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Premature infants exhibit neurodevelopmental delay and reduced growth of the cerebral cortex. However, the underlying mechanisms
have remained elusive. Therefore, we hypothesized that neurogenesis in the ventricular and subventricular zones of the cerebral cortex
would continue in the third trimester of pregnancy and that preterm birth would suppress neurogenesis. To test our hypotheses, we
evaluated autopsy materials from human fetuses and preterm infants of 16 –35 gestational weeks (gw). We noted that both cycling and
noncycling Sox2 � radial glial cells and Tbr2 � intermediate progenitors were abundant in human preterm infants until 28 gw. However,
their densities consistently decreased from 16 through 28 gw. To determine the effect of premature birth on neurogenesis, we used a
rabbit model and compared preterm [embryonic day 29 (E29), 3 d old] and term (E32, �2 h old) pups at an equivalent postconceptional
age. Glutamatergic neurogenesis was suppressed in preterm rabbits, as indicated by the reduced number of Tbr2 � intermediate progen-
itors and the increased number of Sox2 � radial glia. Additionally, hypoxia-inducible factor-1�, vascular endothelial growth factor, and
erythropoietin were higher in term than preterm pups, reflecting the hypoxic intrauterine environment of just-born term pups. Proneural
genes, including Pax6 and Neurogenin-1 and -2, were higher in preterm rabbit pups compared with term pups. Importantly, neurogenesis
and associated factors were restored in preterm pups by treatment with dimethyloxallyl glycine, a hypoxia mimetic agent. Hence,
glutamatergic neurogenesis continues in the premature infants, preterm birth suppresses neurogenesis, and hypoxia-mimetic agents
might restore neurogenesis, enhance cortical growth, and improve neurodevelopmental outcome of premature infants.

Introduction
The human cerebral cortex is complex and highly organized,
which distinguishes humans from other species. The cerebral
cortex orchestrates cognitive functions, intelligence, motor abil-
ities, and sensory perceptions. Unraveling its development after
midpregnancy might elucidate the mechanisms of its expansion
and enhance the understanding of neurological disorders in pre-
mature infants. Therefore, we asked whether neurogenesis con-
tinues in prematurely born infants.

Every year, about 15 million infants are born preterm world-
wide. These infants exhibit significant reduction in cortical gray
matter volume and manifest with moderate to severe neurode-
velopmental disability at 1 year of age (Dyet et al., 2006; Thomp-
son et al., 2007). They continue to display impaired cortical
growth even in childhood and adolescence (de Kieviet et al.,

2012). Premature infants frequently develop complications, in-
cluding intraventricular hemorrhage, hypoxia, ischemia, and
sepsis, which reduce cortical growth and development (Vasileia-
dis et al., 2004). These neonatal disorders may impact neurogen-
esis, causing an imbalance between excitatory glutamatergic and
inhibitory GABAergic neurons. The imbalance of excitation and
inhibition within neural microcircuitry is associated with epi-
lepsy, autism, neurodevelopmental disorders, and psychiatric ill-
nesses, which are more common in preterm than term infants
(Whitaker et al., 1997; Indredavik et al., 2010). Hence, it is im-
portant to determine how developmental neurogenesis pro-
gresses during the third trimester of pregnancy when premature
infants are born.

In primates, glutamatergic neurogenesis occurs in the ventric-
ular zone (VZ) and subventricular zone (SVZ) of the dorsal tel-
encephalon, whereas GABAergic neurogenesis takes place in
both ventral (ganglionic eminence) and dorsal telencephalon
(Letinic et al., 2002; Jakovcevski et al., 2011). Cortical projection
neurons, which are primarily glutamatergic, originate from ra-
dial glia residing in the dorsal VZ and SVZ. Radial glial cells in the
VZ generate intermediate progenitor cells (IPCs) that migrate to
the SVZ to further divide, migrate, and form the six cortical layers
(Haubensak et al., 2004). During infancy, migrating immature
neurons have been found to be abundant in the SVZ and rostral
migratory system (Sanai et al., 2011). Neurogenesis has been
studied in �24 gestational weeks (gw) and in term infants (Han-
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sen et al., 2010; Wang et al., 2011), but not in preterm infants
(24 –35 gw).

Neurogenesis is temporally regulated, and premature birth
might affect it. Oxygen is a key regulator of neurogenesis (Pan-
chision, 2009). Oxygen concentration in cerebral circulation is
25–30 mmHg in fetuses (in utero), which increases to 50 – 60
mmHg shortly after premature birth (Soothill et al., 1986). In-
creasing evidence indicates that hypoxia enhances proliferation
of neuronal progenitors in vitro (Horie et al., 2004). Thus, a with-
drawal of physiological hypoxia with premature birth might sup-
press neuronal differentiation (Horie et al., 2008). Hypoxia
activates hypoxia-inducible factor (HIF)-1�, which regulates
erythropoietin (EPO), vascular endothelial growth factor
(VEGF), WNT/�-catenin activity, and several signaling pathways
(Zheng et al., 2008). These factors exert direct effects on neuro-
genesis. Therefore, we hypothesized that neurogenesis in the VZ
and SVZ of the cerebral cortex would continue in the third tri-
mester of pregnancy and that preterm birth might suppress neu-
rogenesis. We also postulated that the HIF-1� activation would
restore neurogenesis in premature infants.

Materials and Methods
Human subjects. The Institutional Review Board at New York Medical
College and Westchester Medical Center (Valhalla, NY) approved the use
of autopsy materials from fetuses and premature infants for this study.
The study materials included brain tissues sampled from spontaneous
abortuses of 16 –22 gw and autopsies of premature infants of 23– 40 gw.
The autopsy samples were obtained at a postmortem interval of �18 h
for premature infants and �8 h for fetuses. Only infants of �5 d postna-
tal age were included in the study to minimize the effect of postnatal
events on neurogenesis occurring in the neonatal intensive care units. We
excluded premature infants with grade 2– 4 intraventricular hemorrhage,
major congenital anomalies, chromosomal defects, culture-proven sep-
sis, meningitis, hypoxic–ischemic encephalopathy, and infants receiving
extracorporeal membrane oxygenator treatment from the study. Any
brain tissue showing autolysis or necrosis on hematoxylin and eosin
staining was also excluded. Autopsy samples were classified into five
groups: (1) fetuses of 16 –19 gw (n � 5), (2) fetuses of 20 –22 gw (n � 5),
(3) premature infants of 23–25 gw (n � 5), (4) premature infants of
26 –28 gw (n � 5), and (5) premature infants of 29 –35 gw (n � 5). Of
these, 10 were females and 15 were males. These samples were collected
over the last 10 years (2002–2012) at New York Medical College–
Westchester Medical Center (Valhalla, NY).

Human tissue collection and processing. Brain samples were processed
as described previously (Ballabh et al., 2007). Coronal blocks (5– 6 mm)
were cut through frontal cortex (cortical plate), white matter (embryonic
intermediate layer), and germinal matrix in the region of the thalamos-
triate groove at the level of interventricular foramen (Monro’s foramen).
The samples were fixed in 4% paraformaldehyde in PBS (0.01 M, pH 7.4)
for 18 h and cryoprotected by immersing into 20% sucrose in PBS buffer
for 24 h, followed by 30% sucrose for the next 24 h. We froze tissues after
embedding them into optimum cutting temperature compound
(Sakura), and blocks were stored at �80°C. Frozen coronal blocks were
cut into 12 �m sections using a cryostat and saved at �80°C until use.

Animal experiments. The Institutional Animal Care and Use Commit-
tee of New York Medical College approved the use of animals for the
study. We obtained timed-pregnant New Zealand rabbits from Charles
River Laboratories. C-section was performed to deliver the pups prema-
turely at embryonic day 29 (E29; full term is 32 d). We kept the pups in an
infant incubator prewarmed to a temperature of 35°C. The pups were fed
2–3 ml (100 ml/kg) of puppy formula (Esbilac) twice daily in the first 2 d,
and subsequently the feed was advanced to 125,150, 200, 250, and 280
ml/kg at postnatal days 3, 5, 7, 10, and 14, respectively. We also included
full-term (E32) rabbit pups in the study delivered by two pregnant rab-
bits. Live born and healthy looking pups of either sex were included in the
study. Pups with postnatal complications including aspiration of for-

mula, cardiac arrest requiring resuscitation, and any apparent congenital
defect were excluded from the study.

Dimethyloxallyl glycine treatment. To stabilize HIF-1�, we treated E29
rabbit pups with dimethyloxallyl glycine (DMOG; Cayman Chemical)
starting immediately at birth. DMOG was administered in a dose of 100
mg/kg daily intramuscular for 3 d. These pups were killed at 72 h of age.
The comparison group received vehicle (15 �l of DMSO).

Rabbit tissue collection and processing. We processed the tissues as de-
scribed previously (Dummula et al., 2010). Two- to three-micrometer-
thick coronal slices, taken at the level of midseptal nucleus of the
forebrain, were immersion fixed in 4% paraformaldehyde in PBS (0.01 M,
pH 7.4) for 18 h. Samples were then cryoprotected by immersing into
20% sucrose in 0.01 M PBS for 24 h, followed by 30% sucrose for the next
24 h. Tissues were frozen into optimum cutting temperature compound.
Frozen coronal blocks were cut on a cryostat into 30 �m sections.

Immunohistochemistry. Immunostaining was performed as described
previously (Ballabh et al., 2007). The primary antibodies used in experi-
ments included goat polyclonal SOX-2 (catalog #SC-6895; Santa Cruz
Biotechnology), rabbit polyclonal TBR2 (courtesy of R.H.), rabbit
monoclonal Ki67 (catalog #275R-14; Cell Marque), mouse monoclonal
Ki67 (catalog #M7240; Dako), mouse monoclonal phospho-vimentin
(catalog #D076-3; MBL International), mouse monoclonal GFAP (cata-
log #G3893; Sigma-Aldrich), and mouse monoclonal vimentin (catalog
#V6630; Sigma-Aldrich). The secondary antibodies used were Alexa 488
donkey anti-mouse, Alexa 647 donkey anti-goat, and Alexa 594 donkey
anti-rabbit (Invitrogen). Briefly, we hydrated the fixed sections in 0.01 M

PBS and incubated them with the primary antibodies diluted in PBS at 4°C
overnight. After washing in PBS, the sections were incubated with a second-
ary antibody diluted in 1% normal donkey serum in PBS at room tempera-
ture for 60 min. Finally, after washes in PBS, sections were mounted with
Slow Fade Light Antifade reagent (Invitrogen) and were visualized under a
confocal microscope (Nikon). Stereology was performed using a fluorescent
microscope (Axioskop 2 plus; Carl Zeiss) with a motorized specimen stage
for automated sampling (ASI), CCD color video camera (Microfire; Op-
tronics), and stereology software (Stereologer; SRC).

Quantification of neuronal progenitors under confocal microscope. We
quantified Sox2- and Tbr2-positive cells and their proliferation in five
groups of subjects: 16 –19, 20 –22, 23–25, 26 –28, and 29 –35 gw (n � 5

Table 1. Characteristics of human fetuses and premature infants studied

Case
Gestational
age (weeks) Weight (g) Sex Clinical diagnosis and cause of death

1 16 Male Cervical incompetence
2 17 Male Undetermined
3 17 Female Placental abruption
4 19 Male Undetermined
5 19 240 Female Cervical incompetence
6 20 360 Female Multiple pregnancy
7 20 320 Male Preterm labor
8 21 410 Female Preterm labor
9 21 460 Male Preterm labor

10 22 510 Male Preterm labor
11 23 400 Female Immaturity and respiratory failure
12 23 630 Male Immaturity and respiratory failure
13 24 390 Male Immaturity and respiratory failure
14 25 740 Male Clinical sepsis
15 25 730 Female Metabolic acidosis, cardiorespiratory failure
16 26 920 Female Clinical sepsis and shock
17 27 550 Female twin Respiratory failure
18 27 925 Male Respiratory failure
19 27 480 Male Clinical sepsis
20 28 900 Male Respiratory failure
21 31 3390 Male Hydrops fetalis
22 32 992 Male Necrotizing enterocolites
23 33 3380 Male Nonimmune hydrops
24 33 2305 Female Diaphragmatic hernia
25 35 2900 Female Oligohydramnios, hypoplastic lung
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each group, 25 subjects total). From each brain, four to six coronal sec-
tions were obtained. Coronal brain sections were triple labeled with
Sox2-, Tbr2-, and Ki67-specific antibodies to evaluate density and pro-
liferation of Sox2 � and Tbr2 � cells. To determine the proportion of
Sox2 � and Tbr2 � cells compared with all neural cells, we labeled an-
other set of coronal sections with Sox2, Tbr2, and Sytox (nuclear stain).
The counting was done in six representative images from each brain
region (dorsal cortical SVZ and ganglionic eminence) acquired on a
confocal microscope (Nikon) using 60� objective. Of these, three images
were taken at the level of the ventricular surface encompassing the VZ
and inner SVZ, and the remaining three images were acquired above the
initial ones (outer SVZ). All counting was done on the confocal micro-
scope (EZ-C1 program) by using the “point of interest” icon from menu
bar. Hence, we counted objects in approximately six images per brain
region (ganglionic eminence and dorsal SVZ) of each brain section (6
images � 2 brain regions � 4 – 6 sections � 25 brains). Stereological
protocol was not followed for the quantification of cells in human brains
because triple-labeled live images cannot be obtained by a regular fluo-
rescent microscope equipped with stereology software. Hence, the
counting was done on a confocal microscope by an investigator blinded
to the experimental group.

We also quantified doublecortin (DCX)-labeled cells in four groups of
human subjects: 16 –22, 23–25, 26 –28, and 29 –35 gw (n � 4 each group,

16 subjects total). To this end, we triple labeled forebrain coronal sections
with DCX, Ki67, and Sytox. The counting was done in dorsal cortical
SVZ and ganglionic eminence, just as for Sox2 and Tbr2, by a blinded
investigator on the confocal microscope.

Stereological assessment of Sox2-, Tbr2-, and Ki67-positive cells in rab-
bits. Unbiased stereology methods, with assistance from a computerized
software system (Stereologer; Stereology Resource Center), were used to
quantify a range of parameters in two brain regions: (1) dorsal VZ and
SVZ underneath the corona radiata and corpus callosum and (2) lateral
ganglionic eminence (forms the lateral margin of the cerebral ventricles).
Briefly, coronal sections were cut on a cryostat at a setting of 30 �m
thickness with a section sampling interval of three (90 �m) to achieve at
least six sections at the level of midseptal nucleus. The sections were triple
labeled with Sox2 or Tbr2 with Ki67 antibodies and DAPI (nuclear stain)
and quantified as follows. The reference spaces (dorsal VZ and SVZ) 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 number of Sox2 �, Tbr2 �, or Ki67 � cells labeled with
their respective antibodies through a defined reference space was quan-
tified using the optical dissector probe under a 60� oil lens. For the
optical dissector probe (frame, 25 � 25 �m; guard zone, 1 �m; inter-
frame interval, 200 �m), the user clicked on the objects within the dis-

Figure 1. Neurogenesis continues in dorsal SVZ until 28 gw. A, Representative immunofluorescence of cryosections from subjects of 17, 19, 23, and 26 gw triple labeled with Sox2, Tbr2, and Ki67
antibodies. There was an abundance of Sox2 � and Tbr2 � neuronal progenitors in the VZ and SVZ that decrease in density with increasing gestational age. A cresyl violet-stained coronal section
from 17 gw forebrain (top left) shows dorsal cortical SVZ (green circle) and ganglionic eminence (asterisk); all images were acquired in dorsal SVZ. Scale bars, 100 �m. B, Densities of Sox2 � and
Tbr2 � cells progressively reduce with advancing gestational age, becoming scarce after 28 gw. Bar charts are mean � SEM. *p � 0.001, †p � 0.026, and ‡p � 0.047 for the comparison of Sox2 �

cells between 29 –35 gw versus 16 –19, 20 –22, and 26 –28 gw, respectively. #p � 0.001 and �p � 0.001 each for the comparison of Tbr2 � cells between 16 –19 versus 20 –22 gw and 20 –22
versus 23–25 gw. �p � 0.03 for the comparison of Tbr2 � cells between 23–25 versus 26 –28 gw. C, Bar charts are mean � SEM. Neuronal progenitors coexpressing Sox2 and Tbr2 significantly
decline in density with increasing gestational age, disappearing by 28 gw.
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sector frame. Sampling continued until the
coefficient of error was �0.10. To assess cells
positive for both Ki67 and Sox2, we used a
dual-color filter (filter set 74 HE GFP�mRFP
shift free; Zeiss) that visualizes both Alexa 488-
and Alexa 594-labeled cells.

Western blot analyses. We homogenized the
frozen brain tissue in sample buffer (3% SDS,
10% glycerol, 62.5 mM Tris-HCl, and 100 mM

DL-DTT) using a mechanical homogenizer and
boiled the samples immediately for 5 min. The
protein concentration in the supernatant was
determined using the BCA Protein Assay kit
(Pierce catalog #23227). Total protein samples
were separated by SDS-PAGE according to the
previously described method (Ballabh et al.,
2007). Equal amounts of protein (10 –20 �g)
were loaded into a 4 –15% gradient precast gel
(Bio-Rad). The separated proteins were trans-
ferred onto polyvinylidene difluoride mem-
brane by electro-transfer. The membranes
were then incubated with primary antibodies
[mouse monoclonal HIF-1� (catalog #SC-
53546) and mouse monoclonal VEGF (cata-
log #SC-7269), Santa Cruz Biotechnology;
rabbit polyclonal Pax6, catalog #PRB-278P,
Covance]. We detected target proteins with a
chemiluminescence ECL system (GE Health-
care) by using secondary antibodies conju-
gated with horseradish peroxidase (Jackson
ImmunoResearch Laboratories). We next
stripped the blots with stripping buffer
(Pierce) and incubated with �-actin primary
antibody, followed by a secondary antibody
and detection with the chemiluminescence
ECL system. As described previously (Bal-
labh et al., 2007), the blots from each exper-
iment were densitometrically analyzed using
ImageJ. The optical density values were nor-
malized by taking the ratio of the target pro-
tein and �-actin.

Quantitative real-time PCR. Quantitative real-
time PCR (qRT-PCR) was performed as de-
scribed previously (Ballabh et al., 2007). Briefly,
total RNA was isolated from a 1- to 2-mm-thick
slice taken at the level of midseptal nucleus of the
forebrain by the Mini RNA isolation kit (Zymo
Research). RNA was reverse-transcribed using
Superscript II RT (Invitrogen). Real-time reverse
transcriptase-PCR was used to analyze mRNA
expression using an ABI PRISM 7700 Sequence
Detection System (Applied Biosystems). Quanti-
fication was performed using the efficiency-
corrected ��CT method. The following primers
were used for qRT-PCR: Pax6 (accession number
NM_001082217.1) sense CCCGTCCATCTTTG
CTTGGGAAAT, antisense TAGCCAGGTTGC
GAAGAACTCTGT; Neurogenin-2 (accession
number XM_002717014.1) sense GCATCAAGA
AGACACGCAGACTGA,antisenseTCTCGATC
TTGGTTAGCTTGGCGT; Neurogenin-1
(accession number XM_002710221.1) sense AACCGCATGCACAACCTG
AA, antisense AAGCGTAGCGTCTCGATCTT; Hes1 (accession number
XM_002716517.1) sense GAGCACAGGAAGTCTTCAAAGCCA, anti-
sense TGGAATGCCGCGAGCTATCTTTCT; Hes5 (accession number
NM_001010926.3)senseGCATCAACAGCAGCATCGAGCA,antisenseTA
GCTGACAGCCATCTCCAGGAT; Emx1 (accession number BC037242.1)
sense TCCAGAACCGGAGGACAAAGTACA, antisense TGATGTGATG
GGAGCCCTTCTTCT; Emx2 (accession number AF301598.1) sense AAGC

GCTGCTTCACCATCGAGT,antisenseAGCCGTTGAGGAACGGATTT
ATGG; Insulinoma associated 1 (Insm1; accession number
NM_002196.2) sense ACTTCGAGGACGAGGTGACCA, antisense TT
GCACAGCTGGCAGATGAACT; VEGF (accession number
NM_003376) sense AGACGGACAGAAAGACAG, antisense
AAGCAGGTGAGAGTAAGC.

Statistics and analysis. Data are expressed as means � SEM. To deter-
mine differences in the density of radial glia and IPCs and their prolifer-

Figure 2. Proliferation of apical and basal progenitors reduce with advancing gestation. A, Typical morphology of radial glia
(Sox2 �) and IPCs (Tbr2 �) in the VZ and SVZ of cryosections taken from 19, 23, 27, and 33 gw subjects triple labeled with Sox2,
Tbr2, and Ki67 antibodies. The number of cycling and noncycling Sox2 � and Tbr2 � cells reduces with increasing gestation,
becoming completely absent by 33 gw. Scale bars, 25 �m. The dashed lines indicate the intersection of inner and outer SVZ. B,
Densities of all proliferating cells and cycling Sox2 � cells decreased with advancing gestational age. Bar charts are mean � SEM.
*p �0.001, †p �0.001, and ‡p �0.001 for the comparison of all proliferating cells (Ki67 �) for 16 –19 versus 20 –22 gw, 16 –19
versus 23–25 gw and 20 –22 versus 26 –28 gw, respectively. #p � 0.001 and �p � 0.001 for Sox2 � cells comparing 16 –19
versus 20 –22 gw and 16 –19 versus 23–25 gw, respectively. �p � 0.024 for Sox2 � cells comparing 20 –22 versus 26 –28 gw,
respectively. C, Densities of cycling cells labeled Tbr2 and colabeled Sox2 � and Tbr2 � decreased with rising gestational age. Bar
charts are mean�SEM. *p�0.001 and †p�0.001 for the comparison of proliferating Tbr2 � cells for both 16 –19 versus 20 –22
gw and 16 –19 versus 23–25 gw, p � 0.001. ‡p � 0.008 for the comparison of cycling Tbr2 � cells at 20 –22 versus 26 –28 gw.
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ation in the dorsal SVZ and ganglionic eminence in five age groups of
human subjects (including 16 –19, 20 –22, 23–25, 26 –28, and 29 –35 gw),
two-way ANOVA with repeated measures was used. The repeated factor
was applied to the two brain regions, dorsal SVZ and ganglionic emi-
nence. To compare the density of radial glia and IPCs and their prolifer-
ation in treated preterm, untreated preterm, and term rabbit pups, we
used one-way ANOVA. For Western blot analyses, three group compar-
isons were done using one-way ANOVA. All post hoc comparisons to test
for differences between means were done using Tukey’s multiple com-
parison test at the 0.05 significance level. For two group comparisons,
either the t test or Mann–Whitney U test was performed, as applicable.

Results
Radial glia and intermediate progenitors populate dorsal SVZ
of premature infants
To evaluate neurogenesis, radial glia (apical progenitors) and
IPCs (basal progenitors) were assessed in the dorsal SVZ and VZ
of five subgroups of human fetuses and premature infants: 16 –
19, 20 –22, 23–25, 26 –28, and 29 –35 gw (n � 5 in each group;
Table 1). We identified radial glia and IPCs by immunolabeling
with antibodies for Sox2 and T-brain gene 2 (Tbr2) transcription
factors, respectively. Ki67, which labels cells in late G1, S, G2, and
M phases of the cell cycle, was chosen to assess proliferation of
radial glia and IPCs. Immunostaining of coronal sections re-

vealed that Sox2� cells were abundant in the VZ and SVZ of
fetuses and premature infants (Figs. 1, 2). However, their densi-
ties decreased with advancing gestational age (p � 0.001; Fig.
1B), becoming scarce to absent in preterm infants older than 28
gw. Comparison between the five groups showed that Sox2� cells
were fewer in 29 –35 gw infants compared with 16 –19, 20 –22,
and 26 –28 gw infants (p � 0.001, 0.026, and 0.047, respectively).
To determine whether Sox2� cells exhibited apical and basal
processes, we double labeled the sections with Sox2 and vimentin
antibodies. Vimentin was expressed on basal and apical processes
of the radial glia surrounding the Sox2� nuclear labeling (Fig.
3A). Many Sox2� cells showed vimentin-positive apical process-
es; however, the basal processes could not be traced deep into the
white matter. Similarly, nestin was expressed on radial glial pro-
cesses encircling the Sox2� nuclear labeling (Fig. 3B).

Similar to Sox2� cells, Tbr2� IPCs were abundant in the SVZ
of fetuses and premature infants (16 –28 gw; Figs. 1, 2). A pairwise
comparison between the five groups of subjects showed a pro-
gressive decline in the number of Tbr2� cells with advancing
gestational age (p � 0.001 for three comparisons: 16 –19 vs 20 –22
gw, 20 –22 vs 23–25 gw, and 23–25 vs 29 –35 gw; p � 0.03 for
23–25 vs 26 –28 gw; Fig. 1B). Notably, Tbr2� cells were almost

Figure 3. Sox2� radial glial cells show apical and basal processes in fetuses and premature infants. A, Double immunolabeling at 17, 23, and 27 gw with Sox2 and vimentin antibodies. Note the
basal radial glial processes in outer SVZ (arrow) and predominance of Sox2 � cells (arrowhead) in VZ and inner SVZ. Sox2 � cells were embedded into vimentin. Scale bars, 25 �m. B, Triple
immunolabeling of cryosections from 17 and 23 gw subjects with Sox2, nestin, and Ki67 antibodies. Nestin-positive radial glial processes surround the Sox2-positive (arrow) and Ki67-positive
(arrowhead) nuclear signals. Scale bars, 25 �m. C, In 17 and 23 gw subjects, double labeling with Sox2 and p-vimentin antibodies shows colocalization of two immunoreactivities at several locations
(arrowheads), indicating that the radial glial cells are in M phase. Note the processes of p-vimentin � cells extending into SVZ (arrows). Scale bars, 25 �m.
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undetectable after 28 gw. A subset of neuronal progenitors coex-
pressed Sox2 and Tbr2, suggesting persistence of Sox2 antigen
after the birth of Tbr2� IPCs. These Sox2 and Tbr2 colabeled
cells of the VZ and SVZ reduced in density with increasing gesta-
tional age (p � 0.001; Fig. 1C), becoming extinct after 28 gw.

The fetuses of �23 gw usually do not survive and thus are
considered nonviable (Seri and Evans, 2008). Therefore, we com-
pared the density of radial glia and IPCs between fetuses of �23
gw (16 –22 gw, nonviable) and premature infants of 23 gw or
more (23–28 gw, viable). To this end, we combined two subsets of
fetuses (16 –19 and 20 –22 gw) and two subsets of preterm infants
(23–25 and 26 –29 gw) and compared these two groups. We
found that the density of Sox2�, Tbr2�, and both Sox2-/Tbr2-
positive cells was significantly less in preterm infants compared
with fetuses (p � 0.025, 0.001, and 0.001, respectively). Together,
these results indicate that neurogenesis slows down as gestational
age advances toward the age of viability.

Radial glia and IPCs were more numerous in the inner SVZ
compared with the outer SVZ in fetuses. Conversely, in pre-
term infants, Tbr2 � cells appeared to be more abundant in the

outer SVZ than the inner SVZ. Therefore, we compared den-
sities of Sox2 � and Tbr2 � cells between the outer SVZ and the
inner SVZ (including VZ) in two subsets of preterm infants,
23–25 and 26 –28 gw. We found that Tbr2 � cells exhibited a
trend toward higher density in the outer SVZ, whereas Sox2 �

cells displayed a trend for larger number in the inner SVZ.
However, the comparisons were not statistically significant
(data not shown). Together, the relative abundance of apical
(Sox2 �) and basal (Tbr2 �) neuronal progenitors in the VZ
and SVZ of premature infants of 23–28 gw and their disap-
pearance after 28 weeks suggests that glutamatergic neurogen-
esis continues until 28 gw.

Proliferation of neuronal progenitors is reduced in preterm
infants compared with fetuses
To evaluate proliferation of radial glia and IPCs in the dorsal SVZ,
forebrain sections triple labeled with Sox2�-, Tbr2�-, and Ki67-
specific antibodies were evaluated (Fig. 2). A comparison be-
tween 16 –19, 20 –22, 23–25, 26 –28, and 29 –35 gw categories
revealed that Ki67� neural cells were abundant in lower gestational

Figure 4. Neurogenesis in ganglionic eminence continues until 28 gw. A, Representative immunofluorescence of cryosections from subjects of 21 gw, triple labeled with Sox2, Tbr2, and Ki67
antibodies. Note that Tbr2 � cells (arrowheads) are absent in the ganglionic eminence; the dashed line marks a sharp demarcation in the SVZ between dorsal (cortical) SVZ and ventrally located
ganglionic eminence with respect to the distribution of Tbr2 � cells. Scale bar, 50 �m. Cresyl violet-stained coronal section from 17 gw (top left) forebrain shows ganglionic eminence (red circle),
dorsal cortical SVZ (asterisk), and lateral ventricle (V). Images in B were acquired in the ganglionic eminence. B, Typical distribution of Sox2 � and Ki67 � cells in the ganglionic eminence of 19 and
23 gw infants. Note lesser density of Sox2 � cells in 23 gw relative to 19 gw. Arrowheads indicate cycling Sox2 � cells. Scale bar, 100 �m. C, Note decreased density of Sox2 � cells in lower age
groups. Bar charts are mean � SEM. *p � 0.001 for 16 –19 versus 23–25 gw; †p � 0.017 for 20 –22 versus 29 –35 gw; ‡p � 0.013 for 26 –28 versus 29 –35 gw. D, All cycling neural cells and
proliferating Sox2 � cells decreased in density with advancing gestational age. Bar charts are mean � SEM. The following applies for all cycling cells: *p � 0.007 for 16 –19 versus 20 –22 gw; †p �
0.01 and ‡p � 0.01 for 16 –19 versus 23–25 and 26 –28 gw, respectively. The following applies for proliferating Sox2 � cells: #p � 0.001, �p � 0.001, and �p � 0.001 for 16 –19 vs 20 –22,
26 –28, and 29 –35 gw, respectively. E, Proportional bar diagram showing reduction in the density of percentage of Sox � cells with advancing gestational age.
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age and markedly sparse in higher-gestational age subjects
(p � 0.001 for all three: 16–19 vs 20–22 gw, 16–19 vs 23–25 gw, and
20–22 vs 26–28 gw; p � 0.028 for 23–25 than 29–35 gw). Accord-
ingly, proliferating Sox2� and Tbr2� cells were more numerous in
early gestational age compared with late gestational age in fetuses
and premature infants (Fig. 2B,C). Indeed, proliferation of all three
categories of progenitors (Sox2�, Tbr2�, and cells coexpressing
Sox2� and Tbr2�) decreased with the advance in gestational age
(p � 0.001 all). Consistent with these findings, proliferation of
Sox2� and Tbr2� cells was significantly higher in fetuses relative to
premature infants (16–22 vs 23–28 gw; p � 0.001 all).

To specifically evaluate the density of radial glial cells after
M phase of the cell cycle, we chose another marker, phosho-
vimentin (p-vimentin) and double labeled the brain sections
with p-vimentin and Sox2 antibodies (Fig. 3C). We found that
p-vimentin � cells were abundant in the dorsal VZ and SVZ of
fetuses (16 –22 gw), relatively scarce in premature infants of
23–25 gw, and almost absent after 26 gw (data not shown).
Together, proliferation of neural progenitors in VZ and SVZ
sharply declines in preterm infants, being almost absent after
28 gw.

Intermediate progenitors absent, but radial glia abundant in
the ganglionic eminence
In humans, Tbr2� IPCs, which are primarily glutamatergic, orig-
inate in the SVZ of dorsal telencephalon, whereas interneurons
derive from both the dorsal SVZ and the ganglionic eminence
(Letinic et al., 2002; Rakic and Zecevic, 2003; Kowalczyk et al.,
2009). Accordingly, Tbr2� cells were conspicuously absent in the
ganglionic eminence. The distribution of Tbr2� cells exhibited a
sharp demarcation between abundant Tbr2� cells in the dorsal
(cortical) SVZ and a complete absence of Tbr2� cells in the ven-
trally located ganglionic eminence (Fig. 4A).

Radial glia, labeled by Sox2, were abundant in the ganglionic
eminence of fetuses and premature infants, and they declined in
density with advancing gestational age (p � 0.001; Fig. 4B,C). Ac-
cordingly, a comparison between groups revealed that the number
of Sox2 � cells in the ganglionic eminence was significantly de-
creased in some of the higher gestational age categories relative to
lower age groups (p � 0.001 for 16–19 vs 23–25 gw; p � 0.017 for
20–22 vs 29–35 gw; p � 0.013 for 25–28 vs 29–35 gw; Fig. 4B,E).
However, the difference in the density of Sox2� cells between fetuses

Figure 5. DCX� cells are similar in density across gestational age categories in both the ganglionic eminence and dorsal SVZ. A, Representative immunofluorescence of cryosections from subjects
of 19, 23, and 27 gw double labeled with DCX and Ki67 antibodies. Note that densities of DCX � cells are comparable between the 19, 23, and 27 gw subjects in both dorsal SVZ (top) and ganglioic
eminence (bottom), whereas the number of proliferating cells (Ki67 �) is greatly reduced during the same period. Scale bars, 25 �m. B, Note that percentages of DCX � cells (ratio of DCX � and
sytox �) are comparable across the gestational age categories in both dorsal SVZ and ganglionic eminence. Bar charts are mean � SEM. C, The total number of DCX � cells was comparable across
gestational age categories in both the dorsal SVZ and ganglionic eminence. Bar charts are mean � SEM. D, The number of proliferating DCX � (DCX � and Ki67 �) cells significantly reduced as a
function of gestational age in ganglionic eminence. However, in the dorsal SVZ, cycling DCX � cells showed a trend toward reduction in density with advancing gestation, which was not significant.
Bar charts are mean � SEM. In ganglionic eminence for proliferating cells DCX � cells, *p � 0.03 for 23–25 versus 25–28 gw and †p � 0.02 for 23–25 versus 29 –35 gw.
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(16–22 gw) and premature infants (23–28 gw) was not statistically
significant.

We next assessed proliferation in the radial glia of the gangli-
onic eminence. Similar to the dorsal SVZ, the number of cycling
neural cells (Ki67� cells) and proliferation specific to Sox2� pro-
genitors (colabeled Sox2� and Ki67�) diminished with advanc-
ing gestational age (p � 0.001 both; Fig. 4D). Consequently,
these two categories of proliferating cells were more abundant in
fetuses relative to premature infants (p � 0.05 both). Consistent
with these findings, a further comparison between the five groups
showed significantly higher proliferation rates for lower gesta-
tional age groups (Fig. 4D). Collectively, these results demon-
strate that in the ganglionic eminence, Tbr2� cells were
conspicuously absent and the total number of Sox2� progenitors
as well as their proliferation was reduced with increasing gesta-
tional age.

Cycling radial glia are more abundant in the ganglionic
eminence relative to the dorsal SVZ
Since radial glia reside in both the dorsal SVZ and ganglionic
eminence (Zecevic et al., 2005; Fietz and Huttner, 2011), it is

important to compare their densities and proliferation capac-
ity between these two germinal zones. The densities of Sox2 �

cells both in the fetuses (16 –22 gw) and premature infants
(23–28 gw) were comparable between the ganglionic emi-
nence and the cortical SVZ. In addition, the pairwise compar-
ison of the five groups between the two brain regions showed
no significant difference.

We next compared the density of cycling Sox2� cells between
the two germinal regions. The number of all cycling neural cells
and proliferating Sox2� cells were significantly more in the gan-
glionic eminence relative to the dorsal SVZ in fetuses (p � 0.02,
0.007), but not in premature infants (p � 0.09, 0.4). Accordingly,
all cycling cells (Ki67�) and proliferating Sox2� (colabeled for
Sox2 and Ki67) cells in 16 –19 gw subjects were more abundant in
the ganglionic eminence compared with the dorsal SVZ (p �
0.001 both), but no difference was found for the comparison
between other groups. Together, these data suggest that cycling
radial glia are more abundant in the ganglionic eminence com-
pared with the dorsal SVZ in fetuses (16 –22 gw) but not in pre-
mature infants.

Figure 6. Preterm birth in rabbits suppressed Tbr2� IPCs and increased Sox2� radial glia cells. A, Representative immunofluorescence of the dorsal SVZ from 3-d-old preterm pups and just-born
term pups double labeled with Tbr2 and Ki67 antibodies. Bottom, Higher magnification. Note the higher density of both proliferating and nonproliferating Tbr2 � cells in term pups compared with
preterm ones. Scale bars, 25 �m. A cresyl violet-stained coronal section from the forebrain of E29 rabbit pup (top right) shows dorsal cortical SVZ (boxes). B, The total number of Tbr2 � and cycling
Tbr2 � cells were higher in term pups compared with preterm pups in dorsal VZ and SVZ. Bar charts are mean � SEM (n � 5 each group). *p � 0.02 and #p � 0.01 for the comparison between
preterm and term pups. C, Cryosections from 3-d-old preterm pups and immediately born term pups were double labeled with Sox2 and Ki67 antibodies. Low (top) and high (bottom) magnification
of the dorsal SVZ are shown. Total and proliferating Sox2 � cells are less abundant in term pups compared with preterm ones. Scale bars, 25 �m. D, Data are mean � SEM (n � 5 each group). The
total and proliferating Sox2 � cells were fewer in term pups compared with preterm pups. *p � 0.05 and #p � 0.05 for the comparison between preterm and term pups.

418 • J. Neurosci., January 9, 2013 • 33(2):411– 423 Malik et al. • Neurogenesis in Premature Infants



DCX-positive cells in the ganglionic eminence and
dorsal SVZ
DCX, a microtubule-associated protein, is expressed in migrating
neuroblasts and is a marker of newly generated neurons (Meyer,
2007). Hence, we quantified DCX� cells in the dorsal SVZ and
ganglionic eminence in four sets of brains: 16 –22, 23–25, 26 –28,
and 29 –35 gw (n � 4 each group, 16 total). The percentage of
DCX� cells (ratio of DCX� and sytox�) ranged 20 –30% and
was comparable between the four gestational groups both in dor-
sal SVZ and ganglioic eminence (Fig. 5A,B). Accordingly, the
total number of DCX� cells did not change as a function of
gestational age and was similar between the groups (Fig. 5C).

We next evaluated proliferation of DCX� cells. In the gangli-
onic eminence, the total number of proliferating DCX� cells
(colabeled for DCX� and Ki67�) reduced as a function of gesta-
tional age. Accordingly, the density of the proliferating DCX�

cells was higher in 23–25 gw compared with 25–28 and 29 –35 gw
(p � 0.03 and 0.02, respectively; Fig. 5D). Similar to the gangli-
onic eminence, the proliferating DCX� cells in the dorsal SVZ
showed a trend toward decline with the advance in gestational
age, but the comparisons were not statistically significant.

Overall, the densities of total and proliferating DCX� cells were
higher in the ganglionic eminence compared with the dorsal SVZ
(p � 0.02, 0.032). Pairwise comparison between the two brain re-
gions for each age group showed that the DCX� cells and cycling
DCX� cells (colabeled for DCX and Ki67) were more abundant in
the ganglionic eminence compared with the dorsal SVZ for 23–25
gw (p � 0.002 both), but not for other gestational ages.

Preterm birth suppresses neurogenesis and dimethyloxallyl
glycine restores neurogenesis in rabbits
Hypoxia activates proliferation and differentiation of neuronal
progenitors (Soothill et al., 1986; Panchision, 2009); and preterm
birth results in withdrawal of physiological hypoxia existing in
utero. Therefore, we asked whether preterm birth affects the den-
sity and proliferation of Sox2� radial glial and Tbr2� IPCs in the
VZ and SVZ. To this end, we compared abundance of Sox2� and
Tbr2� cells and their proliferation in just-born term pups (E32,
�2 h age) and 3-d-old premature (E29) rabbit pups (corrected
conceptional age of 32 d) using a stereological protocol. Double
labeling with Tbr2 and Ki67 antibodies showed that both the
densities of total Tbr2� and cycling Tbr2� cells were higher in

Figure 7. DMOG treatment reversed glutamergic neurogenesis in preterm pups. A, C, Representative immunofluorescence of cryosections of dorsal VZ/SVZ from 3-d-old preterm pups treated
either with DMOG or with vehicle. Sections were double labeled with Tbr2 and Ki67 (A) or Sox2 and Ki67 (C) antibodies. Note the higher density of Tbr2 � cells and lower density of Sox2 � in
DMOG-treated pups compared with vehicle controls. Scale bars, 25 �m. B, Quantification of total and cycling Tbr2 � cells in DMOG- and vehicle-treated preterm pups. Bar charts are mean � SEM
(n � 5 each group). *p � 0.05 for the comparison between DMOG- and vehicle-treated preterm pups. D, The proliferating Sox2 � cells were fewer in DMOG-treated pups compared with vehicle
controls. Data are mean � SEM (n � 5 each group). *p � 0.05 for the comparison between DMOG- and vehicle-treated preterm pups.
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term pups compared with preterm pups
in the dorsal VZ and SVZ (p � 0.025 and
0.013, respectively; Fig. 6A,B). We next
examined the cycling and noncycling
Sox2� cells in the two sets of pups. In con-
trast to Tbr2� progenitors, the density of
total and proliferating Sox2� cells in the
dorsal SVZ was fewer in term pups com-
pared with preterm pups (p � 0.05 both;
Fig. 6C,D). We then compared the density
of Sox2� cells in the lateral ganglionic
eminence between the two groups. Simi-
lar to the dorsal SVZ, Sox2� cells in the
ganglionic eminence were significantly
less in term pups compared with preterm
pups (63,884 � 8840 vs 103,258 � 14,143;
p � 0.05), but not the cycling Sox2 cells
(25,527 � 4848 vs 33,022 � 4664). To-
gether, preterm birth suppressed gluta-
matergic neurogenesis and expanded
radial glia population.

Preterm pups were exposed to normal
oxygen concentration of room air for 3 d,
whereas term pups were in the hypoxic
uterine environment and were in room air
for �2 h. Hypoxia stabilizes and nor-
moxia degrades HIF-1�, the master regu-
lator of oxygen homeostatsis (Harten et
al., 2010). DMOG, a hypoxia mimetic,
stabilizes and enhances HIF-1� activity by
suppressing the enzyme propyl hydroxy-
lase (Harten et al., 2010). Therefore, we
hypothesized that HIF-1� activation by DMOG treatment would
restore glutamatergic neurogenesis in preterm pups. To this end,
we alternatively treated E29 pups with either DMOG (100 mg/kg
once daily for 3 d) or vehicle and compared the density of Sox2�

and Tbr2� cells between the two groups using a stereological
protocol (Fig. 7A,C). We found that DMOG treatment signifi-
cantly increased the density of total Tbr2� (p � 0.05) but not the
cycling Tbr2� cells in the dorsal SVZ (p � 0.1; Fig. 7B). DMOG
treatment also reduced the density of proliferating Sox2� cells in
the dorsal SVZ (p � 0.02) but not the total density of Sox2� cells
(p � 0.1; Fig. 7D). We speculate that DMOG treatment reduced
proliferation and enhanced differentiation of radial glia into IPCs
in the dorsal SVZ, resulting in an increased population of Tbr2�

IPCs. A comparison of Sox2� cells in the ganglionic eminence
revealed that the DMOG treatment reduced the density of both
total and cycling Sox2� cells in preterm pups compared with
vehicle controls (p � 0.047 and 0.007, respectively). Together,
preterm birth suppressed glutamatergic neurogenesis and treat-
ment with DMOG promoted glutamatergic neurogenesis in pre-
term rabbit pups.

Term rabbit pups exhibit higher HIF-1�, EPO, and VEGF
levels compared with preterm pups
The term pups (just born) were relatively hypoxic compared with
preterm pups, and DMOG treatment in preterm pups might ac-
tivate HIF-1� and upregulate HIF-1�-induced molecules
(Harten et al. 2010). Therefore, we postulated that HIF-1�,
VEGF, and EPO levels would be reduced in preterm pups and
DMOG treatment would increase the expression of these mole-
cules. To this end, we measured the levels of HIF-1�, VEGF, and
EPO in term, untreated preterm, and DMOG-treated preterm

pups. We found that EPO mRNA expression, assayed by qRT-
PCR, was significantly lower in preterm pups compared with
term pups and that DMOG treatment increased the levels in pre-
term pups (p � 0.05 and 0.01, respectively; Fig. 8A). Accord-
ingly, VEGF mRNA accumulation showed a trend toward
decrease in preterm pups relative to term pups (p � 0.08), and
DMOG treatment significantly enhanced VEGF expression in
preterm pups (p � 0.05; Fig. 8A).

To determine the protein expression of VEGF and HIF-1�, we
performed Western blot analyses. Consistent with mRNA ex-
pression, VEGF protein levels were significantly reduced in pre-
term pups and DMOG treatment increased the level (p � 0.01
each; Fig. 8B). Similarly, HIF-1� protein expression was reduced
in preterm pups, and DMOG treatment resulted in a significant
elevation in its level (p � 0.05 and 0.01, respectively; Fig. 8B).
Together, rabbit pups in utero exhibit high levels of HIF-1�,
VEGF, and EPO; preterm delivery and room air exposure reduces
their expression; and treatment of preterm pups with hypoxia
mimetics elevates their expression.

Preterm birth elevates and DMOG treatment restores Pax6
and Neurogenin expression
Glutamatergic neurogenesis in the dorsal telencephalon is or-
chestrated under the influence of graded expression of transcrip-
tion factors, including Pax6, Neurogenin (Ngn)1/2, Hes1/5,
Emx1/2, and Insm1 (Bertrand et al., 2002; Harten et al. 2010). Of
these, Pax6 is the key transcription factor that maintains neuro-
nal precursors in a “predifferentiation” state and regulates
Ngn1/2 (Bel-Vialar et al., 2007). Thus, we postulated that pre-
term pups would exhibit higher Pax6 and Ngn1/2 expression
compared with term pups and that DMOG treatment might re-
store their levels. To this end, we compared mRNA expression of

Figure 8. Reduced HIF-1�, EPO, and VEGF in preterm versus term pups, and DMOG elevates them. A, Note that EPO mRNA expression
was reduced in preterm pups compared with term pups. VEGF mRNA accumulation showed a trend toward decrease in preterm pups
relative to term pups. DMOG treatment elevated the levels of both EPO and VEGF. Data are mean � SEM (n � 5 each group). B, Repre-
sentative Western blot analyses for VEGF and HIF-1� for term, untreated preterm, and DMOG-treated preterm pups. VEGF and HIF1�
protein levels were significantly reduced in preterm infants than term pups, and DMOG treatment increased the levels. Data are mean �
SEM (n � 5 each group). Values are normalized to �-actin levels. *p � 0.05 and **p � 0.01 for the comparison between preterm and
term pups. #p � 0.05 and ##p � 0.01 for the comparison between untreated and DMOG-treated preterm pups.
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Pax6, Ngn1/2, Emx1/2, and Insem1 in term, untreated preterm,
and DMOG-treated preterm pups. We found that expression of
Pax6 and Ngn2 was significantly higher in preterm pups com-
pared with term pups (p � 0.033 and 0.027) and DMOG treat-
ment showed a trend toward decrease in their levels (p � 0.1 and
0.09; Fig. 9A). Ngn1 gene expression was also significantly ele-
vated in preterm pups compared with term pups, and DMOG
treatment reduced the level (p � 0.01 each; Fig. 9A). However,
expression of Hes1/5, Emx1/2, and Insm1 were comparable be-
tween the three groups (Fig. 9B; Emx1/2 data not shown).

Since Pax6 is a key transcription factor regulating neurogen-
esis (Harten et al. 2010) and was significantly higher in preterm
pups compared with term pups, we measured Pax6 protein levels
by Western blot analyses. Consistent with gene expression, Pax6
levels were significantly elevated in preterm pups compared with
term pups, and DMOG treatment significantly reduced Pax6 lev-
els in preterm pups (p � 0.01 each; Fig. 9C). Collectively, pro-
neural genes including Pax6 and Ngn1/2 are elevated in preterm
pups, which appear to expand Sox2� population and arrest the
generation of Tbr2� IPCs.

Discussion
Approximately 10% of infants are born premature worldwide,
and these infants are at high risk of neurodevelopmental disabil-
ities, cognitive dysfunctions, and behavioral disorders. Since the
prematurity rate is increasing and because the survival of these
infants has markedly improved, the neurodevelopmental se-
quelae in preterm infants have emerged as a major public health

concern. Little is known about neurogen-
esis in the third trimester of pregnancy
when preterm infants are born, and the
impact of premature birth on neurogen-
esis is also elusive. In this study, we evalu-
ated neurogenesis in human fetuses and
premature infants of 16 –35 gw, assessed
the effect of preterm birth on neurogen-
esis in premature rabbit pups, and used
DMOG, a HIF-1� activator, to restore
neurogenesis in preterm rabbits. We
found that significant neurogenesis con-
tinued in preterm infants until 28 gw. In
addition, preterm birth suppressed gluta-
matergic neurogenesis, and HIF-1� acti-
vation restored neurogenesis in preterm
rabbit pups.

The most novel finding of this study is
that neurogenesis continued in the pre-
mature infants until 28 gw. We demon-
strated that both cycling and noncycling
Sox2� radial glial cells, as well as Tbr2�

IPCs, were abundant in preterm infants of
23–28 gw, reduced in density with ad-
vancing gestational age, and disappeared
by 29 gw. Our findings are consistent with
the data that the total number of neural
cells in the human brain increases from
	13 � 10 9 at 20 weeks of intrauterine life
to 19 –23 � 10 9 in the adult brain (Samu-
elsen et al., 2003), indicating persistence
of neurogenesis beyond 20 gw. Persistence
of neurogenesis in late pregnancy has
enormous clinical significance; its sup-
pression after premature birth might con-
tribute to the abnormal neuroradiological

and neurobehavioral manifestations prevalent in preterm in-
fants. A prominent reduction in gray matter volume of cerebral
cortex on MRI evaluation, relatively small head circumference on
clinical examination, and prevalence of neurodevelopmental
disabilities on neurobehavioral assessment in premature neo-
nates can be attributed to perinatal insults (hypoxia, ischemia,
sepsis, and necrotizing enterocolitis), adversely affecting the de-
velopmental neurogenesis (Inder et al., 2005; Dyet et al., 2006;
Thompson et al., 2007). Worldwide rates of cognitive impair-
ment in preterm infants increase with a decrease in gestational
age (14 –39% for 24 gw, 10 –30% for 25 gw, 4 –24% for 26 gw, and
11–18% for 29 gw) (Emsley et al., 1998; Stephens and Vohr,
2009). This inverse relationship between gestational age and the
incidence of cognitive disability, inattention, hyperactivity, and
abnormal motor outcomes in premature infants suggests that
neurogenesis is suppressed in these infants secondary to preterm
birth and perinatal insults (Vohr and Msall, 1997). Hence, per-
sistence of neuronal turnover in the preterm infants of 23–28 gw
underscores the need to minimize neonatal complications that
might adversely affect neurogenesis.

Another key finding of this study is that preterm birth sup-
pressed glutamatergic neurogenesis. This conclusion was based
on a comparison between two groups of rabbit pups of equivalent
postconceptional age: term pups (E32) of �2 h age and preterm
pups (E29, premature by 10% gestation) of 72 h postnatal age.
The term pups were in a relatively hypoxic environment in utero,
whereas preterm pups were exposed to normal oxygen concen-

Figure 9. Preterm birth elevates levels of Pax6 and neurogenin genes, and DMOG treatment restores them. A, Data are mean � SEM
(n � 5 each group). Note that Pax6 and Ngn 2 expression was significantly elevated in preterm pups compared with term pups. DMOG
treatment in preterm pups showed a trend toward decrease relative to untreated preterm pups for both Pax6 and Ngn2. Ngn1 gene
expression was also significantly higher in preterm pups relative to term pups, and DMOG treatment reduced the level. B, Hes1/5, Emx1/2,
and Insm1 were similar between the three groups as indicated. C, Representative Western blot analyses for Pax6 for term, untreated
preterm, and DMOG-treated preterm pups. Data are mean�SEM (n�5 each group). Values are normalized to�-actin levels. Pax6 levels
were higher in preterm pups compared with term pups, and DMOG treatment significantly reduced Pax6 levels. *p�0.05 and **p�0.01
for the comparison between preterm and term pups. #p�0.05 and ##p�0.01 for the comparison between untreated and DMOG treated
preter pups.
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tration of the room air for 3 d. A number of studies have shown
that mild hypoxia (2.5–5% O2) promotes stem cell proliferation
(De Filippis and Delia, 2011). Importantly, culture experiments
on neuronal stem cells derived from the ganglionic eminence
have shown that the exposure to low oxygen concentration
facilitates their differentiation from GABA-positive into
glutamate-positive neurons (Horie et al., 2008). Consistent with
these findings, we observed that preterm pups in room air for 3 d
exhibited a reduced number of Tbr2� cells (precursor of gluta-
matergic neurons) in the dorsal SVZ compared with immediately
born term pups. Glutamatergic excitatory neurons constitute
80%, whereas GABAergic inhibitory interneurons comprise 20%
of the cortical neuronal population. A disproportion between
the two types of neurons is associated with epilepsy, autism,
neurodevelopmental disorders, and psychiatric diseases. Indeed,
these disorders are more common in prematurely born infants
compared with mature ones (Whitaker et al., 1997; Indredavik et
al., 2010). Interestingly, preterm birth resulting in premature vi-
sual stimulation does not change the rate of synaptogenesis but
leads to distinct changes in size, type, and laminar distribution of
synapses (Bourgeois et al., 1989). Together, premature birth re-
sults in multiple morphological and molecular changes in the
cerebral cortex.

This study identified that the use of a hypoxia mimetic
(DMOG) restored glutamatergic neurogenesis in preterm pups.
Specifically, the use of DMOG in preterm pups expanded the
population of Tbr2� IPCs and reduced the density of Sox2�

radial glial cells. DMOG is an ester of N-oxalylglycine that inhib-
its the enzyme prolyl-4 hydroxylase to stabilize HIF-1� under
normal oxygen tension (Harten et al., 2010). HIF-1� is a key
regulator of oxygen homeostasis and induces transcription of a
number of genes, including EPO, VEGF, and glucose transport-
ers (Semenza, 2007). Accordingly, we observed higher expression
of HIF-1�, EPO, and VEGF in DMOG-treated preterm pups
relative to untreated preterm controls. Importantly, both EPO
and VEGF stimulate neurogenesis (Studer et al., 2000; Sun et al.,
2003). HIF-1� also affects several signaling pathways that regu-
late neuronal progenitors. It modulates WNT/�-catenin signal-
ing in the hypoxic neuronal progenitors by upregulating
�-catenin and downstream effectors LEF1 and TCF-1 (Mazum-
dar et al., 2010). In addition, HIF-1� interacts with the Notch-1
intracellular domain and is recruited to Notch-responsive pro-
moters when Notch is activated (Gustafsson et al., 2005). We
observed lower levels of Pax6 transcription factor in just-born
term pups compared with preterm pups in room air. In disagree-
ment with this finding, intermittent hypoxia results in elevated
expression of Pax6 transcription factor in cell culture experi-
ments (Ross et al. 2012). This inconsistency between the studies
may be because the effects of external and internal cues on pro-
neural genes and neurogenesis are context dependent (Bertrand
et al., 2002). High Pax6 and Ngn2 in our preterm (relative to
term) animals seemingly increases the density of Sox2� cells
(Roybon et al., 2009), and activation of HIF-1� (by DMOG) in
premature pups downregulates Pax6 to enhance Tbr2� and re-
duce Sox2� cells. Hence, pharmacologic compounds that acti-
vate HIF-1� may be useful in premature human infants to restore
neurogenesis. However, to our knowledge, these agents have not
yet entered clinical trials.

Premature birth results in withdrawal of physiological hyp-
oxia existing in utero. However, it also deprives the preterm new-
born of placental hormones and growth factors, as well as
maternal nutrients and hormones, which might impact neuro-
genesis and brain growth (Zeltser and Leibel 2011). Although the

placenta is a site to selectively transport maternal nutrients,
growth factors, and hormones, it is also a primary source of neu-
rotropic factors such as 5-hydroxytryptamine that affect neuro-
nal proliferation and axonal growth (Bonnin et al., 2011).
Additionally, an absence of natural birth may result in failed
induction of mitochondrial uncoupling protein or other mole-
cules that might exert a significant effect on neurogenesis
(Simon-Areces et al., 2012). The present study did not evaluate
the effect of maternal, placental, or any other factors that can
potentially affect neurogenesis in preterm infants.

A major strength of this study is the use of autopsy materials
from human infants. It has become abundantly clear that the
cortical expansion in human is not just quantitative; however,
human cortex exhibits novel types of neurons and cytoarchitec-
tonic areas that do not exist in rodents and rabbits (Bystron et al.,
2008; Clowry et al., 2010). Whereas human tissues are invaluable,
the infants dying in neonatal intensive care units because of pre-
maturity, respiratory failure, or clinical sepsis might be associated
with clinical variables that affect neurogenesis. To limit the po-
tential confounding variables, we included only preterm infants
of short postnatal age (�5 d) in the study and excluded infants
with hypoxia–ischemia, culture proven sepsis, major congenital
defects, chromosomal defects, meningitis, and intraventricular
hemorrhage of grades 2– 4. Nevertheless, hypoxia–ischemia and
systemic inflammatory response in preterm infants might influ-
ence neurogenesis. In a mouse model, chronic perinatal hypoxia
has enhanced cortical neurogenesis and has resulted in prefer-
ential generation of Tbr1� excitatory neurons as opposed to
parvalbumin� and calretinin� inhibitory neurons (Fagel et al.,
2006; Fagel et al., 2009). Hence, the presented data should be
interpreted with caution. The present study used a rabbit model
to determine the effect of prematurity on neurogenesis. The rab-
bit brain is gyrecephalic, and they exhibit a brain growth spurt
between E22 and postnatal day 5 (Harel et al., 1972). In rabbits,
brain increases in weight by sevenfold from birth through adult-
hood compared with the fourfold increase in humans during this
period, suggesting relatively less maturation of the rabbit brain at
birth relative to humans (Harel et al., 1972).

In conclusion, developmental neurogenesis in the cortical
SVZ slows down with advancing gestational age but continues in
the preterm infants until 28 gw. In addition, preterm birth inhib-
its glutamatergic neurogenesis that can be reversed by HIF-1�-
stabilizing agents. Persistence of neurogenesis in preterm infants
underscores a need to minimize the complications of prematurity
that may adversely affect neuronal turnover during this period.
Agents that stimulate hypoxia transduction pathways might con-
stitute useful therapies for preterm infants to enhance neurogen-
esis, promote cortical growth, and improve neurodevelopmental
outcome.
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