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Abstract

Perinatal hypoxic-ischemic encephalopathy (HIE) can result in neurodevelopmental disability,
including cerebral palsy. The only treatment, hypothermia, provides incomplete neuroprotection.
Hydroxyl polyamidoamine (PAMAM) dendrimers are being explored for targeted delivery of
therapy for HIE. Understanding the biodistribution of dendrimer-conjugated drugs into microglia,
neurons and astrocytes after brain injury is essential for optimizing drug delivery. We conjugated
N-acetyl-L-cysteine to Cy5-labeled PAMAM dendrimer (Cy5-D-NAC) and used a mouse model of
perinatal HIE to study effects of timing of administration, hypothermia, brain injury, and
microglial activation on uptake. Dendrimer conjugation delivered therapy most effectively to
activated microglia but also targeted some astrocytes and injured neurons. Cy5-D-NAC uptake was
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correlated with brain injury in all cell types and with activated morphology in microglia. Uptake
was not inhibited by hypothermia, except in CD68+ microglia. Thus, dendrimer-conjugated drug
delivery can target microglia, astrocytes and neurons and can be used in combination with
hypothermia for treatment of HIE.
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Hydroxyl polyamidoamine dendrimers are being explored for targeted delivery of therapy for
hypoxic-ischemic encephalopathy. We examined cellular uptake of N-acetyl-L-cysteine conjugated
to Cyb-labeled dendrimer in a neonatal mouse model of hypoxic-ischemic encephalopathy, with or
without therapeutic hypothermia. Dendrimer conjugation delivered therapy most effectively to
activated microglia but also targeted astrocytes and injured neurons. Uptake correlated with brain
injury and with activated morphology in microglia. Uptake was not impaired by hypothermia,
except in CD68+ microglia; thus, dendrimer delivery can be combined with therapeutic
hypothermia.
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Background

Understanding /n vivo interactions between nanomaterials and disease pathology can
provide valuable insights for designing new drug delivery systems. If such interactions can
be harnessed for superior drug delivery, without complex ligand targeting strategies, it may
enable simple constructs that may be easier to translate. Prior studies with hydroxyl
polyamidoamine (PAMAM)T dendrimers showed that they can selectively localize in injured
glial cells, following systemic administration in models of brain injury. However, detailed
characterization of the biodistribution of dendrimers in different cells in the brain as injury
progresses, and as an effect of the severity of injury, are still not well explored.:2 This study
investigates these effects within the context of neonatal brain injury.

T Abbreviations: PAMAM: polyamidoamine, HIE: hypoxic-ischemic encephalopathy, NAC: N-acetyl-L-cysteine, D-NAC: dendrimer-
NAC conjugate, D-Cy5: Cy5-labeled dendrimer, Cy5-D-NAC: Cy5-labeled dendrimer-NAC conjugate, P: postnatal day; M: Male, F:
Female NeuN: neuronal nuclei, GFAP: glial fibrillary acidic protein, Ibal: ionized calcium binding adapter molecule 1, DG: dentate
gyrus, CA: cornu ammonis region of hippocampus
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Neonatal hypoxic-ischemic encephalopathy (HIE) occurs in approximately 2/1000 births
and can lead to a range of neurodevelopmental disabilities including cerebral palsy.3# The
etiology of HIE is highly variable, arising from a sentinel event occurring late in pregnancy
or in the intrapartum period.>8 Infants that suffer a hypoxic-ischemic (HI) insult often
exhibit severe lethargy, seizures, hypotonia, and poor feeding during the neonatal period,
with brain injury detectable by high resolution imaging within the first few hours of life.>’
Brain injury is thought to begin with primary energy failure in neurons and astrocytes that
drives glutamate release and excitotoxic injury, and progresses towards a second surge of
cell death after 24 hours.38 Inflammatory processes begin within a few hours of injury and
can last for weeks, contributing to delayed neuronal death and injury progression.*2
Glutamate and inflammatory cytokines trigger multiple injury pathways that result in a
continuum of apoptotic, necroptotic, and necrotic cell death.19-12 Therapeutics aimed at
these pathways may slow cell death and inflammatory processes, reduce overall injury, and
provide a platform for recovery.

Therapeutic hypothermia remains the primary treatment option for infants with HIE because
it reduces mortality and brain injury, resulting in better neurological outcomes.3-13-15
Hypothermia acts on several different pathways, reducing metabolic demand® and
glutamate release, suppressing inflammation, 111718 mitigating dysfunction of ion pumps,
and interfering with apoptotic pathways.1%20 Timing and intensity of cooling are critical;
preclinical evidence shows that delayed cooling and over-cooling negatively correlate with
neuroprotection.3 Despite the benefits of therapeutic hypothermia, neuroprotection is
incomplete31321 and combination therapies are needed.22-24

New strategies in nanomedicine can improve the bioavailability and targeting of existing
approved drugs, which may improve efficacy. A-acetyl-L-cysteine conjugated to
generation-4 hydroxyl (G4-OH) PAMAM dendrimer (D-NAC) is a promising candidate for
treatment of HI and inflammatory brain injury. D-NAC has been shown to reduce white
matter injury following murine neonatal ischemia2® and to reduce cerebral inflammation and
improve motor function in a rabbit maternal inflammation model of cerebral palsy.28
Importantly, these previous studies also demonstrate that conjugation of drugs to PAMAM
dendrimer facilitates localization to, and uptake by, cells involved in inflammation, while
restricting uptake by normal cells.2> However, therapeutic hypothermia has been widely
adopted as therapy for HIE, and it is therefore important to determine whether hypothermia
alters D-NAC brain localization and uptake after HI.

Previous studies using hydroxyl PAMAM dendrimer in mouse, rat, rabbit, canine, and
primate models focused on the ability of Cy5-labeled dendrimer (D-Cy5) to target
inflammation. In this study, we assess whether NAC-conjugated dendrimer-Cy5 (Cy5-D-
NAC) targets injured brain cells. To do this, we quantitatively assessed the cellular
biodistribution of Cy5-D-NAC within neurons, astrocytes, and microglia in a neonatal
mouse model of HI, with or without therapeutic hypothermia. We focused our analysis in the
hippocampus, a region that is highly sensitive to neonatal HI, exhibiting both apoptotic and
necrotic cell death,2” and which we found is protected by therapeutic hypothermia. Our
objectives were to determine if dendrimer uptake is altered by hypothermia, whether the
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timing of Cy5-D-NAC treatment alters uptake in these cell types, and if the observed cellular
localization is consistent with that observed in other models of brain injury.

Methods

Sources for antibodies, materials and equipment are shown in Supplementary Table S1.

Preparation of Cy5-labeled D-NAC conjugate

The bifunctional dendrimer was prepared following an established protocol6:28 and was
then reacted with Cy5, followed by reaction of linker and NAC in two steps. This synthetic
procedure is described in Supplementary Materials (Figure S1).

Animals and surgical procedure

The experimental design is diagrammed in Figure 1. Animal procedures were carried out in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and approved by the Institutional Animal Care and Use Committee of Johns
Hopkins University. Ten lactating female CD-1 mice with litters of 10 pups were obtained at
postnatal day (P) 6 (day of birth = P1, Charles River Laboratories). On P7, 4 male and 4
female pups per litter were anesthetized and the right common carotid artery was
permanently ligated. Pups recovered 75-90 minutes at 36 °C before hypoxia (10% O,
balance Ny, 36 °C, 15 min). Further details are in Supplemental Methods.

Immediately following HI, mice were randomized to 6 h of normothermia (ambient 36.5 °C)
or hypothermia (ambient 30.5 °C), with 2 males and 2 females per litter in each temperature
group. Remaining mice served as uninjured controls. Pups were placed in individual
chambers on an aluminum platform within an incubator. Pilot studies showed that 7 days
after HI, brain injury was less severe in hypothermic mice (Supplementary Figure S2; p<
0.05) and body temperatures stabilized within 20 min and remained at ~33 °C in the
hypothermic group and ~36.5 °C in the normothermic group for the 6 h period of
hypothermia/normothermia. Therefore, in the present study, incubator temperatures were set
at 30.5 °C and 36.5 °C for hypothermia and normothermia, respectively, and monitored
throughout. Core body temperature was monitored 30 min and 6 h after HI (mean at 6 h:
31.6 °C and 35.4 °C).

To determine the effect of injection time on uptake of D-NAC, mice were injected with Cy5-
D-NAC (10 mg/kg; ip.) at 0, 6, or 24 h after HI (Table 1). Dendrimer-conjugated NAC has
been extensively tested for /n vivo safety and stability; this dose has resulted in both cellular
uptake and functional recovery in neonatal models of ischemic and inflammatory brain
injury.2526 Mice were perfused with 10% formalin, 24 h after injection of Cy5-D-NAC (24,
30, or 48 h after HI). Brains were post-fixed 4 h, cryoprotected, and frozen.

Immunohistochemical labeling of microglia, neurons, and astrocytes

Brains were sectioned (20 um) and 1 in 6 series of coronal sections throughout the forebrain
were stained with cresyl-violet to evaluate histopathology or processed for
immunohistochemical labeling of microglia, neurons, or astrocytes. Sections were incubated
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with primary antibodies for Ibal (ionized calcium binding adapter molecule 1), NeuN
(neuronal nuclei), GFAP (glial fibrillary acidic protein), or CD68, followed by secondary
antibody conjugated to Alexa Fluor® 488 (Supplementary Table S1). For GFAP, sections
were pretreated with L.A.B. solution for 30 min at 60 °C for antigen retrieval. Sections were
counterstained with DAPI, coverslipped with DAKO fluorescence mounting medium, and
stored at —20 °C.

Injury assessment

Cresyl-violet-stained sections were assessed for neuropathology (Supplementary Figure S3)
and injury was scored as follows: 0) no apparent injury; 1) mild injury, small groups of
pyknotic cells (condensed nuclei) within the hippocampus; 2) moderate injury, larger groups
of injured cells or small areas of infarction within the hippocampus and other regions
(cortex, striatum, or thalamus); 3) severe injury, extensive confluent infarction or tissue
cavitation.

Analysis of dendrimer uptake

In the contralateral, uninjured hemisphere of mice subjected to HI or in brains of uninjured
control mice, Cy5-D-NAC was not detected outside blood vessels; quantitative analysis of
dendrimer uptake was therefore limited to the ligated hemisphere. Due to its vulnerability to
HI injury, the hippocampus was selected for uptake analysis. For quantification of uptake in
each cell type, nine microscopic fields located within CA1, CA3, or DG in three sections of
dorsal hippocampus from each animal (Supplementary Figure S4) were imaged and
evaluated. Fluorescence images were captured with a Zeiss Axio Imager M2 microscope
with consistent imaging settings using a 40x objective for neurons (NeuN), astrocytes
(GFAP), and phagocytic microglia (CD68) or a 20x objective for microglia (Ibal). Cells
containing each marker and a DAPI-stained nucleus were counted and evaluated for Cy5-D-
NAC labeling in z-stack images from each subject by investigators blinded to experimental
group, using AxioVision 4.8.2 (Zeiss), and the proportion of these cells co-labeled with Cy5-
D-NAC was calculated. Because injury mechanisms vary among hippocampal regions,
uptake was examined in images from each region.

Evaluation of microglial morphology

Microglial morphology was examined as an indicator of activation, in the same images used
for analysis of microglial uptake. Each set of z-stack images from CA1, CA3, or DG was
examined by two investigators blinded to experimental group. Microglial morphology was
classified as ramified (small soma with thin, finely branching processes), moderately
activated (enlarged soma with thickened, sometimes sheet-like processes), or highly
activated (ameboid, with a large rounded soma and few/no processes). A score was assigned
according to the predominant cell type or mixture observed: 1) nearly all cells ramified; 2) a
mixture of ramified and moderately activated morphology; 3) nearly all cells with
moderately activated morphology; 4) a mixture of cells with moderately activated and
ameboid morphology; or 5) nearly all cells with ameboid morphology. Scores assigned in
CAl, CA3, and DG by both raters were averaged to obtain a microglial activation score for
the hippocampus in each animal.
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Data analysis

Results

Statistical analyses were completed using IBM SPSS Statistics 23. No differences in
dendrimer uptake were detected between males and females; therefore, these data were
collapsed by group. The effect of treatment on injury severity was analyzed using a Kruskal-
Wiallis test. For each cell type, the effect of injury severity on uptake was examined using
Spearman’s rank-order correlation. Hippocampal and subregion uptake data were analyzed
by two-way ANCOVA with injection time and temperature as factors and injury score as
covariate. Significant main effects and interactions were further evaluated by a priori
contrast comparisons. For microglia, relationships between injury and morphology score and
between morphology score and uptake were examined using Spearman’s rank-order
correlation. Findings were considered significant when p < 0.05.

Preparation of Cy5 labelled dendrimer-NAC conjugate

Previously, dendrimer-/N-acetyl-L-cysteine (D-NAC) was designed, synthesized, and
validated for targeting neuroinflammation,26:28 and dendrimer-Cy5 (D-Cy5) was prepared,
characterized, and quantified in a neonatal rabbit model.2%30 To prepare the novel conjugate,
Cy5-D-NAC, for this dendrimer-drug uptake study in our neonatal hypoxic-ischemic mouse
model, a modified synthetic scheme was followed. Our starting material consisted of a
bifunctional G4-OH dendrimer with 17-18 amine groups on the surface of the hydroxyl
dendrimer, so that the free amine groups would further react with NAC.28 After reacting this
bifunctional dendrimer with one molar equivalent of Cy5-mono-NHS-ester, we obtained
Cy5-labeled dendrimer with more than 15 unreacted amine groups on the surface of the
dendrimer. NAC was reacted with this intermediate using SPDP as a linker, and this
produced D-NAC with disulfide linkage and labeled with Cy5. The resulting conjugate,
Cy5-D-NAC, was purified by dialysis followed by GPC fractionation and was extensively
analyzed by RP-HPLC, UV-vis spectrum, and *H-NMR. HPLC (Figure 2A) showed a peak
at 28.1 min, distinct from that of the starting dendrimer and free Cy5, supporting a pure
conjugate. The UV spectrum (Figure 2B) showed peaks characteristic of PAMAM
dendrimer and Cy5; the percentage payload of Cy5 to dendrimer is approximately 5%. In the
1H NMR spectrum (Figure 2C), multiplets were present at 1.24—1.53 ppm for CH, protons
of the linker, a singlet at 1.86 ppm for acetyl protons of NAC, a multiplet at 4.47 for CH
protons of NAC, and multiplets at 6.30-7.85 ppm for aromatic protons of Cy5 along with
the peaks associated with dendrimer confirmed the formation of the conjugate. Loading of
NAC was calculated using the proton integration method; 11 NAC molecules were reacted to
the dendrimer to achieve drug loading of approximately 9.8% by weight.

Histopathology at 24 to 48 h after Hl

Mice subjected to HI on P7 were euthanized 24 h after injection of Cy5-D-NAC (24, 30 or
48 h after HI). To determine whether cellular uptake is altered in response to initial brain
injury, histopathology was scored in Nissl-stained sections. A regional pattern of injury in
cortex, hippocampus, basal ganglia and thalamus that mimics cerebral damage observed in
term infants with HIE was observed (Supplementary Figure S3). Histopathology ranged
from no injury to severe injury within each treatment group. In contrast to the
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neuroprotective effect of hypothermia observed 7 days after HI in the pilot study, at this
early time point there were no differences among treatment groups (Kruskal-Wallis, p =
0.208).

Uptake of dendrimer by microglia

Cy5-D-NAC uptake was examined in the hippocampus at a consistent interval, 24 hours
after injection. In the uninjured hemisphere of mice subjected to HI and in brains of
uninjured controls, Cy5-D-NAC was not detected outside blood vessels. On the ligated side,
Cy5-D-NAC was localized within microglia in each region of the hippocampus examined
(Figure 3A). Because dendrimer conjugates are known to target activated microglia, 2628 and
microglial activation is stimulated by injury, we first examined the relationship between
microglial uptake and brain injury. There was a significant correlation between microglial
uptake of Cy5-D-NAC and brain injury score (Figure 3B, Spearman’s rho = 0.62; p < 0.01).
When covariate analysis was used to control for the degree of injury, we confirmed that
injury significantly affected uptake of Cy5-D-NAC by microglia (F1 71 = 55.83, p< 0.001),
and we found that microglial uptake varied as a function of injection time (F 71 = 7.16, p<
0.01; estimated marginal means are depicted in Figure 3C). Moderate microglial uptake of
Cy5-D-NAC was observed after injection at 0 or 6 h, but uptake was greater after injection at
24 h than at earlier time points (contrast analyses, p < 0.01 for each). Thus, the interval
between HI and Cy5-D-NAC treatment is an important determinant of uptake by microglia.
Because timing and mechanisms of cell injury vary among hippocampal regions,
independent covariate analysis was conducted in CAl, CA3, and DG. As observed overall,
injury affected microglial uptake within each region (CAL: Fq 71 = 28.40, p< 0.001; CA3:
F171=43.29 p<0.001; DG: Fq 71 = 43.34, p< 0.001). The temporal pattern of uptake in
each region resembled the overall pattern of uptake in the hippocampus, with a significant
effect of injection time in DG (Supplementary Figure S5; F» 71 = 7.01, p< 0.05) and a trend
in CA3 (F2,71 = 2.76, p=0.07). In DG, most cell death after HI is apoptotic, and microglial
uptake was significantly greater after injection at 24 h than at 0 (< 0.01) or 6 h (p< 0.05).
Importantly, hypothermia did not alter dendrimer uptake into microglia.

The morphology of Ibal-labeled microglia was consistent with activation in response to
hippocampal neuronal injury. Hippocampal microglia in controls exhibited a highly ramified
morphology with a small soma (Figure 4A), but after HI, microglia in the hippocampus
exhibited morphology characteristic of activation (Figure 4B-D) that varied with the degree
of injury (Figure 4E, Spearman’s rho = 0.73, p< 0.001). Microglial uptake of Cy5-D-NAC
was strongly correlated with activation, as indicated by microglial morphology score (Figure
4F, Spearman’s rho = 0.79, p< 0.001). In CD68+ phagocytic microglia, uptake correlated
with injury (Figure 5B, Spearman’s rho = 0.514, p < 0.01), and uptake was greater than that
observed in Ibal+ microglia (p < 0.001). In this subset of microglia, uptake was greater in
normothermic animals than in hypothermic animals (p < 0.05).

Uptake of dendrimer by neurons

Cy5-D-NAC was detected in neurons within each region of the hippocampus after HI
(Figure 6A); however, the proportion of neurons taking up Cy5-D-NAC was much less than
the proportion of microglia taking up dendrimer. When the hippocampus was assessed as a
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whole, dendrimer uptake varied with injury score (F1 74 = 4.21, p< 0.05), but the correlation
was less robust than that observed in microglia (Figure 6B; Spearman’s rho = 0.46, p<
0.01). After adjustment for the effect of injury, no effects of injection time or hypothermia
were detected when hippocampal regions were pooled (estimated marginal means shown in
Figure 6C). In contrast, when evaluated separately, a distinct pattern emerged in CA1, where
neuronal uptake varied with injection time (Figure 7A; CAl: Fp 74 = 3.72, p< 0.05). Uptake
tended to be greater when Cy5-D-NAC was injected immediately after HI than at 6 h (p=
0.07), and uptake was greater when Cy5-D-NAC was injected at 24 h than at 6 h (0 < 0.05).
No differences were detected in CA3 (Figure 7B). However, in DG, neuronal uptake of Cy5-
D-NAC increased with injury (F1 74 = 11.17, p< 0.01) and there was a significant interaction
of injection time and temperature (Figure 7C; F, 73 = 3.96, p < 0.05). Within this region in
hypothermic animals, neuronal uptake was greater when Cy5-D-NAC was injected 6 h after
HI, at the onset of rewarming, than at 0 or 24 h (p < 0.05), and after injection at 6 h, there
was greater uptake in hypothermic animals than in normothermic animals (p < 0.05).

Uptake of dendrimer by astrocytes

Due to their role in neuroinflammation and their potential as a therapeutic target, dendrimer
conjugate localization within GFAP+ astrocytes was assessed. As in other cell types, Cy5-D-
NAC was detected within astrocytes in each region of the hippocampus examined after
injection at each time point (Figure 8A). As observed in microglia and neurons, astrocyte
uptake of Cy5-D-NAC was affected by (F1 g5 = 12.22, p < 0.05), and correlated with, HI
injury (Figure 8B; Spearman’s rho = 0.48, 0 < 0.01). When adjusted for injury and with
hippocampal regions combined, no effects of injection time or temperature were detected
(Figure 8C). When evaluated by region, patterns of uptake were similar and no effects of
injection time or hypothermia were detected (Supplementary Figure S6).

Discussion

Nanotherapeutics offer new strategies for targeted treatment of HI brain injury. Our analysis
of cellular uptake of Cy5-labeled D-NAC in a mouse model of HIE examined the effects of
therapeutic hypothermia and time of administration on uptake, and we used a correlation
analysis to examine the effects of brain injury and microglial activation on D-NAC uptake in
this model. These results expand upon previous findings that support the use of dendrimer
therapy for brain injury in other neonatal?526:30 and large animal models.28

Dendrimer-NAC uptake as a function of cell type in the injured brain

HI in P7 CD1 mice produces a regional pattern of gray matter injury that mimics cerebral
damage observed in term infants with HIE, and mild hypothermia has modest therapeutic
effects. In this mouse model, Cy5-D-NAC was detected within microglia, neurons, and
astrocytes after a single dose administered immediately or up to 24 h after HI, but only in the
injured hemisphere. Cy5-D-NAC was not detected outside blood vessels in uninjured control
mice. Thus, conjugation of drugs to dendrimer nanoparticles can selectively target therapy to
all three cell types involved in brain injury after HI, while limiting drug delivery to uninjured
tissue. The disulfide-based drug conjugation used in this study minimizes drug release in
circulation, but after uptake it permits fast and reliable glutathione-sensitive release of drug
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within targeted cells, an important consideration in designing therapy for acute brain injury
such as HIE.28:31

Dendrimer uptake after HI varies by cell type and may be influenced by the severity of
disruption of the blood-brain barrier and the degree of cellular activity.28:32 Cy5-D-NAC
accumulation was correlated with severity of injury in all cell types evaluated; this is similar
to the correlation of uptake with neurobehavioral disease severity observed in a rabbit model
of maternal inflammation-induced cerebral palsy.33 The proportional uptake of Cy5-D-NAC
was greatest and the correlation between uptake and injury was strongest in microglial cells,
which become phagocytic when activated by brain injury.34-38 Microglia expressing the
phagocytic marker CD68 exhibited very high levels of uptake, with over 80% uptake in most
injured animals. These data suggest that uptake in microglia involves a phagocytic
mechanism. 23738

After HI, activation of microglia occurs rapidly and leads to migration, release of
proinflammatory mediators and excitatory amino acids, and phagocytosis of injured neurons.
11,39.40 As expected, microglial activation in this study was strongly correlated with brain
injury. Zhang and colleagues*! reported that ameboid microglia in newborn rabbit brain
slices exposed in uteroto maternal inflammation exhibited greater PAMAM dendrimer
uptake /n vitro, compared to slices from unexposed controls with less activated microglial
morphology. A similar association between ameboid morphology and dendrimer uptake was
noted in this model after dendrimer administration /7 vivo.33 Here, we scored microglial
morphology as an indicator of activation after HI and demonstrated that dendrimer uptake
increases as microglial activation increases. In our analysis of dendrimer uptake at different
post-HI injection times, we expected microglia to show greater uptake as the response to
injury progressed. Microglial uptake was robust over the 24 h period examined but was
greater after injection at 24 h than at earlier time points. Depending on activation state,
microglia can have beneficial or deleterious effects on neuronal survival, and timing of
interventions directed at microglia may be critical in determining efficacy. Because uptake
was robust in microglia both acutely and 24 h after HI, timing of therapy may be adjusted
for optimal efficacy.

Neurons are highly susceptible to damage following HI, and intracellular delivery of NAC
by dendrimer conjugates maintains cysteine levels, which may provide neuroprotection.
However, the proportion of neurons containing detectable Cy5-D-NAC was low (~2—4% on
an average), compared to that in activated microglia and astrocytes. Intense neuronal
activity, which occurs during seizures triggered by neonatal HI,4243 drives activity-
dependent endocytosis for synaptic vesicle retrieval.#* This mechanism may underlie the
selective, injury-related uptake of Cy5-D-NAC by neurons. Neuronal injury mechanisms
differ in hippocampal subpopulations and evolve over 24-48 h after injury#>4%; distinct
patterns of neuronal dendrimer uptake at different injection times in these regions may be
related to differences in these mechanisms, timing, or severity of injury.

Astrocytes become activated within 24 h after HI and have neuroprotective effects,
scavenging glutamate, free radicals, and other excitotoxic factors while releasing trophic
factors that promote survival.211:3947 Astrocyte activity heavily influences survival of
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neurons, and although astrocytes are susceptible to HI injury, their survival contributes
directly to the regenerative capacity of the injured area.3° Thus, dendrimer-mediated
delivery of NAC to activated astrocytes and microglia is expected to promote neuronal
survival, reduce injury, and improve neurobehavioral function. Further work is needed to
determine the effects of D-NAC at longer intervals after injury.

Effect of hypothermia on dendrimer-NAC uptake

Therapeutic hypothermia can alter the disposition and metabolism of pharmacological
interventions, resulting in altered clearance and higher rates of toxicity.#-50 We thus
expected that hypothermia might impair temperature-dependent dendrimer uptake
mechanisms or delay excretion, prolonging the time in circulation.11:19 However, uptake of
Cy5-D-NAC in animals exposed to therapeutic hypothermia was largely similar to that in
animals maintained in normothermic conditions, with only a small increase in neuronal
uptake during rewarming in one region of the hippocampus, and a modest decrease in
CD68+ microglia in hypothermic animals at early administration times. /n vitro studies have
shown that hydroxyl-terminated dendrimers are taken up by active fluid phase pinocytosis
and that uptake is inhibited at 10 °C.37:°1 The body temperature used for therapeutic
hypothermia (~33 °C) did not impair uptake in most microglia, but may slow phagocytosis
during hypothermia and rewarming.

The /n vivo interactions between dendrimer nanoparticles and the severity and progression
of brain injury reported here provide valuable insights for the design and implementation of
new drug delivery systems. We have shown that uptake of systemically delivered dendrimer-
conjugated drug is correlated with injury in all three cell types examined and with activation
in microglia. Thus, dendrimer conjugation can selectively deliver therapy to injured brain
regions, limit delivery to uninjured tissue, and can effectively target activated microglia and
injured cells. This specific targeting of therapy may improve drug efficacy and limit adverse
drug effects. We have confirmed that dendrimer conjugation is most effective for delivery of
therapy to activated microglia, but we show that it can also target activated astrocytes and
injured neurons. Timing of therapy can be adjusted to achieve optimal efficacy, because
uptake was similar after administration 0, 6, or 24 h after HI. Our most important finding
regarding clinical therapy for HIE, in which hypothermia has been adopted as standard care,
is that dendrimer-drug uptake was generally not impaired by hypothermic treatment. These
findings demonstrate that in a murine model of neonatal HIE, dendrimer conjugate treatment
can be used to selectively deliver therapy to injured brain regions when administered
immediately after injury or with a delay, and dendrimer conjugation can effectively target
drug delivery for hypoxic-ischemic brain injury in combination with the current standard of
care, hypothermia.
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Figure 1. Experimental timeline
CD1 mice underwent permanent unilateral carotid ligation on P7. Pups recovered for 75-90

min before hypoxia (10% O, in Ny, 15 min). Immediately following hypoxia, mice were
exposed to normothermic or hypothermic conditions and were treated with Cy5-D-NAC 0,
6, or 24 h after HI. Mice were euthanized 24 h after dendrimer administration.
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Figure 2. RP-HPLC, UV-vis spectrum, and 1H-NMR characterization of Cy5-D-NAC conjugates
(A) RP-HPLC of Cy5-D-NAC, monitored under fluorescence detector with Agycitation = 645

nm, Aexcitation = 662 nm. The HPLC trace showed a peak at 28.1 min for Cy5-D-NAC,
different from that of the starting dendrimer and free Cy5. (B) The UV spectrum showed
peaks at 200.7 nm and 649 nm, which are characteristic of PAMAM dendrimer and Cy5.
Only one mole equivalent of Cy5 was used in the reaction and the percentage payload of
Cys5 to dendrimer is ~4-5%. (C) 1H NMR spectrum of Cy5-D-NAC in DMSO-a: 6 1.24—
1.53 (m, CH,, protons of linker and aliphatic protons of Cy5), 1.86 (s, CH3 protons of NAC),
2.30-3.61 (m, CH> protons of G4-OH, SCH,, protons of NAC and CH,, protons of SPDP)
4.33-4.49 (m, CH protons of NAC), 6.30-7.85 (m, aromatic protons of Cy5), 7.96-8.31 (m,
NHCO protons of G4-OH, amide protons of NAC).
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Figure 3. Microglial uptake of Cy5-D-NAC was correlated with injury, increased at 24 h, but was
unaffected by hypothermia

(A) Representative images show maximum intensity projections of microglia (Ibal, green),
Cy5-D-NAC (red), and nuclei (DAPI, blue) in CA3 within the hippocampus. (B) Uptake of
Cy5-D-NAC by microglial cells correlated with the degree of injury (boxplot: box depicts
25t to 75t percentile, Spearman’s rho = 0.62; p< 0.01). (C) After controlling for the effect
of injury using covariate analysis, uptake of dendrimer varied as a function of injection time
(F2,71 = 7.16, p<0.01; figure depicts estimated marginal means + s.e.m). Bar = 10 pm
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Microglial Morphology

Figure 4. Microglial activation, as indicated by morphology, correlated with brain injury and
uptake of Cy5-D-NAC

Microglial morphology was examined in the same images used for uptake analysis and
scored as described; CA1 is shown. (A) In uninjured controls, Iba-1-positive microglia
(green) exhibited ramified morphology. (B) In a case with mild injury, microglia had a
ramified morphology (score = 1). (C) In a case with moderate injury, microglia exhibited
moderately activated morphology, with enlarged soma and thickened, often sheet-like
processes (score = 3). (D) In a case with severe injury, microglia exhibited highly activated,
ameboid morphology (score = 5; blue = DAPI). (E) As expected, microglial morphology
scores were correlated with brain injury (boxplot, Spearman’s rho = 0.73; p< 0.001). (F)
Microglial uptake of Cy5-D-NAC was strongly correlated with microglial activation, as
indicated by morphology score (Spearman’s rho = 0.79, p < 0.001; linear regression line
with 95% confidence interval for mean). Bar = 20 um.
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Figure 5. Uptake of Cy5-D-NAC by CD68+ phagocytic microglia was correlated with injury and
was reduced by hypothermia

(A) Extended focus images of phagocytic microglia (CD68+, green), Cy5-D-NAC (red), and
nuclei (DAPI, blue) in CA3. (B) Cy5-D-NAC uptake by CD68+ microglia correlated with
severity of injury (boxplot, Spearman’s rho = 0.514, p< 0.01). (C) After controlling for the
effect of injury using covariate analysis, uptake of Cy5-D-NAC was lower in hypothermic
animals (p < 0.05; estimated marginal means * s.e.m). Bar = 20 pm
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Figure 6. Neuronal uptake of Cy5-D-NAC correlated with injury but was unaffected by
hypothermia

(A) Maximum intensity projections of neurons (NeuN, green), Cy5-D-NAC (red), and nuclei
(DAPI, blue) in CAL. (B) Cy5-D-NAC uptake by neurons was correlated with injury
(boxplot; Spearman’s rho = 0.46, p < 0.01). (C) When data from the three hippocampal
regions were pooled and adjusted for the effect of injury, neuronal uptake of Cy5-D-NAC
did not vary as a function of time or temperature (estimated marginal means + s.e.m.). Bar =
10 pm.
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Figure 7. Temporal patterns of neuronal Cy5-D-NAC uptake varied among hippocampal regions,
and in DG uptake was greater at the onset of rewarming

(A) In CAL, after adjusting for injury, uptake of the dendrimer varied as a function of time (p
< 0.05), with decreased uptake in mice injected 6 h after HI. (B) No significant differences

in uptake were observed in CA3. (C) In DG, uptake by neurons showed an interaction of
injection time and temperature (p < 0.05); uptake of Cy5-D-NAC was greater in

hypothermic animals when administered 6 h after HI, at the onset of rewarming (p < 0.05,
estimated marginal means £ s.e.m.).
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Figure 8. Astrocyte uptake of Cy5-D-NAC correlated with injury but was unaffected by injection
time or hypothermia

(A) Maximum intensity projections of astrocytes (GFAP, green), Cy5-D-NAC (red), and
nuclei (DAPI, blue) in CA3. (B) Uptake of dendrimer conjugates by astrocytes correlated
with injury (boxplot, Spearman’s rho = 0.48, p< 0.01). (C) When adjusted for injury, uptake
by astrocytes did not vary as a function of injection time or hypothermic treatment
(estimated marginal means + s.e.m.). Bar = 10 pm.
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