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Abstract

Pro-nerve growth factor (proNGF) is the predominant form of NGF in the brain and its
levels increase in neurodegenerative diseases. The balance between NGF receptors may
explain the contradictory biological activities of proNGF. However, the specific role of the
two main proNGF variants is mostly unexplored. proNGF-A is prevalently expressed in
healthy brain, while proNGF-B content increases in the neuro-degenerating brain.
Recently we have investigated in vitro the biological action of native mouse proNGF
variants. To gain further insights into the specific functions of the two proNGFs, here we
intranasally delivered mouse-derived proNGF-A and proNGF-B to the brain parenchyma of
healthy and diabetic rats, the latter characterized by dysfunction in spatial learning and
memory, in the septo-hippocampal circuitry and by relative increase in proNGF-B
hippocampal levels. Exogenous proNGF-B induces depression of hippocampal DG-LTP
and impairment of hippocampal neurogenesis in healthy animals, with concomitant
decrease in basal forebrain cholinergic neurons and cholinergic fibers projecting to the
hippocampus. proNGF-A, while ineffective in healthy animals, rescues the diabetes-
induced impairment in DG-LTP and hippocampal neurogenesis, promoting the
concomitant recovery of the basal forebrain cholinergic phenotype. Our experimental
evidences suggest that the balance between different proNGFs may influence the

development and progression of neurodegenerative diseases.
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Abbreviations

NGF- nerve growth factor, mMNGF — mature nerve growth factor; proNGF - pro-nerve
growth factor; TrkA - Tropomyosin Receptor Kinase A; p75" ' - p75 neurotrophin receptor;
DE - diabetic encephalopathy; AD - Alzheimer's disease; DG-LTP — dentate gyrus long-
term potentiation; SMG - submaxillary glands; STZ — streptozotocin; BFCN - basal

forebrain cholinergic neurons; ChAT - choline acetyl transferase;



1. Introduction

The nerve growth factor (NGF) is a neurotrophin essential for the survival and functional
maintenance of developing and adult brain cholinergic neurons (Hefti et al., 1984). In the
last two decades the NGF precursor (proNGF) has been described as the prevalent form
of NGF detectable in biological tissues (Fahnestock et al., 2001) and its physiological role
has been deeply investigated (Hempstead, 2014). Challenging the p75 neurotrophin

receptor (p75"' "

)-sortilin complex, proNGF acts as a pro-apoptotic factor (Nykjaer et al.,
2004). By recruiting p75"'" or tropomyosin receptor tyrosine kinase A (TrkA), proNGF
induces pro-survival and/or differentiative effects (Fahnestock and Shekari, 2019;
Hempstead, 2014; Masoudi et al., 2009; Soligo et al., 2019). Alteration in mature NGF
(mMNGF)/proNGF processing and proNGF accumulation seem to affect the progression of
neurodegeneration in diseases like diabetic encephalopathy (DE) (Soligo et al., 2015) or
Alzheimer's disease (AD) (Cuello et al., 2010; Fahnestock et al., 2001). Notably, in

experimental model of DE, the specific accumulation of proNGF-B correlated with the

development of septo-hippocampal dysfunction (Protto et al., 2019).

Several forms of proNGF were identified in tissue samples from brain and peripheral field
(Bierl et al., 2005; Bierl and Isaacson, 2007), suggesting the presence of both splicing
variants (Edwards et al., 1986) and/or different levels of glycosylation (Seidah et al.,
1996). However, some relevant issues are not yet clarified in the molecular biology of
NGF. Among others, the functional significance of the proNGF splicing variants and
whether the different proNGF forms influence the development and progression of
neurodegenerative diseases. We have recently demonstrated, in PC12 cells that
stimulation with  purified, mice-derived, native proNGF-A and proNGF-B could elicit
different and specific biological responses mediated by different NGF receptors (Soligo et

al., 2019).



Aim of the present work was to gain further insights into the specific functions of different
proNGF species, both in physiological conditions and during brain neurodegeneration in
rats. To achieve this goal, we purified native proNGF-A and proNGF-B from mouse
submandibular glands (Soligo et al., 2019) and studied the effects of the two proNGF
protein variants, intranasally delivered to the brain parenchyma (Frey et al., 1997; Thorne
and Frey, 2001) of healthy and diabetic rats, the latter affected by early signs of brain
cholinergic neurodegeneration (Rocco et al., 2013; Soligo et al., 2017). We analyzed the
effects of proNGFs on specific hippocampal functions, such as long-term potentiation
(LTP) and neurogenesis, known to be regulated by the cholinergic drive from the medial

septum (Teles-Grilo Ruivo and Mellor, 2013; Van der Borght et al., 2005).



2. Methods

2.1 Animals
Sixty-day old female Sprague—Dawley rats were purchased from Harlan (Nossan, lItaly).
Rats were weighed (200-220 g) and housed three per cage, with standard food and water
available ad libitum. The animal room had a controlled 12-hours light cycle (lights on at
07:00h), lux level (on average 100 lux), temperature (21£1°C) and relative humidity (50+5
%). All experiments were conducted according to the ARRIVE guidelines (Kilkenny et al.,
2010). Animal care procedures were conducted in conformity with the Legislation for the
protection of animals used for scientific purposes provided by the relevant Italian law and
European Union Directive (Italian Legislative Decree 26/2014 and 2010/63/EU) and the
International Guiding Principles for Biomedical Research involving animals (Council for the
International Organizations of Medical Sciences, Geneva, CH). Animals were subjected to
experimental protocols approved by the Veterinary Department of the Italian Ministry of
Health (Permit Number: 192/2015-PR). All adequate measures were taken to minimize

animal pain or discomfort and all surgery was performed under isoflurane anesthesia.

2.2Diabetes induction, Bromodeoxyuridine administration and proNGFs
delivery

In the present study, a widely accepted animal model of streptozotocin-induced type 1
diabetes was used (Wilson and Leiter, 1990). Streptozotocin (STZ, cat. S0130, Sigma-
Aldrich) is selectively toxic to the insulin-producing cells of the pancreas (Wilson and
Leiter, 1990). Rats early develop characteristic mild cognitive impairment, associated with
neuronal sufferance (Soligo et al., 2017) and dysregulation in the metabolism of protein
markers of neurodegeneration, as protein tau and the NGF molecular system (Protto et al.,
2019; Rocco et al., 2013). Diabetes was induced in young female rats, as previously

described (Protto et al., 2019; Rocco et al., 2013; Soligo et al., 2017), by a single



intraperitoneal injection of 65 mg/kg STZ dissolved in citrate buffer, pH 4.5 (for the
experimental plan see Figure S1A). Ninety-six rats were divided in two groups as follow:
48 healthy rats were injected once I.P. with 20 mmol/l citrate, pH 4.5 (healthy groups) and
48 rats were injected with STZ as described above (diabetic groups) (Figure S1A-B). One
week after STZ-treatment, the establishment of diabetes was checked with Accutrend™
GC (Roche Diagnostic, Germany) glucose analyzer 3 and allocated rats with glucose
levels above 300 mg/dl to the diabetic groups (Figure S1C). Four weeks after STZ-
treatment, rats were euthanized and whole brain collected for immediate analysis. To
study neuronal differentiation and survival during diabetes development, 12 healthy and 12
diabetic animals we injected with 75 mg/kg of 5-bromo-2'-deoxyuridine (BrdU, cat B5002;
Sigma Aldrich) dissolved in saline (10 mg/ml). BrdU was injected daily for 5 days starting 2
days after the induction of diabetes (Figure S1A-B). Four days before euthanasia, healthy
and diabetic rats, treated or not with BrdU, were exposed to intranasal administrations of
purified proNGF-A, proNGF-B or saline, once a day for four days (Figure S1A-B).
Intranasal administration is a non-invasive method of delivering therapeutic agents to the
central nervous system along both the olfactory and trigeminal neural pathways (Thorne
and Frey, 2001), also tested in human NGF clinical trials (Chiaretti et al., 2017). Awake
rats were grasped gently and the head elevated to keep the nasal cavity upward. Five
microliters of drug was delivered to each nostril using a micropipette and, after the final
droplet, the rat’'s nose was kept pointing upward for 20 seconds (Dhuria et al., 2010). Each
rat received one round of 15 pg of nasal administration per day (in the morning) and was

treated for four consecutive days (total amount of drug: 60 ug per rat).

2.3proNGF purification from mice SMG
Native proNGFs protein variant have been purified from mice submaxillary glands (SMG)
as previously described (Soligo et al., 2019). Briefly, SMG homogenate was processed

through sequential anion exchange, hydrophobic interaction and size exclusion



chromatographic steps, allowing respectively the isolation of proNGF from crude extract,
the discrimination of the two proNGF variant and the final separation of the two proNGF
from proteins known to interact with the mature portion of the molecule (Soligo et al.,
2019). The analysis of purified fractions, performed by Coomassie staining, Western blot,
lectin blotting and nano liquid chromatography-electrospray-tandem mass spectrometry
(nLC-ESI-MS/MS), confirmed the successful purification of native proNGF-A and proNGF-

B (Soligo et al., 2019).

2.4mNGF/proNGF ELISA
Total content of proNGF (proNGF-A plus proNGF-B) or mNGF were measured in
homogenates from hippocampi by specific ELISAs, as described previously (Soligo et al.,

2015) and expressed as pg/mg of total proteins.

2.5RNA extraction and real time PCR
Total RNA was extracted using TRIzol reagent (Invitrogen) following manufacturer's
instruction. Concentrations and purity were evaluated by spectrophotometer. Only samples
with A260/A280 ratio >1.8 were included in the study. One pg mRNA/sample was used for
the cDNA synthesis using the QuantiTect Reverse Transcription kit (Quiagen). proNgf-A
(custom Applied Biosystem assay AP322XX) and proNgf-B (custom Applied Biosystem
assay AP47WHYV) expression levels were measured by real-time PCR. Applied
Biosystems assay-on-demand was used to measure B-actin (housekeeping control; cat.
Rn4352660). Relative quantification was performed using the comparative Ct method and

results were expressed as 224,

2.6Electrophysiology
For extracellular recordings, hippocampal slices (350 uM thick) from 8 rats for each
experimental group (Fig. S1A-B) were kept submerged at 30°C and superfused (2-3

ml/min~*) with oxygenated (95% O,, 5% CO,) artificial CSF. Stimulation was applied to the



medial perforant pathway of the dentate gyrus (DG), using a bipolar insulated tungsten
wire electrode, and field excitatory postsynaptic potentials were recorded at a control test
frequency of 0.033 Hz from the middle one-third of the molecular layer of the DG with a
glass microelectrode. LTP was evoked by high-frequency stimulation (HFS) consisting of
eight trains, each of eight stimuli at 200 Hz, and an inter-train interval of two seconds, with
the stimulation voltage increased during the HFS protocol. Measurements of LTP were
made 60 minutes post-HFS. All solutions contained 50 puM picrotoxin (P1675, Sigma-

Aldrich) to block GABA-A-mediated activity.

2.7Immunofluorescence, Stereology and Confocal Microscopy.
Free-floating coronal brain sections (40 uym-thick) were pre-incubated with PBS containing
10 % (v/v) donkey serum, 1% (w/v) BSA and 0.3% (v/v) Triton X-100, for 2 hours at room
temperature (RT). Sections were then incubated with primary antibodies diluted in the
same medium (Table S1), overnight at 4°C. Sections were rinsed in PBS and specific
secondary antibodies were incubated 2 hours at RT. For double labeling with BrdU, after
the immunofluorescence of the antigen of interests, sections were incubated with 2N HCI
for 30 minutes at 37 °C and then washed twice with 0.1 M Sodium Borate pH 8.5. BrdU
labeling was performed as described above. After extensive washes with PBS, sections

were incubated for 10 minutes with Hoechst reagent for nuclei staining.

Coronal brain sections from 3-4 rats/group were processed for confocal microscopy. In
preparation for an unbiased estimate of cell numbers, an initial tissue section was selected
randomly at one anatomic border of the brain region to be estimated. For hippocampus,
the region that spanned from -2.40/-3.72 mm relative to Bregma was analyzed according
to Paxinos’ Rat Brain atlas (Paxinos, 1982), corresponding to the septal hippocampus. To
cover this region of interest, stained slices for each rat were analyzed spacing 320 um

from each other. For medial septum, all the anatomic region that spanned from +1.2/+0.24



mm relative to Bregma was analyzed, processing 1 section every 120 pm. At least four
sections were analyzed for each animal in every analysis performed. Stained sections
were imaged with a confocal laser-scanning microscope (Leica SP5, Leica Microsystems,
Wetzlar, Germany) under sequential mode, to avoid crosstalk between channels. Confocal
image acquisition was conducted so that all samples were imaged using consistent
settings for laser power and detector gain. Boundaries and subdivisions of the brain
structures were identified with reference to the Paxinos’ Rat Brain Atlas (Paxinos, 1982).
Image analysis was performed by the Imaris Suite 7.4 software (Bitplane A.G., Zurich,

Switzerland).

In order to quantify ChAT-positive cells in the medial septum (n=4 rats/group), the number
of immunopositive cells was automatically evaluated, using the Imaris Spot module. Cell
number obtained for each section was divided for the corresponding area of the section, in
order to obtain the average number of cells per square millimeter. The Imaris Surface
module was used to automatically draw a mask on ChAT immunostaining and quantify the
ChAT immunofluorescence in cells of the medial septum and cholinergic fibers in the
fimbria, as previously described (Protto et al., 2019). The obtained masks were used to
evaluate the area covered by the ChAT fibers and to measure the mean pixel intensity of

ChAT immunostaining.

The total estimated number of Hoechst®, BrdU", ki67*, DCX and NeuN" cells within the
dentate gyrus in the septal hippocampus (see above) was obtained multiplying the
average number of positive cells per section by the total number of sections comprising
the region of the dentate gyrus analyzed (about 36 sections) (Protto et al., 2019). Data
were expressed as the number of the immune-positive cells on the total number of cells
expressing BrdU or ki67 or NeuN in the single hippocampus (n=6-8 hippocampi/group,

details in figure captions). For production of figures, processing was done by using the
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Adobe Photoshop CS6 software (Adobe Systems Incorporated, San Jose, United States):
production, brightness and contrast of images were globally enhanced by using linear

histogram correction and images were slightly oversaturated.

2.8 Statistic
Statistical analyses were performed using GraphPad Prism 5 (GraphPad Software). Data
are presented as mean * standard error of the mean (SEM). All analyses were two-tailed
and P-values < 0.05 were considered statistically significant. P-values were adjusted for

multiple comparisons and reported in figures.

To assess the effect of saline, proNGF-A or proNGF-B (treatment) on healthy or diabetic
rats (disease), means were compared by two-way ANOVA and multiple comparisons
performed by Bonferroni post-hoc test when main and/or interaction effects were revealed

by ANOVA.
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3. Results

In the present work, a widely accepted streptozotocin-induced animal model of type 1
diabetes was used (Wilson and Leiter, 1990) in young female rats (Nori et al., 2013; Rocco
et al.,, 2013; Soligo et al., 2015). In this model, the development and progression of
diabetes generate mild cognitive impairment and hippocampal-related memory disorder,
reducing the functions of the septo-hippocampal cholinergic circuitry and depressing
neural plasticity (Soligo et al., 2017). Moreover, diabetic rats early develop mild-to-severe

neuronal loss (Soligo et al., 2017) and glial proliferation (Protto et al., 2019).

The rationale for treating diabetic and healthy rats with proNGF-A and proNGF-B, in order
to modify the pathological or physiological state respectively, is based on the evidence that
experimental diabetic encephalopathy is characterized by increased hippocampal levels of
proNGF (Soligo et al., 2015) attributable to specific augment of proNGF-B (Protto et al.,
2019). Accordingly, pharmacological treatments were aimed at mimic, in healthy rats, the
relative over-abundance of brain proNGF-B observed after diabetes induction (Protto et
al., 2019) or at counteracting the latter by exogenously increasing the brain levels of
proNGF-A in diabetic rats. To avoid the development of undesired systemic side effects
(Dhuria et al., 2010) mouse native proNGF-A and proNGF-B were intranasally delivered in
healthy and diabetic rats (Frey et al., 1997; Thorne and Frey, 2001). The timeline of
experimental setup and the blood glucose levels are reported in Figure S1A-C. The
intranasal delivery of either proNGF-A or proNGF-B did not affect the body weight of
healthy rats (Figure S1D) and did not influence the diabetes-induced weight reduction in

diabetic rats (Soligo et al., 2017).

3.1proNGF/mNGF in the hippocampus
To assess if intranasal treatments affected the proNGF and mNGF levels in the

hippocampus, the NGF-producing area in the septo-hippocampal circuitry (Whittemore and

12



Seiger, 1987), specific ELISA, allowing the discrimination between precursor and mature
NGF but not between proNGF-A and proNGF-B variants were performed (Figure S2A-C)
(Soligo et al., 2015). The already reported increase of proNGF, decrease of mMNGF and of
MNGF/proNGF protein ratio (Soligo et al., 2015) was confirmed (Figure S2A-C, diabetic vs
healthy saline-treated rats). Intranasal proNGF-A or proNGF-B in healthy rats decreased
hippocampal mMNGF and consequently mNGF/proNGF ratio (Figure S2B-C, proNGF-
treated vs saline-treated healthy rats). Only intranasal proNGF-A decreased hippocampal
proNGF levels in diabetic rats, causing a significant increase of mMNGF/proNGF ratio
(Figure S2A,C, proNGF-A-treated vs saline-treated diabetic rats). The type and extent of
the effects observed on NGF protein levels in the hippocampus following intranasal
administration of proNGF, indicate that the exogenous proNGFs probably do not reach the

hippocampus but indirectly modulate the endogenous production of NGF.

To investigate whether the pharmacological treatments had modulatory effects on the
expression of the two variants of proNgf in the hippocampus, specific gPCR assays, which
measured the proNgf-A and proNgf-B transcript levels, were performed (Figure S2D-E).
proNgf-A-mRNA was decreased, while proNgf-B-mRNA was increased after diabetes
induction (Figure S2D-E, healthy vs diabetic saline-treated rats). Both the pharmacological
treatments decreased proNgf-A-mRNA and increased proNgf-B-mRNA in healthy rats
(Figure S2D-E, proNGF-treated vs saline-treated healthy rats) and did not exert significant

effects in diabetic rats (Figure S2D-E).

3.2Dentate gyrus- long-term potentiation
To explore the possibility that the treatment with proNGFs may alter the excitatory circuits
that drive hippocampal functions, influencing dentate gyrus-long term potentiation (DG-
LTP), DG-LTP was measured in healthy and diabetic animals treated with intranasal

delivery of either saline or proNGF-A or proNGF-B (Figure 1). In healthy rats, the
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magnitude of DG-LTP -recorded for 60 minutes after application of HFS to the perforant
pathway- was lowered by proNGF-B treatment, while proNGF-A did not induce significant
variations when compared with saline-treated rats (Figure 1A). On the contrary, in diabetic
rats the administration of proNGF-A fully restored the diabetes-impaired DG-LTP
magnitude (Figure 1B) to levels similar to those observed in healthy rats (Figure 1A). The
treatment of diabetic rats with proNGF-B did not modify DG-LTP that was not different

from the one recorded in saline-treated diabetic animals (Figure 1B).

DG-LTP variation over the baseline during the last 10 minutes of recording (Figure 1C)
was analyzed by two-way ANOVA (Figure 1D). The analysis showed that the EPSP was
influenced by both diabetes induction and proNGF treatments, with a significant interaction
between the two main factors (Figure 1D). Multiple comparisons (values reported in Figure
1C and Figure 1E) confirmed that proNGF-A counteracted the diabetes-induced decrease
in DG-LTP magnitude (Figure 1C: proNGF-A-treated vs saline-treated diabetic rats and
Figure 1E: diabetic vs healthy saline-treated rats) almost restoring it at healthy controls
level. DG-LTP magnitude in healthy rats was reduced after treatment with proNGF-B
(Figure 1C: proNGF-B-treated vs saline-treated healthy rats), such as the one recorded in
saline-treated diabetic rats. The administration of proNGF-B to diabetic rats did not further
modify the decreased DG-LTP magnitude (Figure 1C: proNGF-B-treated vs saline-treated
diabetic rats, P>0.05). These data provide a first indication about the possibility of
modulating hippocampal neurophysiology by exogenous proNGF treatment and reveal that

different proNGF protein variants exert different effects on hippocampal synaptic plasticity.

3.3 Hippocampal DG cells morphology
To verify whether the observed effects of proNGF-A and proNGF-B on hippocampal
neurophysiology were associated with alterations in DG-hilus and DG-granular layer

morphology, cell number, nuclear size and NeuN" cells (Soligo et al., 2017) were analyzed
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in healthy and diabetic rats treated with saline, proNGF-A or proNGF-B (Figure 2). Details
on two-way ANOVA and multiple comparisons relative to disease development (healthy vs
diabetic) are summarized below each graph (Figure 2C-H). Multiple comparisons relative

to pharmacological treatments are reported in the graphs.

Significant effects on total cell numbers, induced by either disease and treatment and
significant disease x treatment interaction effect, were revealed by two-way ANOVA and
observed in both analyzed areas (Figure2C, F). Significant total cell loss in both DG-hilus
(Figure 2A) and DG-granular layer (Figure 2B) was observed after induction of diabetes
(Figure 2C, F: diabetic vs healthy saline-treated rats). In healthy rats, the treatment with
proNGF-B induced significant cell loss both in DG-hilus and DG-granular layer (Figure 2C,
F: proNGF-B-treated vs saline-treated healthy rats), while the treatment with proNGF-A did
not affected the number of cells in both areas (Figure 2C, F: proNGF-A-treated vs saline-
treated healthy rats; P>0.05). Neither proNGF-A nor proNGF-B modified the diabetes-
induced decrease of total cell number observed in DG-hilus and DG granular layer (Figure

2C, F).

Analysis of the nuclear size revealed significant main effects induced both by the
development of disease and proNGF treatments in DG-hilus and DG-granular layer, while
significant disease x treatment interaction was observed in the DG-hilus only (Figure 2D,
G). Diabetes development induced nuclear enlargement in both analyzed areas (Figure
2D, G: diabetic vs healthy saline-treated rats). In healthy rats, proNGF-A treatment
reduced nuclear diameters in both analyzed areas (Figure 2D, G: proNGF-A-treated vs
saline-treated healthy rats), while it counteracted the diabetes-induced nuclear
enlargement in the DG-granular layer only (Figure 2G: proNGF-A-treated vs saline-treated

diabetic rats). proNGF-B treatment neither induced effects in healthy nor in diabetic

15



animals (Figure 2D, G: proNGF-B-treated vs saline-treated healthy and diabetic rats, P >

0.05).

To study the effect of intranasally-delivered proNGF-A and proNGF-B on the reported
diabetes-induced hippocampal neuronal loss (Soligo et al., 2017), the number of NeuN*
cells were analyzed in DG-hilus and DG-granular layer (Figure 1E, H). Significant effects
on the number of NeuN" cells, induced by treatments in DG-hilus and by disease in DG-
granular layer, were revealed by two-way ANOVA and significant interaction effects were
observed in both analyzed areas (Figure 2E, H). These effects were further elucidated by
multiple comparisons analysis (Figure 2E, H), which confirmed that diabetes establishment
induced significant NeuN" cell loss in both DG-hilus and DG-granular layer (Figure 2E, H:
diabetic vs healthy saline-treated rats). In healthy animals, proNGF-B treatment decreased
the number of NeuN" cells in both regions (Figure 2E, H: proNGF-B-treated vs saline-
treated diabetic rats) while proNGF-A did not modify the number of neurons. Moreover, the
loss of neurons induced by diabetes was counteracted by proNGF-A treatment in the DG-
hilus (Figure 2E: proNGF-A-treated vs saline-treated diabetic rats), while proNGF-B did not
worsen the observed NeuN" cell loss (Figure 2E: proNGF-B-treated vs saline-treated

diabetic rats; P > 0.05).

Overall, these data indicate that, while proNGF-B decreased the number of hippocampal
cells, when delivered in healthy animals, proNGF-A, normalizing nuclear size in the DG-
granular layer and the number of hilar neurons in diabetic rats, may dampen an early

and/or adaptive response to neurodegeneration (Riudavets et al., 2007).

3.4 Hippocampal neurogenesis
Hippocampal neurogenesis sustains hippocampal plasticity (Snyder et al., 2001) being in
turn regulated by the latter (Bruel-Jungerman et al., 2006). In addition, neurogenesis is

positively affected by mNGF (Frielingsdorf et al., 2007), while proNGF is thought to elicit

16



an inhibitory action on adult mice neurogenesis (Guo et al., 2013). The summary of two-
way ANOVA analyses on hippocampal neurogenesis, in relation to diabetes induction and
proNGF treatments, and multiple comparisons relative to disease development (healthy vs
diabetic) are summarized below each graph. Multiple comparisons relative to
pharmacological treatments are reported in the graphs. Significant main effect in both
treatment and disease factors and in the disease x treatment interaction were found by
ANOVA for the number of BrdU-incorporating cells in the DG (Figure 3B). Diabetes
decreased such cell number in the DG (Figure 3A-B: diabetic vs healthy saline-treated
rats). A similar effect was observed after proNGF-B treatment in healthy rats (Figure 3A-B:
proNGF-B-treated vs saline-treated healthy rats). proNGF-B, however, did not worsen the
diabetes-induced decrease in BrdU’-incorporating cells. proNGF-A did not affect the
number of BrdU" cells in healthy rats (Figure 3A-B: proNGF-A-treated vs saline-treated
healthy rats; P>0.05) but when administered to diabetic rats it enhanced the number of
BrdU" cells, restoring it at saline-treated healthy control level (Figure 3A-B: proNGF-A-

treated vs saline-treated diabetic rats).

To study the progression of the neuronal phenotype in cells incorporating BrdU at the time
of diabetes induction (see Figure S1), the number of BrdU" cells expressing doublecortin
(DCX: immature neurons marker) or NeuN (mature neurons marker) were analyzed
(Figure 3C). Two-way ANOVA, for BrdU*/DCX" returned a significance for the main factor
treatment and for the disease x treatment interaction (Figure 3D). The same analysis
applied to the number of BrdU*/NeuN" cells revealed significant effects for both main

factors and for the interaction between them (Figure 3E).

The progression of diabetes did not modify the number of immature BrdU*/DCX" neurons
(Figure 3D: diabetic vs healthy saline-treated rats; P>0.05), but induced a significant

decrease in the number of BrdU*/NeuN" neurons (Figure 3E: diabetic vs healthy saline-
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treated rats). proNGF-B significantly reduced both immature and mature newborn neurons
in healthy animals (Figure 3D-E: proNGF-B-treated vs saline-treated healthy rats), while it
did not modify the number of both immature and mature newborn neurons in diabetic rats
(Figure 3D-E: proNGF-B-treated vs saline-treated diabetic rats; P>0.05). Exogenous
proNGF-A had no effects on healthy rats but rescued the diabetes-impaired number of
mature newborn neurons, improving it at the level found in saline-treated healthy rats
(Figure 3D-E: proNGF-A-treated vs saline-treated diabetic rats). These results suggest
that exogenous proNGF-B may interfere with the physiological process of neurogenesis,
affecting the number of immature and mature neurons that incorporated BrdU, but it does
not influence the diabetes-induced dysfunction in the generation of new neurons.
Conversely, exogenous proNGF-A does not affect physiological neurogenesis while it may
promote neural development and differentiation up to the mature final stage in diabetic

brain.

The number of actively proliferating cells at the time of sacrifice (Figure 4), evaluated by
counting ki67-immunopositive cells, was affected by pharmacological treatments, with
significant interaction between the two factors analyzed by two-way ANOVA (Figure 4B).
The number of ki67" cells in the DG increased significantly in diabetic compared to healthy
rats (Figure 4A-B: diabetic vs healthy saline-treated rats). The proNGF-B delivery
significantly decreased the number of ki67"* cells in the DG of healthy rats (Figure 4B:
proNGF-B-treated vs saline-treated healthy rats). A similar reduction was also observed in
diabetic rats treated with either proNGF-A or proNGF-B (Figure 4B: proNGF-A- or

proNGF-B-treated vs saline-treated diabetic rats).

To further investigate this aspect, the proliferation rate of DCX-expressing immature
neurons, which are known to exhibit proliferative activity (Kempermann et al., 2004), were

selectively analyzed (Figure 4C-D). The number of DCX'/Ki67* double immunopositive

18



neurons was affected by disease and treatment, without significant disease x treatment
interaction, as shown in the ANOVA (Figure 4D). Such number decreased in diabetic
compared to healthy rats (Figure 4D: diabetic vs healthy saline-treated rats), suggesting
that the increase in the total number of ki67" cells observed after diabetes induction
(Figure 4A-B) could be ascribed to non-neuronal lineage proliferation. Significant reduction
in the number of DCX'/ki67" cells was found in healthy rats treated with proNGF-B (Figure
4D: proNGF-B-treated vs saline-treated healthy rats). Conversely, proNGF-A treatment
ameliorated the diabetes-induced decrease in the proliferation rate of neuronal precursors
(Figure 4D: proNGF-A-treated vs saline-treated diabetic rats), improving it at levels
comparable to those of saline-treated healthy rats. These evidences suggest that proNGF-
A is effective in sustaining the proliferation of cells committed to neuronal phenotype, in

diabetic animals.

3.5Basal forebrain cholinergic system
The cholinergic drive from basal forebrain cholinergic neurons (BFCN) positively affects
adult hippocampal neurogenesis (Mohapel et al., 2005; Van der Borght et al., 2005) and
modulate hippocampal plasticity and DG-LTP (Teles-Grilo Ruivo and Mellor, 2013). To
studied whether the delivery of proNGFs to the brain could modulate the diabetes-impaired
cholinergic phenotype and neurotransmission (Soligo et al., 2017), the number of medial
septum total and cholinergic neurons and the choline acetyl transferase (ChAT) content

were analyzed, in both cholinergic neurons (Figure 5) and fimbria fibers (Figure 6).

Details on two-way ANOVA and multiple comparisons relative to disease development
(healthy vs diabetic) are summarized below each graph (Figure 5-6). Multiple comparisons
relative to pharmacological treatments are reported in the graphs. No significant effects in
two-way ANOVA were found analyzing the total neurons of medial septum while significant

effects were present examining ChAT cell number and fluorescence intensity for both the
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factors and for their interaction (Figure 5B, D-E). The graphical sketches in Figure 5A and
6A represent the cholinergic neurons, the fimbria fibers conveying ChAT enzyme from the

basal forebrain to the hippocampus and the areas analyzed.

The onset of diabetes did not modify the number of total neurons in the medial septum
(Figure 5B) but selectively decreased the number of ChAT" neurons (Figure 5C-D: diabetic
vs healthy saline-treated rats). The ChAT content -measured as pixel mean fluorescence
intensity- was also significantly reduced in ChAT" neurons of diabetic rats (Figure 5E:
diabetic vs healthy saline-treated rats). In healthy animals, proNGF-B treatment did not
affect the number of total neuron (Figure 5B, proNGF-B-treated vs saline-treated healthy
animals; P>0.05). Conversely, proNGF-B selectively decreased the number of neurons
expressing ChAT (Figure 5C-D: proNGF-B-treated vs saline-treated healthy rats) without
altering the ChAT content in the neurons that still express ChAT (Figure 5E: proNGF-B-
treated vs saline-treated healthy rats; P>0.05). No significant effects were measured in
diabetic rats treated with proNGF-B (Figure 5C-E: proNGF-B-treated vs saline-treated
diabetic rats; P>0.05). Conversely, proNGF-A treatment selectively ameliorated the
diabetes-induced decrease in ChAT" neurons (Figure 5C-D: proNGF-A-treated vs saline-
treated diabetic rat) and their ChAT pixel intensity (Figure 5E: proNGF-A-treated vs saline-
treated diabetic rat), while did not affect these parameters in healthy animals (Figure 5C-E:
proNGF-A-treated vs saline-treated healthy rats). These data indicate that the two proNGF
protein variants differently affect the cholinergic neurons phenotype in the medial septum

without altering the total number of neurons in the same area.

To study the ability of cholinergic neurons to reach hippocampus, ChAT" fibers in the
fimbria were analyzed, both in a region proximal to the medial septum and at the
hippocampal level (Figure 6A). In diabetic animals, the percentage of area occupied by

ChAT" fibers decreased both in the region proximal to medial septum (Figure 6B-C:
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diabetic vs healthy saline-treated rats) and in the area close to the hippocampus (Figure
6E-F: diabetic vs healthy saline-treated rats). In both regions, ChAT fluorescence intensity
within fimbria fibers was not modified by diabetes induction (Figure 6D, G: diabetic vs
healthy saline-treated rats; P>0.05), indicating that the remaining fibers are able to convey
a proper amount-per-fiber of the enzyme to their terminals. In healthy animals, proNGF-B
delivery decreased the amount of ChAT" fibers in both regions (Figure 6C, F: proNGF-B-
treated vs saline-treated healthy rats), while proNGF-A restored the diabetes-induced loss
of ChAT" fibers (Figure 6C, F: proNGF-A-treated vs saline-treated, diabetic rats). Neither
proNGF-B nor proNGF-A modified the ChAT" fibers fluorescence intensity (Figure 6D, G).
Overall, these data indicate that increased brain proNGF-B may interfere with the survival
and/or the phenotypic maintenance of cholinergic neurons, while proNGF-A may rescue

the cholinergic phenotype in neurodegenerative conditions.
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4. Discussion

The data presented in the current work indicate that purified native mouse proNGFs
intranasally delivered to the brain parenchyma (Frey et al., 1997; Thorne and Frey, 2001)
can differentially affect the brain septo-hippocampal system both in healthy rats and in rats
affected by early diabetic encephalopathy. The existence of different proNgf transcripts in
mouse tissues (Edwards et al., 1986) and their relative tissue abundance (Selby et al.,
1987) has been reported since decades. Despite these evidences and the detection of at
least two main different protein variants in both mouse and rat tissues (Bierl et al., 2005;
Bierl and Isaacson, 2007; Soligo et al., 2015) the possible differential activity of the long
(proNGF-A) and short (proNGF-B) precursor forms of NGF has been poorly addressed. It
has been recently demonstrated that the physiological equilibrium of the two main proNGF
protein variants is altered in a model of early diabetic encephalopathy, suggesting that the
relative increase in proNGF-B in the brain of diabetic rats is linked to the onset and
development of neurodegeneration (Protto et al., 2019; Soligo et al., 2015). Moreover,
mouse-derived proNGF-A and proNGF-B could elicit different and specific effects on PC12

cells (Soligo et al., 2019).

In the present work, through a combination of electrophysiological, immunohistochemical
and morphological analyses it was found that proNGF-B, when intranasally-delivered in
healthy rats, triggered the development of neurodegenerative features in the septo-
hippocampal circuitry and structures, similar to those currently found and previously
described after diabetes induction (Soligo et al., 2017). ProNGF-B depressed hippocampal
DG-LTP, impaired hippocampal neurogenesis and decreased both the total number of
cells and specifically the number of neurons in hippocampal DG, with a concomitant
decrease in the number of basal forebrain neurons expressing the cholinergic marker

ChAT and in the number of fibers conveying cholinergic inputs from the medial septum to
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the hippocampus. On the other hand, proNGF-A rescued the diabetes-induced impairment
of DG-LTP and hippocampal neurogenesis, promoting a concomitant recovery of the basal
forebrain cholinergic phenotype, early and severely affected by the development of
experimental diabetic encephalopathy (Rocco et al., 2013; Soligo et al., 2017; Welsh and
Wecker, 1991). The treatment with proNGF-B did not interfere further with the pathological
condition of diabetic rats, probably because of the already established unbalance in
proNGF variants, characterized by proNGF-B over-abundance (Protto et al.,, 2019).
Similarly, exogenous proNGF-A did not substantially modify the physiology of the septo-
hippocampal circuitry in healthy brain, in which proNGF is represented by the proNGF-A

protein variant only (Protto et al., 2019).

The intranasal administration of proNGFs modulated the gene expression and protein
content of proNGF in the hippocampus of healthy and diabetic rats. The apparent lack of
correlation between the measured trends for RNA and protein can be explained by the
possible differences in the specific mechanisms of regulation of gene expression,
alternative splicing of mRNAs, their translation into proteins and the subsequent
metabolism of these latter. Despite this, the limited extent in the variations of proNGF
protein content indicates that intranasally injected neurotrophins probably do not reach, at
least in substantial amount, the hippocampus via this route of administration. It was
previously reported that intranasally-delivered radiolabeled NGF in rats was mostly traced
in the olfactory bulbs and distributed in other brain regions in a decreasing rostro-caudal
gradient (Frey et al., 1997). This observation suggests that intranasal proNGFs probably
target brain nuclei that, directly or through multi-synaptic pathways, send afferent inputs to
the hippocampus. Thus, the observed modulation in proNGFs/mMNGF expression and
protein content in the hippocampus might be the consequence of an activity-regulated
proNGF expression (Thoenen et al., 1991; Zafra et al., 1991) and maturation (Bruno and

Cuello, 2006). Nevertheless, the modulation of proNGF-A and proNGF-B content achieved

23



after intranasal treatments of healthy and diabetic rats seems to be coherent with the
observed biological effects and will be discussed below, in a proper correlation with the

modulation of DG-LTP, hippocampal neurogenesis and septal cholinergic phenotype.

The intranasal delivery of native murine proNGF variants affects hippocampal synaptic
plasticity in both healthy and diabetic rats. It has been reported previously that DG-LTP
was impaired (Reisi et al., 2010; Soligo et al., 2017) and the proNGF-B/proNGF-A ratio
was concomitantly increased in the hippocampus of diabetic rats (Protto et al., 2019).
Notably, the present results indicate that the intranasal delivery of proNGF-B to healthy
rats impaired DG-LTP similar to what observed in saline-treated diabetic rats. NGF
delivery to the brain of LTP-deficient rats in vivo rescued synaptic plasticity through the
activation of TrkA (Bergado et al., 1997; Kelly et al., 1998). As far as it turns out, nobody
attempted at delivering purified proNGF protein to the brain parenchyma in vivo, in order to
study its effect on hippocampal plasticity. The rescuing potential of lentiviral-injected
proNGF-B transcript on beta-amyloid-induced LTP decline in the rat hippocampus has
been reported (Uzakov et al., 2015). Though apparently contrasting with the present
results, it is worth noticing that native proNGF-B gene expression in eukaryotic cells
almost produces mature NGF, after furin-intracellular processing of proNGF (Masoudi et
al., 2009; Pagadala et al., 2006). Thus, it is conceivable that those previously observed
(Uzakov et al., 2015) are effects of the mature NGF released by lentiviral-infected
hippocampal neurons, while those elicited by nativeexogenous proNGF-B attains to this
latter, since it is neither subject to intracellular processing nor prone to rapid degradation in
the extracellular milieu (Soligo et al., 2019). At the same time, it cannot be excluded that
the LTP-rescuing effects promoted by proNGF-A treatment in diabetic rats may be
secondary to the conversion of the exogenous pro-neurotrophin in its mature counterpart,
after the intranasal delivery. ELISA data presented here, demonstrating a proNGF-A-

induced increase in MNGF/proNGF ratio in the hippocampus of diabetic rats, also indicate
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that activity-dependent maturation of hippocampus-produced proNGF (Bruno and Cuello,
2006) is promoted by exogenous proNGF-A, possibly as a consequence of the activation

of hippocampal afferents.

Previous data are here confirmed, about the deleterious effects of diabetes on
hippocampal LTP (Biessels et al., 1996; Soligo et al., 2017). Furthermore, in this work it
was not observed any further impairment of DG-LTP in diabetic rats treated with proNGF-
B. It has been recently demonstrated that DG-LTP dysfunctions in this diabetes model
might arise from a cholinergic un-responsivity, most probably due to the diabetes-induced
functional deficit of muscarinic M1 acetylcholine receptor (Soligo et al., 2017). In the
present study this observation was extended, demonstrating that the modulatory
cholinergic tone from medial septum to the hippocampus is also impaired in both diabetic
rats and in healthy rats treated with proNGF-B. Thus, it could be hypothesized that the lack
of a summation effect between diabetes and proNGF-B might possibly be due to the
engagement of common biochemical pathways underlying LTP for each of the two
conditions. A clue supporting this hypothesis comes from the lack of any further decrease
in MNGF/proNGF ratio when proNGF-B treatment was performed on diabetic rats (Figure

S2).

The neuronal suffering in diabetic rats is indicated by the observed alterations in
hippocampal plasticity. This is supported by the decrease both in the number of total cells
and in the number of neurons detected in the dentate gyrus. The number of non-neuronal
cells was not analyzed in the present work, which was specifically aimed to investigate the
neuronal lineage. Additional experiments will be necessary to disclose the effect of
proNGF protein variants treatments on non-neuronal cells, which are known to be
incremented in diabetes-induced encephalopathy (Protto et al., 2019). Cell death and

neuronal damage in the DG of STZ-treated rodents has been previously described (Can et
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al., 2018; Piotrowski et al., 2001; Soligo et al., 2017). Extending these evidences, it was
found significant diabetes-induced increase in the volume of cell nuclei in the granular
layer of the DG. This was previously interpreted as an early neuronal reaction or a
compensatory mechanisms triggered by neurodegenerative insults (Riudavets et al., 2007)
and here partially counteracted by proNGF-A treatment. The treatment of healthy rats with
proNGF-B seems to be as deleterious as diabetes induction, promoting cell loss in the
overall DG and specifically affecting the neuronal phenotype. It is actually not possible to
unravel the precise mechanism underlying the neurotoxic effects of exogenous proNGF-B
in healthy rats, but it is conceivable that this may depend upon the challenge of p75"'F,

Previous data about the deleterious effects of proNGF-B interaction with p75™ '~

(Beattie et
al., 2002; Lee et al., 2001) support this hypothesis. This receptor is known to be
overexpressed in the septo-hippocampal system after STZ treatment (Protto et al., 2019)
as well as in the hippocampi of AD patients (Ito et al., 2016). Notably, the hyper-activation
of p75"™® by proNGF has also been proposed as an active neuro-degenerative
mechanism in AD (Fahnestock and Shekari, 2019). As for proNGF-A, its effect is more
nuanced and once again restricted to diabetic rats, where it promotes the rescue of normal
neuro-morphological characteristics. In particular, the recovery of neuronal phenotype in
the hilus of DG in STZ-treated rats after intranasal delivery of proNGF-A can have a
functional meaning in the recovery of DG synaptic plasticity and in the overall processing

of cortical information to DG, considering the crucial role of hilar cells in these hippocampal

functions (Wright and Jackson, 2014).

The present data on the effects of proNGF-B on adult hippocampal neurogenesis in
healthy rats are well in accord with those demonstrating that infusion of cleavage-resistant
proNGF-B into hippocampus inhibits neurogenesis, by decreasing DCX'/BrdU" cells,
inducing DG cell apoptosis and activating resident astrocytes and microglia (Guo et al.,

2013). On the other hand, the number of DCX*/BrdU"-expressing cells in diabetic rats was
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not different from that of healthy control rats (Figure 3D). It should be taken into account
that DCX is representative of three subpopulation of progenitor cells committed toward the
neuronal phenotype: proliferating type 2b and type 3 and post-mitotic neural precursors,
the latter co-expressing DCX and NeuN (Kempermann et al., 2004; Knoth et al., 2010).
The presently observed diabetes-induced reduction of DCX'/ki67" (both type 2b and type
3 proliferating neural precursors) (Knoth et al., 2010) suggest that at least a sub-population
of cycling DCX-expressing neural stem cells is vulnerable to the hyperglycaemic insult.
The lack of effect of diabetes on the total number of DCX/BrdU-expressing cells (Figure
3D) might thus represent a block of the progression toward the neuronal phenotype, with a
relative accumulation of a DCX subpopulation less vulnerable to the effects of
hyperglycaemia. This hypothesis is further suggested by the parallel diabetes-induced

decrease of the NeuN*/BrdU" population (Figure 3E).

ProNGF-A was able to rescue stem cells proliferation and their final maturation into mature
neurons in diabetic rats. This may positively affect the recovery of physiological DG-LTP in
diabetic animals, since it is known that hippocampal neurogenesis provides support to
hippocampal plasticity (Snyder et al., 2001). Moreover, proNGF-A seems to exert a
beneficial effect on the possible hyper-proliferation of glial cells in diabetic rats, as
suggested by its counteracting action on the increase in Ki67" cells and the parallel
decrease in DCX'/Ki67" cells observed in the DG of diabetic rats. These effects were
concomitant to the improvement of mMNGF/proNGF ratio promoted by proNGF-A delivery to
diabetic rats, an evidence deserving further specific investigations, nevertheless
suggesting a positive role for proNGF-A intranasal delivery in the control of
neuroinflammation, through its modulatory action on hippocampal endogenous
MNGF/proNGF metabolism (Zhao et al., 2017). It is worth noting that cleavage-resistant
proNGF-B was found mitogenic for hippocampal stem cells (Corvaglia et al., 2019).

However, this effect was specifically addressed to the radial glia-like (RGL) subpopulation
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of proliferating progenitors not expressing neuronal commitment markers, such as DCX,
and still able to differentiate into glial cells. This could account for the reactive gliosis that
is often found in many neurodegenerative diseases, also characterized by increased

proNGF-B levels in the hippocampus (Protto et al., 2019).

The effects of exogenous proNGFs on the MS cholinergic phenotype was investigated,
since a close interaction exists among septo-hippocampal cholinergic drive, DG-LTP and
hippocampal neurogenesis, aimed at the regulation of learning and memory processes
(Bliss and Collingridge, 1993; Mohapel et al., 2005). Lesions of the basal forebrain
cholinergic nuclei (BFCN) impair both hippocampal plasticity (Drever et al., 2011) and
neurogenesis (Cooper-Kuhn et al., 2004). The data in the present manuscript suggest that
the function of the circuits wiring BFCN and hippocampal nuclei might be influenced by
intranasally delivered proNGF protein variants. The effect of exogenous mMNGF on BFCN
metabolism, the process of learning and memory and hippocampal synaptic plasticity has
been deeply investigated (Gibon and Barker, 2017). However, a few studies have
addressed the effects of proNGF on these specific brain functions, indicating that proNGF-
B induces cholinergic deficit associated with learning and memory impairment (Tiveron et
al., 2013). Moreover, the dysfunction of the cholinergic drive here observed in healthy rats
treated with exogenous proNGF-B is similar to that observed after the development of
experimental diabetes (Rocco et al., 2013; Sherin et al., 2012; Soligo et al., 2017; Welsh
and Wecker, 1991), which is also characterized by selective increase in hippocampal
proNGF-B protein variant (Protto et al.,, 2019). Thus, it is conceivable that, contrary to
proNGF-A, proNGF-B may participate in the establishment of diabetes-induced impairment
of the cholinergic septo-hippocampal modulatory drive. Although beyond the aim of the
present work, the direct proNGF delivery to BFCN could be of help in clarifying the link
between proNGF-induced MS cholinergic neurons loss and alterations in DG-LTP and

neurogenesis.
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The treatment with native mouse-derived proNGFs represents at the same time a strength
and a flaw of the present study. The use of native proNGFs strengthen the experimental
design, representing a physiological approach compared to the treatment with proNGFs
derived by prokaryotic expression systems (Pedraza et al., 2005). On the other hand, it is
difficult to draw proper pharmacokinetics considerations for such molecules, since their
detection by immunoassays might return imprecise outcomes, biased by possible
interferences with endogenous proNGF and by the current uncertainty about their
processing after intranasal delivery. The data presented in this work seem to exclude a
direct interaction between the septo-hippocampal cells and the intranasally delivered
drugs, nevertheless suggesting that these treatments might affect the NGF expression and
metabolism in the hippocampus. Previous experiments on PC12 cells (Soligo et al., 2019)
indicated that, by using native proNGF protein variants, it is likely to obtain valuable
information about the different biological role of proNGF-A, proNGF-B and mNGF. This
demonstrated that there was no substantial proteolysis of native proNGFs exogenously
dispensed to PC12 cells and that they affected NGF gene expression and protein
synthesis (Soligo et al., 2019). It is thus conceivable that native proNGF protein variants
may well resist to the extracellular proteases-mediated proteolytic processes (M. A. Bruno
and Cuello, 2006; Lee et al., 2001) after their delivery to the brain parenchyma remaining
sufficiently unaffected to produce specific effects, not attributable to their transformation
into MNGF. A careful evaluation of PD/PK features of tagged recombinant proNGFs will be
of great help in answering open questions, such as their tissue distribution and clearance
after intranasal delivery to the brain and whether different NGF receptors are involved in

the observed pharmacological outcomes.

Although beyond the aim of the present study, an appropriate understanding of the
pharmacological potential of proNGF-A and proNGF-B cannot be separated from a

thorough characterization of the possible difference in NGF receptors activation by the
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proNGF variants. Both molecules have the ability to interact with p75™'~, but previous data
indicate that the biological outcomes elicited by these interactions is different (Soligo et al.,
2019). Indeed it has been previously demonstrated that only proNGF-A stimulates p75"'"-
mediated neuroprotective effects, while, after blocking p75"'~ by the selective antagonist
LM11A-31, proNGF-B promotes the survival and differentiation of serum-deprived PC12
cells (Soligo et al., 2019). These results suggest that counteracting p75™'" activation may
prevent both the proNGF-B-induced and the diabetes-induced deleterious effects on the

septo-hippocampal physiology.

4.1Conclusion
In conclusion, the present in vivo data confirm the previous in vitro observations about the
different biological activity of proNGF-A and proNGF-B. This leads to hypothesize that the
neurotoxic effect to date ascribed to proNGF may be attributed selectively to proNGF-B.
Such hypothesis open new translational scenarios, in which proNGF-B/proNGF-A ratio
may have a novel value as diagnostic/prognostic biomarker in human diseases
characterized by aberrant activation of proNGF signaling, such as Alzheimer’'s disease
(Cuello et al., 2010; Fahnestock et al., 2001; Schliebs and Arendt, 2011), Down Syndrome
(lulita and Cuello, 2015), Traumatic Brain Injuries (Beattie et al., 2002) and several cancer

types (Bradshaw et al., 2015).
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Figure legends

Figure 1. proNGF-A and proNGF-B affect long term potentiation in dentate gyrus.
Long-term potentiation at perforant-pathway (DG-LTP) was measured in healthy (A) and
diabetic (B) rats intranasally treated with saline, proNGF-A or proNGF-B. Field excitatory
postsynaptic potentials (fEPSP) were recorded and expressed as the percentage of the
pre-tetanus baseline (A-B). Changes in fEPSP slopes before and 60 min after the
induction of LTP by high-frequency stimulation (HFS) of the medial perforant pathway
(black arrows) are shown. The insets represent typical fEPSP recordings; calibration bars:
0.5 mV, 10 ms. The DG-LTP magnitude 50-60 minutes after HFS relating to healthy and
diabetic animals respectively (indicated with black boxes in panels A and B) is reported in
panel C. The details of two-way ANOVA performed on data presented in panel C, and the
significant multiple comparisons relative to disease induction (healthy vs diabetic, not
reported in panel C), are depicted in panels D and E respectively. Data are presented as
means = SEM (n=8 for each experimental group) and two-way ANOVA (D) was followed

by Bonferroni multiple comparison (C, E).

Figure 2. proNGF protein variants affect hippocampal cell number and morphology.
(A-B) Representative images of DG-Hilus and DG-Granular layer of healthy and diabetic
rats treated with saline, proNGF-A or proNGF-B after Hoechst nuclear staining. (C, F)
Quantitative analysis of the total number of cells in DG-Hilus and DG-Granular layer,
respectively. (D, G) Quantitative analysis of the nuclear size of DG-Hilus and DG-Granular
layer, respectively. (E, H) Quantitative analysis of the total number of NeuN" cells in DG-
Hilus and DG-Granular layer, respectively. Data are presented as means £ SEM and two-
way ANOVA (reported below each graph) was followed by Bonferroni multiple
comparisons. The P values reported in the graphs refer to the multiple comparison

between pharmacological treatments within the experimental group of healthy or diabetic

39



animals. The tables (below the graphs) show P values of the multiple comparison between
healthy and diabetic rats within the same treatment group (n=8 hippocampi for each

experimental group).

Figure 3. proNGF-B impairs hippocampal neurogenesis and proNGF-A rescues the
terminal differentiation of neuronal progenitors. (A) Immunolocalization of BrdU
(green) in DG of healthy and diabetic rats intranasally treated with saline, proNGF-A or
proNGF-B. The insets represent the enlargement (zoom: 7X) of the arrow-pointed cells.
(B) Quantitative analysis of the number of BrdU-immunopositive (BrdU™) cells in
hippocampal-DG. (C) Representative image of the immunolocalization of BrdU,
doublecortin (DCX) and NeuN in hippocampal DG. The insets represent the arrow-pointed
co-labeled BrdU*/DCX" and BrdU'/NeuN" cells, respectively (zoom: 9X). Quantitative
analysis of the number of double immunopositive BrdU*/DCX" (D) or BrdU*/NeuN" cells
(E). Data are presented as means + SEM and two-way ANOVA (reported below the
graphs) was followed by Bonferroni multiple comparisons. The P values reported in the
graphs refer to the multiple comparisons between pharmacological treatments within the
experimental group of healthy or diabetic animals. The tables (below the graphs) show P
values of the multiple comparisons between healthy and diabetic rats within the same

treatment group (n=6 hippocampi for each experimental group).

Figure 4. proNGF protein variants affect hippocampal cell proliferation. (A)
Immunolocalization of ki67 (red) and nuclei (blue) in DG of healthy and diabetic rats
intranasally delivered with saline, proNGF-A or proNGF-B. The insets represent the
enlargement (zoom: 5X) of cells in the white boxes. (B) Quantification of Kki67-
immunopositive (ki67") cells number in hippocampal-DG. (C) Representative picture of
the immunolocalization of ki67 (red), DCX (green) and nuclei (blue) in DG. (D)

Quantification of the number of double immunopositive ki67*/DCX" cells in DG of healthy
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and diabetic rats. Data are presented as means + SEM and two-way ANOVA (reported
below the graphs) was followed by Bonferroni multiple comparisons. The P values
reported in the graphs refer to multiple comparisons between pharmacological treatments
within the experimental groups of healthy or diabetic animals. The tables (below the
graphs) show P values of the multiple comparisons between healthy and diabetic rats

within the same treatment group (n=6 hippocampi for each experimental group).

Figure 5. proNGFs modulate the medial septum cholinergic phenotype. (A) graphical
sketch representing cholinergic neurons in the medial septum (MS) and cholinergic fimbria
fibers projecting to hippocampal dentate gyrus (DG). Black boxes indicate the area where
the quantitative analysis was performed. (B) Quantification of the total NeuN" cells/0.6
mm? in MS of healthy and diabetic rats treated with saline, proNGF-A or proNGF-B. (C)
Representative images of ChAT" cells in the MS. (D) Quantification of the number of
ChAT" cells/0.6 mm? in the MS. (E) Quantification of ChAT content in cholinergic cells.
Data are presented as means + SEM and two-way ANOVA (reported below the graphs)
was followed by Bonferroni multiple comparisons. The P values reported in the graphs
refer to the multiple comparison between pharmacological treatments within the
experimental group of healthy or diabetic animals. The tables (below the graphs) show P
values of the multiple comparisons between healthy and diabetic rats within the same

treatment group (n=4 rats for each experimental group).

Figure 6. proNGFs modulate the septo-hippocampal cholinergic fibers. (A) graphical
sketch representing cholinergic neurons in the medial septum (MS) and cholinergic fimbria
fibers projecting to hippocampal dentate gyrus (DG). Black boxes indicate the areas where
the quantitative analysis was performed. (B) Representative images of ChAT" fimbria
fibers in a region proximal to MS in healthy and diabetic rats treated with saline, proNGF-A

or proNGF-B. (C) Quantification of the percentage of area covered by ChAT" fimbria fibers
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proximal to MS. (D) Quantification of ChAT content in cholinergic fibers proximal to MS.
(E) Representative images of ChAT" fimbria fibers at the hippocampus entrance. (F)
Quantification of the percentage of area covered by ChAT immunostaining at the
hippocampus entrance. (G) Quantification of ChAT content in cholinergic fibers at the
hippocampus entrance. Data are presented as means + SEM and two-way ANOVA
(reported below each graph) was followed by Bonferroni multiple comparisons. The P
values reported in the graphs refer to the multiple comparison between pharmacological
treatments within the experimental group of healthy or diabetic animals. The tables (below
the graphs) show P values of the multiple comparison between healthy and diabetic rats

within the same treatment group (n=4 rats for each experimental group).
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HIGHLIGHTS



Native mouse proNGF-A/-B were delivered to the rat brain via intranasal route
proNGF-A improves DG-LTP and SGZ-neurogenesis in rat with diabetic
encephalopathy

proNGF-A rescues the diabetes-impaired cholinergic phenotype in the medial
septum

proNGF-B depress DG-LTP and impairs SGZ-neurogenesis in healthy rats

proNGF-B impairs cholinergic phenotype and neurotransmission in healthy rats



