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Abstract

Background: Microglial cells have been implicated in neuroinflammation-mediated injury in the brain, including
neurodevelopmental disorders such as cerebral palsy (CP) and autism. Pro-inflammatory activation of microglial cells
results in the impairment of their neuroprotective functions, leading to an exaggerated, ongoing immune
dysregulation that can persist long after the initial insult. We have previously shown that dendrimer-mediated
delivery of an anti-inflammatory agent can attenuate inflammation in a rabbit model of maternal inflammation-induced
CP and significantly improve the motor phenotype, due to the ability of the dendrimer to selectively localize in
activated microglia.

Methods: To elucidate the interactions between dendrimers and microglia, we created an organotypic whole-
hemisphere brain slice culture model from newborn rabbits with and without exposure to inflammation in utero.
We then used this model to analyze the dynamics of microglial migration and their interactions with dendrimers
in the presence of neuroinflammation.

Results: Microglial cells in animals with CP had an amoeboid morphology and impaired cell migration, demonstrated
by decreased migration distance and velocity when compared to cells in healthy, age-matched controls. However, this
decreased migration was associated with a greater, more rapid dendrimer uptake compared to microglial cells from
healthy controls.

Conclusions: This study demonstrates that maternal intrauterine inflammation is associated with impaired microglial
function and movement in the newborn brain. This microglial impairment may play a role in the development of
ongoing brain injury and CP in the offspring. Increased uptake of dendrimers by the “impaired” microglia can be
exploited to deliver drugs specifically to these cells and modulate their functions. Host tissue and target cell
characteristics are important aspects to be considered in the design and evaluation of targeted dendrimer-based
nanotherapeutics for improved and sustained efficacy. This ex vivo model also provides a rapid screening tool for
evaluation of the effects of various therapies on microglial function.
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Background

Microglial cells are the primary resident immune cells in
the central nervous system (CNS). Their migration dy-
namics are associated with their functions in the CNS
[1-3]. Under physiological conditions, microglia are
ramified cells with highly motile processes to help survey
and maintain the brain microenvironment around them
[4]. In response to any acute brain injury or damage, these
surveying microglial cells can rapidly transform into an
activated state and migrate to the injury site [5-8]. How-
ever, in neurodevelopmental disorders such as cerebral
palsy (CP), where activated microglial cells have been im-
plicated, the migration dynamics of microglial cells are
not well-understood [9]. Previous studies using primary
microglial cell cultures have demonstrated that lipo-
polysaccharide (LPS) suppresses microglial migration
and process extension, while IL4 and TGF-$ promote
microglial migration and branching [9-11]. Neverthe-
less, microglial migration dynamics in a more representa-
tive biological environment, such as the brain parenchyma,
especially in the presence of pathology, have not been ad-
equately explored.

Microglial cells have the ability to phagocytose stressed
or dying neurons and express phagocytic receptors on their
surface [12]. In neuroinflammatory and neurodegenerative
disorders, pro-inflammatory microglia become neurotoxic
by secreting reactive oxygen species and cytokines as a re-
sponse to various environmental stimuli, causing injury to
neurons [13-15, 38]. We have previously demonstrated
that systemic administration of a poly(amidoamine)
(PAMAM) dendrimer (~4 nm) results in its selective accu-
mulation in activated microglia in the brain of newborn
rabbits with CP but not in healthy, age-matched control
rabbits. We have also shown that newborn kits with CP
had evidence of ongoing inflammation and oxidative injury
in the brain even on day 5 of life (8 days after the in-
sult). When N-acetyl cysteine (NAC), a broad anti-
oxidant and anti-inflammatory agent with poor brain
penetration, was conjugated to dendrimers and admin-
istered systemically on day 1 of life (3 days after the in-
sult) to rabbit kits with CP, a dramatic improvement in
motor function and attenuation of neuroinflammation
was noted by day 5, and was significantly more effective
than free drug at a 10-fold higher dose [16]. However,
since the dendrimers do not cross the intact blood
brain barrier (BBB) in healthy rabbits, it is unclear what
role the “activated” nature of pro-inflammatory microglial
cells play in the dendrimer uptake, as the BBB impairment
in this rabbit model of CP would allow a greater amount
of dendrimer exposure within the brain parenchyma to
the pro-inflammatory microglial cells.

To address these questions, and further understand
the dynamic functions of microglial cells in this in vivo
rabbit model of CP, we created an ex vivo organotypic
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whole-hemisphere brain slice culture model, with pres-
ervation of the microglia pathology in an in vivo con-
dition. Using this platform, we evaluated microglial
migration and interactions with dendrimers in brain
slices obtained from newborn rabbits with CP, and
compared to that of healthy control newborn rabbits.
We found that inflammation led to impairment in the
surveillance function of microglial cells, as demon-
strated by hindered migration of microglial cells in the
brain of newborn kits with CP compared to healthy
control kits. Inflammation also influenced the mechanism
of microglia-dendrimer interactions, with enhanced and
more rapid dendrimer uptake by the microglial cells in
the brain slices from kits with CP. A better understanding
of the dynamics of microglial migration in the presence of
inflammation and their interactions with dendrimer nano-
devices will provide valuable information for evaluating
and designing targeted drug delivery systems that can be
used to modulate microglial function and interactions.

Methods

Reagents

Cyanine5 NHS ester-labeled hydroxyl terminated Gener-
ation 4.0 Poly(amidoamine) (PAMAM) dendrimer (D-Cy5
or referred to as dendrimer in this paper) was synthesized
using a previously established protocol [17]; Tomato
lectin—DyLight 594 (Vector Lab, USA); Goat anti-Ibal
(Abcam, USA); Donkey anti-goat-Alexa flour 488 (Invitro-
gen, USA); and 4’',6-diamidino-2-phenylindole (DAPI)
(Invitrogen, USA) were purchased and used for the studies.

Animals

All animal procedures were in accordance with the
Animal Care and Use Committee guidelines at Johns
Hopkins University and the United States Department of
Agriculture (reference number: RB14M324), as de-
scribed previously [18, 19]. Timed pregnant New Zea-
land white rabbits were obtained from Robinson
Services Inc. (Winston-Salem, NC). Briefly, pregnant
rabbits in the endotoxin/CP group underwent laparot-
omy at gestational day 28 (term pregnancy is 31 days)
and were injected with 1 mL of saline containing Escheri-
chia coli endotoxin (~6000 EU) (serotype O127: B8, Sigma
Aldrich) along the length of the uterus. At this dose, the
newborn kits have been shown to have uniform pro-
inflammatory microglial activation in the periventricular
region (PVR), increased expression of TNF-a, and display
a phenotype of CP with predominantly hindlimb hyper-
tonia [16, 19]. The healthy control group included preg-
nant rabbits that had no surgery or intervention. All
pregnant dams were induced on the evening of gestational
day 30 (G30) to control timing of delivery, and kits were
used for the experiments on postnatal day 1, correspond-
ing to G31.
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Organotypic whole-hemisphere brain slice preparation
Organotypic whole-hemisphere brain slices were pre-
pared based on modifications to previously published
protocols [5, 20, 21]. Rabbit brain slices (350-pm thick)
were prepared from neonatal rabbits with CP or from
age-matched healthy controls. To prepare the brain
slices, neonatal rabbits were decapitated under aseptic
conditions after euthanasia. The brain was removed, dis-
sected into two hemispheres, and sectioned immediately
into 350-pm thick whole-hemisphere brain slices using a
Mcllwain tissue chopper (TED PELLA, Inc., USA). For
each hemisphere, six consecutive slices at the level of
the bregma were carefully separated in the dissection
medium (3.2 g glucose/500 ml HBSS, 1 % of penicillin),
while maintaining the structures of whole-hemisphere
brain slices intact. The lateral ventricle was clearly visu-
alized in all the slices. The separated brain slices were
transferred onto 30-mm diameter, sterile, porous
(0.4 pm) transparent and low-protein-binding membrane
inserts (Millicell-CM, Millipore) in six-well tissue culture
plates. Each well was prefilled with 1 mL of culture
medium, prepared from 200 mL MEM, 100 mL HBSS
RED, 100 mL Horse Serum, 4 mL Glutamax, and 1 %
penicillin. The slices were maintained overnight at 37 °C
in a humidified atmosphere with 5 % CO, before con-
focal imaging. For the slice viability studies, new culture
medium was replaced every 2 days.

Evaluation of the viability of brain slices under culture
The whole-hemisphere brain slice viability was evaluated
using lactate dehydrogenase (LDH) assay (Cayman, USA),
which measures the LDH released into the culture
medium from degenerating cells in brain slices [22].
Culture supernatants from three different CP slices were
collected at various time points up to 10 days of incuba-
tion and replaced with fresh medium at each time point
(time points evaluated were 6 h, 19 h, 27 h, day 2, day 3,
day 5, day 6, day 7, day 10) and frozen at —80 °C. The dilu-
tion of LDH in the supernatant was taken into account in
the calculation. The percentage of LDH released in each
whole-hemisphere brain slice was quantified by measuring
the fluorescence intensity, subtracting the background in
negative control (culture medium at 0 h of slice cul-
ture) and normalized by the intensity of positive control
(culture medium collected from brain slices treated
with Triton-X 100 for 10 days).

Time-lapse imaging of microglial migration

Time-lapse imaging of microglial cell migration in brain
slices was carried out using a LSM 710 inverted fluores-
cence confocal microscope (Zeiss, USA). In preparation
for imaging, whole-hemisphere brain slices from neo-
natal rabbits with CP and their age-matched controls
were carefully removed from the insert after overnight
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incubation and simultaneously transferred to a lysine-
coated glass-bottom culture dish (MakTek Corp, USA).
Control and CP brain slices were stained and imaged in
pairs simultaneously to maintain the same conditions
between groups. To stain the microglial cells, brain slices
were incubated with 10 pL of Tomato Lectin 594 added
to 1 mL of culture medium for 45 min and then washed
three times with the medium to remove unreacted to-
mato lectin. To fix the slice onto the glass-bottom cul-
ture dish, 30—40 pL of matrigel were applied around the
brain slices and then incubated at 37 °C for 15 min to
allow curing. Culture medium without phenol red was
then added into the glass-bottom culture dish such that
it just covered the brain slices. Time-lapse imaging was
carried out in the environmental chamber under 37 °C
and 5 % CO, to allow the brain slices to maintain their
normal physiology. Prior to imaging, the environmental
chamber was pre-equilibrated for 30 min. To decrease
the possibility of any laser-induced injury to the cells
and photobleaching of the fluorescence labeled dendri-
mers, a low laser power index of 0.5 was used. Image
quality was maintained by using a comparatively larger
pinhole size (90 pm) and higher gain number to compen-
sate for the decrease of laser power. A 20x tilescan with a
Z-stack of 2—-5 pm interval in the vertical direction was
used to image a tissue dimension of 1 mm x 1 mm in area,
50-80 pm in thickness at the PVR. An average of 40-50
microglial cells were imaged per slice. The movie was re-
corded at a temporal resolution of 15 min for 5.5-6 h.
Maximum intensity projection was applied for the final
image process.

Evaluation of dendrimer uptake by microglial cells

To evaluate the dendrimer uptake by microglial cells,
freshly prepared whole-hemisphere brain slices from
rabbits with CP and age-matched healthy controls were
incubated with dendrimer tagged with Cy5 (D-Cy5)
(5 ng in 10 pL of sterile Dulbecco’s phosphate-buffered
saline (DPBS) solution) 4 h after slices were sectioned.
The temporal profile for the evaluation of dendrimer up-
take during the whole experiment window is shown in
Additional file 1: Figure S1. The D-Cy5 solution was
topically pipetted on the tissue along the medial border
of the lateral ventricle (Additional file 1: Figure S1). This
region is typically where microglia are seen in high dens-
ity in newborn rabbits [18, 23]. The slices were then in-
cubated at 37 °C in the presence of 5 % CO, to allow
dendrimer to diffuse though the brain tissue and interact
with microglia. Slices were collected after 1, 4, and 12 h
of treatment. At the end of the treatment, the slices were
washed with cold DPBS solution (4 °C) to inhibit active
mechanisms of cell uptake and to remove excess den-
drimers that were not taken up intracellularly. Brain
slices were then carefully transferred to 4 % formalin
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solution and 20 % sucrose solution for fixation. Slices were
incubated overnight with Goat Anti-Ibal for microglia,
followed by donkey anti-goat Alexa flour 488 as secondary
and DAPI for nuclear staining. The stained brain slices
were imaged with a 20x lens with 3 x 3 tilescan, and Z-
stack with a thickness of 100 um. The parameters for Cy5
channel were kept consistent throughout all images to
allow for comparison.

Image analysis

MATLAB analysis of microglia movement

The recorded cell migration was analyzed using
MATLAB software. For each group (CP vs. healthy),
three slices, each obtained from different animals, were
analyzed. Microglia movement rates were obtained by
transforming the coordinates of microglia centroids into
time-averaged mean square displacement (<MSD>), calcu-
lated as < MSD(7) > = [x(¢ + 7) - x(£)]* + It + 1) - y(t)]z,
where x and y represent the cell coordinates at a given
time and 7 is the time scale or time lag. The acquired
<MSD> was analyzed using the diffusion function in a
2D scale < MSD (7)> =4D71“ where D is the diffusion
coefficient, which in our case, is related to the microglial
cell migration. 7 is the time lag and « is the dynamic expo-
nent. When a = 1, the diffusion or cell movement tends to
be Brownian motion. When 0 < a < 1, the diffusion or cell
movement is considered to be hindered. When a > 1, the
diffusion or cell movement is considered to be active
transport which is governed by other factors, such as che-
mokine or cytokine sensing.

Analysis of microglial migration velocity and

persistent distance

The analysis of microglial migration velocity and per-
sistent distance was based on the time-lapse videos
recorded by LSM710 confocal microscopy. The speed
of microglial migration was determined by tracking
microglial cell migration path using image analysis soft-
ware in Metamorph. Information, such as coordinates
and distance at each time point, was recorded. Based
on this information, the migration speed and persistent
distance were calculated by averaging the migration
velocity at each migration step. The persistent distance
is defined as the distance (>10 pm) traveled by a micro-
glial cell before it makes a significant change in direc-
tion (absolute angle between previous direction and
new direction <70°) [24].

Imaris analysis of microglial cell surface to volume ratio
(S/V) and dendrimer co-localization

To evaluate the change in morphology of the microglia in
brain slices from CP kits when compared to those from
age-matched healthy control newborns, 3D representations
of Anti-Ibal stained microglia in fixed whole-hemisphere
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brain slices were acquired using confocal microscopy
with x40 magnification, with 3 x 3 tile scans, extending
10 pm in the Z direction with 1-pm Z-stacks. To
analyze the image, Imaris software was applied and
microglial surface to volume (S/V) ratio was measured.
The function “surfaces” was used, and the microglia
from different slices (1 = 3 slices/group from three dif-
ferent kits each, for the CP and control groups) were
analyzed for S/V ratio at the beginning of incubation
and 24 h post incubation [10].

To study the dendrimer uptake by microglial cells, we
used the “spot” function to detect microglial cells and
dendrimer accumulation. For the detection of dendrimer
accumulation, a threshold was set, where only dendri-
mers with signal beyond this threshold were considered
detectable. The “co-localization” function was used to
determine whether cell uptake was present. In detail, the
estimated diameter chosen was 7, 10, and 10 pm, re-
spectively, and the threshold was automatically set for
“Quality” analysis to 5000, 4000, and 7000, respectively.
The function “co-localize spots” was used and a 10-pm
distance threshold was chosen.

Statistical analysis

Statistical analysis of data was carried out by using stu-
dent’s ¢ test, and one-way ANOVA. Differences were
considered statistically significant at p < 0.05. For MSD
analysis, mixed model ANOVA was used.

Results and discussion
Results
Whole-hemisphere brain slice viability and microglial
pathology is maintained throughout the experiment
window
Assessment of LDH activity from the medium has been
widely used to quantify cell death in primary cell cul-
tures. Similarly, in tissue slice culture, the measurement
of LDH efflux into the culture medium has been found
to be highly correlated with the results of cell death
from cell counting [25]. To determine the cellular via-
bility of the slices, the LDH levels in the supernatant
were measured. All microglial studies were conducted
between ~0.2 and 1 days (4—24 h) post sectioning, during
which time no significant increase in LDH level was ob-
served. (Figure 1; Additional file 1: Table S1), indicating
that there was no increase in cell death over time during
the observation period. This implies that the tissue sta-
bility was maintained during this period. We found that
the brain slices maintained good viability during the
time frame when these experiments were conducted,
without an increase in LDH release.

To validate whether the acute study (experiment win-
dow within 24 h) allowed the preservation of in vivo
pathology of microglial cells, we evaluated the differences
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Fig. 1 LDH release by neonatal rabbit brain slices as an indicator of
tissue viability during incubation. Percentage of LDH released in neonatal
rabbit brain slices during 10 days of incubation period. The released LDH
concentration is an indicator of the extent of cell death in the whole
brain slices. All confocal based experiments were conducted within the
experiment window. For each time points, three brain slices from
CP kits were used. For statistical analysis, one-way ANOVA was
conducted (refer to Additional file 1: Table S1)
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in microglial morphology between CP and healthy control
kits over time in brain slices by quantifying microglial sur-
face area to volume (S/V) ratio (Fig. 2). Microglial cells in
the brain slices from healthy control kits demonstrated
several extended processes with small cell bodies, while
microglial cells in the brain slices from CP kits had en-
larged cell bodies with several short, thickened processes
(identified with arrow in Fig. 2). These morphological vari-
ations lead to differences in the microglial cell S/V ratio,
with S/V ratio close to 1.5 um™" in the healthy controls
and S/V ratio less than 1 um™" in the CP kits. At 24 h, the
end of our experiment window, a statistically significant
difference in S/V ratio between microglia in the healthy
brain slices and CP brain slices could still be observed.
This difference was noted despite a generalized decrease
in the S/V ratio of microglia in both healthy and CP brain
slices over time. This decrease over time from baseline
is probably related to a normal response of the micro-
glia to the shear force generated during tissue section.
In our in vivo model of CP, we observed a similar differ-
ence in morphology with decreased branches and larger
cell bodies in the microglia in kits with CP compared to
healthy control kits [16].

Specifically, the viability of neonatal brain slice culture
platform was evaluated by measuring the LDH released
in the supernatant during 10 days of incubation time
(Fig. 1). In general, cells in the brain slices showed in-
creasing degeneration rate with longer incubation time,

a Healthy brain slices

Fig. 2 Microglial cells morphology is different in CP brain slices and healthy brain slices within the experiment window. a Representative morphology
of microglia cells from cerebral palsy (CP) brain slices and healthy brain slices at 0 and 24 h after incubation; b Quantitative study of microglia cell
morphology from CP brain slices and healthy brain slices 0 and 24 h after incubation; the morphology was characterized by cell surface area to cell
volume ratio. *p < 0.05 (data shown as mean + SEM). Blue: DAPI, green: anti-Iba1 (antibody labeling microglia). Scale bar in the figure, 50 um. For each

group, images were acquired from at least three different brain slices

CP brain slices
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-
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with ~10 % of total LDH released at the beginning of in-
cubation and ~50 % at the end of incubation (10 days).
Although there was ~10-20 % LDH release caused by
shear force induced cell damage during the slicing of the
brain prior to incubation, cells in the brain slices quickly
equilibrated with the ex vivo media culture environment,
as indicated by the stable level of LDH for the first 24 h
of incubation. LDH levels remained stable for 3-5 days
of incubation time after slicing, indicating no increase in
cell death and maintenance of tissue viability during this
time period which provided an experiment window long
enough for the studies of cell mobility and dendrimer
uptake.

Microglial migration is different in brain slices from CP
animals compared to brain slices from healthy control
animals

To investigate the influence of inflammation on micro-
glial migration, we used the mean square displacement
(<MSD>) of individual microglia to quantify the migra-
tion in the brain slices. We found a higher fraction of
“active migration” for microglial cells in the brain slices
from healthy control animal slices and a higher fraction
of “restrictive migration” for microglial cells in CP, indi-
cating impaired migration of microglia in the CP rabbit
brain.

Throughout the imaging time span of 5.5 h, the aver-
age <MSD> for the microglia was greater in the control
brain slices compared to CP slices. The increased migra-
tion was reflected in the higher “diffusion coefficient,”
which is the intercept of the log plot of the <MSD> vs.
time graph (Fig. 3a and Additional file 1: Figure S2,
Additional file 2). This means that in the healthy brain
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slices, microglia traveled greater distances on average
than microglia in the CP brain slices, within the same
period of time. This could be due to a combination of
microglial cytoskeletal changes, retraction of microglial
processes, and changes in the extracellular matrix result-
ing in the decreased microglial movement. The microglial
trajectories were individually plotted and migration dis-
tance from the starting point was measured. Microglia in
the control brain slices had a much greater migration dis-
tance compared to those in the slices from CP rabbit kits
(Fig. 3b). To quantify this difference, we classified all
microglial migration trajectories as “active transport” or
“restrictive transport.” Specifically, the microglial migra-
tion trajectories in both groups of slices were re-plotted
by aligning the starting point of each trajectory at the
same origin and by defining the cell migration with dis-
placement greater than 20 pum as active transport while
displacements less than or equal to 20 um were consid-
ered as restrictive transport (Fig. 4a). Over one-half the
microglia in the healthy slices (52 %) had an active migra-
tion pattern with a migration distance more than 20 pm
from their starting point; while only 17 % of microglial
cells in the CP brain slices demonstrated active migration,
83 % of microglial cells in the CP brain slices demonstrat-
ing restrictive migration (Fig. 4b).

To investigate the difference in microglial migration
between the healthy and CP slices, we used migration
velocity and persistent distance to evaluate migration
patterns (Fig. 5). In general, microglial cells had a wide
distribution of migration velocities. Microglial cells from
healthy brain slices had migration velocities ranging
from ~0.1 to 1.5 pm/min. This range was wider, and the
velocities were higher, than those of microglial cells from

-
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—e— Microglia from CP rabbit Microglia from CP rabbit brain slices
100 |- | -#«— Microglia from healthy rabbit j
~
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6 10 L Microglia from healthy rabbit brain slices
(2]
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\/.J 50pm
1 . 50um
Time (hr)
Fig. 3 Microglial migration is impaired in brain slices from CP animals vs. healthy animals. a Microglial cells from cerebral palsy rabbit brain slices
(red) had lower <MSD> and diffusion coefficient compared to microglial cells from healthy rabbit brain slices (blue). The <MSD> was plotted in a
log scale as a function of time. Mixed model ANOVA analysis showed that the migration of microglia from healthy brain is different from that from the
CP brain. b Representative trajectories of microglia from cerebral palsy rabbit brain slices and healthy rabbit brain slices are shown. *p < 0.01
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Fig. 4 Microglia trajectories showed higher percentage of active migrating microglial cells in healthy brain slices. a Overlay of individual microglial cells
trajectories, plotted after aligning their starting positions. Cells were tracked over a 6-h period. Units are in micrometers. Restrictive migration was defined
as microglial cells migrating within 20 um from their starting point (shaded area); active migration was defined as migration of more than 20 um from
their starting point. A7: 42 microglial cells from healthy brain slices; A2: 48 microglial from CP brain slices. b The quantitative study demonstrated higher
"active migrating” microglia population in healthy rabbit brain slices. In the brain slices from healthy rabbits, more than half the microglia cells (524 %)
showed active migration pattern, while 83.3 % of microglia from CP rabbit brain slices showed restrictive migration pattern

CP brain slices, which had migration velocities ranging  (population median 15.2 vs. 30.3 pm) may suggest there is
from ~0.05 to ~0.3 um/min. This resulted in a higher a greater hindrance to migration for impaired microglia.
average microglial migration velocity in healthy brain

slices (~0.33+0.31 um/min; mean + SEM) than in CP

brain slices (~0.19 + 0.08 pm/min). Persistent distance is  Dendrimer uptake is affected by microglial pathology

a parameter used to measure the interactions of the cell ~We have previously reported that intravenous adminis-
with its matrix regulated by adhesion proteins [24]. We  tration of dendrimers resulted in increased accumulation
adopted this parameter and used it as an indication of in activated microglia in newborn rabbits with CP, but
impediments encountered by microglia during migration.  not in healthy controls [16, 17]. A similar differential up-
The lower persistent distance demonstrated by the micro-  take was found between the microglia in healthy control
glial cells from CP brain slices compared to healthy slices  brain slices and in CP brain slices.
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Fig. 5 Microglial cells from CP brains showed lower migration velocity and less persistent distance. a Microglial migration velocity distribution for
healthy and CP brain slices. Microglia from healthy brain slices showed higher average migration velocity during the observation period, especially at high
migration velocity range, than the microglia from CP brain slices. b Persistent distance of microglial migration trajectory is greater in the healthy rabbit
brain slices. Persistent migration was defined as the length (>10 um) traveled by a microglial cell before it makes a significant change in direction (absolute
angle between previous direction and new direction <70°) *p < 0.05 For microglia from healthy brain slice, population median 30.3 um, 20 % percentile,
166 um, 80 % percentile, 44.4 um; for microglia from CP brain slice, population median 1522 um, 20 % percentile, 11.6 um, 80 % percentile, 17.9 um
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In the brain slices from healthy animals, less than 20 % of
microglial cells had detectable dendrimer uptake after 1 h
of dendrimer treatment (Fig. 6a). The uptake remained at
the same level, without obvious increase in uptake even
after 12 h of dendrimer treatment, indicating limited inter-
actions between dendrimer and microglial cells in the
healthy brain slices. This can be observed in Fig. 6b, where
the dendrimer signal in healthy slices was barely observed.
In brain slices from CP kits, dendrimer uptake by microglial
cells occurred more rapidly and to a greater extent, with
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about half of microglial cells containing dendrimer after 1 h
treatment. Microglial uptake of D-Cy5 in the brain slices
from CP kits increased 1.6-fold after 4 h of dendrimer treat-
ment, with ~80 % of total microglial cells containing den-
drimer (Fig. 6a). No obvious increase in the number of
microglial cells containing dendrimer was observed beyond
this time point, suggesting that dendrimer uptake by micro-
glial cells peaks around 4 h in vivo without substantial in-
crease in uptake beyond this time point. This was also
depicted in Fig. 6b and Additional file 1: Figure S3, where
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percent of Ibal+ cells that co-localize with D-Cy5 as a function of time (mean + SEM). Red: D-Cy5 uptake in microglia from CP brain slices; blue: D-Cy5
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substantial co-localization of D-Cy5 in microglia can be
seen by 4 h of treatment in the brain slices from CP Kkits,
with relatively less cellular co-localization observed in the
healthy brain slices even at 1, 4, and 12 h (Fig. 6b,
and Additional file 1: Figure S3).

Discussion

In this study, we show that maternal intrauterine endo-
toxin exposure results in a morphological change of the
microglia with retraction of the processes, restrictive
microglial migration, and a more rapid and enhanced
dendrimer uptake in the newborn rabbit brain with CP
when compared to age-matched healthy controls. These
observations provide insights to why the dendrimer-drug
conjugates are therapeutically effective, since the dendri-
mers diffuse more rapidly in the brain (and are able to
“find” the less mobile activated microglia), and can take
advantage of the increased ability of microglia increased
ability to engulf/uptake dendrimers.

In vitro and in vivo models are commonly used to
study the morphology, behaviors, and functions of
microglia. In vitro platforms, including primary cell cul-
tures, allow the extraction of high purity microglial cells
[26]; however, in vitro methods involve destruction of
the primary architecture and biological environment of
the CNS. The physiology or pathology is well maintained
in in vivo platforms, but it is experimentally difficult to
visualize and monitor the biological process in specified
anatomical locations, especially for regions deep within
the brain [27]. On the other hand, the ex vivo organotypic
whole-hemisphere brain slice platform maintains many
aspects of in vivo characteristics, such as the 3D structure
of the brain, making it possible for microglial cells to
interact with the biological environment around them
[5, 28, 29]. Using organotypic whole-hemisphere brain
slices as a platform in this study also allows us to access
and precisely monitor the cells at a specific anatomical
location [30], i.e., the PVR which is the primary area in-
volved in CP. Since the goal of this study was to evalu-
ate the interactions of the dendrimer with microglial
cells, while avoiding the biological barriers such as the
BBB and clearance by other organs, the organotypic
whole-hemisphere brain slices were an appropriate ex vivo
platform. Here, we transformed an in vivo animal model
of CP into an ex vivo brain slice model of CP. Our results
suggest that these differences in microglial morphology
between the two groups, as observed in our in vivo model,
were also maintained in our organotypic slices [19].

The study of microglial migration is associated with
the understanding of microglial function in the brain
and how they might be affected differently under acute
injury and inflammation. In the healthy brain, microglia
serve a housekeeping function by continually surveil-
ling the brain microenvironment, pruning neurons, and
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clearing accumulated metabolic products or deterio-
rated tissue components in parenchyma [4, 31]. In vivo
studies in the adult mouse brain have revealed that, to
perform these functions, microglial cells are highly dy-
namic, where their processes continuously undergo cycles
of de novo formation and withdrawal (on a time scale of a
few minutes) without obvious movement of their cell
somata [4]. However, under conditions of acute insult,
such as laser-induced neuronal injury or blade induced
lesion, microglial cells quickly react to these insults and
transform into a motile mode with increased migration
[4, 32-34]. This finding was demonstrated in ex vivo
studies in neonatal rats/mice organotypic brain slices
[5, 35]. The shear force generated during the slicing
process induces mechanical stimulation. Microglia under
normal physiologic condition react to this stimulus by
quickly transitioning into a motile mode within a time
period of a few hours and translocating their cell somata.
This enables direct physical contact with many cells
within a short period of time and supports a tissue surveil-
lance function [5]. This was also demonstrated by micro-
glial cells in the brain slices from healthy control animals
in our study.

However, in the presence of inflammation, microglial
cells behave differently. Inflammation induced by LPS
can polarize microglial cells into a pro-inflammatory
phenotype [36, 37]. Studies in primary microglial cell
cultures have found that exposure to LPS led to de-
creased microglial migration. Although the mechanisms
are not fully understood, LPS has been shown to impair
microglial migration by downregulation of the P2Y(12)
receptor, which promotes microglial migration in re-
sponse to ATP/ADP release [10, 11]. Similarly, in our
slices obtained from newborn rabbits with CP, microglial
migration decreased, as shown by lower <MSD> and
reduced migration speed, with a higher population of
microglia characterized by restrictive migration when
compared to the microglia in the healthy brain. This re-
stricted and decreased migration would indicate the im-
pairment in the normal surveillance function of the
microglia. It is possible that this impairment in surveil-
lance function of pro-inflammatory microglia may play a
role in mediating ongoing, chronic inflammation in neu-
roinflammatory/neurodegenerative disorders [13, 38]. Per-
sistence of cell migration, a measure to evaluate the ability
to migrate in the same direction without turning, has been
used in studying cell migration, including for cancer cells
[39]. The persistent distance of the cell migration trajec-
tory may be regulated by multiple mechanisms, including
microtubules, adhesion proteins, and chemotactic signals
[24, 40-42]. In this study, it was found that microglia
demonstrate reduced persistent distance in the presence
of inflammation. This may be explained in part by in-
creased microglial adhesion to the ECM component
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laminin, due to the upregulation of the membrane protein
integrin on microglia when exposed to pro-inflammatory
cytokines [43, 44]. Integrin expression is known to regu-
late the adhesion and migration of cells in the CNS [43].

In our maternal inflammation-induced rabbit model of
CP, we have previously reported an increase in the up-
take of systemically administered hydroxyl terminated
PAMAM dendrimer (dendrimer) by “activated” micro-
glia in the newborn brain of kits with CP but not in the
healthy neonatal rabbit brain [16]. In the in vivo model,
the impairment of the BBB in the CP animals may lead
to greater exposure of the microglia to the dendrimer in
the brain in these animals. However, in the ex vivo
model, microglia in the healthy brain slices and the CP
animal derived brain slices are exposed to the dendrimer
to the same extent, due to direct contact of the dendri-
mer to the slice. The substantially greater and more
rapid uptake of dendrimers by microglia in the tissue of
CP rabbits when compared to healthy controls may indi-
cate upregulation of the cellular uptake mechanisms by
the microglia in CP kits. This is in spite of some levels
of “activation” in both groups due to the shear forces in-
duced by slicing the brain tissue. Microglial cells possess a
full range of endocytic mechanisms, including receptor-
mediated endocytosis, macropinocytosis, and phagocytosis
[45]. Upregulation of any or all of these processes in pro-
inflammatory microglial cells in the CP brain [12] could
be responsible for the enhanced dendrimer uptake and
intrinsic targeting of the dendrimers that can be exploited
for targeting therapeutics specifically to activated micro-
glia [16, 46-49].

Conclusions

We used an ex vivo brain slice platform that maintained
the physiology of surveying microglial cells and pathology
of pro-inflammatory microglial cells from an in vivo
model. Our results suggest there is a significant decrease
in the normal migration and surveillance functions of
microglia in the presence of neuroinflammation in new-
born rabbits with CP. However, these microglia were able
to uptake dendrimer more rapidly and to a greater extent
than normal healthy control microglia. Further studies to
define the endocytotic processes that are upregulated in
activated pro-inflammatory microglia will help to better
understand the mechanisms by which the dendrimer is
taken up by activated microglia. This will also help in de-
signing better nanoparticle platforms to target activated
microglia.

Additional files

Additional file 1: Figure S1: the demonstration of experiment
schematic; Figure S2: the comparison of the mean square displacement
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of microglial cells from three sets of brain slices (CP vs. healthy);
Figure S3: Confocal image of 1 h and 4 h dendrimer treated brain
slices from healthy kits. Table S1 - One-way ANOVA analysis for
Figure 1. (DOCX 15914 kb)

Additional file 2: The real-time video of microglia migration in the brain
slices from CP and healthy kits. Scale bar 100 um. For each brain slice, the
vedio was recorded during 6 h time period, with a temporal resolution of
15 min. (MP4 12959 kb)

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

RK, SK, and FZ conceived and designed the experiment. FZ set up the brain
slice culture platform, did the imaging and image analysis and synthesized
Cy5-labeled dendrimers, EN and SK performed the animal surgery. FZ and YA
carried out LDH assay, FZ drafted the paper, FZ, SK, RK, EN and YA made
significant contributions to editing and revising the paper. All authors read
and approved the final manuscript.

Authors’ information

F.Z. had undergraduate training at materials science and engineering and is
currently having his Ph.D. training at Center for Nanomedicine at Johns
Hopkins Medical Institute, his training is focusing on drug delivery for the
treatment of central nervous system inflammatory disorders for; EN. had
undergraduate and Ph.D. training in chemical & biomolecular engineering,
her postdoc training in medicine is focusing on neurological disorders in
pediatrics. EN. is currently the Clare Boothe Luce Assistant Professor of
Chemical Engineering at Univeristy of Washington. Y.A. received a MD and is
currently perusing training in pediatric medicine. RK. is a professor in the
Center for Nanomedicine at Johns Hopkins School of Medicine, he received
training in chemical engineering. His research is focused on dendrimer-
based nanomedicine. SK. is an associate professor and a pediatrician in
Anesthesiology and Critical Care Medicine at Johns Hopkins School of Medi-
cine. Her research is focused on maternal inflammation-induced perinatal
brain injury.

Acknowledgements

We thank the Wilmer Core Module for Microscopy and Imaging for allowing
us to use LSM710 confocal microscopy. We also thank Dr. G. Lutty's Lab for
the use of Imaris software. This work was funded by NICHD ROTHD069562
(SK) and NIBIB ROTEB0O18306 (RK).

Author details

!Center for Nanomedicine, Johns Hopkins University School of Medicine,
Baltimore, MD 21231, USA. 2Depanment of Materials Science and
Engineering, Johns Hopkins University, Baltimore, MD 21218, USA.
3Anesthesiology and Critical Care Medicine, Johns Hopkins University School
of Medicine, Baltimore, MD 21287, USA. *Department of Ophthalmology,
Wilmer Eye Institute, Johns Hopkins University School of Medicine, Baltimore,
MD 21231, USA. 5Hugo Moser Research Center, Kennedy Krieger Institute,
Baltimore, MD 21205, USA. ®Present address: Department of Chemical
Engineering, University of Washington, Seattle, WA 98195, USA. "Pediatrics,
Johns Hopkins University School of Medicine, Baltimore, MD 21287, USA.

Received: 18 November 2015 Accepted: 13 March 2016
Published online: 22 March 2016

References

1. Kreutzberg GW. Microglia: a sensor for pathological events in the CNS.
Trends Neurosci. 1996;19(8):312-8. doi:10.1016/0166-2236(96)10049-7.

2. Stoll G, Jander S. The role of microglia and macrophages in the
pathophysiology of the CNS. Prog Neurobiol. 1999;58(3):233-47. doi:10.
1016/50301-0082(98)00083-5.

3. Kettenmann H, Hanisch UK, Noda M, Verkhratsky A. Physiology of microglia.
Physiol Rev. 2011;91(2):461-553. doi:10.1152/physrev.00011.2010.

4. Nimmerjahn A, Kirchhoff F, Helmchen F. Resting microglial cells are highly
dynamic surveillants of brain parenchyma in vivo. Science. 2005;308(5726):
1314-8. doi:10.1126/science.1110647.


dx.doi.org/10.1186/s12974-016-0529-3
dx.doi.org/10.1186/s12974-016-0529-3
http://dx.doi.org/10.1016/0166-2236(96)10049-7
http://dx.doi.org/10.1016/S0301-0082(98)00083-5
http://dx.doi.org/10.1016/S0301-0082(98)00083-5
http://dx.doi.org/10.1152/physrev.00011.2010
http://dx.doi.org/10.1126/science.1110647

Zhang et al. Journal of Neuroinflammation (2016) 13:65

20.

21.

22.

23.

24.

25.

26.

Stence N, Waite M, Dailey ME. Dynamics of microglial activation: a confocal
time-lapse analysis in hippocampal slices. Glia. 2001;33(3):256-66.

Nolte C, Moller T, Walter T, Kettenmann H. Complement 5a controls motility
of murine microglial cells in vitro via activation of an inhibitory G-protein
and the rearrangement of the actin cytoskeleton. Neuroscience. 1996;73(4):
1091-107. doi:1016/0306-4522(96)00106-6.

Loane DJ, Byrnes KR. Role of microglia in neurotrauma. Neurotherapeutics.
2010;7(4):366-77. doi:10.1016/j.nurt.2010.07.002.

Mannix RC, Whalen MJ. Traumatic brain injury, microglia, and beta amyloid.
Int J Alzheimers Dis. 2012;2012:608732. doi:10.1155/2012/608732.

Lively S, Schlichter LC. The microglial activation state regulates migration
and roles of matrix-dissolving enzymes for invasion. J Neuroinflammation.
2013;10:75. doi:10.1186/1742-2094-10-75.

Orr AG, Orr AL, Li XJ, Gross RE, Traynelis SF. Adenosine A(2A) receptor
mediates microglial process retraction. Nat Neurosci. 2009;12(7):872-U84.
doi:10.1038/Nn.2341.

De Simone R, Niturad CE, De Nuccio C, Ajimone-Cat MA, Visentin S,
Minghetti L. TGF-beta and LPS modulate ADP-induced migration of
microglial cells through P2Y1 and P2Y12 receptor expression. J Neurochem.
2010;115(2):450-9. doi:10.1111/J.1471-4159.2010.06937 X.

Brown GC, Neher JJ. Microglial phagocytosis of live neurons. Nat Rev Neurosci.
2014;15(4):209-16. doi:10.1038/nrn3710.

Biber K, Owens T, Boddeke E. What is microglia neurotoxicity (not)? Glia.
2014;62(6):841-54. doi:10.1002/Glia.22654.

Hellwig S, Heinrich A, Biber K. The brain's best friend: microglial
neurotoxicity revisited. Front. Cell Neurosci. 2013;16(7):71.

Indaram M, Ma W, Zhao L, Fariss RN, Rodriguez IR, Wong WT. 7-
Ketocholesterol increases retinal microglial migration, activation, and
angiogenicity: a potential pathogenic mechanism underlying age-related
macular degeneration. Sci Rep. 2015;5:9144. doi:10.1038/srep09144.

Kannan S, Dai H, Navath RS, Balakrishnan B, Jyoti A, Janisse J, et al.
Dendrimer-based postnatal therapy for neuroinflammation and cerebral
palsy in a rabbit model. Sci Transl Med. 2012;4(130):130ra46. doi:10.1126/
scitransimed.3003162.

Lesniak WG, Mishra MK, Jyoti A, Balakrishnan B, Zhang F, Nance E, et al.
Biodistribution of fluorescently labeled PAMAM dendrimers in neonatal
rabbits: effect of neuroinflammation. Mol Pharm. 2013;10(12):4560-71. doi:
10.1021/mp400371r.

Saadani-Makki F, Kannan S, Lu X, Janisse J, Dawe E, Edwin S, et al. Intrauterine
administration of endotoxin leads to motor deficits in a rabbit model: a link
between prenatal infection and cerebral palsy. Am J Obstet Gynecol. 2008;
199(6):Artn 651.E1. doi:10.1016/J.Ajog.2008.06.090.

Kannan S, Saadani-Makki F, Balakrishnan B, Chakraborty P, Janisse J, Lu X, et
al. Magnitude of [C-11]PK11195 binding is related to severity of motor
deficits in a rabbit model of cerebral palsy induced by intrauterine
endotoxin exposure. Dev Neurosci-Basel. 2011;33(3-4):231-40. doi:10.1159/
000328125.

Nance EA, Woodworth GF, Sailor KA, Shih TY, Xu QG, Swaminathan G, et al.
A dense poly(ethylene glycol) coating improves penetration of large
polymeric nanoparticles within brain tissue. Sci Transl Med. 2012;4(149):
ARTN 149ra119. doi:10.1126/scitransimed.3003594.

Rao SM, Lin ZL, Drobyshevsky A, Chen LN, Ji XH, Ji HT, et al. Involvement of
neuronal nitric oxide synthase in ongoing fetal brain injury following near-
term rabbit hypoxia-ischemia. Dev Neurosci. 2011;33(3-4):288-98. doi:10.
1159/000327241.

Su T, Paradiso B, Long YS, Liao WP, Simonato M. Evaluation of cell damage
in organotypic hippocampal slice culture from adult mouse: a potential
model system to study neuroprotection. Brain Res. 2011;1385:68-76.
doi:10.1016/j.brainres.2011.01.115.

Kannan S, Saadani-Makki F, Muzik O, Chakraborty P, Mangner TJ, Janisse J, et
al. Microglial activation in perinatal rabbit brain induced by intrauterine
inflammation: detection with 11C-(R)-PK11195 and small-animal PET. Journal
of nuclear medicine. 2007;48(6):946-54. doi:10.2967/jnumed.106.038539.
Fraley SI, Feng Y, Krishnamurthy R, Kim DH, Celedon A, Longmore GD, et al.
A distinctive role for focal adhesion proteins in three-dimensional cell
motility. Nat Cell Biol. 2010;12(6):598-604. doi:10.1038/ncb2062.

Noraberg J, Kristensen BW, Zimmer J. Markers for neuronal degeneration in
organotypic slice cultures. Brain Res Protoc. 1999;3:278-290.

Tamashiro TT, Dalgard CL, Byrnes KR. Primary microglia isolation from mixed
glial cell cultures of neonatal rat brain tissue. Journal of visualized experiments.
2012,66:€3814. doi:10.3791/3814.

27.

28.
29.

30.

32.

33.
34,
35.

36.

37.

38.

39.

40.

42.

43.

45.

46.

47.

48.

49.

Page 11 of 11

Smithpeter CL, Dunn AK, Welch AJ, Richards-Kortum R. Penetration depth limits
of in vivo confocal reflectance imaging. Appl Optics. 1998;37(13):2749-54.
Dailey ME, Eyo U, Fuller L, Hass J, Kurpius D. Imaging microglia in brain
slices and slice cultures. Cold Spring Harb Protoc. 2013;2013(12):1142-8.
doi:10.1101/pdb.prot079483.

Dailey ME, Waite M. Confocal imaging of microglial cell dynamics in
hippocampal slice cultures. Methods. 1999;18(2):222-30. doi:10.1006/meth.
1999.0775.177.

Cho S, Wood A, Bowby MR. Brain slices as models for neurodegenerative
disease and screening platforms to identify novel therapeutics. Current
neuropharmacology. 2007;5(1):19-33. doi:10.2174/157015907780077105.
van Rossum D, Hanisch UK. Microglia. Metab Brain Dis. 2004;19(3-4):393-411.
Carbonell WS, Murase S, Horwitz AF, Mandell JW. Migration of perilesional
microglia after focal brain injury and modulation by CC chemokine receptor
5:an in situ time-lapse confocal imaging study. Journal of neuroscience.
2005;25(30):7040-7. doi:10.1523/JNEUROSCI.5171-04.2005.

Sieger D, Moritz C, Ziegenhals T, Prykhozhij S, Peri F. Long-range Ca2+
waves transmit brain-damage signals to microglia. Dev Cell. 2012;22(6):
1138-48. doi:10.1016/j.devcel.2012.04.012.

Dibaj P, Nadrigny F, Steffens H, Scheller A, Hirrlinger J, Schomburg ED, et al.
NO mediates microglial response to acute spinal cord injury under ATP
control in vivo. Glia. 2010;58(9):1133-44. doi:10.1002/Glia.20993.

Petersen MA, Dailey ME. Diverse microglial motility behaviors during
clearance of dead cells in hippocampal slices. Glia. 2004;46(2):195-206.
doi:10.1002/glia.10362.

Liu HC, Zheng MH, Du YL, Wang L, Kuang F, Qin HY, et al. N9 microglial
cells polarized by LPS and IL4 show differential responses to secondary
environmental stimuli. Cell Immunol. 2012;278(1-2):84-90. doi:10.1016/J.
Cellimm.2012.06.001.

Chhor V, Le Charpentier T, Lebon S, Ore MV, Celador IL, Josserand J, et al.
Characterization of phenotype markers and neuronotoxic potential of
polarised primary microglia in vitro. Brain Behav Immun. 2013;32:70-85. doi:
10.1016/).bbi.2013.02.005.

Block ML, Zecca L, Hong JS. Microglia-mediated neurotoxicity: uncovering the
molecular mechanisms. Nat Rev Neurosci. 2007;8(1):57-69. doi:10.1038/nrm2038.
Chang WK, Carmona-Fontaine C, Xavier JB. Tumour-stromal interactions
generate emergent persistence in collective cancer cell migration. Interface
focus. 2013;3(4):20130017. doi:10.1098/rsfs.2013.0017.

Dujardin DL, Barnhart LE, Stehman SA, Gomes ER, Gundersen GG, Vallee RB.
A role for cytoplasmic dynein and LIST in directed cell movement.

J Cell Biol. 2003;163(6):1205-11. doi:10.1083/jcb.200310097.

Danen EHJ, van Rheenen J, Franken W, Huveneers S, Sonneveld P, Jalink K,
et al. Integrins control motile strategy through a Rho-cofilin pathway.
Journal of Cell Biology. 2005;169(3):515-26. doi:10.1083/jcb.200412081.
Weiner OD. Regulation of cell polarity during eukaryotic chemotaxis: the
chemotactic compass. Curr Opin Cell Biol. 2002;14(2):196-202.
doi:10.1016/50955-0674(02)00310-1.

Milner R, Campbell IL. The integrin family of cell adhesion molecules has
multiple functions within the CNS. J Neurosci Res. 2002;69(3):286-91.
doi:10.1002/Jnr.10321.

Milner R, Campbell IL. The extracellular matrix and cytokines regulate microglial
integrin expression and activation. J Immunol. 2003;170(7):3850-8.

Pickard MR, Chari DM. Robust uptake of magnetic nanoparticles (MNPs) by
central nervous system (CNS) microglia: implications for particle uptake in
mixed neural cell populations. Int J Mol Sci. 2010;11(3):967-81. doi:10.3390/
ijms11030967.

Kambhampati SP, Clunies-Ross AJ, Bhutto |, Mishra MK, Edwards M, McLeod DS,
et al. Systemic and intravitreal delivery of dendrimers to activated microglia/
macrophage in ischemia/reperfusion mouse retina. Invest Ophthalmol Vis Sci.
2015;56(8):4413-24. doi:10.1167/iovs.14-16250.

Zhang F, Mastorakos P, Mishra MK, Mangraviti A, Hwang L, Zhou J, et al.
Uniform brain tumor distribution and tumor associated macrophage
targeting of systemically administered dendrimers. Biomaterials. 2015,52:
507-16. doi:10.1016/j.biomaterials.2015.02.053.

Hayder M, Varilh M, Turrin CO, Saoudi A, Caminade AM, Poupot R, et al.
Phosphorus-based dendrimer ABP treats neuroinflammation by promoting
IL-10-producing CD4 T cells. Biomacromolecules. 2015. doi:10.1021/acs.
biomac.5b00643

Boridy S, Soliman GM, Maysinger D. Modulation of inflammatory signaling and
cytokine release from microglia by celastrol incorporated into dendrimer
nanocarriers. Nanomedicine (Lond). 2012,7(8):1149-65. doi:10.2217/nnm.12.16.


http://dx.doi.org/10.16/0306-4522(96)00106-6
http://dx.doi.org/10.1016/j.nurt.2010.07.002
http://dx.doi.org/10.1155/2012/608732
http://dx.doi.org/10.1186/1742-2094-10-75
http://dx.doi.org/10.1038/Nn.2341
http://dx.doi.org/10.1111/J.1471-4159.2010.06937.X
http://dx.doi.org/10.1038/nrn3710
http://dx.doi.org/10.1002/Glia.22654
http://dx.doi.org/10.1038/srep09144
http://dx.doi.org/10.1126/scitranslmed.3003162
http://dx.doi.org/10.1126/scitranslmed.3003162
http://dx.doi.org/10.1021/mp400371r
http://dx.doi.org/10.1016/J.Ajog.2008.06.090
http://dx.doi.org/10.1159/000328125
http://dx.doi.org/10.1159/000328125
http://dx.doi.org/10.1126/scitranslmed.3003594
http://dx.doi.org/10.1159/000327241
http://dx.doi.org/10.1159/000327241
http://dx.doi.org/10.1016/j.brainres.2011.01.115
http://dx.doi.org/10.2967/jnumed.106.038539
http://dx.doi.org/10.1038/ncb2062
http://dx.doi.org/10.3791/3814
http://dx.doi.org/10.1101/pdb.prot079483
http://dx.doi.org/10.1006/meth.1999.0775
http://dx.doi.org/10.1006/meth.1999.0775
http://dx.doi.org/10.2174/157015907780077105
http://dx.doi.org/10.1523/JNEUROSCI.5171-04.2005
http://dx.doi.org/10.1016/j.devcel.2012.04.012
http://dx.doi.org/10.1002/Glia.20993
http://dx.doi.org/10.1002/glia.10362
http://dx.doi.org/10.1016/J.Cellimm.2012.06.001
http://dx.doi.org/10.1016/J.Cellimm.2012.06.001
http://dx.doi.org/10.1016/j.bbi.2013.02.005
http://dx.doi.org/10.1038/nrn2038
http://dx.doi.org/10.1098/rsfs.2013.0017
http://dx.doi.org/10.1083/jcb.200310097
http://dx.doi.org/10.1083/jcb.200412081
http://dx.doi.org/10.1016/S0955-0674(02)00310-1
http://dx.doi.org/10.1002/Jnr.10321
http://dx.doi.org/10.3390/ijms11030967
http://dx.doi.org/10.3390/ijms11030967
http://dx.doi.org/10.1167/iovs.14-16250
http://dx.doi.org/10.1016/j.biomaterials.2015.02.053
http://dx.doi.org/10.2217/nnm.12.16

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Reagents
	Animals
	Organotypic whole-hemisphere brain slice preparation
	Evaluation of the viability of brain slices under culture
	Time-lapse imaging of microglial migration
	Evaluation of dendrimer uptake by microglial cells
	Image analysis
	MATLAB analysis of microglia movement

	Analysis of microglial migration velocity and persistent distance
	Imaris analysis of microglial cell surface to volume ratio (S/V) and dendrimer co-localization
	Statistical analysis

	Results and discussion
	Results
	Whole-hemisphere brain slice viability and microglial pathology is maintained throughout the experiment window
	Microglial migration is different in brain slices from CP animals compared to brain slices from healthy control animals
	Dendrimer uptake is affected by microglial pathology

	Discussion

	Conclusions
	Additional files
	Competing interests
	Authors’ contributions
	Authors’ information
	Acknowledgements
	Author details
	References



