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A B S T R A C T

Evidence from human neuropathological studies indicates that the levels of the neurotrophins nerve growth
factor (NGF) and brain-derived neurotrophic factor (BDNF) are compromised in Alzheimer's disease. However,
the causes and temporal (pathology-dependent) evolution of these alterations are not completely understood. To
elucidate these issues, we investigated the McGill-R-Thy1-APP transgenic rat, which exhibits progressive in-
tracellular and extracellular amyloid-beta (Aβ) pathology and ensuing cognitive deficits. Neurochemical ana-
lyses revealed a differential dysregulation of NGF and BDNF transcripts and protein expression. While BDNF
mRNA levels were significantly reduced at very early stages of amyloid pathology, before plaques appeared,
there were no changes in NGF mRNA expression even at advanced stages. Paradoxically, the protein levels of the
NGF precursor were increased. These changes in neurotrophin expression are identical to those seen during the
progression of Alzheimer's disease. At advanced pathological stages, deficits in the protease cascade controlling
the maturation and degradation of NGF were evident in McGill transgenic rats, in line with the paradoxical
upregulation of proNGF, as seen in Alzheimer's disease, in the absence of changes in NGF mRNA. The com-
promise in NGF metabolism and BDNF levels was accompanied by downregulation of cortical cholinergic sy-
napses; strengthening the evidence that neurotrophin dysregulation affects cholinergic synapses and synaptic
plasticity. Our findings suggest a differential temporal deregulation of NGF and BDNF neurotrophins, whereby
deficits in BDNF mRNA appear at early stages of intraneuronal Aβ pathology, before alterations in NGF meta-
bolism and cholinergic synapse loss manifest.

1. Introduction

Alzheimer's disease is the leading cause of dementia in the elderly.
Its hallmark brain lesions include extracellular amyloid plaques pri-
marily composed of aggregated amyloid-beta (Aβ) peptides and in-
tracellular neurofibrillary tangles composed of abnormally

phosphorylated tau filaments (Goedert et al., 1988; Grundke-Iqbal
et al., 1986; Terry, 1997). It is increasingly recognized that soluble
oligomeric forms of Aβ are more toxic and contribute more to neuro-
degeneration than the classical insoluble plaques (Cleary et al., 2005;
Jin et al., 2011; Lambert et al., 1998; Lesne et al., 2006; Shankar et al.,
2008; Walsh et al., 2002). Furthermore, several studies suggest that
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intraneuronal Aβ, even in the absence of plaques, has toxic effects on
central nervous system (CNS) functions (Billings et al., 2005; Echeverria
et al., 2004; Ferretti et al., 2012; Iulita et al., 2014a; Oddo et al., 2003;
Wilson et al., 2016).

Additional factors that contribute to cognitive dysfunction in
Alzheimer's disease include synaptic and neuronal loss (DeKosky and
Scheff, 1990; Selkoe, 2002), neuroinflammation (Eikelenboom et al.,
1998; McGeer et al., 1987; Parachikova et al., 2007) and basal forebrain
cholinergic neurodegeneration (Bowen et al., 1976; Davies and
Maloney, 1976; Etienne et al., 1986; Mufson et al., 1989; Mufson et al.,
2000; Pearson et al., 1983; Vogels et al., 1990; Whitehouse et al.,
1982). Basal forebrain cholinergic neurons are the main source of
acetylcholine to the cortex and hippocampus (Mesulam et al., 1983).
These neurons are highly vulnerable to Alzheimer's pathology. They are
some of the earliest to degenerate and become atrophic (Pearson et al.,
1983; Schmitz et al., 2016; Whitehouse et al., 1982). Given the key role
of cholinergic input to higher CNS functions such as learning, memory
(Bartus et al., 1982; Drachman and Leavitt, 1974) and attention (Sarter
et al., 2003), the progressive loss of cognitive function characteristic of
Alzheimer's disease has been attributed in part to the degeneration of
this transmitter system (Coyle et al., 1983).

Basal forebrain cholinergic neurons have a life-long dependence on
the retrograde supply of the neurotrophin nerve growth factor (NGF)
for the maintenance of their cholinergic phenotype, even in the adult
and fully differentiated brain (Cuello, 1996). Neurotrophins are a fa-
mily of proteins including NGF, BDNF, NT-3 (neurotrophin 3) and NT-
4/5 (neurotrophin 4/5), which have crucial roles in the survival,
growth and differentiation of neurons during development (Allen and
Dawbarn, 2006; Bibel and Barde, 2000) and whose trophic signals are
equally vital in the adult brain for neuronal phenotypic maintenance
(Cuello, 1996; Thoenen, 1995).

BDNF is an important regulator of learning and memory processes.
Mature BDNF strengthens synapses, whereas proBDNF weakens sy-
napses, making the ratio of proBDNF to BDNF important for synaptic
plasticity (Je et al., 2012; Yang et al., 2014). BDNF also upregulates
ChAT activity (the enzyme responsible for the synthesis of acetylcho-
line) and promotes the survival of septal developing neurons (Klein
et al., 1999; Knusel et al., 1991; Nonomura and Hatanaka, 1992). BDNF
mRNA, its precursor (proBDNF) and mature protein levels are de-
creased by half in entorhinal, frontal, temporal and parietal cortex,
hippocampus and basal forebrain of Alzheimer's disease brains (Connor
et al., 1997; Ferrer et al., 1999; Garzon et al., 2002; Hock et al., 2000;
Holsinger et al., 2000; Michalski and Fahnestock, 2003; Peng et al.,
2005; Phillips et al., 1991) and in several mouse models of amyloid
pathology (Francis et al., 2012; Peng et al., 2009). These are areas of
the brain that are associated with learning and memory and are se-
verely affected in Alzheimer's disease (Burns and Illiffe, 2009). The
reduction in BDNF expression occurs early in disease progression, prior
to plaque deposition in transgenic animals (Francis et al., 2012), and
correlates with the degree of cognitive deficits in humans (Buchman
et al., 2016; Peng et al., 2005).

Paradoxically, no changes in the levels of NGF mRNA in the cerebral
cortex of subjects with Alzheimer's disease have been observed
(Fahnestock et al., 1996; Goedert et al., 1986; Jette et al., 1994), while
the levels of the NGF precursor molecule, proNGF, are increased (Bruno
et al., 2009a; Fahnestock et al., 2001; Pedraza et al., 2005; Peng et al.,
2004). Ex-vivo pharmacological studies in normal rats further demon-
strated that endogenous NGF is released as a precursor (proNGF) in an
activity-dependent manner, along with the enzymes, zymogens and
regulators necessary for its proteolytic processing to mature NGF and its
subsequent degradation outside the cell (Bruno and Cuello, 2006). In
this pathway, referred to as the NGF metabolic cascade, proNGF is con-
verted to mature NGF by plasmin, a serine protease that derives from
plasminogen when cleaved by tissue plasminogen activator (tPA). In
the CNS, tPA activity is inhibited by neuroserpin (Miranda and Lomas,
2006). The extracellular enzymatic degradation of mature NGF is

accomplished by matrix metallo-protease 9 (MMP-9) (Bruno and
Cuello, 2006), whose activity is attenuated by tissue inhibitor of me-
tallo-proteases 1 (TIMP-1) (Rosenberg, 2009). Thus, the discovery of
the NGF metabolic cascade provided a new platform by which to re-
examine the causes of proNGF accumulation and the compromised
cholinergic trophic supply observed in CNS β-amyloid pathologies [for
reviews see: (Cuello and Bruno, 2007; Iulita and Cuello, 2014; Iulita
and Cuello, 2016)].

Studies examining cortical homogenates from Alzheimer patients,
and from individuals with Down syndrome with Alzheimer's dementia,
revealed a reduction in the levels of plasminogen and tPA; suggesting
that these changes should impair the maturation of proNGF and explain
its paradoxical accumulation in Alzheimer's disease (Bruno et al.,
2009a; Iulita et al., 2014b). Upregulation of MMP-9 activity, the main
NGF-degrading protease, was also evident, suggesting greater NGF de-
gradation (Bruno et al., 2009a; Iulita et al., 2014b). Taken together,
these alterations suggest that the availability of NGF to forebrain cho-
linergic neurons is affected in Alzheimer's disease, a scenario that is
consistent with the presence of severe cholinergic deficits.

NGF and BDNF dysregulation are evident even in mild cognitive
impairment (MCI) (Bruno et al., 2009b; Peng et al., 2004; Peng et al.,
2005), considered a prodromal stage of Alzheimer's disease. However,
considering that Alzheimer's pathology develops decades before de-
mentia onset (Dubois et al., 2016), it is important to determine how
early during disease progression these alterations in NGF and BDNF
appear. This question remains difficult to answer in humans given the
lack of suitable biomarkers that can reliably detect Alzheimer's de-
mentia during its silent (asymptomatic) stages. In that sense, transgenic
models of AD-like amyloid pathology can offer an advantage given that
these animals progressively accumulate intraneuronal Aβ peptide, ex-
hibit amyloid plaques and develop cognitive deficits. Thus, the goal of
this study was to investigate the evolution of NGF and BDNF dereg-
ulation and the impact on cholinergic synapses during the progression
of Aβ pathology in an advanced animal model of Alzheimer's disease,
the McGill-R-Thy1-APP transgenic rat. Compared to mice, rats are
physiologically, genetically, and morphologically closer to humans,
offering a more accurate representation of the human disease to answer
this question (Do Carmo and Cuello, 2013).

2. Materials and methods

2.1. Transgenic rats

All procedures were approved by the Animal Care Committee of
McGill University, and conformed with the ARRIVE guidelines and with
those of the Canadian Council on Animal Care. Homozygous and
hemizygous transgenic rats (APP+/+ and APP+/−, respectively)
belonged to the McGill-R-Thy1-APP line, overexpressing human
APP751 incorporating the Swedish and Indiana mutations under the
control of the Thy1.2 promoter (Leon et al., 2010). Genotyping was
done by qPCR using human APP-specific primers (Forward: ATCCCA-
CTCGCACAGCAG; Reverse: GGAATCACAAAGTGGGGATG).

Animals belonged to one of three groups: young (3–6 months old),
middle-aged (13–15 months) and old (18–21 months). Age-matched
wild type rats, used as controls, were non-transgenic littermates (hAPP
negative, APP−/−). Animals were maintained on a 12-hour light
dark/cycle and had ad libitum access to water and a standard rodent
diet. Male and female rats were used for this study in approximately
equal numbers. A minimum of n= 5–6 rats per genotype per time point
were used for all experiments. The precise number of animals used per
experiment is specified in Results and in the figure legends.

2.2. Brain tissue collection

Rats were anesthetized with equithesin (6.5 mg of chloral hydrate
and 3 mg of sodium pentobarbital in a volume of 0.3 ml, i.p., per 100 g
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of body weight) and perfused transcardially with cold 0.2 M phosphate
buffer for 1–2 min. The brain was removed; one cortical hemisphere
was dissected, flash-frozen, and kept at −80 °C for qRT-PCR, Western
blot and zymography analysis. The other hemisphere was kept intact for
immunohistochemistry. In parallel to human studies on BDNF and NGF
levels in Alzheimer brains, the cortex was used for analysis.

2.3. Immunohistochemistry

Hemi-brains were immersed in cold 4% paraformaldehyde (Fisher
Scientific, USA) in 0.1 M phosphate buffer for 24 h and then transferred
to 30% sucrose (dissolved in 0.1 M phosphate buffer). Brains were
stored in cryoprotectant solution [37.5% v/v ethylene glycol, 37.5% w/
w sucrose, in phosphate-buffered saline (PBS) pH 7.4] at −20 °C until
further use. Free-floating immunostaining was done according to es-
tablished protocols (Côté et al., 1994; Ferretti et al., 2011; Hu et al.,
2003; Iulita et al., 2014a; Leon et al., 2010). Brains were cut into 40 μm
coronal sections with a freezing microtome (Leica SM 2000R, Ger-
many). For all immunolabelings, omission of primary antibodies was
done to confirm signal specificity.

2.3.1. Analysis of amyloid pathology
Rat brain sections were incubated in 0.3% hydrogen peroxide for

20 min, washed three times in PBS-T (0.2 M phosphate-buffered saline,
0.2% Triton X-100) and blocked 1 h with 10% goat serum (Millipore,
USA) in PBS-T. Aβ pathology was examined with a monoclonal anti-
body specific for the human Aβ peptide (McSA1, MediMabs, Montreal,
Canada) (Table 1) (Grant et al., 2000); applied at 1:4000 in PBS-T with
5% goat serum, overnight at 4 °C. The following day, sections were
incubated in goat anti-mouse secondary antibody (MP Biochemicals,
Canada) at 1:100 in PBS with 5% goat serum for 1 h at room tem-
perature, following by a 1 h incubation with a mouse anti-peroxidase
monoclonal antibody (Semenenko et al., 1985) at 1:30, pre-incubated
with horseradish peroxidase (5 μg/ml) (MAP kit, Medimabs, Canada).
Immunohistochemical stainings were developed with 0.06% 3,3′-dia-
minobenzidine (DAB) (Sigma-Aldrich, USA) and 0.01% hydrogen per-
oxide (Sigma-Aldrich, USA) in PBS and mounted on subbed slides. Prior
to coverslipping (Entellan, EM Science, USA), sections were dehydrated
and defatted in increasing ethanol concentrations (70–100%) and xy-
lene for 15 min (each step). Bright-field images were acquired on an
Axioplan microscope equipped with an AxioCam HRc digital camera
(Carl Zeiss, Toronto, Canada) with Axiovision 4.8 Software.

2.3.2. Analysis of cholinergic varicosities
For immunohistochemical detection of vesicular acetylcholine

transporter (VAChT)-immunoreactive cholinergic boutons, rat brain
sections were washed with PBS and incubated in 0.3% hydrogen per-
oxide in PBS for 20 min to quench endogenous peroxidase. Sections
were then washed in PBS-T and incubated overnight in 10% normal
goat serum (NGS)-PBS-T at 4 °C. The following day, brain sections were
incubated with a rabbit anti-VAChT primary antibody (Synaptic
Systems, Germany) (Table 1) at 1:1000, overnight at 4 °C. After this
step, rat brain sections were washed three times in PBS and then in-
cubated with a biotinylated goat anti-rabbit antibody (1:200, Vector
Laboratories, USA) overnight at 4 °C. Following incubation with the
secondary antibody, the sections were washed with PBS and incubated
in ABC Vectastain Elite kit (Vector Laboratories, USA), for 1 h (1:250
A + 1:250 B in PBS, prepared 30 min before incubation). The sections
were washed and then incubated in 0.05% 3,3′-diaminobenzidine
(DAB) for 10 min. The reaction was developed by adding hydrogen
peroxide (1:3000) and stopped after 7 min by washing in PBS. The
sections were mounted on gelatin-subbed slides, dehydrated and de-
fatted using ascending alcohols then xylenes, and coverslipped (En-
tellan, EM Science, USA).

Bright field images were captured using a Zeiss Axio Imager M2
microscope equipped with a Zeiss Axiocam 506 color digital camera Ta
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coupled to Zeiss ZEN 2 (blue edition) software. In order to quantify
cholinergic bouton density, digital images from lamina V of the parietal
cortex and CA2-CA3 regions of the hippocampus were acquired. Five
images were captured per cortical section and four images per hippo-
campal section, for a total of five sections per animal. Images were
analyzed using ImageJ (National Institutes of Health, USA).
Immunoreactive material was separated from background using optical
density and size criteria. More precisely, the optical intensity threshold
was established using the ‘triangle’ algorithm (Zack et al., 1977). Fol-
lowing thresholding, immunoreactive structures of a size ranging from
0.2 μm2 to 6 μm2 were included in the varicosity count. The varicosity
counts are expressed as a density of boutons in an imaging field of
30,000 μm2.

2.4. RNA extraction and quantitative reverse transcription-polymerase
chain reaction

For all transcript analysis except for BDNF (see description below),
quantitative real-time RT-PCR (qRT-PCR) was carried out as previously
detailed (Iulita et al., 2014b; Taylor et al., 2010). Cortex samples were
homogenized using the QIAshredder (Qiagen, USA) and total RNA was
purified using an RNA Isolation kit (Qiagen, USA) according to the
manufacturer's protocol. The ratio of absorbance at 260 nm to 280 nm
was used to confirm the purity of RNA samples using the NanoDrop
spectrophotometer (BioRad, USA). cDNA was synthesized using the
BioRad iSCRIPT kit (#1725122, BioRad, USA) in a 20-μl reaction
containing 250–500 ng of total RNA. For all qRT-PCR reactions, 10 μM
of the forward and reverse primers were used (Table 2). Real-time PCR
was performed in a 10-μl reaction containing 2 μl of cDNA with iQ
SYBR® Green (BioRad, USA) in a Bio-Rad iCycler. PCR was performed
by initial denaturation at 95 °C for 15 min, followed by 40 cycles of 10 s
at 95 °C, 30 s at 60 °C, and 15 s at 72 °C. Real time amplification was
completed in triplicate. Specificity was verified by melting curve ana-
lysis and via agarose gel electrophoresis. The threshold cycle (Ct) values
of each sample were used in the post PCR data analysis. Cortical mRNA
expression was quantified relative to non-transgenic rats using the
DDCt (delta delta Ct) method, with HPRT (hypoxanthine-guanine
phosphoribosyltransferase) as the housekeeping gene. Standard curve
R2 values were> 0.99 and efficiencies were between 90% and 110%
for all primers used.

For BDNF analysis, RNA extraction and qRT-PCR were carried out as
previously described (Michalski et al., 2015; Willand et al., 2016). RNA
was extracted from frozen rat cortical tissue in TRIzol® (Invitrogen,
Canada) at a ratio of 1 ml of TRIzol® per 50 mg of tissue using a sonic
dismembrator (Fisher Scientific, Canada). Invitrogen's protocol was
followed through the collection of the RNA-containing aqueous phase.
The RNA was further purified and DNase-treated using an RNeasy®
Mini Kit (Qiagen, Canada) according to the manufacturer's instructions.
Concentration and purity of RNA were confirmed by absorbance at 260,
280 and 230 nm using a Thermo Scientific NanoDrop 2000c (Fisher
Scientific, Canada). One microgram of each RNA sample was reverse
transcribed in a 20 μl reaction using Superscript III® (Invitrogen,

Canada) following the manufacturer's protocol. Negative controls
lacking reverse transcriptase were included to confirm absence of
genomic DNA contamination.

For all PCR reactions, 300 nM of rat BDNF or β-actin primers
(Table 2) were used. Each 20 μl real-time PCR reaction contained 10 μl
of SYBR® Green qPCR SuperMix (Invitrogen, Canada), 30 nM of re-
ference dye ROX (Invitrogen, Canada) and cDNA derived from 50 ng
RNA per sample or standards. Standards for BDNF and β–actin were
PCR products generated using target-specific primers. PCR products
were gel purified using a Qiagen kit and quantified by spectro-
photometry (Thermo Scientific NanoDrop 2000c). Real-time amplifi-
cations were carried out in triplicate using the MX3000P PCR system
(Stratagene, USA) and the following thermal profile: 2 min at 50 °C,
2 min at 95 °C followed by 40 cycles of 95 °C for 30 s, 58 °C for 30 s, and
72 °C for 45 s for BDNF. Standard curve R2 values were> 0.995 and
efficiencies were> 90%. Following 40 cycles of amplification, a dis-
sociation curve was added to determine if any secondary products had
formed. Absolute numbers of mRNA copies were determined with re-
spect to the standard curve. Cortical mRNA copy numbers of BDNF are
presented as a ratio to copy numbers of β-actin, and expressed relative
to that of non-transgenic rats.

2.5. Western blotting

For all proteins except for BDNF (see description below), frozen rat
cortex samples were manually homogenized in 8× w/v cold lysis
buffer (50 mM Tris HCl pH 7.4; 150 mM NaCl; 1% Nonidet P-40; 0.1%
SDS) containing protease inhibitors (Roche, USA). Manual homo-
genization was followed by three 5 s pulses of sonication. Cortical
homogenates were centrifuged at 13.000 rpm, 45 min at 4 °C and the
supernatants were kept at −80 °C until further analysis. Protein con-
centration was measured with the DC™ Protein Assay kit (BioRad, USA).
Protein from cortical homogenates (30–50 μg) were separated on
8–12% SDS-polyacrylamide gels under reducing conditions and trans-
ferred semi-dry to nitrocellulose membranes (BioRad, USA) for 1 h at
300 mA. Membranes were blocked in 5% skim milk or bovine serum
albumin (BSA, Sigma, USA) for 1 h at room temperature and incubated
with primary antibodies in blocking solution overnight at 4 °C. A de-
tailed description of the antibodies used is depicted in Table 1. Perox-
idase-conjugated secondary antibodies (Jackson Immunoresearch,
USA), dissolved in blocking solution, were applied for 1 h at room
temperature (dilution 1:10,000). Recombinant tPA (American Diag-
nostica, USA) and a whole cell lysate from B cell lymphoma cells
overexpressing plasminogen (Santa Cruz Biotechnology, USA) were
used as positive controls.

For detection of APP and its metabolic products with the 6E10 anti-
human Aβ monoclonal antibody (Covance, USA), 120 μg proteins from
rat cortical homogenates were separated on 10–20% Tris-tricine gels
(Criterion, BioRad, USA) under reducing conditions. Prior to electro-
phoresis, samples were boiled for 15 s in sample loading buffer (BioRad,
USA). Proteins were transferred semi-dry to nitrocellulose membranes
(BioRad, USA) for 2 h at 220 mA. Following transfer, membranes were

Table 2
List of primers used.

Gene Species Forward 5′3′ Reverse 5′3′ Size (bp)

NGF Rattus norvegicus CAACAGGACTCACAGGAGCA GTCCGTGGCTGTGGTCTTAT 115
BDNF Rattus norvegicus GCGGCAGATAAAAAGACTGC GCAGCCTTCCTTCGTGTAAC 141
tPA Rattus norvegicus GTGAAGCCCTGGTGCTATGT GCCACGGTAAGTCACACCTT 123
Plasminogen Rattus norvegicus GGTGGGAGGCAGAACAAAAC GGGTGACAGGAAGTAGTGGT 114
Neuroserpin Rattus norvegicus ATGAGGCTGGTGGCATCTAC GATCAGCTGTGGTTTGAGCA 131
MMP-9 Rattus norvegicus CCAGCATCTGTATGGTCGTG GAGGTGCAGTGGGACACATA 107
TIMP-1 Rattus norvegicus GAACGGAAATTTGCACATCA ATGGCTGAACAGGGAAACAC 135
Furin Rattus norvegicus GCCTTCTTTCGGGGAGTTAG GCTGATGGACAGCGTGTAGA 138
β-Actin Rattus norvegicus AGCCATGTACGTAGCCATCC CTCTCAGCTGTGGTGGTGAA 228
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incubated in boiling PBS for 5 min and were subsequently blocked with
7.5% milk for 2 h. Following the blocking step, membranes were in-
cubated with the primary antibody (6E10) at a concentration of 1:1000,
overnight at 4 °C. Peroxidase-conjugated anti-mouse secondary anti-
body (Jackson Immunoresearch, USA), dissolved in blocking solution,
was applied for 1 h at room temperature (dilution 1:5000).

Western blots were developed with an enhanced chemilumines-
cence substrate (Western Lightning® Plus-ECL, PerkinElmer Inc., USA).
Densitometry (IOD) was quantified with TotalLab CLIQS Software
(TotalLab, UK) and/or Gel-Pro analyzer Software (Media Cybernetics,
Inc.). Densitometry values (IOD) were normalized to the loading con-
trol (βIII-tubulin or GAPDH) and expressed as fold change relative to
the control group.

For BDNF protein analysis, frozen rat cortical tissue was sonicated in
RIPA buffer containing 50 mM Tris pH 7.5, 150 mM NaCl, 10 mM
EDTA, 0.1% SDS, 1% Nonidet P-40, 0.1% sodium deoxycholate and
protease and phosphatase inhibitor cocktails (Roche, Canada) using a
sonic dismembrator (Fisher Scientific, Canada) at a ratio of 1.5 ml of
buffer per 100 mg of tissue. The homogenates were kept on ice for
10–15 min and then centrifuged at 14000×g for 20 min at 4 °C.
Supernatants were collected, aliquoted, and kept frozen at−80 °C until
use. Protein concentration was established using the DC™ protein assay
(BioRad, Canada). A total of 50 μg of each cortical homogenate was
resolved on a 12% polyacrylamide gel or a TGX precast gradient gel
(BioRad, Canada). Gel electrophoresis and transfer were carried out as
previously described (Michalski and Fahnestock, 2003) with the ex-
ception that Immobilon-FL membranes were used (Millipore, Canada).
Membranes were incubated for 48–72 h with rabbit polyclonal BDNF N-
20 antibody at 4 °C (Santa Cruz, USA). Blots were also probed overnight
with α-tubulin or β-actin antibody (Sigma, Canada). Primary and sec-
ondary antibodies (Goat Anti-rabbit IRDye® 680 and Goat Anti-Mouse
IRDye® 800CW; LI-COR® Biosciences, USA; dilutions 1:8000) were di-
luted in Odyssey Blocking Buffer (LI-COR®, Biosciences, USA) mixed 1:1
with PBS and containing 0.05% Tween-20. Signals were detected and
quantified using an Odyssey Imaging System (LI-COR®, Biosciences,
USA). Densitometry values for BDNF and proBDNF were normalized to
the loading control (α-tubulin or β-actin) and expressed as fold change
relative to the control group. Relative values of total BDNF protein were
validated with the Human BDNF DuoSet ELISA kit (R & D Systems,
USA), which, in our hands, has a detection range of 6–1500 pg/ml.
Each sample was adjusted to a concentration of 1 mg/ml, and both
standards and samples were assayed in duplicate following the manu-
facturer's protocols. Values obtained by ELISA were expressed as pg of
BDNF per mg of total protein.

2.6. MMP-9 gelatin zymography

The proteolytic activity of MMP-9 (~92 kDa) and MMP-2
(~72 kDa) was determined by gelatin zymography, as previously de-
scribed (Bruno et al., 2009a; Bruno et al., 2009b; Iulita et al., 2014b).
Briefly, 70 μg of rat cortical homogenates were separated on 8% SDS-
polyacrylamide gels containing 0.2% gelatin (Sigma-Aldrich, USA).
Electrophoresis was run on ice. Following two rinses with water, zy-
mograms were incubated in renaturing solution (2.5% Triton X-100;
Sigma-Aldrich, USA) for 45 min at room temperature. Digestion was
carried out at 37 °C in developing buffer (50 mM Tris, 0.2 M NaCl,
5 mM CaCl2, Brij-35 0.02%) for 45 h. Zymograms were stained for 1 h
in 0.25% Coomasie R-250 (BioRad, USA) and destained with a solution
of methanol, water, and acetic acid (50:40:10), until clear areas of
gelatinase activity were seen against the dark-stained background. Gels
were imaged and digitized (AlphaDigidoc System, USA) for quantifi-
cation with TotalLab CLIQS Software (TotalLab, UK).

2.7. Statistical analysis

The software GraphPad Prism v5.01 (La Jolla, CA, USA) was used

for statistical analysis. Data normality was verified with the D'Agostino
and Pearson omnibus K2 normality test. A two-tailed Student's t-test
was used for 2-group comparisons. A one-way ANOVA was used for
three-group comparisons, followed by post-hoc multiple comparison
tests (Bonferroni correction). Pearson correlation analysis was used to
investigate associations between BDNF mRNA and cognitive deficits.
The latter were expressed as a cognitive composite (Z_global) of the rats'
performance in the novel object recognition and location tasks as well
as in fear conditioning. This parameter and the resulting data have been
calculated and published elsewhere (Iulita et al., 2014a). Significance
was set at p < 0.05. Graphs illustrate mean ± SEM.

3. Results

3.1. Evolution of amyloid pathology in McGill-R-Thy1-APP transgenic rats

A detailed description of the time-dependent progression of
Alzheimer-like amyloid pathology in McGill-R-Thy1-APP rats has been
previously reported (Hanzel et al., 2014; Iulita et al., 2014a; Leon et al.,
2010; Wilson et al., 2016). In this transgenic rat, a single APP transgene
leads to the intracellular accumulation of Aβ in pyramidal neurons of
the cerebral cortex and hippocampus. Aβ accumulation progresses with
age, being detectable as early as 1 week, and is strongly established in
3–6 month-old rats (Fig. 1A). This early stage (3–6 months) is char-
acterized by significant cognitive impairments (Galeano et al., 2014;
Iulita et al., 2014a; Leon et al., 2010; Pimentel et al., 2015; Wilson
et al., 2016) and by deficits in in vivo LTP (Qi et al., 2014). At these time
points, there is robust expression of soluble Aβ42 in cortex as well as
intracellular Aβ oligomers (Iulita et al., 2014a) and a strong pro-in-
flammatory process (Hanzel et al., 2014).

As the pathology advances, isolated extracellular Aβ deposits
(amyloid plaques) may occasionally appear in homozygous transgenic
rats starting at 6 months of age (Leon et al., 2010), whereas progressive
amyloid deposition occurs from 8 to 9 months onwards (Iulita et al.,
2014a; Pimentel et al., 2015; Wilson et al., 2016). By 13–15 months,
both diffuse and dense (fibrillar) plaques can be detected in most areas
of the hippocampal formation and to a lesser extent in the cerebral
cortex (Fig. 1B).

Finally, in 18–21 month-old homozygous rats, amyloid plaques can
be found in most areas of the cerebral cortex, particularly in the hip-
pocampus, as well as in the entorhinal and parietal cortices (Fig. 1C).
These plaques have been previously described as being of fibrillary
nature as assessed with Thioflavin S staining (Leon et al., 2010). Cog-
nitive deficits further advance at the post-plaque stage (Galeano et al.,
2014; Iulita et al., 2014a; Leon et al., 2010; Pimentel et al., 2015), and
such progression correlates with increased accumulation of soluble
Aβ42 (Iulita et al., 2014a). Plaque pathology is not apparent in hemi-
zygotes at any age (Leon et al., 2010). In addition to the presence of
amyloid plaques, homozygous rats also exhibit strong upregulation
large oligomers and of 12 kDa 6E10-immunoreactivity, reflecting the
presence of Aβ oligomers (trimers) and/or the C-terminal APP fragment
C99 (Fig. 1D).

3.2. NGF and BDNF levels in McGill-R-Thy1-APP rats

To examine changes in the levels of NGF and BDNF across the
evolution of Alzheimer-like amyloid pathology, we measured neuro-
trophin expression in young, pre-plaque, transgenic rats (3–6 months of
age), in middle-aged (13–15 months), as well as in old (18–21 months)
post-plaque McGill-R-Thy1-APP rats by quantitative qRT-PCR, Western
blotting and ELISA.

As expected from human studies (Fahnestock et al., 1996; Goedert
et al., 1986; Jette et al., 1994), there was no difference in cortical NGF
mRNA expression between APP transgenic rats and non-transgenic
(wild type) rats at any time point examined (Fig. 2A–C, t-test,
p > 0.05; 3–6 months, WT n = 16 and APP+/+ n = 13,
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13–15 months, WT n = 13 and APP+/+ n= 14 and 18–21 months,
WT n= 6 and APP+/+ n = 7). However, despite an absence of NGF
mRNA deficits, cortical protein levels of proNGF, the precursor to ma-
ture NGF, were significantly increased in McGill transgenic rats at all
time points analyzed (Fig. 2D–F, t-test, D and F, p < 0.05 and E,
p < 0.01; young rats, WT n = 11 and APP+/+ n = 9, middle-aged
rats, WT n = 20 and APP+/+ n = 19 and old rats, WT n = 5 and APP
+/+ n = 5). In contrast to NGF, BDNF mRNA was downregulated in
the cortices of transgenic rats at all ages. BDNF mRNA was significantly
downregulated in young, pre-plaque transgenic rats (Fig. 3A, t-test
p < 0.05; WT n = 10 and APP+/+ n = 7), and there was a trend
towards reduced expression of BDNF mRNA levels in middle-aged
transgenic animals, compared to non-transgenic littermates (Fig. 3B, t-

test p = 0.14; WT n = 19 and APP+/+ n= 16). Further, at post
plaque-stages, old transgenic rats (18–21 months) showed significantly
decreased expression of BDNF mRNA levels (Fig. 3C, t-test p < 0.05;
WT n= 7 and APP+/+ n= 8). Protein analysis by Western blotting
showed no difference in cortical proBDNF (Fig. 3D–F, t-test, p > 0.05)
or BDNF levels (Fig. 3G–I, t-test, p > 0.05). These results were corro-
borated by ELISA in young and middle-aged rats (p > 0.05, 3 months:
WT n = 10; APP+/+ n= 7, 13–15 months: WT n= 14; APP+/+
n = 13; data not shown). Given that BDNF plays an important role in
synaptic plasticity and cognition (Greenberg et al., 2009), we in-
vestigated whether there was a correlation between BDNF mRNA and
cognitive function in young rats. Correlation analysis revealed a sig-
nificant positive association between BDNF mRNA levels and cognitive

Fig. 1. Evolution of amyloid-β pathology in McGill-R-Thy1-APP transgenic rats. An anti-Aβ mouse monoclonal antibody (McSA1) was used to detect Aβ immunoreactivity. (A) At early
stages of amyloid pathology (3–6 months), intraneuronal Aβ accumulated in the cerebral cortex and hippocampus in homozygous transgenic rats. (B) By 13–15 months of age, abundant
extracellular amyloid deposits were visible in the hippocampus and fewer in the cortex. (C) As the pathology progressed, old transgenic rats (18–21 months) exhibited abundant amyloid
plaque deposition throughout all cortical layers and hippocampal formation. The inserts below panel A, B, and C represent micrographs taken from layer V of the posterior parietal
association area. (D) The levels of the 12 kDa-6E10 immunoreactive band (lower arrow) and the ~90–120 kDa immunoreactive band (upper arrow) were significantly elevated in APP
homozygote rats, compared to hemizygote and wild-type animals at the post plaque stage (13–15 months). p < 0.001, One-way ANOVA and Bonferroni post-test. Graph illustrates
mean ± SEM.
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performance at early stages (r = 0.626; p= 0.001, Supplementary
Fig. 1). Thus, consistent with previous findings of NGF and BDNF de-
regulation in Alzheimer's disease and Down syndrome (Bruno et al.,
2009a; Fahnestock et al., 2001; Fahnestock et al., 1996; Goedert et al.,
1986; Iulita et al., 2014b; Michalski and Fahnestock, 2003; Peng et al.,
2004; Peng et al., 2005), McGill APP transgenic rats exhibit an accu-
mulation of cortical proNGF without significant changes in NGF mRNA,
in parallel with marked reductions in BDNF mRNA expression that
correlate with global cognitive deficits.

3.3. Impaired proNGF conversion in McGill-R-Thy1-APP transgenic rats

In order to investigate the origin of the accumulation of the NGF
precursor, the levels of key players of the NGF metabolic cascade were
analyzed. The expression of tPA, neuroserpin, plasminogen, MMP-9,
and TIMP-1 were evaluated in the cerebral cortex of young
(3–6 months), middle-aged (13–15 months) and old (18–21 month)
transgenic and non-transgenic rats.

We first focused on the NGF maturation pathway, particularly on
the enzymes that participate in the maturation of proNGF (Bruno and

Cuello, 2006). Quantitative RT-PCR and Western blotting analysis re-
vealed that mRNA and protein levels of tPA were comparable between
transgenic and non-transgenic rats at early stages of amyloid pathology
(3–6 months, t-test p > 0.05, WT n= 16 and APP+/+ n= 13 and
WT n= 6 and APP+/+ n = 8, Figs. 4A and 5A, respectively). How-
ever, as amyloid pathology advanced, APP transgenic rats with amyloid
plaque deposition (13–15 and 18–21 months) exhibited a significant
decrease in tPA mRNA levels (Fig. 4B and C, t-test p < 0.01 and
p < 0.05, 13–15 months WT n = 15, and APP+/+ n= 15 and
18–21 months WT n= 7 and APP+/+ n = 8, respectively). Western
blotting showed that protein levels followed the same pattern (Fig. 5B,
t-test p < 0.05; WT n = 5 and APP+/+ n= 6).

There were no differences in protein levels of plasminogen, the
zymogen cleaved by tPA into plasmin, between transgenic and non-
transgenic rats at early stages of amyloid pathology (Fig. 5C, t-test,
p > 0.05; WT n = 11 and APP+/+ n = 9). In contrast, plasminogen
protein levels were significantly elevated at post-plaque stages (Fig. 5D;
t-test p < 0.05; WT n = 6 and APP+/+ n= 6), at time points when
reductions in both tPA mRNA and protein levels were observed. This
increase in plasminogen protein levels was not due to changes in

Fig. 2. Analysis of NGF mRNA and proNGF protein expression. (A–C) No difference in cortical NGF mRNA levels between young (3–6 months, WT n = 16 and APP+/+ n= 13) (A),
middle-aged (13–15 months, WT n = 13 and APP+/+ n = 14) (B) and old (18–21 months, WT n = 6 and APP+/+ n = 7) (C) transgenic and wild type rats (t-test, p > 0.05). (D-F)
Western blot analysis from cortical brain homogenates revealed significantly increased levels of the 32 kDa proNGF-immunoreactive band in transgenic rats compared to age-matched
non-transgenic littermates at all time points analyzed. (D) *p < 0.05 (young rats, WT n = 11 and APP+/+ n= 9), (E) ** p < 0.01 (middle-aged rats, WT n= 20 and APP+/+
n = 19) and (F) *p < 0.05 (old rats, WT n = 5 and APP+/+ n = 5). Densitometry values (IOD) were normalized to β-III tubulin (BIII-Tub). Representative immunoblots per time point
are shown.
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plasminogen mRNA expression, which was comparable between APP
transgenic rats and controls at all time points investigated (Fig. 4D-F, t-
test, p > 0.05; WT n = 16 and APP+/+ n = 13 in young rats; WT
n = 15 and APP+/+ n= 13 in middle-aged and WT n = 7 and APP

+/+ n = 8 in old rats).
We next investigated whether the changes in plasminogen and tPA

were accompanied by differences in the expression of neuroserpin, the
endogenous tPA inhibitor (Miranda and Lomas, 2006). Consistent with

Fig. 3. Analysis of BDNF mRNA and protein. (A–C) mRNA BDNF analysis showed significantly reduced expression in the cortices of young (A) as well as in old-aged transgenic rats (C)
and a trend towards reduced mRNA BDNF expression in middle-aged transgenic rats (B) compared to their respective non-transgenic littermates. (A) *p < 0.05 (WT n = 10 and APP
+/+ n = 7). (B) t-test, p = 0.14, WT n = 19 and APP+/+ n = 16. (C) *p < 0.05, WT n = 7 and APP+/+ n = 8. (D–I) No differences were detected in cortical proBDNF and mature
BDNF protein expression between APP homozygous and wild type rats in young (3–6 months, WT n = 10 and APP+/+ n = 7), middle-aged (13–15 months, WT n= 14 and APP+/+
n = 10) and old animals (18–21 months, WT n = 7 and APP+/+ n = 8) (t-test, p > 0.05). Densitometry values (IOD) were normalized to α-tubulin (α-Tub). Representative im-
munoblots per time point are shown. Graphs represent mean ± SEM.
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the above findings, there was no difference in neuroserpin mRNA and
protein levels at the pre-plaque stage (Fig. 4G and 5E, t-test, p > 0.05;
WT n = 16 and APP+/+ n = 13 and WT n = 6 and APP+/+ n = 6,
respectively). However, the post-plaque stage was characterized by a
strong trend towards upregulation of neuroserpin mRNA levels in
middle-aged rats (Fig. 4H; t-test, p = 0.066; WT n = 13, and APP+/+
n = 15) and by a significant increase in old transgenic rats (Fig. 4I; t-
test, p < 0.05; WT n = 6, and APP+/+ n= 8). These changes were
confirmed by Western blotting in middle-aged rats and old rats (Fig. 5F,
t-test, p < 0.001; WT n= 12 and APP+/+ n = 8 and Supplementary
Fig. 3).

To investigate whether the intracellular processing of proNGF is also

impaired in McGill transgenic rats, we examined the expression of furin,
the convertase responsible for the intracellular maturation of proNGF in
the secretory pathway (Mowla et al., 1999; Seidah et al., 1996). We
found a trend towards decreased mRNA levels of furin in the cortices of
young pre-plaque transgenic rats (3–6 months) (Supplementary Fig. 2A,
t-test, p = 0.079; WT n= 16 and APP+/+ n= 12), while levels were
significantly decreased in middle-aged (13–15 months) (Supplementary
Fig. 2B, t-test, p < 0.01; WT n= 14 and APP+/+ n= 13) and in old
(18–21 months) transgenic rats (Supplementary Fig. 2C, t-test,
p < 0.01; WT n = 7 and APP+/+ n = 8).

Fig. 4. Alterations in mRNA expression of the enzymes, zymogens and regulators that participate in proNGF maturation. Quantitative PCR analysis of tPA (A–C), plasminogen (D–F) and
neuroserpin (G–I) in cortical homogenates from transgenic and wild type rats. (A) No differences in tPA mRNA expression at early stages of the amyloid pathology (3–6 months) (t-test,
p > 0.05, WT n = 16 and APP+/+ n = 13). (B–C) As the amyloid pathology advanced, McGill APP transgenic rats exhibited a significant decrease in tPA mRNA levels compared to
wild-type littermates (t-test **p < 0.01, WT n = 15, and APP+/+ n = 15 and *p < 0.05, WT n = 7 and APP+/+ n= 8, respectively). (D–F) No changes in plasminogen mRNA
expression at any of the time points investigated (t-test, p > 0.05, WT n = 16 and APP+/+ n = 13 in young rats; WT n = 15 and APP+/+ n = 13 in middle-aged and WT n = 7 and
APP+/+ n = 8 in old rats). (G–I) Neuroserpin mRNA analysis showed no significant differences between transgenic and non-transgenic rats at early time points (3–6 months) (t-test,
p > 0.05, WT n= 16 and APP+/+ n= 13) (G). (H–I) At advanced stages of the amyloid pathology (13–15 and 18–21 months), homozygous transgenic rats exhibited higher
neuroserpin mRNA levels compared with their respective non transgenic littermates (p = 0.066 WT n= 13, and APP+/+ n = 15 and *p < 0.01, wt n= 6, and APP+/+ n = 8). Data
are expressed as the mean ± SEM.
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3.4. Increased MMP-9 activity, a key NGF-degrading protease, in APP
transgenic rats

Given the deficits in proNGF maturation, we next investigated
whether such changes were accompanied by alterations in the NGF
degradation pathway. MMP-9 is a protease responsible for mature NGF
degradation (Bruno and Cuello, 2006). MMP-9 mRNA analysis by qRT-
PCR did not show significant differences between transgenic and non-
transgenic rats at any of the time points investigated (Fig. 6A–B and
Supplementary Fig. 3B, t-test, p > 0.05; young rats WT n = 16 and
APP+/+ n = 14, middle-aged transgenic rats, WT n = 15 and APP
+/+ n = 14 and old rats WT n = 7, APP+/+ n = 8). Western

blotting further revealed comparable MMP-9 protein expression be-
tween homozygous McGill transgenic rats and non-transgenic litter-
mates (Fig. 6C–D, t-test, p > 0.05; 3–6 months, WT n= 12 and APP
+/+ n= 13 and 13–15 months, WT n = 17 and APP+/+ n= 14).
When we analyzed the proteolytic activity of MMP-9 by gelatin zy-
mography using cortical homogenates, we found that MMP-9 activity
was comparable between transgenic and non-transgenic rats at early
stages of amyloid pathology (3–6 months, Fig. 6E, t-test p > 0.05; WT
n = 8 and APP+/+ n= 9). However, there was a significant upre-
gulation of MMP-9 zymogenic activity in middle-aged transgenic rats
(13–15 months) compared to non-transgenic littermates (Fig. 6F, t-test
p < 0.001; WT n= 12 and APP+/+ n= 8). MMP-2 activity was

Fig. 5. Alterations in tPA, plasminogen and neuro-
serpin protein levels. (A–B) Western blotting con-
firmed the lack of difference in tPA levels between
homozygous transgenic rats and wild type rats at
early time points (p > 0.05 WT n = 6 and APP
+/+ n = 8) (A), while revealing a significant tPA
downregulation in middle-aged rats (*p < 0.05,
WT n= 5 and APP+/+ n = 6) (B). Recombinant
tPA was used as a positive control (panel B, lane 1).
(C) Comparable plasminogen levels between wild
type and homozygous transgenic rats at the pre-
plaque stage (p > 0.05, WT n = 11 and APP+/+
n= 9). (D) Homozygous middle-aged transgenic
rats (13–15 months) exhibited a significant increase
in plasminogen levels compared to wild type lit-
termates (*p < 0.05, WT n = 6 and APP+/+
n= 6). Positive control was a whole cell lysate
from B cell lymphoma cells overexpressing plasmi-
nogen (panel C, lane 1). (E) No difference in neu-
roserpin protein levels in young (3–6 months)
transgenic rats (p > 0.05, WT n = 6 and APP+/+
n= 6) (E), while a significant increase in neuro-
serpin was evident in homozygous rats at the post-
plaque stage (13–15 months) (***p < 0.001, WT
n= 12 and APP+/+ n = 8) (F). Densitometry
values (IOD) were normalized to β-III tubulin (BIII-
Tub) or GAPDH. Representative immunoblots are
shown. Data are expressed as the mean ± SEM.
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Fig. 6. Analysis of MMP-9 and TIMP-1 expression in McGill transgenic rats. (A–B) No significant differences were detected in cortical MMP-9 mRNA levels in APP homozygous rats, in
young (3–6 months, WT n= 16 and APP+/+ n = 14) (A) or middle-aged transgenic rats (13–15 months, WT n = 15 and APP+/+ n= 14) (B) compared to non-transgenic littermates
(t-test, p > 0.05). (C–D) Western blotting revealed comparable MMP-9 protein expression between McGill transgenic rats and non-transgenic littermates either in young (3–6 months,
WT n = 12 and APP+/+ n= 13) and middle-aged rats (13–15 months, WT n = 17 and APP+/+ n = 14) (t-test, p > 0.05) Densitometry values (IOD) were normalized to GAPDH.
Representative immunoblots are shown. (E–F) Gelatin zymography of cortex homogenates showed no differences in MMP-9 activity between transgenic and non-transgenic rats at
3–6 months (t-test p > 0.05; WT n = 8 and APP+/+ n = 9) (E). In contrast, middle-aged homozygous transgenic rats exhibited a marked upregulation of MMP-9 activity compared to
wild type rats (t-test ***p < 0.001, WT n= 12 and APP+/+ n = 8) (F). MMP-2 activity was comparable between groups (p > 0.05), and thus used to normalize MMP-9 activity
values. Representative zymograms are shown. (G–H) TIMP-1 mRNA levels were unaltered in young (WT n = 16 and APP+/+ n= 13) (G) and middle-aged transgenic rats (WT n= 13
and APP+/+ n = 14) (H) (t-test p > 0.05). Data are expressed as the mean ± SEM.
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stable between both groups (t-test, p= 0.20) and thus was used to
normalize MMP-9 activity values, as previously done (Bruno et al.,
2009a, 2009b).

In light of the increased MMP-9 activity found in McGill transgenic
rats, we examined the expression of TIMP-1, its main endogenous in-
hibitor. Quantitative RT-PCR analysis revealed no differences in TIMP-1
mRNA levels in young or middle-aged transgenic rats (Fig. 6G and H, t-
test, p > 0.05; WT n = 16 and APP+/+ n= 13 and WT n = 13 and
APP+/+ n = 14, respectively), although in the latter a clear trend was
evident. As the pathology progressed, there continued to be a reduction
in TIMP-1 mRNA expression in the cortices of old homozygous trans-
genic rats, however this difference did not reach statistical significance
(t-test, p= 0.06; WT n = 6 and APP+/+ n = 6) (Supplementary
Fig. 3C).

Thus, the upregulation of cortical MMP-9 activity suggests that the
extracellular degradation of NGF is enhanced in McGill transgenic rats
at advanced stages of Alzheimer-like amyloid pathology. In addition,
the absence of changes in TIMP-1 mRNA expression points to other
mechanisms responsible for the higher MMP-9 activation in transgenic
rats.

3.5. Impact of NGF dysmetabolism on the cholinergic phenotype

The maintenance of the cholinergic phenotype depends on the
availability of endogenous NGF, even in the adult CNS. We have pre-
viously demonstrated that pharmacological inhibition of proNGF ma-
turation (with the plasmin inhibitor α2-antiplasmin) leads to the
atrophy and reduction of pre-existing cortical cholinergic synaptic
terminals as well as cognitive deficits (Allard et al., 2012). Therefore,
given the observed proNGF accumulation and increased MMP-9 activity
in McGill transgenic rats, we sought to investigate whether such
changes would impact the density of cholinergic pre-synaptic boutons
in this model.

Considering that the alterations in the NGF pathway occurred at the
post-plaque stage, we investigated the density of cortical and hippo-
campal cholinergic pre-synaptic varicosities by immunohistochemistry
in 20-month old transgenic rats (Fig. 7). Computer-assisted image
analysis quantification revealed a significant reduction in the density of
cholinergic boutons both in cortex and in hippocampus of APP rats (t-
test, p < 0.05) (Fig. 7).

4. Discussion

The present study identified differential dysregulation of the neu-
rotrophins NGF and BDNF in the cortices of McGill-R-Thy1-APP trans-
genic rats, a species closer to humans than mice (Do Carmo and Cuello,
2013). Whereas BDNF mRNA levels were significantly reduced at early
stages of amyloid pathology, there were no changes in the expression of
NGF mRNA, even at late time points. Furthermore, protein levels of the
NGF precursor, proNGF, were increased in McGill transgenic rats de-
spite the normal expression of NGF mRNA. These alterations are in line
with human studies on NGF and BDNF levels in Alzheimer's disease
cortex (Bruno et al., 2009a; Connor et al., 1997; Fahnestock et al., 2001;
Fahnestock et al., 1996; Ferrer et al., 1999; Garzon et al., 2002; Goedert
et al., 1986; Hock et al., 2000; Holsinger et al., 2000; Jette et al., 1994;
Michalski and Fahnestock, 2003; Pedraza et al., 2005; Peng et al., 2004;
Peng et al., 2005; Phillips et al., 1991).

To better understand the opposing differences in NGF mRNA and
proNGF protein levels, we examined the expression of key convertases,
proteases and regulators of NGF maturation and degradation at time
points across the evolution of amyloid pathology. Analysis of cortical
homogenates from McGill transgenic rats revealed that proNGF accu-
mulation was accompanied by lower levels of the plasminogen acti-
vating protease tPA, and consequently an accumulation of plasmi-
nogen, together with up-regulation of neuroserpin at advanced stages of
amyloid pathology. These changes indicate a downstream compromise

in the levels of cortical active plasmin and therefore, point to a failure
in the metabolic loop required for the conversion of proNGF to mature
NGF when amyloid plaques are present.

At similar time points, we also detected a significant increase in the
zymogenic activity of MMP-9, the main NGF degrading protease (Bruno
and Cuello, 2006). The increase in MMP-9 activity suggests that the
degradation of mature NGF is greater in McGill APP transgenic rats,
thereby further compromising the trophic support of basal forebrain
cholinergic neurons. The increase in MMP-9 activity occurred without
changes in MMP-9 mRNA or protein expression. We therefore in-
vestigated the levels of TIMP-1, which is its endogenous inhibitor.
Quantitative RT-PCR analysis revealed a trend towards decreased
TIMP-1 mRNA levels in middle-aged transgenic rats, which progressed
at advanced stages, although it was not statistically significant. This
highlights that other mechanisms besides TIMP-1 downregulation could
be responsible for the increased MMP-9 activity observed at the post-
plaque stage. For example, pro-inflammatory mediators and reactive
oxygen species are known to induce and increase MMP-9 activity
(Bugno et al., 1999; Gottschall and Yu, 1995; Gottschall et al., 1995; Gu
et al., 2002; Pagenstecher et al., 1998). Interestingly, at post-plaque
stages, McGill transgenic rats exhibit increased expression of soluble
pro-inflammatory mediators together with a well-established, persistent
astrogliosis and recruitment of activated microglia to Aβ-burdened
neurons (Hanzel et al., 2014). Thus, it is possible that the increased
activation of MMP-9 in transgenic rats is partly due to the combined
presence of CNS inflammation and the small reduction in TIMP-1 ex-
pression.

Taken together, these results are evidence of a marked

Fig. 7. Impact of NGF-metabolic deficits on the cholinergic phenotype. Quantification of
VAChT-labeled cholinergic boutons was done by immunohistochemistry and computer-
assisted image analysis. (Upper panel) Representative micrographs illustrating dimin-
ished VAChT-labeled cholinergic boutons in cortex and hippocampus of old transgenic
rats. (Lower panel) Quantification of VAChT-immunoreactive varicosities expressed as
bouton density per imaging field of 30,000 μm2. *p < 0.05, student t-test. Graphs il-
lustrate mean ± SEM. Note the progressive loss of cholinergic presynaptic boutons in
both cortex and hippocampus at late stages of AD-like amyloid pathology in McGill APP
transgenic rats.
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dysregulation of the NGF metabolic pathway in the cerebral cortex of
the McGill-R-Thy1-APP transgenic rats, similar to that previously found
in the brains of Alzheimer's disease patients (Bruno et al., 2009a) and in
demented individuals with Down syndrome (Iulita et al., 2014b), as
recently reviewed (Iulita and Cuello, 2014; Iulita and Cuello, 2016).
Defective NGF metabolism may explain the increase in proNGF in the
absence of changes in NGF mRNA. Consistent with our study, 3xTg-AD
mice exhibit proNGF accumulation in cortex and cholinergic deficits,
evidenced by reduced ChAT activity in the hippocampus and in the
medial septum (Perez et al., 2011).

The changes in proNGF proteases and regulators were detected in
middle-aged (13–15 months) and old (18–21 months) McGill APP
transgenic rats, when extensive intracellular Aβ and extracellular
amyloid plaques are present. However, it is important to note this does
not necessarily rule out the possibility that changes in NGF metabolism
appear at early pre-clinical stages in human pathology. Individuals with
MCI present a very similar neuropathological phenotype to that of
Alzheimer patients, with abundant amyloid plaque deposits and neu-
rofibrillary tangles (which are absent in this transgenic model), as well
as increased proNGF (Peng et al., 2004) and MMP-9 activity (Bruno
et al., 2009b). Therefore, although NGF deficits appeared at late stages
of amyloid pathology in the rat, it is likely that such changes manifest
earlier in humans, perhaps even prior to MCI.

Despite an absence of changes in tPA, plasminogen, and neuroserpin
at the pre-plaque stage, proNGF was found to be increased at this early
time point (mainly mediated by an increase in 6 month-old rats). These
findings raise the possibility that other processes could also participate
in proNGF accumulation. In line with this, Scott and colleagues have
demonstrated that increased NGF-like immunoreactivity in cortex and
hippocampus of Alzheimer's disease patients is coupled with decreased
NGF-like immunoreactivity in nucleus basalis, suggesting that impaired
retrograde transport may be responsible (Scott et al., 1995). In genetic
models of Down syndrome, which exhibit APP triplication, a reduction
in the transport of radiolabeled NGF (injected into the hippocampus
and measured in the septum) is evident in parallel with cholinergic
neuron degeneration (Salehi et al., 2006). Given that the retrograde
flux of fluorolabeled proNGF in cultured sensory neurons is similar
-albeit initially slower- to that of mature NGF (De Nadai et al., 2016),
one could hypothesize that impaired retrograde transport could also
contribute to proNGF accumulation. This remains to be tested in vivo in
the context of basal forebrain cholinergic neuron degeneration. Fur-
thermore, other proteases besides plasmin may participate in proNGF
maturation, for example, proprotein convertases (Mowla et al., 1999).
Thus, we investigated whether the early rise in proNGF may be due to a
failure in its intracellular furin-mediated conversion. Although we
found a trend for a reduction in furin mRNA levels in young rats, these
changes were only significant at advanced pathological stages. This
finding strengthens the idea that other intracellular or extracellular
proteases, which may be released with proNGF in an activity-dependent
manner, could participate in proNGF maturation, warranting future
studies on NGF processing and release ex vivo.

The biological relevance of dysregulated neurotrophin metabolism
in amyloid pathologies is best understood in terms of the trophic de-
pendency of CNS cholinergic neurons. First, since BDNF is known to
regulate synaptic plasticity and cholinergic enzyme expression in rat
septal neurons (Klein et al., 1999; Knusel et al., 1991; Nonomura and
Hatanaka, 1992), decreased BDNF expression early in the disease pro-
cess may compromise cholinergic synaptic function. Second, defective
maturation of proNGF would progressively deprive forebrain choli-
nergic neurons of trophic support and thus, further impact the main-
tenance of their cholinergic phenotype.

Additional studies will be required to differentiate the effects of
decreased BDNF expression and increased proNGF on cholinergic sy-
napses, particularly at younger ages. Nevertheless, the results of this
study are in line with the finding that the localized cortical inhibition of
plasmin activity (precluding proNGF maturation) results in a loss of

cortical cholinergic synaptic boutons in the treated area (Allard et al.,
2012). They are also in agreement with the observation that short-term
inhibition of tPA activity is sufficient to markedly lower the CNS levels
of endogenous NGF and to increase proNGF levels in the cerebral cortex
of naïve rats (Bruno and Cuello, 2006). As NGF and BDNF are com-
promised in amyloid pathologies (Bruno et al., 2009a; Connor et al.,
1997; Ferrer et al., 1999; Garzon et al., 2002; Hock et al., 2000;
Holsinger et al., 2000; Iulita et al., 2014b; Michalski and Fahnestock,
2003; Peng et al., 2005; Phillips et al., 1991), and as proNGF and BDNF
levels can be regulated by Aβ oligomers (Bruno et al., 2009a; Francis
et al., 2012; Garzon and Fahnestock, 2007), we pose the hypothesis that
Aβ-amyloidosis is sufficient to impair BDNF expression and NGF me-
tabolism and to negatively affect the basal forebrain cholinergic sy-
napse and phenotype. Independently of the above, there is also a direct
action of Aβ-amyloid peptides on forebrain cholinergic neurons that
could explain their vulnerability in Alzheimer's disease. For example, in
in vitro slice preparations Aβ inhibits acetylcholine release and choline
uptake (Kar et al., 1998; Kar et al., 1996), which could affect choli-
nergic synapses. Indeed, in rodent models of amyloid pathology, up-
regulation of cholinergic synapses is observed at pre-plaque stages
followed by a decrease (Bell et al., 2006; Hu et al., 2003; Wong et al.,
1999). This is in line with the cholinergic compromise in human
amyloid pathology, where increased ChAT activity occurs early (in
MCI) (DeKosky et al., 2002) followed by a decrease in Alzheimer's
disease brains (Bowen et al., 1976; Davies, 1979; Davies and Maloney,
1976; Perry et al., 1977; Reisine et al., 1978; Sims et al., 1983).

Although reduced supply of mature NGF due to proNGF dysmeta-
bolism may directly compromise basal forebrain cholinergic neuronal
viability, an additional mechanism further contributing to their de-
generation in Alzheimer's disease could be an imbalance in NGF re-
ceptors. The receptor for NGF (TrkA) progressively decreases in MCI
and Alzheimer's disease (Counts et al., 2004; Ginsberg et al., 2006;
Mufson et al., 2012; Mufson et al., 2000). The causes for this pro-
gressive loss remain elusive; however given that TrkA mRNA expression
is sustained by the presence of NGF (Figueiredo et al., 1995; Venero
et al., 1994), such reduction in TrkA levels may be attributed to the
compromise of the NGF metabolic pathway (i.e. impaired proNGF
maturation). As TrkA decreases, proNGF accumulation occurs in the
presence of elevated levels of p75NTR (Mufson et al., 2007). It has been
demonstrated in vitro that proNGF biological activity switches from
neurotrophic (Buttigieg et al., 2007; Clewes et al., 2008; Fahnestock
et al., 2004) to apoptotic in embryonic cells as the balance of receptors
shifts from TrkA to p75NTR (Masoudi et al., 2009). Thus, in the adult
human brain, where proNGF is the dominant form of NGF detected
(Fahnestock et al., 2001), cholinergic degeneration may coincide with
impaired proNGF metabolism, reduced binding to TrkA and increased
binding to p75NTR.

It is interesting to note that while transgenic rats exhibit no change
in NGF mRNA even with advanced pathology; BDNF mRNA expression
is reduced, starting at very early stages of intraneuronal Aβ accumu-
lation, when no plaques are present. These results are consistent with in
vitro data demonstrating that soluble oligomeric, but not fibrillar, Aβ
down-regulates BDNF (Garzon and Fahnestock, 2007), and with
transgenic mouse studies demonstrating BDNF downregulation prior to
plaque formation (Francis et al., 2012). These results also support the
concept of toxic intracellular Aβ effects on CNS homeostasis, demon-
strating that extracellular Aβ is not necessary for BDNF loss in vivo.
Consistent with human studies (Buchman et al., 2016; Peng et al.,
2005), reductions in BDNF mRNA correlated with cognitive deficits. For
proNGF, an inverse relation has been reported between its cortical le-
vels and cognitive scores in MCI and Alzheimer's disease (Peng et al.,
2004); and in Down syndrome, the yearly rise in plasma proNGF cor-
related with progressive cognitive decline (Iulita et al., 2016).

The decrease in BDNF mRNA preceded the deregulation of the NGF
metabolic pathway and the decline in VAChT-immunoreactive boutons,
which occur at the post-plaque stage. It should be noted that in some
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transgenic lines (e.g. APP23 mice) an increase in BDNF transcript and
protein has been reported in the vicinity of amyloid plaques (Burbach
et al., 2004; Schulte-Herbruggen et al., 2008). These discrepancies can
be due to the fact that genetic charge and burden of amyloid pathology
may not be comparable between models and across species. The current
rat transgenic model has the lowest genetic charge compared to other
models of cerebral amyloidosis, which are mainly mice. An alternative
explanation could be a biphasic deregulation of BDNF transcript and
protein throughout the evolution of the human amyloid pathology, as
has been seen with cholinergic synapses.

Despite the decrease in BDNF mRNA, no loss of mature BDNF or
proBDNF protein was found. Given that the reduction in BDNF mRNA is
relatively small in this model compared to the approximately 70% re-
duction in late-stage Alzheimer's disease (Holsinger et al., 2000), it is
possible that this is not sufficient to impact BDNF protein levels. Pre-
vious work comparing BDNF mRNA reductions in various transgenic
mouse models (Peng et al., 2009) implicated high-molecular-weight
oligomers in BDNF downregulation. The McGill-R-Thy1-APP rat model
exhibits predominantly trimers rather than larger oligomers (Do Carmo
and Cuello, 2013), which may account for the less profound effect on
BDNF mRNA. Alternatively, the techniques employed may have been
unable to detect small reductions in BDNF protein content in transgenic

rats. In a study using human AD tissue, BDNF mRNA measured by the
highly sensitive qRT-PCR assay used here detected a 34-fold difference
between the lowest and highest tested samples, whereas BDNF ELISA
detected only a 4-fold range in BDNF protein levels in the same samples
(Michalski et al., 2015). In addition, AD post-mortem studies suggest
that mature BDNF is present in lower amounts in the cortex than
proBDNF and decreases much more sharply than proBDNF in the pro-
dromal stages of AD (Peng et al., 2005). Mature BDNF can be formed
extracellularly as a result of activity-dependent secretion of proBDNF
and tPA (via the proteolytic action of plasmin) (Pang et al., 2004).
Therefore, it is likely that the reduction in tPA and associated dysme-
tabolism in plasmin and neuroserpin shown here may also decrease
maturation of BDNF, which would lead to higher levels of proBDNF and
lower mature BDNF. On the other hand, in contrast to NGF which is
degraded by MMP-9 (Bruno and Cuello, 2006), MMP-9 converts pro-
BDNF to mature BDNF (Mizoguchi et al., 2011). Therefore, the increase
in MMP-9 seen here may increase the production of mature BDNF,
negating any decrease caused by loss of tPA.

Multiple pathways are responsible for downregulation of BDNF in
Alzheimer's disease. Only four of the 17 transcripts expressed in the
human cortex are downregulated in Alzheimer's disease, specifically
transcripts I, II, IV and VI (Garzon et al., 2002). Soluble, oligomeric Aβ,

Fig. 8. Schematic representation of NGF and BDNF alterations in McGill-R-Thy1-APP transgenic rats. Before amyloid plaques appear (pre-plaque stage), there is a significant down-
regulation of BDNF mRNA and an increase in proNGF protein in the cortices of young APP rats, while the levels of NGF mRNA are normal (1). As the amyloid pathology advances (post-
plaque stage), an NGF metabolic compromise became evident in middle-aged and old rats (2). Briefly, the dysregulation of the NGF metabolic pathway was characterized by reduced
expression of tPA and higher levels of plasminogen and neuroserpin, suggesting an impaired maturation of proNGF and hence its accumulation. The availability of NGF was further
compromised by the increased activity of MMP-9, its main degrading protease. No significant changes in the expression of its endogenous inhibitor TIMP-1 were detected in this model,
although a trend for a reduction in TIMP-1 mRNA was evident. The biological significance of these alterations was reflected by the downregulation of cortical and hippocampal
cholinergic boutons at advanced stages of amyloid pathology (3). Arrows indicate the dysregulation of BDNF mRNA, proNGF protein and of the enzymes participating in NGF maturation
and degradation.
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but not the fibrillar Aβ found in plaques, downregulates BDNF tran-
script IV, the transcript that accounts for over half of the BDNF ex-
pressed in cortical tissues (Garzon and Fahnestock, 2007). Transcript IV
is therefore the major contributor to BDNF loss in Alzheimer's disease.
Aβ downregulates BDNF transcript IV via a variety of mechanisms
converging on the transcription factor CREB (cyclic AMP response
element binding protein). In in vitro studies, differentiated human
neuroblastoma cells treated with soluble oligomeric Aβ exhibit a re-
duction of CREB transcription, which in turn impacts BDNF expression
(Rosa and Fahnestock, 2015). Consistent with the above, a recent in vivo
study in young, pre-plaque McGill APP transgenic rats revealed that
deficits in associative learning were accompanied by reduced nuclear
translocation and CRE-promoter occupancy of CRTC1, the CREB coac-
tivator, together with reduced expression of synaptic plasticity genes
activated by CREB, such as BDNF, Arc, c-fos and Egr1 (Wilson et al.,
2016; Wilson et al., 2017). Studies in other transgenic models and in
human Alzheimer brains further support a role for Aβ in disrupting
CREB co-activation and CREB-regulated transcription of memory-re-
lated genes (e.g. BDNF) and hence cognition (Espana et al., 2010; Parra-
Damas et al., 2017; Parra-Damas et al., 2014).

In closing, McGill APP transgenic rats exhibit differential dysregu-
lation in NGF and BDNF neurotrophins. At early stages, intraneuronal
Aβ leads to significant reductions in BDNF mRNA expression, which
correlate with learning and memory deficits. At later stages, deficits in
the NGF metabolic pathway could explain the paradoxical upregulation
of proNGF in the absence of changes in NGF mRNA, similar to that
observed in Alzheimer's disease and Down syndrome (Iulita and Cuello,
2014; Iulita and Cuello, 2016; Jette et al., 1994). Compromised BDNF
expression and NGF metabolism would negatively affect the cholinergic
basal forebrain phenotype, resulting in reduction of pre-existing cor-
tical cholinergic synapses, a phenotypic feature tightly regulated by the
supply of endogenous brain NGF (Debeir et al., 1999). A schematic re-
presentation summarizing these alterations is depicted in Fig. 8. Thus,
McGill APP transgenic rats offer a suitable in vivo platform to test novel
therapeutic approaches aimed at correcting NGF-metabolic deficits
and/or BDNF loss in the central nervous system.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nbd.2017.08.019.
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