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Abstract 

Background Toxoplasma gondii (T. gondii) is a neuroinvasive parasite causing neuroinflammation, which in turn is 
associated with a higher risk for several psycho-behavioral disorders. There is an urgent need to identify drugs capable 
of improving cognitive deficits induced by T. gondii infection. β-Glucan, an active ingredient in mushrooms, could 
significantly enhance immunity. However, the effects of β-glucan against neuroinflammation and cognitive decline 
induced by T. gondii infection remain unknown. The present study aimed to investigate the neuroprotective effect of 
β-glucan on goal-directed behavior of mice chronically infected by T. gondii Wh6 strain.

Methods A mice model of chronic T. gondii Wh6 infection was established by infecting mice by oral gavage with 10 
cysts of T. gondii Wh6. Intraperitoneal injection of β-glucan was manipulated 2 weeks before T. gondii infection. Perfor-
mance of the infected mice on the Y-maze test and temporal order memory (TOM) test was used to assess the goal-
directed behavior. Golgi-Cox staining, transmission electron microscopy, immunofluorescence, real-time PCR and 
western blot assays were used to detect prefrontal cortex-associated pathological change and neuroinflammation.

Results The  administration of β-glucan significantly prevented T. gondii Wh6-induced goal-directed behavioral 
impairment as assessed behaviorally by the Y-maze test and TOM test. In the prefrontal cortex, β-glucan was able 
to counter T. gondii Wh6-induced degeneration of neurites, impairment of synaptic ultrastructure and decrease of 
pre- and postsynaptic protein levels. Also, β-glucan significantly prevented the hyperactivation of pro-inflammatory 
microglia and astrocytes, as well as the upregulation of proinflammatory cytokines caused by chronic T. gondii Wh6 
infection.

Conclusions This study revealed that β-glucan prevents goal-directed behavioral impairment induced by chronic T. 
gondii infection in mice. These findings suggest that β-glucan may be an effective drug candidate to prevent T. gondii-
associated psycho-behavioral disorders including goal-directed behavioral injury.
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Background
Toxoplasma  gondii (T. gondii)  is a central nervous sys-
tem (CNS)-invasive protozoan parasite with a broad 
host range that infects nearly 30% of the global human 
population [1]. Upon infecting its host, T. gondii trans-
forms into the replicative stage, spreads throughout the 
whole body and then quickly converts into the quiescent 
stage that forms cysts in host tissues, with a particular 
high accumulation of cysts in neurons of the CNS, estab-
lishing chronic infection for life. Generally, chronic T. 
gondii infections are asymptomatic [2]. However, com-
pelling evidence links chronic T. gondii infection with 
psycho-behavioral disorders, such as Alzheimer’s disease 
(AD), and Parkinson’s disease (PD), that are character-
ized by cognitive dysfunction [3, 4]. For example, it has 
been reported that seropositive individuals infected with 
T. gondii exhibit subclinical alteration of behavior and a 
higher risk of PD [5] and that mice suffering from toxo-
plasmosis exhibit signs of AD [6]. Notably, most previous 
efforts to ameliorate the behavioral alterations caused by 
T. gondii infection have failed. Therefore, it is urgent to 
identify a new therapeutic strategy for the psycho-behav-
ioral disorders induced by T. gondii.

The prefrontal cortex (PFC), which covers the anterior 
end of the brain, is an important brain region for regulat-
ing goal-directed behavior [7–9]. It is known that many 
psycho-behavioral disorders are characterized by vari-
ous degrees of damage in the PFC [10–12]. Notably, in a 
recent randomized controlled trial, elderly T. gondii-sero-
positive individuals showed delaying processes of atten-
tional allocation and disengagement [13]. In addition, in 
rodent models of chronic T. gondii infection, higher cyst 
density, neuroinflammation and neuronal degeneration 
were found in the PFC of mice [14, 15]. Another  study 
reported that reduction of neuroinflammation could 
reverse the  behavioral changes, such as hyperactivity, 
caused by latent toxoplasmosis [16]. Therefore, it would 
appear that remodeling neuroinflammation and neuronal 
degeneration is an effective approach to improve T. gon-
dii-induced goal-directed behavioral disorders.

β-Glucan is an immunomodulating polysaccharide 
extracted from the Lentinula edodes, a cultivated edible 
and medicinal mushroom widely distributed throughout 
Southeast Asia [17]. As the main bioactive component of 
L. edodes, β-glucan could enhance host immune response 
and play a defensive role against pathogen invasion [18]. 
For example, it has been reported that β-glucan has the 
capability to protect the host from Leishmania donovani 
infection [19]. It has also been reported that β-glucan in 
combination with spiramycin can inhibit acute T. gondii 
infection [20, 21]. Interestingly, β-glucan can also reduce 
the secretion of the inflammatory factors interleukin 
(IL)-1β and IL-6 [22]. Previously, we demonstrated that 

dietary β-glucan can improve the steatohepatitis and cog-
nitive impairment in high-fat diet-induced obese mice via 
remodeling of gut microbiota [23, 24]. Recently, another 
study reported that intraperitoneal injection of β-glucan 
induces immune training of microglia in mice [25]. How-
ever, it remains unknown if the intraperitoneal injection 
of β-glucan can improve goal-directed behavioral disor-
ders caused by chronic T. gondii infection.

In this study, we hypothesized that intraperitoneal 
injection of β-glucan could ameliorate goal-directed 
behavior in mice chronically infected with T. gondii. 
Therefore, we infected mice with the Wh6 strain (a low 
virulence T. gondii strain in China) to induced goal-
directed behavioral impairment [26]. We then evaluated 
the neuroprotective effects of β-glucan in the infected 
model. Specifically, the effects of β-glucan on PFC-related 
cognitive functions were evaluated based on perfor-
mance on the Y-maze test and temporal order memory 
(TOM) test. Moreover,  Transmission electron micros-
copy, Golgi-Cox staining and immunofluorescence were 
used to characterize the synaptic ultrastructure, neuronal 
dendrites and neuroinflammation, respectively, in the 
PFC of mice.

Methods
Animal care and treatment
C57BL/6J mice aged 7 weeks were obtained from the 
Experimental Animal Center of Xuzhou Medical Univer-
sity (Xuzhou, China; permit: SCXK (Su) 2020–0048). The 
mice were kept in cages (5 mice per cage) under envi-
ronmentally controlled conditions (12/12-h light/dark 
cycle and 22 °C) and had unrestricted access to water and 
food. After 1 week of acclimatization, the mice were ran-
domly divided into four groups (n = 10 mice per group): 
(i) mice receiving phosphate buffer saline (PBS) by oral 
gavage, as a vehicle control (NC) group; (ii) mice injected 
intraperitoneally with β-glucan solution (50 mg/kg body 
weight/mouse; Sigma-Aldrich, St. Louis, MO, USA) 2 
weeks prior to PBS gavage (NB group); (iii) mice infected 
with 10 cysts of T. gondii Wh6 strain by oral gavage (T. 
gondii infection [TG]); (iv) mice injected intraperito-
neally with β-glucan solution 2 weeks prior to T. gondii 
infection (β-glucan treated [TGB] group). The behav-
ior tests (Y-maze and TOM tests) were performed at 4 
weeks post-T. gondii infection, as detailed in the follow-
ing sections, and all mice were euthanized 4  days after 
the behavioral experiment. Brain tissues of the sacrificed 
mice were dissected and frozen at − 80  °C until further 
analyses.

All experiments were performed according to methods 
approved by the ethics committee of Xuzhou Medical 
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University. Each experiment was repeated three times  
independently.

Animal model for T. gondii Wh6 infection
Toxoplasma gondii Wh6 strain was used in the pre-
sent study (see [27] for more details). Ten brain cysts in 
200  µl of PBS were gavaged into C57BL/6  J mice. Four 
weeks later, brain tissues of the infected mice were col-
lected and homogenized in 1 ml of PBS. The cysts were 
counted microscopically. Ten brain cysts were gavaged 
into C57BL/6 J mice to establish mouse model of chronic 
T. gondii infection as previously reported [28].

Y‑Maze test
The Y-maze test was performed to measure spatial work-
ing retention based on procedures described previously 
[29]. In brief, the arms of the Y-maze were labeled with 
different pictures after acclimatization of the mice. Each 
mouse was put in the center of the maze and allowed to 
freely explore the maze for 8 min. The number of all arm 
entries and spontaneous alternations were recorded. A 
spontaneous alternation was defined as the mouse enter-
ing all three arms consecutively (i.e. in the order one, two, 
three, two, one, three and three, two, one, but not in the 
order three, one, three and two, one, one). The alterna-
tion triplet (%) was counted using the following formula: 
[number of spontaneous alternations/(number of entries 
to all arms entries-2) × 100].

TOM test
Temporal order memory is an ability that involves main-
taining the order in which events or items are experi-
enced over time. This ability can be demonstrated by 
the ability to recall the order of previously experienced 
events/items or by the ability to distinguish which of 
two events/items was encountered most recently (or less 
recently). Animal experiments have shown that animals 
are able to distinguish between old and recent objects in 
a test delayed by 24 h. Even though there is only a short 
interval (1 h) between the old object and the most recent 
object at the most recent time, animals with good tem-
poral order memory would spend significantly more time 
exploring the old object than the new object [30]. The 
TOM test was carried out to evaluate recognition mem-
ory processes according to methods described previously 
[31]. Briefly, the test consisted of three stages: two sample 
stages and one test stage. One day before the test, each 
mouse was placed in behavioral testing room for 60 min 
to acclimatize to the environments. During the two sam-
ple stages, each mouse explored two identical objects 
freely for 4 min; the objects between two sample stages 
were diverse, with object A for sample stage one and 
object B for sample stage two. The time intervals between 

each sample stage was 60 min. The test stage was started 
120 min later. For the test stage, one object from the sam-
ple stage one (object A, old object) and another object 
from the sample stage two (object B, recent object) were 
presented at the same time, and each mouse was allowed 
to explore the open field freely for 3 min. The discrimi-
nation index (%) was calculated as follows: (old object 
exploration time − recent object exploration time)/(total 
exploration time) × 100. Intact temporal order mem-
ory was considered if the mouse used a longer time to 
explore the old object than the recent object.

Transmission electron microscope
Following the cardiac perfusion with saline, the 
PFC region of the brain was rapidly dissected and fixed 
in glutaraldehyde for 24 h. The fixed PFC tissues of each 
experimental group (NC, NB, TG, TGB) were cut into 
thin sections, and the sections were fixed in 2.5% glutar-
aldehyde overnight at 4 °C. After three washes in PBS, the 
fixed sections were post-fixed with 1% osmium tetrox-
ide, then stained with 2% uranyl acetate, dehydrated in 
a series of increasing concentrations of ethanol and ace-
tone and embedded in epoxy resin. Finally, the sections 
were cut into 70-nm-thick slices on a ultramicrotome, 
and the slices were  stained with 4% uranyl acetate and 
0.5% lead citrate after being collected on copper grids. 
The ultrastructure of synapses in the PFC was observed 
by transmission electron microscopy (TEM) (FEI Com-
pany, Hillsboro, OR, USA), and the morphometrics of 
synapses were detected. The postsynaptic density (PSD), 
the width of synaptic clefts, the curvature of the synaptic 
interface and the length of the activated zone were deter-
mined using Image J software (version 1.53n; https:// 
imagej. nih. gov/ ij/).

Golgi‑Cox staining and image analysis
Variations in neuronal morphology were analyzed by 
Golgi-Cox staining using the FD Rapid Golgi Stain Kit 
(Nanjing Well-Offex Biotechnology Co., Ltd., Najing, 
China; catalog number: PK401) as previously described 
[32]. In brief, the brains of mice were dissected and 
impregnated with a mixture of solution A and solution B 
and then stored at room temperature for 14 days in the 
darkness, with replacement of the solution at 48-h inter-
vals. The brain tissues were then immersed in solution 
C for 5 days, and sectioned (200-μm-thick slices) using 
a vibratome. The sections were mounted on gelatinized 
slides, stained with a mixture of solution D and solution 
E, dehydrated by passage through a series of increasing 
concentrations of alcohol, hyalinized with xylene and 
finally covered with Permount. Images were taken using 
a digital camera attached to a microscope (Olympus 
Corp., Tokyo, Japan). Investigators blind to experimental 

https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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design randomly chose dendritic shafts and spines of 
pyramidal neurons from layers II/III of the PFC for analy-
sis. The Neuron J plugin of ImageJ software was used to 
analyze the morphological data, including the total neu-
rite length of the neuron, the length of each neurite and 
the number of neurites per neuron. The spine density 
of dendritic spines was estimated by counting the num-
ber of spines along a section of shaft (10-μm length on a 
30- to 50-μm-long segment of a distal branch) using the 
Cell Counter plugin of ImageJ software. A Sholl analysis 
was also performed to evaluate dendritic complexity by 
using the Sholl plugin of ImageJ software [33]. Images of 
Golgi-stained neurons were overlaid by concentric circles 
of increasing diameters (10-μm increases) around the 
soma (10–300 μm). The number of neurites crossing each 
circle was counted manually. The number of intersec-
tions between a circle of a given radius and neurites was 
assessed, and the following indicators were calculated: 
(i) sum of intersections; and (ii) maximum intersection 
distance.

Immunofluorescence
Immunofluorescence was carried out according to meth-
ods described previously [34]. In brief, dissected brains 
were fixed in 4% paraformaldehyde overnight, dehy-
drated in 30% sucrose in PBS and stored in a −  20  °C 
freezer. All sections for immunofluorescence were cut 
into 3-μm-thick slices on a rotary microtome (RM2016; 
Leica Biosystems, Wetzlar, Germany). The brain slices 
were then blocked with 5% bovine serum albumin (Ser-
vicebio Technology Co., Ltd., Ghent, Belgium; catalog 
number GC305010) for 30 min at room temperature, fol-
lowing which they were incubated with the primary anti-
body anti-Iba1 (Abcam, Cambridge, UK; catalog number 
Ab178847) or anti-glial fibrillary acidic protein (GFAP; 
Cell Signaling Technology, Danvers, MA, USA; cata-
log number 3670) or anti-IL-6 (Servicebio Technology 
Co., Ltd.; catalog number GB11117) at 4 °C overnight. 
The sections were then incubated with horseradish per-
oxidase (HRP)-inked goat anti-rabbit immunoglobulin 
G (IgG) secondary antibody (Servicebio Technology Co., 
Ltd.; catalog number GB23303) or Cy3 conjugated goat 
anti-mouse IgG secondary antibody (Servicebio Technol-
ogy Co., Ltd.; catalog number GB21303) for 1 h at room 
temperature. After washing, the sections were incubated 
with fluorescein isothiocyanate–tyramide signal amplifi-
cation (FITC-TSA) reagent (Servicebio Technology Co., 
Ltd.; catalog number G1222) for 10 min at room temper-
ature, placed in a retrieval box containing EDTA antigen 
retrieval buffer (Servicebio Technology Co., Ltd.; catalog 
number G1206) and heated in a microwave to facilitate 
removal of de-bound primary and secondary antibodies. 
The antibody rabbit anti-Iba1 (Abcam; catalog number 

Ab178847) or anti-GFAP (Cell Signaling Technology; 
catalog number 3670) was dropped onto the slices and 
the slices incubated at 4 °C overnight. The sections were 
then incubated with Cy3-conjugated goat anti-rabbit IgG 
secondary antibody (Servicebio Technology Co., Ltd.; 
catalog number GB21303) for 50 min at room tempera-
ture. Finally, the slices were stained with DAPI (Service-
bio Technology Co., Ltd.; catalog number G1012). The 
morphology and the percentage of IL-6-positive (IL-6+) 
microglia (Iba1-positive  [IBa1+] cells) and astrocytes 
(GFAP-positive  [GFAP+] cells) in the PFC were then 
captured using a microscope (Eclipse C1; Nikon Corp., 
Tokyo, Japan) and quantified using Image J software. 
The formula for circularity is 4π × area/perimeter2, with 
a value of 1.0 indicating a perfect circle; the closer the 
value approaches 0.0, the more it indicates an increas-
ingly elongated shape. Values may not be valid for very 
small particles. The formula for solidity is area/convex 
area [35].

Western blotting
Western blot assays were performed as described previ-
ously [34]. Briefly, proteins were extracted from PFC in 
ice-cold RIPA lysis buffer containing EDTA, protease 
inhibitor cocktail (Beyotime Biotech, Shanghai, China) 
and 1  mM phenylmethylsulfonyl fluoride (PMSF; Beyo-
time Biotech). The protein concentrations was measured 
by BCA assay (Beyotime Biotech). Samples of 20–40 μg 
proteins were resolved by electrophoresis in a 10% 
sodium dodecyl sulfate–polyacrylamide gel (SDS-PAGE), 
and the products were electrotransferred onto polyvi-
nylidene difluoride membranes. Western blot assays were 
conducted by using primary antibodies, including anti-
BDNF (Alomone Labs, Jerusalem, Israel; catalog number 
ANT-010), anti-PSD95 (Cell Signaling Technology; cata-
log number 3450), anti-Synaptophysin [YE269] (Abcam; 
catalog number ab32127) and anti-β-actin (Cell Signaling 
Technology; catalog number #4967). Secondary antibody 
was HRP-inked anti-rabbit IgG (Cell Signaling Technol-
ogy; catalog number 7074). Immunodetection was made 
using Clarity™ ECL Western Blot Substrate (Bio-Rad 
Laboratories, Hercules, CA, USA and the images were 
captured using the ChemiDoc Touch System (Bio-Rad 
Laboratories).

RNA extraction and real‑time PCR
RNA extraction and real-time reverse transcription PCR 
(RT-PCR) were performed based on methods previ-
ously described [24]. Briefly, total RNA was extracted from 
PFC homogenized in TRIzol (Thermo Fisher Scientific, 
Waltham, MA, USA). A 1 μg sample of RNA subjected to 
reverse-transcription to complementary DNA (cDNA) 
using a High-Capacity cDNA Reverse Transcription Kit 
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(Takara, Dalian, China). RT-PCR assays were then per-
formed using the SYBR GREEN Master Mix (Takara) and 
detected on a real-time PCR detection system (Bio-Rad 
Laboratories). The relative messenger RNA (mRNA) lev-
els were calculated using the  2−ΔΔCt method and nor-
malized by β-actin mRNA levels. The primers (and their 
sequences)were:mTNFα–forward(F)(CTT GTT GCC 
TCC TCT TTT GCTTA);mTNFα–reverse(R)(CTT TAT 
TTC TCT CAA TGA CCC GTA G); mIL-6–forward (F) (CT 
G CTC ATT CAC GAA AAG GGA); mIL-6–reverse (R) (TC 
A CAG AAG GAG TGG CTA AGG ACC );mβ-actin–forward 
(F) (CGT GGG CCG CCC TAG GCA CCA); mβ-actin–reverse 
(R) (TTG GCC TTA GGG TTC AGG GGGG).

Toxoplasma gondii cyst counts
Cyst counts were quantified using the method reported 
previously [36]. In brief, brain tissues were crushed in 
1  ml PBS, and the cysts in 10  μl brain suspension were 
counted under a light microscopy (magnification: 20×). 
The number of cysts was counted in a blind manner to 
evaluate the total cyst burden in the brain tissue. The 
counting process for each mouse was repeated 4 times.

Statistical analysis
Data are presented as the mean ± standard error of the 
mean. Statistical analysis was performed using SPSS ver-
sion 20 (SPSS-IBM Corp., Armonk, NY, USA). All data 
were tested for normality by applying the Shapiro–Wilk 
normality test. If normality was given, comparisons 
between two groups were done by using the unpaired 
t-test, while comparisons between multiple groups were 
conducted by one-way analysis of variance followed by 
the post hoc Tukey’s test. A P value < 0.05 was considered 
to indicate statistical significance.

Results
β‑Glucan prevented the goal‑directed behavioral 
impairment caused by T. gondii Wh6 infection in mice
To assess whether β-glucan treatment could prevent 
abnormal goal-directed behavior induced by T. gon-
dii infection, we evaluated the behavior of the mice 
in performing the Y-maze and TOM tests, which 
enables PFC-dependent spatial working and recog-
nition memory of daily living to be assessed [29, 37]. 
The schematic timeline for behavior tests is shown in 
Fig.  1a. In the Y-maze test, the ratio of spontaneous 
alteration in the TG group (T. gondii-infected group) 
was clearly lower than that in the NC group (control 
group gavaged with PBS only), while β-glucan signifi-
cantly increased the alternation triplet of the TG group 
(F(3, 32) = 20.19, P < 0.0001; Fig.  1b). The difference 
in alternation triplet was not due to the variant gen-
eral activity because the number of alternations and 

entries did not markedly differ among the four groups 
(F(3, 32) = 1.383, P = 0.2656, Fig.  1c; F(3, 32) = 3.683, 
P = 0.0219, Fig.  1d). In the TOM test, recognition 
memory was negatively affected in the TG group, 
as demonstrated by T. gondii infection significantly 
reducing the discrimination index compared with that 
of the NC group, while β-glucan significantly increased 
the novel object discrimination index of the TG group 
(F(3, 32) = 27.77, P < 0.0001; Fig.  1e, f ). In more detail, 
mice in the TG group spent more time in recogniz-
ing new objects, and this behavior was improved by 
β-glucan treatment (F(3, 32) = 41.50, P < 0.0001; Fig. 1g). 
The time spent with the most recent objects and the 
total exploration time of objects during the test stage 
were similar among these groups (Fig.  1h, i). Overall, 
these results indicate that goal-directed behavioral 
deficits caused by T. gondii Wh6 infection are prevent-
able by β-glucan treatment.

β‑Glucan mitigated neurite impairment in the PFC of T. 
gondii Wh6‑infected mice
Since  improved goal-directed behavior was observed 
following β-glucan administration, we therefore looked 
at the effects of β-glucan on neurite impairment of the 
PFC in T. gondii Wh6-infected  mice by examining the 
structure of neurites in the PFC after Golgi-Cox  stain-
ing. A significant decrease in the total neurite length 
per cell and in the number of neurite branches were 
observed after T. gondii Wh6 infection, while the injec-
tion of β-glucan reversed these changes (F(3, 32) = 10.56, 
P < 0.0001; Fig.  2b; F(3, 32) = 13.08, P < 0.0001; Fig.  2c). 
There were no significant changes in the average neu-
rite length per branch (F(3, 32) = 0.007356, P = 0.9991; 
Fig.  2d). Also, Sholl analysis showed that compared 
with mice in the NB group, mice in the TG group had 
reduced dendritic complexity and synaptic spines 
morphology in the PFC by reducing the sum number 
of dendritic intersections, the distance of the maxi-
mum intersections from the soma and spine density, 
while these abnormalities were improved to some 
degree by β-glucan (F(3, 32) = 6.912, P = 0.001, Fig.  2e; 
F(3, 32) = 0.3056, P = 0.8212, Fig.  2f; F(3, 32) = 22.03, 
P < 0.0001, Fig.  2i). Collectively, these results indicate 
that β-glucan was able to prevent neurite degeneration 
and decreased neuronal complexity in the PFC induced 
by T. gondii Wh6 infection.

β‑Glucan ameliorated synaptic ultrastructural damage 
in the PFC of T. gondii Wh6‑infected mice
Synaptic ultrastructure and synaptic plasticity are 
strongly associated with spatial working and recogni-
tion memory [38]. We therefore examined the effects of 
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β-glucan on synaptic ultrastructure and the expression 
of synaptic plasticity proteins. The ultrastructure of syn-
apses in the PFC was analyzed by TEM. We found that 
T. gondii Wh6 infection reduced the thickness of PSD, 
shortened the length of the active zone, decreased syn-
aptic curvature and increased the width of the synap-
tic cleft. Notably, compared with the  TG group, these 
pathogenic changes were attenuated following β-glucan 
administration, with mice in these latter groups exhib-
iting thicker PSD, longer active zones, higher synaptic 
curvature and reduced width of the synaptic cleft (F(3, 

32) = 15.58, P < 0.0001, Fig.  3b; F(3, 32) = 25.61, P < 0.0001, 
Fig. 3c; F(3, 32) = 8.151, P = 0.0004, Fig. 3d; F(3, 32) = 9.129, 
P = 0.0002, Fig.  3e). Also, the expression of the plastic-
ity proteins synaptophysin (SYN) and postsynaptic den-
sity protein 95 (PSD-95) in the PFC was reduced in the 
TG group; however, none of these changes were found 
in the TGB group (F(3, 20) = 3.888, P = 0.0244, Fig. 3g; F(3, 

20) = 7.570, P = 0.0014, Fig. 3i). In summary, these results 
suggest that β-glucan could ameliorate synaptic ultra-
structure and synaptic plasticity of the PFC, thereby 

Fig. 1 β-Glucan administration prevented chronic Toxoplasma gondii Wh6-induced goal-directed behavioral impairment in mice. Ten brain cysts 
in 200 µl of phosphate-buffered saline (PBS) were gavaged into C57BL/6J mice to establish  the  T. gondii Wh6 infection model. Four weeks after 
infection, the behavior performance of mice were evaluated by the Y-maze and temporal order memory (TOM) tests. a–d The aim of the Y-maze 
test was to examine the spatial memory of mice: a Y-maze test device diagram, b percentage of alternation triplet in the Y-maze test, c number of 
alternation in the Y-maze test, d number of entries in the Y-maze test. e–i The TOM test was used to appraise the temporal order memory of mice: 
e TOM test flow chart, f discrimination index in TOM, g percentage of time spent exploring the new object in TOM, h percentage of time spent 
exploring the old object in TOM, i total exploration time in TOM. Values are presented as the mean ± standard error of the mean (SEM). Asterisks 
indicate a statistically significant difference at *P < 0.05, ***P < 0.001, according to one-way analysis of variance (ANOVA) followed by Tukey’s test for 
multiple comparisons. NC, mice gavaged with PBS as a vehicle control (normal control); NB group, mice intraperitoneally injected with β-glucan 
solution 2 weeks prior to PBS gavage; TG, mice gavaged with 10 cysts of T. gondii Wh6 strain (T. gondii-infected group); TGB, mice intraperitoneally 
injected with β-glucan solution 2 weeks prior to T. gondii infection (β-glucan-treated T. gondii-infected group)
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Fig. 2 β-Glucan administration ameliorated neurite degeneration and the decrease in dendritic spine density in the prefrontal cortex (PFC) of 
chronic T. gondii Wh6-infected mice. Variations in neuronal morphology were analyzed by Golgi-Cox staining. a Representative images of pyramidal 
neurons in the PFC of mice. Scale bars: 100 μm. b Total neurite length per cell. c Number of neurite branches. d Average neurite length per branch. 
e The sum intersection of neuron. f The max intersection distance from soma (n = 10/group). g Sholl analysis of dendritic branching complexity of 
pyramidal neurons in the PFC of mice. h Representative images of dendritic spines of neurons in the PFC. Scale bars: 10 μm. The sum intersection 
of neurons. i Spine density. Sholl analysis of dendritic branching complexity of pyramidal neurons in the PFC of mice. Values are presented as the 
mean ± SEM. Asterisks indicate a statistically significant difference at *P < 0.05, ** P < 0.01, *** P < 0.001, according to one-way ANOVA followed by 
Tukey’s test for multiple comparisons
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preventing PFC-associated cognitive decline caused by T. 
gondii Wh6 infection.

β‑Glucan suppressed microglia activation in the PFC of T. 
gondii Wh6‑infected mice
Activation of microglia are critical in the process of neu-
rodegeneration [39]. We therefore investigated the effects 
of β-glucan on microgliosis in the PFC of mice infected 
with T. gondii Wh6. Using Iba-1 as the immunofluores-
cent marker of microglia, we found that T. gondii infec-
tion significantly increased the number of microglia in 
the PFC, while β-glucan was clearly observed to decrease 
the number of microglia (F(3, 36) = 303.7, P < 0.0001; 
Fig. 4b). Further analysis of the morphology of microglia 

revealed that the circularity and solidity of microglia 
were obviously increased in the PFC of the TG group 
compared with those of the NC, NB and TGB groups (F(3, 

36) = 35.51, P < 0.0001, Fig.  4c; F(3, 36) = 106.4, P < 0.0001, 
Fig.  4d). These results suggest that microglial activation 
induced by T. gondii Wh6 infection could be mitigated by 
β-glucan supplementation.

β‑Glucan inhibited astrocyte activation in the PFC of T. 
gondii Wh6‑infected mice
Abnormal activation of astrocytes is another risk fac-
tor for cognitive decline [40]. Therefore, we examined 
the effects of β-glucan on astrogliosis in the PFC of 
mice infected with T. gondii Wh6. Using GFAP as the 

Fig. 3 β-Glucan administration improved synaptic ultrastructural impairment in the PFC of chronic T. gondii Wh6-infected mice. a–e Synaptic 
ultrastructure was analyzed by transmission electron microscope: a Representative images of synaptic ultrastructure in the PFC of mice (scale bars: 
100 nm), b‑e the statistical analysis of the synaptic ultrastructure associated indexes: b thickness of PSD, c width of synaptic cleft, d length of active 
zone, e synaptic curvature, f–i Western blot assays were performed to detect SYN and PSD-95 protein levels: f, g SYN protein levels in the PFC of 
mice; h, i PSD-95 protein levels in the PFC of mice. Values are presented as the mean ± SEM. Asterisks indicate a statistically significant difference 
at *P < 0.05, ** P < 0.01, *** P < 0.001, according to one-way ANOVA followed by Tukey’s test for multiple comparisons. AZ, Active zone; PSD-95, 
postsynaptic density protein 95; SC, synaptic cleft, SV, synaptic vesicle; SYN, synaptophysin
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immunofluorescent marker of astrocyte, we observed 
that the number of astrocytes in the PFC of mice in the 
TG group was markedly lower than that in the PFC of 

mice in the  NC group, and that the number was restored 
by β-glucan supplement (F(3, 36) = 153.8, P < 0.0001; 
Fig. 5b). We also analyzed the morphology of astrocytes 

Fig. 4 β-Glucan administration inhibited the hyperactivation of microglia in the PFC of chronic T. gondii Wh6-infected mice. Immunofluorescent 
staining was carried out to detect the number and morphology of microglia in the PFC of chronic T. gondii Wh6-infected mice. a Representative 
immunofluorescent staining of the Iba1-positive  (Iba1+) cells of microglia in the PFC of mice (scale bar: 50 μm). Area in box in each image 
is enlarged in the respective inset in each image, marked with a solid line (scale bar: 10 μm). Solidity and circularity are used to describe the 
morphology of microglia. b Quantification of  Iba1+ microglia in the PFC, c solidity of  Iba1+ microglia in the PFC, d circularity of  Iba1+ microglia 
in the PFC. Values are presented as the mean ± SEM. Asterisks indicate a statistically significant difference at *** P < 0.001, according to one-way 
ANOVA followed by Tukey’s test for multiple comparisons

Fig. 5 β-Glucan administration restrained the hyperactivation of astrocyte the PFC of chronic T. gondii Wh6-infected mice. Immunofluorescent 
staining was performed to detect the number and morphology of astrocytes in the PFC of chronic T. gondii Wh6-infected mice. a Representative 
immunofluorescence staining of GFAP-positive  (GFAP+) astrocytes in the PFC of mice (scale bar: 50 μm). Area in box in each image is enlarged in the 
respective inset in each image, marked with a solid line (scale bar: 10 μm). Solidity and circularity are used to describe the morphology of astrocyte 
(n = 3 mice, 9–12 cells per mouse). b Quantification of  GFAP+ astrocyte in the PFC. c Solidity of  GFAP+ astrocyte in the PFC. d Circularity of  GFAP+ 
astrocyte in the PFC. Asterisks indicate a statistically significant difference at *** P < 0.001, according to one-way ANOVA followed by Tukey’s test for 
multiple comparisons. GFAP, Glial fibrillary acidic protein
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in the PFC and found an enlarged cell body and fewer 
ramifications in the PFC of the TG group compared with 
the PFC of TGB group (F(3, 36) = 23.37, P < 0.0001, Fig. 5c; 
F(3, 36) = 33.34, P < 0.0001, Fig.  5d). These results suggest 
that β-glucan intervention could prevent astrocyte acti-
vation in the PFC of mice infected with T. gondii Wh6.

β‑Glucan restricted the expression of pro‑inflammatory 
cytokines in the PFC of T. gondii Wh6‑infected mice
Following our observation that  β-glucan improved 
microglial and astrocyte activation, we examined the 
effects of β-glucan on pro-inflammatory cytokines. Using 
double immunofluorescent staining of Iba-1 and IL-6, 
we found that the average intensity of fluorescence in IL-
6-positive (IL-6+) cells and the percentages of  Iba1+IL-6+ 
cells in  Iba1+ cells in the TG group were significantly 
higher than those in the NC group, while β-glucan sig-
nificantly inhibited these alternations (F(3, 36) = 4495, 
P < 0.0001, Fig. 6b; F(3, 36) = 145.3, P < 0.0001, Fig. 6c). Sim-
ilar results were found in the astrocytes of the PFC using 
double immunofluorescent staining of GFAP and IL-6 
to evaluate IL-6 expression in astrocytes: higher mean 
fluorescence intensity of IL-6+ cells and percentages of 
 GFAP+IL-6+ cells in  GFAP+ cells in the PFC were found 
in the TG group than in other groups (F(3, 36) = 58.65, 
P < 0.0001, Fig.  6d; F(3, 36) = 45.79, P < 0.0001, Fig.  6e). In 
addition, β-glucan strikingly prevented the upregulation 
of IL-6, tumor necrosis factor alpha (TNF-α) and IL-1β 
mRNA expression in the PFC (F(3, 24) = 8.641, P = 0.0005, 
Fig. 6g; F(3, 24) = 5.388, P = 0.0056, Fig. 6h; F(3, 24) = 8.560, 
P = 0.0005, Fig.  6i). We also found that the number of 
cysts in the PFC of T. gondii-infected mice was reduced 
by β-glucan intervention (t(10) = 5.317, P = 0.0003; Fig. 6j). 
These findings indicate that β-glucan suppressed the neu-
roinflammation induced by T. gondii Wh6 infection.

Discussion
Using the T. gondii chronic infection model established 
by infecting mice with 10 cysts of T. gondii Wh6, we dem-
onstrated that chronic T. gondii Wh6 infection induced 
PFC-dependent abnormal goal-directed behavior, which 
could be prevented by β-glucan administration. To our 

knowledge, this is the first study  showing that β-glucan 
could prevent T. gondii Wh6-induced goal-directed 
behavioral disorder via amelioration of neuron integrity, 
synaptic ultrastructure and neuroinflammation. Impor-
tantly, our finding on the benefits of β-glucan to cogni-
tive function may provide a new therapeutic strategy for 
the treatment of neurodegenerative diseases caused by 
toxoplasmosis.

It has been reported that chronic T. gondii infection is 
closely linked with psycho-behavioral disorders, such as 
AD [41]. It is important to note that neurodegenerative 
diseases such as AD are often characterized by the devel-
opment of neuroinflammation in the CNS, structural 
damage to neuronal structures and loss of messaging 
function within the brain, as well as damage to synaptic 
ultrastructure and synaptic dysfunction [42]. All of these 
signs and disorders been found in brains after chronic T. 
gondii infection, suggesting a high degree of pathological 
correlation between chronic toxoplasma infection and 
diseases such as AD [43]. The authors of a study involv-
ing a community-based sample reported that T. gondii-
seropositive individuals displayed subclinical behavioral 
changes and had a higher risk of PD [5]. Most previously 
published studies used type II strains, which are the clas-
sical Toxoplasma strains, mainly prevalent in Europe, 
Africa and North America, to study the cognitive impair-
ment induced by toxoplasmosis, since type II strains can 
develop into the latent phase of toxoplasmosis and form 
cysts in the brain [44]. In China, Chinese 1 genotype Wh6 
strain is the dominant genotype among the Toxoplasma 
strains circulating in China, and is an unique genotype 
that distinguishes it from the classical type II strains, 
such as possessing both ROP16I/III and GRA15II effec-
tors, lower virulence, a greater tendency to form cysts 
and cause latent infection and easier transmission among 
cats and humans [45]. Recently, the  Wh6 strain has been 
reported to induce tau phosphorylation in mice, similar 
to the pathological characteristics of AD [27]. However, 
there is only limited information about  the association 
of Wh6 infection and neurodegenerative diseases.

In the present study, we found that Wh6-infected mice 
exhibited abnormal goal-directed behavior, based on the 

(See figure on next page.)
Fig. 6 β-Glucan administration suppressed the expression of pro-inflammatory cytokines in the PFC of chronic T. gondii Wh6-infected mice. 
Double immunofluorescence staining was performed to detect the IL-6 expression in the microglia and astrocyte of chronic T. gondii Wh6-infected 
mice. a Representative double immunofluorescence staining of Iba1 (red) and IL-6 (green) in the PFC of mice. The white arrowheads point to 
 Iba1+IL-6-positive (IL-6+) cells. Scale bar: 50 μm or 20 μm. b Percentage of  Iba1+IL-6+ cells in  Iba1+ cells in the PFC. c Quantification of the mean 
fluorescence intensity of IL-6+ cells in the PFC. d Percentage of  GFAP+IL-6+ cells in  GFAP+ cells in the PFC. e Quantification of the mean fluorescence 
intensity of  GFAP+ cells. f Representative double immunofluorescence staining of GFAP (red) and IL-6 (green) in the PFC of mice. Scale bar: 50 μm 
or 20 μm. g Real-time reverse transcription PCR (RT-PCR) analysis of IL-6 mRNA expression in the PFC. h RT-PCR analysis of TNF-α mRNA expression 
in the PFC. i RT-PCR analysis of IL-1β mRNA expression of in the PFC. j Cyst numbers in the brain of chronic T. gondii Wh6-infected mice. Values are 
presented as the mean ± SEM. Asterisks indicate a statistically significant difference at *P < 0.05, ** P < 0.01, *** P < 0.001, according to one-way 
ANOVA followed by Tukey’s test for comparisons among four groups and the unpaired t-test for comparisons between two groups. IL, Interleukin; 
mRNA, messenger RNA; TNF-α, tumor necrosis factor alpha



Page 11 of 15Cui et al. Parasites & Vectors           (2023) 16:65  

Y-maze and temporal order memory tests (Fig.  1), sug-
gesting that T. gondii Wh6 impairs cognitive function. 
There have been many efforts in past studies to mitigate 

abnormal behaviors induced by T. gondii, but most of 
them have been unsuccessful [16]. For example, diphenyl 
diselenide treatment can normalize acetylcholinesterase 

Fig. 6 (See legend on previous page.)
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activity in the CNS of chronically infected mice, but it 
failed to reverse the  behavioral deficits [46]. Importantly, 
in the present study, intraperitoneal administration of 
β-glucan significantly prevented T. gondii Wh6-induced 
goal-directed behavioral impairment. In addition, cyst 
burden in the brain has been linked with the development 
of psycho-behavioral disorders, although mice infected 
with a T. gondii strain incapable of forming cysts still 
display behavior change [16, 47]. Rodents with chronic T. 
gondii infection were found to develop cysts in the PFC 
[14, 15]. In the present study we also found that cysts 
formed in the PFC of mice infected with T. gondii Wh6; 
however, the number of cysts in the PFC of infected mice 
was reduced by the β-glucan intervention. The mecha-
nism of how β-glucan decreases cyst formation should 
be further examined in future studies. Neuron apoptosis 
is another characteristic of AD. It has been reported that 
chronic Wh6 infection causes neuron apoptosis in mice 
[27], but a different study reported that T. gondii could 
inhibit the apoptotic pathway in host cells, which allows 
the parasite to keep its replicative niche [48]. The influ-
ence of β-glucan on neuron apoptosis needs to be exam-
ined further.

The PFC, a region associated with cognitive process-
ing, spatial working and recognition memory, is very 
susceptible to T. gondii infection [12, 14, 15, 49, 50]. Neu-
rite arborization and synaptic plasticity are essential for 
neuronal circuits and cognitive function [51, 52]. Chronic 
T. gondii infection has been found to induce neuronal 
degeneration and to damage the synaptic ultrastructure 
in the PFC of mice [14, 15, 53, 54]. Clément et al. showed 
that T. gondii infection disrupted the neuronal cytoskel-
eton and caused synaptic loss in the PFC of mice [55]. In 
the present study, using Golgi-Cox staining and TEM, we 
observed  the  neurite degeneration, the  decreased neu-
ronal complexity and the impaired synaptic transmission 
in the PFC of the TG group (Figs. 2, 3a–e). These results 
powerfully suggest that T. gondii Wh6 impairs neurite 
arborization and synaptic plasticity, resulting in cogni-
tive impairment. Importantly, β-glucan supplementation 
prevented the T. gondii Wh6 infection-induced impair-
ment to neurite and synaptic ultrastructure. In line with 
these results, we observed that T. gondii Wh6 infection 
decreased the expression of SYN and PSD-95 in the PFC 
of mice, consistent with the results of previous stud-
ies with other T. gondii strains [5]. However, it should 
be emphasized that the β-glucan intervention alleviated 
these pathological  changes induced by T. gondii Wh6 
(Fig. 3f, g). Therefore, these findings suggest that T. gondii 
Wh6 infection impaired neuronal integrity and synaptic 
ultrastructure, and these could be evidently prevented by 
β-glucan, indicating a neuroprotective effect of β-glucan.

Neuroinflammation, characterized by the activation 
of microglia and astrocytes, is considered to be a key 
driver of the progression of neurodegenerative diseases 
[39, 56]. Previous studies have reported that chronic T. 
gondii infection induces microglial activation and astro-
gliosis [57, 58]. Our results  also showed that chronic T. 
gondii Wh6 infection causes the activation of microglia 
and astrocytes in the PFC of mice (Figs. 4, 5), indicating 
that massive neuroinflammation was caused by T. gondii 
Wh6. Importantly, β-glucan administration attenuated 
the hyperactivation of microglia and astrocytes induced 
by T. gondii Wh6. In addition, the activation of micro-
glia and astrocytes leads to the release of po-inflamma-
tory cytokines, such as IL-6, TNF-α and IL-1β, which is 
closely associated with the damage of neurons and neu-
rodegeneration [59, 60]. Our findings also confirmed that 
T. gondii Wh6 infection upregulated the expression of 
IL-6, TNF-α and IL-1β in the PFC region (Fig. 6), which 
was restricted by β-glucan, suggesting that the neuroin-
flammation and cytotoxicity of hyperactivated glial cells 
could be reduced by β-glucan. Thus, we speculate that 
chronic T. gondii Wh6 infection causes neuroinflam-
mation, eventually impairing cognitive function, while 
β-glucan can suppress this process.

β-Glucan, the major bioactive component extracted 
from mushrooms and fungi, has been shown to promote 
immune response and induce the expression of inflam-
matory cytokines at a low dose [61]. It has been reported 
that β-glucan extracted from L. donovani can inhibit 
acute T. gondii infection [19]. Recently, several studies, 
including one from our group, demonstrated that dietary 
β-glucan can improve cognitive impairment via remold-
ing of gut microbiota [23, 24]. Importantly, consump-
tion of a diet rich in β-glucan (polysaccharide) has been 
reported to improve cognitive performance in humans, 
thereby reducing the incidence of cognitive impairment 
[62]. In the present study, we found that intraperitoneal 
injection of β-glucan could maintain the structural integ-
rity of neurons and the complexity of dendritic spines, 
improve synaptic ultrastructure damage and inhibit 
neuroinflammation, thereby preventing goal-directed 
behavioral impairment induced by chronic T. gondii Wh6 
infection (Fig. 7). To our knowledge, the treatment strat-
egy for the T. gondii-induced cognitive impairment is still 
in the clinically shameful situation of having no effective 
treatment drugs [63]. The present study suggests that 
β-glucan may be a potential drug for the treatment of 
cognitive diseases caused by T. gondii infection.
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Conclusions
The present study demonstrates that chronic T. gondii 
Wh6 infection causes goal-directed behavioral impair-
ment in mice and that this impairment could be pre-
vented by intraperitoneal administration of β-glucan. 
Our findings suggest that T. gondii Wh6 strain, similar 
to other strains, is a risk factor for neurodegenerative 
diseases. Importantly, β-glucan may be an effective drug 
candidate for the treatment of psycho-behavioral disor-
ders induced by toxoplasmosis.

Abbreviations
AD  Alzheimer’s disease
CNS  Central nervous system
IL  Interleukin
PBS  Phosphate buffer saline
PD  Parkinson’s disease

PFC  Prefrontal cortex
PSD  Postsynaptic density
RT-PCR  Real-time reverse transcription PCR
SDS-PAGE  Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
SYN  Synaptophysin
TNF-α  Tumor necrosis factor alpha
TOM  Temporal order memory

Acknowledgements
Not applicable.

Author contributions
XY and WP contributed to the conception and design of the study and 
experiments. ZC and YG carried out the experiments. XL, NZ, ST and SL were 
responsible for the literature search and classification. ZC, WP and XY wrote 
the manuscript and drew  the figures. YL carefully checked the figures. QW, 
FS and MH made critical revisions to the manuscript. All authors reviewed the 
manuscript.

Funding
This work was supported by the Natural Science Foundation of Jiangsu Prov-
ince (No. BK20211055, BK20201459), the Jiangsu Qing Lan Project, the China 

Fig. 7 Graphical summary of the protective effect of β-glucan on the cognitive impairment induced by T. gondii Wh6. a Toxoplasma gondii 
Wh6 tends to infect the prefrontal cortex after passing through the brain. b Toxoplasma gondii Wh6 induces the activation of microglia and 
astrocytes and the release of pro-inflammatory cytokines, such as IL-6 and TNF-α, which subsequently exacerbate the neuroinflammation. c 
The presence of T. gondii reduced synapse-related proteins, such as SYN and PSD-95, thereby affecting the information transmission capacity of 
synapses. d Toxoplasma gondii Wh6 affects pyramidal neuron integrity by impairing dendritic spine density. e Taking all elements together, the 
decline of cognitive function is induced. Red arrows represent events induced by T. gondii infection; green arrows represent the amelioration by 
β-glucan adminstration



Page 14 of 15Cui et al. Parasites & Vectors           (2023) 16:65 

Postdoctoral Science Foundation (No.2022M710120), the Training Programs 
of Innovation and Entrepreneurship for College Students in Jiangsu Province 
(No.202210313004Z, No.202210313001Z). The funders had no role in study 
design, data collection and analysis, decision to publish, or preparation of the 
manuscript.

Availability of data and materials
All data generated or analyzed during the research process are included in this 
published article.

Declarations

Ethics approval and consent for participate
All animal experiments described in this study were performed in accordance 
with the institutional guidelines and approved by the Ethical Management 
Committee of XuZhou medical university. Consent for participate is not 
applicable.

Competing interests
The authors declare no competing interests.

Received: 27 September 2022   Accepted: 25 January 2023

References
 1. Almeria S, Dubey JP. Foodborne transmission of Toxoplasma gondii infec-

tion in the last decade. An overview. Res Vet Sci. 2021;135:371–85.
 2. Saraav I, Cervantes-Barragan L, Olias P, Fu Y, Wang Q, Wang L, et al. Chronic 

Toxoplasma gondii infection enhances susceptibility to colitis. Proc Natl 
Acad Sci USA. 2021;118:e2106730118.

 3. Firouzeh N, Ziaali N, Sheibani V, Doustimotlagh AH, Afgar A, Zamanpour 
M, et al. Chronic Toxoplasma gondii infection potentiates Parkinson’s 
disease course in mice model. Iran J Parasitol. 2021;16:527–37.

 4. Mohle L, Israel N, Paarmann K, Krohn M, Pietkiewicz S, Muller A, et al. 
Chronic Toxoplasma gondii infection enhances beta-amyloid phagocyto-
sis and clearance by recruited monocytes. Acta Neuropathol Commun. 
2016;4:25.

 5. French T, Dusedau HP, Steffen J, Biswas A, Ahmed N, Hartmann S, et al. 
Neuronal impairment following chronic Toxoplasma gondii infection is 
aggravated by intestinal nematode challenge in an IFN-gamma-depend-
ent manner. J Neuroinflammation. 2019;16:159.

 6. Torres L, Robinson SA, Kim DG, Yan A, Cleland TA, Bynoe MS. Toxoplasma 
gondii alters NMDAR signaling and induces signs of Alzheimer’s disease 
in wild-type, C57BL/6 mice. J Neuroinflammation. 2018;15:57.

 7. Bogdanov M, Timmermann JE, Glascher J, Hummel FC, Schwabe L. Causal 
role of the inferolateral prefrontal cortex in balancing goal-directed and 
habitual control of behavior. Sci Rep. 2018;8:9382.

 8. Zhong S, Zhang S, Fan X, Wu Q, Yan L, Dong J, et al. A single-cell RNA-seq 
survey of the developmental landscape of the human prefrontal cortex. 
Nature. 2018;555:524–8.

 9. Jobson DD, Hase Y, Clarkson AN, Kalaria RN. The role of the medial 
prefrontal cortex in cognition, ageing and dementia. Brain Commun. 
2021;3:fcab125.

 10. Miller EK. The prefrontal cortex and cognitive control. Nat Rev Neurosci. 
2000;1:59–65.

 11. Park J, Moghaddam B. Impact of anxiety on prefrontal cortex encoding of 
cognitive flexibility. Neuroscience. 2017;345:193–202.

 12. Mansouri FA, Koechlin E, Rosa MGP, Buckley MJ. Managing compet-
ing goals—a key role for the frontopolar cortex. Nat Rev Neurosci. 
2017;18:645–57.

 13. Beste C, Getzmann S, Gajewski PD, Golka K, Falkenstein M. Latent 
Toxoplasma gondii infection leads to deficits in goal-directed behavior in 
healthy elderly. Neurobiol Aging. 2014;35:1037–44.

 14. Li Y, Severance EG, Viscidi RP, Yolken RH, Xiao J. Persistent Toxoplasma 
infection of the brain induced neurodegeneration associated with activa-
tion of complement and microglia. Infect Immun. 2019;87:e00139-e219.

 15. Petrozziello T, Mills AN, Vaine CA, Penney EB, Fernandez-Cerado C, 
Legarda GPA, et al. Neuroinflammation and histone H3 citrullination are 
increased in X-linked dystonia parkinsonism post-mortem prefrontal 
cortex. Neurobiol Dis. 2020;144:105032.

 16. Martynowicz J, Augusto L, Wek RC, Boehm SL 2nd, Sullivan WJ Jr. Guana-
benz reverses a key behavioral change caused by latent toxoplasmosis in 
mice by reducing neuroinflammation. MBio. 2019;10:e00381-e419.

 17. Sakamoto Y, Nakade K, Sato S, Yoshida K, Miyazaki K, Natsume S, et al. 
Lentinula edodes genome survey and postharvest transcriptome analysis. 
Appl Environ Microbiol. 2017;83:e02990-e3016.

 18. Crespo H, Guillen H, de Pablo-Maiso L, Gomez-Arrebola C, Rodriguez 
G, Glaria I, et al. Lentinula edodes beta-glucan enriched diet induces 
pro- and anti-inflammatory macrophages in rabbit. Food Nutr Res. 
2017;61:1412791.

 19. Patidar A, Mahanty T, Raybarman C, Sarode AY, Basak S, Saha B, et al. 
Barley beta-Glucan and Zymosan induce Dectin-1 and Toll-like receptor 
2 co-localization and anti-leishmanial immune response in Leishmania 
donovani-infected BALB/c mice. Scand J Immunol. 2020;92:e12952.

 20. Büyükbaba Boral O, Sönmez Tamer G, Keçeli Özcan S, Sönmez N, Işsever 
H, Tekeli F. Investigation of combined effectiveness of spiramycin and 
beta-glucan in mice models of acute toxoplasmosis and determination 
of IL-10, IL-12 and TNF-α levels. Mikrobiyol Bul. 2012;46:446–455.

 21. Vetvicka V, Fernandez-Botran R. Beta-glucan and parasites. Helmintholo-
gia. 2018;55:177–84.

 22. Morales D, Rutckeviski R, Villalva M, Abreu H, Soler-Rivas C, Santoyo 
S, et al. Isolation and comparison of alpha- and beta-D-glucans from 
shiitake mushrooms (Lentinula edodes) with different biological activities. 
Carbohydr Polym. 2020;229:115521.

 23. Pan W, Jiang P, Zhao J, Shi H, Zhang P, Yang X, et al. beta-Glucan from 
Lentinula edodes prevents cognitive impairments in high-fat diet-induced 
obese mice: involvement of colon-brain axis. J Transl Med. 2021;19:54.

 24. Yang X, Zheng M, Zhou M, Zhou L, Ge X, Pang N, et al. Lentinan sup-
plementation protects the gut-liver axis and prevents steatohepatitis: the 
role of gut microbiota involved. Front Nutr. 2021;8:803691.

 25. Heng Y, Zhang X, Borggrewe M, van Weering HRJ, Brummer ML, Nijboer 
TW, et al. Systemic administration of beta-glucan induces immune train-
ing in microglia. J Neuroinflammation. 2021;18:57.

 26. Zhang A-M, Shen Q, Li M, Xu X-C, Chen H, Cai Y-H, et al. Comparative 
studies of macrophage-biased responses in mice to infection with 
Toxoplasma gondii ToxoDB #9 strains of different virulence isolated from 
China. Parasit Vectors. 2013;6:308.

 27. Tao Q, Wang X, Liu L, Ji Y, Luo Q, Du J, et al. Toxoplasma gondii Chinese I 
genotype Wh6 strain infection induces tau phosphorylation via activat-
ing GSK3beta and causes hippocampal neuron apoptosis. Acta Trop. 
2020;210:105560.

 28. Taniguchi Y, Appiah-Kwarteng C, Murakami M, Fukumoto J, Nagamune 
K, Matsuo T, et al. Atypical virulence in a type III Toxoplasma gondii strain 
isolated in Japan. Parasitol Int. 2018;67:587–92.

 29. Kraeuter AK, Guest PC, Sarnyai Z. The Y-maze for assessment of 
spatial working and reference memory in mice. Methods Mol Biol. 
2019;1916:105–11.

 30. Mitchell JB, Laiacona J. The medial frontal cortex and temporal memory: 
tests using spontaneous exploratory behaviour in the rat. Behav Brain 
Res. 1998;97:107–13.

 31. Yang X, Zheng M, Hao S, Shi H, Lin D, Chen X, et al. Curdlan prevents the 
cognitive deficits induced by a high-fat diet in mice via the gut-brain axis. 
Front Neurosci. 2020;14:384.

 32. Restivo L, Ferrari F, Passino E, Sgobio C, Bock J, Oostra BA, et al. Enriched 
environment promotes behavioral and morphological recovery in 
a mouse model for the fragile X syndrome. Proc Natl Acad Sci USA. 
2005;102:11557–62.

 33. Srinivasan A, Srinivasan A, Ferland RJ. AutoSholl allows for automa-
tion of Sholl analysis independent of user tracing. J Neurosci Methods. 
2020;331:108529.

 34. Wu J, Zhu Y, Zhou L, Lu Y, Feng T, Dai M, et al. Parasite-derived excretory-
secretory products alleviate gut microbiota dysbiosis and improve 
cognitive impairment induced by a high-fat diet. Front Immunol. 
2021;12:710513.



Page 15 of 15Cui et al. Parasites & Vectors           (2023) 16:65  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 35. Zanier ER, Fumagalli S, Perego C, Pischiutta F, De Simoni MG. Shape 
descriptors of the “never resting” microglia in three different acute brain 
injury models in mice. Intensive Care Med Exp. 2015;3:39.

 36. Lang D, Schott BH, van Ham M, Morton L, Kulikovskaja L, Herrera-
Molina R, et al. Chronic Toxoplasma infection is associated with distinct 
alterations in the synaptic protein composition. J Neuroinflammation. 
2018;15:216.

 37. Naya Y, Chen H, Yang C, Suzuki WA. Contributions of primate prefrontal 
cortex and medial temporal lobe to temporal-order memory. Proc Natl 
Acad Sci USA. 2017;114:13555–60.

 38. Zhang X, Zhao Y, Du Y, Sun H, Zhang W, Wang A, et al. Effect of ketamine 
on mood dysfunction and spatial cognition deficits in PTSD mouse 
models via HCN1-BDNF signaling. J Affect Disord. 2021;286:248–58.

 39. Catorce MN, Gevorkian G. LPS-induced murine neuroinflammation 
model: main features and suitability for pre-clinical assessment of nutra-
ceuticals. Curr Neuropharmacol. 2016;14:155–64.

 40. Tai LM, Thomas R, Marottoli FM, Koster KP, Kanekiyo T, Morris AW, et al. 
The role of APOE in cerebrovascular dysfunction. Acta Neuropathol. 
2016;131:709–23.

 41. Halonen SK, Weiss LM. Toxoplasmosis. Handb Clin Neurol. 
2013;114:125–45.

 42. Hong S, Beja-Glasser VF, Nfonoyim BM, Frouin A, Li S, Ramakrishnan S, 
et al. Complement and microglia mediate early synapse loss in Alzheimer 
mouse models. Science. 2016;352:712–6.

 43. Ortiz-Guerrero G, Gonzalez-Reyes RE, de-la Torre A, Medina-Rincon G, 
Nava-Mesa MO. Pathophysiological mechanisms of cognitive impair-
ment and neurodegeneration by Toxoplasma gondii infection. Brain Sci. 
2020;10:369.

 44. Castano Barrios L, Da Silva Pinheiro AP, Gibaldi D, Silva AA, Machado Rod-
rigues ESP, Roffe E, et al. Behavioral alterations in long-term Toxoplasma 
gondii infection of C57BL/6 mice are associated with neuroinflammation 
and disruption of the blood brain barrier. PLoS One. 2021;16:e0258199.

 45. Cheng W, Liu F, Li M, Hu X, Chen H, Pappoe F, et al. Variation detection 
based on next-generation sequencing of type Chinese 1 strains of 
Toxoplasma gondii with different virulence from China. BMC Genomics. 
2015;16:888.

 46. Machado VS, Bottari NB, Baldissera MD, Rech VC, Ianiski FR, Signor C, et al. 
Diphenyl diselenide supplementation in infected mice by Toxoplasma 
gondii: Protective effect on behavior, neuromodulation and oxidative 
stress caused by disease. Exp Parasitol. 2016;169:51–8.

 47. Xiao J. Behavioral changes induced by latent toxoplasmosis could arise 
from CNS inflammation and neuropathogenesis. Curr Top Behav Neuro-
sci. 2022. https:// doi. org/ 10. 1007/ 7854_ 2022_ 370.

 48. Lima TS, Lodoen MB. Mechanisms of human innate immune evasion by 
Toxoplasma gondii. Front Cell Infect Microbiol. 2019;9:103.

 49. Miller EK, Cohen JD. An integrative theory of prefrontal cortex function. 
Annu Rev Neurosci. 2001;24:167–202.

 50. Parnaudeau S, Bolkan SS, Kellendonk C. The mediodorsal thalamus: an 
essential partner of the prefrontal cortex for cognition. Biol Psychiatry. 
2018;83:648–56.

 51. Head E, Corrada MM, Kahle-Wrobleski K, Kim RC, Sarsoza F, Goodus M, 
et al. Synaptic proteins, neuropathology and cognitive status in the 
oldest-old. Neurobiol Aging. 2009;30:1125–34.

 52. Tyrtyshnaia A, Manzhulo I. Neuropathic pain causes memory deficits and 
dendrite tree morphology changes in mouse hippocampus. J Pain Res. 
2020;13:345–54.

 53. Carrillo GL, Ballard VA, Glausen T, Boone Z, Teamer J, Hinkson CL, et al. 
Toxoplasma infection induces microglia-neuron contact and the loss of 
perisomatic inhibitory synapses. Glia 2020;68:1968–86.

 54. Wang T, Sun X, Qin W, Zhang X, Wu L, Li Y, et al. From inflammatory reac-
tions to neurotransmitter changes: Implications for understanding the 
neurobehavioral changes in mice chronically infected with Toxoplasma 
gondii. Behav Brain Res. 2019;359:737–48.

 55. David CN, Frias ES, Szu JI, Vieira PA, Hubbard JA, Lovelace J, et al. GLT-
1-dependent disruption of CNS glutamate homeostasis and neuronal 
function by the protozoan parasite Toxoplasma gondii. PLoS Pathog. 
2016;12:e1005643.

 56. Hou Y, Wei Y, Lautrup S, Yang B, Wang Y, Cordonnier S, et al. NAD(+) 
supplementation reduces neuroinflammation and cell senescence in a 
transgenic mouse model of Alzheimer’s disease via cGAS-STING. Proc 
Natl Acad Sci USA. 2021;118:e2011226118.

 57. Bright F, Werry EL, Dobson-Stone C, Piguet O, Ittner LM, Halliday GM, 
et al. Neuroinflammation in frontotemporal dementia. Nat Rev Neurol. 
2019;15:540–55.

 58. Xiao J. Toxoplasma-induced behavioral changes: an aspecific conse-
quence of neuroinflammation. Trends Parasitol. 2020;36:317–8.

 59. Prasad JD, Gunn KC, Davidson JO, Galinsky R, Graham SE, Berry MJ, et al. 
Anti-inflammatory therapies for treatment of inflammation-related 
preterm brain injury. Int J Mol Sci. 2021;22:4008.

 60. Stojakovic A, Paz-Filho G, Arcos-Burgos M, Licinio J, Wong ML, Mastronardi 
CA. Role of the IL-1 pathway in dopaminergic neurodegeneration and 
decreased voluntary movement. Mol Neurobiol. 2017;54:4486–95.

 61. Karumuthil-Melethil S, Gudi R, Johnson BM, Perez N, Vasu C. Fungal 
beta-glucan, a Dectin-1 ligand, promotes protection from type 1 
diabetes by inducing regulatory innate immune response. J Immunol. 
2014;193:3308–21.

 62. Haider A, Inam W, Khan SA, Mahmood W, Abbas G. beta-glucan attenu-
ated scopolamine induced cognitive impairment via hippocampal 
acetylcholinesterase inhibition in rats. Brain Res. 2016;1644:141–8.

 63. Kang HJ, Chu KB, Lee SH, Kim MJ, Park H, Jin H, et al. Toxoplasma gondii 
virus-like particle vaccination alleviates inflammatory response in the 
brain upon T gondii infection. Parasite Immunol. 2020;42:e12716.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1007/7854_2022_370

	β-Glucan alleviates goal-directed behavioral deficits in mice infected with Toxoplasma gondii
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Animal care and treatment
	Animal model for T. gondii Wh6 infection
	Y-Maze test
	TOM test
	Transmission electron microscope
	Golgi-Cox staining and image analysis
	Immunofluorescence
	Western blotting
	RNA extraction and real-time PCR
	Toxoplasma gondii cyst counts
	Statistical analysis

	Results
	β-Glucan prevented the goal-directed behavioral impairment caused by T. gondii Wh6 infection in mice
	β-Glucan mitigated neurite impairment in the PFC of T. gondii Wh6-infected mice
	β-Glucan ameliorated synaptic ultrastructural damage in the PFC of T. gondii Wh6-infected mice
	β-Glucan suppressed microglia activation in the PFC of T. gondii Wh6-infected mice
	β-Glucan inhibited astrocyte activation in the PFC of T. gondii Wh6-infected mice
	β-Glucan restricted the expression of pro-inflammatory cytokines in the PFC of T. gondii Wh6-infected mice

	Discussion
	Conclusions
	Acknowledgements
	References


