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An Unexpected Transient
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Barrier Triggers Passage of Large
e Intravenously Administered
e Nanoparticles
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The highly restrictive blood-brain barrier (BBB) plays a critically important role in maintaining brain
homeostasis and is pivotal for proper neuronal function. The BBB is currently considered the main
limiting factor restricting the passage of large (up to 200 nm) intravenously administered nanoparticles
to the brain. Breakdown of the barrier occurs as a consequence of cerebrovascular diseases and
traumatic brain injury. In this article, we report that remote injuries in the CNS are also associated

with BBB dysfunction. In particular, we show that a focal partial transection of the optic nerve triggers
a previously unknown transient opening of the mammalian BBB that occurs in the visual centres.
Importantly, we demonstrate that this transient BBB breakdown results in a dramatic change in the
biodistribution of intravenously administered large polymeric nanoparticles which were previously
deemed as BBB-impermeable.

The blood brain barrier (BBB) plays a critical role in controlling the brain microenvironment, restricting the
passage of intravenously administered nanoparticles'. Nanoparticles that can breach this highly restrictive barrier
depend on size (as large as 114 nm after dense PEG surface modification)? and surface functionalizations that
enable receptor mediated endocytosis and transcytosis®>~. The current knowledge of BBB breakdown is associ-
ated with a direct traumatic injury to the brain or with cerebrovascular diseases such as stroke, which can result
in unregulated passage across the barrier. However, the status of the BBB as a consequence of a remote injury in
the central nervous system (CNS) is little understood. Understanding this is pivotal in our examination of the
safety of intravenously administered carriers as unexpected BBB dysfunctions can alter the biodistribution of
large nanoparticles that have been previously deemed as BBB-impermeable. Endogenous plasma protein albumin
functionalised nanoparticles have emerged as one of the most important non-immunogenic BBB impermeable
intravenous carriers for treatment of diseases like cancer®®. Herein, we demonstrate that a focal partial transec-
tion of the optic nerve, which is distinct from the brain, triggers a previously unknown transient opening of the
BBB in the brain resulting in a dramatic change in the biodistribution of systemically administered large (up to
200 nm) albumin-functionalised polymeric nanoparticles and consequently their accumulation in the brain.
Brain injury, whether ischemic, hemorrhagic or traumatic, leads to dysfunction of the BBB. Additionally,
BBB dysfunction is a hallmark of several neurological conditions including multiple sclerosis and stroke!’. BBB
disruption is associated with concomitant spread of vasogenic brain oedema and axonal injury from a primary
brain lesion to areas neuroanatomically connected to the injured region''2. Moreover, both traumatic and
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inflammatory brain injuries are directly associated with increased inter- and intracellular transport making the
BBB tight junctions leaky?. This BBB impairment results in cross talk between the immune and nervous systems
resulting in long-term molecular and cellular changes that significantly hamper recovery'*!'. Trauma to the optic
nerve, an “outpost” of the brain, is also associated with both acute damage induced by the primary injury and pro-
gressive secondary degeneration of intact, but highly vulnerable tissue'¢-'8. This progressive degeneration in the
mammalian CNS is associated with an inability to regenerate and an inhibitory milieu. Interestingly in the case of
frogs, optic nerve regeneration is accompanied by a transient opening of the BBB whereas injury without regen-
eration following optic nerve ligation does not lead to BBB breakdown'®. However, in mammals, little is known of
the BBB status during the spread of secondary degeneration away from the initial injury site in the CNS such as
the optic nerve. In the case of the injured mammalian CNS, early intervention is critical to prevent progression of
secondary degeneration and consequently enable preservation of function. It is therefore essential to determine
BBB status, to enable identification of CNS regions requiring intervention in the early phase of injury to prevent
progression of secondary degeneration.

In the present study we used our extensively characterized partial optic nerve transection model in adult (160-
180 g, ~3months) piebald viral Glaxo (PVG) female hooded rats to answer the aforementioned question!”!s.
The optic nerves from the two eyes are distinct from the brain and intersect at the optic chiasm, where most
axons decussate to form the optic tracts in the brain. The merit of the partial optic nerve transection model is
that the strict topographic arrangement of retinal ganglion cells and their axons at the injury site in the PVG
rat strain enables accurate separation of the primary injury site from secondary degeneration in the remaining
tissue'®. Indeed, this model has allowed extensive characterization of secondary degeneration in tissue local to
the injury (i.e. the ipsilateral (injured) optic nerve and retina'”'®) but regions remote to the injury site (i.e. in the
brain), including BBB breakdown have yet to be investigated. It is important to note that the partial optic nerve
transection model additionally enables analysis of the distinct morphological and molecular changes associated
with BBB dysfunction immediately following the injury, before the onset of Wallerian degeneration. While it is
known that Wallerian degeneration of transected distal axons will lead to increased inflammatory cell infiltration
and may impact upon BBB integrity, Wallerian degeneration is slow in the mammalian CNS, taking months to
years®. This is believed to be associated with the lack of extensive opening of the BBB following injury, which
prevents the entrance of serum opsonins and peripheral macrophages in distal white matter tracks, and results
in the persistence of myelin debris in the CNS contributing to a non-regenerative environment?. As such, any
impact of injury to the optic nerve on remote BBB integrity in the brain is unlikely to be caused by Wallerian
degeneration associated inflammation if assessed in the early days following injury. It is also important to note
that while BBB breakdown following a focal ischemic injury in the brain in a neurodegenerative model of stroke
has been demonstrated to be an age dependent phenomenon?®'. In the absence of a neurodegenerative condition
a well-developed tight BBB is formed prior to parturition®*?. It has been shown that the cellular and paracellular
permeability to ions, of vessels in a rat of 21-days gestation is no different from rats 33 days after birth?*. In the
present study, we built on our partial optic nerve transection model in adult female PVG hooded rats, to charac-
terize the nature of the BBB dysfunction following a remote injury in the CNS.

Results and Discussion
To assess barrier permeability following injury, adult PVG rats were divided into 1day, 3 days and 7 days
(1 week) post-injury and control groups,. Thus days correspond to the number of days after partial optic
nerve transection in adults whereupon a tail vein injection of Evans Blue (EB) was administered. The con-
trol group consisted of uninjured adult rats with EB administration. It is noteworthy that EB (MW, 961 Da)
is a well-established dye used for quantitative assessment of the BBB permeability by tracking plasma albu-
min. It is a tetrasodium diazo salt which irreversibly binds to plasma albumin in a 10:1 molar ratio forming a
high-molecular weight complex (EB-albumin, 68,500 Da) with limited penetration in an uncompromised BBB*.
In all cases, EB was allowed to circulate for 1 hour after which rats were perfused with 0.9% saline to flush out the
vascular system prior to harvesting optic nerves and brains. Barrier permeability was assessed by whole brain
multispectral imaging, high-resolution confocal imaging and spectrofluorimetric analysis of EB fluorescence.
Confocal microscopy of optic nerve sections indicated intense EB fluorescence at the site of partial optic nerve
transection at 1 day post injury and most notably a progression of EB fluorescence along the length of the injured
optic nerve towards the brain at 3 days post injury (Fig. 1c,d). This coincides well with our previous findings
that reported the inflammatory response was maximal at 3 days after injury along the length of the injured optic
nerve!”. Importantly EB fluorescence was absent in the contralateral (uninjured) optic nerve despite 1-2% decus-
sation of the optic nerve axons at the optic chiasm (Supplementary Fig. 1b-d). Additionally, no EB fluorescence
was evident in the optic nerves of controls (Fig. 1b). To evaluate whether progression of EB fluorescence along
the optic nerve towards the brain resulted in a concomitant change in BBB permeability, we performed spectro-
fluorimetric analysis of EB extracted from homogenized rat brains. A statistically significant increase in EB con-
centration was measured at 3 days following partial optic nerve transection and this was followed by a decrease at
1 week, with levels that were not statistically different from control (Fig. 1e).

Although spectrofluorimetric analysis established that a partial optic nerve transection in adult rats triggers
a transient opening of the BBB in the brain, the technique is limited by sensitivity to detect low concentrations
of EB during the early phase of BBB dysfunction (1 day). Indeed, accurate early evaluation of BBB compromise
is pivotal as it is now widely accepted that following neurotrauma, replacing tissue lost to the primary injury is a
major challenge, however, limiting the progression of secondary degeneration in the early phase is a more realistic
goal. To examine the early phase of BBB compromise, we analyzed the brain at 1 day after partial optic nerve tran-
section using multispectral imaging of whole brains. EB fluorescence was evident in visual regions of the brain at
1 day after partial optic nerve transection namely around the optic chiasm, the optic tract to the lateral geniculate
nucleus and the superior colliculus (Fig. 1f,g and Supplementary Fig. 2). It should be noted that there is a very low
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Figure 1. Tracking Evans Blue (EB) fluorescence to establish a compromised BBB following partial optic
nerve transection. (a) Schematic of sampled right (injured) optic nerve regions with injury site indicated by
red arrow. (b—d) Transmitted light images with overlaid confocal EB fluorescence images of transverse sections
of the right optic nerve of (b) control following EB administration, (c,d) injured following EB administration
at (c) 1 day and (d) 3 days after injury. Injury site depicted using white arrow in (c) and (d). D and V represent
dorsal and ventral side of the optic nerve, respectively. Sections are positioned from left to right, based on
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proximity to eye (left) and the brain (right). (b-d) Scale bar 100 um. (e) Spectrofluorimetric analysis of extracted
EB from the brain of 1 day, 3 days, 1 week and control rats. The results representing the specific absorbance of EB
at 620 nm were normalised using the amount of EB detected in the blood stream and expressed as percentage of
the amount of EB injected. Data are presented as average £ S.E. (n =5 per group, *P < 0.05, **P < 0.01, one-way
ANOVA with Tukey’s multiple comparisons test). (f) Multispectral images of the whole brain: (left, Normal)
uninjured with no EB administration; (middle, control) uninjured with EB tail vein injection; (right, 1 day)
injured with EB tail vein injection 1 day after injury. (g) Multispectral heat maps of EB fluorescence intensity
obtained from the coronal sections of the brains in (f): (left, Normal); (middle, Control); (right, 1 day). Intense
EB signal (1 day) observed along the optic chiasm (OC), the optic tracts (OT), lateral geniculate nucleus (LGN)
and superior colliculus (SC), in the brain. C and R represent caudal and rostral side of the brain, respectively;
colour code represents degree of EB vascular leakage, where white/red is high and dark blue is low in fand g.

EB fluorescence signal in the multispectral images of the control brain, which is attributed to regions of the brain
with no BBB such as the choroid plexus and circum-ventricular organs (Fig. 1f,g and Supplementary Fig. 2)?*.

The propagation of secondary degeneration from the primary injury site is associated with an influx of inflam-
matory mediators, recruitment of microglia/macrophages and activation of astrocytes®. It has been demonstrated
that peripheral nerve (sciatic) lesions trigger a change in caveolae-associated proteins and, as a consequence,
transient permeability of the blood-spinal cord barrier (BSCB)?. In order to understand if these markers play a
central role in the transmittance of cellular signals from remote sites of the brain such as the optic nerve, result-
ing in alteration in the brain microenvironment during the early phase of BBB compromise, we monitored the
changes in tight junctions and activation of microglia/macrophages at 1 day after partial optic nerve transection
using immunohistochemical detection of caveolin-1 (Cav-1) and Ibal/ED1 respectively’®?. Microglia are key
mediators of inflammatory responses in the CNS*. Importantly, ramified resting microglia respond to subtle
changes in the microenvironment arising from an injury resulting in what is commonly referred to as microglial
activation. This is accompanied by a graded spectrum of morphological changes that transform ramified resting
microglia into activated amoeboid-phagocytic microglia®'. In the present case, we observed a higher occurrence
of ED1 positive activated microglia/macrophages co-localised with Ibal positive microglia/macrophages not only
at the site of injury in the ipsilateral optic nerve but also in the brain at the optic chiasm and the cerebral ven-
tricle when compared to the contralateral optic nerve and control brain (Fig. 2a,e,f). It is also widely recognized
that changes in Cav-1, which is a major structural protein of caveolae complexes involved in the transcytosis of
numerous substrates including immune mediators, is associated with BBB permeability and consequently matrix
metalloproteinases (MMPs) activity in the brain. Herein, we observed a distinct disruption of the tight junction
using Cav-1 staining in the cerebral ventricular system at 1 day after partial optic nerve transection, while this
disruption was not evident in the control brain (Fig. 2b—d). This disruption in tight junctions at 1 day after injury
indicates that EB leakage seen in the brain at 1 day (Fig. 1g) occurs due to BBB disruption rather than axonal
uptake and transport of EB from the injury site in the optic nerve to the brain.

Having established that secondary degeneration initiated in the optic nerve triggers a remote transient dys-
function of the BBB, we next analyzed whether this remote opening alters the bio-distribution of albumin-coated
nanoparticles injected intravenously. Herein, 6-maleimidohexanoic acid-modified poly(glycidyl methacrylate)
(PGMA-MAL) was used to produce polymeric nanoparticles. Maleimide functionalization was chosen for its high
specificity to thiols, and in particular because of its ability to bind to the free thiol group at cysteine-34 of albu-
min*2. Importantly, maleimide-albumin chemistry is a proven methodology to enhance the bioavailability of drugs
for intravenous administration. The PGMA-MAL nanoparticles were functionalized with bovine serum albumin
(BSA), resulting in 0.11 mg of albumin bound per mg of PGMA-MAL nanoparticles. Additionally, the polymer
nanoparticles were encapsulated with magnetite (Fe;O,) nanoparticles and a highly emissive far-red/near-infrared
fluorescent conjugated dye, poly[(9,9-dihexylfluorene)-co-2,1,3-benzothiadiazole-co-4,7-di(thiophen-2-yl)-2,1,3-
benzothiadiazole] (P10)*, rendering these constructs multimodal, i.e. enabling biodistribution evaluation by
magnetic resonance relaxometry (MRR) and fluorescence imaging (Fig. 3 and Supplementary Figs 3d and 5). The
albumin-coated PGMA-MAL nanoparticles had a Z-average hydrodynamic diameter of 190 nm (PDI: 0.148) with
a zeta potential of —27 mV and a transverse relaxivity (r2) of 234s™! mM ! Fe at 1.4 T (Supplementary Fig. 3b,c).
The toxicity of the nanoparticles was initially examined in rat pheochromocytoma neural progenitor (PC12) cells
after 24h incubation. There was no decrease in cell viability (p < 0.05) for any of the tested concentrations (up to
250 pg ml~!) (Supplementary Fig. 4). Nanoparticle suspensions (10 mg/kg dose) were administered by tail vein
injection at 1 day following partial optic nerve transection to monitor their passage and consequent biodistribu-
tion into the CNS at the early stages of BBB dysfunction. Tissues were harvested from perfused injured (1 day) and
control rats 4 hours after intravenous nanoparticle administration. Analysis of optic nerve sections by confocal
microscopy indicated the presence of nanoparticles in the ipsilateral optic nerve reflected by intense P10 fluores-
cence, which was absent in the contralateral optic nerve (Fig. 3b,c). These results matched our EB extravasation
studies, indicating that the albumin-coated nanoparticles access the CNS via the breached BBB. Furthermore,
confocal microscopy and multispectral imaging of sectioned and whole brains respectively indicated the presence
of nanoparticles in the brain of injured rats, reflected by intense P10 fluorescence which was absent in the brains
of uninjured controls (Fig. 3d,e). It should be noted that the spectral profile and detection sensitivities of both EB
and P10 fluorescence signals are different. Even though this prevents exact spatial comparison between EB and
P10 signals it nevertheless confirms the presence of the nanoparticles in the brain.

Our results were further substantiated by MRR and ICP-AES measurements of homogenized rat brains.
Superparamagnetic Fe;O, nanoparticles are effective contrast agents for magnetic resonance (MR) imaging as
they possess a large magnetic moment and are free to align with an applied magnetic field. The rate of decay of
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Figure 2. Immunohistochemical evaluation of the optic nerve and the brain using confocal imaging
following partial optic nerve transection. (a) Ibal (red) stained all (activated and resting) microglia and
macrophages while ED1 (yellow) stained activated microglia and macrophages in the contralateral (uninjured,
top) and ipsilateral (injured, bottom) optic nerve 1 day following injury. Scale bar: 500 um. (b-d) Changes in
the tight junction protein Caveolin-1 (Cav-1) expression at the 3" ventricle of the brain. (b,c) are representative
images of the ventricle (where c is a zoom in of (b) showing disruption in Cav-1 staining (indicated by white
arrows) 1 day post partial optic nerve transection and (d) representative image of continuous Cav-1 staining
around perimeter of ventricle in the absence of partial optic nerve transection (control). Scale bar (b): 100 um,
() & (d): 50 um. (e,f) Ibal (red) stained activated and resting microglia and macrophages and ED1 (yellow)
stained activated microglia and macrophages at the 3rd ventricle of the rat brain in (e) injured (1 day) (indicated
by white arrows) and (f) uninjured (control). Scale bar: 100 pm.
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Figure 3. Albumin coated nanoparticles in the brain following partial optic nerve transection. (a) TEM image
of PGMA-P10-nanoparticles, Inset: High resolution TEM showing magnetite encapsulated in the nanoparticle.
Scale Bar: 500 nm, Inset: 50 nm. Confocal images of the transverse section of the (b) contralateral (uninjured left
optic nerve) and (c) ipsilateral (injured right optic nerve) with visible P10 florescence (red) at the injury site from
the albumin-coated nanoparticles administered via tail vein at 1 day after partial transection. Injury site depicted
using white arrow in (c). (d) Whole-brain multispectral fluorescence images showing: (left, control) no fluorescence
signal from an uninjured brain and (right, 1 day) intense red fluorescence signal of P10dye at the ventral side of

the brain from the nanoparticles administered via tail vein at 1 day after partial transection. Brain Stem (BS) and
optic chiasm (OC) are indicated with white arrows. Yellow dashed line indicates region of brain tissue sectioned for
(e). (e) Transmitted light image with overlaid confocal microscopy image of brain tissue indicating the presence of
tail vein injected albumin-functionalised nanoparticles in the brain parenchyma at 1 day after partial transection.
Nanoparticles indicated by white arrows. (f) Proton transverse relaxation rate: R2 (two-tailed unpaired t-test,
P=0.0601, n=5 per group) and (g) iron concentration in (mM) (two-tailed unpaired t-test, P=0.5096,n=5

per group) from the brain homogenates of control (uninjured) and 1 day (injured) animals following nanoparticle
administration via tail vein.

spin echo recoverable proton transverse magnetisation (R2) within tissues was used as a surrogate indicator of
nanoparticle concentration as the presence of magnetite nanoparticles in organs is expected to elevate tissue R2
values disproportionately above that of naturally occurring tissue iron deposits. In the present case relaxometry
measurements indicated a trend towards a higher mean R2 in the brains at 1 day following partial optic nerve
transection compared to the controls (Fig. 3f), despite similar mean total iron concentrations by ICP-AES anal-
ysis (Fig. 3g). The relaxometry results suggest there was a small increase in the concentration of nanoparticles in
the brains of the injured rats compared to the controls, supporting the confocal microscopy and multispectral
images (Fig. 3d,e), indicating that the intravenously administered albumin-coated PGMA-MAL nanoparticles
accumulated in the brain as a consequence of a remote injury in the CNS. However, the greater accumulation of
nanoparticles in the injured animals appeared insufficient to be detected by total Iron ICP-AES measurements.
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It is noteworthy that biodistribution analysis in organs besides the brain by MRR and ICP-AES indicated a large
hepatic and splenic accumulation of the nanoparticles in both injured and control animals, with no significant
difference between the two (Supplementary Fig. 5).

In summary, the BBB plays the critically important role of maintaining brain homeostasis by ensuring a highly
restrictive barrier. Currently, nanoparticle biodistribution, toxicity and safety evaluations are limited to models
where the status of the BBB remains unchecked. In this study, we have demonstrated for the first time that remote
injury in the CNS (optic nerve) can cause a transient opening of the BBB in the brain which enables intravenously
administered albumin-coated nanoparticles to enter the brain in addition to the primary injury site in the optic
nerve. These findings provide an important insight to understand possible reasons for BBB accumulation of large
nanoparticles. More importantly while our study demonstrates that the propagation of secondary degeneration
from the primary injury site and concomitant BBB dysfunction is associated with activation of microglia/mac-
rophages, it is of utmost importance to note that secondary degeneration is a multifactorial condition attributed
to a variety of mechanisms evolving from primary cellular damage, including inflammation, oxidative stress, loss
of calcium homeostasis and vascular change*-. Indeed it is now widely accepted that an effective approach for
attenuating the spread of secondary degeneration will involve multiple neuroprotective therapies administered
simultaneously before the many neurotoxic triggers are initiated and become irreversible®”. Importantly, this
study shows that there exists a therapeutic window of opportunity as a result of transient BBB changes in the adult
brain for the intravenous administration of multiple neuropharmaceutics using nanotechnology to prevent the
progression of secondary degeneration as a consequence of injury in the CNS.

Methods

Animals. Adult female PVG hooded rats (160-180 g, ~3 months) were used. Procedures conformed to
“Principles of laboratory animal care” (NIH publication No. 86-23, revised 1985) and were approved by the
University of Western Australia’s Animal Ethics Committee.

Partial optic nerve transection. The procedure was similar to that described previously'”!%. Briefly, fol-
lowing anaesthesia the skin overlying the skull was incised along the midline, retracted, and the right optic nerve
accessed by deflecting the Harderian lachrymal gland immediately behind the right eye. The nerve parenchyma
was exposed about 1 mm behind the eye by making a slit in the dura mater. A controlled 200 um cut (~1/4 of the
optic nerve width) was made in the dorsum of the optic nerve. Care was taken not to stretch the optic nerve or
damage major ophthalmic blood vessels. The deflected tissue was replaced and the skin was sutured.

Evans Blue administration. Adult rats were randomized into 1 day, 3 days, 1 week following partial optic
nerve transection and control groups. All groups except the control had partial transection of the right optic
nerve with survival for 0, 1 day, 3 days and 1 week. EB was administered intravenously at 1 day, 3 days and 1 week
after injury. via tail vein injection of a 2% EB dye solution (2.8 ml/kg of 2% w/v dye in sterile saline) which was
allowed to circulate for 1 hour before euthanasia and perfusion. The left and right optic nerves and brains were
harvested and evaluated for BBB dysfunction using confocal microscopy (1 day, 3 days post injury and control),
whole brain multispectral imaging (1 day post injury, control and normal) and quantitative spectrofluorimetric
analysis (n= 5 per group; 1 day, 3 days, 1 week post injury and control).

Nanoparticle synthesis, characterisation and administration. Nanoparticles were prepared using a
nonspontaneous emulsification route. Briefly, the organic phase was prepared by dispersing magnetite nanopar-
ticles (5mg) and dissolving PGMA-MAL (100 mg) and P10 dye (5mg) in a 1:1:2 mixture of CHCl;:; THF:MEK
(1.5ml:1.5ml:3 ml). This organic phase was added drop-wise to a rapidly stirring aqueous solution of Pluronic®
F-108 (12.5mg/ml, 30 ml) and the emulsion was homogenised with a 20kHz probe-type ultrasonicator at 4W,
for 1 min. The organic solvents were evaporated under reduced pressure at 40 °C. Centrifugation at 3000 g for
45min removed large aggregates of magnetite, excess polymer and excess P10 dye. The supernatant containing
the nanoparticles was further purified using a magnetic separation column. Albumin was covalently attached to
PGMA-MAL nanoparticles by reacting the free thiol group at cysteine 34 of albumin with the maleimide double
bond to form a thioether linkage under stirring at 37 °C overnight. The nanoparticles were then characterised
by dynamic light scattering (DLS), zeta potential measurements, transmission electron microscopy and albu-
min binding assay. For both the 1 day and control groups, albumin-coated PGMA-Mal nanoparticles suspended
in saline was administered intravenously to rats via tail vein injection (10 mg/kg) and allowed to circulate for
4h before euthanasia and perfusion (note: for the 1 day post injury group the time point of albumin-coated
PGMA-MAL nanoparticle administration was 1 day after injury). Biodistribution analysis was performed using
confocal imaging (n= 8 per group, 1 day post injury and control), multispectral whole brain imaging (n=3 per
group, 1 day post injury and control), magnetic resonance relaxometry (n=5 per group, 1 day post injury and
control) and ICP-AES analysis (n= 5 per group, 1 day post injury and control).
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