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Abstract

The specific cytopathology that causes abnormal fractional anisotropy (FA) and mean diffusivity 

(MD) from diffusion tensor imaging (DTI) after neonatal hypoxia-ischemia (HI) is not completely 

understood. The panoply of cell types in the brain might contribute differentially to changes in 

DTI metrics. Because glia are the predominant cell type in brain, we hypothesized that changes in 

FA and MD would signify perturbations in glial microstructure. Using a 3-Tesla clinical scanner, 

we conducted in vivo DTI MRI in nine neonatal piglets at 20–96 h after excitotoxic brain injury 

from striatal quinolinic acid injection or global HI. FA and MD from putamen, caudate, and 

internal capsule in toto were correlated with astrocyte swelling, neuronal excitotoxicity, and white 

matter injury. Low FA correlated with more swollen astrocytes immunophenotyped by 
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aquaporin-4 (AQP4), glial fibrillary acidic protein (GFAP), and glutamate transporter-1 (GLT-1). 

Low FA was also related to the loss of neurons with perineuronal GLT-1+ astrocyte decorations, 

large myelin swellings, lower myelin density, and oligodendrocyte cell death identified by 2’,3’-

cyclic nucleotide 3’-phosphodiesterase, bridging integrator-1, and nuclear morphology. MD 

correlated with degenerating oligodendrocytes and depletion of normal GFAP+ astrocytes but not 

with astrocyte or myelin swelling. We conclude that FA is associated with cytotoxic edema in 

astrocytes and oligodendrocyte processes as well as myelin injury at the cellular level. MD can 

detect glial cell death and loss, but it may not discern subtle pathology in swollen astrocytes, 

oligodendrocytes, or myelin. This study provides a cytopathologic basis for interpreting DTI in the 

neonatal brain after HI.

Graphical Abstract

In neonatal piglets with encephalopathy from excitotoxic brain injury, fractional anisotropy from 

diffusion tensor imaging correlates with swollen astrocytes immunophenotyped by glutamate 

transporter-1 (GLT-1) and normal neurons with perineuronal GLT-1+ astrocyte decorations in the 

striatum.
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1. Introduction

The precise cytopathology that underlies abnormalities in diffusion tensor imaging (DTI) 

MRI is unclear. Nonetheless, DTI is commonly used to diagnose and predict prognoses in 

newborn infants with brain injury (Ancora et al., 2013; Carrasco et al., 2018). Hypoxic-

ischemic encephalopathy (HIE) from birth asphyxia causes approximately 1 million 

neonatal deaths worldwide each year (Lawn et al., 2005; Liu et al., 2012). The glutamate 

receptor-mediated excitotoxicity that occurs from hypoxia-ischemia (HI) (Johnston, 2001) 

causes varying degrees of regional injury in integral neural cell populations. DTI can provide 

information about altered tissue architecture and microstructure because it is sensitive to 

three-dimensional water diffusion. DTI measures the apparent diffusivity of water, which is 

influenced and hindered by cells and their membranes and organelles. Fractional anisotropy 

(FA) from DTI measures the anisotropic behavior of water diffusion along multiple 

directions. Mean diffusivity (MD) measures the average extent of water diffusion over 

multiple directions. (Farrell et al., 2007; Mori & Zhang, 2006) The cytological interpretation 

of abnormal FA and MD in HIE (Brissaud et al., 2010; Carrasco et al., 2018) is not 

definitively understood.

Though cytotoxic edema is known to cause MD to decline (van der Toorn et al., 1996), 

neuronal and glial injury could have separate contributions. We and others reported that 

neuronal death correlates with MD after neonatal HI and excitotoxic brain injury (Lee, Liu, 

et al., 2020; Lodygensky et al., 2011). However, we found that neuronal death had no 

relationship to FA in injured piglets (Lee, Liu, et al., 2020). Interest is growing in using FA 

and MD to interrogate gray matter structures, including the development of human cerebral 

cortex (Maas et al., 2004; Saha et al., 2020). Thus, there is urgency to deciphering DTI’s 

accuracy for detecting gray matter pathology.

Glia comprise at least half of neural cell bodies and a large volume of the non-cell body 

compartment in the human brain (von Bartheld et al., 2016). They have heterogeneous 

morphology with up to nine different astrocyte forms, including the well-known 

protoplasmic, fibrous, and perivascular astrocytes, and at least four different mature 

oligodendrocyte forms (Rose & Kirchhoff, 2015). Because astroglia do not categorically 

have isotropic shapes, pathologic glial changes and their influence on the neuropil could 

heavily affect FA. Moreover, studies with ex vivo high magnetic field MRI indicate that 

myelination influences DTI (Yano et al., 2018), but little is known about how 

oligodendrocyte death or myelin injury at the microscopic level affect DTI in the developing 

brain.

We hypothesized that FA and MD from a 3-Tesla (T) clinical scanner would correlate with 

perturbations in glial microstructure. We studied piglets that previously showed no 

relationship between neuronal injury and FA (Lee, Liu, et al., 2020). Here, we focused on 

glial neuropathology, white matter, and neuronal excitotoxicity in the striatum, which is a 

subcortical structure with intermingled gray and white matter that is injured in HIE 

(Carrasco et al., 2018). We interrogated whether DTI correlates with early astrocyte 

swelling, loss of the astrocyte glutamate transporter 1 (GLT-1) at the astrocyte-neuron 
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interface, oligodendrocyte degeneration, and myelin injury in neonatal piglets with HI or 

quinolinic acid (QA)-induced excitotoxic brain injury.

2. Materials and Methods

We investigated piglets from our prior study of neuronal degeneration and MRI (Lee, Liu, et 

al., 2020) to conserve animals. All protocols were approved by the Animal Care and Use 

Committee and followed the United States Public Health Service Policy on the Humane 

Care and Use of Laboratory Animals and the Guide for the Care and Use of Laboratory 
Animals. We published our protocols in detail, including success and failure rates (Lee, Liu, 

et al., 2020). We provide a methodologic summary here. The data that support the findings 

of this study are available from the corresponding author upon reasonable request.

2.1. Brain injury

Neonatal male piglets (2–4 days old, 1.0–2.2 kg) received QA-induced brain injury, global 

HI injury, or sham procedure. They were anesthetized by isoflurane 5% and nitrous oxide 

50% in oxygen 50% using a nose cone for intubation and placement of external jugular 

venous and femoral arterial catheters (Lee, Liu, et al., 2020; Lee, Santos, et al., 2020a). 

Fentanyl (20 μg/kg bolus+20 μg/kg/h, intravenous [IV]) was administered. Arterial blood 

pressure, heart rate, rectal temperature, and end-tidal carbon dioxide were continuously 

monitored. Core temperature was maintained with a warming blanket for a goal of 38.0–

39.5°C, which is normothermic for swine (Muns et al., 2013; Panzardi et al., 2013).

Six piglets completed protocols for stereotaxic QA injection–induced excitotoxic brain 

injury (Lee, Liu, et al., 2020). After intubation, anesthesia was maintained with isoflurane 1–

2%, nitrous oxide 70%, and fentanyl. Piglets were positioned in a stereotaxic head frame and 

secured in a flat skull position with ear bars, mouthpiece, and snout clamp. Bilateral cranial 

burr holes (2–3 mm in diameter) were drilled 10 mm anterior to the bregma suture and 10 

mm lateral to the midline. QA in phosphate-buffered saline (PBS) was injected through a 

sterile needle secured by a micromanipulator. The QA was slowly delivered 15 mm ventrally 

to target the putamen, and slow needle penetrations were used to avoid injury above that of 

the needle track. Piglets received 240 nmol (4 μL), 720 nmol (12 μL), or 960 nmol (16 μL) 

injections of QA into the right putamen. PBS in equal volume was injected into the left 

putamen as a control. Piglets emerged from anesthesia and recovered for 20 to 96 h until 

their MRI.

Three additional piglets were randomized to the global HI or sham procedure protocols 

(Lee, Santos, et al., 2020b; Lee et al., 2016; Santos et al., 2018; Wang et al., 2015; Wang et 

al., 2016). For these piglets, the isoflurane was discontinued after the venous and arterial 

catheters were placed. The anesthetic consisted of nitrous oxide 70% in oxygen 30% and 

fentanyl. Vecuronium 0.2 mg/kg (IV) was administered to prevent ventilatory effort during 

hypoxia-asphyxia. Hypoxia was induced by lowering the inhaled oxygen concentration to 

10% for 45 min. Five minutes of room air was then provided to briefly reoxygenate the 

heart, a necessary step for cardiac resuscitation. Then, the endotracheal tube was clamped 

for 8 min to induce asphyxia. The piglets were resuscitated by chest compressions, oxygen 

50%, and epinephrine 100 μg/kg IV. Piglets that did not resuscitate within 3 min were 
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excluded. The sham protocol included the same anesthetic and provision of oxygen 50% for 

3 min (to match the oxygen 50% given during chest compressions in HI piglets). The 

oxygen was then reduced to 30% in nitrous oxide 70% after resuscitation or time equivalent 

in shams. Anesthesia was continued for 3 more hours to allow the neuromuscular blockade 

to wear off and for piglets to regain hemodynamic stability. The piglets were extubated and 

recovered for 22 to 45 h until their MRI.

To re-induce anesthesia for MRI, piglets received isoflurane and nitrous oxide/oxygen for 

tracheostomy to bypass potential post-extubation laryngeal edema from the first intubation. 

They were then transitioned to a total IV anesthetic of fentanyl (100 μg/kg/h, plus as-needed 

12.5 mcg/kg boluses and infusion increases by 12.5 mcg/kg/h) and propofol (7.5 mg/kg/h 

plus as-needed 1–2 mg/kg boluses and infusion increases by 2 mg/kg/h). Dopamine was 

provided beginning at 5 μg/kg/min as needed to maintain the mean arterial blood pressure 

≥45 mmHg and minimize the risk of cerebral hypoperfusion (Larson et al., 2013). This 

second anesthetic for MRI does not cause brain injury (Lee, Liu, et al., 2020). Mechanical 

ventilation with oxygen/air 50%/50% maintained normocapnia, arterial blood pressure and 

heart rate were continuously monitored, and vital signs were recorded every 15 min during 

the MRI scan.

2.2. In vivo MRI

DTI was obtained on a 3T clinical scanner (Prisma; Siemens, Erlangen, Germany) and 15-

channel knee coil. We previously reported our sequence parameters (Lee, Liu, et al., 2020), 

which are derived from the Human Connectome Project protocol (90 diffusion encoding 

directions and b values of 1000, 2000, and 3000 s/mm2) (Van Essen et al., 2013). We used 

95 non-collinear diffusion encoding directions and three b-shells with effective b-values of 

650, 1350, and 2000 s/mm2 to accommodate the higher tissue diffusivity of immature brains 

relative to that of adults (Neil et al., 1998). Single-shot, diffusion-weighted, spin-echo echo-

planar imaging sequences were obtained with TR=4800 ms; TE=73 ms; in-plane matrix 

size=128×128; and NEX=2 (imaging time 16 min). Three piglets had imaging with 1×1 

mm2 in-plane resolution (40 slices of 1.5 mm thickness and FOV=128×128 mm2), and six 

piglets were imaged with 1.2×1.2 mm2 in-plane resolution (50 slices of 1.2 mm thickness 

and FOV=154×154 mm2) with GRAPPA factor=2. We made this change to generate 

isotropic voxel size. FA and MD should not be substantially affected by the 15% voxel 

volume increase and signal-to-noise ratio (Farrell et al., 2007). The piglets remained 

anesthetized to prevent movement. MD and FA maps were calculated by vendor-specific 

software.

We anatomically matched coronal images to anterior striatal neuropathology slides to 

evaluate DTI and neuropathology in counterpart regions of interest (ROI). Investigators who 

were blinded to the neuropathology and treatment manually drew a single ROI around 

putamen, caudate, and internal capsule to measure FA and MD (Figure 1) (Lee, Liu, et al., 

2020). The piglet internal capsule consists of discontinuous white matter fascicles with 

penetrating isthmi of putamen and caudate gray matter between the fascicles (Figure 2) 

(Martin, Brambrink, Koehler, et al., 1997). This structural overlap of gray and white matter 

within the internal capsule region is distinct from that of human and non-human primates 
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(Martin et al., 1991). Because 3T MRI cannot clearly distinguish the piglet’s internal 

capsule fascicles from interjacent gray matter, we analyzed a single ROI encompassing 

putamen, caudate, and internal capsule (Lee, Liu, et al., 2020). A neuropathologist with 36 

years of neuropathology and 20 years of MRI experience (LJM) and an MRI physicist with 

10 years of MRI experience (DL) measured FA on the DTI map co-registered to the T2-

weighted image using OsiriX DICOM Viewer software in consensus. A pediatric 

neuroradiologist (AT) with 12 years of neonatal brain MRI experience and 19 years of 

clinical and research MRI experience and a neuropathologist (LJM) measured MD using the 

Picture Archiving and Communication System in consensus. Only the right brain was 

analyzed.

2.3. Neuropathology

Immediately after the MRI, piglets were euthanized with pentobarbital 50 mg/kg and 

phenytoin 6.4 mg/kg IV and transcardially-intraaortically perfused with cold PBS followed 

by 4% paraformaldehyde. The heads were immersed in 4% paraformaldehyde for 12–24 h 

for further in situ brain fixation. Then, the brains were removed from the skull and 

immersion post-fixed in 4% paraformaldehyde for 1–2 weeks. The brains were blocked in 

the coronal plane using precise anatomical landmarks to make consistent slabs, paraffin 

embedded, and cut into 10-μm-thick coronal sections for immunohistochemistry (IHC).

2.4. IHC

We used an IHC protocol that we have reported in detail (Lee, Santos, et al., 2020b; Lee et 

al., 2016; Santos et al., 2018). After deparaffinization and antigen retrieval with 10 mM 

sodium citric acid and 0.05% Tween 20 at pH 6.0, the slides were blocked with 3% normal 

goat serum. The primary antibodies are listed in Table 1. We immunophenotyped astrocytes 

using primary antibodies for aquaporin 4 (AQP4,1:25, anti-rabbit, LS Bio, Seattle, WA, 

catalog number LS-B11637), glial fibrillary acidic protein (GFAP; 1:200, anti-rabbit, 

Agilent Dako, Santa Clara, CA, catalog number Z 0334, Research Resource Identifier 

(RRID): AB_10013382), and GLT-1 (1:100, anti-rabbit, developed and validated by LJM 

and used in multiple publications) (Furuta et al., 1997; Ginsberg et al., 1996; Martin, 

Brambrink, Lehmann, et al., 1997; Northington et al., 1999; Northington et al., 1998). 

Oligodendrocytes were identified by primary antibodies for bridging integrator-1 (BIN1; 

1:200, anti-rabbit, Proteintech, Rosemont, IL, catalog number 14647-1-AP, RRID: 

AB_2243396) as a marker of mature, myelinating oligodendrocytes (De Rossi et al., 2016; 

Lee, Santos, et al., 2020b) and 2′,3′-cyclic nucleotide 3′-phosphodiesterase (CNPase) as a 

marker of oligodendrocytes and their myelinating processes (1:50, anti-mouse, Millipore 

Sigma, Burlington, MA, catalog number MAB326, RRID:AB_2082608) (Verrier et al., 

2013). Non-immune IgG of the same isotype and concentration was substituted for the 

primary antibody to generate negative controls. The slides were incubated with goat anti-

rabbit IgG (1:20, Sigma Aldrich, St. Louis, MO) secondary antibody and rabbit peroxidase 

anti-peroxidase soluble complex antibody (1:100, Sigma-Aldrich) or goat anti-mouse (1:20, 

Sigma Aldrich) and mouse peroxidase anti-peroxidase soluble complex antibody (1:100, 

Sigma-Aldrich). Immunoreactive cells and myelin sheaths were identified as dark brown 

after the slides were developed with hydrogen peroxide as the substrate and 3,3′-
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diaminobenzidine as the chromogen. We also lightly counterstained the slides with cresyl 

violet to identify nuclear and other cellular features as blue.

2.5. Antibody characterization

Full-length western blots confirmed that the BIN1 and CNPase antibodies identify a mono-

specific immunoreactive band at the expected molecular weight in piglet brain (data not 

shown). We also published that the BIN1 antibody has strong immunoreactivity for piglet 

oligodendrocytes by IHC (Lee, Santos, et al., 2020a). The GFAP antibody is mono-specific 

on western blot (Lesuisse & Martin, 2002). The GLT-1 antibody was developed, 

characterized, and validated by LJM and used in multiple peer reviewed neuropathology 

manuscripts (Furuta et al., 1997; Ginsberg et al., 1996; Martin, Brambrink, Lehmann, et al., 

1997; Northington et al., 1999; Northington et al., 1998). The AQP4 antibody was 

commercially validated using an immunogenic blocking peptide by the vendor.

2.6. Microscopic cytopathology

An investigator (JKL) with 10 years of experimental neuropathology experience counted 

swollen cells and myelin processes in slides anatomically matched to the DTI image at an 

anterior striatal level (Figure 1). An experimental neuropathologist with decades of 

experience screened the slides for counterreliability (LJM). Both were blinded to the MRI 

images, DTI, and treatment. We analyzed one slide per pig for each antibody. We used cell 

profile counting rather than stereology to maximize the use of multiple glial antibodies for 

diagnostic neuropathology and to prepare separate brain tissue samples for an arterial spin 

labeling cerebral perfusion study that is not reported here.

Astrocytes with AQP4+ aggregates (large clusters of AQP4 immunoreactivity) were counted 

in 12 microscope fields in putamen and 12 fields in caudate at 1000x with oil immersion. 

The microscope fields were placed in a Z-pattern to capture the full dorsal-ventral and 

central aspects of putamen and caudate. Astrocytes without AQP4+ aggregates were 

classified as AQP4-negative and identified by their nuclear morphology. We additionally 

classified the astrocytes as swollen or not swollen. Because AQP4 expression varies by 

injury severity and has a complex relationship to blood-brain barrier integrity (Rodriguez-

Grande et al., 2018), we classified astrocytes as not swollen rather than using the term 

normal.

GFAP+ astrocytes were counted in 10 fields each for putamen and caudate at 400x in a Z-

pattern. Slides stained for GLT-1 were counted at 1000x with oil immersion in 12 fields each 

spanning the putamen and caudate. Normal and swollen GLT-1+ astrocytes, neurons with 

peri-neuronal GLT-1+ decorations, and GLT-1+ neurons were counted. Piglet striatal 

neurons are normally not positive for GLT-1, but HI causes them to express GLT-1 with 

excitotoxic death (Martin, Brambrink, Lehmann, et al., 1997). We also estimated astrocyte 

cell body swelling using volume=π/6 (ab2) where a is the cell body’s major axis diameter 

and b is the minor axis diameter (Martin et al., 1986).

Oligodendrocytes and their myelinating processes were analyzed by CNPase and BIN1 IHC. 

Ten fields spanning putamen and 10 fields spanning caudate were counted at 400x. In 

putamen, every microscope field included at least part of a white matter bundle, and CNPase
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+ and BIN1+ cells were counted in both white and gray matter. Because caudate has fewer 

white matter bundles, cell counts were largely conducted in gray matter parenchyma. 

Recently replicated doublet cells counted as two cells. Additionally, we measured the first 

three bundles of the internal capsule along the dorsal aspect of the lateral ventricle at the 

corpus callosum-striatum junction using ImageJ (Fiji, v. 1.52p, National Institutes of Health, 

Bethesda, MD). Cell counts were obtained throughout the entire three white matter bundles 

and then divided by the bundles’ sum area.

We also counted CNPase+ myelin processes with central pallor from swelling and that 

exceeded 6.25 μm in greatest diameter at 1000x with oil immersion. The number of myelin 

swellings throughout the first three internal capsule bundles was divided by the bundles’ 

sum area. Myelin swellings in the gray matter parenchyma were also counted in 10 

microscope fields each in putamen and caudate. Myelin swellings were not counted in white 

matter bundles within the putamen or caudate.

2.7. Myelin Luxol fast blue (LFB) staining

LFB identifies greater myelin density as darker azure (Lee, Santos, et al., 2020b; Warntjes et 

al., 2017). All slides were placed into the same rack to ensure equal staining and rinsing. 

Paraffin-embedded sections that were anatomically matched to the DTI images were 

uniformly cut into 10-μm-thick sections, deparaffinized, and incubated in LFB (0.1 g in 100 

mL 95% ethanol) as we previously reported (Lee, Santos, et al., 2020b). After being rinsed 

in 95% ethanol and distilled water, the sections were developed by lithium carbonate (0.05 g 

in 100 mL distilled water) and 70% ethanol followed by a light cresyl violet counterstain. 

The slides were scanned without magnification in identical lighting (Hewlett-Packard 

Scanjet 5590; Palo Alto, CA). One investigator (JKL) who was blinded to the MRI images, 

DTI, and treatment, used ImageJ to outline an ROI encompassing the putamen, caudate, and 

internal capsule (Figure 2). The inverse, integrated density measurement was analyzed so 

that a higher value corresponded with darker azure staining and greater myelin density.

2.8. Statistics

We compared the number of AQP4+ astrocytes (swollen or non-swollen) and the number of 

GLT-1+ astrocytes (normal or swollen) to FA and MD. We also analyzed the astrocyte 

counts as ratios to total number of astrocytes, which was the sum of all AQP4- (or GLT-1−) 

negative and positive astrocytes. For astrocytes immunophenotyped by GFAP, we evaluated 

the number of normal, swollen, and degenerating GFAP+ astrocytes in addition to their 

ratios to total GFAP+ astrocytes. The number of normal neurons with GLT-1+ processes on 

the cytoplasmic membrane; the number of degenerating, GLT-1+ neurons; and the ratios of 

normal- and degenerating-to-total GLT-1+ neurons were analyzed. We also compared 

normal, apoptotic, degenerating, and doublet CNPase+ or BIN1+ cell counts and their ratios 

to total CNPase+ or BIN1+ cells to the DTI scalars.

Graphs were generated and data were analyzed in GraphPad (v.8, San Diego, CA). We 

compared cell counts and ratios to FA and MD using Spearman correlations. Significance 

was assumed for p<0.05. This is a secondary analysis of a cohort that was designed with a 

sample size powered to correlate neuronal death with MD (Lee, Liu, et al., 2020).
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3. Results

One piglet received 240 nmol QA with 96-h recovery; three received 720 nmol with 20-, 

91-, and 96-h recoveries; and two received 960 nmol with 24- and 25-h recoveries before 

their MRI. Two piglets received HI injury with 45-h recoveries and one received sham 

procedure with 23-h recovery until their MRI. We previously reported the piglets’ 

physiology (Lee, Liu, et al., 2020). Briefly, the hypoxia-asphyxia protocol to induce global 

HI caused oxyhemoglobin saturations of 4.3% and 4.9%, pH 6.84 and 6.90, and PaCO2 115 

and 110 mmHg. The pigs recovered to normoxia and normocapnia prior to extubation. 

During the MRI, piglets had mean arterial blood pressures of 66 mmHg (standard deviation 

[SD], 15), heart rate 102 beats per minute (SD, 31), and end-tidal CO2, 44 mmHg (SD, 11).

3.1. DTI correlates with astrocyte and neuron cytopathology

AQP4+ swollen astrocytes had cytoplasmic expansion that rendered the cytoplasm clear or 

pale with or without cytoplasmic content reticulations, vacuoles, and enlarged cell soma 

delineated by AQP4 aggregates (Figure 3a, b). Non-swollen AQP4+ astrocytes were 

generally 198.6–426.2 μm3. Swollen AQP4+ astrocytes were approximately 1248.0–1647.4 

μm3.

Normal GFAP+ astrocytes had normal-appearing nuclear chromatin, a centrally positioned 

nucleus, intact processes, and normal-appearing cytoplasm (Figure 3c). Swollen GFAP+ 

astrocytes had cytoplasmic swelling; residual reticulated GFAP immunoreactivity in the 

cytoplasm or GFAP immunoreactivity that was marginalized to the cytoplasmic periphery; 

vacuoles; and either nuclear swelling or an attritional nucleus that was eccentrically 

positioned consistent with our published criteria (Martin, Brambrink, Lehmann, et al., 1997) 

(Figure 3d, f). Non-swollen GFAP+ astrocytes were approximately 145.3–150.0 μm3. 

Swollen GFAP+ astrocytes were 2199.7–3369.6 μm3. Degenerating GFAP+ astrocytes had a 

condensed cell body, pyknotic nucleus, dense GFAP nuclear staining, and often 

clasmatodendrosis (astrocyte process fragmentation) (Figure 3e, f).

Astrocyte morphology from AQP4 immunostaining was associated with FA. The number of 

non-swollen, AQP4+ astrocytes (r=0.800; p=0.014) and their ratio to total astrocyte numbers 

(r=0.933, p=0.001) in putamen correlated with FA in the ROI encompassing the putamen, 

caudate, and internal capsule (Figure 4a, b). Non-swollen AQP4+ astrocytes (r=0.820, 

p=0.010) and the ratio to total astrocytes (r=0.850, p=0.006) in caudate also correlated with 

FA (Figure 4c, d). Similar relationships were identified when astrocyte counts were summed 

from putamen and caudate (non-swollen AQP4+ astrocytes: r=0.867, p=0.005; ratio: 

r=0.900, p=0.002; Figure 4e, f). FA was also related to swollen astrocytes. More swollen 

AQP4+ astrocytes in putamen (r= −0.800, p=0.014) and a higher sum ratio of swollen to 

total astrocytes in putamen and caudate (r= −0.800, p=0.014) correlated with lower FA 

(Figure 4g, h). In contrast, the same astrocyte metrics had no relationship to MD (Figure 5a–

h).

MD was related to the number of normal GFAP+ astrocytes in putamen (r=0.700; p=0.043) 

and in caudate and putamen combined (r=0.717; p=0.037; Figure 4i, j), whereas FA was not 

(Figure 5i, j). GFAP immunostaining corroborated the AQP4+ astrocyte data. The number of 
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swollen GFAP+ astrocytes (r= −0.900; p=0.002) and its ratio to total GFAP+ astrocytes (r= 

−0.933; p<0.001) in putamen correlated with FA (Figure 4k, l). However, these data showed 

no relationship to MD (Figure 5k, l). Degenerating GFAP+ astrocytes were not associated 

with either DTI scalar.

GLT-1+ astrocytes had brown granules in their cytoplasm and nucleus and plasma 

membrane immunoreactivity. Normal astrocytes, whether GLT-1+ or GLT-1− negative, had 

normal cell size (Figure 6a, c). Swollen GLT-1+ or GLT-1-negative astrocytes had 

cytoplasmic swelling with vacuoles (Figure 6b, d). GLT-1+ astrocyte swelling was on a 

similar size scale as the swollen GFAP+ astrocytes.

FA correlated with the number of normal GLT-1+ astrocytes (r=0.750; p=0.026) and the 

ratio of normal GLT-1+ astrocytes to total astrocytes (r=0.800; p=0.014) in putamen. When 

the cell counts from putamen and caudate were summed, the normal GLT-1+ astrocytes 

(r=0.833; p=0.008) and ratio (r=0.817; p=0.011) were also related to FA. As with AQP4 and 

GFAP, the ratios of swollen GLT-1+ astrocytes to total astrocytes in putamen (r= −0.800; 

p=0.014) and caudate plus putamen (r= −0.817; p=0.011) correlated with FA (Figure 7a–f). 

The same GLT-1 astrocyte cytology measures were unrelated to MD (Figure 8a–f).

Normal neurons with GLT-1 processes contacting their cytoplasmic membrane had a large 

nucleus (~8–10 μm in diameter), at least one small nucleolus or nuclear gems (Cajal bodies), 

normal chromatin, normal-appearing cytoplasm, and large round cell body (Figure 6a, c). 

Degenerating GLT-1+ striatal neurons had nuclear pyknosis and GLT-1 enrichment in the 

cytoplasm (Figure 6b, d).

The number of normal neurons with GLT-1+ processes on their plasma membrane in 

putamen (r=0.900; p=0.002) and in caudate combined with putamen (r=0.717; p=0.037) 

correlated to FA. The ratio of normal neurons with GLT-1+ processes along the cell 

membrane to the total neuron count in putamen was also associated with FA (r= 0.800; 

p=0.014; Figure 7g–i). These relationships were not observed with MD (Figure 8g–i). There 

was no association between degenerating GLT-1+ neurons and either DTI scalar.

3.2. DTI correlates with oligodendrocyte and myelin pathology

Normal CNPase+ oligodendrocytes (Figure 9a) had a normal-appearing, open nucleus and 

often brown processes extending from the cell body (Figure 9b). Apoptotic CNPase+ cells 

had karyorrhectic nuclear fragmentation with condensation into round apoptotic bodies 

consistent with previous electron microscopic demonstrations (Martin et al., 1998) (Figure 

9e). In putamen and caudate, recently divided doublet cells had normal and adjacent nuclei, 

overlapping cytoplasm from closely apposed pairs of cells, and slightly invaginated cell 

membranes reminiscent of final telophase (Figure 9d). CNPase+ processes with myelin 

swellings and central pallor are shown in Figures 9c, e, and f.

Normal BIN1+ oligodendrocytes had a normal-appearing nucleus, brown staining in the 

nucleus and cytoplasm, and often brown processes extending from the cell body (Figure 10a, 

d, e). Degenerating BIN1+ oligodendrocytes had vacuoles in the nucleus, cell soma, and/or 
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processes (Figure 10b, c). Apoptotic BIN1+ cells had karyorrhectic nuclear fragmentation 

(Figure 10f).

In the internal capsule, the number of large, CNPase+ myelin swellings correlated with FA 

(r= −0.833; p=0.008; Figure 11a) but not MD (Figure 12a). However, MD and degenerating 

BIN1+ cells were related (cell count: r= −0.696, p=0.046; ratio to total BIN1+ cells: r= 

−0.696, p=0.046; Figure 11b, c). By contrast, FA was not associated with BIN1+ cellular 

degeneration (Figure 12b, c). In the caudate, the ratios of normal-to-total CNPase+ cells 

(r=0.695; p=0.045), doublet-to-total CNPase+ cells (r=0.695, p=0.045), apoptotic-to-total 

CNPase+ cells (r= −0.695, p=0.045), and apoptotic-to-total BIN1+ cells (r= −0.763, 

p=0.024) correlated with FA but not MD (Figure 11d–g, Figure 12d–g). Finally, myelin 

density assessed by LFB stain in the internal capsule, caudate, and putamen was related to 

FA (r=0.733, p=0.031; Figure 11h).

4. Discussion

DTI is increasingly used to diagnose and predict outcomes of neonatal HIE (Ancora et al., 

2013; Carrasco et al., 2018). Although DTI delineates regional brain damage, there is scant 

information on the relationships between FA, MD, and glial injury at the cellular level of 

resolution. Because the glia-to-neuron ratio increases with forebrain size (Herculano-

Houzel, 2014), glia could significantly affect DTI in gyrencephalic brain. We tested whether 

in vivo DTI using a 3T clinical scanner is associated with glial microstructure and myelin at 

the microscopic level in a clinically relevant, large animal model of neonatal HIE. We 

previously showed that MD, but not FA, is associated with neuronal degeneration after 

excitotoxic and HI brain injury in piglets (Lee, Liu, et al., 2020). Here, we found that FA 

correlated with more swollen astrocytes in caudate and putamen. MD was not sensitive to 

astrocyte swelling but it was associated with the loss of GFAP+ astrocytes. FA was also 

related to large myelin swellings in the internal capsule, myelin loss in the internal capsule 

and striatum, and oligodendrocyte apoptosis in the caudate. By contrast, MD was only 

associated with degenerating myelinating oligodendrocytes in the internal capsule. Thus, 

astrocyte cytotoxic edema and swelling, myelin swelling, and oligodendrocyte apoptosis are 

significantly related to FA in the newborn brain. MD only correlated with fulminant glial 

degeneration and loss.

Piglets recovered for 20 to 96 h after QA injection, HI injury, or sham procedure until their 

MRI, which was followed by immediate brain perfusion-fixation for neuropathology. We 

focused on the subacute recovery period to study early injury evolution. Additionally, the 

postnatal window for therapeutic hypothermia is the first 4 days after birth for HIE. 

Obtaining brain MRIs during therapeutic hypothermia is being clinically investigated as an 

early prognostic biomarker for brain injury severity. (Lucke et al., 2019; Shetty et al., 2019) 

Piglets were studied at different time points to examine how the cytopathology in different 

striatal cell types relate to changes in clinical DTI. Though the excitotoxic QA and HI 

injuries are both acute in onset, the subsequent evolution of cellular injury is not 

synchronous. The damaged cells are not uniformly at the same stage of injury. Time 

constancy creates limitations when investigating asynchronous cellular injury and 
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degeneration in vivo. Thus, we used multiple time points to better interrogate the 

neuropathology of our experimental model.

We used piglet models of excitotoxic brain injury from stereotaxic QA injection (Lee, Liu, et 

al., 2020) and global HI (Lee et al., 2016; Martin & Wong, 2013; Santos et al., 2018; Wang 

et al., 2015; Wang et al., 2016). Brain development at term gestation, perinatal growth, 

connectivity, and prenatal and extended postnatal myelination are analogous in humans and 

piglets (Borsani et al., 2019; Bozek et al., 2018; de Graaf-Peters & Hadders-Algra, 2006; 

Dobbing & Sands, 1979; Ishibashi et al., 2012; Lee, Santos, et al., 2020a; Mudd & Dilger, 

2017; Oishi et al., 2012; Sheng et al., 1989; Simchick et al., 2019; Siu et al., 2015; Sweasey 

et al., 1976). We created the piglet model of QA-induced excitotoxicity (Lee, Liu, et al., 

2020; Portera-Cailliau et al., 1997) because excitotoxicity is a key mechanism of HI brain 

injury (Johnston, 2005). QA is also involved in several human neurologic diseases, including 

autism, Alzheimer’s disease, Huntington’s disease, depression, and amyotrophic lateral 

sclerosis (Lugo-Huitrón et al., 2013). We focused on putamen, caudate, and internal capsule 

because these regions are commonly injured in human and piglet HIE (Carrasco et al., 2018; 

Koehler et al., 2018; Lee et al., 2017; Martin, Brambrink, Koehler, et al., 1997; Tekes et al., 

2015)

4.1. Astrocytes

Astrocytes rapidly change their cell volume after injury, and they have high surface-to-

volume ratios (Hama et al., 2004). They regulate water, ionic, and glutamate homeostasis. 

We used three antibodies to distinguish the astrocyte water channels, neurotransmitter 

transporters, and cytoskeletal proteins. AQP4 immunophenotyped astrocytes that regulate 

water, GLT-1 identified astrocytes active in excitatory neurotransmission and glutamate re-

uptake, and GFAP was a corroborating marker for astrocytes and their processes in the 

perivascular and parenchymal compartments. More swollen AQP4+, GLT-1+, and GFAP+ 

astrocytes in putamen and caudate correlated with lower FA. The significant influence of 

disrupted glial parenchymal microstructure on FA agrees with the fact that astroglial 

processes predominantly organize the brain’s matrix (von Bartheld et al., 2016). However, 

we cannot conclude whether AQP4, GLT-1, or GFAP astrocyte changes directly contribute to 

DTI or whether they are bystander effects of other cellular and molecular pathology that 

drive changes in DTI. In the future, we can clarify these issues using conditional virus-

mediated genetic manipulations in piglets (Santos et al., 2018) to target specific proteins and 

cells to modulate DTI changes during evolving encephalopathy.

AQP4 is the most abundant aquaporin in mammalian brain. It facilitates cellular 

transmembrane water transport and is located predominantly in astrocytes that maintain 

brain-blood interfaces and regulate the flow of interstitial fluid (Potokar et al., 2016). AQP4 

accumulates in astrocyte endfeet that interface with vessels (Rosito et al., 2018), and it 

relocalizes to the astrocyte processes after brain trauma (Rodriguez-Grande et al., 2018). We 

also observed AQP4 redistribution to the processes of swollen astrocytes, often in close 

proximity to vacuoles (Figure 3b). In injured astrocytes, AQP4 appeared mislocalized and 

aggregated. These AQP4 aggregations are associated with loss of function, disease, and cell 

death (Jablonski et al., 2004; Rosito et al., 2018). Though the AQP4+ labeling in astrocyte 
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endfeet appeared perivascular and suggested minimal vasogenic edema in the same 

microscope fields with swollen astrocytes (Figure 3f), electron microscopy is needed to 

confirm tight endfeet-to-vessel associations and endothelial integrity. Vasogenic edema that 

we did not observe could have contributed to high T2 in some piglets (Figure 1a). 

Nonetheless, our data identify an important relationship between cytotoxic edema from 

AQP4+ astrocyte swelling and FA. The wholesale tissue edema is apparent in the lateral 

ventricle’s loss of patency in the dorsolateral region from the caudate nucleus’ expansion 

(Figure 1a).

MD was not associated with swelling in AQP4+ astrocytes. Another study linked shifted 

apparent diffusivity and AQP4 inhibition in adult mice with a 11.7T scanner (Debacker et 

al., 2020). MD has also been interrogated with AQP1 overexpression in an artificial cell 

system using a 7T scanner (Mukherjee et al., 2016). Cortical gray matter damage based on 

glial reactivity correlated with MD in neonatal rats with hydrocephalus using a 7T scanner 

(Yuan et al., 2010). It is difficult to compare our piglet work using a 3T clinical scanner to 

these studies. Astrocyte morphology and the extent that astrocyte processes organize the 

neuropil vary by species. For example, human protoplasmic astrocytes have a 2.6-fold 

greater diameter and 10-fold increase in astrocyte processes compared to rodent astrocytes 

(Oberheim et al., 2009). The increase in glia-to-neuron ratio that occurs during brain 

development (von Bartheld et al., 2016) also influences how astrocytes affect DTI.

Though GFAP colocalizes with AQP4 (Tomás-Camardiel et al., 2004), it identified different 

morphologic astrocyte features. Some GFAP+ astrocytes are protoplasmic and parenchymal 

without perivascular functions, and they do not regulate blood-brain barrier permeability 

(Rodriguez-Grande et al., 2018). As with AQP4, only FA correlated with swollen GFAP+ 

astrocytes in putamen. MD was associated with the number of normal GFAP+ astrocytes but 

not swollen astrocytes in caudate and putamen. We previously found that MD distinguishes 

normal neurons from those undergoing end-stage cell death but does not measure sublethally 

injured neurons with cytoplasmic vacuoles (Lee, Liu, et al., 2020). Here, we confirmed that 

MD is related to fulminant astrocyte loss whereas MD does not seem to detect astrocyte 

changes that may be nonlethal. Clasmatodendrosis from astrocyte process fragmentation 

(Figure 3e, f) likely affected the DTI scalars, though we did not quantify the 

clasmatodendrosis.

GLT-1 immunostaining served two purposes: to identify astrocytes involved in glutamate 

reuptake and to provide mechanistic insight into excitotoxic brain injury. GLT-1 identified 

astrocytes involved in extracellular glutamate reuptake. Astrocyte glutamate transporters 

dissipate excitatory neurotransmission to protect neurons from excessive synaptic glutamate 

exposure (Bylicky et al., 2018). Loss of GLT-1 function causes abnormal brain network 

activity on diffusion functional MRI (Abe et al., 2020).

Higher FA correlated with more normal GLT-1+ astrocytes in putamen and caudate, and 

lower FA was associated with more swollen GLT-1+ astrocytes. The identified relationship 

between the GLT-1+ astrocyte population and FA concurs with the prominent glutamate 

receptor-mediated excitotoxicity that occurs after QA- (Mueller et al., 2005) and HI-induced 

brain injury (Martin, Brambrink, Lehmann, et al., 1997). It will be important to determine if 
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these astrocyte changes can be blocked pharmacologically by systemic administration of 

glutamate receptor antagonists. Higher FA also correlated with more normal neurons with 

perisomatic astrocyte GLT-1+ processes. Though these appositions must be examined by 

electron microscopy (Furuta et al., 1997), the astrocytes were presumably involved in 

glutamate reuptake to reduce the risk of neuronal death. Interestingly, neither DTI scalar was 

related to dying neurons with degenerating nuclear chromatin and GLT-1 cytoplasmic 

enrichment (Martin, Brambrink, Lehmann, et al., 1997).

Thus, swelling in astrocytes that regulate brain water and glutamate reuptake are associated 

with changes in FA. The physiology driving the fluid shift to astrocytes requires further 

study. The excitotoxicity and excessive astrocyte NMDA receptor activation (Verkhratsky & 

Kirchhoff, 2007) could cause cation influx into astrocytes with swelling (Choi, 1992). 

Alternatively, astrocyte swelling may indirectly influence FA or be a downstream result of 

other cellular processes that determine FA. Because astrocyte processes project without 

preferential orientation, they may not contribute to the baseline FA within a voxel. However, 

somal swelling could reduce intracellular restriction of three-dimensional water movement 

and dilute the FA from axonal tracts due to partial volume effects. The correlation between 

swollen astrocytes and FA could be secondary to anisotropy dilution rather than anisotropic 

changes within the astrocytes themselves.

4.2. White matter

FA is often used to measure white matter injury (Herbert et al., 2018). We used CNPase and 

BIN1 to immunophenotype oligodendrocyte cytopathology. CNPase levels are highest in 

oligodendrocytes, including oligodendrocyte progenitors and oligodendrocytes that produce 

myelin, relative to other neural cells (Lindberg et al., 2009; Radtke et al., 2011; Verrier et al., 

2013). BIN1 identifies mature, myelinating oligodendrocytes (De Rossi et al., 2016; Lee, 

Santos, et al., 2020b). We found that degenerating oligodendrocytes had disrupted nuclear 

BIN1 enrichment (D’Alessandro et al., 2015) with BIN1 extrusion into the cytoplasm and 

nuclear vacuoles (Figure 10).

Lower FA correlated with more myelin process swellings in the internal capsule and with 

lower myelin density in the internal capsule and striatal white matter bundles. This is 

consistent with disrupted white matter microstructural organization among the myelin 

sheaths and axons. In caudate and putamen where myelin sheaths wrap neuronal processes, 

higher FA was associated with more normal CNPase+ oligodendrocytes, including recently 

replicated doublet cells, as an indicator of healthy white matter. The association between 

more apoptotic CNPase+ and BIN1+ cells with lower FA corroborated these findings.

MD was only related to the degeneration of myelinating oligodendrocytes in the internal 

capsule. Oligodendrocytes express glutamate receptors and are vulnerable to excitoxicity 

(Furuta & Martin, 1999). MD is sensitive to cellular necrosis with cell membrane 

breakdown, lysis, and decreased tortuosity with hindered water diffusion (Alexander et al., 

2007; Lee, Liu, et al., 2020; Ranzenberger & Snyder, 2020). Our data show that microscopic 

oligodendrocyte degeneration in large white matter bundles is associated with MD in 

neonatal brain. It must be noted, however, that though we found statistically significant 

relationships between DTI and the oligodendrocyte and myelin measures, visual inspection 
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of the data showed possible outlier effects. In contrast, the astrocyte data showed stronger 

and more consistent correlations with FA.

4.3. Limitations

Our study had a small sample size and was descriptive. Future studies will include more HI 

piglets. We did not examine molecular injury mechanisms, though we do know that QA-

induced excitotoxicity drives glial pathobiology. We did not assess axonal damage because 

the QA model is classically axon-sparing acutely (Schwarcz et al., 1984). Accordingly, we 

did not observe obvious neuropathological axonal swellings. We also did not use electron 

microscopy.

We studied a single ROI that encompassed internal capsule, putamen, and caudate because 

3T MRI could not distinguish the internal capsule fascicles from intervening isthmi of gray 

matter in piglet brain. Accurate delineation of the white matter bundles requires higher 

resolution MRI. Edema may have influenced the in vivo MRI in addition to microstructural 

perturbations. Because our prior work showed that T2 did not differ in this cohort (Lee, Liu, 

et al., 2020), we did not analyze T2 MRI. All piglets were anesthetized and did not move 

during MRI though they were mechanically ventilated. Future imaging will include 

corrections for motion, geometrical distortion, and eddy current. We will also recover piglets 

for longer to study how evolving injury affects DTI (Tuor et al., 2014) and whether DTI 

predicts neurocognitive outcomes (Singh et al., 2019).

4.4. Conclusions

In neonatal piglets with excitotoxic and HI brain injury, astrocyte cytotoxic swelling is 

associated with abnormal FA alongside oligodendrocyte apoptosis and myelin process 

swelling. MD correlated with degeneration and loss of normal glia but not with the 

morphologic changes that accompany astrocyte or myelin process swelling. Our study 

provides a cytological interpretation for neonatal DTI at the microscopic level.
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Figure 1. 
Representative MR images from a neonatal piglet that received stereotaxic injections of 

quinolinic acid (QA; 960 nmol, right) and contralateral phosphate-buffered saline (PBS, 

control, left) with 24-h survival. (a) High signal in the putamen (open arrow), caudate (line 

arrow), and deep insular cortex (asterisk) on the QA-injected side is visible on the T2-

weighted coronal image. Anatomic landmarks are shown in the PBS-injected side: P, 

putamen; C, caudate; ic, internal capsule; GP, globus pallidus; ec, external capsule; PC, 

piriform cortex; and PO, parietal operculum. Manually defined regions of interest (ROI) 

encompassing the putamen, internal capsule, and caudate in (b) T2-weighted and (c) 
diffusion-weighted images show increased signal from QA injury. (d) Fractional anisotropy 

and (e) mean diffusivity were measured in the ROIs containing putamen, internal capsule, 

and caudate.
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Figure 2. 
Luxol fast blue staining of myelin. Greater myelin density stains darker azure (blue). In 

piglet brain, the internal capsule consists of discontinuous white matter bundles with 

intervening parcels of gray matter. Thus, at anterior levels, the internal capsule in piglet is a 

heterogeneous white matter-gray matter structure. Myelin density was measured in the 

region of interest encompassing caudate (C), internal capsule (IC), and putamen (P). The 

external capsule (EC), left ventricle (LV), septum, and ventral pallidum (VP) are also 

identified.
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Figure 3. 
Identification of astrocytes and astrocyte swelling in piglet encephalopathy using (a, b) 
aquaporin 4 (AQP4) and (c-f) glial fibrillary acidic protein (GFAP) immunohistochemistry. 

(a) A sham piglet had normal astrocytes with AQP4+ aggregates in the cell soma and 

nucleus but no prominent swelling (arrows) in putamen. The arrowheads show neurons. (b) 
Putamen of a piglet injected with 960 nmol quinolinic acid (QA) shows swollen astrocytes 

with AQP4+ aggregates, cytoplasmic swelling, and vacuoles (double arrows). The black dots 

outline AQP4-labeled distal processes of the enlarged astrocyte. The inset shows a swollen 
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astrocyte with prominent AQP4+ aggregates in the cell body and processes (hatched arrows), 

vacuoles, and an asterisk marking the nucleus. In the main panel, the single arrows show 

astrocytes without swelling (white arrow: AQP4-negative; black single arrow: AQP4+). 

Arrowheads show neurons. (c) GFAP staining in sham putamen showed normal astrocytes 

(arrows). Perivascular astrocyte labeling showed no apparent vasogenic edema (double 

asterisks). Arrowheads denote neurons. (d) After hypoxia-ischemia (HI), the caudate had 

GFAP+ swollen astrocytes (double arrows), and black dots outline the swollen astrocyte’s 

soma. Single arrows show normal astrocytes. Neurons are marked by arrowheads. (e) 
Putamen of an HI piglet showed GFAP+ degenerating astrocytes (white arrows) with 

clasmatodendrosis (fragmentation of the astrocyte’s processes; asterisks). Black arrows 

show normal astrocytes and processes. (f) Injection of 960 nmol QA caused degeneration of 

GFAP+ astrocytes (white arrows) with clasmatodendrosis (single asterisks). Double arrows 

show two swollen astrocytes with enlarged cell bodies that are outlined by black dots. This 

astrocyte swelling is consistent with cytotoxic edema. The double asterisks show a vessel 

with tight AQP4 astrocyte labeling against the vessel wall without apparent vasogenic 

edema. Single black arrows show normal astrocytes. Panels A, B, and inset D were 

photographed at 1000x with oil immersion. The main panels C-F were photographed at 

400x. Scale bars=10 μm in all main panels and inset D. The scale bar in inset B is 5 μm.
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Figure 4. 
The morphology and number of aquaporin 4 (AQP4)- and glial fibrillary acidic protein 

(GFAP)-labeled astrocytes correlated with diffusion tensor imaging in piglets with striatal 

encephalopathy. Astrocytes were classified as being positive or negative for AQP4 and as 

being swollen or not swollen. (a, b) In putamen, the number of AQP4+ astrocytes without 

swelling (r=0.800; p=0.014) and the ratio to total astrocytes (r=0.933; p=0.001) positively 

correlated with fractional anisotropy (FA). (c, d) Similar relationships were observed in 

caudate, as FA correlated with the number of non-swollen AQP4+ astrocytes (r=0.820; 

p=0.010) and with the ratio of non-swollen AQP4+ astrocytes to total astrocytes (r=0.850; 

p=0.006). (e, f) FA correlated with the sum counts of AQP4+ astrocytes without swelling in 

putamen and caudate (r=0.867; p=0.005) and the ratio (r=0.900; p=0.002). (g) The number 

of swollen AQP4+ astrocytes in putamen inversely correlated with FA (r= −0.800; p=0.014). 

(h) The ratio of swollen AQP4+ astrocytes to total astrocytes in putamen and caudate also 

negatively correlated with FA (r= −0.800; p=0.014). The number of normal GFAP+ 
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astrocytes in the putamen (i; r=0.700; p=0.043) and putamen and caudate (j; r=0.717; 

p=0.037) correlated with mean diffusivity. In putamen, the number of swollen GFAP 

astrocytes (k; r= −0.900; p=0.002) and the swollen-to-total GFAP+ astrocyte ratio (l; r= 

−0.933; p<0.001) correlated with FA. Symbols indicate piglets that received QA (open 

circle: 240 nmol, solid circle: 720 nmol, and solid triangle: 960 nmol), HI (solid squares), or 

sham procedure (open square).
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Figure 5. 
Diffusion tensor imaging metrics that did not correlate with the morphology of aquaporin 4 

(AQP4)- and glial fibrillary acidic protein (GFAP)-positive astrocytes in piglets with 

encephalopathy. (a) The number of AQP4+ astrocytes without swelling (r=0.167, p=0.678) 

and (b) the ratio of AQP4+ astrocytes without swelling to total astrocytes in putamen 

(r=0.233, p=0.552) were not related to mean diffusivity (MD). (c) Non-swollen AQP4+ 

astrocytes (r=0.393, p=0.295) and (d) their ratio to total astrocytes in caudate (r=0.283, 

p=0.463) did not correlate with MD. (e) The number of non-swollen astrocytes (r=0.200, 

p=0.613) and (f) their ratio (r=0.300, p=0.437) in putamen and caudate also did not correlate 

with MD. Additionally, MD showed no relationship to the swollen AQP4+ astrocyte-to-total 

astrocyte ratio in putamen (g; r= −0.183, p=0.644) or caudate and putamen combined (h; r= 

−0.557, p=0.123). The GFAP cell immunophenotyping showed that neither the number of 

normal GFAP+ astrocytes in putamen (i; r=0.600, p=0.097) nor the number in caudate and 

putamen (j; r=0.517, p=0.162) was related to fractional anisotropy. MD did not correlate 

with the number of swollen GFAP+ astrocytes (k; r= −0.233, p=0.552) or the ratio of 
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swollen to total GFAP+ astrocytes (l; r= −0.367, p=0.336) in putamen. Symbols indicate 

piglets that received QA (open circle: 240 nmol, solid circle: 720 nmol, and solid triangle: 

960 nmol), HI (solid squares), or sham procedure (open square).
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Figure 6. 
Glutamate transporter 1 (GLT-1) immunohistochemistry identifies normal and pathological 

astrocytes in piglets with subacute striatal injury. (a) Putamen in a sham piglet shows normal 

GLT-1+ astrocytes (arrows). Normal neurons have GLT-1 processes decorating their cell 

membranes (arrowheads). (b) After hypoxia-ischemia (HI), astrocyte swelling is apparent in 

the putamen. The asterisks identify nuclei of swollen GLT-1+ astrocytes, and the black dots 

outline the swollen astrocyte bodies. The inset shows cytoplasm vacuoles of differing sizes 

in swollen astrocytes. White arrows denote swollen GLT-1+ astrocyte processes. The double 

arrowheads show a degenerating neuron with nuclear condensation and emerging GLT-1 

cytoplasmic immunoreactivity. (c) After piglets were injected with 240 nmol quinolinic acid 

(QA), normal GLT-1+ astrocytes (arrow) and normal neurons with GLT-1+ processes along 

the cell membrane (arrowheads) were visible in putamen. (d) Injection of 960 nmol QA 

caused astrocyte swelling in putamen. Single asterisks identify the nuclei of swollen 

astrocytes, and black dots outline the swollen astrocyte cell bodies. The double arrowheads 

show degenerating neurons with necrotic chromatin condensation in the nucleus (Martin et 

al., 1998), GLT-1 enrichment in the cytoplasm, and a sharply angular cell body contour. The 

double asterisks identify a blood vessel with perivascular astrocyte labeling in apposition to 

the vessel exterior without apparent vasogenic edema. Photos were taken at 1000x with oil 

immersion. Main panel scale bars are 10 μm. Scale bar for panel B inset is 5 μm.
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Figure 7. 
Glutamate transporter 1 (GLT-1) labeling distinguished a relationship between astrocyte 

morphology and fractional anisotropy (FA) in piglets with excitotoxic and ischemic striatal 

damage. The number of normal GLT-1+ astrocytes in putamen (a; r=0.750; p=0.026) and 

caudate and putamen (b; r=0.833; p=0.008) correlated with FA, as did the ratio of normal 

GLT-1+ astrocytes to total astrocytes in putamen (c; r=0.800; p=0.014) and caudate and 

putamen (d; r=0.817; p=0.011). The ratio of swollen GLT-1+ astrocytes to total astrocytes 

also correlated with FA in putamen (e; r= −0.800; p=0.014) and caudate and putamen (f; r= 

−0.817; p=0.011). FA was also related to the number of normal neurons decorated by 

GLT-1+ processes on the neuronal cell membrane in putamen (g; r=0.900; p=0.002) and 

caudate and putamen (h; r=0.717; p=0.037). (i) The ratio of normal neurons with GLT-1+ 

processes to total neurons also correlated with FA in the putamen (r= 0.800; p=0.014). 

Symbols indicate piglets that received QA (open circle: 240 nmol, solid circle: 720 nmol, 

and solid triangle: 960 nmol), HI (solid squares), or sham procedure (open square).
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Figure 8. 
Glutamate transporter 1 (GLT-1) immunoreactivity cell counts that were not correlated with 

mean diffusivity (MD) in piglets with subacute encephalopathy. The number of normal 

GLT-1+ astrocytes in neither putamen (a; r=0.117, p=0.776) nor caudate plus putamen (b; 

r=0.183, p=0.644) related to MD. Likewise the ratio of normal GLT-1+ astrocytes to total 

astrocytes in neither putamen (c; r=0.100, p=0.810) nor caudate and putamen (d; r=0.267, 

p=0.493) related to MD. The ratio of swollen GLT-1+ astrocytes to total astrocytes in 

putamen (e; r= −0.100, p=0.810) and caudate and putamen (f; r= −0.367, p=0.336) also 

showed no association with MD. The number of normal neurons with GLT-1+ astrocyte 

processes decorating the plasma cell membrane in putamen (g; r=0.050. p=0.912) and 

caudate and putamen (h; r= −0.250. p=0.521) was not correlated with MD. (i) Finally, the 

neuron ratio was also not associated with MD (r=0.250, p=0.521). Symbols indicate piglets 

that received QA (open circle: 240 nmol, solid circle: 720 nmol, and solid triangle: 960 

nmol), HI (solid squares), or sham procedure (open square).
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Figure 9. 
CNPase immunohistochemistry identifies subacute damage to oligodendrocytes and their 

myelinating processes in piglet striatum with excitotoxic and ischemic injury. (a) In a 

coronal plane of the anterior striatum, the first three internal capsule bundles that were 

distinct from the corpus callosum and along the dorsal aspect of the lateral ventricle were 

outlined in ImageJ for area measurement. Cell counts and myelin swellings were divided by 

the sum area of the bundles. (b) Internal capsule of a sham piglet had normal CNPase+ 

oligodendrocytes with fine, delicate processes (arrows). The bundle matrix had a smooth and 

homogeneous meshwork of CNPase immunoreactivity. Arrowheads identify normal, 

CNPase-negative cells. (c) Injection of 720 nmol quinolinic acid (QA) caused myelin 

swellings in the internal capsule’s matrix (asterisks). The myelin swellings created a 

spongiform pathology that attenuated the normal, homogeneous staining typical of white 

matter. The arrow identifies a normal, CNPase+ oligodendrocyte. The arrowhead shows a 

CNPase-negative cell. (d) Caudate of a sham pig showed a CNPase+ doublet cell with two 

nuclei, indicative of a recently divided oligodendrocyte (double black arrows). The inset 

shows the doublet cell’s incompletely separated cytoplasm with two discernible nuclei. The 

inset’s small arrowhead shows the separation between the two nuclei. The single arrow 

shows a normal, CNPase+ oligodendrocyte. The main panel’s arrowhead identifies a 

CNPase-negative cell. The double arrowheads show a neuron. (e) After hypoxia-ischemia, 

oligodendrocyte process myelin swellings (white arrowheads) were apparent in putamen. An 

apoptotic, CNPase+ oligodendrocyte with nuclear condensation that formed a dark blue, 

round mass is identified by a white arrow in the main panel and inset. Normal CNPase+ 

oligodendrocytes (black arrows) and CNPase-negative cells (black arrowhead) are also 

shown. (f) Injection of 960 nmol QA led to development of oligodendrocyte process myelin 

swellings (white arrowheads). The arrow shows a CNPase+, normal oligodendrocyte. The 

black arrowhead shows a CNPase-negative cell. Panel A was photographed at 40x, and the 

scale bar is 0.25 mm. Panels B, C, and inset D were photographed at 1000x with oil 

immersion. The main panels D, E, and F were photographed at 400x. Scale bars in panels B-

F are 10 μm.
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Figure 10. 
Immunophenotyping and classification of normal and injured mature oligodendrocytes in 

piglet striatum with bridging integrator-1 (BIN1). (a) Internal capsule of a sham piglet 

showed normal oligodendrocytes with BIN1 immunoreactivity in the nucleus and cytoplasm 

(arrows). Normal BIN1-negative cells are identified by arrowheads. A neuron is marked by 

an asterisk. (b) The internal capsule of a piglet with hypoxia-ischemia had degenerating 

BIN1+ oligodendrocytes that exhibited vacuoles in the cell soma and nuclear exclusion of 

BIN1 (white arrows). The inset shows vacuoles and loss of BIN1 immunoreactivity. The 

black arrow indicates a normal BIN1+ oligodendrocyte that expresses BIN1 within the 

normal-appearing nucleus and cytoplasm. (c) In pigs that were injected with 960 nmol 

quinolinic acid (QA), multiple degenerating BIN1+ oligodendrocytes were identified as 

having vacuoles in the nucleus and cytoplasm alongside nuclear extrusion of BIN1 (white 

arrows). The arrowheads in the inset show vacuoles in the BIN1+ oligodendrocyte’s 

processes. The black arrow identifies a normal BIN1+ oligodendrocyte. (d) Putamen in a 

sham piglet had normal BIN1+ oligodendrocytes (arrows). Neurons were not 

immunoreactive for BIN1 (double arrowheads). Each microscope field was randomly placed 

in putamen and included predominantly gray matter parenchyma plus some white matter 

bundles (asterisks). BIN1+ oligodendrocytes were counted in gray and white matter 

parenchyma within the putamen microscope field. (e) A sham piglet’s caudate had normal 

BIN1+ oligodendrocytes (arrows) and BIN1-negative neurons (double arrowheads). (f) An 

apoptotic BIN1+ cell (double white arrows) and normal BIN1+ oligodendrocyte (arrow) in 

caudate of a piglet injected with 960 nmol QA. The apoptotic, karyorrhectic nuclear 

fragmentation is visible in the inset. Main panels were photographed at 400x. Insets B, C, 

and F were photographed at 1000x with oil immersion. All scale bars are 10 μm.
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Figure 11. 
Diffusion tensor imaging is associated with selective forms of oligodendrocyte degeneration 

and myelin injury in subacutely injured piglet striatum. (a) In the first three bundles of the 

internal capsule, the number of large CNPase+ myelin swellings correlated with fractional 

anisotropy (FA; r= −0.833, p=0.008). Mean diffusivity (MD) was associated with the 

number of degenerating BIN1+ cells (b; r= −0.696, p=0.046) and the ratio of degenerating 

BIN1+ cells to total BIN1+ cells in the internal capsule (c; r= −0.696, p=0.046). FA 

correlated with the ratios of normal-to-total CNPase+ cells (d; r=0.695, p=0.045), doublet-

to-total CNPase+ cells (e; r=0.695, p=0.045), apoptotic-to-total CNPase+ cells (f; r= −0.695, 

p=0.045), and apoptotic-to-total BIN1+ cells (g; r= −0.763, p=0.024) in caudate. (h) Myelin 

density measured by Luxol fast blue stain in caudate, internal capsule, and putamen 
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correlated with FA (r=0.733, p=0.031). Symbols indicate piglets that received QA (open 

circle: 240 nmol, solid circle: 720 nmol, and solid triangle: 960 nmol), HI (solid squares), or 

sham procedure (open square).
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Figure 12. 
Myelin and oligodendrocyte markers that did not correlate with diffusion tensor imaging in 

striatum of piglets with subacute injury. (a) The number of large CNPase+ myelin swellings 

in the internal capsule did not correlate with mean diffusivity (MD; r=0.000, p>0.999). (b) 
The number of degenerating BIN1+ cells (r= −0.662, p=0.061) and (c) the ratio of 

degenerating BIN1+ cells to total BIN1+ cells (r= −0.662, p=0.061) in internal capsule were 

not associated with fractional anisotropy (FA). In caudate, the ratios of (d) normal-to-total 

CNPase cells (r= −0.433, p=0.250), (e) doublet-to-total CNPase cells (r=0.469, p=0.204), (f) 
apoptotic-to-total CNPase+ cells (r=0.075, p=0.853), and (g) apoptotic-to-total BIN1+ cells 

(r=0.034, p=0.946) did not correlate with MD. Symbols indicate piglets that received QA 
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(open circle: 240 nmol, solid circle: 720 nmol, and solid triangle: 960 nmol), HI (solid 

squares), or sham procedure (open square).
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Table 1.

Primary antibodies

Antibody Company Species Clone Concentration Identify

AQP4 LS Bio (Seattle, WA) Rabbit LS-C413484 1:25 Astrocytes involved in regulating brain 
water

BIN1 Proteintech (Rosemont, IL) Rabbit Polyclonal 1:200 Mature, myelinating oligodendrocytes

CNPase Millipore Sigma (Burlington, MA) Mouse 11–5B 1:50 Oligodendrocytes and myelinating 
processes

GFAP Agilent Dako, (Santa Clara, CA) Rabbit Polyclonal 1:200 Parenchymal and perivascular astrocytes

GLT-1 Developed and validated by author 
LJM

Rabbit Polyclonal 1:100 Astrocytes involved in excitatory 
neurotransmission and glutamate reuptake

2′,3′-cyclic nucleotide 3′-phosphodiesterase, CNPase. Aquaporin 4, AQP4. Bridging integrator-1, BIN1. Glial fibrillary acidic protein, GFAP. 
Glutamate transporter 1, GLT-1.
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