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I. Materials and methods

1. Chemicals

Cis-4,7,10,13,16,19-docosahexaenoic acid (DHA), bovine serum albumin, retinoic acid,
paraformaldehyde, and NH4Cl were supplied by Sigma. Human recombinant brain-derived
neurotrophic factor (BDNF) protein and a high affinity monoclonal antibody against the
human TrkB receptor (MAB 397, mouse IgG2b) were purchased from Bio-Techne (R&D
Systems). Biotium CF488A Goat anti-mouse IgG2b (y2b) antibody was received from Ozyme.
Anti-TrkB (extracellular)-ATTO-488 antibody was purchased from Alomone Labs. Phosphate
buffered saline (PBS), Dulbeccos’s Modified Eagle Medium (DMEM), fetal bovine serum
(FBS), trypsin, and antibiotics (penicillin/streptomycin) were supplied by Lonza and Life
Technologies. Cell fixation buffers and reagents were purchased from Bio-Techne. DMSO
and absolute ethanol were obtained from Carlo Erba. Water was purified by a Milli-Q

apparatus (Millipore Corp.).



2. Cell culture

The human neuroblastoma SH-SYSY cell line (Géral et al., 2012) was grown in sterile
plastic flasks (Nunclon™ surface, NUNC Corp.) in DMEM medium with high glucose
content and supplementation with antibiotics (penicillin/streptomycin), pH 7.4, and 10% fetal
bovine serum (FBS) in 5% CO, environment at 37 °C. The experiments were performed with
cell cultures on passages ranging from 9 to 12. A neuronal cell phenotype was induced by
treatment with FBS-containing medium enriched with 10 uM retinoic acid (RA) during 5
days (Encinas et al., J. Neurochem. 2000). Washing of the differentiated neuron-like cells and
subsequent treatment with 10 uM RA in the lack of FBS caused a degeneration process. It
was associated with cell body collapse over time and lost of neurite outgrowth in the absence
of trophic factor support. Formulations containing neurotrophin BDNF (5 ng/mL) as well as
BDNF and ®-3 polyunsaturated fatty acid (50 nM DHA) induced neuronal survival and
regeneration. The effect of DHA on the TrkB receptor distribution was studied by super-
resolution microscopy after 72h incubation of the cell line with formulations representing
therapeutic treatment conditions (Scheme 1). The selection of the neuroprotective
compositions, concentrations, and incubation times for the imaging study was done based on

the recently established in vitro biological effects (Guerzoni et al., Pharm. Res. 2017).
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Scheme 1. Cell culture treatment scheme for generation of a neuronally-derived SH-
SYS5Y human neuroblastoma cells expressing the tropomyosin-related kinase (TrkB)
receptor. The exposure to 10 uM RA was followed by incubation with
neuroregenerative formulations of BDNF (5 ng/mL) with or without 50 nM DHA
(in the lack of serum) prior to immunolabelling and cell fixation for fluorescence

microscopy.



3. Sample preparation methodology

The SH-SYSY cells were detached by trypsin from the growth flasks, counted, and seeded
on glass cover slits in 12-well or 6-well culture plates. The initial cell density was from
60,000 (for 12-well) to 200,000 cells per well (for 6-well plates). High-precision coverslit
glasses No. 1.5H with a thickness of 0.170 mm + 0.005 mm and a diameter 12 mm
(Marienfeld) were used for the STED microscopy investigation. The cell differentiation
occurred through treatment with retinoic acid during 5 days, which stimulated the expression
of the tropomyosin-related kinase (TrkB) receptor. Formulations of neurotrophin BDNF and
polyunsaturated fatty acid DHA were prepared in serum-free DMEM medium by dilution of
stock solutions of the reagents. The concentration of BDNF was 5 ng/ml and that of DHA was
50 nM. Prior treatment of the neuronal cell phenotype, the medium was aspirated and the cells
were rinsed with serum-free DMEM. The immunostaining for microscopy imaging was
performed 72 hours after administration of the formulations. The experimental design is

shown in Scheme 1.

Immunostaining of the TrkB receptor molecules expressed on the surface of the studied
cells was done following a fixation protocol accomplished at room temperature. The medium
was removed from the glass cover slits and the culture was washed by PBS. Then, the cells
were fixed in 4% paraformaldehyde fixation buffer for 15 min, incubated with 50 mM NH4Cl
solution for 10 min, and washed twice in PBS at room temperature. Incubation with a
blocking buffer (2% BSA in PBS) was applied for 30 min. After washing by PBS, the high-
affinity monoclonal anti-h-TrkB antibody, recognizing the extracellular domain of the
membrane receptor, was incubated with the cells at a concentration 10 pg/ml during one hour.
This concentration corresponded to a saturation of the receptor sites. The excess monoclonal

antibody was washed after incubation.

The fluorescently labelled (CF™488A) secondary antibody was handled according to the
manufacturer’s specification. The advantage of the employed Biotium CF™488A antibody
conjugate is that it is highly photostable and biologically more specific with regard to
antibodies labelled by Alexa Fluor® 488 or FITC dyes. Whereas the Alexa Fluor® 488 dye
carries multiple negative charges, the CF™488A dye was minimally charged and was not
expected to modify the isoelectric point of the labelled antibody. According to manufacturer,
the CF™488A antibody conjugate ensures protein detection with high specificity and high
signal-to-noise ratio. Dilution of 1/500 was applied for the Biotium CF™488A-labelled
antibody, whereas the dilution of the high-affinity primary antibody was 1/50.

In control experiments for fluorescence detection upon excitation at a wavelength 488 nm,
treated and non-treated RA-differentiated SH-SYS5Y human cells were incubated with a



secondary antibody (CF™A488A fluorescently labelled immunoglobulin) in the lack of a
primary anti-TrkB antibody recognizing the protein receptor. For this purpose, the cells were
incubated (after rinsing) with the secondary antibody (4 pg/ml in PBS) in dark for one hour.
The imaging experiments demonstrated that the fluorescent antibody conjugate does not bind
to the TrkB receptor itself, i.e. the non-specific adsorption was avoided.

The cover slit samples were washed twice with PBS and they were mounted on rectangular
glass slides using Vectashield mounting medium. The samples were stored at 4°C prior to
image acquisition and analysis. Experiments were performed also with a fluorescently
labelled (ATTO-488) primary anti-TrkB antibody. In this case, the immunodetection was
feasible but the photostability of the reagent was not optimal for nanoscopy experiments
aiming at determination of the TrkB receptor distribution on the cell surface. Thus, the
primary anti-h-TrkB antibody/secondary antibody (Biotium CF™A488A conjugate) couple was
employed for the STED nanoscopy imaging of fixed SH-SYSY cells.

4. Microscopy imaging

Cellular morphologies of live cells were evaluated under inverted light microscope.
Micrographs of the SH-SYSY cells, seeded at a density 200,000 cells per well, were obtained
using the DIC mode of the confocal microscope ZEISS (model LSM 510, Zeiss, Germany).
The resolution of the confocal laser scanning microscope technique was about 200 nm. The
DIC images served to detect the neurite loss or extension upon induction of the cellular
neurodegeneration or neuroregeneration processes. The image visualization was done by the
Zeiss LSM image browser. Neurite outgrowth and extension were observed in response to the

neurotrophic treatments leading to neuronal survival and regeneration.

A commercial STED Nanoscope Leica TCS SP8-gated STED (Leica Microsystems),
integrating a confocal laser scanning platform with high photon efficiency, was available at
the "Cellular Imaging" platform of the Paris-Sud Institute of Therapeutic Innovation (IPSIT),
Paris-Saclay University. Quantitative imaging was achieved through super-sensitive Leica
HyD hybrid detector (GaAsP). The inverted microscope was operated with a STED oil
objective of the HC PL APO 100x/1.40 OIL type. Enhanced lateral resolution of the gated
STED imaging was achieved by a classical vortex donut, whereas the vertical resolution was
optimized by a z-donut. Images were recorded in a Z-stack mode in order to identify the plane
corresponding to the cell surface expression of the TrkB receptor. High-speed acquisition
permitted to reduce the phototoxic effects. Greater imaging details were achieved through
optimization of speed, resolution, and sensitivity parameters. The experimental resolution
down to 23 nm was further increased by software magnification of the observed details. The

Image J software and Leica Application Suite (LAS) (Leica Microsystems) were employed.



Image deconvolution by Huygens professional software helped to resolve the nanometric

features below 20 nm.

The patterns of TrkB membrane receptor distribution were examined with immuno-
fluorescently labelled neuronally-derived SH-SYSY cells, which were seeded at a density of
80,000 cells per well. The microscopy imaging of fixed cells was performed at room
temperature. A laser wavelength of 488 nm was used for excitation of the fluorophore. For
STED, the depletion laser was set at a wavelength of 592 nm. The requirement of the STED
method is that the wavelength of the depletion laser beam should be higher that that of the
wavelength of the excitation laser beam. Control experiments with excitation at 488 nm were
performed for verification of the level of the autofluorescence of the cells with regard to the
fluorescence intensity of the studied fluorophore. For excitation at 488 nm, no fluorescence
was detected upon incubation of the cells with a fluorescently-labelled secondary antibody in
the absence of anti-h-TrkB primary antibody. The magnification of the objective was 100x
(oil). These control experiments on non-specific adsorption of fluorescent molecules
guaranteed that the detected fluorescence was due to specific recognition of the extracellular

domain of the TrkB membrane protein.

Under the employed experimental conditions, the full size of the recorded confocal
fluorescence images was 73.12 x 73.12 umz. The raw STED images were recorded with a
scale of intensities from 0 to 255. For the selected area of the image shown in Fig. 4a, the
micrographs were acquired with 23.2 x 23.2 p,Lm2 dimensions, which corresponded to pixel
sizes of 22.68 nm X 22.68 nm. Several image areas were analyzed by ImageJ algorithms using
additional digital magnification down to a pixel size of 5.67 nm X 5.67 nm in the Huygens
deconvoluted software-magnified STED images. The performed digital zoom by ImageJ did
not modify the detectable topological features. No interpolation of the TrkB receptor

distribution was observed.

The area of a single pixel (5.67 nm X 5.67 nm) in the treated images corresponded to the
projected area of a single TrkB receptor dimer after the performed software magnification by
4x. In this way, the detection capacity of the technique was enhanced for in-plane
identification of individual membrane protein dimers (or couples of monomers). Regarding
the fluorescence intensity, 256 intensity levels of the detector setup were feasible for
detection. For nanometer size spots, the measured intensities were within the range of 12
levels (Fig. S4).

For fluorescent intensity analysis, the original STED images were deconvoluted by the

Huygens professional software and were imported in ImageJ in the 8-bit format, which



corresponds to 256 gray levels of intensity. This procedure preserves the original 256
intensity levels of the STED detector. The size of the image pixel was equal to 22.68 nm
based on the STED microscope calibration. Subsequently, an intensity threshold was adjusted
to 4 in order to remove the dark background below this level. The images were zoomed 4
times. The algorithm built-up in ImageJ was used for the determination of the protein cluster
sizes considering the applied intensity threshold. The performed zoom did not change the
resolution of the gated STED method.

The cluster boundary determination was done thought the intensity threshold. We tested
different threshold values from O to 18. Consistent results were obtained at an intensity level 4
and higher. Once we have determined the sizes of all clusters (particles) in the images, it was
straightforward to obtain the shown statistical histograms by common mathematical

procedures.

For further technical details we refer to the program user guide and the examples of image

treatment available at https://imagej.nih.gov/ij/docs/guide/user-guide.pdf

A large number of intensity plots were used in order to create the statistical histogram
shown in Fig. 6b. Various portions of super-resolution STED images were analyzed prior to
obtain the representative statistical distribution of the protein nanoscale clustering. The
analyzed number of single and nanoclustered pixels reached over 4 millions for areas with
large protein clusters, yielding 205 levels of intensities. Examples of STED image portions

containing empty pixels and pixels occupied by molecules are shown in Figs. S2 and S3.

Independent biological repeats of the cells were performed in triplicate. The experimental
methodology was optimized as to yield reproducible results. Cellular assays were performed
at least two times in order to evaluate the effects of auto-fluorescence, specificity of
immunolabeling, measurement noise upon immunofluorescent detection, fluorophore
degradation at increased laser irradiation, efc. For every treatment condition, five fields of
cells were imaged at high magnification. The zoom was further performed at the single cell
level in order to search for the maximal super-resolution upon the patterned illumination.
Representative results are shown after examination of the cells treated in twelve well plates.

The statistic analysis is presented in FiguresS, 6b and Table S1.



I1. Additional results
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Figure S1. Fast Fourier Transform (FFT) of the STED image from Fig. 3c
demonstrating the lack of long-range arrangement of the TrkB receptors into

ordered crystalline domains in the neuronal lipid membranes.
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Figure S2. Distinction of single pixels versus cluster boundaries of connected pixels by
application of the ImageJ software. Examples of formation of (a) small receptor clusters, and
(b) a large cluster of oligomeric proteins. The pixel dimension is 5.67x5.67 nm” in the
magnified portions of Huygens deconvoluted gated STED images.



Figure S3. Examples of nanometer scale image areas used for generation of the
statistical distributions of the TrkB membrane protein receptor dimers and clusters.

The image sizes are equal to 283.5x283.5 nm™.
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Figure S4. Example of quantification of the dimeric TrkB protein receptors using the
fluorescent intensity levels from a selected area (283.5%283.5 nm?) of a STED image. Every
fluorescent pixel contains a single dimer of the TrkB membrane receptor protein. The pixel

dimension is 5.67x5.67 nm” in the magnified Huygens deconvoluted gated STED images.
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Determination of protein cluster phases from super-resolution STED images

Table S1

Results of statistical analysis of membrane protein TrkB receptor nanoclustering.

Total number of Oligomeric states of TrkB receptor
... dimers and (average data calibrated to 100% total)”

Condition .

clusters / Distinct

nanodomain sizes n=1 n=2 n=3 n =4
1. Bef
incueba(iirgn 25110171243 | 61%+ | 17%+ | 7%+ | 4%+
with DHA 1% 1% 1% 1%
2. Afi
incubféon 165097 / 973 65% + | 16%+ | 6%+ | 3%+
with DHA 1% 1% 1% 1%

“Frequency of clustering events for statistical results shown in Fig. 5. The isolated TrkB receptor
dimers (or couples of monomers) were distinguished from the higher-order oligomers through
statistical analysis of the surface area occupied by the membrane protein nanoclusters (Fig. 4,
Fig. S2). Every pixel in the magnified super-resolution images may be occupied by a single
dimeric receptor (n =1) or by one or two monomeric proteins. The sum of the percentages of the
various monomeric, dimeric and oligomeric states of the TrkB receptor equals 100% in both
cases. However, the absolute numbers of the TrkB receptor clusters, which are present in the
cellular membranes, differ for each condition and demonstrate the effect of DHA on the
dissolution of the TrkB receptor cluster phases. The total number of distinct clusters
significantly decreases as a result of the DHA treatment. Upon DHA addition, the number of
individual dimers and/or monomers (resp. the number of single pixels) increases at the expense

of the oligomeric states.
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Determination of protein domain gyration radius from crystallographic data

The structural parameters of the extracellular segment of the human neurotrophin receptor
dimer were used for estimation of the domain gyration radius. The DS Viewer software for
protein modelling (Accelrys) was employed for calculation of the gyration radius of the
extracellular portion of the membrane receptor dimer based on the available X-ray
crystallographic data (PDB code: 2IFG).

The DS Viewer software yielded a radius of gyration r=44.8 A.

Figure S5. Three-dimensional view of the extracellular domain (blue colour) of the
Trk membrane receptor dimer formed upon binding of a neurotrophin ligand (light
green colour). The X-ray crystallographic data were taken from the PDB file 2IFG
published for a member of the human neurotrophin receptor family (PDB source
from He and Garcia, 2007).
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