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ARTICLE INFO ABSTRACT

Keywords: The pathophysiology of Amyotrophic Lateral Sclerosis (ALS), a disease caused by the gradual degeneration of
Receptor tY}'OSine kinase motoneurons, is still largely unknown. Insufficient neurotrophic support has been cited as one of the causes of
g;‘ggtmphm motoneuron cell death. Neurotrophic factors such as BDNF have been evaluated in ALS human clinical trials, but

yielded disappointing results attributed to the poor pharmacokinetics and pharmacodynamics of BDNF. In the
inherited ALS G93A SOD1 animal model, deletion of the BDNF receptor TrkB.T1 delays spinal cord motoneuron
Motoneuron degeneration cell death and muscle weakness through an unknown cellular mechanism. Here we show that TrkB.T1 is
Spinal cord inflammation expressed ubiquitously in the spinal cord and its deletion does not change the SOD1 mutant spinal cord in-
ALS flammatory state suggesting that TrkB.T1 does not influence microglia or astrocyte activation. Although TrkB.T1
knockout in astrocytes preserves muscle strength and co-ordination at early stages of disease, its specific con-
ditional deletion in motoneurons or astrocytes does not delay motoneuron cell death during the early stage of the
disease. These data suggest that TrkB.T1 may limit the neuroprotective BDNF signaling to motoneurons via a
non-cell autonomous mechanism providing new understanding into the reasons for past clinical failures and
insights into the design of future clinical trials employing TrkB agonists in ALS.

TrkB signaling
Truncated TrkB

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder
of the upper and lower motoneurons that currently has no effective
treatment. Loss of these motoneurons leads to rapidly progressive and
irreversible paralysis with swallowing and respiratory malfunctions
eventually resulting in death within 5 years of onset (Mitchell and
Borasio 2007). Most ALS cases are sporadic, with only 5-10% of cases
being inherited in an autosomal dominant fashion (Nguyen et al. 2018).
Experimental evidence suggests that toxic misfolded protein aggregates,
oxidative stress, glutamate excitotoxicity, lack of neurotrophic support
and abnormal cell signaling leading to increased intracellular calcium
are among the putative causes leading to the selective motoneuron loss
and rapid progression of the disease (Boillee et al. 2006a). However, to
date, no drug targeting these processes has been successful in providing
a cure or ameliorating the disease outcome (Henriques et al. 2010; Katz
et al. 2015).

Neurotrophic factors are potent modulators of neuronal survival and
function. They influence proliferation, migration and differentiation of

stem cells in the developing and adult nervous system and they regulate
dendrite and synapse formation (Chao et al. 2006; Huang and Reichardt
2001; Kaplan and Miller 2000; Lu et al. 2013). The expression of neu-
rotrophic factors in astrocytes, neurons, microglia and endothelial cells
and their ability to induce neuronal regeneration in disease and injury
models have suggested their use for the treatment of neurodegenerative
diseases, including ALS (Buck et al. 2000; Gravel et al. 1997; Josephson
et al. 2001; Tovar et al. 2014). Brain-derived Neurotrophic Factor
(BDNF), the ligand for the TrkB tyrosine kinase receptor, was used in
three separate clinical trials without efficacy most likely due to poor
pharmacokinetics and pharmacodynamics (Beck et al. 2005; Group,
1999; Kalra et al. 2003; Ochs et al. 2000). A number of questions remain
including whether or not BDNF has a sufficient half-life to generate long
lasting effects and whether it reaches its target and activates its recep-
tor/s to transduce survival signaling (Thoenen and Sendtner 2002). In
addition, the lack of specific antibodies to study the cellular distribution
of the different TrkB receptor isoforms in the spinal cord and how they
influence BDNF function on diseased motoneurons have further
hampered our understanding of the physiological and
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pathophysiological roles of BDNF in the spinal cord. At the biochemical
level, it has been shown that the spinal cord dynamically expresses two
major TrkB receptor isoforms during development (Zhang and Huang
2006) including: 1) a full length isoform with a tyrosine kinase domain
(TrkB.Kin) activating the Ras/MAPK, phosphoinositide-3-kinase and
phospholipase Cy (PLCy) pathways (Huang and Reichardt 2003; Tes-
sarollo 1998); 2) a truncated TrkB.T1 isoform with dominant negative
function but also with calcium release activity from the intracellular
stores through a still unknown molecular mechanism (Carim-Todd et al.
2009; Dorsey et al. 2012; Fulgenzi et al. 2020; Fulgenzi et al. 2015; Rose
et al. 2003). Expression levels of these isoforms are not affected by
mutant SOD1 G93A (Zhang and Huang 2006). However, we have found
that deletion of TrkB.T1 in the SOD1 G93A model delays lumbar spinal
cord motoneuron cell death and muscle weakness (Yanpallewar et al.
2012). These data together with the observations that ALS patients have
elevated BDNF and TrkB kinase levels but have a decrease in TrkB
phosphorylation, suggest that the underlying pathology in ALS is not
due to a lack of BDNF supply but a mechanism affecting the TrkB
response to BNDF or an effect of BDNF on the development of spinal cord
inflammatory processes (Kust et al. 2002; Mutoh et al. 2000). Thus,
TrkB.T1 may limit BDNF diffusion to motoneurons or TrkB.T1 expressed
in glia cells may elevate intracellular calcium levels which is part of the
mechanism contributing to glia activation in pathological processes
(Agulhon et al. 2008; Biffo et al. 1995; Kawamata et al. 2014; Morse
et al. 1993). Although TrkB is widely expressed in the mouse and human
spinal cord, it is still unclear what the TrkB.T1 specific pattern of
expression is due to a lack of specific antibodies. Therefore, we inves-
tigated TrkB.T1 distribution in the lumbar spinal cord using a TrkB.T1-
tagged knock-in mouse model, followed by an analysis of TrkB.T1
deletion on the inflammatory state of mutant spinal cords and a cell-
specific analysis of TrkB.T1 deletion on the SOD1 G93A-induced pa-
thology to test TrkB.T1 cell-autonomous functions. We found that TrkB.
T1 is expressed in all spinal cord cell populations, its knockout does not
influence spinal cord reactive gliosis and conditional deletion in only
motoneurons or astrocytes does not delay motoneuron cell death.
However, astrocyte-specific deletion of TrkB.T1 partially improves
motor performance and delays progression of the early phase of disease.

2. Materials and methods
2.1. Animals

TrkB.T1 knockout and TrkB.T1-V5 mice have been described previ-
ously (Dorsey et al. 2006; Fulgenzi et al. 2020). SOD1G93A [B6SJL-TG
(SOD1*G93A)1GUR/J; 002726], GFAP-Cre [B6.Cg-Tg(GFAP-cre)
73.12Mvs/J; 012886] and HB9-Cre [B6.129S1-Mnx1tm4(cre)Tmj/J;
006600] transgenic mice were acquired from The Jackson Laboratory
(Bar Harbor, ME). Mice were backcrossed on C57/B16J background for
at least 10 generations before performing genetic experiments. SOD1-
TrkB.T1 KO (SOD1 T1) were described earlier (Quarta et al. 2018;
Yanpallewar et al. 2012), whereas astrocyte-specific (GFAP cre- SOD1T1
CKO GFAP) or motor neuron-specific (HB9 cre- SOD1T1 CKO HB9)
knockout of TrkB.T1 receptor in SOD1 G93A mutant mice were gener-
ated by crossing the conditional allele of TrkB.T1 (Dorsey et al. 2006)
with the specific cre-Tg mouse and the SOD1 G93A allele. Conditional
GFAP cre- SOD1T1 CKO and HB9 cre- SOD1T1 CKO mice were obtained
by introducing a conditional (CKO) and a constitutive TrkB.T1 KO allele
together with the cre transgene into the SOD1 mutant background to
increase the efficiency of the cell-type specific recombination in astro-
cytes or motoneurons, respectively. This strategy greatly enhances the
cell-type specific recombination since only one conditional allele has to
undergo recombination. All procedures for mouse experiments were
approved by the NCI-Frederick Animal Care and Use Committee (ACUC)
and followed the National Institutes of Health Guidelines for animal care
and use.
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2.2. Motor neuron survival and immunostaining

Twelve-week-old mice were anesthetized and perfused trans-
cardially with 1xPBS followed by 4% paraformaldehyde. The lumbar
spinal cord was isolated and 50-ym transverse sections were cut on a
cryostat. Every 10th section (18-20 sections/animal) was collected for
Nissl staining to analyze the number of surviving motor neurons (Yan-
pallewar et al. 2012). For immunostaining analysis, 5 sections/animal
were first incubated with the primary antibody followed by the specific
fluorescent conjugated secondary antibody. The following antibodies
were used: Rabbit anti-GFAP (1:500, Dako), Rabbit anti-Ibal (1:250,
Wako), Rabbit anti-V5 mAb (1:200 Cell Signaling Technology), Rabbit
anti-iNOS (1:500 BD Transduction Laboratories) and Rabbit anti-
nitrotyrosine (1:500, Millipore). For comparison of GFAP and Ibal im-
munoreactivities, immunofluorescence images were obtained under
constant setting on a confocal microscope and differences in florescent
signal intensities between the genotypes were analyzed quantitatively
using NIH Image J software.

2.3. Measurement of TNFa and IL-1p by ELISA

Lumbar spinal cords were homogenized in ice-cold RIPA lysis buffer
(Sigma) supplemented with protease (Sigma, USA) and phosphatase
inhibitor (Roche, USA) cocktails. After centrifugation, protein concen-
tration in supernatants was measured with the Pierce BCA protein assay
kit (Thermo Scientific, USA). Samples from 12 week and end-stage
groups containing equal amounts of protein were then used for
measuring the expression of the pro-inflammatory cytokine TNF-a
(LSBio, USA, mouse ELISA Kit) and IL-1p (R&D System mouse IL-1§
ELISA Kit) following the manufacturer’s protocol. For the end-stage
group, spinal cord lysates from 24-week old WT mice were used as the
control group. Levels of cytokines are expressed as pg/ml and mean
values were compared between genotypes.

2.4. Western blot analysis

Immunoblotting was performed on lysates from lumbar spinal cords
dissected from WT, SOD1 and SOD1T1 KO mice at 12 weeks of age.
Samples were homogenized in RIPA lysis buffer (Millipore, USA) with a
protease (Sigma, USA) and phosphatase (Roche, USA) inhibitor cocktail.
Protein concentration was determined using the Pierce BCA protein
estimation kit (Thermo Scientific, USA). Samples were then separated by
SDS-PAGE, transferred onto PVDF membranes (Life Technologies, USA)
that were then blocked in 5% BSA in TBST. Primary antibodies were:
Rabbit monoclonal anti TNF-R1 (1:1000, Cell Signaling); mouse
monoclonal anti-VEGF (1:1000, SantaCruz) and Rabbit anti-
nitrotyrosine antibody (1:500, Millipore). Membranes were then incu-
bated with the specific HRP-conjugated secondary antibodies and the
signal generated by the ECL reagent (GE Healthcare) was detected with a
Syngene Bio-Imaging System. p-actin served as a loading control using
Anti-B-actin HRP (1:5000, SantaCruz).

2.5. Evaluation of motor performance

Muscle strength and coordination were assessed by an accelerating
rota-rod (Ugo Basile, Italy) that rotates from 4 to 40 RPM over 5 min as
previously described (Yanpallewar et al. 2012). After two training trials
of 5 min each (at 11 weeks) animals were run three times a week
(Monday, Wednesday, Friday from 12 weeks on) and the duration for
which the animal stayed on the rota-rod without falling (up to a
maximum of 300 s) was recorded (Yanpallewar et al. 2012).

3. Analysis of disease progression and survival

To monitor the progression of the disease we used two different
parameters: early progression of disease and end-stage disease in the



S. Yanpallewar et al.

animals. Starting at 8 weeks of age, animals were weighed three times
weekly (Monday, Wednesday, Friday). Given that animals start losing
weight with disease progression, we defined the early progression of
disease as the duration between the time of peak weight and the time
when animals lose 10% of peak weight due to muscle atrophy. End-stage
was defined as the age of actual death of the animal or the age at which
paralysis rendered the animal unable to right itself within 20 s when
placed on its side (Boillee et al. 2006b; Tan et al. 2020; Yanpallewar
et al. 2012).

3.1. p-Galactosidase staining

After perfusion of the animals, lumbar spinal cords were dissected,
post-fixed in 4% PFA for 2 h and cryoprotected overnight in PBS con-
taining 30% sucrose. Cryostat sections (50 pm) were then stained by
incubation overnight at 32 °C in a 4 mg/ml X-Gal, 5 mM potassium
ferrocyanide, 5 mM potassium ferricyanide, 2 mM MgCl, and 0.25%
Triton X-100 solution in PBS. All chemicals were from Sigma-Aldrich
(USA).

3.2. Evaluation of calcium transients in astrocytes

Mouse astrocytes were obtained by enzymatic digestion of E18 em-
bryonic cortex cultured for 7-10 days. For calcium transients recording
astrocytes were plated on round coverslip (5 mm diameter) and loaded
with 1 micromolar Indo-1-AM (life technology) for 1 h in the presence of
Pluronic® surfactant (Life Technology 1/100) and probenecid (Life
Technology 2 mM). After washing, cells were incubated at 37 °C, 5%
COy, for at least 30 min to allow de-esterification. Coverslips were then
transferred to the stage of an Axioskop2FS and superfused with
recording buffer [NaCl 135 mM, KCI 5 mM, MgSO4 1.2 mM, CaCl; 2.5
mM, Hepes 5 mM, and glucose 10 mM (pH 7.4; 300 mOsm, 27 °C)].
Calcium transients were evoked by brief (100 ms) pressure steps (50
hPa) applied to a 1-2 pum tip pipette filled with recording buffer con-
taining 100 ng/ml BDNF. For negative control, the pipet was filled with
recording buffer containing BDNF denatured at 95 °C for 5 min. Fluo-
rescence at 405 and 480 nm elicited by a 350 nm light pulse (20 s) was
recorded by a photomultiplier (TILL Photonics), digitized and stored in a
PC (Digidata 1322, PClamp 9 Axon, CA). F1/F2 ratio was calculated and
used for calculation of Ca?*. Instrument calibration was performed with
ionophore and calcium calibration buffer following the manufacturer
instructions (Life Technology).

3.3. Statistical analysis

Comparisons of motor neuron numbers and rotarod performance
between the groups at 12 weeks of age were done by one-way ANOVA
followed by post-hoc Tukey’s or Dunn’s multiple comparison tests.
Survival analysis (for early progression of disease and end stage) was
subjected to Kaplan-Meier Statistics. Differences in mean values for
survival analysis were subjected to Student ‘t’ test. A Logrank P values
was calculated to compare the survival curves. GraphPad Prism software
(USA) was used for all statistical analysis.

4. Results
4.1. TrkB.T1 is widely expressed in the spinal cord

TrkB receptors are highly expressed in the mammalian spinal cord
and both TrkB.Kin and TrkB.T1 are dynamically regulated during
development (Zhang and Huang 2006). While TrkB.Kin has been
convincingly reported in motoneurons, the cellular distribution of TrkB.
T1 has remained elusive because there are no sensitive antibodies for
immunohistochemical analysis (Josephson et al. 2001). To characterize
the cellular expression of TrkB.T1 in the spinal cord we have employed a
mouse model with a knock-in V5 tag (14 aa epitope of paramyxovirus
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SV5 protein) inserted in frame before the TrkB.T1 stop codon that
faithfully recapitulates TrkB.T1 expression [(TrkB.T1-V5) (Fulgenzi
et al. 2020)]. We anticipated that staining of TrkB.T1-V5 adult mouse
spinal cords with an anti-V5 antibody would reveal a discrete cell-
specific pattern of TrkB.T1 expression. Surprisingly, the staining
showed diffuse, non-cell specific expression of TrkB.T1 in both the
dorsal and ventral lumbar spinal cord (Fig. 1). Consistent with earlier
Western blot analysis data (Zhang and Huang 2006) TrkB.T1 levels
appear higher in mature (12 WK) as compared to young animals (p17).
Nevertheless, the cellular pattern of expression is similar over time
(Fig. 1). These data suggest that TrkB.T1 is expressed ubiquitously
across diverse cell types in the spinal cord and its overall spatial distri-
bution does not change during post-natal development.

4.2. BDNF-induced calcium transients are not affected by mutant SOD1
protein in astrocytes

Neuro-inflammation is one of the characteristic features of ALS, seen
in all patients as well as ALS mouse models, that contributes signifi-
cantly to disease progression (McCauley and Baloh 2019). For example,
reactive microglia cells and astrocytes release pro-inflammatory cyto-
kines, free radicals, glutamate and pro-apoptotic factors that contribute
to motoneuron death (Agulhon et al. 2008). Mechanistically, the release
of these toxic factors is mediated by vesicular SNARE proteins (Kawa-
mata et al. 2014) whose activity is associated with increased levels of
intracellular calcium. The most widely accepted mechanism for astro-
cytic Ca®" increases is through G-protein coupled receptor (GPCR)
activation of the canonical phospholipase C (PLC)/inositol 1,4,5-tri-
sphosphate (IP3) pathway leading to IP3 receptor (IP3R) activation
and Ca®' release from the endoplasmic reticulum (ER). Since Cat
release from astrocytic calcium stores is also activated by BDNF through
the TrkB.T1 receptor (Rose et al. 2003), we first investigated whether
TrkB.T1 deletion can influence calcium release from intracellular stores
in response to BDNF in WT, SOD1, SOD1-TrkB.T1 KO and TrkB.T1 KO
mice. Astrocytes of each genotype were isolated from embryonic day 18
(E18) pups and cultured over a period of about 10 days to allow matu-
ration and up-regulation of TrkB.T1 (Holt et al. 2019). Astrocytes from
all genotypes had similar morphology since they were cultured in the
absence of BDNF to record calcium transients in response to acute BDNF
stimulation (Fig. 2). Analysis of the recordings revealed that deletion of
TrkB.T1 in WT as well as SOD1 mutant mice completely abolished
BDNF-induced release of calcium from intracellular stores in astrocytes.

TrkB.T1
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Fig. 1. TrkB.T1 is widely expressed in post-natal mouse spinal cord. Immu-
nostaining of dorsal (A, B, E, F) and ventral (C, D, G, H) spinal cords from Wild
Type (WT; A, C, E, G) and homozygous TrkB.T1-V5 (V5/V5; B, D, F, H) mouse
post-natal day 17 (p17) and 12 week-old (12WK) spinal cords stained with an
anti-V5 antibody. Note the intense staining indicative of TrkB.T1 expression in
virtually all dorsal and ventral spinal cord cells of the transgenic TrkB.T1-V5
mice (B, D, F, H).
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Fig. 2. Fluo-4 mediated intracellular calcium response to BDNF application in cultured astrocytes. (A) Astrocytes obtained from E18 embryosmbryos of different
genotypes were subjected to a puff of BDNF and their intracellular calcium levels were recorded. Note the lack of response to BDNF in both TrkB.T1 KO (T1 KO) as
well as SOD1-TrkB.T1 KO (SOD1 T1 KO) astrocytes (A). (B, C) photomicrographs of representative WT and SOD1 astrocytes before (1) and after (2) BDNF appli-
cation. Lower panels in B, C show the quantification of the cell response to BDNF in the boxed areas of the micrographs (Red arrow, continuous perfusion). Note the
higher intracellular calcium elicited by BDNF in the SOD1 astrocytes is suggestive of a higher basal threshold level of activation. (D) Histogram showing the
quantification of WT and SOD1 astrocytes response to BDNF expressed as percentage of the change in fluorescence before (1 in B, C) and after (2 in B, C) BDNF
application. N = 28 cells from 3 independent WT mice (# 1\) and N = 25 cells from 3 independent SOD1 mice (# 4-6).
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Fig. 3. Microglial activation and inflammatory astrocytosis in SOD1 mutant mice are not altered by TrkB.T1 deletion. (A-F) Immunofluorescence images of spinal
cord stained with an anti-Ibal antibody indicative of microglia activation in WT (A, B), SOD1 (C, D) and SOD1-T1 KO (E, F) 12-week-old mice. (B, D, F) are higher
magnification (40x) images for A, C and E (10x magnification) respectively. (G-L) Immunofluorescence images of spinal cord stained with an anti-GFAP antibody to
detect activated astrocytes in WT (G, H), SOD1 (I, J) and SOD1-T1 KO (K,L) 12 week-old mice. H, J, L are higher magnification (40x) images of G, I, K (10x)
respectively. Note the significant accumulation of GFAP positive cells in the SOD1 and SOD1-TrkB.T1 mutant ventral lumbar spinal cord (I-L) when compared to
controls (G, H) suggesting that TrkB.T1 deletion does not prevent astrocytosis. (M-N) Histograms showing quantitative results of Ibal (M) and GFAP (N) immu-
noreactivities between genotypes using NIH Image J software. N = 5 per genotype. * indicates p < 0.05, ANOVA followed by Tukey Multiple comparison test.
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Interestingly, we found that both control and SOD1 mutant astrocytes
respond to BDNF stimulation. However, there was a slight increase in
the BDNF-induced calcium transients in the SOD1 mutant astrocytes
suggesting that SOD1 mutants may be more excitable (Fig. 2D).

4.3. TrkB.T1 deletion does not influence reactive gliosis levels in
SOD1G93A mutant mice

To investigate whether BDNF-TrkB.T1 signaling contributes to the
reactive gliosis reported in the SOD1G93A mutant spinal cords, we
looked for changes in activated microglia and astrocytes by Ibal (acti-
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immunofluorescence analysis. As previously reported (Boillee et al.
2006b), we observed significant microgliosis in the lumbar spinal cord
of SOD1 mutant mice at 12 weeks of age when compared to WT control
mice (Fig. 3). Deletion of TrkB.T1, however, did not alter the levels of
Ibal immunoreactive microglia induced by mutant SOD1 protein (Fig. 3
A-F). Similarly, we also observed a significant astrocytosis in SOD1
mutant mice (Fig. 3 I, J) that was not affected by TrkB.T1 deletion
(Fig. 3K, L). These results suggest that BDNF-TrkB.T1 signaling does not
alter the SOD1G93A mutant reactive gliosis (Fig. 3M, N). Since reactive
microglia cells and astrocytes release pro-inflammatory cytokines, we
further tested whether TrkB.T1 influences the inflammatory response of
mutant mice by investigating lumbar spinal cord levels of tumor necrosis

vated microglial marker) and GFAP (astrocytic —marker)
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Fig. 4. TrkB.T1 deletion does not alter the levels of pro-inflammatory cytokines in SOD1 mutant mice. (A-D) ELISA measurement of the pro-inflammatory cytokines
TNFo and IL-1p in 12 week (12 WK) and end-stage WT, SOD1 and SOD1-TrkB.T1 KO (SOD1T1) spinal cords. At 12 WK, levels of TNFa (A) and IL-1p (C) did not differ
significantly between genotypes (n = 5/group) while at end stage, both the SOD1 and SOD1 T1 KO group showed significantly higher levels of TNFa (B) and IL-1f (D)
when compared with the WT group (n = 4 per group). * indicates p < 0.05. Western blot analysis of TNF receptor 1 (TNF-R1) and VEGF at 12 WK and end stage
disease (E, F) in control and mutant mice as in A, C. Note that despite some mice show higher levels of TNF-R1 levels at 12 WK there is no difference between groups
whereas VEGF is dramatically upregulated in both mutant groups (E). At the end stage, while both TNF-R1 and VEGF are up regulated in mutant mice compared to
controls there is no difference between the SOD1 and SOD1 T1mice (F). Histograms showing the quantification of western blots of TNF-R1 (G) and VEGF (H) in E, F.
n.s.; not significant. * p < 0.05.
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factor alfa (TNFa) and interleukin-1f (IL-1f), cytokines commonly
detected during inflammation (Jeyachandran et al. 2015; Zou et al.
2020). However, at early stages of the disease, when TrkB.T1 deletion
delays motoneurons cell death caused by the SOD1 mutant protein (12
WK), there were no differences in either TNFa or IL-1p levels across
genotypes suggesting that these cytokines are not involved in the early
phase of motoneuron cell death (Fig. 4A, C). Nevertheless, as expected,
by end stage disease, SOD1 mice had significantly higher levels of both
cytokines compared to controls. Importantly, these levels were compa-
rable between SOD1 and SOD1-TrkB.T1 KO mice suggesting that TrkB.
T1 deletion does not influence the overall levels of TNFa and IL-1f
caused by accumulation of SOD1 mutant protein (Fig. 4B, D). TNF re-
ceptor 1 levels were also not different between genotypes at 12 WK,
although some mutant mice had higher levels of this receptor (Fig. 4E).
Nevertheless, again we found that, although TNF-R1 was consistently
upregulated at the end stage disease, there were no differences between
SOD1 and SOD1-TrkB.T1 KO mice (Fig. 4F-G). To test whether loss of
BDNF-TrkB.T1 signaling has an effect on other growth factor-activated
signaling pathways in ALS, we investigated the levels of vascular
endothelial growth factor (VEGF), a potent pro-survival growth factor
that is upregulated in the spinal cord of ALS models at both onset and
end stage disease (Nikodemova et al. 2014). However, while we
confirmed that VEGF is upregulated in 12 WK and end stage SOD1G93A
spinal cords, we found that deletion of TrkB.T1 did not influence its
levels in the SOD1 mutant mice (Fig. 4E, F, H).

In an experimental autoimmune encephalomyelitis (EAE) mouse
model it has been reported that TrkB.T1 stimulates astrocytes to release
nitric oxide (NO) leading to neuronal damage while astrocyte deletion of
TrkB protects from EAE-induced neurodegeneration.

(Colombo et al. 2012). To test whether changes in NO activity levels
are influenced by TrkB.T1 in SOD1 mutant mice we analyzed NO
signaling pathway at the early stages of disease. Expression of iNOS in
ventral lumbar spinal cords by immunofluorescence failed to detect any
motor neuron specific iNOS immunoreactivity (Fig. 5A, C, E). To over-
come the potential inability to detect iNOS because it is either transient,
unstable or below the threshold limit of detection we next analyzed the
expression of nitrotyrosine, an indicator of nitration of protein tyrosine
residues, and the levels of nitrates/nitrites which are the final products
of the nitric oxide pathway (Drechsel et al. 2012). Lumbar spinal cord
immunofluroscence analysis showed nitrotyrosine immunoreactivity in
motor neurons as well as in other cells of the ventral spinal cord (Fig. 5B,

WT SoD1

(9]

iNOS Nitrotyrosine
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D, F). However, there were no obvious significant differences between
genotypes. Similarly, lumbar spinal cord Western blot analysis showed
several 15 to 80 kDa proteins with nitration of tyrosine residues but did
not show any difference between mutant and control mice (Fig. 5G).
Lastly, colorimetric measurements of nitrates/nitrites also showed no
increase in the levels of these inorganic anions in the SOD1 mutant
lumbar spinal cords compared to control and SOD1T1 KO mice
(Fig. 5H). Together, these data suggest that the nitric oxide signaling
pathway is not affected in the SOD1 mutant mice during the early stages
of disease at the time we see a neuroprotective role of the TrkB.T1
deletion.

4.4. Astrocyte-specific deletion of TrkB.T1 in SOD1 mutant mice provides
neuroprotection at the early stages of disease

In order to investigate whether the neuroprotective effect caused by
global TrkB.T1 deletion (Yanpallewar et al. 2012) is cell-type specific,
we used the GFAP- and HB9-cre transgenic mice to delete TrkB.T1 in
astrocytes and motoneurons, respectively. Testing of these cre trans-
genics with the ROSA26-LacZ reporter mouse line verified beta-
galactosidase staining (Fig. 6A-C) in lumbar spinal cord astrocytes
with the GFAP-cre mouse (Fig. 6C), and motor neurons with the HB9-cre
mouse (Fig. 6B). Since TrkB.T1 KO heterozygosis is not haploinsufficient
(Carim-Todd et al. 2009), to increase the efficiency of the cell type-
specific deletion we combined the specific cre transgene and a condi-
tional TrkB.T1 allele with a TrkB.T1 KO heterozygous allele. Mutant and
control mice generated by crossing these cre lines with the SOD1 mu-
tation and the TrkB.T1 conditional allele were then analyzed by Nissl
staining and stereological quantification of lumbar spinal cord motor
neuron number (Fig. 6D-I). At 12 weeks of age SOD1 mutant mice
showed a significant loss of motor neurons that was partially rescued by
complete TrkB.T1 deletion, as previously reported ((Yanpallewar et al.
2012); Fig. 6D-F and I, number of motor neurons: 4803 + 178.7 in WT,
3597 +174.4in SOD1 and 5098 + 318.7 in SOD1T1 KO mice, p < 0.05).
However, motor neuron specific deletion of TrkB.T1 did not offer any
protection against motor neuron loss (Fig. 6H-I, 3516 + 175.5 in
SOD1T1 HB9), while an intermediate number of surviving motor neu-
rons were observed when TrkB.T1 was deleted in astrocytes but without
reaching statistical significance compared to WT or SOD1 mutant mice
(Fig. 6G, I, 3978 + 200.7 in SOD1T1GFAP mice).

We then tested the mice for motor performance an accelerating rota-

SOD1T1 Fig. 5. The Nitric oxide signaling pathway in SOD1 mutant
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mice is not affected by TrkB.T1 deletion at 12 weeks of age.
(A-F) iNOS and Nitrotyrosine immunofluorescence images of
lumbar spinal cords from WT (A, B), SOD1 (C, D) and SOD1-
TrkB.T1 KO (SOD1T1; E, F) mice. Note the lack of specific
signal for iNOS immunoreactivity in all groups (A, C, E) while
the nitrotyrosine immunofluorescence in the motoneuron re-
gion shows no difference between WT, SOD1 or SOD1T1 KO
mice (B, D, F). (G) Western blot analysis of lumbar spinal cords
isolated from WT, SOD1 and SOD1T1 KO mice showing un-
changed nitrosylation levels of proteins between 15 and 80
kDa. (H) Histogram showing the levels of nitrites and nitrates
in lumbar spinal cords by colorimetric analysis. N = 5 ani-
mals/genotype.
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rod over a period of 5 min. Performance of SOD1 mutant mice compared
to control mice was significantly impaired, as expected (Fig. 7A, 249.1
+ 5.8 sin WT vs. 213.9 + 6.7 in SOD1 mutant mice, p < 0.05). Inter-
estingly, either complete KO or astrocyte-specific deletion of TrkB.T1
rescued the motor performance of SOD1 mutant mice (Fig. 7A, 254.2 +
9.2 in SOD1T1 KO and 240.3 & 6 in SOD1T1 GFAP mice). In contrast,
there was no observable difference in the rota-rod performance of SOD1
mutant mice with motor neuron specific deletion of TrkB.T1 (Fig. 7A,
187.8 +12.6 s, p > 0.05).

Next we tested the progression of disease and overall life span of

300 SOD1 (16)
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Fig. 6. Deletion of TrkB.T1 in motoneurons

* or astrocytes of SOD1 mutant mice does not
I | rescue motoneuron death at 12 weeks of age.
|T"_*"T| (A-C) Representative B-Galactosidase stain-
. * ing images of lumbar spinal cords from a
A ROSA26-LacZ reporter mouse, used as
: negative control, (A), or a ROSA26-LacZ

A

mouse crossed to a HB9-cre or a GFAP-cre
transgenic showing specific cre activity in
motor neurons (B) and astrocytes (C)

S respectively. (D—H) Representative Nissl

— staining of lumbar spinal cord sections of 12-

— week-old WT (D), SOD1 mutant (E), SOD1-

E TrkB.T1 KO (F), and SOD1 mice with an as-

— trocytes- (G; SOD1 T1 GFAP) or motoneuron-

- specific (H; SOD1 T1 HB9) TrkB.T1

0'\ Q‘O v? Q‘Q,Q’ knockout. (I) Histogram showing quantifi-
90 <N \Ca{( O cation of motor neuron numbers in the
00'\ ,\‘\ o'\ different mouse groups. Note that contrary to

) ‘.900 q,o the SOD1 mutants with complete TrkB.T1

knockout showing rescue of motoneurons at
12 weeks, SOD1 mutants with specific TrkB.
T1 deletion in either motoneurons or astro-
cytes are indistinguishable from SOD1
transgenic mice. Analysis of data was done
by ANOVA followed by post-hoc Tukey’s
multiple comparison test. * indicates p <
0.05. N = 11-16/group (WT, n = 16; SOD1,
n = 14; SOD1 T1, n = 12; SOD1T1 GFAP, n
= 11; SOD1T1 HBY, n = 11).

SOD1 mutant mice with astrocyte-specific deletion of TrkB.T1 (Fig. 7B,
C). The duration of the early phase of the disease was the time between
the peak body weight to when the mice lose 10% of their weight (Boillee
et al. 2006b; Tan et al. 2020; Yanpallewar et al. 2012). We found that
astrocyte specific deletion of TrkB.T1 extends the mean duration of the
early phase by 7 days (a 28% increase) in SOD1 mutant mice. (Fig. 7B,
32.75 £ 1.9 days SOD1T1 GFAP and 25.44 + 2.7 days in SOD1 mice, p =
0.0301 by one tailed t-test). However, analysis of the mean lifespan of
these mutants did not show any difference between genotypes as also
reported for SOD1 mutants with complete deletion of TrkB.T1 [Fig. 7C
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Fig. 7. Muscle weakness and progression of disease after deletion of TrkB.T1 in SOD1 mutant mice. (A) Histogram showing rota-rod performance of animals of the
indicated genotypes at 12 weeks of age. Animals were evaluated for muscle strength and co-ordination on the accelerating rota-rod test. Note that both global (SOD1
T1 KO) as well as astrocyte-specific deletion of TrkB.T1 in the SOD1 background (SOD1 T1 GFAP) improves rota-rod performance while motor neuron specific
deletion (SOD1 T1 HB9) does not provide any protection. Analysis of data was done by ANOVA followed by post-hoc Dunn’s multiple comparison test. * p < 0.05, n
= 37 WT, 37 SOD1, 20 SOD1-T1, 28 SOD1-T1 GFAP and 10 SOD1-T1 HB9. (B, C) Diagrams showing the Kaplan-Meier curve of the duration of the early phase of
disease (B) and survival (C) of SOD1 transgenic mice compared with SOD1 mice with astrocyte specific deletion of TrkB.T1. The number of animals for each group is

indicated in parentheses.
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(Yanpallewar et al. 2012)].
5. Discussion

We have investigated the role of BDNF-TrkB.T1 in the pathophysi-
ology of ALS using the SOD1 G93A mouse mutant as a model. The
question is relevant because BDNF has been used in human ALS clinical
trials but has failed to show efficacy in slowing disease progression (Beck
et al. 2005; Group, 1999; Kalra et al. 2003; Ochs et al. 2000). The causes
of the failure are still unknown but have been attributed, at least in part,
to poor pharmacokinetics and limited diffusion capability due to BDNF
physicochemical properties (Henriques et al. 2010; Thoenen and
Sendtner 2002). The rationale for supporting the use of BDNF in ALS
comes from early work showing that it can rescue axotomized moto-
neurons and it improves the phenotype of wobbler mutant mice (Ikeda
et al. 1995; Sendtner et al. 1992; Yan et al. 1992). In addition, BDNF
protects neurons from in vivo excitotoxicity and it prevents cell death of
motoneurons in a spinal root avulsion model (Kishino et al. 1997; Wu
et al. 2003). However, to our knowledge there is no clear data showing
that increasing BDNF/TrkB signaling is beneficial in more relevant
mouse models of ALS such as the SOD1 G93A mouse mutant. Our study
provides direct evidence that BDNF/TrkB signaling affects the patho-
physiology of ALS in a relevant mouse model of human motoneuron
degeneration.

An important question that arises from our findings is regarding the
mechanism by which deletion of TrkB.T1 delays motoneuron cell death.
It had been reported that, in the spinal cord, TrkB.T1 is significantly
upregulated post-natally and into adulthood (Zhang and Huang 2006).
However, the lack of specific antibodies for the TrkB.T1 isoform has
prevented the identification of the specific cell type/s expressing this
isoform. By using a mouse model with a genetically tagged endogenous
TrkB.T1 we have shown that TrkB.T1 is expressed in virtually all cell
types of the spinal cord [(Fulgenzi et al. 2020); Fig. 1]. This information
prompted us to test the potential role of TrkB.T1 in regulating the in-
flammatory response to the mutant SOD1 protein and the possibility of a
cell autonomous function in glial and motoneuron cells. The finding that
BDNF-induced calcium transients were slightly increased in SOD1
mutant as compared to WT astrocytes suggested increased excitability
and a possible role of TrkB.T1 in the inflammatory response in mutant
spinal cord. However, analysis of several markers such as GFAP, Ibal,
the cytokines TNFo and IL-1p and the iNOS pathway did not show any
significant change in SOD1 mutant mice lacking TrkB.T1 (Drechsel et al.
2012; Jeyachandran et al. 2015). This suggests that TrkB.T1 regulation
of calcium signaling may not have a direct role in the inflammatory
response associated with the pathogenesis of ALS and the use of TrkB
agonists may have limited impact on intrinsic TrkB.T1 signaling and
inflammation. Analysis of the growth factor VEGF levels showed upre-
gulation at both 12 WK and end stage in SOD1 mutant spinal cords but
deletion of TrkB.T1 did not cause any further changes in its levels sug-
gesting also a lack of cross-talk between the BDNF-TrkB.T1 and the
VEGF signaling pathway.

TrkB.T1 specific deletion in motoneurons does not have any effect on
the rescue of motoneuron cell death or motor-behavior deficits indi-
cating that expression of TrkB.T1 does not have a significant dominant-
negative role on TrkB.FL function as reported for hippocampal neurons
(Dorsey et al. 2006; Tomassoni-Ardori et al. 2019). Whether this lack of
rescue is caused by deficits in other neurons of the motor system such as
spinal cord interneurons and cortical motor neurons is unclear. How-
ever, our strategy showed that, at least in spinal motor neurons, deletion
of TrkB.T1 is not sufficient to alter motor neuron survival and function
caused by mutant SOD1 protein.

One of the most interesting finding of this study is that TrkB.T1
knockout in astrocytes using the GFAP-cre transgene preserves muscle
strength and co-ordination at early stages of disease (Fig. 7). Since this
rescue is not attributable to change in spinal cord inflammatory status,
one possibility was that GFAP-cre expression in other cell populations
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such as Schwann cells, which are important for myelination of motor
neuron axons and formation of neuromuscular junctions may contribute
to the rescue. However, the lack of motor-coordination deficits in TrkB.
T1 deficient mice (Carim-Todd et al. 2009) and the report that specific
overexpression of SOD1G93A mutant in Schwann cells is not patho-
logical to spinal motor neurons suggests that this may not be the case
(Turner et al. 2010). Therefore, a more plausible hypothesis is that
widespread expression of TrkB.T1 may limit BDNF trophic activity in
diseased motoneurons (Fig. 1). Indeed, BDNF administered by intra-
cerebroventricular infusion does not penetrate the brain and localizes
predominantly to the ependymal lining with limited penetration into the
subjacent neural parenchyma. The ependymal distribution of the
infused BDNF overlaps with TrkB.T1 expression suggesting that trun-
cated TrkB provides a barrier to BDNF diffusion (Biffo et al. 1995; Morse
et al. 1993). This might also explain how even intrathecal injection of
BDNF failed to improve ALS outcome in clinical trials (Beck et al. 2005;
Kalra et al. 2003). Conversely, NGF injected at similar concentrations
diffuses and reaches septal neurons more effectively because its recep-
tor, TrkA, does not have truncated isoforms and has more limited
expression in the CNS (Morse et al. 1993). These results raise the
question of how to facilitate the delivery of BDNF trophic activity to
motoneurons or other CNS neuronal populations that are surrounded by
cells expressing TrkB.T1 (Fig. 1). Pharmacological agents such as the
adenosine A2A receptor agonist CGS21680, can activate motoneuron
TrkB receptor signaling independent of neurotrophins by a trans-
activation mechanism (Wiese et al. 2007; Yanpallewar et al. 2012).
However, this strategy is less efficient than neurotrophins in activating
TrkB signaling and the rescue is only partial, suggesting that strategies
aimed at identifying molecules with BDNF mimetic activities may be
more efficient. Significant efforts have been directed toward the gen-
eration of agonistic antibodies binding TrkB (Guo et al. 2019; Lin et al.
2008; Merkouris et al. 2018; Qian et al. 2006; Todd et al. 2014; Traub
et al. 2017). However, a major challenge is how to efficiently deliver
these agonists to their target. Recently it has been reported that a TrkB
agonist antibody has superior tissue penetration over BDNF (Guo et al.
2019). This enhanced diffusion property has been attributed to the
reduced positive charges of antibodies when compared to BDNF and
their significantly longer half-life. However, it is unclear whether the
low diffusion rate of BDNF in tissues is caused mainly by its strong
positive charges. Thus, it appears that TrkB agonist antibodies may have
unique properties that allow them to overcome the TrkB.T1 scavenger
function. For example, is it possible that agonist antibodies can be
selected based on their ability to bind specific isoforms? Although the
TrkB gene produces, by alternative splicing, isoforms with genetically
identical extracellular domains it would be of interest to investigate
whether these isoforms undergo differential post-translational modifi-
cations, as suggested for the TrkC receptor isoforms (Brahimi et al.
2020). For example, analysis of the pattern of glycosylation of different
TrkB isoforms may help identify possible epitope differences that can be
exploited for the generation of TrkB agonist antibodies. Additionally,
TrkB.T1 KO mice could provide a tool for the identification of TrkB
agonist antibodies whose brain diffusion ability is not affected by the
presence or absence of TrkB.T1 receptors with the potential to be used
for intrathecal infusion in clinical trials.

In summary, our finding that astrocytes-specific deletion of TrkB.T1
partially improves motor performance and delays progression of the
early phase of disease supports the notion that reducing TrkB.T1 levels
in astrocytes may be beneficial (Fig. 7). Further work will be needed to
determine what other cell types expressing TrkB.T1 may influence
diseased motoneurons. Nevertheless, our results suggest that enhancing
BDNF/TrkB.kin signaling is beneficial in an ALS mouse model and
provides information that can be useful for instructing future clinical
trials aimed at increased signaling of this pathway to improve moto-
neuron survival.
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