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Abstract

The blood-brain barrier (BBB) poses a significant challenge for drug delivery to the brain. The
limitations of our knowledge about the nature of BBB explains the slow progress in the therapy of
brain diseases and absence of methods for drug delivery to the brain in clinical practice.

Here we show that the BBB opens for high molecular weight compounds after exposure to loud
sound (100 dB 370 Hz) in rats. The role of stress induced by loud sound and the systemic

and molecular mechanisms behind it are discussed in the framework of the BBB opening as an
informative platform for a novel fundamental knowledge about the nature of BBB and for the
development of a non-invasive brain drug delivery technology.

1 Introduction

The blood-brain barrier (BBB) is a highly selective barrier, which controls the penetration

of blood-borne agents into the brain, or the release of metabolites and ions from the brain
tissue to blood. Therefore, the BBB plays a vital role in central nervous system (CNS) health
protecting the brain against pathogens and toxins. Although this protective mechanism is
essential for normal functioning of CNS, it also creates a hindrance to the entry of drugs

into the brain. In this context, it is not surprising that CNS diseases account for 28% of the
total burden of all diseases [1]. This is the reason why approaches for reversible overcoming
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of the BBB have received significant attention in the last four decades. Currently over 70
different methods are suggested for overcoming the BBB [2,3]. Nevertheless, these methods
are not widely applied in daily clinical practice for many reasons including invasiveness
(e.g., photodynamic opening of the BBB that requires trepanation) [4], challenges in
performing (intra-arterial injection of mannitol that usually only a few specialists in clinics
can do) [5], limitation of drug concentration (intranasal drug delivery) [6] or small area

of treatment (only 1-3 mm at usage of focused ultrasound that opens the BBB with
additional use of micro-bubbles) [7]. All these methods require further studies to improve
the reproducibility and technological robustness.

In this study on rats we demonstrate that a factor such as loud sound, which we can meet

in daily life when listening to MP3/MP4 players or at a rock concerts, reversibly opens the
BBB to low and high molecular weight molecules. We also discuss mechanisms underlying
the sound-related opening of BBB.

2 Methods

The experiments were done on four groups: (1) no sound — the control group; 2, 3 and
4 -1, 4 and 24 h after sound exposure in freely moving mongrel male rats (250-280 g),
respectively; n=10 in each group in all experiments.

To produce loud sound (100 dB, 370 Hz) we used a sound speaker (7A, 12 V, Auto VAZ
PJSC, Tolyatti, Russia). The sound exposure was performed using the sequence of: 60 s —
sound on, then 60 s — sound off over 2h.

For quantitative assessment of the BBB permeability we used: 1) fluorescent microscopy for
in vivo visualization of extravasation of albumin complex of Evans Blue dye (EBAC, 68.5
kDa, 2 mg/body weight, 1% solution in saline, iv, Sigma-Aldrich) via an optically cleared
skull window in anaesthetized rats (2% isoflurane at 1L/min N»,O/O, — 70:30) [8]; 2) a
spectrofluorometric assay for ex vivo analysis of EBAC leakage [9]; 3) confocal imaging

of extravasation of fluorescein isothiocyanate (FITC)-dextran 70 kDa (FITCD, 1 mg/body
weight, 0.5% solution in saline, iv, Sigma-Aldrich).

A custom-made laser speckle contrast imaging (LSCI) system was used to monitor relative
cerebral blood flow (rCBF) in the cerebral microvessels and in the Sagittal sinus [8, 10]. The
blood oxygen saturation (SpO5) in the brain was monitored using a pulse oximeter (model
CMS60D, Contec Medical Systems Co., Ltd., Qinhuangdao, China). Oxy-hemoglobin
saturation is presented as a percentage of HbO2 vs. the total Hb in the blood. LSCI and
SpO, were monitored in the same rats before and at 1h/4h after sound exposure via an
optically cleared skull window in anaesthetized rats (2% isoflurane at 1L/min N,O/O, —
70:30).

The plasma epinephrine level (ng/ml) was determined using ELISA kits (Abnova, Taiwan)
at normal state (before sound), during sound stress (at the last minute (120 min) of sound
stress) and in the post-stress-period (1h and 4h after sound exposure) in rats (n=10 in each

group).
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Expression of tight junction (TJ) proteins such as claudin-5 (CLND-5), occludin (Occ),
zonula occludens-1 (ZO-1), junctional adhesion molecule (JAM), pericyte marker (NG») and
lymphatic endothelium (lyve-1) was evaluated using the standard method of simultaneously
combined staining (Abcam Protocol) using antibodies for indicated proteins (1:500; Santa
Cruz Biotechnology, Santa Cruz, USA) with further confocal microscopy of the rat cerebral
cortex or the dura matter (Olympus, Japan).

3 Results

3.1 Blood-brain barrier opening to high molecular weight molecules

In the first step, we demonstrated effects of loud sound on the BBB permeability to

EBAC and FITCD in /n vivoand ex vivo experiments. Using an /17 vivo method of

real time fluorescent microscopy, we observed significant EBAC leakage 1h after sound
exposure (Figure 1-1 (A and B)). Afterwards, the brains of the same rats were collected for
spectrofluorimetric assay and quantitative analysis of the BBB integrity. The results of ex
vivo data showed the level of EBAC in the brain tissues was increased 23.1-fold vs. the
control group in all rats (2.61+0.07 vs. 0.11+0.03, p<0001). For qualitative assessment of the
BBB permeability we used confocal imaging of FITCD leakage. Figure 1-11 (D-G) clearly
illustrates FITCD extravasation from the cerebral capillaries into the brain tissues 1h after
sound exposure. It is important to notice that we did not find an increased BBB permeability
to FITCD and EBAC 4h and 24h after sound exposure as well as at the normal state (before
sound influences) (Figure 1-11 (A-C)).

3.2 Systemic and metabolic responses induced by loud sound

Since loud sound is a stress, we analysed the general systemic and metabolic stress
responses such as changes in the plasma level of epinephrine, rCBF and in SpOs. The results
showed that sound exposure was accompanied by significant increase in epinephrine level
vs. the basal value (Table 1). The sound stress-off was associated with slow normalization of
hormone level. One hour after sound exposure, when the BBB was opened, the epinephrine
level was decreased but continued to be higher compared with the normal state (Table 1).
When the BBB closed (4h after sound exposure), the level of epinephrine was over the
normal value and it was not changed to the next day.

LSCI data of rCBF demonstrated an increase in rCBF in both venous and microcirculatory
levels immediately after sound stress-off (Table 1). The BBB opening (1h after sound
exposure) was associated with a tendency to normalization of rCBF, however, the level

of rCBF was significantly elevated compared to the normal state. Figure 1-111 (A and B)
illustrates an increase in rCBF in the time of BBB opening (1h after sound exposure)
compared with the control group (before sound). The complete normalization of rCBF was
observed at the time of BBB closing (4h after sound exposure) and preserved at the normal
level in the next day (Table 1).

Similar changes were observed in SpO,. The sound stress was characterized by a significant
increase in SpO, that then gradually decreased but continued to be higher at the time of
BBB opening (1h after sound exposure) and had returned to the normal values by the time
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of BBB closing (4 h after sound exposure). In the next day after sound effects on the BBB
permeability, we did not observe any changes in SpO5.

3.3 Sound-induced changes in TJ machinery

In the next step, we aimed to study the brain expression of TJ such as CLDN-5, Occ, JAM
and ZO-1 at the time of opening of the BBB (1h after sound), its recovery (4h and 24h

after sound) compared with the control group (before sound exposure). Figure 1-1V shows
that the BBB opening was accompanied by a decrease in expression of CLDN-5, Occ, JAM
and by an increase in expression of ZO suggesting the disorganization of TJ assembly with
fast restoration of expression of TJ proteins 4h after sound exposure and without any further
changes in the BBB integrity.

3.4 Sound-induced BBB opening is associated with activation of lymphatic clearance of
molecules crossing the opened BBB

The important question is how the brain recovers after the sound-induced opening of

BBB. To answer this question, we studied clearance of FITCD from the brain after its
crossing of the opened BBB via the meningeal lymphatic vessels (MLVs), which play a
crucial role in the brain recovery and clearance [11]. With this aim, FITCD was injected
intravenously at the time of full opening of the BBB (1h after sound) and circulated for 5
min. Afterwards, the brains were removed and the meninges were collected for confocal
microscopy analysis. The results presented in Figure 1-V clearly shows the presence of
FITCD in MLVs suggesting rapid clearance of FITCD from the brain after its crossing of the
opened BBB via MLVs.

4 Conclusions

We show that loud sound reversibly opens the BBB via stress-mediated TJ machinery
disorganization that is accompanied by elevation of serum epinephrine level, rCBF and
SpO,, as well as by meningeal lymphatic clearance of molecules crossing the BBB.

Our data are consistent with hypothesis suggesting an important role of stress in the

BBB opening via mechanisms underlying epinephrine-induced enhancement of the BBB
permeability including 1) vasodilation of cerebral vessels and widening of TJs; 2) changes
of ultrastructure of endothelial cells and astroglial endfeet; 3) an increase in transport and
the pinocytotic activity of endothelial cells [12-17]. This method has a high potential for
clinical applications as an easily used, non-invasive, low cost, labeling-free perspective and
completely new approach for the treatment of brain diseases. The fact that loud sound,
which we can meet in daily life, opens the BBB is socially important and should be
considered in daily life.
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Fig. 1.
Mechanisms of the sound-induced BBB opening: | — Fluorescent microscopy of EBAC

leakage before (A) and 1h after (B) sound exposure; Il - Confocal microscopy of the BBB
permeability to FITCD before (A-C) and 1h after sound exposure (D-G): A - FITCD is
inside of the cerebral vessels (green color); B — The cerebral vessels labelled by pericyte
marker NG2 (red color); C — the merged image from A and B; D - FITCD leakage presented
as green fluorescence around the cerebral vessel, E — the cerebral vessels labelled by
pericyte marker NG2 (red color), F — the merged image from D and E showing FITCD
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leakage, G — FITCD leakage at higher magnification from F; 111 - LSCI of rCBF before (A)
and 1h after (B) sound exposure (the time of opening of the BBB); IV - The expression

of TJ proteins in the control group (before sound exposure) and 1-4-24 hrs after sound
impact (n=10 for each group): *** - p<0.001 vs. the control group (before sound); V - The
clearance of FITCD from the brain via MLVs after its crossing the opened BBB: A — The
fluorescent signal from FITDC in both anatomical positions of MLV (white arrow) and the
cerebral vein (red arrow); B — the cerebral vessels (red color) labelled by NG, (pericyte
marker); C — MLV (blue color) labelled by lyve-1 (marker of lymphatic endothelium); D —
the merged image from A,B,C; E — The same area at higher magnification from D.
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Table 1 —

The sound-induced changes in the level of serum epinephrine, rCBF and SpO,

After sound
Before Sound
Oh 1h 4h 24h
rCBF, a.u. (in the Sagiital sinus) 0.91+0.05 2.10+0.09 ** | 1.84+0.07 ** | 1.12£0.02 | 0.97+0.02
rCBF, a.u. (in the cerebral microvesses) 0.37+0.02 0.89+0.04 *** | 0.61+0.01 ** | 0.42£0.03 | 0.40+0.01
SpO,, % 97+3 12745 * 114+2 * 99+2 975
Epinephrine level, ng/ml 5.1+1.9 314450 ¥ | 17.0462 ** | 5723 4.9+1.8

Aok

- p<0.001;

Aok

- p<0.01;

*
- p<0.05 vs. the control group (before sound)
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