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Abstract 

Neurotrophic factors such as brain-derived neurotrophic factor (BDNF) and nerve growth factor 
(NGF) have been demonstrated for their potential as a neuroregenerative treatment of 
Alzheimer’s disease (AD).  Unfortunately, most proteins cannot be effectively delivered into the 
brain from the blood stream due to the presence of the blood-brain barrier (BBB). In this study, 
we delivered BDNF using ADTC5 as BBB modulator (BBBM) into the brains of transgenic 
APP/PS1 mice, a mouse model for AD. As controls, two groups of APP/PS1 mice were treated 
with BDNF alone and vehicle, respectively. All three groups were subjected to 
behavioral/cognitive assessments in Y-maze and novel object recognition (NOR) tests as well as 
evaluation of the brain markers activated by BDNF. The results showed that BDNF +
ADTC5 group performed significantly better in both the Y-maze and NOR assessments 
compared to mice that received BDNF alone or vehicle. In addition, significant upregulations of 
NG2 receptors as well as EGR1 and ARC mRNA transcripts were observed in the brain cortex 
of mice treated with BDNF + ADTC5, further indicating the efficacy of delivered BDNF in the 
brain. There were high plaque loads in all groups of mice, suggesting no influence of BDNF 
on the plaque formation. In summary, ADTC5 can deliver BDNF into the brains of APP/
PS1 mice and the activity of BDNF in improving cognitive function was likely
due to improvement in synaptic plasticity via NG2 glia cells and not by reducing the plaque 
load. 
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1. Introduction and Epidemiology

To date, effective treatments for
Alzheimer’s disease (AD) still remain 
elusive. Currently, treatment of AD focuses 
on managing symptoms by regulating 
neurotransmitter levels in the CNS and 
peripheral nervous system. The primary 
choice of treatment for moderate to severe 
AD is  acetylcholinesterase inhibitors, 
including donepezil (Aricept®),1 
rivastigmine (Eexelon®),2 and galantamine 
(Razadyne®).3 Furthermore, N-methyl-d-
aspartate (NMDA) receptor regulators  (e.g., 
memantine or Namenda®)4 as well a 
combination of acetylcholinesterase 
inhibition and NMDA regulators (i.e., 
Namzaric®) have been used to treat AD.5, 6 
While these treatments may provide 
temporary relief of symptoms (i.e., moderate 
confusion, sleeplessness, agitation, anxiety, 
and aggression), their benefits are temporary 
and do not halt or reverse the disease; thus, 
ultimately these drugs are not cost
effective.1, 7 Thus, there is an urgent need to 
find early diagnostic and therapeutic 
solutions to halt or reverse progress of the 
disease. 

Within the past two decades, there have 
been extensive attempts to develop “disease-
modifying drugs” rather than “symptom-
suppressing drugs.” To block the 
progression of AD, the drugs must interfere 
with the pathogenic steps responsible for the 
manifestation of clinical symptoms, 
including the early build-up of extracellular 
amyloid-beta (A)  plaques, the intercellular 
build-up of neurofibrillary tangle Tau 
formations, neuroinflammation, oxidative 
damage, metal ion deregulation, and 
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cholesterol metabolism.8 There have been 
efforts to develop therapeutics that prevent 
the formation of or removing the A plaques 
in the brain such as enzyme inhibitors, anti-
A monoclonal antibodies (mAbs), and 
immunotherapies; however, these 
therapeutics have not been very successful 
in treating AD. As an alternative, active 
vaccine therapies, AN1792 and CAD106, 
were developed but these vaccines had low 
efficacy and unforeseen side effects. Some 
patients treated with AN1792 vaccine 
developed T cell-mediated 
meningoencephalitis.9 CAD106 had 
advanced to phase-3 trials for prevention of 
AD; unfortunately, the trial results indicated 
that such vaccine treatments may be too 
little too late to provide a significant effect.10 
Because active vaccination could generate 
adverse immune response, passive 
immunization using monoclonal antibodies 
(mAbs) has risen as an attractive alternative 
for treatment of AD. 

The use of mAbs as therapeutics could 
ensure consistent and controlled titers; 
therefore, the potential adverse side effects 
can be controlled. The primary drawback of 
mAb treatments is high costs and the need 
for repeated administrations.10, 11 Several 
mAbs have undergone clinical trials for the 
treatment of AD; to date, none have gained 
FDA approval for the treatment of AD or 
other CNS diseases regardless of the 
extensive target validation, in vitro success, 
and excellent PK and safety profiles. 
Bapineuzumab (AAB-001) was the first 
antibody drug to reach phase-2 clinical trials 
for AD; unfortunately, the trial was 
discontinued due to no significant observed 
improvement on dementia scores in 
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disability assessment. Since the 
bapineuzumab clinical trial, at least seven 
other mAbs were evaluated for AD 
treatment without successful outcomes.10, 12, 

13 Most recently, aducanumab has been 
reevaluated following an additional analysis 
of clinical trials data with pending FDA 
approval. Alternatively, neurotrophic agents 
such as brain-derived neurotrophic factor 
(BDNF), nerve growth factor (NGF), and 
insulin-like growth factor (IGF) have been 
investigated for the treatment of AD.14-18 
Similar to mAbs, these neurotrophic proteins 
have met with challenges for their use in the 
treatments of AD. 

One potential hypothesis for the failure 
of mAbs and other proteins as therapeutics 
for the treatment of AD is their inefficiency 
in crossing the blood-brain barrier (BBB) to 
have a sufficient dose to exude their 
efficacies. Several efforts to improve 
delivery of mAbs and other proteins into the 
brain such as osmotic BBB disruption 
(BBBD),19-21 “Trojan Horse” delivery 
method,22 and ultrasound with 
microbubbles23, 24 have exhibited various 
levels of success. Our approach is to use 
cadherin peptides as BBB modulators 
(BBBM) to improve the delivery of 
molecules into the brain. Linear and cyclic 
cadherin peptides as BBBM (e.g., HAV6, 
Ac-SHAVSS-NH2; ADTC5, Cyclo(1,7)Ac-
CDTPPVC-NH2) have been shown to 
improve brain depositions of various sizes of 
proteins (e.g., 15 kDa lysozyme, 65 kDa 
albumin, 150 kDa IgG mAb) in C57BL/6 
mice.25-27 A combination HAV6 peptide and 
anticancer drug adenanthin has been shown 
to effectively suppress brain tumor growth 
and enhance animal survival in the mouse 

model of medulloblastoma brain tumor.28 
Recently, multiple treatments of 
experimental autoimmune encephalomyelitis 
(EAE) mice (an animal model of multiple 
sclerosis (MS))  with a combination of 
ADTC5 and BDNF significantly suppressed 
disease relapse compared to those treated 
with BDNF alone, ADTC5 alone, and 
PBS.29 The results indicate that a 
combination of BDNF and ADTC5 peptide 
can be used to treat other 
brain neurodegenerative disease such as AD.

In the present study, we evaluated the 
effects of non-invasive systemic delivery of 
BDNF into the brain using ADTC5 peptide 
compared to BDNF alone or vehicle in 
APP/PS1 transgenic mice, an animal model 
for AD. The efficacy of the treatment 
was evaluated using cognitive tests, 
including Y-maze and novel object 
recognition (NOR). The effects of BDNF 
brain delivery were also determined by 
evaluating the activated downstream 
cellular processes known to be associated 
with neuroregeneration such as 
upregulation of NG2 receptors as well as the
increased in mRNAs expression of early 
growth    response 1 (EGR1),30, 31    activity-
related cytoskeleton-associated protein 
(ARC),30, 32, 33 and mitogen-activated protein 
kinase 1 (MAPK1).24, 34-36 

2. Materials and Methods

2.1. Animals 

All animal studies were carried out 
under the approved animal protocol (AUS-
74-11) granted by Institutional Animal Care
and Use Committee (IACUC) at The
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University of Kansas. Animal Care Unit 
(ACU) personnel and veterinarians were 
involved in the care of the animals used in 
this study. Female transgenic APP/PS1 
(MMRRC stock # 34832-Jax) were obtained 
from Jackson Laboratory (Bar Harbor, ME) 
and housed until at least 6 months of age. 
Mice received intravenous (i.v.) injections 
of either BDNF (5.7 nmol/kg) + ADTC5 (10 
µmol/kg; n = 7), BDNF alone (5.7 nmol/kg; 
n = 6), or vehicle (n = 6) every 4 days, for 
a total of 8 injections. At the end of the study, 
the mice were euthanized via CO2 inhalation 
and perfused with PBS immediately 
followed by 4% formalin fixative solution. 
The brains were extracted and post-fixed 
overnight in the perfusion-fixation solution 
then transferred to 70% ethanol PBS 
solution for paraffin embedding. 

2.2. Cadherin peptide synthesis and 

purification 

ADTC5 peptide was synthesized using a 
solid-phase peptide synthesizer (Gyros 
Protein Technologies, Tucson, AZ) as 
described previously.26  Briefly, crude 
peptide was cleaved from the resin with 
TFA containing scavengers followed by 
precipitation in cold diethyl ether. The 
disulfide bond in ADTC5 was formed by 
stirring the linear peptide precursor in 0.1 M 
ammonium bicarbonate buffer solution at 
pH 9.0 in high dilution while bubbling air 
through the solution. The cyclic ADTC5 
was purified using a semi-preparative HPLC 
X-bridge C18 column (Waters, Milford,
MA) and the product was analyzed by
analytical HPLC to be > 95 % pure. The
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exact mass of cyclic ADTC5 was 
determined by mass spectrometry. 

2.3. Y-maze assessment 

Twenty-four hours following the 8th 
injection of the treatment, the mice were 
subjected to Y-maze behavioral 
assessment.37, 38 First, the mice were 
habituated to the maze for 8 min with one 
arm of the maze closed off. Three hours
following habituation, the mice were re-
introduced to the maze for 5 min with all 
three arms open. All mice were initially 
placed in the center of the maze oriented 
toward the same arm; the maze was 
thoroughly cleaned with 70% ethanol and 
Virkon between each trial to remove 
scent cues. Time in Novel Arm was defined 
as the percent of total time (5 min) spent 
in the third arm of the maze (previously 
closed-off arm). An entry into an arm was 
defined as the head of the mouse entering. 

2.4. Novel object recognition assessment 

Twenty-four hours following the Y-
maze assessment, the mice were subjected to 
Novel Object Recognition (NOR) 
assessment.38 First, mice were 
individually habituated in an empty open 
field for 5 min. Twenty-four hours after 
habituation, 2 identical objects were 
placed in the open field, 5 cm away from 
the wall; there were two different sets of 
identical objects that were randomly 
selected for each mouse. Mice were 
individually placed in the field facing 
away from the objects and were 
allowed to familiarize themselves with 
the objects for 10 min. Twenty-four hours 
after familiarization phase, mice were 
re-
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subjected to the open field, but one of the 
objects was replaced with a novel object. 
The position of the novel object (right or left 
side) was randomized for each mouse. The 
mice were allowed to explore the objects for 
10 min and the total amount of time each 
mouse spent interacting with each object 
was measured. For all steps, the open field 
and object were cleaned with 70% ethanol 
and Virkon. 

2.5. Histology and immunohistochemistry 

Coronal brain sections (10 μm thickness) 
were generated and mounted onto gelatin-
coated slides (Superfrost Plus, Thermo 
Fisher Scientific, Waltham, MA). For both 
A histology and NG2 receptor 
immunohistochemistry, sections were 
deparaffinized using xylene and serially 
hydrated from 95% ethanol to distilled 
water. The positive and negative controls 
were carried out according to Hewitt et al. 
(2014).39 For A, slides were stained with 
Congo Red Solution (Abcam, Cambridge, 
UK) for 20 min, then dipped in twice in 
100% ethanol, cleared with xylene, mounted 
using synthetic Permount (Fisher Scientific, 
Hampton, NH) and covered using 2.5 
coverslips. A plaque levels were quantified 
by counting the number of plaques from the 
hippocampus at 10x magnification from 5 
random sections per group (n = 5). 

For anti-NG2 mAb staining, slides were 
first blocked in a 3% hydrogen peroxide 
blocking agent then subsequently rinsed 
using distilled water. Next, heat-induced 
isotope retrieval (HIER) was performed 
using a 10 nM sodium citrate buffer at pH 
6.0. Briefly, the HIER buffer was brought to 

a boil and slides were submerged for 15 min 
in HIER followed by immediate rinsing with 
PBS containing 0.05% Tween-20 (PBS-T) 
buffer for 3 min. Slides were then blocked 
using 10% normal bovine serum albumin 
(BSA) for 6 min and subsequently rinsed 
with water. The NG2 primary antibody 
(Abcam, Cambridge, UK) was then applied 
to the slides in a dilution of 1:1,000 in PBS-
T followed incubation overnight at 4 ºC in a 
moisturizer chamber. The following steps 
were performed using the Polink-2 HRP 
plus rabbit DAB detection system for 
immunohistochemistry (Golden Bridge 
International Labs, Bothell, WA). Briefly, 
rabbit antibody enhancer (Reagent 1) was 
applied to the slides and incubated at room 
temperature for 30 min. The slides were then 
rinsed with PBS-T and Polymer-HRP for 
rabbit (Reagent 2) was applied followed by 
incubation at room temperature for 30 min. 
The slides were then rinsed with PBS-T and 
the chromogen was applied. To prepare the 
chromogen, 2 drops of DAB Chromogen 
(Reagent 3B) were added to DAB Reagent 
buffer (Reagent 3A). The slides were 
incubated with the DAB mixture for 10 min 
and then were rinsed with water. Lastly, the 
slides were dipped into 100% ethanol twice, 
dried, mounted using Permount and 1.5 
coverslips. Anti-NG2-stained slides were 
imaged using a Leica DM750 Compound 
Bright-Field Upright Microscope and 
imaged at 40x (0.65 NA; HI PLAN  ∞) 
magnification under identical exposure 
times. Anti-NG2 mAb levels were 
quantified via densitometry analysis at 40x 
magnification from 5 random sections per 
group (n = 5). 
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2.6. Fluorescence in situ hybridization

Coronal brain sections (10 μm thickness) 
were washed three times in PBS before 
mounting on gelatin-coated glass slides 
(Superfrost Plus, Thermo Fisher Scientific). 
Tissues were allowed to dry at RT and were 
then stored at –20 ºC until use. Fluorescence 
in situ hybridization (FISH) was performed 
using Multiplex Reagent Kit V2 from 
RNAscope® Technology 2.0 (Advanced 
Cell Diagnostics (ACD), Hayward, CA).40-42 
Mounted tissue sections were deparaffinized 
using xylene and serially dehydrated in 
50%, 70%, 95%, and 100% ethanol for 
5 min each. Between all pretreatment steps, 
tissue sections were briefly washed with 
distilled water. Pretreatment solution 1 
(hydrogen peroxide reagent) was applied for 
10 min at RT, and then the tissue sections 
were boiled in pretreatment solution 2 
(target retrieval reagent) for 15 min. 
Mounted slices were pretreated with 
solution 3 (protease reagent) for 30 min at 
40 ºC in the HybEz™ hybridization system 
(ACD). Following tissue pretreatment, the 
following transcript probes were applied to 
all sections: Mm-Mapk1-C1 (Cat. # 
458161), Mm-Arc-C2 (Cat. # 316911-C2), 
and Mm-Egr1-C3 (Cat. # 423371-C3), 
which correspond to MAPK1, ARC, and 
EGR1, respectively. Probes were hybridized 
into the brain sections for 2 h at 40 ºC and 
subsequently washed for 2 min at room 
temperature. Following hybridization, 
hybridize AMP 1 was applied to each slide, 
which was then incubated for 30 min at 40 
ºC. The same process was repeated for 
hybridize AMP 2 and 3. For HRP-C1 signal 
development (MAPK1), HRP-C1 was 

applied to the slides, and they were 
incubated for 15 min at 40 ºC and then 
washed. For C1, Opal® 650 (Akoya 
Biosciences, Menlo Park, CA) was applied 
and incubated for 30 min at 40 ºC and then 
washed. Following the wash, HRP blocker 
was applied to each slide, incubated for 15 
min at 40 ºC followed by washing. This 
process was repeated for C2 (ARC) and C3 
(EGR1) using Opal® 620 and 520, 
respectively. The resulting transcript-
fluorophore labeling is as follows: MAPK-
650, ARC-620, EGR1-520. All sections 
were counterstained by incubating DAPI 
(4′,6-diamidino-2-phenylindole), fluorescent 
DNA stain for 30 sec at room temperature 
following by rinsing. Slides were then 
covered using ProLong Gold Antifade 
Mounting Media and 1.5 coverslips. Slides 
were allowed to dry in the dark overnight at 
4 ºC. All sections were imaged within 2 
weeks. 

Fluorescent images were taken using an 
Olympus IX-81 inverted epifluorescence 
microscope XI81 (Olympus Life Solutions, 
Waltham, MA) running SlideBook Version 
6.0 (3i, Ringsby, CT) equipped with a digital 
CMOS camera (2000x2000), automatic 
XYZ stage position, ZDC autofocus, and a 
xenon lamp excitation source. Images were 
taken under identical exposure times (100 
msec) using a 40x objective (0.95 NA; 
UPlanSApo ∞) and appropriate filter sets for 
each stain or Opal® fluorophore (i.e., 

DAPI–DAPI, FITC–Opal® 520, Texas red–
Opal® 620, and Cy 5.5–Opal® 650). To 
determine the degree of mRNA transcript 
expression, 4 images of the CA1 region of 
the hippocampus regions were randomly 
selected from mouse samples of each group, 
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and the total fluorescence signal intensity for 
each channel was quantified. For display 
purposes, images were pseudo-colored and 
brightness-adjusted using ImageJ; green was 
assigned to Opal® 520 (EGR1), red to 
Opal® 620 (ARC), cyan to Opal® 650 
(MAPK1), and grey to DAPI.  

2.7. Statistics and data analysis 

All statistics and data analyses were 
performed using GraphPad Prism (San 
Diego, CA). Analysis of variance (ANOVA) 
and Student’s T-test were performed with a 
p-value of less than 0.05 used as the
criterion for statistical significance unless
otherwise stated.

 

3. Results

3.1. Effect of BDNF on cognitive 

performance in Y-maze and NOR 

assessments 

The ability of ADTC5 to deliver BDNF 
into the brains of mice after i.v. injection 
was assessed by determining the effects of 
BDNF on improving cognitive function in 
APP/PS1 Alzheimer’s disease animal model 
as determined by Y-maze and NOR 
assessments. The efficacy of BDNF (5.71 
nmol/kg) + ADTC5 (10 µmol/kg; n = 7) was 
compared to that of BDNF alone (5.71 
nmol/kg; n = 6), and vehicle (n = 6). Once 
mice reached 6 months of age, each 
treatment was delivered via an i.v. injection 
every 4 days for a total of 8 injections. 
Twenty-four hours following the final 
injection, mice were subjected to Y-maze 
and NOR assessments.  

Figure 1. Y-maze cognitive assessment of transgenic APP/PS1 mice, an AD animal model after eight 
injections of BDNF (5.71 nmol/kg) + ADTC5 (10 µmol/kg), BDNF alone (5.71 nmol/kg), or vehicle. (A) 

The percent of total time spent in the novel arm or third arm of the Y-maze. (B) The total number of 
entries made into the third arm of the Y-maze. *p < 0.05; one-way ANOVA (95% confidence, n =5). 
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In the Y-maze, mice that received BDNF 
+ ADTC5 performed significantly 
better than mice  that received BDNF 
alone or vehicle (Figure 1). The mice that 
received BDNF + ADTC5 spent a greater 
percentage of time in the third arm (F(2,15) = 
3.99; p < 0.05, Figure 1A) and had a 
higher number of entries into the third arm of 
the maze than did the groups that received 
BDNF alone or vehicle (F(2,15) = 5.63; p <

0.05, Figure 1B).
For the NOR assessment, the mice that 

received BDNF + ADTC5 performed 

significantly better than mice that received 
BDNF alone or vehicle. The mice that 
received BDNF + ADTC5 spent a 
greater percentage of time with the 
novel object (F(2,16) = 6.55; p < 0.01) than 
did the mice that received BDNF alone 
or vehicle (Figure 2A). Lastly, there was
no significant difference in total time spent 
with either of the two objects; in other 
words, all groups spent similar amounts 
of time interacting with either object 
(F(2,16) = 0.682; p = 0.52; Figure 2B). 

Figure 2. Novel object recognition (NOR) cognitive assessment of transgenic APP/PS1 mice after 
eight injections with BDNF (5.71 nmol/kg) + ADTC5 (10 µmol/kg), BDNF alone (5.71 nmol/kg), 
or vehicle on. (A) The percent of total time spent interacting with the novel object. (B) The total 
amount of time mice spent interacting with either object. *p < 0.05; one-way ANOVA (95%
confidence, n =5); NS = No Significant Difference.

3.2. Effect of BDNF delivery on amyloid 

beta plaques in hippocampus

The effects of BDNF brain delivery on 
the amounts of A plaques were determined 
in groups of mice treated with BDNF +
ADTC5, BDNF alone, or vehicle. The 
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results indicated that all groups expressed 
high level and high variability of plaques
in the hippocampus regardless of the 
treatment. There were no significant 
differences in the amounts of amyloid beta 
plaques in all three groups (F(2,12) = 0.096; 
p = 0.91, n = 5; Figure 3). 
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Figure 3. The effect of eight injections of BDNF (5.71 nmol/kg) + ADTC5 (10 µmol/kg), BDNF 
alone (5.71 nmol/kg), or vehicle in APP/PS1 mice on amyloid plaque loads at the hippocampal 
region as determined using Congo red staining. The is no significant difference (NS) in all three groups. 

3.3. Effect of BDNF delivery on NG2-glia 

Previously, brain delivery of BDNF 
using ADTC5 in experimental autoimmune 
encephalomyelitis (EAE) induced 
oligodendrocyte maturation which was 
reflected in the increase in NG2 receptor 
expression in the brain.29 Furthermore, 
BDNF+/+ mice have shown a significant 
upregulation of NG2 glia following the 
development of cuprizone-induced lesions 
compared to BDNF+/- and BDNF-/- mice.43, 44  

Thus, the effects of BDNF brain delivery 
using ADTC5 were determined by 
evaluating the oligodendrocyte progenitor 
maturation in the APP/PS1 mouse model. In 
this case, the brain expressions of NG2 
receptors were probed in the cortex region 
using anti-NG2 antibody staining. The 
brain cortexes of mice treated with 
BDNF + ADTC5 have higher degree of 
NG2 staining (darker staining) 
compared to those treated with BDNF 
alone or vehicle alone (Figure 4A). 
Quantification using pixel values of 

Figure 3
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NG2 stain indicated that mice were 
treated with BDNF + ADTC5 had 
a higher or darker staining compared 
to those mice 

treated with BDNF alone or vehicle (Figure

4B, F(2,12) = 11.16; p < 0.01, n = 5). 

Figure 4. The effect of multiple treatments of APP/PS1 mice with BDNF (5.71 nmol/kg) + ADTC5 (10 
µmol/kg), BDNF alone (5.71 nmol/kg), or vehicle on the expression of NG2 receptors in the cortex as 
stained by DAB. (A) Color photomicrograph of anti-NG2 staining (brown) taken under identical 
conditions from the cortex of mice treated with BDNF + ADTC5, BDNF alone, and vehicle; slides from 
BDNF + ADTC5-treated mice showed dense regions of activated NG2-glia. (B) Quantitative NG2 density 
comparison among the APP/PS1 mice treated with BDNF + ADTC5, BDNF alone, and vehicle; Scale bar 
= 100 µm; **p ≤ 0.01; NS = No Significant Difference; one-way ANOVA (95% confidence; n = 5).

3.4. Effect of BDNF on EGR1, ARC, and 

MAPK1 mRNA transcript expression

BDNF is known to stimulate 
downstream transcription factors such as, 
tropomyosin receptor kinase B (TrkB), 
cyclic AMP response element binding 

protein (CREB), MAPK1, EGR1, and 
ARC.31, 45, 46  We have previously 
demonstrated that delivering BDNF using 
ADTC5 to EAE mice resulted in the 
increase in EGR1 and ARC mRNA 
transcript expression. Additionally, others 
have shown that EGR1 directly targets ARC 
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expression.30, 47 We quantified the levels of 
EGR1, ARC, and MAPK1 mRNA 
transcripts via fluorescence in situ 
hybridization (FISH) method. Qualitatively, 
the brain sections from the CA1 regions of 
the hippocampus have higher levels of 
visual staining from ERG1 and ARC 
expression in mice treated with BDNF + 
ADTC5 compared to mice treated with 
BDNF alone or vehicle (Figure 5A). 
However, it was difficult to visually 
differentiate the staining of MAPK1 in all 
three different groups. Using quantitative 
method, the number of pixel counts from 
EGR1 (F(2,9) = 23.48; p < 0.001, n = 5) and 
ARC (F(2,9) = 7.33; p < 0.05, n = 5) 
transcript levels in BDNF + ADTC5 group 
were significantly higher compared to those 
mice received BDNF alone or vehicle 
(Figure 5B).  In contrast, very high levels of 
MAPK1 expression were found in all three 

groups with no significant differences were 
observed in all groups (F(2,9) = 0.08; p =

0.92, n = 5; Figure 5B). 

4. Discussion

In this study, we delivered BDNF using 
ADTC5 into the brains of transgenic 
APP/PS1 mice, which is one of the animal 
models for AD. BDNF was selected because 
it is an endogenous protein that has low 
potential to induce an adverse side effect in 
transgenic APP/PS1 mice. Because BDNF 
alone cannot penetrate the BBB, there is a 
need to utilize ADTC5 to enhance brain 
delivery of BDNF. BDNF effects in the 
brain were determined by monitoring the 
cognitive improvements in transgenic 
APP/PS1 mice as well as the induction of 
neuroregeneration signals.  

A
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Figure 5. The effects of BDNF (5.71 nmol/kg) + ADTC5 (10 µmol/kg), BDNF alone (5.71 nmol/kg), or 
vehicle treatments on mRNA expression of MAPK1, EGR1, and ARC in the CA1 region of the brain 
hippocampus from treated APP/PS1 mice. (A) Photomicrograph of DAPI (grey), EGR1 (green), ARC 
(red), MAPK (cyan) and composite images taken of the hippocampus of APP/PS1 mice treated with 
BDNF + ADTC5, BDNF alone, or vehicle. (B) Quantitative comparison using fluorescence intensities of 
MAPK1 EGR1, and ARC mRNA transcript expressions after multiple treatments with BDNF + ADTC5, 
BDNF alone, or vehicle. Scale bar = 100 µm; p* ≤ 0.05; ** and ***p ≤ 0.001; one-way ANOVA (99%

confidence; n = 4); NS = No significant difference.  Contrast and brightness of images were adjusted

only for display purposes.

The results showed that multiple 
administrations of BDNF + ADTC5 can 
significantly improve cognitive performance 
of the animals in Y-maze (Figure 1) and 
NOR (Figure 2) behavioral assessments 
compared to those treated with BDNF alone 
or vehicle. Furthermore, there were 
significant increases in the expression of 
NG2 cells (Figure 4) as well as EGR1 and 
ARC mRNA transcripts (Figure 5) in 

BDNF + ADTC5-treated mice compared the 
group of mice treated with BDNF alone or 
vehicle. Taken together, the results indicate 
that ADTC5 can enhance the brain delivery 
of BDNF and its delivery can influence 
brain physiology and functions of transgenic 
APP/PS1 mice. 

Recently, multiple treatments of EAE 
mice with BDNF + ADTC5 during disease 

Figure 5B

B
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remission prevented the disease relapse as 
determined by the disease body scores while 
multiple treatments of EAE mice with 
BDNF alone, ADTC5 alone, or vehicle 
alone did not prevent the disease relapse.29 
Similarly, EAE mice treated with BDNF + 
ADTC5 promoted NG2 glia maturation, 
increased ARC and EGR1 expressions, and 
enhanced axon remyelination compared to 
those treated with BDNF alone or vehicle.29 
In the same study, BDNF delivered with 
ADTC5 was detected in the brain 
homogenates using Western blots while 
BDNF delivered alone could not be detected 
in the brain homogenates. In addition, 
administration of BDNF + ADTC5 triggered 
phosphorylation of TrkB (pTrkB) receptors 
in the brain; in contrast, administration of 
BDNF alone did not trigger pTrkB 
formation. Phosphorylation of TrkB has 
been established to be a marker of BDNF 
activity in the brain.34, 35 Taken together, the 
results indicate that ADTC5 deliver BDNF 
into the brain to improve disease symptoms. 

Y-maze and NOR cognitive assessments
were used to evaluate the effects of BDNF 
delivery into the brain and these methods are 
standard and validated methods to determine 
cognitive performance of AD animal models 
in preclinical studies.37, 48-52 They have been 
used to evaluate the efficacy of potential 
therapeutic agents for reversing cognitive 
impairment that could potentially be 
translated to AD patients.  The advantage of 
these assessment methods is that the animals 
are not subjected to stressful conditions such 
as food or water deprivation as well as 
physical stress. Stressful conditions such as 
those in the Morris water maze could alter 
the cognitive performance. In our studies, 

animals that received multiple treatments of 
BDNF + ADTC5 had significant behavior 
improvements in Y-maze and NOR tests 
compared to the animal groups that received 
BDNF alone or vehicle. It has been shown 
that exercise induces upregulation of BDNF, 
which leads to the enhancement of brain 
plasticity; in addition, upregulation in BDNF 
has been associated with improved 
performance in behavioral tests in AD 
animal models.53-56 Additionally, Bechara et

al. (2014) demonstrated that a single 
intracerebroventricular (ICV) injection of 
BDNF can mimic exercise-induced brain 
plasticity and improve spatial memory in the 
object displacement task.57  In summary, the 
positive results from cognitive performance 
tests in our study were congruent with those 
of others, suggesting the presence of BDNF 
in the brain  when delivered with ADTC5. 
Thus, there is a potential utility of non-
invasive delivery of BDNF in cognitive 
performance in AD patients.  

The effects of BDNF on A plaques 
were evaluated by staining the brain slices 
with Congo red. The results showed that 
there was no significant reduction in the 
amounts of A plaques in BDNF + ADTC5-
treated group compared to the groups treated 
with BDNF alone or vehicle (Figure 3). Our 
results were consistent with the finding by  
Nagahara et al. (2013) where brain delivery 
of BDNF using a Lenti-BDNF vector did 
not show any reduction of A plaques while 
it improved hippocampal-dependent 
learning in APP transgenic mice.58 In 
addition, the study also demonstrated that 
BDNF treatment ameliorated cell loss and 
improved synaptophysin immunoreactivity 
in the hippocampus.58 Similarly, our studies 
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showed that treatments with BDNF + 
ADTC5 increased in mRNA transcripts of
EGR1 and ARC (Figure 5) compared to 
BDNF-treated or control group. EGR1 is a 
downstream transcription factor that is 
activated by BDNF, in addition to the 
activation of cAMP response element 
binding protein (CREB) and c-Fos.31, 46  
Subsequently, it has been shown that EGR1 
also triggered the activation of ARC upon 
upregulation by BDNF.30, 33 EGR1-deficient 
mice have lower expression of ARC protein 
in some neurons compared to normal mice, 
suggesting that there is a connection 
between EGR1 and ARC. Therefore, it is 
proposed that BDNF is ameliorating 
APP/PS1 symptoms by modulating 
hippocampal plasticity and not by reducing 
amyloid-beta plaque loads. 

Another possible pathway to improve 
cognitive behavior is by upregulating 
oligodendrocyte progenitor cells (OPC) or 
NG2 glia cells that have an integral role in 
modulation of synaptic response, 
remyelination, and integration of neurons 
into synaptic networks.59 Other researchers 
have found that the presence of high A 
plaques and exacerbated APP/PS1 
symptoms could increase the levels of NG2 
glia cells as a counter response to the 
increased of neuroinflimation.60, 61  In BDNF 
+ ADTC5 group, a significant upregulation
of NG2 receptors compared to controls
indicates the role of delivered BDNF on
neuroregeneration and cognitive
improvement in APP/PS1 mice (Figure 4).
A significant upregulation of NG2 glia cells
in the corpus callosum was also observed
when EAE mice were treated with BDNF +
ADTC5.29 Similarly, Nakajima et al. (2010)

Copyright 2020 KEI Journals. All Rights Reserved 

showed that targeted retrograde gene 
delivery of BDNF in rats after spinal cord 
injury suppressed apoptosis of neurons and 
oligodendroglia, which resulted in a 
significant promotion of NG2 expression.62 
Furthermore, McTigue et al. (1998) 
demonstrated that transplanting fibroblasts 
producing BDNF into contused adult rat 
spinal cords resulted in a significant increase 
in expansion of oligodendrocyte lineage 
cells.63 These combined findings provide 
strong evidence that BDNF delivery can 
ameliorate CNS damage via promotion of 
NG2 oligodendrocytes and they provide a 
good motivation to utilize BDNF for 
treatment of neurodegenerative diseases. 

Other than delivering BDNF, ADTC5 
has been shown to improve delivery of 15 
kDa lysozyme, 65 kDa albumin, and 150 
kDa IgG mAb into the brains of C57BL/6 
mice; however, ADTC5 could not deliver 
220 kDa fibronectin into the brain.21,22  The 
results suggest that there is a size limit of 
molecule that can be delivered into the brain 
by ADTC5. Using a quantitative method, it 
was found that the amount of brain 
deposition of 150 kDa IgG mAb was lower 
than that of 65 kDa albumin when delivered 
using the same conditions.26 This suggests 
that there is a potential correlation between 
the size of delivered molecule to its 
effectiveness to cross the BBB. As 
predicted, the kidney glomerular filtration 
can influence the brain delivery of proteins. 
We found that brain delivery of 15 kDa 
lysozyme by ADTC5 was less effective than 
those of 65 kDa albumin or 150 kDa IgG 
mAb using the same conditions. It was 
found that a high fraction of lysozyme was 
found in the kidney.26 This indicates that the 
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low brain deposition of lysozyme was due to 
the rapid clearance by the kidney.  

One of the potential pitfalls of our 
BBBM method is that it may allow the 
delivery of unwanted molecules into the 
brain from the blood stream. To counter this 
potential problem, one could control the size 
and timing of pore size opening in the 
paracellular pathway of the BBB to limit or 
exclude unwanted molecules to enter the 
brain. As indicated previously, ADTC5 
cannot deliver   220 kDa fibronectin, which 
provides a size limit for delivering protein to 
the brain.26 Another important factor of 
BBB modulation is the duration of pore 
opening created by BBBM and this factor 
reflects the reversibility of BBB modulation 
by the modulator. Therefore, time-dependent 
opening of the BBB was evaluated using a 
pretreatment experiment. In this case, 
ADTC5 was administered first, and after a 
certain period of time, different sizes of 
molecules were delivered and detected in the 
brain. The result showed that ADTC5 
allowed the BBB permeation of a small 
molecule such as gadopentetic acid (Gd-
DTPA; MW = 547.6 Da) in a time window 
of 0 to 2 h; however, no molecules could 
pass through the BBB after 4-h.64 This 
indicates that the pores created by ADTC5 
to allow gadopentetic acid to cross the BBB 
were closed between 2 to 4 h.  In contrast, 
ADTC5 allowed only 65 kDa galbumin to 
enter the brain after 10-min delay, but no 
albumin could cross the BBB after 40-min 
delay.27 Thus, for a large molecule such as 
galbumin, the pores closed between 10 to 40 
min. Finally, a 20-min delay between 
administrations of ADTC5 and IgG mAb did 
not allow the penetration of IgG mAb across 

the BBB. These results suggest that there is 
a time-dependent collapse of the pore 
openings created by ADTC5 in the 
paracellular pathway of the BBB. We 
propose that the ADTC5 modulates the 
cadherin-cadherin interactions in the BBB 
intercellular junctions to create large, 
medium, and small pores. The large pores 
disintegrate to become medium and small 
pores in time-dependent manner, followed 
by disintegration of medium pores to small 
pores until the paracellular pathway reseals 
into the normal condition. The reversibility 
of the BBB to the normal condition after 
modulation with ADTC5 was also evaluated 
using transmission electron microscopy 
(TEM).64  The BBB endothelial cells in mice 
2 h after treatment with ADTC5 have 
similar morphology compared to those 
found in vehicle treated mice.64 Two hours 
after pretreatment with ADTC5, the 
vehicular activity in the BBB endothelial 
cells was similar to that of vehicle treated 
mice. Taken together, the BBB modulation 
by ADTC5 is time- and molecular size-
dependent and the modulation is reversible. 

To test the general applicability of 
BBBM, another cadherin peptide, HAV6 
peptide (Ac-SHAVSS-NH2), was  used to 
deliver adenanthin, an anticancer drug, into 
the brains of mice with medulloblastoma 
brain tumors.28 With its hydrophobic and 
soluble properties, adenanthin is expected to 
favorably penetrate the BBB; however, 
because it is a substrate for an efflux pump, 
P-glycoprotein (Pgp), it cannot effectively
cross the BBB. In healthy mice, co-
administration of adenanthin with HAV6
peptide significantly enhanced its brain
deposition up to brain concentration of 22
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M compared to undetectable amount 
or below the detection limit (BQL: 0.1 
mg/mL) when it was administered 
alone.28 Three cycles of 
treatment with adenanthin + HAV6 
increased the survival median of the brain 
tumor mice to 30 days compared to 19 or 
20 days, when treated with adenanthin 
alone or placebo, respectively. 
Furthermore, additional two cycles of 
treatment (a total of five cycles) with 
adenanthin + HAV6 for the surviving 
mice extended survivability the end of the 
study on day 45 and these mice have 
no sign of brain tumors.28 Interestingly, 
multiple treatments of mice with HAV6 
alone didn’t generate astrogliosis or 
microglia  activation, suggesting   the    BBB
modulation with HAV6 peptide did not 
induce neuroinflammation.28 It was 
determined previously using magnetic 
resonance imaging (MRI) studies that the 
enhancement of molecule brain delivery was 
not due to the change in the blood flow in 
the brain caused by the HAV6 peptide.65 
This study provides additional support for 
the applicability of BBBM in delivering 
therapeutic molecules for potential 
treatments of brain diseases. 

5. Conclusion

This study showed that the non-
invasive brain delivery of BDNF 
using ADTC5 improved the cognitive 
behavior in Y-maze and NOR tests in 
transgenic APP/PS1 mice, an animal 
model for AD. In addition, BDNF + 
ADTC5 injected every 4 days for a total 
of eight injections increased brain 
expressions

Copyright 2020 KEI Journals. All Rights 
Reserved 

of NG2 receptors and mRNAs of EGR1 and 
ARC. These markers are related to BDNF 
activity in the brain. These results were 
similar to that of brain delivery of BDNF 
using ADTC5 in the EAE mice.29 The 
results from this study provide initial data 
for future evaluation of the effects of brain 
delivery of protein drugs such as mAbs, 
enzymes, neurotrophic factors, and 
hormones in other animal models of brain 
diseases. 
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