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Abstract
Background Memory impairment caused by Toxoplasma gondii infection has been documented. Berberine (BRB) is 
well known for its enhancing effects on memory and has shown promising results. However, the impact of BRB on T. 
gondii infection and schizophrenia-induced consolidation and reconsolidation memory impairment is still unclear. 
Here; we examined the effect of BRB on the inhibitory avoidance (IA) memory consolidation and reconsolidation 
impairment induced by T. gondii infection, and ketamine (Ket) as a pharmacological model of schizophrenia. Also; 
the brain-derived neurotrophic factor (BDNF) levels in the medial prefrontal cortex (mPFC) and hippocampus were 
analyzed.

Methods Rats were infected with T. gondii RH strain or received Ket (30 mg/kg/day) intraperitoneally (i.p) for at least 
five consecutive days (as the model of schizophrenia). Then followed by oral administration with BRB (25 mg/kg/day) 
for five days. Finally, the IA memory retention test was examined 48 post-conditioning, and BDNF was measured.

Results Results indicated IA memory impairment in T. gondii-infected animals since lower step-through latency (STL) 
was observed than in control animals. We found significant (P = 0.01, P = 0.001) elevations in STL and a significant 
decrease (P = 0.001) in total time spent in the dark area following BRB administration in infected and Ket-treated rats, 
indicating improvement (increased STL) in consolidation and reconsolidation memory. Moreover, BDNF levels were 
reduced (P = 0.01) in the hippocampus and mPFC regions of both T. gondii- infected and Ket-induced groups, which 
remarkably enhanced after BRB treatment. Furthermore; we found that BRB administration notably increased the 
mPFC BDNF levels in mPFC (P < 0.01) and hippocampus (P = 0.001) in the Ket-treated and rats infected with T. gondii.

Conclusion Taken together; BRB may be a valuable preclinical treatment for improving memory impairment through 
BDNF expression in PFC and hippocampus, therefore; BRB is suggested for memory disturbances induced by T. gondii 
infection.
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Background
T. gondii is an obligate intracellular protozoan parasite 
that causes toxoplasmosis in a wide range of homeo-
thermic hosts. Approximately one-third of the human 
population is infected by brain parasites, especially T. 
gondii [1]. Numerous studies have reported that T. gondii 
infection is one of the most risk factors for alterations in 
human behavior, personality, and mental disorders, such 
as schizophrenia [2, 3]. Schizophrenia is a chronic men-
tal disorder that affects approximately 1% of the world’s 
population, making it the seventh most costly medical 
challenge [4]. It is distinguished by several symptoms 
including severe behavioral deficits and memory dys-
function [5]. On the other hand, schizophrenia results 
in impaired neurocognitive functioning, which includes 
processing speed, memory, learning, social cognition, 
and executive function [6]. In this regard, the infection 
can also cause memory impairment [7] and cognitive 
deficits [8]. Memory consolidation is a newly formed 
memory that needs gene expression for several hours 
to become stable or consolidated. In other words, after 
retrieval, the reactivated labile memory requires a gene 
expression-dependent process to be re-stabilized during 
memory reconsolidation which becomes stable again [9].

BDNF is one of the most mediators in regulating neu-
rogenesis, differentiation, maturation, and neuronal sur-
vival during development [10]. Due to the high density 
of BDNF in the adult’s brain hippocampus and cerebral 
cortex, it could enhance synaptogenesis and neurotrans-
mission [11], especially in several memory types of pro-
cessing [12, 13].

Recently, the preventive and therapeutic effects of 
herbal medicines have been shown in some illnesses and 
infectious diseases [14]. BRB is an organic isoquinoline 
alkaloid compound isolated from different medicinal 
herbs such as Berberis vulgaris and has been widely used 
for medicinal therapeutic purposes [15]. Besides the anti-
inflammatory and anti-apoptotic properties of BRB [16], 
it is capable to attenuate oxidative stress, improve etha-
nol-induced memory decline [17], and up-regulate BDNF 
expression in the hippocampus following exogenous cor-
ticosterone treatment in rats [18]. Moreover; BRB could 
ameliorate dysfunctions of learning and memory with 
a neuroprotective effect in traumatic brain injury [19]. 
Mounting evidence focused on the dose-dependent neu-
roprotective effect of BRB, which can reduce depression 
symptoms by increasing serotonin and dopamine levels 
at a low dose [20].

Mahmoudvand et al. reported the potential prophylac-
tic effect of methanolic extract of B. vulgaris root against 

murine acute toxoplasmosis induced by RH strain of T. 
gondii [14]. On the other hand, infections with T. gon-
dii have been associated with the early onset of schizo-
phrenia and BRB analogs have shown an inhibitory 
effect against T. gondii infection [12]. However, T. gondii 
alternations in BDNF expression in corticolimbic struc-
tures, in particular, whether BRB can improve its induced 
memory impairment have been less understood.

IA is associated with the integrated activity of the vari-
ous parts of the brain, especially the hippocampus and 
mPFC [21]. Because of the association between chronic 
infection of T. gondii and cognitive disturbances, the 
critical role of the PFC and hippocampus in learn-
ing and memory [22], and considering the BRB protec-
tive effect against memory impairment, this study was 
undertaken to investigate whether BRB could ameliorate 
T.gondii- induced learning and memory deficit and also 
a Ket-induced rat model of schizophrenia in a passive 
avoidance task in the rat.

Methods
Animals and parasite
This experimental study was performed on 48 adults 
male Wistar rats weighing 200–230  g for setting up an 
animal model and 20 BALB/c mice 20–25 g for the pres-
ervation of the parasite. The animals were obtained from 
the Central Animal House, College of Pharmacy, Univer-
sity of Urmia, Northwest of Iran. Before the beginning of 
the experiments, animals were housed in standard plas-
tic cages for one week for habituation and were kept in a 
controlled environment at room temperature (25 ± 10 °C) 
with a 12:12  h light/dark cycle. The rats were fed with 
standard rodent pellet food and water were provided ad 
libitum throughout the experimental period. All efforts 
were made to minimize the suffering of the animals in 
accordance with Ethics Committee recommendations.

The RH strain of T. gondii belonging to genotype type I 
was used to establish chronic toxoplasmosis in rats [23]. 
The parasite was obtained from the Department of Para-
sitology, Faculty of Medical Sciences, Tarbiat Modares 
University, Tehran, Iran. Tachyzoites (1 × 105) of the para-
site were inoculated in BALB/c mice by i.p passage and 
were collected 3–5 days post-inoculation. The harvested 
tachyzoites were mixed with PBS, filtered to remove 
peritoneal cell contamination, counted under micros-
copy with a 40× objective using a hemocytometer, and 
adjusted to 106-107/ml in saline [15, 16].

Keywords Toxoplasma gondii, Schizophrenia rat model, Inhibitory avoidance memory, Consolidation, 
Reconsolidation, Berberine
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Chemicals
Ket (10%) and BRB (Berberine chloride) were purchased 
from Alfasan, Poland, and Sigma Aldrich, USA company, 
respectively. In addition, Cyclosporin A (Sigma, Cat No. 
3-13-59865) (Cyc-A) and Hydrocortisone acetate (HCA) 
(Aburaihan, Iran) were prepared commercially.

Experimental groups
The rats were randomly divided into two main groups: 
infected (infected with T. gondii) and non-infected (expe-
rience any infection, treated with saline or Ket i.p for 5 
days). Both groups were supplemented with BRB 25 mg/
kg for 5 days by oral gavage after two months. BRB was 
administrated after the IA training session for evaluating 
its effects on IA memory consolidation. Each main group 
was divided into subgroups including (TOXO-SAL, 
TOXO-BRB, Cont-SAL, BRB, Ket-SAL, and Ket-BRB 
(n = 8 in each subgroup).

The infected group was i.p inoculated with each 0.5 ml 
PBS containing 1 × 107 tachyzoites [24]. To enhance the 
infectivity, we immunosuppressed the rats with Cyc-A 
(40  mg/kg/d) and HCA (0.5  mg/kg/d) via i.p injection 
for 5 consecutive days. On the fifth day, the animals were 
inoculated with adjusted tachyzoites [25, 26].

Because Cyc-A-induced toxicity on the central ner-
vous system occurs after long-term administration [27], 
we only used it for five days to support the reduction of 
side effects of Cyc-A in this study. In addition, Cyc-A was 
administered with HCA to normalize the side effects of 
Cyc-A [28]. In our previous pilot study (unpublished), we 
did not observe a significant difference in memory per-
formance after five days between the control group and 
the rats that received Cyc-A and HCA.

Direct microscopy counting of tachyzoites or tissue cysts 
and molecular test
Two-month post-inoculation, following the behavioral 
IA test, the rats were examined for tachyzoites and tissue 
cysts by impression smear, and polymerase chain reac-
tion (PCR) of homogenized brain samples after eutha-
nasia (as described below) of animals [29]. Two drops of 
brain homogenate were placed on slides and the number 

of tachyzoites or tissue cysts was counted under light 
microscopy [30].

DNA was extracted from 30  mg digested brain tis-
sue by using DNA Extraction Kit (DNP™, Cat. no. 
EX6071, Tehran, Iran) according to the manufactur-
er’s instructions. PCR was performed using the 529  bp 
repetitive element gene as described previously [31]. 
Summarily, 10 µL master mix (PCR Mastermix, Cat. no. 
MM2062, TC Clone, Tehran, Iran), 2 µL of each TOX 
forward and reverse primers [TOXF (5ʹ–CGCTGC 
AGGGAGGAAGACGAAAGTTG-3ʹ) and TOXR (5ʹ-C
GCTGCAGACACAGTGCATCTGGATT-3ʹ )], 5 µL 
extracted DNA, and 6 µL distilled water were mixed to 
consist of 25 µL reaction mixture and was amplified 
according to setup program in Thermal Cycler (Veriti™ 
Dx, Cat. no. 4,388,444, USA) as follows: first and final 
denaturation include 7  min at 94  °C and 30  s at 94  °C 
for 35 cycles, respectively, annealing for 30  s at 56  °C, 
and first and final extension at 72 °C for 30 s and 10 min, 
respectively. The standard RH strain of T. gondii, and 
distilled water (D.W) were used as positive and negative 
controls, respectively.

Ket exposure as an animal model of schizophrenia
Ket (100 mg/mL) was diluted in saline to 30 mg/mL and 
injected i.p at a volume of 100 µl/kg of body weight. Rats 
were injected i.p once daily (late morning) with Ket for 5 
consecutive days to induce a schizophrenia model in rats 
as a positive control [32]. Animals of the control group 
received saline in the same volume. Signs of ket exposure 
were observed after ket injection including decreased 
motivation. Also, learning impairment was observed 
in the IA test because of entering rats into a dark com-
partment after foot shock. In other words, when rats 
received ket for 5 days, and were then trained in an IA 
box, entrance into a dark area (decrease STL) occurred 
following placing each animal in a light compartment 
after shock delivery. Following Ket exposure, the rats 
were returned to the home cage and left undisturbed for 
drug washout before IA behavioral test for at least five 
days (see Fig. 1 for more details).

Fig. 1 Time-line of the protocol used in all experiments, Cyc-A: Cyclosporin A; HCA: Hydrocortisone acetate; TOXO: toxoplsma; SAL: saline; Cont: control; 
Ket: Ketamine; BRB: Berberine; IA: inhibitory avoidance; BDNF: brain-derived neurotrophic factor
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Pavlovian fear conditioning
By using Pavlovian fear conditioning, learning, and mem-
ory were evaluated as previously described [33]. Animals 
were placed in a chamber and learned to associate a con-
ditioned stimulus (CS) with an unconditioned stimulus 
(UCS). A passive avoidance test was carried out in the 
shuttle box apparatus (Tajhiz Ghostare Omid Iranian 
Company, IRAN) composed of two equal-sized light and 
dark compartments. Each chamber (32 cm wide × 25 cm 
high × 25 cm deep) had Plexiglas side walls, and a floor 
consisting of stainless-steel rods equipped to deliver foot 
shocks at 0.5 mA. A shock to the animal’s foot was deliv-
ered through the steel rods on the floor. Each condition-
ing compartment was surrounded by a sound-attenuating 
environmental chamber and equipped with an overhead 
camera to record the rat movements during each test. 
Both dark and illuminated chambers were gently cleaned 
with 70% ethanol between each animal test. Each rat was 
placed in the light compartment, allowing it to enter the 
dark area for habituating to the apparatus. On the train-
ing day, animals were conditioned in the light chamber 
allowed to pass the door, and followed by the 1s foot 
shock of 0.5 mA delivered shock via the floor grid. After 
the training session, the animals were returned to their 
home cage. 48  h later, via placing the rat in the illumi-
nated same chamber, the guillotine door was opened 9 s 
later. Following the entrance of the animals into the dark 
box, the latency of entering into the dark compartment 
(Step-Through Latency, STL), and the time spent in the 
dark chamber for 10 min were recorded. 600 s as a maxi-
mum cut-off time was recorded in the case of entering 
into the dark compartment occurred [33].

BDNF measurements
The rats were deeply anesthetized with carbon dioxide 
and rapidly sacrificed [34], then hippocampi and PFC 
of the brains were immediately collected and frozen at 
− 80  °C until used for BDNF measurements. The tissues 
were homogenized in cold lysis buffer and centrifugation 
at 12,000 g for 20 min at 4 °C [35]. The BDNF protein lev-
els were assessed using Rat BDNF ELISA kits (PicoKine™, 
Cat. No. EK0308, USA) according to the manufacturer’s 
recommendations.

Data analysis
All data were analyzed using the software SPSS (Version 
26). The data obtained from the behavioral test were ana-
lyzed using a two-way analysis of variance (ANOVA), 
with two independent factors including infection 
(infected and non-infected) and treatment (vehicle and 
BRB). In the case of identified differences, the Tukey post 
hoc test was performed to describe specific differences 
between all groups. P < 0.05 was considered statistically 
significant.

Results
Direct microscopy counting of tachyzoites or tissue cysts 
and molecular test
We were not able to observe tachyzoites or tissue cysts by 
impression smear of brain tissue, but by using the 529-bp 
repeat gene, one of the most sensitive genes in the detec-
tion of T. gondii, it was detected in all infected rats that 
entered experiments (Fig. 2).

Additionally, in our previous pilot study (unpublished), 
we detected parasite DNA in brain homogenate during 
the experimental period.

Ket exposure and T. gondii infection impaired long-
term IA memory consolidation were improved by BRB 
administration
To determine whether the BRB used at the dose of 25 mg/
kg enhances IA memory consolidation in treated rats, we 
examined the IA memory performance 48 h after condi-
tioning. The IA memory data of the experimental groups 
are illustrated in Fig.  3A two-way ANOVA for the STL 
showed a main effect of group (F2, 41 = 112.324, P = 0.001), 
main effect of treatment (F2, 41 =184.051, P = 0.001) and 
interaction between group and treatment (F2, 41 =39.071, 
P = 0.001). The post hoc analysis revealed that animals 
that were inoculated parasite or received Ket, showed 
lower STL compared to the control ones (P = 0.001), and 
exposure with BRB significantly increased STL in these 
groups (both, P = 0.001). As Fig.  3A illustrates, T. gondii 
infection or Ket impaired IA memory consolidation and 
decreased STL which could recover via BRB (P = 0.001) 
(Fig. 3A).

A two-way ANOVA for the number of entries into 
the dark area showed a main effect of group (F2, 42 = 
18.748, P = 0.001), main effect of treatment (F2, 41 =22.347, 
P = 0.001) and interaction between group and treatment 
(F2, 41 =8.729, P = 0.001). As shown in Fig.  3B, Post-hoc 
comparisons showed that the number of entries into 
the dark compartment in the Ket-SAL group was sig-
nificantly higher than in the SAL-SAL group (P = 0.001), 
demonstrating higher levels of memory deficit in the 
Ket-induced rats. Moreover, a significant difference was 
observed between the Ket-SAL and the Ket-BRB groups 
(P = 0.001) (Fig.  3B). Similarly, T. gondii- infected rats 
showed a higher number of entries into the dark Ket-
induced group (P = 0.05).

A two-way ANOVA for the total time spent in the 
dark compartment revealed a significant effect of group 
(F2, 42 =26.231, P = 0.001), main effect of treatment (F2, 42 
=71.552, P = 0.001) and interaction between group and 
treatment (F2, 41 =23.637, P = 0.001). As observed, all 
infected rats spent more time in the dark chamber com-
pared to the control group (P = 0.001). Also, as shown 
in Fig. 3C, our results indicated increased time spent in 
the dark compartment in the animals that were injected 
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with the parasite or received Ket compared to the control 
group (P = 0.001). Additionally, BRB decreased the time 
spent in dark areas in infected rats compare to infected 
ones (P = 0.001) indicating the potent property of BRB 
against schizophrenia-like cognitive deficits. T. gondii-
infected rats spent more time in the dark area than the 
Ket-induced group (P = 0.05) (Fig. 3C).

Ket exposure and T. gondii infection impaired long-term 
IA memory reconsolidation were improved by the BRB 
administration
In this experiment for evaluating determine whether the 
injection of BRB at the dose of 25  mg/kg enhances IA 
memory reconsolidation in treated rats, we examined 
the IA memory performance, 48 h after injection of the 
BRB. The reconsolidation of IA memory was impaired 
by the Ket exposure and T. gondii infection after mem-
ory retrieval/reactivation (Fig.  4). The IA memory data 
of the experimental groups are illustrated in Fig. 4A two-
way analysis of variance (ANOVA) for the STL showed a 
main effect of group (F2, 42 =76.751, P = 0.001), main effect 
of treatment (F2, 421 =63.064, P = 0.001) and interaction 
between group and treatment (F2, 42 =20.010, P = 0.001). 
As illustrated in Fig.  4A, while Ket-Sal and Toxo-Sal 
groups had lower STL (P = 0.001), STL elevated in BRB 
and Toxo-BRB and Ket-BRB groups (P = 0.01, P = 0.001) 
compare to Cont group. Also, STL has significantly ele-
vated in BRB-treated rats compared to controls (P = 0.01, 

P = 0.001). Therefore, the overall pattern of results dem-
onstrates that T. gondii could impaire retrieval and sub-
sequent consolidation of IA memory which could recover 
via BRB.

A two-way ANOVA for the total time spent in the 
dark compartment showed a main effect of group (F2, 42 
=5.150, P = 0.01), main effect of treatment (F1, 42 =50.377, 
P = 0.001) and interaction between group and treatment 
(F2, 42 = 25.987, P = 0.001). Ket-Sal and Toxo-Sal groups 
spent more time in the dark compartment (P < 0.05). As 
shown in Fig. 4B, Post-hoc comparisons showed that BRB 
significantly decreased the total time spent in a dark area 
in rats infected with T. gondii (P = 0.001) and Ket-induced 
groups (P = 0.01) indicating Ket-induced memory impair-
ment recovered by using BRB. There was a significant 
difference between BRB and control rats (P = 0.001). 
(Fig. 4B).

A two-way ANOVA for the number of entries into the 
dark area revealed a significant effect of group main effect 
of group (F2, 42 = 37.421, P = 0.001), main effect interac-
tion between group and treatment (F2, 41 =39.389, P = 0. 
001) but no effect of treatment (F2, 42 =1.004, P = 0.001). 
As observed, all rats injected with Ket or infected by T. 
gondii showed a high number of entries into the dark 
area compare to the control group (P = 0.001). Further-
more, we observed that BRB significantly decreased the 
number of entries into the dark area (P = 0.01). Moreover, 

Fig. 2 T. gondii DNA was detected by the using 529-bp repeat gene in rat brain tissues of chronic toxoplasma after two-month infection. Negative: D.W, 
Positive: RH strain of T. gondii DNA, 1–10: brain tissue DNA samples
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no significant difference was observed between BRB and 
the control group (Fig. 4C).

Ket exposure and T. gondii infection altered prefrontal 
cortex and hippocampal BDNF expression mPFC BDNF
A one-way ANOVA for mPFC BDNF (Fig.  5A) showed 
a significant effect of group (F 5, 29 =94.421, P = 0.001). 
Between-group comparisons showed that the BDNF level 
in the PFC significantly decreased in all groups except 
rats that received BRB from that in the Cont-SAL group 
(P = 0.00, and P < 0.05). BDNF levels were significantly 
increased in the Toxo-BRB and Ket-BRB groups from 
those in the Toxo-SAL and Ket-SAL groups (P = 0.01), 
indicating protective effects of BRB on memory reconsol-
idation induced by parasite infection and Ket (Fig. 5A).

Hippocampal BDNF
A one-way ANOVA for hippocampus BDNF (Fig.  5B) 
showed a significant effect of group (F5, 29 =13.836, 

P = 0.001). Between-group comparisons indicate that BRB 
increased BDNF levels in the hippocampus (P < 0.05). 
Moreover, between-group comparisons indicated that 
the hippocampal BDNF significantly decreased in the 
Ket-SAL and Toxo-SAL groups from that in the Cont-
SAL group (both, P = 0.001). BDNF levels were signifi-
cantly increased in the Toxo-BRB and Ket-BRB groups 
from those in the Toxo-SAL and Ket-SAL groups 
(P = 0.001) (Fig. 5B).

Discussion
To our knowledge, the current work is the first study to 
investigate the T. gondii infection in a schizophrenia-like 
rat model to examine its effect on IA memory consoli-
dation and reconsolidation. To consider toxoplasma as 
one of the probable causes of schizophrenia, some sero-
epidemiological studies displayed high serum anti-toxo-
plasma antibodies in these patients [36, 37]. However, 
studies showed the relationship between toxoplasmosis 

Fig. 3 Effects of exposure to Ket and T.gondii infection on inhibitory avoidance consolidation in infected and non-infected rats. (A) STL, (B) time spent 
in the dark compartment, (C) and the number of entries to the dark compartment, (n = 8 rats in each group). **P = 0.01, ***P = 0. 001 compared to the 
control group, # P < 0.05, ## P = 0.01, compared to Toxo-infected rats, $$ P = 0.001 compared to the Ket-induced rats. Cont: control; Ket: Ketamine; BRB: 
Berberine; STL: Step through latency
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Fig. 5 Effects of exposure to Ket and T. gondii infection on (A) BDNF expression in PFC and (B) in the hippocampus. * P < 0.05 and **P = 0.01 compared 
to the control group, # P < 0.05, ## P = 0.01, compared to toxo infected rats, $ P < 0.05 and $$ P = 0.001 compared to the Ket-induced rats. Cont: control; 
Ket: Ketamine; BRB: Berberine; STL: Step through latency; Cont: control; Ket: Ketamine; BRB: Berberine; BDNF: Brain-derived neurotrophic factor; PFC: 
Prefrontal cortex; STL: Step through latency

 

Fig. 4 Effects of exposure to Ket and T. gondii infection on inhibitory avoidance reconsolidation in infected and non-infected rats. (A) STL, (B) time spent 
in the dark compartment, (C) and the number of entries to the dark compartment (Fig. 2A–C respectively) (n = 8 rats in each group). * P < 0.05, **P = 0.01, 
***P = 0. 001 compared to the control group, ## P = 0.01, ### P = 0.001, compared to toxo infected rats, $$ P = 0.001 compared to the Ket-induced rats. Cont: 
control; Ket: Ketamine; BRB: Berberine; STL: Step through latency
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and brain damage in an animal model of schizophre-
nia by behavioral tests [38]. But there is no information 
on the effect of BRB on the memory deficits induced 
by chronic T. gondii infection. So, we decided to study 
whether BRB supplementation will increase the memory 
deficits induced by chronic T. gondii infection and the 
Ket-induced animal model of schizophrenia. For this 
purpose, we made chronic toxoplasmosis in the rat, the 
best model for human chronic toxoplasmosis studies [23, 
24]. Because rat is resistant to T. gondii RH strain as well 
as other brain murine parasites, we immunosuppressed 
the animals before inoculation the parasite. Some of the 
experimental studies showed the large size of brain cysts 
in rats using Cyc-A [39]. Highlighting the finding of 
Asgari et al., no tissue cyst had been found in impression 
smears of rat brains [35], but we detected the parasite 
DNA in the brain tissue homogenate.

Concerning the use of 30  mg/kg Ket induces some 
noticeable changes in behavior and elements involved in 
neurotransmissions related to schizophrenia, we used the 
same dose for an animal model of schizophrenia [32].

BDNF is considered a crucial neurotrophic factor and 
it has been proven to be a fundamental factor in synaptic 
plasticity and neurodevelopmental programming, play-
ing an important role in memory consolidation [40, 41]. 
The experimental data obtained from this work are in 
line with previous evidence [42], supporting the role of 
the BDNF on memory processing and lowering the hip-
pocampal and PFC BDNF expression in infected as well 
as Ket-treated rats. We showed that BRB at a memory-
enhancing dose has a significant effect on BDNF expres-
sion in two memory-processing-dependent areas of the 
brain including mPFC and hippocampus. Elevations 
of BDNF in the brain circuits involved in IA memory 
consolidation and reconsolidation following BRB sup-
plementation can supply a potential role in T. gondii-
induced memory impairment therapies.

One potential pathophysiological mechanism under-
lying the progression of schizophrenia seems to depend 
on dysfunction in the N-methyl-d-aspartate glutamate 
receptor (NMDAR) [43]. The NMDA model of schizo-
phrenia originated from the observation that NMDA 
antagonists, like Ket, can induce memory impairment. 
Many previous studies illustrated that chronic toxo-
plasma infection may be contributed to human behavior 
changes, obsessive-compulsive disorder, or even schizo-
phrenia [5]. Cognitive disturbances are a major feature in 
patients with schizophrenia due to the infection-induced 
serious problems in brain functions [32]. Meanwhile, T. 
gondii infection is associated with human behavior and 
personality alternations and suicide so can be a risk fac-
tor for developing mental disorders such as schizophre-
nia and depression [2, 44]. Also, the infection can result 
in other neurodegenerative symptoms such as memory 

impairment [7] and cognitive deficits [8]. According to 
the obtained results from the IA memory test, T. gon-
dii infection caused schizophrenia-like symptoms and 
has detrimental effects on IA memory consolidation. 
This finding provides potential strong evidence that 
such infection targeting PFC function may play a criti-
cal role in higher-level cognitive function in the context 
of schizophrenia. Consistent with our findings, Zhou et 
al. (2011) have indicated that T. gondii Prugniaud strain-
induced chronic toxoplasmosis leads to disturbances 
in learning and memory performance [45]. In the other 
study performed by Daniels et al. (2015), latent toxoplas-
mosis associated with neurocognitive symptoms, espe-
cially remarkable memory deficit has also been reported 
in infected rats [46]. In addition, T. gondii can influence 
all brain regions, yet the cortex especially exhibits more 
severe tissue damage compared with the other areas 
[47]. Some studies indicate that cortico-limbic structures 
including the PFC and hippocampus are necessary for 
the encoding as well as early recall of associative memo-
ries including fear memories [47, 48].

Interestingly, BDNF critically contributed to memory 
consolidation in a number of learning paradigms [49]. 
In addition to its well-established contribution to neu-
ronal proliferation, survival, and memory consolidation, 
BDNF mediates hippocampus-dependent reconsolida-
tion memory formation [50, 51]. Here, we confirmed that 
reactivation in the shuttle box apparatus initiates recon-
solidation in the hippocampus, and also illustrated that 
BDNF is involved in this process, controlling the BRB 
effect on deficits in memory performance induced by 
infection. We also showed evidence presenting that BRB 
improved IA memory consolidation through elevations 
in BDNF levels in the hippocampus and PFC areas, and 
that activation of BDNF signaling after IA reactivation 
reverses the memory disturbances caused by T. gondii 
infection. In addition to its effect on memory consoli-
dation, T. gondii was also modestly effective in attenuat-
ing reconsolidation, providing an additional therapeutic 
avenue for treating negative symptoms of schizophrenia, 
perhaps through lowering the BDNF expression in fear-
related brain areas including PFC and hippocampus. To 
address the effect of T. gondii infection on the memory 
reconsolidation impairment and protective effects of 
BRB, the present study further emphasizes the important 
role of the BDNF in IA reconsolidation and identified 
BRB as an important mediator for fear memory recon-
solidation in the infected rats. It is therefore reasonable 
to hypothesize that T. gondii can affect NMDAR function 
and glutamatergic neuronal circuits.

Similarly, we demonstrated a positive correlation 
between BDNF levels in the hippocampus and mPFC as 
well as memory impairment in the Ket-induced model, 
as assessed by the IA test. The current study support 
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that BDNF alternations may be closely associated with 
impaired memory and cognitive function. Another pos-
sible explanation for this result may depend on the 
influence of the Ket on NMDAR function in the brain. 
Multiple studies have reported that the N-methyl-D-
aspartate receptors (NMDARs) in the hippocampus, as 
ionotropic glutamate receptors, contribute to memory 
formation [22, 52]. Furthermore; the NMDAR agonists 
promote and their antagonists decrease hippocampal-
dependent memory consolidation and retrieval [52, 53]. 
In this study; we observed diminished memory perfor-
mance in Ket-treated rats suggesting Ket, as an NMDA 
receptor antagonist should prevent the memory per-
formance. As a consequence, BDNF level in the hippo-
campus is also reduced in the Ket-induced model and T. 
gondii infected rats supporting again the memory impair-
ment in the IA task. These results suggest that BRB may 
be useful as a therapeutic agent for improving memory 
deficits by stimulating BDNF expression and alleviating 
memory performance.

Conclusions
In conclusion, the findings of the current study indicated 
that chronic toxoplasmosis infection in an animal model 
has a detrimental effect on IA memory performance and 
reduces BDNF levels in PFC and hippocampus. Also, 
infection with T. gondii or Ket-induced schizophre-
nia rat model influenced by BRB, so that BRB signifi-
cantly improved deficits in memory processing induced 
by infection. Our study suggests that BRB can alleviate 
memory deficits induced by T. gondii infection or Ket, 
probably through the alterations in BDNF expression 
that might be involved in the behavioral changes lead-
ing to schizophrenia. Therefore, BRB may act as a strong 
agent that could be clinically relevant in the treatment of 
schizophrenia.

Acknowledgements
We would like to thank Esmat Mirabzadeh and Zabih Zarei for their valuable 
advice.

Authors’ contributions
SM and MD conceived the study design, SM, MD, and NGH performed the 
experiments and analyzed the data, FGH and AD contributed to the study 
design, SM and MD wrote the first draft, SM, MD, MN, and PM revised the 
manuscript. All authors read and approved the final manuscript.

Funding
This work was supported by the Ardabil University of Medical Sciences under 
Grant (NO. 1000067, 2019.05.24).

Data Availability
All data and material are available from the corresponding author to share 
upon request.

Declarations

Ethics approval and consent to participate
All experiments were approved by the Ardabil University of Medical Sciences, 
Animal Care and Use Committee (IR.ARUMS.REC.1398.088) and authorized by 
the Experimental Animal Ethics Committee of Ardabil University of Medical 
Sciences. All experiments were performed in accordance with relevant 
guidelines and regulations. All methods are reported in accordance with 
ARRIVE guidelines for the reporting of animal experiments.

Consent for publication
Not applicable.

Competing interests
The authors declare that there are no conflicts of interest.

Author details
1Students Research Committee, Public Health School, Ardabil University 
of Medical Sciences, Ardabil, Iran
2Department of Parasitology, Faculty of Medical Sciences, Tarbiat Modares 
University, Tehran, Iran
3Department of Psychiatry, School of Medicine, Ardabil University of 
Medical Sciences, Ardabil, Iran
4Pharmaceutical Sciences Research Center, Ardabil University of Medical 
Sciences, Ardabil, Iran
5Zoonoses Research Center, Ardabil University of Medical Sciences, 
Ardabil, Iran

Received: 27 March 2023 / Accepted: 28 July 2023

References
1. Pappas G, Roussos N, Falagas ME. Toxoplasmosis snapshots: global status 

of Toxoplasma gondii seroprevalence and implications for pregnancy and 
congenital toxoplasmosis. Int J Parasitol. 2009;39(12):1385–94.

2. Webster JP, et al. Toxoplasma gondii infection, from predation to schizophre-
nia: can animal behaviour help us understand human behaviour? J Exp Biol. 
2013;216(Pt 1):99–112.

3. Xiao J, et al. Toxoplasma gondii: Biological Parameters of the connection to 
Schizophrenia. Schizophr Bull. 2018;44(5):983–92.

4. Ben-Azu B, et al. Neuroprotective effects of the ethanol stem bark extracts of 
Terminalia ivorensis in ketamine-induced schizophrenia-like behaviors and 
oxidative damage in mice. Pharm Biol. 2016;54(12):2871–9.

5. Larson MK, Walker EF, Compton MT. Early signs, diagnosis and therapeutics 
of the prodromal phase of schizophrenia and related psychotic disorders. 
Expert Rev Neurother. 2010;10(8):1347–59.

6. Palmer BW, Dawes SE, Heaton RK. What do we know about neuropsychologi-
cal aspects of schizophrenia? Neuropsychol Rev. 2009;19(3):365–84.

7. Gajewski PD, et al. Toxoplasma gondii impairs memory in infected seniors. 
Brain Behav Immun. 2014;36:193–9.

8. Nimgaonkar VL, et al. Temporal cognitive decline Associated with exposure 
to Infectious Agents in a Population-based, Aging Cohort. Alzheimer Dis 
Assoc Disord. 2016;30(3):216–22.

9. Nader K, Schafe GE, Le Doux JE. Fear memories require protein syn-
thesis in the amygdala for reconsolidation after retrieval. Nature. 
2000;406(6797):722–6.

10. Park H, Poo MM. Neurotrophin regulation of neural circuit development and 
function. Nat Rev Neurosci. 2013;14(1):7–23.

11. Panja D, Bramham CR. BDNF mechanisms in late LTP formation: a synthesis 
and breakdown. Neuropharmacology. 2014;76(Pt C):664–76.

12. Martínez-Moreno A, Rodríguez-Durán LF, Escobar ML. Late protein synthesis-
dependent phases in CTA long-term memory: BDNF requirement. Front 
Behav Neurosci. 2011;5:61.

13. Bekinschtein P, Cammarota M, Medina JH. BDNF and memory processing. 
Neuropharmacology. 2014;76(Pt C):677–83.

14. Mahmoudvand H, et al. In vivo evaluation of Berberis vulgaris extract on 
acute toxoplasmosis in mice. Marmara Pharm J. 2017;21(3):558–63.



Page 10 of 10Gholizadeh et al. BMC Complementary Medicine and Therapies          (2023) 23:303 

15. Jiang W, Li S, Li X. Therapeutic potential of berberine against neurodegenera-
tive diseases. Sci China Life Sci. 2015;58(6):564–9.

16. Guna V, et al. Anti-oxidant and anti-apoptotic Effects of Berberine in Pentyl-
enetetrazole-Induced Kindling Model in Rat. J Epilepsy Res. 2018;8(2):66–73.

17. Patil S, et al. Protective effect of berberine, an isoquinoline alkaloid ame-
liorates ethanol-induced oxidative stress and memory dysfunction in rats. 
Pharmacol Biochem Behav. 2015;136:13–20.

18. Shen J-d, et al. Berberine up-regulates the BDNF expression in hippocampus 
and attenuates corticosterone-induced depressive-like behavior in mice. 
Neurosci Lett. 2016;614:77–82.

19. Wang J, Zhang Y. Neuroprotective effect of berberine agonist against impair-
ment of learning and memory skills in severe traumatic brain injury via Sirt1/
p38 MAPK expression. Mol Med Rep. 2018;17(5):6881–6.

20. Peng WH, et al. Berberine produces antidepressant-like effects in the forced 
swim test and in the tail suspension test in mice. Life Sci. 2007;81(11):933–8.

21. Giovannini MG, Lana D, Pepeu G. The integrated role of ACh, ERK and mTOR 
in the mechanisms of hippocampal inhibitory avoidance memory. Neurobiol 
Learn Mem. 2015;119:18–33.

22. Ghasemzadeh Z, Rezayof A. Role of hippocampal and prefrontal cortical sig-
naling pathways in dextromethorphan effect on morphine-induced memory 
impairment in rats. Neurobiol Learn Mem. 2016;128:23–32.

23. Dubey JP et al. Toxoplasmosis in rats (Rattus norvegicus): congenital trans-
mission to first and second generation offspring and isolation of Toxoplasma 
gondii from seronegative rats. Parasitology. 1997;115(Pt 1):9–14.

24. Abdoli A, Dalimi A, Movahedin M. Impaired reproductive function of male 
rats infected with Toxoplasma gondii. Andrologia. 2012;44(Suppl 1):679–87.

25. Sumyuen MH, Garin YJ, Derouin F. Effect of immunosuppressive drug 
regimens on acute and chronic murine toxoplasmosis. Parasitol Res. 
1996;82(8):681–6.

26. Bassiri-Jahromi SP, et al. In vivo comparative evaluation of the pomegranate 
(Punica granatum) Peel Extract as an alternative Agent to nystatin against 
oral candidiasis. Iran J Med Sci. 2018;43(3):296–304.

27. Cararo-Lopes MM, et al. Long-term cyclosporine A treatment promotes 
anxiety-like behavior: possible relation with glutamate signaling in rat hip-
pocampus. J Affect Disorders Rep. 2022;10:100394.

28. Ciarcia R, et al. Hydrocortisone attenuates cyclosporin A-induced nephrotox-
icity in rats. J Cell Biochem. 2012;113(3):997–1004.

29. Loeuillet C, et al. Toxoplasma Hypervirulence in the rat model parallels 
human infection and is modulated by the Toxo1 locus. Front Cell Infect 
Microbiol. 2019;9:134.

30. Selseleh M, et al. Brain tissue cysts in infected mice with RH-strain of Toxo-
plasma gondii and evaluation of BAG1 and SAG1 genes expression. Iran J 
Parasitol. 2013;8(1):40.

31. Homan W, et al. Identification of a 200-to 300-fold repetitive 529 bp DNA 
fragment in Toxoplasma gondii, and its use for diagnostic and quantitative 
PCR. Int J Parasitol. 2000;30(1):69–75.

32. Becker A, et al. Ketamine-induced changes in rat behaviour: a possible 
animal model of schizophrenia. Prog Neuropsychopharmacol Biol Psychiatry. 
2003;27(4):687–700.

33. Ghorbanpour AM, et al. Combined effects of royal jelly and environ-
mental enrichment against stress-induced cognitive and behavioral 
alterations in male rats: behavioral and molecular studies. Nutr Neurosci. 
2022;25(9):1860–71.

34. RaiseAbdullahi P, et al. Time-dependent protective effects of morphine 
against behavioral and morphological deficits in an animal model of post-
traumatic stress disorder. Behav Brain Res. 2019;364:19–28.

35. Moradi-Kor N, et al. Protective Effects of Spirulina platensis, Voluntary Exercise 
and Environmental Interventions against adolescent Stress-Induced anxiety 
and depressive-like symptoms, oxidative stress and alterations of BDNF and 
5HT-3 receptors of the Prefrontal cortex in female rats. Neuropsychiatr Dis 
Treat. 2020;16:1777–94.

36. Khademvatan S et al. Investigation of anti-Toxocara and anti-toxoplasma 
antibodies in patients with schizophrenia disorder. Schizophr Res Treatment. 
2014;2014:230349.

37. Oncu-Oner T, Can S. Meta-analysis of the relationship between Toxoplasma 
gondii and schizophrenia. Ann Parasitol. 2022;68(1):103–10.

38. Wang T, et al. A potential association between Toxoplasma gondii infection 
and schizophrenia in mouse models. Exp Parasitol. 2013;135(3):497–502.

39. Lecomte V, et al. Brain-tissue cysts in rats infected with the RH strain of Toxo-
plasma gondii. Parasitol Res. 1992;78:267–9.

40. Leal G, et al. Regulation of hippocampal synaptic plasticity by BDNF. Brain 
Res. 2015;1621:82–101.

41. Miranda M, et al. Brain-derived neurotrophic factor: a key molecule for 
memory in the healthy and the pathological brain. Front Cell Neurosci. 
2019;13:363.

42. Okamura M, et al. Low-level inhibition of GABAergic Synapses enhances gene 
expressions crucial for neuronal plasticity in the Hippocampus after ischemic 
stroke. J Stroke Cerebrovasc Dis. 2020;29(12):105316.

43. Javitt DC. Glutamatergic theories of schizophrenia. Isr J Psychiatry Relat Sci. 
2010;47(1):4–16.

44. Flegr J. Influence of latent Toxoplasma infection on human personality, physi-
ology and morphology: pros and cons of the Toxoplasma-human model in 
studying the manipulation hypothesis. J Exp Biol. 2013;216(Pt 1):127–33.

45. Zhou YH, et al. [Impairment of learning and memory ability in mice with 
latent infection of Toxoplasma gondii]. Zhongguo Ji Sheng Chong Xue Yu Ji 
Sheng Chong Bing Za Zhi. 2011;29(5):333–8.

46. Daniels BP, Sestito SR, Rouse ST. An expanded task battery in the Morris water 
maze reveals effects of Toxoplasma gondii infection on learning and memory 
in rats. Parasitol Int. 2015;64(1):5–12.

47. Ramirez S, et al. Creating a false memory in the hippocampus. Science. 
2013;341(6144):387–91.

48. Tonegawa S, et al. Memory Engram cells have come of age. Neuron. 
2015;87(5):918–31.

49. Schulz-Klaus B, Lessmann V, Endres T. BDNF-dependent consolidation of fear 
memories in the perirhinal cortex. Front Behav Neurosci. 2013;7:205.

50. Silhol M, et al. Spatial memory training modifies the expression of brain-
derived neurotrophic factor tyrosine kinase receptors in young and aged rats. 
Neuroscience. 2007;146(3):962–73.

51. Petzold A, et al. Chronic BDNF deficiency leads to an age-dependent impair-
ment in spatial learning. Neurobiol Learn Mem. 2015;120:52–60.

52. Jafari-Sabet M. NMDA receptor blockers prevents the facilitatory effects 
of post-training intra-dorsal hippocampal NMDA and physostigmine on 
memory retention of passive avoidance learning in rats. Behav Brain Res. 
2006;169(1):120–7.

53. Pittenger C, et al. Reversible inhibition of CREB/ATF transcription factors in 
region CA1 of the dorsal hippocampus disrupts hippocampus-dependent 
spatial memory. Neuron. 2002;34(3):447–62.

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


