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A small TAT-TrkB peptide prevents BDNF receptor
cleavage and restores synaptic
physiology In Alzheimer’s disease
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In Alzheimer’s disease (AD), amyloid B (AB)-triggered cleav-
age of TrkB-FL impairs brain-derived neurotrophic factor
(BDNF) signaling, thereby compromising neuronal survival,
differentiation, and synaptic transmission and plasticity. Using

Received 20 January 2024; accepted 23 August 2024;
https://doi.org/10.1016/j.ymthe.2024.08.022.

cerebrospinal fluid and postmortem human brain samples, we
show that TrkB-FL cleavage occurs from the early stages of the
disease and increases as a function of pathology severity. To
explore the therapeutic potential of this disease mechanism,
we designed small TAT-fused peptides and screened their abil-
ity to prevent TrkB-FL receptor cleavage. Among these, a TAT-
TrkB peptide with a lysine-lysine linker prevented TrkB-FL
cleavage both in vitro and in vivo and rescued synaptic deficits
induced by oligomeric A in hippocampal slices. Furthermore,
this TAT-TrkB peptide improved the cognitive performance,
ameliorated synaptic plasticity deficits and prevented Tau pa-
thology progression in vivo in the 5XFAD mouse model
of AD. No evidence of liver or kidney toxicity was found. We
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provide proof-of-concept evidence for the efficacy and safety of
this therapeutic strategy and anticipate that this TAT-TrkB
peptide has the potential to be a disease-modifying drug that
can prevent and/or reverse cognitive deficits in patients
with AD.

INTRODUCTION

The brain-derived neurotrophic factor (BDNF) and its full-length ca-
nonical receptor, TrkB-FL, constitute one of the most important
endogenous neuroprotective systems.' Dysregulation of BDNF func-
tion has been implicated in several diseases, including Alzheimer’s
disease (AD).

AD is the prototypical neurodegenerative disorder that causes cogni-
tive decline and dementia. It is the most common form of dementia
(=75% of all dementia cases), affecting about 47 million people
worldwide, and this number is estimated to increase to 152 million
by 2050.” It initially manifests itself with episodic memory loss, but
subsequently progresses to affect most cognitive functions, including
language, attention, abstraction and reasoning.’

Senile plaques, which comprise large extracellular aggregates of insol-
uble fibrillar amyloid B peptide (AB)," and intracellular tangles of hy-
perphosphorylated Tau (p-Tau)’ are recognized as the histopatholog-
ical hallmarks of AD. Neurofibrillary tangles are thought to be
bystanders® or mediators’ of AB toxicity, thus putatively placing
AP at the top of the pathological chain of events. AB is produced
by the proteolytic cleavage of the amyloid precursor protein (APP)
by B- and y-secretases.” Although initially present as monomers,
AR readily aggregates to form intermediate species (e.g., oligomers,
protofibrils) and, ultimately, the more stable and insoluble fibrils.’

BDNF and TrkB-FL mRNA and protein levels were shown to be
decreased in the brain of AD patients when compared to healthy con-
trols."”"'”> We previously described the mechanism of AB-mediated
TrkB-FL cleavage. Briefly, the AB peptide promotes an increase
in intracellular Ca** levels through a mechanism dependent on
N-methyl-p-aspartate (NMDA) receptors, which leads to calpain
overactivation and TrkB-FL proteolytic cleavage.'®'” This cleavage
produces a membrane-bound truncated receptor (TrkB-T') and an
intracellular fragment (TrkB-ICD), the latter accumulating in the nu-
cleus and displaying tyrosine kinase activity.'®

In this work, we aimed to leverage this knowledge to design a new
therapeutic strategy for AD and to provide proof-of-concept results
of its efficacy and safety. First, we demonstrate that TrkB-FL cleavage
is a relevant mechanism for human disease by examining protein
levels in cerebrospinal fluid (CSF) samples and the protein and
mRNA profiles of postmortem AD human brains. Second, we show
that TrkB-ICD overexpression caused dendritic spine loss and altered
excitatory synaptic transmission, and it impacted the transcriptomic
profile of synapse-related genes in primary cultured neurons. Third,
with the aim of preventing TrkB-FL cleavage and TrkB-ICD forma-

tion, we designed peptides spanning the cleavage site of TrkB and
fused to the TAT (Trans-Activator of Transcription) sequence,
analyzed their conformational stability in silico, and used in vitro as-
says to screen their efficacy. Subsequently, we used the rodent hippo-
campus to investigate the effects of the TAT-TrkB peptide on BDNF
signaling under AB-toxic conditions ex vivo, using core readouts of
neuronal function (synaptic transmission, plasticity, and neurotrans-
mitter release). Finally, we administered TAT-TrkB to the 5XFAD
mouse model of AD to examine its in vivo efficacy to prevent
TrkB-FL cleavage, improve cognitive performance, ameliorate synap-
tic plasticity deficits, impact AB and p-Tau pathology, and identify
potential systemic side effects.

RESULTS

TrkB-FL cleavage is a hallmark of AD-related pathology
progression in humans, and it correlates with the levels of AB4_45,
but not of hyperphosphorylated Tau

The decreased expression of BDNF and TrkB-FL in the brains of AD
patients can either be (1) mechanistically implicated or (2) a by-prod-
uct of AD progression. To address this question, we examined the sta-
tus of TrkB-FL cleavage in samples from human patients with AD-
related pathology at different stages of disease severity. We evaluated
TrkB-FL cleavage in CSF samples from three groups of human pa-
tients with (1) mild cognitive impairment (MCI), but no evidence
of AP deposition or neuronal injury (MCI controls), (2) MCI due
to AD-high likelihood, or (3) frontotemporal dementia (FID).
Compared to MCI controls, patients with MCI due to AD showed
increased levels of TrkB-ICD fragment and of the TrkB-ICD:TrkB-
FL ratio, even though no significant changes in TrkB-FL levels were
found (Figures SIA-S1D). As expected, CSF levels of AP, 4, were
significantly decreased (Figure SIE), while the levels of total Tau
(t-Tau) and p-Tau were both increased (Figures SIF and S1G). We
then tested pairwise correlations between the levels of BDNF/TrkB
and the levels of molecular AD hallmarks (AB,4 and Tau)
and age. Only the correlation between the levels of TrkB-ICD and
AP;_4; in the MCI due to AD group was found to be statistically sig-
nificant (Figure 1A). Importantly, the levels of AB; 45, but not the
levels of p-Tau, were correlated with the levels of TrkB-ICD fragment
and, hence, with the degree of TrkB-FL cleavage (Figures 1B and 1C).
We also examined CSF samples of patients with FTD, a form of de-
mentia that is mechanistically distinct from AD. Despite TrkB-FL
immunoreactivity showing no significant change, TrkB-ICD levels
were increased in samples from FTD patients (Figures STH-SIK).
CSF samples from FTD patients showed no changes in AB;_4, abun-
dance, or in p-Tau, but they did present increased CSF levels of t-Tau,
compared to MCI controls (Figures SIL-SIN).

Additionally, we analyzed postmortem inferior temporal cortical pa-
renchyma samples from human patients with AD-related pathology
in different Braak stages. TrkB-FL protein levels were decreased in
the later stages, compared to earlier stages of the disease (by western
blot: Figures 1D and 1E; by mass spectrometry: Figure S10). Recipro-
cally, we observed a significant increase in the levels of TrkB-ICD
fragment (Figure 1F) and of the TrkB-ICD:TrkB-FL ratio (Figure S1P)
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Figure 1. Cleavage of TrkB-FL is a hallmark of AD progression, and it is
correlated with the levels of AB4_42, even in early stages of the disease

(A) Heatmaps of pairwise correlation p values between parameters measured in the
CSF of patients with MCI due to AD (n = 47) and MCI controls (n = 23). Correlations
were evaluated between parameters related to BDNF signaling (BDNF, TrkB-FL,
TrkB-ICD, and the TrkB-ICD:TrkB-FL ratio), molecular biomarkers of AD (AB1.42, P-
Tau, and t-Tau), and age. Only the correlation between the levels of TrkB-ICD and
AB1.42 in patients with MCI due to AD was found to be statistically significant (R =
—0.46,p =1.25 x 1073, Pearson’s correlation coefficient; a Bonferroni-adjusted o =
3.13 x 1073 was considered to account for multiple comparisons). Univariate an-
alyses of each parameter are shown in Figures STA-S1G. (B and C) Scatterplots
depicting values of individual patients for two pairs of parameters: AB;.4o versus
TrkB-ICD levels (B) and p-Tau versus TrkB-ICD levels (C). Linear regressions with
95% confidence ribbons are overlaid. (D) Classification of AD pathology according
to Braak staging (top). Representative western blot of human temporal cortical
samples probed with anti-TrkB C-terminal and anti-B-actin antibodies (bottom). (E
and F) Quantification of TrkB-FL (E) and TrkB-ICD (F) levels in human patients with
AD, according to the severity of AD-related pathology. Data are normalized for
group Braak stages O-ll (Braak stages O-ll: n = 11; lll-IV: n = 7; V-VI: n = 8). Indi-
vidual replicates are shown with group medians (solid lines) overlaid (E: H=9.26, p =
9.78 x 1073, F: H=11.03, p = 4.03 x 10~3; Kruskal-Wallis test, followed by Dunn’s
test for multiple comparisons). (G) Microarray quantification of TrkB-FL transcript
(NTRK2 gene) levels normalized to the SV2B gene, according to disease stage. Data
are normalized for group Braak stages O-Il (Braak stage O-Il: n = 27; lll-IV: n = 11; V-
VI: n = 17). Individual replicates are shown with group medians (solid lines) overlaid
(H=5.57, p = 0.06; Kruskal-Wallis test, followed by Dunn’s test for multiple com-
parisons). See also Figure S1 and Tables S1 and S2.

with disease progression. Transcript levels of the NTRK2 gene, which
encodes the TrkB receptor, did not change significantly (Figure 1G).

TrkB-ICD overexpression causes loss of dendritic spines, alters
synaptic transmission, and impacts the expression levels of
synapse-related genes

Overall, the data above suggest that TrkB-FL cleavage may be impli-
cated in the mechanisms driving AD progression by (1) compro-
mising canonical BDNF signaling and/or (2) favoring TrkB-ICD for-
mation, which may propagate AB-triggered toxicity.'>'®

To explore the effects of excess TrkB-ICD on neuronal morphology
and activity, we transduced cultured primary cortical neurons with
lentiviruses (LVs) expressing TrkB-ICD (or EGFP, as a control), un-
der the regulation of the neuron-specific CaMKIIo. promoter'® (Fig-
ure 2A). The labeling efficiency of LV-CaMKIIa-EGFP (LV-GFP)
and LV-CaMKIIa-TrkB-ICD-IRES (internal ribosome entry site)-
ZsGreenl (LV-ICD) was 78% + 6% and 77% + 5%, respectively; of
all labeled cells, 95% + 3% and 99% + 1% were neurons for LV-
GFP- and LV-ICD-transduced cultures, respectively (Figures 2B-
2E). Following transduction with LV-GFP, EGFP localized to both
the somatic and dendritic compartments of neurons (Figure 2B),
while, following LV-ICD transduction, TrkB-ICD expression was
mainly restricted to the cell nucleus (Figure 2D), which is consistent
with our previous results.'®

To validate the model, we quantified the expression levels of TrkB-
ICD through western blot analysis and found them to be significantly
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Figure 2. The cleavage product TrkB-ICD causes dendritic spine loss and neuronal hyperexcitability and changes the expression levels of synapse-related

genes

(A) Schematic diagrams of the LV payload. (B-E) Representative microscopy images of primary cultured neurons (DIV14) transduced with either LV-CaMKlla.-EGFP (LV-GFP)
(B) or LV-CaMKlla-TrkB-ICD-IRES-ZsGreen1 (LV-ICD) (D). Yellow arrowheads label cells co-expressing MAP2 (a neuronal marker) and the LV payload, while blue arrow-
heads indicate untransduced neurons. Quantifications of transduction efficiency and neuronal selectively are shown in (C) and (E) for LV-GFP and LV-ICD, respectively (n =3
independent cultures per condition). (F) Representative western blot of transduced and untransduced primary cultured neurons (DIV10) probed with anti-TrkB C-terminal and
anti-GAPDH antibodies. (G) Quantification of TrkB-FL (top) and TrkB-ICD (bottom) levels in transduced and untransduced primary cultured neurons (DIV10). Individual
replicates (circles) are shown with mean + SEM (bars and error bars) overlaid (n = 3-4 replicates from n = 3 independent cultures per condition; top: F(2,8) = 1.23, p = 0.34;
bottom: F(2,8) = 39.51, p = 3.85 x 10~; one-way ANOVA, followed by Tukey’s test for multiple comparisons). (H-J) Representative microscopy images of primary cultured
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increased in neurons transduced with LV-ICD as compared to both
LV-GFP-transduced and untransduced controls, while the endoge-
nous levels of TrkB-FL were not impacted by TrkB-ICD overexpres-
sion (Figures 2F and 2G). Furthermore, we found TrkB-ICD to in-
crease phosphorylation of tyrosine residues of several proteins
(Figures S2A and S2B), as previously shown.'®

To study the structural and functional implications of TrkB-ICD
overexpression, we assessed (1) cell viability through the MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay,
(2) spine density through immunocytochemistry studies, and (3)
spontaneous excitatory neuronal activity through whole-cell patch-
clamp recordings. While TrkB-ICD overexpression did not overtly
affect cell survival (Figure S2C), it caused a significant decrease in
the number of dendritic spines (4.41 + 0.29 spines/10 um), both
compared to neighboring untransduced neurons (7.89 =+ 0.31
spines/10 pm) and to LV-GFP-transduced neurons (7.97 + 0.29
spines/10 um) (Figures 2H-2K). Furthermore, TrkB-ICD overex-
pressing neurons presented a hyperpolarized resting membrane po-
tential and an increased frequency of miniature excitatory postsyn-
aptic currents (mEPSCs), compared to neurons transduced with
LV-GFP (Figures 2L-20).

To gain deeper insight into the underlying molecular mechanisms, we
next isolated RNA from transduced and untransduced primary
cortical neurons and performed high-throughput RNA sequencing
(RNA-seq). A lentiviral transduction was performed in a set of two
out of three conditions (LV-GFP and LV-ICD), while, in another
set (untransduced and LV-GFP), TrkB-ICD was not overexpressed.
This experimental design allowed us to set up the statistical contrasts
in a way that distinguishes effects due to the overexpression of TrkB-
ICD (specific) from effects due to the LV transduction procedure it-
self (unspecific) (see materials and methods section for details on the
statistical framework).

First, we performed differential gene expression analysis and found
360 genes to be differentially expressed due to TrkB-ICD overexpres-
sion (at false discovery rate [FDR] <0.05), while only 58 genes
changed due to the transduction procedure. Second, we performed
gene set enrichment analysis and found several Gene Ontology
(GO) terms enriched for both contrast levels. To discern which of

Molecular Therapy

these were specifically associated with TrkB-ICD overexpression,
we compared the normalized enrichment scores (NESs) of all tested
GO terms for both contrasts and found 23 GO terms to be specifically
upregulated due to TrkB-ICD overexpression (Figure 2P). Using the
same thresholds, no GO term was found to be up- or downregulated
due to the LV transduction procedure (Figure S2I). The 18 terms with
the highest NESs are shown in Figure 2Q, and they all encompass
genes that encode for proteins that integrate synaptic structures or
are directly implicated in synaptic function, such as in neurotrans-
mitter release. The positive enrichment of these GO terms was driven
by a consistent upregulation, albeit small, of many genes involved
in these processes (Figures S2] and S2K). Furthermore, among the
differentially expressed genes (Figure 2R), we found genes previously
shown to be involved in (1) neuronal survival, growth, and differen-
tiation (Nkd2, Cendl, Rtn4rll, Ttl, Gpr3, Ciapinl, Tafa2); (2)
neuronal cytoarchitecture and spine morphology (Nefl, Nefm,
Kif5c¢); (3) neurodegenerative processes, including AD (Abca?, Sikl,
Hs3st1, Cdkn2d, Gpr26, Pankl, Gdf11, Nnmt); and (4) synaptic trans-
mission and plasticity (Uncl3a, Slc10a4, Cadps, Ddn, Slc35d3, Calbl,
Npy2r, Atf4, Slc20al, Plcll, Gotl).

Opverall, these results show that TrkB-ICD overexpression can cause
dendritic spine loss, alter excitatory synaptic transmission, and drive
transcriptome-wide changes in genes encoding for synaptic proteins.

A TAT-TrkB peptide with a lysine-lysine linker is
conformationally stable and prevents TrkB-FL cleavage

To prevent the excessive accumulation of TrkB-ICD and to
restore canonical BDNF signaling, we designed peptides composed
of the sequence spanning the TrkB cleavage site'® fused to the
TAT protein transduction domain (TAT-TrkB; Figures 3A and
S3A-S3D). By competing with TrkB-FL for calpain substrate
binding, we expected TAT-TrkB to protect the BDNF receptor
from cleavage. The blood-brain barrier (BBB) poses a hurdle to
several drugs; therefore, we carefully designed a molecule that
could be useful for in vivo applications, as the TAT sequence in-
creases the capacity of proteins to diffuse across cell membranes
and the BBB.”**'

The first TAT-0-TrkB peptide we designed did not include a linker
between the TAT domain and the TrkB-FL cleavage site (Figure S3A).

neurons (DIV14) transduced with either LV-GFP (H) or LV-ICD (I) and stained with phalloidin (F-actin, dendritic spines) and a MAP2 antibody (a-MAP2, neuronal marker). Both
transduced (yellow arrowheads) and neighboring untransduced neurons (blue arrowheads) were quantified. Higher-magnification insets of dendritic spines are shown in (J).
(K) Quantification of dendritic protrusions in primary culture neurons (DIV14), both transduced and untransduced. Individual replicates (circles) are shown with boxplots
overlaid (n = 1315 cells, from n = 3 independent cultures per condition; two-way ANOVA followed by Sidak’s test for multiple comparisons; main effects, interaction, and
pairwise comparisons are shown). (L-N) Resting membrane potential (L), frequency (M), and amplitude (N) of mMEPSC events recorded from primary cultured neurons
transduced with either LV-GFP or LV-ICD. Individual replicates (circles) are shown with mean + SEM (bars and error bars) overlaid (n = 7-8 cells, from n = 3 independent
cultures per condition; L: t = 2.93, df =12, p = 1.26 x 1072, M: t=2.60, df =11, p = 2.46 x 107%;N: t = 0.74, df = 11, p = 0.47; unpaired t tests). (O) Representative mEPSC
tracings for each condition, as indicated. (P) For each GO term cataloged, the differences in the NESs for the two statistical comparisons (“TrkB-ICD overexpression” and “LV
transduction”) are plotted against the respective multiple-correction-adjusted p values for the TrkB-ICD overexpression contrast. Solid lines are hyperbolic thresholds (with
asymptotes at an NES differential of 0.5 and an FDR of 0.05). (Q) The GO terms shortlisted in (P) are shown, with indication of their catalog ID, NES, and Benjamini-Hochberg
corrected p value for the TrkB-ICD overexpression contrast. (R) Differential gene expression results represented as a volcano plot for the TrkB-ICD overexpression contrast.
The horizontal dashed line represents the significance threshold of p < 0.05 after Benjamini-Hochberg correction for multiple testing. Each dot represents a gene; significantly
upregulated genes due to TrkB-ICD overexpression are labeled in red. See also Figure S2.
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Figure 3. ATAT-TrkB peptide with a lysine-lysine linker attenuates TrkB-FL cleavage, has high affinity for cell membranes, and is readily translocated to the

cytosol and across an in vitro model of the BEB

(A) Schematic depicting the TrkB-FL aminoacid sequence flanking calpains’ cleavage site, and the design of the TAT-TrkB peptide. The predicted 3D structure of the peptide
is shown (bottom right); pink triangles indicate the position of the cleavage site. (B and C) Western blots of homogenates from adult rat brain cortex (B) and primary neuronal
culture (DIV8) (C). Calpain-mediated cleavage of TrkB-FL was prevented by the TAT-TrkB peptide (20 and 50 uM). (D and E) Representative experiments of TAT-TrkB partition
coefficient determination in simpler DMPC:Chol (85:15) (D) and more complex DMPC:Chol:SM (75:15:10) (E) LUVs (n = 3 independent experiments). The fitted curves were
obtained by applying Equation 1 to the second derivative values of the absorbance spectra at 322 nm (see materials and methods and Figure S4 for more details). (F and G)
Representative experiments of T, determination. Normalized count rate of DMPC:Chol (F) and DMPC:Chol:SM (G) LUVs (4,000 uM) with and without TAT-TrkB (4 mg/mL)
are plotted as a function of temperature at pH 7.4 (n = 3 independent experiments, F: T, = 18.4°C + 0.5°C and T,, = 17.4°C = 0.7°C in the absence and presence of TAT-
TrkB, respectively; U=1,p=0.20; G: T,,=17.7°C £ 0.4°Cand T, = 17.4°C £ 0.7°C in the absence and presence of TAT-TrkB, respectively; U = 3, p = 0.70; Mann-Whitney
U tests). Fitted lines were plotted according to Equation 2 (see materials and methods). (H) Representative epifluorescence image of live primary cultured neurons (DIV14)
after a 2-h incubation with TAT-TrkB-6-FAM. (I) Western blot of primary cultured neurons (DIV8). AB-driven cleavage of TrkB-FL was attenuated by the TAT-TrkB peptide (5
and 20 uM) incubated either 1 h or 4 h before the start of the 24 h incubation with AB.s.as (25 uM). (J) Translocation kinetics of TAT-TrkB peptide through an in vitro model of
the BEB (n = 3 independent experiments for each time point; each data point is the average of triplicates). Individual data points (black circles) are plotted, with averages (pink
bars) and a hyperbolic regression with a 95% confidence interval ribbon overlaid (for schematic and BEB integrity assays, see Figure S5). See also Figures S3-S5.

We found that this peptide could not prevent TrkB-FL cleavage
(Figures S3E and S3F), possibly due to its weaker propensity for a-he-
lix conformation.”> ** Thus, in subsequent designs, we included
a linker sequence.”> We analyzed in silico the three-dimensional
(3D) structural conformation of peptides with different linkers
(Figures 3A and S3B-S3D). The peptide that displayed the highest
propensity for a-helical conformation and greater TrkB-FL cleavage
site exposure included a lysine-lysine (KK) linker; thus, this peptide
was analyzed in subsequent assays (henceforth called TAT-TrkB;
Figure 3A).

We observed that this TAT-TrkB peptide attenuated TrkB-FL cleav-
age induced by recombinant calpain in protein homogenates from (1)
rat brain cortex (Figure 3B) and (2) primary cultured neurons (Fig-
ure 3C). To assess the properties of this peptide in greater detail, addi-
tional in vitro assays were performed. Liposomes of different
complexity were used to study drug-membrane interactions. We
found that the TAT-TrkB peptide (1) displayed high affinity for cell
membranes, particularly for more complex membranes (1,2-dimyris-
toyl-sn-glycero-3-phosphocholine:cholesterol [DMPC:Chol]: parti-
tion coefficients [Kp] = 1,275 91 and logD 3.11 = 0.03;

+
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DMPC:Chol:Sphingomyelin [DMPC:Chol:SM]: Kp = 4,968 + 1,440
and logD = 3.70 + 0.13; representative experiments are shown in
Figures 3D and 3E [see materials and methods and Figure S4 for de-
tails]), and (2) did not disturb biophysical properties, namely the
fluidity, of simple (DMPC:Chol) or more complex (DMPC:Chol:
SM) biological membranes (representative experiments shown in
Figures 3F and 3G, respectively). Furthermore, we observed that
once exposed to neurons in culture, the TAT-TrkB peptide was
completely internalized after only 2 h (Figure 3H) and that it attenu-
ated AB-driven cleavage of TrkB-FL (Figure 3I).

Finally, using a well-established in vitro model of the blood-endothe-
lial barrier (BEB),ZC’ a simpler model of the BBB, we confirmed that
the TAT-TrkB peptide could translocate the BEB over time, reaching
53% of translocation after 24 h (Figure 3]), without compromising the
integrity of the BEB (Figure S5).

TAT-TrkB prevents AB_s2-induced synaptotoxicity and loss of
synaptic BDNF signaling

The results above demonstrate that the TAT-TrkB peptide can reduce
the cleavage of TrkB-FL, the cognate receptor of BDNF. Next, we per-
formed electrophysiology and radioactive assays to test whether such
reduction in TrkB cleavage suffices to improve synaptic transmission
and plasticity under AB-toxic conditions.

To control for effects specific to the aggregation state of A, we pre-
pared different species of AB;_4, (200 nM) (characterized by dynamic
light scattering [DLS] and SDS-PAGE; Figure S6). We evaluated
the effects of AP; 4, species on cellular viability, dendritic spine
morphology, and synaptic transmission in both primary cultured
neurons (Figure S7) and hippocampal neurons ex vivo (Figure S8).
As expected, we found AP;_4, oligomers and fibrils, but not mono-
mers, to be toxic, validating their use in subsequent experiments.

Long-term potentiation (LTP) is generally regarded as the neurophysi-
ological correlate of cognition. To assess the induction, maintenance,
and saturation kinetics of LTP, we delivered successive bouts of natural-
istic 0-burst stimulation, spaced 1 h apart,*” to hippocampal ex vivo shi-
ces (Figure 4A). Both oligomeric and fibrillar AB, 4, species impaired
LTP magnitude (Figures 4B, S9A, and S9B), but only A, 4, oligomers
induced a significant desaturation of LTP, as shown by an increase in the
LTP’s saturation index (SI) (Figures 4C and S9C). After co-exposure to
both AB;_4, oligomers and TAT-TrkB (20 uM), the LTP magnitude was
re-established and the saturation profile normalized (LTP1ojigomers =
16.04% + 3.97%, LTP1ojgomerssat = 48.01% £ 8.71%, Slojgomers =
7.43  0.37, Slongomerssat = 449 + 0.41; Figures 4A-4C). TAT-TrkB
alone did not affect the excitability of hippocampal neurons (Figures
S10A and S10B) or the LTP saturation profile (Figures 4B and 4C).
Consistently, we found that MDL28170 (20 pM), a general calpain in-
hibitor, also prevented the LTP impairment and desaturation induced
by oligomeric AP, 4, (Figures SOD-S9F).

Next, to understand whether the ability of BDNF to modulate synaptic
events in AB-toxic conditions was restored when TrkB-FL cleavage was
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attenuated by TAT-TrkB, we directly examined the effects of acutely
applied exogenous BDNF. In control conditions, BDNF (30 ng/mL)
potentiated both LTP magnitude (Figures 4D and 4G) and K*-evoked

glutamate release (Figures 4H and 4J), as previously shown."***

Following exposure to AP 4, enriched in oligomeric species, the ef-
fect of BDNF on LTP (Figures 4E and 4G) and glutamate release
(Figures 41 and 4]) was abolished. However, following exposure to
AP, 4, enriched in monomeric or fibrillar species, the effects of
BDNEF were preserved (Figures S10D, S10E, S10H, and S10J). TAT-
TrkB peptide prevented the loss of BDNF’s effect on glutamate release
driven by oligomeric AP (Figures 4I and 4J), but LTP was not poten-
tiated further by exogenous BDNF (Figures 4F and 4G). However, co-
applying TrkB-Fc, a scavenger of BDNF, reduced LTP magnitude,
which means that TrkB-FL receptors were functional due to the pro-
tective effect exerted by the TAT-TrkB peptide and that endogenous
BDNEF signaling is necessary for maintenance of synaptic potentiation
in these AB-toxic conditions (Figure S10G). TAT-TrkB per se did not
alter the effect of BDNF (Figures 4G, 4], SI0F, and S10L).

In vivo administration of TAT-TrkB improves synaptic deficits
and cognitive performance of a transgenic mouse model of AD
The results described above demonstrate that TAT-TrkB attenuates
TrkB-FL receptor cleavage in AB-toxic conditions, which, in turn,
prevents the loss of the modulatory effect of BDNF on synapses
and leads to improved hippocampal plasticity ex vivo. To assess a
possible neuroprotective effect in vivo, we next administered TAT-
TrkB to 5XFAD mice and evaluated cognitive behavior, synaptic plas-
ticity, and the density of dendritic spines. The 5XFAD mice express
five familial AD (FAD) mutations in two genes—the human Ap pre-
cursor protein 695 (APP695) and presenilin 1 (PS1)—and were
shown to rapidly recapitulate features of AD amyloid pathology.*’

Amyloid deposition in the brains of 5XFAD mice starts at 2 months of
age, and memory deficits ensue from 4 to 5 months of age.””** There-
fore, we started treatment with TAT-TrkB (25 mg/kg) or NaCl 0.9%
(as a control), administered intraperitoneally (i.p.), at 4 months of
age, to either 5XFAD mice or wild-type (WT) littermates, for up to
9 consecutive weeks, 5 days/week (Figure 5A). Quantification of
TrkB-FL and TrkB-ICD levels in the hippocampus through western
blot analysis showed increased TrkB-FL cleavage in 5XFAD mice
when compared to WT (Figures 5B-5D). Treatment with TAT-
TrkB prevented both the reduction of TrkB-FL and the increase of
TrkB-ICD in 5XFAD mice (Figures 5B-5D).

Hippocampal-dependent memory was assessed by the Morris water
maze (MWM) test, in which both memory acquisition (learning
phase) and retention (probe test) were evaluated. Chronic administra-
tion of TAT-TrkB prevented both learning and memory deficits in
5XFAD mice (Figures 5E-5H). During the learning phase, 5XFAD
animals treated with TAT-TrkB showed decreased latency to find
the escape platform, when compared with 5XFAD animals treated
with vehicle (Figures 5E and 5F). TAT-TrkB treatment also reestab-
lished the retention ability of 5XFAD mice, as observed in the probe
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Figure 4. The TAT-TrkB peptide prevents synaptotoxic effects of AB;.42 oligomers

(A) Time course of averaged normalized changes in fEPSP slope after delivery (0, 60, and 120 min) of three weak 6-burst (4 x 4), separated by 1-h intervals, to hip-
pocampal slices exposed to vehicle, Ap oligomers (200 nM), or both AB oligomers (200 nM) and TAT-TrkB (20 uM). Data are expressed as mean + SEM (n = 7-8 slices,
from n = 7-8 rats per condition). (B and C) Quantifications of the LTP1 magnitude (B) and Sl (C) from the recordings shown in (A), and from hippocampal slices exposed to
TAT-TrkB (20 uM) alone (n = 8 slices, from n = 8 rats). Individual replicates (circles) are shown with mean + SEM (bars and error bars) overlaid B: H = 11.52, p =
9.22 x 1073, C: H=15.77, p = 1.26 x 103, Kruskal-Wallis test, followed by Dunn’s test for multiple comparisons). (D—F) Time courses of averaged normalized changes
in fEPSP slope after delivery (0 min) of a weak 8-burst (4 x 4) in the absence (colored open circles) or presence (colored filled circles) of BDNF (30 ng/mL) to hippocampal
slices exposed to vehicle (D), AB oligomers (200 nM, E) or AB oligomers (200 nM) and TAT (20 uM, F). Data are expressed as mean + SEM (D: n = 13 [no BDNF], n = 6
[with BDNF]; E: n = 8 [no BDNF], n = 7 [with BDNF]; F: n = 15 [no BDNF], n = 13 [with BDNF] slices, from different rats). (G) Quantification of LTP magnitudes from the
recordings shown in (D)—(F) and in Figure S10F. BDNF significantly increased LTP magnitude after incubation with vehicle or TAT-TrkB (20 pM) alone (D: U =7, p =
3.283 x 1078 E: U =21, p = 0.44; F: U = 94, p = 0.89; Mann-Whitney U tests). (H) Top: time course of averaged normalized changes in fractional release of [*H]glutamate
from hippocampal synaptosomes, evoked by two 15-mM K* stimuli (at 5-7 min and 29-31 min; shaded areas), in the absence (colored open circles) or presence (colored
filled circles) of BDNF (30 ng/mL). Bottom: same time course as above, where the internal control curves were subtracted from BDNF curves. This procedure makes the
incremental effect of BDNF on glutamate release during the second K*-induced depolarization more evident. (I) Time courses of averaged control-subtracted changes in
fractional release of [°H]glutamate from hippocampal synaptosomes induced by BDNF, after incubation with vehicle (n = 12 experiments, 24 rats), AB oligomers (200 nM)
(n = 5 experiments, 10 rats), or both AB oligomers (200 nM) and TAT-TrkB (20 uM) (n = 3 experiments, 6 rats). (J) Area of control-subtracted S2 peaks from the recordings
in () and after incubation with TAT-TrkB (20 uM) alone (n = 5 experiments, 10 rats; see Figure S10L). Individual replicates (circles) are shown with mean + SEM (bars and
error bars) overlaid (U = 9.25, p = 2.61 x 1072, Kruskal-Wallis test, followed by Dunn’s test for multiple comparisons). See also Figures S6-S10.
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test (Figures 5G and 5H). We also evaluated an anxiety-related
behavior with the elevated plus maze (EPM) test. We observed that
5XFAD mice, compared to WT, spent more time in the open arms
and correspondingly less time in the closed arms (Figure 5I), with
no changes in the total number of arm entries (Figure 5]), indicating
decreased anxious-like behavior, as previously reported.”"** Impor-
tantly, similar changes in EPM performance were shown in mouse
models of hippocampal neuronal loss.””> Treatment with TAT-TrkB
prevented the decreased anxious-like behavior in 5XFAD mice, while
having no effect in WT mice (Figure 5I). Furthermore, TAT-TrkB had
no impact on the locomotor performance of mice, regardless of their
genotype, as shown by the open field (OF) test (Figure S11).

To gain a deeper mechanistic insight into the therapeutic effect of
the TAT-TrkB peptide on the cognitive behavior of 5XFAD mice, we
next evaluated synaptic plasticity in hippocampal slices ex vivo.
We observed a decreased LTP magnitude in vehicle-treated 5XFAD
mice compared to vehicle-treated WT controls (LTPwrt ven =
51.88% + 17.38%, LTPsxpap ven = —5.440% = 9.54%; Figures 5K and
5L), as previously reported.”*”> LTP deficits were prevented by the
chronic administration of TAT-TrkB (LTPsxpap ven = —5.44% +
9.54%, LTPsxpap tat = 41.60% + 6.23%; Figures 5K and 5L).

Possibly related to the impairments in synaptic plasticity, we found
that vehicle-treated 5XFAD mice had decreased levels of PSD-95
(a postsynaptic protein) and of Synapsin-1 (a presynaptic protein),
compared to WT littermates (Figures 5M-5P). TAT-TrkB prevented
the loss of PSD-95 (Figures 5M and 5N), but not of Synapsin-1
(Figures 50 and 5P) in 5XFAD mice.

Dendritic spines harbor the postsynaptic sites of most excitatory syn-
apses. In line with the results on the protein levels of PSD-95, we

observed a loss of dendritic spines in the stratum radiatum of
the CAl hippocampal area of 5XFAD mice, which was also
prevented by chronic administration of the TAT-TrkB peptide
(Figures 5Q-5U).

Overall, these data suggest that TAT-TrkB improved the performance
of 5XFAD mice in hippocampal-dependent learning/memory tasks,
which could be mechanistically linked to the effects of the peptide
in preventing the loss of postsynaptic sites and the synaptic plasticity
deficits in the hippocampus.

In vivo administration of TAT-TrkB reduces the amount of p-Tau
and the size of A plaques in a transgenic mouse model of AD
To test whether the TAT-TrkB peptide could have disease-modifying
properties, we next evaluated its effects on A and p-Tau pathology in
5XFAD mice. 5XFAD mice are known to develop AP pathology, with
the initial plaques developing already at 4 months of age.’' To eval-
uate the effect of the TAT-TrkB peptide on this phenotype, we per-
formed immunostainings for AR and quantified the number and
size of AP plaques. Plaque pathology was absent in the entire brain
of WT littermates, while being noticeable throughout the rostro-
caudal axis of the brain of 5XFAD mice (Figures 6A-6D). In the hip-
pocampus, the TAT-TrkB peptide produced a small but significant
reduction in AP plaque area (Figure 6F), but not in plaque density
(Figure 6E). In cortex, no significant changes were observed
(Figures 6G and 6H; see representative images in Figure S12). To eval-
uate whether the TAT-TrkB peptide changed AP solubility, we as-
sessed the levels of soluble AP in the hippocampus through western
blot analysis. We found an increase in the levels of (radioimmunopre-
cipitation assay [RIPA])-soluble AP in 5XFAD mice, as expected,
which was not affected by chronic administration of TAT-
TrkB (Figures 61 and 6]). Taken together, these data suggest that

Figure 5. In vivo treatment of 5XFAD mice with TAT-TrkB attenuates TrkB-FL cleavage and prevents hippocampal-dependent memory deficits, LTP

impairment, and loss of dendritic spines

(A) Schematic representation of the experimental groups and of the time line for treatments and experiments. (B) Representative western blot of hippocampal homogenates
probed with anti-TrkB and anti-GAPDH antibodies. (C and D) Quantification of TrkB-FL (C) and TrkB-ICD (D) levels in hippocampal homogenates of 5XFAD and WT mice,
treated with either vehicle (Veh; 0.9% NaCl) or TAT-TrkB (TAT; 25 mg/kg). Data were normalized for the vehicle-treated WT group (n = 9-15 mice per condition). Individual
replicates are shown with mean + SEM (bars and error bars) overlaid (two-way ANOVA, followed by Sidak’s test for multiple comparisons; main effects, interaction, and
pairwise comparisons are shown). (E-H) Hippocampal-dependent memory performance was assessed by the MWM test, in which learning/acquisition (E and F) and memory
retention (G and H) were evaluated. The latency to reach the platform is plotted as a function of the training day (F) during the learning phase (n = 18-23 mice per condition;
data are expressed as mean + SEM; repeated-measures three-way ANOVA; main effects and interactions are shown). Representative traces of the mice traveling during the
4th training day are shown in (E). The time spent on the target quadrant during the probe test is shown for each experimental group in (G) (n = 18-23 mice, per condition;
individual replicates are shown with mean + SEM [bars and error bars] overlaid; two-way ANOVA, followed by Sidak’s test for multiple comparisons; main effects, interaction,
and pairwise comparisons are shown). Representative traces of the mice traveling during the probe test are shown in (H). (Il and J) Quantification of the time spent in the open
arms (1) and of the total number of entries in both open and closed arms (J) of the EPM (n = 18-23 mice, per condition). Individual replicates are shown with mean + SEM (bars
and error bars) overlaid (two-way ANOVA, followed by Sidak’s test for multiple comparisons; main effects, interaction, and pairwise comparisons are shown). (K) Time course
of averaged normalized changes in fEPSP slope after delivery (O min) of a weak 6-burst (4 x 4) to hippocampal slices from mice of each experimental group (n = 5-6 mice, per
condition). (L) Quantification of LTP magnitudes from the recordings shown in (K). Individual replicates are shown with mean + SEM (bars and error bars) overlaid (two-way
ANOVA, followed by Sidak’s test for multiple comparisons; main effects, interaction, and pairwise comparisons are shown). (M—P) Quantification of PSD-95 (N) and Syn-1
(P) levels in hippocampal homogenates of 5XFAD and WT mice, treated with either vehicle (0.9% NaCl) or TAT-TrkB (25 mg/kg). Data were normalized for the vehicle-treated
WT group (N: n = 7-11 mice per condition; P: n = 5-6 mice per condition). Individual replicates are shown with mean + SEM (bars and error bars) overlaid (two-way ANOVA,
followed by Sidak’s test for multiple comparisons; main effects, interaction, and pairwise comparisons are shown). Representative immunoblots are shown in (M) and (O),
respectively. (Q-U) Quantification of F-actin (dendritic) protrusion density in the stratum radiatum of CA1 hippocampal area (U: n = 18 imaging fields, from n = 3 mice per
condition). Individual quantifications are shown with mean + SEM (bars and error bars) overlaid (mixed-effect linear regression, followed by Tukey’s test for multiple com-
parisons; main effects, interaction, and pairwise comparisons are shown). Representative microscopy images are shown in (Q—(T). See also Figure S11.
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TAT-TrkB did not change the solubility of AR or the number of AR
nucleation foci, although it could have slightly reduced the aggrega-
tion rate of insoluble Ap.

Even if the 5XFAD model does not develop neurofibrillary tangles,
6-month-old mice were reported to experience significant increases
in Tau phosphorylation.”® We found p-Tau" cells in the hippocampus
of both 5XFAD and WT littermates, particularly in the dentate gyrus
(Figures 6K-6N). Both the number of p-Tau™ cells (Figure 6P) and
the mean normalized fluorescence intensity of p-Tau" cells (Fig-
ure 60) were increased in 5XFAD mice, as compared to WT litter-
mates. These observations suggest an increase in the expression of
p-Tau in the 5XFAD model, which is consistent with previous re-
sults.”” Although the administration of TAT-TrkB did not signifi-
cantly change the number of p-Tau® cells (Figure 6P), it greatly
reduced p-Tau expression levels (Figure 60). To corroborate this
finding, we performed western blot quantification of p-Tau in the hip-
pocampus. Consistently, we found the levels of p-Tau to be increased
in vehicle-treated 5XFAD mice, which was prevented by TAT-TrkB
chronic administration (Figures 6Q and 6R).

These data suggest that the prevention of TrkB-FL cleavage attained
by TAT-TrkB has disease-modifying properties on Tau pathology,
but only minor effects on A load.

Systemic administration of TAT-TrkB does not cause kidney or
liver toxicity

In addition to examining the neuroprotective effects of the TAT-TrkB
peptide, we aimed to perform preliminary toxicity studies, which we
describe below.

Throughout the treatment period, we did not observe spontaneous
deaths or clinical signs of disease in any animal undergoing treatment
with TAT-TrkB (25 mg/kg). We monitored body weight as a general
measurement of body condition and observed no significant changes

from baseline for up to 9 consecutive weeks of treatment (Figures 7A
and 7B).

Furthermore, at the end of the treatment period, a subset of animals
was necropsied, the liver and kidneys were collected for histopatho-
logical analysis, and blood was harvested for biochemical measure-
ments in the serum. We measured (1) creatine kinase (CK) to assess
muscle damage; (2) creatinine and urea to determine kidney function;
and (3) aspartate and alanine transaminases (AST and ALT, respec-
tively) to evaluate liver damage. We observed no differences between
groups (i.e., no effect of genotype or treatment with TAT-TrkB),
and individual levels were within the ranges of reference values™
(Figures 7C-7E, 7], and 7K). Furthermore, no significant histological
changes were detected in kidney or liver samples for either WT or
5XFAD treated with either vehicle or TAT-TrkB (25 mg/kg) (n = 3
mice per condition; representative microphotographs are shown
in Figures 7F-71 and 7L-70). Samples were analyzed by a certified
pathologist, and all were graded with a score of 0 (from 0 to 4; see ma-
terials and methods for details).

Overall, we found no evidence of toxicity resulting from chronic treat-
ment with the TAT-TrkB peptide.

DISCUSSION

Here, we demonstrate that AB-induced cleavage of the cognate re-
ceptor of BDNF, TrkB-FL, increases with the neuropathologic
severity of AD. The BDNF/TrkB-FL system is dysregulated in
AD, from very early stages, as shown by CSF samples from patients
with MCI due to AD, but also when AD is fully established, as re-
vealed by the analysis of postmortem inferior temporal cortical pa-
renchyma samples from AD human patients. Since we lack brain
parenchyma samples from non-AD patients, we cannot assess
whether BDNF signaling deficits in the brain parenchyma occur
from the earliest stages of AD, or whether these start only in the in-
termediate stages of the disease. Furthermore, we cannot ascertain

Figure 6. In vivo treatment of 5XFAD mice with TAT-TrkB reduced A aggregation and prevented Tau hyperphosphorylation

(A-D) Representative microscopy images of AB plaques in the hippocampus and cortex of 6-month-old 5XFAD mice (C and D). No plaques were observed in WT littermates
(A and B). Insets show the dentate gyrus in higher magnification. (E and F) Quantification of AB plaque density (E) and area (F) in the hippocampus of 5XFAD mice treated with
either vehicle (Veh; 0.9% NaCl) or TAT-TrkB (TAT; 25 mg/kg). In (E), individual quantifications are shown with boxplots overlaid (n = 23-24 imaging fields, n = 3 mice per
condition; U =268, p = 0.87, Mann-Whitney U test). In (F), individual plaques are shown with violin plots and boxplots overlaid (n = 289-309 plaques, n = 3 mice per condition;
U = 40,790, p = 2.35 x 10, Mann-Whitney U test). (G and H) Quantification of AB plaque density (G) and area (H) in the cortex of 5XFAD mice treated with either vehicle
(0.9% NaCl) or TAT-TrkB (25 mg/kg). In (G), individual quantifications are shown with boxplots overlaid (n = 23-24 imaging fields, n = 3 mice per condition; U =314, p = 0.42,
Mann-Whitney U test). In (H), individual plaques are shown with violin plots and boxplots overlaid (n = 558-657 plagues, n = 3 mice per condition; U = 178,169, p = 0.11,
Mann-Whitney U test). Representative microscopy images are shown in Figure S12. (I and J) Quantification of (RIPA-)soluble AB levels in hippocampal homogenates of
5XFAD and WT mice, treated with either vehicle (0.9% NaCl) or TAT-TrkB (25 mg/kg) (J). Data were normalized for the vehicle-treated WT group (n = 1315 mice per
condition). Individual replicates are shown with mean + SEM (bars and error bars) overlaid (two-way ANOVA, followed by Sidak’s test for multiple comparisons; main effects,
interaction, and pairwise comparisons are shown). A representative immunoblot is shown in (I). (K-N) Representative microscopy images of p-Tau* cells in the dentate gyrus
of the hippocampus of 6-month-old 5XFAD mice and WT littermates. (O and P) Quantification of average normalized p-Tau intensity (O) and of the number of pTau* cells (P) in
the hippocampus of 5XFAD and WT mice, treated with either vehicle (0.9% NaCl) or TAT-TrkB (25 mg/kg). In (O), average normalized p-Tau intensities of individual p-Tau™
cells are shown with boxplots overlaid (1 = 70-88 cells, n = 3 mice per condition). In (P), numbers of p-Tau* cells per imaging field are depicted with boxplots overlaid (n = 22—
26 imaging fields, n = 3 mice per condition). Data were analyzed with mixed-effects linear regressions, followed by Tukey’s test for multiple comparisons; main effects,
interaction, and pairwise comparisons are shown. (Q and R) Quantification of p-Tau levels in hippocampal homogenates of 5XFAD and WT mice, treated with either vehicle
(0.9% NaCl) or TAT-TrkB (25 mg/kg) (R). Data were normalized for the vehicle-treated WT group (n = 5-6 mice per condition). Individual replicates are shown with mean +
SEM (bars and error bars) overlaid (two-way ANOVA, followed by Sidak’s test for multiple comparisons; main effects, interaction, and pairwise comparisons are shown). A
representative immunoblot is shown in (Q). See also Figure S12.
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Figure 7. In vivo treatment with TAT-TrkB does not cause muscle, kidney, or liver damage

(A and B) Body weight is plotted as a function of experiment duration (A) (data are expressed as mean + SEM). Changes in body weight from the start to the end of treatment
are depicted in (B) (n = 6-7 mice per condition; individual replicates are shown with boxplots overlaid). (C-E) Quantification of creatine kinase (C), creatinine (D), and urea (E) in
the serum of 5XFAD and WT mice, treated with either vehicle (Veh; 0.9% NaCl) or TAT-TrkB (TAT; 25 mg/kg) (n = 3—4 mice per condition; individual replicates are shown with
mean + SEM [bars and error bars] overlaid). Horizontal dashed lines indicate the range of reference values. (F-l) Representative microphotographs of H&E-stained sections of
kidney. No histological changes were detected. (J and K) Quantification of AST (J) and ALT (K) in the serum of 5XFAD and WT mice, treated with either vehicle (0.9% NaCl) or
TAT-TrkB (25 mg/kg) (n = 3-4 mice per condition; individual replicates are shown with mean + SEM [bars and error bars] overlaid). Horizontal dashed lines indicate the range
of reference values. (L-O) Representative microphotographs of H&E-stained sections of liver. No histological changes were detected. Analyses in (B)—(E) and (J) and (K) are

two-way ANOVAs; main effects and interaction are shown.

whether TrkB-ICD formation also occurs in the hippocampus of
AD patients, since we only analyzed samples from the inferior tem-
poral cortex. Additionally, we found the levels of TrkB-ICD to be
increased in CSF samples of FTD patients, suggesting that dysregu-
lation of the BDNF/TrkB-FL system may occur across mechanisti-
cally different forms of dementia.
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In this work, we assessed the potential of TrkB-FL cleavage as a phar-
macological target. To this end, we designed small TAT peptides
spanning the cleavage site of the receptor. We were able to validate
TrkB-FL cleavage as a novel therapeutic target, since the final candi-
date peptide could prevent (1) TrkB-FL cleavage in vitro and in vivo;
(2) AP synaptotoxicity ex vivo; and (3) synaptic plasticity deficits,
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behavioral impairments, and p-Tau pathology in vivo. The TAT
sequence increases the capacity of proteins to diffuse across the
BBB,” obviating the need for invasive administration routes (e.g.,
intrathecal, intracerebral), thus facilitating the potential transition
of the TAT-TrkB peptide into clinical use. Indeed, we found that
the TAT-TrkB peptide could translocate an in vitro model of the
BBB and exert effects upon the brain parenchyma in vivo after paren-
teral administration. Nevertheless, ancillary pharmacokinetic studies
will be required to optimize the administration route and dosage
schemes, and to fully characterize the biodistribution profile of the
novel TAT-TrkB compound.

We previously mapped the cleavage site of TrkB-FL to residues N520/
§521,'° located within the juxtamembrane region of the receptor
(amino acids [aa] 453-536). All TAT peptides designed in this study
spanned the cleavage site (aa 516-525 or aa 513-528). Interestingly,
in another study, a TAT peptide also spanning the cleavage site (aa
518-531) was shown not to protect TrkB-FL against NMDA-induced
cleavage in cultured neurons.’” The peptide in that study did not
include a linker sequence, which might have compromised its confor-
mational stability, similar to what we observed for TAT-0-TrkB in
this study.

Prevention of excitotoxicity-induced cleavage of TrkB-FL was shown
to increase the survival of cultured cortical neurons through phos-
pholipase-C-y downstream pathways and sustained activation of
CREB and MEF2D.* However, cognitive deficits in AD precede overt
neuronal loss, and even subneurotoxic concentrations of Ap peptide
can strongly suppress hippocampal synaptic plasticity.*’ Therefore, in
this study, we privileged functional synaptic readouts and perfor-
mance in learning/memory-related tasks. We found that the impair-
ment of BDNF actions is sensitive to AP aggregation state—in other
words, only oligomeric A caused the loss of BDNF-induced boost in
presynaptic glutamate release and postsynaptic potentiation, in line
with previous evidence suggesting that oligomeric species are the
most synaptotoxic.”’ Therefore, oligomeric AB was used in subse-
quent experiments to assess the neuroprotective efficacy of TAT-
TrkB. TAT-TrkB prevented the loss of the effect of BDNF on presyn-
aptic glutamate release and prevented AB-driven LTP impairment,
but LTP could not be potentiated further by exogenous BDNF. Our
first hypothesis was that, in these conditions, LTP was already satu-
rated. To test it, we delivered successive bouts of 0-burst stimulation
spaced 1 h apart.”” Surprisingly, we found that oligomeric AP induced
a strong LTP desaturation, a previously unknown synaptic phenotype
of AP toxicity. We speculate that it may play a compensatory role
initially, since it allows the preservation of global synaptic output
despite the initial LTP impairment, but likely at the cost of excitotox-
icity and eventually leads to synaptic failure and cell death. The TAT-
TrkB peptide prevented the desaturation induced by A oligomers, an
additional mechanism whereby it may afford neuroprotection.

Soluble AP oligomers exert synaptotoxic effects beyond TrkB-FL
cleavage, and several other receptors and pathways have been impli-
cated.”” Although endogenous BDNF is generally not required to sus-

tain hippocampal LTP in juvenile animals,*> we show here that it can
be critical in AB-toxic conditions and that re-enabling TrkB-FL
signaling with TAT-TrkB can ameliorate synaptic deficits and perfor-
mance in learning/memory-related tasks.

We cannot, however, exclude that additional processing sites exist
within the interdomain region that resides outside the sequence
spanned by the peptide. It is challenging to target long stretches of
aminoacid sequences with this strategy, since there are constraints
to the size of therapeutically useful TAT peptides—specifically,
toxicity increases and the ability to cross cellular membranes de-
creases as a function of the total peptide length.** Another TAT pep-
tide spanning a different region of the juxtamembrane domain that
does not include the cleavage site (aa 457-471) was found to indirectly
promote TrkB-FL stability by reshuffling the recycling of the receptor
to domains of the plasma membrane where it is less prone to proteo-
Iytic cleavage.” This peptide and the TAT peptide described here
could be synergistic in protecting TrkB-FL from cleavage.

Regardless, the level of protection afforded by TAT-TrkB was suffi-
cient to prevent the loss of BDNF effects on synaptic transmission
and plasticity ex vivo and to prevent learning and memory deficits,
synaptic impairments, and p-Tau pathology in the 5XFAD mouse
model of rapidly progressing AD pathology.

The exact neuroprotective mechanism of the TAT-TrkB peptide re-
mains unclear, and some of its effects could be cell type specific. How-
ever, the evidence presented here allows us to build a case for at
least three potential mechanisms. First, TAT-TrkB prevented the
AB-driven loss of BDNF fast synaptic actions on glutamate release
and ex vivo hippocampal LTP; these data provide functional evidence
that TAT-TrkB re-enabled TrkB-FL activation and signaling propa-
gation through one or more of its downstream pathways. However,
which pathways stay functional under the protection of TAT-TrkB
remains unclear. Second, TAT-TrkB prevented the excessive accumu-
lation of the TrkB-ICD fragment, which, by itself, as we now show,
can induce dendritic spine loss and neuronal hyperactivity (both of
these are also phenotypes of transgenic models of AD).*>*® Third,
TAT-TrkB prevented p-Tau pathology. Intracellular accumulation
of p-Tau was shown to cause deficits in adult hippocampal neurogen-
esis and neural network hyperactivation, which together could be
accountable for cognitive impairments.47 In addition, several clinical
studies have shown that the onset of Tau pathology is closely related

to the development of cognitive symptoms.*>*’

Even though it is generally accepted that AB is upstream of Tau hy-
perphosphorylation, how the two are linked remains a major unre-
solved question for the understanding of AD pathophysiology. A pre-
vious study has implicated that astrocyte reactivity could play such a
*" Here, we demonstrate that TrkB-FL cleavage is triggered by AB
already in the early stages of the disease, as evidenced by our measure-
ments in the CSF of patients with MCI due to AD. Furthermore, we
found that preventing TrkB-FL cleavage also prevented the progres-
sion of Tau pathology in the 5XFAD model. Thus, it is tantalizing

role.
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to speculate that either the AB-driven loss of TrkB-FL receptor func-
tion or the excessive accumulation of its TrkB-ICD cleavage product
could be responsible for triggering Tau phosphorylation, thereby
acting as a mechanistic link between the two hallmark pathologies
of AD. This hypothesis merits further research.

The therapeutic potential of TAT-TrkB may be enhanced further
when combined with BDNF mimetics and/or with existing (e.g.,
cholinesterase inhibitors, NMDA receptor antagonist) and experi-
mental therapies (e.g., PB-secretase inhibitors, immunotherapy,
plasmapheresis).”’ Furthermore, the therapeutic usefulness of TAT-
TrkB may extend beyond AD, since TrkB-FL cleavage has been impli-
cated in other diseases characterized by excitotoxic conditions,
including epilepsy,”” stroke,”** and, as we now report, FTD. TrkB-
FL cleavage is mediated by calpains,'® and here we show that calpain
inhibition prevents AP toxicity on hippocampal LTP. However, cal-
pains serve central roles in cell physiology,”> which greatly limits
the clinical usefulness of conventional calpain inhibitors.”

In summary, TAT-TrkB specifically blocks a disease mechanism of
AD whose therapeutic potential has not been addressed before. The
ex vivo and in vivo studies conducted herein establish proof-of-
concept evidence for the efficacy and safety of this therapeutic strat-
egy. We anticipate that by preserving BDNF signaling, preventing
TrkB-ICD accumulation, and decreasing Tau hyperphosphorylation,
this peptide has the potential to be a disease-modifying drug that can
prevent and/or reverse cognitive deficits in patients with AD.

MATERIALS AND METHODS

Human CSF samples

The CSF samples analyzed in this study are part of the “Beyond Beta
Amyloid-Deciphering Early Pathogenic Changes in Alzheimer’s Dis-
ease” project. The project was approved by the local ethics committee
(license no. 345/18), and the participants provided their written
informed consent.

Participants were recruited at Memoclinica, a private memory clinic
in Lisbon, Portugal. The patient demographics are described in
Table S1. The clinical history of participants was obtained at the
time of CSF sampling. All patients were evaluated with a neurological
examination, a comprehensive neuropsychological assessment, blood
and CSF analyses, and brain imaging. The participants were in one of
three groups. Group (1) were patients in the initial stages of AD, ful-
filling the criteria for MCI due to AD-high likelihood, which corre-
sponds to the highest level of diagnostic certainty as determined by
National Institute on Aging/Alzheimer’s Association workgroup
criteria.”” The high likelihood requires clinical and cognitive criteria,
biomarkers of AP deposition (quantified on a CSF sample collected
through lumbar puncture and based on amyloid imaging with Pitts-
burgh Compound-B positron emission tomography [PiB-PET]), and
biomarkers of neuronal injury (in the present study, at least two had
to be positive: high CSF levels of t-Tau or p-Tau, medial temporal lobe
atrophy by volumetric measures or visual rating, or temporoparietal
hypometabolism by ['*F]fluorodeoxyglucose-PET imaging). Group
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(2) were patients with FTD fulfilling the Rascovsky criteria for behav-
joral-variant FTD® and no biomarkers of AB deposition. Group (3)
were subjects reporting cognitive complaints but showing none of the
biomarkers of either AP deposition or neuronal injury indicated
above (MCI controls). Patients with other neurological disorders as
well as psychiatric or medical conditions that might induce cognitive
deficits, history of alcohol use, or recurrent substance abuse were
excluded from this study.

Lumbar puncture and CSF handling followed established standard
operating protocols.”” Upon collection, samples were clarified by
centrifugation (2,000 x g, 10 min, room temperature), and aliquots
of 500 pL were stored in code-labeled polypropylene tubes
at —80°C until use.

Human brain samples

Human postmortem brain samples (from the inferior temporal cortex)
were collected, and RNA and protein were extracted, as previously
described.*” The patient demographics are described in Table S2. Sam-
ples were classified according to Braak staging and grouped into three
categories: stages 0-II (mild AD), stages III-IV (moderate AD), and
stages V-VI (severe AD).®! Previous quantifications of these tissue
samples showed that B-secretase activity and soluble A, 4, peptide
levels were correlated with the severity of AD pathology. Furthermore,
the levels of AB,_ 4, t-Tau, and p-Tau in the CSF of patients from the
same series were found to be associated with disease severity, according
to Braak staging.”” Thus, these data validate the use of this cohort to
assess TrkB-FL cleavage at different stages of AD pathology severity.
The study was approved by the ethics committee of Kuopio University
Hospital, University of Eastern Finland, the Finnish National Supervi-
sory Authority, and the Finnish Ministry of Social Affairs and Health
(license no. 362/06.01.03.01/2017).

Animals

All animal procedures were approved internally by Orgao Responsé-
vel pelo Bem-Estar Animal of Instituto de Medicina Molecular Jodo
Lobo Antunes, under license number AWB_2016_17, and externally
by Diregao-Geral da Alimentagio e Veterindria (the Portuguese vet-
erinary authority) under license number 002477/2021. Experiments
were carried out according to the Portuguese law for animal care
(Decree-Law no. 113/2013) and the European Commission guide-
lines for animal care (European Union Council Directive 2010/63/
EU). Throughout the underlying experimental work, care was taken
to minimize the number of animals sacrificed. All animals were
kept under regulated temperature (22°C-24°C), relative humidity
(45%-65%) and lighting conditions (14/10-h light/dark cycle), with
ad libitum access to water and food.

Embryos (embryonic day [E] 17-18) from female pregnant Sprague-
Dawley rats were used to prepare primary neuronal cultures, while
male Wistar rats (7-10 weeks old) were used for acute hippocampal
slice electrophysiology and radioactive neurotransmitter release.
These animals were obtained from Charles River Laboratories (Barce-
lona, Spain).
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In vivo and ex vivo studies were performed in 5XFAD transgenic
mice (B6SJL-Tg(APPSwFILon, PSEN1*M146L*L286V)6799Vas/Mmyjax;
The Jackson Laboratory, strain no. 034840) (16-25 weeks old). The
5XFAD mice overexpress mutant human APP695 with the Swedish
(K670N, M671L), Florida (I1716V), and London (V717I) FAD muta-
tions, as well as the human PS1 gene with two FAD mutations
(M146L and L286V). The expression of both transgenes is driven
by the neuron-specific mouse Thyl promoter. The 5XFAD line was
maintained by crossing heterozygous transgenic mice with WT
B6SJLF1/] breeders. All transgenic mice used for the experiments
were heterozygotes with respect to the transgene, and non-transgenic
littermates (WT) served as controls.

ELISA and western blot analyses of human CSF samples

APj_42, t-Tau, and p-Tau levels in the CSF were determined using a
sandwich ELISA (INNOTEST B-AMYLOID [1-42], INNOTEST
hTAU-Ag,and INNOTEST PHOSPHO-TAU 181P; Fujirebio, catalog
nos. 81583,81572,and 81574). BDNF levels in the CSF were quantified
using the Human/Mouse BDNF DuoSet ELISA (R&D Systems, cata-
log no. DY248), according to the manufacturer’s instructions.

For TrkB-ICD and TrkB-FL quantification, CSF samples were
concentrated using 10-kDa filters (VWR, catalog no. 516-849).
Briefly, filters were activated with 1% BSA (Sigma, catalog no.
A8412) in PBS (pH 7.4) for 1 h at room temperature. Then,
Milli-Q water was added, followed by centrifugation (14,000 x g,
10 min, 4°C). Subsequently, samples were filtered by centrifugation
(14,000 x g, 10 min, 4°C) and the supernatant was collected. RIPA
buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM
EDTA, 0.1% SDS, 1% (v/v) Triton X-100, protease inhibitors (Roche,
catalog no. 11697498001), and phosphatase inhibitors (10 mM NaF
and 5 mM Na;VO,) was added to the sample retained in the filter.
The second supernatant was collected and stored together with the
first supernatant. Western blot analyses were performed as described
below for the human brain samples.

Transcriptomics, proteomics, and western blot analyses of
human brain samples

mRNA and protein samples underwent microarray and proteomic
analyses as described previously.*’
temporal lobe tissue samples was performed as described.®* Protein
quantification of brain lysates was performed using the Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, catalog no. 23225). Total
proteins (20 pg/lane) were separated by electrophoresis on NuPAGE
4%-12% bis-Tris-PAGE (Thermo Fisher Scientific, catalog no.
NP0321BOX) under reducing conditions and subsequently blotted
onto polyvinylidene difluoride (PVDF) membranes using the iBlot
2 Dry Blotting System (Thermo Fisher Scientific, catalog no.
IB21001). After blocking with 3% BSA (Sigma, catalog no. 05482-
25QG) in Tris-buffered saline with Tween 20 (TBS-T; 20 mM Tris-
base, 137 mM NaCl, and 0.1% Tween 20), membranes were washed
three times with TBS-T, before incubation with the primary (over-
night at 4°C) and secondary antibodies (1 h at room temperature).
Antibodies were diluted in blocking solution. The following primary

Protein extraction from frozen

antibodies were used: rabbit polyclonal anti-TrkB (C-14), raised
against the C terminus of TrkB-FL (1:1,000; Santa Cruz Biotech-
nology, catalog no. sc-11), and mouse monoclonal anti-B-actin
(1:1,000; Abcam, catalog no. ab8226). The following secondary
antibodies were used: goat anti-rabbit immunoglobulin G (IgG)
horseradish peroxidase (HRP)-conjugated (1:10,000; Santa Cruz
Biotechnology, catalog no. sc-2004) and goat anti-mouse IgG
HRP-conjugated (1:10,000; Santa Cruz Biotechnology, catalog no.
sc-2005). Protein bands were detected using enhanced chemilumines-
cence substrate (ECL Prime Western Blotting Detection Reagent; Cy-
tiva, catalog no. RPN2236) and the ChemiDoc MP Imaging System
(Bio-Rad, catalog no. 17001402). Band intensities were quantified us-
ing the digital densitometry tool of Fiji software.®® In these samples,
two bands were found close to the estimated molecular weight of
the TrkB-ICD fragment (32 kDa).'® We performed a careful molecu-
lar weight estimation of each band. First, we correlated the migration
distance of each band front of the molecular weight ladder with their
known molecular weights (R? = 0.99). Second, we used this regression
line to estimate the molecular weight of the two putative TrkB-ICD
bands from the migration distance of their band fronts. The lower
band (labeled with an arrow in Figure 1D) had an estimated weight
of 31.6 kDa. Since this was the closest to the estimated weight of
32 kDa, it was the one we used for quantifications. Importantly,
TrkB-FL cleavage was found to be independent of postmortem time
delay to sample collection (Figures S1Q and SIR).

TAT-TrkB peptide design and structural prediction

The final TAT-TrkB peptide (Figure 3A) contains a linker (KK) con-
necting (1) the transduction domain motif derived from the HIV-1
protein TAT (YGRKKRRQRRR) and (2) the TrkB-FL sequence (aa
516-525) that spans the calpain cleavage site. Several TAT-TrkB pep-
tide sequences were simulated: final TAT-TrkB: YGRKKRRQRRRKK
FGITNSQLKEP; first version without a linker (TAT-0-TrkB): YGRKKR
RQRRRPQYFGITNSQLKPDTE; with PP as linker: YGRKKRRQRR
RPPEGITNSQLKP; with Q as linker: YGRKKRRQRRRQFGITNSQL
KP; and with E as linker: YGRKKRRQRRREFGITNSQLKP (Figure S3).
For BEB translocation assays and live imaging of cultured neurons, a
6-FAM fluorophore was fused to the N-terminal of the final version
of the TAT-TrkB peptide. All peptides were synthesized by
GenScript and prepared in sterile Milli-Q water (1 mM stock solution).

For structural predictions, ConSSert software (http://ares.tamu.edu/
conSSert/)®* and the SSPro8 tool from the Scratch server (http://
scratch.proteomics.ics.uci.edu/)®® were used. For 3D structural predic-
tions, PEP-FOLD 3.0 software via the online server Mobyle@RPBS
version 1.5.1 (http://mobyle.rpbs.univ-paris-diderot.fr/)*°
After initial studies aimed to determine the peptide concentration for
optimal activity, all the remaining in vitro and ex vivo experiments
were performed using 20 uM, which is within the concentration range
previously described for similar peptides.**”**”

was used.

Primary cortical neuronal cultures
Primary neuronal cultures were prepared as routine procedure in the
lab.'>'*%® Briefly, after euthanasia of the pregnant dam, embryos
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(E17-18) were rapidly removed from the uterus, and brains were
dissected and placed in ice-cold Hank’s balanced salt solution
(HBSS) (Gibco, catalog no. 14060-073). Cerebral cortices were iso-
lated, mechanically fragmented, and digested with 0.025% (w/v)
trypsin-EDTA solution (Gibco, catalog no. 25300-062) in HBSS
(Gibco, catalog no. 14180-046) for 15 min at 37°C. After digestion,
cells were pelleted by centrifugation (200 x g, 10 min, room temper-
ature). The supernatant was removed, and HBSS supplemented with
30% fetal bovine serum (FBS) (Gibco, catalog no. 26140-079) was
added. These washing steps were repeated five times to neutralize
trypsin-EDTA, and, between centrifugations, cells were resuspended
by pipetting to dissociate them from the tissue. Afterward, cells were
resuspended in Neurobasal medium (Gibco, catalog no. 10888022)
supplemented with 0.5 mM L-glutamine (Gibco, catalog no. 25030-
081), 25 mM glutamic acid (Gibco, catalog no. 35050-061), 2%
B-27 supplement (Gibco, catalog no. 12587-010), and 25 U/mL peni-
cillin/streptomycin (Gibco, catalog no. 15140-122). To obtain single
cells and avoid cellular clusters or tissue fragments, the suspension
was filtered with a nylon filter (Falcon 70 pM Cell Strainer; Corning,
catalog no. 352350), and cell density was determined by counting cells
in a 0.4% trypan blue solution (Sigma, catalog no. T8154) using a he-
macytometer. Cells were plated at 6 x 10* cells per square centimeter
density for western blot analysis and evaluation of MTT (Sigma, cat-
alog no. CT01) metabolism and on coverslips at 5 x 10* cells per
square centimeter density for immunocytochemistry and patch-
clamp recordings. Cultures were maintained in an incubator with a
humidified atmosphere of 5%/95% CO,/O, at 37°C with no media
change. The coverslips were previously sterilized under UV light
and coated with 10 pg/mL of poly-p-lysine (Sigma, catalog no.
P5407-5MG) overnight and subsequently washed three times with
sterile Milli-Q water.

LV production

LV plasmid generation

The pFCK-CaMKIIa-EGFP(1.3)GW plasmid (provided by P. Osten,
Max Planck Institute for Medical Research, Germany; Addgene, cat-
alog no. 27230) is a lentiviral backbone vector harboring EGFP
under the regulation of the CaMKIlIa promoter. The pFCK-CaM-
KIIo-TrkB-ICD-IRES-ZsGreenl plasmid was generated in two steps.
First, the transgene cassette containing the TrkB-ICD sequence was
PCR amplified from pcDNA3.2-ICD-V5,'® while simultaneously
adding the EcoRI and BamHI restriction sites at the 5" and 3’ edges,
respectively. The TrkB-ICD cassette was then subcloned into pLVX-
IRES-ZsGreenl (Clontech, catalog no. 632187) via the EcoRI/BamHI
restriction sites. Second, from the resulting pLVX-TrkB-ICD-IRES-
ZsGreenl plasmid, the transgene cassette containing the TrkB-ICD-
IRES-ZsGreenl sequence was PCR amplified, while simultaneously
adding the Agel and EcoRI restriction sites at the 5 and 3’ edges,
respectively, and then subcloned into pFCK-CaMKIIa-EGFP(1.3)
GW via the Agel/EcoRI restriction sites.

LV production and purification
The production of VSV-G-pseudotyped LVs was performed by co-
transfecting plasmid pFCK-CaMKIIo-EGFP(1.3)GW or plasmid
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pFCK-CaMKIIo-TrkB-ICD-IRES-ZsGreenl with a mixture of pack-
aging plasmids (pLP1, pLP2, and pLP/VSVG; Thermo Fisher Scienti-
fic, catalog no. K497500) into HEK293FT cells (Thermo Fisher Scien-
tific, catalog no. R70007), cultured in 10-cm tissue culture plates,
using jetPEI (Polypus Transfection, catalog no. 101000053) and
following the manufacturer’s recommendations. The cell transfection
mixture contained a 9-pg pLP1-pLP2-pLP/VSVG plasmid mixture,
3 ug LV transgene plasmid, 24 pL jetPEL and 200 pL of a 150-mM
NaCl solution. After a 20-min incubation at room temperature, the
cell transfection mixture was added to the tissue culture plate, con-
taining 10 mL Opti-MEM medium (Thermo Fisher Scientific, catalog
no. 31985062). The next day, the cell culture medium was completely
replaced with 10 mL fresh Opti-MEM supplemented with 2% FBS. At
72 h post-transfection, the culture supernatant was collected, clarified
by centrifugation (2,000 x g, 10 min, 4°C), filtered through a 0.45-um
polyethersulfone filter (Millipore, catalog no. SLHPR33RS), and
concentrated using a spin filter (Amicon Ultra Centrifugal Filter,
15 mL sample volume, 100 kDa molecular weight cutoff; Millipore,
catalog no. UFC910096). Viral titers (transducing units [TU]/mL)
were determined by the transduction of HEK293FT cells with serial
dilutions of the viral solution and colony counting after blasticidin se-
lection and adjusted to 1.0 x 10° TU/mL. The virus solution was
stored in aliquots at —80°C until use.

Lentiviral transduction of primary cortical neurons

Either LV-CaMKIlIa-EGFP (LV-GFP) or LV-CaMKIIa-TrkB-ICD-
IRES-ZsGreenl (LV-ICD) was added (MOI = 1) to the culture media
of primary cortical neurons at days in vitro (DIV)3. Cell culture me-
dium was replaced at DIV4 and DIV7. At DIV10, cells were collected
for protein and RNA extraction. At DIV14, cells were used for patch-
clamp recordings or MTT assays, or they were fixed for immunocy-
tochemistry. These procedures are described in their respective sec-
tions below.

Immunocytochemistry

Spine density count

Neuronal cultures were washed with PBS (pH 7.4) and fixed in 4%
paraformaldehyde (PFA; Thermo Fisher Scientific, catalog no.
28908) in PBS (pH 7.4) for 15 min at room temperature. Cells were
treated with blocking solution (3% [w/v] BSA [Sigma, catalog no.
05482-25G] in PBS with 0.1% [v/v] Triton X-100) for 1 h to block
nonspecific binding. After washing, cells were incubated with the pri-
mary antibodies overnight at 4°C and subsequently washed and incu-
bated with the secondary antibodies for 1 h at room temperature in
the dark. Antibodies were diluted in blocking solution. The following
primary antibodies were used: rabbit monoclonal anti-TrkB
(EPR17341) (1:250; Abcam, catalog no. ab181560), chicken poly-
clonal anti-GFP (1:500; Antibodies Inc., catalog no. GFP-1020), and
mouse monoclonal anti-microtubule-associated protein 2 (MAP2)
(1:200; Sigma, catalog nos. MAB3418 and M4403). The following sec-
ondary antibodies were used: goat anti-rabbit Alexa Fluor 488 (1:200;
Thermo Fisher Scientific, catalog no. A-11008), goat anti-chicken
Alexa Fluor 488 (1:200; Thermo Fisher Scientific, catalog no.
A-11039), goat anti-mouse Alexa Fluor 568 (1:200; Thermo Fisher
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Scientific, catalog no. A-11004), and goat anti-mouse Alexa Fluor 647
(1:200; Thermo Fisher Scientific, catalog no. A-21235). Then, cells
were incubated for 30 min with either Alexa Fluor 488 phalloidin
(Thermo Fisher Scientific, catalog no. A12379) or Alexa Fluor 555
phalloidin (Thermo Fisher Scientific, catalog no. A34055) (1:400 in
PBS [pH 7.4]), which recognize filamentous actin (F-actin). F-actin
plays an important role in the constitution of the cytoskeleton of den-
dritic spines.”” After washing, coverslips were mounted in Mowiol
mounting solution (650 mM Mowiol 4-88 [Sigma, catalog no.
81381], 3.68 M glycerol, 0.2 M Tris-base [pH 8.0], in Milli-Q water)
and imaged using either a (1) spinning disk microscope (Axio Imager
M2 upright microscope, Yokogawa CSU dual camera T2 spinning
disk confocal scanning unit, Visitron VS-Homogenizer on an
Olympus IXplore Spin confocal spinning disk microscope system)
or the (2) inverted fluorescent microscope Axiovert 135 TV (Zeiss).

TAT-TrkB cellular penetration

Mature (DIV14-16) primary neuronal cultures were incubated with
TAT-TrkB-6-FAM (20 uM) and maintained in an incubator with a
humidified atmosphere of 5%/95% CO,/O, at 37°C for 2 h. Cells
were immediately imaged with the inverted fluorescent microscope
Axiovert 135 TV (Zeiss).

Propidium iodide (Pl) staining

Mature (DIV14-16) primary neuronal cultures were incubated with
500 nM PI (Sigma, catalog no. 81845) and maintained in an incubator
with a humidified atmosphere of 5%/95% CO,/O, at 37°C for 30 min.
Neuronal cultures were then washed with PBS (pH 7.4) and fixed in
4% PFA (Thermo Fisher Scientific, catalog no. 28908) in PBS (pH 7.4)
for 15 min at room temperature. Cells were treated with blocking so-
lution (3% [w/v] BSA [Sigma, catalog no. 05482] in PBS with 0.1% [v/
v] Triton X-100) for 1 h to block nonspecific binding. After washing,
cells were incubated overnight at 4°C with a primary mouse mono-
clonal anti-MAP2 antibody (1:200; Sigma, catalog no. MAB3418). Af-
terward, cells were washed and incubated with a goat anti-mouse
Alexa Fluor 488 secondary antibody (1:200; Thermo Fisher Scientific,
catalog no. A-11001) for 1 h at room temperature in the dark. Cover-
slips were mounted in Mowiol mounting solution and imaged using
the inverted fluorescent microscope Axiovert 135 TV (Zeiss).

Western blot analysis

Primary cultured neurons and rat brain homogenates

All samples were homogenized in RIPA buffer (4% NP-40, 40 mM
Tris-HCI, 1 mM EDTA, 150 mM NaCl, 0.1% SDS, 10 mM NaF,
5 mM Na;VO,, and protease inhibitors [Roche, catalog no.
11697498001]) and prepared with the same amount of total pro-
tein (40 pg), unless stated otherwise. A loading buffer (350 mM
Tris-base [pH 6.8], 10% SDS, 30% glycerol, 600 mM DTT,
0.06% bromophenol blue) was added and the mixture was boiled
at 95°C-100°C for 10 min. Next, all samples and a molecular
weight size marker (NZYtech, catalog no. MB090) were loaded
and separated by 10% SDS-PAGE in a standard migration buffer
(25 mM Tris [pH 8.3], 192 mM glycine, 10% SDS) at a constant
voltage between 80 and 120 mV. Then, proteins were transferred

onto PVDF membranes (Cytiva, catalog no. 10600101), previously
soaked for 5 min in methanol for wet transfer conditions (25 mM
Tris-base [pH 8.3], 192 mM glycine, 10% methanol). After 90 min
of transfer, membranes were stained with Ponceau S solution
(Sigma, catalog no. 09276-6X1EA-F) to evaluate the protein trans-
fer efficacy. After blocking with 5% non-fat dry milk solution in
TBS-T (20 mM Tris-base [pH 7.6], 137 mM NaCl, and 0.1%
Tween 20), membranes were washed three times with TBS-T
before incubation with the primary (overnight, 4°C) and with
the secondary antibodies (1 h, room temperature). Antibodies
were diluted in blocking solution. The following primary anti-
bodies were used: rabbit polyclonal anti-TrkB (C-14) (1:1,000;
Santa Cruz Biotechnology, catalog no. sc-11), mouse monoclonal
anti-p-Tyr (PY99) (1:1,000; Santa Cruz Biotechnology, catalog
no. sc-7020), and mouse monoclonal anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (6C5) (1:5,000; Thermo
Fisher Scientific, catalog no. AM4300). The following secondary
antibodies were used: goat anti-rabbit IgG HRP-conjugated
(1:10,000; Santa Cruz Biotechnology, catalog no. sc-2004) and
goat anti-mouse IgG HRP-conjugated (1:10,000; Santa Cruz
Biotechnology, catalog no. sc-2005). Finally, immunoreactivity
was detected using enhanced chemiluminescence substrate (ECL
Prime Western Blotting Detection Reagent; Cytiva, catalog no.
RPN2236) and the ChemiDoc MP Imaging System (Bio-Rad, cat-
alog no. 17001402). Band intensities were quantified using the dig-
ital densitometry tool of Fiji software.®” The intensities of GAPDH
bands were used as loading control.

Hippocampus of 5XFAD and WT control mice

One day after the last injection of TAT-TrkB or vehicle, mice were
euthanized with an overdose of sodium pentobarbital (150 mg/kg,
i.p.). The brain was quickly removed, hemisected, and the left hippo-
campus was dissected free in ice-cold artificial CSF (aCSF) (in milli-
moles: NaCl 124; KCI 3; NaH,PO, 1.25; NaHCOj; 26; MgSO, 1; CaCl,
2; and glucose 10). Tissue samples were homogenized in RIPA buffer
using a Vibracell VC250 Ultrasonic Liquid Processor (Sonics &
Materials, catalog no. 303075), and protein concentrations were
measured using DC Protein Reagent (Bio-Rad, catalog no.
5000112). Samples were denatured, loaded (70-150 ng) and trans-
ferred, as described above. Membrane probing with primary and sec-
ondary antibodies was also performed as described above. The
following primary antibodies were used: rabbit polyclonal anti-
TrkB (C-14) (1:1,000; Santa Cruz Biotechnology, catalog no. sc-11),
rabbit monoclonal anti-TrkB (EPR17341) (1:10,000; Abcam, catalog
no. ab181560), mouse monoclonal anti-PSD-95 (K28/43) (1:1,000;
Millipore, catalog no. MABN68), rabbit polyclonal anti-Synapsin-1
(1:1,000; Abcam, catalog no. ab8), rabbit monoclonal anti-p-Tau
(Ser416) (D7U2P) (1:1,000; Cell Signaling Technology, catalog no.
15013), mouse monoclonal anti-AB (6E10) (1:1,000; BioLegend,
catalog no. SIG-39300), mouse monoclonal anti-Ap 1-16 (WO0-2)
(1:500; Millipore, catalog no. SIG-39300), and mouse monoclonal
anti-GAPDH (6C5) (1:5,000 in blocking solution; Thermo Fisher Sci-
entific, catalog no. AM4300). The following secondary antibodies
were used: goat anti-rabbit IgG HRP-conjugated (1:10,000; Santa
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Cruz Biotechnology, catalog no. sc-2004) and goat anti-mouse IgG
HRP-conjugated (1:10,000; Santa Cruz Biotechnology, catalog no.
sc-2005). Finally, immunoreactivity was detected using enhanced
chemiluminescence substrate (ECL Prime Western Blotting Detec-
tion Reagent; Cytiva, catalog no. RPN2236) and the ChemiDoc MP
Imaging System (Bio-Rad, catalog no. 17001402) or the Amersham
ImageQuant 800 Imaging System (Cytiva, catalog no. 29399483).
Band intensities were quantified using the digital densitometry tool
of Fiji software.®®

MTT assay

The viability of mature (DIV14-16) primary cortical neurons was
evaluated by MTT (Sigma, catalog no. CT01) metabolism. For the
experiment in Figure S7C, neurons were previously incubated with
either PBS (pH 7.4) (vehicle) or A species for 24 h. MTT was added
to the original culture medium and incubated for 3 h. After incuba-
tion, the converted die was solubilized with DMSO (Sigma, catalog
no. D8418). The absorbance of the converted die was measured at
570 nm, with background subtraction at 650 nm, in a microplate
reader Infinite M200 (Tecan).

mEPSC recordings

mEPSCs of isolated primary neurons (DIV14-16) were evaluated by
whole-cell patch-clamp immediately after treatments, as performed
routinely in the lab.*® Briefly, cells were visualized with an upright mi-
croscope (Axioskop 2FS, Zeiss) equipped with differential interfer-
ence contrast optics using a Zeiss AxioCam MRm camera and a
40x IR-Achroplan objective. For the experiments in Figures 2L-
20, EGFP"/ZsGreenl " cells were identified by epifluorescence using
a broad-spectrum light source (LE]J, catalog no. HXP120) and a 450-
490 nm excitation, 515-565 nm emission bandpass filter set (Zeiss,
catalog no. 488010-9901-000). The resting membrane potential was
measured immediately upon establishing whole-cell configuration.
mEPSCs recordings were performed at room temperature and in
voltage-clamp mode (V}, = —60 mV), using an Axopatch 200B ampli-
fier (Molecular Devices). The extracellular media was gassed aCSF,
supplemented with tetrodotoxin (500 nM; Tocris, catalog no. 1078),
a sodium channel blocker, and gabazine (50 pM; Sigma, catalog no.
$106), a GABA, receptor antagonist. Patch pipettes (4- to 7-MQ
resistance) were filled with an internal solution containing (in milli-
moles): K-gluconate 125, KCl 11, CaCl, 0.1, MgCl, 2, EGTA 1,
HEPES 10, MgATP 2, NaGTP 0.3, phosphocreatine 1, pH 7.3,
adjusted with 1 M KOH, 280-290 mOsm. Acquired signals were
filtered using a built-in 2-kHz three-pole Bessel filter, and data were
digitized at 5 or 10 kHz under control of the pPCLAMP 10 (Molecular
Devices) software program. The junction potential was not compen-
sated for, and offset potentials were nulled before gigaseal formation.
Small voltage steps (—5 mV, 50 ms) were used to monitor the access
resistance throughout the experiments. The holding current was also
constantly monitored and experiments in which any of these param-
eters varied by more than 20% were discarded.

Analysis of mEPSC events was performed using Mini Analysis soft-
ware (Synaptosoft). The event detection threshold was set at 3-fold
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the root mean square baseline (noise). mEPSC frequency, average
amplitude, and rise and decay times were determined by analyzing
5- to 10-min recording periods per cell.

RNA extraction, library preparation, and sequencing

RNA extraction

RNA was extracted from primary cortical neurons at DIV10 using the
NZY Total RNA Isolation Kit (NZYtech, catalog no. MB13402),
following the manufacturer’s instructions. Purified RNA samples
were analyzed using a 2100 Bioanalyzer Instrument (Agilent, catalog
no. G2939BA) to assess mRNA quantity and quality, as reflected by
rRNA levels and integrity. Only samples with RNA integrity values
>8.0 were used for library preparation.

Library preparation and sequencing

Libraries were prepared from 1 pg total RNA using the TruSeq RNA
Library Prep Kit version 2 (Illumina, catalog no. RS-122-2001) and
loaded on an Illumina NextSeq500 system with a 150-cycle high
output kit version 2.5 (Illumina, catalog no. 20024906) using the
following read lengths: 80 cycles for read 1, 8 cycles for TruSeq single
index, and 80 cycles for read 2. This dataset has been deposited in
GEQ’” and is accessible through GEO: GSE271487.

Analysis of bulk RNA-seq data

RNA-seq read quality was assessed with FastQC (version 0.11.9), and
sequencing adapter leftovers were trimmed with BBDuk (BBMap,
version 39.06). Trimmed reads were mapped with the STAR aligner
(version 2.7.9),”" using default settings, against a reference generated
from the Rattus norvegicus genome (mRatBN7.2) and annotation
(mRatBN7.2.111) and modified to include the sequences for EGFP
(Addgene, catalog no. 27230), ZsGreenl (Clontech, catalog no.
632187), and Woodchuck Hepatitis Virus Posttranscriptional Regu-
latory Element (WPRE) (Addgene, catalog no. 27230). Quantification
of aligned reads was done by the STAR aligner while mapping using
the —quantMode GeneCounts option, to generate gene-level raw
counts for each sample. Gene body coverages were estimated using
RSeQC (version 5.0.1). We obtained high-quality libraries, with
>88% uniquely mapped reads for most samples and uniform gene
body coverage (Figures S2D and S2E). To exclude any potential
contamination, we verified that lentiviral transgenes were only ex-
pressed by the sequenced samples, according to their treatment con-
dition (Figures S2F-S2H).

Raw count matrices were exported into R (version 4.2.3). For differ-
ential expression analysis, a mixed-effects linear model was built us-
ing the dream statistical framework (variancePartition, version 1.28.9;
https://doi.org/10.18129/B9.bioc.variancePartition).”>
work can model both random and fixed effects. Specifically, it allowed
us to control for the cell culture batch by modeling it as a random var-
iable while performing hypothesis testing on the fixed effect (i.e.,
whether neurons were untransduced or transduced with LV-GFP

This frame-

or LV-ICD). For statistical testing, to compare the three levels of a
fixed factor, two comparisons suffice. These comparisons (in statisti-
cal terms, contrasts), L1 and L2, were
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L1 = — 1 X Xuntransduced + 1 X Xpy.grp +0 X Xpvicp

L2 = — 0.5 X Xyntransduced — 0.5 X Xpv.gre +1 X Xpvaacp

In other words, for a given gene, the contrast L1 established the com-
parison between LV-GFP (control LV) and untransduced neurons.
Since the expression of EGFP itself is not expected to affect the tran-
scriptome, L1 can account for effects that result from the transduction
with an LV. The contrast L2, however, attributes the positive weight to
LV-ICD-transduced neurons, which overexpressed TrkB-ICD. and
splits the negative weight between LV-GFP-transduced and untrans-
duced neurons, both of which did not overexpress TrkB-ICD
(Figures 2F and 2G). Therefore, we named the L1 and L2 contrasts
“LV transduction” and “TrkB-ICD overexpression,” respectively.
More simply, these vectors of weights can be expressed as:

L1

[—1,1,0]

L2 = [-0.5, —0.5,1]

It should be noted that the inner product of L1 and L2 is null, (L1,
L2) = 0, which demonstrates that the two chosen contrasts are lin-
early independent and, thus, statistically appropriate.”* Briefly, after
modeling the mean-variance trend, empirical Bayes moderated t sta-
tistics were computed for each gene and each contrast. p values were
adjusted for multiple testing with the Benjamini-Hochberg proced-
ure. An FDR <0.05 was considered statistically significant.

Gene set enrichment analysis was performed with clusterProfiler
(version 4.6.2; https://doi.org/10.18129/B9.bioc.clusterProfiler), by
ranking the genes on the t statistic from dream and using the mapping
between gene IDs and the GO terms for Rat in org.Rn.e.g.,.db (version
3.16.0; https://doi.org/10.18129/B9.bioc.org.Rn.e.g.,.db). All graphical
representations were built with ggplot2 (version 3.5.1; 10.32614/
CRAN.package.ggplot2).

Calpain in vitro assays and rat brain homogenate preparation
Rat cortical tissue or cultured neuronal cells were homogenized in RIPA
buffer, as previously described. Homogenates were clarified by centri-
fugation (16,000 x g, 10 min, 4°C), and protein concentrations were
measured using DC Protein Reagent (Bio-Rad, catalog no. 5000112).
Purified rat m-calpain (1 or 2 enzymatic units [EU]; Calbiochem, cat-
alog no.208718) was incubated for 30 min at 25°C ina 100-pL final vol-
ume of RIPA buffer containing the protein homogenate (100 pg for rat
brain cortex experiments and 65 pg for neuronal cultured cells), 2 mM
CaCl,, and either the TAT-0-TrkB or the TAT-TrkB peptide (5, 20, or
50 pM, as indicated). Enzymatic digestions were stopped by boiling
samples at 95°C in the presence of denaturing SDS-sample buffer
and immediately processed by western blot analysis.

Studies of biophysical interaction of TAT-TrkB with liposomes
Preparation of liposomes

Liposomes were used as in vitro models of human cellular mem-
branes. Liposomes were produced by the thin film hydration method,

followed by extrusion to reduce their size.”* DMPC (MW 678; Avanti
Polar Lipids, catalog no. 850345), Chol (MW 386.65; Avanti
Polar Lipids, catalog no. 700100), and SM (MW 703; Avanti Polar
Lipids, catalog no. 860061) were used to prepare liposomes. Briefly,
DMPC:Chol and DMPC:Chol:SM were dissolved in chloroform
(Sigma, catalog no. 288306) and mixed in molar ratios of 85:15 and
75:15:10, respectively. A thin lipid film was obtained after rotation un-
der a nitrogen gas stream and overnight vacuum desiccation. The
dried film was hydrated with PBS (pH 7.4) to a final concentration
of 5 mM. The mixture was vortexed for 10 min to obtain multilamel-
lar vesicles (MLVs). To reduce MLV size, the suspension was placed
in a water bath sonicator (VWR Ultrasonic Cleaner, catalog no.
97043-994) at 45 kHz and 37°C for 15 min and extruded 13 times
through a Nuclepore track-etched polycarbonate membrane (What-
man, catalog no. 110605) with a pore size of 100 nm at 37°C.

Partition coefficient determination

The partition coefficients (Kp) of the TAT-TrkB peptide between the
lipid (DMPC:Chol and DMPC:Chol:SM) and aqueous phases (PBS,
pH 7.4) were determined by derivative UV-visible spectrophotometry
using a high-throughput microplate protocol.”” The concentration of
TAT-TrkB (4 mg/mL) was chosen to have an absorbance value
close to 1.”° Briefly, TAT-TrkB (4 mg/mL) was added to increasing
concentrations (0-4,000 uM) of biomembranes (DMPC:Chol or
DMPC:Chol:SM) in a 96-well plate (non-treated, UV-Star; Sigma,
catalog no. M3812). The samples were incubated with medium agita-
tion at 37°C for 30 min, so that the partitioned peptide reached equi-
librium between the aqueous and lipid phases. The same procedure
was done without TAT-TrkB as control. Absorbance spectra of lipo-
somes in the presence and absence of TAT-TrkB were determined at
37°C, in a range between 200 and 500 nm, using a microplate reader
(Synergy 2, Bio-Tek Instruments).

To obtain adjusted absorption spectra, the absorption spectra of lipo-
somes without TAT-TrkB were subtracted from the absorption
spectra in the presence of TAT-TrkB. Then, the light scattering of
liposomes was removed, and the band resolution improved by deter-
mining its second derivative. The partition coefficients of TAT-TrkB
were determined from the second derivative spectra at a wavelength
where the light scattering of large unilamellar vesicles (LUVs) was
completely removed, applying a nonlinear least-squares regression
to the following equation (Equation 1) (D versus [L]):

(D — Dw)Kp[L]V,,
14K, [L]V,,

Dr = Dy + (Equation 1)
where Dr is the second derivative determined from the absorbance of
the amount of TAT-TrkB in each phase, lipid (D,,) and aqueous
(Dw); Kp represents the partition coefficient; [L] represents the lipid
concentration (M); V,, is the lipid molar volume calculated on the
specific lipid volume (L gfl), its molecular weight (g mol™1), and
the lipid molar ratio (V,, = 0.6186 L mol™! and V,, = 0.6195 L
mol ! for DMPC:Chol and DMPC:Chol:SM, respectively).
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Membrane fluidity studies by DLS
DLS was used to determine modifications on the membrane fluidity
of LUVs induced by TAT-TrkB. This method evaluates changes in
the optical properties of lipids through the variation of the mean
count rate (MCR) with increasing temperature. By ensuring that
the size and concentration of LUVs do not vary throughout the
experiment, the variation of the MCR can be attributed to modifica-
tions in the membrane structure. Thus, we determined the temper-
ature at which alterations on the lipid physical state occur, known as
the main phase transition temperature (T,,), for DMPC:Chol and
DMPC:Chol:SM in the presence and absence of TAT-TrkB, using
a method previously described.”” Briefly, TAT-TrkB (4 mg/mL)
was added to DMPC:Chol or DMPC:Chol:SM vesicles (4 mM)
and equilibrated at 37°C for 30 min. The MCR was collected be-
tween 10.0°C and 40.0°C, with intervals of 0.3°C, using a Zetasizer
Nano ZS (Malvern Pananalytical). Vesicles in the absence of the
peptide were used as a control. The normalized MCR was plotted
as a function of temperature. To these results, Boltzmann regression
curves were fitted to determine the T,, (Equation 2)
A — A

MCR = ——+ A

1+1OB(1/T—1/Tm)
where MCR represents the mean count rate; A; and A, are the MCRs
of liposomes at the beginning and at the end of the experiment,
respectively; B is the lipid cooperativity; T is the temperature; and
T,, is the phase transition temperature.

(Equation 2)

BEB translocation and integrity assays

To evaluate the ability of the TAT-TrkB peptide to translocate the BEB,
we used a well-established in vitro model.”® It comprises a transwell
system with an insert in which bEnd.3 [BEND3] brain endothelioma
cells (American Type Culture Collection [ATCC], catalog no. CRL-
2299, Lot. 59618606) were cultured for 9 days. In this model, the apical
chamber replicates the blood compartment, while the basolateral
chamber replicates the brain compartment (Figure S5A). For these ex-
periments, a 6-FAM fluorophore was fused to the N-terminal of the
TAT-TrkB sequence to detect the peptide by fluorescence. The
TAT-TrkB-6-FAM peptide (5 pM) was diluted in DMEM (Gibco, cat-
alog no. 21063-029) and delivered to the apical compartment. After 1,
4, and 24 h of incubation, medium from the apical and basolateral
compartments of different inserts were collected and their fluorescence
measured at 495 nm excitation and 517 nm emission wavelengths us-
ing a Varioskan LUX Multimode Microplate Reader (Thermo Scienti-
fic, catalog no. VLOLOODO). Peptide translocation was quantified as the
fluorescence detected in the basolateral compartment normalized to
the sum of the fluorescence detected in both compartments. Immedi-
ately after the TAT-TrkB-6-FAM translocation assays, in vitro integ-
rity studies were performed. For these, FD4 (Sigma, catalog no. FD4-
1G) was diluted in DMEM to a final absorbance below 0.1 and added
to the apical compartment of the same inserts and incubated for 2 h.
FD4 is a fluorescently labeled dextran with a 4-kDa molecular weight
and negligible translocation when cell integrity is preserved. In parallel,
FD4 was also loaded on the apical compartment of inserts with un-
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treated cells (negative control), as well as with cells exposed to
EGTA (5 mM; Millipore, catalog no. 324626). EGTA served as a pos-
itive control, since it is known to disrupt tight junctions and other cell-
cell adhesions. Again, samples were collected from both compartments
and their fluorescence measured at 493 nm excitation and 520 nm
emission wavelengths using a Varioskan LUX Multimode Microplate
Reader. FD4 basal recovery was quantified as the fluorescence detected
in the basolateral compartment normalized to the sum of the fluores-
cence detected in both compartments. For both assays, values were ob-
tained from triplicates of three independent experiments.

ApB species preparation and characterization

Ap species preparation

AP peptide 1-42 (1 mg/mL) (GenicBio, catalog no. A-42-T) was re-
suspended in PBS (pH 7.4) supplemented with 0.1% ammonia solu-
tion and adjusted to a final pH 7.2. Species separation was based on an
ultrafiltration process, as previously described.”® Briefly, monomers
were immediately isolated by centrifugal ultrafiltration (Amicon Ul-
tra 10 kDa; Millipore, catalog no. UFC901024), and the flowthrough
(monomers) recovered and spectrophotometrically assayed (€50 =
1,490 M™! em™!). AB (220 uM) was allowed to oligomerize
by constant shaking at 600 rpm at 37°C for 16 h (oligomers) or
5 days (fibrils). After oligomerization, samples were ultracentrifuged
(40,000 x g, 30 min). For fibril separation, the resulting 5-day pellet
(fibrils) was washed with PBS (pH 7.4) and re-ultracentrifuged twice
in PBS (pH 7.4). The total fibril amount was calculated by the differ-
ence between the starting oligomerization quantity and the resulting
supernatant amount (€,50 = 1,490 M~ em™"). For oligomer separa-
tion, the 16-h ultracentrifuged supernatant was further separated in
centrifugal filters (Amicon Ultra 30 kDa; Millipore, catalog no.
UFC903024). The concentration of the retained fraction (oligomers
>30 kDa) was spectrophotometrically quantified. All AP species
were resuspended in PBS (pH 7.4) (vehicle).

Ap species characterization

AP species (0.5 pg) were characterized by (1) SDS-PAGE in 4%-15%
gradient gels (Mini-PROTEAN TGX Precast Protein Gels; Bio-Rad,
catalog no. 4561083), followed by western blot (mouse monoclonal
anti-AP antibody [6E10]; 1:1,000; BioLegend, catalog no. SIG-
39300) using standard procedures, and by (2) DLS, performed as pre-
viously described.”” Briefly, the DLS experiments were performed in a
Zetasizer Nano ZS (Malvern Pananalytical), with backscattering
detection at 173°, equipped with a He-Ne laser (A = 632.8 nm), using
glass cuvettes with round aperture at 25°C. AP species were diluted to
22 uM in Tris buffer (pH 7.4). Samples were allowed to equilibrate for
15 min at 25°C before an 8-measurement set (each set averages 10
runs, 10 s per run). Each experiment was repeated three times.
Data were evaluated with the Zetasizer Nano ZS software (Malvern
Pananalytical) (Figure S6).

Acute hippocampal slice preparation

Young adult (7-10 weeks old) male Wistar rats were sacrificed, under
deep isoflurane anesthesia, by decapitation. The 5XFAD mice and
WT littermates (24-25 weeks old) were sacrificed, under deep
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isoflurane anesthesia, by cervical displacement. In either case, the
brain was quickly removed, hemisected, and one or both hippocampi
were dissected free within ice-cold aCSF, previously gassed with 5%/
95% CO,/0O,. Slices (400 pm thick) were cut perpendicular to the long
axis of the hippocampus with a Mcllwain Tissue Chopper (Campden
Instruments, catalog no. TC752) and allowed to recover for at least
60 min in a resting chamber, filled with gassed aCSF, at room temper-
ature (22°C-24°C).

AB incubation procedures

For the experiments in Figures 3 and S3, primary neuronal cultures
(DIV8) were incubated with AB,s 35 (25 pM; Bachem, catalog no.
4028357.0005) for 24 h, as previously described.'® For the experi-
ments in Figure S7, primary neuronal cultures (DIV14-16) were
incubated with either PBS (pH 7.4) (vehicle) or one of the AB; 4,
(200 nM) species (monomers, oligomers, or fibrils) in supplemented
Neurobasal medium for 24 h at 37°C. For the experiments in Figures 4
and S8-S10, hippocampal slices were incubated with either vehicle or
AP, 4 (200 nM) species (monomers, oligomers, or fibrils), in gassed
aCSF, for 3 h at room temperature. We chose to perform slice incu-
bation at room temperature to avoid neuronal damage by hypoxic
injury.*® AB,_4, concentration (200 nM) was chosen according to pre-
vious studies*””**"** and based on estimates that in brain paren-
chyma of AD patients, AP is present at a concentration within the
nanomolar range.*’

Immunofluorescence

PI staining of AB;_4o-treated rat hippocampal slices

After treatments, hippocampal slices were incubated with 500 nM PI
(Sigma, catalog no. 81845) in gassed aCSF for 30 min at room temper-
ature and then fixed in 4% PFA (Thermo Fisher Scientific, catalog no.
28908) in PBS (pH 7.4) for 15 min at room temperature. Next, slices
were dehydrated with sequential solutions of 10%, 20%, and 30% su-
crose, embedded in Tissue-Tek O.C.T. (Sakura Finetek, catalog no.
4583) and stored at —80°C. Serial 20-um-thick hippocampal sections
were cut on a cryostat (Leica CM3050 S, Leica Biosystems) and mounted
on SuperFrost Plus glass slides (Fisher Scientific, catalog no. 10149870).
Hippocampal slices were then rehydrated and boiled three times in a
10-mM citrate buffer (pH 6.0). Afterward, slices were treated with block-
ing solution (3% [w/v] BSA in PBS with 0.1% [v/v] Triton X-100) for 1 h
at room temperature. After washing, slices were incubated with a pri-
mary mouse monoclonal anti-NeuN [A60] antibody (1:200 in blocking
solution; Millipore, catalog no. MAB377) overnight at 4°C. Slices were
subsequently washed and incubated with a secondary goat anti-mouse
Alexa Fluor 488 antibody (1:200 in blocking solution; Thermo Fisher
Scientific, catalog no. A-11001) for 1 h at room temperature in the
dark. Afterward, slices were washed, incubated with 5 pg/mL
Hoechst-33258 dye (Thermo Fisher Scientific, catalog no. H3569) for
5 min, washed again, mounted in Mowiol mounting solution, and
imaged on the inverted fluorescent microscope Axiovert 135 TV (Zeiss).

Staining of brain slices from 5XFAD mice
One day after the last injection of TAT-TrkB or vehicle, mice were
euthanized with an overdose of sodium pentobarbital (150 mg/kg,

i.p.), followed by cardiac perfusion with ice-cold PBS (pH 7.4). The
brain was quickly removed and hemisected, and the right hemisphere
was fixed in 4% PFA (Thermo Fisher Scientific, catalog no. 28908), in
PBS (pH 7.4) for 48 h at 4°C. Subsequently, the right hemisphere was
washed and embedded in sucrose in sequential steps of 15% and 30%
for 48 h each at 4°C. The right hemisphere was then embedded in
gelatin for cryosectioning. Serial 50-pum-thick brain sections were
cut on a cryostat (Leica CM3050 S, Leica Biosystems) and mounted
on SuperFrost Plus glass slides (Fisher Scientific, catalog no.
10149870). Slices were first washed in TBS at 37°C to remove the
gelatin, briefly post-fixed in 4% PFA (10 min, room temperature),
and subsequently washed in TBS (3 x 5 min). Next, the tissue was
permeabilized (0.25% Triton X-100 in TBS [pH 7.4]) for 10 min
and incubated with blocking solution (5% BSA, 5% FBS, and 0.1%
Triton X-100 in TBS [pH 7.4]) for 1 h at room temperature. After-
ward, slices were incubated with the primary (overnight at 4°C)
and secondary antibodies (2 h at room temperature), with washing
steps in between (TBS, 3 x 5 min). Antibodies were diluted in
blocking solution. The following primary antibodies were used:
mouse monoclonal anti-AB (W0-2) (1:500; Millipore, catalog no.
MABNI10), rabbit monoclonal anti-p-Tau (Ser416) (D7U2P) (1:250;
Cell Signaling Technology, catalog no. 15013), and rabbit polyclonal
anti-MAP2 (1:200; Abcam, catalog no. ab32454). The following sec-
ondary antibodies were used: goat anti-mouse Alexa Fluor 568
(1:500; Thermo Fisher Scientific, catalog no. A-11004), goat anti-rab-
bit Alexa Fluor 568 (1:200; Thermo Fisher Scientific, catalog no.
A-11011), and goat anti-rabbit Alexa Fluor 647 (1:500; Thermo Fisher
Scientific, catalog no. A-21245). Simultaneously with the secondary
antibodies, samples were incubated with DAPI (1:1,000; Thermo
Fisher Scientific, catalog no. D1306) and, for the experiments in
Figures 5Q-5U, with Phalloidin-iFluor 488 Reagent (1:500; Abcam,
catalog no. ab176753). Slides were then washed once more in TBS
(3 x 5 min) and mounted with Fluoromount-G mounting
medium (SouthernBiotech, catalog no. 0100-01). Slides were imaged
with a spinning disk microscope (Axio Imager M2 upright micro-
scope, Yokogawa CSU dual camera T2 spinning disk confocal scan-
ning unit, Visitron VS-Homogenizer on an Olympus IXplore Spin
confocal spinning disk microscope system), using 20x (Olympus,
catalog no. UPlanXApo20X) and 60x (Olympus, catalog no.
UPlanSApo60X) objectives and up to three excitation laser lines, ac-
cording to secondary antibody specifications.

Analysis of imaging data

For each group of experiments, all images were acquired in the same
imaging session using the same laser power and exposure time. All
representative images are shown with equalized brightness and
contrast. All the analyses described below were performed in Fiji.*’

Quantification of co-expression

For the experiments in Figures 2B-2E, six fields were randomly
selected for each sample and imaged with a 20x objective. EGFP"/
TrkB* and MAP2" cells were manually counted. The ratio of
MAP2" cells expressing EGFP (and vice versa) was determined for
each image and averaged across images of the same sample.
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For the experiments in Figures S7A-S7C, six fields were randomly
selected for each sample and imaged with a 20x objective. MAP2"
and PI" cells were manually counted. Neuronal death was expressed
as the ratio of PI" cells among all MAP2" cells. Values were averaged
across images of the same sample.

For the experiments in Figures SSA-S8E, each sample was imaged
with a 4x objective, encompassing most of the hippocampus. Sub-
fields in the CA1 and CA3 areas were analyzed. MAP2" and PI*
cells were manually counted. Neuronal death and overall cell death
were expressed as the ratio of PI" cells among all MAP2" cells and
among all cells (identified by nuclear staining with Hoechst),
respectively.

Spine density

For the experiments in Figures 2H-2K, S7D, and S7E, 8-10 fields
were randomly selected for each sample and imaged with a 60x
objective. Spine density was quantified as the number of small protru-
sions (either mushroom-shape spines or filopodia) extending <3 pm
from their parent dendrite, with a distance >25 pm from the cell body,
normalized to 10 um of the parent dendrite, as previously reported.**
Protrusions from three different dendrites per neuron were analyzed
and manually quantified.

For the experiments in Figures 5Q-5U, three fields across the stratum
radiatum of the hippocampal CAl area were imaged with a 60x
objective for each sample. For each imaging field, two smaller square
subfields of 25 x 25 um were randomly selected. F-actin protrusions
(either mushroom-shape spines or filopodia) were manually counted
in each subfield on a single optical section.

AB plaque number and size

For each sample, four fields were imaged with a 20x objective
across different regions of the hippocampus and cortex each. Z
stacks (step size: 0.57 pm) spanning the entire thickness of the slice
at each location were flattened onto a maximum intensity projec-
tion. Flattened images were thresholded and binarized using the
Otsu method to segment and define the region of interest (ROI)
for each plaque. Segmented ROIs with small areas (<50 pm?)
were discarded, as they likely did not correspond to AP plaques.
The number and area of each plaque were quantified for each im-
age. In the hippocampus, we analyzed 289-309 plaques, from #n =
3 mice, per condition. In cortex, we analyzed 558-657 plaques,
from n = 3 mice, per condition.

p-Tau expression levels

For each sample, six fields were imaged, with a 60 objective, across
different regions of the hippocampus. Z stacks (step size: 0.26 pm)
spanning the entire thickness of the slice at each location were flat-
tened onto a maximum intensity projection. A circular/ellipsoid
ROI was manually centered on each p-Tau" cell on the imaging field,
as well as on 10 p-Tau” cells. We analyzed 309-340 ROIs, from n = 3
mice, per condition. After background subtraction, the average gray
value of each ROI was Z score normalized for the value distribution
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of the p-Tau™ cells within each image. This was performed to control
for most sources of technical variability in intensity values across
samples and, thus, to make values comparable across different images.
For the analysis in Figure 6P, a cell was considered p-Tau® if its
average Z score normalized intensity was >3.

Extracellular ex vivo recordings

Slices were transferred to a submerging chamber (1 mL) and contin-
uously superfused at a 3-mL/min rate, with gassed aCSF at 32°C.
Perfusion tubes were coated with 0.1 mg/mL BSA prior to BDNF ex-
periments to avoid BDNF adsorption to the tubes.®” Evoked field
excitatory postsynaptic potentials (fEPSPs) were recorded extracellu-
larly through a microelectrode filled with 4 M NaCl (2- to 8-MQ resis-
tance) placed in the stratum radiatum of the CA1 area, as previously
describe One pathway of the Schaffer collateral/commissural fi-
bers was stimulated (rectangular pulses of 0.1-ms duration) every 15 s
(for input/output [I/O] curves and paired-pulse facilitation [PPF] re-
cordings) or every 20 s (for LTP recordings) by a bipolar concentric
wire electrode placed on the Schaffer fibers in the stratum radiatum
in the CA1l area. The initial intensity of the stimulus was adjusted
to obtain a submaximal fEPSP slope with a minimum population
spike contamination near one-fifth of the fEPSP slope obtained
with supramaximal stimulation. Averages of eight (Wistar rats) or
six (5XFAD mice and WT littermates) consecutive fEPSPs were ob-
tained, and the slope of the initial phase of the potential was quanti-
fied. Recordings were obtained with an Axoclamp 2B amplifier (Axon
Instruments), digitized, and continuously stored on a computer with
WinLTP software.*® All the protocols detailed below were started
only after a stable baseline of at least 20 min.

d 68,85

1/0 curves

The stimulus delivered to the slice was decreased until no fEPSP was
evoked and subsequently increased by increments of 20 pA. Data
from three consecutive averaged fEPSPs were collected for each stim-
ulation intensity. The range of inputs delivered to slices typically
ranged from 60 pA to a supramaximal stimulation of 400 pA.

LTP induction and saturation

A weak LTP-inducing 6-burst protocol consisting of 4 trains of
100 Hz, 4 stimuli, separated by 200 ms was used (4 x 4).°® The inten-
sity of the stimulus was never changed.

For the experiments in Figures 4A-4C and S9, to test LTP saturation,
three consecutive 0-burst (4 x 4) paradigms were induced in the same
pathway spaced by 1-h intervals. This experimental design was based
on previous results showing that LTP has a refractory period of
60 min before which a new LTP cannot be effectively induced.””
TAT-TrkB (20 pM) or MDL28170 (20 pM; Tocris, catalog no.
1146) was used in a subset of the experiments.

For the experiments in Figures 4D-4G and S10D-S10F, BDNF
(30 ng/mL; provided by Regeneron Pharmaceuticals) was added to
the superfusing solution (aCSF) 20 min before the induction of
LTP. Controls for these experiments were performed in different
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slices without BDNF superfusion on the same day. Generally, when
testing the effect of BDNF on synaptic plasticity, two independent
pathways of the same hippocampal slice are used, one serving as
2885 However, given that, in
the present experimental design, slices were previously exposed to
AP species or PBS (pH 7.4) (vehicle) for 3 h, we chose to test the effect
of BDNF in different slices from the same rats. Otherwise, the time
between the end of AR pre-treatment and LTP induction would
have been consistently longer when testing BDNF, since BDNF could
only have been added to the superfusing solution after LTP was
induced in the first pathway.

test and the other as internal control.

For the experiments in Figure S10G, TrkB-Fc (2 pg/mL; R&D Sys-
tems, catalog no. 688-TK-100), a BDNF scavenger, was added to
the superfusion solution 30 min before the induction of LTP and re-
mained in circulation up until the end of the experiment.

PPF recordings

PPF was quantified as the ratio between the second versus the first
fEPSP slope (fEPSP2/fEPSP1) responses at different interstimulus in-
tervals (10150 ms).*®

Analysis of extracellular recordings

For I/O curves, maximum slope values were obtained by extrapola-
tion upon nonlinear fitting. Whenever the stimulus was intense
enough to elicit a population spike (depolarization that follows the
fEPSP), its amplitude was measured. Each population spike ampli-
tude replicate was plotted as a function of the slope of the associated
fEPSP, and the popspike/fEPSP ratio was calculated as the quotient
between these values.®”

LTP magnitude was quantified as the normalized change in the
average slope of the fEPSPs 50-60 min after LTP induction, relatively
to the average slope of the fEPSPs measured during the 10 min that
preceded the induction. The LTP saturation index (SI) was calculated
as the quotient of the sum of the three LTP magnitudes by the magni-
tude of the first LTP ([LTP1+LTP2+LTP3]/LTP1; hence, if SI = 3,
then LTP is fully saturated; if SI >3, then LTP is not saturated; the
higher the SI, the more desaturated the LTP).

[®H]Glutamate release assays

Synaptosome isolation

The synaptosomal fraction from rat hippocampi was prepared as
routinely performed in the lab.'>* Hippocampal slices (from 7- to
10-week-old male Wistar rats) were prepared and treated with PBS
(pH 7.4) (vehicle) or AP, 4, as described above. Slices were then
added to a 5-mL ice-cold isosmotic sucrose solution (0.32 M,
containing 1 mM EDTA, 1 mg/mL BSA, 10 mM HEPES, pH 7.4)
and homogenized (four up-and-down strokes) in a Potter-Elvehjem
homogenizer with a polytetrafluoroethylene pestle (Corning, catalog
no. 7725T-17) and the volume completed to 10 mL with an isosmotic
sucrose solution. After a first centrifugation (3,000 x g, 10 min, 4°C),
the supernatant was collected and centrifuged again (14,000 x g,
12 min, 4°C). The pellet was then resuspended in 1 mL 45% Percoll

(Sigma, catalog no. P1644) in KHR solution (consisting of NaCl
140 mM, EDTA 1 mM, HEPES 10 mM, KCI 5 mM, and glucose
5 mM), and centrifuged (16,000 x g, 2 min, 4°C). The synaptosomal
fraction, corresponding to the top buoyant layer, was collected from
the tube. Percoll was removed by two washes with 1 mL KHR solution
with a centrifugation step in between (16,000 x g, 2 min, 4°C). Syn-
aptosomes were then kept on ice and used within 3 h. The synapto-
somal protein concentration was assayed using DC Protein Reagent
(Bio-Rad, catalog no. 5000112).

[PH]Glutamate release from hippocampal synaptosomes

[*H]Glutamate (L—[3,4—3H]—glutamic acid; PerkinElmer, catalog no.
NET490250UC) release from hippocampal synaptosomes was per-
formed as routine procedure in the lab.'>" Briefly, synaptosomes
(protein concentration 1-2 mg/mL) were resuspended in oxygenated
aCSF solution and allowed to equilibrate for 5 min at 37°C. From that
moment onward, all solutions applied to the synaptosomes were kept
at 37°C and continuously gassed with 5%/95% CO,/O,. Synapto-
somes were loaded with 0.2 uM [SH]glutamate (specific activity 30—
60 Ci/mmol) for 5 min and equally layered over Whatman GF/C fil-
ters (Merck, catalog no. WHA1822024) onto an eight-chamber
superfusion apparatus (flow rate, 0.6 mL/min; chamber volume,
90 pL). The constant and rapid flow rate washes out endogenously
related substances, thus ensuring drug specificity.*® After a 20-min
washout period, the effluent was collected for 40 min in 2-min inter-
vals. Glutamate release from synaptosomes was elicited for 2 min us-
ing a high-K" solution (15 mM, isomolar substitution of Na* by K" in
the perfusion buffer) at the 5th (first stimulation period [S1]) and
29th (second stimulation period [S2]) min after starting the sample
collection. BDNF (30 ng/mL; provided by Regeneron Pharmaceuti-
cals) was added to the superfusion medium at the 9th min (before
§2) and remained in circulation until the end of the experiments
(as indicated by the horizontal bars in Figures 4H, 41, and S10H-
S10M). Control curves, in the absence of BDNF, were performed in
parallel within the same synaptosomal batch. Each condition was
tested in duplicate. Hence, in each experiment, two synaptosome-
loaded chambers were used as control chambers, the others being
used as test chambers. Each one of the chambers was used as control
or as one of the test conditions on different days. At the end of each
experiment, aliquots (500 pL) of each sample and the filters from each
superfusion chamber were analyzed by liquid scintillation counting.

Calculation of the effect of BDNF on glutamate release

The fractional release was expressed as the percentage of total radio-
activity present in the synaptosomes at each time point. To quantify
the effect of BDNF, internal control curves (performed in parallel
within the same synaptosomal batch) were subtracted from BDNF
curves. The incremental release induced by BDNF was quantified
by integration of the area of the S2 peak upon subtraction of the esti-
mated basal tritium release.

Intraperitoneal administration of TAT-TrkB
The TAT-TrkB peptide (25 mg/kg) was diluted in saline solution
(0.9% NaCl) and administered i.p., starting at 4 months of age, to
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either 5XFAD mice or WT littermates, for up to 9 consecutive weeks,
5 days/week (Figure 5A). Both the TAT-fused peptide dosage®”*"~"
and the duration of the treatment regime®*">"
ous studies. The peptide could not be administered via an enteric
route, as TAT-TrkB was not in a formulation that would have been
resistant to gastric enzymes and acidity.

were based on previ-

Heterozygous transgenic (5XFAD) mice and WT littermates were
each randomly allocated to a treatment regime, dividing them into
four groups: WT mice receiving either vehicle (0.9% NaCl) or
TAT-TrkB (25 mg/kg) injections, and 5XFAD mice receiving either
vehicle (0.9% NaCl) or TAT-TrkB (25 mg/kg) injections (Figure 5A).
Behavioral assessments started on the 6th week of treatment (22 weeks
old) and ended 2 weeks later, on the 8th week of treatment (24 weeks
old). One day after the last injection, animals were euthanized to
collect one or more of the following: (1) the left hippocampus, for
western blot analysis; (2) the right brain hemisphere, for immunoflu-
orescence stainings; (3) the kidneys and liver, for histopathological
analysis; and (4) blood, for clinical chemistry. In some cases, the
left hippocampus was used for electrophysiological recordings
instead. Recordings started on the 8th week of treatment (24th
week) and lasted 1 week.

Behavioral assessments

All behavioral tests were performed during the light phase between 8
a.m. and 6 p.m. in a sound-attenuated room. Behavioral assays were
performed in the following sequence: OF test, EPM test, and, lastly,
MWM test. Experimenters were blinded to animal genotype and
treatment group for the duration of the behavioral testing. Mazes
were cleaned with a 30% EtOH solution between each animal.

Open Field test

The OF test was used to assess locomotor and anxiety-like behavior
with the objective of detecting biases in animal behavior that could
affect performance in other behavioral tests. The OF test was conduct-
ed in a wood open field arena (40 x 40 x 40 cm).”™ This test was
carried out during the first 10 min that animals had contact with
this environment (i.e., without a training or habituation phase). The
arena was virtually divided into three concentric squared zones: a pe-
ripheral zone, an intermediate zone, and a central zone (Figure S11A).

Mice movements were recorded and analyzed using SMART video-
tracking software (version 2.5, Panlab, Harvard Apparatus Spain).
The reference point used by the software to determine the position
of the animal was the center of the mouse’s dorsum. The total distance
traveled and the average speed were quantified to compare locomotor
ability. Also, the percentage of time spent in the central zone was used
as an inverse indicator of an anxiety-like behavior. Lighting condi-
tions, physical apparatus, environmental clues, and animal manipula-
tion procedures were kept as similar as possible between animals.

Elevated Plus Maze test
The EPM maze is shaped like a plus sign and consists of two open
arms (no walls, 5 X 29 cm) and two closed arms (5 x 29 X 15 cm),
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arranged perpendicularly, and elevated 50 cm above the floor. Each
animal was placed at the center of the maze, facing an open arm,
with each test lasting 5 min.

Mice movements were recorded and analyzed using SMART video-
tracking software. The (1) total time spent in the open arms and
the (2) total number of arm entries (i.e., sum of the number of entries
in both open and closed arms) were used as anxiety-like and locomo-
tor parameters, as previously described.”

Morris Water Maze test
Spatial memory was evaluated with the MWM test.”” The test was
performed over the course of 6 consecutive days and consisted of a

97

1-day habituation phase, a 4-day acquisition phase, and a 1-day probe
test. The test was performed in a circular pool (100 cm diameter,
60 cm height), filled with water opacified with non-toxic white paint
(Luxens) and kept at 24°C. A round 8-cm-diameter platform was
used as an escape platform. Four positions around the edge of the
tank were used, and the tank was virtually divided into four quad-
rants: target quadrant (T, where the platform was hidden), left quad-
rant (L, left of the target quadrant), right quadrant (R, right of the
target quadrant) and opposite quadrant (O, on the opposite side of
the target quadrant).

During habituation, each animal was familiarized with the presence of
an escape platform—in this instance, placed in the center of the tank,
1 cm above water level. Animals were placed in the platform and after
20 s, they were placed back in their home cages beneath heat lamps. If
the animals failed to stay on the platform for 20 s and did not climb
back after 2 min, then they were guided to it and allowed to stay for an
additional 20 s. Animals had a second habituation period later in the
same day, with the escape platform still placed in the center of the
tank, but at 1 cm below water level.

During the acquisition phase, the escape platform was submerged
1 cm below water level in a fixed position, randomized for each ani-
mal, in the center of the target quadrant. Furthermore, visual cues of
different shapes and colors were placed on the walls of the testing
room. Each mouse was given four swimming trials per day (with
30-min intervals between trials). A trial consisted of placing the ani-
mal in the pool facing the wall and allowing it to explore and reach the
hidden platform. Each animal was released from a different and ran-
domized quadrant (different from the one holding the escape plat-
form) in each trial of the same day. If the animal reached the platform
before 60 s, then it was allowed to remain there for an additional 10-s
period; if the animal failed to find the target within that time frame,
then it was manually guided to the platform, where it was allowed
to remain for an additional 20 s. After the end of each trial, mice
were removed from the pool and placed back in their home cages
beneath heat lamps to prevent temperature loss.

During the probe test, the escape platform was removed, and animals
were allowed to swim freely for 60 s while recording the percentage of
time spent on each quadrant.
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Mice movements were recorded and analyzed using SMART video-
tracking software. The latency to find the platform during the acqui-
sition phase and the percentage of time spent in the target quadrant in
the probe test were quantified and used to evaluate hippocampal-
dependent memory.

Kidney and liver histopathology

One day after the last injection of TAT-TrkB or vehicle, mice were
euthanized with an overdose of sodium pentobarbital (150 mg/kg,
i.p.). For each mouse analyzed, a comprehensive necropsy was per-
formed and macroscopic findings were recorded. Kidneys and liver
were harvested for histopathologic evaluation. Samples were immer-
sion-fixed overnight in 10% neutral buffered formalin (Bio-Optica,
catalog no. 05-K01009). Tissue was processed using a HistoCore
PEARL Tissue Processor (Leica) and embedded into paraffin blocks
using a tissue embedding station (Leica, catalog no. EG1150H). Slices,
3 um thick, were cut using a rotary microtome (Leica, catalog no.
RM2245), adhered to slides, incubated in an oven for 1 h at 60°C,
and stored at room temperature until further processing.

Slices were deparaffinized and rehydrated using an Autostainer XL
(Leica, catalog no. ST5010) by subsequently immersing them in the
following solutions: xylene, 10 min; EtOH 100%, 5 min; EtOH 96%,
5 min; and distilled water, 5 min. Rehydrated slices were then stained
with hematoxylin (Bio-Optica, catalog no. 05-06004E) and eosin
(Sigma, catalog no. HT110132). Briefly, slices were treated with (1)
hematoxylin, 3 min, and then rinsed with distilled water, 1 min; (2)
0.5% ammonia water, 10 s, and then rinsed with distilled water,
1 min; (3) EtOH 96%, 30 s; and finally, (4) Eosin Y solution,
10 min. Afterward, slices were dehydrated with one change of
EtOH 96% and two changes of 100% EtOH, 2 min each. Finally, slides
were coverslipped using Entellan mounting medium (Sigma, catalog
no. 1.00869) and an automated glass coverslipper (Leica, catalog no.
CV5030). Microphotographs were obtained with a Hamamatsu
NanoZoomer-SQ slide scanner (Hamamatsu, catalog no. C13140),
using NDP.view 2 viewing software (Hamamatsu).

The microphotographs were evaluated by a certified pathologist and
lesions were classified according to a 5-tier severity scale: 0, absent; 1,
minimal; 2, mild; 3, moderate; and 4, marked.”®

Blood collection and clinical chemistry

One day after the last injection of TAT-TrkB or vehicle, mice
were euthanized with an overdose of sodium pentobarbital
(150 mg/kg, i.p.). Blood was harvested through cardiac puncture
and up to 500 nL was collected onto gel clot activator tubes (Sarstedt,
catalog no. 06.1667.001).

Samples were separated by centrifugation (2,500 x g, 10 min, room
temperature), and serum fractions were processed immediately and
analyzed without dilution on a clinical chemistry analyzer (cobas
8000 modular analyzer, Roche). All samples were processed simulta-
neously, to minimize analytical variability. We evaluated (1) total
CK; (2) creatinine; (3) urea; (4) AST; and (5) ALT. Reagents of

in vitro detection kits developed for human samples (Roche, catalog
nos. 05168546188, 05168589188, 05171873188, 05850819188, and
05850797188) were used and adapted for mouse samples, according
to the manufacturer’s instructions.

Statistical analysis

Statistical analyses were performed in Prism 10 (version 10.2.3,
GraphPad Software) or in R (version 4.2.3), where data were handled
using the tidyverse package (version 2.0.0; https://doi.org/10.32614/
CRAN.package.tidyverse). Values are shown as individual replicates,
with either media, mean and error bar, and violin and/or boxplot
overlaid, as indicated. Generally, non-parametric tests were preferred;
parametric tests were used when the sample size was large enough
(central limit theorem) or to account for multi-factor designs. The
following statistical tests were used: (1) Mann-Whitney U test; (2) un-
paired t test; (3) Kruskal-Wallis test, followed by Dunn’s multiple
comparison post hoc test; (4) one-way ANOVA, followed by Tukey’s
multiple comparison post hoc test; (5) two-way ANOVA; and (6)
three-way ANOVA, followed by Sidak’s multiple comparison post
hoc test. Furthermore, to account for repeated measurements from
the same animal, mixed-effects linear regressions were used (followed
by Tukey’s multiple comparison post hoc test). Correlations were
tested with Pearson’s correlation coefficient, and p values were
adjusted with Bonferroni’s correction to control for multiple compar-
isons. Hyperbolic, sigmoidal, or linear regressions were fitted using
the least-squares method, as indicated. Exact p values are reported,
and p values <0.05 were considered statistically significant. The
following notations were used: n.s., non-significant; SEM, standard
error of the mean; and SD, standard deviation. Sample sizes were
not pre-determined using statistical methods. Allocation of mice for
in vivo experiments was randomized, and experimenters were blinded
to mouse genotype and treatment group until behavioral assessments
and electrophysiological recordings were concluded. For the remain-
ing experiments, no randomization or concealment was performed.
Data analysis was not performed blinded to the experimental
conditions.
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