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Abstract

Slow-wave sleep, defined by low frequency (<4 Hz) electrical brain activity, is a basic brain
function affecting metabolite clearance and memory consolidation. Although the origin of low-
frequency activity is related to cortical up and down states, the underlying cellular mechanism
of how low-frequency activity becomes effective has remained elusive. We applied electrical
stimulation to cultured glial astrocytes while monitored the trafficking of GFP-tagged
intracellular vesicles using TIRFM. We found a frequency-dependent effect of electrical
stimulation that electrical stimulation in low frequency elevates the mobility of astrocytic
intracellular vesicles. We suggest a novel mechanism of brain modulation that electrical signals
in the lower range frequencies embedded in brainwaves modulate the functionality of
astrocytes for brain homeostasis and memory consolidation. This finding suggests a
physiological mechanism whereby endogenous low-frequency brain oscillations enhance
astrocytic function that may underlie some of the benefits of slow-wave sleep and highlights
possible medical device approach for treating neurological diseases.
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Introduction

Mounting evidence suggests that sleep is a basic brain function promoting memory-
consolidation and brain metabolite clearance (1-7). Sleep is commonly classified into rapid eye
movement (REM) and non-rapid eye movement (NREM) stages that are characterized by the
frequency and pattern of brain electrical activity, called the electroencephalogram (EEG). NREM
sleep includes three stages; with stage 3 being called slow-wave sleep (SWS) because it is
characterized by slow-wave activity (SWA). SWA occurs when cortical neurons oscillate at low-
frequency (1 — 4 Hz) between a hyperpolarized down-state and neuronal silence and a
depolarized up-state and active neuronal firing (8).

Several independent lines of evidence support the notion that the effect of sleep on metabolite
clearance is associated with brain waves at certain frequencies ranges. First, the rate of -
amyloid (AB) clearance in mice is improved during sleep and this improvement is associated
with an increase in the prevalence of slow waves in sleep (5); Second, the AB/tau levels in the
cerebrospinal fluid (CSF) are inversely correlated with SWA or the percentage of SWS in total
sleep time (9, 10); Third, the AB/tau levels in the interstitial fluid (ISF) significantly increase
during sleep deprivation (SD) versus sleep and the more SWA disruption causes the greater
increase of CSF AP levels (7, 11-13); Lastly, slow waves are coupled to blood oxygen level-
dependent signals and pulsatile CSF oscillations during NREM sleep (4), and the pulsatile CSF
oscillations increase brain fluid mixing and diffusion in the fluid. Thus the SWS brain state
defined by SWA shows improved clearance of brain waste products (14-18) and is also
important in memory consolidation (19, 20). On the other hand, low-frequency EEG oscillations
in SWS reflect the underlying transitions between cortical up and down states (21). However,
whether the endogenous slow-waves recorded with EEG have any direct mechanistic role in
metabolite clearance and memory consolidation has remained elusive.

The glial astrocyte has been selected as a targeting subject to study the effect of brain waves on
metabolic homeostasis and memory consolidation because, in the central nervous system (CNS)
astrocytes are believed to play an important role removing excess of toxic waste, recycling
neurotransmitters, and other molecules, transporting major ions, modulating neuronal
excitability, and promoting synaptic remodeling (22-28). Cellular functions of astrocytes can be
monitored by their activities in intracellular vesicles. Various types of intracellular vesicles serve
a variety of different functions (29), such as transporting proteins and other materials within a
cell, carrying compounds (enzymes, hormones, and carbohydrates) to be secreted, and
involving digestion and waste removal. Potokar and others previously reported that
intracellular vesicles in astrocytes exhibit two types of mobility, directional or non-directional
(30). The directional movement appears almost rectilinear, whereas the non-directional
movement moves in Brownian motion.
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Here, we utilized total internal reflection fluorescence microscopy (TIRFM) to study the
frequency-dependent effect on the mobility of astrocytic intracellular vesicles. We applied
electrical stimulation within a range of frequency (2, 20, 200Hz) on cultured rat astrocytes
expressing GFP-labelled membrane protein (VAMP3 or CD63), and found that the mobility of
intracellular vesicles in both directional and non-directional movement increased more than 20%
under 2 Hz electrical stimulation, but remained unchanged under higher frequencies (20 Hz or
200 Hz) of electrical stimulation. This finding indicates that only slow waves elevate the
intracellular activity of astrocytes, suggesting a novel glial mechanism of electrical brain activity
that the functionality of astrocytes in brain homeostasis and memory formation can be directly
modulated by electrical signals embedded in endogenous low-frequency brainwaves during
SWS.

Results

Low-frequency electrical stimulation enhances the mobility of intracellular vesicles in glial
astrocytes

To address the frequency-dependent effect of electrical stimulation on the mobility of
intracellular vesicles, we selected three different frequencies (2 Hz as the low, 20 Hz as the
intermediate and 200 Hz as the high) of electrical stimulation, and compared resulting
movements of vesicles to that obtained when no electrical stimulation was applied. Each
experiment was taken following the same timeline: two minutes of pre-stimulation, five
minutes stimulation, and then another five minutes of post-stimulation. TIRF samplings were all
collected in a one-minute duration. Two consecutive samplings were performed before the
stimulation; during the 5-minute stimulation we collected three samplings separated by two
one-minute gaps to avoid over bleaching; and then we recorded four consecutive samplings
one minute later when electrical stimulation was complete. We observed directional and non-
directional movements of intracellular vesicles in astrocytes, similar to the previous report from
Potokar et al. (30). The mobility of non-directional vesicles can be described well as free
Brownian diffusion and the tracks of directional vesicles appear almost rectilinear (Figure 1).

Results are presented in a normalized rate that compares every velocity measurements to a
common scale achieved by averaging two starting samplings from each experiment. For VAMP3
labeled vesicles, the average velocities of two starting samplings were 1.03 + 0.06 um/s (non-
directional) and 1.27 + 0.06 um/s (directional). For CD63 labeled vesicles the average velocity of
two starting samplings were 1.24 + 0.06 um/s (non-directional) and 1.29 + 0.05 um/s
(directional), respectively. Normalized rates of average velocities are illustrated in Figure 2
(non-directional) and Figure 3 (directional).
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For non-directional vesicles, the average velocity (Vnon.d) increased immediately after 2 Hz
electrical stimulation started and kept increasing linearly during the course when stimulation
was applied. This increase of velocity stopped 2 ~ 3 minutes later after the stimulation ended
and stayed unchanged till the end of data collection. With 2 Hz electrical stimulation, the total
increase of Vpon.g Was 23% for CD63 labeling vesicles (Fig 2A) and 21% for VAMP3 labeling
vesicles (Fig 2B), respectively. One-way ANOVA test comparing measurements made before and
after electrical stimulation showed that the increase was significant (p < 0.01 in CD63 data and
p < 0.05 in VAMP3 data). However, without electrical stimulation or with 20 Hz or 200 Hz
electrical stimulations, changes in velocities for both CD63- and VAMP3- labeling vesicles are
insignificant (Fig. 2C, 2D). Two-way ANOVA test showed that V,onqin 2 Hz electrical stimulation
measurement was increased compared to others (p < 0.01) and no significant difference was
found when compared between those with no stimulation to 20 Hz or 200 Hz electrical
stimulations.

For directional vesicles, the average velocity (V4) was increased by 20% for CD63 labeled
vesicles and 22% for VAMP3 labeled vesicles (Fig. 3A, 3B) under 2 Hz electrical stimulation (p<
0.01). There was no significant change in V4 with no stimulation and with 20 Hz or 200 Hz
electrical stimulation (Fig. 3C, 3D).

Discussions

In this work, we investigated the frequency-dependent effect of externally applied electrical
stimulation on the trafficking of astrocytic intracellular vesicles. Using EGFP tagged membrane
proteins (CD63 and VAMP3), we found that the low frequency 2 Hz electrical stimulation
increases the mobility for both directional and non-directional vesicles by more than 20%, but
both the intermediate (20 Hz) and high (200 Hz) frequency electrical stimulation has no effect,
just as when no stimulation was applied. We concluded that the intracellular activity of
astrocytes can be elevated by electrical slow waves.

CD63 and VAMP3 reside in various types of intracellular vesicles and are involved in different
processes of substance degradation and transportation. CD63 belongs to the tetraspanins
superfamily of surface-associated membrane proteins, and mainly resides in lysosomes and
multivesicular bodies (MVBs), with a small pool on the cell surface (31). After being transported
to the plasma membrane, the majority of MVBs fuse with the cell membrane and release their
contents called exosomes to the extracellular space. Some MVBs fuse with lysosomes for
degradation (32). CD63 is one of the three biomarkers that predominantly localize on exosomes.
CD63 containing vesicles in astrocytes are involved in the regulation of ATP release (33). VAMP3
is an essential component of the SNARE complexes (soluble N-ethylmaleimide-sensitive factor
attachment protein receptor) that participate in the fusion of various vesicles to the
cytoplasmic face of membranes. VAMP3 can be found in early endosomes, recycling
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endosomes, and intermediate transport vesicles (34-38). VAMP3 containing vesicles in
astrocytes participate in the recycling of plasma membrane glutamate transporters and in
modulating the efficacy of glutamate uptake (39).

The increased mobility of intracellular vesicles caused by 2 Hz electrical stimulation is likely
nonspecific to CD63 or VAMP3. Low-frequency oscillations in electrical fields may improve the
mobility of vesicles carrying other molecules as well, including neurotransmitters (adenosine
triphosphate (ATP)), neurotransmitter transporters (glutamate transporters), neuromodulators
(D-serine), growth factors (brain-derived neurotrophic factor), hormones and peptides (atrial
natriuretic peptide, (ANP)), and the specific water channel of aquaporin-4 (33, 39-44). These
substances secreted by astrocytes contribute to CNS homeostasis and development.

Astrocytes release their substances through several distinct pathways, including diffusion
through plasma membrane channel, translocation by multiple transporters, and regulated
exocytosis (29). The mobility of intracellular vesicles is a limiting fact controlling the substance
release (45). Thus, increased mobility of intracellular vesicles leads to an enhanced release of
astrocytic cargo and therefore affects CNS homeostasis and development.

Previous studies have shown that intracellular vesicles in astrocytes exhibit two kinds of
movement: the directional movement relies on cytoskeleton and motor proteins, whereas the
non-directional movement is driven by diffusion (30, 46-50). The rate of vesicle diffusion is
determined by hydrodynamic interactions, vesicle collisions, cytoplasm viscosity, and other
factors (51). It is reasonable to assume that the diffusional transport of solutes within cells
could also be enhanced by electrical slow waves, which effectively enhances the rates of
astrocytes intracellular biochemical processes (52).

Our finding that the low-frequency electrical stimulation, not the intermediate or high
frequency, elevates the intracellular activity in astrocytes is a possible mechanism by which the
endogenous SWA of SWS supports cellular homeostasis. The brainwave frequencies vary in a
wide range between sleep-wake cycles. The effect of sleep on metabolite clearance is stronger
during the most restorative deep sleep stage with more low-frequency (< 4 Hz) EEG oscillations
(5-7, 9-13).

Astrocytes are important to remove the excess of toxic waste in the CNS, maintain
neurotransmitters homeostasis, regulate the extracellular space volume, transport major ions,
and regulate synaptic connectivity and transmission (22-24). Particularly in the glymphatic
pathway (14, 15) that enables exchange between the para-arterial space and the interstitial
space and allows waste products to be removed away from the arteries to the veins. This kind
of exchange is facilitated by the AQP4 water channels presented on the astrocytic endfeet
facing the perivascular space. Fluid and solutes pass through perivascular space either via the
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AQP4 water channels or the intercellular clefts (14, 15, 53). A recent functional magnetic
resonance imaging study demonstrated that pulsatile CSF oscillations inflow to brain ventricles
every 20 s during SWS (4), which is possibly caused by the pulsations of blood volume in the
brain and facilitates the clearance of waste products during SWS. Also, the clearance rate of AP
and the interstitial space volume in mouse brain increase during sleep associated with an
increase in the prevalence of slow waves (5). Our finding on the elevation of intracellular
activity in astrocytes induced by low-frequency electrical stimulation may explain why this
increase of waste clearance occurs in SWS.

SWS is also important in memory consolidation, particularly for long-term memory (19, 20). In
older adults, a decline in declarative memory consolidation is found to be associated with the
decrease of SWA in NREM (54-61) but can be causally reversed by experimental enhancement
of SWA in NREM (62-64). It is worth noting that astrocytic glycogen metabolism and learning-
induced astrocytic lactate release are required for long-term memory formation (27). It is the
activation of astrocytes, but not the increase of neuronal activity alone (28), which results in
enhanced memory allocation and cognitive performance. Our results provide a possible cellular
mechanism for how astrocytes could mediate long-term memory formation (25-28, 65) during
SWS.

The molecular mechanism for the frequency-dependent effect of electrical stimulation on the
mobility of intracellular vesicles remains unclear. Cytoskeleton and motor proteins could be
involved in the directional mobility, whereas the diffusion in local microenvironments of
cytoplasm might affect the non-directional movement of vesicles (30, 47-50, 66). Different
protein carrying vesicles could behave differently. For example, a previous study shown that
excessive ATP can trigger the elevation of intracellular Ca®* concentration in astrocytes due to
increased mobility of vesicles containing vesicular glutamate transporter 1 but also to reduced
mobility of vesicles containing atrial naturetic peptide (67). It will be interesting to test how the
frequency of electrical stimulation affects motor proteins and cytoskeleton. The traffic
deficiency of astrocytic intracellular vesicles is associated with many neurological diseases,
including Alzheimer's disease, Rett syndrome, and amyotrophic lateral sclerosis (68-71). Using
electrical stimulations to enhance the traffic of intracellular vesicles may prove to have
therapeutical benefits.

Besides the mobility of intracellular vesicles, gene expression in astrocytes can also be affected
by the sleep-wake cycles (72). Previously, we reported a frequency-dependent effect of
externally applied electrical stimulation on the secretion of astrocytic extracellular vesicles
(EVs), including the profiles of EV size distribution, EV surface proteins, and EV-carrying
microRNAs (73).
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Unlike other studies of electrical stimulation on cultured astrocytes that mostly focused on the
applied current amplitude (4 — 1500 mV/mm) rather than the frequency (74-78), this report, to
the best of our knowledge, demonstrates for the first time that the mobility of intracellular
vesicles in astrocytes can be increased only at a low-frequency electrical stimulation. This
frequency-dependent effect of electrical fields on cellular functionalities likely applies to other
cell types, such as neurons, microglial, or even cancer cells.

In summary, we reported here our study on the trafficking of intracellular vesicles in astrocytes
under externally applied electrical stimulation at different frequencies. We found that the
mobility of intracellular vesicles for both directional and non-directional movements was
elevated by more than 20% with low frequency (2 Hz) electrical stimulation, but remained
unchanged with electrical stimulations at an intermediate (20 Hz) or higher frequency (200 Hz).
This finding of the frequency-dependent effect on astrocytes provides a unique glial mechanism
that may be important for both brain homeostasis and memory consolidation, and also have
therapeutic implications of medical devices to provide electrical brain stimulation. It certainly
extends our understanding of the basic biology about why deep sleep is the most restorative
stage of sleep. Further investigations on the molecular mechanisms of how electrical fields
modulate cellular functions are needed.

Materials and methods

Cell cultures -- Animal experiments complied with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and were approved by the Mayo Clinic Institutional
Animal Care and Use Committee. Pregnant Lewis rats were purchased from Harlan Sprague
Dawley (Indianapolis, IN, USA). Astrocytes cultures were established from the cerebral cortices
of fetal rats (embryonic days 18-21) as previously described (79). Astrocytes cultures were
maintained in a growth medium composed of Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum (FCS), 1 mM sodium pyruvate, 100 IU/mL of penicillin,
100 pg/mL of streptomycin, and 292 pg/mL of L-glutamine at 37°C in a 5% C0,-95% air
incubator. Microglia depletion was achieved by adding 100 pg/mL of Clodrosome (Encapsula
NanoSciences, Brentwood, TN, USA) to the growth medium for 12 h, then replacing with fresh
medium for another 48 h, and was finally confirmed by Ibal immunostaining (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan ).

Cell transfection --Transfection was achieved using astrocytic cultures and a transfection
reagent, TransIT-293 (Mirus, Madison, WI, USA). Plasmid encoding EGFP-VAMP3 was a gift from
Dr. Thierry Galli (Addgene plasmid # 42308 and # 42310) (80, 81) and CD63-pEGFP C2 was a gift
from Paul Luzio (Addgene plasmid # 62964). Plasmid DNA was prepared using HiSpeed Plasmid
Maxi Kit (QIAGEN, Germantown, MD, USA). DNA purity and concentration were identified using
NanoDrop (ThermoFisher SCIENTIFIC, Grand Island, NY, USA). The purified DNA was incubated
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for 20 min at room temperature with the TransIT-293 reagent in Gibco™ Opti-MEM reduced-
serum medium. The mixture (130 pL) was dispersed into a 35 mm poly-D-lysine coated glass-
bottom dishes (P35GC-1.0-14C, MatTek, Ashland, MA, USA) of astrocytes in complete growth
medium (2.5 mL). Each dish contained 1.3 ug of either EGFP-CD63 or EGFP-VAMP3. And then
the astrocytes in the medium were incubated for 2-3 days at 37°C in a 5% C0,-95% air
incubator. Cell density was 0.6 — 1.0 x 10° count/dish.

Electrical stimulation of astrocytes -- Electrical stimulation was applied to culture astrocytes
using a stimulus isolator (A365, World Precision Instruments, Sarasota, FL, USA) and a digitizer
(Axon Digidata 1440A, Molecular Devices, San Jose, CA, USA). The current output from stimulus
isolator A365 was converted to constant voltage output with a 1KQ bridging resistor, and then
connected to a perfusion insert designed for electric field stimulation on 35 mm culture dishes
(RC-37FS, Warner Instrument, Hamden, CT, USA) that provides 5 mV/mm field strength in the
open region of the insert. Five minutes of electrical stimulation was applied for each
experiment. We selected three frequencies, 2 Hz, 20 Hz, and 200 Hz, all have 0.1 ms pulse
width. To guarantee that the total number of pulses are the same during 5 minutes of
stimulation, multiple gaps were inserted at 20 and 200 Hz frequencies to achieve 600 total
pulses for each experiment. TIRF samplings were all collected in a one-minute duration. Two
consecutive samplings were performed before the electrical stimulation, three samplings
separate by two one-minute gaps during the stimulation to avoid over bleaching, and then four
consecutive samplings were obtained after one minute when the electrical stimulation was
complete.

Imaging acquisition and processing -- Cells were observed by using an inverted microscope
(Axio Observer Z1, ZEISS, Oberkochen, Germany) equipped with total internal reflection
fluorescence (TIRF) illumination (see Figure S1 in supplement) that is confined to the glass
surface with an evanescent field in ~100 nm depth penetrating cells setting above the glass
surface (82). An excitation wavelength of 488 nm was provided by a 100 mW argon laser.
Images were captured through a 100x/1.46 alpha Plan-Apochromat oil-immersion objective
(ZEISS) and a digital CMOS camera with a pixel size of 6.5 um x 6.5 um (ORCA-flash4.0,
HAMAMATSU, Hamamatsu City, Japan) driven by ZEN imaging software. TIRF imaging frames
were streamed directly to a hard drive for 60 seconds at 100 ms/frame covering a 512 x512-
pixel region of the camera chip. The complete growth medium was replaced with phosphate-
buffered saline supplemented with 0.9 mM CaCl, and 0.5 mM MgCl, before imaging acquisition.
All experiments were performed at 37°C. DiaTrack software (83) was used to localize and track
movements of all detected vesicles. Based on a directionality index (a ratio comparing the
maximal displacement to the total track length (30)), we categorized movements of vesicles
into two groups: directional (index >= 0.5) and non-directional (index < 0.5). Custom Matlab
codes were used to categorize and calculate the velocity of vesicle movements.
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Statistics -- Experiments with/without electrical stimulation were repeated 4-5 times for both
EGFP-CD63 and EGFP-VAMP3 transfected astrocytes. Cells from one culture dish were used
only for one experiment. All data were presented as mean =+ standard deviation unless specified
otherwise. Significance was tested using one-way or two-way ANOVA (Tukey Kramer method).
All statistical operations were performed using Matlab (MathWorks, Natick, MA, USA).

References

1. S. Diekelmann, J. Born, The memory function of sleep. Nat Rev Neurosci 11, 114-126
(2010).

2. B. Rasch, J. Born, About Sleep's Role in Memory. Physiol Rev 93, 681-766 (2013).

3. T. Abel, R. Havekes, J. M. Saletin, M. P. Walker, Sleep, Plasticity and Memory from
Molecules to Whole-Brain Networks. Curr Biol 23, R774-R788 (2013).

4, N. E. Fultz et al., Coupled electrophysiological, hemodynamic, and cerebrospinal fluid
oscillations in human sleep. Science 366, 628-+ (2019).

5. L. L. Xie et al., Sleep Drives Metabolite Clearance from the Adult Brain. Science 342, 373-
377 (2013).

6. B. A. Mander et al., beta-amyloid disrupts human NREM slow waves and related
hippocampus-dependent memory consolidation. Nat Neurosci 18, 1051-1057 (2015).

7. J. K. Holth et al., The sleep-wake cycle regulates brain interstitial fluid tau in mice and
CSF tau in humans. Science 363, 880-883 (2019).

8. M. Steriade, I. Timofeev, F. Grenier, Natural waking and sleep states: a view from inside
neocortical neurons. J Neurophysiol 85, 1969-1985 (2001).

9. A. W. Varga et al., Reduced Slow-Wave Sleep Is Associated with High Cerebrospinal Fluid
A beta 42 Levels in Cognitively Normal Elderly. Sleep 39, 2041-2048 (2016).

10. C. Liguori et al., Orexinergic System Dysregulation, Sleep Impairment, and Cognitive

Decline in Alzheimer Disease. Jama Neurol 71, 1498-1505 (2014).

11. J. E. Kang et al., Amyloid-beta Dynamics Are Regulated by Orexin and the Sleep-Wake
Cycle. Science 326, 1005-1007 (2009).

12. B. P. Lucey et al., Effect of Sleep on Overnight Cerebrospinal Fluid Amyloid beta Kinetics.
Ann Neurol 83, 197-204 (2018).

13. Y. E. Ju et al., Slow wave sleep disruption increases cerebrospinal fluid amyloid-beta
levels. Brain 140, 2104-2111 (2017).

14. J. J. lliff et al.,, A Paravascular Pathway Facilitates CSF Flow Through the Brain
Parenchyma and the Clearance of Interstitial Solutes, Including Amyloid beta. Sci Trans/
Med 4 (2012).

15. M. Nedergaard, Garbage Truck of the Brain. Science 340, 1529-1530 (2013).

16. N. J. Abbott, M. E. Pizzo, J. E. Preston, D. Janigro, R. G. Thorne, The role of brain barriers
in fluid movement in the CNS: is there a 'glymphatic' system? Acta Neuropathol 135,
387-407 (2018).

17. T. Nakada, I. L. Kwee, Fluid Dynamics Inside the Brain Barrier: Current Concept of
Interstitial Flow, Glymphatic Flow, and Cerebrospinal Fluid Circulation in the Brain.
Neuroscientist 25, 155-166 (2019).


https://doi.org/10.1101/2020.05.22.111286
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.22.111286; this version posted May 25, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

18. S. Grubb, M. Lauritzen, Deep sleep drives brain fluid oscillations. Science 366, 572-573
(2019).

19. B. O. Watson, G. Buzséki, Sleep, Memory & Brain Rhythms. Daedalus 144, 67-82 (2015).

20. K. A. Wilckensl, F. Ferrarelli, M. P. Walker, D. J. Buysse, Slow-Wave Activity
Enhancement to Improve Cognition. Trends Neurosci 41, 470-482 (2018).

21. M. V. Sanchez-Vives, D. A. McCormick, Cellular and network mechanisms of rhythmic
recurrent activity in neocortex. Nat Neurosci 3, 1027-1034 (2000).
22. I. Matias, J. Morgado, F. C. A. Gomes, Astrocyte Heterogeneity: Impact to Brain Aging

and Disease. Front Aging Neurosci 11 (2019).

23.  E. Dossi, F. Vasile, N. Rouach, Human astrocytes in the diseased brain. Brain Res Bull 136,
139-156 (2018).

24, A. Verkhratsky, M. Nedergaard, Physiology of Astroglia. Physiol Rev 98, 239-389 (2018).

25. R. Zorec, A. Horvat, N. Vardjan, A. Verkhratsky, Memory Formation Shaped by Astroglia.
Front Integr Neurosc 9 (2015).

26. C. M. Alberini, E. Cruz, G. Descalzi, B. Bessieres, V. Gao, Astrocyte glycogen and lactate:
New insights into learning and memory mechanisms. Glia 66, 1244-1262 (2018).

27. A. Suzuki et al., Astrocyte-Neuron Lactate Transport Is Required for Long-Term Memory
Formation. Cell 144, 810-823 (2011).

28. A. Adamsky et al., Astrocytic Activation Generates De Novo Neuronal Potentiation and
Memory Enhancement. Cell 174, 59-71 e14 (2018).

29. A. Verkhratsky, M. Matteoli, V. Parpura, J. P. Mothet, R. Zorec, Astrocytes as secretory
cells of the central nervous system: idiosyncrasies of vesicular secretion. Embo J 35, 239-
257 (2016).

30. M. Potokar, M. Kreft, T. Pangrsic, R. Zorec, Vesicle mobility studied in cultured
astrocytes. Biochem Biophys Res Commun 329, 678-683 (2005).

31. M. S. Pols, J. Lumperman, Trafficking and function of the tetraspanin CD63. Exp Cell Res
315, 1584-1592 (2009).

32. E. Cocucci, J. Meldolesi, Ectosomes and exosomes: shedding the confusion between
extracellular vesicles. Trends Cell Biol 25, 364-372 (2015).
33. Z.Zhang et al., Regulated ATP release from astrocytes through lysosome exocytosis. Nat

Cell Biol 9, 945-953 (2007).

34. D. D. Li, N. Ropert, A. Koulakoff, C. Giaume, M. Oheim, Lysosomes are the major
vesicular compartment undergoing Ca2+-regulated exocytosis from cortical astrocytes.
Journal of Neuroscience 28, 7648-7658 (2008).

35. N. Ropert, A. Jalil, D. Li, EXPRESSION AND CELLULAR FUNCTION OF vSNARE PROTEINS IN
BRAIN ASTROCYTES. Neuroscience 323, 76-83 (2016).

36. A. A. Wall, N. D. Condon, J. C. Yeo, N. A. Hamilton, J. L. Stow, Dynamic imaging of the
recycling endosomal network in macrophages. Method Cell Biol 130, 1-18 (2015).

37. K. Teter et al., Cellubrevin-targeted fluorescence uncovers heterogeneity in the recycling
endosomes. J Biol Chem 273, 19625-19633 (1998).
38. K. A. Riggs et al., Regulation of integrin endocytic recycling and chemotactic cell

migration by syntaxin 6 and VAMP3 interaction. J Cell Sci 125, 3827-3839 (2012).
39. D. D. Li et al., Astrocyte VAMP3 vesicles undergo Ca2+-independent cycling and
modulate glutamate transporter trafficking. J Physiol-London 593, 2807-2832 (2015).


https://doi.org/10.1101/2020.05.22.111286
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.22.111286; this version posted May 25, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

40. N. Vardjan, A. Verkhratsky, R. Zorec, Pathologic Potential of Astrocytic Vesicle Traffic:
New Targets to Treat Neurologic Diseases? Cell Transplant 24, 599-612 (2015).

41, M. Martineau et al., Storage and Uptake of D-Serine into Astrocytic Synaptic-Like
Vesicles Specify Gliotransmission. Journal of Neuroscience 33, 3413-U3605 (2013).

42, M. Krzan et al., Calcium-dependent exocytosis of atrial natriuretic peptide from
astrocytes. Journal of Neuroscience 23, 1580-1583 (2003).

43, M. Potokar et al., Regulation of AQP4 surface expression via vesicle mobility in
astrocytes. Glia 61, 917-928 (2013).

44, M. Stenovec et al., Ketamine Inhibits ATP-Evoked Exocytotic Release of Brain-Derived

Neurotrophic Factor from Vesicles in Cultured Rat Astrocytes. Molecular Neurobiology
53, 6882-6896 (2016).

45, N. V. Burke et al., Neuronal peptide release is limited by secretory granule mobility.
Neuron 19, 1095-1102 (1997).

46. N. P. Hessvik, A. Llorente, Current knowledge on exosome biogenesis and release. Cell
Mol Life Sci 75, 193-208 (2018).

47. M. Mittelbrunn et al., Unidirectional transfer of microRNA-loaded exosomes from T cells

to antigen-presenting cells. Nat Commun 2 (2011).

48. J. W. Murray, E. Bananis, A. W. Wolkoff, Reconstitution of ATP-dependent movement of
endocytic vesicles along microtubules in vitro: An oscillatory bidirectional process. Mol
Biol Cell 11, 419-433 (2000).

49. T. Tian et al., Dynamics of exosome internalization and trafficking. J Cell Physiol 228,
1487-1495 (2013).

50. M. Potokar et al., Cytoskeleton and vesicle mobility in astrocytes. Traffic 8, 12-20 (2007).

51. J. S. Rothman, L. Kocsis, E. Herzog, Z. Nusser, R. A. Silver, Physical determinants of
vesicle mobility and supply at a central synapse. Elife 5 (2016).

52. K. A. Dill, K. Ghosh, J. D. Schmit, Physical limits of cells and proteomes. P Nat/ Acad Sci
USA 108, 17876-17882 (2011).

53.  H. Mestre et al., Aquaporin-4-dependent glymphatic solute transport in the rodent brain.
Elife 7 (2018).

54, D. J. Dijk, D. G. M. Beersma, R. H. Vandenhoofdakker, All Night Spectral-Analysis of Eeg
Sleep in Young-Adult and Middle-Aged Male-Subjects. Neurobiol Aging 10, 677-682

(1989).

55. J. Backhaus et al., Midlife decline in declarative memory consolidation is correlated with
a decline in slow wave sleep. Learn Memory 14, 336-341 (2007).

56. J. Carrier et al., Sleep slow wave changes during the middle years of life. Eur J Neurosci

33, 758-766 (2011).

57. D. J. Dijk, J. A. Groeger, N. Stanley, S. Deacon, Age-related Reduction in Daytime Sleep
Propensity and Nocturnal Slow Wave Sleep. Sleep 33, 211-223 (2010).

58. E. Van Cauter, R. Leproult, L. Plat, Age-related changes in slow wave sleep and REM
sleep and relationship with growth hormone and cortisol levels in healthy men. Jama-J
Am Med Assoc 284, 861-868 (2000).

59. I. Feinberg, Changes in sleep cycle patterns with age. J Psychiatr Res 10, 283-306 (1974).

60. M. M. Ohayon, M. A. Carskadon, C. Guilleminault, M. V. Vitiello, Meta-analysis of
guantitative sleep parameters from childhood to old age in healthy individuals:


https://doi.org/10.1101/2020.05.22.111286
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.22.111286; this version posted May 25, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Developing normative sleep values across the human lifespan. Sleep 27, 1255-1273

(2004).

61. W. J. Gui et al., Age-related differences in sleep-based memory consolidation: A meta-
analysis (vol 97, pg 46, 2017). Neuropsychologia 102, 248-249 (2017).

62. L. Marshall, H. Helgadottir, M. Molle, J. Born, Boosting slow oscillations during sleep

potentiates memory. Nature 444, 610-613 (2006).
63. H. V. V. Ngo, T. Martinetz, J. Born, M. Molle, Auditory Closed-Loop Stimulation of the
Sleep Slow Oscillation Enhances Memory. Neuron 78, 545-553 (2013).

64. L. Marshall, M. Molle, M. Hallschmid, J. Born, Transcranial direct current stimulation
during sleep improves declarative memory. Journal of Neuroscience 24, 9985-9992
(2004).

65. A. Adamsky, I. Goshen, Astrocytes in Memory Function: Pioneering Findings and Future
Directions. Neuroscience 370, 14-26 (2018).

66. H. Hehnly, M. Stamnes, Regulating cytoskeleton-based vesicle motility. Febs Lett 581,
2112-2118 (2007).

67. M. Potokar et al., Intermediate Filaments Attenuate Stimulation-Dependent Mobility of
Endosomes/Lysosomes in Astrocytes. Glia 58, 1208-1219 (2010).
68. M. Stenovec et al., Expression of familial Alzheimer disease presenilin 1 gene attenuates

vesicle traffic and reduces peptide secretion in cultured astrocytes devoid of pathologic
tissue environment. Glia 64, 317-329 (2016).

69. C. Delepine et al., Altered microtubule dynamics and vesicular transport in mouse and
human MeCP2-deficient astrocytes. Hum Mol Genet 25, 146-157 (2016).

70. M. Stenovec et al., Amyotrophic lateral sclerosis immunoglobulins G enhance the
mobility of Lysotracker-labelled vesicles in cultured rat astrocytes. Acta Physiol 203, 457-
471 (2011).

71. R. Zorec, V. Parpura, A. Verkhratsky, Astroglial vesicular network: evolutionary trends,
physiology and pathophysiology. Acta Physiol 222 (2018).

72. M. Bellesi, L. de Vivo, G. Tononi, C. Cirelli, Effects of sleep and wake on astrocytes: clues

from molecular and ultrastructural studies. Bmc Biol 13 (2015).

73. Y. Wang, R. Melvin, L. T. Bemis, G. A. Worrell, H.-L. Wang, Programmable Modulation for
Extracellular Vesicles. bioRxiv 10.1101/566448, 566448 (2019).

74. R. Huang, L. Peng, L. Hertz, Effects of a low-voltage static electric field on energy
metabolism in astrocytes. Bioelectromagnetics 18, 77-80 (1997).

75. M. L. Baer, S. C. Henderson, R. J. Colello, Elucidating the Role of Injury-Induced Electric
Fields (EFs) in Regulating the Astrocytic Response to Injury in the Mammalian Central
Nervous System. Plos One 10, e0142740 (2015).

76. S. J. Pelletier et al., The Morphological and Molecular Changes of Brain Cells Exposed to
Direct Current Electric Field Stimulation. Int J Neuropsychoph 18 (2015).

77. R. B. Borgens, R. Y. Shi, T. J. Mohr, C. B. Jaeger, Mammalian Cortical Astrocytes Align
Themselves in a Physiological Voltage Gradient. Exp Neurol 128, 41-49 (1994).

78. A. K. Gellner, J. Reis, B. Fritsch, Glia: A Neglected Player in Non-invasive Direct Current
Brain Stimulation. Front Cell Neurosci 10 (2016).


https://doi.org/10.1101/2020.05.22.111286
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.22.111286; this version posted May 25, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

79. K. D. McCarthy, J. de Vellis, Alpah-adrenergic receptor modulation of beta-adrenergic,
adenosine and prostaglandin E1 increased adenosine 3':5'-cyclic monophosphate levels
in primary cultures of glia. J Cyclic Nucleotide Res 4, 15-26 (1978).

80. T. Galli et al., A novel tetanus neurotoxin-insensitive vesicle-associated membrane
protein in SNARE complexes of the apical plasma membrane of epithelial cells. Mol Biol
Cell 9, 1437-1448 (1998).

81. S. Martinez-Arca et al., A dual mechanism controlling the localization and function of
exocytic v-SNAREs. Proc Nat! Acad Sci U S A 100, 9011-9016 (2003).

82. D. Axelrod, T. P. Burghardt, N. L. Thompson, Total internal reflection fluorescence. Annu
Rev Biophys Bioeng 13, 247-268 (1984).

83. P. Vallotton, S. Olivier, Tri-track: free software for large-scale particle tracking. Microsc

Microanal 19, 451-460 (2013).

Acknowledgments

The work was supported by an NIH BRAIN initiative RO1 grant to HLW and GAW (NS112144
from NINDS and NIMH) and the Minnesota Partnership for Biotechnology and Medical
Genomics (MNP #17.16). We thank Dr. Vanda A Lennon’s group who prepared rat astrocyte
cultures.

Author Contributions

H. W. designed experiments; H.W. and Y.W. carried out the experiments and analysis; Y.W.,
H.W., G.W., and T. B. wrote the paper.

Competing financial interests

The authors HLW and GW have a pending patent (US2019-012375) on the application of
electric fields for modulating astrocytic function.


https://doi.org/10.1101/2020.05.22.111286
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.22.111286; this version posted May 25, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Figure Captions

Figure 1. Trajectories of EGFP-CD63 (A) and EGFP-VAMP3 (B) labeled vesicles. Track 1, 2, and 3
are the trajectories of vesicles in non-directional movement. Track 4, 5, and 6 are the
trajectories of vesicles in directional movement.

Figure 2. Average velocities of non-directional movement Von.g. The normalized velocities for
non-directional movement of A) EGFP-CD63 and B) EGFP-VAMP3 labeled vesicles during the
experiment timeline. Electrical stimulations were applied at 2 Hz (diamonds), 20 Hz (triangles),
200 Hz frequency (circles), or without stimulation (squares). The grey shades indicated the time
when electrical stimulation was applied. C) A bar graph shows changes of V,on.q measured
before (at t = 0 s) and after (at t = 570 s) electrical stimulations from EGFP-CD63 labeled vesicles.
D) A bar graph shows changes in V,on.q measured from EGFP-VAMP3 labeled vesicles. One-way
ANOVA test showed that the average velocity of non-directional vesicles changed significantly
after 2 Hz electrical stimulation (p < 0.01 in EGFP-CD63 data and p < 0.05 in EGFP-VAMP3 data).
The changes in velocity caused by electrical stimulation at 20 Hz and 200 Hz frequency, or
without stimulations were insignificant.

Figure 3. Average velocities of directional movement V4. The normalized velocities for
directional movement of A) EGFP-CD63 and B) EGFP-VAMP3 labeled vesicles during the
experiment timeline. Electrical stimulations were applied at 2 Hz (diamonds), 20 Hz (triangles),
200 Hz frequency (circles) or without stimulation (squares). The grey shades indicated the time
when electrical stimulation was applied. C) A bar graph shows changes of V4 measured before
(at t = 0s) and after (at t = 570 s) electrical stimulations from EGFP-CD63 labeled vesicles. D) A
bar graph shows changes of V4 measured from EGFP-VAMP3 labeled vesicles. One-way ANOVA
test showed that the average velocity of non-directional vesicles changed significantly after 2
Hz electrical stimulation (p < 0.01). The changes in velocity caused by electrical stimulation at
20 Hz and 200 Hz frequency, or without stimulations were insignificant.
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Supplementary Materials

Electrical Stimulation
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Figure S1

A schematic diagram of the experimental setup for measuring mobility of vesicles in astrocytes
using TIRF microscope. The output of stimulus isolator was connected to platinum wires
through two electrical stimulation input ports.

Movie 1 and 2 (see attachment)
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