferation wave (Figure 9A). Accordingly, quantitative
analysis demonstrated that the PCNA labelling frequency detected in Hel treated mice (22.89% =+
6.09) reached significantly higher values compared to those measured in controls (10.80% =+ 3.09, p <
0.05) in the hippocampus. Similarly, the PCNA labelling frequency detected in Hel mice (25.60% *
6.66) reached significantly higher values compared to those measured in controls (8.19% + 4.43, p <
0.05), in the cerebellum (Figure 9B).

In Hel mice, hippocampus showed a more marked DCX labelling compared to control animals.
In particular, DCX immunolabelling appeared more intense in the dentate gyrus (DG) granule cells
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in the hippocampus (Figure 10A, panel a and b). In the cerebellar cortex the immunopositivity was
less expressed, nonetheless mainly localized in cells present in the molecular layer (Figure 10A, panel
¢ and d). Quantitative analysis showed that the DCX labelling frequency in Hel mice achieved
significantly higher values compared to those measured in control animals in hippocampus (8.45% =
3.02 vs 0.22% =+ 0.45, respectively, with p < 0.05). In the cerebellum the DCX labelling frequency
displayed a trend of increase in Hel mice but did not reached the threshold for the statistically
significant difference compared to controls (4.68 + 3.06 vs 0.26% + 0.79, respectively, with p = 0.073)
(Figure 10B). It should be noted that the DCX labelling frequency in control animals is only about
0.2% in both hippocampus and cerebellum. As the PCNA labelling identifies DNA repair as well as
duplication, and DCX positivity links to the presence of newborn neurons, the increased expression
of this cytochemical marker may be the manifestation of different biological responses involving the
recovery of cell proliferation and neurogenesis, potentially highlighting the occurrence of an upswing
phase owed to the neurobiological effects exerted by the oral supplementation with Hel.
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Figure 9. Panel (A) shows cell proliferating activity immunocytochemically detected by PCNA
(Proliferating Cell Nuclear Antigen) labelling, observed at T5 after 2 months oral supplementation
with Hel in both hippocampus and cerebellum, (a’-d” and e’-h’, respectively), compared to control
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untreated mice (CTR) (a-h). Cell proliferation was significantly enhanced in Hel mice, with the
labelling appearing more intense in the hippocampal DG granule cells and in CA3 pyramidal neurons
(a’-d’) and in cerebellar molecular layer (e’-h’), compared to controls (a-d and e-h, respectively),
predominantly localized in the DG granule cells and in CA3 pyramidal neurons, as also in the width
of the cerebellar. Objective magnification: 20 x (a, e and a’, €’); 40 x (b-d, f-h and b’-d’, f"-h’); 100 x
(insert in b-d, f-h, b’-d’, f'-h’). Panel (B) shows changes in the percentage of PCNA labelling index of
hippocampal and cerebellar cells in Hel mice. p <0.05 (¥).
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Figure 10. Panel (A) shows doublecortin (DCX) immunocytochemistry, observed at T5 after 2 months
oral supplementation with Hel in hippocampus and cerebellum (b and d), compared to control mice
(a and c). Objective magnification: 40 x (a-d); 100 x (inserts). Panel (B) shows the cell frequency
percentage of DCX labelling in the hippocampal dentate gyrus and cerebellar molecular layer in

control and Hel mice. p <0.01 (**), p = 0.07 (*).
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4. Discussion

The aim of this study was to develop an index to monitor locomotor and cognitive frailty in
aging mice in vivo and to study the effect of H. erinaceus extracts containing a known amount of
erinacines A and hericenones C and D. The mechanism of action of Hel was evaluated by
immunocytochemistry.

We developed a frailty index score (LAC FI) based both on locomotor and cognitive decline
during aging. To achieve a translational approach, we chose to monitor locomotor indicators that
compare well to phenotypic frailty indicators in humans, such as gait speed and the level of physical
activity [1]. We therefore measured the mean and maximum speed, resting time, and the total
distance covered in an open arena test.

In concordance with Fried’s phenotype model [1] and with Parks observations on activity level
[36], the current paper demonstrates that the locomotor performances of mice progressively
worsened during aging. The locomotor FI increased significantly during aging, with a linear
progression from 11 to 23.5 months. We have developed a simplified, non-invasive method to
monitor the development of frailty during mice aging, using a FI measured according to Whitehead
[37].

Researchers use often the Stenberg Item Recognition Paradigm (SIRP) to measure cognitive
impairment during aging in humans [46,47], during which a small group of items, called the positive
set, is presented for the subject to memorize. After a delay, a single item is presented that may
(familiar) or may not have (novel) been shown before and the subject is asked to answer “yes” or
“no” to indicate their recognition of the item. The NOR and the emergence test in mice assess the
same ability to recognize a familiar and a novel object [48] or a new environment. We measured exit
numbers, the latency of the first exit and the time of exploration in the emergence test and the number
and time of approaches in the NOR test [32] as cognitive parameters. We preferred to use different
parameters, as suggested by Ennaceur et al., because it has been recognized that this methodology
supports the validity and interpretation of the data of a behavioral experiment [49].

Locomotor and Cognitive Frailty Index scores were interpolated by a straight line. The slope of
the linear regression indicates that locomotor performances decreases at a steeper rate than cognitive
performances during the mouse's life span. Therefore, the data, therefore, indicate that locomotor
frailty is associated with lower performance in recognition memory. These data suggest that when
mice meet frailty criteria, they should be seen as mice at risk of cognitive decline.

Standardization, efficacy, and the mechanism of action of medicinal mushroom products is a
pressing problem [21]. Thanks to the comparison with standard measures, we have identified and
quantified erinacines A in the mycelium, and hericenones C and D in the sporophore of Hel using
the HPLC-UV-ESI/MS technique. It is worth noting that the content of 0.15 mg/g of erinacine A
present in mycelium in this Hericium strain is comparable to that reported by Krzyczkowski et al.
under the use of the most favorable combination of nutrients [50]. By monitoring the temperature
and ventilation during the processing, Chen et al. subsequently obtained the highest content of
erinacine A, suggesting a carbon-to-nitrogen ratio of 6 and a pH value of 4 may be important
parameters in promoting the biosynthesis of erinacine A [51].

Basidioma of H. erinaceus contains a considerable quantity of bioactive molecules such as
hericenones. The quantity of hericenones C and D in our sample of H. erinaceus was 0.5 mg/g and 0.02
mg/g, respectively, similar to that reported by Lee et al. in some wild-type and local varieties of H.
erinaceus strains [52].

To be able to best generalize our results to humans, we decided to use an amount of the
mycelium and basidioma extracts to mimic the supplementation used in humans. It should be noted
that in vitro and in vivo effects of erinacine A and hericenones on NGF synthesis [53], on reducing
amyloid burden [51], on reducing amyloid plaques, and on recovering from impairments in Morris
water maze tasks [54] were obtained by using a daily millimolar concentration starting from 1-until
30 mg/Kg body weight [55]. In our experimental condition, we used 100-fold lower concentration.

Using the same experimental condition, we previously described the effect of H. erinaceus on
improving recognition memory and the increase in spontaneous and evoked excitatory synaptic
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current in mossy fiber-CA3 synapses [32,33]. Similarly, Rossi et al. showed that two months of H.
erinaceus treatment increased locomotor performances in mice [33]. The current paper confirms that
Hel supplementation may increase recognition memory performance in mice during aging and may
also revert the cognitive decline in frail mice.

Hippocampal neurogenesis is pivotally involved in higher cognitive function and, new
excitatory dentate gyrus (DG) granule cells, generated by adult hippocampal neurogenesis,
contributes significantly to neural plasticity throughout the entire life duration. Our data showed in
hippocampus the recovery of cell proliferation in DG granule cells and CA3 pyramidal neurons and
the presence of progenitor cells in DG granule cells. These data are in accordance with a recent in
vivo study by Ryu et al. [56], supporting the notion that H. erinaceus extract administration promotes
hippocampal neurogenesis in the adult mouse brain.

There is, currently, a dearth of literature available on the cerebellum area. An in vitro
investigation showed the ability of H. erinaceus to promote the normal development of cerebellar
cells, demonstrating a regulatory effect on the myelin genesis process [57]. Recently, Trovato and
colleagues [58] demonstrated in vivo the neuroprotective action of H. erinaceus through the up-
regulation of lipoxin A4 and modulation of stress responsive vitagene proteins. Our data supports
the occurrence of a cell proliferation upswing in the cerebellum, as evidenced by the presence of
several PCNA-immunopositive cells, possibly granular cells. Traditionally, the adult cerebellum is
commonly considered as a “non-neurogenic” area. Nonetheless, our present results concerning
cerebellar cortex demonstrated the presence of DCX-immunopositive cells localized in the molecular
layer of Hel-treated mice, suggesting the occurrence of newborn immature nervous cells.

In accordance with our preliminary results, recent investigations hypothesized the existence of
stem cell populations within the cortex of the adult cerebellum that express stem cell markers and
that can give rise to neuronal progeny when expanded in vitro and subsequently transplanted back
into the murine cerebellum [59]. Therefore, further in-depth experiments, testing additional
molecular markers, need to be carried out to confirm these data, initially identifying the PCNA-
immunopositive proliferating cell type and then corroborating the occurrence of a “non-canonical”
cerebellar neurogenic process in adult mice.

5. Conclusions

In conclusion, we suggest that during aging, the two form of vulnerability in locomotor and
cognitive performances develop in parallel and therefore, we need to integrate motoric and cognitive
evaluations. As suggested by Lauretani et al.,, an investigation of the “brain-muscle loop” in a
simultaneous assessment of all aspects that may progressively lead to loss of independence is
imperative [60]. Furthermore, H. erinaceus is a seemingly good candidate to regress recognition
memory decline during aging, possibly through an increase in neurogenesis in the hippocampus and
cerebellum. These findings rise the possibility that H. erinaceus extracts could be a new therapeutic
strategy for preventing or treating neurodegenerative diseases such as dementia and Alzheimer’s, as
suggested by other authors [24,25,26]. Future studies should investigate the mechanisms involved in
this at a cellular level.
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4. CONCLUSIONS

The purpose of my PhD project was to deepen the knowledge about the effects of oral
supplementation of H. erinaceus on cognitive functions.

To date, only few papers have been published about the effect of Hericium supplementation in
humans central nervous system.

During my first year of PhD, | have had the opportunity to collect sporophores of genus Hericium,
such as H. alpestre, H. coralloides and H. erinaceus. These are three of the four species present in
Italy. H. erinaceus sporophore and its strain (H.e.1) were sampled and isolated respectively in 2013,
and it was available for analytical analyses since the beginning of my PhD project. Regarding to the
other species, H. coralloides (H.c.1) and H. alpestre (H.a.1) grew very slowly on cultural media so,
one of the future perspectives could be to use natural substrata such as little pieces of trunk or
smudged needles added to cultural media to improve their growth.

Chemical analyses were performed on samples in order to identify the presence of specific bioactive
molecules known from literature to be able to pass the blood-brain barrier and exert a neuroactive
effect on the central nervous system. Thanks to the collaboration with Professor H. Kawagishi of the
Shizuoka University in Japan that provided us the three standard molecules of erinacine A,
hericenone C and hericenone D, we were able to detect these molecules in our samples.

The HPLC-ESI-MS/MS was used also as an analytical screening method, because gave me a direct
feedback about the quality of samples in order to identify the best growing condition obtaining the
highest production of bioactive molecules of interest.

During my second year of PhD, | had a collaboration with Professor M. Brusoni of the University of
Pavia in order to perform molecular analysis on the Hericium strains collected in field.

Molecular data confirmed the identity of all the strains and do not reveal any difference between
strains of H. erinaceus collected in Mediterranean area and in other regions. Bayesian phylogenetic
analysis produced a phylogram that permitted good discrimination between Hericium species. It
provides an updated phylogeny within the genus Hericium and a better understanding of affinity
among the species analyzed. The main Hericium clade includes: the H. erinaceus group; the H.
alpestre [ H. coralloides group, where the two species cluster separately.

The data obtained have been published in the International Journal of Medicinal Mushrooms
(Cesaroni et al., 2019).

The experience on cultivation procedures obtained during the first PhD year allowed me to improve

the quality of the process, such as type of grains used for the production of spawn and procedures



for the sterilization (time, cycle of resting out of autoclave, weight of bags etc.). Moreover, | was
able to quantify the bioactive metabolites present in the two strains of H. erinaceus, both in mycelia
and wild-type sporophores.

During the third year of my PhD, in order to achieve the final goals, | worked to set up the cultivation
of H.erinaceus (strain H.e.2) in the greenhouse of the Botanical Garden of the University of Pavia
(Italy). Even if the value of biological efficiency was quite low (23,14 %), the data obtained allowed
us to select the best performing strain for cultivation: H.e.2 cultivated sporophore contained the
higher amount of hericenones C and D, compared to H.e.l strain. In the next future, further
experiments will be necessary in order to improve the efficiency of sporophores production.

All the data obtained by quantitative analysis of the two strains on the array of described
metabolites, allowed us to prepare a supplement with the highest amount of neuroactive molecules
as a blend made by H.e.1 mycelium and H.e.2 sporophore, that could be used in future in vivo
experiments.

Thanks to data obtained from in vivo tests (Brandalise et al., 2017 and Rossi et al., 2018), it was
possible to confirm the dual-component hypothesis of memory recognition, where (“knowledge”
and “remember”) are placed in two different brain areas, such as hippocampus and
parahippocampus. This result confirms and reinforces this new paradigm about memory in
Neuroscience and Neurobiology.

During physiological aging in mice we tuned and monitored a frailty index for both locomotor and
cognitive performances. Data displayed that locomotor frailty anticipate the cognitive decline in
recognition memory, suggesting that by monitoring locomotor performances we can intercept
cognitive decline in memory. Two months H. erinaceus oral supplementation reverted the cognitive
frailty during aging, suggesting that H.erinaceus could be a potential candidate for preventing
and/or treating neurodegenerative diseases, such as Alzheimer’s and dementia.

It should be noted that we used a translational approach with the purpose to transfer all the results
obtained in preclinical model to clinical trials on humans. For this reason, we used a blend with an
amount of mycelium and sporophore extract to mimic the dose used in humans. Furthermore, we
chose to monitor in mice locomotor parameters (mean and maximum speed, resting time and the
total distance covered in an open arena) that compared well to phenotypic frailty parameters in
humans (gait speed and the level of physical activity).

Up to now, in all the in vivo experiments it was tested a mixture of the strain H.e.1 with a

standardized amounts of erinacine A and hericenones C and D or a commercial product provided by



the AVD Reform, Parma, Italy. Since we were able to select a blend containing the two best
performing strains for the production of mycelium (H.e.1) and, in particular, for the development of
the sporophores (H.e.2), in the next experiments it will be interesting to test the effect of this
mixture.

Thanks to the interdisciplinary scientific approach followed during my PhD, | was able to draw the
guidelines for a better use and standardization of H. erinaceus dietary supplements on cognitive
functions. Starting from all stages of the production chain (strain selection, extraction, chemical
analysis, and finally pre-clinical test on animal models), it should be possible to transfer the acquired
knowledge “from bench to bedside” on humans.

| hope that my PhD project will be useful to solve at least some critical points on standardization
and creation of guidelines for dietary supplements production from medicinal mushrooms, and that

pave the way for new clinical trials on humans based on data obtained in animal models.
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