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Abstract

Down Syndrome (DS), trisomy 21, is characterized by synaptic abnormalities and cognitive
deficits throughout the lifespan and with development of Alzheimer’s disease (AD)
neuropathology and progressive cognitive decline in adults. Synaptic abnormalities are also
present in the Ts65Dn mouse model of DS, but which synapses are affected and the mechanisms
underlying synaptic dysfunction are unknown. Here we show marked increases in the levels and
activation status of TrkB and associated signaling proteins in cortical synapses in Ts65Dn mice.
Proteomic analysis at the single synapse level of resolution using array tomography (AT)
uncovered increased colocalization of activated TrkB with signaling endosome related proteins,
and demonstrated increased TrkB signaling. The extent of increases in TrkB signaling differed in
each of the cortical layers examined and with respect to the type of synapse, with the most marked
increases seen in inhibitory synapses. These findings are evidence of markedly abnormal TrkB-
mediated signaling in synapses. They raise the possibility that dysregulated TrkB signaling
contributes to synaptic dysfunction and cognitive deficits in DS.
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Introduction

DS, caused by trisomy for chromosome 21, is characterized by delayed physical, cognitive,
and motor skill acquisition. Remarkably, the neuropathology of AD occurs essentially
universally by the forth decade of life in individuals with DS (Burger and Vogel, 1973; Ellis
etal., 1974; Price et al., 1982), and cognitive decline is often evident by the sixth decade
(Chapman and Hesketh, 2000; Lai and Williams, 1989). Studies of DS brains consistently
demonstrate changes in synapses (Ferrer and Gullotta, 1990; Weitzdoerfer et al., 2001),
suggesting the possibility that synaptic dysfunction underlies the cognitive problems
associated with DS.

Synaptic dysfunction is also present in the Ts65Dn mouse model of DS (Reeves et al.,
1995), which recapitulates both cognitive and neuropathological DS phenotypes. Ts65Dn
mice, which are partially trisomic for mouse chromosome 16 in a region orthologous to
human chromosome 21, exhibit learning and memory deficits and changes in cortical and
hippocampal circuits (Reeves et al., 1995). Synaptic abnormalities include reduced dendritic
spine density, increased spine size, increased active zone length in specific synapse
subtypes, and decreased levels of pre- and postsynaptic markers. (Belichenko et al., 2004;
Chakrabarti et al., 2007; Kurt et al., 2004; Salehi et al., 2006). Increased GABA, and
GABARg-mediated inhibitory neurotransmission is responsible for deficient long term
potentiation in hippocampus (Belichenko et al., 2004; Fernandez et al., 2007; Kleschevnikov
et al., 2012b; Kleschevnikov et al., 2004; Siarey et al., 1997).

DS and AD brains exhibit increased size and number of Rab5-immunopositive early
endosomes; in DS this phenotype is evident during the first year of life (Cataldo et al., 1997;
Cataldo et al., 2008; Cataldo et al., 2000; Ginsberg et al., 2010). Enlarged endosomes are
also present in neurons in Ts65Dn mice (Cataldo et al., 2003; Salehi et al., 2006). The
significance of endosomal abnormalities is undefined. However, trafficking of neurotrophic
factors (NTFs), whose signals are conveyed by early endosomes from synaptic terminals to
neuronal soma, is disrupted in AD and DS model mice (Cooper et al., 2001b; Salehi et al.,
2006). This raises the possibility that changes in endosomes disrupt trafficking of NTF
signals. Accordingly, we investigated NTF signaling in Ts65Dn mice.

NTF signaling is important for synaptic development, maintenance, and plasticity, and
BDNF-TrkB signaling is especially important for GABAergic neurotransmission (Chen et
al., 2011a; Rico et al., 2002; Sanchez-Huertas and Rico, 2011; Seil and Drake-Baumann,
2000; Yamada et al., 2002). We entertained the possibility that this aspect of BDNF-TrkB
function may be involved in synaptic structure abnormalities seen in Ts65Dn mice. Herein
we identity increases in TrkB signaling in the cerebral cortex of Ts65Dn mice, decipher the
sub-cellular location of these abnormalities, and identify affected synapse subtypes. We
report that increases in TrkB signaling are present in abnormal endosomes in synapses in
Ts65Dn mice. The signaling increases detected predict a role for dysregulation of TrkB
signaling in increased inhibitory neurotransmission in this model, and raise the possibility
that dysregulation of TrkB signaling also contributes to synaptic dysfunction in DS and AD.
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Materials and methods

Animals

Male control (2N) and Ts65Dn littermates mice, carried on a balanced B6 and C3H
background, were used for all studies other than AT. Three-month old mice were used for
synaptosome studies, and 12 month old mice were used for RT-PCR, BDNF ELISA, and
whole cortex western blot studies. Ts65Dn (Ts(1716)65Dn, Jackson Laboratory, Stock
#001924) mice have three copies of a fragment of the MMU16 extending from Mrpl39 to
Znf295 including App gene. The Ts65Dn mouse colony was maintained by crossing
B6EIC3Sn-Ts(1716)65Dn females (Jackson Laboratory) with B6EiC3SnF1/J A/a males
(Jackson Laboratory). For AT studies, 12 month old male Ts65Dn x GFP-M and 2N x GFP-
M mice were used. To generate 2N and Ts65Dn mice that express green fluorescent protein
(GFP), Ts65Dn female mice were crossed to male mice that carry GFP-M transgene (Feng
et al., 2000) on a mixed genetic background (C57BL/6J and B6EIC3). Male offspring of this
cross were used in the present study. All experiments were conduced in accordance with the
National Institutes of Health guidelines for the care and use of animals and an approved
animal protocol for the Stanford University Institutional Animal Care and Use Committee
and the University of California, San Diego, Institutional Animal Care and Use Committee.
All efforts were made to minimize animal stress and discomfort.

Synaptosome preparation

Cortices (n=12 mice per genotype, experiments repeated 2 or 3 times) were collected,
pooled (2-3 cortices per sample), and homogenized in homogenization buffer (HB; 0.32 M
ultra pure sucrose, 10 mM Tris, 1X Sigma phosphatase inhibitor cocktail 2 and 3, 1X Roche
Complete protease inhibitor tablet, pH 7.0). The homogenate was brought up in HB and
centrifuged (800xg, 15min, 4°C). The supernatant was run on 2 successive sucrose gradients
(0.8M, 1.2M) for 20 minutes using a Beckman L2-65B preparative ultracentrifuge (SW41Ti
rotor, 39,000 rpm), to isolate the enriched synaptosomal fraction (ESF). More details are
given in (Cataldo et al., 2003; Cooper et al., 2001b; Salehi et al., 2006). See Fig 1 for a
schematic describing the flow of experimental procedures.

BDNF treatment of synaptosomes

ESFs were resuspended in ice cold PBS with Ca2* and Mg?2*. centrifuged at 12,000g for 1
minute, resuspended in binding buffer, composed of 1mg/ml glucose, 11 mg/ml BSA in
Phosphate Buffered Solution (PBS), and incubated with gentle shaking at 37°C for 30
minutes to re-equilibrate ion pumps. BDNF (50ng/ml) or vehicle control (binding buffer
alone) was added to ESFs and incubated at 37°C for 30 minutes to allow internalization.
Then the ESFs were put on ice and an equal volume of ice cold PBS was added. ESFs were
then processed for Western Blot analysis, described below.

BDNF surface-binding assay

In 2 separate experiments, ESFs were isolated (n= 6 preps per condition per experiment,
each prep contains 3-5 cortices pooled together), resuspended in ice cold PBS with Ca%*
and Mg?*, centrifuged at 12,0009 for 1 minute, resuspended in binding buffer (1mg/ml
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glucose, 11 mg/ml BSA in DPBS), and incubated with gentle shaking at 37°C for 30
minutes. BDNF was linked to streptavidin Quantum dot 655 conjugate (QD655; Invitrogen,
Cat # Q10121MP, Lot 906913) by incubating 5ul BDNF, pul QD655, and 14 pl binding
buffer on ice for 30 min, followed by the addition of 4ml binding buffer, to create a 1nM
stock solution. QD655 linked to BDNF (QD-BDNF) or QD655 alone (QD-veh) at 50ng/ml
was added to ESFs and incubated at 37°C for <5 minutes, then samples were immediately
put on ice and washed 3 times in excess cold PBS. ESFs were fixed in 1.6% PFA for 20
min. and washed 3 times in PBS. An equal amount of protein was added to each coverslip.
For quantification, the number of QD-positive puncta was counted and normalized to the
total number of actin-positive synaptosomes.

Western blot (WB)

ESFs were resuspended in lysis buffer (1% Trion X, 1% NP40, 0.1% SDS, 0.5% Sodium
deoxycholate, 1X Roche Complete protease inhibitor cocktail, 1x Sigma phosphatase
inhibitor cocktail 2 and 3, 2mM PMSF in DPBS pH 7.4), and lysed for 30 minutes at 4°C
with gentle rocking. Lysates were centrifuged at 4°C, 14,000 rpm, 10 minutes and the
supernatant was collected as the ESF lysate. 10-80 pg of ESF lysates were loaded onto 4—
12% Bis-Tris gels, separated by electrophoresis, and transferred to PVDF membranes.
Membranes were blocked with TBST with 5.5% nonfat milk and incubated with primary
antibodies in TBST 5.5% nonfat milk overnight, washed in TBS and incubated with HRP-
conjugated secondary antibodies in TBST for 1 hour. Immunoreactivity was detected using
chemiluminescence, and band density was measured on scanned films using FIJI software
(NIH).

Confocal microscopy

30 ul ESF aliquots were dropped onto adhesive coated glass slides and dried overnight at
room temperature, creating a spot 7 mm in diameter. Spots were coverslipped using 90%
glycerol in water and single-channel confocal microscopy was used for imaging distribution
of QD655 in synaptosomes. Slices were examined and scanned in a Radiance 2000 confocal
microscope (BioRad, Hertfordshire, UK) attached to a Nikon Eclipse E800 fluorescence
microscope. The laser was an argon/krypton mixed gas laser with exciting wavelengths for
QD655 (488)). The emission was registered with 660LP “far-red” filter for QD655.
LaserSharp software (BioRad) was used to establish optimal conditions for collecting
images. Slices with QD655 were illuminated with UV light for 5 minutes and then studied
under the following optimal conditions: the lens was a x20 objective (Nikon; Plan Apo
x20/0.75); laser power was 100%, 4 optical sections were scanned at 5 um increments; the
zoom factor was 1; scan speed was 500 Ips; each optical section was the result of three scans
followed by Kalman filtering; the size of the image was 512x512 pixels (i.e. 520x520 pm).
Each image was saved as a stack of individual optical sections and as a z-projection. Three
images of synaptosomes per ESF sample (with an n=3, this results in a total 9 images per
experiment) were analyzed. LaserPix software analysis of the z-projection image of
synaptosomes was used to measure the density of QD655 in 520520 um area. Digital
images were imported, enhanced for brightness and contrast, assembled and labeled in
Adobe Photoshop CS2 9.0.2, and archived.
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Somatosensory cortex dissection for RT-PCR and ELISA

RT-PCR

Mice (12 months old, n=6 for each genotype) were deeply anesthetized with 200 mg/kg
pentobarbital and perfused with cold saline. Each brain sample was dissected out, flash-
frozen in liquid nitrogen, and stored at —80 C until further processing. In order to isolate
frontal cortex (FC), each brain was mounted in OCT (Sakura, Co) and sectioned at —30 C
using the cryostat microtome (Leica CM 1950). The somatosensory cortical (S1) region was
collected using a 1.6 mm area glass tube. 3—4 punches were collected

Total RNA was isolated using Trizol (Invitrogen, Carslbad, CA), and treated with DNAse |
(Invitrogen) for 10 minutes at 37°C, and heat inactivated at 85°C for 5 minutes. First-strand
cDNA synthesis was performed with TagMan MicroRNA Reverse Transcription Kit (AB,
Foster City) and oligo dT (17) s (Invitrogen) in a reaction volume of 20 pl at 42°C for 1
hour, followed by heat inactivation at 85°C for 5 minutes. Real-time polymerase chain
reaction was performed by using 1l of cDNA, 1 pl of 10 pM of primer, and Brilliant 111
Ultra-Fast SYBR (R) Green QRT-PCR Master Mix (Agilent, CA) to a final volume of 26
uL. The reactions were run as follows: 2 minutes at 95°C initial stage, 45 cycles at 95°C for
15 seconds and 60°C for 30 seconds, followed by the dissociation step (95°C for 1 minute,
55°C for 30 seconds, 95°C for 30 seconds) using the Stratagene MX3005P (Agilent, CA).
Melting curve analysis confirmed the specificity in each reaction. The cycle threshold (CT)
for TrkB, BDNF, and their normalizers (B-actin, Gapdh, and PPIA) were automatically
calculated. The resulting CTs for BDNF and TrkB were normalized to the geometrical
average of CTs for B-actin and Gapdh. Student's t test was used to compare the groups and a
p value <0.05 was considered significant. Primers (IDT, San Diego, CA) used were as
follows:

B-actin: AAATCGTGCGTGACATCAAA (Forward);
AAGGAAGGCTGGAAAAGAGC (Reverse)

Gapdh: TGCACCAACTGCTTAGC (Forward); GGCATGGACTGTGGTCATGAG
(Reverse)

Bdnf: CATGAAGGCGGCGCCCATGA (Forward); CTGCCCTGGGCCCATTCACG
(Reverse)

TrkB: CGCCCTGTGAGCTGAACTCTG (Forward);
CTGCTTCTCAGCTGCCTGACC (Reverse)

PPIA: TAT CTG CAC TGC CAA GAC TGA (Forward); CTT CTT GCT GGT CTT
GCC ATT (Reverse)

BDNF ELISA

Somatosensory cortices isolated as described above were incubated in lysis buffer (1% Trion
X, 1% NP40, 0.1% SDS, 0.5% Sodium deoxycholate, 1X Roche Complete protease
inhibitor cocktail, 1x Sigma phosphatase inhibitor cocktail 2 and 3, 2mM PMSF in DPBS
pH 7.4), and lysed for 30 minutes at 4°C with gentle rocking. BDNF protein levels were
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quantified using ELISA kits (Bosterbio) and values were normalized to total protein levels
using a Micro BCA Protein Assay Kit (Thermo).

Dissection of somatosensory cortex for Array Tomography

Dissection, dehydration, and embedding were performed similarly to previously described
(Micheva et al., 2010a; Micheva and Smith, 2007). Twelve month old 2N and Ts65Dn mice
(n=3 per genotype) were anesthetized with Sodium Pentobarbital and intracardially perfused
with DPBS followed by 4% PFA for 1 min. Mice were decapitated and the brains were
removed from the skull. The brain was cut in half using a sagittal cut along the midline, and
then a 1 mm coronal section was made encompassing the somatosensory cortex.

Dehydration and embedding of tissue for array tomography

The dissected piece of cortex was fixed by immersion in 4% paraformaldehyde and 2.5%
sucrose in phosphate-buffered saline (PBS) using rapid microwave irradiation (PELCO 3451
laboratory microwave system; Ted Pella; one cycle of 1 min on-1 min off -1 min on at 100
W and two cycles of 20 sec on—20 sec off—20 sec on at 350 W) and ColdSpot (Ted Pella) set
at 15°C. The tissue was then left in the fixative for 30 minutes at room temperature. After
rinsing in PBS containing 3.5% sucrose, the tissue was quenched in 50 mM glycine in PBS
and then dehydrated in a graded series of ethanol (45 sec each at 350 W in microwave). To
preserve GFP fluorescence, the tissue was dehydrated only up to 95% ethanol. The tissue
was then infiltrated in hydrophilic acrylic resin (LRWhite) three times, 45 sec each, at 350
W and overnight at 4°C), embedded in gelatin capsules and polymerized at 50°C.

Preparation of cortical arrays

Ribbons of serial ultrathin (100 nm) sections were cut with an ultramicrotome (EM UCS6,
Leica Microsystems, Wetzlar, Germany) as described (Micheva et al., 2010c). The ribbons
were mounted on subbed coverslips (coated with 0.5% gelatin and 0.05% chromium
potassium sulfate) and placed on a hot plate at 60°C for 30 minutes.

Fluorescence microscopy and image processing

Sections were imaged on a Zeiss Axio Imager.Z1 Upright Fluorescence Microscope with
motorized stage and Axiocam HR Digital Camera as described (Micheva et al., 2010b).
Briefly, the region of interest was identified on each section using a 20x objective with
custom-made software and imaged at a higher magnification with a Zeiss 63x/1.4 NA Plan
Apochromat objective, using the image-based automatic focus capability of the software.
The resulting stack of images was exported to ImageJ, aligned and registered using the
MultiStackReg plugin and imported back into the Axiovision software to generate a volume
rendering as previously described (Micheva et al., 2010a). Briefly, the MultiStackReg plugin
of ImageJ was used to register the stacks generated from multiple imaging session with the
first session stacks based on the DAPI channel, then a second “within-stack™ alignment was
applied to all the stacks. Finally, to remove non-linear physical warping introduced into the
ribbons by the sectioning process, we used a second ImageJ plugin, Register Virtual Stack
Slices, which adapts an algorithm for elastic image registration using vector-spline
regularization (Micheva et al., 2010a). For all manuscript figures, images representing
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volume renderings were upscaled using bicubic interpolation and adjusted for brightness and
contrast. All image adjustments were performed equally on images presented for direct
comparison. No other image processing was used. No quantifications or substantive
comparisons were based on these images.

Three-dimensional (3D) object analysis

The number, volume, and internal density of puncta were calculated using the 3D Objects
Counter function of ImageJ. Puncta greater than 3 standard deviations above the average
puncta volume were excluded from the analysis in order to minimize the contribution of
lipofuscin granules, which often stain non-specifically.

Colocalization analysis

The overlap in fluorescence between two aligned TIFF stacks was calculated as previously
described (Micheva et al., 2010a). This methodology is based on the van Steensel method
(van Steensel et al., 1996). Briefly, we computed a three-dimensional normalized cross-
correlogram from a 20 x 20 x 6.3 um3 volume of neuropil for each pair of antibodies for a
range of lateral offsets approximating the size of a synapse. Pairs of antibodies with
nonrandom associations (either positive or negative) should demonstrate a nonzero
correlation effect that asymptotically approaches 0 at offset ranges exceeding their scale of
interaction. For pairs of antibodies showing nonrandom associations based on the van
Steensel method, we created new image stacks representing all areas of overlap in
fluorescence between the two antibodies of interest using the “Image Calculator” and
“Multiply” functions in ImageJ. The total number of puncta, as well as the volume and
internal density of puncta, in this new image stack was then calculated using the “3D
Objects Counter” function of ImageJ. In order to normalize the change in colocalization in
Ts65Dn mice to the total number of puncta in each channel, an expected colocalization
between two antibodies was calculated by expressing the total number of puncta for each
antibody as a percentage of 2N values, then calculating the average of these percent 2N
values for the two colocalized antibodies. For this analysis, the overlap of the two channels
was defined such that puncta that were closely apposed were considered to be colocalized.
Thus, the area of the cell body surrounding the DAPI-stained nucleus are included in the
pTrkB and DAPI colocalization; and the entire synapse, including both the presynaptic
compartment and postsynaptic density, are included in the pTrkB and synapsin-1
colocalization

Synapse classification

For each synapse class of interest, 300-500 randomly selected synapses were classified
manually using synaptograms (Micheva et al., 2010a). In order to be classified as a synapse,
the synaptogram was required to meet the following criteria: All synapse subtypes were
required to contain synapsin-1 staining in at least 2 consecutive sections. Glutamatergic
synapses were required to contain VGIuT1 or VGIUT2 staining in at least 2 consecutive
sections and PSD95 staining, overlapping with VGIuT1 or VGIUT2, in at least 1 section.
GABAergic synapses were required to contain GAD and VGaT staining in at least 2
consecutive sections and gephyrin, overlapping with VGaT or GAD, in at least 1 section.
Cholinergic synapses were required to contain either VAChT or ChAT staining in at least 2
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consecutive sections. for automated synapse classification, the list of manually-classified
synapses with their associated feature vectors were fed into a Random Forest Ensemble
machine learning algorithm capable of extrapolating the given classification parameters to
each potential synapse in the entire volume with some estimable error rate (6—-12%,
depending on the synapse class). The puncta features used for this analysis were the
integrated brightness, center of mass, moment of inertia, and local brightness of puncta from
each antibody in the antibody panel that were located within 1um of the synapsin-1
punctum. Next, all synapsin-1 puncta in the volume (80,000-150,000 puncta, depending on
the size and number of sections in the volume) and their associated features were extracted,
and the same algorithm was used to classify synapses of each specified sub-class within the
entire volume.

For Western blot, primary antibodies directed against TrkA, pTrkA, EGFR, pERK, ERK,
pAKT, AKT, pPLCy, PLCy, pMEK1/2 (Cell Signaling Technology, Danvers, MA); TrkB
(BD Biosciences, San Jose, CA), pTrkB (AbCam, Cambridge, MA), BDNF (Alamone Labs,
Jerusalem, Israel and Santa Cruz Biotechnology, Santa Cruz, CA) and B-actin (Sigma-
Aldrich, St. Louis, MO) were used. For AT, we used the above listed antibodies, plus
antibodies against a-Tubulin (Abcam); synapsin-1, VGIuT1, VGIuT2, GAD, ChAT
(Millipore, Billerica, MA); VGaT, VAChT (Synaptic Systems, Goettingen, Germany); Rab5
(Millipore and Santa Cruz) and PSD95 (Neuromabs, Davis, CA). Secondary antibodies for
immunohistochemistry were highly preadsorbed mouse, rabbit, goat, or guinea pig IgGs
conjugated to Alexa Fluor 488, 594, and 647 (Invitrogen) used at a dilution 1:150. The
coverslips with sections were mounted using SlowFade Gold antifade with DAPI
(Invitrogen, Carlsbad CA). To elute the applied antibodies, the mounting medium was
washed away with distilled water and a solution of 0.2 M NaOH and 0.02% SDS in distilled
water was applied for 10 minutes. After an extensive wash with Tris buffer and distilled
water, the coverslips were dried and placed on a hot plate (60°C) for 30 minutes. To confirm
that antibodies were completely eluted, a subset of arrays was eluted, incubated with
blocking solution alone (0.05% Tween and 0.1% BSA in Tris) in the absence of primary
antibody, followed by incubation with a secondary antibody and section mounting and
imaging.

The specificity and reliability of antibodies were tested previously for the majority of
antibodies used (Micheva et al., 2010a). Additional antibodies were validated either by
staining simultaneously with two different antibodies raised in different host animals against
the same antigen and confirming a similar staining pattern (Rab5, VAChT), comparing the
staining pattern of the test antibody to an antibody with similar distribution (e.g. VAChT
and ChAT, TrkB and pTrkB, pERK and ERK, pAKT and AKT), or comparing the staining
pattern in LR white ultrathin sections to those from conventional immunohistochemistry (for
TrkA, TrkB, and pTrkB). For the pTrkB antibody, the pattern of staining seen in LR white
ultrathin sections was similar to that seen in an earlier study (Chen et al., 2010). To further
confirm the specificity of this antibody, we restained the same ribbon with the pTrkB
antibody on multiplex cycle 1 and 7 and compared the staining pattern by overlaying the two
images. We found over 90% concordance between the two staining sessions. Since different
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antibodies are know to have different off-rates in LR white fixed tissue (Micheva et al.,
2010a), we imaged all arrays immediately after staining. In order to control for variability
between individual staining sessions, a distinct pair of samples (a 2N and a Ts65Dn sample)
were stained and imaged simultaneously, and all quantitative analyses were performed by
comparing the ratio of values between the pair. To limit the effect of variability of off-rates
on staining differences within a single imaging session, we alternated the order in which a
pair (one 2N and one Ts65Dn) of arrays was imaged in each experiment.

Increased TrkB signaling in Ts65Dn cortical synaptosomes

Given widespread changes in early endosome structure, the known retrograde trafficking of
NTFs and their activated receptors in early endosomes, and the reduced NTF retrograde
transport in Ts65Dn mice (Cataldo et al., 2003; Deinhardt et al., 2006; Grimes et al., 1996;
Salehi et al., 2006; Valdez et al., 2005), we hypothesized that increased NTF signaling
would be present in synapses. We examined Trk signaling in cortical synaptosomes prepared
from 2N and Ts65Dn mice in order to study signaling in an isolated synaptic compartment
that retains physiological signaling capacity (see Fig 1). We found a significant increase in
the level of phosphorylated TrkB (pTrkB) in Ts65Dn samples (Fig. 2A and B). Surprisingly,
we also found a significant increase in total TrkB. Indeed, there was a trend towards a higher
ratio of total TrkB to pTrkB in Ts65Dn mice; however, the difference was not significant
(4.11 £ 0.54 in Ts65Dn versus 3.05 + 0.23 in 2N, p = 0.093, n = 8 per genotype). The TrkB
antibody recognizes several glycosylated forms of the full-length TrkB protein, as well as
the truncated (95kDa) form of TrkB, which lacks the catalytic intracellular domain
necessary for downstream signaling (Andero et al., 2011; Autio et al., 2011; Fletcher et al.,
2008; Huang and McNamara, 2012; Klein et al., 1990). There was a significant increase in
the band density of all forms of TrkB in cortex in Ts65Dn mice, although the most dramatic
was observed in the two glycoproteins with the highest molecular weights, gp160 and gp148
for which levels the Ts65Dn samples were 5-fold those in 2N samples (Fig. 2A and B).

To determine whether the increases in total TrkB and pTrkB were unique to this receptor,
we measured the levels of both the highly homologous tyrosine receptor kinase TrkA, and
epidermal growth factor receptor (EGFR), a member the Erb2 family of receptor tyrosine
kinases whose signaling and trafficking differ from that of the Trk receptors (Oda et al.,
2005). No significant difference in levels of TrkA or EGFR was detected between 2N and
Ts65Dn synaptosomes (Fig. 2A, B). In addition, there was no significant difference in levels
of the phosphorylated form of TrkA (Ts65Dn = 97.40 + 4.59% of 2N, p = 0.69). Thus, while
we cannot rule out increases in signaling and trafficking of other receptors in Ts65Dn
cortex, these findings point to increases in TrkB that are marked and possibly distinctive.

Phosphorylation of TrkB by BDNF leads to downstream activation of multiple signaling
pathways, including those mediated by Ras/MAPK, PI3K, and PLCy (Knusel et al., 1992;
Zirrgiebel et al., 1995). To determine whether or not increased TrkB activation was
correlated with increases in downstream signaling pathways, total and phosphorylated levels
of Ras/MAPK pathway proteins MEK1/2 and ERK, the PI3K protein AKT, and the PLC
pathway proteins PLCy1 and PLCy2 were measured in synaptosomes by immunoblotting
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with antibodies specific for total and phosphorylated forms of these proteins. As compared
to 2N synaptosomes, Ts65Dn synaptosomes exhibited increases in phospho-MEK1/2,
phospho-ERK and phospho-AKT; there was no increase in the level of phosphorylated
forms of PLCy1 or in the levels total ERK1/2, total AKT, or total PLCy1 (Fig. 2A and 2C).
The greatest increase was for activated MEK1/2 where levels were more than 3-fold those in
2N samples. pERK and pAKT levels were 2-fold the 2N value.

We conclude that Ts65Dn cortical synaptosomes demonstrate marked increases in total
TrkB, activated TrkB and a subset of downstream signaling pathways, consistent with
increased activation and signaling of this receptor to its downstream targets.

Increased TrkB signaling in Ts65Dn somatosensory cortex

TrkB signaling is relevant to the structure and function of a number of cortical neurons and
the circuits in which they participate (Xu et al., 2000). To confirm increases in TrkB
signaling in the Ts65Dn cortex, and to define the locus of these increases, we undertook
studies to define the synapse types and sub-cellular compartments that contain TrkB
signaling. We used AT, a method that makes it possible to carry out proteomic analysis at
the single synapse level of resolution (Micheva et al., 2010a; Micheva and Smith, 2007).
Cortical arrays from layers 2/3, 4, and 5a somatosensory cortex were sequentially
immunostained with antibodies against TrkB, pTrkB, downstream signaling molecules
activated by TrkB, markers of specific sub-cellular compartments, and a panel of synaptic
antibodies.

Volume renderings from 2N and Ts65Dn cortical arrays showed that pTrkB staining was
primarily confined to the neuropil and that it was excluded from nuclei (Fig. 3A and B).
While all signaling markers studied exhibited a punctate staining pattern, pTrkB, pERK, and
pAKT positive puncta were often arranged in an apparent “beads on a string” pattern,
consistent with localization in a neuronal process (Nikolaev et al., 2009) (Fig. 3B). The
staining pattern raised the possibility that TrkB-positive signaling endosomes were being
imaged near axon terminals; accordingly, we undertook additional colocalization analyses to
define subcellular localization.

AT analysis of cortical arrays confirmed the increase in TrkB and TrkB-mediated signaling
found in Ts65Dn synaptosomes. There was an increase in the number of puncta positive for
total TrkB in layers 2/3 and 4, but not in layer 5a (Fig. 3B and D). In layers 2/3 and 5a,
Ts65Dn mice showed a significant increase in the number of puncta positive for pTrkB (Fig.
3B and D). On the other hand, for pERK1/2 and pAKT, there was a significant increase in
puncta number only in layers 4 and 5a. Interestingly, there was a strong but insignificant
trend towards a decrease in pERK and pAKT positive puncta in layers 2/3 (Fig 3B and D).
The staining pattern of the early endosome marker Rab5 showed a significant increase in the
number of puncta in layer 5a, with no increase in layers 2/3 and 4 (Fig. 3B and D). The
increase in the number of Rab5 puncta in layer 5a was strikingly almost 4-fold that in the 2N
cortex. As in the cortical synaptosome studies, there was no increase in the number of
pPLCy positive puncta in any layer (data not shown). In addition to counting puncta for each
of the markers, we also measured puncta volume. Ts65Dn cortices exhibited a significant
shift in volume towards larger puncta for all markers except total TrkB (Fig. 3C). In
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summary, the data confirm the finding of increased TrkB signaling, and provide the
additional insight that increases in TrkB signaling and downstream signaling markers differ
across cortical sub-domains, as reflected in the distinct ratios to 2N values for total TrkB,
pTrkB, pERK, pAKT, and Rab5 puncta in each cortical layer.

Changes in the sub-cellular localization of pTrkB in Ts65Dn somatosensory cortex

The marked increase in TrkB and related signaling proteins observed in layer 4 in Ts65Dn
mice, prompted an in-depth analysis of this cortical layer. To assess the sub-cellular
distribution of pTrkB, we first measured the colocalization of pTrkB with several markers of
sub-cellular compartments in cortical arrays from 2N and Ts65Dn mice (Fig. 4). The relative
amount of pTrkB present in different sub-cellular compartments was quantified by
measuring pTrkB colocalization with DAPI (cell body), a-tubulin (neuronal processes), and
synapsin-1 (synapses). In 2N mice, pTrkB was most frequently colocalized with a-tubulin
(11.53 £ 0.60%), followed by DAPI (7.16 £ 2.27%) and synapsin-1 (7.85 £ 0.26%) (Table
1). Thus, about 27% of pTrkB was localized with the combination of these markers. The
same analysis was conducted for the Ts65Dn cortex. We found that increased pTrkB was
disproportionally localized to synapses, as evidenced by a significant increase in the number
of puncta positive for pTrkB that colocalized with the synaptic marker synapsin-1 (Fig. 4E,
K, and M). There was also a significant increase in the number of pTrkB and a-tubulin
positive puncta (Fig. 4F, L, and M), suggesting an increase in pTrkB in neuronal processes.
Colocalization of pTrkB and Rab5 positive puncta was also significantly increased (Fig. 4D,
J, and M). While there was no change in the amount of pTrkB colocalization with DAPI, the
relative percentage of total pTrkB staining present in cell bodies can also be estimated by
considering the amount of pTrkB present in this compartment as compared with the other
compartments. While in the 2N cortex staining for all compartments measured 27%, in
Ts65Dn it was 62%. Calculating the ratio of pTrkB staining in cell bodies with respect to all
three compartments shows a decrease from 27% in 2N cortex to 19% in Ts65Dn. In
summary, AT analysis of the sub-cellular location of pTrkB in Ts65Dn somatosensory
cortex reveals an increase in activated TrkB at synapses and in neuronal processes. The data
are evidence for increases in TrkB signaling and for differential subcellular distribution of
the markers for this signaling pathway in cortical neurons that points to increases in
synapses and processes and decreases in neuronal somas.

Compartmentalization of pTrkB and downstream signaling in early endosomes in the 2N
and Ts65Dn somatosensory cortex

Because enlargement of early endosomes are characteristic of both DS and the Ts65Dn
mouse, and because early endosomes retrogradely transport BDNF/TrkB signaling
complexes, we asked whether or not increases in TrkB signaling in Ts65Dn were present in
early endosomes. We examined in cortical volumes the extent to which pTrkB and its
downstream targets pERK and pAKT were colocalized with Rab5, a marker of signaling
endosomes in cortex. Colocalization of pTrkB with both pERK (Fig. 4B, H, and M) and
pAKT (Fig. 4C, I, and M) was significantly increased in Ts65Dn mice. The overall 1.5-3
fold increase in pTrkB, pERK, and pAKT puncta in Ts65Dn mice over 2N values (Fig. 3) is
highly significant. However, it underestimates considerably the dramatically increased
colocalization between these proteins. In fact, when colocalization of pTrkB with other
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markers was normalized to take into account the overall increase in number of pTrkB
puncta, pTrkB colocalization with pERK was over 3 fold higher in Ts65Dn mice compared
to 2N; colocalization of pTrkB and pAKT was increased over 2 fold (Fig. 4M). In addition,
there was a significant increase in both the total number of Rab5 positive puncta and the
colocalization of pTrkB with Rab5 (Fig. 4D, J, and M).

The antibody multiplexing capacity of AT allowed us to visualize signaling endosomes in
cortical arrays, defined by the colocalization of pTrkB, pERK or pAKT, and Rab5: this
analysis showed an increase in the number of early endosomes containing activated TrkB
and downstream signaling molecules in Ts65Dn cortex (Fig. 4A—-K). This analysis further
substantiates increased activation of TrkB in Ts65Dn cortex and indicates that it is reflected
in an increase in the number of pTrkB positive signaling endosomes.

Increased TrkB signaling in pre- and postsynaptic compartments in Ts65Dn cortex

To define the subclass(es) of synapses in which TrkB signaling is present, and to determine
which are impacted by increases in pTrkB in the Ts65Dn cortex, we measured the extent to
which pTrkB was colocalized with a panel of pre- and postsynaptic markers. Colocalization
of pTrkB with synaptic markers in 2N mice varied from 0.35 + 0.01% with the presynaptic
cholinergic marker VAChT to 4.19 + 0.39% with the glutamatergic presynaptic marker
VGIuT1 (Table 2). Representative volume renderings from 2N and Ts65Dn mice cortex
layer 4 show a GFP positive apical dendrite from a layer 5 pyramidal cell, as well as all
synapsin-1 positive puncta (Fig. 5A and D). The Ts65Dn cortex showed a significant
increase in the total number of VGaT positive puncta and a significant decrease in the total
number of PSD95 positive puncta (Fig. 5 E-G). Comparing colocalization of pTrkB with
markers of specific synapse subtypes in 2N and Ts65Dn mice, we found that the Ts65Dn
cortex exhibited significant marked increases of pTrkB with the presynaptic GABAergic
marker VGaT, with the postsynaptic GABAergic marker gephyrin, and the postsynaptic
glutamatergic marker PSD95 (Fig. 5SE-G). In comparison to the 2N cortex, colocalization
with VGaT was 2-fold normal; the values for gephyrin and PSD95 were 4-fold the 2N level.
When normalized by the number of these synaptic markers in Ts65Dn cortex, increased
colocalization of pTrkB with gephyrin and PSD95 approximated 8-fold (Fig. 5G). In
contrast, pTrkB was much less frequently colocalized with the presynaptic glutamatergic
marker VGIuT1/2, although this did not reach statistical significance due to variability. We
conclude that increased TrkB signaling is present in both GABAergic and glutamatergic
synapses; with respect to GABAergic synapses, the increases are registered in both the pre-
and postsynaptic compartments.

Examining pTrkB in individual GABAergic synapses

The GABAergic synapses onto apical dendrites of layer 5 pyramidal cells are likely to arise
from GABAergic interneurons in the same cortical layer, such as basket, bipolar, multipolar,
and neurogliaform interneuron subtypes (Thomson and Lamy, 2007). The majority of
glutamatergic synapses containing pTrkB on layer 4 dendritic spines of layer 5 pyramidal
neurons are VGIUT2 positive (data not shown), suggesting that they are synapses made by
thalamocortical projections (Micheva et al., 2010a).
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To explore further the increases in pTrkB at individual GABAergic synapses, we examined
the apical dendrites of layer 5 pyramidal cells and identified GABAergic synapses on GFP
positive dendritic spines in layer 4 (Fig. 6A and F). High magnification volume renderings
from 2N (Fig. 6A—-E) and Ts65Dn (Fig. 6F-J) cortical layer 4 were examined using several
pre- and postsynaptic markers specific to GABAergic synapses. While pTrkB positive and
pTrkB negative GABAergic synapses were found in both the 2N and Ts65Dn cortex, in the
Ts65Dn cortex there was a greater proportion of pTrkB positive GABAergic synapses (Fig.
6F-J). pTrkB positive puncta were most often seen overlapping the postsynaptic
GABAergic marker gephyrin (Fig. 6E and J), in close apposition to the presynaptic markers
VGaT and GAD (Fig. 6C, D, H, I), consistent with the preceding analysis in volume
renderings showing increased pTrkB associated with gephyrin (Fig. 5E). This high
resolution, single layer analysis of pTrkB, demonstrates that the activated receptor is present
in specific sub-synaptic compartments, including the pre- and postsynaptic compartments of
GABAergic synapses and presynaptic GABAergic elements in contact with the dendrites of
cortical neurons.

Synapse classification in 2N and Ts65Dn mice

Increased colocalization of pTrkB with specific synaptic markers and phosphorylated
downstream signaling molecules raises the possibility that synapse subtypes may be
differently impacted. The analysis of pTrkB colocalization with single synaptic and
signaling markers allowed us to determine the sub-cellular compartment(s) in which TrkB
signaling was increased in the Ts65Dn corteX, but to precisely analyze synapse subtypes in
2N and Ts65Dn we required a method that allows for classifying synapses via the
simultaneous presence of multiple markers. To make this possible, we generated
synaptograms - visualizations that display immunofluorescence data for multiple antigens
and are therefore useful for analyzing multi-channel volumetric image data (Micheva et al.,
2010a) (Fig. 7A). 300-500 synaptograms were manually classified into glutamatergic,
GABAergic, or cholinergic based on the presence of subtype specific markers (see
Experimental procedures). In addition, synapses were classified as positive or negative for
pTrkB, Rab5, pERK, and pAKT.

Next, a machine learning algorithm was used to classify over 100,000 synapses per data set
based on the manual synapse classification. The number of synapses belonging to each
synapse subclass was quantified in 2N and Ts65Dn data sets (Fig. 7B). There was no
difference in the total number of synapses in 2N and Ts65Dn mice, but Ts65Dn mice
showed a significant ~ 50% increase in the total number of pTrkB positive synapses, a
significant increase in the number of GABAergic synapses, and significantly-fewer
glutamatergic and cholinergic synapses (Fig 7B). Accounting for the decrease in total
glutamatergic synapses, the relative increase in pTrkB-containing glutamatergic synapses
was 2-fold that in 2N. We conclude that increases in TrkB signaling impact a number of
different synapse types with the most marked deviations from 2N present in inhibitory
synapses.
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Localization of TrkB receptors in cortical synaptosomes from 2N and Ts65Dn mice

To explain increased TrkB synaptic signaling in the Ts65Dn cortex, we envisioned several
possibilities: increased expression of TrkB, increased expression or protein levels of BDNF,
increased access of BDNF to TrkB, decreased retrograde trafficking of TrkB-positive
endosomes, or decreased downregulation of activated TrkB. To test the possibility that
increased gene expression of TrkB was responsible, we measured TrkB mRNA levels in 2N
and Ts65Dn cortex and found no significant difference (Ts65Dn = 121.68 + 5.48% of 2N, p
=0.12). To ask if increased expression of the TrkB ligand BDNF might contribute to
increased signaling, we also measured the level of BDNF mRNA and found no difference
(Ts65Dn =90.48 + 8.78% of 2N, p = 0.36). Finally, we compared the amount of BDNF
protein in 2N and Ts65Dn cortex. We found a trend towards lower levels of BDNF in
Ts65Dn mice, although the difference did not reach statistical significance (Ts65Dn = 65.99
+ 17% of 2N, p = 0.07). Thus, the increase in TrkB and related proteins is not due to
increased expression of the genes for TrkB or BDNF.

Next we examined the possibility that BDNF binding to increased surface levels of TrkB
was responsible. To examine this we carried out studies of surface binding of Quantum dot
labeled BDNF (QD-BDNF) in 2N and Ts65Dn cortical synaptosomes. Rather than the
predicted increase in surface binding, QD-BDNF binding was significantly decreased in
Ts65Dn synaptosomes (Fig. 8A, C, E). There was very little surface binding of QD alone
(QD-veh) in either 2N or Ts65Dn synaptosomes (Fig. 8B, D, and E), confirming that the
surface binding observed is specific and receptor-mediated.

Decreased surface binding of BDNF in Ts65Dn mice suggested that synaptosomes from
Ts65Dn mice would respond less robustly to exogenous BDNF. To test this idea we treated
cortical synaptosomes with BDNF and measured pTrkB, pERK, and pAKT. Treatment of
2N synaptosomes with BDNF elicited a significant increase in pTrkB, pERK, and pAKT
(Fig. 9A and B). However, in Ts65Dn synaptosomes, BDNF treatment had no significant
effect on levels of pTrkB, pERK, or pAKT (Fig. 9A and C). BDNF failed to induce a
response in Ts65DN synaptosomes despite the fact that BDNF was able to bind to surface
receptors (Fig 8), albeit at reduced levels. With vehicle treatment, as predicated, BDNF
elicited a more robust response in Ts65Dn synaptosomes than in 2N synaptosomes (Fig 9).

We conclude that significant changes in TrkB trafficking and signaling are present in the
cortex of Ts65Dn mice. Increased levels of signaling in Ts65Dn cortical synaptosomes with
vehicle treatment, and the severely blunted response to BDNF, combine with the surface
binding studies to document these changes. The data are further evidence that TrkB and
pTrkB are located in internal membranes. The studies reported above point to early
endosomes as one locus of excessively active downstream signaling proteins. The data for
the marked disconnect between BDNF responsiveness and TrkB activation in the Ts65Dn
cortex suggest that dysregulation of BDNF/TrkB signaling may disrupt normal synaptic
function as well as synaptic responses to BDNF in the Ts65Dn cortex.
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Discussion

In this study we used a combination of biochemistry and AT to identify a marked increase in
TrkB activation in the cortex of Ts65Dn mice and to pinpoint the sub-cellular loci of TrkB
signaling abnormalities. We found increased TrkB activation as well as increased activation
of the MAPK and PI3K signaling pathways in cortical synaptosomes and showed that these
changes could be traced to signaling endosomes and to both the pre-and postsynaptic
compartments of GABAergic synapses, as well as the postsynaptic compartment of
glutamatergic synapses. AT analysis revealed that changes in the activation of TrkB and
other signaling markers differed by layer, pointing to differences in cortical sub-domains
that likely reflect differences in the cellular elements present and the synapses present.
Increased TrkB signaling was not due to increased levels of the receptor or its ligand, or to
differences in access of BDNF to TrkB. In fact, surface TrkB receptors were significantly
decreased and the response of synaptosomes to exogenous BDNF was blunted in Ts65Dn
synaptosomes. Instead, the data are evidence for increased TrkB and pTrkB in internal
membranes; early endosomes are a likely locus on the basis of the increased colocalization
of pTrkB, pERK, pAKT , and Rab5. Taken together, the findings are evidence of
dysregulation of BDNF/TrkB signaling and trafficking, and to the existence of synapses in
which TrkB signaling is not responsive to its ligand. These changes can readily be
envisioned as impacting the function of cortical circuits in Ts65Dn mice and cognitive
functions in which they participate.

A number of previous studies support the view that changes in NTF signaling are present in
DS and other neurodegenerative disorders (Ahmed et al., 2013; Ahmed et al., 2012). One
line of investigation links changes in signaling to a decrease in NTF retrograde axonal
transport within the endosomal system, with resulting dysfunction and degeneration of
dependent cell bodies (Cataldo et al., 2003; Cooper et al., 2001b; Salehi et al., 2006). In
another, increased levels of truncated TrkB receptor, hyperphosphorylation of the AKT-
mTOR pathway, and a loss of responsiveness to BDNF was found in the hippocampus of
DS model mice (Dorsey et al., 2002; Troca-Marin et al., 2011). Past studies, complemented
by those reported here, demonstrate that changes in TrkB signaling are present in multiple
brain regions in DS mouse models and, possibly in human DS. Our data support the
hypothesis that increased activation of TrkB signaling is linked to changes in endosomal
trafficking of the receptor.

We found that changes in cortical pTrkB and downstream signaling markers were specific to
cortical layers and to synaptic subtypes. Though increased activation of TrkB signaling was
present in all cortical layers studied, increased activation of downstream signaling was seen
only in layers 4 and 5a. In fact, we saw a trend towards decreased downstream signaling in
layer 2/3. The differences in layers may be due to differential BDNF/TrkB signaling in
different neuronal subtypes in the cortex. In the case of neurons that form synapses within
the same cortical layer as their soma, activated downstream signaling molecules in synapses,
within axons, and those retrogradely transported to cell bodies would all be included in the
measurements within a single cortical layer. In contrast, for neurons that send axons to
different cortical layers, signaling at the synapse and distal axons is spatially distant from
signaling in proximal axons and in the cell body. The increase in pTrkB seen in all layers,
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including increases in specific synaptic subtypes in layer 4, suggests that this change is
present in both interneurons and neurons whose axons project to different cortical layers and
to loci outside the somatosensory cortex. The absence of increased activated downstream
signaling markers in layers 2/3 may be explained by reduced activation by pTrkB within this
level or to decreased transport in endosomes with TrkB from other layers, possibly from
synapses in layers 4 and 5a. Additional AT analyses that includes antibodies specific to
subpopulations of glutamatergic and GABAergic synapses will be needed to shed light on
the mechanisms and processes that underlie the layer-specific changes observed.

We observed an increase in pTrkB both presynaptically and postsynaptically in GABAergic
synapses, a synaptic subclass known to be abnormal in Ts65Dn mice. Previous studies of
Ts65Dn mice have identified increased GABAa and GABAGR receptor-mediated inhibition
in hippocampus along with loss of LTP in CA3 and dentate gyrus (Belichenko et al., 2009b;
Kleschevnikov et al., 2004; Siarey et al., 1997), as well as an increase in the localization of
VGaT and GADG65 at GABAergic synapses (Belichenko et al., 2009a; Belichenko et al.,
2009b). Furthermore, Ts65Dn hippocampal and cortical synaptosomes exhibit increased
stimulus-evoked release of GABA (Begenisic et al., 2011). It has been suggested that
abnormal excitatory/inhibitory balance may contribute to learning and memory deficits in
these mice, in DS, and in other neurodegenerative disorders such as AD (Rissman and
Mobley, 2011).

We propose that the increased TrkB signaling reported here could contribute to excessive
inhibition in Ts65Dn mice by influencing the development of cortical inhibitory circuits and
by increasing GABA release and signaling. BDNF/TrkB signaling is known to affect the
development and maintenance of GABAergic synapses in many different brain areas,
including the cerebellum (Chen et al., 2011a; Rico et al., 2002; Seil and Drake-Baumann,
2000), hippocampus (Yamada et al., 2002), and cerebral cortex (Itami et al., 2003; Itami et
al., 2007; Jiao et al., 2011; Lush et al., 2005; Patz et al., 2003; Sanchez-Huertas and Rico,
2011). Supporting the suggestion that increased TrkB signaling contributes to increased
inhibition, we found an increase in the number of GABAergic synapses in Ts65Dn mice, as
well as a marked increase in GABAergic synapses containing activated TrkB, in layer 4
somatosensory cortex, the layer in which we chose to focus our examination. Thus, there
was a change in this layer in the ratio of excitatory to inhibitory synapses as well as
increased activation of TrkB and downstream signaling molecules.

Increased colocalization of pTrkB with PSD95, a postsynaptic scaffolding protein
component of excitatory synapses, was of interest in light of earlier findings showing that
BDNF/TrkB signaling recruits PSD95 to NMDAR positive postsynaptic sites via the PI3K
pathway (Yoshii and Constantine-Paton, 2007). However, we observed a decrease in both
the number of PSD95 puncta and glutamatergic synapses. How could excessive TrkB
signaling lead to both an increase in GABAergic synapses and a decrease in glutamatergic
synapses, when TrkB is involved in the function of both synapse subtypes? One explanation
is that changes in endosomal trafficking of TrkB, could both increase TrkB activation in
synapses and decrease retrograde axonal transport of TrkB signaling endosomes to neuronal
cell bodies. Evidence to support changes in endosomal trafficking in prior studies includes:
1) Increased Rab5 staining on enlarged endosomes in human DS and mouse tissue (Cataldo
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et al., 2000; 2003); 2) the presence of NGF within enlarged Rab 5 endosomes in cholinergic
axons in the Ts65Dn hippocampus (Salehi et al., 2006); 3) a small but significant increase in
endocytosis of NGF added to Ts65Dn hippocampal synaptosomes (Cooper et al., 2001a);
and 4) failure to properly transport NGF from the hippocampus to basal forebrain in these
mice (Cooper et al., 2001a; Salehi et al., 2006).

The current study gives further evidence for changes in endosomal function and trafficking
in the Ts65Dn cortex: 1) there is a large increase in the amount of both TrkB and pTrkB in
synaptosomal membranes; 2) pTrkB shows increased colocalization with Rab5 positive
endosomes; and 3) while the distribution of pTrkB is increased at synapses it is decreased in
neuron cell bodies. The presence of changes in endosomal function and trafficking are
compelling. To what extent they explain selective effects on GABAergic and glutamatergic
synapses in the Ts65Dn cortex is unknown, but it is possible that changes in synaptic and
retrograde transport of BDNF/TrkB signals differentially impacts inhibitory interneurons,
whose axons are short versus pyramidal neurons whose signals are carried much longer
distances from synapses in cortex and from subcortical regions. For glutamatergic axons
making longer-range connections, the transport deficit may more severely compromise the
delivery of TrkB-mediated signals to the cell soma. The decrease in cholinergic synapses we
found supports this hypothesis, since these terminals arise from projecting axons originating
in the nucleus basalis of Meynert of the basal forebrain (Hohmann et al., 1991).

Ts65Dn cortical synaptosomes showed a blunted response to BDNF. The mechanism is
unknown, but we speculate that the TrkB signaling pathway is constitutively active at a
higher level compared to in 2N mice. We propose that the high level of TrkB signaling
intracellularly in synapses, along with the blunted response to exogenous BDNF, contributes
to a “runaway synapse” phenotype in Ts65Dn cortex, characterized by a high level of
constitutive activity in the BDNF/TrkB signaling pathway and, subsequently, an inability to
modulate synaptic strength and activity in response to BDNF. The excessive TrkB signaling
in Ts65Dn cortex described herein may contribute to the increased inhibition and loss of
synaptic plasticity in the Ts65Dn mouse model of DS and may underlie some of the
cognitive abnormalities present in humans with DS and those with AD.

The increases in TrkB, pTrkB and the signaling pathways they engage, as well as the
distribution of these markers, prompts consideration of their possible effects on cortical
function. Since the BDNF/TrkB signaling pathway is implicated in synapse development
and maintenance, the changes in TrkB may be a source of changes in the structure and
function of synapses in Ts65Dn mice. Excessive TrkB signaling may affect cortical
development and, perhaps more importantly, synaptic plasticity in the adult brain (Gorski et
al., 2003; Itami et al., 2003; Kang and Schuman, 1995). In fact, an emerging role for
inhibitory cortical circuits in modulating synaptic plasticity supports the idea that over-
inhibition during both development and adulthood play a critical role in deficient synaptic
plasticity (Chen et al., 2011b), a phenomenon that may apply to cortical synaptic plasticity
in Ts65Dn mice. Thus, it is possible that increased TrkB signaling intracellularly in
synapses, together with the blunted response to exogenous BDNF, both contribute to an
inability of cortical neurons to modulate synaptic strength and activity in response to BDNF.
Studies examining what role, if any, TrkB activation may play in modifying excitatory and
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inhibitory neurotransmission in Ts65Dn mice can now be initiated to elucidate the
mechanism(s) involved.

The mechanism underlying the increased activation of the TrkB signaling pathway in
Ts65Dn mice is yet to be defined. Attention can now be focused on endocytosis, recycling
and trafficking of these receptors. Since increased gene dose for APP has been shown to be
both necessary and sufficient for disrupting retrograde axonal transport of NGF in mouse
models of DS, examining what role for APP may play in changes in endocytosis and
trafficking are warranted. Likewise, the functional consequences of increased TrkB
signaling is far from clear. Because the increase in GABAergic transmission impacted both
inhibitory and excitatory synapses it is uncertain as to how circuit properties and processing
would change. However, we can speculate that excessive TrkB signaling may lead to
increased GABA release, a phenomenon that has been observed in cortical and hippocampal
synaptosomes and cortical slices from Ts65Dn mice(Begenisic et al., 2014; Kleschevnikov
et al., 2012a; Mitra et al., 2012).

An important consideration is whether the changes in TrkB signaling are primary, or instead
represent a secondary, compensatory response to another process. Increased TrkB signaling
might increase activity of GABAergic synapses, causing cortical circuits to adapt by
increasing the size of active zones of glutamergic synapses to preserve activity. This idea
supported by the earlier finding of selective enlargement of asymmetric synapses in the
Ts65DN cortex (Belichenko et al., 2004), and additional evidence of similar compensatory
reactions (Yin and Yuan, 2014). However we currently have no evidence that this is the
case, or that changes in GABAergic synaptic function are directly linked to increased TrkB
signaling. To distinguish between primary and compensatory effects will require studies to
define the underlying gene(s) and mechanisms that underlie cortical circuit development and
homeostasis in models of DS.

Although this study provides new insights into TrkB signaling in the Ts65Dn cortex, there
are a number of limitations. First, the biochemical findings in synaptosomes used 3—-6 month
old mice, whereas AT was done in 12 month old mice, raising the question as to whether the
results for TrkB signaling were consistent across age. We chose older animals for AT
because Ts65Dn mice show progressive neurodegeneration, including degeneration of locus
coereleus and basal forebrain by 12 months (Salehi 2006 and 2009), so at this age cortical
abnormalities are more likely to be detected. On the other hand, it was not possible to make
synaptosome preps from 12 month old mice due to technical limitations. We addressed the
age discrepancy in the following ways: 1) Most important is that despite the use of different
techniques at different ages, we found very similar patterns and increases in TrkB signaling;
2) Given the inability to make high quality synaptosomal preps in older mice, we examined
whole cortical extracts from 12 month old mice and demonstrated the same trends in
signaling differences. While the differences between 2N and Ts65Dn did not reach statistical
significance for most signaling proteins (Supplemental Figure 1), this was expected given
the “dilution” by the presence of the tissue comprising the entire cortex versus the
“concentration” of signal in isolated synapses. Indeed, AT findings document the probability
of signal dilution in view of the fact that changes in TrkB signaling pathways were not
uniformly increased across all cortical layers; 3) Finally, we confirmed findings using AT by
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performing several different types of analyses using this technique. Taken together, the data
support our interpretation of significant differences in TrkB signaling in the Ts65Dn cortex.

Another limitation is our inability to distinguish subtypes of GABAergic synapses, a
technical limitation of AT that limits our ability to identify which subpopulations of
inhibitory synapses were affected. A more detailed AT analysis of synaptic subpopulations
is needed to provide a clearer understanding as to which neurons are affected in the Ts65Dn
cortex, what changes characterize their synaptic relationships, and whether or not changes in
synaptic fine structure are present. It will then be possible to define more clearly what role is
played by increased TrkB activity on inhibitory transmission in the Ts65Dn mouse. Finally,
because the AT ribbon is comprised of a very small slice of cortical tissue, the selection
process could mask differences unique to specific cortical regions. In this respect, the
biochemical studies are useful in providing support to the view that the changes documented
do characterize more generally the status of TrkB signaling. Nevertheless, exploration of
possible regional differences are warranted to more fully define changes in cortex and other
brain regions in mouse models of DS.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
TrkB signaling, including MAPK and PI3K, were increased in Ts65Dn cortex.
Increased pTrkB signaling was present in synapses and signaling endosomes.

Array tomography showed an increase in the ratio of GABAergic to
glutamatergic synapses.

TrkB signaling was dramatically increased in GABAergic synapses.

Increased TrkB signaling in cortical circuits may contribute to cognitive deficits.
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Figure 1. Flow diagram of the overall experimental approach
Three main experimental approaches give unique but complementary information.

Synaptosomal studies (A) isolate an enriched synaptosomal fragment (ESF), allowing us to
amplify synaptic signals, but do not permit us to distinguish synaptic subtypes. RT-PCR and
ELISA studies (B) provide information about global differences in mRNA and protein in
somatosensory cortex. Array tomography (C) enables us to determine proteomic changes at
the single synapse level of resolution, to interrogate the status of specific synaptic subtypes,
and to identify cortical layer-specific changes.
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Figure 2. Excessive TrkB signaling in Ts65Dn synaptosomes
(A) Representative WB of cortical synaptosomal lysates immunoblotted with antibodies

against the tyrosine-phosphorylated receptors TrkB, TrkA, EGFR, MAPK, PI3K, PLCy-
related signaling proteins, and B-actin as a control for total protein levels. (B and C)
Quantitative analysis of WB data showing a significant increase in total TrkB, pTrkB,
PMEK1/2, pERK, and pAKT in Ts65Dn synaptosomes. Data are expressed as mean = SEM
percent of 2N values, n = 6 per genotype. *p<0.05, **p<0.005, ***p<0.0005, versus 2N.
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Figure 3. Array tomographic analysis of pTrkB signaling in 2N and Ts65Dn somatosensory
cortex

(A) Representative cortical volume renderings from a 2N and Ts65Dn mouse demonstrating
the ability of AT to segment individual pTrkB puncta (cyan) in a large volume. DAPI =
yellow; bar = 100 um. (B) Quantification of the number of puncta in cortex layers 2/3, 4,
and 5a of Ts65Dn and 2N mice. Data are expressed as mean + SEM percent of 2N values.
*p<0.05, versus 2N. (C) Volume distribution of puncta positive for various markers in layer
5a cortex of 2N and Ts65Dn mice. n=3 per genotype. (D) Representative cortical volume
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reconstructions from a 2N and Ts65Dn mouse showing TrkB, pTrkB , pERK, pAKT, and
Rabb5 positive puncta in layer 5a cortex. For pTrkB, pERK, and pAKT, the staining pattern
included puncta arranged in an apparent “beads on a string” pattern (dashed yellow ovals),
consistent with proteins present in processes. Bar = 2 um.
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e 4. Sub-cellular localization of pTrkB in layer 4 of the Ts65Dn somatosensory cortex

(A-L) Representative cortical volume reconstructions from a 2N (A-F) and Ts65Dn (G-L)

mous

e showing colocalization of TrkB (cyan, A and G) with various markers in magenta:

pPERK (B and H), pAKT (C and I), Rab5 (D and J), synapsin-1 (syn, E and K), and a-
tubulin (tub, F and L). Area inside the yellow rectangles are shown at higher magnification
to better visualize colocalization of pTrkB and the various markers. Orange ovals in A and
G indicate possible signaling endosomes, which are positive for pTrkB, Rab5, and either
pERK or pAKT. Bar = 2 um. (M) Quantification of the total puncta number (dark bars) and
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the normalized colocalization with pTrkB (light bars) for the indicated markers. Data are
expressed as mean = SEM percent of 2N values. *p<0.05, **p<0.005 versus 2N. n = 3 per
genotype.
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Figure 5. Analysis of pTrkB colocalization with synaptic markers
(A—F) Representative volume renderings of cortical arrays from a 2N (A-C) and Ts65Dn

(D-F) mouse. A and D shows all synapses (synapsin-1, red) surrounding a GFP positive
apical dendrite (yellow). Bar =4 um. B and E are higher magnification renderings of the
area indicated by the white rectangles in A and D, showing colocalization of pTrkB (cyan)
with the synaptic markers VGIuT1/2, VGaT, VAChT, PSD95, and gephyrin (magenta) on
synaptic boutons of a GFP positive dendrite (yellow) of a layer 5 pyramidal cell. White
spots on the dendrite indicate areas of overlap between GFP and a single antigen (pTrkB or
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the indicated synaptic marker). Bar = 2 um. C and F are higher magnifications of the area
indicated by the red rectangles in B and E. Red arrows point to examples of pTrkB
colocalized with the indicated synaptic marker on GFP+ dendrites. Bar = 1 um. (G)
Quantification of the total number of synaptic puncta (dark bars) and their normalized
colocalization with pTrkB (light bars) in 2N and Ts65Dn mice. Data are expressed as mean
+ SEM percent of 2N values. n = 3 per genotype; *p<0.05, **p<0.005 versus 2N.
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Figure 6. pTrkB in GABAergic synapses
(A and F) Volume renderings of a GFP (white) positive dendrite of a layer 5 pyramidal

neuron from 2N (A) and Ts65Dn (F) cortex. Bar = 2 um. (B-J) Higher magnification
volume renderings of the areas indicated by the yellow rectangles in A and F show
colocalization of pTrkB (magenta) with markers of GABAergic synapses in 2N (B-E) and
Ts65Dn (G-J) cortical arrays. Green arrows point to examples of pTrkB positive
GABAergic synapses. Red arrows point pTrkB negative GABAergic synapses. Bar = 1 pm.
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Figure 7. Classification of 2N and Ts65Dn cortical synapses
(A) A synaptogram generated from sequential staining and elution of the same ribbon of

serial cortical sections from Ts65Dn somatosensory cortex layer 4. Columns represent one

of nine serial sections, with section “0’ located on the center of mass of a synapsin-1

»ephyrin

® Total

JDTrka.

-~

ACh

punctum. Rows represent individual molecular markers as indicated. Synapsin-1
immunoreactivity overlaps with the channels highlighted in red. This GABAergic classified
synapse is also positive for pTrkB and two related signaling molecules (red rectangles). (B)

Quantification of classified synapse subtypes expressed as mean + SEM percent of 2N
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values. n = 3 per genotype. The total number of synapses classified per sample is
81,000-150,000. *p<0.05 versus 2N.
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Figure 8. Decreased surface binding of BDNF in Ts65Dn synaptosomes
2N (A and B) and Ts65Dn (C and D) cortical synaptosomes were incubated with QD-

BDNF (A and C) or QD alone (QD-veh, B and D). Yellow arrows indicate QD visualized
on the surface of synaptosomes by confocal microscopy. Bar = 100um. (E) The number of
QD, normalized to the total number of actin positive synaptosomes, was quantified in each
condition. n = 6 preps per genotype, ** p<0.005 versus 2N.
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Figure 9. Blunted response of Ts65Dn synaptosomes to BDNF
(A) Cortical synaptosomes from 2N and Ts65Dn (Ts) mice were treated with BDNF or

vehicle control (veh) prior to lysis and immunoblotting with antibodies against pTrkB,
PERK, or pAKT. B-actin was used as an internal control for total protein levels. (B and C).
Quantification of band density in 2N (B) and Ts65Dn (C) synaptosomes, normalized to f3-
actin band density. Data are expressed as mean = SEM. n = 6 per genotype. *p<0.05,
**p<0.005, versus vehicle.

Neurobiol Dis. Author manuscript; available in PMC 2016 May 01.

Wyeh
¥ BONF



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Nosheny et al.

Table 1

pTrkB colocalization with individual sub-cellular and signaling markers.

Percentage of pTrkB puncta colocalized
Sub-cellular marker | 2N Ts65Dn
Synapsin-1 7.85%0.26 2433 +331"
Rab5 2.07 £0.02 4.95 + 041"
PERK 119£0.70 21.01 + 554
PAKT 219+0.50 11.76 +7.86""
a-Tubulin 11.53%0.60 26.00 + 0.59"
DAPI 7.16 £2.27 11.73+0.61
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The percent of total pTrkB positive puncta that colocalize with each of the markers indicated in the left column for 2N and Ts65Dn cortical arrays.
Data are expressed as mean + SEM, n = 3 per genotype.

*

*

p<0.05,

*
p<0.005 versus 2N.
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Table 2

pTrkB colocalization with individual synaptic markers

Percentage of pTrkB puncta colocalized
Synaptic marker | 2N Ts65Dn
Synapsin-1 7.85+0.26 2433 +3.31%"
VGIuT1 4.19+0.39 4.08+£0.79
VGIUT2 3.41+0.16 0.92 +0.002°
VGaT 056 £0.10 336+ 001"
VAChT 0.35+0.01 0.87 +0.04
PSDY5 158+0.88 7454+ 067
gephyrin 1.32£0.09 12.09 + 052 **
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The percent of total pTrkB positive puncta that colocalize with each of the synaptic markers indicated in the left column is indicated for 2N and

Ts65Dn cortical arrays. Data are expressed as mean £ SEM, n = 3 per genotype.

*
p<0.05,

*%

p<0.005 versus 2N.
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