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Abstract

According to recent research, brain injury after premature birth often includes impaired growth of 

the cerebellum. However, causes of cerebellar injury in this population are poorly understood. In 

this study, we analyzed whether postnatal hyperoxia perturbs white matter development of the 

cerebellum, and whether cerebellar glial damage can be prevented by minocycline.

We used a hyperoxia model in neonatal rats providing 24h exposure to 4-fold increased oxygen 

concentration (80% O2) from P6 to P7, followed by recovery in room air until P9, P11, P15, P30. 

Injections with minocycline were performed at the beginning and 12h into hyperoxia exposure.

Hyperoxia induced oxidative stress in the cerebellum at P7 as evidenced by increased nitrotyrosine 

concentrations. Numbers of proliferating, NG2+Ki67+ oligodendroglial precursor cells were 

decreased at P7 after hyperoxia and at P11 following recovery in room air. Numbers of mature, 

CC1+ oligodendrocytes were diminished in recovering hyperoxia rats, and MBP expression was 

still decreased at P30. Electron microscopy analysis of myelinated fibers at P30 revealed thinner 

myelin sheath after hyperoxia. Long-term injury of the cerebellum by neonatal hyperoxia was 

confirmed by reduced volumes in MRI measurements at P30. In response to 80% O2, expression 

of PDGF-A was largely reduced in cerebellar tissue and also in cultured cerebellar astrocytes. 

Treatment with minocycline during hyperoxia prevented oxidative stress, attenuated 

oligodendroglial injury, and improved astroglial PDGF-A levels.

In conclusion, early hyperoxia causes white matter damage in the cerebellum with astroglial 

dysfunction being involved, and both can be prevented by treatment with minocycline.
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INTRODUCTION

Preterm infants often suffer from impaired postnatal brain development leading to 

neurological deficits. Symptoms include poor memory and cognition, but also impaired 

motor coordination and balance (Riva and Giorgi, 2000; Larroque et al., 2008; de Kieviet et 

al., 2009; Stoodley and Schmahmann, 2009). In general, diffuse white matter damage 

(WMD) in association with hypomyelination is recognized as a major underlying pathology 

(Kinney, 2005; Miller et al., 2005; Folkerth, 2006; Constable et al., 2008; Back and Miller, 

2014). While cystic lesions of the white matter predominantly result from ischemia (Back 

and Miller, 2014) diffuse WMD and hypomyelination in preterm infants have been 

associated with perinatal infection / inflammation (Dammann and Leviton, 2004; Kinney, 

2005), hypocapnia (Leviton et al., 2010), and hyperoxia (Deulofeut et al., 2007; Gerstner et 

al., 2007). In addition, pathologies of the cerebellum have been recognized more recently in 

preterm infants, although causes are unclear (Volpe, 2009). A reduction of the cerebellar 

volume is frequently found in preterm infants (Limperopoulos et al., 2005) and may 

correlate with impaired neurological development at term gestation (Spittle et al., 2010), 

lower IQ scores at school age (Northam et al., 2011) and behavioral concerns at adolescence 

(Parker et al., 2008). Notably, WMD in the cerebellum may also impair cerebral 

development (Limperopoulos et al., 2010). While arterial oxygen tension in utero is 

maintained at low levels between 24–28 mmHg, premature birth into room air causes a 

several-fold increase in arterial oxygen tension in preterm infants to 65 mmHg and higher, 

even without supplemental oxygen (Castillo et al., 2008). The exposure to this hyperoxic ex 

utero environment affects the cerebellum during a phase of very dynamic growth and 

cellular development (Volpe, 2009). Immature oligodendroglial lineage cells in particular 

show a high vulnerability to oxidative stress (Back et al., 1998; Baud et al., 2004; Schmitz et 

al., 2011), leading to increased apoptotic cell death (Gerstner et al., 2006), decreased 

proliferation (Schmitz et al., 2011), and perturbed maturation of oligodendroglial precursor 

cells (OPCs) (Ritter et al., 2013).

Oligodendroglia cell development is regulated by complex glia-glia interactions. Microglia 

and astrocytes express supporting factors that are essential for the survival, proliferation and 

maturation of OPCs (Wilson et al., 2003; Clemente et al., 2013; Hill et al., 2013). The 

expression of cytokines by microglia also influences oligodendroglial development (Benn et 

al., 2001; Pang et al., 2005; di Penta et al., 2013), and imbalance caused by microglial 

activation may be detrimental for myelination and white matter integrity.

In this study, we aimed to investigate how postnatal exposure to high oxygen levels affects 

oligodendroglial development of the cerebellum and if pathologies in microglia and astroglia 

are involved. Moreover, we tested whether treatment with the pleiotropic drug minocycline 

exerts benefits on the immature cerebellar white matter. The results deliver new insights into 

cellular mechanisms that are critical for injury or protection of the immature cerebellum.
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MATERIALS AND METHODS

Animals and hyperoxia exposure

All animal experiments were performed in accordance with international guidelines for good 

laboratory practice and were approved by the animal welfare committees of Berlin, 

Germany. Six days old (P6) Wistar rats were subjected to 24h hyperoxia (80% O2) until P7. 

Litters were divided into the three experimental groups of hyperoxia, hyperoxia with 

minocycline administration, and control pups. Newborn rats exposed to hyperoxia were 

placed along with their mothers, in a chamber containing 80% O2 (OxyCycler, BioSpherix, 

Lacona, NY, USA). It has previously been reported in this rodent model, exposure to 80% 

oxygen causes a three- to fourfold increase of oxygen tension to values of 155 to 182 mmHg 

(Felderhoff-Mueser et al., 2004; Schmitz et al., 2011). Body weight of P7 pups was similar 

in both groups, health state and breeding behavior of mothers was not affected by hyperoxia. 

Minocycline was injected intra-peritoneally (i.p.) at the beginning and 12h into exposure to 

hyperoxia. The control pups of each litter were kept in room-air with a second lactating 

mother. During recovery in room air, all pups exposed to hyperoxia were reunited with their 

biological mother until further testing. The pups exposed to hyperoxia appeared normal and 

did not suffer weight loss or other morbidities, irrespective of minocycline treatment.

MRI volume measurement

For determination of cerebellar volumes by T2w MRI we used a 7 Tesla rodent scanner 

(Pharmascan 70/16, Bruker BioSpin, Ettlingen, Germany) with a 16 cm horizontal bore 

magnet and a 9 cm (inner diameter) shielded gradient. Imaging was performed with a 72-

mm-volume resonator for transmission and a 1H-Phased-Array mouse head surface coil 

(both Rapid Biomed, Rimpar, Germany) for reception. During the examinations, rats were 

placed on a heated circulating water blanket to ensure constant body temperature of 37 °C. 

Anaesthesia was induced with 3% and maintained with 1.5–2.0% isoflurane (Forene, Abbot, 

Wiesbaden, Germany) delivered in 0.5 L / min of 100% O2 via a facemask under constant 

ventilation monitoring (Small Animal Monitoring & Gating System, SA Instruments, Stony 

Brook, New York, USA). T2-weighted imaging was acquired with a 2D turbo spin-echo 

sequence with fat suppression (imaging parameter: TR / TE = 4200 / 36 ms, RARE factor 8, 

4 averages, scan time 6min 43s). 25 sagittal slices with a slice thickness of 0.5 mm, a field 

of view of 2.85 × 2.85 cm and a matrix size of 256 × 256 were positioned over the whole 

brain. Calculation of each cerebellum volume was carried out with the program Analyze 5.0 

(AnalyzeDirect, Inc.; Lenexa USA). The corresponding structures in T2-weighted images 

were assigned with a region of interest tool. This results in a 3D object map of the whole 

cerebellum which was automatically calculated.

Immunofluorescence

Rats at P7, P9, P11, P15 and P30 were anesthetized following animal welfare committee 

guidelines, transcardially perfused with PBS followed by 4% paraformaldehyde (PFA). 

Cerebellums were dissected, fixed with 4% PFA overnight at 4°C, paraffin embedded and 

processed for histological staining. Sections were cut at 5–10 μm and stored at room 

temperature. For immunohistochemistry, sections were proceeded as previously described 

(Endesfelder et al., 2013). Polyclonal mouse antibody to NG2 chondroitin sulfate 
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proteoglycan (Chemicon, Temecula CA) was diluted 1:500. Monoclonal mouse antibody to 

myelin basic protein (MBP) (Covance, VA) was diluted 1:500. The monoclonal rabbit Ki67 

antibody (Leica Biosystems, Newcastle, UK) was diluted 1:200. Monoclonal mouse CC1 

antibody was diluted 1:500 (Abcam, Cambridge MA; Calbiochem, Darmstadt, Germany). 

Rabbit Iba1 antibody (Wako Chemicals, Richmond VA) was diluted 1:750. All secondary 

antibodies used were from Jackson Immunoresearch Laboratories, West Grove PA, in 

carrier solution: FITC-conjugated goat anti-mouse IgG (1:200), FITC-conjugated goat anti-

rabbit IgG (1:200), CY3/Rhodamine conjugated goat anti-mouse IgG (1:200) and CY3/

Rhodamine conjugated goat anti-rabbit IgG (1:200). Stained sections were mounted in 

Vectashield mounting medium containing DAPI.

Cell cultures

Primary mixed glial cultures were prepared from E19 pregnant Sprague-Dawley rats by 

mechanical dissociation according to the method of McCarthy and de Vellis (McCarthy and 

de Vellis, 1980) as previously described (Gallo and Armstrong, 1995; Schmitz et al., 2011). 

To obtain microglia cell suspensions, mixed cultures (10–12 days old) were shaken for 2 h, 

and supernatants with detached microglia were used for microglia culture experiments. To 

obtain oligodendrocyte progenitor cells (OPC) suspensions, media of the mixed cultures was 

replaced before overnight shaking of the flasks. To minimize contamination by microglial 

cells, the detached cell suspension was incubated in succession for 45 min. each in 60 mm 

dishes. OPCs enriched by this method contained > 95% GD31 cells labeled by the LB1 

monoclonal antibody (Curtis et al., 1988) with < 0.5% glial fibrillary acid protein (GFAP)+ 

astrocytes and < 0.5% Ox42+ microglia. Attached astrocytes were passaged after overnight 

shaking and transferred into T75 culture flasks (BDFalcon, San José CA) at a density of 2 × 

106 cells per flask with 10 ml DMEM media (Gibco Invitrogen, Carlsbad CA) containing 

10% FCS which was changed after overnight incubation in order to remove non-attached 

OPCs. Once cells became confluent, flasks were shaken overnight and media containing 

non-attached OPCs and microglia was removed.

For quantitative real-time PCR analysis, astrocytes were plated after trypsinization on poly-

lysine-coated 12 well plates in a density of 1.8 × 105 cells per well in 1 ml DMEM with 10% 

FCS. After 24h the medium was changed to DMEM containing 1% FCS. The 12 well plates 

were then used for experiments at 80 % and at 21 % oxygen. Cells for minocycline 

experiments were pre-incubated with 10μM minocycline for 1h. After 24h incubation cells 

were lysed for RNA isolation.

TUNEL Assays

Rhodamine-dUTP TUNEL assays were performed according to the manufacturer’s 

directions (In Situ Cell Death detection kit, Rhodamine, Roche Applied Science, 

Indianapolis IN). TUNEL immunostaining was performed on tissue dissected following 

hyperoxia (with and without minocycline treatment) or from animals kept in room air 

(control). Tissue was then processed for NG2 immunolabeling as previously described 

(Schmitz et al., 2014) above (Immunofluorescence). Sections were then permeabilized using 

0.2% Triton X-100 in 1xPBS for 1 hour, rinsed with 1xPBS and incubated with TUNEL 
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solution for 1 hour at 37°C. After 3 washes in 1xPBS, tissue was mounted with Vectashield 

containing DAPI.

Western blotting

Micro-dissected tissue of one hemisphere of the cerebellum was homogenized in 4°C RIPA 

buffer solution for protein extraction. Aliquots were then assayed for protein concentration 

using the Pierce BCA kit (Pierce, Rockford IL). Total proteins were equally loaded (10–40 

μg per lane) on 4–20% mini precast Tris-glycine gels. The gels were transferred onto PVDF 

membranes at 4°C overnight and blocked in 3% BSA in TBST. Primary antibodies were 

diluted 1:500 to 1:2,000 in 3% BSA/TBST. Horseradish peroxidase (HRP)-conjugated 

secondary antibodies (anti-rabbit and anti-mouse, BD Biosciences Pharmingen, San Diego 

CA) were diluted 1:2,000 in 3% BSA/TBST. Chemiluminescent detection was performed 

using ECL Plus (Amersham) or Supersignal West Pico (Pierce) kits according to 

manufacturers’ directions. The antibodies used were monoclonal mouse anti MBP 1:1000 

(Covance VA), monoclonal mouse anti β-Actin 1:1250 (Millipore/Chemicon, Temecula 

CA), polyclonal rabbit anti Nitrotyrosine 1:1000 (Millipore/Upstate, Temecula CA).

RNA extraction and quantitative real-time PCR (qPCR)

Total RNA was isolated by acidic phenol/chloroform extraction (peqGOLDRNApure, 

PEQLAB Biotechnologie, Erlangen, Germany), and 2 μg of RNA were reverse transcribed. 

The cDNA was analyzed with primers for Olig2, CNP, IGF1, PDGF-A, GFAP, TNF-α, 

IL-18, and HPRT by qPCR, using dye-labeled fluorogenic reporter oligonucleotide probes 

with sequences as listed in Table 1. PCR and detection were performed in triplicate and 

repeated two times for each sample in 11 μl reaction mix containing 5 μl of 2x KAPA 

PROBE FAST qPCR Mastermix (PEQLAB Biotechnologie), 2.5 μl of 1.25 μM 

oligonucleotide primermix, 0.5 μl (0.5 μM) of probe (BioTeZ, Berlin, Germany) and 23 to 

230 ng of cDNA template. HPRT was used as an internal reference. The expressions of 

target genes were analyzed with the StepOnePlus™ qPCR System (Applied Biosystems, 

Life Technologies, Carlsbad, CA) according to the 2−ΔΔCT method (Livak and Schmittgen, 

2001).

Microscopy measurements

Zeiss LSM 510—A Zeiss LSM 510 confocal laser scanning microscopic (CLSM) system 

was used for the analysis of fluorescence following immunohistochemical staining in rats. 

Optical sections were acquired with field depth of 10 μm, using a 20× objective and the 

LSM 510 software. Three different laser lines were used to image localization of FITC (488 

nm excitation; 522/35 emission filter), CY3 (560 nm excitation; 605/32 emission filter), and 

DAPI (400 nm excitation). Data acquisition and processing were controlled by LSM 

software. Analysis of immunofluorescence was performed on confocal z-stacks. Cells were 

counted in 225 X 225 X 10 μm (20X – X, Y, Z planes) images for cells/volume 

quantifications. An average of 3 images was taken from 3 different areas (from proximal to 

distal in one lobule) for 2–3 sections of each animal analyzed. Confocal Assistant 4.02 and 

Image J (National Institutes of Health, Bethesda, MD, USA) software were used to merge 

images for analysis. Merged images were processed in Photoshop CSM with minimal 
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manipulation of contrast. Cells were counted in a blinded fashion and double or triple 

labeled by analyzing the merged image for each confocal z-stack and identifying positive 

immunofluorescence for each individual channel. For morphometric analysis, confocal z-

stacks were converted into 2-dimensional images using maximum intensity projection 

algorithm, and after segmentation according to fluorescence intensity, cell areas and 

perimeters were measured with Image J software.

Leica DM 2000—Immunohistochemical stained cerebellar sections for MBP, CC1 and 

GFAP were analyzed using a Leica DM 2000 microscope with a 10× and 20× Objective, 

and the Leica Application Suite-LAS software (Leica Microsystems, Wetzlar, Germany). 

We analyzed the pixel intensity of 3 pictures of each animal using ImageJ (National 

Institutes of Health, Bethesda, MD, USA).

Electron microscopy—Rats were anesthesized and received transcardial perfusion with a 

0.1 M phosphate buffer saline followed by fixative containing 4 % formaldehyde, 2.5 % 

glutaraldehydeand 0.5% NaCl in phosphate buffer pH 7.4 according to Karlsson and Schultz 

(Karlsson and Schultz, 1965). To reduce myelin damage, each perfusion was done with an 

automated perfusion pump with a constant flow of 5 ml/h. Brains were then kept in the 

fixation buffer for 48 hours in a refrigerator at 4 – 8 °C. Sagittal 200 μm vibratome sections 

of the cerebellum were postfixed with 2 % OsO4 in 0.1 M phosphate buffer pH 7.3 and 

embedded in EPON after dehydration with ethanol and propylenoxide (Möbius et al., 2010). 

These were used to first collect thin sections of 0.5 μm and in a second step cut ultra-thin 

slices of 50 nm which were placed on grids and stained with uranyl acetate and lead citrate. 

The grids were then imaged using a transmission ZEISS electron microscope (“Leo 906”, 

Jena, Germany). Randomly selected axons (80 – 100 per section of the cerebellum) were 

counted and classified. For one animal, 500 to 600 cerebellar axons were measured, with 

axons of < 0.2 μm excluded from the analysis. Parameters for analysis included whole fiber 

diameter (axon with myelin), inner axonal diameter, myelin sheath thickness, and G ratio as 

a result of inner axon diameter over outer diameter.

Statistics

Results are in general expressed as mean +/− SEM, only for MRI median and quartiles are 

presented. For statistical analysis a one-way analysis of variance (ANOVA) was performed 

overall, followed by post-hoc t-test for paired groups. All graphics and statistical analyses 

were performed using the Graph Pad Prism 5.0 software.

RESULTS

Postnatal hyperoxia diminishes cerebellar growth until young adult ages

Since preterm infants show impaired development of the cerebellum with reduced volumes 

during later childhood (Limperopoulos et al., 2005), we measured cerebellar volumes by 

MRI in rats at ages P30 and P60 after postnatal exposure to hyperoxia (24 h from P6 to P7) 

in comparison to control litters always kept in room air (Fig. 1A,B) (n=6 each group). In 

control rats, cerebellar median volume was 230.3 mm³ (range: 216.1 – 235.1 mm3) at age 

P30, which increased to 297.2 mm3 (range: 266.5 – 327.4 mm3) at age P60, reflecting the 
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dynamic increase of cerebellar size during physiological postnatal development (Fig. 1C). 

The results for cerebellar volumes obtained in our P30 control rats were similar to those data 

reported by Sawada in 4 week old healthy rats (Sawada et al., 2013). In rats previously 

exposed to hyperoxia, cerebellar volume was significantly reduced to 208.4 mm3 (range 

201.7 to 220.2 mm3) at age P30 (P<0.01) (Fig. 1C). Although hyperoxia-experienced rats 

showed cerebellar growth at P60 with a median volume of 262.3 mm3 (range 228.8 – 275.9 

mm3), a significant volume reduction remained in comparison to age-matched controls 

(P<0.05) (Fig. 1C). Altogether, hyperoxia in newborn rats induced a cerebellar volume 

deficit that mimics findings in preterm infants (Limperopoulos et al., 2005).

To analyze protection against hyperoxia-induced cerebellar injury, we administered 

minocycline to P6 rat pups at the beginning and 12 h into hyperoxia exposure. As a result, 

hyperoxic rats treated with minocycline had significant improvement of cerebellar volume in 

comparison to hyperoxia litters, both at P30 (median 220.4, range 206.0 mm3 – 231.2 mm3) 

(P<0.05) and at P60 (median 287.4, range 266.8 mm3 – 308.8 mm3) (P<0.01) (Fig. 1C). In 

fact, cerebellar volumes in minocycline treated rats with hyperoxia exposure were not 

different to normal controls (Fig 1C). These results indicate that minocycline can protect the 

immature cerebellum against maldevelopment caused by hyperoxia.

Hyperoxia causes oxidative stress in cerebellar tissue and induces apoptosis in 
oligodendroglia precursor cells (OPCs), which can be attenuated by minocycline

Damage of the immature white matter often implies diminished survival of oligodendroglial 

lineage cells as has been demonstrated in injury models of hypoxia–ischemia and 

hypoglycemia in newborn rats (Back et al., 1998; Yan and Rivkees, 2006). High oxygen 

levels, in particular, can result in apoptotic cell death of neural cells and OPCs in the 

cerebrum of newborn rats and mice (Felderhoff-Mueser et al., 2004; Schmitz et al., 2011; 

Vottier et al., 2011). Whether and to which extent it may also cause oligodendroglial injury 

and WMD in the cerebellum has not been shown yet.

To investigate whether hyperoxia causes oxidative stress in the postnatal cerebellum, we 

used cerebellar hemisphere protein lysates for Western blot analysis with antibodies against 

nitrotyrosine. As a result, levels of nitrotyrosine were increased 2.6-fold in cerebellar lysates 

of rats exposed to 24 h hyperoxia from P6 to P7 (Fig. 2C,D). In contrast, minocycline 

blocked the increase of nitrotyrosine under hyperoxic conditions.

For analysis of apoptosis in OPCs, we performed immunohistochemistry with TUNEL and 

NG2 immunostaining in cells located in white matter tracts of the cerebellar lobules. An 

increased number of apoptotic, NG2+TUNEL+ OPCs were found in P7 rats after 24 h of 

hyperoxia, and also after two days and four days recovery in room air at P9 and at P11 (Fig. 

2A,B). Treatment of rats with minocycline prevented hyperoxia-induced apoptosis in OPCs 

at P7 and at P9. Later at P11, however, no significant protection against apoptosis was found 

in hyperoxia rats (Fig. 2A,B).
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Minocycline improves proliferation and maturation of OPCs in the cerebellum of hyperoxic 
rats

OPCs and immature oligodendroglia undergo an intensive period of proliferation until they 

become mature oligodendrocytes (Reynolds and Wilkin, 1988; Gallo et al., 1996; Emery, 

2010). To investigate the effects of hyperoxia on OPC proliferation and to test for benefits 

of minocycline treatment, we labeled OPCs with NG2 and Ki67 by immunohistochemistry. 

At P7 after 24 h of hyperoxia, numbers of proliferating (i.e., NG2+Ki67+) OPCs in the 

cerebellar white matter were significantly diminished in comparison to control rats (Fig. 

3A). Notably, this deficit in proliferating OPCs persisted after withdrawal of hyperoxia at 

ages P9 and P11 (Fig. 3B). Hyperoxic rats with minocycline did not show decreased 

proliferation of OPCs (Fig. 3A,B). In accordance with these findings, the total numbers of 

NG2+ OPCs were significantly diminished at ages P9 and P11 hyperoxia-experienced rats 

(Fig. 3C).

To assess maturation of oligodendroglial lineage cells, we determined the numbers of 

mature, CC1 expressing oligodendrocytes by immunohistochemistry at ages P7, P9 and P11. 

As a result, the numbers of CC1+ mature oligodendrocytes were similar in all three 

experimental groups at age P7. During further development, an expansion of the mature 

oligodendrocyte population was obvious in control rats at P9 and at P11. However, rats 

exposed to hyperoxia followed by recovery in room air until P9 and until P11 were lacking 

this maturational progress and showed a significant reduction of CC1+ cells compared to 

control rats (Fig. 4A,B). In contrast, reduction of mature oligodendrocytes after hyperoxia 

was not found in rats treated with minocycline (Fig. 4A,B).

We also analyzed gene expression of the oligodendroglial transcription factor Olig2 and of 

the maturational marker 2′,3′-cyclic-nucleotide 3′-phosphodiesterase (CNP) by qPCR. Both 

Olig2 expression and CNP expression were lower in P7 rats exposed to hyperoxia (Fig. 

4C,D). At P11, expression levels of Olig2 and CNP in hyperoxia experienced rats returned 

to control levels (Fig. 4C,D), although this normalization was apparently not sufficient to 

compensate the previous deficits as indicated by the aforementioned persistence of CC1+ 

reduction. P7 rats treated with minocycline during hyperoxia had significant higher gene 

expression levels of Olig2 and CNP compared to hyperoxic rat pups without treatment.

Minocycline improves myelination of the cerebellum after hyperoxia

A major function of mature oligodendrocytes is the myelination of axons by formation of 

myelin sheaths in order to increase conduction of nerve impulses (Baumann and Pham-Dinh, 

2001). To investigate the impact of hyperoxia and minocycline on myelination in the 

cerebellum, we quantified the expression of MBP and analyzed the ultrastructure of 

myelinated fibers.

MBP expression was measured by Western blot after exposure to hyperoxia, at ages P9, 

P11, P15, and P30 (Fig. 5A,B). At P7, the amount of MBP was too low even in control 

animals to be quantified reliably, but starting from P9, there was a significant hyperoxia-

induced deficiency of MBP at all ages until at least P30 (Fig. 5A,B). During recovery, there 

was a clear raise of MBP formation even in hyperoxia rats, but never reaching control levels. 

Scheuer et al. Page 8

Glia. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Based on these data, intermittent hyperoxia at neonatal ages caused a maturational delay of 

oligodendroglial cells that persists until young adult age and causes long-term myelin 

deficit. Notably, rats treated with minocycline during exposure to hyperoxia showed 

improved myelin synthesis at all ages investigated, even though MBP levels still tended to 

be lower than in controls at some of the time points (Fig. 5B).

In juvenile rats at P30, we also analyzed MBP formation in the cerebellum with 

immunohistochemistry. At the distal part of cerebellar lobules, fluorescence intensity was 

lower in hyperoxic rats compared to controls, confirming hyperoxia-induced MPB 

deficiency at this age. The protective effect of minocycline administration was supported by 

this analysis (Fig. 5C,D).

For ultrastructure analysis of myelinated axons in the cerebellum, we performed electron 

microscopy in rats at age P30. Images were taken from sagittal section of central white 

matter areas of the cerebellum to obtain radial presentation of the fibers and measure 

diameters of inner axons and of myelin sheaths (Fig. 6A). As a result, the mean fiber size 

was significantly reduced in P30 rats following postnatal hyperoxia (Fig. 6B). Minocycline 

treatment during exposure to hyperoxia improved the mean fiber size compared to the 

hyperoxia group (Fig. 6B). There was a trend for reduction in mean axon size measured as 

inner fiber diameter without the myelin sheath (p=0.06) (Fig. 6C). This trend did not exist in 

rats treated with minocycline (Fig. 6C). More clearly, a pronounced thinning of the myelin 

sheath was obtained in rats after hyperoxia, which was also expressed by increased G ratios 

in these animals (Fig. 6D,E). Minocycline blocked the changes found in the myelin sheath 

and in the G ratio (Fig. 6D,E).

Changes in cerebellar glia-glia interactions after hyperoxia

The synthesis of growth factors and cytokines by microglia and astroglia has strong 

influences on the development of oligodendroglia and on myelination (Benn et al., 2001; 

Wilson et al., 2003; Back and Rosenberg, 2014). Insulin-like growth factor-1 (IGF1) 

secreted by microglia is important for proliferation and maturation of OPCs (Wilson et al., 

2003; Clemente et al., 2013). Moreover, IGF1 has been shown to be protective in 

oligodendroglia exposed to inflammatory stimuli (Pang et al., 2007). Increased release of 

pro-inflammatory cytokines, such as TNFα, by activated microglia leads to oligodendroglial 

maldevelopment (Benn et al., 2001; Pang et al., 2005; di Penta et al., 2013), and microglial 

inhibition by minocycline seems to be beneficial (Fan et al., 2005; Defaux et al., 2011). 

Injections of IL-1β in newborn rats caused severe and persistent hypomyelination until 

adulthood (Favrais et al., 2011).

To test for activation and morphological changes of microglia in our experiments, we 

performed immunohistochemistry for Iba1 in the cerebellum at P7 and P11. As a result, 

hyperoxia had no detectable effect on the shape of Iba1+ microglia, and Iba1+ staining 

intensity was similar in hyperoxic rats and in controls at both ages (suppl. Fig. A). In all 

three experimental groups at P7, Iba1+ microglia show similar ameboid shape and an 

intermediate to ramified configuration at P11 (suppl. Fig. A,B). Moreover, gene expression 

analysis of the cytokines TNF-α and IL-1β showed similar levels in the rat cerebellums in all 

experimental groups at P7 (suppl. Fig. D,E). At P11, an increase of TNF-α was found in the 
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cerebellum of rats following hyperoxia, which was abolished by minocycline (suppl. Fig. E). 

IL-1β gene expression was not altered at P11 (suppl. Fig. D). Expression levels of IL-18 and 

of MHC-II did not change after hyperoxia (data not shown). Levels of IGF1 gene expression 

were similar in hyperoxia rats and in controls at P7 and at P11 (suppl. Fig. C). In 

minocycline-treated rats there was a decrease of IGF1 expression at P11. Altogether, we did 

not find signs of broad microglial activation immediately after exposure to hyperoxia at P7 

and only partial changes after recovery at P11, hence contrasting results previously obtained 

in the corpus callosum which indicated acute microglial activation caused by hyperoxia 

(Schmitz 2014).

A lack of platelet-derived growth factor-A (PDGF-A) expression in knockout mice leads to 

severe oligodendroglial impairment and hypomyelination in the cerebellum (Fruttiger et al., 

1999). PDGF-A directly regulates proliferation and survival of OPCs (Fruttiger et al., 1999; 

Clemente et al., 2013; Hill et al., 2013; Funa and Sasahara, 2014), and astrocytes have been 

shown to secret PDGF-A to stimulate OPC proliferation (Besnard et al., 1987; Raff et al., 

1988; Richardson et al., 1988; Gard et al., 1995; Clemente et al., 2013). In order to 

investigate a role of altered growth factor expression for oligodendroglial injury caused by 

hyperoxia, we measured PDGF-A gene expression levels in cerebellum samples at P7 and 

P11. We found that expression of PDGF-A was markedly downregulated by hyperoxia to 

66% of control levels at P7, and even more pronounced to 34% of control levels after four 

days of room air recovery at P11 (Fig. 7A). The reduction of astroglial PDGF-A was 

confirmed in culture experiments using primary cerebellar rat astroglia in vitro (Fig. 7B). In 

these cultures, 4-fold increase of oxygen by exposure to 80% O2 for 24 h caused a decrease 

of PDGF-A expression to 56% as compared to that obtained under culture conditions with 

21 % O2. Minocycline improved PDGF-A expression in rats at P7 and at P11, and also in 

the cultured astroglia exposed to high oxygen in vitro (Fig. 7A,B). Since astroglial activation 

may imply changes in GFAP formation, we performed RNA expression analyses of 

cerebellar samples and GFAP immunostainings in the white matter of the cerebellum at P7 

and at P11. However, there was no significant change of GFAP expression levels (Fig. 7C). 

Moreover, the morphology and the mean pixel intensity of GFAP+ astroglia in the white 

matter were not affected by hyperoxia (Fig. 7D,E).

These data in newborn rats indicate that high oxygen does not lead to a drastic astroglial 

activation or astrogliosis in the immature cerebellum but to a significant reduction of 

astroglial PDGF-A that may contribute to oligodendroglial maldevelopment.

DISCUSSION

In this study, we investigated the influence of postnatal hyperoxia on cerebellar white matter 

development. In addition to overall reduced cerebellar volumes at young adult ages, we 

found that OPCs underwent increased apoptosis, reduced proliferation, and maturational 

delay after hyperoxia. Moreover, astroglia had diminished production of PDGF-A indicating 

perturbed glia-glia interactions by hyperoxia. Altogether, the pathological features of the 

cerebellum obtained after neonatal hyperoxia seem to mimic important features of cerebellar 

WMD that have been described in former preterm infants (Limperopoulos et al., 2005, 

2010).
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From 24 weeks to 40 weeks of gestation, the cerebellum undergoes dramatic developmental 

changes and increases its volume 5-fold. In preterm infants, the cerebellum is exposed to 

various environmental stimuli at early stages of this vulnerable phase. In fact, preterm birth 

increases the risk for cerebellar maldevelopment, but the underlying mechanism is unclear 

(Limperopoulos et al., 2005, 2010; Volpe, 2009; Haldipur et al., 2011). In the past, the 

cerebellum was viewed as a processor that uses a variety of inputs to guide movements 

(Wang et al., 2014). In contrast, recent studies have indicated that the cerebellum is involved 

in a broad variety of complex processes, including cognition and learning behavior (Steinlin, 

2008; Stoodley et al., 2012), and that it plays a role in psychiatric disorders such as 

attention-deficit/hyperactivity disorder (ADHD) and autism (Fatemi et al., 2009; Ivanov et 

al., 2014; Wang et al., 2014).

In our rat model, oligodendroglial injury induced by hyperoxia was characterized by reduced 

numbers of OPCs as a result of decreased proliferation and enhanced apoptosis that persisted 

after withdrawal of the hyperoxic stimulus. In previous studies in the rodent subcortical 

white matter, it had been shown that during recovery, a compensation of oligodendroglial 

proliferation occurs to levels even beyond those of controls (Schmitz et al., 2011, 2014). In 

rodent brain injury models using different postnatal stimuli, repair of the oligodendroglial 

population could be characterized as the result of local recovery in the white matter and of 

recruitment of OPCs from the subventricular zone (Fagel et al., 2006; Maki et al., 2013). 

Based on our data in this study, the capacity of spontaneous repair is less pronounced in the 

white matter of the cerebellum as compared to the cerebrum. In concordance with the results 

obtained in previous studies of the cerebrum (Gerstner et al., 2006; Schmitz et al., 2011), 

mature (CC1+) oligodendrocytes in the cerebellum were not degenerated during or 

immediately after the exposure to hyperoxia, but expansion of the mature CC1+ 

oligodendrocyte population during ongoing development was largely reduced.

The impairment of oligodendroglial development and maturation resulted in a long-term 

reduction of MBP expression. Ultrastructure analysis by electron microscopy indicated a 

decreased thickness of the myelin sheath wrapped around the axon. In contrast to 

ultrastructural changes found in the cerebral white matter in mice after hyperoxia (Ritter et 

al., 2013), axon diameters were not strongly affected in this study. Axonopathy has been 

reported in an inflammatory injury model applying injections of IL-1β over five days 

postnatally (Favrais et al., 2011), and the role of axonopathy in white matter injury of 

preterm infants has been discussed (Leviton et al., 2010). To our knowledge, axonal injury 

has not been reported in neonatal injury models of the cerebellum. Our data indicate that a 

short exposure to a rather mild stimulus as represented in our hyperoxia model may cause 

only minor axonopathy in the cerebellum.

Glial cell signaling is indispensable for proper oligodendroglial development (Clemente et 

al., 2013). Survival, proliferation and maturation of OPCs is influenced by a number of 

growth factors and cytokines (Benn et al., 2001; Wilson et al., 2003; Back and Rosenberg, 

2014). Astrocytes express PDGF-A to promote OPC proliferation (Clemente et al., 2013; 

Hill et al., 2013; Funa and Sasahara, 2014). In our experiments, we found markedly reduced 

PDGF-A expression in the cerebellum after hyperoxia in vivo. The fact that the reduction of 

PDGF-A expression by high oxygen levels was confirmed in purified astrocyte cultures in 
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vitro points to a possible impairment of astroglia-oligodendroglia-crosstalk in cerebellar 

injury after hyperoxia. Notably, astroglial morphology and GFAP expression were not 

affected by hyperoxia. The protection of cerebellar white matter development by 

minocycline was associated with improved PDGF-A expression in vivo and in astrocyte 

cultures in vitro, underlining a role for astroglial PDGF-A both in injury and protection in 

the cerebellum.

Production of cytokines and growth factors by microglia are needed for healthy 

oligodendroglial development (Wilson et al., 2003; Pang et al., 2007; Clemente et al., 2013). 

In the human embryo, colonization of the forebrain with microglia occurs at around 5 

gestational weeks, while in rats this event takes place at embryonic day 11 (Ashwell, 1991). 

Ramification as a process of microglial maturation occurs in the human mesencephalon 

between 11 and 22 gestational weeks, whereas in the cerebellum, the immature ameboid 

shape maintains to the predominant microglial phenotype much longer (Wierzba-Bobrowicz 

et al., 1998). In accordance with the physiologically delayed maturation of microglia in the 

cerebellum, most of the Iba1+ cells in the cerebellar white matter in postnatal rats aged P7 to 

P11 were of ameboid morphology in our study, both in room air control pups and in 

hyperoxia-experienced litters. Microglial activation with enhanced release of cytokines and 

inflammatory mediators is described to impair oligodendroglial survival and maturation in 

models of inflammatory neonatal brain injury and of multiple sclerosis (Bannerman et al., 

2007; Pinato et al., 2013) Activation of microglia often involves changes of morphology 

from ramified to ameboid, increased expression of adhesion molecules and immunological 

receptors, activation of receptor pathways, release of inflammatory cytokines and of radicals 

(Kettenmann et al., 2011). In the immature brain, microglial activation and inflammation 

may cause acute white matter injury (Back and Rosenberg, 2014) and persistent 

hypomyelination (Favrais et al., 2011). In our studies, we did not detect overt signs of broad 

microglial activation as determined by morphology, by expression of cytokines IL-1β, 

IL-18, TNFα, and by expression of IGF1 and MHC-II. However, we cannot exclude that 

other compounds, i.e. peroxides and radicals, could be released by microglia that might 

contribute to oxidative stress and oligodendroglial maldevelopment after hyperoxia. 

Similarly, more subtle responses with immune receptor pathway activation or transmitter 

releases have not been examined in our study. However, based on our data, a pronounced 

pro-inflammatory activation of microglia seems unlikely to occur in hyperoxia-induced 

cerebellar white matter injury.

Besides its antibacterial activity, minocycline has been demonstrated to exert 

neuroprotective properties in various models of brain injury, including hypoxia–ischemia 

(Arvin et al., 2002; Cai et al., 2006; Tang et al., 2010), perinatal inflammation/infection (Fan 

et al., 2005; Cai et al., 2010) and hyperoxia (Schmitz et al., 2014). The mechanisms by 

which minocycline exerts its benefits have largely been ascribed to inhibition of microglia. 

In the immature brain, inhibition of microglia may in fact perturb neuronal development and 

survival (Ueno et al., 2013). Toxic effects have been reported to vary with species, i.e. in 

mice, minocycline enhances brain injury caused by hypoxia-ischemia (Tsuji et al., 2004) 

application of minocycline. A deleterious response to minocycline has also been described 

in mouse models of Parkinson’s disease and Huntington’s disease (Diguet et al., 2004). 
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Extensive safety analysis of minocycline administration in the immature brain should 

therefore be a primary subject of distinct translational studies. In our study, oxidative stress 

was associated with exposure to hyperoxia and with cerebellar injury. Moreover, protection 

by minocycline coincided with attenuation of oxidative stress and of apoptotic cell death, 

which is supporting previous results on anti-oxidant and anti-apoptotic effects of 

minocycline (Xue et al., 2010).

In summary, our study demonstrates that postnatal hyperoxia causes oligodendroglial injury 

and hypomyelination in the cerebellum similar to the sequelae observed after preterm birth. 

It is noteworthy that based on the parameters examined in our study, we did not detect overt 

microglial activation in the cerebellum, and there were no signs of spontaneous repair in the 

oligodendroglial population during recovery, both of which are in contrast to the results 

previously obtained for the cerebrum. Interestingly, beneficial effects of minocycline 

administration in the cerebellum include improvement of astroglial growth factor synthesis. 

In our view, it is important to further investigate the developing cerebellum to deepen the 

understanding of its distinct pathways of injury and specific ways of protection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CBL cerebellum

IL interleukin

MBP myelin basic protein

MRI magnet resonance imaging

NGS normal goat serum

Olig2 Oligodendrocyte transcription factor 2

OPC oligodendroglial precursor cell

PDGF Platelet-derived growth factor

PFA paraformaldehyde

ROI region of interest

TNF tumor necrosis factor
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TUNEL Terminal deoxynucleotidyl-transferased UTP nick end labeling

WM white matter

WMD white matter damage
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Main Points

Neonatal exposure to hyperoxia causes hypomyelination of the cerebellum. Reduced 

astroglial growth factor production but not microglial inflammation seems to contribute 

to oligodendroglial damage, and minocycline rescues oligodendroglia development in the 

cerebellum after hyperoxia.
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Figure 1. Reduced volume of the cerebellum after neonatal hyperoxia
(A) Timeline of exposure to hyperoxia (80 % O2) for 24h from P6 to P7. Depending on the 

parameters investigated, recovery in room air followed thereafter for 2, 4, 23, and 53 days 

until P9, P11, P30, P60, respectively. (B, C) For determination of total volume of the 

cerebellum after neonatal hyperoxia, rat pups were exposed to 24h hyperoxia from P6 to P7 

and returned into room air until young adult ages P30 and P60. MRI was then performed to 

obtain sagittal T2-weighted images. To capture the total expansion of the cerebellum, 25 

sagittal images of a 0.5 mm slice thickness were taken. Calculation of cerebellum volumes 

was carried out with the program Analyze 5.0 (AnalyzeDirect, Inc.; Lenexa USA). Volumes 

were calculated by multiplying the summed cerebellum areas by the slice thickness, and the 

summed volume of these regions was used as the total cerebellar volume. B) shows a 

representative sagittal T2 image of the cerebellum of a P30 control rat. C) From age P30 to 

P60, control rats show a pronounced growth of the cerebellum. Rats exposed to 24h 

hyperoxia from P6 to P7 had significantly reduced cerebellar volumes at P30 and at P60 in 

comparison to normoxia control litters. Even though a growth progress from P30 to P60 can 

be observed in hyperoxia rats, too, volume deficit persists in comparison to controls. (C) 

Rats receiving minocycline during hyperoxia (Hyperoxia + mino) showed significantly 

higher cerebellar volumes at both at P30 and at P60 in comparison to hyperoxia rats without 

minocycline. (*P<0.05, ***P<0.001 vs. control; #P<0.05, ###P<0.001 vs. hyperoxia; 

ANOVA with consecutive t-test, n=8).
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Figure 2. Apoptotic cell death and oxidative stress in the cerebellar white matter of P7 rats 
induced by hyperoxia
To investigate apoptotic cell death after 24h exposure to hyperoxia from P6 to P7 and after 

recovery at room air, we performed (A) immunohistochemistry of 10 μm cerebellar sections 

using NG2 to label oligodendroglial precursor cells (OPCs) of the white matter for co-

stainings with TUNEL as a marker of apoptosis. (B) In the cerebellum of hyperoxic rats, 

TUNEL+ apoptosis in NG2+ OPCs was significantly increased immediately after hyperoxia 

at P7, and also after two days and four days recovery at P9 and P11, respectively. However, 

administration of minocycline during hyperoxia abolished pro-apoptotic effects of hyperoxia 

at P7 and P9. (C) To measure oxidative stress, Western blot for nitrotyrosine was performed 

with cerebellar protein samples at P7. (D) Hyperoxia induced nitrotyrosine production in the 

cerebellum by more than 2.5-fold, while minocycline blocked the increase of nitrotyrosine 

in hyperoxic rats. Scale bar = 50μm (***P<0.001, **P<0.01 and *P<0.05 versus controls; 

###P<0.001, ##P<0.01 and #P<0.05 versus hyperoxia; ANOVA with consecutive t-test, (A, 

B) n=4; (C, D) n=6).
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Figure 3. Proliferation of OPCs is reduced by hyperoxia and improved by minocycline
Immature oligodendroglia precursor cells undergo an intensive period of proliferation. To 

investigate this important step of oligodendroglia expansion we performed (A) 

immunohistochemistry of 10 μm cerebellar sections using antibodies against NG2 and the 

proliferation marker Ki67 to label proliferating OPCs at P7 immediately after 24h hyperoxia 

and after 2 and 4 days recovery in room air at P9 and at P11. (B) Numbers of NG2+Ki67+ 

OPCs in the cerebellar white matter were significantly reduced in rats after hyperoxia both 

at P7 and after recovery at P9 and P11. Administration of minocycline during hyperoxia 

abolished this reduction of OPC proliferation at all time points. (C) The total numbers of 

NG2+ cerebellar OPCs were not reduced after 24 h hyperoxia at P7. However, after 

recovery in room air at P9 and at P11, OPC numbers were significantly reduced in 

hyperoxia-experienced rats. Minocycline treatment during exposure to hyperoxia improved 

OPC numbers at both time points. Scale bar = 50μm. (**P<0.01 versus control, ##P<0.01 

and #P<0.05, versus hyperoxia; ANOVA with consecutive t-test, n=4)
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Figure 4. Perturbed maturation of oligodendroglial cells in the cerebellum after hyperoxia
(A) Immunohistochemistry of 10 μm cerebellar sections to label mature CC1+ 

oligodendrocytes at P7 immediately after exposure to hyperoxia followed by recovery in 

room air until P9 and P11. (B) Cell numbers of mature CC1+ oligodendrocytes in the 

cerebellar white matter were not reduced by hyperoxia at P7. At P9 and at P11, however, 

CC1+ cells were significantly reduced in rats after hyperoxia. Minocycline abolished the 

delay of oligodendroglial maturation. (C) Gene expression of the oligodendroglial 

transcription factor Olig2 was significantly decreased after hyperoxia at P7, whereas 

minocycline improved Olig2 expression. At P11, expression levels of Olig2 were increased 

in minocycline treated and untreated hyperoxia rats (n.s.). (D) Gene expression levels of 

oligodendroglial maturation marker CNP were significantly decreased after exposure to 

hyperoxia at P7 as measured by qPCR. Minocycline treatment abolished the reduction of 

CNP expression. At P11, CNP was increased both in minocycline treated and untreated 

hyperoxia rats (n.s.). Scale bar = 50μm (*P<0.05 and **P<0.01 versus control, ##P<0.01 

and #P<0.05 versus hyperoxia; ANOVA with consecutive t-test, (A, B) n=4, (scale bar 50 

μm); (C, D) n=6).
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Figure 5. In the cerebellum, expression of myelin basic protein (MBP) is diminished by postnatal 
hyperoxia until young adult ages
To screen for myelination defects caused by hyperoxia we performed (A) Western blot 

analysis of MBP for myelin expression in cerebellar samples at P9, P11, P15 and P30 with 

β-actin for internal control. (B) Ratio of MBP to ß-actin protein expression. MBP was 

significantly diminished in developing rats at all time points. Minocycline treatment 

abolished the MBP deficits. (C) Immunohistochemistry of MBP in cerebellar sections at 

P30. (D) MBP pixel intensity at P30 was reduced in animals previously exposed to 

hyperoxia from P6 to P7. Minocycline increased MBP pixel intensity. Scale bar = 50μm 
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(*P<0.05 and **P<0.01 versus control, #P<0.05 and ##P<0.01 versus hyperoxia; ANOVA 

with consecutive t-test, (A, B) n=6; (C, D) n=4).
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Figure 6. Electron microscopy of myelinated axons in the cerebellum
Electron microscopy was performed in sagittal sections of the cerebellum of P30 rats to 

analyze ultrastructure of myelinated axons (A). Mean size of fibers (B) (i.e., inner axon plus 

myelin sheath) and myelin sheath thickness (D) are significantly diminished after hyperoxia 

in comparison to control litters. (C) Mean size of axons tended to be lower after hyperoxia, 

indicating only borderline axonopathy. (E) In accordance with pronounced reduction of 

myelin sheath, G ratio is higher in radial images of axons obtained from hyperoxia rats. In 

animals that received minocycline during exposure to hyperoxia, fiber size and myelin 
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sheath thickness were significantly higher, and G ratio was significantly lower in 

comparison to hyperoxia-exposed rats without drug treatment (A-E). Images are taken at 

10,000-fold magnification. Scale bar indicates 1 μm. (n=3 per group, 500 axons per animal; 

**P<0.01 and ***P<0.001 vs. control; #P<0.05, ##P<0.01 vs. hyperoxia; ANOVA with 

consecutive t-test).
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Figure 7. Downregulation of astroglial PDGF-A by hyperoxia
Interactions of different glial cell populations is indispensable for proper oligodendroglia 

development. PDGF-A secreted by astrocytes is known to stimulate the proliferation of 

immature OPCs. To analyze PDGF-A expression levels we performed qPCR analyses (A) of 

cerebellar samples at P7 and at P11. Exposure to hyperoxia downregulated the expression of 

PDGF-A, both at P7 and at P11. Minocycline treatment prevented the reduction of PDGF-A. 

(*P<0.05 and ***P<0.001 versus control, #P<0.05 and ##P<0.01 versus hyperoxia; 

ANOVA with consecutive t-test, n=6). (B) Expression analyses of PDGF-A in cultured 

cerebellar astrocytes. Primary rat astrocytes isolated from cerebellar mixed glial cultures 

showed a drastic decrease of PDGF-A expression when kept at 80% oxygen for 24h. The 

lack of PDGF-A expression was abolished by minocycline. (***P<0.001 versus 21% O2, 

#P<0.05 versus 80% O2; ANOVA with consecutive t-test, n=9). (C) GFAP gene expression 

of cerebellar samples at P7 and P11 was not affected by hyperoxia. (D) GFAP 

immunohistochemistry of cerebellar sections for astrocytes at P7 and P11. The shape of 

GFAP+ astrocytes was almost similar in all groups at both time points. (E) The pixel 

intensity of GFAP stainings did not differ between the experimental groups. Scale bar = 

50μm

Scheuer et al. Page 28

Glia. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Scheuer et al. Page 29

Table 1

Sequences of Oligonucleotides

Gene Forward Primer Reverse Primer Probe

CNP NM_012809.2 AGCTGTAGCACTGCATCAGAAATG CAGTAATGGCCGACCTGATGT CAGACACATACTTTACGCCAC

GFAP NM_017009.2 TCTGGACCAGCTTACTACCAACAG TGGTTTCATCTTGGAGCTTCTG AGAGGGACAATCTCACACAG

HPRT NM_012583.2 GGAAAGAACGTCTTGATTGTTGAA CCAACACTTCGAGAGGTCCTTTT CTTTCCTTGGTCAAGCAGTACAGCCCC

IGF1 NM_001082477.2 CGGACCAGAGACCCTTTGC GCCTGTGGGCTTGTTGAAGT Detected with SYBR Green

IL-lβ NM_031512.2 CTCCACCTCAATGGACAGAACA CACAGGGATTTTGTCGTTGCT CTCCATGAGCTTTGTACAAG

IL-18 NM 019165.1 CGGAGCATAAATGACCAAGTTCTC TGGGATTCGTTGGCTGTTC TTGACAAAAGAAACCCGCCTG

01ig2 NM_001100557.1 TGCGCAAGCTCTCCAAGAT TCTCGCTCACCAGTCTCTTCATC CGAAACTACATCCTGATGCT

PDGF-A NM_012801.1 TACCCCGGGAGTTGATCGA CCCCTACGGAGTCTATCTCCAA CTCGAAGTCAGATCCACAGC

TNFα NM_012675.3 CCCCCAATCTGTGTCCTTCTAAC CGTCTCGTGTGTTTCTGAGCAT TAGAAAGGGAATTGTGGCTC
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