
Vol.:(0123456789)

Molecular Neurobiology 
https://doi.org/10.1007/s12035-024-04392-1

RESEARCH

Differential Alterations in the Expression of AMPA Receptor 
and Its Trafficking Proteins in the Hippocampus Are Associated 
with Recognition Memory Impairment in the Rotenone‑Parkinson’s 
Disease Mouse Model: Neuroprotective Role of Bacopa monnieri 
Extract CDRI 08

Vartika Gupta1 · S. Prasad1

Received: 17 December 2023 / Accepted: 21 July 2024 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract
Parkinson’s disease (PD), an age-associated neurodegenerative motor disorder, is associated with dementia and cognitive 
decline. However, the precise molecular insight into PD-induced cognitive decline is not fully understood. Here, we have 
investigated the possible alterations in the expression of glutamate receptor and its trafficking/scaffolding/regulatory proteins 
underlying the memory formation and neuroprotective effects of a specialized Bacopa monnieri extract, CDRI-08 (BME) 
in the hippocampus of the rotenone-induced PD mouse model. Our Western blotting and qRT-PCR data reveal that the PD-
induced recognition memory decline is associated with significant upregulation of the AMPA receptor subunit GluR1 and 
downregulation of GluR2 subunit genes in the hippocampus of rotenone-affected mice as compared to the vehicle control. 
Further, expressions of the trafficking proteins are significantly upregulated in the hippocampus of rotenone-affected mice 
compared to the vehicle control. Our results also reveal that the above alterations in the hippocampus are associated with 
similar expression patterns of total CREB, pCREB, and BDNF. BME (CDRI-08, 200 mg/kg BW) reverses the expression 
of AMPA receptor subunits, their trafficking proteins differentially, and the transcriptional modulatory proteins depending 
on whether the BME treatment was given before or after the rotenone treatment. Our data suggest that expression of the 
above genes is significantly reversed in the BME pre-treated mice subjected to rotenone treatment towards their levels in 
the control mice compared to its treatment after rotenone administration. Our results provide the possible molecular basis 
underlying the rotenone-induced recognition memory decline, conditions mimicking the PD symptoms in mouse model and 
neuroprotective action of bacoside A and bacoside B (58%)–enriched Bacopa monnieri extract (BME) in the hippocampus.
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Introduction

Parkinson’s disease (PD) is a prevalent neurological disorder 
that affects around 1% of the global population aged 65 years 
or/and above [1]. The aetiology of the disease is attributed to 
the degeneration of dopaminergic neurons in the substantia 

nigra pars compacta region of the brain due to aggregation 
of Lewy bodies composed of mis-folded α-Synuclein pro-
tein. PD is primarily characterized by bradykinesia, resting 
tremors, postural instability, and rigidity [2–4]. As the dis-
ease advances, individuals with PD also experience non-
motor symptoms, such as impairments in executive function, 
memory consolidation, recalling, and processing informa-
tion which leads to cognitive deficits [5–7]. Reports suggest 
that PD leads to dementia, referred as PD-induced dementia 
(PDD) [8, 9]. However, the precise mechanism underlying 
PD-induced cognitive impairment is not fully understood. 
Cognition is strongly associated with neuronal plasticity 
which is hampered in neurodegenerative conditions [10]. 
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Several studies are going on to explore the mechanism by 
which the synaptic plasticity is achieved involving the long-
term potentiation (LTP) and long-term depression (LTD) as 
they play crucial role in memory formation [11]. The estab-
lishment of LTP, an important pathway for the development 
of learning and memory, occurs in the hippocampus and 
is governed by two major ionotropic glutamate receptors: 
α-amino-3 hydroxyl-5 methyl-4-isoxazole-propionate recep-
tor (AMPAR) and N-methyl-D-aspartate receptor (NMDAR) 
[12–16]. In order to stabilize and regulate these receptors on 
the postsynaptic membrane, proteins such as PICK-1 (Protein 
Interacting with C Kinase 1), PSD-95 (Postsynaptic Density 
Protein 95), and TARP γ-2 (Transmembrane AMPA Receptor 
Regulatory Protein Gamma-2) play crucial role. PICK-1 is 
involved in the trafficking and targeting of AMPA receptors 
by interacting with the GluR2 subunit of AMPA receptors and 
regulates their internalization. PICK-1 is also involved in the 
control of other receptors and channels [17]. One of the main 
scaffolding proteins in excitatory synapses’ postsynaptic den-
sity is PSD-95, a protein that belongs to the family of proteins 
called membrane-associated guanylate kinases (MAGUKs). 
It is essential for the synapse’s organization and securing of 
signalling chemicals. In order to help synaptic proteins at the 
postsynaptic membrane, PSD-95 interacts with a variety of 
synaptic proteins, such as AMPA and NMDA receptors. This 
clustering is essential for synaptic plasticity and memory for-
mation, as well as for the effective transfer of information 
between neurons [18]. A member of the TARPs, which are 
AMPA receptor auxiliary subunits, is TARP γ-2. TARPs alter 
AMPA receptor trafficking, gating characteristics, and synap-
tic location. Particularly connected to AMPA receptors in the 
brain, TARP γ-2 is essential for synaptic activity [17]. To con-
trol synaptic strength and plasticity, which aids in learning and 
memory processes, TARPs and AMPA receptors must interact 
[19]. Altogether, these proteins have a role in the assembly 
of signalling complexes at excitatory synapses as well as the 
control of glutamate receptors, especially AMPA receptors. 
The establishment of memory and synaptic plasticity depends 
on the dynamic control of these proteins.

The LTP pathway is initiated by the release of glutamate 
from pre-synaptic neurons which activates the AMPA receptor 
at postsynaptic density and depolarization of the postsynap-
tic membrane. Depolarization of the postsynaptic membrane 
activates NMDAR by removing the Mg2+ block to achieve 
postsynaptic potential (PSP) which in turn allows extracellular 
Ca2+ and Na+ influx in the neurons [20–23]. The Ca2+ binds to 
the CaMKIIα that mediates the expression of more AMPAR 
and NMDAR on the postsynaptic membrane as well as acti-
vates transcription factor cAMP–response element binding 
protein (CREB) [24] for regulating gene expression of various 
synaptic plasticity–related proteins such as brain-derived neu-
rotrophic factor (BDNF) [16, 23]. BDNF plays an important 
role in hippocampal memory formation by regulating several 

neuronal activities and neuron survival. These factors have the 
potential to serve as a focus for understanding PD-associated 
cognitive impairment and also aid to the potential therapeutic 
treatment of memory decline due to PD. One of the neuro-
modulatory herbs Bacopa monnieri is used in the present study 
to see its neuroprotective as well as neurotherapeutic role in 
PD and PD-induced cognitive impairment.

Bacopa monnieri, also referred to as Brahmi, is a well-
known herbal plant that has been utilized in the traditional 
Indian medicinal system (Ayurveda) for centuries. Its extract 
has been employed as a nerve tonic to address a wide range 
of neurological disorders associated with memory [24–26]. 
Bacopa monnieri extract (BME) contains saponins such as 
bacosides, flavonoids, bacosaponines, and bacopaside N1 
[27, 28]. BME has an anti-inflammatory, anti-apoptotic, 
antioxidative, and memory-boosting role in many neuro-
logical diseases [29–31]. Numerous scientific investigations 
indicate that B. monnieri alcoholic extract and saponins, in 
particular bacoside A and bacoside B, may boost cognitive 
functions by improving memory and learning [32]. BME 
(CDRI-08) has been found to improve memory impairment 
in amnesic and diabetes conditions [33, 34]. Regarding the 
cognitive enhancement attributed to B. monnieri, various 
mechanisms of action have been suggested. These include 
antioxidant neuroprotection, reduction of β-amyloid, inhibi-
tion of acetylcholinesterase (AChE), modulation of neuro-
transmitters such as dopamine (DA), 5-hydroxytryptamine 
(5-HT), and acetylcholine (ACh), as well as binding of mus-
carinic cholinergic receptors, activation of choline acetyl-
transferase, elevation of cerebral blood flow, modulation of 
hypothalamic-pituitary-adrenal (HPA) axis output, and pro-
tection of the hippocampus [29, 32–38]. The hippocampus 
of the brain is primarily associated with memory formation. 
Hippocampus has three important regions: the dentate gyrus 
(DG) and the cornu ammonis region (CA3 and CA1). DG 
initiates the processing of information and CA3 and CA1 
are involved in the acquisition and retrieval of memory [39].

In the light of its nootropic effect, the present study has 
been designed to study the effects of Bacopa monnieri 
extract (CDRI-08) on AMPA receptor subunits: GluR1 and 
GluR2, their trafficking proteins and regulatory molecules 
(total CREB, pCREB, and BDNF), and neurodegeneration 
in the hippocampus of rotenone-induced PD-mimicking 
mouse model.

Materials and Methods

Animals

Inbred male Swiss albino mice were maintained at an opti-
mum temperature (25 ± 1 °C), photoperiods (12-h light/
dark cycle) with unrestricted access to standard mice food 



Molecular Neurobiology	

and water. The mice were cared under the guidelines set by 
the Committee for Control and Supervision of Experiments 
on Animals (CPCSEA). All experimental procedures were 
approved by the Institutional Animal Ethical Committee of 
Banaras Hindu University, Varanasi (Approval no.: BHU/
DOZ/IAEC/2021–2022/007, Dated 15/02/2022).

Chemicals

All chemicals utilized in the research were of analytical and 
molecular grades, procured from reputable suppliers such as 
Sigma, Merck, SRL, and Qualigens India. The primary anti-
bodies used in this study were α-Synuclein, GluR1, GluR2, 
PSD95, TARPγ-2, PICK-1, CREB, pCREB, BDNF, and 
cleaved Caspase-3. These antibodies were procured from 
DSHB, Peprotech, Imgenex, Bioss, and Neuromab-UCDa-
vis, USA. The secondary antibody used was HRP-conju-
gated (Genie, Bangalore, India) and Fluorophores tagged 
(AbCam, USA). The standardized extract of Bacopa mon-
nieri Extract (BME)-CDRI-08 was graciously provided by 
Dr. H. K. Singh (former Director, CDRI, Lucknow, India). 
CDRI-08 contains approximately 55 ± 5% of bacosides A 
and B.

Grouping, Drug Preparations and Administration

The mice were divided into four groups, each consisting of 
nine mice. The groups were as follows: (1) control group, 
which received dimethyl sulfoxide (DMSO) subcutaneously 
for 14 days, and after that 5% Tween 80 was given orally; (2) 
rotenone-treated group, which received 2 mg/kg BW rote-
none dissolved in DMSO subcutaneously for 14 days; (3) 
rotenone pre-treated with Bacopa monnieri extract (BME) 
group, which received 200 mg/kg BW of BME dissolved 
in 5% Tween 80 orally for 21 days before administration of 
rotenone; and (4) rotenone post-treated with Bacopa mon-
nieri extract (BME) group, which received 200 mg/kg BW 
of BME dissolved in 5% Tween 80 orally for 21 days after 
administration of rotenone. After the completion of treat-
ments, behavioural evaluation was conducted and subse-
quently, the mice were sacrificed, followed by decapitation. 
The hippocampus was then isolated for RNA isolation and 
protein homogenate preparation for qPCR and Western blot-
ting, respectively. The brain was stored at − 80 °C for the 
cryosections for IFC.

Grip‑Strength Test

The grip-strength test was conducted using a Medicraft 
grip-strength meter to evaluate the maximal muscle 
strength of the forelimbs in mice. Each mouse was gently 
grasped by the tail and allowed to hold onto the horizon-
tal bars that were linked to the sensor. The mouse was 

subjected to a retrograde force, and the maximum force 
exerted by the animal was measured in kilograms. Each 
mouse underwent the identical treatment three times [40].

Rotarod Test

The rotarod test involved placing mice on a rotating rod. 
The rotational speed of the standard testing apparatus was 
increased from 5 to 15 revolutions per minute (rpm) for 
120 s per mouse for three consecutive days. On the fourth 
day, the time it took for each mouse to fall off the spinning 
rod (referred to as latency) was measured and recorded 
[41].

Elevated Plus Maze Test

The elevated plus maze (EPM) test is used to measure anx-
iety-like behaviour in rodents. The apparatus consists of 
four arms in plus-shaped orientation with each arm length 
of 36 cm and width of 6 cm in which two arms are enclosed 
by 15 cm high walls oriented opposite to each other forming 
closed arms. The two remaining arms are open arms. The 
plus maze was elevated above ground level by 60 cm. Mice 
were placed on the intersection of the plus maze and allowed 
to walk for 5 min which was recorded. ANY-maze software 
(version 7.2, Stoelting Co., USA) was used to analyze the 
videos. The time spent in the open arm and the number of 
entries in the open arm were plotted in the graph [42].

Novel Object Recognition Test

Novel object recognition (NOR) test is comprised of habitu-
ation, training, and test tasks. Mice were habituated in a 
50 cm × 50 cm × 40 cm open field for 5 min without objects. 
After 24 h of habituation, training began. Two similar-
shaped and sized objects were placed in an open field. The 
mice were then introduced one by one into the open field 
for 5 min and recorded while they explored the two objects. 
The training was done twice in 28 h. Test sessions were 
conducted 48 h after the last training session by replacing 
a familiar object with a novel one. Mice were then placed 
in the box and allowed to explore for 5 min, which was 
recorded. ANY-maze software (version 7.2, Stoelting Co., 
USA) was used to analyze the videos. Mouse interaction 
with objects is measured by mouse head entry in the periph-
ery. Time spent with the novel object was calculated as 
TNovel / (TNovel + TFamiliar), time spent with the familiar 
object was calculated as TFamiliar / (TNovel + TFamiliar), 
and Discrimination Index (DI) for the novel object was cal-
culated as (TNovel − TFamiliar) / (TNovel + TFamiliar) [43].
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Western Blot Analysis

To analyze the expression of proteins, the pooled hippocam-
pus tissue was mechanically homogenized in RIPA buffer 
containing 150 mM NaCl, 2 mM EDTA, 50 mM Tris–HCl 
(pH 7.4), 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% 
SDS, PMSF, and protease inhibitor cocktail. The protein 
concentration of the sample was assessed by the Bradford 
reagent [44]. The proteins of different groups were sepa-
rated by SDS-PAGE [45] and transferred onto a PVDF mem-
brane by wet transfer method. The membrane was blocked 
in blocking solution (5% non-fat skimmed milk in TBST) 
for 3 h at room temperature; the membranes were then incu-
bated overnight with their respective primary antibodies 
α-Synuclein (DSHB-S1-890 H3C-s-Supernatant), GluR1 
(DSHB-S1-1880, N355/1-supernatant), GluR2(DSHB-
S1-1881, L21/32-supernatant), anti-PICK-1 (UC-Davis-
Neuromab, L20/8), anti-PSD-95(UC-Davis-Neuromab, 
K28/43), anti-CREB (IMGENEX, IMG-271), pCREB 
(Bioss, bs-0036R), BDNF (Peprotech, 500P-84), and cleaved 
Caspase-3 (Bioss, bsm-33199 M). Thereafter, membranes 
were washed in TBST and incubated in appropriate HRP-
conjugated secondary antibodies at a dilution of 1:2000 
(Genei Laboratories, India). The membrane was washed 
in TBST, and signals were detected using the ChemiDoc 
imager (AI680) by the ECL method. As an internal control 
for normalization, the same blot was stripped and probed 
with an anti-β-actin HRP-conjugated antibody (Sigma, 
A3854). Blots were scanned and quantified by AlphaEase 
FC (Alpha Imager 2200) software.

qRT‑PCR (Quantitative Reverse Transcription PCR)

To check the expression of GluR1 (GRIA-1) and GluR2 
(GRIA-2) at the transcript level, qRT-PCR was done. To 
carry out this, first RNA was isolated using TRI reagent 
(Sigma-Aldrich, USA) [46] and cDNA was synthesized tak-
ing 5 µg RNA. Amplification was done using cDNA as tem-
plate DNA with specific primers and Power Up SYBR Green 
master mix (Thermo Fisher Scientific, USA) for GluR1 
(F-5′GAA​CGA​AGG​ACT​GTC​AAC​ATG3′; R-5′AGA​GCT​
TCC​TGT​AGT​TCC​G3′) and GluR2 (F-5′CAG​TGC​ATT​TCG​
GGT​AGG​3′; R-5′TTG​GTG​ACT​GCG​AAA​CTG​3′) β-actin 
(F-5′ATC​GTG​GGC​CGC​TCT​AGG​CACC3′; R-5′CTC​TTT​
GAT​GTC​ACG​CAC​GAT​TTC​3′) as endogenous control was 
used for normalization. The relative fold change in gene 
expression was calculated using the 2 − ΔΔCT method [47].

Immunofluorescence Cytochemistry (IFC)

To check the expression of α-Synuclein, GluR1, and GluR2 
in hippocampal subregions, IFC was performed accord-
ing to Dalvi and Belsham [48]. Initially, the brain was 

transcardially perfused with 4% paraformaldehyde (PFA) 
to fix the brain, after completion of perfusion brain tissue 
was incubated in 4% PFA overnight. Then, the brain was 
cryopreserved with a different gradient of sucrose solution 
(10%, 20%, and 30%). Then, the tissue was embedded in 
OCT and coronal Sects. (10 μm thick) were obtained using 
a cryostat (Leica Biosystem, Germany). These sections were 
then affixed onto slides that had been coated with poly-L-
lysine. The cryosections were incubated for 1 h at 37 °C 
until the water evaporated. To remove the cryomount, the 
dried sections were washed three times in 1XPBS buffer 
(2.7 mM KCl, 137 mM NaCl, 4.0 mM KH2PO4, 4.3 mM 
Na2HPO4, pH 7.4) for 5 min each. Sections were permea-
bilized for 40 min with 1% TritonX-100 in 1X PBS buffer, 
then washed with the same buffer to remove excess Tri-
tonX-100. Thereafter, sections were treated for 2 h with 5% 
normal goat serum (NGS) to suppress non-specific proteins. 
In a humidity chamber, sections were treated overnight with 
diluted α-Synuclein (DSHB-S1-890H3C-s-Supernatant), 
GluR1 (DSHB-S1-1880 N355/1-supernatant), and GluR2 
(DSHB-S1-1881 L21/32-supernatant), primary antibody 
(0.5 μg/μl in 2% NGS-1X PBS solution). The next day, fol-
lowing three 1X PBS washing at room temperature, sections 
were then treated for 2 h at room temperature in the dark 
with FITC (for α-Synuclein) and TRITC (for GluR1 and 
GluR2)–labelled goat anti-mouse anti-IgG secondary anti-
bodies at 1:250 dilution in 2% NGS-1X PBS buffer. The sec-
tions were then washed in 1X PBS buffer, treated with DAPI 
for 10 min at room temperature, and mounted with an anti-
fade mounting solution containing DABCO and glycerol. By 
omitting the primary antibody, a negative control slide was 
also made to identify the non-specific signals. Photomicro-
graphs were taken at 40 × magnification using a Laser scan-
ning super-resolution microscope (Confocal microscope). 
The immunofluorescence signal for α-Synuclein, GluR1, 
and GluR2 expression was evaluated using ZEISS ZEN blue 
software area integrated density measuring tool.

Nissl’s Staining

The hippocampus sections were submerged in 95% ethyl 
alcohol at room temperature for 5 h. They were then rinsed 
for 5 min in 75% ethyl alcohol and then for five more min-
utes in distilled water. The sections were incubated for 
30 min in a solution containing 0.1% cresyl violet acetate 
(Nissl’s stain) that had been heated to 60 °C. Thereafter, 
the sections were rinsed in distilled water. The specimens 
were submerged in 75% ethanol, 90% ethanol for 2 min, and 
100% ethanol for 2 min for a brief period for dehydration. 
The sections were then mounted with DPX after undergo-
ing a 2-min xylene-clearing procedure [29]. The slide was 
examined using a bright-field microscope (Leica, Germany).
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Statistical Analysis

The data acquired from the behavioural analysis, qRT-PCR, 
Western blotting, and immunofluorescence chemistry (IFC) 
were statistically analyzed by one-way ANOVA followed 
by Tukey’s post hoc test after performing the Shapiro-Wilk 
normality test. The values are represented as mean ± SEM. 
Statistical analysis was conducted with SPSS 16.0 for Win-
dows, and p < 0.05 was considered statistically significant.

Results

Effect of BME on Altered Motor Behaviour 
in Rotenone‑Affected Mice

The neuromuscular and skeletal strength of mice is 
evaluated using a method called the grip-strength test. 
As seen in Fig. 1A, the treatment of rotenone resulted 
in a significant (p < 0.05) reduction in the grip strength 
of rotenone-affected mice as compared to the group that 
served as the control. However, mice that were post-treated 
with BME had a significant (p < 0.05) rise, although to a 
lesser extent than mice that were pre-treated with BME. 
The effects of BME pre-treatment on mice had more 
potential to suppress these effects. Furthermore, rotarod 
test for locomotion and balance showed that rotenone-
affected  mice spent much less time (p < 0.05) on the 
revolving rod compared to the control group. When 
comparing mice that were pre-treated and post-treated with 
BME, it was observed that the mice spent a significantly 

longer time on the revolving rod, which suggests an 
improvement in their motor behaviour. Nevertheless, the 
mice that received pre-treatment of BME exhibited a more 
noticeable impact compared to the mice that received 
post-treatment of BME, when compared to the rotenone-
affected mice (Fig. 1B).

Effect of BME on α‑Synuclein Expression Alteration 
in Hippocampus Due to Rotenone Treatment 

The level of α-Synuclein expression is significantly 
elevated (p < 0.05) in mice affected with rotenone in 
comparison to mice in the control group. Nevertheless, 
the rotenone-affected mice that received pre- and post-
BME treatment exhibited a significant reduction in the 
expression of altered α-Synuclein compared to the nor-
mal control mice (Fig. 2A, B). Furthermore, immuno-
fluorescence labelled immunohistochemistry (IHC) in 
the dentate gyrus (DG), cornu ammonis-3 (CA3), and 
cornu ammonis-1 (CA1) regions of the hippocampus 
in brain slices (Fig. 2C–H) showed a comparable pat-
tern to that reported in the Western blot analysis data. 
In brief, the expression level of α-Synuclein was signifi-
cantly elevated in the DG, CA3, and CA1 areas of the 
hippocampus in rotenone-affected mice when compared 
to control mice. The administration of BME before and 
after rotenone-affected mice resulted in significant ame-
lioration of α-Synuclein levels. However, the immunohis-
tochemistry (IHC) data indicated that the pre-treatment 
had a much greater amelioration capability compared to 
the post-BME treatment.

Fig. 1   Effects of BME (CDRI-08) on the motor coordination in vehi-
cle-treated control, rotenone-affected mice (PD), pre-BME-treated 
PD mice (BME + Rot), and post-BME-treated PD mice (Rot + BME). 
Grip strength (kg) (A); latency time to fall (Sec) of mice on the 

Rotarod (B). Data present mean ± SEM; *, a significant difference 
(p < 0.05) between control and other groups; #, a significant differ-
ence (p < 0.05) between rotenone and BME groups; $, significant dif-
ference (p < 0.05) between BME + Rot and Rot + BME groups
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Effect of BME on Altered Recognition Memory 
in Rotenone‑Affected  Mice

The novel object recognition (NOR) test was conducted 
to observe the impact of BME on the modified recogni-
tion memory caused by PD. The rotenone-affected mice 
exhibited a significant decrease (p < 0.05) in the time spent 
exploring novel objects compared to the control mice. The 
exploration time of the novel object significantly increased 
(p < 0.05) in both pre- and post-treated mice compared to 
rotenone-affected mice, as a result of the pre- and post-treat-
ment with BME. Furthermore, the discrimination index of 
rotenone-affected mice was considerably reduced (p < 0.05) 
compared to control mice. Both pre-treated and post-treated 
mice had significantly higher discrimination index (DI) com-
pared to PD mice (Fig. 3A–C).

Effect of BME on Anxiety Behaviour 
in Rotenone‑Affected Mice

The elevated plus maze test was used to assess anxiety in 
rotenone-affected mice and BME-treated mice. Our data 
suggest that rotenone-affected mice tend to spend signifi-
cantly less time and number of entries in open arms than 
in the control mice (p < 0.05) showing anxious behav-
iour, whereas BME pre-treated mice showed significantly 
(p < 0.05) more time spent and number of entries in the open 
arm. Furthermore, the BME post-treated mice also showed a 
significant elevation in the time spent and number of entries 
in open arm but it did not improve equally as seen in BME 
pre-treatment (Fig. 3D, E).

Effect of BME on the Expression of AMPAR 
Subunits GluR1 Transcript in the Hippocampus 
of Rotenone‑Affected Mice

Quantitative real-time PCR data showed a significant rise 
in the expression of GluR1-AMPAR subunit mRNA in 
the hippocampus of rotenone-affected mice, as compared 

to the control mice (p < 0.05) whereas both pre-and post-
treatment of rotenone-affected mice with BME led to a sig-
nificant reversal of its expression compared to that in the 
rotenone-affected mice (p < 0.05) (Fig. 4A). The Western 
blot analysis demonstrated that treatment with BME sig-
nificantly declined the elevated expression of the GluR1 
subunit in rotenone-affected mice (p < 0.05) (Fig. 4B, C). 
Furthermore, immunofluorescence analysis of GluR1 tran-
script indicated a significant increase in immunoreactivity 
in the DG, CA1, and CA3 regions of the hippocampus of 
rotenone-affected mice compared to the control group mice. 
In the control group, most of the cells exhibited a consistent 
distribution and intensity of the GluR1 signal (Fig. 4D–I). 
In contrast, a significant reduction in immunoreactivity was 
found in the same areas of the hippocampus in rotenone-
affected mice as a result of both pre- and post-BME treat-
ment (Fig. 4D–I). However, the pre-BME treatment had a 
higher ameliorating potential than the post-BME treatment.

Effect of BME on the Expression of AMPAR 
Subunits GluR2 Transcript in the Hippocampus 
of Rotenone‑Affected Mice

The quantitative RT-PCR investigation of the GluR2 
subunit of the AMPA receptor mRNA expression in the 
hippocampus regions of rotenone-affected mice showed a 
significantly reduced expression of GluR2-AMPAR subunit 
mRNA compared to the control mice (p < 0.05). Unlike 
the rotenone-affected mice, the mice treated with BME, 
both before and after, exhibited a significant elevation 
in its expression (p < 0.05) (Fig. 5A). However, there is 
a significant distinction between the two BME doses, 
indicating that administering BME before rotenone treat 
had a more positive impact compared to administering it 
after rotenone effects. The Western blot findings revealed a 
significant decline in the expression of the GluR2 subunit 
compared to the control mice (p < 0.05). Compared to 
rotenone-affected mice, both the pre- and post-treated BME 
groups showed a significant increase in the expression of 
GluR2 (Fig. 5B, C). However, the pre-treatment resulted 
in a greater elevation in expression compared to the post-
treatment of BME. Furthermore, like immunoblotting 
expression trends, the immunofluorescence examination 
of GluR2 revealed significantly reduced immunoreactivity 
in the DG, CA1, and CA3 regions of the hippocampus of 
rotenone-affected mice compared to the control group of 
mice. Conversely, in both pre- and post-BME-treated mice, 
significantly increased immunoreactivity was observed in the 
hippocampus regions of rotenone-affected mice (Fig. 5D–I). 
However, in this scenario, the pre-BME treatment exerted a 
significantly greater ameliorating potential than in the post-
BME treatment mice group.

Fig. 2   Effects of BME (CDRI-08) on the expression of the 
α-Synuclein protein in the hippocampus of vehicle-treated con-
trol, rotenone-affected mice (PD), pre-BME-treated PD mice 
(BME + Rot), and post-BME-treated PD mice (Rot + BME). West-
ern blot analysis of α-Synuclein and β-actin (A). Histogram repre-
sents RDV of α-Synuclein (monomer) (IDV of α-Synuclein/IDV of 
β-actin) (B); photomicrographs show immunofluorescence illustrat-
ing FITC-labelled signals of α-Synuclein in DG (C), CA3 (E), and 
CA1 (G) region of the hippocampus; histogram represents mean 
fluorescence intensity of DG (D), CA3 (F), and CA1 (H) regions of 
hippocampus. Data represent mean ± SEM; *, a significant difference 
(p < 0.05) between control and other groups; #, a significant differ-
ence (p < 0.05) between rotenone and BME groups; $, significant dif-
ference (p < 0.05) between BME + Rot and Rot + BME groups
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Effect of BME on the Expression of Trafficking 
Proteins in the Hippocampus of Rotenone‑Affected 
Mice

The Western blot analysis data on the expression of 
AMPAR trafficking proteins revealed that the expression 
of TARPγ-2, PICK1, and PSD-95 was significantly higher 
in the rotenone-affected mice than in the control group 
(p < 0.05). Furthermore, TARPγ-2, PICK1, and PSD-95 
expression were significantly lower in the pre- and post-
treated BME groups than in the rotenone-affected mice. 
On the other hand, expression was lower following pre-
BME treatment than following post-BME treatment 
(Fig. 6A–D).

Effect of BME on the Expression of CREB, 
pCREB, and BDNF in the Hippocampus 
of Rotenone‑Affected Mice

The Western blot analysis data on the above proteins 
showed a significant decrease in the CREB, pCREB, 
and BDNF protein levels in the hippocampus of the rote-
none-affected mice compared to that in the control group 
(p < 0.05). However, the pre-treatment with BME upregu-
lated the CREB, pCREB, and BDNF protein expression 
(p < 0.05), and the expression of CREB and pCREB was 
found comparable to the control group. The upregulation of 
the CREB and BDNF expression in post-BME-treated PD 
mice was significantly higher. However, the amelioration of 
pCREB in post-treatment mice group was lesser compared 
to the pre-treatment condition (Fig. 7A–C).

Effects of CDRI‑08 on the Neuronal 
Density of Various Hippocampal Regions 
in Rotenone‑Affected Mice

The neuronal cell density was assessed by the cresyl violet 
staining (Nissl’s staining) of the hippocampus in the brain 
sections. The results from Nissl’s staining indicate a reduc-
tion in the density of viable neuronal cells in the DG, CA3, 

and CA1 area of the hippocampus in the rotenone-affected 
mice as compared to the control mice (Fig.  8A). Pre-
treatment with BME demonstrated an increase in neuronal 
density in the post-rotenone-affected mice with BME and 
exhibited a substantial restoration in density. The pictorial 
images illustrate that BME therapy effectively reinstates 
the altered neuronal cell density to levels comparable to 
those in normal control animals. Nevertheless, the pre-
BME treatment appears to have a more pronounced effect 
in sustaining neuronal cell density when compared to the 
post-BME treatment mice group.

Effect of BME on the Expression 
of Cleaved Caspase‑3 in the Hippocampus 
of Rotenone‑Affected Mice

The Western blot analysis showed a significant increase in 
the cleaved Caspase-3 protein levels in the hippocampus 
of mice with rotenone-affected  mice compared to the 
control group (p < 0.05). However, pre-treatment with 
BME downregulated the cleaved Caspase-3 protein levels 
(p < 0.05), and the expression of cleaved Caspase-3 was 
found comparable to the control group. The significant 
downregulation of cleaved Caspase-3 expression was 
found in post-BME-treated rotenone-affected mice. 
However, pre-treatment with BME showed more 
significant improvement than in the post-BME treatment 
mice group (Fig. 8B and C).

Discussion

This study specifically investigates the cognitive 
impairments caused by rotenone-induced  PD  like 
conditiond through changes in the expression of proteins 
related to synaptic plasticity. It also explores the potential 
of Bacopa monnieri extract (CDRI-08) in protecting the 
brain by restoring rotenone-induced alterations in these 
proteins in mouse model. Rotenone is recognized for 
its ability to develop an effective model of Parkinson’s 
disease (PD) by inhibiting complex-I of mitochondria, and 
inducing neurodegeneration [49, 50]. Thus, we developed 
a PD mouse model by administering a selected dose 
of rotenone subcutaneously and validated it with motor 
behaviour tests. Parkinson’s disease (PD) is characterized 
by motor impairment, including muscle weakness, sluggish 
or impaired movement, coordination defects, and poor 
body balance [51]. Our result  indicates that rotenone-
affected mice showed reduced grip strength and motor 
coordination as evidenced by the observed symptoms 
(Fig. 1A and B). However, the administration of BME 
(CDRI-08) considerably improves these impairments. 

Fig. 3   Effect of BME (CDRI-08) on recognition memory and anxi-
ety-like behaviour of vehicle-treated control, rotenone-affected mice 
(PD), pre-BME-treated PD mice, and post-BME-treated PD mice. 
Track plot of mice in novel object [round shape] and familiar object 
[square shape] in recognition test box (A); time spent (Sec) by mice 
with novel and familiar objects (B); discrimination index (C); time 
spent (Sec) in open arm of EPM (D); no. of entries in open arm of 
EPM (E); data represent mean ± SEM; *, significant difference 
(p < 0.05) between control and other groups; #, significant difference 
(p < 0.05) between rotenone and BME groups; $, significant differ-
ence (p < 0.05) between BME + Rot and Rot + BME groups
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Nevertheless, pre-treatment  of BME exhibits a more 
noticeable impact, indicating that the preventive influence 
of BME on motor symptoms holds greater potential than 
its therapeutic effect.

The presence of Lewy bodies serves as evidence for 
the occurrence of Parkinson’s disease. Lewy bodies are 
formed by the accumulation of mis-folded α-Synuclein 
protein and are recognized as a characteristic feature of 
Parkinson’s disease [2]. The accumulation of pathogenic 
α-Synuclein protein leads to a decrease in synaptic 
plasticity–related proteins, neuronal excitability, and 
connectivity that ultimately leads to neuronal death. 
Our work revealed that treatment with BME (CDRI-
08) successfully decreased the heightened expression of 
α-Synuclein monomer in the hippocampal subregions (DG, 
CA3, and CA1) restoring it to its normal levels (Fig. 2). 
The upregulation of α-Synuclein monomer may lead to 
the formation of α-Syn oligomers by aberrant aggregation, 
which can ultimately serve as precursors for Lewy bodies 
[52]. The abnormal accumulation of α-Syn protein initiates 
neuronal cell death by impairing the activities of lysosomes 
and mitochondria and disrupting calcium balance. 
Furthermore, it has been revealed that the accumulation 
of α-Syn in dementia, multiple system atrophy, and REM 
sleep behaviour disorder is responsible for initiating the 
process of neurodegeneration [53]. This process has also 
been linked to a decline in memory and cognitive function 
of the brain [54].

In this context, our  NOR test data  revealed that the 
rotenone-affected mice exhibited a significant reduction in 
the amount of time they spent for exploring novel things 
and instead focused their attention on objects they were 
already familiar with (Fig. 3B). In addition, they displayed 
an inability to distinguish between the new objects and that 
one which they had previously encountered (Fig. 3C). Both 
doses of BME (CDRI-08) exhibit equivalent efficacy in 
enhancing the condition. In addition to NOR, we examined 

the anxiety level in rotenone-affected mice by elevated plus 
maze test to know the rotenone’s effects on exploration, 
curiosity, and overall mice activity. Our data revealed that 
the rotenone-affected mice spent less time in the open arm 
than in the control mice exhibiting more anxious behaviour. 
Further, the BME treatment improved the above-mentioned 
alterations towards that in the normal control mice. This 
can be co-related with the NOR test findings as reduced 
anxiety could lead to more exploration and interest in novel 
objects (Fig. 3D, E).

AMPA and NMDA receptors are the  major  play-
ers in the mechanism of synaptic plasticity [13]. Changes in 
the properties and quantity of AMPA receptor subunits have 
a notable impact on modifying synaptic plasticity, such as 
long-term potentiation (LTP), long-term depression (LTD), 
and glutamate and Ca2+ homeostasis. The results obtained 
from our qRT-PCR, Western blot, and immunofluorescence 
(IFC) experiments indicate that the expression levels of 
GluR1 and GluR2 subunits (Figs. 4 and 5) suggest that rote-
none-induced PD condition leads to a significant increase in 
GluR1 subunit expression and a notable decrease in GluR2 
subunit expression in the hippocampus and its subregions 
including the DG, CA3, and CA1. The finding indicates that 
the GluR1 subunit which is responsible for facilitating the 
influx of Ca2+ ions is more prevalent in the postsynaptic 
membrane in rotenone-induced Parkinson’s disease condi-
tion [55]. Consequently, these neurons are more prone to 
get more excitation as a result of an increased influx of Ca2+ 
ions leading to excitotoxicity. Conversely, the GluR2 subunit 
containing AMPA receptor, which is impermeable to Ca2+ 
ions, is found at lower levels in the postsynaptic membrane 
in rotenone-affected mice. Activation of the NMDA receptor 
due to this condition can potentially amplify the postsyn-
aptic current, resulting in neuronal toxicity and subsequent 
cell death. These alterations may be linked to decrease in 
memory and thus the cognitive function as observed in 
rotenone-affected PD mice in our study. However, the BME 
(CDRI-08) effectively reversed the changes in the expres-
sion of these two subunits. Nevertheless, the pre-treatment 
of BME has a more significant impact compared to the post-
treatment, condition indicating its possible neuroprotective 
effect through enhancing brain connectivity, communica-
tion, and signal transmission. The restoration process may 
be attributed to an enhancement in the performance of mice 
as revealed from our NOR test data on recognition memory. 
The increase in GluR1 containing Ca2+ permeable AMPAR 
causes the membrane to become more depolarized leading 
to activation of large number of NMDA receptors on the 
postsynaptic membrane. Furthermore, this condition may 
lead to a rapid synaptic response [56, 57] and lead to the 
development of excitotoxicity [58].

Fig. 4   Effects of BME (CDRI-08) on the expression of GluR1 AMPA 
receptor subunit in the hippocampus of vehicle-treated control, rote-
none-affected mice (PD), pre-BME-treated PD mice (BME + Rot), 
and post-BME-treated PD mice (Rot + BME). Histograms represent 
fold change of GluR1 (GRIA-1) mRNA level (A); Western blot of 
GluR1 and β-actin (B); histogram representing RDV of GluR1 (IDV 
of GluR1/IDV of β-actin) (C); photomicrographs show immuno-
fluorescence showing TRITC-labelled signals of GluR1 in DG (D), 
CA3 (F), and CA1 (H) regions of hippocampus; histograms repre-
sent mean fluorescence intensity of DG (E), CA3 (G), and CA1 (I) 
regions of hippocampus. Data represent mean ± SEM; *, a significant 
difference (p < 0.05) between control and other groups; #, a signifi-
cant difference (p < 0.05) between rotenone (PD) and BME groups; $, 
significant difference (p < 0.05) between BME + Rot and Rot + BME 
groups

◂



	 Molecular Neurobiology



Molecular Neurobiology	

The AMPAR trafficking proteins like TARP γ-2, PICK1, 
and PSD-95 play crucial role in the control of synaptic 
strength, receptor trafficking, and signalling complex 
assembly at excitatory synapses. Interaction of these 
proteins with AMPA receptors controls synaptic plasticity, 
a crucial process for learning and memory. Disturbance in 
this process could be a factor in memory-related illnesses 
or cognitive deficits. The expression of PICK1 was 
significantly increased in rotenone-affected mice (Fig. 6). 
Elevated levels of PICK1 in neurons result in reduced 
level of GluR2 on the postsynaptic density as PICK1 
facilitates the internalization of AMPA receptors [59]. 

Thus, in the rotenone-affected PD mice, the increased 
expression of PICK1 might be correlated with an increased 
internalization of AMPA receptors containing GluR2 
subunit on the postsynaptic membrane. In addition, there 
is a higher abundance of AMPA receptors that contain 
GluR1 subunit on the postsynaptic membrane. PSD-
95 and TARPγ-2 are two crucial proteins that play role 
in stabilizing the AMPA receptor on the postsynaptic 
cell membrane [60, 61]. A significant increase in the 
expression of PSD-95 was observed in rotenone-affected 
mice compared to control mice. Moreover, there was a 
substantial increase in the expression of TARPγ-2 in the 
rotenone-induced PD mice. Nevertheless, the rotenone-
affected mice exhibited a restoration of normal levels of 
PSD-95 and TARPγ-2 when they were administered BME 
in both pre- and post-treatment  (Fig.  6). This finding 
suggests that the application of pre-BME treatment 
had a much more pronounced impact on all three 
trafficking proteins in comparison to rotenone-treated 
mice administered with the BME treatment. The results 
indicate the interaction between PSD-95 and TARPγ-2, 
as well as other members of the TARP family establish 
their connection to AMPA receptors on the postsynaptic 
membrane. In addition, they interact with the PDZ domains 
of PSD-95 via their C-terminal domains. The connection 
between PSD-95 and TARPγ-2 is believed to strengthen 

Fig. 5   Effect of BME (CDRI-08) on the expression of GluR2 in the 
hippocampus of vehicle-treated control, rotenone-affected mice (PD), 
pre-BME-treated PD mice (BME + Rot), and post-BME-treated PD 
mice (Rot + BME). Histograms represent fold change in the level of 
GluR2 (GRIA-2) mRNA expression (A); Western blot of GluR2 and 
β-actin (B); histograms represent RDV of GluR2 (IDV of GluR2/
IDV of β-actin) (C); photomicrographs show immunofluorescence 
illustrating TRITC-labelled signals of GluR1 in DG (D), CA3 (F), 
and CA1 (H) region of hippocampus; histogram representing mean 
fluorescence intensity of DG (E), CA3 (G), and CA1 (I) region of 
hippocampus. Data represent mean ± SEM; *, a significant difference 
(p < 0.05) between control and other groups; #, a significant differ-
ence (p < 0.05) between rotenone and BME groups; $, significant dif-
ference (p < 0.05) between BME + Rot and Rot + BME groups

◂

Fig. 6   Effects of BME (CDRI-
08) on the expression of traffick-
ing proteins of AMPAR in the 
hippocampus of vehicle-treated 
control, rotenone-affected mice 
(PD), pre-BME-treated PD mice 
(BME + Rot), and post-BME-
treated PD mice (Rot + BME). 
Western blot of TARPγ-2, 
PICK-1, PSD-95, and β-actin 
(A). Histograms represent RDV 
of TARPγ-2, PICK-1, and PSD-
95 (IDV of TARPγ-2, PICK-1, 
PSD-95/IDV of β-actin) (B, 
C, and D). Data represent 
mean ± SEM; *, a significant 
difference (p < 0.05) between 
control and other groups; #, a 
significant difference (p < 0.05) 
between rotenone and BME 
groups; $, significant difference 
(p < 0.05) between BME + Rot 
and Rot + BME groups
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the stability of the receptors by linking them to PSD. The 
connection between TARPs and PSD-95 is crucial for the 
localization of AMPA receptors synaptic density [62, 63]. 
Consequently, the increased level of PSD-95 and TARPγ-2 
in rotenone-induced PD-like condition suggest that the 
large number of AMPA receptor is expressed on the 
postsynaptic membrane in PD-like condition which might 
lead to over activation of NMDA receptor that eventually 
may induce continual influx of Ca2+ into the postsynaptic 
neurons.

Recent investigations have indicated that the stimulation 
of extra-synaptic NMDA receptors containing GluN2B 
subunits leads to persistent dephosphorylation of CREB, 
which is referred to as CREB shut-off [63]. As a result, 
CREB becomes transcriptionally inactive due to its fast 
dephosphorylation at serine-133 [64]. Our result indicates 
that an increase in Ca2+-permeable AMPA receptors can 
initiate NMDA downstream signalling that may potentially 
lead to the activation of the CREB shut-off pathway in 
Parkinson’s disease–like condition. Consequently, this 

Fig. 7   Effects of BME (CDRI-
08) on the expression of CREB, 
BDNF, and pCREB, BDNF, in 
the hippocampus of vehicle-
treated control, rotenone-
affected mice (PD), pre-BME-
treated PD mice (BME + Rot), 
and post-BME-treated PD mice 
(Rot + BME). Western blot of 
CREB, BDNF, and pCREB, and 
β-actin (A). Histograms rep-
resent RDV of CREB, BDNF, 
and pCREB (IDV of CREB, 
BDNF, and pCREB/IDV of 
β-actin) (B–D). Data represent 
mean ± SEM; *, a significant 
difference (p < 0.05) between 
control and other groups; #, a 
significant difference (p < 0.05) 
between rotenone and BME 
groups; $, significant difference 
(p < 0.05) between BME + Rot 
and Rot + BME groups
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impedes the activation of genes associated with plasticity 
such as BDNF. This may result in impaired synaptic 
function, synapse loss, and eventually a condition of 
neuronal death  [64, 65]. Our data on the expression of 
CREB, pCREB, and BDNF provide evidence for this notion, 
as we observe a significant decrease in their expression in 
rotenone-induced PD mice (Fig.  7A–D). This suggests 
that there is a disruption in synaptic plasticity, which in 
turn leads to cognitive impairment. In addition, the BME 
(CDRI-08) enhances the levels of CREB, pCREB, and 
BDNF expression in both pre- and post-BME treatment. 
However, the pre-BME treatment showed a better effect than 
post-BME treatment in the upregulation of the pCREB. Our 
data indicates that BME (CDRI-08) possesses both memory-
enhancing and neurotherapeutic effects on cognitive 
impairment.

To examine whether the rotenone treatment caused exci-
totoxic condition leading to neuronal death, we systemati-
cally assessed neurodegeneration in mice exposed to rote-
none. Further, we also studied whether rotenone-induced 
neurodegeneration was due to amplified apoptotic death 
and thereby memory impairment. Our Nissl staining results 
showed a significant reduction in neuronal cell count in rote-
none-affected mice compared to that in the control group. 
Notably, the BME pre-treatment conferred neuronal protec-
tion as evident in a neuronal density closely resembling that 
of the control group. This underscores the neuroprotective 
effects of BME. Conversely, BME post-treatment also dem-
onstrates a capacity to enhance cell density, albeit not to 
the same extent as with BME pre-treatment. The observed 
improvement in cell density, however, remains notable and 
supports the potential therapeutic impact of BME, albeit 
with a clear distinction between pre-treatment and post-
treatment applications.

In order to demonstrate whether the decline in the 
neuronal cell density in the hippocampal regions is due to 
apoptosis, we examined the expression of the active form 
of the Caspase-3 enzyme known as cleaved Caspase-3 as 
this is an important marker of the apoptotic neuronal death 

leading to neurodegeneration. Our data clearly showed 
elevated expression of the cleaved Caspase-3 in rotenone-
affected mice compared to that in the control mice. This 
evidently confirmed that the rotenone-induced decline in 
the neuronal cell density was due to apoptotic cell death in 
the hippocampus. Our finding, on the other hand, exhibited 
the anti-apoptotic effect of BME as demonstrated by 
significantly decreased expression of cleaved Caspase-3 in 
the hippocampus of rotenone-affected PD mice with BME 
pre-treatment. However, the anti-apoptotic effects of BME 
were significantly more pronounced in pre-BME-treated 
mice compared to the post-BME treatment.

Altogether, our results show that BME has a nootropic 
effect that enhances recognition memory by lowering 
excitotoxicity by the operation of CREB shut-off pathway 
in synapses and it prevents apoptotic neurodegeneration. 
Consequently, Bacopa monnieri extract offers a promis-
ing neuroprotective and therapeutic for the PD-induced 
neurodegeneration led cognitive impairment.

Conclusion

The findings of our  study provide an insight into a 
molecular cascade that links the impairment in motor 
behaviour and recognition memory caused by rotenone-
induced PD  like conditions with altered expression of 
the synaptic plasticity–related protein AMPA receptor 
(GluR1 and GluR2 subunits), its trafficking, and 
regulatory proteins that lead to excitotoxicity by BDNF 
downregulation and apoptotic neurodegeneration. 
Furthermore, both pre- and post-treatment with Bacopa 
monnieri extract (CDRI-08) has the ability to significantly 
recover the PD-associated alterations by differentially 
altering the expression of AMPA receptor, its trafficking 
proteins (TARPγ-2, PSD-95, and PICK1), and CREB shut-
off pathway related proteins. This evidently indicates the 
potential therapeutic and nootropic effects of BME in 
rotenone-induced PD mimicking conditions in mice.
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