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Introduction
Neurodegenerative diseases are complex disorders 
involving dysregulation of various biological processes, 
such as cell signaling, apoptosis, and the accumulation of 
misfolded proteins prone to aggregation [1]. Recent stud-
ies indicate that homeostatic synaptic plasticity, which 
helps maintain the stability of synaptic function, is also 
involved in neurodegenerative diseases. In this context, 
the lack of proper homeostatic plasticity in deteriorating 
synapses exacerbates disease progression, as the inherent 
plasticity of the overall synaptic population is crucial for 
preserving function [2]. Under pathological conditions, 
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Abstract
Synaptic failure in specific cholinergic networks in rat brains has been implicated in amyloid β-induced 
neurodegeneration. Teucrium polium is a promising candidate for drug development against Alzheimer’s 
disease (AD) and similar disorders. However, the protective effect of Teucrium polium against amyloid β-induced 
impairment of short-term synaptic plasticity is still poorly understood. In this study, we used in vivo extracellular 
single-unit recordings to investigate the preventive efficacy of Teucrium polium on Aβ(25–35)-induced aberrant 
neuronal activity in the hippocampus and basolateral amygdala of rats, in response to high-frequency stimulation 
of the cholinergic nucleus basalis magnocellularis (NBM). After 12 weeks of intracerebroventricular administration 
of Aβ(25–35), alterations such as decreased excitatory responses and increased inhibitory synaptic activity were 
observed in the NBM–hippocampus and NBM–basolateral amygdala cholinergic circuits. Treatment with Teucrium 
polium improved the balance of excitatory and inhibitory responses by modulating synaptic transmission strength 
and restoring short-term plasticity. Acute injection of a therapeutic dose of Teucrium temporarily inhibited spiking 
activity in single NBM neurons. Open field tests revealed that amyloid-injected rats displayed anxiety and reduced 
exploratory drive. Treatment with Teucrium polium improved these behaviors, reducing anxiety and increasing 
exploration. Teucrium polium mitigated amyloid β-induced alterations in cholinergic circuits by enhancing the 
adaptive capacity of short-term synaptic plasticity. These findings suggest that Teucrium polium could serve as a 
preventive strategy to delay the progression of cholinergic neurodegeneration.
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homeostatic synaptic plasticity plays a vital role in main-
taining the stability and efficiency of information trans-
mission within neuronal networks [3]. The stabilization 
of neuronal circuit functions is achieved through modi-
fications of pre- and postsynaptic properties of neuronal 
units, accomplished by anterograde and retrograde sig-
naling systems (acting in pre- and postsynaptic regions) 
to establish homeostatic control of neurotransmission, 
as well as through the postsynaptic localization of recep-
tors and optimal adjustments of overall neuronal activity 
levels [4–6]. We evaluated these mechanisms in popula-
tions of neurons with similar response types across the 
compared groups. Understanding the various forms of 
homeostatic plasticity in neurodegenerative disorders 
not only enhances our comprehension of pathogenic 
mechanisms but also offers potential for new therapeu-
tic strategies. Kavalali et al. highlighted the correlations 
between neuropsychiatric therapeutic approaches and 
homeostatic plasticity research, which could lead to the 
development of new paradigms for therapy [7].

Alzheimer’s disease (AD) is an age-related neurode-
generative disorder characterized by the gradual decline 
of cognitive functions. The development and progres-
sion of AD involve various intricate pathogenic pathways, 
such as the formation of plaques, activation of inflam-
matory processes, deficits in the cholinergic system, 
and increased oxidative stress. Due to the multifactorial 
nature of AD, it is crucial to adopt a broader approach 
that utilizes pleiotropic compounds, particularly those 
derived from plants, to address the complexity of the dis-
ease [8]. Notably, findings from patient studies indicate 
that the inclusion of complementary herbal therapies 
alongside conventional medications provides longer-last-
ing benefits compared to conventional therapy alone [9].

Secondary metabolites produced by plants exhibit 
distinctive chemical properties and possess potent bio-
activities. These compounds have been utilized for cen-
turies in the treatment of various diseases and continue 
to be the subject of ongoing research to explore their 
potential therapeutic advantages [10]. Recently, there 
has been significant screening of numerous plants and 
their crude extracts to assess their potential as anticho-
linesterase (anti-ChE) agents. These studies have dem-
onstrated notable pharmacological effects, particularly 
in combating AD [11]. Most research has focused on 
anti-ChE inhibitor alkaloids, such as physostigmine and 
galantamine. However, other major classes of natural 
compounds with similar activities include those from the 
Lamiaceae family, which are rich in glycosides and fla-
vonoids [12, 13]. Researchers are increasingly drawn to 
investigate the plant kingdom due to the diverse bioactiv-
ities exhibited by natural products, which hold potential 
for human health benefits. Specifically, there is growing 

interest in exploring phenylpropanoid glycosides and 
their potential roles in clinical drug development.

In most patients with clinical AD, an early pathological 
occurrence is the impairment of cholinoceptive function, 
which involves the dysfunction and depletion of cholin-
ergic neurons in the basal forebrain and their associated 
projections [14–16]. The decline, disruption, or modifi-
cations of cholinergic mechanisms have been linked to 
the “cholinergic hypothesis” of AD [17]. The density of 
nicotinic acetylcholine receptors (nAChRs)—transmem-
brane oligomeric ligand-gated ion channels—as well as 
the levels of acetylcholine (ACh), the ligand for nAChRs, 
decrease as Alzheimer’s disease advances [18]. Addition-
ally, Aβ is known to bind to and modulate nAChRs [19]. 
Inhibition of acetylcholinesterase (AChE) and butyryl-
cholinesterase (BuChE) is a highly desirable feature of 
AD therapy [20, 21]. Furthermore, it has been demon-
strated that AChE promotes amyloid β (Aβ) aggregation, 
and a significant increase in the cortical levels of BuChE 
has been found to be associated with neuritic plaques and 
neurofibrillary tangles [22]. The importance of BuChE 
in cholinergic neurotransmission is likely to increase in 
AD, as AChE activity decreases by up to 45% and BuChE 
activity increases by 40–90% as the disease progresses 
[23]. Both AChE and BuChE appear to be simultane-
ously active in the synaptic hydrolysis of ACh, terminat-
ing its neurotransmitter action and co-regulating ACh 
levels [24]. Consequently, both AChE and BuChE are 
recognized as viable targets for therapeutic interventions 
aimed at alleviating the cholinergic deficit responsible 
for the overall decline in functioning observed in AD. 
As a result, the development of therapeutic approaches 
targeting AChE and BuChE inhibitors has gained con-
siderable attention as a crucial strategy in AD treatment. 
Some AChE inhibitors currently in clinical trials also 
target additional qualities, including antioxidant proper-
ties, β-secretase inhibitory properties, prevention of Aβ 
aggregation, and tau hyperphosphorylation [25].

Teucrium polium L. (Lamiaceae) is widely recognized 
as one of the most commonly used herbal medicines 
globally. With a history of over 2000 years in traditional 
medicine, it has gained popularity due to its remarkable 
pharmacological properties. Notably, Teucrium polium is 
traditionally employed in folk medicine to enhance cog-
nitive function and mental performance. Recent research 
indicates that Teucrium polium from the Lamiaceae fam-
ily holds promise as a potential alternative medicine for 
the treatment and prevention of Alzheimer’s disease and 
related conditions [26–30]. Cholinesterase inhibitors 
from Lamiaceae family plants have been evaluated, with 
several terpenoids and phenolic/flavonoid compounds 
identified as potential drugs for the treatment of AD [31]. 
The AChE inhibitory activity of Teucrium polium may be 
attributed to its richness in polyphenols, as members of 
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the Lamiaceae family are known to contain high levels 
of phenolic acids. These active constituents significantly 
contribute to the neuroprotective properties of Teucrium 
polium [12]. The ethanol extract of Teucrium polium 
has also been reported to exhibit high AChE and BChE 
inhibitory activities [12, 28, 32, 33].

Teucrium polium (golden germander) growing in 
Armenia has a unique phytochemical composition. In 
1991, Oganesyan et al. isolated verbascoside, a new phen-
ylpropanoid glycoside named teupolioside, and poliu-
moside from golden germander for the first time [34]. 
The main compounds of the Armenian Teucrium polium 
include phenylpropanoid glycosides such as verbasco-
side, polyumoside, and teupolyoside, which can reach 
concentrations of up to 6.0%. The plant also contains a 
small amount of diterpene furolactones (tepolin A and 
B), at approximately 0.9%. These compounds exhibit 
high biological activity [35, 36]. Medicinal plants con-
taining phenylpropanoid glycosides have been shown 
to possess a wide spectrum of pharmacological effects, 
including antioxidant, antibacterial, antitumor, antiviral, 
anti-inflammatory, neuroprotective, hepatoprotective, 
immunomodulatory, and tyrosinase inhibitory actions 
[37]. We have previously demonstrated that hydroponic 
Teucrium polium reduced neurodegenerative alterations 
induced by ovariectomy in the entorhinal cortex-hippo-
campal circuitry [38]. The dynamics of psycho-emotional 
states and cognitive processes were also studied in mid-
dle-aged women before and after treatment with a water 
fraction of an ethanol extract of hydroponic Teucrium 
polium (for 20 days). Administration of the extract was 
associated with improvements in short-term memory 
characteristics, increased brain efficiency in attention 
and concentration tasks, and a simultaneous increase in 
the speed of analysis, synthesis, and information process-
ing in higher brain centers [39].

The progression of AD and memory performance 
cannot be explained by synaptic or neuronal loss alone; 
compensatory mechanisms, such as synaptic scaling, 
also play a role at the microcircuit level [40]. The adap-
tive and maladaptive changes at the intercellular level in 
mediating and modulating amyloid-beta (Aβ)-induced 
modifications of synaptic function and plasticity require 
focused assessment [41]. The electrophysiological corre-
lates of Aβ-induced modifications of synaptic function in 
rat NBM-hippocampal circuits have been revealed [42]. 
The aims of this study were: (1) to evaluate synaptic activ-
ity in hippocampal and basolateral amygdala neurons 
using in vivo single-unit extracellular electrophysiology 
to investigate the effects of high-frequency stimulation 
(HFS) of the cholinergic NBM on synaptic activity in 
these neurons in rats with amyloid β(25–35) intoxication 
and Teucrium polium therapy, and (2) to investigate the 

effects of chronic (12-week) amyloid β(25–35) intoxica-
tion and Teucrium polium phytotherapy on behavior.

Materials and methods
Experimental materials
All chemicals used in this study were purchased from 
Sigma-Aldrich (St. Louis, MO, USA).

Preparation of the plant extract and Teucrium polium 
injection
Teucrium polium was used in this study and was collected 
from the G.S. Davtyan Institute of Hydroponics Prob-
lems of the NAS RA. The plants were cultivated using 
hydroponic methods, which are known for their ability 
to yield higher quantities. Harvesting took place between 
August and October 2021 at the renowned production 
site for Teucrium polium in Armenia. The plant mate-
rial was botanically identified by Dr. H. Galstyan, a senior 
researcher at the G.S. Davtyan Institute of Hydroponics 
Problems in Yerevan, Armenia. A voucher specimen was 
deposited at the Herbarium of the G.S. Davtyan Insti-
tute of Hydroponics Problems of the NAS RA (outdoor 
hydroponics, Experimental Hydroponic Station). Experi-
mental research on the plants was performed following 
the relevant guidelines and legislation [43]. The study 
found that the main biologically active compounds of 
Teucrium polium include phenylpropanoid glycosides—
verbascoside, poliumoside, and teupolioside. Addition-
ally, flavonoid and phenylpropanoid glycosides were 
identified in hydroponic Teucrium polium [36, 38]. For 
the study, 50% ethyl alcohol-soluble extracts were pre-
pared from wild, hydroponic, and soil-grown Teucrium 
polium. These extracts were subsequently dried using a 
rotary vacuum evaporator and further fractionated into 
benzene, ethyl acetate, chloroform-methanol (3:1), and 
aqueous fractions. Hydroponic Teucrium polium was 
found to be less toxic and contained active ingredients. 
The therapeutic investigations focused on the aqueous 
fraction of the ethanol extract, specifically targeting fla-
vonoid glycosides and phenolic glycosides within this 
fraction. The therapeutic dose of hydroponic Teucrium 
polium was determined to be 5% of the maximum endur-
able dose, corresponding to 400  mg/kg (equivalent to 
20 mg/kg) [44]. The water fraction of the ethanol extract 
from hydroponic Teucrium polium was prepared daily, 
diluted in sterile distilled water, and administered to rats 
via intramuscular injections in single doses of 0.5 ml [36, 
44, 45].

Animals
Adult male Wistar albino rats weighing 200 ± 30  g were 
purchased from the experimental center of Orbeli Insti-
tute of Physiology NAS RA. The experiments were per-
formed at the same time period of the day and during the 
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light period of the light–dark cycle (09:00–18:00 h). The 
animals were maintained at 25 ± 2  °C, 12  h light – dark 
cycle and lights on 07:00–19:00 h. Food and water ad libi-
tum was provided to the animals. All animal procedures 
were performed under the supervision of the institu-
tional ethics committee of Yerevan State Medical Univer-
sity after Mkhitar Heratsi, Yerevan, Armenia (approved 
code: N4 IRB). The ARRIVE guidelines for the care and 
use of laboratory animals were also followed.

Experimental setup
Male albino rats were divided into four groups:

1.	 Vehicle-control group (n = 5): This group consisted 
of animals treated with the vehicle (double-distilled 
water).

2.	 Amyloid group (n = 5): The first experimental group 
received a single intracerebroventricular (i.c.v.) 
injection of 3 µg of aggregated Aβ(25–35) in 3 µl in 
each ventricle.

3.	 Amyloid + Teucriumgroup (n = 5): The animals 
in this group were intramuscularly injected 
with Teucrium (20 mg/kg body weight, 0.5 ml) 
immediately after the Aβ(25–35) injection and every 
day for the first 3 weeks (5 days per week).

4.	 Vehicle + Teucriumgroup (n = 5): Animals in this 
group, treated with the vehicle, received daily 
intramuscular injections of Teucrium (20 mg/kg body 
weight) during the first 3 weeks (5 days per week).

5.	 Teucrium single injection group (n = 6): Animals in 
this group received a single intramuscular injection 
of an aqueous fraction of the ethanol extract of 
Teucrium polium (20 mg/kg). The activity of rat 
NBM neurons was assessed, with a total of 6 NBM 
neurons being analyzed throughout the study.

In vivo electrophysiological studies of hippocampal and 
amygdala neurons were conducted after 12 weeks of 
Aβ(25–35) and vehicle infusions.

Animal models
Rats were intracerebroventricularly injected (i.c.v.) with 
Aβ(25–35) peptide (Sigma Aldrich, USA), following the 
procedure described by Maurice et al. [46]. Before each 
electrophysiological experiment, the rats underwent the 
open field test.

In vivo electrophysiology and data analysis
Electrophysiological studies were done after 12 weeks 
of intracerebroventricular injection of Aβ (25–35). The 
animals were anesthetized with urethane (1.1 g/kg, intra-
peritoneally (i.p.), immobilized with 1% ditiline (25 mg/
kg, i.p.), positioned in a stereotaxic frame, and placed on 
artificial ventilation. The sample of “encephaleisolé” rat 

was obtained by transection of the spinal cord (T2–T3) 
using ultrasound. A stimulating electrode was inserted 
according to stereotaxic coordinates [47] in the ipsilat-
eral nucleus basalis magnocellularis (NBM) (AP − 1.08 to 
− 1.1, L ± 2.8 to 3.0, DV + 7.4 to 7.8 mm). A glass record-
ing electrode (1 to 2  μm tip diameter) filled with 3  M 
KCl was repeatedly submerged into the hippocampal 
(coordinates AP − 3.3; L ± 1.5 to 3.5; DV 3.0 to 4.0) and 
basolateral amygdala neurons (at coordinates AP − 3.24; 
L ± 5.4 to 5.8; DV + 9.5 to 10.2) for recording spike activ-
ity flow of single neurons.High-frequency stimulation 
(HFS) (100 Hz for 1 s) was performed using a rectangu-
lar pulse charge of 0.05 milliseconds duration and 0.10 
to 0.14 milliampere amplitude. Recording of impulse 
flow (spiking activity) was carried out using a program 
that provides spike selection by amplitude discrimina-
tion. This allows spikes to be identified and artifacts to 
be excluded during HFS, enabling evaluation of not only 
posttetanic but also tetanic activity. Neuronal impulse 
flow was subjected to software analysis, followed by out-
put of the distributed real-time pre- and post-stimulus 
spike activity of single neurons. Histograms of mean 
frequency were then generated using multi-level statisti-
cal data processing (including frequency average ± stan-
dard deviation), differentiated for pre- and post-stimulus 
time, as well as tetanization time (the time of HFS dur-
ing 1  s). The statistical significance of the heterogeneity 
of interspike intervals (or spike frequency) of the pre- and 
post-stimulus impulse flow was analyzed using Student’s 
t-test and Mann–Whitney U test, as described in our 
previous studies [42, 48]. A single neuron’s spike activ-
ity was recorded in real time for 30 s before stimulation 
(background activity), during high-frequency stimulation 
(HFS) for 1  s, and 30  s after stimulation (post-stimulus 
activity). Later, neurons with the same types of responses 
were grouped and averaged by software to create peri-
stimulus histograms of mean frequency.

In general, electrophysiological data were obtained by 
recording 205 hippocampal and 69 basolateral amygdala 
neurons in the amyloid group, 135 hippocampal and 55 
amygdala neurons in the amyloid + Teucrium polium 
group, 189 hippocampal and 77 amygdala neurons in the 
vehicle-control group, and 48 hippocampal and 43 amyg-
dala neurons in the vehicle + Teucrium polium group. The 
impulse flow analysis revealed the formation of different 
combinations of responses in the form of impulse flow 
acceleration – tetanic potentiation (TP) and posttetanic 
potentiation (PTP), as well as impulse flow deceleration 
– tetanic depression (TD) and posttetanic depression 
(PTD), the expressiveness of which is estimated accord-
ing to the value of the mean frequency in prestimulus 
time (M before stimulus – Mbs), post-stimulus time (M 
post stimulus – Mps), and tetanization time (M high-
frequency stimulation – Mhfs) (Figs. 1, 2 and 3). Mixed 
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combinations of responses (TP-PTD and TD-PTP) were 
recorded.

Behavioral test
Open field test
Open field test (OF) was used to assess spontane-
ous exploratory activity and anxiety-related behaviors. 
The apparatus consisted of a black melamine square 
(60 × 60  cm) surrounded by walls that were 40  cm in 
height. A central area was arbitrarily defined as a square 
of 30 × 30 cm, and it was drawn over the image of in the 
video-tracking system. A rat was considered to be in the 
central area when four paws were on it. The light inten-
sity at the center of the OF was 70–80  lx. Each rat was 
placed in the center of the maze and its behavior was 
analyzed for 5  min. The following dependent variables 
were recorded: total distance moved, the number of 
entries into the central area, and the time spent in the 

central area [49, 50]. All recorded videos were analyzed 
by AnyMaze software.

Statistical analysis
For electrophysiological data analysis we used t-criteria 
of Student’s t -test, the reliability of differences of inter-
spike intervals before, after and during HFS. All p-values 
were determined by a two-sample unpaired Student’s 
t-test. The spread of the data where indicated is the SD of 
the mean. To increase reliability of statistical evaluations, 
we also used the non-parametric method of verification 
by application of Wilcoxon two sample test. Significant 
differences between the obtained values were analyzed 
using GraphPad Prism software (version 5.0) using one-
way ANOVA, followed by Tukey’s post hoc test. Differ-
ences in the behavioral tests in different groups were 
analyzed using one-way ANOVA, followed by the Bon-
ferroni test for intergroup comparisons.

Fig. 1  Peristimulus mean frequency diagrams in real time 30 s before stimulation (Mbs), 30 s after stimulation (Mps), and during high-frequency stimula-
tion (Mhfs), built on the basis of pre-and post-stimulus manifestations of spike activity of single basolateral amygdala neurons to high-frequency stimula-
tion of the nucleus basalis magnocellularis (NBM), exhibiting the specified types of responses (TD-PTD, TD-PTP, TP-PTP, TP-PTD, TD) in the vehicle control 
(A), amyloid (B), and amyloid + Teucrium polium (C) groups. n = number of neurons with this type of response; disks show percentage distribution of 
neurons with this type of response. The statistical significance of the response expression was estimated using Student’s t-test (*P < 0.05, ** P < 0.01, *** 
P < 0.001)
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Results
Electrophysiological study of the effects of a single 
systemic administration of a therapeutic dose of Teucrium 
Polium
In this study, we investigated the impact of a single intra-
muscular injection of an aqueous fraction of the etha-
nol extract of Teucrium polium L. on the activity of rat 
NBM neurons. A total of six neurons were examined. 
The objective was to assess changes in background and 
evoked spike activity kinetics during hippocampal high-
frequency stimulation (HFS) following systemic injection 
of Teucrium. Individual NBM neurons were monitored 
for background and evoked spike activity over a dura-
tion of 1 to 90  min after administration of Teucrium at 
a dosage of 20  mg/kg intramuscularly (with a volume 
of 0.5  ml). Data analysis indicated inhibitory effects 
observed starting 2 min after the injection of Teucrium, 
followed by a restoration of spike activity frequency to 

baseline levels at 60–90 min. Figure 4 provides a detailed 
representation of the effects of a single administra-
tion of Teucrium, illustrating the real-time expansion 
of spike activity before (-20 to 0  s) and after (0 to 20  s) 
hippocampal HFS. The average spike frequency before 
stimulus (Mbs; spike/sec), during high-frequency stimu-
lation (Mhfs; spike/sec), and post-stimulus average spike 
frequency (Mps; spike/sec) were calculated. A decrease 
in pre- and post-stimulus neuronal spike frequency was 
observed from 1 to 2 min after Teucrium administration 
compared to the initial spike activity (marked by 0  min 
– before Teucrium injection). Thus, inhibitory effects 
(with variability in the action period across different neu-
ronal units, see Supplementary Figure) were detected in 
NBM neurons during a single Teucrium injection. This 
indicates the possibility of receptor desensitization or 
deactivation, followed by the restoration of initial spike 
activity in the cholinergic NBM neurons. We cannot 

Fig. 2  Peristimulus mean frequency diagrams in real time 30 s before stimulation (Mbs), 30 s after stimulation (Mps), and during high-frequency stimu-
lation (Mhfs), built on the basis of pre-and post-stimulus manifestations of spike activity of single hippocampal neurons to high-frequency stimulation 
of the nucleus basalis magnocellularis (NBM), exhibiting the specified type of responses (TD-PTD, TD-PTP, TP-PTP, TP-PTD, TD) and non-reactivity in the 
vehicle control (A), amyloid (B), and amyloid + Teucrium polium (C) groups. n = number of neurons with this type of response; disks show percentage 
distribution of neurons with this type of response. The statistical significance of the response expression was estimated using Student’s t-test (*P < 0.05, 
** P < 0.01, *** P < 0.001)
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Fig. 3  Peristimulus mean frequency diagrams in real time 30 s before stimulation (Mbs), 30 s after stimulation (Mps), and during high-frequency stimu-
lation (Mhfs), built on the basis of pre-and post-stimulus manifestations of spike activity of single amygdala (A) and hippocampal (B) neurons to high-
frequency stimulation of the nucleus basalis magnocellularis (NBM) exhibiting the specified type of responses (TD-PTD, TD-PTP, TP-PTP, and TP-PTD) and 
non-reactivity in the vehicle + Teucrium polium group. n = number of neurons with this type of response; disks show percentage distribution of neurons 
with this type of response. The statistical significance of the response expression was estimated according to the Student’s t-test; (*P < 0.05, ** P < 0.01, 
*** P < 0.001)
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Fig. 4  Dynamics (0–60 min) of changes in spike flow of single NBM neurons after injection of a therapeutic dose (20 mg/kg; i/m) of the ethanol extract 
of Teucrium polium. Analysis was based on baseline and hippocampal stimulation-induced spike activity of a single NBM neuron (n = 6): peristimulus 
histogram (sum spike); below-background and evoked spike activity of single NBM neuron in real time pre-stimulus (-20–0 s) and post-stimulus (0–20 s); 
Mbs - average spike frequency before stimulus (spike/s); Mhfs – average spike frequency during high-frequency stimulation (spike/s); Mps - post-stimulus 
average spike frequency (spike/s). A decrease in pre- and post-stimulus neuronal spike frequency from the 1-2th minute of Teucrium administration com-
pared with the initial spike activity (marked by 0 min before Teucrium injection) is obvious. From the 60th minute, the spiking activity was restored. Thus, 
inhibitory effects were detected in a single NBM neuron following a single injection of a therapeutic dose of Teucrium polium
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exclude the possibility of other mechanisms of functional 
inactivation.

The percentage share of excitatory and inhibitory 
responses of amygdala and hippocampal neurons to NBM 
HFS
In the amyloid group, a total of 69 basolateral amygdala 
cells were examined. Among these cells, 29% (20 neu-
rons) displayed transient depolarization (TD), 39.1% 
(27 neurons) exhibited TD-PTD responses, 21.8% (15 
neurons) exhibited TD-PTP responses, and 10.1% (7 
neurons) exhibited TP-PTP responses (Fig. 1B). A com-
parison between the amyloid group and the vehicle 
control group (77 neurons) (Fig.  1A, B) revealed a sig-
nificant decrease in the proportion of neurons with TP-
PTP responses in the amyloid group (10.1% vs. 27.3% in 
the vehicle control group; p < 0.04, Fisher’s exact test). 
The proportion of neurons with TD-PTD responses was 
highest in both groups (39% vs. 37% in the vehicle con-
trol group; p < 0.9, Fisher’s exact test), with these neurons 
showing the least imbalance. Conversely, the proportion 
of neurons with TP-PTP responses demonstrated the 
greatest imbalance (10% vs. 27% in the vehicle control 
group; p < 0.04, Fisher’s exact test). In the amyloid + Teu-
crium group, a total of 55 amygdala neurons were stud-
ied. Among these neurons, 31% (17 neurons) displayed 
TP-PTP responses to NBM high-frequency stimulation 
(HFS) (compared to 27% in the vehicle control group; 
p = 0.8, Fisher’s test), while 25.5% (14 neurons) exhibited 
TD-PTD responses and 16.4% (9 neurons) exhibited TD-
PTP responses (compared to 27% in the vehicle control 
group; p = 0.3, Fisher’s test) (Fig.  1C). Notably, TP-PTP 
responses were recorded in 15 neuronal units out of 55 
(27.3%, p < 0.0001 vs. control), and these responses were 
absent in both the vehicle control and amyloid groups 
(Fig.  1A-C). Thus, the percentage of TP neurons in the 
norm group was 27%, consisting of TP-PTP neurons. In 
the amyloid + Teucrium group, this percentage increased 
to 58%, comprising TP-PTP and TP-PTD neurons, 
which was statistically significant (P = 0.02, Fisher’s exact 
test). The percentage of TD neurons in the norm group 
was 64%, consisting of TD-PTD and TD-PTP neurons. 
In the amyloid + Teucrium group, the percentage of TD 
neurons decreased to 42%, comprising TD-PTD and 
TD-PTP neurons, although this decrease was not statisti-
cally significant (P = 0.2, Fisher’s exact test). In the amy-
loid group, 205 responses of hippocampal neurons to 
NBM GFS were examined. Of these, 13.7% (28 neurons) 
showed no response, 31.2% (n = 64) showed TD-PTD 
responses, 28.8% (n = 59) showed TD-PTP responses, and 
26.3% (n = 54) showed TP-PTP responses. The percent-
age of TD neurons was lower in the amyloid group (60%) 
compared to the control group (67%; P = 0.5, NS). Con-
versely, the percentage of TP neurons was higher in the 

amyloid group (26.3%) than in the control group (23%; 
P = 0.6, NS). When comparing these indices in the amy-
loid group to those in the vehicle control group (Fig. 2A, 
B), it was revealed that: (1) The maximal share of units 
with TD-PTD responses was 31.2% (compared to 41.8% 
in the vehicle control group; P = 0.1), and (2) The mini-
mal imbalance in the percentage share of neurons with 
TD-PTP responses was 28.8% (compared to 24.9% in the 
vehicle control group; P = 0.5; Fisher’s exact test) (Fig. 2A, 
B). In the amyloid + Teucrium group, 135 hippocampal 
neurons were studied. Of these, 2.2% (3 neurons) showed 
no reactivity (p = 0.07, Fisher; non-significant increase 
compared to control), 56.3% showed TD-PTD responses 
(p = 0.1, Fisher; non-significant increase compared to 
control), and 20.7% showed TD-PTP responses (p = 0.5, 
Fisher; non-significant decrease compared to control). 
Only TP responses were recorded in 28 units (21%) of 
the 135 hippocampal neurons (Fig.  2C). In summary, 
the percentage of TP neurons in the normal group was 
23% (these were TP-PTP neurons). In the amyloid + Teu-
crium group, the percentage of TP neurons decreased to 
21% (these were TP neurons), although this decrease was 
not significant (P = 0.7; Fisher test). In the norm group, 
the percentage of TD neurons was 77% (these comprised 
TD-PTD, TD-PTP, and TD neurons). The percentage of 
TD neurons remained at 77% in the amyloid + Teucrium 
group (comprising 56% TD-PTD neurons and 21% TP 
neurons). The analysis of the percentage share of excit-
atory and inhibitory responses showed that: (1) In the 
Vehicle + Teucrium group, the percentage of amygdala 
neurons with TP-PTP responses increased compared to 
the Vehicle-control group (51.2% vs. 27.3%; P = 0.1; NS 
increase, Fisher test), and (2) The percentage of neurons 
displaying TD-PTD responses decreased nonsignifi-
cantly (21% vs. 37%; P = 0.2; NS Fisher test). Overall, a sig-
nificant increase in tetanic potentiation (72.2%; 51.2% + 
21% TP-PTP and TP-PTD vs. 27.3% in Vehicle-control; 
p = 0.004) and a significant decrease in tetanic depression 
(28%; 7% + 21% vs. 72.8%; 9.1% + 36.4% + 27.3% in Vehi-
cle-control; p = 0.01) were recorded during HFS of NBM 
in amygdala neurons (Fig. 1A). In hippocampal neurons, 
the excitation/depression balance was as follows: (1) The 
percentage of TD-PTD responses increased nonsignifi-
cantly in the Vehicle + Teucrium group (Fig. 3) compared 
to the Vehicle-control group (55% vs. 42%; P = 0.4), pre-
dominating in both groups, and (2) The percentage of 
TP-PTP responses decreased nonsignificantly in the 
Vehicle + Teucrium group (Fig. 3A) compared to the Vehi-
cle-control group (10.4% vs. 23.3%; P = 0.1, Fisher test). 
In the hippocampal neurons of the Vehicle + Teucrium 
group, tetanization epoch depression (TD) was recorded 
in a total of 80% (25% + 55%) neurons (nonsignificant 
increase vs. control, P = 0.5, Fisher), while tetanization 
epoch potentiation (TP) decreased nonsignificantly 
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(10.4%; P = 0.1; Fig. 3B). In the Vehicle-control group, this 
ratio was 66.7% (24.9% + 41.8%) and 23.3%, respectively 
(Fig. 2A).

Assessment of the magnitude of excitatory and inhibitory 
responses of amygdala and hippocampal neurons to NBM 
HFS
The expression of inhibitory (TD) and excitatory (TP) 
responses during the high-frequency stimulation (HFS) 
epoch, as well as the post-stimulus time (PTD and PTP), 
was altered across all experimental groups compared to 
the vehicle-control group, with specific response types 
observed in each population. In the vehicle-control 
group, TD was expressed 4.7 times (2.61:0.56 spike/
sec), whereas it was expressed 2.4 times (3.25:1.36 spike/
sec) in basolateral amygdala neurons with TD-PTD 
responses (Fig.  1). Similarly, in neurons exhibiting TD-
PTP responses, TD was expressed 5.7 times (1.83:0.32 
spike/sec) instead of 2.3 times (2.44:1.07 spike/sec) in the 
amyloid group. In TP-PTP neurons, TP was expressed 
5 times (13.23:2.66 spike/sec) instead of 1.9 times in the 
amyloid group. In the amyloid + Teucrium polium group, 
the expression of responses predominated compared to 
the amyloid group in populations with TP-PTP responses 
(7.6 times; 10.52:1.38 spike/sec) and TD-PTP responses 
(22.6 times; 5.64:0.25 spike/sec), as well as in popula-
tions with TP-PTD responses (4.5 times; 19.48:4.34 
spike/sec). In the amyloid + Teucrium polium group, TD 
was expressed 1.8 times in neurons displaying TD-PTD 
responses (5.75:3.25 spike/sec), which was lower than 
that observed in the vehicle-control (4.7-fold) and amy-
loid (2.4-fold) groups (Fig. 1). Regarding the expression of 
responses during the tetanization period, both excitatory 
and inhibitory responses were more pronounced in the 
hippocampal vehicle-control group. In neurons with TD-
PTD responses, TD was expressed 2.4 times (7.13:2.93 
spike/sec) in the vehicle-control group compared to 
1.4 times (9.29:6.53 spike/sec) in the amyloid group. 
Similarly, in neurons with TD-PTP responses, TD was 
expressed 2.3 times (5.78:2.55 spike/sec) in the vehicle-
control group compared to 1.4 times (4.45:3.18 spike/sec) 
in the amyloid group (Fig. 2). In TP-PTP neurons, TP was 
expressed 1.7 times (9.12:5.22 spike/sec) in the vehicle-
control group compared to 1.3 times (16.87:12.83 spike/
sec) in the amyloid group. In the amyloid + Teucrium 
polium group, TD was expressed 9.6 times (17.91:1.86 
spike/sec) in neurons with TD-PTD responses compared 
to 2.4 times in the vehicle-control group. In neurons with 
TD-PTP responses, TD was expressed 20 times (8.11:0.4 
spike/sec) compared to 2.3 times in the vehicle-control 
group (Fig. 2B). TP responses in the amyloid + Teucrium 
polium group were expressed 2 times (17.10:8.30 spike/
sec) compared to 1.7 times in the vehicle-control group 
(Fig. 2).

The effects of amyloid and Teucrium polium on behavior
Open field results indicated that amyloid-injected rats 
exhibited significantly reduced locomotor activity, trav-
eling less distance at 12 weeks (P = 0.04), suggesting that 
these rats were less active and more hesitant to explore 
the open-field arena (Fig.  5A). Additionally, this group 
spent more time freezing at weeks 9 and 12 (Fig. 5B), indi-
cating heightened anxiety and discomfort in the arena. In 
contrast, rats treated with Teucrium polium spent signifi-
cantly more time freezing at 3 weeks (P = 0.002) (Fig. 5B), 
suggesting a short-term anxiolytic effect; however, no 
significant differences were observed between the two 
groups at 9 or 12 weeks, indicating that this effect may 
not be sustained over time. Rats in the amyloid group 
also spent significantly less time in the central zone after 
12 weeks (P = 0.03) (Fig. 5C), reflecting avoidance of this 
area, which is typically the most explored in the open 
field. Rats treated with Teucrium spent significantly more 
time in the central zone compared to control rats at 3 
weeks (P = 0.02) (Fig.  5C), but this effect diminished by 
9 and 12 weeks. This suggests that Teucrium may have a 
short-term impact on increasing exploration. The results 
showed that the time spent in the peripheral zone for the 
control group was 264 ± 9.6  s (Fig.  5D). In contrast, the 
amyloid group spent significantly less time in the periph-
eral zone at 12 weeks (91 ± 5.5  s, P = 0.0006) (Fig.  5D), 
indicating increased anxiety and reduced exploratory 
behavior. Similarly, the Teucrium-treated rats showed 
signs of increased anxiety at 12 weeks, though this effect 
was not statistically significant (Fig. 5D, E). Overall, these 
findings suggest that Teucrium polium may exhibit short-
term anxiolytic properties, improving exploratory behav-
ior initially but lacking sustained effects over time.

Discussion
The basal forebrain cholinergic system is pivotal for cog-
nitive function, particularly the NBM, which is essential 
for memory consolidation [51, 52]. This relationship may 
stem from the dense cholinergic innervation present in 
key areas such as the hippocampus, entorhinal cortex, 
and amygdala [53–55]. The nucleus basalis of Meynert 
(NBM) projects cholinergic fibers to the lateral and baso-
lateral amygdaloid nuclei [56] and is positioned to rapidly 
convey value-based information to target regions [57]. 
These findings suggest a significant influence of the NBM 
on the basolateral amygdala in the development of con-
textual memory [58]. The NBM is a complex and hetero-
geneous structure primarily composed of cholinergic 
neurons, with at least 20–30% being noncholinergic 
(including GABAergic, glutamatergic, and peptidergic 
neurons) [59]. In vivo studies have shown that lesions in 
this cholinergic nucleus disrupt both short- and long-
term neural plasticity in the dentate gyrus, despite the 
absence of direct cholinergic projections to the 
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hippocampus [60]. Basal forebrain neurons in rats play 
crucial roles in activating the entorhinal cortex and mem-
ory processes, which are linked to cholinergic neurons 
projecting to this area. Evidence indicates that these neu-
rons synthesize glutamate, acetylcholine, GABA, and 
other neurotransmitters [61]. Our findings of less pro-
nounced responses in the hippocampus during high-fre-
quency stimulation of the NBM may result from the lack 
of direct projections to the hippocampus, implicating 
NBM-entorhinal cortex-hippocampus pathways. Our 
results align with existing literature indicating that 
Alzheimer’s disease (AD) is characterized by a significant 

loss of cholinergic innervation, particularly in the ento-
rhinal cortex, where cholinergic axons can be depleted by 
up to 80%. This depletion closely correlates with severe 
neurofibrillary degeneration and cell loss in the nucleus 
basalis complex [62]. Amyloid-beta (Aβ) can disrupt cel-
lular homeostasis and neural network communication by 
modulating ion channels in cholinergic basal forebrain 
neurons [63]. Specifically, Aβ increases Ca²⁺ influx 
through voltage-sensitive L-type Ca²⁺ channels [64], lead-
ing to bursts of excitatory potentials and heightened 
action potential firing in neurons. This abnormal neuro-
nal activity can disrupt communication within neuronal 

Fig. 5  Open-field test scores in the Amyloid and Amyloid + Teucrium groups at 1, 3, 9, and 12 weeks. A: Total distance traveled (m); B: Total time freezing 
(s); C: Time in the central zone (s); D: Distance traveled in the central zone (m); E: Time in the peripheral zone (s). The calculations were performed using 
Prism 5 software (GraphPad Software). P values were considered statistically significant at P < 0.05. * indicates significantly different from the group vehicle 
control (*p < 0.05), ******p < 0.01, and ***p < 0.001)
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networks, as evidenced by our recorded neurons. A 
potential mechanism for this hyperexcitability is the 
increase in calcium conductance. Moreover, recent stud-
ies indicate that amyloid proteins can interact with cho-
linergic receptors, leading to alterations in their function 
[65]. Key abnormalities in cholinergic neurons include 
impaired choline absorption, reduced acetylcholine 
release, defective expression of nicotinic and muscarinic 
receptors, and deficits in neurotrophic support and axo-
nal transport [66]. These phenomena were also reflected 
in the network activity observed in our investigation. 
Consequently, we observed electrophysiological indices 
of abnormal synaptic activity within the basal nucleus-
hippocampus-amygdala network in our experimental AD 
model, which was induced by bilateral intracerebroven-
tricular administration of Aβ (25–35). Aβ may impair 
neural network function by affecting both intrinsic and 
synaptic properties of neuronal circuits [67, 68]. The 
mechanisms behind Aβ’s electrophysiological effects on 
synaptic transmission and neuronal firing properties 
have been extensively reviewed by Peña et al. [64]. Evi-
dence suggests that both soluble monomer and oligomer 
forms of Aβ can impact neuronal activity and remodeling 
even before the onset of neurodegeneration. Protofibrils, 
which are transitional states between soluble and aggre-
gated Aβ, pose threats to primary neuronal cells by alter-
ing their electrical properties. Recent findings highlight 
that dendritic arbors are particularly susceptible to the 
effects of Aβ oligomers. Aβ oligomers derived from the 
brains of individuals with AD or produced in laboratories 
have been shown to bind to neuronal surfaces, forming 
small clusters primarily associated with specific synaptic 
terminals in cultured hippocampal neurons. In culture 
models, Aβ oligomers have also been found to disrupt 
other synaptic signal transduction pathways. Low doses 
of Aβ oligomers can inhibit glutamate-stimulated phos-
phorylation of cAMP response element-binding protein 
(CREB) in cortical cultures [69], a signaling pathway 
linked to synaptic plasticity [70]. Thus, the role of Aβ 
oligomers as pathogenic synaptic ligands presents an 
intriguing hypothesis for synapse failure in AD. 
Aβ-induced cationic channels [71], impairments in basal 
synaptic transmission [72], and reductions in long-term 
potentiation (LTP) [73] are CNS-specific markers of both 
acute and chronic Aβ exposure. Accumulating evidence 
suggests that Aβ acts as a synaptic disruptor, with syn-
apses potentially serving as therapeutic targets in AD 
[64]. The dynamic nature of synaptic transmission is 
influenced by presynaptic activity, which in turn affects 
postsynaptic reactions. Chemical synaptic transmission 
is crucial for shaping synaptic response properties, influ-
encing the stimuli that neural networks prioritize and the 
activity patterns they generate. The observed deficiency 
in TP/TD responses in the amyloid group likely resulted 

from synaptic vesicle depletion and impaired neurotrans-
mitter release. It is well documented that synaptic 
depression is often linked to the depletion of readily 
releasable vesicles, with various conceptual models 
describing this phenomenon. Depression can also arise 
from presynaptic receptor feedback activation and post-
synaptic mechanisms, such as receptor desensitization 
[74]. Our acute experiments demonstrated a temporary 
(60-minute) deactivation of spike activity, presumably 
due to the desensitization of nicotinic acetylcholine 
receptors (nAChRs). The decrease in the equity ratio and 
the notable excitatory responses in the amyloid group 
align with findings from Snyder et al. (2005), who 
reported that amyloid-beta disrupts glutamatergic trans-
mission and impairs synaptic plasticity [75]. Given the 
significant interaction between cholinergic and glutama-
tergic systems during neurotransmission, changes in glu-
tamatergic signaling correlate with cholinergic 
disruptions seen in AD, supporting the cholinergic 
hypothesis [76, 77]. Numerous studies have identified 
nAChRs as presynaptic, preterminal receptors that inter-
act with other metabolic or ionotropic receptors [76, 78]. 
They also modulate the release of various neurotransmit-
ters, including glutamate, GABA, dopamine, noradrena-
line, and glycine, through presynaptic action sites. This 
neurotransmitter release is likely essential for mediating 
the cognitive-enhancing effects of Teucrium polium. The 
distinct distribution of nAChR subtypes and the timing 
of nAChR activity can influence the induction of synaptic 
plasticity, either favorably or unfavorably [79]. nAChRs 
operate within heteromers (receptor-receptor interac-
tions) and as components of functional interactive pro-
teins (receptor crosstalk) that respond to integrative 
inputs [76]. Understanding the mechanisms of hetero-
modulation, including G protein-coupled receptor 
(GPCR) heterodimerization with nAChRs and receptor 
crosstalk, is vital for addressing cognitive decline. In our 
acute experiments with a single therapeutic dose of Teu-
crium polium, the transient deactivation of spike activity 
in single NBM neurons appears to result from both 
receptor-receptor interactions and receptor crosstalk. 
Interestingly, Kawamata et al. demonstrated that neuro-
protection against Aβ-induced neurotoxicity occurs via 
nAChR-mediated survival signal transduction, specifi-
cally through the α7nAChR/Src family/phosphatidylino-
sitol 3-kinase (PI3K)/protein kinase B (AKT) pathway, 
leading to upregulation of Bcl-2 and Bcl-x [80]. Presynap-
tic nAChRs can enhance neurotransmitter release proba-
bility, thereby improving synaptic transmission precision. 
Postsynaptic nAChRs increase depolarization and cal-
cium signaling associated with successful transmission, 
activating intracellular cascades. Additionally, nicotinic 
activity can significantly influence interneuron activity by 
modulating circuit excitability. Nicotinic activity in 
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interneurons can inhibit neighboring pyramidal neurons, 
which may reduce or prevent the induction of synaptic 
potentiation. This could explain the more pronounced 
inhibitory effects observed in hippocampal neurons of 
the amyloid + Teucrium polium group (9.6 times and 20 
times instead of 2.4-fold in the vehicle-control group), 
likely due to the tighter localization of acetylcholine 
receptors on GABAergic interneurons compared to glu-
tamatergic pyramidal neurons [79]. This dynamic may 
contribute to the final excitatory-inhibitory effects of 
cholinergic input on the neuronal activity of the circuits 
we studied (evoked activity of hippocampal neurons to 
high-frequency stimulation of the NBM). Furthermore, 
we concur that synaptic damage from soluble Aβ-derived 
oligomers appears to underlie memory loss in early AD, 
as these oligomers bind to specific excitatory pyramidal 
neurons while sparing GABAergic neurons [81]. The 
NBM provides cholinergic input to the cerebral cortex 
and amygdala, with cholinergic neurons constituting 
about 90% of NBM neurons [82].

Unlike primates, the rat cerebral cortex includes intrin-
sic cholinergic interneurons, contributing approximately 
30% of local cholinergic innervation [83]. These factors 
are crucial in the development of overall network activity. 
Our findings regarding the distinct effects of increases or 
decreases in excitatory and inhibitory responses in the 
hippocampus and basolateral amygdala align with the 
notion that the net effect of amyloid-beta (Aβ) on specific 
neuronal subtypes, brain regions, and networks can be 
excitatory, inhibitory, or a combination of both. Accord-
ing to Palop et al. (2007), hAPP animals exhibit spontane-
ous nonconvulsive seizure activity in cortical and 
hippocampal networks, which is associated with GAB-
Aergic sprouting, increased synaptic inhibition, and 
abnormalities in dentate gyrus synaptic plasticity [84]. 
The study revealed that administering Teucrium polium 
extract led to significant improvements in learning and 
memory in rats. In the anticholinesterase assay, the 
extract demonstrated potent inhibition of acetylcholines-
terase activity. Alpha-pinene, a major component con-
tributing to Teucrium polium’s anticholinesterase 
properties, has been extensively studied for its strong 
anti-acetylcholinesterase effects [28]. Furthermore, 
research by Vladimir-Kneevi’c et al. on the ethanol 
extract of several Lamiaceae species showed that T. 
polium was among the most effective plant extracts, 
exhibiting significant acetylcholinesterase inhibition rates 
exceeding 75% at a concentration of 1 mg/mL [85]. Given 
that central cholinergic pathways are crucial for learning 
and memory processes, the anticholinesterase activities 
of Teucrium polium may contribute to its nootropic 
effects [86]. Additionally, diterpenes and flavonoids pres-
ent in Teucrium polium could enhance memory [87]. In 
amyloid-beta-injected rats, dietary supplementation with 

plants from the Lamiaceae family mitigated memory 
loss, altered CREB (calcium/cAMP-response element-
binding protein) and its downstream components, and 
reduced apoptosis. Phenylpropanoid glycosides, naturally 
occurring compounds in various medicinal plants, 
exhibit diverse biological activities, including potent anti-
oxidant properties. Among these, acteoside, a phenyle-
thanoid glycoside with antioxidant effects, has been 
shown to protect human neuroblastoma cells from amy-
loid-induced cell damage by reducing the production of 
reactive oxygen species (ROS) and modulating apoptotic 
signaling pathways through interactions with the Bcl-2 
family, cytochrome c, and caspase-3 [88]. The structure-
activity relationship for acteoside and similar compounds 
suggests that the catechol moiety of phenylethanoid gly-
cosides is essential for this inhibitory activity. In amy-
loidogenic modification, such a covalent β-sheet 
structure may destabilize polypeptides [89]. Increasing 
evidence indicates that phenylpropanoid glycosides pos-
sess potent antioxidant properties, acting as direct scav-
engers of reactive oxygen and nitrogen species or peroxyl 
radical scavengers that interrupt chain reactions. Korkina 
et al. conducted a study on the phenylpropanoid glyco-
side teupolioside, revealing its substantial anti-inflamma-
tory, antioxidant, and metal-chelating capabilities, 
particularly with bivalent metals such as Fe2+ [90]. 
Moreover, aqueous extracts of Teucrium polium have 
demonstrated high antioxidant activity [91] and have sig-
nificantly reduced lipid peroxidation in the hippocampus 
and cerebral cortex [92]. High doses of the extract also 
enhanced total thiol concentrations in hippocampal tis-
sues. Teucrium polium has been shown to drastically 
reduce lipid peroxidation in the hippocampus and cere-
bral cortex, suggesting that oxidative stress protection 
likely contributes to the extract’s learning and memory-
boosting abilities. Furthermore, plant phenylpropanoid 
glycosides target brain-derived neurotrophic factor 
(BDNF) regulation, presenting a potential therapeutic 
approach for treating depression. The neuroplasticity-
enhancing effects of phenylpropanoid glycosides are 
mediated through BDNF upregulation, activation of 
downstream BDNF signaling pathways, and increased 
neurogenesis in the hippocampus and/or prefrontal cor-
tex (PFC) [93]. Despite the positive effects of Teucrium 
polium discussed in this study, it is important to note that 
the plant has also been documented to have hepatotoxic 
and nephrotoxic effects [94]. Our earlier findings indicate 
that the ethanol extract and ethyl acetate fraction of 
hydroponic Teucrium polium are hepatotoxic at the max-
imum tolerable dose [95]. However, the maximal tolera-
ble dose of the aqueous fraction of the ethanol extract, 
devoid of furolactone acids, revealed no hepatotoxicity, 
implying that the hepatotoxicity of Teucrium polium is 
conditioned by furolactone acids. After 20 days of 
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treatment with a therapeutic dose of the ethanol extract, 
women’s ALT, AST ratio, and De Ritis Ratio were all 
within normal limits [95]. Synaptic plasticity, character-
ized by sustained activity-dependent increases or 
decreases in synaptic strength, provides the neurophysi-
ological basis for hippocampal-dependent learning and 
memory. Acute treatment with human-derived or chemi-
cally produced soluble Aβ containing specific oligomeric 
assemblies potently and selectively alters synaptic plastic-
ity, resulting in the suppression of long-term potentiation 
(LTP) and the augmentation of long-term depression 
(LTD) of glutamatergic transmission. Over time, these 
and related Aβ activities have been linked to decreased 
synaptic integrity [96]. The exceptionally high efficacy of 
Aβ oligomers in altering synaptic plasticity has prompted 
significant research into the underlying biological mecha-
nisms [64, 97]. Styr and Slutsky examined various poten-
tial homeostatic failures, providing the conceptual 
framework necessary for investigating the causal link 
between dysregulation of firing homeostasis, aberrant 
neural circuit activity, and memory-related plasticity 
impairments associated with early Alzheimer’s disease 
[98]. Advances in understanding the various pathways 
contributing to short-term synaptic plasticity are antici-
pated in the coming years. Despite its frequency, short-
term presynaptic depression remains one of the least 
understood forms of plasticity. While more is known 
about the mechanisms underlying facilitation and post-
tetanic potentiation, a more comprehensive understand-
ing awaits the identification of the proteins responsible 
for these types of synaptic enhancement. Short-term 
plasticity (STP) refers to changes in synaptic responses to 
past activation that persist for only a few minutes. Short-
term depression indicates a decrease in the efficacy of 
synaptic transmission following the arrival of a spike, 
while short-term facilitation represents an increase in 
efficacy [99]. In STP, a synapse’s effectiveness typically 
recovers within hundreds of milliseconds. The computa-
tional role of STP in learning and memory is considerably 
less developed than that of long-term potentiation (LTP). 
Data from cortical neurons suggest that changes in total 
network activity rescale synapses in a multiplicative or 
fractional manner [100]. Such systems enable cells to reg-
ulate inhibition and excitation, preventing pathological 
states of network hyper- or hypo-excitability. Another 
approach to addressing the stability of plasticity involves 
ensuring the permanence of brain computations in a net-
work through multistable synapses, where each synapse 
has a cascade of states with varying degrees of plasticity 
[101]. Our data indicate that amyloid-treated rats exhib-
ited increased anxiety-like behavior in the open-field test. 
These rats traveled a shorter distance, spent more time 
freezing, and spent less time in the central zone com-
pared to control rats. The reduced distance traveled and 

decreased time spent in the central zone by the amyloid-
treated rats may suggest a decreased willingness to 
explore their environment, which could adversely affect 
their capacity for active learning. Additionally, increased 
freezing behavior may reflect a heightened fear response, 
potentially interfering with the encoding and consolida-
tion of memories. Amyloid-treated rats also spent more 
time freezing than the norm group. However, Teucrium 
treatment at 1 week resulted in a significant decrease in 
freezing time compared to the norm group. In terms of 
time spent in the central zone, amyloid-treated rats at 12 
weeks showed significantly shorter durations compared 
to the norm group. Teucrium-treated rats at 3 weeks 
spent significantly less time in the peripheral zone com-
pared to the norm group. Freezing time serves as an indi-
cator of anxiety-related behavior in rats [102], and these 
results suggest that Teucrium treatment may have miti-
gated the anxiety-related behaviors in these animals. 
Nonetheless, Teucrium-treated rats also displayed anxi-
ety-like behaviors in the open-field test. The anxiolytic 
effects of Teucrium may be attributed to its anti-inflam-
matory and antioxidant properties [12]. Reduced anxiety 
levels could positively influence memory and learning 
processes, as lower anxiety can enhance attentional 
resources, promote cognitive flexibility, and facilitate the 
encoding and retrieval of information [103]. Further-
more, acetylcholine (ACh) can enhance attentional and 
memory functions, as well as increase synaptic plasticity 
by coordinating activity across brain networks [104]. 
Both the amygdala and central cholinergic systems are 
essential for effective learning and memory [105]. In mild 
to moderate Alzheimer’s disease (AD), reductions in cho-
linergic cell populations within the amygdala can lead to 
impairments in emotional memory [106].

Limitations
One of the primary limitations of this study is the rela-
tively small sample size, which may impact the robust-
ness of our findings. Although we believe this sample 
size was adequate to observe significant changes in key 
parameters, increasing the sample size in future studies 
could strengthen the reliability and generalizability of 
the results. Larger cohorts would provide a more com-
prehensive evaluation of the effects of Teucrium polium 
on synaptic plasticity, particularly within the context of 
Alzheimer’s disease. Future investigations should there-
fore include a broader sample to confirm these prelimi-
nary findings and to further clarify Teucrium polium’s 
potential therapeutic role.

Conclusion
The central cholinergic system is pivotal for cogni-
tive functions and currently serves as a target for AChE 
inhibitors in the treatment of AD-like dementia. Natural 
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sources and isolated bioactive compounds present prom-
ising avenues for developing effective medications. Plants 
from the Lamiaceae family have been reported to pos-
sess AChE inhibitory properties. Our research enhances 
the understanding of Teucrium polium, a member of the 
Lamiaceae family, highlighting its potential to enhance 
synaptic plasticity within the cholinergic network dis-
rupted by amyloid-beta in AD. Given their capacity to 
promote neuroplasticity, these compounds are consid-
ered promising candidates for clinical trials in AD. Once 
their effectiveness, tolerability, and safety are established, 
they could serve as natural alternatives to conventional 
AChE inhibitors.

Thus, Teucrium polium emerges as a promising candi-
date for treating various health-debilitating conditions, 
holding significant potential in both the pharmaceutical 
sector and medical research.
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