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Conditional Depletion of Hippocampal
Brain-Derived Neurotrophic Factor
Exacerbates Neuropathology in a Mouse
Model of Alzheimer’s Disease
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Abstract

Damage occurring to noradrenergic neurons in the locus coeruleus (LC) contributes to the evolution of neuroinflammation
and neurodegeneration in a variety of conditions and diseases. One cause of LC damage may be loss of neurotrophic support
from LC target regions. We tested this hypothesis by conditional unilateral knockout of brain-derived neurotrophic factor
(BDNF) in adult mice. To evaluate the consequences of BDNF loss in the context of neurodegeneration, the mice harbored
familial mutations for human amyloid precursor protein and presenilin-1. In these mice, BDNF depletion reduced tyrosine
hydroxylase staining, a marker of noradrenergic neurons, in the rostral LC. BDNF depletion also reduced noradrenergic
innervation in the hippocampus, the frontal cortex, and molecular layer of the cerebellum, assessed by staining for dopamine
beta hydroxylase. BDNF depletion led to an increase in cortical amyloid plaque numbers and size but was without effect on
plaque numbers in the striatum, a site with minimal innervation from the LC. Interestingly, cortical Ibal staining for microglia
was reduced by BDNF depletion and was correlated with reduced dopamine beta hydroxylase staining. These data dem-
onstrate that reduction of BDNF levels in an LC target region can cause retrograde damage to LC neurons, leading to
exacerbation of neuropathology in distinct LC target areas. Methods to reduce BDNF loss or supplement BDNF levels may
be of value to reduce neurodegenerative processes normally limited by LC noradrenergic activities.
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of behaviors such as anxiety, depression, and attention

Introduction (Szabadi, 2013). However, the consequences of LC neur-

It has been well known for almost 50 years that noradre-
nergic (NAergic) neurons located in the brainstem area
known as the locus coeruleus (LC) are damaged or lost in
Alzheimer’s disease (AD). LC neuronal loss of about
25% occurs naturally during aging and is associated
with reductions in central nervous system (CNS) nor-
adrenaline (NA) levels of about 50% in certain brain
regions (reviewed in Mann, 1983). Although LC neuronal
damage is present in other neurodegenerative diseases,
the extent of cell loss in AD has been estimated at up
to about 70% and is among the highest (Chris et al.,
2003). The LC plays important roles in the regulation

onal loss within the context of neuropathology are not
fully known. Experimental manipulation in animal
models of AD show that LC neuronal loss leads to an
exacerbation of AD-type pathology (Kalinin et al., 2007;
Heneka et al., 2010) suggesting a role in limiting disease
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progression. Consistent with this role, numerous studies
in mouse models of AD have shown that interventions
which reduce LC damage or restore NA levels can reduce
various indices of AD pathology including that of glial
cell activation, amyloid burden, and cognitive deficits
(Kalinin et al., 2012; Braun et al., 2014). Taken together,
these findings indicate that methods to reduce LC
damage or enhance NA-signaling pathways should pro-
vide benefit in AD and related conditions. While clinical
trials to directly test this hypothesis have not yet been
carried out, observations that use of adrenoceptor modu-
lators can reduce noncognitive deficits in AD patients
(Peskind et al., 2005; Wang et al., 2009), and that genetic
polymorphisms in NA-relevant genes are associated with
AD risk (Yu et al., 2008; Combarros et al., 2010) are
consistent with this possibility.

To develop means to reduce LC damage, a knowledge
of factors responsible is required. In this regard, the
causes of LC damage are not well known, but LC neu-
rons are speculated to be particularly vulnerable to insult
due to a combination of high bioenergetic need (Sanchez-
Padilla et al., 2014), high-oxidative stress as a byproduct
of NA synthesis (Tekin et al., 2014), large exposure
to blood circulation (Pamphlett, 2014), and sensitivity
to both central and peripheral inflammation (Kaneko
et al., 2005; Hopp et al., 2015). Of interest, one putative
cause of LC damage is a loss of neurotrophic support
from areas to which LC neurons project. Among the
factors with an established role in LC survival is brain-
derived neurotrophic factor (BDNF). It has been shown
that the phenotypic differentiation of LC neurons
requires BDNF (Sabine et al., 2006), and that LC
neuronal number is reduced in mice that lack BDNF
(Luellen et al., 2007) or the BDNF receptor TrkB
(Holm et al., 2003). In addition, experiments utilizing
infusion of BDNF into the cortex (CTX) induces signifi-
cant sprouting of NAergic axon terminals, while infusion
of anti-BDNF results in the opposite (Nakai et al., 20006).
Interestingly, these effects were observed only in aged
19-month-old and not younger 13-month-old rats, sug-
gesting that BDNF functions to maintain NAergic con-
nections specifically in the context of aging. It has been
reported that CNS NA levels and NAergic projections
are increased with aging (Raskind et al., 1999;
Matsunaga et al., 2004; Matsunaga et al., 2006) despite
a decline in LC cell number (Manaye et al., 1995). Thus,
BDNF may be required to maintain these compensatory
increases in NAergic innervation.

The above studies demonstrate that BDNF can influ-
ence parameters of NAergic innervation, suggesting that
loss of BDNF in LC projection areas will adversely affect
NAergic signaling. In support of this, the LC strongly
innervates the CTX and hippocampus (HC), where
BDNF levels are substantially decreased in AD

(Connor et al., 1997). In addition, postmortem observa-
tions of AD show that degeneration occurs preferentially
in the rostral and central portion of the LC, areas with
neurons projecting to HC and CTX (Marcyniuk et al.,
1986). Further support comes from studies in aged AD
model mice, where LC neuronal atrophy, an indicator of
cellular stress, is restricted to regions projecting to HC
and CTX (German et al., 2005). Whether targeted disrup-
tion of BDNF in LC projection areas leads to LC damage
has not been directly tested.

The causes of BDNF loss are also not well known;
however, the fact that NA signaling increases BDNF
expression (Chen et al., 2007; Juri¢ et al., 2008, and
that drugs which increase NA increase BDNF expression
in vivo (Kalinin et al., 2012), raises the possibility of a
feedback loop for LC damage: Declining neurotrophic
support exacerbates LC stress and NAergic dysfunction,
which in turn exacerbates target field BDNF depletion,
resulting ultimately in substantial LC damage and
NAergic denervation. To address this possibility, we
have examined the consequences of targeted depletion
of HC BDNF on LC damage within the context of AD
pathology. Our results show that loss of BDNF from one
LC target region reduces NA biosynthetic enzymes both
within the LC as well as other terminal fields and also
leads to increased indices of AD-type pathology (inflam-
mation, amyloid burden) in distinct LC-target areas.
Together these findings provide a mechanism that can
help account for dissemination of pathology throughout
the CNS.

Methods and Materials
Materials

All general laboratory reagents were obtained from
Sigma Chemical Company (St. Louis, MO, USA).

Animals

The BDNF™AE mouse line was obtained from JAX
Mice (Jackson Laboratory, Bar Harbor, ME, USA).
These mice (referred herein as BDNF7) contain a
BDNPF transgene with the protein-coding exon V flanked
by loxP sites, originally generated by Jaenisch and
coworkers (Rios et al., 2001). The BDNF”" mice were
originally derived from strain 129S4/SvJae, inbred
over 15 generations, then bred for 2 generations into
C56BL/6 mice (Charles River, Wilmington, MA, USA).
The SXFAD mice (Ohno et al., 2004) express 3 mutations
in the amyloid precursor protein (APP) and 2 mutation in
presenilin-1 (PS1) and have been maintained for over 10
generations on a C57BL/6 background. BDNF' mice
were crossed with 5XFAD mice to generate pups
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Figure 1. Experimental design of brain-derived neurotrophic factor depletion.

(a) WT (BDNF": 5XFAD™"7) and 5XFAD (BDNF": 5xFAD ™) mice were injected in the CAl and CA3 regions (Bregma coordinates
—2.9mm A/P, +2.8 mm M/L, —2.5 and —4.0 mm D/V) of the HC with two | -pL injections of | x 10° GC/uL AAV9-CMV-GFP virus into the
left HC, and two | -pL injections of | x 10° GC/uL AAV9-CMV-GFP-Cre virus into the right HC. (b) Representative section showing GFP
fluorescence localized to the HC at 4 weeks after injection into a BDNF”: 5XFAD ™'~ mouse with AAV-CMV-GFP.

Ctx=cortex; LV =lateral ventricle; Th=thalamus; Sub=subiculum; Fi=fimbria of the hippocampus; CC =corpus callosum;

DG =dentate gyrus.

heterozygous for both the BDNF floxed allele and the
SXFAD transgenes. These mice were then backcrossed
with homozygous BDNF"" mice to generate ~25%
5XFAD (5XFAD™™): BDNF"' mice. Genotyping was
performed when mice were 3 weeks of age using purified
genomic DNA isolated from tail, with recommended
protocols (Jackson Laboratory, Bar Harbor, ME,
USA). All animals were housed 3 to 5 animals per cage,
fed ad libitum, and maintained on a 12:12 hr light dark
cycle. Mice were aged 7 to 7.5 months at time of surgery
and allowed to survive for another 4 weeks before sacri-
fice and brain tissue analysis.

Viruses

Adeno-associated viruses, serotype 9 (AAV9), were
obtained from Penn Vector Core at the Perelman School
of Medicine at the University of Pennsylvania. For knock-
out (KO) studies, AAV9.CMV HI.eGFP-Cre. WPRE.SV40
(AAV-Cre), directing expression of bacterial Cre recombin-
ase (catalag # AV-9-PV2004) attached to the fluorescent
reporter molecule enhanced green fluorescent protein
(eGFP) was chosen for its broad tropism, ability to diffuse
into a relatively large area, and low-inflammatory induction
(Karra and Dahm, 2010; Aschauer et al., 2013). The
cytomegalovirus (CMYV) promoter was chosen since it
is expressed in a variety of cell types. For control injections,
AAV9.CMV.PL.eGFP.WPRE.bGH (catalog  #AV-
9-PV0101) directing expression of the same eGFP (AAV-
GFP) was used. Immediately before use, viruses
were diluted 1:10 in sterile phosphate buffered
saline (PBS), for a final titer of approximately 1 x 10° gen-
ocopies per pl.

Stereotactic Injection of AAV

5XFAD:BDNF"! mice were aged 7 to 7.5 months at time
of injection. Animals received unilateral injections of
either AAV-GFP or AAV-Cre. Animals were injected
with AAV-GFP into the left HC and AAV-Cre into the
right HC (Figure 1(a)). Animals were anesthetized with
intraperitoneal injections of 100/10 mg/kg ketamine/xyla-
zine and given 0.1 mg/kg buprenorphine subcutaneously
for pain management. Depth of anesthesia was assessed
via toe-pinch. The mice had their heads shaved and
restrained in a stereotaxic frame with mouse adapter
(Stoeltling, Wood Dale, IL). Sterile Bausch & Lomb
erythromycin ophthalmic ointment (0.5%) was applied
to the eyes to keep them from drying out, and their
heads cleaned with 70% ethanol. A small incision was
made in the skin down the midline of the cranium, expos-
ing the skull landmarks lambda and Bregma. Hydrogen
peroxide was used to clean the top of the skull. Target
injection coordinates were mapped from Bregma, and a
small hole drilled through the skull directly above target
sites with a bone drill. Each HC of each animal received
two 1-uL injections, into areas CAl and CA3. CAIl
coordinates were —2.9mm A/P, £ 2.8mm M/L, and
—2.5mm D/V. CA3 coordinates were the same, except
the D/V depth was —4mm. Injection rate was 0.2 pL
per minute, for a total of Smin per injection, and the
needle left in place for I-min postinjection. After injec-
tions, the incision was sutured and Neosporin applied.
Animals recovered on heating pads until awake and
monitored 1, 2, 7, and 10 days postsurgery. All surgeries
were performed with IACUC approval. The animals were
allowed to survive for 4 weeks postinjection to allow viral
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expression and BDNF depletion, then sacrificed for histo-
logical processing of brain tissue.

Tissue Collection

Four weeks after viral injection, animals were asphyxiated
with carbon dioxide in a rodent euthanasia chamber and
transcardially perfused with PBS, followed by 4% paraf-
ormaldehyde. Brains were removed and postfixed in 4%
paraformaldehyde for 48 hr, followed by 2 days in 30%
sucrose solution for cryoprotection. Samples were then cut
down the midline, and each hemisphere embedded separ-
ately in Tissue-Tek optimum cutting temperature com-
pound, rapidly frozen in isopentane cooled to —55°C,
and stored at —80°C until ready for sectioning.

Histo- and Immunohistochemistry

Frozen sections were cut to 25 pm. Sections were placed in
freezing solution (PBS, 40% ethylene glycol, 30% gly-
cerol) at —20°C until ready for subsequent staining.
Prior to staining, sections were washed 3 x in PBS for
Smin each. Sections were incubated in blocking solution
(PBS with 0.1% Triton X-100 and 5% normal donkey
serum) for 1 hr. Primary antibodies used were rabbit poly-
clonal against BDNF (catalog # sc-546, Santa Cruz
Biotechnology, Dallas, TX, USA; 1:250 dilution), rabbit
polyclonal against tyrosine hydroxylase (TH; catalog #
P40101-150, PelFreez, Rogers, AR, USA; 1:1000 dilu-
tion), goat polyclonal against dopamine beta hydroxylase
(DBH; catalog # sc-7486, Santa Cruz Biotechnology,
Dallas, TX, USA; 1:250 dilution), rabbit polyclonal
against Ibal (Wako, Richmond, VA, USA; 1:1000 dilu-
tion), and rat monoclonal against Glial fibrillary acidic
protein (GFAP; B2.210, Trojanowski et al., 1986, 1:1000
dilution). Sections were incubated overnight at 4°C in pri-
mary antibody, washed 3x in PBS for 5min each, and
then incubated in Rhodamine Red-X or fluorescein-con-
jugated secondary antibodies (Vector Laboratories,
Burlingame, CA, USA) diluted 1:100 in blocking solution.
Negative control sections were prepared in identical
manner but without the primary antibody. Sections were
counterstained  with  4/,6-diamidino-2-phenylindole
(DAPI) and either mounted with Vectashield® H-1000
mounting medium (Vector labs) or subsequently stained
with Thioflavin S (ThioS). ThioS staining was done by
placing sections in filtered ThioS solution (1% ThioS in
distilled water) for 5min on a shaker, light protected.
They were then washed 2x in 80% ecthanol for Smin
each and coverslipped with Vectashield H-1000 as earlier.
Sections stained for DBH underwent primary staining as
earlier but with biotin-conjugated secondary antibody for
1 hr, followed by another hour with streptavidin-conju-
gated Alexa Fluor® 568. The DBH sections were subse-
quently stained with ThioS.

Image Acquisition and Analysis

TH staining intensity was quantified in three sections per
mouse from three different mice, the sections contained
both the rostral and caudal portions of the LC. Matched
sections (one set derived from the left AAV-GFP injected
side, the other set from right AAV-Cre injected side) were
obtained from the same mice, aligned by the sectioning
distance from midline, and refined by blinded side-by-side
anatomical comparisons, including by matching ventricle
size and shape, and morphology of the HC within the
section. The sections were collected consecutively, and
every sixth to seventh section was used for staining
with the same antibody. DPH was quantified as the
number of puncta in three different regions, the HC,
the cerebral CTX, and the cerebellum (CB).
Quantitation in the HC was done in the CAl, CA3,
and dentate gyrus (DG) areas. Quantitation in the
CTX encompassed primarily the frontal association
CTX. Quantitation in the CB was done in the molecular
layer of the ansiform lobule. GFAP and Ibal were quan-
tified as the number of positive-staining cells in the CTX.
The number of ThioS positively stained plaques were
quantified in the CTX and striatum. For DBH, ThioS,
GFAP, and Ibal, staining was quantified in four different
mice, in a total of 8 to 12 sections per side per animal. All
imaging was performed with a Zeiss Axioplan 2 epifluor-
escent microscope, with attached AxioCam MRm
camera. Axiovision software version 4.7 was used for
image acquisition and quantification.

Images for GFAP, Ibal, and DBH staining were col-
lected with a 40x objective, providing a total field of view
of 0.16 mm? of which .09 mm? was captured by the
camera. Images for ThioS staining were collected with a
20x objective, providing a field of view of 0.64 mm?, of
which 0.36 mm? was captured by the camera. One field of
view from each section was quantified; those were
selected to be in the same area of the CTX, HC, and
CB in each of the different sections. Axiovision software
parameters were set to define positive staining versus
background threshold values, obtained from the same
regions in negative control sections (lacking the primary
antibody). For GFAP, Ibal, and TH staining, a cutoff
value of >20 um? was used to identify cells. For counting
of ThioS and DPBH puncate staining, all objects with
staining over background values were counted. Slides
were examined in a blinded manner.

Statistical Analyses and Data Presentation

All statistical analyses were performed using GraphPad
Prism version 7.0. Ratio paired nonparametric 7" tests
were used to compare brain regions in treatment- and
control-matched hemispheres. Correlational analyses
were carried out by nonparametric Spearman analyses.
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Where mean values are reported in the text, the standard
deviation (SD) is reported following the mean.

Results
Targeted Depletion of Hippocampal BDNF

We used stereotactic microinjection to deliver virally
encoded Cre recombinase into BDNF"" mice to allow
localized depletion from the HC in multiple cellular
sources. Examination of GFP fluorescence showed good
coverage of the virus within the HC. GFP was visible
throughout the structure, encompassing the CA1, CA3,
and DG areas, as well as the subiculum and fimbria
(Figure 1(b)). Light staining was observed in the cortical
area dorsal to the CAl region. GFP staining was low or
undetectable outside of these regions. Immunostaining of
sections from AAV-GFP and AAV-Cre injected mice
showed reduced BDNF staining in and around the HC
on the AAV-Cre injected side (Figure 2).

Hippocampal BDNF Depletion Reduces
LC TH Expression

The consequences of HC BDNF depletion on the LC in
SXFAD mice were first examined by staining for TH, the
rate limiting step in NA synthesis, which is expressed in
all mature LC NAergic neurons. Sections containing the
LC from the hemisphere of BDNF": 5XFAD™~ mice
injected with AAV-Cre (BDNF KO sections) were com-
pared with matched sections from the contralateral LC
(control sections; Figure 3). Immunostaining for TH
showed reduced staining in the rostral LC (Figure 3(a))
but not in the caudal portion of the LC (Figure 3(b)).
Quantitative analysis confirmed the rostral LC had a stat-
istically significant decline (27%) of average intensity of
TH staining in BDNF KO sections compared with

controls (Figure 3(c)), while a smaller decrease (roughly
25%) in the caudal LC did not reach statistical signifi-
cance (Figure 3(d)).

Effect of Hippocampal BDNF Depletion on
NAergic Innervation

Reduced LC TH expression could reduce NAergic
innervation to target areas. To test this, sagittal sections
from control and BDNF KO hemispheres from 5XFAD
mice were stained for DBH, a marker of NAergic projec-
tions (Figure 4). Quantitative analysis showed that the
total DBH staining combined from the CAl, CA3, and
DG hippocampal regions was significantly reduced (from
505+ 226 to 308 + 158 puncta, control and BDNF KO,
respectively; Figure 4(d)). Analysis of individual HC sub-
regions revealed a trend toward reduced puncta in the
CAIl region (p=.057, paired ¢ test; Figure 4(e)) and
lesser changes in the CA3 and DG regions.
Interestingly, DBH puncta were also reduced by BDNF
depletion in the CB (decreasing from 2023 +£450 to
1188 £356 puncta; Figure 5(a) and (b)) and frontal
CTX (decreasing from 224+125 to 99427, p=.051,
paired ¢ test; Figure 5(c) and (d)). In contrast to the
5XFAD mice, BDNF depletion did not decrease DH
staining relative to the control sections in wild type
(WT) mice, either in the HC (Figure 6(a) and (b)) or in
the CB (Figure 6(c)). Comparison of total DBH staining
shows a significant increase in the SXFAD compared
with WT mice (Figure 6(d)).

Effect of Hippocampal BDNF Depletion on
Amyloid Plaque Load
Reduced NAergic innervation and consequent reduced

NA release could exacerbate AD-type pathology in the
SXFAD mice. To test this, amyloid plaque burden was

(a)
Control

(b)
BDNF KO

Figure 2. Four-week viral expression depletes hippocampus brain-derived neurotrophic factor.
Representative images of BDNF staining in the HC from (a) AAV-GFP injected (control) and (b) AAV-Cre injected (BDNF KO) BDNF":

5XFAD '~ mice.
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Figure 3. Hippocampus brain-derived neurotrophic factor depletion reduces tyrosine hydroxylase staining in the rostral LC.

Representative images of TH staining in the (a) rostral and (c) caudal aspects of the LC of BDNF”: 5XFAD*'~ mice injected with AAV-Cre
on one side (BDNF KO), and AAV-GFP on the contralateral side (control). (b) and (d) Quantitation of TH staining intensity shows a
decrease in the (b) rostral LC ipsilateral to the site of BDNF depletion. Data are mean &= SEM, n =3 matched pairs, three sections per

ipsilateral, and three sections per contralateral LC.
*p < .05, Students paired t test.

assessed by ThioS staining for dense core plaques. The
frontal CTX was chosen as an area that has substantial
NAergic innervation from the LC as well as significant
plaque pathology in SXFAD mice. In the CTX, the aver-
age number of plaques per field of view increased from a
mean of 15.3 £ 3.4 in control to 22.3 £ 6.6 (Figure 7(b)) in
BDNF KO hemispheres; and the average plaque size
increased from 30.2+2.6 to 38.4+ 3.3 um” (Figure 7(c)).
In contrast, in the striatum, which does not receive
NAergic innervation from the LC, there was no significant
difference in plaque number between control and BDNF
KO hemispheres (Figure 7(d)). These data support an
indirect effect of HC BDNF depletion on cortical plaque
pathology, mediated via damage to the LC.

Hippocampal BDNF Depletion Alters
Microglial Activation

Both astrocytes and microglia influence plaque clearance
and respond to NA, suggesting that increased plaque
load could be due to reductions of LC signaling to glial
cells which can reduce amyloid levels via phagocytosis or
production of proteases involved in amyloid degradation.
To test this, CTX sections were stained for GFAP to label
astrocytes (Figure 8(a) and (b)) and Ibal to label micro-
glia (Figure 8(c) and (d)). While there was no significant
effect of BDNF depletion on the number of GFAP+

stained astrocytes, we observed a significant decrease in
the number of Ibal+ stained microglial cells (decreasing
from 1148+466 to 583+158). Comparison of the
number of Ibal+ cells to the number of DBH puncta in
the CTX, using data from both the control and the
BDNF KO sections (Figure 8(e)), shows a strong positive
correlation, suggesting that microglia cell numbers or
activation state (regardless of BDNF content) is depen-
dent upon NAergic innervation.

Discussion

Results from this study show that depletion of BDNF
from a target site of LC innervation leads to damage to
NAergic neurons within the LC, as well as to secondary
consequences in distinct LC target regions (CTX, CB),
including significant reductions in NAergic innervation,
increases in amyloid burden, and a reduced number of
Ibal positively stained microglial cells. As illustrated in
Figure 9, the causes of HC BDNF loss may be experi-
mental as in the current study, or due to other factors
such as environmental toxins, other genetic variations, or
to the disease process itself. The loss of neurotrophic sup-
port to the LC results in reduced NAergic signaling,
which ultimately influences glial functions throughout
the CNS. At 4 weeks after viral delivery, immunostaining
for BDNF in the HC showed a large reduction in staining
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Figure 4. Effect of hippocampus brain-derived neurotrophic factor depletion on noradrenergic innervation in hippocampus.

Representative images of HC areas CAl (a), CA3 (b), and DG (c) from AAV-GFP injected (left, control) and AAV-Cre injected (right, BDNF
KO) sides of BDNF”: 5XFAD™~ mice. (d) to (g) Quantitation shows a significant reduction in total DBH (combined staining from the three
regions) on the BDNF KO side (d), while in the individual subregions BDNF depletion caused an almost-significant reduction in DH
staining in CAl (e), and nonsignificant reductions in areas CA3 (f) and DG (g). Data are mean & SEM, n =4 matched pairs, 8 to |12 sections

per side per animal.
*p < .05, Student’s paired t test.

in both cellular elements as well within the intercellular
spaces, consistent with reduced BDNF expression and
export. Although we did not carry out a quantitative
analysis of BDNF protein depletion (due to limited num-
bers of sections available), there is substantial evidence
that microinjection of AAV virus expressing Cre recom-
binase under control of a CMV promoter will efficiently
lead to excision of floxed genes. The BDNF" mice used
in the current study (Bdnf "2%) have been used by
others and shown that the BDNF floxed exon is effi-
ciently excised in the presence of Cre recombinase. The
mice were originally used to cross to a CamK?2a-Cre
mouse which deleted BDNF throughout the brain from
birth (Rios et al., 2001) and assessed for changes in vari-
ous indices of anxiety. In that study, excision of the floxed
BDNF allele was confirmed by northern blot analysis
showing reductions in BDNF mRNA in different brain
regions. The same mice were used to examine the effects

of HC BDNF deletion on learning and fear responses,
accomplished by microinjection of a lentivirus expressing
Cre recombinase under control of the CMV promoter
into the HC (Heldt et al., 2007), and excision was con-
firmed by in situ hybridization for BDNF mRNA.
Microinjection of other virally expressed Cre recombin-
ases into the HC has been done numerous times, demon-
strating that this method can efficiently induce excision of
floxed genes. One of the first reports of using this method
was stereotactic injection of an AAV-CMV-Cre into the
HC to activate b-galactosidase expression in Rosa26
reporter mice (Kaspar et al., 2002; Ahmed et al., 2004),
without appearance of any obvious toxic effects. Those
studies also showed that the AAV vector infects both
neurons and glial cells, although neurons were more
strongly labeled. Similarly, AAV-CMV-Cre delivery via
microinjection into the HC has been used to delete target
genes including the leptin receptor B which was
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Figure 5. Hippocampus brain-derived neurotrophic factor depletion reduces noradrenergic innervation in cerebellum and cortex.
(a) Representative images of CB contralateral (left, control) and ipsilateral (right, BDNF KO) to site of BDNF depletion in BDNF”"
5XFAD ™™ mice. (b) Quantitation shows a significant decline in DBH puncta in the BDNF KO CB compared with the control CB. (c)

Representative images of frontal CTX contralateral (left, control) and ipsilateral (right, BDNF KO) to site of BDNF depletion in BDN

Ff/f:

5XFAD ™~ mice. (d) Quantitation shows an almost significant decline in DPH puncta in the BDNF KO versus the control CTX. Data show
mean £ SEM, n=4 matched pairs, 8 to |12 sections per side per animal.

Student’s t test, *p <.05.

confirmed by reverse transcription polymerase chain
reaction analysis of hippocampal mRNA for the deleted
exon (Guo et al., 2013); and for the A2AR which was
confirmed by polymerase chain reactionas well as recep-
tor binding (Wei et al., 2014). Based on these findings,
others have used similar methods and relied upon either
the presence of AAV-encoded GFP fluorescence or of the
appearance of downstream events as evidence of gene
deletion. Injection of AAV-CAG-T2A driven Cre recom-
binase into the HC to delete the PTEN gene led to
reduced immunostaining for downstream targets of
PTEN (Yang et al.,, 2015), injection of a lentiviral
CMV-Cre recombinase to delete HC neuroligin blocked
long-term potentiation (Jiang et al., 2010), and injection
of AAV-CMV-Cre-GFP into the HC to delete the ATR
(ataxia telangiectasia-mutated and rad-3-related protein)
gene led to appearance of GFP fluorescence in the HC as
well as alterations in behavior (Onksen et al., 2012).
Together with our observations of alterations in LC TH
staining, amyloid plaque numbers, and microglial Ibal
staining in the AAV-CMV-Cre versus the AAV-CMV-
GFP injected hemispheres, we conclude that Cre-
mediated BDNF depletion accounts for the changes
observed.

Reduced TH staining was observed in the rostral, with
smaller reductions observed in the caudal area of the LC.

This may be expected since NAergic neurons in the ros-
tral LC project primarily to the HC. The loss of TH
staining suggests that LC neurons are damaged by lack
of BDNF support; consistent with this we observed that
the number LC NAergic projections were also reduced in
the BDNF KO hemispheres compared with control hemi-
sphere. However, the loss of NAergic innervation was
observed in 5XFAD:BDNF”" mice but not WT mice.
This suggests that in WT mice, BDNF is not a major
factor in maintaining NAergic innervation, or that com-
pensatory mechanisms exist in WT mice that are able to
rescue the effect of BDNF loss. These data also suggest
that SXFAD mice are more susceptible to hippocampal
BDNF depletion than WT littermates and indicate that
loss of NAergic innervation occurs in multiple areas
innervated by the LC, consistent with the presence of
damage throughout the LC nucleus.

We also observed that NAergic innervation in the
5XFAD:BDNF"" mice was significantly greater than
that in the WT mice, suggesting that AD-type pathology
in the SXFAD mice leads to a compensatory increase in
innervation. These results are consistent with a previous
study (Matsunaga et al., 2004) where BDNF depletion
only affected innervation in aged animals who had
increased innervation and suggests that BDNF plays a
role in maintaining the enhancement of NAergic
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Figure 6. Hippocampus brain-derived neurotrophic factor depletion does not alter noradrenergic innervation in wild type mice.

(a) Representative images of AAV-GFP injected (left, control) and AAV-Cre injected (right, BDNF KO) HC from a WT (BDNF": 5XFAD ™)
mouse, stained for DBH. (b) Quantitation of DPH staining shows no change in the HC due to BDNF depletion. (c) Quantitation of DH
staining in the CB of the same mice also shows no difference in D3H staining. Data show mean 4= SEM, n =4 matched pairs, 8 to 12 sections
per region per animal. Results of student’s paired t tests are nonsignificant. (d) Comparison of D3H staining in HC of WT to 5XFAD mice,

n=3 per group, 8 to |2 sections per region per mouse.
*p < .05, Student’s paired t test.

innervation that occurs in aged animals. The precise
causes of increased innervation are not known but may
be due to the fact that the LC is highly plastic in response
to injury (Fritschy and Grzanna, 1992), and plaque
deposition itself can lead to increased or aberrant
axonal sprouting (Phinney et al., 1999).

The 5XFAD:BDNF"" mice also displayed decreased
NAergic innervation in remote regions despite local
depletion of HC BDNF. In the CTX, there was a non-
significant reduction in DBH staining along with signifi-
cant reductions in TH staining in the rostral LC, which
should contain cells providing NAergic input to both the
HC and CTX. These data are consistent with two mutu-
ally inclusive alternative possibilities: The first is that the
HC projects to (Jay and Witter, 1991) and delivers BDNF
to CTX, so depletion of HC BDNF results in reduced
CTX BDNEF. Alternatively, HC BDNF depletion may
damage LC neurons that also innervate other regions
due to extensive collateralization of LC neurons
(Aghajanian et al., 1977; Foote and Morrison, 1987). In
this way, targeted BDNF depletion in one area could
broadly stress LC neurons throughout the nucleus. In
an attempt to distinguish further between the two possi-
bilities, the CB was included for analysis as a region that

should not be directly affected by hippocampal BDNF
depletion. Interestingly, DBH staining was reduced in
this area as well. Since the LC also innervates the CB,
these data imply that remote changes in NAergic innerv-
ation are due to damage within the LC proper.

BDNF Depletion Damages the LC/INA System and
Enhances AD-Type Pathology

We found that BDNF depletion from the HC led to a
significant increase in amyloid plaque burden in the CTX,
as compared with the control hemisphere. An increase in
plaque burden is consistent with the effects of LC/NA
depletion observed in other models, which has been
attributed to increased inflammation of surrounding
glial cells (Jardanhazi-Kurutz et al., 2011), altered amyl-
oid processing (Jardanhazi-Kurutz et al., 2010), reduced
levels of metalloproteinases responsible for AB degrad-
ation (Kalinin et al., 2007, 2012), and reduced microglial
phagocytosis of AP plaques (Heneka et al., 2010).
Whether some or all of these mechanisms account for
our findings remains to be determined; however, our
data indicate the latter effect may play a role.
Significantly, we observed a decrease of Ibal stained
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Figure 7. Hippocampus brain-derived neurotrophic factor depletion increases plaque load in cortex.

(a) Representative sagittal images from the contralateral (left, control) and ipsilateral (right, BDNF KO) frontal CTX relative to the site of
BDNF depletion, stained for plaques using Thioflavin S. Quantitation shows that both (b) plaque number and (c) plaque size were
significantly increased in the BDNF KO CTX. In contrast, BDNF depletion did not alter plaque load in the striatum (d). Data show
mean £ SEM, n=4 matched pairs, 8 to |12 sections per side per mouse.

*p <.05. **p < .01, Student’s paired t test.

microglia in the same region where increased amyloid
plaques were seen. The cause of the reduced Ibal stain-
ing is not known; however, NA is known to enhance
microglial migration to, and phagocytosis of, AP pla-
ques (Heneka et al., 2010; Kalinin et al., 2012). The
strong correlation between DPH staining and Ibal
staining supports the idea that NAergic innervation is
also required for microglial survival or maintenance.
However, it is also possible that hippocampal BDNF
depletion directly influences microglial activation, since
BDNF has been shown to cause an inflammatory
response in microglia (Jiang et al., 2010). The decline
in microglial activation may therefore also be due in
part to decreased delivery of BDNF to the CTX from
the HC. However, the finding that plaque pathology in
the striatum, a region that accumulates plaques but
does not receive much or any LC innervation
(Rudelli et al., 1984; Ferrucci et al., 2013) was not
influenced by BDNF depletion supports the notion
that NAergic mechanisms play a role.

Our results show that loss of HC BDNF led to an
increase in cortical amyloid plaque numbers. The conse-
quences of BDNF deficiency on AD-type pathology have
been reported carlier. In SXFAD mice, hemizygous KO
of TrkB worsened HC-dependent memory tasks (Devi
and Ohno, 2015), while in APPswe/PS1dE9 transgenic

mice (APdE9), overexpression of TrkB.T1, a truncated
inactive form of TrkB, increased spatial memory impair-
ment while the overexpression of TrkB.TK alleviated it
(Kemppainen et al.,, 2012; Rantamaki et al., 2013).
However, in contrast to our findings, in neither study
did the authors observe differences in amyloid burden,
AP concentrations, or amyloidogenic processing of amyl-
oid precursor protein. A lack of effect of BDNF defi-
ciency on amyloid burden (as well as tau pathology)
was also observed in triple transgenic 3XTg-AD mice
that had hemizygous KO of BDNF (Castello et al.,
2012). The causes for this discrepancy are not clear; how-
ever, significant differences exist between the studies. In
the TrkB (Devi and Ohno, 2015) and BDNF (Castello
et al., 2012) KO studies, the gene KO was neither tissue
nor cell specific, but was global, and was present from
earliest development through adulthood, allowing for
compensatory events to occur. In our study, BDNF
depletion occurred only in the HC, and in adult mice
therefore minimizing compensatory responses. In the
TrkB KO study, the SXFAD mice were examined at 4
to 5 months, a time there is significant, but not maximal
amyloid deposition; in our study, mice were 7.0 to 7.5
months, a time at which amyloid deposition is signifi-
cantly greater. We propose that lack of HC BDNF
reduces BDNF signaling at TrkB receptors on LC
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Figure 8. Hippocampus brain-derived neurotrophic factor depletion reduces microglial activation in cortex.

Representative sagittal images from the contralateral (left, control) and ipsilateral (right, BDNF KO) frontal CTX relative to the site of
BDNF depletion, showing immunostaining for astrocyte marker GFAP (a) and microglial marker Ibal (c). Quantitative analyses for number
of GFAP (b) and Ibal (d) positively stained cells show a decrease of Ibal staining in the BDNF KO CTX. Data show mean &= SEM, n=4
paired samples, 8 to |12 sections per side per mouse. *p < .05, Students paired t test. (e) The number of Ibal + cells was compared with the
number of DH puncta counted in the same sections, from both the control (filled circles) and the BDNF KO (open circles) cortices.
Correlation analysis of the entire data set revealed a significant positive correlation, Pearson’s r=0.93, p =.0008.
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Figure 9. Schematic illustrating brain-derived neurotrophic factor depletion effects on Alzheimer’s disease-type pathology.

The image shows a sagittal section from a 5XFAD mouse stained with thioflavin S to detect amyloid plaques. BDNF produced in the
hippocampus is retrogradely transported to neuronal cell bodies in the locus coeruleus (LC) where it provides neurotrophic support. The
LC normally provides NAergic innervation to all parts of the CNS, which regulates microglial functions, including phagocytosis, as well as
production of pro-inflammatory factors. In the context of disease (in this case AD-type pathology), the LC neurons are damaged due to
reductions in HC BDNF levels due to introduction of AAV-CMV-Cre into BDNFf mice, or to other genetic, environmental, or disease-
related causes. This in turn decreases NAergic signaling, which reduces microglial (and astroglial) phagocytosis of amyloid.
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neurons having terminals within the HC leading to LC
damage, a possibility supported by our findings that
ThioS staining was increased in the CTX but not in the
striatum, a region which does not receive significant
NAergic innervation. If so, it may be that in the other
studies genetic depletion of BDNF or TrkB did not result
in significant LC damage, dysfunction, or loss of NAergic
signaling to the CTX. Similarly, in mice where TrkB.T1
was overexpressed, the promoter (Thyl) would be to
direct expression to CTX and HC neurons but not to
LC neurons which explain lack of LC damage.

The current experimental design was such that each
animal served as its own control. Since LC projections
to HC are both ipsilateral and contralateral, there are
some effects of BDNF depletion on the contralateral
hemisphere. The LC projections are primarily ipsilateral,
however, and it has been estimated from tracer studies
that only about 7% to 15% of projections to the HC are
contralateral (Ader et al., 1980; Room et al., 1981).
Furthermore, within the hippocampal formations,
BDNF transport experiments have shown that little if
any BDNF moves contralaterally across hemispheres
(DiStefano et al., 1992). In any case, the effect of such
contralateral actions would be to reduce the effect size
observed between control and BDNF KO hemispheres.
A second concern is that the AAV virus itself can be
anterogradely or retrogradely transported (Castle et al.,
2014). The majority of such transport would likely occur
within the HC; however, virus could also move outside of
this region. The fact that the GFP signal was largely
undetected outside of the body of the HC suggests that
viral transport and BDNF depletion outside of the HC
was minimal.

The current study supports the idea that the LC/NA
system is a viable target for ameliorating AD path-
ology, and that current efforts testing small-molecule
modulators of BDNF receptors may be of value.
There is substantial preclinical evidence that BDNF
itself (Arancibia et al., 2008; Nagahara et al., 2009)
or synthetic TrkB ligands provide therapeutic benefit
in the AD context (Nagahara et al., 2009). The TrkB
agonist 7,8-dihydroxyflavone (DHF), for example, pro-
vides substantial benefit in several mouse models of AD
(Devi and Ohno, 2012; Castello et al.,, 2014; Zhang
et al.,, 2014). Intraperitoneal injection of DHF once
daily for 10 days in 12- to 15-month-old mice resulted
in an increase in hippocampal TrkB phosphorylation,
complete rescue of cognitive impairment in the spon-
tancous alternation Y-maze task, acutely decreased
expression of beta-secretase, and reduced levels of
AP and 4. Although the effects of treatment with
DHF on the LC were not examined, our results suggest
that the benefits conferred by DHF treatment include
preservation of LC function.
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