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Hericium erinaceus potentially 
rescues behavioural motor deficits 
through ERK‑CREB‑PSD95 
neuroprotective mechanisms in rat 
model of 3‑acetylpyridine‑induced 
cerebellar ataxia
pit Shan chong1,3, Sharafuddin Khairuddin1,3, Anna Chung Kwan Tse1, Lih Fhung Hiew1, 
Chun Lok Lau1, George Lim Tipoe1, Man‑Lung Fung1, Kah Hui Wong2* & Lee Wei Lim1*

Cerebellar ataxia is a neurodegenerative disorder with no definitive treatment. Although several 
studies have demonstrated the neuroprotective effects of Hericium erinaceus (H.E.), its mechanisms 
in cerebellar ataxia remain largely unknown. Here, we investigated the neuroprotective effects of 
H.E. treatment in an animal model of 3‑acetylpyridine (3‑AP)‑induced cerebellar ataxia. Animals 
administered 3‑AP injection exhibited remarkable impairments in motor coordination and balance. 
There were no significant effects of 25 mg/kg H.E. on the 3‑AP treatment group compared to the 
3‑AP saline group. Interestingly, there was also no significant difference in the 3‑AP treatment group 
compared to the non‑3‑AP control, indicating a potential rescue of motor deficits. Our results revealed 
that 25 mg/kg H.E. normalised the neuroplasticity‑related gene expression to the level of non‑3‑AP 
control. These findings were further supported by increased protein expressions of pERK1/2‑pCREB‑
PSD95 as well as neuroprotective effects on cerebellar Purkinje cells in the 3‑AP treatment group 
compared to the 3‑AP saline group. In conclusion, our findings suggest that H.E. potentially rescued 
behavioural motor deficits through the neuroprotective mechanisms of ERK‑CREB‑PSD95 in an animal 
model of 3‑AP‑induced cerebellar ataxia.

Cerebellar ataxia is a progressive neurodegenerative disorder that is characterised by degeneration of the cer-
ebellum, leading to impaired balance, motor dysfunction, and limb and gait  ataxia1,2. This disorder involves the 
altered organisation of cerebellar circuits and connectivity, and is often genetically  inherited3. Previous studies 
have demonstrated that dysfunction and degeneration of Purkinje cells in the cerebellum largely contribute to 
cerebellar  ataxia4,5. The Purkinje cell dysfunction, which involves the deficiency of  Ca2+-activated  K+ channels, 
has been shown to play a major role in locomotor abnormalities and disruption of motor coordination in an 
animal model of cerebellar  ataxia6. The inability of Purkinje cell firing serves as a potential target for improving 
motor dysfunction in ataxic subjects. Although limited complete treatments are available for some rare forms of 
ataxia with well-studied biochemical  defects1, only rehabilitative treatment is available for the majority of cases 
of ataxia. There is scant evidence to support pharmacological management as an effective treatment to improve 
cerebellar  ataxia7. Persistent training with intensive exercises focusing on balance and locomotion can slow down 
the deterioration of balance and impairment of gait in ataxic  patients8.

Antioxidants have been thoroughly tested for their efficacy to slow down the progressive deterioration in 
neurodegenerative disorders. Medicinal mushrooms comprise of an efficient antioxidant machinery due to 
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their bioactive compounds such as polyphenols, alkaloids, terpenes, polysaccharides, carotenoids and vari-
ous  enzymes9. Functional foods such as culinary and medicinal mushrooms have been suggested to improve 
cerebellar  ataxia10. In a clinical trial, four siblings aged between 34 to 50 with diagnosis of hereditary cerebellar 
ataxia were intramuscularly injected with mycelial extract of Ganoderma capense, which was shown to have 
significant effects on their functional  ability10. Hericium erinaceus (Bull.: Fr.) Pers. (H. erinaceus or H.E.), also 
commonly known as lion’s mane mushroom, monkey’s head mushroom, or Yamabushitake, has been used as 
a traditional treatments in China and Japan for thousands of  years11. Hericium erinaceus possesses numerous 
beneficial effects including anti-cancer, immunomodulatory, antihyperglycemic, anti-hypercholesterolemic, neu-
roprotective, antimicrobial, anti-neuropathic, antidepressant, antioxidant, and anti-aging  activities12–15. It has 
been widely investigated in in-vitro studies as a neurite outgrowth stimulator in neural hybrid clone NG108-15 
and rat pheochromocytoma  PC1216–18. Furthermore, H. erinaceus was found to promote the recovery of motor 
and sensory functions after crush injury, and enhanced the regeneration of peripheral  nerves19. Additionally, 
Hericium erinaceus has also been shown to improve the hippocampal-dependent recognition memory with 
enhancement of neurotransmission and neurogenesis in the hippocampus and the  cerebellum13,20. Recent in-vivo 
and clinical studies in early cognitive decline and depression suggest it has the potential to ameliorate cognitive 
and neurological  deficits21–26.

Various bioactive components of H. erinaceus have been found to induce the release of neurotrophic factors 
including brain-derived neurotrophic factor (BDNF), pro-BDNF and nerve growth factors (NGF)15,17,27–33, which 
are neurotrophic factors involved in the regulation of neuronal survival, growth, and function. Besides their 
involvement in neuroplasticity, neurotrophic compounds can also stimulate neurogenesis to rescue neuronal 
deficits even in adulthood, as well as protect neurons from  apoptosis34,35. Thus, H. erinaceus could be a suitable 
candidate for the treatment of cerebellar ataxia as it could potentially protect Purkinje cells from degeneration, 
as well as promote neuronal survival and growth. More importantly, toxicity study of subchronic oral doses of 
H. erinaceus for 90 days demonstrated no negative effects on behaviour, no adverse clinical signs, or mortal-
ity, indicating it could be a potentially safe treatment for cerebellar  ataxia36. In this study, we investigated the 
neuroprotective effects of H. erinaceus in rat model of 3-acetylpyridine (3-AP)-induced cerebellar ataxia. We 
hypothesise that H. erinaceus rescues the behavioural motor impairments and Purkinje cell deficits in rat model 
of 3-AP-induced cerebellar ataxia through specific neuroplasticity mechanisms.

Materials and methods
Subjects. Male Sprague Dawley rats (n = 38, 10 weeks old) were housed in pairs under controlled conditions 
at room temperature (25 °C to 27 °C), 60% to 65% humidity, and 12-h light/dark cycle, with food and water 
provided ad libitum. All experimental procedures and methods were performed in accordance with the relevant 
guidelines and regulations, and were approved by the Committee on the Use of Live Animals in Teaching and 
Research (CULATR), The University of Hong Kong (No. 4495–17).

extraction and nutritional composition of H. erinaceus. A standardised aqueous extract of H. eri-
naceus  (NevGro®, Batch No. 7H2308X, Ganofarm R&D Sdn Bhd, Tanjung Sepat, Selangor, Malaysia) was used 
in this experiment. The extract was prepared by boiling fresh fruiting bodies of H. erinaceus in reverse osmosis 
water for 4 h, filtered, concentrated and spray-dried. It contains 20.66% beta 1,3–1,6 glucan and 0.17% adenosine 
(Nova Laboratories Private Limited, Sepang, Selangor, Malaysia). Total glucan and α-glucan were determined by 
the β-glucan assay kit (Megazyme International, Wicklow, Ireland). Adenosine content was analysed and quanti-
fied by high-performance liquid chromatography (HPLC) using in house method (Nova Laboratories Private 
Limited, Sepang, Selangor, Malaysia)37.

Experimental design and drug administration. For the behavioural baseline assessments, animals 
were subjected to accelerated rotarod tests on day − 3 and day − 2. Animals were then injected with either 40 mg/
kg 3-Acetylpyridine (3-AP; Sigma-Aldrich, Missouri, USA) or saline (0.9% NaCl) on day − 2. After 2 days of 
3-AP treatment, all animals were again tested using the accelerated rotarod test. On day 1, the 3-AP-injected 
animals were administered aqueous extract of H. erinaceus intraperitoneally at doses of 10 mg/kg and 25 mg/
kg. The control non-3-AP-treated animals and 3-AP-injected animals were both injected with saline. The behav-
ioural battery included accelerated rotarod test, which assesses motor coordination, conducted on days − 3, − 2, 
1, 7, 14, and 21; and the rod test, which measures balance and grip strength, conducted on days 15, and 22 
(Fig. 1A).

Behavioural tests. Accelerated Rotarod Test: The test was performed as previously  described38. Briefly, a 
rat was placed each of four rods (7 cm lane width) in the Rotarod apparatus (Panlab-Harvard Apparatus, Mas-
sachusetts, USA). After four rats were placed into the apparatus, the acceleration program was started, which 
increased the rotation speed progressively from 4 to 40 revolutions per minute (rpm) (Fig. 1B). The total time 
spent on the rod (latency to fall) for each rat was recorded. The percentage of deficit was calculated based on the 
following formula: (X – Baseline) / (X + Baseline) × 100%.

Rod Test: A rod (25 mm diameter) was placed on top of an acrylic box (40 cm high). The rat was placed on 
the rod along its body length. The time spent balancing on the rod (latency to fall) was recorded for up to 5 min.

Histological assessment. After the behavioural tests, rats were euthanised with sodium pentobarbital 
(Dorminal, Alfasan International BV, Woerden, Holland) and decapitated. Rats were perfused with 0.9% saline 
and brains were removed. Half of the brain was immersed in 4% paraformaldehyde fixative solution for 1 day, 
followed by 15% and 30% sucrose-buffer solution for cryoprotection prior to freezing. The fixed brain was fro-
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Figure 1.  Schematic representation of the experimental design for H. erinaceus treatments and a testing of 
cerebellar ataxia functions in rat model of 3-AP-induced cerebellar ataxia (A). Rats from each group were 
placed on the lane of the rotarod apparatus, respectively (B). Rats were trained on the rotarod and baseline 
performance was assessed on day -3 and day -2 prior to the 3-AP injection (C). Accelerated rotarod evaluation 
of the motor deficits by latency to fall (Rank) (D), percentage of deficit (Rank) (E), and rod test by latency to 
fall for the assessment of balance (F). The endpoints were rank transformed, and results were presented as mean 
individual data points with 95% confidence interval. All statistical values have been adjusted by Bonferroni 
correction for multiple comparisons. Indicators: # Significantly different from the non-3-AP control group. p 
values < 0.05.



4

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:14945  | https://doi.org/10.1038/s41598-020-71966-z

www.nature.com/scientificreports/

zen in liquid nitrogen and stored at − 80 °C for histological studies. The other half of the brain was immediately 
frozen in liquid nitrogen and stored at − 80 °C for the gene and protein expression study. For the morphological 
study, the cerebellum was consecutively cryosectioned into 40-μm coronal sections using a cryostat CM1950 
(Leica Microsystems, Wetzlar, Germany). Sections were mounted on gelatin-coated slides and stained with hae-
matoxylin and  eosin39. Morphological changes were examined according to our previously published  methods40.

Quantification of Purkinje cells. For the quantification of Purkinje cells, five photomicrographs were 
randomly acquired using Axiophot2 Imaging Microscope (Carl Zeiss Microscopy GmbH, Gottingen, Germany) 
at a 40 × magnification, giving a total of 25 photomicrographs for each subject. The number of Purkinje cells 
visible in each section was counted by two trained volunteers who were blinded to the treatments. The length of 
Purkinje cell layer in each photomicrograph was measured by drawing a line throughout the centre of the cell 
bodies of all Purkinje cells in the layer using ImageJ software (National Institutes of Health, Maryland, USA). 
The number of Purkinje cells and the Purkinje cell layer length were calculated from each of the 25 photomicro-
graphs. Purkinje cell linear density (Purkinje cells per mm of Purkinje cell layer) was calculated by dividing the 
number of Purkinje cells by the Purkinje cell layer  length41.

Real‑time PCR. The cerebellum and motor cortex regions were dissected for the neurogenesis- and neu-
roplasticity-related gene expression study. The real-time PCR was performed according to our previously pub-
lished  methodology42. Total RNA was isolated from the cerebellum and motor cortex area using TRIZOL (Life 
Technologies, Carlsbad, USA) and converted into cDNA using a cDNA synthesis kit (Takara Bio Inc., Shiga, 
Japan). Quantitative real-time qPCR of neurogenesis- and neuroplasticity-related genes including doublecor-
tin (Dcx), nestin (Nes), brain-derived neurotrophic factor (BDNF), tropomyosin receptor kinase B (TrkB), cAMP 
response element binding protein (CREB), postsynaptic density-95 (PSD95), Purkinje cell protein 4 (PCP4), cal-
bindin-D28k, and caspase-3 were performed using the StepOnePlus Real-Time PCR system (Thermo Fisher 
Scientific, Massachusetts, USA) and SYBR Green quantitative PCR mix (Applied Biosystems, Warrington, UK). 
The primer sequences used can be found in Table 1. Relative expression was calculated as the relative quantifica-
tion normalised to the reference gene, GADPH, using the ratio  2-ΔΔC

T  method42,43.

Western blot analysis of cerebellar tissue. The cerebellum was homogenised with RIPA buffer contain-
ing protease and phosphatase inhibitors (Thermo Scientific, Rockford, Illinois, USA). The protein concentration 
was measured by Bio-Rad DC Protein Assay Kit (Bio-Rad, Hercules, California, USA). Each sample was sepa-
rated by 8%–12% SDS-PAGE and transferred to a PVDF membrane (Bio-Rad Laboratories, Hercules, California, 
USA) using a semi-dry electroblotting system. The membranes were blocked with 5% BSA in TBS-T (20 mM 
Tris–HCl, 150 mM NaCl, 0.1% Tween 20) for 1 h at room temperature. Blots were incubated at 4 °C overnight 
with the respective primary antibodies, including ERK1/2, pERK1/2, CREB, pCREB, GAPDH (1:1,000; Cell Sig-
nalling Technology, Inc., Beverly, Massachusetts, USA), Syn, (1:2000; Synaptic Systems, Goettingen, Germany) 
and PSD95 (1:1,000; Abcam, Cambridge, Massachusetts, USA). After adding horseradish peroxidase-conjugated 
anti-rabbit or anti-mouse immunoglobulin G antibody (Invitrogen, Thermo Fisher Scientific, Massachusetts, 
USA) for 1 h at room temperature, bound-protein was visualised by chemiluminescence kit (Bio-Rad Laborato-
ries, Inc., Hercules, California, USA). The relative protein expression was normalised against GAPDH.

Table 1.  The primer sequences used in the real-time quantitative PCR.

Gene 5′–3′ primer sequence

BDNF44 Forward: TGG CTG ACA CTT TTG AGC AC
Reverse: AAG TGT ACA AGT CCG CGT CC

TrkB45 Forward: CCT CCA CGG ATG TTG CTG AC
Reverse: GCA ACA TCA CCA GCA GGC A

NeuN46 Forward: GAG GAG TGG CCC GTT CTG 
Reverse: AGG CGG AGG AGG GTA CTG 

PSD9547 Forward: GAC GCC AGC GAC GAA GAG 
Reverse: CTC GAC CCG CCG TTTG 

Nes48 Forward: AGG CTG AGA ACT CTC GCT TGC 
Reverse: GGT GCT GGT CCT CTG GTA TCC 

Dcx49 Forward: ACA CCC TTG ATG GAA AGC AG
Reverse: AGG ACC ACA AGC AAT GAA CA

Caspase-350 Forward: GTG GAA CTG ACG ATG ATA TGGC 
Reverse: CGC AAA GTG ACT GGA TGA ACC 

PCP451 Forward: CGG AGT CAG GCC AAC ATG AG
Reverse: TGA ATG GCC ACA GCT GCA C

Calbindin-D28k52 Forward: ACG GAA GTG GTT ACC TGG AA
Reverse: CAC ACA TTT TGA TTC CCT GG

GAPDH42 Forward: GTC GGT GTG AAC GGA TTT G
Reverse: AAT TTG CCG TGA GTG GAG TC
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Statistical analysis. The results were analysed using IBM SPSS Statistics 25. The normality of data distri-
bution for behavioural endpoints was examined using the Shapiro–Wilk test. Several endpoints exhibited sig-
nificant departure from normality and the behavioural data for each of these endpoints were rank-transformed, 
followed by nonparametric Kruskal–Wallis test for intergroup comparisons. All significant values for nonpara-
metric tests were adjusted by Bonferroni correction for multiple comparisons. For normally distributed data, 
the results were analysed using one-way ANOVA (with repeated-measures) and by Bonferroni post-hoc test for 
multiple planned comparisons, as appropriate. Spearman correlation coefficients with Bonferroni correction 
were calculated to investigate the relationship between different variables related to cerebellum neuroplasticity 
genes and/or protein functions, as well as the behavioural measures. Scatter plots were drawn only for specific 
variables with statistically significant correlations. The methodology of statistical analysis was performed as 
previously  described53–55. All results were presented in individual data points with 95% confidence interval, and 
p values < 0.05 were considered significant, as appropriate.

Results
Accelerated rotarod test. In the baseline assessment of accelerated rotarod test, repeated-measures 
ANOVA showed significant main effects for day (F (1, 34) = 36.696, p < 0.001), but not group (F (3, 34) = 1.187, 
p = n.s.) and interaction group x day (F (3, 34) = 1.000, p = n.s.). One-way ANOVA with Bonferroni post-hoc test 
for multiple comparisons revealed no significance for baseline day − 3 (F (3, 34) = 0.838, p = n.s.) and day − 2 (F 
(3, 34) = 1.238, p = n.s.) (Fig. 1C).

Two days after the 3-AP injection on day 1 (before injection of H. erinaceus), Kruskal–Wallis test showed 
significant main effects in animals treated with 3-AP compared to the non-3-AP control animals  (H3 = 12.309, 
p = 0.006; Fig. 1D). Pairwise comparisons with Bonferroni correction revealed significant impairments in the 
accelerated rotarod test in all three of the 3-AP animal groups (all p < 0.033) compared to the non-3-AP control 
animals.

In the treatment period of H.E., repeated-measures analysis of accelerated rotarod test showed significant 
main effects for day (F (3, 84) = 3.240, p = 0.026), and group (F (3, 28) = 9.203, p < 0.001), but not for interaction (F 
(9, 84) = 1.079, p = n.s.). Kruskal–Wallis tests revealed statistically significant differences on day 7  (H3 = 16.276, 
p = 0.001), day 14  (H3 = 13.239, p = 0.004), and day 21  (H3 = 9.903, p = 0.019). On days 7 and 14, comparisons 
with Bonferroni correction showed significant decreases of latency to fall in 3-AP animals treated with 10 mg/
kg and 25 mg/kg, or saline compared to non-3-AP control group (all p < 0.04). On day 21, there were no statisti-
cally significant differences between 3-AP + 10 mg/kg H.E. and 3-AP + 25 mg/kg H.E. groups compared to the 
3-AP + saline group (p = n.s.). Interestingly, our results also showed no differences for 3-AP + 10 mg/kg H.E. 
and 3-AP + 25 mg/kg H.E. groups compared to the non-3-AP control (p = n.s.), indicating a potential rescue 
of locomotor abnormalities in 3-AP-induced animals with cerebellar ataxia. However, there was a statistically 
significant difference in the 3-AP + saline group compared to the non-3-AP control (p = 0.018).

Percentage of deficits by latency to fall. To accurately compare the results of the accelerated rotarod 
over the duration of treatment, the changes in percentage of deficits by latency to fall were normalised accord-
ing to the respective individual animal’s baseline on pre-treatment day − 2. Repeated-measures analysis showed 
significant main effects for day (F (3, 84) = 3.883, p = 0.012) and group (F (3, 28) = 13.712, p < 0.001), but not for 
interaction (F (9, 84) = 1.015, p = n.s.). Nonparametric Kruskal–Wallis tests revealed statistically significant differ-
ences on day 1  (H3 = 16.695, p = 0.001), day 7  (H3 = 18.626, p < 0.001), day 14  (H3 = 17.231, p = 0.001), and day 
21  (H3 = 14.125, p = 0.003). On days 1, 7 and 14, comparisons with Bonferroni correction showed remarkable 
decreases in the percentage of motor deficits by latency to fall in 3-AP animals treated with 10 mg/kg H.E., 
25 mg/kg H.E., and saline compared to non-3-AP control group (all p < 0.030; Fig. 1E). On day 21, we found 
significant differences for 3-AP + 10  mg/kg H.E. (p = 0.026) and 3-AP + saline (p = 0.003) groups but not for 
3-AP + 25 mg/kg H.E. group (p = 0.320) compared to the non-3-AP control animals, again suggesting 25 mg/kg 
H.E. treatment has potential neuroprotective effects in cerebellar ataxia.

Rod test. In the rod test, repeated-measures analysis showed significant main effects for day (F (1, 29) = 11.469, 
p = 0.002) and group (F (3, 29) = 5.770, p = 0.003), but not for interaction (F (3, 29) = 1.171, p = n.s.). Nonparamet-
ric Kruskal–Wallis tests revealed statistically significant differences on day 15  (H3 = 11.803, p = 0.008) and day 
22  (H3 = 10.387, p = 0.016). On days 15 and 22, comparisons with Bonferroni correction showed significant 
impairment of motor coordination and balance performance in the 3-AP + saline and 3-AP + 10 mg/kg H.E. 
groups compared to the non-3-AP control group. Although no remarkable difference was observed between 
3-AP + 25 mg/kg H.E. and 3-AP + saline group, we found that animals in 3-AP + 25 mg/kg H.E. group showed no 
difference when compared to the non-3-AP control group (Day 15:  H3 =  − 8.539, p = 0.557; Day 25:  H3 =  − 6.833, 
p = 1.000; Fig. 1F), indicating a potential recovery of motor coordination and balance in the 3-AP + 25 mg/kg 
H.E. group.

Hericium erinaceus (25 mg/kg) treatment normalised neuroplasticity‑related genes. In the 
cerebellum, one-way ANOVA showed significant effects on the expression of BDNF (F (3, 31) = 4.123, p = 0.014) 
(Fig.  2A), TrkB (F (3, 31) = 20.070, p < 0.001) (Fig.  2B), CREB (F (3, 31) = 18.756, p < 0.001) (Fig.  2C), PSD95 (F 
(3, 31) = 4.324, p < 0.012) (Fig. 2D), Nestin (F (3, 31) = 17.683, p < 0.001) (Fig. 2E), and Dcx (F (3, 31) = 13.806, p < 0.001) 
(Fig. 2F). Interestingly, multiple comparisons with Bonferroni post-hoc test demonstrated significant increases 
in the gene expression of TrkB, CREB, Nes, and Dcx in the 3-AP + saline and 3-AP + 10 mg/kg H.E. groups com-
pared to the non-3-AP control group (all p < 0.036). Although we found no significant differences in the expres-
sions of TrkB, CREB, Nestin, and Dcx in 3-AP + 25 mg/kg H.E. group compared to the non-3-AP control group, 
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there were remarkable differences in the expressions of these gene when compared to 3-AP + saline group (all 
p < 0.001). In the motor cortex, we found no significant differences in the gene expression of BDNF, TrkB, CREB, 
PSD95, Nestin, and Dcx (all F (3, 27) < 2.746, p = n.s.; Fig. 3).

Hericium erinaceus (25 mg/kg) increased the expression of neuroplasticity‑related pro-
teins. The aqueous extract of H. erinaceus used in this study has been standardised to contain 20.66% beta 
1,3–1,6 glucan and 0.17%  adenosine37, and these compounds have been shown to play pivotal roles in neuro-
protection and neuroplasticity-related  functions56,57. In this study, we focused primarily on the neuroplasticity-
related mechanisms of ERK-CREB-PSD95 (Fig. 4A), and our results with one-way ANOVA revealed significant 
differences in the protein expression of pERK1/2 (F (3, 16) = 3.860, p = 0.030) (Fig. 4C), PSD95 (F (3, 16) = 3.807, 
p = 0.031) (Fig. 4G), and a marginal difference for pCREB (F (3, 16) = 2.643, p = 0.085) (Fig. 4E) in the cerebellum, 

Figure 2.  Effects of 3-AP and H. erinaceus on the relative expression of neuroplasticity- and neurogenesis-
related genes including BDNF (A), TrkB (B), CREB (C), PSD95 (D), Nes (E), Dcx (F) in the cerebellum of 
3-AP + 10 mg/kg H.E., 3-AP + 25 mg/kg H.E., 3-AP + saline, and non-3-AP control groups. TrkB, CREB, Nes, 
and Dcx were significantly upregulated in 3-AP-induced ataxic rats without H. erinaceus treatment. Notably, 
25 mg/kg H. erinaceus normalised the neuroplasticity-related gene expressions to the levels in the non-3-AP 
control. Relative expression was calculated by normalising the relative quantifications to the reference gene 
GAPDH as the ratio of the  2^CT(reference) and  2^CT(test). Indicators: # Significantly different from the non-3-AP 
control group. * Significantly different from the 3-AP + saline group. p values < 0.05.
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while no significant difference were found in the protein expression of ERK1/2 (Fig. 4B), CREB (Fig. 4D) and 
Syp (Fig. 4F) (p = n.s.). Interestingly, planned comparison showed significantly higher levels of protein expres-
sion for pERK1/2, pCREB, and PSD95 in 3-AP + 25 mg/kg H.E. group compared to the 3-AP + saline group 
(t(16) = 2.525, p = 0.023; t(7.223) = 4.307, p = 0.003; t(16) = 2.159, p = 0.046; respectively) and non-3-AP control group 
(t(16) = 2.878, p = 0.011; t(5.813) = 4.266, p = 0.006; t(16) = 3.245, p = 0.005; respectively). A significant difference in 
the expression level of pERK1/2 was also found between 3-AP + 10 mg/kg H.E. and non-3-AP control group 
(t(16) = 2.150, p = 0.047).

Hericium erinaceus (25 mg/kg) rescued the degeneration of Purkinje cells. A row of uniformly 
aligned Purkinje cells was present between the relatively lightly-stained molecular layer and the darkly-stained 
granular layer in the non-3-AP control group (Fig. 5D). However, some of the Purkinje cells in 3-AP + saline 
group (Fig. 5C) exhibited a disturbed alignment of Purkinje cells with deformed, irregular, and scattered appear-
ance. Interestingly, 3-AP + 10 mg/kg H.E. (Fig. 5A) and 3-AP + 25 mg/kg H.E. (Fig. 5B) groups showed aligned 
Purkinje cells with regular and ordinary morphology, which was relatively indistinguishable from the non-
3-AP control group. Comparison analysis revealed that the Purkinje cell linear density of 3-AP + saline group 
(1,348 Purkinje cells per 51,171.87  μm total PC length, 25 sections from 5 animals) was significantly lower 

Figure 3.  Effects of 3-AP injection and H. erinaceus treatment on the expression of neuroplasticity- and 
neurogenesis-related genes including BDNF (A), TrkB (B), CREB (C), PSD95 (D), Nes (E), and Dcx (F) in the 
motor cortex of 3-AP + 10 mg/kg H.E., 3-AP + 25 mg/kg H.E., 3-AP + saline, and non-3-AP control groups. 
No significant changes were observed in the expression of neuroplasticity- and neurogenesis-related genes in 
the motor cortex among the different groups. Relative expression was calculated by normalising the relative 
quantifications to the reference gene GAPDH as the ratio of the  2^CT(reference) and  2^CT(test). Indicators: * 
Significantly different from the non-3-AP control group. # Significantly different from the 3-AP + saline group. p 
values < 0.05.
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Figure 4.  Western blot analysis of neuroplasticity-related proteins in cerebellar tissue from rats administered 
with 3-AP + 10 mg/kg H.E., 3-AP + 25 mg/kg H.E., 3-AP + saline and saline only (A). Note, dividing lines and 
white space representing the blots were cropped from different blots. Graphical representation of the effects 
of 3-AP and H. erinaceus administration on the expression of neuroplasticity-related proteins (A) including 
ERK1/2 (B), pERK1/2 (C), CREB (D), pCREB (E), Syp (F), and PSD95 (G). The expression of the target protein 
was normalised to the expression of GAPDH. Note, there were significant increases in the protein expressions 
of pERK1/2, pCREB and PSD95 in 3-AP + 25 mg/kg H.E. group compared to both the 3-AP + saline group and 
non-3-AP control group. Indicators: * Significantly different from the non-3-AP control group. # Significantly 
different from the 3-AP + saline group. p values < 0.05.
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compared to the non-3-AP control group (1,295 Purkinje cells per 42,788.036 μm total PC length, 20 sections 
from 4 animals) (t(16) = -2.264, p = 0.038) (Fig.  5E). Interestingly, animals receiving 10  mg/kg (1752 Purkinje 
cells per 58,729.942 μm total PC length, 30 sections from 6 animals) and 25 mg/kg H.E. (1519 Purkinje cells 
per 50,799.906 μm total PC length, 25 sections from 5 animals) treatments showed no significant differences 
compared to the non-3-AP control group (t(16) < 0.124, p = n.s), but they were significantly different from the 
3-AP + saline group (t(16) = 2.640, p = 0.018 ; t(16) = 2.373, p = 0.031, respectively).

In support of the histological findings, qPCR on transcription factors (calbindin-D28k and PCP4) that are 
highly specific to the postmitotic neurons of Purkinje cell was performed. One-way ANOVA showed main 
effects on the gene expression of calbindin-D28k (F (3, 32) = 9.009, p < 0.000) and PCP4 (F (3, 33) = 8.878, p < 0.000) 
in the cerebellum. Interestingly, we found a significant decrease of gene expression for PCP4 and calbindin-D28k 
in 3-AP + 25 mg/kg H.E. group compared to the 3-AP + saline and the non-3-AP control groups (all p < 0.001; 
Fig. 5G,H). Besides, there was also a remarkable decrease of PCP4 gene expression in 3-AP + 10 mg/kg H.E. group 
compared to the 3-AP + saline group (p = 0.018). The reduction of these transcription factors could possibly be 
explained by which the RNA was used to synthesise calbindin-D28k and PCP4 proteins for gain-of-function 
purpose in the 3-AP + 25 mg/kg H.E. treated animals. To further investigate the crucial function of apoptosis 
played by H. erinaceus treatment in this ataxic model, our result show a significant main effect for caspase-3 (F 
(3, 31) = 5.978, p = 0.003), and Bonferroni post-hoc test for multiple comparisons demonstrated a remarkable reduc-
tion of caspase-3 in 3-AP + 25 mg/kg H.E. animals compared to the 3-AP + saline group (p = 0.012), indicating 
the neuroprotective effects of 25 mg/kg of H. erinaceus against apoptosis induced by 3-AP (Fig. 5F).

Correlations between the cerebellar neuroplasticity‑related functions and the behavioural 
performances. Spearman correlation analysis showed significant correlation between the acceler-
ated rotarod behaviour data and the percentage of deficit in the 3-AP + 10 mg/kg H.E.  (r2 = 0.627, p = 0.014), 
3-AP + 25 mg/kg H.E.  (r2 = 0.706, p = 0.014) and the non-3-AP control group  (r2 = 0.637, p = 0.007), indicating a 
potential restoration of motor coordination impairment in the 3-AP + 10 mg/kg and 25 mg/kg H.E. groups com-
pared to the normal motor functions of non-3-AP control animals (Fig. 6A; Table 2). No correlation was found 
between the accelerated rotarod behaviour data and the percentage of deficit in 3-AP + saline group  (r2 = 0.896, 
p = n.s.), suggesting the motor coordination behaviour in the accelerated rotarod was altered by 3-AP injection. 
Interestingly, we found a significant positive correlation between the gene expression for CREB and TrkB in the 
3-AP + 25 mg/kg H.E. group  (r2 = 0.688 p = 0.010), indicating a close link between these two genes in the induced 
neuroplasticity in the cerebellum after H.E. injection (Fig. 6B). Furthermore, significant correlations were also 
found between the PSD95 protein expression and the rotarod percentage of deficit by latency to fall  (r2 = 0.344, 
p < 0.001) in 3-AP + 25 mg/kg H.E. group (Fig. 6C).

Discussion
In the initial experimental design, a dose of 65 mg/kg 3-AP was selected to generate the animal model of cerebel-
lar ataxia based on previous  studies58,59. Surprisingly, all rats administered 65 mg/kg 3-AP injection died within 
24 h. We conducted a pilot study to establish the optimal dose for generating the ataxic animal model using 
lower doses of 40 and 50 mg/kg 3-AP. Our results showed that animals administered 50 mg/kg 3-AP injection 
still died within 5–7 days, whereas animals injected with 40 mg/kg 3-AP survived and were accompanied by 
impairment of behavioural motor coordination and balance (Fig. 1D–F). Therefore, 40 mg/kg 3-AP injection 
was used in the present study to test the hypothesis of the neuroprotective effects of H. erinaceus in rescuing the 
behavioural motor deficits in 3-AP-induced cerebellar ataxia.

In this study, animals were trained on an accelerated rotarod on day − 3 and day − 2, and their baseline levels 
were assessed to ensure that all groups possessed comparable motor function behaviour before induction of 
cerebellar ataxia. Two days after the 3-AP injection on day 1, animals were subjected to the accelerated rotarod 
test to examine the effectiveness of 3-AP to induce ataxia. Our statistical analysis using Shapiro–Wilk test dem-
onstrated the behavioural data for accelerated rotarod (days 1, 7, 14, and 21) and rotarod (days 15 and 22) tests 
were not normally distributed; and therefore, the behavioural results were rank transformed and analysed by 
nonparametric tests according to our previously reported statistical  methodology53. Our results demonstrated 
the neurotoxin 3-AP induced remarkable motor impairments in the accelerated rotarod and rod tests compared 
to the non-3-AP control animals. After H. erinaceus treatments, we found no significant improvements on the 
behavioural motor deficits in the 3-AP + 10 mg/kg and 25 mg/kg H.E. groups compared to the 3-AP + saline 
group. However, we also observed no remarkable differences in the motor impairment of the 3-AP + 25 mg/kg 
H.E. group compared to the non-3-AP control group on day 21, indicating a potential recovery of motor deficits 
by higher dose H. erinaceus treatment in this ataxic model. There are limitations in the present study in that 
no significant effects were observed for H.E. on rescuing the behavioural motor impairments compared to the 
3-AP + saline group. Some possible explanations could be the short duration of treatment, as the H.E. injections 
were administered over 3 weeks, or a higher dosage (e.g., 50 mg/kg) may be required to rescue the behavioural 
motor deficits. In this study, we have ruled out the possibility of a higher dosage requirement to rescue the behav-
ioural motor deficits. Our unpublished data showed that animals injected with 50 mg/kg H.E. became very sick 
with significant weight reduction after the second week of injection. Therefore, these animals were humanely 
euthanised based on the regulations of CULATR and the Association for Assessment and Accreditation of Labo-
ratory Animal Care. The unfavourable outcome in the animals administered 50 mg/kg H.E. was possibly due to 
toxicity or overdose. This leaves the possibility that prolonged treatment (> 3 weeks) might be needed to observe 
the effectiveness of H. erinaceus in rescuing the motor impairments. However, the animal model of 3-AP-induced 
cerebellar ataxia used in the present study has been shown to have temporal behavioural motor deficits, in which 
the ataxic animals recovered from the neurotoxic effects of 3-AP over an extended experimental  period60. It 
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has been reported that adult rats with 3-AP-induced motor disturbances recovered from the ataxia with less 
debilitating abnormal movements at 28–43 days after the 3-AP  injection60. Given that this 3-AP-induced ataxic 
model has been widely used in many  studies58,59, the limitation of temporal motor impairments should be taken 
into consideration when assessing motor function in this model. In view of this, an alternative approach using 
a genetic model of cerebellar ataxia may be appropriate to assess the neuroprotective function of H. erinaceus.

To further investigate the underlying neuroprotective mechanism of H. erinaceus, gene expression and protein 
studies of the effects on neuroplasticity were performed. We found significant increases in neuroplasticity and 
neurogenesis-related gene expressions of Dcx, Nes, TrkB, and CREB in both the 3-AP + saline and 3-AP + 10 mg/
kg H.E groups. The upregulation of gene expression in these groups could be triggered by the activation of 
molecular recovery mechanisms upon neuronal death induced by the neurotoxin 3-AP, suggesting a compen-
satory neuronal regeneration or sprouting of injured axons. This observation was in line with a previous study 
that showed there were regulatory mechanisms in neural stem cells in injured brain as indicated by increased 
expressions of Dcx and Nes61. Adult neural stem cells can be regulated by various stimuli, and can undergo 
proliferation as well as differentiation through neurogenesis to replace the damaged or lost  neurons62. Although 
stroke-induced neurogenesis has been  reported63,64, neural stem cells have limited capacity for neurogenesis, 
which tends to decrease with age as observed in the brains of older patients with  stroke65. Hence, full recovery 
from brain injury may not be achievable through neurogenesis. Neurogenesis mechanisms may be activated 
through upregulating the neurogenesis-related genes after the 3-AP injection in order to compensate the cells lost 
resulted by the 3-AP neurotoxin. However, the compensatory mechanism might not be sufficiently effective in 
regenerating mature neurons and recovering the cerebellum, as well as recovering the motor behavioural deficits. 
In contrast, ataxic rats that received 25 mg/kg H.E. treatment for 3 weeks did not show increases in neuroplas-
ticity and neurogenesis-related gene expressions, with the expressions similar to that of the non-3-AP control. 
This phenomenon could be resulted from the stronger neuroprotective effects of a higher dose of H. erinaceus, 
which protected or rescued the cells in the cerebellum from being damaged by 3-AP, and thus the upregulation 
of the neurogenesis-related genes could be inessential. Our findings suggest that the higher dose of H. erinaceus 
could possibly rescue motor deficits in 3-AP-induced cerebellar ataxia. In this study, we found no significant 
differences in the gene expressions in the motor cortex, implying that injection of 3-AP was specifically affecting 
the cerebellar cortex, particularly the Purkinje cells and other cerebellar  morphology66–68.

To support the findings of gene expression study, Western blot analysis was carried out to investigate protein 
changes related to neuroplasticity function. We found remarkable increases in pERK1/2, pCREB, and PSD95 
protein expression levels in 3-AP + 25 mg/kg H.E. group compared to both the 3-AP + saline group and non-
3-AP control group. The increased protein expression levels in 3-AP + 25 mg/kg H.E. group was possibly due to 
compensatory regenerative mechanisms related to the neuronal loss induced by the neurotoxic effects of 3-AP. In 
this study, we found no significant changes in neuroplasticity-related proteins between the 3-AP + saline group 
and non-3-AP control group, indicating the expression levels of ERK-CREB-PSD95 in the non-3-AP control 
were normal in healthy animals. The results suggest the neuroprotective effects of H. erinaceus could be medi-
ated by the protein expression of pERK1/2, pCREB and PSD95, leading to the enhancement of fundamental 
neuroplasticity processes including neuronal survival and proliferation, and ultimately rescuing the behavioural 
motor deficits.

In the histological study, we observed the Purkinje cells had regular morphology with normal alignment in 
the cell layer of the cerebellar cortex in animals treated with H. erinaceus (10 mg/kg and 25 mg/kg) and non-
3-AP control group. However, ataxic rats without H. erinaceus treatment had Purkinje cells with abnormal 
morphological features of distorted cell bodies and loss of cell continuity (random spatial arrangement at wider 
distances) in the cerebellar cortex, indicating 3-AP exerted its toxic effects by disrupting the Purkinje cell and/
or the spatial distribution of Purkinje cells in the cerebellum. This observation was in line with the findings by 
Mohammadi and colleagues, in which animals treated with 3-AP injection exhibited Purkinje cells with random 
arrangement at larger distances compared to the non-3AP control  group68. Purkinje cells are the sole output 
neurons in the cerebellum that receive and integrate inputs from parallel fibres and climbing fibres for motor 
coordination and balance. Neurotoxic 3-AP causes distinctive lesions in the central nervous system by destroy-
ing inferior olivary nuclei and their climbing fibres that synapse with Purkinje cells, which induces cerebellar 

Figure 5.  Effects of 3-AP and H. erinaceus administration on the morphological changes of Purkinje cells 
by haematoxylin and eosin staining. Notably, animals in the 3-AP + 10 mg/kg H.E. (A) and 3-AP + 25 mg/kg 
H.E. groups (B) showed Purkinje cells with regular and ordinary morphology that was similar to the non-
3-AP control group. Interestingly, Purkinje cells in the 3-AP + saline group (C) were scattered with disturbed 
alignment and irregular appearance. The Purkinje cells in the non-3-AP control group (D) showed regular 
morphology and ordinary alignment between granular and molecular layers. The scale bars represent 50 μm. 
The Purkinje cell linear density of 3-AP + 10 mg/kg H.E. (1752 Purkinje cells per 58,729.942 μm total PC length, 
30 sections from 6 animals), 3-AP + 25 mg/kg H.E. groups (1519 Purkinje cells per 50,799.906 μm total PC 
length, 25 sections from 5 animals), and the non-3-AP control group (1,295 Purkinje cells per 42,788.036 μm 
total PC length, 20 sections from 4 animals) showed significant differences compared to 3-AP + saline group 
(1,348 Purkinje cells per 51,171.87 μm total PC length, 25 sections from 5 animals) (E). Interestingly, there was 
a remarkable reduction of caspase-3 in 3-AP + 25 mg/kg H.E. animals compared to the 3-AP + saline group, 
indicating the neuroprotective effects of 25 mg/kg of H. erinaceus against apoptosis (F). A significant decrease 
of gene expression for PCP4 (G) and calbindin-D28k (H) was found in 3-AP + 25 mg/kg H.E. group compared 
to the 3-AP + saline and the non-3-AP control groups. Indicators: * Significantly different from the non-3-AP 
control group. # Significantly different from the 3-AP + saline group. p values < 0.05.
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 ataxia59. Surprisingly, we showed that H. erinaceus treatment potentially prevented the specific degeneration of 
Purkinje cells by enhancing ERK-CREB-PSD95 mechanisms in the 3-AP + 25 mg/kg H.E. group.

To further support the histological findings of neuroprotective effects of H. erinaceus on Purkinje cells in 
the cerebellum, our data showed a reduction of transcription factors for calbindin-D28k and PCP4 genes in 
3-AP + 10 mg/kg H.E. and 3-AP + 25 mg/kg H.E. animals compared to the 3-AP + saline group (Fig. 5G,H). The 
changes in transcript and protein levels of calbindin-D28k and PCP4 are important regulatory mechanisms for 
post-transcriptional processes of postmitotic neurons formation of Purkinje cells. Although no protein data 
was provided in the present study to support the notion of decrease in these transcription factors that used to 
produce the calbindin-D28k and PCP4 proteins, our results clearly suggest that the gain-of-function in H. eri-
naceus treated animals was mediated through ERK-CREB-PSD95 mechanisms to protect the Purkinje cells from 
degeneration induced by 3-AP. PCP4 is highly specific for the Purkinje cell and it is a key modulator for calcium 
signalling in the developing brain of postmitotic neuroectoderm  cells69,70. Of particular interest, overexpression 
of PCP4 has been shown to affect the functional development of Purkinje cells with motor skill and learning 
impairment in the mouse models of Down syndrome during postnatal  development70,71. Recently, it has been 
shown that the inhibition of calcium-mediated calpain activation is associated with the pro-survival effects of 
calbindin-D28K72,73. Although understanding of the interaction between calbindin-D28K and the pro-apoptotic 
protein caspase-3 remains obscure, our study has demonstrated a reduction of caspase-3, a crucial mediator of 
programmed cell death, in 3-AP + 25 mg/kg H.E. animals compared to the 3-AP + saline group. The anti-apoptotic 
effects of H. erinaceus could possibly be explained by the inhibition of capase-3 cleavage or calcium-mediated 
death signalling pathway, which protects against cell death from 3-AP.

To further investigate the effects of H. erinaceus, we conducted a correlation study on the relationships of the 
behavioural motor coordination and of the gene and protein functions. We found a significant positive correla-
tion between the latency to fall and the percentage deficit by latency to fall in the 3-AP + 10 mg/kg and 25 mg/kg 
H.E. groups and the non-3-AP control group, but no correlation was found for the 3-AP + saline group, indicat-
ing H. erinaceus potentially rescued the behavioural motor deficits in 3-AP treated animals. Furthermore, we 
also observed a positive correlation in gene expression between the CREB and TrkB, as well as the correlation 
between PSD95 protein expression level and the percentage of latency to fall in the 3-AP + 25 mg/kg H.E. group, 
suggesting BDNF/TrkB/CREB and PSD95 have important roles in H. erinaceus rescue of the behavioural motor 
impairments in 3-AP-induced cerebellar ataxia.

Natural products have been used as traditional treatment without any documented adverse effects and many 
are still in use today. Culinary and medicinal mushrooms including H. erinaceus have been shown to have a wide 
range of bioactivities, including extending lifespan and delaying onset of age-related  diseases74. To our knowledge, 
there are no reports of natural products that possess neuroprotective effects on acquired cerebellar ataxia, and 
this prompted us to examine the neuroprotective effects of H. erinaceus and to investigate its mechanisms in a 
neurodegenerative disorder model. Substantial evidence indicates that intrinsic free radical scavenging contrib-
utes to the neuroprotective effects of H. erinaceus37. Phenolic acids of H. erinaceus that possess hydroxyl groups 
have been shown to exert antioxidant properties by counteracting oxidative stress and other detrimental changes 
in brain tissues. Our findings that H. erinaceus has enhanced neuroplasticity functions were in agreement with 
previous studies on the neuritogenic and nerve regeneration effects of H. erinaceus16,20,37,74–77.

Hericium erinaceus has been reported to possess bioactive compounds (e.g. erinacines A-G) that can pass 
through the blood brain barrier and stimulate NGF  synthesis28–31. Of particular interest, the standardised aque-
ous extract of H. erinaceus used in the present study contains 20.66% beta-glucan and 0.17%  adenosine37. Beta-
glucan derived from Lentinus edodes or Shiitake mushroom known as lentinan has been demonstrated to induce 
long-term potentiation in the rat dentate gyrus, indicating the potential effect of beta-glucan on neuroplasticity 

Figure 6.  Scatter plots displaying the correlations between the variables related to the motor behavioural 
tests, as well as the cerebellar neuroplasticity- and neurogenesis-related relative gene and protein expressions. 
Notably, there were significant correlations between the accelerated rotarod behavioural data and the percentage 
of deficits in 3-AP + 10 mg/kg H.E., 3-AP + 25 mg/kg H.E., and non-3-AP control groups. No correlation was 
found between the accelerated rotarod behavioural data and the percentage of deficits in 3-AP + saline group 
 (r2 = 0.896, p = n.s.), suggesting the behavioural motor coordination of accelerated rotarod was altered by 3-AP 
injection (A). In the 3-AP + 25 mg/kg H.E. group, the gene expression of TrkB was positively correlated with 
the CREB expression (B), and the PSD95 protein expression was positively correlated with the percentage of 
deficits by latency to fall (C). The hypothetical mechanism of neuronal cell death induced by 3-AP (left) and 
pathways of H. erinaceus on the role of pERK1/2-pCREB-PSD95 in neuroplasticity-related mechanisms (right). 
3-AP reduces the intracellular concentration of  NAD+ and interferes with  Zn2+ homeostasis, which increases 
the  Zn2+ neurotoxicity and lead to neuronal death. Upregulation of neuroplasticity and neurogenesis-related 
genes including TrkB, CREB, Nestin, and Dcx was stimulated by 3-AP to reverse neuronal death (left). After 
the injection of 3-AP followed by H. erinaceus, the tyrosine kinase receptors are hypothetically activated by 
NGF and followed by the recruitment of the cytoplasmic protein, Son of Sevenless (SOS). This triggers the 
activation of the Ras/guanosine triphosphate  complex86 and initiates cytoplasmic kinase signal transduction 
 cascades87. MEK1/2 catalyses the phosphorylation of ERK1/2 at Tyr204/187 mediated by importin-7, followed 
by translocation from the cytoplasm to the  nucleus88,89. ERK1/2 acts as an upstream regulator by catalysing 
the phosphorylation of various cytoplasmic and nuclear substrates that encode transcription factors and 
gene regulatory proteins, including  CREB87,90. Additionally, the  Ca2+ influx is through the NMDA receptors, 
which activates the neuronal nitric oxide synthase, that is mediated by PSD-9580,81. The induced nitric oxide 
activates ERK for the expression of neuroplasticity-related proteins, facilitated by cGMP and PKG (right)82. This 
hypothetical model was created by BioRender.com (D).
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 enhancement78. It has been shown that (1–3)-beta-glucan activates the influx of  Ca2+ in the NR8383 macrophages 
through receptor-operated  Ca2+  channels79. The influx of  Ca2+ into the cell is through the NMDA receptors, and 
it eventually stimulates the neuronal nitric oxide synthase with the facilitation of PSD95, when other channels 
are less  effective80,81. The induced nitric oxide activates the cGMP–protein kinase G (PKG) and ERK signalling, 

Table 2.  The tables show Spearman’s rho correlation coefficients between variables related to the motor 
behaviours, neuroplasticity- and neurogenesis-related genes, and protein expressions after administration of 
H. erinaceus in the animal model of 3-AP-induced cerebellar ataxia. The tables show the correlations of the 
3-AP + 10 mg/kg H.E. group in the upper-right side and 3-AP + 25 mg/kg H.E. group in the lower-left side (A), 
and 3-AP + saline group in the upper-right side and non-3-AP control group in the lower-left side (B). For the 
statistical analysis, all p values were adjusted by Bonferroni correction for multiple comparisons. Indication: 
*correlation is significant at p < 0.0167 for behavioural and protein expression data, and p < 0.0125 for gene 
expression data, respectively.

(A) Rotarod
test

Rotarod 
(% of 

deficits)

Rod
test

Dcx
gene

Nes
gene

TrkB
gene

CREB
gene

pERK
protein

pCREB
protein

PSD-95
protein

Rotarod 
test 0.778  * 0.301 0.395 – 0.204 0.512 0.491 – 0.400 0.000 0.600

3-
A

P 
+ 

10
 m

g/
kg

 H
.E

.

Rotarod
(% of 
deficits)

0.857 * – 0.067 0.429 0.190 0.611 0.714 – 0.200 0.400 0.800

Rod 
test 0.667 0.564 – 0.050 – 0.383 – 0.444 – 0.417 0.900* 0.500 0.600

Dcx 
gene – 0.257 – 0.143 0.058 0.167 0.318 – 0.050 – 0.300 0.000 0.300

Nes 
gene – 0.232 – 0.406 – 0.044 0.538 0.393 0.117 0.200 0.300 0.300

TrkB 
gene 0.086 0.314 – 0.116 0.410 0.628 0.142 – 0.200 – 0.200 0.500

CREB 
gene – 0.257 0.029 0.058 0.669 0.728 0.800 * –

0.900*
– 0.500 – 0.600

pERK
protein – 0.300 – 0.100 – 0.800 0.100 0.205 0.200 0.200 0.800 0.700

pCREB 
protein – 0.100 – 0.300 – 0.400 – 0.700 – 0.308 – 0.400 – 0.600 0.600 0.700

PSD-95 
protein

0.900* 1.000 * 0.600 0.000 – 0.410 0.500 0.100 – 0.100 – 0.300

3-AP + 25 mg/kg H.E.
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e
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0.817 * 0.500 0.310 – 0.214 0.619 – 0.643 0.400 – 0.400 – 0.200

Rod 
test 0.334 – 0.213 0.300 – 0.733 0.133 – 0.285 0.300 – 0.300 – 0.100

Dcx 
gene 0.048 0.405 0.447 – 0.200 0.683 – 0.669 0.200 – 0.700 – 0.400

Nes 
gene 0.000 0.167 0.112 0.167 0.183 0.351 – 0.300 0.300 0.100

TrkB 
gene 0.181 0.229 0.574 0.108 – 0.446 – 0.711 – 0.200 – 0.200 0.100

CREB 
gene 0.310 0.190 0.894 0.333 0.071 0.217 – 0.500 0.700 – 0.100

pERK 
protein 0.300 0.500 0.775 0.800 0.500 – 0.359 .900* – 0.800 – 0.100

pCREB
protein 0.300 0.100 0.258 0.300 0.300 0.564 – 0.500 – 0.300 0.500

PSD-95 
protein 0.000 0.100 0.775 0.700 0.300 0.718 – 0.100 0.200 0.700

Control saline
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and ultimately, it leads to the increased expression of neuroplasticity-related  proteins82. It has been shown that 
adenosine enhanced the production of nitric  oxide79, and it reduced the neuronal damage by alteration of the 
lactate dehydrogenase release or deoxyglucose transport in primary cortical or hippocampal cell cultures that 
subjected to hypoxia or glucose  deprivation79,83. Moreover, the adenosine receptors  (A1 and  A2A receptors) were 
found to facilitate neuroprotective function by improving the excitotoxic neuronal damage in cell culture models 
of ischemia/hypoxia83,84. Interestingly, a similar neuroprotective effect of adenosine was also shown to attenuate 
neuronal cell death after the administration of potassium cyanide, an inhibitor of the mitochondrial respiratory 
chain, in another model of histotoxic  anoxia85.

3-AP has been found to reduce the intracellular concentration of nicotinamide adenine dinucleotide  (NAD+) 
and to interfere with zinc ion  (Zn2+) homeostasis. This can be followed by impaired glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) activity, accumulation of dihydroxyacetone phosphate (DHAP), reduction in ATP 
production and increased expression of neuroplasticity and neurogenesis-related genes to reverse neuronal 
death. In this study, we found pERK1/2 protein expression was increased after treatment with 25 mg/kg H. 
erinaceus, and its neuroprotective effects against 3-AP-Iinduced neuronal cell death were mediated by Ras/Raf/
MEK/ERK1/2 signalling pathway and by the regulation of pCREB (Fig. 6D). This observation was possibly due 
to the active compound of erinacines A-G from the H. erinaceus that enhanced the synthesis of NGF. Hypo-
thetically, activation of tyrosine kinase receptors by NGF results in the recruitment of the cytoplasmic protein, 
Son of Sevenless (SOS), through intracellular Shc and Grb2 domains, which then activates the Ras/guanosine 
triphosphate  complex86 and initiates cytoplasmic kinase signal transduction  cascades87, and MEK1/2 catalyses the 
phosphorylation of ERK1/2 at Tyr204/187 mediated by importin-7, followed by translocation from the cytoplasm 
to the  nucleus88,89. ERK1/2 acts as an upstream regulator by catalysing the phosphorylation of various cytoplas-
mic and nuclear substrates that encode transcription factors and gene regulatory proteins, including activators 
of transcription, c-Jun and c-Fos, as well as signal transducers, Elk1, CREB and c-Myc87,90. These transcription 
factors and gene regulatory proteins regulate the expression of proteins involved in survival, proliferation, and 
 differentiation87,88. Thus, activation of Ras/Raf/MEK/ERK1/2 cascade protects and rescues Purkinje cells from 
3-AP-induced neuronal death (Fig. 6D).

In conclusion, our present findings showed that 21-day intraperitoneal administration of H. erinaceus at the 
dosage of 25 mg/kg, but not 10 mg/kg, partially rescued behavioural motor deficit in rat model of cerebellar 
ataxia induced by 3-AP. Our results suggest that higher dose of H. erinaceus potentially rescues behavioural 
motor deficits through ERK-CREB-PSD95 neuroprotective mechanisms and prevent cerebellar Purkinje cell 
degeneration in rat model of 3-AP-induced cerebellar ataxia. Further in-depth investigations need to focus on 
the electrophysiological effects of H. erinaceus on spontaneous neuronal firing and intracellular calcium con-
centration in Purkinje cells of animal models of cerebellar ataxia.
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