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RAPID COMMUNICATION
Rapid transport within cerebral perivascular spaces underlies

widespread tracer distribution in the brain after intranasal
administration

Jeffrey J Lochhead’, Daniel J Wolak'?, Michelle E Pizzo'? and Robert G Thorne'?3%3

The intranasal administration route is increasingly being used as a noninvasive method to bypass the blood-brain barrier because
evidence suggests small fractions of nasally applied macromolecules may reach the brain directly via olfactory and trigeminal nerve
components present in the nasal mucosa. Upon reaching the olfactory bulb (olfactory pathway) or brainstem (trigeminal pathway),
intranasally delivered macromolecules appear to rapidly distribute within the brains of rodents and primates. The mechanisms
responsible for this distribution have yet to be fully characterized. Here, we have used ex vivo fluorescence imaging to show that
bulk flow within the perivascular space (PVS) of cerebral blood vessels contributes to the rapid central distribution of fluorescently
labeled 3 and 10 kDa dextran tracers after intranasal administration in anesthetized adult rats. Comparison of tracer plasma levels
and fluorescent signal distribution associated with the PVS of surface arteries and internal cerebral vessels showed that the
intranasal route results in unique central access to the PVS not observed after matched intravascular dosing in separate animals.
Intranasal targeting to the PVS was tracer size dependent and could be regulated by modifying nasal epithelial permeability. These
results suggest cerebral perivascular convection likely has a key role in intranasal drug delivery to the brain.
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INTRODUCTION

Biotherapeutic delivery to the brain remains a challenge because of
the presence of the blood-brain barrier (BBB) and multiple blood-
cerebrospinal fluid (CSF) barriers.! Growing evidence suggests the
intranasal route of administration may allow biotherapeutics to
bypass these barriers in rodents,> nonhuman primates,® and human
beings.* A large body of preclinical and clinical work has shown
central nervous system (CNS) delivery and/or central effects with
peptides, proteins, gene vectors, and even mesenchymal stem cells
after intranasal application.>® Over the past decade, intranasal
studies have increasingly focused on preclinical treatments in
disease models (e.g., epidermal growth factor applied intranasally
to chronically hypoxic mice” or various peptides applied intrana-
sally after focal cerebral ischemia in rodents®®), as well as clinical
treatments for disorders such as Alzheimer's disease (e.g., intranasal
insulin'®), but the mechanisms and pathways governing transport
of these substances from the nasal epithelia to widespread CNS
areas have yet to be fully elucidated.

Much of what we know about how intranasally applied
substances directly target the CNS has come from quantitative

studies utilizing ['*I]-labeled proteins (e.g., Thorne et al®), typically
by comparing brain levels and autoradiographic distributions after
intranasal dosing against those resulting from matched intravas-
cular controls (e.g., intravenous or intraarterial application of
matched doses designed to approximate the area under the blood
or plasma concentration time curve measured after intranasal
delivery). These studies have suggested brain delivery occurs
along two principal cranial nerve entry routes, the olfactory and
trigeminal nerve-associated pathways, after paracellular or trans-
cellular transport across the olfactory or respiratory epithelia
(reviewed in Lochhead and Thorne®®). A variety of classical tight
junction proteins are present at the surface of the nasal epithelia
(e.g., the apical olfactory epithelium is immunoreactive for zonula
occludens-1 and -2, claudins-1, -3, and -5, and occludin''). The
paracellular path is therefore thought to be increasingly restrictive
for macromolecules with increasing hydrodynamic size; however,
frequent turnover of constituent cells (and associated reepithelia-
lization from basal cell division into mature olfactory sensory
neurons and sustentacular cells of the olfactory epithelium or
ciliated and goblet cells of the respiratory epithelium) may
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regulate this restrictiveness.> After transport across the olfactory or
respiratory epithelia to the lamina propria, experimental evidence
indicates intranasally applied proteins can then access olfactory-
or trigeminal-associated perineural, perivascular or lymphatic
compartments connecting to the olfactory bulb region via
perforations in the cribriform plate or to the brainstem region
via the anterior lacerated foramen (rat).>*

Brain levels of macromolecules after intranasal application have
been measured to be orders of magnitude greater than levels
measured after matched intravascular control dosing, consistent
with the idea that intranasal delivery to the brain occurs by a
direct process that effectively bypasses the systemic circulation
and the BBB. In light of this, the rapid kinetics of brain delivery
and distribution after intranasal application of ['*I[]-labeled
proteins such as insulin-like growth factor-l (7.6 kDa) in rats? or
interferon-B (20 kDa) in cynomolgus monkeys? is striking: within
30 to 60 minutes, peak levels in the nervous tissue of both species
have been measured within the olfactory bulbs and trigeminal
nerves but significant concentrations have also been measured
in more distant cortical areas (e.g., in the motor cortex of rats),
subcortical regions (e.g., in basal ganglia components of monkeys),
and even the spinal cord (e.g., at upper cervical levels in both rats
and monkeys). Similarly, studies in human beings have also
exhibited rapid central delivery kinetics, with significant concen-
trations of intranasally applied peptides and proteins as large as
insulin (5.8 kDa) reaching peak levels within 30 minutes in lumbar
CSF despite no change in serum levels.* A key unanswered
question concerns how substances may achieve rapid, widespread
distribution throughout the neural axis after application to the
nasal cavity by a mechanism not involving disposition through the
bloodstream. It has been speculated that the rapid nature of
central delivery observed after intranasal administration necessi-
tates extracellular bulk flow (convection) because the observed
kinetics and transport distances are inconsistent with rates of
intracellular (axonal) transport within olfactory/trigeminal nerves
or diffusion from the nasal application site;> indeed, a convective
process would also help explain how intranasally applied
substances can be delivered to distant cortical, subcortical, white
matter, and spinal cord regions within 60 minutes of nasal
application across species with brains of markedly different size
(e.g., mice,’ rats,”> monkeys,®> and human beings?).

Convective transport, the movement of a fluid volume and all
the particles contained within it at a certain velocity,'? has been
clearly shown in only a few CNS compartments:'>'> (i) CSF
circulation within the brain’s ventricles and subarachnoid spaces,
(ii) CSF and interstitial fluid flow along certain cranial (e.g.,
olfactory'®) and spinal nerve roots to extracranial lymphatics, and
(iii) CSF and interstitial fluid flow within the perivascular space
(PVS) of cerebral blood vessels. A number of lower molecular
weight substances (e.g., peptides and smaller proteins such as
insulin® as well as lower MW dextrans'”'®) have been measured in
sampled CSF shortly after transport across the nasal epithelia after
intranasal administration;® however, several studies have failed to
detect larger proteins in the CSF after intranasal administration
(e.g., 7.6kDa insulin-like growth factor-l, 25kDa transforming
growth factor-f1, and 38 kDa vascular endothelial growth factor),
despite obtaining evidence of widespread distribution in sampled
brain tissues.>'*?° The detection of high ['**[]-insulin-like growth
factor-l levels in microdissected, perfusion-fixed cerebral blood
vessels (the circle of Willis, basilar artery, and their associated
branches) within 30 minutes after intranasal application has led to
speculation that bulk flow within cerebral PVS may be involved in
the rapid, widespread distribution of certain macromolecules
within the brain after intranasal administration.?

Several groups have shown convective transport of tracers
along cerebral PVS after injection into the brain, cisternal CSF, or
directly into the PVS?'™2* but clear evidence confirming transport
within the PVS after intranasal administration has not yet been

Journal of Cerebral Blood Flow & Metabolism (2015), 371 -381

reported. Here, we have used ex vivo fluorescence imaging and
confocal microscopy to examine the localization of Texas Red-
labeled 3 and 10 kDa lysine-fixable dextrans on the surface of the
brain, as well as in interior brain regions after intranasal admini-
stration and compared this with the distribution after carefully
matched intraarterial dosing. Our findings implicate rapid
convection within the PVS of cerebral vessels as an important
mechanism underlying the resulting brain distribution after
intranasal delivery of macromolecules.

MATERIALS AND METHODS

Reagents

Purchased reagents included: lysine-fixable Texas Red-labeled 3kDa
dextran (TR-Dex3; 0.3 moles TR/mole dextran), 10 kDa dextran (TR-Dex10;
1 mole TR/mole dextran), and ProLong Gold anti-fade media (Invitrogen,
Carlsbad, CA, USA); mouse anti-rat endothelial cell antigen-1 (Abcam,
Cambridge, MA, USA); activated rat matrix metalloproteinase-9 (MMP-9;
Sino Biological, Beijing, China); Formical-4 (Decal Chemical, Tallman, NY,
USA); all other reagents and supplies were from Thermo Fisher Scientific
(Waltham, MA, USA) or Sigma Aldrich (St Louis, MO, USA), unless noted.

Free Diffusion Measurements and Tracer Sizing Using Integrative
Optical Imaging

We used the integrative optical imaging (I0l) method to measure the free
diffusion of each tracer after pressure ejection into dilute (0.3%) NuSieve
GTG agarose (FMC, Philadelphia, PA, USA), as described previously.>’
Briefly, this method used epifluorescence microscopy with a system
consisting of an Olympus BX61WI microscope equipped with a water-
immersion objective (UM PlanFl 10x, NA 0.3; Olympus, Center Valley, PA,
USA), Texas Red filter set (Chroma, Bellows Falls, VT, USA), and a CCD
camera (Cool-Snap HQ? Photometrics, Tucson, AZ, USA). Each tracer's
diffusion was imaged over time after ejection from 3 to 6 um diameter
glass micropipettes (catalog 617000, A-M Systems, Carlsborg, WA, USA)
using a 100- to 200-milli-second nitrogen pulse (Toohey Spritzer, Toohey,
Fairfield, NJ, USA), approximating a point source (Figure 1A). Fluorescence
intensity was then extracted from the diffusion images along each of six
different axes and the upper 90% of the resulting curves were fitted to the
diffusion equation (equation 2 in Thorne et al”®) using a nonlinear simplex
algorithm (Figure 1B). Fits yielded estimates for a parameter, y; over a
succession of times, t; linear regression of y?/4 upon t; yielded a slope
equal to the free diffusion coefficient (D). Highest and lowest D from the six
axes were discarded to yield an average D value for each individual
measurement from the remaining four axes.

Intranasal and Intraarterial Administration

All experimental protocols were approved by the Institutional Animal Care
and Use Committee at the University of Wisconsin-Madison and performed
in accordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (8th edition; 2011). Female Sprague-Dawley rats
(180 to 230 g; Harlan Sprague-Dawley, Indianapolis, IN, USA) were housed
under a 12-hour light-dark cycle and fed ad libitum. Rats were
anesthetized with an intraperitoneal injection of urethane (1.2 g/kg) and
cannulated through the abdominal aorta for tracer administration, plasma
sampling, and upper body perfusion. Body temperature was maintained at
37°C with a homeothermic blanket (Harvard Apparatus, Holliston, MA,
USA). Administration parameters are listed in Table 1. Rats were placed in
the supine position and intranasally administered 48 uL TR-Dex3 to
alternating nares in 12puL drops every 5minutes (n=24). Intraarterial
control rats were infused with 0.5 mL TR-Dex3 through the abdominal
aorta over the course of 1 to 2 minutes (n=9). TR-Dex10-treated rats were
intranasally administered 24 uL saline (n=7) or activated rat MMP-9 (100
nmol/L dissolved in saline; n=12) to alternating nares in 6 uL drops every
5 minutes. Twenty minutes after intranasal administration was initiated,
rats were intranasally administered 24 uL TR-Dex10 to alternating nares in
6 uL drops every 5minutes. Intraarterial control rats were infused with
0.5mL TR-Dex10 after intranasal administration of MMP-9 as described
above (n=6).
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Quantification of Texas Red-Labeled Dextran Levels in Plasma
Samples

Blood samples (0.4 mL or less) were drawn from the abdominal aorta every
10 minutes after intranasal or intraarterial administration of TR-Dex3 or TR-
Dex10 and stored in a microcentrifuge tube with heparin on ice. Samples
were then centrifuged at 3000xg for 10 minutes at 4°C. Plasma was
removed and TR-Dex3 or TR-Dex10 was quantified on a fluorescent plate
reader (BMG Labtech, Cary, NC, USA) with excitation and emission filters
set at 584 and 620 nm, respectively. Plasma samples collected before each
experiment were quantified and used as a blank value and the concen-
tration of TR-Dex3 or TR-Dex10 was calculated from a standard curve. The
plasma area under the curve over the course of the experiment was
calculated using the trapezoidal method.
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Figure 1. Characterization of tracer solution behavior by free

diffusion measurements obtained using integrative optical imaging.
(A) Representative images after pressure ejection of Texas Red-
labeled 3 kDa dextran (TR-Dex3) or 10 kDa dextran (TR-Dex10) into
dilute agarose. (B) Fluorescence intensity profiles were extracted
from each image (TR-Dex3 data in green; TR-Dex10 data in red) and
fit to the diffusion equation (dashed black lines, TR-Dex3 fits; solid
black lines, TR-Dex10 fits) along one of six different axes (shown in
A, solid white lines; 150° axis for TR-Dex3; 30° axis for TR-Dex10).
Curve fitting yielded Drpeg (37 °C)=2.69 10~ %cm?/second and
Drr-pexio (37 °C)=1.35%x 10~ ° cm?/second for the records shown.
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Ex Vivo Fluorescence Imaging of Cerebral Blood Vessels on the
Brain Surface

Twenty minutes after initiation of intranasal or intraarterial administration
of TR-Dex3 or 30 minutes after initiation of intranasal or intraarterial
administration of TR-Dex10, rats were exsanguinated by perfusion through
the abdominal aorta with 50 mL of ice-cold phosphate-buffered saline
(PBS) before brain removal. The ventral brain surface was immediately
viewed under an Olympus MVX10 Macroview fluorescent microscope
equipped with a Texas Red filter (Chroma). Images of both treated and
control animals were acquired at the same magnification and exposure
time under the same light intensity with an Orca-flash 2.8 CMOS camera
(Hamamatsu, Bridgewater, NJ, USA). Treated and control group images
were merged into a single window and optimized in Adobe Photoshop
using contrast and curves adjustments (Adobe Systems, San Jose, CA, USA).
Identical adjustments were performed on all treatment groups. Using these
images, the fluorescence intensity of TR-Dex3 in a region of interest in the
PVS where the middle cerebral artery (MCA) branches from the anterior
cerebral artery (ACA) was quantified using Image) software (Wayne
Rasband, Research Services Branch, National Institutes of Mental Health,
Bethesda, MD, USA). Images were optimized in Adobe Photoshop (Adobe
Systems) with identical adjustments performed on all groups.

Processing of Brain Slices and Olfactory Epithelium

After treatment, rats were perfused through the abdominal aorta with
50 mL ice-cold PBS followed by 300 mL 4% paraformaldehyde in 0.1 mol/L
phosphate buffer at room temperature. The brain was rapidly removed
and 1-mm-thick coronal or sagittal slices were immediately imaged and
processed in Photoshop as described above. In some experiments, the
brain was postfixed in 4% paraformaldehyde in 0.1 mol/L phosphate buffer
for 72 hours and 50 um coronal sections were then sliced on a vibratome
(Leica VT1000S, Wetzlar, Germany) and used for immunofluorescence. The
olfactory epithelium was dissected, postfixed, and decalcified in Formical-4
for 24 hours at room temperature. Epithelia were then cryo-protected in
20% sucrose in PBS at 4°C for 48 hours followed by snap freezing in
isopentane on dry ice. Coronal sections (10 um) were cut on a cryostat
(Leica CM1950), mounted on glass slides, and coverslipped in ProLong
Gold for confocal microscopy.

Immunofluorescence and Confocal Microscopy

Free-floating 50 um coronal brain sections were washed in PBS and
blocked for 1 hour in 5% goat serum in PBS (blocking buffer). Sections
were then incubated in blocking buffer with mouse anti-rat endothelial cell
antigen-1 (1:1000) for 2 hours at room temperature. Sections were washed
in PBS and incubated for 1 hour in blocking buffer with DyLight 488 goat
anti-mouse immunoglobulin G (1:200). After a final wash in PBS, sections

AUGintranasal (nmol/L - minutes)

Intraarterial dextran concentration (ug/mL)®
Intraarterial dextran dosing

EndPOint [plasma]intraarterial (ng/ml-)
AUGintraarterial (Nmol/L - minutes)

Table 1. Quantitative parameters for Texas Red-labeled lysine-fixable dextran tracers
TR-Dex3 TR-Dex10
Approximate molecular weight (Da) 3,000 10,000
Free diffusion coefficient, D (x10~7 cm?/second; 37 + 0.5 °C) 24.6+0.20 (12) 15.6 +0.15 (13)
Hydrodynamic diameter, dy (nm)? 2.67 +0.02 4.21 +0.04
Endpoint plasma sampling time after adm|n|strat|on start (minutes) 20 30
Intranasal dextran concentration (mg/mL) 25 50
Intranasal dextran dosing 4x12pL drops 4 %6 pL drops
Endpoint [plasmalintranasal (Ng/ML) 21.1+1.8 (5 11.5+1.4 (5)°

13.1+1.8 (6)°
16.1+£2.3 (5)°
17.9+3.7 (6)°
4 0.4

500 pL bolus 500 pL bolus
92.8+13.7 (5) 7.5+03 (3)°
934.6+89.2 (5) 36.7+0.9 (3)°

48.7 +£13.1 (5)

Values reported as meanz+s.e.m. (n independent measurements). AUC, area under the plasma concentration-time curve from the start of dextran
administration until the endpoint sample collection; TR-Dex3, Texas Red-labeled 3 kDa dextran. *Apparent hydrodynamic diameter determined from Stokes-
Einstein equation [dy = (k7)/(37nD), where k is Boltzmann’s constant, T is absolute temperature, and n is the viscosity of water (6.9152x 10~ * Pa second at
T=310K)].2° PDissolved in saline. ‘Intranasal saline (4x6 uL drops) followed by intranasal TR-Dex10.
4x6 uL drops) followed by intranasal TR-Dex10. €Intranasal matrix metalloproteinase-9 (100 nmol/L; 4 x 6 uL drops) followed by intraarterial TR-Dex10.

9Intranasal matrix metalloproteinase-9 (100 nmol/L;
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were mounted onto glass slides and coverslipped in ProLong Gold. Laser
scanning confocal microscopy was performed on brain slices or olfactory
epithelial slices using an Olympus FV1000 confocal microscope (Olympus).

Quantification of MMP-9 Levels in CSF by Enzyme-Linked
Immunosorbent Assay

Anesthetized rats were initially fixed in a stereotaxic frame (Stoelting,
Wood Dale, IL, USA). A catheter made of 33 GA PEEK tubing (Plastics One,
Roanoke, VA, USA) was connected to an infusion/withdrawal pump
(Quintessential Stereotaxic Injector, Stoelting), inserted through the intact
dura a distance of T mm into the cisterna magna, and sealed in place with
cyanoacrylate. Animals were then carefully removed from the stereotaxic
frame and placed in a supine position for intranasal administration of
either 100 nmol/L MMP-9 or saline, as described above. Twenty minutes
after intranasal administration was initiated, CSF was withdrawn at a
constant rate (10 uL/minutes) for an additional 15 to 20 minutes while the
supine position of the animals was maintained. CSF samples were
centrifuged at 12,000 g for 5 minutes at 4°C and the supernatant was
collected and stored at —20 °C. Total MMP-9 CSF levels (active, pro-, and
complexed protein) were then quantified using a commercial solid phase
enzyme-linked immunosorbent assay (Rat Total MMP-9 Quantikine ELISA
Kit, R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s
instructions.

Statistical Analysis

All data were graphed and analyzed using SigmaPlot software (version
11.0, Systat Software, San Jose, CA, USA). Data were analyzed for statistical
significance between treatment groups using a t-test or an analysis of
variance test and are presented as means + standard error (s.e.m.). A value
of P < 0.05 was accepted as statistically significant.

RESULTS

Hydrodynamic Sizes of Lysine-Fixable Texas Red-Labeled Dextran
Tracers

We chose to evaluate the intranasal delivery and subsequent brain
distribution pathways of lysine-fixable Texas Red-labeled dextrans
(3kDa, TR-Dex3; 10kDa, TR-Dex10) because these hydrophilic
macromolecules are very soluble in water, allowing use of high
concentrations with a correspondingly higher signal-to-noise
for fluorescence imaging, as well as the option to be fixed by
paraformaldehyde perfusion, negating postmortem tracer diffu-
sion in tissue slices. Although the solution properties of a number
of different fluorescently labeled dextrans have been extensively
characterized (e.g., monomeric nature, diffusion behavior, and
hydrodynamic diameters),>>~>" no such information yet exists to
our knowledge for dextrans covalently modified with lysine
residues. We therefore characterized the free diffusion coefficients
(D) of TR-Dex3 and TR-Dex10 using I0I, an established and highly
validated method for measuring the diffusion of fluorescently
labeled macromolecules.'? D values determined by 10! (Table 1)
allowed us to estimate apparent hydrodynamic diameters (dy) of
2.7 nm for TR-Dex3 and 4.2 nm for TR-Dex10 using the Stokes-
Einstein equation (Table 1), in general agreement with past
estimates using other nonlysine-fixable dextrans.>>%” The results
confirmed the stable, monomeric behavior of TR-Dex3 and TR-
Dex10 in solution and provided quantitative estimates of their
hydrodynamic size important for interpreting their disposition
after intranasal delivery.

Rationale and Design of In Vivo Tracer Experiments for
Fluorescence Imaging

Previous intranasal tracer studies have used fluorescent dextrans
and confocal microscopy to examine the nasal epithelial transport
of fluorescein isothiocyanate-labeled 3 and 10 kDa dextrans in vivo,
showing significant transfer of 3 kDa dextran across the epithelia®®?°
but negligible transfer of 10kDa dextran in the absence of
the nasal absorption enhancer sodium taurodihydrofusidate.?®
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Although one of these studies imaged the subsequent local
transport of 3 kDa dextran in the connective tissue surrounding
olfactory nerve bundles, with signal reaching to the olfactory bulb
within 2 minutes of intranasal application,?® detailed fluorescence
imaging of dextran disposition on the brain surface or in brain
sections beyond the olfactory bulb after intranasal dextran
administration has not been described. We used Texas Red as
opposed to fluorescein-labeled dextrans for our studies to reduce
background autofluorescence and constrained the moles of Texas
Red administered with intranasal solutions of TR-Dex3 (2.5 mmol/L
TR in 48 uL) and TR-Dex10 (5mmol/L TR in 24 ulL). For trans-
epithelial transfer, we ultimately found it necessary to use a nasal
absorption enhancer with the 10 kDa dextran (applied as a 24 uL
pretreatment just before intranasal TR-Dex10), but not the 3 kDa
dextran, as in a prior study.”® Rather than using sodium tauro-
dihydrofusidate, a compound that enhances paracellular transport
across the nasal epithelia but is associated with significant nasal
irritation and toxic morphologic changes in nasal epithelial cells,*
we evaluated the ability of MMP-9 to act as a physiologic
absorption enhancer and a tool to enhance the nasal permeation
and brain entry of TR-Dex10. MMP-9 is naturally expressed in a
proteolytically active form in the olfactory epithelium,*® where it
appears to have a role in the reepithelialization and migration of
new olfactory sensory neurons derived from basal cell turnover. It
has previously been shown that MMP-9 is able to transiently
increase the permeability of the perineurial barrier to deliver
analgesic drugs in part through alteration of claudin-1,>' which is
also a component of tight junctions in the olfactory epithelium."
Total intranasal solution volumes and dropwise administration
were essentially performed as previously described.? Important
experimental parameters used in our study, including the TR-Dex3
and TR-Dex10 dosing regimens, are shown in Table 1. Intravas-
cular controls with TR-Dex3 and TR-Dex10 were also performed
similar to previous studies utilizing ['?*I]-labeled protein tracers,?
with intraarterial dosing matched to approximate or exceed
plasma exposure after intranasal administration of TR-Dex3 or TR-
Dex10 at the concentrations used to study brain disposition
(Table 1). Our intraarterial control experiments therefore allowed
us to compare potential brain entry or endothelial signal arising
from the bloodstream with brain entry arising from direct path-
ways within the nasal lamina propria.

Visualizing Rat Cerebral Arteries and Their Associated Perivascular
Spaces

The rat cerebral artery pattern on the ventral brain surface is
shown schematically in Figure 2A. The anterior circulation includes
the azygos ACA, paired MCAs, and paired nasal-olfactory arteries*>
(also called olfactory arteries>33%, among others.'*3* The olfactory
bulb arterial supply was of particular interest and includes the
nasal-olfactory arteries (with major fields primarily in the nasal
passages), the olfactofrontal arteries (providing blood supply to
the dorsal olfactory bulbs), and the ventral olfactory arteries
(providing blood supply to the ventral olfactory bulbs), all of which
principally branch from the ACA3? The posterior circulation,
arising from the paired vertebral arteries, includes the basilar
artery, paired anterior inferior cerebellar arteries, numerous
pontine ventral artery branches, paired superior cerebellar arteries,
and paired posterior cerebral arteries, among others.'*** The
schematized arterial pattern in Figure 2A may be readily realized
in an unperfused (untreated) rat brain imaged shortly after being
euthanized (Figure 2B). The PVS associated with numerous
leptomeningeal (surface) arteries may be observed at higher
magnification as a relatively clear fluid-filled space encircling a
vascular lumen that appears red because of the iron-containing
hemoglobin in erythrocytes (Figure 2B1); this PVS contains
adventitial connective tissue elements and is thought to be
bounded externally by fibroblast-like lining cells reflected from the
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Figure 2. TR-Dex3 disposition in plasma and brain after intranasal or intraarterial administration. (A) Schematic of the ventral rat brain surface
depicting key areas of focus for our study: the entry zones of cranial nerves I (olfactory) and V (trigeminal) along with the cerebral arteries and
their associated PVS. (B) Ventral view of the unperfused brain surface from a nontreated animal showing the approximate regions imaged in
(I-L). A putative PVS surrounding the lumen of numerous arteries can be realized upon close inspection because the vessels remain filled with
blood. The PVS associated with a proximal branch of the MCA is indicated in B1. (C) TR-Dex3 plasma concentration over time after intranasal
or intraarterial administration. Intranasal administration of 1.2mg of TR-Dex3 was performed dropwise over 15 minutes. Intraarterial
administration of 2 ug TR-Dex3 was infused through the abdominal aorta over the first 1 to 2 minutes of the experiment. Plasma samples
were acquired at 10 and 20 minutes after initiation of the experiment. The concentration of TR-Dex3 at time zero after intraarterial
administration was estimated by dividing the dose by the plasma volume of female Sprague-Dawley rats (3.4 mL/100 g).*° Values are
presented as means +s.e.m. (n=5 for each condition). (D) Ex vivo fluorescence imaging of the ventral brain surface after intranasal TR-Dex3
and saline upper body perfusion. Representative image showing TR-Dex3 fluorescent signal on the olfactory bulb, the trigeminal nerve (V)
entry zone of the brainstem, and in the PVS of arteries on the ventral surface of the brain 20 minutes after intranasal administration.
A representative image obtained under identical imaging and image processing conditions revealed no visible fluorescence on the ventral
brain surface after intraarterial administration of TR-Dex3 (D1; scale bar=1 mm). Boxes in D are shown at higher magnification (E-H), with
significant perivascular fluorescent signal observed along the VOA at the ventrocaudal olfactory bulb (E), at the bifurcation of the ICA into the
MCA and ACA (F), at the level of the basilar artery dividing into two trunks yielding the SCA and PCA within the interpeduncular fossa (G), and
at the lateral branching of the AICA off of the basilar artery (H). Representative images of the lateral brain surface in different animals
consistently revealed significant perivascular fluorescence associated with the MCA after intranasal (I) but not intraarterial (J) administration of
TR-Dex3 under identical imaging and image processing conditions. Similarly, representative images of the ventral brainstem also consistently
revealed significant perivascular fluorescence associated with the posterior circulation after intranasal (K) but not intraarterial (L)
administration of TR-Dex3 under identical imaging and image processing conditions. Scale bars for E-H =400 um. ACA, anterior cerebral
artery; AICA, anterior inferior cerebellar artery; ICA, internal carotid artery; MCA, middle cerebral artery; OFA, olfactofrontal artery; PCA,
posterior cerebral artery; PVA, posterior ventral artery; PVS, perivascular space; SCA, superior cerebellar artery; TR-Dex3, Texas Red-labeled
3 kDa dextran; VOA, ventral olfactory artery.
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brain’s pia mater and internally by components of the tunica
media (smooth muscle) associated with the artery’s outer wall.?®

Texas Red-Labeled 3 kDa Dextran Rapidly Distributes to Cerebral
Perivascular Spaces After Intranasal but Not Intraarterial
Administration

Figure 2C shows plasma levels of TR-Dex3 after intranasal or
intraarterial administration over 20 minutes, after which animals
were perfused and euthanized by exsanguination. Plasma levels in
the intraarterial group were higher than the intranasal group at every
time point measured. The area under the curve was significantly
higher in the intraarterial group (934.6 +89.2 nmol/L - minutes) than
in the intranasal group (48.7+13.1 nmol/L - minutes) during the
course of the experiment (n=5; P < 0.001; Table 1).

We performed ex vivo fluorescence imaging to visualize the
distribution of fluorescent signal associated with leptomeningeal
vessels and the brain surface. Initial pilot experiments exhibited
substantially more vessel-associated fluorescence when rats were
vascularly perfused with only 50 mL PBS rather than with 50 mL
PBS followed by 300 mL paraformaldehyde (likely because of TR-
Dex3 wash-out from the PVS during the longer perfusion time); we
therefore chose to perfuse rats only with PBS and rapidly image
the brains within minutes of perfusion for surface imaging. Using
identical conditions of animal perfusion, tissue processing, image
acquisition, and image processing, we observed prominent brain
surface or perivascular fluorescence in ~80% of animals after
intranasal administration of TR-Dex3 (19 out of 24 rats examined),
while no animals exhibited brain surface or perivascular fluores-
cence after intraarterial TR-Dex3 (0 out of 9 rats examined), despite
significantly higher plasma exposure to TR-Dex3 in the intraarterial
group. Figure 2D shows a representative image from an animal
receiving intranasal TR-Dex3. Approximately 20 minutes after
initial intranasal administration of TR-Dex3, we observed signifi-
cant fluorescence on the ventral and lateral brain surfaces,
including high levels at the entry points for the olfactory nerves
(olfactory bulb) and the trigeminal nerves (pons), as well as in the
PVS surrounding leptomeningeal vessels. The fluorescent signal
associated with surface arteries (e.g., the posterior cerebral artery
observed at higher magnification in the inset of Figure 2D) could
essentially be seen as a reverse image of equivalent arteries
imaged in the unperfused state in Figure 2B (e.g, the MCA
observed at higher magnification in Figure 2B1): a bright signal
emitting from the fluid-filled PVS encircling a relatively dark
vascular lumen with minimal fluorescent signal. Perivascular
fluorescence was particularly evident in olfactory vessel branches
of the ACA (e.g., the olfactofrontal artery in Figure 2D and ventral
olfactory artery in Figure 2E), numerous branches of the MCA
(Figures 2D, 2F, and 2I), the basilar artery and its superior
cerebellar artery and posterior cerebral artery branches (Figures
2D, 2G, and 2K), the anterior inferior cerebellar artery (Figures 2D,
2H, and 2K), and the vertebral arteries (Figures 2D and 2K). The
rapid appearance of TR-dex3 in the PVS of cerebral arteries on the
ventral and lateral brain surfaces suggests these arteries are
involved in the widespread distribution of macromolecules in the
brain after intranasal administration. We observed no obvious
fluorescent signal on the surface of the brain after intraarterial
administration (Figures 2D1, 2J, and 2L), suggesting the TR-Dex3
visualized on the brain surface and within the PVS of cerebral
vessels observed after intranasal administration did not originate
in the bloodstream and subsequently cross the BBB. Further,
quantification of fluorescence intensity within the anterolateral
PVS angle at the bifurcation of the internal carotid artery into the
MCA and ACA (Figure 3A) was significantly higher (24.2-fold) after
intranasal administration compared with intraarterial administra-
tion (n=4; P < 0.001; Figure 3B).

After intranasal administration of TR-Dex3, widespread perivas-
cular fluorescence of TR-Dex3 was observed in 1T-mm-thick coronal
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brain sections after perfusion with PBS and subsequent perfusion
with 4% paraformaldehyde to prevent postmortem tracer diffu-
sion within the tissue slice (Figures 4A and 4C). A substantial
amount of this fluorescence was lost after prolonged tissue
storage in PBS or 4% paraformaldehyde > 24 hours (data not
shown), possibly because the PVS contains less protein constitu-
ents available for cross-linking with dextran’s lysine residues; this
necessitated that sections be obtained and imaged immediately
after perfusion. No fluorescence was observed in identically
processed coronal slices after intraarterial administration of
TR-Dex3 (Figures 4B and 4D). In sections through the primary
somatosensory cortex (S1) of the parietal lobe (Figure 4A), the
highest levels of TR-Dex3 seen after intranasal administration were
observed on the pial brain surface in the vicinity of the subpial
space. We also observed TR-Dex3 associated with putative cortical
penetrating arteries, as well as interior microvessels and noticed
markedly lower fluorescence in the less vascularized white matter
(Figure 4A). These observations suggest TR-Dex3 accesses the PVS
of arteries upstream of the cortical pial surface, spreads along the
subpial space upon vessel penetration, and finally travels with
the PVS of penetrating vessels deeper into the brain to the
microvessel level. Diffuse periventricular fluorescence was also
seen in the vicinity of the dorsal third ventricle and hippocampus
after intranasal administration (Figure 4C), but not intraarterial
administration (Figure 4D). Confocal microscopy of 50 um thick
sections through the S1 cortex (Figure 4E) or hippocampus
(Figure 4F) immunolabeled for the rat endothelial plasma
membrane marker rat endothelial cell antigen-1 showed intrana-
sal TR-Dex3 signal was associated with the PVS of vessels with
diameters corresponding to arterioles/venules (Figure 4E), as well
as capillaries (Figure 4F). Although most fluorescent signal
observed within the interior region of brain sections after
intranasal TR-Dex3 appeared closely associated with the PVS of
blood vessels, Figures 4A, 4C, 4E, and 4F also contained regions of
diffuse TR-Dex3 in adjacent parenchyma and occasional gradients
leading away from blood vessels, suggesting at least some portion
of TR-Dex3 was able to migrate beyond the PVS.

Intranasally Applied Texas Red-Labeled 10 kDa Dextran Rapidly
Distributes to Cerebral Perivascular Spaces Only with Absorption
Enhancer Pretreatment

Figure 5A shows plasma levels of TR-Dex10 after intranasal or
intraarterial administration over 30 minutes, after which animals
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Figure 3. Perivascular fluorescent signal observed at the bifurcation
of the internal carotid artery (ICA) into the middle cerebral artery
(MCA) and anterior cerebral artery (ACA) was significantly greater
after intranasal (IN) Texas Red-labeled 3 kDa dextran (TR-Dex3) (A) as
compared with intraarterial (IA) TR-Dex3 (A1). Twenty minutes after
IN or IA administration of TR-Dex3, rats were perfused with PBS and
the brain was rapidly removed and images acquired under identical
imaging and image processing conditions. Representative photo-
micrographs are shown with a circle indicating the region of interest
used for quantification. (B) Fluorescence units quantified from the
region of interest in rats after IN or IA administration (n=4). Values
are given as means +s.e.m., *P < 0.001.
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Figure 4. Ex vivo fluorescence imaging (A-D) and confocal imaging (E and F) of Texas Red-labeled 3 kDa dextran (TR-Dex3) fluorescence in
brain sections 20 minutes after intranasal or intraarterial administration. (A) Intranasal TR-Dex3 resulted in significant fluorescent signal on the
pial surface in the vicinity of the subpial space of the somatosensory (S1) cortex (arrow heads), as well as in perivascular spaces (PVSs) of
vessels, including putative penetrating arteries (arrow). The dashed line represents the boundary between gray matter (GM) and the less
vascularized white matter (WM). (B) Control rats administered TR-Dex3 intraarterially and imaged at the same level and settings as in
A revealed no visible fluorescent signal. (C) TR-Dex3 can be found around the dorsal third ventricle (arrow heads), as well as in PVSs (arrow) in
the hippocampus after intranasal administration. (D) Control rats administered TR-Dex3 intraarterially and imaged at the same level and
settings as in C revealed no visible fluorescent signal. (E) Confocal imaging of a brain section from the S1/insular cortex reveals TR-Dex3 signal
(red) surrounding a 35 um diameter blood vessel after intranasal administration (arrow). Endothelial cells were identified by rat endothelial cell
antigen-1 (RECA-1) immunofluorescence (green). (F) Confocal imaging of a brain section from the hippocampus revealed TR-Dex3 signal in
the PVS of a 12 um diameter blood vessel (arrows), as well as a putative capillary branch with a diameter of approximately 8 um (arrow heads)
after intranasal administration.

were perfused and euthanized by exsanguination. We chose to
conduct our experiments with TR-Dex10 over 30 minutes instead
of the 20-minute time point used for TR-Dex3 because TR-Dex10
plasma levels proved more reliably quantifiable at the 30-minute
time point than at the 20-minute time point and this also allowed
slightly additional time for nasal absorption enhancement with
MMP-9. Intranasal pretreatment with saline or MMP-9 was initiated
20 minutes before rats were intranasally administered TR-Dex10. A
separate group of rats were intraarterially administered TR-Dex10
after intranasal pretreatment of MMP-9 to control for the

© 2015 ISCBFM

possibility that brain entry from the bloodstream may be affected
in some way by intranasal MMP-9. The area under the curve
after intraarterial administration (36.7 + 1.6 nmol/L - minutes; n=3)
was significantly higher than the area under the curve after
intranasal administration of TR-Dex10 with saline pretreatment
(16.2 £8.3 nmol/L - minutes; n=5) or MMP-9 pretreatment
(17.9+ 5.6 nmol/L - minutes; n=6) (P < 0.01; Table 1).

Confocal imaging of tissue sections showed that intranasally
administered TR-Dex10 signal was localized primarily at the
surface of the olfactory epithelium after pretreatment with saline,
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without visible signal anywhere within the lamina propria
(Figure 5B). In contrast, intranasal pretreatment with MMP-9
allowed intranasally administered TR-Dex10 to be visualized well
beyond the apical surface of the olfactory epithelium, with
prominent signal observed in the lamina propria, within putative
PVSs and nearby olfactory nerve bundles (Figure 5C). The results
suggest TR-Dex10 did not easily cross the olfactory epithelial
barrier without active nasal absorption enhancement, in agree-
ment with previously published findings;* our results also support
the use of MMP-9 as a fast-acting nasal absorption enhancer for
TR-Dex10.

As with TR-Dex3, we performed ex vivo fluorescence imaging to
visualize the distribution of fluorescent TR-Dex10 signal associated
with leptomeningeal vessels on the brain surface, as well as in 1-
mm-thick brain sections. Animals used for surface imaging were
again perfused only with PBS, whereas animals used for tissue
sections were perfused with both PBS and 4% paraformaldehyde
to prevent postmortem tracer diffusion within the tissue slice.
Using identical conditions of animal perfusion, tissue processing,
image acquisition, and image processing, we observed prominent
brain surface and perivascular fluorescence in over 80% of animals
after intranasal administration of TR-Dex10 with MMP-9 pretreat-
ment (10 out of 12 rats examined), compared with only 1 out of 7
rats intranasally administered TR-Dex10 with saline pretreatment
and none of the 6 rats intraarterially administered TR-Dex10 after
intranasal MMP-9 pretreatment. Further, the perivascular distribu-
tion of intranasally administered TR-Dex10 with MMP-9 pretreat-
ment was qualitatively similar to the distribution observed with
intranasal TR-Dex3 alone (described above). Perivascular fluores-
cence was prominently observed around leptomeningeal arteries
on the ventral surface of the brain after intranasal administration
of TR-Dex10 with MMP-9 pretreatment (Figures 5E and 5K). We
also observed widespread perivascular fluorescence of TR-Dex10
in sagittal brain slices through the S1 cortex (Figure 5H) and
brainstem (Figure 5N) after intranasal administration of TR-Dex10
with MMP-9 pretreatment. We rarely observed faint perivascular
fluorescence on the surface of the brain (Figures 5D and 5J) and in
sagittal brain slices at similar levels (Figures 5G and 5M) after
intranasal administration of TR-Dex10 with saline pretreatment,
suggesting TR-Dex10 encountered difficulty accessing direct
pathways from the nasal lamina propria to the brain without
active nasal absorption enhancement. No fluorescence was
observed on the surface of the brain (Figures 5F and 5L) or in
sagittal brain slices at similar levels (Figures 51 and 50) after
intraarterial administration of TR-Dex10 with intranasal pretreat-
ment of MMP-9. This suggests the brain fluorescence we observed
in rats pretreated with intranasal MMP-9 and intranasally
administered TR-Dex10 was likely because of direct pathways
from the nasal lamina propria to the brain, rather than through the
bloodstream because of a possible MMP-9-mediated increase in
BBB permeability. Intranasal pretreatment with MMP-9 was not
expected to yield appreciable delivery of MMP-9 itself to the
central compartment because the low applied MMP-9 concentra-
tion needed for local effects at the nasal epithelia (100 nmol/L)
was orders of magnitude lower than the concentration of
intranasally applied TR-Dex10 (5mmol/L) used to show brain
delivery. Separate experiments showed that CSF MMP-9 levels
were unchanged with intranasal MMP-9 (CSF total MMP-9
measured by enzyme-linked immunosorbent assay, mean+
s.e.m.: intranasal saline, 30+2 pg/mL, n=4 animals; intranasal
MMP-9, 34+ 4 pg/mL, n=4 animals; P=0.403, t-test).

DISCUSSION

Our previous studies have shown that intranasally applied
proteins achieve rapid, widespread distribution after brain entry
along components associated with the olfactory and trigeminal
nerves.>* This study extends this prior work and provides several
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significant findings. First and most important, we provide the first
direct evidence that convective transport within the cerebral PVS
likely has an important role in rapid central distribution after
intranasal administration. Specifically, our findings show that
fluorescent signal associated with intranasal TR-Dex3 (dy=2.7 nm)
prominently appears in the PVS of leptomeningeal arteries and
interior vessels of both the anterior and posterior cerebral
circulation within 20 minutes. We further show that fluorescent
signal associated with intranasal TR-Dex10 (dy=4.2 nm) similarly
appears in the PVS of the same vessels within 30 minutes, but only
when administered after pretreatment with a nasal absorption
enhancer such as MMP-9, implicating size-dependent transport of
macromolecules across the nasal epithelia as a potential rate-
limiting step to brain entry. Although along with others, we have
previously detected macromolecules >10kDa in the brain after
intranasal administration,>® these experiments typically involved
radiolabeled substances and methods with higher sensitivity than
the fluorescence-based methods used here. Our discovery that
MMP-9 pretreatment can enhance nasal epithelial permeation for
TR-Dex10 was not entirely unexpected because MMP-9 has
previously been shown to increase the permeability of the BBB,
as well as the perineurial barrier of the sciatic nerve through
modulation of tight junction (e.g. claudin-1) and basal lamina
components (e.g., type IV collagen).>"** Finally, although we did
not observe perivascular TR-Dex3 or TR-Dex10 fluorescence
around surface vessels readily identifiable as veins based on
morphologic considerations (e.g., vessel diameter and branching
patterns), we cannot rule out their involvement in each tracer’s
central disposition.

It has been known for several decades that the PVS of cerebral
blood vessels can potentially offer convective pathways for
tracer distribution after central delivery.'**'"2* Recent work by
lliff et al’*3® has extended these findings in mice and rats using
in vivo two-photon microscopy and ex vivo fluorescence imaging
during and after intracisternal dextran tracer infusions; they show
widespread CNS distribution of fluorescent dextran tracers within
30 minutes and suggest this distribution is in large part because of
a convective flow within the PVS of surface and penetrating
arteries driven by cerebral arterial pulsations in the direction of
blood flow.>” Our results appear consistent with this prior work
but precisely how intranasally applied TR-Dex3, TR-Dex10 and
other macromolecules may gain access to the PVS of cerebral
blood vessels from the nasal mucosa is an open question. Several
possibilities exist (Figure 6). Access to cerebral PVS pathways
associated with the anterior and posterior circulations may occur
through peripheral transport within perineural and/or lymphatic
compartments that link up with the cerebral PVS. Dextrans have
previously been detected in the CSF after intranasal administra-
tion'® so it is possible that they may spill out of perineural or
lymphatic compartments into the subarachnoid space CSF and,
from there, gain access to PVSs as with intracisternal applica-
tion.2*3¢ Alternatively, peripheral entry into and transport within
the PVS of olfactory and trigeminal nerve-associated blood vessels
(e.g., the nasal-olfactory or trigeminal arteries) that connect
directly with the cerebral PVS may be responsible for access to
cerebral PVS pathways. PVS pathways associated with anastomotic
vascular networks, for example, those located within the nasal
passages® or those associated with the nasal-olfactory artery,
olfactofrontal artery, or trigeminal artery,®'*3*3* may also have an
important role in facilitating centrally directed PVS flow after
intranasal application because PVS flow may occur in either
direction in such networks.

It is well established that India ink, radiolabeled albumin, and
other tracers can be found in the cerebral PVS, as well as the
olfactory nerve, nasal lymphatic vessels, and the deep cervical
lymph nodes after injection into the CSF or brain parench-
yma.?2383% These studies suggest a sequential transit of sub-
stances in the brain interstitial fluid or CSF along the PVS of
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Figure 5. Texas Red-labeled 10 kDa dextran (TR-Dex10) disposition in plasma, olfactory epithelium, and brain after intranasal or intraarterial
administration. (A) TR-Dex10 plasma concentration over time after intranasal (IN) or intraarterial (IA) administration. IN administration of
1.2 mg of TR-Dex10 was performed dropwise over 15 minutes after IN preadministration of saline or the nasal absorption enhancer matrix
metalloproteinase-9 (MMP-9). Control animals were administered an IA bolus of 0.2 ug TR-Dex10 through the abdominal aorta over the first 1
to 2 minutes of the experiment after IN preadministration of MMP-9. Plasma samples were acquired at 10, 20, and 30 minutes after initiation of
the experiment. The concentration of TR-Dex10 at time zero after IA administration was estimated by dividing the dose by the plasma volume
of female Sprague-Dawley rats (3.4 mL/100 g).40 Values are presented as means +s.e.m. (n=3 to 6 for each condition). (B) Confocal imaging
(vertical cross section) of fluorescent signal in the olfactory epithelium (OE) and lamina propria (LP) 30 minutes after the initiation of IN TR-
Dex10 with IN saline pretreatment. (C) Confocal imaging (vertical cross section) of fluorescent signal in the OE and LP 30 minutes after
initiation of IN TR-Dex10 with IN MMP-9 pretreatment (imaging and image processing conditions identical to that in B). TR-Dex10 signal is
markedly more apparent within the OE as well as in the LP with IN MMP-9 pretreatment; LP signal was prominent in the immediate vicinity of
putative blood vessels (arrowheads) as well as in adjacent regions of the LP, likely in proximity to olfactory nerve bundles (arrows), as
described previously for IN applied fluorescent 3 kDa dextran.?® Ex vivo fluorescence imaging of the brains from animals receiving IN TR-Dex10
with IN saline pretreatment revealed only faint fluorescent signal on the brain surface (D, J) or in sagittal brain sections (G, M). In contrast,
ex vivo fluorescence imaging of the brains from animals receiving IN TR-Dex10 with IN MMP-9 pretreatment revealed prominent, widespread
perivascular fluorescent signal (E, H, K, N). Images of the ventral brain surface (E) and ventral brainstem (K) exhibited significant perivascular
fluorescent signal along the internal carotid artery (ICA), middle cerebral artery (MCA), anterior cerebral artery (ACA), nasal-olfactory artery,
and the anterior inferior cerebellar artery (AICA), among others. Images from sagittal brain sections through the primary somatosensory
(S1) cortex (H) or brainstem (N) revealed significant fluorescent signal on the pial surface of S1 (arrowheads), as well as putative perivascular
signal associated with numerous parenchymal blood vessels in both areas. Ex vivo fluorescence imaging of the brains from animals receiving
IA TR-Dex10 with IN MMP-9 pretreatment revealed no visible fluorescent signal on the brain surface (F, L) or in sagittal brain sections (1), save
for some sparse punctate signal in the brainstem (0). All images from specific regions were obtained under identical imaging and image
processing conditions for the different treatment groups.
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Figure 6. Proposed pathways involved in the extracellular transport of fluorescent dextran tracers and other substances from the nasal
mucosa to widespread brain areas after intranasal administration. Prior work utlllzmg radiolabeled proteins in rats> and primates® has shown
that small fractions of intranasally applied macromolecules may be transported via peripheral olfactory nerve-associated components (the
olfactory pathway) to the olfactory bulbs and rostral brain regions or via peripheral trigeminal nerve-associated components (the trigeminal
pathway) to the brainstem and caudal brain regions within 30 to 60 minutes of intranasal application. Intranasally applied substances capable
of crossing the nasal epithelial barriers to the Iamlna propria of the olfactory or respiratory mucosa appear to access brain entry pathways
associated with the olfactory and trigeminal nerves.® Use of experimental data along with simple mathematical modeling of the different
possible transport mechanisms within these putative pathways has suggested that extracellular convection (bulk flow) within perlneural
perivascular, or perilymphatic compartments is likely responsible for initial brain entry at the level of the olfactory bulbs and brainstem.® This
study provides among the first direct evidence suggesting subsequent rapid widespread distribution of macromolecules throughout the
brain from olfactory and trigeminal nerve-associated brain entry sites may at least partly be because of convection within the PVSs of cerebral
vessels. See text for further explanation. AICA, anterior inferior cerebellar artery; CSF, cerebrospinal fluid; MCA, middle cerebral artery; OFA,
olfactofrontal artery; PVS, perivascular space; SCA, superior cerebellar artery.

cerebral blood vessels, passage through the cribriform plate in
compartments associated either with the PVS of vessels such as
the nasal-olfactory artery or perineural spaces of olfactory nerves,
and ultimate drainage into the deep cervical lymph nodes via
nasal lymphatics. As discussed in detail elsewhere** and
supported further by the present results, it appears increasingly
likely that these previously shown transport pathways linking the
cerebral PVS to lymphatics within the nasal lamina propria are
potentially bidirectional and may depend on posture or other
factors. One key issue concerns the directionality of bulk flow
within the PVS of cerebral blood vessels, namely whether
convection within the PVS occurs with or against the direction
of blood flow. Previous attempts to model the direction of
perivascular fluid flow have yielded conflicting results (reviewed in
Lochhead and Thorne®). Ichimura et aF? previously observed that
tracer substances injected directly into the PVS of leptomeningeal
arteries through an open cranial window ‘moved back and forth,
longitudinally, suggesting bulk flow of fluid within the PVS, which
is slow and variable in direction. Using in vivo two-photon
microscopy with a closed cranial window preparation, lliff et af**
showed that fluorescent tracers initially appear to flow along
arteries and arterioles penetrating into the brain after intracis-
ternal injection, appearing at a later time within the PVS of veins.
Further research is needed to resolve PVS transport biophysics in
cerebral blood vessels. As already mentioned, anastomotic
networks providing interarteriolar connections or direct links
between arterioles and venules on the brain’s surface may have a
significant role in deciding the local direction of fluid flow within
the PVS at any given moment; to the best of our knowledge,
anastomotic networks have thus far received scant attention in
this regard.

The cerebral PVSs are increasingly recognized as important
extracellular pathways for the distribution of substances through-
out the CNS. Our data suggest that in addition to acting as
distribution pathways for centrally administered molecules,
cerebral PVS are involved in the rapid transport of intranasally
administered fluorescent tracers to widespread brain areas. We
propose that intranasally administered substances, which are able
to cross the nasal epithelial barrier and reach the lamina propria
are then capable of reaching the brain along components
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associated with the olfactory and trigeminal nerves and, upon
entry into the brain, rapidly distribute throughout the brain by
convective PVS flow. The intranasal route of administration may
therefore be a particularly attractive drug delivery method to treat
diseases with cerebrovascular pathology, for example, Alzheimer’s
disease. The recent initiation of a large, multicenter phase I/l
clinical trial testing intranasal insulin in mild cognitive impairment
and Alzheimer's disease (clinicaltrials.gov), after an encouraging
pilot trial by Craft et al,'® further emphasizes the need to better
understand how certain substances may target diverse sites within
the CNS after their application intranasally. Our findings suggest
future research focused on increasing the access of intranasally
administered molecules to cerebral PVSs may yield improvements
to the noninvasive targeting of biologic therapeutics to the CNS
for clinical use.
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