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Materials and Methods
Tissue preparation and microscopy
To prepare whole mounts of the ventral part of the 3V (v3V), the mouse brain was
dissected from the skull, placed in a Petri dish filled with DMEM 21063 (GIBCO,
Invitrogen), and the cortex was removed with an electrolytically sharpened tungsten wire
(23) exposing the d3V. Attention was paid that the v3V was left intact on all sides. The
v3V was cut open along its dorsal edge and slightly spayed apart. To visualize flow
dynamics fluorescent latex beads (Fluoresbrite™ Multifluorescent 1.0 micron
Microspheres, Polysciences) were injected dorsally using a 10 µl syringe (Gastight 1700
series, Hamilton) with 100 µm capillary extension fixed to the tip of the syringe needle.
Organotypic tissue explants of the v3V wall were obtained by first preparing a
coronal slice of 3 mm thickness by cutting a freshly dissected brain in a coronal adult
brain matrix (Plano GmbH). Subsequently, the slice was transferred to DMEM 21063 and
excess brain tissue (massa intermedia, cortex etc.) was removed. The slice was cut along
the midline to expose the ciliated surface of the left and right walls. For each half, excess
tissue was trimmed with a tungsten needle so as to create a ventricular preparation
consisting of ependyma with little brain parenchyma attached. The left or right lateral
walls were placed onto a Millicell® culture insert (Millipore) with fresh medium
containing homogenously dispersed Fluoresbrite beads to perform CCD recordings of
bead flow (Fig. S6A). FITC-dextran and bead propagation were recorded using a 5x or
10x objective.
Applications of 70 kD FITC-dextran (Sigma) were performed with a
micromanipulator (PatchMan, Eppendorf) and an injector (Femtojet®, Eppendorf)
outfitted with a sterile FemtoTip (Eppendorf) with the opening of the tip positioned
immediately above the ependyma. To determine x, y coordinates of the injection site,
beads were used to generate a flow map in the field of view. The z coordinate was
determined by placing the tip in close proximity of the cilia carpet that can readily be
revealed from attached fluorescent beads (see Fig. S1). While FITC-dextran was released,
the position of the tip was slightly lowered until the tip was touching the ependyma
thereby arresting the flow. Subsequently, the tip was slightly raised and the injection was
performed.
To record beating cilia, wall preparations were placed in a custom-made micro
chamber containing 200 µl DMEM 21063 and cilia beating was CCD recorded with a
63x oil immersion objective (Fig. S6B). The micro chamber consists of a plastic slide
with a circular 1 cm wide aperture supporting a coverslip on which a 0.2 mm thick,
custom-designed teflon™ ring (t-ring, shown from the top in Fig. S6B) is placed. A
second coverslip forms the top. There is medium exchange between the tissue-containing
inner chamber and the outer chamber because the ring has connecting channels (light
grey in Fig. S6B). Microscopy was performed with a DMR (Leica) upright microscope
equipped with a mercury- epifluorescence lamp, differential interference contrast (DIC)
optics, and a high-speed camera (Cascade II-512, Photometrics). The camera was
operated by MultiRecorder Software.
Bead tracking analysis
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The acquired grey scale images were processed using MATLAB (Mathworks). Images
were first subjected to band-pass filtering followed by binary thresholding. Objects of the
binarized mask not matching the approximated range of bead sizes were removed. For
each of the remaining separated objects the centroid was computed and its x,y
coordinates served as input for the bead tracking algorithms (24). Beads were considered
as moving, if they had translocated >12.7 µm (data collected with a 10x objective) or
>10.3 µm (data collected with a 5x objective) away from their initial position over the
entire length of the track. All other beads were considered as stationary and were thus
excluded from the analysis. To reduce noise and artifacts, the angle and velocity of bead
trajectories were calculated over three segments of the track (i.e. for a time of 90 ms). For
easier visualization, track direction was color-coded and is provided in the figures in the
form of a color compass. Since v3V wall is slightly buckled, the flow map across the
entire v3V is generated by extraction of the appropriate near-wall flow. Therefore, only
tracks near the wall go into the global flow maps of Figs. 1C and 3A.
Computational analysis of cilia movement
The ventricular wall covers an area of several square millimeters. Simultaneous recording
of cilia beating across such a large area at the required high resolution is not feasible.
Nonetheless it was critical to generate an image of the global beating pattern that can
subsequently be compared with flow patterns in the v3V. This prompted us to develop the
following method: (1) DIC movies were collected by scanning the wall in a meander-like
manner. Movie S3A shows cilia beating in one Region of Interest (512 px times 256 px,
54 frames per s, 10 s). (2) The average pixel intensity was computed from all 540 images
and then subtracted from Movie S3A. This yielded Movie S3B that represents an
extraction of all moving features. (3) Pixel intensity (I) of the subtracted frames was then
averaged according to ∑|I| ⁄ 540. To remove noise, the averaged difference image was
median filtered with a kernel size of 4x4 px. Movie S3C shows a gradual and additive
integration of movement across all 540 frames. The end product of this process is a still
image of the ROI now showing the predominant direction of cilia beating. All ROIs were
then aligned thereby generating a tiled image of the global beating pattern across the
entire v3V wall.
In situ hybridization
Foxj1 expression was used to delineate the ependyma, all such outlined sections were
stacked and aligned yielding the morphology of the third ventricle (Fig. 1A). Dissection
of brain, tissue freezing, tissue sectioning, fixation, RNA probe synthesis, and in situ
hybridization was performed as previously described (25). Foxj1 primers: forward:
GAGCTGGAACCACTCAAAGG, reverse: TCTTTTCCCTTCCCCAGTCT. Sections
were adjacent and 25 µm thick.
Animals
Mouse strains used: C57BL/6N mice of 8-12 weeks of age were used. Mice were kept in
a light-dark cycle of 12 h light/12 h dark and sacrificed at the Zeitgeber time (ZT)
indicated for specific experiments. ZT0 corresponds to lights on and ZT12 to lights off.
Mice were sacrificed by cervical dislocation since anesthesia would influence the ciliary
beating patterns. Wistar rats were euthanized with CO2 exposure at the age of three
3

months. Göttingen Minipig were euthanized by exposure to the following medications:
Diazepam (Stada), Azaperon (Elanco/Lilly Deutschland GmbH), Ketamin (Medistar),
Midazolam (Rotexmedica), Trapanal (Inresa Arzneimittel GmbH), heparin, and
potassium chloride. Animal experiments were performed in compliance with the German
Law on Animal Welfare and were ethically approved and licensed by the Office for
Consumer Protection and Food Safety of the State of Lower Saxony.
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Fig. S1
Flow pattern is invariant up to a distance of 120 µm above the v3V wall of mouse.
Particle tracks at eight successive levels were determined. Note, that the wall of the
ventricle is buckled (diagram on the left). The full map appears only at recording planes
between 90 and 120 µm. The black round features in the flow maps represent beads
attached to the ependyma that are used to determine the position of the initial recording
plane. At 150 µm and higher, the flow patterns begin to deviate from that seen near the
wall.
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Fig. S2
Flow map on the right and left v3V walls of mouse show mirror-symmetry. Flows 1
to 8 and separatrix are indicated. Color-coding shows mirror-symmetry-related flows on
the left and right walls. Abbreviations: ac, anterior commissure; S, separatrix; tz, tanycyte
zone.
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Fig. S3
Velocity profiles of bead movement in the v3V of mouse. (A) The velocity map shows
flow speed across the v3V. (B) Velocity histograms from regions in four different flows
for five animals each. For location of flows see Fig. 1C.
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Fig. S4
Cilia beating direction at the entrance of v3V. The computational analysis of timeaveraged cilia movement reveals a pattern that corresponds to the flows seen at the
entrance of the v3V (Fig. 1C).
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Fig. S5
Autonomous control of cilia beating directions in mouse. Flow map of the intact wall
(A) and that seen for the three individual fragments (B) obtained by cutting at the sites
marked by inverted triangles. If the images of the fragments are stitched together the flow
map of the uncut wall is reconstituted (C). If fragments were behaving in a nonautonomous fashion, the flow maps would change upon transection.
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Fig. S6
Set-up for data collection. (A) Ependymal wall (red) placed on a Millicell insert,
submerged in DMEM containing Fluoresbrite™ beads. FITC-dextran was applied to
ependymal wall using FemtoTips. (B) Recording of cilia beating in a customized micro
chamber.
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Table S1.
Number of animals in each of the experiments. First row indicates the figures and
movies that show results of one representative animal. Second row lists the number of
animals analyzed.
Experiment
Fig. 1C
Fig. 1D
Fig. 2B, Movie S4
Fig. 2C-E
Fig. 3A
Fig. 3B, Movie S6
Fig. 3C, Movies S8,9
Fig. 3C, Movies S10,11
Fig. 4A
Fig. 4B
Fig. S1
Fig. S2
Fig. S3
Fig. S4, Movies S5
Fig. S5
Movie S1
Movie S2
Movie S7

Number of animals
15
3
5
4
10
3
3
3
5
6
1
10
5
6
3
2
3
3
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Movie S1
Characteristic transport pathways of FITC-dextran tracer delivered at the entry of
the v3V. When applied at flow 1 or 2 (Fig. 1C), the tracer first formed a narrow stream
that subsequently was dispersed in a fan-like fashion and subsequently detached from the
near-wall flow (sequences 1 and 2). Injections at the head of flow 3 gave rise to a
forward-migrating “slug-like” body that first progressed ventrally, made a sharp turn
towards posterior, and then turned again to be targeted ventrally (sequence 3).
Movie S2
The separatrix in a v3V whole mount. In a whole mount of the v3V the dorsal seam
was slightly opened and particles were delivered into flow 4. In this dorsal aspect
particles first streamed along the roof of the v3V but at the separatrix (S) abruptly
plunged mirror-symmetrically into the depth of the v3V.
Movie S3A,B,C
Analysis of cilia movement. For details, see Materials and Methods.
Movie S4
Slow motion movie of beating cilia at the separatrix. Cilia bundles on the left and right
beat in oblique but opposite directions (arrows 3 and 4).
Movie S5
Slow motion movie of beating cilia at the entrance of the v3V. Cilia bundles
predominantly beat in the three directions creating flows 1, 2, and 3 of Fig. 1C.
Movie S6
Slow motion movie of cilia beating underneath the separatrix at ZT23. A diagram
(left) highlights the salient features of the cilia movie (right) including the position of the
separatrix (dashes) and of the whirl (W). Note cilia beat in a counter-clockwise manner.
Movie S7
Slow motion movie of cilia beating underneath the separatrix at ZT10. A diagram
(left) shows the separatrix (dashes) and the transition between flows 4 and 5.
Movie S8
Progression of FITC-dextran at ZT10 defines a dorsoventral boundary. Two
sequential low-dose injections (1 and 2) of FITC-dextran into flow 4 progressed in a
dorsoventral direction. Trajectories of 1 and 2 are outlined in Fig. 3C.
Movie S9
Progression of a high dose of FITC-dextran at ZT10 defines a dorsoventral
boundary. FITC-dextran injected into flow 4 flowed in a dorsoventral direction (see also
Fig. 3C).
Movie S10
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Progression of FITC-dextran at ZT23 defines a horizontal boundary. Three
sequential low-dose injections (1-3) flowed towards the whirl where they exited near-wall
flow. Note the reference mark created by injection of FITC-dextran into the ependyma
(see also Fig. 3D).
Movie S11
Progression of high doses of FITC-dextran at ZT23 defines a horizontal boundary.
FITC-dextran injected into flow 4 first progressed towards the separatrix where it was
lifted up by the whirl thus departing from near-wall flow. After around 13 sec, FITCdextran progressed anteriorly and remained in the dorsal part of the ventricle. This flow
was no longer near-wall flow (see also Fig. 3D).

13

References and Notes
1. M. R. Del Bigio, Ependymal cells: Biology and pathology. Acta Neuropathol. 119, 55–73
(2010). Medline doi:10.1007/s00401-009-0624-y
2. B. Guirao, A. Meunier, S. Mortaud, A. Aguilar, J. M. Corsi, L. Strehl, Y. Hirota, A.
Desoeuvre, C. Boutin, Y. G. Han, Z. Mirzadeh, H. Cremer, M. Montcouquiol, K.
Sawamoto, N. Spassky, Coupling between hydrodynamic forces and planar cell
polarity orients mammalian motile cilia. Nat. Cell Biol. 12, 341–350 (2010). Medline
doi:10.1038/ncb2040
3. E. R. Brooks, J. B. Wallingford, Multiciliated cells. Curr. Biol. 24, R973–R982 (2014).
Medline doi:10.1016/j.cub.2014.08.047
4. W. C. Worthington Jr., R. S. Cathcart 3rd, Ciliary currents on ependymal surfaces. Ann. N.
Y. Acad. Sci. 130, 944–950 (1966). Medline doi:10.1111/j.1749-6632.1966.tb12638.x
5. A. Kramer, F. C. Yang, P. Snodgrass, X. Li, T. E. Scammell, F. C. Davis, C. J. Weitz,
Regulation of daily locomotor activity and sleep by hypothalamic EGF receptor
signaling. Science 294, 2511–2515 (2001). Medline doi:10.1126/science.1067716
6. M. Y. Cheng, C. M. Bullock, C. Li, A. G. Lee, J. C. Bermak, J. Belluzzi, D. R. Weaver, F.
M. Leslie, Q. Y. Zhou, Prokineticin 2 transmits the behavioural circadian rhythm of
the suprachiasmatic nucleus. Nature 417, 405–410 (2002). Medline
doi:10.1038/417405a
7. S. Kraves, C. J. Weitz, A role for cardiotrophin-like cytokine in the circadian control of
mammalian locomotor activity. Nat. Neurosci. 9, 212–219 (2006). Medline
doi:10.1038/nn1633
8. S. C. Robins, I. Stewart, D. E. McNay, V. Taylor, C. Giachino, M. Goetz, J. Ninkovic, N.
Briancon, E. Maratos-Flier, J. S. Flier, M. V. Kokoeva, M. Placzek, α-Tanycytes of
the adult hypothalamic third ventricle include distinct populations of FGF-responsive
neural progenitors. Nat. Commun. 4, 2049 (2013). Medline doi:10.1038/ncomms3049
9. A. Guldbrandsen, H. Vethe, Y. Farag, E. Oveland, H. Garberg, M. Berle, K. M. Myhr, J.
A. Opsahl, H. Barsnes, F. S. Berven, In-depth characterization of the cerebrospinal
fluid (CSF) proteome displayed through the CSF Proteome Resource (CSF-PR). Mol.
Cell. Proteomics 13, 3152–3163 (2014). Medline doi:10.1074/mcp.M114.038554
10. Y. Zhang, Z. Guo, L. Zou, Y. Yang, L. Zhang, N. Ji, C. Shao, W. Sun, Y. Wang, A
comprehensive map and functional annotation of the normal human cerebrospinal
fluid proteome. J. Proteomics 119, 90–99 (2015). Medline
doi:10.1016/j.jprot.2015.01.017
11. D. Chiasserini, J. R. van Weering, S. R. Piersma, T. V. Pham, A. Malekzadeh, C. E.
Teunissen, H. de Wit, C. R. Jiménez, Proteomic analysis of cerebrospinal fluid
extracellular vesicles: A comprehensive dataset. J. Proteomics 106, 191–204 (2014).
Medline doi:10.1016/j.jprot.2014.04.028
12. K. Sawamoto, H. Wichterle, O. Gonzalez-Perez, J. A. Cholfin, M. Yamada, N. Spassky,
N. S. Murcia, J. M. Garcia-Verdugo, O. Marin, J. L. Rubenstein, M. Tessier-Lavigne,
H. Okano, A. Alvarez-Buylla, New neurons follow the flow of cerebrospinal fluid in
the adult brain. Science 311, 629–632 (2006). Medline doi:10.1126/science.1119133

13. J. B. Freund, J. G. Goetz, K. L. Hill, J. Vermot, Fluid flows and forces in development:
Functions, features and biophysical principles. Development 139, 1229–1245 (2012).
Medline doi:10.1242/dev.073593
14. C. Richter, I. G. Woods, A. F. Schier, Neuropeptidergic control of sleep and wakefulness.
Annu. Rev. Neurosci. 37, 503–531 (2014). Medline doi:10.1146/annurev-neuro062111-150447
15. R. Nieuwenhuys, H. J. ten Donkelaar, C. Nicholson, The Central Nervous System of
Vertebrates (Springer-Verlag, 1998).
16. B. Félix, M. E. Léger, D. Albe-Fessard, J. C. Marcilloux, O. Rampin, J. P. Laplace, A.
Duclos, F. Fort, S. Gougis, M. Costa, N. Duclos, Stereotaxic atlas of the pig brain.
Brain Res. Bull. 49, 1–137 (1999). Medline doi:10.1016/S0361-9230(99)00012-X
17. T. C. Mathew, Regional analysis of the ependyma of the third ventricle of rat by light and
electron microscopy. Anat. Histol. Embryol. 37, 9–18 (2008). Medline
18. M. Bolborea, N. Dale, Hypothalamic tanycytes: Potential roles in the control of feeding
and energy balance. Trends Neurosci. 36, 91–100 (2013). Medline
doi:10.1016/j.tins.2012.12.008
19. M. Shimada, T. Nakamura, Time of neuron origin in mouse hypothalamic nuclei. Exp.
Neurol. 41, 163–173 (1973). Medline doi:10.1016/0014-4886(73)90187-8
20. J. L. Ferran, L. Puelles, J. L. Rubenstein, Molecular codes defining rostrocaudal domains
in the embryonic mouse hypothalamus. Front. Neuroanat. 9, 46 (2015). Medline
doi:10.3389/fnana.2015.00046
21. N. Spassky, F. T. Merkle, N. Flames, A. D. Tramontin, J. M. García-Verdugo, A.
Alvarez-Buylla, Adult ependymal cells are postmitotic and are derived from radial
glial cells during embryogenesis. J. Neurosci. 25, 10–18 (2005). Medline
doi:10.1523/JNEUROSCI.1108-04.2005
22. K. B. J. Franklin, G. Paxinos, The Mouse Brain in Stereotaxic Coordinates (Academic
Press, 1997).
23. S. Wedden, C. Thaller, G. Eichele, Targeted slow-release of retinoids into chick embryos.
Methods Enzymol. 190, 201–209 (1990). Medline doi:10.1016/0076-6879(90)90024U
24. J. D. Jaffe, M. Miyata, H. C. Berg, Energetics of gliding motility in Mycoplasma mobile.
J. Bacteriol. 186, 4254–4261 (2004). Medline doi:10.1128/JB.186.13.42544261.2004
25. G. Eichele, G. Diez-Roux, High-throughput analysis of gene expression on tissue sections
by in situ hybridization. Methods 53, 417–423 (2011). Medline
doi:10.1016/j.ymeth.2010.12.020

