
Development/Plasticity/Repair

Treatment with Thyroxine Restores Myelination and Clinical
Recovery after Intraventricular Hemorrhage
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Intraventricular hemorrhage (IVH) remains a major cause of white matter injury in preterm infants with no viable therapeutic strategy
to restore myelination. Maturation of oligodendrocytes and myelination is influenced by thyroid hormone (TH) signaling, which is
mediated by TH receptor � (TR�) and TR�. In the brain, cellular levels of TH are regulated by deiodinases, with deiodinase-2 mediating
TH activation and deiodinase-3 TH inactivation. Therefore, we hypothesized that IVH would decrease TH signaling via changes in the
expression of deiodinases and/or TRs, and normalization of TH signaling would enhance maturation of oligodendrocytes and myelina-
tion in preterm infants with IVH. These hypotheses were tested using both autopsy materials from human preterm infants and a rabbit
model of IVH. We found that deiodinase-2 levels were reduced, whereas deiodinase-3 levels were increased in brain samples of both
humans and rabbits with IVH compared with controls without IVH. TR� expression was also increased in human infants with IVH.
Importantly, treatment with TH accelerated the proliferation and maturation of oligodendrocytes, increased transcription of Olig2 and
Sox10 genes, augmented myelination, and restored neurological function in pups with IVH. Consistent with these findings, the density of
myelinating oligodendrocytes was almost doubled in TH-treated human preterm infants compared with controls. Thus, in infants with
IVH the combined elevation in deiodinase-3 and reduction in deiodinase-2 decreases TH signaling that can be worsened by an increase in
unliganded TR�. Given that TH promotes neurological recovery in IVH, TH treatment might improve the neurodevelopmental outcome
of preterm infants with IVH.

Introduction
Intraventricular hemorrhage (IVH) is the most common neuro-
logical disorder of preterm infants and remains a major cause of
white matter injury in this population. No therapeutic strategy
exists to prevent hypomyelination and consequent neurological
disabilities induced by IVH among the survivors. Thyroid hor-
mone (TH) plays a distinct role in white matter development
(Bernal, 2007). It orchestrates the maturation of oligodendro-
cytes (OLs) and formation of myelinated axons. Herein, we asked
whether IVH would increase cellular degradation of TH in the
brain and whether TH supplementation could enhance myelina-
tion in preterm newborns with hemorrhage, and determined

the molecular basis of neurological recovery after TH treat-
ment of IVH.

Thyroxine (T4) is a prohormone that must be deiodinated to
triiodothyronine (T3), the active form of TH, to bind to nuclear TH
receptors (TRs; Bernal, 2007). Ligand binding alters TR conforma-
tion to recruit coactivator complexes, thereby regulating target gene
expression (Bernal, 2007). Conversely, unliganded TRs recruit core-
pressor complexes to inhibit target gene transcription. During the
development of OLs, TH signaling in OL progenitors promotes OL
specification and differentiation (Carré et al., 1998; Rodríguez-Peña,
1999). Indeed, hypothyroidism causes hypomyelination, while TH
treatment promotes myelination in animal models of adult demy-
elination (Fernandez et al., 2004b; Harsan et al., 2008). Intracellular
availability of T3 is critically modulated by two deiodinases: the acti-
vating type-2 deiodinase (D2), largely expressed in astrocytes, and
the inactivating type-3 deiodinase (D3), present in neurons (Courtin
et al., 2005; Gereben et al., 2008). D2 activates T4 to T3, while D3
inactivates both T3 and T4. About half of the T3 content in the brain
is locally generated by D2 (Bernal, 2007); thus, deiodinase-
dependent mechanisms play an important role in regulating gene
transcription and consequent metabolism, proliferation, and matu-
ration of OLs.

The onset of IVH triggers oxidative stress and inflammation in
the adjacent periventricular white matter, resulting in degenera-
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tion, reduced proliferation, and arrested maturation of cells in
the OL lineage (Dummula et al., 2011). Oxidative stress enhances
D3 activity and suppresses D2 activity in cultured astrocytes
(Lamirand et al., 2008). Similarly, hypoxia-ischemia in rats in-
duces D3 in hippocampal neurons (Jo et al., 2012), and transient
focal cerebral ischemia elevates D2 gene expression in astrocytes
of rat striatum and cerebral cortex (Margaill et al., 2005). Hence,
reactive oxygen species generated by IVH might reduce T3 con-
centration in neural cells by activating D3 and inhibiting D2.
Moreover, gestational hypoxia and ischemia in separate experi-
ments increases gene expression of TR� (Royer et al., 2000; Zhu
et al., 2004). Despite this, deiodinase levels, expression of TRs, or
the effect of treatment with TH on cerebral myelination has not
been evaluated in the brain of premature newborns with IVH.
Therefore, we hypothesized that the development of IVH would
induce distinct changes in the expression of cellular deiodinases
and TRs, and that treatment with TH might enhance myelination
and neurological recovery in preterm newborns with IVH. We
also postulated that treatment with TH would enhance the tran-
scription of genes promoting myelination, and induce prolifera-
tion and maturation of OL progenitors.

Materials and Methods
Animals. The study was approved by the Institutional Animal Care and
Use Committee of New York Medical College. We used a rabbit model of
glycerol-induced IVH in the study. The details of the model have been
previously established and published (Chua et al., 2009). Briefly, we ob-
tained timed-pregnant New Zealand rabbits from Charles River Labora-
tories. We performed a cesarean section to deliver the pups prematurely
at embryonic day (E) E29 (full-term, E32). Newborn pups were kept in
an infant incubator prewarmed to a temperature of 35°C. The pups were
gavage-fed puppy formula (Esbilac), �2 ml every 12 h (100 ml/kg/d) for
the first 2 d, and feeds were advanced to 125,150, 200, 250, and 280 ml/kg
at postnatal days 3, 5, 7, 10, and 14, respectively. Rabbit pups of either sex
were administered 50% glycerol (6.5 g/kg, i.p.) at 2 h of age to induce
IVH. The severity of IVH was diagnosed by measuring ventricle volume
(length, breadth, and depth in coronal and sagittal views) on head ultra-
sound at 24 h of age using an Acuson Sequoia C256 (Siemens) ultrasound
machine. Pups were classified based on ventricular volume into moder-
ate (30 –150 mm 3) and severe (151–250 mm 3) IVH. Ventricular volume
of �30 mm 3 indicates microscopic or no IVH. The pups with moderate
and severe IVH were alternately assigned to treatment and control
groups so that the severity of IVH was balanced between the comparison
groups.

Thryoxine treatment. Rabbit pups with IVH were sequentially treated
with either thyroxine (20 �g/kg once daily; Sigma) or vehicle intramus-
cularly for 10 d starting at 24 h age. The severity of IVH, measured by
ultrasound, was similar between the comparison groups—thyroxine-
treated and vehicle-treated pups with IVH. The pups killed at 3 and 7 d
received intramuscular thyroxine until the day they were killed. Healthy
pups were treated with thyroxine in the same manner as above.

Human subjects. The Research Administration of New York Medical
College approved the use of autopsy materials from premature infants
for this study. The study materials included forebrain tissue samples
taken from premature infants with and without IVH of 23–27 gestational
weeks (gw) of age and �5 d of postnatal age (Table 1). Samples were
obtained �18 h postmortem. We excluded premature infants with men-
ingitis, hypoxic-ischemic encephalopathy, culture-proven sepsis, major
brain or spinal cord malformation, and chromosomal defects. We included
nine infants in each group—IVH and no IVH. The wall of the cerebral
hemisphere in premature infants comprises ventricular zone, subventricular
zone, intermediate zone, cortical plate, and marginal zone as described by the
Boulder Committee (Bystron et al., 2008). In the present study, we described
intermediate-zone embryonic white matter synonymously with white mat-
ter and cerebral cortex for the cortical plate.

We also included a set of three preterm infants (25, 25, and 24 gw),
who were enrolled in a double-blinded randomized trial for T4 treatment

and died at postnatal days 27, 30, and 7, respectively (Table 2; La Gamma
et al., 2009). To compare these T4-treated infants with untreated con-
trols, autopsy samples from three other preterm infants, who were
matched for both gestational and postnatal age, were evaluated. The T4

treatment (4 or 8 �g/kg/d) was initiated at day 1 and was continued until
the day of demise.

Rabbit tissue collection and processing. We processed the tissues as de-
scribed previously (Ballabh et al., 2007). Coronal brain slices were fixed
in 4% paraformaldehyde in 0.1 M PBS, pH 7.4, overnight and then were
cryoprotected by immersing into 20% sucrose in 0.1 M PBS buffer for
24 h followed by 30% sucrose for the next 24 h. We next froze the tissues
after embedding into optimum cutting temperature compound. Frozen
blocks were cut on a cryostat into coronal sections of 20 �m thickness.
For Western blot analyses, a 1- to 2-mm-thick coronal slice was harvested
at the level of the midseptal nucleus and snap frozen on dry ice.

Human tissue collection and processing. We processed the tissues as in
our previous studies (Ballabh et al., 2007). Approximately 3- to 4-mm-
thick coronal slices were taken at the level of the head of the caudate
nucleus from the frontoparietal lobe. The coronal blocks consisted of
cortex, white matter, and germinal matrix. The samples were immersion
fixed in 4% paraformaldehyde in PBS for 12–18 h and were then cryo-
protected by immersion into a 20% sucrose solution in PBS, followed by
30% sucrose in PBS. The tissues were frozen after embedding them into
an optimum-cutting-temperature compound (Sakura, Tokyo, Japan).
Frozen coronal blocks were cut into sections of 20 �m thickness. For
Western blot analyses, pieces of tissue were directly harvested from the
cortex, white matter, and germinal matrix, and snap frozen on dry ice.

Immunohistochemistry. Immunostaining was performed as described
previously (Ballabh et al., 2007). The primary antibodies used in these
experiments included the following: mouse monoclonal TR� (catalog
#PP-H2804-00, Perseus Proteomics); rabbit polyclonal TR� (catalog
#NB100-91999, Novus); goat polyclonal deiodinase-2 (catalog #NBP1-
00178, Novus); rabbit polyclonal deiodinase-3 (catalog #NBP1-05767,
Novus); mouse monoclonal mitogen-activated protein 2 (MAP2; catalog
#9942 Sigma); goat polyclonal Olig2 (catalog #AF-2418, R&D Systems);
mouse monoclonal GFAP (catalog #G6171, Sigma); rat monoclonal my-
elin basic protein (MBP; catalog #AB7439, Abcam); mouse monoclonal
myelin-associated glycoprotein (MAG; catalog #AB89780, Abcam);
mouse monoclonal 2�,3�-cyclic-nucleotide 3�-phosphodiesterase
(CNPase; catalog #SMI-91, Covance); goat polyclonal PDGF receptor �
(PDGFR�; catalog #AR307, R&D Systems); mouse monoclonal Adeno-
matus Polyposis Coli, CC1 clone (catalog #OP80, EMD Chemicals); goat
polyclonal Ki67 (catalog #275R-14, Cell Marque); and mouse monoclo-
nal caspase 3 (clone #3CSP01, Thermo Scientific). Biotinylated O4

Table 1. Characteristics of human infants with and without IVH

Postconceptional
age (weeks) Sex

Birth
weight
(kg) IVH/no IVH Cause of death

27 Male 0.80 Grade 3 IVH Clinical sepsis
24 Male 0.64 Grade 4 IVH Pulmonary hemorrhage
24 Female 0.60 Grade 3 IVH RDS, respiratory failure
23 Male 0.57 Grade 2 IVH Clinical sepsis
23 Female 0.58 Grade 3 IVH Respiratory failure
23 Male 0.51 Grade 2 IVH Respiratory failure
25 Male 0.74 Grade 4 IVH Metabolic acidosis, respiratory failure
24 Male 0.64 Grade 3 IVH Clinical sepsis
24 Male Grade 2 IVH Clinical sepsis
27 Female 0.56 No IVH Respiratory failure
26 Female 0.92 No IVH Clinical sepsis
24 Male 0.61 No IVH Clinical sepsis
24 Male 0.73 No IVH Metabolic acidosis, respiratory failure
23 Male 0.45 No IVH RDS, respiratory failure
22 Female 0.50 No IVH RDS, respiratory failure
22 Female 0.55 No IVH RDS, respiratory failure
23 Male 0.54 No IVH RDS, respiratory failure
23 Male 0.61 No IVH RDS, respiratory failure

RDS, Respiratory distress syndrome.
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monoclonal and O1 monoclonal antibody was provided by Dr. Rashmi
Bansal (University of Connecticut, Storrs, CT). Secondary antibodies
used were Cy-3 conjugate donkey anti-mouse, Cy-3 conjugate donkey
anti-goat, and FITC-conjugated donkey anti-rat (Jackson Immuno
Research). Briefly, we hydrated the fixed sections in 0.01 M PBS, blocked
the sections with normal donkey serum in PBS with 0.01% Triton X-100
(PBST), and incubated with the primary antibodies diluted in PBST at
4°C overnight. After several washes in PBS, the sections were incubated
with secondary antibody diluted in 1% normal goat serum in PBS at
room temperature for 60 min. Finally, after washing in PBS, sections
were mounted with Slow Fade Light Antifade reagent (Invitrogen) and
were visualized under a confocal microscope (Nikon Instruments). Ste-
reology was performed using a fluorescent microscope (Axioskop 2 plus,
Carl Zeiss) with motorized specimen stage for automated sampling
(ASI), CCD color video camera (Microfire, Optronics), and stereology
software (Stereologer, SRC).

Fluorescent in situ detection of DNA fragmentation (TUNEL). We per-
formed TUNEL staining on fixed brain sections as described previously
(Dummula et al., 2011). For TUNEL staining, tissue sections of 15 �m
thickness were air dried on slides, hydrated in 0.01 M PBS, and perme-
abilized for 5 min in 1:1 ethanol/acetic acid. An ApopTag-fluorescein in
situ DNA fragmentation detection kit (catalog #S7110; Millipore) was
used to visualize TUNEL-labeled nuclei.

Quantification of oligodendrocytes. Proliferation and maturation of
OLs were evaluated in the corona radiata and corpus collosum of pups
without IVH and pups with IVH treated with vehicle or T4. Proliferating
OL progenitors were identified by double labeling the coronal sections
with Olig2 and Ki67 antibodies, while maturation of OL progenitors was
assessed by double labeling the sections with O4 and APC antibodies. All
immunolabeled sections were obtained from the level of the midseptal
nucleus (five 20 �m sections, 60 �m between each). Quantification was
performed by a blinded investigator in a random, unbiased fashion using
a confocal microscope with a 60� lens (Nikon Instruments). Cells were
counted in �25 images (5 images � 5 sections) for each brain region, for
every parameter, and for each pup (n � 5 pups per group).

Stereological assessment of myelin and astrocytes in the white matter.
Unbiased stereology methods, with assistance from a computerized soft-
ware system (Stereologer, Stereology Resource Center), were used to
quantify a number of parameters. Briefly, coronal sections of 20 �m
thickness were cut on a cryostat with a section sampling interval of 90 �m
to achieve six sections or more at the level of mid-septal nucleus. The
sections were double labeled with MBP antibody and DAPI (nuclear
stain), and quantified as follows. The reference spaces (corona radiata,
corpus callosum) were first outlined on the section under 5� objective.
The volume of the outlined area (reference space) was quantified using a
point-counting probe (frame, 25 � 25 �m; guard zone, 2 �m; interframe
interval, 300 �m). The total volume fraction (load) of myelin stained by
antibodies to MBP through a defined reference space was estimated using
the object area fraction probe under 60� oil lens. For the area fraction
probe (frame, 25 � 25 �m; guard zone, 2 �m; interframe interval, 400
�m), the user clicked on the grid points that overlapped the myelin fibers
in sections labeled with MBP. The area fraction of myelination was quan-
tified as the ratio of product of the area per point and number of points
hitting reference area the over the product of the area per point and
number of points hitting the sampled area [a(point) � �Psamp], as re-
ported previously. A coefficient of error �0.10 was acceptable. To assess

gliosis, we estimated the total volume fraction of astrocyte cell body and
glial fibers (Mouton et al., 2009). The volume fraction of astrocytes was
quantified in a similar manner as for myelin.

Western blot analyses. We homogenized the frozen brain tissue in sam-
ple buffer (3% SDS, 10% glycerol, and 62.5 mM Tris-HCl) using a
mechanical homogenizer and briefly sonicated the lysate before centrif-
ugation. Supernatant protein concentration was determined using a BCA
protein assay kit (Pierce Kit #23227, Thermo Scientific) with BSA to
create the standard curve. After boiling the samples in Laemmli buffer
(catalog #161-0737, Bio-Rad), total protein samples were separated by
SDS-PAGE (Ballabh et al., 2007). Equal amounts of protein (10 –20 �g)
were loaded onto 4 –15% or 4 –20% gradient precast gels (Bio-Rad),
depending on the molecular weight of the target protein. Separated pro-
teins were transferred onto polyvinylidene difluoride membrane by
electrotransfer. Membranes were incubated overnight with primary an-
tibodies. We detected target proteins with chemiluminescence ECL sys-
tem (GE Healthcare) by using secondary antibodies conjugated with
horseradish peroxidase (Jackson ImmunoResearch). We next stripped
the blots with stripping buffer (2.5% SDS, 0.7% 2-mercaptoethanol, 62.5
mM Tris-HCl, pH 6.8) and incubated with �-actin antibody (catalog
#A5316, Sigma), followed by secondary antibody and detection with
chemiluminescence ECL system. As described previously (Ballabh et al.,
2007), the blots from each experiment were densitometrically analyzed
using ImageJ. Optical density (OD) values were normalized to �-actin,
and graphs were presented as “adjusted OD.” To combine data for one
molecule from multiple Western blots (human tissues), the adjusted OD
measurements of the brain regions were normalized such that mean
values of “no IVH” cortex samples were equal to 1, and graphs were
presented as “relative OD.” Antibodies used for Western blot analyses
were the same as for immunohistochemistry.

Quantitative real-time PCR. Gene expression was quantified by quantita-
tive real-time PCR (qRT-PCR) as described previously (Ballabh et al., 2007).
Briefly, total RNA was isolated using a RNeasy Mini kit (catalog #74104,
Qiagen) from a thin coronal brain slice taken at the level of the mid-septal
nucleus. cDNA was synthesized using Superscript II RT (catalog
#05081955001, Roche), and SYBR green (catalog #04913850001, Roche) was
used for amplification with an ABI Prism 7900HT Sequence Detection Sys-
tem (Applied Biosystems). Analysis was completed using the efficiency cor-
rected ��Ct method. The following primers were used: deiodinase-2
(accession number: NM_001256300.1), sense: GCTGACCGCATGGA-
CAATAA, antisense: GGACCTTTCCTCCCAGATA; deiodinase-3 (acces-
sion number: XM_002721708.1), sense: CAGCGCATCCTCGACTAC,
antisense: CGCCTCCTCAATGTAGATGAT; GFAP (accession number:
NG_008401), sense: ACTCAATGCTGGCTTCAAGGAGAC, antisense:
ATGTAGCTGGCAAAGCGGTCATTG; ID2 (accession number:
XM_002723742.1), sense: CCATGAGCCTGCTCTACAA, antisense: GT-
GCTGCAGGATTTCCATTT; ID4 (accession number: NM_001546), sense:
GGCATAATGGCAAATCCTTCAAG, antisense: TCACAAGAGATGGGA
CAGTAGC; Olig1 (accession number: XM_002716810.1), sense: AGGT-
CATCCTGCCCTACTC, antisense: CCAGCAGCAGGATGTAGTT; Olig2
(accession number: XM_002716698.1), sense: TTCAAGTCCTC-
CTCGTCCA, antisense GGCTCGGTCATCTGTTTCTT; Sox10 (accession
number: XM_002723532), sense: AAGCCTTTCTGTCTGGCTCACT, an-
tisense: TCAGGTCCTGGATAGAGGGTCATT; thyroid receptor � (acces-
sion number: EU489476.1), sense: CCACCGCAAACACAACATTC,
antisense: CTCGACTTTCATGTGGAGGAAG; and thyroid receptor � (ac-

Table 2. Premature infants treated with thyroid hormone and their matched controls

Gestational age (weeks) Postnatal age (d) Sex Birth weight (kg) IVH/no IVH Dose of thyroxine Cause of death

Thyroxine treated infants
25 27 Male 0.68 Grade 1 IVH 4 �g/kg/d Necrotizing enterocolitis
25 30 Female 0.80 Grade 3 IVH 4 �g/kg/d Endocarditis, Clinical sepsis
24 7 Male 0.63 Grade 1 IVH 8 �g/kg/d Clinical sepsis

Untreated matched controls
25 27 Male 0.77 Grade 3– 4 IVH Necrotizing enterocolitis
24 29 Female 0.55 Grade 1 IVH Pneumothorax, clinical sepsis
24 4 Male 0.65 Grade 2 IVH Respiratory failure

Thyroxine treatment was initiated at day 1 in the treated infants and continued until demise.
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cession number: EU489478.1), sense: CCAGACAGAAGAGAAGAGATGC,
antisense: CGTGATACAGCGGTAGTGATAC. Housekeeping genes in-
cluded GAPDH (accession number: NM_001082253.1), sense: GCGT-
GAACCACGAGAAGTAT, antisense: CCTCCACAATGCCGAAGT.

Electron microscopy. We processed brains (14 d) from glycerol-
treated pups without IVH, pups with IVH, and thyroxine-treated
pups with IVH (n � 3– 4 each). We took slices (2 mm thickness) from
freshly harvested rabbit pup brain using a brain slicer matrix and then
dissected corona radiata and corpus callosum in a Petri dish under a
SteReo discovery microscope (Carl Zeiss). The dissected tissues of the
white matter were fixed into 2.5% glutaraldehyde overnight. The tis-
sues were washed in 0.1 M sodium cacodylate buffer, pH 7.4, postfixed
in buffered osmium tetroxide for 1–2 h, stained en bloc with 1%
uranyl acetate, dehydrated in graded ethanol solutions, and then em-
bedded in epoxy resin. We then placed sections of 60 –90 nm thick-
ness onto 200-mesh grids, stained them with uranyl acetate and lead
citrate, and then were examined with a Techni 12 electron microscope
at 80 kV. Digital images were acquired using a 16 megapixel Advanced
Microscopy Techniques camera. We acquired 12–20 images per

brain. Electron micrographs were evaluated for myelinated axons per
unit area; and the g-ratio (ratio of axonal diameter with myelin sheath
and axonal diameter without myelin sheath) of myelinated axons in
the three groups of pups was computed using ImageJ [National Insti-
tutes of Health (NIH)].

Deiodinase activity. D2 assays were performed in frozen rabbit pup
brain tissue as described previously (Curcio-Morelli et al., 2003;
Huang et al., 2005). Briefly, tissue homogenates were prepared by
sonicating them with 10 mM DTT and 0.25 M sucrose. D2 was assayed
using 500 nM

125I-(5�)-recombinant T3 (PerkinElmer) and 0.1 nM
125I-(5�) T4 (PerkinElmer), respectively, as substrates and 1 mM propyl-
thiouracil for D2 measurements. Reactions were stopped by the addition
of methanol, and the products of deiodination were quantified by UPLC
(ACQUITY, Waters Corp.). Fractions were automatically processed
through a Flow Scintillation Analyzer Radiomatic 610TR (PerkinElmer)
for radiometry.

Statistics and analysis. Data are expressed as the mean 	 SEM. To
determine differences in the myelin basic protein, myelin-associated gly-
coprotein, and CNPase on Western blot analyses and stereology, we used

Figure 1. Thyroid hormone receptor � increased after IVH in preterm human infants. A, Representative immunofluorescence of cryosections from the germinal matrix of 23–27 gw infants with
and without IVH, double labeled with TR� and MAP2/Olig2/GFAP-specific antibodies. Note that TR� expression colocalized extensively with MAP2 
 cells, but occasionally with Olig2 
 or GFAP 


cells. TR� immunoreactivity was stronger in infants with IVH compared with controls, shown in insets at high magnification. B, Representative cryosections from the germinal matrix were double
labeled with TR� and MAP2/Olig2/GFAP-specific antibodies. Note TR� was expressed on MAP2 
, Olig2 
, and GFAP 
 cells. C, Representative Western blot for TR� in infant autopsy samples from
the cortex, white matter (WM), and germinal matrix (GM). Rat brain was used as the positive control. Bar graphs show the mean 	 SEM (n � 9 each group). Protein concentration normalized to
�-actin. Note the higher expression of TR� in infants with IVH compared with controls without IVH in the white matter and germinal matrix. D, Representative Western blot for TR� performed on
autopsy samples from preterm infants with and without IVH, as indicated in C. Rat brain was used as the positive control. Bar graphs show the mean	SEM (n�9 each group). Protein concentration
normalized to �-actin. Note the lower expression of TR� in the germinal matrix of infants with IVH compared with neonates without IVH. *p � 0.01 for the comparison between IVH and no IVH.
#p � 0.01 cortex versus GM. �p � 0.01 WM versus GM. Scale bar, 20 �m. Insets show images under high magnification. Ctrl, Control.

Vose et al. • Thyroxine Restores Myelination J. Neurosci., October 30, 2013 • 33(44):17232–17246 • 17235



one-way ANOVA. To compare TR�, TR�, D2, and D3 in the three brain
regions, between pups with and without IVH, we used two-way ANOVA
with repeated measures. The repeated factor was applied to the following
three brain regions: germinal matrix, white matter, and cortex. All post
hoc comparisons to test for differences between means were performed
using Tukey’s multiple-comparison test at the 0.05 significance level. For
two-group comparisons, either t test or Mann–Whitney U test was per-
formed, as applicable

Results
IVH increases expression of thyroid hormone receptor-�, but
not receptor-�, in humans
The effect of TH is mediated via TRs, which are transcription
factors with ligand-modulated activity (Sarliève et al., 2004). We
evaluated TR� and TR� in autopsy samples from preterm infants
(23–27 gw) with and without IVH in the following three brain
regions: germinal matrix, embryonic white matter, and neocor-
tical mantle (cortex). Immunolabeling showed that TR� recep-
tors were expressed abundantly on MAP2
 neurons and weakly
on Olig2
 cells in the germinal matrix. GFAP
 radial glia and
astrocytes also expressed TR� (Fig. 1A). In the cerebral cortex
and white matter, immunoreactivity for TR� was noted in
MAP2
 neurons and GFAP
 astrocytes. TR� immunoreactivity
was more intense in infants with IVH compared with controls
without IVH in germinal matrix and the periventricular white

matter. Western blot analyses confirmed that TR� expression
was higher in the germinal matrix and white matter of infants
with IVH compared with controls without IVH (p � 0.01 and
0.009, respectively) but not in the cortex (Fig. 1C). However, TR�
expression was comparable among the three brain regions within
each group.

Immunohistochemistry revealed that TR� was abundantly
expressed in MAP2
 neurons and Olig2
 OLs, but scarcely on
GFAP
 astrocytes in the germinal matrix (Fig. 1B). The immu-
noreactivity of TR� was more intense and extensive in the ger-
minal matrix compared with the white matter and cortex.
Accordingly, quantification of TR� by Western blot analyses in-
dicated that TR� levels were higher in the germinal matrix com-
pared with the cortex and white matter in both infants with IVH
and without IVH (p � 0.01, all; Fig. 1D). Interestingly, TR�
expression was reduced in the germinal matrix of infants with
IVH relative to infants without IVH (p � 0.002), but not in the
cortex and white matter.

Consistent with previous literature, both TR� and TR� recep-
tors are expressed in OLs (Rodríguez-Peña, 1999), and elevation
of TR� in infants with IVH might lead to unliganded receptor
activity causing effects of hypothyroidism, such as reduced my-
elination (Bernal, 2007). Even though TR� plays a predominant
role in the brain, accounting for 70 – 80% of all TRs (Ercan-Fang

Figure 2. D2 decreased and D3 increased after IVH in preterm human infants. A, Representative immunofluorescence from the germinal matrix of 23–27 gw infants with and without IVH, double
labeled with D2 and MAP2/O4/GFAP-specific antibodies. Note that D2 is expressed in GFAP 
 astrocytes and radial glia, but is almost absent in MAP2 
 neurons and O4 
 OLs. B, Representative
cryosections from the germinal matrix double labeled with D3 and MAP2/Olig2/GFAP-specific antibodies. D3 is abundantly expressed on Olig2 
 OLs, and weakly expressed on MAP2 
 and GFAP 


cells. Note the higher D3 immunoreactivity in infants with IVH versus infants without IVH. C, Representative Western blot analysis of D2 in cortex, white matter (WM), and germinal matrix (GM) from
infants with and without IVH. Rat brain was used as the positive control. Bar graphs show the mean 	 SEM (n � 9 each group). Protein concentration was normalized to �-actin. Note the higher
expression of D2 in the germinal matrix compared with cortex and white matter. D, Western blot analysis was performed for D3 on tissues samples from the three brain regions, as indicated in C. Rat
brain was used as the positive control. Bar graphs show the mean 	 SEM (n � 9 each group). Protein concentration was normalized to �-actin. Note the higher expression of D3 in the germinal
matrix of infants with IVH compared with infants without IVH. *p � 0.05 for the comparison between IVH and no IVH. Scale bar, 20 �m.
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et al., 1996), reduced levels of TR� in the germinal matrix after
IVH might disrupt TH signaling.

IVH induces upregulation of D3 and downregulation of D2
in humans
TH acts in a cell-specific manner, and its intracellular activation
and deactivation is regulated by D2 and D3 enzymes, respectively
(Gereben et al., 2008). Expression of these enzymes exhibits
context-dependent changes after hypoxia-ischemia or oxidative
stress (Margaill et al., 2005; Lamirand et al., 2008; Jo et al., 2012).
We assessed D2 and D3 expression by immunohistochemistry
and Western blot analyses in autopsy materials from preterm
infants with and without IVH. We found that D2 was expressed
in astrocytes in both germinal matrix and white matter. However,
D2 immunoreactivity was weak to absent in MAP2
 neurons
and O4
 OLs in the germinal matrix and white matter (Fig. 2A),
consistent with previous reports (Courtin et al., 2005). In addi-
tion, the immunoreactivity of D2 appeared to be reduced in the
germinal matrix of infants with IVH compared with controls
without IVH. Western blot analysis confirmed that the expres-
sion of D2 was reduced in the germinal matrix of infants with
IVH compared with controls without IVH (p � 0.017), but not in
the cortex or white matter (Fig. 2C). Comparison among brain

regions revealed that D2 levels were higher in the germinal matrix
compared with the cortex or white matter for both infants with
and without IVH (p � 0.001, all). Hence, suppression of D2 in
the periventricular germinal matrix might reduce TH activation
and, thereby, metabolism in brain cells of infants with IVH.

We next evaluated D3 in immunolabeled brain sections and
found that D3 was expressed in most Olig2
 cells, some MAP2


neurons, and sparsely in astrocytes (Fig. 2B). D3 immunoreactiv-
ity was higher in the germinal matrix of infants with IVH com-
pared with controls without IVH. Accordingly, Western blot
analysis revealed that the levels of D3 were greater in infants with
IVH compared with controls without IVH in the germinal matrix
(p � 0.049), but not in the cerebral cortex or white matter (Fig.
2D). Levels of D3 were comparable among the three brain regions
in infants with IVH. Hence, D3 is expressed in OL progenitors;
and the onset of IVH seemingly reduces TH signaling by coordi-
nated upregulation of D3 and downregulation of D2.

D2 and D3 enzymes in rabbit pups with IVH and the effect of
thyroxine treatment
We next studied D2 and D3 expression in our preterm rabbit pup
model of glycerol-induced IVH (Fig. 3A), and compared these
metrics among pups without IVH, vehicle-treated pups with

Figure 3. Deiodinase and TR levels in rabbit pups with and without IVH. A, Coronal section through the frontal lobe of E29 rabbit pups showing small hemorrhage in the ventricle (arrows; left),
moderate hemorrhage in the ventricle (block arrows; middle), and severe hemorrhage resulting in fusion of the two ventricles (arrowheads; right). Scale bar, 1 cm. B, D2 and D3 mRNA expression
assayed by qRT-PCR (n � 6 each group). D2 expression was comparable between pups with and without IVH at both 3 and 7 d. Note the higher D3 expression in pups with IVH than without IVH at
7 d, but not at 3 d. Thyroxine treatment significantly elevated D3 mRNA at 3 d and reduced it at 7 d. C, Representative Western blot analysis of D3 in rabbit pups with and without IVH. Rat brain was
used as the positive control. Bar graphs show the mean 	 SEM (n � 4 each group). Protein concentration was normalized to �-actin. Note the higher expression of D3 in pups with IVH than without
IVH at 7 and 14 d, and thyroxine treatment of pups with IVH reduced D3 protein to control levels at 14 d. D, TR� and TR� mRNA expression assayed by qRT-PCR (n � 6 each group). Note that
thyroxine treatment elevated TR� expression at 3 d and reduced TR� levels at 7 d relative to vehicle-treated pups with IVH. #p � 0.05, ###p � 0.001 for pups with IVH versus without IVH. *p �
0.05, ***p � 0.001 for vehicle-treated versus thyroxine-treated pups with IVH. †p � 0.05 for pups with no IVH versus thyroxine-treated pups with IVH.
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IVH, and thyroxine-treated pups with IVH. This was important
as we chose preterm rabbit pups with IVH to test the effect of
thyroxine treatment on myelination and neurological recovery.
We assayed D2 mRNA expression by qRT-PCR and found that
D2 mRNA was comparable among the three groups at both 3 and
7 d (Fig. 3B). However, D2 activity was reduced in pups with IVH
compared with controls without IVH at 7 d (no IVH � 3.57 	
0.46 fmol/mg/h; IVH � 1.96 	 0.23 fmol/mg/h; p � 0.013);
indeed, D2 is known to be regulated mostly by posttranslational
mechanisms (Gereben et al., 2008). In contrast, D3 mRNA was
higher in pups with IVH relative to pups without IVH at 7 d, but
not at 3 d (Fig. 3B). Interestingly, thyroxine increased D3 mRNA
in-treated pups compared with vehicle controls with IVH at 3 d
(p � 0.001); however, D3 levels at 7 d were reduced in thyroxine-
treated pups compared with vehicle controls (p � 0.022; Fig. 3B).
Accordingly, Western blot analyses showed that D3 protein levels
were significantly elevated at 7 and 14 d in pups with IVH com-
pared with controls without IVH (p � 0.02 and 0.001, respec-
tively; Fig. 3C). In addition, D3 protein was significantly reduced
in thyroxine-treated pups compared with vehicle controls at 14 d
(p � 0.001), but not at 3 or 7 d. D3 activity could not be reliably
measured in pups with IVH as blood contamination in brain
samples affected inner ring catalysis. Together, these data indi-
cate that (1) rabbit pups with IVH exhibit higher D3 expression

and reduced D2 enzyme activity, similar to humans, and that (2)
thyroxine treatment reduces D3 protein levels with an initial
transient elevation in mRNA. Reduction of D3 by thyroxine is
likely to reflect an improvement in the neurological condition
of-treated premature newborns with IVH.

TR� and TR� receptors in rabbits with IVH and the effect of
thyroxine treatment
Since TH acts via TR� and TR�, and as thyroxine treatment
affects TR expression during development in animal models (Ka-
namori and Brown, 1992; Grommen et al., 2008), we evaluated
the expression of TH receptors in pups without IVH, vehicle-
treated pups with IVH, and thyroxine-treated pups with IVH. We
found that mRNA expression of both TR� and TR� receptors
was comparable between pups with and without IVH (Fig. 3D).
Since qRT-PCR was performed on mRNA isolated from a coro-
nal brain slice and not from specific brain regions, these data
cannot be directly compared with those of humans. Importantly,
TR� mRNA expression was significantly increased in thyroxine-
treated pups with IVH compared with both vehicle-treated pups
with IVH and controls without IVH at 3 d (p � 0.046 and 0.029,
respectively) but not at 7 d (Fig. 3D). In contrast, TR� mRNA
expression was significantly reduced in thyroxine-treated pups
with IVH relative to vehicle-treated pups with IVH at 7 d (p �

Figure 4. Thyroxine treatment enhances myelination. A, Representative immunofluorescence of MBP in the corona radiata of 14 d pups. Error bars indicate the mean 	 SEM (n � 5 each group).
The volume fraction of MBP was elevated in the corpus callosum and corona radiata of thyroxine-treated pups compared with vehicle-treated pups with IVH. Scale bar, 100 �m. V, Ventricle. B,
Representative Western blot analysis for MBP in the forebrain of three sets of premature rabbit pups as indicated at 14 d. Adult rat brain was used as the positive control. Each lane represents lysate
from a whole coronal slice taken at the level of midseptal nucleus of one brain. The bar graph shows the mean 	 SEM (n � 5 each group). MBP expression was higher in thyroxine-treated pups
compared with vehicle-treated pups. C, Western blot analysis for MAG in the forebrain of three sets of pups as indicated at 14 d. Adult rat brain was used as the positive control. The bar graph shows
the mean 	 SEM (n � 5 each group). MAG expression was higher in thyroxine-treated pups compared with vehicle-treated pups. D, Typical electron micrograph from rabbit pups without and with
IVH, and pups with IVH treated with thyroxine at 14 d. Note that myelinated axons were fewer in pups with IVH relative to controls without IVH, and that thyroxine treatment significantly increased
the number of myelinated axons in pups with IVH. Scale bar, 1 �m. #p � 0.05, ##p � 0.01, ###p � 0.001, pups with versus without IVH. *p � 0.05, **p � 0.01, vehicle-treated versus
thyroxine-treated pups with IVH.

17238 • J. Neurosci., October 30, 2013 • 33(44):17232–17246 Vose et al. • Thyroxine Restores Myelination



0.003), but not at 3 d (Fig. 3D). Together, thyroxine treatment
causes a transient increase in TR� expression and delayed sup-
pression of TR� mRNA in pups with IVH. Our data are consis-
tent with a previous report that thyroxine induces expression of
D3 mediated by TR� (Barca-Mayo et al., 2011).

Thyroid hormone treatment restores myelination in rabbit
pups with IVH
TH regulates OL specification and differentiation (Baas et al.,
1997; Horn and Heuer, 2010); thus, we postulated that thyroxine
treatment would restore myelination in preterm pups with IVH
compared with vehicle controls. To this end, we compared the
following three groups of rabbit pups at 14 d: (1) glycerol-treated
pups without IVH; (2) vehicle-treated pups with IVH; and (3)
thyroxine-treated pups with IVH. We performed stereological
quantification of myelin in brain sections labeled with MBP-
specific antibody and Western blot analyses of homogenates
from a forebrain slice taken at the level of the midseptal nucleus.
Stereological analyses revealed that the volume fraction (load) of
MBP in the corpus callosum and corona radiata was reduced in
pups with IVH compared with controls without IVH (p � 0.01),
and thyroxine treatment restored the myelin load (p � 0.003; Fig.
4A). Accordingly, Western blot analyses showed that MBP levels
were reduced in pups with IVH compared with controls without
IVH (p � 0.001) and that thyroxine treatment of pups with IVH
significantly enhanced MBP expression compared with vehicle-
treated pups with IVH (p � 0.013; Fig. 4B).

To further confirm the effect of thyroxine treatment on my-
elination, we compared the expression of MAG in the same three
sets of animals as above. MAG levels were significantly higher in
thyroxine-treated rabbit pups with IVH compared with vehicle-
treated controls with IVH ( p � 0.004; Fig. 4C). Collectively,
thyroxine treatment significantly enhanced MBP and MAG
expression in pups with IVH.

Thyroid hormone treatment enhances myelination on
ultrastructural evaluation
To determine morphological recovery of myelination after thy-
roxine treatment in pups with IVH, we assessed myelin in elec-
tron microscopy images from the same three sets of pups as above
at 14 d (Fig. 4D). We found that myelinated axons were fewer in
pups with IVH relative to controls without IVH (p � 0.02) and
that thyroxine treatment significantly increased the number of
myelinated axons in pups with IVH (p � 0.05). Moreover, the
g-ratio was comparable in the three groups of pups (0.77 	 0.01
vs 0.76 	 0.002 vs 0.78 	 0.01, in pups without IVH, with IVH
and thyroxine treatment, respectively). This suggests that thyrox-
ine treatment enhances myelination and restores normal mor-
phology of the myelin sheath.

Thyroid hormone treatment enhances neurological recovery
To determine whether thyroxine treatment promotes neurolog-
ical recovery in rabbit pups with IVH, we performed neurobe-
havioral evaluations on the same three sets of preterm pups at
14 d (Table 3), based on a previously described protocol (Chua et
al., 2009). The severity of IVH, quantified by head ultrasonogra-
phy, was comparable in thyroxine- and vehicle-treated pups. We
noted significant weakness in the foreleg of one and the hindlegs
of three vehicle-treated pups with IVH (31%), whereas one pup
in the thyroxine-treated group (9%) had weakness in the hindlegs
manifesting as clumsiness in the gait. The scores for gait were
significantly higher in thyroxine-treated pups than in vehicle-
treated IVH controls (p � 0.05). The average distance walked in

60 s was farther in thyroxine-treated pups compared with vehicle
controls (p � 0.011). The latency to slip down a ramp pitched at
60° inclination was substantially longer in the thyroxine-treated
pups relative to vehicle controls (p � 0.05). Scores for the right-
ing reflex were significantly better in thyroxine-treated pups
compared with vehicle-treated controls (p � 0.009). No differ-
ence was observed in sensory and cranial nerve assessment of the
three sets of rabbit pups. Importantly, we did not observe any
apparent adverse effect attributable to thyroxine treatment
among pups with IVH receiving this medication.

Thyroid hormone treatment did not affect gliosis
Since TH controls the production of OLs and astrocytes in the
developing brain by acting on their common precursors, we pos-
tulated that thyroxine treatment would reduce gliosis (Sharlin et
al., 2008). Therefore, we compared gliosis among three sets of
14-d-old rabbit pups in a similar manner as for myelin. GFAP-
labeled brain sections were assessed by unbiased stereology, and
GFAP was quantified in homogenates from brain slices taken at
the level of the midseptal nucleus by Western blot analysis. For
stereological evaluation of gliosis, we measured the total volume
fraction of astrocytes and glial fibers in brain sections labeled with
GFAP. We found that the volume fraction (load) of astrocyte cell
bodies and glial fibers was comparable between vehicle- and
thyroxine-treated pups with IVH in the corpus callosum and
corona radiata (Fig. 5A). Consistent with stereological findings,

Table 3. Neurobehavioral evaluation of thyroxine-treated pups compared to
vehicle-treated controls with IVH and pups without IVH at postnatal day 14

System Test
No IVH
(n � 12)

IVH
(n � 12)

IVH 
 thyroxine
(n � 11)

Cranial
nerve

Aversive response to alcohol 3 (3–3) 3 (3–3) 3 (3–3)
Sucking and swallowing 3 (3–3) 3 (3–3) 3 (3–3)
Vision 3 (3–3) 3 (3–3) 3 (3–3)

Motor Motor activity
Head 3 (3–3) 3 (3–3) 3 (3–3)
Forelegs 3 (3–3) 3 (3–3) 3 (3–3)
Hindlegs 3 (3–3) 3 (1.75–3) 3 (3–3)
Righting reflexa 5 (5–5) 3 (3–5) 5 (5–5)*
Locomotion on 30° inclinationb 3 (3–3) 3 (2–3) 3 (3–3)
Tonec: forelimb 0 (0 – 0) 0 (0 – 0) 0 (0 – 0)
Tonec: hindlimb 0 (0 – 0) 0 (0 – 0) 0 (0 – 0)
Ability to hold their position at 60°

inclination (latency to slip down, s)
17.8 	 0.6 13.4 	 1.4 23 	 2.1*

Distance walked in 60 s (inches) 94 	 14.1 55 	 9.6 # 114 	 15.6*
Inability to walk �40 inches in

1 min (%)
0 31 9

Gaitd 4 (4 – 4) 3 (2– 4)# 4 (4 – 4)**
Motor impairment (%)e 0 31 9

Sensory Facial touch 3 (3–3) 3 (3–3) 3 (3–3)
Pain 3 (3–3) 3 (3–3) 3 (3–3)

Values are the median (interquartile range) or mean 	 SEM, unless otherwise stated. Zero is the worst response,
and 3 is the best response, unless otherwise noted.
aScore (range, 1–5): number of times of five tries turn prone within 2 s when placed in supine position.
bScore (range, 0 –3) 0, does not walk; 1, takes a few steps (�8 inches); 2, walks for 9 –18 inches; 3, walks very well
beyond 18 inches.
cScore (range, 1–3): 0, no increase in tone; 1, slight increase in tone; 2, considerable increase in tone; 3, limb rigid in
flexion or extension.
dGait was graded as 0 (no locomotion); 1 (crawls with trunk touching the ground for few steps and then rolls over);
2 (walks taking alternate steps, trunk low, and cannot walk on inclined surface); 3 (walks taking alternate steps,
cannot propel its body using the hind legs synchronously, but walks on 30° inclined surface); 4 (walks, runs, and
jumps without restriction, propels the body using synchronously the back legs, but has limitation in speed, balance,
and coordination, manifesting as clumsiness in gait); or 5 (normal walking).
eMotor impairment was defined as weakness in either forelegs or hindlegs and a distance walked of �40 inches in
60 s.

*p � 0.01, **p � 0.05, vehicle-treated versus thyroxine-treated pups with IVH.
#p � 0.05, glycerol-treated pups without IVH versus vehicle-treated pups with IVH.
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Western blot analyses revealed similar levels of GFAP in
thyroxine- and vehicle-treated pups with IVH (Fig. 5B). GFAP
mRNA accumulation also showed a trend toward an increase in
vehicle- and thyroxine-treated pups with IVH compared with
controls without IVH, but the difference was not significant (Fig.
5C). Collectively, thyroxine treatment did not affect astrocytosis
in rabbit pups with IVH.

Thyroid hormone treatment enhances proliferation and
maturation of oligodendrocytes
Thyroxine treatment affects the proliferation of OLs in a context-
dependent manner and enhances maturation of OLs in adult
models of demyelination (Giardino et al., 2000; Franco et al.,
2008). The finding that thyroxine treatment enhanced myelina-
tion led us to question whether thyroxine promoted proliferation
or maturation of OLs in our developmental model of IVH.

To assess proliferation, we immunolabeled brain sections
from the following three sets of animals: (1) glycerol-treated con-
trols without IVH; (2) vehicle-treated pups with IVH; and (3)
thyroxine-treated pups with IVH using two sets of antibodies—
Olig2 with Ki67 and PDGFR� with Ki67. We found that the Olig2
count showed a trend toward decline in the germinal matrix of
pups with IVH compared with controls without IVH at 3 d (p �
0.06); and thyroxine treatment of pups with IVH significantly
elevated the density of Olig2
 cells in this brain region at 3 d (p �
0.001), but not at 7 d (Fig. 6A). We next evaluated the density of

proliferating Olig2
 cells (both Olig2
 and Ki67
) at both 3 and
7 d. Cycling Olig2
 cells were reduced in pups with IVH at 3 d
(p � 0.03), but not at 7 d. There was no significant difference in
cycling Olig2
 cells between vehicle- and thyroxine-treated pups
with IVH.

PDGFR�
 cells are early OL progenitors that signify specifi-
cation of undifferentiated precursors into the OL lineage. We
assessed the density of total and cycling PDGFR�
 cells in the
white matter in the same three sets of pups at 3 d. The density of
total PDGFR�
 cells in the corona radiata and corpus callosum
was comparable between pups with and without IVH, and thy-
roxine treatment of pups with IVH significantly elevated the total
population of PDGFR�
 cells (p � 0.04; Fig. 6B). Similarly,
thyroxine treatment enhanced the density of proliferating
PDGFR�
 cells in pups with IVH (p � 0.006). Together, thyrox-
ine treatment promotes specification of OL progenitors, marked
by an increase in the density of PDGFR�
 cells. In addition,
thyroxine accelerates proliferation of these early progenitors.

To examine the effect of thyroxine on maturation of OL pro-
genitors, we evaluated the density of APC
 (immature and ma-
ture OL marker) and O4
 OLs in the corona radiata and corpus
callosum of the same three sets of pups at 7 d. Coronal sections
double labeled with O4 and APC antibodies were evaluated. We
noted that the density of total O4
 cells was higher in pups with
IVH compared with controls (p � 0.05) and that thyroxine treat-
ment did not significantly affect the population of these cells (Fig.

Figure 5. Thyroxine treatment does not affect gliosis. A, Typical appearance of GFAP labeling in the groups of pups indicated at 14 d. Bar graphs show the mean 	 SEM. Note the
increased volume fraction (load) of astrocytes and glial fibers in pups with IVH compared with controls, and no effect of thyroxine treatment in pups with IVH. Scale bar, 50 �m. B,
Representative Western blot analysis for GFAP in the groups of pups indicated at 14 d. Bar graphs are the mean 	 SEM (n � 5 each group). Protein concentration normalized to �-actin.
Rat brain was used as the positive control. Levels of GFAP were elevated in pups with IVH compared with controls, and thyroxine treatment did not alter GFAP levels in pups with IVH. C,
Gene expression of GFAP assayed by qRT-PCR at 3 and 7 d. Note that IVH elevates the transcription of GFAP at 3 d, and that thyroxine does not affect GFAP mRNA expression in pups with
IVH. #p � 0.05, pups with versus without IVH.

17240 • J. Neurosci., October 30, 2013 • 33(44):17232–17246 Vose et al. • Thyroxine Restores Myelination



6C). More importantly, the population of O4
APC
 cells was
significantly reduced in pups with IVH compared with controls
without IVH (p � 0.001), and thyroxine treatment significantly
increased the density of O4
APC
 OLs (p � 0.001) in the co-
rona radiata and corpus callosum. This suggests that thyroxine
treatment restores the maturation of OLs in pups with IVH.

Our previous work has shown that IVH arrests maturation of
OL progenitors in the pre-OL stage (O4
CNPase�), reducing
the density of immature OLs labeled with O1
 or CNPase


(Dummula et al., 2011). Therefore, we evaluated the effect of
thyroxine on the expression of CNPase in pups with IVH at 14 d,
using Western blot analysis. We found that the level of CNPase
was significantly reduced in pups with IVH compared with con-
trols without IVH (p � 0.05) and that thyroxine treatment re-
stored the expression of CNPase at 14 d (p � 0.002; Fig. 6D). This
confirms that thyroxine treatment restores differentiation of OL
progenitors. Together, thyroxine treatment favors the prolifera-
tion of early OL progenitors, and promotes both the specification
and maturation of OL progenitors, consistent with previous re-
ports (Franco et al., 2008; Harsan et al., 2008).

Thyroid hormone promotes maturation of oligodendrocytes
in preterm human infants with IVH
In a double-blinded, placebo-controlled clinical trial, premature
infants of 24 –28 gw were treated with TH in doses of either 4 or 8
�g/kg/d for 42 d in our Neonatal Intensive Care Unit (La Gamma

et al., 2009). This NIH-funded study was performed to enhance
the neurodevelopmental outcome of premature infants as ex-
tremely premature infants commonly exhibit transient hypothy-
roxinemia of prematurity. Among the infant deaths in the
TH-treated group, brain autopsy samples were obtained from
three infants and were compared with matched controls for mat-
uration of OLs by double labeling brain sections with O4 and O1
antibodies (Table 2). Premature infants treated with TH showed
a higher percentage of immature OLs (O4
O1
) compared with
untreated controls (37.1 	 8.2% vs 20.8 	 4.6%; Fig. 7). These
data suggest that TH treatment in human infants enhances the
maturation of OLs.

Thyroxine treatment elevates Olig2 and Sox10 transcription
factors
As OL maturation progresses from specification to terminal dif-
ferentiation, a number of transcription factors play essential roles
in this process. Olig1, Olig2, and Sox10 favor OL maturation,
whereas Id2 and Id4 have inhibitory influences (Nicolay et al.,
2007). We assessed the expression of these transcription factors in
a coronal slice from the level of the midseptal nucleus in the
following three sets of pups at 3 and 7 d by qRT-PCR: (1) pups
without IVH; (2) vehicle-treated pups with IVH; and (3)
thyroxine-treated pups with IVH (Fig. 8). The expression of
Sox10 was significantly reduced in pups with IVH at both 3 and
7 d (p � 0.045 and 0.03, respectively), whereas Olig2 mRNA

Figure 6. Thyroxine treatment enhances the proliferation and maturation of OLs. A, Representative cryosections from 3-d-old pups double labeled with Olig2 and Ki67 antibodies. Bar graphs
show the mean 	 SEM (n � 5 each group). Note the enhanced density after thyroxine treatment at 3 d, not at 7 d. B, Typical double labeling of PDGFR� and Ki67 in the corona radiata and corpus
callosum of 3-d-old pups. Bar graphs show the mean 	 SEM (n � 5 each group). Note that thyroxine treatment enhances the density of both total and cycling PDGFR� 
 cells. C, Representative
immunolabeling of the corona radiata of 7-d-old pups using O4- and APC-specific antibodies. Bar graphs show the mean 	 SEM (n � 5 each group). O4 
APC 
 cells are higher in density in
thyroxine-treated pups. D, Western blot analyses of CNPase in rabbit pups without IVH and vehicle- or thyroxine-treated pups with IVH. Bar graphs show the mean 	 SEM (n � 5 each group).
Protein concentration normalized to actin. Thyroxine treatment restores normal levels of CNPase in pups with IVH. Scale bar, 20 �m. #p � 0.05, ###p � 0.001, pups with versus without IVH. *p �
0.05, **p � 0.01, ***p � 0.001, vehicle-treated versus thyroxine-treated pups with IVH. †p � 0.05, no IVH versus thyroxine-treated pups with IVH.
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accumulation was significantly reduced at 7 d (p � 0.01), not at
3 d. More importantly, thyroxine treatment significantly elevated
levels of Sox10 and Olig2 expression compared with vehicle con-
trols at 3 d (p � 0.04 and 0.01, respectively). Olig1 mRNA expres-
sion among the three sets of pups was not statistically significant.
Similarly, Id2 and Id4 expression did not exhibit significant change
after thyroxine treatment. Together, thyroxine treatment restores
the expression of Olig2 and Sox10 in pups with IVH.

Thyroxine treatment does not impact apoptosis in pups with
IVH or healthy controls
While TH is a survival factor for developing OLs, sustained neo-
natal hyperthyroidism activates apoptosis (Marta et al., 1998;
Jones et al., 2003). We have previously shown that the onset of
IVH induces apoptosis, which is mediated by both the intrinsic
and extrinsic pathways. Herein, we asked whether thyroxine
treatment worsens apoptosis in pups with IVH and without IVH.
To obtain an overview of apoptosis, we performed Western blot
analysis of caspase 3 (a key mediator of apoptosis). At both 3
and 7 d, we observed that levels of cleaved caspase 3 (activated
caspase) were higher in pups with IVH relative to pups with-
out IVH. (Fig. 9 A, B). However, thyroxine treatment did not
further impact caspase 3 expression in pups with IVH. We
next evaluated the effect of thyroxine treatment on caspase
activation in healthy pups at 3 d (Fig. 9C). We were reassured
to find that thyroxine treatment did not activate caspase 3 in
healthy pups.

To further confirm these findings, we performed TUNEL la-
beling on vehicle- and thyroxine-treated pups with IVH at 7 d.
Consistent with the caspase activity, we found no difference in the
density of total TUNEL
 cells or Olig2
 cells colabeled with
TUNEL between thyroxine- and vehicle-treated pups (Fig. 9D).
In conclusion, thyroxine treatment in a dose of 20 �g/kg/d did
not affect programmed cell death in pups with or without IVH.

Thyroxine treatment does not affect
maturation of OLs and myelination in
healthy controls
Sustained neonatal hyperthyroidism can
accelerate OL progenitor development
while decreasing overall proliferation in
the brain (Marta et al., 1998; Fernandez et
al., 2004a). Thus, we asked whether thy-
roxine treatment of healthy control pups
would alter the proliferation and matura-
tion of OLs, as well as subsequent myeli-
nation. To this end, we compared the
proliferation of OL progenitors between
(1) healthy controls (no glycerol treat-
ment) and (2) thyroxine-treated healthy
controls (Fig. 10A). We found that the
number of total Olig2
 cells in the germi-
nal matrix was comparable between the two
groups at both 3 and 7 d. Cycling Olig2
showed a trend toward reduction in
thyroxine-treated pups compared with con-
trols (p � 0.09), but the comparison was
not significant. Importantly, the density of
proliferating PDGFR�
 cells was signifi-
cantly reduced in thyroxine-treated pups
compared with controls at 3 d (p � 0.001),
but not the total number of these cells. To-
gether, thyroxine treatment suppressed the

Figure 7. Thyroxine treatment enhances the maturation of OLs in human preterm infants
with IVH. A, Representative immunofluorescence of cryosections from the white matter of a 25
gw premature infant labeled with O4 and O1 antibodies. Note the higher density of myelinating
OLs, double labeled with O4 and O1 (arrowheads), in thyroxine-treated infants compared with
untreated controls. Arrows indicate O4 
O1 � OLs. Scale bar, 20 �m. B, Quantification of
myelinating (immature) OLs was performed in three thyroxine-treated cases and three
matched untreated controls. Each bar represents one case. Data are the mean 	 SEM. Note the
higher percentage of immature OLs in thyroxine-treated cases compared with controls.

Figure 8. Thyroxine treatment elevates Olig2 and Sox10 transcription factors. qRT-PCR was performed in pups without IVH as
well as vehicle- and thyroxine-treated pups with IVH. Note the reduced expression of Olig2 and Sox10 mRNA in pups with IVH
relative to controls without IVH, and the enhanced expression of Olig2 and Sox10 genes in thyroxine-treated compared with
vehicle-treated pups with IVH. *p � 0.05, **p � 0.01, vehicle-treated versus thyroxine-treated pups with IVH. #p � 0.05, pups
with versus without IVH.
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proliferation of OL progenitors, but not the total number of these
cells.

To examine the effect of thyroxine on maturation of OL pro-
genitors, we evaluated the density of O4
 and APC
 OLs be-
tween control pups with and without thyroxine treatment at 7 d.
The densities of total O4
 and O4
APC
 cells were comparable
between the groups (Fig. 10A). To further confirm the effect of
thyroxine on the maturation of OL progenitors, we performed
Western blot analysis for CNPase and found that the levels were
similar between the two groups at 14 d (Fig. 10B). Accordingly,
MBP protein expression was comparable in thyroxine-treated
and untreated control pups at 14 d (Fig. 10C). Together, these
data suggest that thyroxine treatment reduced proliferation but
did not affect maturation of OL progenitors or subsequent my-
elination at the dose used in this study. Suppression of prolifera-
tion after thyroxine treatment has been observed in previous
studies (Fernandez et al., 2004a). The failure of thyroxine to affect
the maturation of OL progenitors and myelination could be at-
tributed to the dose and short duration (10 d) of the medication
used in the study.

Discussion
IVH remains a major public health concern as both the incidence
of prematurity and the survival of preterm infants have increased
over the last 2 decades (Hamilton et al., 2007; Lau et al., 2013).

IVH results in hypomyelination of the white matter, manifesting
as cerebral palsy and cognitive deficits in the survivors. At pres-
ent, no preventive or therapeutic strategies exist for this disorder.
Here we show that the development of IVH results in the coor-
dinated upregulation of D3 and downregulation of D2 in the
periventricular germinal matrix, setting the stage for a localized
decrease in TH signaling. Additionally, enhanced TR� expres-
sion in a setting of reduced T3 levels increases the availability of
unliganded TR that favorably associates with corepressor com-
plexes, further decreasing local TH signaling. The significance of
these findings is illustrated by the critical observation that TH
treatment in preterm rabbits with IVH promotes the prolifera-
tion and maturation of OL progenitors, restores myelination, and
enhances neurological recovery.

These findings are consistent with several recent studies report-
ing that cerebral insults, including hypoxia, trauma, and inflamma-
tion, alter the expression of D2 and D3 enzymes in neural cells (Zou
et al., 1998; Lamirand et al., 2008; Jo et al., 2012). Specifically, hyp-
oxia and hypoxia-inducible factors activate D3 enzymes in neurons
and myocardium, thereby reducing T3 content in these cells (Simo-
nides et al., 2008; Jo et al., 2012). In addition, coordinated changes in
deiodinase expression are also seen in critically ill adults, thereby
reducing the availability of TH (Peeters et al., 2003). The critical
question is whether such a decrease in brain TH signaling in the

Figure 9. Thyroxine treatment does not affect apoptosis in rabbit pups. A, B, Representative Western blot analyses for caspase 3 in the forebrain of three sets of premature rabbit pups as indicated
at 3 and 7 d. Bar graphs show the mean 	 SEM (n � 5 each group). Protein concentration normalized to �-actin. Newborn rat brain used as the positive control. Note the elevated cleaved caspase
in pups with IVH relative to controls without IVH; and thyroxine treatment does not affect the cleaved caspase level. C, Western blot analyses for vehicle-treated and thyroxine-treated healthy pups
without IVH at 3 d. Bar graphs show the mean 	 SEM (n � 5 each group). Protein concentration was normalized to actin. There is no difference in the cleaved caspase level between the two groups.
D, Representative immunofluorescence of 7-d-old rabbit pups labeled with Olig2 and TUNEL. Left, Bar graph shows the mean 	 SEM of the total TUNEL 
 cells in the germinal matrix (GM) and
corona radiata (CR) of 7-d-old rabbit pups. Right, Bar graph indicates the mean 	 SEM of the percentage of Olig2 
 cells that are TUNEL 
 in the GM and CR. No difference was seen in the extent
of apoptosis between vehicle-treated or thyroxine-treated pups with IVH. Scale bar, 50 �m.
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setting of IVH is adaptive or maladaptive, with the answer carrying
major clinical significance as it could result in the recommendation
for TH administration to infants with IVH.

An intriguing finding of the present study is the observation
that TH administration restores myelination in a unique preterm
rabbit model of glycerol-induced IVH. Similar to human preterm
infants, premature rabbits exhibit a gyrencephalic brain, perina-
tal brain growth, abundant germinal matrix, and the capability of
premature pups to survive. Moreover, IVH initiates in the germi-
nal matrix in this model of IVH, just as in humans; and the
animals with IVH develop hypomyelination at 14 d of age. Con-
sistent with the findings of the present study, TH treatment
improves myelination in adult models of both chronic inflamma-
tory demyelinating disease and cuprizone-induced demyelina-
tion (Franco et al., 2008; D’Intino et al., 2011). Experimental
allergic encephalomyelitis is an experimental model of multiple
sclerosis, which exhibits demyelination areas in the brain and
spinal cord. TH treatment in both adult rodents and monkeys
(Callithrix jacchus) with chronic inflammatory demyelination
leads to improvement in myelination (Franco et al., 2008; Harsan
et al., 2008; D’Intino et al., 2011). Similarly, in a cuprizone model
of toxic demyelination, which induces OL degeneration and dis-
ruption of the myelin sheath in rodents, TH treatment enhances
remyelination by promoting differentiation of OL progenitors
(Franco et al., 2008). Hence, TH treatment enhances myelination
in our developmental model of IVH, just as in adult models of
demyelination.

Our previous studies have shown that the development of
IVH results in reduced proliferation, degeneration, and arrested

maturation of OL progenitors in preterm rabbit pups (Dummula
et al., 2011). In the present study, we demonstrated that TH treat-
ment in rabbit pups with IVH induced (1) an elevation of cycling
and total population of PDGFR�
, (2) increased density of pro-
liferating and total Olig2
 cells, (3) a rise in the number of my-
elinating OL (O4
APC
), and (4) an elevation in CNPase levels
in thyroxine-treated pups relative to controls. An increase in the
density of cycling and total PDGFR�
 OL in thyroxine-treated
pups suggests that thyroxine exposure promotes the specification
and multiplication of undifferentiated OL progenitors. A rise in
the density of APC
 OLs and CNPase levels in thyroxine-treated
pups relative to vehicle controls indicates the maturation of OL
progenitors upon TH treatment. Consistent with our results,
other reports have also shown that thyroxine treatment acceler-
ates OL proliferation in adult rats (D’Intino et al., 2011). More-
over, a role of TH in enhancing the maturation of OLs has been
demonstrated in animal models and culture experiments (Calza
et al., 2002; Younes-Rapozo et al., 2006; Franco et al., 2008).
Together, TH treatment promotes myelination by enhancing the
population of both undifferentiated and differentiated OL
progenitors.

The maturation of OLs is transcriptionally regulated, and ba-
sic helix-loop-helix (bHLH) transcription factors—Olig1, Olig2,
Id2, Id4, and Sox10 —play key roles in OL lineage specification
and in progressive stages of maturation leading to myelination
(Stolt et al., 2002; Gokhan et al., 2005). The present study dem-
onstrated that thyroxine treatment elevated Sox10 and Olig2
gene expression in pups with IVH, which are suppressed in rab-
bits after IVH. However, the other transcription factors (Olig1,
Id2, and Id4) were not affected by thyroxine treatment. Since
both Olig2 and Sox10 activate the MBP promoter, leading to
terminal differentiation of OL progenitors, elevating these two
transcription factors by thyroxine treatment would enhance my-
elination (Gokhan et al., 2005). In addition, Sox10 diverts multi-
potent neural progenitor cells toward the OL lineage during
development (Pozniak et al., 2010). However, the amount of
GFAP protein and mRNA, indicating astrocytes, did not change
with thyroxine treatment. To our knowledge, the effect of TH on
bHLH and high-mobility transcription factors have not been
studied in any developmental models of hypomyelination or
adult models of demyelination. Together, the present findings
indicate that TH promotes OL progenitor maturation by increas-
ing expression of Sox10 and Olig2 genes.

The availability of autopsy brain samples from premature in-
fants with and without IVH was instrumental to determine the
expression of deiodinases and TRs in these tissues. At the same
time, we are cognizant of the inherent limitations of postmortem
human samples with multiple confounding variables such as me-
chanical ventilation, exposure to a number of prenatal and post-
natal medications, and others. More importantly, we evaluated
the maturation of OLs in postmortem samples from preterm
infants with IVH who were treated with TH in a double-blinded
controlled trial, starting shortly after birth and continuing until
their demise. Even though the sample size is limited to three in
each group, the data obtained clearly indicate an increase in mat-
uration of OL progenitors after TH treatment in human infants
with IVH, suggesting that a TH clinical trial in infants with IVH
to enhance myelination could be successful.

Excessive TH treatment is not without adverse effects and
could potentially affect cardiovascular function, skeletal integ-
rity, and others. In addition, prolonged treatment with high doses
of TH increases OL apoptosis (Marta et al., 1998). Conversely,
studies have shown that TH rescues developing OLs from death

Figure 10. Thyroxine treatment reduces proliferation but does not affect the maturation of
OLs or myelination in healthy rabbit pups. A, Coronal sections were stained using a combination
of Olig2/Ki67, PDGFR�/Ki67, or O4/APC antibodies. Bar graphs show the mean 	 SEM (n � 5
each group). Total and cycling Olig2 cells are similar in density between groups. However,
proliferating PDGFR� 
 cells are reduced in thyroxine-treated pups compared with untreated
controls. Densities of O4 
 and O4 
/APC 
 cells are comparable between groups. B, C, Repre-
sentative Western blot analyses for CNPase and MBP in forebrain homogenates of thyroxine-
treated and untreated pups without IVH at 14 d. Bar graphs show the mean 	 SEM (n � 5 each
group). Protein concentration was normalized to �-actin. Adult rat brain was used as the
positive control. No difference was seen between groups.
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by apoptosis induced by proinflammatory cytokines (Jones et al.,
2003). In the present study, TH supplementation did not affect
active caspase 3 levels or the abundance of TUNEL
 cells in pups
with IVH. In addition, no apparent adverse effects of thyroxine
treatment were noticed in this study. More importantly, thyrox-
ine treatment in healthy controls did not alter the maturation of
OL progenitors or myelination. Indeed, the safety of TH has been
noted in a double-blinded randomized control trial for infants
with and without IVH in doses of 4 or 8 �g/kg/d (La Gamma et
al., 2009).

IVH often results in cerebral palsy and cognitive deficits in
premature infants, with neurologic sequelae present in 80 –100%
of the cases with moderate-to-severe IVH (Guzzetta et al., 1986;
Bassan et al., 2006). At this time, there are no therapeutic or
preventive strategies for infants with IVH. Based on quality-of-
life concerns, active withdrawal of life support from premature
infants with severe IVH, although infrequent, does occur (Saw-
yer, 2008). Hence, there is extreme need for a therapy to mini-
mize white matter injury that follows IVH. Here, we have shown
that TH treatment enhances OL progenitor maturation, myeli-
nation, and neurological outcome of preterm rabbit pups with
IVH, without enhancing apoptosis in pups with IVH or in pups
without IVH. Furthermore, the density of myelinating OLs
(O4
O1�) was almost doubled in thyroxine-treated preterm in-
fants. These findings set the stage for further testing the utility of
TH in a phase II clinical trial in human neonates with moderate-
to-severe IVH.
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