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Graphical Abstract 

 
Abstract 
Hydroxyl dendrimers target reactive microglia in multiple neuroinflammatory models, including cerebral 

palsy. Insights on the differential uptake of dendrimers between subpopulations of microglia will enable 
the better design of precise nanomedicines to treat neuroinflammation. We have previously demonstrated 
that microglia of rabbits with cerebral palsy undergo change to a pro-inflammatory phenotype that selec-
tively takes up dendrimer nanoparticles proportional to the severity of the injury. However, the functional 
changes in microglia associated with this activated phenotype and related mechanisms of dendrimer uptake 
are not well understood. Here, we established a method for isolating microglia from cerebral palsy and 
healthy neonatal rabbit brains and assessed microglial (1) phagocytic activity ex vivo using fluorescent E. 
coli bioparticles and (2) dendrimer uptake in vivo after intravenous administration of dendrimer conjugated 
with a fluorescent dye (D-Cy5). Flow cytometry studies showed that the surface marker CD11b is reliably 
expressed and could isolate microglia from rabbit brain tissue. Furthermore, a significantly higher propor-
tion of microglia isolated from cerebral palsy rabbits demonstrated increased phagocytosis when compared 
to controls. To assess differences in dendrimer uptake, microglia were isolated from the brain 24 hours after 
D-Cy5 administration. D-Cy5 localized only in CD11b+ microglia with differential uptake in subpopula-
tions of microglia and was significantly higher in microglia from cerebral palsy rabbits when compared to 
healthy controls. This study demonstrates that PAMAM hydroxyl dendrimers are preferentially taken up 
by microglia, especially in cerebral palsy rabbits, and that subpopulations of microglia demonstrate differ-
ential dendrimer uptake. Future work will continue to evaluate these subpopulations of microglia further to 
facilitate the design of precise nanotherapeutics for targeting specific profiles of microglial activation.
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Purpose and Rationale & Introduction 
Microglia are major contributors to neuroin-

flammation and resultant brain injury in cerebral 
palsy (CP) [1,2]. We have previously shown that 
in utero exposure to lipopolysaccharide (LPS) re-
sults in a CP-like phenotype in newborn rabbit 
kits (e.g., hindlimb hypertonia) along with micro-
glial activation and pro-inflammatory cytokine 
release [3–5]. We have also demonstrated that 
systemically-administered hydroxyl polyami-
doamine (PAMAM-OH) dendrimers are rapidly 
excreted by the kidneys and preferentially taken 
up in ‘activated’ microglia in the brain of rabbits 
with CP [6–8]. This allows for targeted delivery 
of anti-inflammatory payloads such as N-acetyl-
cysteine to modulate microglia ‘activation’ and 
dampen subsequent neuroinflammatory damage 
[8]. It is now well understood that there are mul-
tiple states of “activation” of microglia and that 
these states are often dynamic [9,10]. Less is un-
derstood about microglial functional changes 
(e.g., phagocytosis, endocytosis) and their corre-
lations with CP pathology and dendrimer uptake. 
Here we explore phagocytosis and dendrimer up-
take in microglia in this model to further investi-
gate microglial functionality in perinatal neuroin-
flammation, which is crucial for developing ef-
fective microglial-targeted precision nanothera-
peutics. 

Materials and Methods 
Synthesis of Cy5-labeled PAMAM-OH den-

drimer (D-Cy5): D-Cy5 was synthesized using 
published protocols [7,11]. Briefly, a bifunctional 
dendrimer is synthesized by partially reacting the 
hydroxyl groups on PAMAM-OH with BOC-
GABA-OH, followed by the BOC deprotection to 
get amines. The amines are further reacted with 
Cy5-mono-NHS ester to obtain D-Cy5, charac-
terized using proton nuclear magnetic resonance 
and high-performance liquid chromatography for 
structure and purity. 

Endotoxin exposure model of CP: All proce-
dures were approved by the Animal Care and Use 
Committee at Johns Hopkins University. Preg-
nant New Zealand rabbits (Robinson Services, 
NC) underwent laparotomy at gestational day 

(G)28 to inject Escherichia coli lipopolysaccha-
ride (LPS) (800-2400 EU) along the uterus. CP 
kits were delivered on G30. Healthy kits were 
spontaneously delivered from naïve dams.  

Primary Glial Culture: Newborn kit brains 
were dissociated in 0.05% trypsin (37°C,10 min) 
as previously described [6], filtered, and cells re-
suspended in Dulbecco’s Modified Eagle’s Me-
dium (DMEM) with 10% heat-inactivated fetal 
bovine serum and 1% penicillin/streptomycin. 
Cells were plated into poly-L-lysine hydrobro-
mide-coated culture flasks, incubated (37°C, 5% 
CO2), and grown to 90% confluence. 

Microglia Markers Validation: Primary glial 
cells were suspended (4 × 105 cells) in a 96-well 
plate. Cells were stained with Live/dead stain 
(1:1000 in PBS, 30 min 4°C), incubated in Fc Re-
ceptor Binding Inhibitor (1:50 in flow cytometry 
staining buffer, 10 min, room temperature), 
stained with fluorescently-conjugated antibodies 
for CD11b (1:100, 1 h, 4°C) and/or Tomato Lec-
tin (1:150, 1 h, 4°C), fixed with IC Fixation buffer 
(20 min, room temperature), and washed (Perme-
abilization Buffer). Cells were then sequentially 
incubated in anti-Iba1 (1:200 in Permeabilization 
Buffer, 20 min, room temperature) and donkey 
anti-goat antibody (1:100, 1 h, 4°C). Flow cytom-
etry was conducted immediately (50,000 events 
per sample) and analyzed with FlowJo software 
(complete materials information is listed in the 
supplement). 

Phagocytosis Assay: On postnatal day (PND) 1-
7 rabbit kits brains were extracted, minced, incu-
bated in accutase (30 min, 25C, protected from 
light), and the resulting suspension was filtered 
and centrifuged (300 g, 10 min, 4°C). After debris 
removal, microglia were isolated using anti-
CD11b microbeads. CD11b+ cells (≥ 200,000) 
were extracted, suspended in DMEM, and accli-
mated in the incubator for 24 h. Next, cells were 
incubated for 1 h in 1:100 pHrodo E.coli Biopar-
ticle for Phagocytosis in DMEM, stained with 
Live/Dead stain, and fixed with 2% formalin. Fi-
nally, cells were resuspended, and flow cytome-
try was conducted to detect pHrodo fluorescence 
with ≥ 30,000 events recorded per sample.  

D-Cy5 in CD11b+ cells: Kits (PND0-1) were 
dosed with 55mg/kg of D-Cy5 (containing ~1 
mg/kg of Cy5 and corresponds with dendrimer 
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dose used for efficacy studies) [7, 8] (IV, superfi-
cial abdominal vein), sacrificed 24 h later, per-
fused, and brains collected. The dendrimer dose 
CD11b+ fractions were collected as described 
above. Fluorescence-activated cell sorting 
(FACS) was conducted to quantify Cy5+ cells. 
This dose was chosen because it is the equivalent 
dendrimer dose as our preclinical therapeutics us-
ing small molecule drugs [8].  

Immunohistochemical quantification of D-Cy5: 
D-Cy5 injected kits were perfused, and brains 
were collected for subsequent immunostaining 
[12]. Confocal images of two CP brains (four 
samplings) and one healthy control brain (three 
samplings) were acquired and analyzed using Im-
ageJ Analyze Particles function. 

Statistics: Data were analyzed using analysis of 
variance or t-test using Microsoft Excel. Statistics 
are reported as mean ± standard error.  

Results 
CD11b is reliably expressed on rabbit mi-

croglia  
Murine microglia markers CD11b and Lectin 

were tested as surface markers of rabbit microglia 
for live-cell acquisition/assessment [13,14]. Co-
staining of each marker with Iba1 (rabbit cyto-
solic microglial marker) was conducted on pri-
mary mixed glial cultures. CD11b showed better 
overlap with Iba1 than did Lectin (Figure 1A).  

 
Figure 1. CD11b expression is reliably expressed by rabbit microglia. Known murine microglia markers CD11b, Iba1, and Lectin 
were explored as methods for isolating the microglia cell population of interest from rabbit brains. Co-staining of two markers 
were done on primary mixed glial cultures (A-C) and evaluated for overlap. Surface marker CD11b was found to be reliably 
expressed on rabbit microglia and could be used to isolate microglia from rabbit brain tissue. (D) CD11b+ selection was conducted 
on two healthy control rabbit brains and stained for Iba1. 94% of the CD11b+ fraction is Iba1+ (n=2, average of two biological 
replicates). Gating strategies are shown in Supplemental Figure 1.  

 
When co-stained for Iba1 and CD11b, an aver-

age of 23.9% of cells of all glial cells present in 
the culture were Iba1+/CD11b+, 0.4% were 
Iba1+/CD11b-, and 3.4% were Iba1-/CD11b+. 
When co-stained for Iba1 and Lectin, cells from 
Iba1+ and Iba1- populations were variably Lec-
tin+ or Lectin- (Figure 1B). Further, a subpopula-
tion of cells was Lectin+/CD11b-, pointing to a 
lack of specificity of Lectin (Figure 1C). Thus, 
CD11b was chosen for subsequent live-cell mi-
croglial identification. After bead enrichment, the 
CD11b+ fraction was 94.0% Iba1+ (n=2; Figure 

1D), confirming that the CD11b positive selec-
tion successfully isolated microglia, indicating 
CD11b bead isolation was a reliable method to 
isolate microglia from the brain.  

CP rabbits have a higher proportion of 
phagocytic microglia  

Microglia were isolated from PND1-2 healthy 
and CP kits and incubated with fluorescent E. coli 
bioparticles and quantified by flow cytometry 
(Figure 2A-C).  
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Figure 2. CP rabbits have a higher proportion of phagocytic microglia than healthy counterparts. A. CD11b+ microglia were 

incubated with fluorescently labelled E. coli bioparticles for 1 h, and subsequent cell fluorescence was measured by flow cytometry, 
reflecting the level of phagocytosis activity. B. Gating for fluorescence was determined by examining control cells not exposed to 
E.coli bioparticles. C. Example data from cells exposed to E.coli bioparticles. D. A significantly higher proportion of microglia 
(CD11b+) from CP brains were phagocytic (E.coli+) compared to proportions in healthy controls. E. When endotoxin rabbits are 
broken down by phenotype severity, there is no relationship between severity and the percentage of E.coli+ microglia. There was 
no difference in the mean fluorescence intensity between endotoxin and healthy controls, indicating that the number of bioparticles 
each microglia phagocytosed was not significantly different between groups. ** p < 0.01, ns = non-significant 

 
CP microglia displayed a higher proportion of 

CD11b+ cells containing E.coli bioparticles (62.3 
± 14.5%, n = 10) versus healthy microglia (42.4 
± 18.2%, n=8; t-test p < 0.01; Figure 2D). The 
mean fluorescence intensities of the E.coli+ mi-
croglia were not different between groups (p = 
0.217; Figure 2E).  

D-Cy5 localizes to a greater extent in micro-
glia from CP rabbits 

CD11b+ (microglia) and CD11b- cells (other 
non-microglial cells from the brain) were isolated 
from rabbit brain tissue 24 h after IV D-Cy5 in-

jection on PND1 (Figure 3A). Uptake (as meas-
ured by D-Cy5+) was significantly greater in 
CD11b+ cells (63.8 ± 13.2%) than CD11b- cells 
(0.59 ± 0.21%, n = 5; p < 0.0001, Figure 3B,C), 
indicating that dendrimer is preferentially taken 
up by microglia. Dendrimer uptake was also 
greater in CP microglia than in healthy microglia 
(p < 0.0001; normalized to healthy microglia av-
erage, 3D). A subpopulation of microglia was 
found to have much stronger fluorescence (de-
noted as D-Cy5+++; Figure 3E and F). CP rabbits 
had ~90% higher proportion of Cy5+++ micro-
glia than healthy controls (p = 0.0006) (Figure 
3G). 
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Figure 3. D-Cy5 is localized to a subset of CD11b+ cells. Fluorescently tagged dendrimers (D-Cy5) were injected IV into neo-

natal rabbits. Brain tissue was isolated 24 h later, and anti-CD11b microbead enrichment was used to isolate microglia. (A) Flow 
cytometry then quantified the amount of dendrimer uptake by measuring Cy5 fluorescence in CD11b+ fraction. (B) After anti-
CD11b microbead enrichment, Cy5 signal was measured in both CD11b+ (cyan) and CD11b- (violet) fractions. Intravenously 
dosed D-Cy5 nanoparticles were found in a subset of cells within the CD11b+ fraction but not in the CD11b- fraction. (C) 63% of 
CD11b+ cells were D-Cy5+ while less than 1% of CD11b- cells were D-Cy5 in CP rabbits. (D) The percent change of Cy5+ 
microglia in CP kits is significantly greater in relation to Cy5+ microglia from healthy rabbits (E) A subpopulation of CD11b+ 
Cy5+ microglial cells had distinctly more fluorescence, denoted as Cy5. (F) Density plot also demonstrates two subpopulations of 
Cy5+ microglia. (G) Cy5+++ microglia were also significantly greater in CP in relation to Cy5+++ healthy microglia in CP 
rabbit microglia *** p < 0.001 compared to healthy control. 

 
Immunohistochemistry also demonstrated dif-

ferential uptake within microglial populations. D-
Cy5 fluorescence was ensured to be intracellular 
(Figure 4A and B), and the intensity was observed 
to be variable across Iba1+Cy5+ cells (Figure 4C 
and D), implying differential uptake across the 

microglial population. The histogram plot of nor-
malized D-Cy5 intensity from 851 CP microglia 
was approximated by three Gaussian curves im-
plying distinct microglial populations with vary-
ing levels of cytoplasmic dendrimer (Figure 4D).
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Figure 4. Internalized D-Cy5 signal varies in periventricular microglia. CP rabbit kits injected intravenously with D-Cy5 

(10mg/kg) show dendrimer accumulation in activated microglia. (A) Representative confocal images of Iba1+ microglia (green) 
from white matter show colocalization with dendrimer conjugated with Cy5 (red). Arrows show examples of microglia with inter-
nalized dendrimer. Scale bars = 20 μm. (B) A colocalization profile analyzed along cross-section (inset figure) of green (Iba1+ 
microglia) and red (dendrimer-Cy5) color intensities indicate a significant overlap with multiple peaks of dendrimer and Iba1 
intensities. (C) Heat map of D-Cy5 intensity from the representative image shown in (A). (D) The ratio of D-Cy5 intensity of CP 
microglia to median healthy microglia D-Cy5 intensity is depicted as a histogram plot (top panel, black trace). The histogram of 
851 CP microglia was fitted with a multi-gaussian function as a sum of several Gaussian distributions (top panel, green trace). 
Three distinct gaussian populations labeled as “0” (red trace), “1” (green trace) and “2” (blue trace) were detected (bottom 
panel). While “0” gaussian population represents the microglia with baseline background Cy5 fluorescence, “1” and “2” gaussian 
populations imply unique microglial populations with increasing dendrimer uptake. The results demonstrated here are from 851 
cells analyzed from 7 sections across 2 CP kits and 351 cells analyzed across 3 sections in one age-matched healthy control kit.  

 
Discussion  
Here we established CD11b as a reliable marker 

of rabbit microglia, congruent with Iba1 expres-
sion. CD11b expression increases with inflamma-
tion and regulates phagocytosis behavior making 
it particularly relevant for studying microglial 
functionality in states of inflammation [5,15,16]. 
CD11b+ microglia from CP kits are more phago-
cytic compared to healthy counterparts. Previ-
ously we have also shown that CP microglia have 
decreased migration distance and velocity [1, 17–
19]. Increased phagocytosis suggests that de-
creased migration may be beneficial, and micro-
glia remain to phagocytose in cell debris areas. 
Interestingly, the phagocytosis of each phagocy-
tosing microglia was similar between endotoxin 

and healthy samples, but disease severity causes 
an increase in the percentage of phagocytic mi-
croglia.  

D-Cy5 was found to localize to a greater extent 
in a subset of CD11b+ microglia in FACS and 
immunohistochemical preparations. Previously 
we have observed that dendrimer rapidly accu-
mulates in the kidney and is excreted through the 
urine, with minimal uptake in other organs, and is 
selectively taken up by activated microglia in the 
brain. The degree of uptake correlates with dis-
ease severity [7, 20,21]. Using FACS, we ob-
served a small proportion of healthy microglia 
positive for Cy5, which may be due to uptake in 
vessel-associated microglia or perivascular mac-
rophages [22]. We also found a subpopulation of 
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microglia that shows much higher D-Cy5 positiv-
ity; this subpopulation is significantly larger in 
CP versus healthy kits. Because microglia were 
isolated from the whole brain tissue, including ar-
eas with significant neuroinflammation (i.e., 
periventricular region) and areas without[5], the 
observed variable dendrimer uptake may reflect 
different microglial populations with functional 
differences between subpopulations. D-Cy5 up-
take may be due to heterogeneous microglial pro-
files [10,23] and differences in other cell uptake 
processes such as endocytosis and pinocytosis, 
mechanisms by which dendrimer uptake has been 
shown to occur [6,24,25].  

While both dendrimer uptake and phagocytosis 
increase in CP microglia, primary uptake of den-
drimer is likely not via phagocytosis, as the up-
take mechanism is heavily dependent on particle 
size. Phagocytosis functions optimally with par-
ticles approximately 1-3 μm (e.g., the size of E. 
coli) [26]. Dendrimers and other nano-scale par-
ticles may be taken up through clathrin-independ-
ent fluid-phase endocytosis and other mecha-
nisms upregulated in activated microglia such as 
aquaporin channels or receptor-mediated uptake 
[6,24,27]. 

Conclusions 
This study demonstrates that hydroxyl terminated PAMAM dendrimers are preferentially taken up by 

activated microglia involved in neuroinflammation. However, subpopulations of microglia demonstrate 
differential dendrimer uptake. Future studies will focus on defining microglial functional differences that 
dictate dendrimer nanoparticle uptake after injury and therapy. Identification of cellular subpopulations and 
their interactions with nanoparticles is crucial for advancing dendrimer therapeutics for precision nanomed-
icine and will enable more precise targeting and manipulation to modulate the therapeutic response.  
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Supplemental Fig 1. Gating strategies for CD11b and Iba1 co-expression, displayed in Figure 1. (A) Rabbit kit brains (n=2) were 

dissociated, co-stained with Iba1 and CD11b antibodies, and results were visualized by flow cytometry. Clear populations of 
CD11b+/Iba1+, CD11b+/Iba1-, and Cd11b-/Iba1- cells were found and gated separately. Only a small percentage of CD11b-
/Iba1+ cells were found, showing there is good overlap between CD11b and Iba1 staining. (B) Rabbit kit brains (n=2) were disso-
ciated, fractionated using CD11b magnetic beads into CD11b+ and CD11b- fractions. The CD11b+ fraction was stained with Iba1 
and results were visualized by flow cytometry. An average of 94% of the CD11b+ fraction stained Iba1+, showing that the CD11b 
magnetic bead system successfully isolates our cell population of interest.  
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Supplemental Fig 2. Gating strategy for Cy5+ and Cy5+++ fractions, displayed in Figure 3. This is a representative example 

from a CP rabbit. Neonatal rabbits received systemic IV injection of D-Cy5 and sacrificed 24 hours later. Brains were dissociated 
and CD11b+ fractions collected. Flow cytometry was conducted to measure Cy5 expression (seen on the APC channel). Cy5+ cells 
(denoted APC+ in these graphs) were gated by comparing to non-D-Cy5-injected controls. Cy5+++ cells (denoted APC+++ in 
these graphs) were gated as a freestanding population, best seen in the density plot.  
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