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Abstract 

Intraventricular hemorrhage (IVH) is the most fatal form of brain injury, yet a therapy 

directed at ameliorating intraventricular clot is very limited. There is accumulating evidence that an 

augmentation of the meningeal lymphatic (MLVs) functions might be a promising therapeutic 

target for IVH. In particular, the photostimulation (PS) of MLVs could be promising for non-

invasive therapy of IVH via PS of clearance of red blood cells (RBCs) from the brain via MLVs. 

Indeed, we uncover that PS has therapeutic effects on IVH in mice reducing the mortality, 

improving the emotional status, accelerating the RBCs evacuation from the ventricles and 

increasing the ICP recovery. Our findings strongly suggest that the PS-mediated stimulation of 

drainage and clearing functions of MLVs can be a novel bedside, readily applicable and 

commercially viable technologies for treatment of IVH. These pilot results open new horizons in a 

non-invasive therapy of IVH via PS stimulation of regenerative lymphatic mechanisms.  
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Introduction 

Brain hemorrhage has the highest morbidity and mortality worldwide [1]. Intraventricular 

hemorrhage (IVH) is a bleeding into the brain's ventricular system, where the cerebrospinal fluid 

(CSF) is produced and the circulates through towards the subarachnoid space. About 30% of IVHs 

are primary resulting from trauma and 70% are secondary, which originate from spontaneous 

intracranial hemorrage (ICH) in 45% and from aneurysmal of subarchnoid hemorrhage (SAH) in 25% 

[2-4]. Patients with IVH have a mortality from 50% to 80% and are twice as likely to have poor 

outcomes [5-7]. Blood in the ventricular system contributes to morbidity in a variety of ways. 

Pressure from the leaked blood damages brain cells make the damaged area unable to function 

properly. Besides, red blood cell (RBC) lysis after IVH results in the release of blood breakdown 

products (hemoglobin, iron, and bilirubin). Such products have been implicated in the 

pathophysiology of posthemorrhagic hydrocephalus and an increase in intracerebral pressure (ICP) 

because of impairment of CSF circulation and drainage system of the brain [8, 9]. Therefore, the 

conventional therapy of IVH, including surgery and fibrinolysis in combination with 

extraventricular drainage, centers on the blood evacuation from the ventricles, both for reducing 

ICP induced by mass effects of blood clots on the ventricular walls and the secondary damage 

caused by blood cell lysis [4, 10, 11]. However, the existing therapy of IVH has not made a 

dramatic impact on the natural history of the disease and new strategies are needed to reduce 

hematoma expansion and improving the drainage system of the brain [4, 10, 11].  

One century ago, the hypothesis was proposed that the lymphatic pathway of clearance of 

red blood cells (RBCs) from the brain after ICH can be an important therapeutic target of brain 

hemorrhages [12-17]. In 1952, Simmonds demonstrated that RBCs can be cleared from the brain by 

lymphatic efflux [12]. The possibility of a lymphatic efflux of intracerebrally applied radioactively 

labeled RBCs has been described by authors elsewhere [13]. Oehmichen et al. found  that 

intracerebrally applied RBCs move with CSF along connective pathway the subarachnoid space and 

accumulated in the cervical lymph nodes (cLNs) 1h after injection [14]. Caversaccio et al. [15] 

showed the intense detection of iron in the deep cervical lymph nodes (dcLNs) from patients 

suffering from ICH. Dontenwill described hemosiderin and fat phagocytosis in cLNs after a 

postnatal IVH [16]. Many studies using intracerebral injection of labeled blood cells (lymphocytes, 

macrophages, and RCBs) [13, 17], sarcoma cells [18], corpuscular tracers [19-22], water-soluble 

tracers such as ferritin and water-insoluble tracers such as lipoids [23, 24] demonstrated that the 

tracers reached cLNs along connecting fluid spaces, such as the perivascular space (PVS), or 

Virchow-Robin space (VRS) and the subarachnoid space, confirming the early experiments carried 

out by Simmond [12]. 

Quite recently the old concept of lymphatic pathway of RBC move from the brain was 

supplemented by new knowledge of RBCs clearance via the meningeal lymphatic vessels (MLVs) 

after ICH that was first proposed by our group in 2019 [25] and afterward it was studied after SAH 

by Chinese group in 2020 [26]. However, it still remain unanswered, whether RBCs can move from 

the ventricles into the lymphatic system and if so, whether this process can be therapeutically 

stimulated.  
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Photostimulation (PS), also known as low-level laser therapy (LLLT), can be a promising 

technology targeted to stimulation of brain drainage system for therapy of IVH. The transcranial PS is 

considered as a possible novel nonpharmacological and non-invasive therapy of stroke [27-29] and 

traumatic brain injuries [29-31]. The PS-mediated stimulation of the lymphatic drainage and 

clearing function might be one mechanisms playing an important role of PS in neurorehabilitation 

[32]. It has been proved that PS can regulate the relaxation and permeability of the mesenteric 

lymphatic vessels, activate moving of immune cells in the lymph, and has effectiveness in the 

management of lymphedema [33-35]. In our preliminary work, we clearly demonstrated that the 

near-infrared PS (1267 nm) stimulates clearance of tracers from the brain via MLVs after opening 

of the blood-brain barrier (BBB) or after its intracerebral injection [33, 34, 36-38]. We also showed 

that PS (1267 nm) effectively stimulates lymphatic clearance of beta-amyloid from the brain [39].  

Based on these facts, we hypothesized that PS can effectively stimulate RBCs elimination 

from the ventricles and reduce pathological consequences after IVH. In this work, we studied the 

lymphatic pathway of RBCs clearance from brain after IVH and investigate whether PS (1267 nm) 

can enhance RBCs evacuation from the ventricles to improve the outcome after IVH. Using 

immunohistochemical and confocal colocalization analysis of the human and mouse brain samples, 

we clearly demonstrate the lymphatic clearance of RBCs from the brain in the post-hemorrhagic 

period. We also uncover that PS has therapeutic effects on IVH in mice reducing the mortality in 

1.57 times, improving the emotional status, accelerating the RBCs evacuation from the ventricles 

and increasing the ICP recovery. Using coherence tomography and fluorescent microscopy for real 

time monitoring of PS stimulation of lymphatic clearance of tested tracers from the brain, we 

propose that PS stimulates drainage and clearing functions of MLVs that can be an important 

mechanism of PS-mediated managing of ICP and RCBs evacuation from the ventricles. Our 

findings opens new horizons in non-invasive therapy of IVH via PS stimulation of regenerative 

lymphatic mechanisms. The PS-mediated stimulation of drainage and clearing functions of MLVs 

can be a novel bedside, readily applicable and commercially viable technologies for effective 

routine treatment of IVH.  

 

Results 

The lymphatic clearance of RBCs from the human brain 

In the first step, the presence of BRCs in MLVs and LVs of dcLNs taken from patients who died 

after IVH was studied. Our histological results reveled RBCs in both enlarged MLVs (87.21±6.10 

µm vs. 39.33±1.12 µm, p<0.001, n=7) and in LVs of dcLNs (2713.07±21.18 µm vs. 1370.25±18.41 

µm, p<0.01, n=7) in the next day after death due to IVH (Figure 1b, 1d and 1f). There were no 

RBCs in MLVs and in LV of dcLNs in the normal state (Figure 1a, 1c and 1d). Furthermore, the 

hemosiderin also was observed in dcLNs of patients after IVH, suggesting the RBC degradation in 

dcLNs that was not found in the normal lymph tissues (Fig. 1g and 1h).  
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Figure 1 - The lymphatic clearance of RBCs from the human brain after IVH: (a) and (b) - the 

images of the human brain without (a) and after IVH (b); (c) and (d) - Lyve-positive-labeled LVs

(brown) in the dura matter without (c) and after IVH (d); (e) and (f) - Lyve-positive-labeled LVs in 

the dcLNs without (e) and after (f) IVH; (g) and (h) - the tissues of dcLNs without (g) and after 

IVH (h) (Hematoxylin � Eosin). The bars: c and d - 774.0×; e and f - 246.4×, g and h - 64.6×The 

free RBCs (arrowed) and hemosiderin (blue color) are presented in the examined tissues taken in 

patients with IVH. The red lines in (с-f) show the diameters of LVs, n=7 in each group. 
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The lymphatic clearance of RBCs from the mouse brain  

Immunofluorescence and confocal colocalization analysis of markers of the lymphatic 

endothelium (Lyve-1 and Prox-1) and the blood vessels (CD-31) was used to study the meninges of 

mice without and after IVH (Fig. S1). Fig. 2a illustrates the absence of RBCs in MLVs in intact 

mice. The scatter plot in two directions, the Pearson’s correlation coefficient (PCC) value less than 0, and 

the small Mander’s value all point to that Red fluorescence is negatively correlated with green fluorescence. 

However, Fig. 2b clearly demonstrates the presence of RBCs in both MLVs and directly in the 

subarachnoid space, where arrows point out a series of RBCs entering LVs from the subarachnoid 

space. In addition, the Mander’s colocalization coefficients suggest that the Prox-1 colocalized well 

with Lyve-1, and nearly half number of RBCs were colocalized with LVs. 

 

Figure 2 - The clearance of RBCs from the mouse brain via MLS: Representative images of 

MLVs labelling by Lyve-1 (green color) and Prox-1 (yellow color) as well as the blood vessels 

labelling by CD31 (red color) without (a) and with IVH (b). The 3D rendering images clearly 

shows that RBCs (red color, auto fluorescence) are either around MLVs or inside MLVs. MIP: 

Maximum intensity projection. PCC: Pearson’s correlation coefficient, which is between 1 and -1.1 

represents perfect correlation, -1 represents completely negative correlation, and zero represents a random 

relationship. Manders' M1: The proportion of the red/yellow fluorescence regions co-located with green 

fluorescence. 
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Furthermore, dcLN sections of mice with IVH was also visualized using confocal microscopy. 

As shown in Fig. 3a, red fluoresence signal could be hardly observed in LVs without IVH, which is 

consistent with the results of colocation analysis (PCC < 0, Mander’s colocalization coefficient of 

red signals v.s. green signals was as small as 0.01). However, as shown in Fig. 3b, RBCs were 

indeed observed inside LVs of dcLNs 3 hours after IVH, and nearly no RBC was outside LVs 

(Mander’s colocalization coefficient is 0.995).  

 

Figure 3 - The clearance of RBCs from the mouse brain into dcLNs: Representative images of 

LVs of dcLN labelling by Lyve-1 (green color) and Prox-1 (yellow color) without (a) and after IVH

(b). The 3D rendering images shows RBCs inside LVs of dcLN. MIP: Maximum intensity 

projection. 

 

 

Thus, both human and animal data clearly suggest the lymphatic pathway of RBCs clearance 

from the brain into dcLNs, which is consistent with the oldest and latest data about lymphatic efflux 

of RBCs  [12, 17, 25, 26]. 
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PS increases the diameter and the distribution of MLVs 

As reported in our previous studies of PS-mediated stimulation of meningeal lymphatic clearance 

and drainage function, the 1267-nm laser in a dose of 9-10 J/cm2 (17 min of laser irradiation, 5-min 

pause, 61 min in total) is effective for lymphatic clearance of small and large molecules from the 

brain into dcLNs [33, 34, 39]. Based on our pervious animal data and the established PS protocol

[33, 34, 39], we investigated the effect of PS on MLVs using a 1267-nm laser with an indicated 

above dose. We uncovered that although IVH seemed to widen the diameter distribution of MLVs, it didn’t 

make significant difference on the average diameter (25.8±18.2 μm vs 25.75±15.7 μm). However, NIR PS 

enlarged the diameter of MLVs after IVH (25.75±15.7 μm vs 31.0±12.8 μm, p<0.01, Fig. 4). These in vivo

results indirectly suggest that PS could enhance the permeability of MLVs via relaxation of the 

lymphatic endothelium that has been shown in our preliminary data [34].  

 

Figure 4 - The PS-mediated enlargement of MLVs in healthy mice: (a-c) Representative 

fluorescent images of MLVs (labelled with lyve-1) in the transverse sinus of sham group (a), IHV 

group (b) and IHV+PS group (c); (d-f) The distribution of MLVs in sham group (d), IHV group (e) 

and IHV+PS group (f), n=10 in each group. Bar: 20 μm. 

  

PS stimulates lymphatic clearance of RBCs and tested tracers from the brain 

In in vivo experiments on healthy mice, we study the effectiveness of the selected dose of PS for 

stimulation of lymphatic clearance of tracers (Evans Blue dye (EBD) and gold nanorods (GNRs)) 

from the right lateral ventricle mimicking the road of RBCs elimination from the brain. Using light
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tracers from the brain into dcLNs (Fig. 5 and S2). Indeed, the intensity of EBD fluorescence was 

2.6-fold higher in mice treated by PS vs. intact animals (11.5±4.5 vs. 4.5±2.0, p<0.05) (Fig. 5a and 

5b). Using optical coherence tomography (OCT), we found that the rate of GNRs accumulation in 

dcLNs is extremely small in the control group (no PS) and is 1.4-fold higher after PS (104±5.3 a.u.

vs. 144±6.9 a.u. at 60 min of observation, p<0.001, Fig. 5c). The ex vivo results of atomic 

absorption spectroscopy confirmed the OCT data and showed that the level of GNRs in dcLNs is

3.1-fold higher in the PS-group vs. the control group (4.0±0.9 μg/g tissue vs. 12.7±1.7 μg/g tissue, 

p<0.001). Thus, our results on healthy mice confirmed our previous data suggesting that PS 9 J/cm2

(17 min of laser irradiation, 5-min pause, 61 min in total) effective stimulates lymphatic clearance 

of tracers injected into the right ventricles. 

Using the established protocol of PS on healthy mice, in the next step, we studied PS effects on 

RBCs clearance from the brain in mice after IVH. The results presented in Fig. 5d-5i clearly 

demonstrate that the number of RBCs in dcLNs is significantly higher after PS irradiation compared 

with the IVH group and sham group ((0.5±0.1)×105 vs. (1.7±0.7)×105 vs. (5.7±1.4)×105 per mm3, 

p<0.001). 
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Figure 5 - The PS stimulation of lymphatic clearance of tracers in intact mice and RBCs in mice after IVH: (a) 

Representative fluorescent images of EBD clearance from the right ventricle into dcLNs with and without PS; (b) 

Quantitative analysis of fluorescence intensity of EBD accumulation in dcLNs with and without PS; (c) the OCT data of 

GNRs accumulation in dcLNs after its intraventricular injection with and without PS, * - p<0.05, n=10 in each group of 

all series of experiments; (d) Typical confocal images of RBCs in LVs of dcLN 1 hour after saline injection; (e) Typical 

confocal images of RBCs in LVs of dcLN 1 hour after blood injection (f) Typical confocal images of RBCs in LVs of 

dcLN 1 hour after blood injection with laser irradiation. The insets in (d)-(e) represent macro photos of dcLN; (g) - (i) 
3D rendering of distribution of RBCs in LVs of dcLN 1 hour after saline injection (g), IVH without PS (f) and IVH PS 

(g) (the volume of dcLN was 135×135×40 μm3); (j) the number of RBCs in dcLN 1 hour after IVH with and without 

NIR PS, * - p<0.05, *** - p<0.001,n=6 in each group. The LVs were labeled by Lyve-1 (green color) and Prox-1 

(yellow color), the RBCs were imaged with its autofluorescence (red color). 

 

PS therapy of IVH: the effect on the intracranial pressure (ICP), the mortality rate 

and emotional status 

In final step, we studied possible therapeutic effects of PS after IVH in mice. Figure 6a 

clearly demonstrates that IVH is accompanied by a dramatical rise of ICP that was significantly 

improved by PS. So, the blood injection into the right ventricle immediately caused an increase in 

ICP (75.5 ± 12.5 mm Hg and 74.2 ± 11.4 mm Hg vs.10.2 ± 2.1 mm Hg, p<0.01 for the sham and 

the IVH/IVH+PS groups, respectively). Afterward, ICP gradually decreased but remained to be 

high by the end of 60 min monitoring. The PS significantly reduced the time of ICP recovery. 

Indeed, the recovery of ICP in the IVH+PS group was faster than in the IVH group (29.0 ± 3.1 vs. 

19.6 ± 3.2 mm Hg at 60 min of monitoring, respectively, p<0.05). 

Since the recovery after IVH requires a long-term therapy, we studied the effects of PS 

course (9 J/cm2 on the surface of the brain, 17 min of laser irradiation, 5 min –pause, during 61 min, 

during 7 days, each second day) on such vital signs as the mortality and emotional disorders in mice 

after IVH. The mortality of mice was 36.7% (11 of 30) in the IVH group. No animals died in the 

sham groups. The PS course increased the survival of mice. So, the mortality in the IVH+PS group 

was 23.3% (7 of 30), i.e. 1.57-fold lesser than in IVH group (Fig. 6b). 

The tail suspension and forced swim tests were used for evaluating the emotional 

abnormality after IVH . The time of immobility in the tail suspension and forced swim tests was 

longer in the IVH than in the sham group (n=10 in each group, p<0.001; Fig. 6c and 6d). The PS 

course was accompanied by a significant decrease of immobility time in both tail suspension and 

forced swim tests compared to the IVH group (p<0.05, n=10 in each group). The PS did not affect 

the performance of both tests in the sham group.  

Thus, these results suggest that PS contributes to a faster recovery of ICP after IVH and the 

PS-course causes 1.57-fold decreases of the mortality and improves the emotional status of mice 

with IVH. 
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Figure 6 – The PS effects on ICP, the mortality rate and emotional status in mice from the sham, IVH/IVH+PS 
groups: (a) – The continues monitoring of ICP after IVH with and without PS, * - p<0.05 vs. the baseline level; (b) –

The mortality rate in mice after IVH with and without PS; (c) and (d) The immobility time in the tail suspension (c) and 

in the forced swim test (d); Mean ± SD; *** - p<0.001; ** - p<0.01; * - p<0.05, n=30 per group in (b) and n=10 per

group in a, c and d. 

 

Discussion 

In this work, we studied the lymphatic pathway of RBCs clearance from brain after IVH and 

investigated, whether PS (1267 nm) can enhance RBCs evacuation from the ventricles to improve 

the outcome after IVH. In the ex vivo experiments using human and mouse brain samples, we 

clearly demonstrated that RBCs move from the ventricles via MLVs into dcLNs. Thus, our findings 

confirm the lymphatic clearance of RBCs from the brain in post-hemorrhagic period. These results 

provide strong support for the old theory of RBCs evacuation from the brain via lymphatic efflux 

[12-17]. Our data are also consistent with the newest discovery of the meningeal lymphatic pathway 

of clearance of RCBs from the brain after brain hemorrhage [25, 26]. Taking into account all of the 

above, we hypothesized that the lymphatic mechanisms of blood clearance from the brain can be a 

new therapeutic target for treatment of IVH.  

To test our hypothesis, we investigated whether PS (1267 nm) can enhance RBCs 

evacuation from the ventricles to improve the outcome after IVH. Here we chose a wavelength of 1267 
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nm, which belongs to NIR-II region and was not in common use for PS. For transcranial PS, the light should 

successively penetrate scale, skull and the brain tissue above the targeted layer. However, the tissues have 

severe absorption and scattering to light, which may limit the efficacy of PS. Because the tissue scattering 

decreases with the wavelength increases, NIR light, such as 808 nm, 980 nm, 1064 nm and 1072 nm [27-32], 

instead of visible light, has been more and more used for transcranial PS [40]. Compared to those 

wavelengths, ~1300 nm suffers even less scattering and causes less photodamage to tissues, which has been 

used for transcranial deep-tissue imaging [41]. Therefore, such wavelength is reasonable to be considered for 

transcranial PS, while relative work has seldom been reported.  

Herein, Based on our preliminary animal data and the established PS protocol (the 1267-nm 

laser in a dose of 9-10 J/cm2, 17 min of laser irradiation, 5-min pause, 61 min in total) [33, 34, 39], 

we investigated the effect of PS on MLVs without and after IVH. 

In in vivo experiments on mice, we uncover that PS has therapeutic effects on IVH in mice 

reducing the mortality in 1.57 times, improving the emotional status, accelerating the RBCs 

evacuation from the ventricles and increasing the ICP recovery. Our results are in agreements with 

other animal and human data suggesting a greater clinical significance of transcranial near-infrared 

laser phototherapy of stroke and brain trauma [27-31].  

To study mechanisms of PS therapeutic effects, we used coherence tomography and 

fluorescent microscopy for real time monitoring of PS stimulation of lymphatic clearance of tested 

tracers from the ventricle. We clearly demonstrated that the accumulation of EBD and GNRs in 

dcLNs after its intraventrical injected was 2.6-fold, p<0.005 greater (EBD) and 1.4-fold higher, 

p<0.001 (GNRs) in the PS group vs. the control group (no PS). These findings allowed us to 

propose that PS stimulates drainage and clearing functions of MLVs and can be an important 

mechanism of PS-mediated managing of ICP and RCBs evacuation from the ventricles. Indeed, our 

confocal data demonstrate that PS enlarges MLVs and increases its distribution in the meninges 

suggesting PS-mediated influences on the tone of the lymphatic vessels. In our preliminary data we 

revealed that PS causes relaxation of the mesenteric lymphatic endothelium that is associated with 

an increase permeability of lymphatic walls and a decrease of expression of tight junction proteins 

[34]. Probably, these effects can be related to a PS-mediated increase in the activity of endothelial 

nitric oxide (NO) synthase [42]. NO is a vasodilator that acts via stimulation of soluble guanylate 

cyclase to form cyclic-GMP (cGMP), which activates protein kinase G causing the opening of 

calcium-activated potassium channels and re-uptake of Ca2+. The decrease in concentration of Ca2+ 

prevents myosin light-chain kinase from phosphorylating the myosin molecule, leading to 

relaxation of lymphatic vessels [43]. There are several other mechanisms by which NO could 

induce lymphatic dilation: 1) the activation of iron-regulatory factor in macrophages [44], 2) the 

modulation of proteins such as ribonucleotide reductase [45] and aconitase [46]; the stimulation of 

the ADP-ribosylation of glyceraldehyde-3-phosphate dehydrogenase [47] and protein-sulfhydryl-

group nitrosylation [48]. We assume that the PS effects on the tone of MLVs facilitate drainage in 

fluid spaces of the brain that drains RBCs/tracers from the ventricles along the subarachnoid space, 

where RBCs partly penetrate into MLVs. We also do not exclude the idea of a possible presence of 

the putative lymphatic vessels directly in the brain tissues that has been presented by Prineas in 
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1979 on the human brain samples obtained from patients who died from various neurological 

disorders [49]. 

Our findings opens new horizons in a non-invasive therapy of IVH via PS stimulation of 

regenerative lymphatic mechanisms. The PS-mediated stimulation of drainage and clearing 

functions of MLVs can be a novel bedside, readily applicable and commercially viable technologies 

for effective routine treatment of IVH and other types of brain bleedings. Our pilot experiments 

were focused on demonstrating the phenomenon of RBCs clearance via MLVs and PS stimulation 

of this process that needs further detailed investigations of clinical efficiency of PS-mediated 

stimulation of lymphatic functions in the human brain. Due to scattering effects of the skull, the 

laser penetration into the brain is very limited that is most complication of PS. However, we 

strongly believe that PS-acceleration of RBCs clearance from the brain via MLVs can be clinically 

important for a therapy of brain hemorrhages in newborns, in which PS can be applied through a 

special window into the brain as the fontanelle. Note, that IVH occurs in 45% of premature infants 

[50, 51]. The PS-lymphatic therapy can be important also for silent SAH and subdural hemorrhages, 

which are located superficially and are identified in 46-50% of mature babies [52]. Our data are 

limited by the study of one protocol of PS influences on the lymphatic evacuation of RBCs, while it 

has actively discussed that sleep can be a natural factor of activation of the lymphatic functions in 

the brain [53]. We assume that PS application during deep sleep can significantly enhances 

therapeutic effects of PS on brain bleedings and causes more pronounced influences on regenerative 

lymphatic mechanisms. 

 

Methods 

Subjects 

Autopsy specimens of human dura and the dcLNs were obtained from the Department of 

Pathological Anatomy at the Saratov State University (average age 42). All obtained samples were 

fixed and stored in a 10% formalin solution for prolonged time periods. The instigations were 

performed on the following groups: 1) the control - healthy patients died after fatal traumatic 

injuries (n=9); 2) patients died after IVH, n=15.  

Male BALB/c mice (20–25 g) were used in all experiments. The animals were housed under 

standard laboratory conditions, with access to food and water, ad libitum. All procedures were 

performed in accordance with the “Guide for the Care and Use of Laboratory Animals”. The 

experimental protocols were approved by the Local Bioethics Commission of the Saratov State 

University (Protocol No. 7); Experimental Animal Management Ordinance of Hubei Province, P. R. 

China (No. 1000639903375); the Institutional Animal Care and Use Committee of the University of 

New Mexico, USA (#200247). The animal experiments included following groups: 1) the intact, 

healthy mice; 2) the IVH group were injected the autologous blood into the right lateral ventricle; 3) 

sham control mice were injected an equal volume of saline; 4) sham + photostimulation (PS) group, 

and 5) the IVH group+PS. 
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Immunohistochemistry for the human samples 

For visualization of human LVs in the dura matter and the dcLNs, the protocol for the 

immunohistochemical (IHC) analysis was used with the markers Lyve-1 (eBioscience, San Diego, 

USA). Briefly, tissue samples were fixed with formaldehyde and, after routine processing, were 

embedded into a paraffin block. Then the samples were sectioned into 3- to 5-μm slides; afterward, 

they were dried at 37°C for 24 h and then rehydrated by sequential incubation in xylene (three times, 

3 min each), 96% ethanol (three times, 3 min each), 80% ethanol (two times, 3 min each), and 

distilled water (three times, 3 min each). The IHC reaction was visualized with a REVEAL—

BiotinFree Polyvalent diaminobenzidine kit (Spring Bioscience). Endogenous peroxidases were 

blocked by adding 0.3% hydrogen peroxide to the sections for 10 min, followed by washing of 

sections in phosphate-buffered saline (PBS). The antigen retrieval was conducted using a 

microwave oven in an ethylenediaminetetraacetic acid-buffer pH 9.0, and a nonspecific background 

staining was blocked in PBS containing 0.5% bovine serum albumin and 0.5% casein for 10 min, 

after which the sections were washed in PBS for 5 min. Further, the sections were incubated in a 

humid chamber with diluted anti-Lyve-1 (eBioscience, San Diego, USA; 1�1000) for 1 h at room 

temperature. After that, the sections were washed in PBS, incubated with secondary horseradish 

peroxidase-labeled goat antirabbit antibodies for 15 min, again washed in PBS, counterstained with 

hematoxylin for 1 min, washed again in water, dehydrated in graded alcohols (three times, 3 min 

each) and then in xylene (three times, 3 min each), and finally embedded into Canadian balm.  

Hemosiderin was identified histologically with Perls’ Prussian-blue stain, where iron in 

hemosiderin turns blue to black when exposed to potassium ferrocyanide. Since hemosiderin is an 

iron-storage complex (denatured ferritin and other material), which is marker of organ damage 

associated with hemorrhages [54, 55]. 

 

Microscopy for human sections 

All human sections were imaged by white light microscopy using the digital image analysis system 

Mikrovizor medical μVizo-103(LOMO, Russia). 

 

Modeling of intraventricular hemorrhage in mice 

To produce the mice IVH model, autologous blood was injected into the right lateral ventricle. 

Aseptic techniques were used in all surgical procedures. The disinfection with Betadine and 70% 

ethanol of the stereotactic apparatus and surgical tools was made prior to surgery. Throughout 

surgery and the experimental period, rectal temperature was monitored until mice completely 

recovered and displayed normal motor activity. The ketamine (100 mg/kg) and xylazine (10 mg/kg) 

was injected intraperitoneally for the anesthesia. The mouse was placed onto a thermal blanket and 
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the scalp was shaved. The ophthalmic ointment to both eyes was applied. A 1 cm long midline 

incision of the scalp with a 10 scalpel blade was made. The Hamilton syringe (25 μl) was mounted 

onto the injection pump, and the needle (25 Gauge) over bregma was directed stereotaxically. Next, 

the needle was positioned 0.5 mm posterior and 1.06 mm lateral of the bregma to the right with the 

stereotactic manipulator. A small cranial burr hole was drilled through the skull using a variable 

speed drill with a 1 mm drill bit. The animal's tail was disinfected with 70% ethanol and the central 

tail artery was punctured with a sterile needle (25 Gauge), then the arterial blood was fixed with 

heparin sodium and collected into a capillary tube. The 10 μl of blood was quickly transferred from 

the capillary tube into the glass barrel of the Hamilton syringe and inserted the plunger. The needle 

was inserted into the right lateral ventricle to a depth of 2.5 mm below the skull surface. The arterial 

blood was injected at a rate of 2 μl/min. The needle was left in the ventricle for 10 min and then 

removed at a rate of 1 mm/min to prevent the reflux of blood. The burr hole and scalp incision were 

closed with bone wax (Ethicon, Somerville, NJ) and with cyanoacrylate glue (Henkel Consumer 

Adhesive Inc. Scottsdale, Arizona), respectively. Sham control mice were injected with an equal 

volume (10 μl) of saline.  

 

Photostimulation of lymphatic system of brain 

The mice with shaved head were fixed in a stereotaxic frame and irradiated in the area of the 

parietal cortex in the region of the Sagittal sinus using the sequence of: 17 min – irradiation, 5 min 

– pause, 61 min in total. A laser diode (LD-1267-FBG-350, Innolume, Dortmund, Germany) 

emitting at 1267 nm was used as a source of irradiation. The laser diode was pigtailed with a single-

mode distal fiber ended by the collimation optics to provide a 5 mm beam diameter at the specimen. 

The laser dose of 60 J/cm2 was used in this work. It was previously reported that 15% of the laser 

energy goes to the brain via the intact mouse skull [33]. Therefore, the power density at 9 J/cm2 was 

on the surface of the mice brain. The heating of the brain tissue caused by exposure to light was 

monitored by using a thermocouple data logger (Pico Technology, USB TC-08, Cambridge shire, 

UK).  

To exclude thermal effects of PS on the brain, preliminary we analyzed the changes in 
temperature on the surface of the brain before and after PS. To measure the brain surface 
temperature, the medial part of the left temporal muscle was detached from the skull bone, a small 
burr hole was drilled into the temporal bone, and a flexible thermocouple probe (IT-23, 0.23 mm 
diam, Physitemp Instruments LLC, NJ, USA) was introduced between the parietal bone and brain 
into the epidural space. The brain surface temperature was measured before, and during the laser 
application using a handheld thermometer (BAT-7001H, Physitemp Instruments LLC, NJ, USA). 
There were no any changes in the temperature of the brain surface after PS (37.15±0.11 vs. 
37.13±0.56). 

 

Low-power laser therapy after IVH 
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For immediate treatment, the mice were treated with photostimulation right after surgery procedure 

of blood injection into the right lateral ventricle, followed by the removal of dcLNs to measure the 

RBCs accumulation in the lymphatic system. 

For long-term therapy, the mice were treated by PS during 7 days each second day under 

inhalation anesthesia (1% isoflurane at 1 L/min N2O⁄O2 - 70:30) 3 days after the surgery procedure 

of blood injection into the right lateral ventricle (Fig. S3), during which period the survival and 

behavioral assessment were performed. 

 

 

 

Immunohistochemistry for the mouse tissue.  

To visualize the lymphatic system and vasculature of mouse meninges and dcLN, fluorescent 

markers were used to label the certain structures using immunohistochemical method [56]. Anti-

Lyve-1 and anti-Prox-1 were used to label lymphatic vessels; anti-CD-31 was used to label blood 

vessels. 

Mice were sacrificed with cervical dislocation. To obtain the meninges, skin was removed from 

the head and the muscle was stripped from the bone. After removal of the mandibles and the skull 

rostral to maxillae, the top of the skull was removed with surgical scissors. Whole-mount meninges 

were fixed while still attached to the skull cap in PBS with 2% paraformaldehyde (PFA) over night 

at 4 �. The meninge was then dissected from the skullcap. For analysis of the dcLNs, the lymph 

nodes were removed and fixed in PBS with 2% PFA over night at 4 �, and then fixed in 2% 

agarose, followed by sliced into 60 μm-thick sections using a vibratome (Leica VT1000, Germany). 

The whole mounts of meninges and the sections of dcLNs were firstly washed 3 times (5 min for 

each) with wash solution (0.2% Triton-X-100 in PBS), secondly incubated in the blocking solution 

(a mixture of 2% Triton-X-100 and 5% normal goat serum in PBS) for 1 hour, followed by 

incubation with Alexa Fluor 488-conjugated anti-Lyve-1 antibody (1:500; FAB2125G, R&D 

Systems, Minneapolis, Minnesota, USA), rabbit anti-Prox-1 antibody (1:500; ab 101851, Abcam, 

Cambridge, United Kingdom) and mouse Alexa Fluor 647-conjugated anti-CD31 antibody (1:500; 

102416 BioLegend, San Diego, USA) overnight at 4°C in PBS containing 0.2% Triton-X-100 and 

0.5% normal goat serum. Next, the meninges were incubated at room temperature for 1 hour and 

then washed 3 times, followed by incubation with goat anti-rabbit IgG (H+L) Alexa Flour 561 

(Invitrogen, Molecular Probes, Eugene, Oregon, USA). 

 

Confocal microscopy 
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The mouse meninges and dcLN sections were imaged using a confocal microscope (LSM 710, 

Zeiss, Jena, Germany) with a ×20 objective (0.8 NA) or a ×60 oil immersion objective (1.46 NA). 

Alexa Fluor 488 and Alexa Fluor 561 were excited with excitation wavelengths of 488 nm and 561 

nm, respectively. Alexa Fluor 647 and RBCs were excited with the same excitation wavelength of 

647 nm. Three-dimensional imaging data were collected by obtaining images from the x, y, and z-

planes. The resulting images were analysed with Imaris software (Bitplane). 

 

Measurement of meningeal lymphatic vessel diameter distribution 

The diameter of lymphatic vessel changed with position. In order to obtain the diameter distribution, 

we wrote a program with Matlab, which mainly contained two procedures. The schematic diagram 

was shown as Fig. S4.  

Procedure 1 

This procedure was used to extract the profile of the lymphatic vessel from the initial image. First, 

Otsu’s method [57] was utilized to decide the threshold and obtain the binary image (Fig. S4-Step 

1). Next, image closing operation was used to connect the broken edges of the image. Then, two 

Matlab functions, “imfill” and “bwareaopen”, were used to fill in the holes and remove the small 

connected domains of the image, respectively (Fig. S4-Step 2). Finally, the obtained image was 

subtracted by itself after morphological corrosion, and the profile curve was then determined (Fig. 

S4-Step 3).  

procedure 2 

This procedure was used to calculate the diameter distribution of lymphatic vessels. As showed in 
Fig. S4-Step 4, point A and point B represents any points on the outlines on both sides of the 
lymphatic vessel, and l1 and l2 are the tangent lines at point A and B respectively. If l1, l2 and lAB 

follows both l1⊥lAB and l2⊥lAB, i.e.  

����� � ����� � �1, 

where kA, kB and kAB present the slope of line l1, l2 and lAB, respectively. In this case, lAB could be 
taken as the diameter at certain position. However, such point A and B were not always 
successfully found in all the images. Therefore, for every point A, point B was given by 

min 	|����� � 1| � |����� � 1|� 

Following above rule, we could obtain a series of |AB| as the lymphatic vascular diameters at every 

position. 

 

Fluorescent microscopy monitoring of Evans Blue accumulation in the dcLN 

Mice were anesthetized by ketamine/xylazine injection i.p., and then 3 μL of 2% Evans Blue 

(Sigma-Aldrich) was injected into the right later ventricle (AP: -0.5 mm; DV: 2.5 mm; ML: -1.06 
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mm). 20 min later, the ventral skin of the neck was cut open and dcLNs were exposed. Afterward, a 

stereo fluorescence microscope (Axio Zoom. V16, Zeiss, Jena, Germany) working at 10× 

magnification was used for imaging of the dcLNs during the next 1h for each mouse. The mice 

were treated with PS at same time. Since the Evans Blue could be cleared by MLVs from the brain 

and be transferred into dcLNs, the accumulation of Evans Blue in dcLNs could reflect the clearance 

of Evans Blue from brain. After imaging, the fluorescence intensity of the Evans Blue in dcLNs 

was measured using FIJI software. 

 

 

Optical coherent tomography (OCT) monitoring of gold nanorods accumulation in 

the dcLN 
Gold nanorods (GNRs) coated with thiolated polyethylene glycol (0.2 μL, the average diameter, and 

length at 16±3 nm and 92±17 nm) were injected in the right lateral ventricle (AP: -0.5 mm;  DV: 

2.5 mm; ML: 1.06 mm). Afterward, OCT imaging of the dcLNs was performed during the next 1h 

for each mouse.  

In this study, a commercial spectral domain OCT Thorlabs GANYMEDE (central wavelength 

930 nm, spectral band 150 nm) was used. The LSM02 objective was used to provide a lateral 

resolution of about 13 microns within the depth of the field. A-scan rate of the OCT system was set 

to 30 kHz. Each B-scan consists of 2048 A-scans to ensure appropriate spatial sampling. 

Since lymph is optically transparent in a broad range of wavelengths, “empty” cavities exist in 

the resulting OCT image of the lymphatic node with a background signal-to-noise ratio inside. In 

order to visualize the dynamic accumulation of lymph within these cavities, suspensions of GNRs 

were used as a contrast agent and the OCT signal intensity is proportional to the GNRs 

concentration. By tracking the OCT signal temporal intensity changes inside a node’s cavity, we 

could confirm the clearance pathways and calculate its relative speed. The OCT recordings were 

performed under anesthesia with ketamine (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.).  

The GNRs content in the brain tissue and in the dcLNs was evaluated by atomic absorption 

spectroscopy on a spectrophotometer (Thermo Scientific Inc., Waltham, Massachusetts, USA). The 

atomic absorption spectroscopy of GNRs was performed 20-40-60 min after the start of OCT 

monitoring in the brain and in the dcLNs obtained from the same mice, which were used for OCT-

GNRs measurements. 

 

Intracranial pressure monitoring 

The ICP monitoring was performed as described previously [58]. For this purpose, the medial part 

of the left temporal muscle was detached from the skull bone, a small hole was drilled into the 

temporal bone, and an ICP probe (TSD280) was introduced between the bone and brain into the 

epidural space and fixed with dental cement. ICP was continuously recorded before, during, and 60 
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minutes after the IVH on a laptop computer using a micro pressure measurement system 

(MPMS200), preamplifier (MP150), and software (Biopac, Goleta, CA). 

 

Tests for evaluation of emotional abnormalities 

The post-hemorrhage depression is the most common emotional sequelae of brain hemorrhages, and 

it's independently associated with increased morbidity and mortality [59, 60]. The tail suspension, 

and forced swim test are effective for evaluating emotional abnormality in different models of 

intracranial hemorrhages [61, 62]. Therefore, these two tests were used for the analysis of early 

recovery after IVH. The protocol for the tail suspension test was described previously [63, 64]. 

Briefly, animals were suspended by their tails at the edge of a shelf 55 cm above a desk. Sticky tape 

(17 cm long) was used to fix the tail (approximately 1 cm from the tip) to the shelf. The recording 

of mouse mobility and immobility (lack of escape-related behavior when mice hung passively and 

completely motionless) was made during 360 sec. The protocol of the forced swim test was 

published in detail in Ref. [65, 66]. The cylindrical tanks (20 cm high, 22 cm in diameter) with 

water at 24±10C (10 cm) was used for this test. Each mouse was placed individually in water. The 

swimming of mice was recorded during 360 sec. The immobility time (when mouse remained 

floating motionless, making only small movements to keep its head above the water) was calculated 

during the last 4 min from the 240 s of test time [63].  

 

Statistical analysis  

The results are presented as mean ± 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 two-way ANOVA (post hoc analysis with Duncan’s rank test). 

The significance level was set at p < 0.05 for all analyses. 
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