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Abstract

The result of a deprivation of oxygen and glucose to the brain, hypoxic–ischemic encephalopathy 

(HIE), remains the most common cause of death and disability in human neonates globally and 

is mediated by glutamate toxicity and inflammation. We have previously shown that the enzyme 

glutamate carboxypeptidase (GCPII) is overexpressed in activated microglia in the presence of 

inflammation in fetal/newborn rabbit brain.
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We assessed the therapeutic utility of a GCPII enzyme inhibitor called 2-(3-Mercaptopropyl) 

pentanedioic acid (2MPPA) attached to a dendrimer (D-2MPPA), in order to target activated 

microglia in an experimental neonatal hypoxia-ischemia (HI) model using superoxide dismutase 

transgenic (SOD) mice that are often more injured after hypoxia-ischemia than wildtype animals.

SOD overexpressing and wild type (WT) mice underwent permanent ligation of the left common 

carotid artery followed by 50 min of asphyxiation (10% O2) to induce HI injury on postnatal 

day 9 (P9). Cy5-labeled dendrimers were administered to the mice at 6 h, 24 h or 72 h after HI 

and brains were evaluated by immunoflu orescence analysis 24 h after the injection to visualize 

microglial localization and uptake over time. Expression of GCPII enzyme was analyzed in 

microglia 24 h after the HI injury. The expression of pro- and anti-inflammatory cytokines were 

analyzed 24 h and 72 h post-HI. Brain damage was analyzed histologically 7 days post-HI in the 

three randomly assigned groups: control (C); hypoxic-ischemic (HI); and HI mice who received a 

single dose of D-2MPPA 6 h post-HI (HI+D-2MPPA).

First, we found that GCPII was overexpressed in activated microglia 24 h after HI in the SOD 

overexpressing mice. Also, there was an increase in microglial activation 24 h after HI in the 

ipsilateral hippocampus which was most visible in the SOD+HI group. Dendrimers were mostly 

taken up by microglia by 24 h post-HI; uptake was more prominent in the SOD+HI mice than 

in the WT+HI. The inflammatory profile showed significant increase in expression of KC/GRO 

following injury in SOD mice compared to WT at 24 and 72 h. A greater and significant decrease 

in KC/GRO was seen in the SOD mice following treatment with D-2MPPA. Seven days after 

HI, D-2MPPA treatment decreased brain injury in the SOD+HI group, but not in WT+HI. This 

reduced damage was mainly seen in hippocampus and cortex.

Our data indicate that the best time point to administer D-2MPPA is 6 h post-HI in order to 

suppress the expression of GCPII by 24 h after the damage since dendrimer localization in 

microglia is seen as early as 6 h with the peak of GCPII upregulation in activated microglia seen at 

24 h post-HI. Ultimately, treatment with D-2MPPA

Keywords

Neuroprotection; Glutamate carboxypeptidase; Nanoparticle; Dendrimer; Neonatal brain injury; 
Microglia; N-acetyl-aspartyl-glutamate (NAAG)

1. Introduction

Hypoxic–ischemic encephalopathy (HIE) results from a deprivation of oxygen and glucose 

to the brain, and remains the most common cause of death and disability in neonates 

globally. HIE is mediated by oxidative stress, glutamate excitotoxicity and inflammation 

(McLean and Ferriero, 2004). After hypoxia-ischemia (HI) insult, excitatory amino acid 

neurotransmitters are released, causing reactive oxygen species (ROS)-dependent changes in 

blood-brain barrier (BBB) permeability that allow immune cells to enter and stimulate an 

inflammatory response (Moretti et al., 2015). Brain resident microglia activate (Arteaga 

et al., 2017; Li et al., 2011; Mike et al., 2020) and initiate ROS generation, antigen 

presentation, phagocytosis, and the production of inflammatory mediators (Tsuji et al., 

2020). The neonatal brain is highly susceptible to oxidative stress because of its high 
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concentration of unsaturated fatty acids, high rate of oxygen consumption, availability 

of redox-active iron (Halliwell, 1992) and because developing endogenous antioxidant 

mechanisms are rapidly overwhelmed. We have previously demonstrated that transgenic 

mice with the human Cu/Zn superoxide dismutase 1 enzyme (SOD) have greater brain 

damage than their non-transgenic littermates after HI (Ditelberg et al., 1996; Sheldon et 

al., 2002, 2017) due to hydrogen peroxide accumulation (H2O2), similar to that observed 

in human newborns (Fullerton et al., 1998). Accumulated H2O2 coupled with an inability 

to adequately scavenge H2O2 by increasing antioxidant activity is likely responsible for 

the greater susceptibility to oxidative stress in the neonatal brain (Epstein et al., 1987; 

Fullerton et al., 1998). Similarly, neuroinflammation mediated by activated microglia and 

astrocytes (Bhalala et al., 2015), extracellular glutamate buildup and over-activation of 

glutamate receptors (Jabaudon et al., 2000), are also implicated in the pathogenesis of HIE. 

Developmental changes in microglial phenotype, distribution and numbers can increase 

vulnerability of the neonatal brain to inflammatory insults. A transient increase in amoeboid 

microglia in white matter tracts is normally seen in the fetal and perinatal period (Mallard et 

al., 2018).

Glutamate is the major excitatory neurotransmitter in the central nervous system (CNS). 

Glutamate excitotoxicity can lead to excessive calcium intake (Fern and Möller, 2000), 

cause severe impairment of oxidative metabolism (Johnston et al., 2011), induce progressive 

cell loss, and exacerbate neurological dysfunction (Choi, 1992). Although activation of 

glutamatergic systems have been implicated in a number of neurologic disorders, glutamate

mediated neurotransmission is also critical for normal brain development and injury 

response (Cotman et al., 1987). Glutamate receptor function is tightly regulated under 

normal conditions for maintenance of homeostasis (Bai and Zhou, 2017). Expression of the 

glutamate receptors N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4

isoxazolepropionic acid (AMPA) is greater in the neonate than the adult which makes 

the neonatal brain more prone to excitotoxic injury (Azzopardi et al., 2009). Glutamate is 

primarily synthesized from glutamine by the enzyme glutaminase in neurons and microglia. 

However, it can also be produced by hydrolysis of N-acetylaspartylglutamate (NAAG), an 

abundant peptide neurotransmitter in the brain that has been shown to have neuroprotective 

effects (Bratek et al., 2020; Cai et al., 2002; Van Hemelrijck et al., 2005), including its 

action as a metabotropic glutamate receptor 3 (mGLuR3) agonist (Spillson and Russell, 

2003). Activation of mGluR3 through NAAG a short time after HI leads to neuroprotective 

mechanisms that act through the inhibition of oxidative stress and ROS production (Bratek 

et al., 2018, 2020). Hydrolysis of NAAG by the enzyme glutamate carboxypeptidase II 

(GCPII) leads to the formation of NAA and glutamate (Neale et al., 2011; Tsukamoto et 

al., 2007). GCPII was previously thought to be exclusively expressed in astrocytes (Šácha et 

al., 2007). However, we have recently shown that GCPII is constitutively expressed at very 

low levels in microglia, and in the presence of inflammation, GCPII activity and expression 

increases. Microglial cells treated in vitro with LPS show an increase in GCPII enzyme 

activity (Zhang et al., 2016a, 2016b). Further, microglial cells overexpress GCPII enzyme in 

the fetal/newborn rabbit brain in a maternal inflammation model of cerebral palsy (Zhang 

et al., 2016a, 2016b). Therefore, strategies to specifically target the upregulated GCPII 
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enzyme in activated microglia may decrease glutamatergic injury, potentially slow disease 

progression, and increase the therapeutic window while enabling normal brain development.

GCPII inhibitors have been used to reduce the deleterious effects of glutamate excitotoxicity 

in a variety of neurological diseases (Ghadge et al., 2003; Long et al., 2005; Potter et 

al., 2014; Rahn et al., 2012; Slusher et al., 1999; Zhong et al., 2005). Infusion of NAAG 

in a neonatal model of white matter injury resulted in neuroprotection (Cai et al., 2002), 

indicating that GCPII inhibitors may be effective. In the present study we investigated the 

potential neuroprotective effects of a GCPII enzyme inhibitor called 2-(3-Mercaptopropyl) 

pentanedioic acid (2MPPA) attached to a poly (amidoamine) dendrimer (D-2MPPA), to 

target activated microglia in an experimental neonatal HI model using superoxide dismutase 

1 transgenic mice. Dendrimer conjugation of 2MPPA has the potential to improve delivery 

to affected areas of the brain and affected cells, improving drug efficacy and reducing side 

effects. In addition, dendrimers are non-toxic, non-immunogenic and cleared intact through 

the kidneys. We have previously demonstrated that these dendrimers selectively localize in 

activated microglia in the retina and the brain in small and large animal models and can 

deliver drugs specifically to these cells (Arteaga Cabeza et al., 2019; Smith et al., 2019). 

Here we demonstrate that HI leads to overexpression of GCPII in activated microglia in the 

neonatal mouse brain and treatment with D-2MPPA leads to decreased brain injury.

2. Material and methods

2.1. Animals and HI procedures

Transgenic mice overexpressing human SOD1 (SOD) and their wildtype (WT) littermates 

(C57/Bl6) were used for this study (Epstein et al., 1987). All procedures were approved by 

the Institutional Animal Care and Use Committee (IACUC) at UCSF, in accordance with 

NIH guidelines for the Care and Use of Laboratory Animals. Genotyping was performed by 

gel electrophoresis and protein staining for SOD1 as previously described (Elroy-Stein et al., 

1986) when animals were between 5 and 7 days old (P5-P7). Animals were maintained and 

experiments were conducted in accordance with ARRIVE (Animal Research: Reporting In 

Vivo Experiments). All efforts were made to minimize suffering (all surgery was performed 

under anesthesia) and to avoid unnecessary animal testing.

Hypoxic-ischemic brain injury was induced in perinatal mouse pups on postnatal day 9 

(P9) by the Vannucci method (Rice et al., 1981). Under isoflurane anesthesia administered 

at 3%, the left common carotid artery was permanently ligated by electrocoagulation and 

laceration. After a 1 h recovery period with the dam, the mice were placed in chambers 

floating in a water bath at 36.5 °C and exposed to 10% oxygen and 90% nitrogen for 50 

min. Bupivacaine was used as an analgesic. After hypoxic exposure, pups were returned to 

their biological mothers until they were euthanized at the different times of study. If mice 

showed signs of increased or decreased respiratory rate, decrease of activity, loss of appetite, 

or isolation from littermates (which may indicate pain or distress in the animal), they were 

euthanized; but no animals showed any signs of pain. After weaning, animals were housed 

in individual cages, and maintained in a climate-controlled environment on a 12-h light/dark 

cycle where they had free access to food and water.

Cabeza et al. Page 4

Neurobiol Dis. Author manuscript; available in PMC 2021 August 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.2. Experimental groups

Pups were randomly assigned to three experimental groups. 1) Control (C) had neither 

common carotid artery ligation nor a period of hypoxia; they were only anesthetized and 

the left carotid was exposed. 2) Hypoxic-ischemic injured with no additional treatment (HI). 

3) Hypoxic-ischemic injured that also received a single dose of D-2MPPA (10 mg/kg on a 

2MPPA basis) injected intraperitoneally 6 h after HI injury (HI+D-2MPPA). The dendrimers 

were diluted in sterile normal saline.

The experimental design is presented in Fig. 1. The sample size differed in each experiment 

type. For morphological evaluation by damage score: WT+HI n = 16, WT+HI+D-2MPPA n 
= 13, SOD+HI n = 20, SOD+HI+D-2MPPA n = 19.

For cytokine analysis: 24 h and 72 h after HI: WT C n = 9–10, WT+HI n = 9–10, 

WT+HI+D-2MPPA n = 9–10, SOD C n = 9–10, SOD+HI n = 9–10, SOD+ HI+D-2MPPA n 
= 9–10. For behavioral tests: WT C n = 5, WT+HI n = 5, WT+HI+D-2MPPA n = 6, SOD 

C n = 5, SOD+HI n = 5, SOD+HI+D-2MPPA n = 5. Detailed methods and results for the 

behavioral studies are provided in supplement.

2.3. Synthesis and characterization of dendrimer conjugates (D-2MPPA and D-Cy5)

We used generation 4 hydroxyl polyamidoamine (PAMAM) dendrimers (~4 nm, neutral) for 

the conjugation of the GCPII enzyme inhibitor 2MPPA. Ethylenediamine-core PAMAM 

dendrimer (generation 4, 64 –OH groups, pharmaceutical grade) was received from 

Dendritech (Midland, MI, USA) in the form of a methanolic solution. The solvent was 

removed from the as-received dendrimer solution by evaporation on a rotary evaporator to 

afford white hygroscopic solid. The thiol group of 2MPPA was utilized for its covalent 

conjugation on the dendrimer surface through glutathione sensitive disulfide linkages to 

enable intracellular drug release. The synthesis and characterization of D-2MPPA conjugate 

was carried out using our previously published protocol for the synthesis of dendrimer-

N-acetyl cysteine conjugate with minor modifications (Kannan et al., 2012, (Nance et 

al., 2015)). Briefly, the surface hydroxyl groups of PAMAM dendrimer were partially 

modified to have protected thiol groups for later conjugation of 2MPPA through its thiol 

group forming disulfide linkages. The structure and purity of the intermediates and the 

final conjugate were analyzed using nuclear magnetic resonance (NMR) spectroscopy and 

high-performance liquid chromatography (HPLC). The drug loading was calculated using 

proton integration method based on NMR. On an average, 13 molecules of 2MPPA were 

conjugated with a loading of 11% w/w. The conjugate demonstrated a purity of >98% 

as analyzed by HPLC. The theoretical molecular weight of D-2MPPA is ~19 kDa. The 

D-2MPPA conjugate demonstrated a hydrodynamic diameter of 5.9 ± 0.6 nm as analyzed 

by dynamic light scattering and exhibited a near neutral zeta potential of +3.4 ± 5.5 mV. 

For imaging purposes, fluorescently labeled dendrimers (D-Cy5) were synthesized and 

characterized using a previously reported procedure (Lesniak et al., 2013; Sharma et al., 

2018a, (Nance et al., 2016)).
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2.4. Immunofluorescence analysis for Cy5-labeled dendrimer (D-Cy5) biodistribution

Cyanine 5 (Cy5)-labeled dendrimer (D-Cy5) were administered intraperitoneally (20 mg/kg) 

to newborn mice at 6, 24 or 72 h after the hypoxic-ischemic brain injury. Animals were 

euthanized at 24 h after D-Cy5 administration and perfused with 10% formalin. Coronal 

brain sections (30 μm, 1:6 series) were cut using a Leica cryostat.

To evaluate the co-localization of D-Cy5 and astrocytes or microglia, brain sections were 

incubated overnight at 4 °C with chicken anti-glial fibrillary acidic protein (GFAP) (1:250, 

Abcam, MA. U.S.A.) and goat anti- calcium binding adaptor molecule 1 (IBA1) (1:250, 

Abcam, MA. U. S.A.). Sections were subsequently washed and incubated with fluorescent 

secondary antibodies (1:250; Life Technologies, MA, U.S.A.) for 2 h at room temperature. 

Next, the sections were incubated with 4',6-dia-midino-2-phenylindole (DAPI) (1:1000, 

Invitrogen) for 15 min to stain the nuclei. After washing, the slides were dried and cover 

slipped with mounting medium (Dako, Carpinteria, CA, USA). Confocal images were 

acquired with Zeiss ZEN LSM 710 (Zeiss, CA, U.S.A.) and processed with ZEN software.

2.5. Immunofluorescence analysis for glutamate carboxypeptidase II (GCPII)

To evaluate the expression of GCPII enzyme, brain sections were incubated overnight at 4 

°C with mouse anti-GCPII (1:250, Abcam, MA. U.S.A.) and goat anti-IBA1 (1:250, Abcam, 

MA. U.S.A.). Sections were subsequently washed and incubated with fluorescent secondary 

antibodies (1:250; Life Technologies, MA, U.S.A.) for 2 h at room temperature. Next, 

the sections were incubated with DAPI (1:1000, Invitrogen) for 15 min. After washing, 

the slides were dried and cover slipped with mounting medium (Dako, Carpinteria, CA, 

USA). Confocal images were acquired with Zeiss ZEN LSM 710 (Zeiss, CA, U.S.A.) and 

processed with ZEN software.

2.6. Morphological evaluation

2.6.1. Tissue processing—Brains were morphologically evaluated on postnatal day 

16 (P16), seven days after the HI insult (WT+HI n = 16, WT+HI+D-2MPPA n = 13, 

SOD+HI n = 20, SOD+HI+D-2MPPA n = 19). Animals were sacrificed with a sodium 

pentobarbital overdose and transcardially perfused with saline-heparin followed by cold 

4% paraformaldehyde (Sigma-Aldrich) in 0.1 M phosphate-buffered saline (PBS) (pH 7.3). 

Brains were removed and immersed in the same fixative at 4 °C overnight. Sections were 

cut using a vibrotome (50 μm). Alternate sections were stained with Nissl (cresyl violet) and 

Perl’s iron histological stains to assess the degree of injury.

2.6.2. Histology and injury analysis—To assess the severity of injury, coronal 

sections stained with cresyl violet (Sigma-Aldrich Co.) and Perl’s iron (10–15 sections 

each) were evaluated by a researcher who was blinded to the conditions of treatment, using a 

semi-quantitative injury scoring system previously described (Sheldon et al., 2017). 11 brain 

regions (anterior, middle and posterior cortex; CA1, CA2, CA3 and dentate gyrus of the 

hippocampus; anterior, middle and posterior striatum; and thalamus) were analyzed with a 

Nikon Optiphot II light microscope. Injury in each region was graded from 0 to 3, with 0 = 

no injury, 1 = small focal areas of cell loss and iron deposition, 2 = patchy areas of cell loss 

in multiple areas of the region and 3 = cystic infarction. Thus, injury in the hippocampus 
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was graded from 0 to 12, in the cortex and striatum from 0 to 9 and in the thalamus from 0 to 

3, for a total score 0–33 for the whole ipsilateral hemisphere.

2.7. Immunofluorescence analysis for activated microglia

Microglia were visualized using IBA1, which is a microglia/macrophage-specific calcium

binding protein immunohistochemistry. To this end, perfused brains were carefully removed 

and post-fixed by 4% paraformaldehyde overnight, equilibrated in 30% sucrose in 0.1 M 

phosphate-buffered saline and left at 4 °C. 50-μm coronal sections using a vibratome (Leica 

1325 Biosystems). After washing three times in PBS, a permeabilization solution (0.25% 

Triton X-100 in 0.5% BSA in PBS) was applied for 15 min. Sections were then blocked for 

one hour at room temperature with a blocking solution containing normal serum from the 

same host species as the labeled secondary antibody. Sections were incubated overnight at 

4 °C with a polyclonal goat primary anti-IBA-1 antibody (1:1000, Abcam, Cambridge, UK) 

diluted in 0.25% Triton X-100 in 0.5% BSA in PBS. The next day, slides were washed three 

times in PBS and incubated for 1 h in donkey anti-goat secondary antibody conjugated with 

AlexaFluor 594 (1:200; Invitrogen, The Netherlands). The sections were also counterstained 

with DAPI (1:1000; Invitrogen). Negative controls received the same treatment omitting the 

primary antibodies and showed no specific staining. Images from the the hippocampus were 

taken with an Olympus Fluoview FV500 Confocal Microscope. A quantitative analysis of 

area measurement of histological fluorescence was performed using Fiji software.

2.8. Cytokine study

Pro- and anti-inflammatory cytokine levels were evaluated 24 h and 72 h after HI with 

V-PLEX Mesoscale cytokine panel (Meso Scale Discovery MULTI-SPOT Assay System, 

Proinflammatory Panel 1 mouse kits, Rockville, MD, USA). Animals were sacrificed with 

pentobarbital sodium overdose. Brains were rapidly removed and the ipsilateral cortex and 

hippocampus were dissected on a cold surface, frozen immediately, and stored at −80 °C. 

The expression of pro-inflammatory cytokines (IL-1β, TNF-α, IFN-γ, IL-12P70 and IL-6) 

and anti-inflammatory cytokines (IL-10, IL-4, KC/GRO, IL-2 and IL-5) in the ipsilateral 

cortex from the different experimental groups (n = 9–10 per group) were evaluated 24 h and 

72 h after HI.

As per the manufacturer’s instructions, standards and samples (50 μL) were incubated in the 

plate for 2 h at room temperature with shaking. After washing, the plate was incubated in 

a detection antibody solution mix for all 10 analytes (IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, 

KC/GRO, IL-10, IL-12p70, TNF-α) for 2 h at room temperature with shaking. The plate 

was washed again three times, read buffer was pipetted into all wells, and then the plate was 

placed on a QuickPlex SQ 120 plate reader (Meso Scale Discovery, Rockville, MD, USA) 

and electro-chemoluminescence from each analyte was measured sequentially.

2.9. Statistical analyses

Statistical analysis was performed using GraphPad Prism version 7 (Graph Pad Software, 

San Diego, CA, USA). Data were analyzed for the presence of outliers using Grubbs’ outlier 

test. All data were expressed as the mean ± standard error of the mean (SEM) and were 

analyzed using a one-way analysis of variance followed by Bonferroni-Dunn correction. 
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Nonparametric data was analyzed using Fisher’s exact test. A p value less than or equal to 

0.05 was considered statistically significant.

3. Results

3.1. Microglial activation

Representative images from brain sections stained with IBA1 show that there is an increase 

in microglial activation in the animals that underwent HI brain injury 24 h after HI in the 

ipsilateral hippocampus and it is most pronounced in the SOD+HI group. The results from 

the quantification of the average fluorescent area also demonstrate that there is a statistically 

significant increase in expression of activated microglia in the ipsilateral hippocampus in 

comparison to the SOD control group as observed in the Fig. 2.

3.2. Trajectory of dendrimer cellular uptake

3.2.1. Immunofluorescence analysis for Cy5-labeled dendrimer (D-Cy5) 
biodistribution study—To determine the dendrimer uptake over time after HI injury, 

mice were injected with dendrimer conjugated with the fluorophore Cy5 (D-Cy5) at 6 h, 

24 h or 72 h after the hypoxic-ischemic insult. Animals were sacrificed 24 h after D-Cy5 

administration, at which time point all the D-Cy5 has been shown to have cleared from 

plasma (Sharma et al., 2018b). We find that D-Cy5 co-localizes in microglia at all these 

time points post-HI, as shown in Fig. 3. Although both SOD+HI and WT+HI groups show 

microglial uptake of D-Cy5, it is more prominent in the SOD+HI mice. Similarly, D-Cy5 

uptake by microglia is most visible at 24 h post-HI in the SOD overexpressing mice. 

Dendrimer uptake was seen as early as 6 h and appeared to peak at 24 h after injury and is 

more prominent in the SOD+HI mice than in the WT+HI. This appears to be related to the 

timing of peak microglial activation and the degree of microglial activation which is greater 

in the SOD mice when compared to the WT mice following HI (as seen in Fig. 3).

3.2.2. Glutamate carboxypeptidase (GCPII) is overexpressed in microglia 
following HI—We evaluated the expression of GCPII enzyme in the different experimental 

groups 24 h after the HI injury by immunofluorescence. We found that GCPII enzyme is 

constitutively expressed in the microglial cells in SOD control mice but not in WT control 

mice, as seen in Fig. 4. Following HI, increased expression of GCPII is seen in activated 

microglia both in SOD and WT mice but is much more prominent in the SOD mice. D-Cy5 

localized predominantly in activated microglial cells that over-express GCPII enzyme. There 

is also overexpression of GCPII in activated microglia 24 h after the damage in the SOD 

mice in the ipsilateral corpus callosum.

3.3. Hippocampal evaluation

As shown in Nissl stained brain sections observed in Fig. 5 and supplementary S1, 

hypoxia-ischemia caused significant cell loss in HI mouse pups. HI animals show swollen 

and deformed neurons in the ipsilateral areas of hippocampus. In iron stained brain 

sections, there are patches of iron deposits in response to HI injury. In contrast, for 

D-2MPPA treated pups, there is mild cell loss and fewer damaged neurons in Nissl stained 

sections and not as much iron deposition in Perl’s Iron stained sections, demonstrating a 
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remarkable conservation of cellularity. We propose that this improvement in in hippocampal 

morphology and iron deposits is due to D-2MPPA uptake in after HI. We see indeed that 

GCPII expression is present in hippocampal IBA1+ microglia in SOD+HI mouse brains, 

and further that there is profound colocalization of dendrimer (labeled with Cy5) with 

GCPII+IBA1+cells (Fig. 6).

3.3.1. Neuropathological score of damage—Results obtained from the 

neuropathological scoring system reveal that D-2MPPA treatment significantly decreases 

brain injury in SOD+HI group seven days after injury, as shown in Fig. 7. The total score for 

the injured hemisphere is significantly reduced in the SOD+HI+D-2MPPA (12.79 ± 1.90) 

compared with the SOD+HI group (18.5 ± 0.77). Likewise, WT+HI+D-2MPPA (12.54 ± 

2.01) shows decreased brain damage compared to WT+HI (16.88 ± 1.15), but does not 

reach statistical significance. There is also a shift in global injury severity in SOD+HI 

mice treated with D-2MPPA. Fewer SOD+HI+D-2MPPA mice exhibit a moderate-severe 

neuropathology score than SOD+HI mice treated with saline (Table 1). When analyzed 

based on area of injury, the greatest improvement is seen in the ipsilateral hippocampus 

in the SOD+HI+D-2MPPA group. Neuropathological scoring revealed that D-2MPPA 

treatment significantly decreases brain injury in SOD+HI group seven days after damage 

in the ipsilateral hippocampus, but did not reach significance in the rest of the evaluated 

areas (Table 2).

3.3.2. Sex difference in neuropathology score—We also analyzed the animals 

based on sex to determine if there are any sex differences noted for the neuroprotective 

effects of GCPII inhibition. According to the neuropathological score of damage 

there are statistically significantly differences in female mice between SOD+HI and 

SOD+HI+D-2MPPA in the score of damage analysis in the whole brain and in the 

hippocampus, as shown in Fig. 8. There is a significant decrease in the neuropathological 

score following D-MPPA treatment in females (WT+HI n = 6, WT+HI+D-2MPPA n = 5, 

SOD+HI n = 11, SOD+HI+D-2MPPA n = 14) vs males (WT+HI n = 10, WT+HI+D-2MPPA 

n = 8, SOD+HI n = 9, SOD+HI+D-2MPPA n = 6). This improvement is most profound in 

the hippocampus with similar sex differences observed.

3.4. Cytokine expression

We evaluated the inflammatory response of these mice after the HI injury, as shown in 

Fig. 9 and supplementary fig. S2. To this end, the expression of pro- and anti-inflammatory 

cytokines in the ipsilateral cortex of fresh frozen brains were analyzed 24 h and 72 h after 

the HI injury using a multiplex cytokine panel (Meso Scale Discovery).

Significant differences in expression following injury were seen in SOD mice when 

compared to WT at 24 h and 72 h for KC/GRO and at 24 h for TNF-α (Fig. 9 and S2). 

D-2MPPA does not have a significant effect on the KC/GRO cytokine response in WT 

mice (data not shown). However, a greater and significant decrease in CXCL1 (KC/GRO) 

is seen in the SOD mice following treatment with D-2MPPA (Fig. 10). D-2MPPA has a 

greater effect in inhibiting GCPII enzyme in the SOD mice. No significant difference is seen 

between the groups for the other cytokines.
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4. Discussion

In this study, we demonstrate that GCPII is constitutively expressed at low levels in 

microglia in the developing brain but is upregulated in microglia following HI both in 

transgenic SOD and WT mice. Previously, astrocytes were thought to exclusively express 

GCPII in the CNS (Šácha et al., 2007). However, we have recently demonstrated that 

intrauterine inflammation leads to increase in GCPII expression in the microglia in the 

newborn rabbit brain (Zhang et al., 2016a, 2016b). Inflammation may also lead to an 

increase in enzyme activity of GCPII. We have found that LPS stimulation of primary rodent 

microglia lead to increased GCPII enzyme activity (Zhang et al., 2016a, 2016b).

SOD mice after HI displayed a greater neuroinflammatory response with greater increase 

in activated microglia, qualitatively higher GCPII expression, greater damage score and 

increased inflammatory cytokine response following injury when compared to WT mice 

after HI. This is consistent with previous data from our group demonstrating that SOD 

overexpressing mice demonstrated greater oxidative stress and a greater degree of injury 

when compared to WT mice when injury occurred at P7 (Ditelberg et al., 1996; Fullerton et 

al., 1998; Sheldon et al., 2002) and at P9 (Sheldon et al., 2017). We also demonstrate here 

that the SOD overexpressing mice have a greater response to treatment with D-2MPPA when 

compared to the WT animals. This indicates that the GCPII pathway may play a greater role 

in the injury in the SOD transgenic mice.

We also observed that D-2MPPA specifically localizes to activated microglia as early as 6 

h post-injury, and through 72 h post-injury. It is also plausible that invading macrophages 

also take up D-2MPPA en route to the site of damage/inflammation. Previously we have 

demonstrated that activated microglia/macrophages are the predominant cell type to take 

up dendrimer in a mouse model of HI (Nance et al., 2015; Nemeth et al., 2017). Further, 

dendrimer uptake is dependent on disease severity with more dendrimer being taken up in 

animals experiencing more severe injury/inflammation (Nemeth et al., 2017). In severely 

injured HI mice, 60% of microglia in the hippocampus were shown to have dendrimer 

colocalized. These findings imply that dendrimers allow for (1) effective targeting of 

microglia/macrophages and (2) a broader window of treatment from 6 to 24 h following 

HI. This is relevant for patients for whom therapeutic hypothermia (TH) is not implemented 

early enough or is contraindicated, and also for patients with severe injury where adjunct 

therapies with TH are critically required.

Both oxidative stress and glutamate excitotoxicity are known to play a major role in brain 

injury during the neonatal period and may potentiate each other (Bratek et al., 2018). This 

is exaggerated in the neonatal brain where anti-oxidant defenses are lower making the brain 

more vulnerable to oxidative stress (Ferriero, 2004; Halliwell, 1992). HI has been shown 

to lead to decreased glutamate clearance/uptake and that enhancing glutamate clearance by 

activating Group II or Group III metabotropic glutamate receptors leads to neuroprotection 

due to improved glutamate clearance by astrocytes and by decreasing ROS production 

(Bratek et al., 2018). In the SOD model of amyotrophic lateral sclerosis (ALS), selective 

mGluR3 glutamate receptor agonists are neuroprotective (Battaglia et al., 2015). NAAG, 

the substrate for GCPII, is a potent activator of mGluR3, and has been shown to exert its 
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neuroprotective effects by both inhibiting pre-synaptic release of glutamate and decreasing 

ROS production (Neale and Yamamoto, 2020). NAAG and other mGluR2/3 agonists have 

been shown to be neuroprotective in models of neonatal HI (Bratek et al., 2018, 2020; Cai et 

al., 2002; Van Hemelrijck et al., 2005).

Rat pups exposed to intermittent hypoxia from P2 to P12 demonstrated increased 

inflammatory cytokines including increases in KC/GRO and a significant decrease in N

acetylaspartate/choline (NAA/Cho) in the hippocampus and brainstem (Darnall et al., 2017) 

and ipsilateral cortex at P14 and P37 in rats that suffered HI at P7–10 (Pazos et al., 2013), 

which reflects loss of neural cells (Li et al., 2010). Likewise, thalamic ratio of NAA/Cho 

was significantly lower in babies suffering mild HIE at 6 h of age compared to ones that 

were treated with therapeutic hypothermia (TH) (Montaldo et al., 2019). Moreover, during 

TH, neonates with severe HIE had significantly lower concentrations of NAA and NAA+ 

NAAG in the basal ganglia compared to neonates with moderate HIE (Lucke et al., 2019). 

There is an over-expression of NMDA glutamate receptors in selective regions like the basal 

ganglia in term infants, which is the predominant mediator of excitotoxicity (Ferriero and 

Miller, 2010).

Chemokines such as CXCL1 (also known as KC/GRO in rodents) are small molecule 

chemotactic cytokines that are integral for migration of inflammatory cells to areas of 

injury in the body. Chemokines also have a role to play in normal CNS development. 

Both GRO (growth related oncogene) and its cognate receptor CXCR2 are expressed 

by oligodendrocyte progenitors and are responsible for oligodendrocyte proliferation and 

migration. CXCL1 is an ERL (glutamic acid-arginine-leucine) CXC chemokine defined 

by potent CXCR2 receptor-dependent neutrophil chemoattractant activity (Biondo et al., 

2014; Murphy, 1997). CXCL1 is the dominant CXCR2 ligand expressed in the inflamed 

CNS (Roy et al., 2012). In the presence of neuroinflammation, CXCL1 and CXCR2 are 

upregulated rapidly (Carlson et al., 2008; Kerstetter et al., 2009; Kielian et al., 2001; Liu et 

al., 2010; Roy et al., 2012). Studies in neonatal brain injury and in adult neurodegenerative 

disorders have shown that inhibiting the CXCR2 receptor is neuroprotective and can 

attenuate white matter and axonal injury (Yellowhair et al., 2019). This neuroprotective 

effect is felt to be related to a decrease in neutrophil infiltration in the brain (Yellowhair et 

al., 2018, 2019) which is often a secondary response following injury and can exacerbate 

the initial injury. Therefore limiting neutrophil infiltration will attenuate the injury. In this 

study we see a significant increase in KC/GRO expression both in the WT and SOD over

expressing mice following HI and this increase is attenuated by treatment with D-MPPA, 

albeit to a greater extent in the SOD overexpressing mice. Inhibition of CXCL1/CXCR2 

signaling not only decreases inflammation but also has been shown to reduce microgliosis, 

similar to what we see in our model.

Interestingly, female SOD over-expressing mice experienced substantial neuroprotection 

after D-2MPPA treatment, indicated by decreased injury scores noted at 7 days post-injury 

when compared to males. It is possible that this sex difference in response to D-2MPPA 

treatment may be due to having several fewer males than females treated with D-2MPPA. 

Regardless, this finding is surprising since inflammatory microglial responses have been 

shown to be greater in males when compared to females (Mirza et al., 2015; Rosenkrantz et 
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al., 2019). In fact, in rodent models of neonatal HI, greater microglial activation, peripheral 

immune activation and neutrophil infiltration has been seen in males when compared 

to females (Mirza et al., 2015; Rosenkrantz et al., 2019). Glutamate excitotoxicity and 

oxidative stress have also been found to be greater in males vs females. Interestingly, 

cell death pathways have been found to be different in males vs females with females 

demonstrating caspase dependent programmed cell death whereas male cells appear to 

be more susceptible to oxidative stress and glutamate excitotoxicity mediated apoptosis

inducing factor (AIF) and caspase independent cell death. Caspase activation and increased 

caspase-3 levels have been shown in female rat pups following HI (Netto et al., 2017; Weis 

et al., 2014; Zhu et al., 2006). NAAG, through its action on mGluR3 has been shown to 

prevent caspase mediated programmed cell death. Treatment with NAAG decreased cleaved 

caspase-3 levels in neuronal cultures and was also shown to decrease ROS production 

(Spillson and Russell, 2003). It is possible that the significant protection in females seen 

with D-2MPPA treatment may be related to the neuroprotective effects of NAAG and its 

effects on caspase mediated cell death that is more prominent in females. Although the 

cytokine analysis included both males and females, these tests were underpowered to detect 

consistent sex differences in injury and response to treatment.

Our broad based motor and cognitive behavioral assessments did not show any long-term 

deficits due to injury (HI compared to sham) or to SOD overexpression (SOD compared to 

WT). Further, no effects of D-2MPPA were observed (Supplementary fig. 3). This is likely 

due to the study being underpowered to detect differences in these mice. Previously we 

have demonstrated that strain differences exist in injury severity and pattern with CD1 mice 

showing more consistent, severe injury after neonatal HI than C57/BL6 mice (Sheldon et 

al., 2019). This may suggest that behavioral deficits may be more variable in C57/BL6 mice 

requiring larger group sizes to detect deficits as well as evaluate treatment effects.

5. Conclusion

GCP-II is upregulated in microglia following HI, both in the SOD and WT mice. Targeted 

systemic therapy with dendrimer-2MPPA as early as 6 h could provide significant treatment 

benefits. Dendrimer localization in microglia is seen as early as 6 h with a peak of GCPII 

upregulation in activated microglia seen at 24 h post-HI. Treatment with D-2MPPA at 6 h 

post-HI leads to a decrease in KC/GRO (CXCL1) by 24 h and reduction in brain injury in 

the SOD overexpressing mice exposed to HI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Experimental Timeline. HI was induced on postnatal day 9 (P9 mouse pups (C57/Bl6)) 

by the Vannucci method. For the dendrimer biodistribution studies, dendrimers were 

administered 6 h, 24 h and 72 h after the HI, and brains were analyzed 24 h after 

the injections by immunofluorescent histochemistry for microglial activation/macrophages 

expression and the GCPII expression. HI mice were treated with D-2MPPA 6 h post-HI. 

Inflammatory profiling was done on fresh frozen brain at 24 h and 72 h after the HI. 

Animals were sacrificed 7 days after the HI event, at P16, and brain sections were stained 

with cresyl violet and Perl’s iron and evaluated using a semi-quantitative neuropathological 

scoring system. Behavioral studies were performed in neonates (P12–13) and adults (P60–

70).
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Fig. 2. 
Activated microglia presence in the ipsilateral hippocampus 24 h after the hypoxic-ischemic 

brain injury. Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) (Blue) and 

microglia were labeled using IBA1 (red). Scale bar: 100 μm. The representative images 

and the corresponding histogram show an increase in the expression of activated microglia/

macrophages in the pups that underwent HI, and particularly in the SOD+HI 24 h after HI 

(*P < 0.05 vs. SOD C, n = 3–4).

Cabeza et al. Page 19

Neurobiol Dis. Author manuscript; available in PMC 2021 August 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Dendrimer (magenta) co-localization 6 h, 24 h and 72 h after the hypoxic-ischemic brain 

injury in astrocytes (green) and in microglia (red) in WT+HI and SOD+HI pups in the 

ipsilateral internal capsule/striatum. Nuclei were stained with 4',6-diamidino-2-phenylindole 

(DAPI) (blue). The images in the right panels are higher magnification images indicated 

by the boxes on the merged images. Dendrimers were taken up by activated microglia/

macrophages as early as 6 h post-HI and are more prominent in the SOD+HI mice than 

WT+HI.
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Fig. 4. 
Glutamate carboxypeptidase II enzyme expression (green) 24 h after the hypoxic-ischemic 

brain injury and co-localization with microglia (red) and with dendrimer localization 

(magenta) in the different experimental groups (WT C, WT+HI, SOD C and SOD+HI) in 

the contralateral and ipsilateral corpus callosum. Nuclei were stained with 4',6-diamidino-2

phenylindole (DAPI, blue). Dendrimers were labeled with Cy5 fluorochrome. The images in 

the right panels are the higher magnification images indicated by the boxes on the merged 

images. Scale bar: 10 μm and 5 μm. There was an overexpression of GCPII 24 h after the 
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damage on the ipsilateral side of the injury in the corpus callosum in the mice transgenic for 

SOD that underwent HI brain injury.
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Fig. 5. 
Representative photographs of the CA2–3 area of the ipsilateral hippocampus stained 

with cresyl violet and Perl’s iron in the different experimental groups: WT+HI, 

WT+HI+D-2MPPA, SOD+HI and D) SOD+HI+D-2MPPA. Pups underwent hypoxic

ischemic brain injury at P9 and some of them were treated with D-2MPPA (10 mg/kg 

on a 2MPPA basis) 6 h after HI (P9). Scale bar: 50 μm.
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Fig. 6. 
Glutamate carboxypeptidase II enzyme expression (green) 24 h after the hypoxic-ischemic 

brain injury and co-localization with microglia (red) and with dendrimer localization 

(magenta) in the hippocampus of SOD+HI mice. Nuclei were stained with 4',6-diamidino-2

phenylindole (DAPI, blue). Dendrimers were labeled with Cy5 fluorochrome. Scale bar: 50 

μm.
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Fig. 7. 
Neuropathological score of damage (0· 33) at P16. Pups underwent HI at P9 and some were 

treated with a dendrimer-based GCPII inhibitor (D-2MPPA) 6 h after HI. Ipsilateral brains 

areas were evaluated at P16 using a semi-quantitative neuropathological scoring system. 

Mean ± SEM damage score is significantly lower in SOD+HI+D-2MPPA treated mice than 

SOD+HI mice (#P < 0.05) (n = 13–20).
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Fig. 8. 
Sex differences in brain damage and protection by D-2MPPA in accordance with the semi

quantitative neuropathological scoring system. Results from the A) whole brain in females 

(F) and males (M) (0–33) and in the b) hippocampus in females and males (0–12) in the 

different experimental groups: WT+HI (n = 16; F: n = 6 and M: n = 10), WT+HI+D-2MPPA 

(n = 13; F: n = 5 and M: n = 8), SOD+HI (n = 20; F: n = 11 and M: n = 9) and 

SOD+HI+D-2MPPA (n = 19; F: n = 14 and M: n = 6).
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Fig. 9. 
Cytokine profile in ipsilateral cortex of SOD mice 24 h after HI. Transient changes in 

pro and anti-inflammatory cytokines were noted following HI at 24 h in the SOD mice. 

However, a consistent increase in KC/GRO (CXCL1) was seen in the SOD mice undergoing 

HI at 24 h. Cytokine levels were evaluated with V-PLEX cytokine panel (Meso Scale 

Discovery). n = 9–10 animals per group with 4–5 males and females per group.
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Fig. 10. 
Cortical KC/GRO (CXCL1) is improved with D-2MPPA 24 h (A) and 72 h (B) after injury. 

Treatment with D-2MPPA resulted in a decrease in KC/GRO to control levels at both time 

points. n = 9–10 animals per group with 4–5 males and females per group.
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Table 1

Injury severity distribution. Neuropathological injury score: Summed scores less than 11 are considered mild 

and scores 12–33 are considered moderate/severe. SOD+HI+D-2MPPA mice have a significant decrease in the 

percentage of moderate/severe injury scores.

Injury severity distribution

Group Mild (n) Moderate/Severe (n) Moderate/Severe (%)

WT+HI 2 14 87.50%

WT+HI+D2MPPA 5 8 61.50%

SOD+HI 1 19 95%

SOD+HI+D2MPPA 7 12 63.2%*

(*p < 0.05 as compared to SOD+HI). No significant differences in neuropathological severity distribution are seen with WT mice.
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Table 2

Neuropathological score of damage in the brain subregions A) Hippocampus (0–12), B) Cortex (0–9), C) 

Striatum (0–9) and D) Thalamus (0–3). Ipsilateral brains areas were evaluated at P16 using a semi-quantitative 

neuropathological scoring system, expressed as the mean ± SEM. D-2MPPA shows a protective effect after HI 

(i.e. lower injury score) in the hippocampus of SOD mice

Neuropathological injury score in each area

Group Hippocampus (0–12) Cortex (0–9) Striatum (0–9) Thalamus (0–3)

WT+HI 7.06 ± 0.39 3.87 ± 0.35 4.37 ± 0.40 1.56 ± 0.15

WT+HI+D2MPPA 5.30 ± 0.74 3.23 ± 0.50 2.92 ± 0.62 1 ± 0.22

SOD+HI 7.65 ± 0.26 4.60 ± 0.30 4.15 ± 0.32 1.65 ± 0.10

SOD+HI+D2MPPA 5.10 ± 0.80* 3.31 ± 0.39 3.26 ± 0.53 1.15 ± 0.21

(*P < 0.05 vs. SOD+HI).
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