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1 | INTRODUCTION

Abstract

In the central nervous system, most neurons co-express TrkB and TrkC, the tyrosine
kinase receptors for brain-derived neurotrophic factor (BDNF) and neurotrophin-3
(NT3). As NT3 can also activate TrkB, it has been difficult to understand how NT3
and TrkC can exert unique roles in the assembly of neuronal circuits. Using neurons
differentiated from human embryonic stem cells expressing both TrkB and TrkC, we
compared Trk activation by BDNF and NT3. To avoid the complications resulting from
TrkB activation by NT3, we also generated neurons from stem cells engineered to lack
TrkB. We found that NT3 activates TrkC at concentrations lower than those of BDNF
needed to activate TrkB. Downstream of Trk activation, the changes in gene expres-
sion caused by TrkC activation were found to be similar to those resulting from TrkB
activation by BDNF, including a number of genes involved in synaptic plasticity. At
high NT3 concentrations, receptor selectivity was lost as a result of TrkB activation. In
addition, TrkC was down-regulated, as was also the case with TrkB at high BDNF con-
centrations. By contrast, receptor selectivity as well as reactivation were preserved
when neurons were exposed to low neurotrophin concentrations. These results indi-
cate that the selectivity of NT3/TrkC signalling can be explained by the ability of NT3
to activate TrkC at concentrations lower than those needed to activate TrkB. They
also suggest that in a therapeutic perspective, the dosage of Trk receptor agonists

will need to be taken into account if prolonged receptor activation is to be achieved.
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limited availability regulates the number of surviving neurons in

developing ganglia (Davies 1994; Huang & Reichardt, 2001). In line

The physiology of neurotrophins, including their selectivity, is best with this well-established notion, the loss of one neurotrophin al-

understood in the peripheral nervous system (PNS) where their lele accentuates normally occurring cell death in these ganglia

Abbreviations: BDNF, brain-derived neurotrophic factor; CNS, central nervous system; hESCs, human embryonic stem cells; NT3, neurotrophin-3; NTRK2, human gene encoding TrkB;
NTRK3, human gene encoding TrkC; PNS, peripheral nervous system; P-Trk, tyrosine phosphorylated Trk receptor; RNAseq, RNA sequencing TrkC; RT-qPCR, real-time quantitative

polymerase chain reaction.
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(Erickson et al., 1996) whilst conversely, increasing neurotrophin lev-
els reduces naturally occurring cell death (Hamburger et al., 1981;
Hofer & Barde, 1988). In the developing central nervous system
(CNS) where the effects of neurotrophins on neuronal survival
are much less apparent compared to peripheral neurons (Rauskolb
et al., 2010), the significance of gene dosage has also been noted,
for example on neurotransmission. In particular, the loss of just one
Bdnf allele severely impacts long-term potentiation in CA1 induced
by high-frequency stimulation of the Schaffer collaterals (Korte
etal., 1995; Patterson et al., 1996). Hitherto, the bulk of biochemical
studies on neurotrophin signalling involving CNS neurons have been
performed with BDNF at saturating concentrations and led to the
conclusion that exposing neurons to nM concentrations of BDNF
causes a prolonged down-regulation of TrkB (Arevalo et al., 2006;
Frank et al., 1996; Frank et al., 1997; Knusel et al., 1997; Sommerfeld
et al., 2000). While the overwhelming majority of studies on the
role of neurotrophins in the CNS have focused on BDNF and TrkB
(Wang et al., 2022), brain-wide RNAseq experiments in both mouse
and human tissue indicate that most neurons co-express the TrkB
and TrkC receptors (see Figure S1). In addition, both receptors play
a role during the development of the mouse cortex (Puehringer
et al., 2013). These features have complicated the understanding of
NT3-mediated signalling as NT3 has long been known to activate
TrkB and TrkC at similar concentrations, with EC, of about 1 nM
in heterologous expression systems (Barbacid, 1994). By contrast,
detailed binding studies with PNS neurons have reported affinities
in the pM range (Rodriguez-Tebar et al., 1991). As the few studies on
the role of NT3/TrkC signalling during mouse brain development do
indicate unique as well as essential roles for both components in cir-
cuit assembly (Joo et al., 2014), we set out to explore NT3-mediated
TrkC signalling using neurons derived from hESCs. These neurons
were found to express both TrkB and TrkC, at ratios similar to those
found in the human and mouse brains. As the antibodies used to
monitor Trk activation do not distinguish between activated TrkB
and TrkC, we also engineered hESCs to eliminate TrkB activation by
BDNF and other ligands. Gene expression changes downstream of
TrkC activation by NT3 were monitored by RNAseq using these mu-
tant neurons.

2 | MATERIALS AND METHODS

2.1 | hES cell culture and neuronal differentiation

The human embryonic stem cell line hESCs H9, WAe009-A
(Thomson et al., 1998) and isogenic NTRK2 targeted or non-
targeted clones C9, B1, D2 and A10 were grown on matrigel-
coated plates (Corning, catalogue number: 534230) and in
mTeSR medium (STEMCELL Technologies, catalogue number:
85857) and hESCs were passaged using ReLeSR (STEMCELL
Technologies, catalogue number: 05872) according to the manu-
facturer's instructions. As previously described for mouse ESCs
(Bibel et al., 2004; Bibel et al., 2007), hES cells were repeatedly

plated and re-plated at very low density to ensure the selection
of most rapidly dividing cells, a procedure selecting against cells
that have begun to differentiate (Ying et al., 2008) and aneuploid
cells (Hwang et al., 2021). Neural differentiation was performed as
previously described (Merkouris et al., 2018). Briefly, hRESCs were
grown to confluency, washed 3 times with phosphate-buffered
saline (PBS, Invitrogen Life Technologies, catalogue number:
10010023) and fed daily with neural induction medium contain-
ing Advanced DMEM:F12 (with Glutamax); 1% penicillin/strepto-
mycin (all from Life Technologies, catalogue numbers: 12634028,
35050061, 15070063); 10 pM SB431542 (Abcam, catalogue
number: ab120163) 1 uM LDN 193189 (Tocris Bioscience, cata-
logue number: 6053); 1.5 pM IWR1 (Tocris Bioscience, catalogue
number: 3532) and 2% NeuroBrew-21 without retinoic acid
(Miltenyi Biotec, catalogue number: 130097263). At day 8, neu-
ral progenitors were dissociated with Accutase (Life Technologies,
catalogue number: 00455556) and re-seeded in an expansion
medium containing Advanced DMEM-F12 supplemented with
2% NeuroBrew-21 without retinoic acid (Miltenyi Biotec), 0.2 pM
LDN193189, 1.5 pM IWR1 and 25ng/mL Activin A (Peprotech,
catalogue number 12014). Neuronal differentiation and matu-
ration were performed as previously described (Telezhkin
et al.,, 2016). Neural progenitors were seeded on poly-b-lysine
(ThermoFisher Scientific, catalogue number: A3890401) and
growth factor-reduced matrigel-coated surfaces at a density of 1
million cells per well of 12-well plates or 150000 cells per 13mm
coverslip and cultured for 7days in SCM1 medium containing
Advanced DMEM F12 (with Glutamax), 1% penicillin/streptomy-
cin, 2% NeuroBrew21 with retinoic acid (Miltenyi Biotec, cata-
logue number: 130093566), 2 pM PD0332991 (Tocris Bioscience,
catalogue number: 4786), 10 uM DAPT (Tocris Bioscience, cata-
logue number: 2634), 0.6 mM CaCl2 to give 1.8 mM CaCl2 in final
complete medium (Sigma-Aldrich, catalogue number: 499609),
3 uM CHIR 99021 (Tocris Bioscience, catalogue number: 4953),
10 pM Forskolin (Tocris Bioscience, catalogue number: 199),
300pM GABA (Tocris Bioscience, catalogue number: 0344) and
200 mM ascorbic acid (Sigma- Aldrich, catalogue number: A4544).
The medium was replaced at day 7 post-plating by SCM2 medium
which contained equal parts Advanced DMEM/F12 with Glutamax
and Neurobasal A (ThermoFisher Scientific, catalogue number:
21103049), 1% penicillin/streptomycin, 2% NeuroBrew-21 with
retinoic acid, 2 pM PD0332991, 3 pM CHIR 99021, 0.3 mM CaCl2
(1.8 mM CaCl2 final), and 200puM ascorbic acid. Plated progeni-
tors and the resulting neurons were maintained for up to day 35
before experimentation and all experiments were carried out be-
tween days 27 and 33. All western blot results were reproduced a
minimum of three times with three independent differentiations.
Cultures were regularly checked for mycoplasma contamination
using the LookOut Mycoplasma PCR Detection kit (Sigma-Aldrich,
catalogue number: MP0035) according to the manufacturer's in-
structions. Recombinant NT3 and BDNF were produced in E. coli
and provided by Amgen/Regeneron partners. The concentrations
indicated refer to neurotrophin dimers.
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2.2 | CRISPR targeting
NTRK2mutantH?hESCclonesweregeneratedby CRISPRgeneediting.
Guide RNAs targeting exon 5 of NTRK2 were selected using Deskgen
CRISPR design tools (www.deskgen.com). CRISPR was performed
using ribonucleoprotein technology (RNP) (Bruntraeger et al., 2019).
Briefly, 2 nM of each guide RNA (TCGTCCTGGATAAGGTGGCATGG,
GTCGCTGCACCAGATCCGAGAGG,ACACTGTTAGGCTCCAATCT
CGG) and 20nmol ATTO™ 550 labelled Alt-R® CRISPR-Cas9 trac-
rRNA were complexed in IDT buffer. The RNP complexes were
formed immediately prior to use by mixing the crRNA:tracrRNA
complexes with Alt-R® S.p. HiFi Cas9 Nuclease V3 (all CRISPR rea-
gents were purchased from Integrated DNA Technologies). RNP com-
plexes were delivered to H9 hESCs by Amaxa nucleofection. Briefly,
H9 ESCs pre-treated for 1 h with 10 pM Y-27632 (Tocris Bioscience,
catalogue number: 1254) were dissociated into single-cell suspension
using Accutase. 1 x 10° cells were resuspended in Amaxa P3 nucleo-
fection buffer (Lonza, catalogue number: V4XP3032), mixed with
Cas9 RNP complex and nucleofected using programme CA137 on the
Amaxa-4D nucleofector. After overnight culture in mTesR medium
containing 10 uM Y-27632, nucleofected cells were sorted by flow
cytometry (BD FACS Aria Fusion) and the brightest Atto550 labelled
cells (~5000 cells) were re-plated at clonal density onto Matrigel-
coated 10 cm plates. Cells were fed with mTesR medium containing
10 pM Y-27632 and 1% penicillin/streptomycin for the first 3days fol-
lowed by mTesR only thereafter. Colonies derived from single cells
were manually picked on day 7 into 96-well plates and the plates
were replica-plated by passaging with ReLeSR, allowing one plate to
be used for DNA analysis. Clone genotyping was carried out using
DNA extracted from each well of the 96 well plate using QuickExtract
DNA Extraction Solution (Lucigen, catalogue number: QE09050) ac-
cording to the manufacturer's instructions. Samples were genotyped
using PCR primers (forward: 5'-CCCTGTAAAGCGGTTCGCTA-3' and
reverse: 5'-CCCACTCTTGGGACAGCATT-3') designed to flank the
CRISPR-targeted region and PCR products for wild type and mutant
alleles were analysed by 2% agarose gel electrophoresis. PCR am-
plicons from candidate-edited clones were gel extracted (Qiagen,
catalogue number: 28706X4) for Sanger sequencing (Eurofins) and
sequences analysed using CRISPR-ID software (http://crispid.gbiom
ed.kuleuven.be/).

2.3 | RNA extraction

Total RNA was extracted from human neurons using the RNeasy
Mini kit (Qiagen, catalogue number: 74104). Cultures were washed
with D-PBS (ThermoFisher Scientific, catalogue number: 1404017)
and lysed with 350ul of RLT RNA lysis buffer (Qiagen, catalogue
number: 79216) containing 1% p-2-mercaptoethanol (Sigma-Aldrich,
catalogue number: M6250). Lysates were either frozen at -80 °C or
processed with the RNeasy Mini Kit according to the manufacturer's
instructions, including a DNase treatment for 15min at room tem-
perature (22°C) (Qiagen, catalogue number: 79254).
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24 | RT-qPCR

The levels of full-length, kinase domain-positive NTRK2 and NTRK3
mRNAs were quantified by RT-qPCR relative to a geometric mean
of mRNAs for GAPDH, TBP, GAD2 and GAD1 (Vandesompele
et al., 2002). Total RNA was extracted from dissected tissues with
the RNeasy Mini extraction kit (Qiagen). A 500ng H9 total RNA was
reverse transcribed, for 1 h at 45°C, using AffinityScript (Agilent)
in a 25pl reaction according to the manufacturer's instructions. A
2l of cDNA was amplified in a 20pl reaction volume using Brilliant
11l ultrafast gPCR master mix reagents (Agilent Technologies). PCR
products were detected using dual-labelled (FAM/BHQ1) hybridi-
zation probes specific to each of the cDNAs (Eurofins). NTRK2 and
NTRK3 primers and probes were directed against full-length, ki-
nase domain encoding transcripts. The PCR primers were: NTRK2
forward: 5-TTC CCA TCA CCA GAA ATG-3' and reverse: 5-GCT
TGA GAA ACA AAC CAG-3'; NTRK3 forward: 5'-TCT GCT AGT GAA
GAT TGG-3 " and reverse: 5-TCC CAC CCT GTA ATA ATC-3'; GAD2
forward: 5'-CCA GAA GTC AAG GAG AAA-3' and reverse: 5'-GTC
TGT TCC AAT CCC TAA-3'; GAD1 forward: 5'-CAG AGA AGA ATT
TGA GAT GG-3' and reverse: 5'-GGC TTT GTG GAA TAT ACC-3';
GAPDH forward: 5-TGG TCT CCT CTG ACT TCA-3' and reverse: 5'-
GCT GTA GCC AAATTC GTT G-3'; TBP forward: 5-CTC ACA GAC
TCT CAC AAC-3' and reverse: 5-AGG TCA AGT TTA CAA CCA A-
3'. Dual-labelled probes were: NTRK2: 5'-FAM-CTA TCA TCA CAA
CCT ACG AAG ACA AA-BHQ1-3'; NTRK3: 5-FAM-ATG TCC AGA
GAT GTC TAC AGC-BHQ1-3'; GAD2: 5'-FAM-TGC TCT TCC CAG
GCT CAT TGC-BHQ1-3; GAD1: 5'-FAM-CAA TGG CGA GCC TGA
GCA CA-BHQ1-3'; GAPDH: 5°-FAM-AGC GAC ACC CAC TCC TCC
AC-BHQ1-3" and TBP: 5"-FAM-CGG GCA CCA CTC CAC TGTATC C
-BHQ1-3". Forward and reverse primers were used at a concentra-
tion of 250nM and dual-labelled probes were used at a concentra-
tion of 500nM. PCR was performed using the Mx3000P platform
(Agilent) using the following conditions: 95°C for 3 min followed by
45 cycles of 95°C for 10 s and 60°C for 35seconds. Reverse tran-
scribed NTRK2, NTRK3, GAD2, GAD1, GAPDH and TBP cDNAs were
quantified by reference to standard curves comprising serial fivefold
dilutions of cDNAs encoding NTRK2, NTRK3, GAD65, GAD67, GAPDH
and TBP. Standard curves were run for each primer/probe combi-
nation. Primer and probe sequences were designed using Beacon
Designer software (Premier Biosoft).

2.5 | RNAseq analysis

A10 neurons were treated for 2 and 24 h with NT3 (2 nM), RNA was
extracted and integrity assessed on an Agilent RNA 6000 Pico chip
using the Agilent 2100 Bioanalyzer (Agilent Technologies). RNA
(500ng) was used to produce the cDNA library with the Tru-Seq
protocol (lllumina) and sequenced with an Illumina HiSeq 4000 sys-
tem. RNAseq single-end fastq files were mapped to human assembly
genome GRCh38 using the STAR package. Transcript counts were
produced with FeatureCounts, and data were normalised using the
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Bioconductor package. Gene expression values and differentially
expressed genes were obtained using DeSeq2 package in fragments
per kilobase of transcript per million mapped reads (FPKM). Principal
component analysis (CA) was used to analyse how different samples
relate to each other based on overall expression profiles. Software
used for RNAseq data processing and analysis was: Trimgalore (ver-
sion 0.6.4), FastQC (version 0.11.8), MultiQC (version 1.7), STAR
package (version 2.7.3a), Picard (version 2.20.2), samtools (version
1.9), bamtools (version 2.5.1), featureCountsubread/2.0.0-binary, R
(version 4.0.3) and Python (version 3.6.4).

2.6 | Accession numbers
Full RNAseq data are available in the ArrayExpress database

(http://www.ebi.c.uk/arrayexpress) under accession number

E-MTAB-11566.

2.7 | Celllysis and protein extraction

Neurons were plated on 12-well plates and incubated with the ap-
propriate ligand. Prior to lysis, the cultures were washed with PBS,
and subsequently lysed with 70 pl of RIPA lysis buffer: 50mM Tris-
HCI (Sigma-Aldrich, catalogue number: T6066, pH 7.4), 150mM
NaCl (Sigma-Aldrich, catalogue number: S9888), 1 mM EDTA (Sigma-
Aldrich, catalogue number: ED), 1% Triton-X-100 (Sigma-Aldrich, cat-
alogue number: T9284), 0.2% sodium deoxycholate (Sigma-Aldrich,
catalogue number: D6750), 0.1% SDS (Sigma-Aldrich, catalogue
number: L3771) and supplemented with protease and phosphatase
inhibitor cocktail mix (Sigma-Aldrich, catalogue numbers: P8340,
P2850) at 1:100 dilution, 100mM 1,10-Phenanthroline (Sigma-
Aldrich, catalogue number: P9375), 100mM 6-aminohexanoic acid
(Sigma-Aldrich, catalogue number: 07260), 10 mg/ml aprotinin
(Sigma-Aldrich, catalogue number: ROAPRO) and 2mM sodium or-
thovanadate (Sigma-Aldrich, catalogue number: S6508). Cell lysates
were kept on ice for 10 min, then centrifuged for 15min at 21130 g
and the supernatant was transferred to a new tube prior to western

blot analysis, or storage at -80°C.

2.8 | Western blotting

Protein was separated on 15-well 4-12% NUPAGE gradient gels
(ThermoFisher Scientific, catalogue number: NP0323) and trans-
ferred to nitrocellulose membranes using the wet transfer Mini-Trans
Blot Cell (BIO-RAD, catalogue number: 1703930). The blots were
probed with rabbit monoclonal anti-Pan-Trk (Abcam, mAB, catalogue
number: ab76291), rabbit monoclonal anti-P-Trk (Cell Signalling,
mAb, catalogue number: 4621) diluted 1:4000, goat polyclonal
anti-TrkB (R&D Systems, pAB, catalogue number: AF1494) diluted
1:2000, goat polyclonal anti-TrkC (R&D Systems, pAB, catalogue

number: AF373) diluted 1:2000. Both anti-TrkB and anti-TrkC an-
tibodies were validated using lysates of CHO cells over-expressing
human TrkB and human TrkC, respectively. Mouse monoclonal
anti-Arc (Santa Cruz, mAB, catalogue number: sc-17839) diluted
1:100 or mouse monoclonal anti-synaptophysin (Sigma-Aldrich,
mAB, catalogue number: S5768) diluted 1:2000. Primary antibodies
were detected with donkey anti-Rabbit HRP-conjugated (Promega,
catalogue number: W4011), anti-goat HRP-conjugated (Santa-Cruz,
catalogue number: sc-2354) and anti-Mouse HRP-conjugated sec-
ondary (Promega, catalogue number: W4021) antibodies diluted
1:2000 followed by developing, using the WesternBright ECL Kit
(Advansta, catalogue number: K12045). Blots were visualised with
the Image Lab software and the Universal Hood Ill camera system
(BIO-RAD). Densitometry analysis of the bands using ImageJ was
applied to calculate the intensity of the signal for each band and
the results normalised to the levels of synaptophysin. Protein trans-
fer was monitored in every case by staining the membranes with
Ponceau Red.

Statistical analysis of western blot data presented in Figure 4
was carried out using Microsoft Excel (version 16.16.27). The data
were not assessed for normality, no test for outliers was conducted
and statistical methods were not employed to predetermine sample
size. All replicates were based on a minimum of three independent
neuronal differentiation. An F-test (two sample for variance) was
carried out to determine whether variances were equal or unequal
between H9 and A10 for each NT3 treatment concentration. The
results of the F-tests are shown in Table S1, Suppl. material for all
treatments and cell lines. If p >0.05 a two-sample T-test was per-
formed assuming equal variances and if p <0.05 a two-sample T-
test was performed assuming unequal variances (see also Table S2,
Suppl. material).

29 | EC,,calculation

The EC,,, for Trk activation was calculated based on the signal inten-
sity of the scanned P-Trk signals triggered by NT3 at 100 pM (n = 20)
and 400 pM NT3 (n = 7). These E,_ values were divided and found
to correspond to the mean P-Trk signal intensity generated by 40
pM NT3 (n = 11).

2.10 | Phase-contrast imaging

Phase-contrast images were captured using an Olympus CKX41 mi-

croscope with an Olympus DP21 camera.

2.11 | Immunocytochemistry

Coverslips were prepared by washing with nitric acid overnight, then

washed three times with water, once with ethanol and autoclaved.
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Cells grown on coverslips were washed once with PBS and fixed
with 4% paraformaldehyde (Thermofisher Scientific, catalogue
number: 28908) for 30 min except when stained for TrkC, in which
case cells were fixed for 10 min, washed for 5 min three times with
0.1% Tween-20 (Sigma-Aldrich, catalogue number: P1379) in PBS at
room temperature (22°C), and blocked for 1 h with 3% donkey serum
(Sigma-Aldrich, catalogue number: D9663) and 0.1% BSA (Sigma-
Aldrich, catalogue number: A7906) in 0.1% Tween-20/PBS and
incubated for 1 h at room temperature (22°C) with any of the fol-
lowing antibodies: anti-p-IlI-tubulin (Tuj1) mouse polyclonal (Abcam,
mAB, catalogue number: ab78078) diluted 1:1000, goat polyclonal
anti-TrkB (R&D Systems, pAB, catalogue number: AF1494) diluted
1:2000, or rabbit monoclonal anti-TrkC (Cell Signalling, mAB, cata-
logue number: 3376) diluted 1:2000. Subsequently, the cultures
were incubated for 1 h at room temperature (22°C) with the corre-
sponding secondary antibodies (Alexa fluor 488 donkey anti-rabbit,
Alexa fluor 488 donkey anti-goat and Alexa fluor 488 donkey anti-
mouse; Invitrogen, catalogue numbers: A21206, A11055, A21202).
Cells were then washed for 5 min three times with 0.1% Tween-20
in PBS at room temperature (22°C) before incubation with DAPI
(Sigma-Aldrich, catalogue number: D9542) in PBS (1:10000). Cells
were washed once with PBS and mounted using DAKO mounting
medium (Agilent, catalogue number: $3023). Coverslips were left
to dry overnight before imaging with a Zeiss LSM880 Airyscan

Confocal microscope.

2.12 | Cell counting

H9 TrkB-, H9 TrkC-, H9 Tuj1-, A10 TrkB-, A10 TrkC- and A10 Tujl-
positive cells were counted in 20 randomly selected fields, two cov-
erslips, each using a Nikon Eclipse Ni-U epifluorescence microscope
at 40X magnification. The number of TrkB- or TrkC-positive cells
was found not to be significantly different from the number of Tuj1-
positive cells, neither for H9 (TrkB, TrkC) nor A10 (TrkC) neurons.

3 | RESULTS

3.1 | Expression of the neurotrophin receptors
NTRK2 and NTRKS3 and generation of hESC clones
lacking TrkB receptors

We previously described the effects of TrkB ligands on neurons de-
rived from hESCs and the publicly available RNAseq data collected
in these previous experiments indicated that NTRK3, unlike NTRK1
and NGFR, was also expressed at significant levels (Merkouris
et al., 2018). To quantify relative receptor expression in the neu-
rons used in the present study, the levels of NTRK3 were compared
with those of NTRK2 by qPCR and the results normalised to those
of GAD1, GAD2, TBP and GAPDH (Figure 1a). As the ability of NT3
to activate TrkB is abundantly documented (Barbacid, 1994) and
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neurons lacking TrkB were generated by targeting with CRISPR/
Cas9 Exon V of NTRK2 in hESCs (Figure 1b). This exon contains
the initiation codon of human TrkB (Luberg et al., 2010). Several
clones were isolated based on the size of the predicted genomic
DNA fragments and three such clones, designated A10, B1 and
D2, were selected and sequenced. Control clones that went
through the FACS selection procedure, but turned out not to be
successfully targeted at the NTRK2 locus were also isolated and
used in control experiments, including one designated C9. The ab-
sence of TrkB protein in neurons derived from targeted clones in
A10 was verified using TrkB antibodies as well as pan-Trk antibod-
ies (Figure 1c).

3.2 | Quantification of TrkC expression by A10
neurons and of TrkB by H9 neurons

The expression of Trk receptors in A10 and H9 neurons was visual-
ised by immunofluorescence cytochemistry (Figure 2). To this end,
A10 or H9 progenitors were plated at low density on coverslips and
analysed for receptor expression using a previously validated mono-
clonal TrkC antibody (Takahashi et al., 2011). The results revealed
similar, punctate-type staining (see Figure 3 in Takahashi et al., 2011)
as seen with the TrkB antibody on H9 neurons, including the staining
of all neuronal processes. The absence of any TrkB antibody staining
on A10 neurons substantiates the deletion of TrkB in these neurons
(Figure 2). Quantification of these results (Figure 2, legend) indicated
that all A10 neurons expressed TrkC and none expressed TrkB. Using
Tujl immunoreactivity as a label for neurons and their processes,
all H9 neurons were found to express TrkB. Low-magnification
(20x) phase-contrast pictures of fixed H9 and A10 neurons are
also included to illustrate the morphology of fixed cells visualised
by phase-contrast and examples of dead cells contributing to DAPI-

positive nuclei are indicated by red arrows.

3.3 | TrkB cannot be ligand activated in
A10 neurons

Trk activation by NT3 was monitored with a phospho-tyrosine mon-
oclonal antibody that does not distinguish between activated TrkB
and TrkC as it targets the same residues in both receptors. It was
therefore important to demonstrate the absence of any P-Trk signal
following exposure of A10 neurons to BDNF (Figure 3). In addition,
a previously characterised TrkB activating agonist antibody (desig-
nated ZEB85) was used as a further control (Merkouris et al., 2018).
In the course of these experiments, we observed that the TrkB poly-
clonal antibodies used to detect TrkB on Western blots also activate
TrkB. Figure 3 illustrates the absence of any P-Trk signal following
exposure of A10 neurons to any of these three TrkB activators,
whereas NT3 produced a robust P-Trk signal (left panel). The same
results were obtained using neurons generated from the successfully
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targeted clones B1 and D2 (see Figure 1b for the predicted protein
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sequences of the successfully targeted clones): a robust P-Trk signal
following the addition of NT3 and no response with BDNF. The same
three TrkB activators used at the same concentrations as with A10
neurons robustly activated TrkB phosphorylation in control, TrkB-
expressing H9 neurons (Figure 3, right panel).

3.4 | NT3 activates TrkC at picomolar
concentrations in A10 neurons and TrkB at higher
concentrations in H9 neurons

The intensity of the P-Trk signal was quantified after expos-
ing either A10 neurons (expressing only TrkC) or H9 neurons
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FIGURE 1 NTRK2 and NTRK3 expression in H9 neurons and generation of cells lacking TrkB. (a) NTRK2 and NTRK3 mRNA expression
by H? neurons. RT-gPCR following RNA extraction from H9 neurons shows higher expression of NTRK2 mRNA relative to NTRK3.

The results are normalised based on the expression of four genes: GAD1, GAD2, GAPDH and BTP. Error bars refer to SEM and n =8

for each gene. All values were normalised to GAD1, GAD2, GAPDH and BTP expression and * corresponds to p >0.05. (b) Generation

of independent clones lacking TrkB by targeting the first protein coding exon. lllustration showing the predicted deletions of exon V

of NTRK2 (Luberg et al., 2010) and the three guide RNAs (gRNAs) used for the CRISPR-Cas9 targeting and the predicted N-terminal
sequence of TrkB based on the nucleotide sequences determined for clones that remained untargeted (C9, AKA WT) and for each allele
of the knockout clones A10, B1 and D2. (c) Lack of significant expression of TrkB by A10 neurons. Western blots for Trk protein were
performed with lysates of A10 neurons. Blots were probed either with TrkB antibodies (left panel) or with pan-Trk antibodies (right
panel). Note that the latter exaggerates the difference between the levels of TrkB and TrkC expression owing to their stronger reactivity
with TrkB compared with TrkC

FIGURE 2 Immunostaining of H? and A10 neurons. TrkB, TrkC and Tuj1 immunostaining of H? and A10 neurons. Rabbit 488 and Goat
488 secondary antibody controls were obtained by omitting incubation with the primary antibodies. Note that the goat secondary antibody
showed a strong background staining primarily over cell bodies. A10 neurons did not show any staining of neuronal processes with the TrkB
antibody. Apparent cell body staining was also seen with the anti-goat secondary antibody only. The mean numbers + SEM of Tujl-positive
neurons were 72.9 +3.1 and 72.8 +1.6 for H9 and A10 cells, respectively, 68.9 +1.9 and 73.7 +2.0 for H9 and A10 neurons stained with
TrkC, and 72.7 neurons with TrkB. Twenty random fields were counted in each case using two different coverslips. Low magnification,
phase-contrast images of H? and A10 neurons illustrate examples of neuronal cultures at 30days and the red arrows point to DAPI-positive
dead cells. Scale bar is 20 um for immunostaining images and 200 um for phase-contrast images

expressing both TrkB and TrkC to increasing concentrations signal markedly increased at NT3 concentrations above 100 pM
of NT3 for 1 h (Figure 4a-c). The P-Trk signal elicited by (Figure 1c, black bars) as a result of TrkB activation and of the
NT3 was found to saturate at 100pM with the A10 neurons higher levels of TrkB expression in these neurons compared to

(Figure 1c, grey bars). By contrast, with H9 neurons the P-Trk TrkC (see Figure 1a).
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FIGURE 3 Activation of TrkC and not of TrkB in A10 neurons. Western blots for phosphorylated Trk protein (P-Trk) and synaptophysin
were performed using lysates of A10 neurons (left panel) and H9 neurons (right panel). Left panel: BDNF, TrkB-activating antibody ZEB85
and the TrkB polyclonal antibodies used for Western blot (Figure 1) and immunostaining (Figure 2) all failed to generate any detectable
Trk phosphorylation signal in A10 neurons while NT3 did. Right panel: The same three TrkB activators used in the left panel at the same
concentrations all induced a robust Trk phosphorylation signal. All treatments were for 1 h

3.5 | Transcriptional changes caused by TrkC
activation and comparison with TrkB

As all A10 neurons were found to express TrkC, we then explored
the changes in the transcriptional profile caused by NT3 activation
of TrkC and compared the results with those of a previous study
with H9 neurons (Merkouris et al., 2018). RNA was extracted from
untreated A10 cells or untreated H9 cells (O h) or from A10 cells
treated with 2 nM NT3 for 2 or 24 h. In untreated neurons, the genes
expressed in common between A10 and H9 neurons were compared
and amongst 14 824 genes included in this comparison, only 695 and
589 were found to be differentially expressed in A10 neurons and
H9 neurons, respectively, with absolute fold- changes >2 and padj
<0.01 using the limma voom algorithm of Bioconductor R package.
The transcriptional changes induced by NT3 addition at 2 and 24h
are available on the EBI Website: E-MTAB 11566 and can be com-
pared with those induced by BDNF in H9 neurons (E-MATB 6975).
With few exceptions, the transcriptional changes caused by NT3 in
TrkC-expressing neurons were strikingly similar to those caused by
BDNF (red dots, Figure 5) and related ligands such as NT4 in TrkB-
expressing neurons (Merkouris et al., 2018). The magnitude of the
changes caused by NT3 was however smaller than those caused
by the addition of TrkB ligands to H? neurons, presumably reflect-
ing the higher levels of expression of TrkB in these neurons com-
pared with TrkC (see Figure 1a). These changes included numerous
genes known to be involved in synaptic plasticity (dark bars) such
as Arc/Arg3.1, a prominent representative of such genes (Zhang
& Bramham, 2021). To validate Arc/Arg 3.1 expression at the pro-
tein level, lysates of A10 or H9 neurons treated with NT3 or BDNF,

respectively, were assessed by Western blot analysis for Arc/Arg3.1
protein levels. In both cases, these levels were found to be markedly

increased (Figure 6).

3.6 | Activation and loss of the NT3-induced P-Trk
signal in A10 neurons

We next sought to determine if the widely reported desensitisation
of TrkB (see “Discussion” section) in neurons exposed to saturating
concentrations of BDNF would also be observed with NT3-TrkC sig-
nalling. A10 neurons were exposed to saturating concentrations of
NT3 and the levels of the P-Trk signal were examined at different
time points. We found that the P-Trk signal had essentially disap-
peared 6 h post-treatment (Figure 7a). This is reminiscent of previous
observations with H? neurons indicating the loss of P-Trk signal fol-
lowing exposure of neurons to TrkB ligands used at saturating con-
2018). Importantly, the loss of P-Trk
signal was accompanied by a marked reduction of the levels of TrkC

centrations (Merkouris et al.,

protein (Figure 7a).

3.7 | Down-regulation of TrkB by BDNF does not
impact TrkC activation by NT3

We next examined whether exposing H9 neurons to saturat-
ing concentrations of BDNF would impair a subsequent response
to NT3 (Figure 7b). Following incubation of H9 neurons for 24h
with 1 nM BDNF, activation of TrkC by NT3 remained intact in a
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FIGURE 4 P-Trk response to NT3 in H9 and A10 neurons. (a) BDNF and NT3 P-Trk dose-response. Western blots for phosphorylated
Trk receptor (P-Trk) and synaptophysin using lysates of H9 neurons treated with either low (left panel) or high (right panel) concentrations
of BDNF and NT3. (b) P-Trk dose-response in A10 neurons. Western blot for phosphorylated Trk receptor (P-Trk) and synaptophysin using
lysates of A10 neurons treated with increasing concentrations of NT3. (c) Quantification of P-Trk in H? and A10 neurons. Densitometric
analysis of P-Trk activation in H? and A10 neurons at the NT3 concentrations indicated. Treatments were for 1 h. The error bars refer to
SEM and significance indicated with asterisks: ***p <0.001 and ns refers to p >0.05. For H9, 10 pM NT3n = 7,40 pM NT3 n =7, 100 pM
NT3 n=10,400 pM NT3 n=4. For A10, 10 pM NT3n=12,40 pM NT3n =11, 100 pM NT3 n = 20,400 pM NT3n =8
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FIGURE 5 Comparison of gene expression changes caused by NT3 addition to A10 neurons and comparison with BDNF addition to H9
neurons. Genes most induced or repressed by NT3 at 2 h (top) and 24 h (bottom) were ranked by log2 fold changes with padj <0.01. For
additional details, see E-MTAB 11566. Black bars indicate genes belonging to a core set of synaptic plasticity genes regulated by neuronal
activity in human neurons (Pruunsild et al., 2017). Red dots indicate genes also induced or repressed by BDNF treatment in H9 neurons

concentration-dependent manner. Taken together with the observa-
tion that NT3 activates TrkC at pM concentration in A10 neurons,
these results confirm the notion that NT3 can signal through TrkC
in human neurons immaterial of the presence or absence of TrkB
expression (see Figure 3 and Figure 7b). A control experiment con-
firmed that TrkB could not be reactivated by 1 nM BDNF re-added
after 24 h (Figure 7b, left panel). In addition, TrkB protein is no longer
detectable (Figure 7b, right panel).

3.8 | Sub-saturating concentrations of BDNF
do not down-regulate TrkB and allow TrkB
reactivation

We next examined if lower, more physiological concentrations of
BDNF (see Introduction) would allow reactivation of TrkB upon sub-
sequent stimulation of neurons with BDNF. H? neurons were ex-
posed for 24h to a sub-saturating concentration of BDNF (40 pM)
and then re-exposed 24 h later to the same 40 pM concentration.
The analysis of the corresponding lysates probed with P-Trk anti-
bodies revealed that under these conditions, TrkB could indeed be
reactivated (Figure 8, left panel) and TrkB protein was still detect-
able (Figure 8, right panel). Note that this was not the case when
H9 neurons were exposed to saturating concentrations of BDNF
(Figure 7b).

4 | DISCUSSION

Our results reveal that TrkC activation by NT3 can occur in neurons
where TrkB has been down-regulated following exposure to high con-
centrations of BDNF, thus arguing for independent signalling path-
ways. They also show that TrkC activation triggers transcriptional
changes similar to those caused by TrkB activation whereby the use
of mutant neurons excluded the possibility that these changes may
result from TrkB activation by NT3. Ligand-induced loss of TrkB sig-
nalling has been previously observed not only in vitro but also in vivo
following injections of large doses of BDNF (Arevalo et al., 2006; Chen
et al,, 2005; Frank et al., 1996; Frank et al., 1997; Knusel et al., 1997;
Sommerfeld et al., 2000). Similarly here, saturating levels of either
BDNF or NT3 not only prevented their respective receptor reactiva-
tion but also decreased the levels of the cognate receptors to mini-
mal levels for 24 h. By contrast, initial TrkB activation by low BDNF
concentrations allowed TrkB reactivation following re-exposure of
neurons to BDNF at 24 h. Most previous studies, including our own,
that examined the effects of neurotrophins on cultured neurons have
been conducted using supra-saturating concentrations of neurotro-
phins, typically 1 or 2 nM. In light of our new results indicating that
BDNF concentrations more likely to be in a physiological range did
allow receptor reactivation, it would be important to reconsider pre-
clinical studies using lower neurotrophin concentrations. Interestingly,
it has been previously noted that the mode of administration of BDNF
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FIGURE 6 Induction of arc/Arg3.1 protein by TrkB and TrkC activation. Western blots for arc/Arg3.1 were performed on lysates of H9
and A10 neurons treated with BDNF or NT3 for 1 h as indicated show that arc/Arg3.1 is induced by BDNF-mediated TrkB activation and

NT3-mediated TrkC activation

alters the type of response mediated by TrkB activation. In particular,
a progressive increase in the concentration of BDNF to a final concen-
tration of 1 nM, as opposed to the acute delivery of BDNF at the same
concentration, has been reported to initiate a more sustained activa-
tion of TrkB (Ji et al., 2010). Similar differential effects were noted in
the same study with regard to the levels of Arc/Arg3.1 (Ji et al., 2010).
Similarly, repeated bolus BDNF injections into the hippocampus have
been shown to elicit different effects compared with continuous
BDNF administration through a mini-pump (Xu et al., 2004). These re-
sults emphasise the importance of re-examining dose level and dose
frequency when attempting to observe the biological effects of neu-
rotrophins. Our observations suggest that, compared to several stud-
ies conducted in the past, the use of much lower concentrations of Trk
agonists may lead to more robust outcomes than has been observed
in the past when using neurotrophins to treat neurodegenerative con-
ditions (Thoenen & Sendtner, 2002).

Cultured neurons differentiated from hESCs turned out to ex-
press neurotrophin receptors in a pattern surprisingly similar to
what has been established by brain-wide RNAseq studies, i.e. co-
expression of TrkB and TrkC by single neurons, at a ratio mirroring

the situation in most brain areas (Figure S1). In addition, the NGF
receptor NTRK1 and the neurotrophin receptor p75 NGFR were con-
firmed in the present study to be expressed at negligible levels in
hESC-derived neurons (Merkouris et al., 2018), as is the case in most
brain areas, with few exceptions such as the basal forebrain cholin-
ergic neurons (Volosin et al., 2006). These observations are note-
worthy as the differentiation protocol used here does not select for
neurons with a particular pattern of neurotrophin receptor expres-
sion. Specifically, TrkB activators such as BDNF, typically used in this
type of culture protocol (Telezhkin et al., 2016), were not included.
This striking pattern of neurotrophin receptor expression may be a
consequence of an intrinsic and robust developmental programme
unfolding in a coordinated fashion during the course of neuronal dif-
ferentiation. All that may be required to mimic this pattern during
hESC differentiation are permissive tissue culture conditions.

Of special relevance to the main objectives of this study, namely
the characterisation of TrkC activation by NT3, was the finding that
the levels of TrkB expression were significantly higher than those of
TrkC, as is the case in most brain regions. The elimination of TrkB
revealed that TrkC can be activated at pM concentrations of NT3,
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FIGURE 7 Loss of Trk following prolonged exposure to neurotrophins. (a) Loss of TrkC following 24 h exposure of A10 neurons to NT3.
Western blots for phosphorylated Trk protein (P-Trk), TrkC and synaptophysin were performed with lysates of A10 neurons treated with
400 pM NT3. Note that the loss of phosphorylation signal after 24 h NT3 (left panel) is accompanied by a reduction in TrkC protein (right
panel). (b) Loss of TrkB following 24 h exposure of H9 neurons to BDNF and rescue of the Trk phosphorylation signal by NT3. Western blots
for phosphorylated Trk protein (P-Trk), TrkB and synaptophysin (as indicated) were performed on lysates of H9 neurons treated with BDNF
and NT3 (as indicated). Note that the loss of phosphorylation after 24 h BDNF (left panel) is not rescued by re-exposure to BDNF and is
accompanied by a reduction in TrkB protein (right panel). The loss of TrkB following 24 h exposure to BDNF did not impact the NT3-induced
phosphorylation of TrkC
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FIGURE 8 Phosphorylation of TrkB following prolonged exposure of H9 neurons to low concentrations of BDNF can be recovered upon
re-exposure to BDNF. Western blots for phosphorylated Trk protein (P-Trk), TrkB and synaptophysin with lysates of H9 neurons treated with
BDNF (as indicated). Note that when lower BDNF concentrations are used (40pM), TrkB can be reactivated after 24 h (left panel) and TrkB

protein levels are not decreased (right panel)

immaterial to the presence or absence of TrkB expressed by the
same neurons. Importantly, the EC,, calculated for TrkC activation
by NT3 was lower than for TrkB activation by BDNF in the same
system, that is 40 pM NT3 versus 190 pM for BDNF (Merkouris
et al., 2018). These characteristics of NT3 activation of TrkC have
been difficult to establish thus far given that the expression of Trk
receptors in heterologous system alters the properties of Trk recep-
tor activation. In particular, Trk receptor affinity for neurotrophins
is notably lower in such systems as shown by direct binding studies
(Rodriguez-Tebar et al., 1991). In addition, the ligand selectivity of
Trk receptors is less rigorous, especially in the case of TrkB and its
activation by NT3. In heterologous systems, TrkB can be activated
by NT3 at concentrations similar to BDNF (Barbacid, 1994).

The finding that NT3 activates TrkC at very low, likely physi-
ologically relevant concentrations helps to explain the functional
role of NT3/TrkC signalling in the developing cerebellum. Using
an elegant single-cell marking technique allowing isolated, labelled
mutant cells to be identified amongst wild-type siblings, Joo and
colleagues demonstrated that the loss of TrkC in single Purkinje
cells impairs the growth of their dendrites (Joo et al., 2014). This
work also revealed that these dendrites compete with their wild-
type neighbours as the elimination of TrkC in all Purkinje cells

failed to reveal a phenotype with regard to dendritic growth. The
same study also demonstrated that this phenomenon depends on
the provision of NT3 delivered by Purkinje cells afferents, the cer-
ebellar granule cells (Joo et al., 2014). This is reminiscent of the
observation that the loss of BDNF in single neurons impairs their
dendritic arborisation in the cerebral cortex when these neurons
are surrounded by wild-type neurons (English et al., 2012). The
results related to the in vivo relevance of the NT3/TrkC signalling
system are not only remarkable as such but also of direct rele-
vance to our study as Purkinje cells also express TrkB in addition to
TrkC and cerebellar granule cells are a major site of not only NT3
but also of BDNF expression (Carter et al., 2002).

A possible explanation for the benefit of this dual signalling sys-
tem involving BDNF/TrkB and NT3/TrkC in the same neurons may lie
in the distinct regulation of BDNF and NTF3 expression. Whilst the
expression of BDNF is well known to be regulated by neuronal activ-
ity (West et al., 2002) such is not the case with NTF3 (Hernandez-
Echeagaray, 2020). The genomic organisation of NTF3 is much less
complex than BDNF (West et al., 2014) and the levels of NTF3 are
regulated by hormones such as thyroxin, rather than by neuronal
activity (Lindholm et al., 1993). Downstream of Trk activation, the
results of the RNAseq experiments indicated that the transcriptional
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changes caused by TrkB or TrkC activation largely overlap. Most of
the differences are quantitative in nature, presumably reflecting the
higher levels of expression of TrkB compared with TrkC. In particular,
fewer changes in gene expression levels were noted 24 h following
TrkC activation, compared with TrkB activation. Beyond its ability
to selectivity bind NT3, TrkC has also been discovered to partner
with the axonal protein phosphatase receptor-designated PTPo,
and to trigger the differentiation of neurotransmitter release sites
in excitatory terminals (Takahashi et al., 2011). Whilst PTPc binding
does not involve the NT3 binding site on TrkC, NT3 does modulate
this synaptic organising function of TrkC in concert with PTPg, in
a concentration-dependent manner (Han et al., 2016). No data of
sufficiently high resolution are available on the distribution of TrkC
on the neuronal surface but it is conceivable that a restricted distri-
bution of TrkC facing pre-synaptic terminals delivering NT3 may also
impact the selectivity of receptor activation.

In conclusion, our results indicate NT3 activates TrkC at pM con-
centrations, in line with the notion that in vivo, neurotrophins are
only available in limited amounts. The exquisite sensitivity of TrkC
likely explains how NT3 can transduce its own growth-promoting
effects, despite the co-expression of TrkB and TrkC by most CNS
neurons. As our findings also indicate that Trk receptors can be reac-
tivated following their exposure to low, presumably physiologically
relevant neurotrophin concentrations, it may be useful in future ex-
periments to use this knowledge when considering neurotrophin-

based therapies.
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