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Abstract
Alzheimer’s disease (AD) is a global health crisis with limited treatment options. Despite major
advances in neurotherapeutics, poor brain penetration due to the blood-brain barrier continues to
pose a big challenge in overcoming the access of therapeutics to the central nervous system. In
that regard, the non-invasive intranasal route of brain targeting is gaining considerable attention.
The nasal mucosa offers a large surface area, rapid absorption, and avoidance of first-pass
metabolism increasing drug bioavailability with less systemic side effects. Intranasal delivery is
known to utilize olfactory, rostral migratory stream, and trigeminal routes to reach the brain. This
investigation confirmed that intranasal delivery of oligomeric amyloid-β antibody (NU4) utilized
all three routes to enter the brain with a resident time of 96 hours post single bolus intranasal
administration, and showed evidence of perikaryal and parenchymal uptake of NU4 in 5XFAD
mouse brain, confirming the intranasal route as a non-invasive and efficient way of delivering
therapeutics to the brain. In addition, this study demonstrated that intranasal delivery of NU4
antibody lowered cerebral amyloid-β and improved spatial learning in 5XFAD mice.
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INTRODUCTION
Despite enormous advances in the field of brain research, central nervous system (CNS)
disorders, such as Alzheimer’s disease (AD), remain the world’s leading cause of mental
disability and demise [1]. AD is a devastating incurable disease currently afflicting >5
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million Americans, with the projected escalation to >16 million by 2050 if effective disease-
modifying treatments are not discovered [2, 3].

Based on the widely accepted concept of overproduction and deposition of amyloid-β
peptide (Aβ) as a key seeding event in AD pathogenesis [4, 5], removal of Aβ by
immunotherapeutic strategies continues to be one of the promising strategies in treating AD
[6, 7]. Antibodies to Aβ derived from active or passive immunizations have been shown to
reduce cerebral Aβ and Aβ-associated toxicity as well as improve cognitive deficits in AD
[8–11]. Although partially successful, all immunization strategies explored thus far have
various limitations. Passive immunization using anti-Aβ antibodies directly delivered to the
brain via intracranial route have shown greater benefits than indirect access of anti-Aβ
antibodies derived from active or systemic passive immunization strategies [12–14].
However, direct delivery of antibodies to the brain via an intracranial route is potentially
limited due to its invasiveness. In that regard, intranasal route of direct drug delivery to the
brain is increasingly gaining interest as a non-invasive and safe approach to target
therapeutics directly to the brain [15, 16]. Many drugs administered intranasally, such as
Exendin-4 [17], Losartan [18], insulin/insulin-like growth factor-1 [19–23], nerve growth
factor [24–27], and brain-derived neurotrophic factor [28–30], have been able to reach the
CNS and exert therapeutic effects. Surprisingly, there are very few studies showing
intranasal delivery of antibody [31, 32], particularly in relation to AD [33, 34].

Intranasal administration is known to utilize three major pathways to deliver administered
material to the brain including the olfactory [35–38], rostral migratory stream (RMS) [39,
40], and trigeminal [15, 36, 41] routes. Current investigation examined which of these
known (olfactory, RMS, and trigeminal) pathways are involved in the transfer of anti-
oligomeric Aβ antibody (NU4) when delivered intranasally, and if intranasally delivered
NU4 exhibited neuronal uptake in 5XFAD mice modeling AD. In addition, this study
examined if intranasally delivered NU4 is efficient in lowering cerebral Aβ and in
improving cognition in 5XFAD mice.

MATERIALS AND METHODS
5XFAD transgenic mice harboring mutations in amyloid-β protein precursor (AβPP)
(K670N/M671L + I716V + V717I) and presenilins (PS1/2) (M146L + L286V) genes [42],
were bred by crossing 5XFAD heterozygous male(s) (original breeder males obtained from
Dr. Vassar, Northwestern University, Chicago, IL), with C57/B6 F1 females (Jackson Labs,
Bar harbor, ME). Presence of transgene was identified by PCR genotyping of tail genomic
DNA with specific forward and reverse primers (Eurofins, Operon). All animal procedures
were performed in accordance with the Jesse Brown VA Medical Center institutional
Animal Care and Use Committee approval, and National Research Council’s guidelines.

5XFAD mice were divided into 3 major groups (n = 6/group). Mice were anesthetized with
Ketamine (100 mg/kg, i.p.) and Xylazine (10 mg/kg, i.p.) and held in an upright position to
maximize intranasal (IN) access of IN-administered material while simultaneously
minimizing extra-nasal entry in the surrounding areas such as the throat (Fig. 1A). With the
use of a micropipette (Fig. 1B), mice were IN administered either with a single bolus dose of
sterile saline vehicle (5 μl/naris, Total 10 μl) (Group 1); or horseradish peroxidase (HRP)-
labeled anti-oligomer Aβ antibody (NU4) (HRP-NU4) (Alpha Diagnostics, San Antonio,
TX) (5 μg/5 μl/naris; Total 10 μg/10 μl) (Group 2); or Alexa 568-labeled NU4 (Alexa-
NU4) (5 μg/5 μl/naris; Total 10 μg/10 μl) (Group 3). NU4 antibody was conjugated with
Alexa Fluor® 568 using the Alexa Fluor® 568 Protein Labeling Kit (Invitrogen) according
to manufacturer’s instructions with a minor modification. PBS buffer provided was replaced
with 10×PBS (0.1 M potassium phosphate, 1.5 M NaCl, pH 7.2) without sodium azide to
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avoid complications with IN injection later. Antibody was stored frozen at −80°C until
needed.

HRP-labeled IN injected groups were allowed to survive for 2, 6, 12, 24, 36, or 96 h post-
injection while Alexa-NU4 injected groups were allowed to survive for 6 and 12 h post-
injection. Mice were euthanized at the end of each respective treatment, and brains were
harvested, snap frozen, processed to obtain frozen sagittal sections of 40 μm thickness, and
lightly fixed with formaldehyde post-sectioning. The brain sections from mice injected with
saline (Fig. 3) as well as HRP-labeled NU4 antibody (Figs. 4 and 5) were subjected to
standard diaminobenzidine chromogen development to reveal HRP label, and counterstained
with Nissl nuclear label to visualize microscopic topography of the brain. The brain sections
from mice injected with fluorescently labeled NU4 were mounted using Prolong anti-fade
reagent containing DAPI (blue) to labeled cell nuclei of the various brain regions (Fig. 6).

HRP-NU4 injected mice were used to track major cerebral routes, i.e., olfactory pathway
(Fig. 2, blue & red arrows), RMS pathway (Fig. 2, yellow arrowheads), and trigeminal
pathway (Fig. 2, purple arrows) after IN administration. Alexa-NU4 injected mice were used
to confirm brain uptake of IN injected antibody. Sections were subjectively observed by 3
independent investigators. Images were captured on Olympus BX series microscope using
ImagePro. Fluorescent images were captured using a Leica confocal microscope.

Another set of experiments was conducted to test the efficacy of IN-delivered NU4 antibody
in decreasing cerebral amyloid and in improving cognitive functions in 5XFAD mice. Mice
were divided into 4 major groups (n = 5/group) as follows:

Group 1 2-month-old 5XFAD untreated controls IN administered with 10 μl of
sterile saline at the treatment start point only once, tested for spatial
learning, euthanized, and 10 μm-thick brain sections analyzed for Aβ
immunocytochemistry.

Group 2 2-month-old 5XFAD experimental mice IN administered with NU4
antibody [(10 μg/5 μl/naris) = (20 μg/mouse); twice/ week; 40 μg/mouse/
week] for 8 weeks. At the end, these 4-month-old experimental transgenic
mice were tested for spatial learning, euthanized, and 10 μm-thick brain
sections analyzed for Aβ immunocytochemistry.

Group 3 2-month-old 5XFAD untreated age-matched controls IN administered with
an equal volume of sterile saline (5 μl/ naris, 10 μl/once, twice/week) for 8
weeks. At the end, these 4-month-old untreated age-matched control
transgenic mice that received IN saline for 8 weeks in parallel to IN NU4
treatment were tested for spatial learning, euthanized, and 10 μm-thick
brain sections analyzed for Aβ immunocytochemistry.

Group 4 2-month-old non-transgenic age-matched littermate controls IN
administered with an equal volume of sterile saline (5 μl/ naris, 10 μl/once,
twice/week) for 8 weeks. At the end, these 4-month-old untreated age-
matched littermate controls that received IN saline for 8 weeks in parallel
to IN NU4 treatment were tested for spatial learning, euthanized, and 10
μm-thick brain sections analyzed for Aβ immunocytochemistry.

Morris water maze testing for spatial acquisition of place and cue learning was performed as
established. Morris water maze is a circular pool of water of 1.4 m diameter filled with
water maintained at 25°C. The floor of the pool was divided into imaginary 3 annuli and 4
quadrants. An indiscernible platform made up of transparent acrylic was placed in one of the
quadrant, 1 cm below the surface of water. Mice were subjected to experimental trials (6
trials per day for 3 days), admitted in the pool facing the pool wall with a randomly selected
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start point on the opposite side of platform quadrant, allowed to swim for a maximum of 60
s to locate the submerged platform. The time required for locating submerged platform is
termed as “Latency”. Latency for each animal per day was recorded by video tracking
(Accuscan) and averaged across number of trials/day. A group mean was derived from
individual averages. The data were analyzed by repeated measures analysis of variance
(RMANOVA) followed by Tukey post hoc test. A value of p < 0.05 was considered
statistically significant.

Following behavior, the mice were euthanized as follows. Animals were sedated using CO2
inhalation. After confirming complete sedation, animals were transcardially perfused with
sterile saline first to remove all blood, followed by perfusion with 4% buffered
paraformaldehyde. Fixed brains were harvested and processed for paraffin embedding and
sectioning. 10 μm-thick paraffin sections were used to perform immunocytochemistry using
6E10 antibody (antibody raised against 1–16 amino acid residues of Aβ, Covance) to detect
cerebral Aβ plaques deposited within the brain parenchyma, as detailed below.

Briefly, sections were deparaffinized, hydrated, and washed in a wash solution (10 mM Tris-
HCl (pH 7.6), 0.5% bovine serum albumin, and 0.87% NaCl), 3 times for 5 min each. After
this step, all incubations were performed in a humid chamber: (a) 5% non-immune host
serum (in which the primary antibody is made) for 60 min; (b) Optimal dilution (1 : 1000) of
primary antibody (6E10) diluted with antibody dilution buffer (10 mM Tris-HCl (pH 7.6),
0.5% goat serum, and 0.1% Triton X100), for 18–20 h; (c) Washed in wash solution; (d)
AlexaFluor594 conjugated goat antimouse IgG diluted 1 : 100 with antibody dilution buffer,
and washed as in (c); and mounted in anti-fade mounting medium. Procedural controls
consisted of omission of primary antiserum (omit controls). Immunofluorescent cortical
plaques were quantitated with the use of ImagePro/ImageJ imaging system using Olympus
BX41 series microscope with CCD camera. Following background correction, sections were
sampled for quantitating 6E10 immunoreactivity within the defined high power fields of
cerebral cortex bilaterally. Five high power fields from each unilateral cerebral cortex were
averaged to obtain individual values. Individual values were used to obtain group means and
analyzed by ANOVA to determine main effect of the treatment across the groups, followed
by Tukey posthoc test for comparisons between control and experimental groups. A value of
p < 0.05 was considered statistically significant.

RESULTS
Transit of HRP-labeled NU4 in the brains of 5XFAD mice

Compared to the saline vehicle injected brains that did not reveal any HRP labeling (Fig.
3A, B), a single bolus IN injection of HRP-labeled NU4 (HRP-NU4) was observed to enter
the brain immediately within 2 h post injection. IN-injected material transited throughout the
brain parenchyma within 6–12 h post injection (Fig. 4), and was retained in respective brain
areas up to 24, 36, and 96 h post injection within the brain parenchyma (time-points 24 h
and beyond not shown to avoid redundancy). It was interesting to note that even at the post-
injection time point of 96 h, the injected antibody was still detected in the brain in traces,
indicating a maximum resident time of 96 h post single bolus IN administration of NU4
antibody.

Observations at different post injection time points indicated that by 2 h, NU4 passed
through the glomerular and plexiform layers of the olfactory epithelium and entered the
microvasculature of the olfactory tract (Fig. 4B, C, arrows). Advanced progression of the
antibody was clearly evident at 6 h post injection showing profusely labeled
microvasculature of the olfactory tract (Fig. 4D, arrow), and progression of HRP-NU4
transit in this tract (Fig. 4E, arrow).
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With regard to the penetration of IN-injected antibody into the accessory olfactory bulb
(AOB) and RMS path, it was observed that within the window of 2–6 h post injection, the
antibody penetrated into the AOB (Fig. 4F, arrowhead) and entered the RMS (Fig. 4F,
arrow) with further progression in RMS (Fig. 4G, arrow). Within the next 6 h (12 h post
injection), the antibody reached the hippocampus (Fig. 4H, arrows) and its surrounding
parenchyma (Fig. 4I, arrows). The detection of HRP-NU4 within the olfactory-trigeminal
path (Fig. 4K, arrows) leading to the 4th ventricle (Fig. 4J, arrows) was also observed at 12
h post injection. Thus, IN-injected antibody was found to penetrate the brain within 2 h post
injection, spread throughout the brain within 12 h post injection, and was retained up to 24
and 36 h. A trace of HRP label was still observed 96 h post injection.

Brain uptake of NU4 in 5XFAD mice
Detection of HRP-NU4 within the brain parenchyma was observed as early as 6 h post
injection in the vicinity of the 3rd ventricle (Fig. 5A, arrows), midbrain (Fig. 5B, arrows),
and hippocampus (Fig. 5C, arrows). High power magnification indicated perikaryal
localization of NU4 (Fig. 5D, arrowheads).

Observation under confocal microscopy revealed that IN-administered NU4 antibody (red)
diffused away from the injection site and was found to be localized in the glomerular layer
of the olfactory bulb, the isocortex, and the hippocampus. As early as 6 h after injection,
NU4 was found in the olfactory bulb (Fig. 6, OB-6 h). Later time showed much less NU4
labeling suggesting a clearance from the olfactory bulb (Fig. 6, OB-12 h). NU4 antibody
was detected in the hippocampus as early as 6 h (not shown) but the abundance of the NU4
deposits was greatly increased in the 12 h group compared to 6 h (Fig. 6, Hippocampus).
Detection of NU4 was particular evident in the pyramidal cell layer of the hippocampal CA1
region. NU4 labeling appeared around cell bodies (Fig. 6, panel 1) and higher magnification
was found to be reminiscent of the perisomatic distribution described in Lacor et al. [43].
Additionally, individual puncta were detectable throughout the neuropil where dendritic
processes are abundant (Fig. 6, panel 2). NU4 antibody was also observed intracellularly in
cortical areas.

With regard to the amyloid lowering effects of IN-administered NU4, the results showed
that there was a progressive build-up of 6E10-immunoreactive (IR) Aβ plaques from 2 to 4
months of age in the brains of 5XFAD mice without any treatment (Fig. 7, compare B to C).
IN immunization with NU4 remarkably reduced cerebral plaque burden in 5XFAD mice, as
evidenced by reduced 6E10-IR Aβ plaque distribution in immunized transgenics (Fig. 7D).
Densitometric quantitation confirmed this observation indicating that compared to the
control littermates, the deposition of 6E10-IR Aβ plaques increased by ~10-fold in the
brains of 2-month-old saline injected untreated control transgenic mice. From 2 to 4 months
of age, the plaque build-up further increased by additional ~2.5-fold increased deposition of
6E10-IR Aβ plaques in the brains of 4-month-old saline injected age-matched untreated
control transgenics (Fig. 8, all values, p < 0.0001). IN immunization using NU4 significantly
reduced 6E10-IR Aβ plaques by 1.4-fold in the brains of 4-month-old immunized 5XFAD
mice, compared to 4-month-old saline injected age-matched untreated control transgenic
mice (Fig. 8, all values, p < 0.0001).

Parallel to the amyloid-lowering effects, the spatial acquisition learning was found to be
improved in 5XFAD mice after IN immunization using NU4 antibody. Effect of IN
immunization on spatial acquisition learning in 5XFAD mice was measured by a spatial
learning task using Morris water maze apparatus in which the animal is trained to learn a
location of the submerged platform in a pool of water. The learning trials are judged by the
latency (time in seconds required to reach the submerged platform in a given trial of 60 s
duration). As seen in Fig. 9, minimum latencies (8–15 s) were required by non-transgenic
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littermate controls, while transgenic control mice exhibited progressively greater latencies
from 2-months (15–18 s) to 4-months of age (25–31 s), indicating respective deterioration of
spatial learning by 71% (at 2 months) and 89% (at 4 months) in control transgenics. IN
immunization with NU4 improved spatial acquisition learning as evidenced by reduced
latencies (18–22 s) to reach the submerged platform, indicating 29% of improvement in
spatial learning after immunization compared to the age-matched control transgenic mice
(all values, p < 0.0001).

In summary, the results showed that the IN-injected antibody entered the brain within 2 h
post injection with a maximum resident time of 96 h of post single bolus IN administration,
displaying perikaryal, perisomal, and parenchymal uptake of IN-injected antibody.
Furthermore, the results showed that the transit of IN-injected antibody utilized AOB, RMS,
olfactory, and trigeminal pathways. Finally, the results indicated that IN-delivered NU4
antibody efficiently reduced cerebral amyloid and improved spatial acquisition learning in
5XFAD mice.

DISCUSSION
This is the first report showing detailed anatomical brain distribution and uptake of IN-
delivered anti-Aβ antibody raised against the most toxic oligomeric species of Aβ(NU4).
Conventionally, IN-administered material is taken up by sensory neurons of Gruenberg
ganglion and sepal organ projecting to the olfactory epithelium, by ventronasal organ
projecting to the AOB, and by olfactory epithelium projecting to the granule cell layer and
plexiform layers, eventually draining the IN-administered material into the AOB, RMS,
olfactory tract, and trigeminal tract [40, 44, 45]. While the IN-delivered material tracked into
the RMS reaches the lateral and 3rd ventricle in the close vicinity of hippocampus [39], the
material tracked into the olfactory track from AOB and olfactory lobe delivers material into
the midbrain [46], and the material trafficked along the trigeminal track delivers to pons and
hind brain, reaching to the 4th ventricle [47].

Currently observed entry of HRP-NU4 right across the glomerular and plexiform layers of
olfactory epithelium after 2 h post IN administration of NU4 is consistent with the known
facts of NU4 being trafficked through the sensory neurons of Gruenberg ganglion and septal
organ projecting to the olfactory epithelium, as well as NU4 directly taken up by olfactory
epithelium in the nasal cavity. This transit was further observed to progress along the
olfactory tract which appeared to have merged with the trigeminal path as evidenced by
detection of HRP-NU4 label at the base of the midbrain. The detection of HRP-NU4 within
the 4th ventricle provides additional confirmation of NU4 being trafficked through the
trigeminal route as well because it is the trigeminal path that conventionally projects IN-
delivered material to the pons, hind brain, and 4th ventricle [41, 44]. On the other hand,
detection of HRP-NU4 within the AOB by 6 h post IN-administration confirms the
trafficking of IN-delivered NU4 picked up by the septal organ of nasal cavity projecting to
AOB, eventually draining into the olfactory path.

The RMS is a specialized migratory route in the brain along which neuronal precursors
originating in the subventricular zone of the brain migrate to reach the main olfactory bulb,
and thus constitutes a significant part of the olfactory system that stretches from the
subventricular zone in the wall of the lateral ventricle, through the basal forebrain, to the
olfactory bulb [48]. The importance of the RMS lies in its ability to refine and even change
an animal’s sensitivity to smells, which explains its importance and larger size in the rodent
brain as compared to the human brain [48]. Although it was originally believed that neurons
could not regenerate in the adult brain, neurogenesis has been shown to occur in mammalian
brains, including those of primates [49]. However, neurogenesis is limited to the
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hippocampus and subventricular zone, and the RMS is one mechanism neurons use to
relocate from these areas [50]. In the RMS, vascular cells and astroglia forming gap
junctions are arranged parallel to the route of the migrating cells and provide scaffolding
[51]. Cells in the RMS are believed to move by “chain migration”. Developing neurons
travel toward the olfactory bulb along the RMS via glial tubes, traveling tangential to the
brain surface. Researchers tested the role of the RMS in “intranasal delivery of drugs into
the CNS” [40]. In this study, the experimenters disrupted the RMS in mice, which
obstructed “the uptake of intranasally administered radio-labeled material into the CNS.”
Fluorescent tracers were also used to track the medicine throughout the brain. It was found
that the medicine spread to all regions of the brain, including the olfactory bulb, concluding
that the RMS was extremely prevalent and necessary in the CNS in order to deliver drugs
intranasally [40]. In the current investigation, we confirmed the participation of RMS after
IN delivery of NU4 in 5XFAD brain, as evidenced by robust uptake and transit of HRP-
NU4 within RMS at 6 h post-IN administration, which showed advancing transit along the
RMS path, reaching to the 3rd ventricular site in the close vicinity of hippocampus by 12 h
post IN-administration.

Mutations in the genes for AβPP and PS1/2 harbored in 5XFAD mice are known to increase
production of Aβ42 characteristic of familial AD and exhibit expedited plaque development
compared to other transgenic mice [42]. 5XFAD mice are known to generate Aβ42 very
rapidly resulting in amyloid deposition (and gliosis) beginning at ~2 months of age and
reaching a very large burden in deep cortical layers. Intraneuronal Aβ42 is known to
accumulate in 5XFAD brain starting at 1.5 months of age (before plaques get deposited)
within the neuron soma and neurites. Parallel to the cerebral Aβ build-up, 5XFAD mice
have also shown impaired memory in the Y-maze [42].

Currently observed penetration of NU4 within the brain parenchyma, neuron soma, and
neurites certainly appears to have neutralized accumulated Aβ within the neurons and brain
parenchyma which resulted in preventing further accumulation of cerebral Aβ, as evidenced
by 1.4-fold reduction of 6E10-IR Aβplaques in the brains of 4-month-old 5XFAD mice IN
immunized with NU4, compared to 4-month-old saline injected age-matched untreated
control transgenics (Figs. 7D and 8). This reduction of cerebral Aβ was observed to be
translated in 29% improvement of spatial acquisition learning after immunization (Fig. 9).

Taken together, the current investigation provided anatomical evidence of the involvement
of olfactory, RMS, and trigeminal transit routes for anti-oligomer Aβ antibody to enter the
brain parenchyma with a resident time of 96 h post single bolus IN administration and
showed evidence of perikaryal and perisomal uptake of NU4 in 5XFAD brain, confirming
the IN route as a non-invasive and efficient way of administering therapeutics to the brain.
In addition, this study confirmed that IN administered NU4 was able to neutralize brain
parenchymal Aβ preventing progressive accumulation of cerebral amyloid, resulting in the
improvement of spatial acquisition learning-the hippocampal-based cognitive task.
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Fig. 1.
Representative photographs showing positioning of an anesthetized mouse (A) to be injected
intranasally with the antibody using a microliter pipette-tip targeted over one naris (B).
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Fig. 2.
Schema showing major routes of entry utilized after intranasal delivery of therapeutics in
mice. Intranasally administered material (yellow deposits) is picked up by sensory neurons
of Grueneberg ganglion, septal organ (green arrows), olfactory epithelium (blue arrow), and
ventro-nasal organ (red arrow). The sensory neurons of Grueneberg ganglion, septal organ
(green arrows), and olfactory epithelium (blue arrow)—all projecting to the granule cells of
the olfactory lobe—eventually drain intranasally-administered material into the rostral
migratory stream (RMS) (yellow arrowheads) and olfactory track at the base of the mid-
brain (blue and red arrows). The material tracked into the RMS reaches the lateral and 3rd
ventricle in the close vicinity of hippocampus. The sensory neurons of ventro-nasal organ
(red arrows) project to the accessory olfactory lobe, which further combine with the
olfactory track at the base of the mid-brain. The material trafficked along the trigeminal
nerve also combines with the olfactory track delivering to pons and hind brain, reaching to
the 4th ventricle.
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Fig. 3.
Representative photomicrographs showing absence of horseradish peroxidase labeling
within the olfactory lobe parenchyma (A) and in the hippocampal vicinity (B) in the brains
of saline vehicle injected mice at 12 h post-intranasal injection. Scale bar = 120 μm.
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Fig. 4.
Representative photomicrographs showing transit of intranasally-delivered horseradish
peroxidase (HRP) labeled NU4 antibody after a single bolus intransal injection at different
time-points, tracked within different brain regions represented in the Nissl-stained sagittal
section of mouse brain (A) as rectangular high power fields (C thru K). High power fields B
and C (arrows) represent transit of HRP-NU4 through the glomerular and plexiform layers
of olfactory lobe at 2 h post-intranasal injection, which was observed to be further advanced
by 6 h post intranasal injection (D, arrow), progressing into the olfactory tract (E, arrow). At
6 h post intranasal injection, the HRP-NU4 antibody was found to enter accessory olfactory
lobe (F, arrowhead) and rostral migratory stream (RMS) path (F, arrow). Trafficking into
RMS was observed to progress further at 12 h post intranasal injection reaching the vicinity
of hippocampus (arrows in H & I). HRP-NU4 was found to be transited in the olfactory-
trigeminal path (K, arrows) leading to the 4th ventricle (J, arrows) at 12 h post injection.
Scale bar in A = 1500 μm. Scale bars in C thru K = 150 μm.
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Fig. 5.
Representative photomicrographs showing brain parenchymal and neuronal uptake of HRP-
NU4 at 6 h post intranasal injection in the vicinity of 3rd ventricle (A, arrows), midbrain (B,
arrows), and hippocampus (C, arrows). High power magnification showing perikaryal
uptake of NU4 (D, arrowheads). Scale bar in A thru C = 100 μm. Scale bar in D = 50 μm.
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Fig. 6.
Distribution of fluorescently labeled NU4 at 6 and 12 h post injection showing detection of
antibody within the olfactory bulb (OB) at 6 h (OB-6 h) or 12 h (OB-12 h) post-injection;
and within the pyramidal neurons layer of the hippocampal CA1 region at 12 h post-
injection (Hippocampus-12 h) showing perisomal labeling (Hippocampus-12 h, Panel 1,
Panel 2). Scale bar = 50 μm.
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Fig. 7.
Representative photomicrographs showing the distribution of 6E10-immunoreactive (IR) Aβ
plaques (arrows in B–D) within the cerebral cortex of 5XFAD mice. Note absence of 6E10-
IR plaques in the brain of 4-month-old untreated age-matched saline injected non-transgenic
littermates (Lts) (A). Note sparse distribution of 6E10-IR Aβ plaques in the brains of 2-
month-old untreated saline injected control 5XFAD mice (Tgs) (B, arrow). Note
significantly increased Aβ plaque load in the brains of 4-month-old untreated age-matched
saline injected control 5XFAD mice (C, arrow). Note remarkable reduction of 6E10-IR Aβ
plaques in the brains of 4-month-old 5XFAD mice intranasally immunized with NU4 (D,
arrow). Scale bar = 60 μm.
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Fig. 8.
Densitometric quantitation of 6E10-immunoreactive (IR) plaques in 5XFAD brains before
and after intranasal immunization with NU4 antibody. Note baseline density counts in 4-
month-old untreated saline injected non-transgenic littermate (Lts) controls merely due to
fluorescent background. Compared to littermate controls, the deposition of 6E10-IR Aβ
plaques increased by ~10-fold in the brains of 2-month-old saline injected untreated control
transgenic mice (Tgs), that were further increased by additional ~2.5-fold in the brains of 4-
month-old saline injected age-matched untreated control transgenic mice. Intranasal
immunization using NU4 significantly reduced 6E10-IR Aβ plaques by 1.4-fold in the
brains of 4-month-old immunized 5XFAD mice (all values, p < 0.0001).
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Fig. 9.
Effect of intranasal immunization on spatial acquisition learning in 5XFAD mice, as
measured by latency (time in seconds required to reach the submerged platform in a given
trial of 6 0 s duration) using Morris water maze apparatus. Data are represented as group
means with standard deviation (SD) derived from the average individual values. Note least
required latencies (8–15 s) by 4-month-old control littermates (Lts), with progressively
increased latencies required by 2-month-old control transgenic (15–18 s) and 4-month-old
control transgenic (25–31 s) mice (Tgs). Note that intranasal immunization with NU4
improved spatial acquisition learning as evidenced by reduced latencies (18–22 s) to reach
the submerged platform compared to the latencies (25–31 s) required by age-matched
control mice.
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