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Abstract: Alzheimer’s disease (AD) is an incurable pathology associated with progressive decline 

in memory and cognition. Phototherapy might be a new promising and alternative strategy for the 

effective treatment of AD, and has been actively discussed over two decades. However, the 

mechanisms of therapeutic photostimulation (PS) effects on subjects with AD remain poorly 

understood. The goal of this study was to determine the mechanisms of therapeutic PS effects in 

beta-amyloid (Aβ)-injected mice. The neurological severity score and the new object recognition 

tests demonstrate that PS 9 J/cm2 attenuates the memory and neurological deficit in mice with AD. 

The immunohistochemical assay revealed a decrease in the level of Aβ in the brain and an increase 

of Aβ in the deep cervical lymph nodes obtained from mice with AD after PS. Using the in vitro 

model of the blood-brain barrier (BBB), we show a PS-mediated decrease in transendothelial 

resistance and in the expression of tight junction proteins as well an increase in the BBB 

permeability to Aβ. These findings suggest that a PS-mediated BBB opening and the activation of 

the lymphatic clearance of Aβ from the brain might be a crucial mechanism underlying therapeutic 

effects of PS in mice with AD. These pioneering data open new strategies in the development of 

non-pharmacological methods for therapy of AD and contribute to a better understanding of the PS 

effects on the central nervous system. 

Keywords: Alzheimer’s disease; transcranialphotostimulation; lymphatic system; blood-brain 

barrier 
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1. Introduction 

Alzheimer’s disease (AD) is marked by a progressive decline in memory and cognition over 

decades. The beta amyloid (Aβ) hypothesis, which posits Aβ deposition as a key initial step in the 

pathogenesis of AD, has been the dominant theory driving treatment development [1]. While the 

role of Aβ in AD remains unclear, Aβ plaque clearance has been a key target of numerous clinical 

trials. The one recent trial linked a significant reduction in Aβ plaque to the stabilization of the 

cognitive decline after 1 year [2]. The blood–brain barrier (BBB) is a major obstacle for the effective 

delivery of therapeutic compounds for a treatment of AD. Therefore, the development of a 

non-pharmacological therapy of AD is actual problem. In our recent pilot study, we proposed 

transcranialphotostimulation (PS) of clearance of Aβ from the brain via a PS-mediated stimulation 

along the lymphatic pathway [3]. The PS known as low-level laser therapy is based on shining red 

lasers (600–700 nm) or near infrared light (760–1200 nm) onto the head via the intact scalp and the 

skull. The light penetrates into the brain where it is absorbed by specific chromophores that 

stimulates the generation of adenosine triphosphate and nitric oxide with an increase in energetic 

and metabolic capacities of the brain tissues [4]. We showedthat the PS-stimulation of the reduction 

of Aβ plaque in the brain induced an improvement of memory and neurocognitive deficit in mice 

with AD [3]. The PS-mediated improvement of memory and cognitive status in rodents with AD has 

been demonstrated in many other experimental investigations [5–8]. However, only a few studies 

have evaluated the mechanisms of therapeutic effects of PS in subjects with AD. In recent years, 

accumulating evidence has suggested that PS suppresses Aβ-induced hippocampal 

neurodegeneration and long-term spatial and recognition memory impairments in rats that were 

injected bilaterally with Aβ 1–42 to the hippocampus CA1 region [9]. Lu Y et al. revealed that Aβ 

injection into the hippocampus led to mitochondrial abnormalities [6]. In contrast, PS is able to shift 

mitochondrial dynamics toward fusion by balancing the mitochondrial targeting fission proteins 

andfusion proteins [6]. Simultaneously, PS regulates the mitochondrial targeting ratio of active 

Bax/Bcl-2 and antioxidant level, intimating a vital role of PS in facilitating mitochondrial 

homeostasis and protection in hippocampal CA1 neurons [6]. The important restorative effects PS on 

the mitochondrial homeostasis as mechanisms of therapeutic effects of AD is discussed in other 

works [9,10]. 

In the last 5 years, the crucial role of the recently discovered meningeal lymphatic vessels 

(MLVs) in the development of AD and in the novel strategies of therapy of AD is debated in 

neuroscience [11]. Mesquita et al. demonstrate that augmentation of MLVs might be a promising 

therapeutic target for preventing or delaying age-associated neurological diseases [11]. In our recent 

studies we have shown that PS increases the permeability of the lymphatic endothelium and 

stimulates the lymphatic drainage function via a direct generation of siglet oxygen [12–14]. Based on 

these data, we hypothesize that PS can also affect the permeability of cerebral microvessels and the 

blood-brain barrier (BBB) that might be mechanism of a PS-mediated stimulation of lymphatic 

clearance of Aβ from the brain. In our studies we clearly demonstrate that opening of BBB causes 

activation of drainage and clearing functions of MLVs [15–17], which is a pathway of Aβ clearance 

[3,11]. It is interesting to note that the BBB disruption, even without pharmacological therapy, 

reduces Aβ plaque in the mouse brain, triggers neuronal plasticity, and prevents spatial memory 

deficits [13–20]. Lipsman et al. reported intriguingdata that suggest that MR-guided focused 

ultrasound opening of BBB is a promising novel method for therapy of patients with AD due to 

significantly reducing Aβ plaque in the brain and improving the memory and neurocognitive status 

[21]. The above discussed facts give evidence to propose the involvement of BBB and MLVs in the 

therapeutic effects of PS in subjects with AD. 

The aim of this article is to study the mechanisms of therapeutic PS effects in mice with AD with 

a focus on the investigation of PS-mediated influences on the BBB permeability for Aβ. 
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2. Materials and Methods  

2.1. Subject 

Experiments were performed in mongrel male mice (2 months old, weighing 20–25 g) in 

accordance with the Guide for the Care and Use of Laboratory Animals published by the US 

National Institutes of Health (NIH Publication No. 85–23, revised 1996). The mice were obtained 

from the vivarium of Saratov State University (Saratov, Russia) and housed in individually 

ventilated cages located in the specific pathogen free-grade facility. The protocols were approved by 

the Institutional Review Board of the Saratov State University (Protocol 7, 07.02.2017). The inclusion 

criteria were the normal behavior, neurocognitive and physiological status of mice, which were 

evaluated with a TSE Phenomster (TSE-System GmbH,Bad Homburg, Germany). The mice were 

housed at 25 ± 2°C, 55% humidity, and 12:12 h light—dark cycle. Food and water were given ad 

libitum. After experiments, mice were killed using CO2 easy box system for euthanasia (Rochaster 

Medical GmbH,Heitenried,Switzerland). 

The study was conducted on 5 groups of animals: (1) group—the control (intact animals); (2) the 

sham group; (3) sham mice + PS; (4) mice with AD without PS; (5) mice with AD + PS, n = 10–15 in 

each group in all sets of experiments. 

2.2. The Injected Model of AD 

The intrahippocampal injection of Aβ 1–42 (AS-6049101-0.1, Aβ-conjugated with cHiLyveTM TM 

Flour 488, Sigma-Aldrich,St. Louis, MO, USA) represents one of the most useful animal models of 

AD [22]. Since none of these available models fully represents the main pathological hallmarks of 

AD, injection of Aβ (1–42) into the hyppocampus provides researchers with an in vivo alternative 

paradigm. The injected model of AD is the best-suited one for the studies of short-term effects of Aβ 

1–42 on the brain functions and structures [22]. Here, we used the injected model of AD for the study 

of short-term effects of PS on the BBB integrity, the lymphatic clearance of Aβ (1–42) from the brain, 

and the memory and behavior status in mice. The modeling of AD was performed by 

intrahippocampal (the dentate gyrus field: ML ± 1.3 mm, in AP—2.0 mm, DV—1.9 mm) injection of 

Aβ 1–42 (1 μL). Aβ (1–42) was dissolved in phosphate saline buffer (PBS) to a final concentration of 50 

μM, followed by aggregation in a thermostat at 37 °C for 5–7 days. The sham group included mice 

with injection of physiological saline ata volume of 1 μL into the hippocampus. 

2.3. The Protocol of PS Course In Vivo and In Vitro Experiments 

A fiber Bragggrating wavelength-lockedhigh power static laser diode (LD-1267FBG-350, 

Innolume, Dortmund, Germany) emitting at 1267 nm (32 J/cm2 on the skull and 9 J/cm2 on the 

surface of the brain or for in vitro experiments) was described in our previous works [3,12,13]. The 

choice of the selected laser dose was determined by our recent data reporting the efficient PS dose 

for clearance of Aβ from the brain and for an increase in the lymphatic permeability [3,13]. The mice 

were recovered after the surgery procedure of injection of Aβ for3 days. Afterward, mice were 

treated by PS for9 days each second day under inhalation anesthesia (1% isoflurane at 1 L/min 

N2O/O2—70:30). The mice heads were shaved and fixed in a stereotaxic frame, and irradiated in the 

area of the sagittal and the triangle sinuses, where the rich network of the MLs are [23], using the 

sequence of: 17 min—irradiation, 5 min—pause for61 min [3,12,13]. 

2.4. Memory and Neurological Tests 

The behavioral tests were conducted from 3 days after the modeling of AD and for9 days each 

second day. A detailed description of the behavior tests is presented in our previous publication [3]. 

Cages and equipment for these tests were cleaned between the tests to remove scents. The 

neurobehavioral status of mice was obtained by the neurological severity score (NSS). It consists of 9 

individual parameters in points, including tasks on motor function, alertness and physiological 
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behavior. One point is assigned for failing the task, so a normal healthy animal should have 0 points 

for all points of the scale. 

The new object recognition test was used for memory evaluation. This test is based on the desire 

of mice to explore a new object instead of a previously familiar one, which reflects the processes of 

study, recognition and memorization. The established protocol of novel object recognition test was 

described in Ref. [24]. On the first day, the mouse was placed in a cage (47 × 26 × 20 cm) and allowed 

to explore an open field for 5 min. On the second day, two identical novel objects (black cubes, 4 × 4 × 

3 cm) were placed in a cage and the mouse explored them for10 min. After 1 h, one novel object (pink 

ball, 5 cm in diameter) and one familiar one (black cube) were presented to the mice and they were 

allowed to explore them for the next 5 min. The total time spent exploring the new and old objects 

was compared. Time for exploring an object (when the mouse’s nose was directed at the object and 

less than approximately 2 cm from it) included time in direct contact and time within the object area. 

A discrimination index was calculated as the total time spent for exploring the new object divided by 

the total time devoted to exploration of all objects. 

2.5. The BBB ModelIn Vitro 

Cell culture models, based on immortalized brain endothelial cell lines, have been developed in 

order to facilitate in vitro studies of drug transport to the brain [25]. The best the BBB models in vitro 

which mimic the in vivo BBB integrity are characterized by high transendothelial electrical resistance 

(TEER regularity above 200 Ohm × cm (2)) and the expression of tight junction (TJ) proteins as 

critical factors of the BBB physiology and structure [26]. 

Brain microvessel endothelial cells (BMECs) were isolated from the brain of Wistar rats 

(postnatal day 10–14). Isolation and establishment of primary culture of BMECs were done 

according to the protocol of Liu et al. [27].The BMECs obtained were phenotyped by the standard 

immunohistochemistry protocol using primary anti-ZO1 antibodies (Santa Cruz Biotechnology, Inc., 

Dallas, TX, USA, sc-8147) and secondary antibodies labeled with Alexa Fluor 488 (Abcam, 

Cambridge, UK, ab150117) followed by the detection with the fluorescent microscope. Astroglial 

and neuronal cells for the BBB model were obtained from embryonic rat neurospheres as described 

in [28]. The integrity of the in vitro BBB model containing BMECs monolayer grown on inserts, 

astrocytes and neurons grown in the well was confirmed with the TEER measurements. 

2.6. Measurement of BBB Permeability 

The TEER was measured using an EVOM2 volt-ohmmeter with theSTX-2 chopstick electrodes 

(World Precision Instruments, Sarasota, FL, USA). Resistance values (Ωcm2) were corrected by 

subtracting the resistance of an empty Transwell filter. 

Primary antibodies to VE-Cadherin (Abcam, UK, ab205336); Claudin-5 (CLND, Abcam, UK, 

ab111336); zonule-1 (ZO-1, Abcam, UK, ab190085) were used for confocal analysis of expression of 

TJ proteins in the model of BBB. Primary antibodies were used in a working dilution of 1:300. The 

incubation time was 18 h at 4°C. Secondary antibodies were used in breeding 1:500 (donkey goat 

with Alexa 594 (Abcam, UK, ab150132); donkey rabbit with Alexa 488 (Abcam, UK, 

ab150073)—incubation time 2 h at a temperature of 37 °C. The quantitative study of expression of the 

TJ proteins was carried out with the program ImageJ vl.43 using confocal photographic images 

(Leica TCS SP 5; Leica Microsystems Inc., Wetzlar, Germany). 

2.7. Analysis of Level of Aβ in the Tested Tissues 

The deep cervical lymph nodes (dcLNs) are the first anatomical “station” for the cerebrospinal 

fluid outflow and clearance of macromolecules from the brain [3,12,13,16,29,30]. Here, we studied 

the clearance of Aβ 1–42 from the brain in tested mice. The dcLNs were removed 9 days after 

intrahippocampal injection of Aβ 1–42 (the AD group) or physiological saline (the sham group) as 

well as after the PS-course during 9 days (the AD + PS group) or immediately (the control group 

including intact mice) and placed into 1% agarose for 1 day. The standard protocol of 
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immunohistochemical (IHC) study was used with anti-Aβ antibody (1:500; Abcam, ab182136, 

Cambridge, UK). The samples were sectioned into 3 μM to 5 μM sections on a vibratome (Leica VT 

1000S Microsystem) and were evaluated by light microscopy using a Mikrovizor μVizo-103 digital 

image medical analysis system (LOMO, Petrograd, Russia). Approximately 10 slices per animal 

were imaged. The quantitative analysis of the results of IHC staining on Aβ marker was carried out 

on a microscopic system with automatic analysis of the obtained photos of Ariol SL50 (Genetix, 

Newcastle on Tyne, UK). The total area of IHC was determined with the software module 

PathVysion (Music, Inc. Applied Imaging, Des Plaines, IL, USA). 

A culture medium containing a fluorescently-labeled Aβ at a final concentration of 2 μM was 

introduced into the culture insert with a monolayer of endotheliocytes (the model of BBB in vitro) 

(see Figure 1). After 1 h, 2 h, 4 h, 24 h, and 48 h, 100 μL of medium was taken from the lower 

compartment of the well to determine the fluorescent amyloid passing through the endothelial 

monolayer. The Aβ concentration was determined using the program ImageJ vl.43 for confocal 

photographic images (Leica TCS SP 5; Leica Microsystems Inc., Weztlar, Germany). 

 

Figure 1. Schematic illustration of a three-cell model of a neurovascular unit (NVU)in vitro: (a) the 

cultivation and differentiation of cells of NVU: the formation of a monolayer of astrocytes occurs in 

7–9 days; for neurons, in 10–14 days; and for endotheliocytes, in 7 days; (b) the experimental groups: 

(1) the control group, no Aβ 1–42 and PS; (2) photostimulation (PS) without application of Aβ 1–42; 

(3) application of Aβ 1–42 without PS; (4) Aβ 1–42 + PS. 

2.8. Measure the Termal Impact of PS 

A type A-K3 thermocouple (Ellab,Hillerød,Denmark) was used to measure skull temperature. 

The thermocouple was placed subcutaneously on the bregma. A type A-K19 needle thermocouple 

(Ellab, Denmark) was used for the measuring of brain temperature. A burr hole was drilled under 

inhalation anesthesia (1% isoflurane at 1 L/min N2O/O2—70:30) with its center 2 mm lateral to the 

bregma and then thermocouple was inserted on the surface of the dura matter. The temperature in 

in vitroexperiments was monitored under laser beam with TC-8 thermocouple Data Logger and 

PicoLog software (Pico Technology, Tyler, TX, USA). 

2.9. Statistical Analysis 

The results were reported as a mean value ± standard error of the mean (SEM). Differences from 

the initial level in the same group were evaluated by the Wilcoxon test. Intergroup differences were 

evaluated using the Mann-Whitney test and the ANOVA-2 (post hoc analysis with the Duncan’s 

rank test). The significance levels were set at p < 0.05 for all analyses. 

3. Results 

3.1. PS-Therapeutic Effects on the Memory and Neurological Deficit in Mice with AD 

In the first step, we studied the memory and neurological impairment in mice with AD before 

and after PS. Figure 2a illustrates the NSS scale in the different groups (AD, AD + PS, and sham 

groups). Our results uncover a significant neurological deficit in mice with AD compared with sham 

animals. Thus, mice with AD showed worse results than sham mice by the following indicators: 
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mono/hemiparesis. Thus, Aβ injection has a significant pathogenic effect on the overall development 

of the sensory, motor, and coordinating sphere. The PS course improved the behavior status in mice 

with AD. Indeed, the performing tests for assessment of the neurological status (startle reflex, round 

stick balancing, beam walk (6; 4 cm)) was better in the AD + PS group vs. the AD group. Notice that 

the PS course did not influence the NSS scale in sham mice. 

 

Figure 2. The PS effects on the memory and neurological status of mice with Alzheimer’s disease 

(AD): (a) The assessment of the neurobehavioral status of mice on the NSS scale (*—p < 0.05 vs. intact 

mice; Δ—p < 0.05 vs. sham mice; #—between untreated AD mice and AD mice received PS); (b) The 

object recognition test, reflecting the processes of learning, recognition and memorization (*—p < 0.05 

vs. cubes in 1 session; Δ—p < 0.05 vs. cube Nº1 («familiar» object) in 2 session); (с) The discrimination 

index by the object recognition test (*—p < 0.05 vs. sham mice). n = 10 for each group. 

In the novel object recognition test, sham mice spent more time exploring the novel subject than 

the familiar one that is typical sign of normal emotional response of mice to a new subject (Figure 

2b). In the AD group, mice spend a similar amount of time exploring the new and the previous seen 
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object, suggesting a memory deficit. However, in the AD + PS group the time of recognition of a new 

object was longer than in the AD group (p < 0.01, n = 10 in each group). The discrimination index 

(total time for recognition of the new object/total time devoted to exploration of the new and familiar 

objects) was significantly smaller in the AD group compared with the sham group that was 

improved in the AD + PS group (Figure 2c). 

3.2. PS-Course Causes Clearance of Aβ from the Brain in Mice with AD 

In the second step, we analyzed the PS effects on clearance of Aβ from the brain using the 

intracranial hemorrhage (ICH) analysis of Aβ in the dcLNs. Figure 3a demonstrates that there are no 

Aβ plaques in the dcLNs in the sham groups. For Aβ, we found only a few plaques in the dcLNs in 

the AD group suggesting that AD is accompanied by a slow clearance of toxic protein from the brain 

that is consistent with the other results reporting the meningeal lymphatic pathway of Aβ clearance 

[11].  

 

Figure 3. IСH analysis of Aβ plaques in the deep cervical lymph nodes (dcLNs) before and after PS: 

(a) A and B—ICH image does not show Aβ plaques in the dcLN in the sham groups; C and D—ICH 

image shows few Aβ plaques in the AD group and a significant Aβ level in the AD + PS group (n = 10 

in each group); (b) The quantitative study of Aβ level in the dc LNs in the tested groups: ***—p<0.001 

vs. the sham groups, n = 10 in each group. 
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The AD + PS group demonstrated a pronounced Aβ level in the dcLNs compared with the AD 

group. This fact allowed us to conclude the effectiveness of the PS course for stimulation of clearance 

of Aβ from the brain in mice with AD. The quantitative analysis showed a higher signal intensity 

from immunopositive Aβ plaques in the dcLNs in the AD + PS group compared with the AD group 

and with sham mice (Figure 3b). 

3.3. PS-Mediated Increase in the BBB Permeability 

To better understand mechanisms of therapeutic PS effects in mice with AD, we examined the 

PS influences on the BBB permeability using the model of BBB. Lipsman et al. clearly showed that 

the BBB opening by focused ultrasound without any pharmacological interventions is associated 

with an improvement of the memory and the neurological status in patients with AD [21]. In our 

previous work we reported that the BBB opening causes activation of lymphatic clearance of the 

brain tissues from macromolecules crossed the BBB [17]. Based on these facts, we hypothesized that 

the PS-mediated opening of BBB might be one possible mechanism responsible for the activation of 

clearance of Aβ from the brain of mice with AD. To test this idea, we studied the PS effects on TEER 

and on the expression of an assembly of TJ proteins in normal mice as well as the PS effects on the 

Aβ leakagevia the BBB in the sham and in the AD groups. Our results presented in Figure 4a 

showthat PS induced an decrease in TEER. The expression of TJ proteins, such as CLND, 

VE-Cadherin and ZO-1, were significantly decreased after PS vs. the control group (Figure 4b). The 

reduced TEER and a decrease in the expression of TJ proteins indicate on the BBB opening [31,32] 

that suggests the PS-mediated increase in the BBB permeability. Figure 4c demonstrates that PS 

causes the BBB opening for fluorescent Aβ that was more pronounced in the AD + PS group 

compared with the sham group. There were no changes in the BBB permeability to Aβ in both the 

sham and AD groups. This finding indicates that Aβ itself does not affect the BBB integrity but the 

addingof Aβ in the endothelial cells decreases their resistance to PS-mediated influences on the BBB 

permeability that explains higher the BBB leakage to Aβ in the AD group vs. the sham group. The 

important role of the BBB in the development and progression of AD has also been shown by other 

researchers [33]. 

3.4. The Termal Impact of PS 

The brain functions are very sensitive to the changes in the temperature. The increase of 0.5 °C 

causes the changes in the cellular level, and a 1 °C increase can have a profound effect on the neural 

network [34,35]. Therefore, we studied the effect of PS on the temperature on the skull and on the 

surface of the brain. Our results did not reveal any changes in the temperature on the skull’s 

external surface (36.01 ± 0.11 vs. 36.11 ± 0.09 before and after PS, respectively) oron the cortical 

surface (37.12 ± 0.12 vs. 37.08 ± 0.10 before and after PS, respectively) after PS. In in vitro 

experiments the temperature in the BBB model did not change after PS (37.02 ± 0.04 and 37.05 ± 0.01 

before and after PS, respectively). 
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Figure 4. The PS-mediated effects on the blood-brain barrier (BBB) permeability: (a) and (b) The 

changes in transendothelial electrical resistance (TEER) and in the expression of tight junction (TJ) 

proteins before and after PS in normal mice, respectively; (c) The quantitative analysis of PS effects 

on the BBB permeability for fluorescent Aβ; *—p <0.05; ***—p <0.001 vs. the sham groups, n = 15 for 

(a) and (b); n = 10 for (c). 

4. Discussion 

In this study, we analyzed the mechanisms responsible for the stimulatory PS effects on 

clearing Aβ from the brain associated with the improvement of memory and neurological deficit in 

mice with AD. The impact of direct infusion of Aβinto the hippocampus on the memory processes 

has been discussed in many studies [22,36]. However, in our experiments we revealed also the 

neurological deficit in the Aβ-injected mice. The results obtained from some patients with AD 

revealed that Aβ plaques do not necessarily precede the occurrence of cognitive declines [37,38]. 

Cognitively normal people can also have Aβ deposits in the brain [39,40]. These findings indicate 

that Aβ plaques may not always clinically correlate with AD. Thus, solute oligomeric species of Aβ 

1–42, rather than Aβ plaques may be neurotoxic and responsible for synaptic and network 

dysfunctions [41–43]. Therefore, the intrahippocampal injection of solute Aβmight trigger multiple 

effects affecting diverse pathways leading gradually to the neurocognitive disorders, which depend 

on the site of injection and the nature of the peptide [44,45]. 

In our previous studies of the effects of different PS doses on the clearance of macromolecules 

from the brain such as dextran 70 kDa, Aβ and albumin complex of Evans Blue, we clearly show that 

the PS dose 9 J/cm2 is most effective for the activation of lymphatic drainage and clearing functions 
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[12,13]. We also found that the PS dose 9 J/cm2 modulates the activity of factors responsible for the 

permeability of the lymphatic vessels [13]. Our pilot study demonstrates the effectiveness of the PS 

dose 9 J/cm2 for a significant improvement of memory and neurological deficit in mice with AD [3]. 

These data are consistent with other results suggesting the therapeutic effects of PS on behavior 

status of mice and patients with AD [4–6]. However, the mechanisms underlying the PS therapy of 

AD remain poorly understood. This study is a continuation of a series of our experimental work, 

which is focused on the investigations of the mechanisms responsible for the PS-mediated 

improvement of symptoms of AD. 

To confirm our previous data, here we demonstrate the effectiveness of PS 9 J/cm2 in 

attenuation of the memory loss and neurocognitive deficit in mice with AD. Our ICH results 

uncover the lymphatic pathway of clearance of Aβ from the brain that is associated with the 

improvement of the behavior status of AD mice. The crucial role of the lymphatic system in the 

clearance of macromolecules and toxins from the brain has been shown in our previous [3,15–17] 

and other [11,29,30] experimental studies. 

In our recent publications we also obtained that the PS dose 9 J/cm2 increases the permeability 

of the lymphatic endothelium to macrophages via the changes of expression of TJ assembly and 

TEER [12,13]. Based on these data, we tested the hypothesis that PS can also affect the permeability 

of the cerebral blood vessels. Using the model of BBB in experiments in vitro, we found that PS 9 

J/cm2 decreases TEER and the expression of TJ proteins such as CLND, VE-Cadherin and ZO-1 

suggesting the BBB opening [31,32]. Based on this fact, we analyzed the BBB permeability to 

fluorescent Aβ. Our confocal results demonstrate the leakage of Aβ through the BBB that was more 

pronounced in the group AD + PS compared with the sham + PS and the group AD. These results 

allow us to conclude that PS effectively increases the BBB permeability to Aβ. It is important to note 

that in our previous work we showed an urgent activation of the lymphatic clearance of 

macromolecules from the brain after the BBB opening by sound [17] or photodynamic effects [16]. 

We assume that the lymphatic system plays an important role in clearance of the brain tissues that 

has been shown also by others reporting the involvement of the MLs in clearance of Aβ from the 

brain [11]. Thus, the PS-mediated BBB opening and associated with this activation of lymphatic 

clearance of Aβ from the brain might be a crucial mechanism explaining the PS-therapeutic effects 

on the memory and neurological deficit in mice with AD. Our conclusion also supports results 

reporting that the BBB disruption by focused ultrasound reduces Aβ plaque in the mouse brain, 

triggers neuronal plasticity, and prevents spatial memory deficits [18–20]. Lipsman et al. reported 

intrigue data that MR-guided focused ultrasound opening of BBB is a promising novel method for 

the therapy of patients with AD due to significantly reducing Aβ plaque in the brain and improving 

the memory and the neurocognitive status [21]. There is a limitation in our study. The PS effects on 

the memory and the neurological deficit as well as on the lymphatic clearance of Aβ from the brain 

was studied in mice with AD, while PS influences on the BBB permeability were evaluated using the 

BBB model cultured from rat endothelial cells. Murakami et al., using in situ brain perfusion 

technique, revealed that the drug permeation across the BBB is very similar in mice and rats despite 

the likely involvement of different transport mechanisms [46]. This fact allows us to compare the 

results obtained in our experiments in vivo and in vitro. 

In summary, PS 9 J/cm2 attenuates the memory and neurological deficit in mice with AD via 

activation of lymphatic clearance of Aβ from the brain into the dcLNs. The PS-mediated BBB 

opening via the PS-decrease TEER and the expression of TJ proteins might be a crucial mechanism 

underlying therapeutic effects of PS in mice with AD. These pioneering data open new strategies in 

the development of non-pharmacological methods for AD therapy and contribute to a better 

understanding of the PS effects on the central nervous system. 
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