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Development/Plasticity/Repair

Fgfrl Is Required for Cortical Regeneration and Repair after
Perinatal Hypoxia

Devon M. Fagel,' Yosif Ganat,' Elise Cheng,' John Silbereis,' Yasushi Ohkubo,' Laura R. Ment,> and
Flora M. Vaccarino'?
1Child Study Center, Departments of 2Pediatrics and Neurology, and *Neurobiology, Yale University, New Haven, Connecticut 06520

Chronic postnatal hypoxia causes an apparentloss of cortical neurons that is reversed during recovery (Fagel et al., 2006). The cellular and
molecular mechanisms underlying this plasticity are not understood. Here, we show that chronic hypoxia from postnatal days 3 (P3) to
10 causes a 30% decrease in cortical neurons and a 24% decrease in cortical volume. T-brain-1 (Tbr1) " and SMI-32 " excitatory neuron
numbers were completely recovered 1 month after the insult, but the mice showed a residual deficit in Parvalbumin * and Calretinin *
GABAergic interneurons. In contrast, hypoxic mice carrying a disrupted fibroblast growth factor receptor-1 (FgfrI) gene in GFAP+ cells
[Fgfr1 conditional knock-out (cKO)], demonstrated a persistent loss of excitatory cortical neurons and a worsening of the interneuron
defect. Labeling proliferating progenitors at P17 revealed increased generation of cortical NeuN * and Tbr1 * excitatory neurons in
wild-type mice subjected to hypoxic insult, whereas Fgfr1 cKO failed to mount a cortical neurogenetic response. Hypoxic wild-type mice
also demonstrated a twofold increase in cell proliferation in the subventricular zone (SVZ) at P17 and a threefold increase in neurogenesis
in the olfactory bulb (OB) at P48, compared with normoxic mice. In contrast, Fgfr1 cKO mice had decreased SVZ cell proliferation and
curtailed reactive neurogenesis in the OB. Thus, the activation of FGFR-1in GFAP + cells is required for neuronal recovery after neonatal
hypoxic injury, which is attributable in part to enhanced cortical and OB neurogenesis. In contrast, there is incomplete recovery of

inhibitory neurons after injury, which may account for persistent behavioral deficits.
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Introduction

Oxygen deprivation is a major cause of neurodevelopmental im-
pairments in premature children and leads to cortical gray and
white matter loss (Hack et al., 2002; Ment et al., 2005). Serial
evaluations have determined that there is progressive improve-
ment in language measures through late childhood and early ad-
olescence (Ment et al., 2003; Saigal and Doyle, 2008) and signif-
icant recovery of cerebral cortical volume measures at young
adulthood (Allin et al., 2004; Fearon et al., 2004 ). Similar to neu-
ropathologic findings in preterm children, our mouse model of
chronic sublethal hypoxic injury is characterized by cortical neu-
ron loss, decreased cortical volume, atrophy of subcortical white
matter and ventriculomegaly (Turner et al., 2003; Fagel et al.,
2006). Remarkably, 4 weeks after hypoxia, total neuron number
in the cerebral cortex is indistinguishable from that of normal
mice (Fagel et al., 2006). Such data support the idea that in mice
and in some children, the immature cerebral cortex is able to
repair its cellular structure by unknown developmental processes
occurring after the insult.
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The nature of injury may play a determinant role in recovery.
For example, adult rodents that suffer infarct-producing isch-
emic events can regenerate striatal and hippocampal neurons,
but not cortical neurons (Yoshimura et al., 2001; Arvidsson et al.,
2002; Parent et al., 2002; Hoehn et al., 2005), whereas diffuse
neuronal apoptosis stimulates the genesis of cortical projection
neurons from endogenous progenitors (Magavi and Macklis,
2002). Furthermore, the immature brain may have a better ca-
pacity to recover. For example, we detected newly generated neu-
rons in the juvenile mouse cortex by tagging neural precursors
either by 2-bromodeoxyuridine (BrdU) incorporation or by cre-
induced genetic recombination (Fagel et al., 2006; Ganat et al.,
2006). Others have reported the generation of cortical inhibitory
interneurons after perinatal hypoxia-ischemia, although many of
these cells appear to be transient (Yang et al., 2007). In contrast,
no neurogenesis has been observed in adult rodent or macaque
cerebral cortex (Kornack and Rakic, 2001). Although these data
suggest that the immature cortex is capable of neurogenesis, its
mechanisms and physiological significance remain unclear.

Neurogenesis in the embryonic and perinatal periods is regu-
lated by fibroblast growth factors (FGF) (Tao et al., 1996; Vac-
carino et al., 1999a, 2001). FGF can induce neural fate in uncom-
mitted stem cells (Stavridis et al., 2007) and increases progenitor
proliferation (Vaccarino et al., 1999b; Wagner et al., 1999). In the
embryonic cortex, FGF-2 increases the number of neural progen-
itors (Raballo et al., 2000) and the differentiation of inhibitory
and excitatory neurons (Dono et al., 1998; Ortega et al., 1998;
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Vaccarino et al., 1999b; Shin et al., 2004). Furthermore, both
endogenous FGF-2 (Yoshimura et al., 2001) and exogenously
administered FGF-2 (Nakatomi et al., 2002; Androutsellis-
Theotokis et al., 2006; Monfils et al., 2006) promote hippocampal
neurogenesis and behavioral recovery after a number of injuries
in adult rodents, including global hypoxia-ischemia, local corti-
cal ischemic lesions and mechanical motor cortex injury.

Using mice with a disrupted Fgfrl gene in GFAP * cells, we
assessed whether this FGF receptor may be responsible for recon-
stituting brain structure after chronic sublethal hypoxic injury
and the role of neurogenesis in this process. An unbiased stereo-
logical analysis of the number of newly generated cortical and
olfactory bulb neurons was performed in parallel with an assess-
ment of the total number of excitatory and inhibitory neurons
several weeks after the insult. The data suggest that FGFR-1 sig-
naling is required not only for cell proliferation and neurogenesis
after an insult, but also for indirect effects leading to enhanced

neuronal survival or maturation in the posthypoxic
environment.
Materials and Methods

Mouse lines. To conditionally knockout the Fgfr1 gene, mice carrying the
Fgfrl fallele (Trokovic et al., 2003) were crossed with GFAP ©*¢ mice,
which express Cre under the control of the human GFAP promoter
(Zhuo et al., 2001). The Fgfr1 "ShGFAP “™ mice lack Fgfr1 gene expres-
sion in telencephalic precursors, as described previously (Ohkubo et al.,
2004; Smith et al., 2006). Cre negative littermate mice were used as con-
trols. The genetic background of the animals is a mixed 129/Sv, C57/BL,
FVB and CDI.

All experimental procedures were performed in accordance with the
Yale Animal Resources Center and Institutional Animal Care and Use
Committee policies.

Hypoxic rearing. Mice were placed in a chamber maintaining a 9.5—
10.5% O, concentration by displacement with N, as described previously
(Turner et al., 2003; Weiss et al., 2004; Fagel et al., 2006). Hypoxia began
at postnatal day 3 (P3) for 7 d until P10. A separate group of control
(normoxic) mice were matched for strain and age. Mice were killed after
cessation of hypoxia at P10 or 38 d later at P48. Mice were perfused
transcardially with 20 ml of PBS followed by 35 ml of 4% paraformalde-
hyde (PFA). Brains were postfixed overnight in PFA, cryoprotected in a
20% sucrose solution overnight, and stored at —80°C after embedding in
Tissue-Tek O.C.T. Compound (Electron Microscopy Sciences) medium.

2-Bromodeoxyuridine birthdating assay. BrdU (4 mg/ml in 0.007 N
HCI/0.9% NaCl, Sigma) was administered intraperitoneally (50 mg/kg)
every4hatP17 (at0,4,8and 12 h), and animals were killedat 14 hor31d
later. In both cases, the total labeling time was ~14 h, since BrdU avail-
ability time is estimated to last for 4—5 h after injection (Hayes and
Nowakowski, 2000). The reason for this cumulative labeling protocol is
that it should label all constitutively proliferating cells of the subventricu-
lar zone (SVZ), as their cell cycle is ~13 h (Zheng et al., 2004). Based on
double labeling of BrdU and *H thymidine, this dosage of BrdU has been
shown to label S-phase cells (Nowakowski et al., 1989; Hayes and Nowa-
kowski, 2000).

Immunohistochemistry. Brains were serially sectioned at 50 wm thick-
ness, and sections were stored in 0.04% sodium azide (NaN3)/PBS at
*4°C and immunostained as described previously (Fagel et al., 2006;
Ganat et al., 2006). The following primary antibodies were used: mouse
anti-NeuN (1:500, Millipore), rabbit anti-Tbr1 (1:1000) (gift from Dr.
Hevner, University of Washington School of Medicine, Seattle, WA),
mouse anti-SMI-32 (1:1000; Covance), mouse anti-parvalbumin (PV)
(1:2500, Sigma), rabbit anti-calretinin (CR) (1:2000, Millipore), rat anti-
BrdU (1:500, Accurate Chemical), mouse anti-Fgfrl (1:500, Upstate),
rabbit anti-Sox2 (1:3000, Millipore), rabbit anti-Pax6 (1:1000, Univer-
sity of Iowa, Towa City, IA), rabbit anti-Tbr2 (1:2000, gift from Dr.
Hevner), and rabbit anti-caspase-3 (1:500, Cell Signaling). The following
secondary reagents were also used: anti-mouse Alexa 488 (1:500, Invitro-
gen), anti-mouse Alexa 488 cross-absorbed (1:500, Invitrogen), anti-
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rabbit Alexa 594 (1:1000, Invitrogen), anti-rabbit Alexa 488 (1:1000,
Invitrogen) and anti-rat Alexa 594 (1:500, Invitrogen).

Morphometry and cell counting. Unbiased estimates for volumes and
cell numbers were obtained using a computer coupled to a Zeiss Axios-
kope 2 Mot Plus, running the Stereolnvestigator software with Neurolu-
cida (Microbrightfield). For the cortex, one in every twenty serial sec-
tions were selected for analyses; for the SVZ and OB, one in every ten
sections were selected. Contours were drawn around the cerebral cortex
including the infralimbic, orbital, cingulate, entorhinal and retrosplenial
cortices, and cell counting was performed as described previously (Ko-
rada etal., 2002; Fagel et al., 2006). To estimate the total number of newly
generated neurons in the cortex, NeuN "/BrdU " cells as well as Tbr1 */
BrdU* and SMI-32 */Tbrl ™ cells were simultaneously visualized by a
594 and 488 nm double-exposure filter and counted using the optical
fractionator method in a 3-dimensional counting frame of 100 X 100 X
5 wm using a sampling grid of 1500 X 1500 wm for NeuN, 750 X 750 um
for Tbr1 and 1000 X 1000 wm for SMI-32, PV and CR. At P10, 5-6
coronal sections were sampled per brain, whereas at P48, 67 sections
were sampled. Approximately 40 NeuN, 180 Tbrl and 120 SMI-32, PV
and CR sampling sites were counted for each cortex. The contours of the
granular layer of the OB were drawn based on its increased cellular den-
sity in DAPI-stained sections. To estimate the total number of Neun */
BrdU ¥ cells in the OB, cells were counted in a counting frame of 50 X
50 X 5 um, using a sampling grid of 500 X 500 wm. At P48, 5-6 coronal
sections and ~50 sampling sites were counted for each OB. Cells were
classified as double-stained only if both colors were in sharp focus within
anarrow (<2 pum) focal plane, using the z-axis encoder. The contours of
the SVZ were drawn based on its increased cellular density in DAPI-
stained sections and included the entire extent of the SVZ from its rostral
end until the beginning of the hippocampal commissure. To estimate the
total number of BrdU ™ cells in the SVZ, cells were counted in a counting
frame of 50 X 50 X 5 wm, using a sampling grid of 200 X 200 wm.
Between 3 and 4 coronal sections and ~25 sampling sites were counted
for each SVZ. The average Schaffer coefficient of error for cell counting
was 0.04—0.07 for cortex, 0.06—0.10 for OB and 0.15-0.17 for SVZ.

Statistical analyses. Data were analyzed by ANOVA or Student’s ¢ test
using the DataDesk statistical program. The number of samples is spec-
ified in each case in the figure legends. Post hoc analyses were performed
via the Sheffe post hoc test.

Results

The recovery of cortical excitatory neurons after hypoxia
requires Fgfrl

Mice were exposed to chronic sublethal hypoxia (9.5-10.5% O,)
for 7 d, from P3 to P10. After injury on P10, the hypoxic mice
exhibited a decrease in cortical thickness (Fig. 1A,B) and a sig-
nificant 24% decrease in cortical volume (70.57 *+ 2.54 mm? for
normoxic vs 53.67 * 2.21 mm? for hypoxic; p < 0.05). The
number of NeuN ¥ neurons in the cerebral cortex, quantified by
stereological analysis, declined from 10.2 + 0.4 X 10°to 7.3 *
0.8 X 10° cells ( p < 0.05), revealing a 29% decrease compared
with age-matched normoxic controls (Fig. 11, blue bars). To de-
termine whether hypoxia decreased the number of excitatory
neurons, sections were immunostained using antibodies to the
transcription factor Tbr1 and the neurofilament epitope SMI-32,
which label subsets of cortical pyramidal neurons (Campbell et
al., 1991; Hevner et al., 2006). Tbr1 is a transcription factor that
regulates the differentiation of early born glutamatergic cortical
neurons (Hevner et al., 2001). In the immature cortex, Tbrl is
expressed by pyramidal cells, in the subplate and in layer 1 Ree-
lin™ cells. In adulthood, Tbr1 becomes progressively restricted to
layer 6 pyramidal cells, although in rostral cortex it is expressed in
layers 5 and 2/3 as well (Bulfone et al., 1995; Hevner et al., 2001,
2006). At P10, the number of Tbrl * neurons in the cortex of
hypoxic mice declined from 6.3 = 0.4 X 10°to 4.4 = 0.3 X 10°
cells ( p < 0.05), revealing a 31% statistically significant deficit in
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Tbrl™* cells throughout the supra- and
infra-granular layers (Fig. 1A,B,], blue
bars). The total loss of Tbrl " excitatory
neurons (1.95 X 10° neurons) accounted
for 67% of the NeuN " neurons that were
lost (2.92 X 10°) (Fig. 1, compare I, ).
There was an even greater decrease (66%)
in SMI-32 " neurons (Fig. 1E,F,K, blue
bars).

Previous findings link Fgf gene expres-
sion to the development of excitatory cor-
tical neurons (Vaccarino et al., 1999b; Ko-
rada et al., 2002) and particularly Tbr1 ©
neurons (Shin et al., 2004) during embry-
ogenesis. Fgfrl continues to be expressed
by cells of the postnatal SVZ and astrocytes
throughout the brain, as assessed by im-
munostaining (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental
material), as well as by an Fgfr] BAC-EGFP
transgenic mouse (Gensat Project, http://
www.gensat.org/index.html). To investi-
gate whether Fgfr] plays a role in neuro-
protection or recovery after injury, the
Fgfrl cKO mice (which lack the intact Fgfr1
gene in GFAP ™ cells) (Ohkubo et al.,
2004) were exposed to the chronic hypoxia
protocol. Notably, the Fgfrl ¢KO mice did
not exhibit any baseline defect in NeuN *,

Tbrl ¥ or SMI-32 " cortical neuron num- SMI32/
ber (Fig. 1A, C,I-K), suggesting that in the
absence of injury, Fgfr1 does not play a ma- |
jor role in cortical morphogenesis. Similar 120 -
to wild-type mice, hypoxic FgfrI ¢KO mice B
suffered a 33, 31, and 70% loss of NeuN ", '°°
Tbrl * and SMI-32 " cortical neurons, re- é S
spectively (Fig. 1C,D,G,H,I-K). Hence, 3
the absence of Fgfrl did not worsen the g 80
neuronal loss caused by hypoxia. e

Although there was a residual 17% de- § o
crease in cortical volume (103.49 * 4.16 20
mm?” for normoxic vs 85.75 = 1.29 mm~
for hypoxic; p < 0.05), the initial deficit in 0=
NeuN " neurons was no longer present in P10
the hypoxic wild-type mice at P48, after 4 figyre1.

weeks of recovery (Fig. 2A,B,I), confirm-
ing our previous results in mice of pure
C57BL background (Fagel et al., 2006). To
determine the proportion of neuronal
subtypes in normoxic and hypoxic mice at
this stage, we estimated the number of cor-
tical excitatory neurons expressing Tbrl
and SMI-32 and that of inhibitory neurons expressing PV and CR
by stereological analyses. Hypoxic mice showed no significant
difference in the total number of Tbr1 ™ and SMI-327 cortical
neurons compared with normoxic controls at P48 (Fig. 2A, B, E-
,F,J,K, blue bars). In contrast, the total number of PV " and CR *
interneurons was significantly decreased by 32 and 43%, respec-
tively, in hypoxia-reared mice (p < 0.01) (Fig. 3A,B,E,F,M,N,
blue bars). Given that PV and CR cells comprise a much smaller
population, compared with Tbrl™* excitatory neurons, no
changes in the total number of cortical neurons were detected in
hypoxic mice, as shown by the analysis of NeuN (Fig. 2I). How-
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Cortical neuron number and thickness are decreased after exposure to hypoxia. A-D, Immunostaining for Tbr1 (red)
in the cerebral cortex of wild-type (4, B) or Fgfr1 cKO mice (C, D) at P10 under normoxia (4, C) or after hypoxia from P3 to P10 (B,
D). Inset shows DAPI low magpnification. Each panel is the composite of four 20X images demonstrating the entire extent of the
cerebral cortex. E-H, SMI-32 (green) and DAPI (blue) stained cortices of wild-type (E, F) or Fgfr1 cKO mice (G, H) at P10 under
normoxia (E, G) or after hypoxia from P3 to P10 (F, H). Scale bars, 100 pum. I-K; Total number of NeuN (/), Thr1 (J) and SMI-32
(K)immunoreactive neurons in the cerebral cortex by stereological analyses in wild-type (blue bars) and Fgfr7 cKO (red bars) mice.
Values are expressed in 10 ® units. N = 3 for each group. *p < 0.05 by ANOVA with Sheffe post hoc test.

ever, the proportion of excitatory and inhibitory neurons
changed substantially in the cerebral cortex at 4 weeks postinjury.
The ratio between Tbr1 * and the sum of PV * and CR " neurons
in the normoxic cortex was ~7 to 1, whereas this ratio was 12 to
1 in the hypoxic cortex. In sum, the data show no evidence for
long-term neuronal loss but a substantial imbalance in the pro-
portion of excitatory versus inhibitory neurons after hypoxia.

In normoxic conditions, no difference in NeuN ¥, Tbr1 ™ or
SMI-32 " neuron number was detected between Fgfr1 cKO mice
and wild-type mice (Fig. 2-K); however, these mice exhibited a
basal 32% deficit of PV " interneurons (Fig. 3 M, N) as described
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Fgfrl cKO and wild-type mice. First, hypoxic
Fgfrl cKO mice continued to show statisti-
cally significant deficits of 27, 29 and 37% in
NeuN *, Tbrl * and SMI-32 " cortical neu-
rons, respectively (p < 0.05) (Fig.
2C,D,G,H,I-K, red bars). Second, the Fgfr1
¢KO mice, which had a baseline 32% de-
crease in PV " interneurons, showed an ad-
ditional decrease of 39 and a 53% in PV
and CR™ interneurons, respectively, after
hypoxic rearing (Fig. 3C,D, M,N).

Hypoxia-induced cortical and olfactory
bulb neurogenesis requires Fgfrl

We next investigated the possible mecha-
nisms underlying the recovery of Tbrl ™
cortical neuron number after hypoxia in
wild-type mice and the absence of this re-
covery in Fgfrl ¢KO mice. We first exam-
ined whether progenitors, labeled with
BrdU 1 week after hypoxia, can differenti-
ate into Tbr1 * neurons. Proliferative cells
were labeled with four cumulative BrdU
injections administered at P17 to incorpo-
rate BrdU in the whole population of con-
stitutively proliferating cells and their fate
was analyzed 31 d later at P48. Our esti-
mate suggested the presence of 54,800
NeuN "/BrdU" and 19,200 Tbrl "/
BrdU ™ cortical neurons in normoxic cor-
tices. These cells had a relatively small nu-
cleus and were often present in doublets,
suggesting that they were the product of a
recent cell division (Fig. 4A-Q). In hy-
poxic mice, NeuN */BrdU * cortical neu-
rons at P48 were estimated to be 114,040,
while Tbr1 */BrdU™ neurons were esti-
mated to be 72,225, which represent a 108
and a 280% increase, respectively, com-
pared with normoxic controls (Fig. 4R, S,

B konx

[] wt hx [ kohx

18.0 —

’
o
=

12,0

na
o

+
Tbr1 cell number

6.0

SMI32* cell number
5

NeuN*cell number

o
1=

0.0
P48 P48

Figure2.

group. *p << 0.05 by ANOVA with Sheffe post hoc test.

previously (Miiller Smith et al., 2008). This 32% loss of interneu-
rons was not accompanied by a detectable decrease in total neu-
rons, presumably because PV ™ interneurons comprise a rela-
tively small subset of total cortical neurons (i.e., 1.07 * 0.06
million cells for PV ™ neurons vs 15.98 = 1.19 million cells for
NeuN * neurons).

The long-term response to hypoxia was significantly different in

Neuron numbers recover in hypoxic wild-type mice but notin Fgfr7 cKO mice. A—D, Doubleimmunostaining for NeuN
(green) and Thr1 (red) in the P48 cerebral cortex of wild-type (4, B) or Fgfr1 cKO mice (C, D) under normoxia (4, ) or after hypoxia
(B, D). Inset shows DAPI low magnification. Each panel is the composite of five 20X images. E~H, SMI-32- (green) and DAPI-
(blue) stained cortices of wild-type (E, F) or Fgfr1 cKO mice (G, H) at P48 under normoxia (E, G) or after hypoxia from P3 to P10 (F,
H). Scale bars, 100 em. /K, Total number of NeuN (/), Tbr1 (/) and SMI-32 (K) immunoreactive neurons in the cerebral cortex
by stereological analyses in wild-type (blue bars) and Fgfr7 cKO (red bars) mice. Values are expressed in 106 units. N = 3 for each

== blue bars). Tbrl */BrdU* neurons ac-

5 ’ counted for just 35% of all NeuN~*/

BrdU" neurons in normoxic mice,

whereas they accounted for 63% of all

NeuN */BrdU " neurons in hypoxic mice.

N The data suggest that proliferative progen-

P48 itors give rise to new neurons in the imma-

ture cerebral cortex, that this phenomenon

is increased by previous exposure to hypoxic

insult, and that the proportion of progeni-

tors giving rise to Tbrl ™ neurons is higher in
hypoxic-reared mice.

To clarify whether Fgfrl ¢KO mice dif-
fered in their reaction to hypoxia, these mu-
tants were injected with BrdU at P17 and as-
sessed 31 d later, according to the protocol
described previously. The results indicate that hypoxic Fgfrl ¢KO
mice were unable to upregulate the rate of cortical neurogenesis 1
week after the insult (Fig. 4R,S, red bars). Hypoxic Fgfrl ¢KO
showed the same amount of newly generated neurons as their nor-
moxic counterparts, although it remains possible that the Fgfrl cKO
have a smaller neurogenetic response that reaches completion before
P17, that is insufficient to reverse the deficits. We also noticed that in
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Figure3. Cortical interneuron number is decreased at P48 in both hypoxic wild-type and Fgfr7 cKO mice. A-D, Double immunostaining for PV (green) and CR (red) in the P48 cerebral cortex of
wild-type (4, B) or FgfrT cKO mice (€, D) under normoxia (A, €) or after hypoxia (B, D). Each panelis the composite of two images to show all layers of the cerebral cortex. E~L, Individual PV * and (R ™ neurons
in hypoxia-reared mice (F, J, H, L) and their normoxic counterparts (E, /, G, ). Scale bars: (4-D) 100 um; (E-L) 10 m. M, N, Total number of PV (M) and (R (N') immunoreactive neurons by stereological
analyses in wild-type (blue bars) and Fgfr7 KO (red bars) mice. Values are expressed in 10 units. N' = 3 for each group. *p << 0.05 and **p << 0.01 by ANOVA with Sheffe post hoc test.

the absence of injury, the Fgfr1 ¢KO mice showed a 48% basal deficit
in NeuN */BrdU * cortical neurons, but not in Tbr1 */BrdU * neu-
rons, compared with wild-type littermates (Fig. 4R,S). Hence,
whereas Tbr1 */BrdU * neurons accounted for just 35% of NeuN */
BrdU " neurons in normoxic wild-type mice, the Tbrl */BrdU "

cells accounted for 95% of NeuN */BrdU ™ neurons in normoxic
Fgfrl cKO mice (Fig. 4R,S). The data indicate that Fgfr1 is required
for the production of non-Tbr1 ™ neurons under normoxic condi-
tions, as well as for the production of both non-Tbr1 ™ and Tbr1 *
neurons after injury.
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Figure4. Newlygenerated NeuN * and Tbr1 ™ cortical neurons are increased at P48 in hypoxic wild-type but not in Fgfr7 ckO mice. A-Q, Apotome T um single slices of BrdU staining in the P48
cerebral cortex double-immunostained with NeuN (A—H) or Thr1 (/-Q). BrdU was injected at P17 and analysis performed at P48. The image analyses on the z-axis are shown in the side panels. NeuN
(A,E), Tbr1(I,M),BrdU (B, F,J, 0), DAPI (C, G, K, P), and merged images (D, H, L, Q). BrdU colocalization is observed in neurons born at P17 in normoxic (A-D, I-L) and hypoxic cortex (E-H, M-Q).
R, S, Total number of NeuN/Brdu (R) and Tbr1/Brdu (S) double-labeled neurons in the cerebral cortex by stereological analyses in wild-type (blue bars) and Fgfr ckO (red bars). Scale bar, 10 um.

Values are expressed in 10 units. N = 3 for each group. *p << 0.05 by ANOVA with Sheffe post hoc test.

Table 1. Fgfr1 is required for the hypoxia-induced increase in 0B neurogenesis

NeuN density BrdU/NeuN density Ratio BrdU/ NeuN
Condition (cells/mm?) (cells/mm?) to total NeuN
Normoxic WT 547,795 * 62,476 56,388 = 9895 0.102 = 0.01
Hypoxic WT 634,300 + 58,2637 189,575 =+ 20,981** 0.303 = 0.04**
Normoxic Fgfr1 cKO 620,820 = 206,132 61,181 £ 30,414 0.088 = 0.02
Hypoxic Fgfr1 ckO 658,110 =+ 30,2507 104,210 = 46057 0.160 = 0.01*

Mice were exposed to chronic hypoxia from P3 to P10 or were kept under normoxic conditions. Proliferative cells were labeled by in vivo BrdU incorporation
for 14 hat P17. The density of NeuN ™ neurons and that of newly generated BrdU™ /NeuN ™ labeled neurons was estimated in the granular layer of the OB at
P48 by unbiased stereological analyses. The ratio between newly generated BrdU ™ /NeuN™ neurons to total NeuN ™ neurons is shown in the last column.
N = 3 control and 4 hypoxic animals. *p < 0.05 and **p << 0.005 by Student’s ¢ test comparing hypoxic versus normoxic mice. WT, Wild type.

“Not statistically different from normoxic mice.

Neurogenesis was also assessed in the
OB at P48, after the cumulative BrdU in-
jections at P17. The results indicate that
while the total density of NeuN */BrdU ™
cells in the granular layer of the OB in-
creased by 335% in hypoxic wild-type mice
(p < 0.005), the hypoxic ¢cKO did not
show any significant increase compared
with their normoxic counterparts (Table
1). The proportion of neurons that were
newly generated from these BrdU-labeled
cells with respect to all neurons in the OB
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was 30% in hypoxic wild-type compared with 10% in the nor-
moxic mice, a difference which was highly significant (p <
0.005). Interestingly, the hypoxic cKO did show a modest in-
crease in percentage of OB neurons that arose from BrdU-labeled
precursors compared with their normoxic counterparts (from 8
to 16%, p < 0.05) albeit smaller than the wild type (Table 1).

Fgfr1-dependent proliferation of neural progenitors in the
reactive period

Confirming data obtained in rat tissue (Ganat et al., 2002), we
observed that after cessation of the hypoxic insult, there was a
60% increase in FGFR-1 immunoreactivity in the SVZ of wild-
type mice (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material), along with an increase in immunoreac-
tivity for Sox2, Pax6 and Tbr2 (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material), which are tran-
scription factors expressed by neural stem and precursor cells in
the SVZ. As expected, in Fgfr1 cKO mice, the FGFR-1 protein was
not detected in the SVZ neuroepithelium, and the upregulation
in Sox2, Pax6 and Tbr2 * cells induced by chronic hypoxia was
attenuated (supplemental Fig. 1, available at www.jneurosci.org
as supplemental material).

To assess whether FGFR-1 expression in neural progenitors
played a role in their proliferation or survival, BrdU was admin-
istered shortly before killing at both P10 and P17. At P10, the
hypoxic wild-type and Fgfrl ¢cKO showed a 30 and 45% loss of
BrdU ™ cells in the SVZ, respectively, compared with their nor-
moxic counterparts (Fig. 5I). To understand whether some of the
stem/progenitor cells may have undergone apoptosis during the
exposure to hypoxia, we analyzed the SVZ for activated
Caspase-3, a marker for cells undergoing apoptosis, immediately
after cessation of injury. In both wild-type and Fgfrl ¢cKO mice,
hypoxia caused a near doubling in number of apoptotic cells in
the SVZ at P10 (Fig. 5E-H,J). These data suggest that hypoxia
decreases cell proliferation in the SVZ by promoting progenitor
apoptosis, and that Fgfrl does not play a major role in stem/
progenitor cell proliferation or survival in normal development,
neither it changes their susceptibility to die in response to injury.

Short-term BrdU incorporation assays were then performed 1
week later, at P17, to assess cell proliferation in the posthypoxia
reactive phase in both wild-type and Fgfrl cKO mice. In the
absence of injury, the Fgfr] cKO mice did not show any difference
in cell proliferation compared with the wild-type littermates. Af-
ter injury, the wild-type hypoxic mice showed an 85% increase in
BrdU-positive cells in the SVZ compared with their normoxic
counterparts (Fig. 5A,B,I). In Fgfr] ¢KO mice, however, the
number of BrdU * cells at P17 further declined to 47% below that
of their normoxic counterparts (Fig. 5C,D,I). Our data demon-
strate that while basal cell proliferation in nonhypoxic mice was
not dependent upon FGFR-1 functioning, FGFR-1 was clearly
required for the surge in SVZ cell proliferation after hypoxia,
suggesting that this receptor may be an essential component of
the hypoxia-induced proliferative response. Combined, these
data indicate that after exposure to hypoxia, FGFR-1 may be
critical for inducing cell proliferation in normally quiescent as-
troglial stem/progenitor cells in the SVZ.

Discussion

We report that chronic sublethal hypoxia in newborn mice pro-
duces an initial 30% deficit in cortical neurons, two-thirds of
which are excitatory neurons expressing the transcription factor
Tbrl. Over the ensuing 4 weeks in normoxic conditions, the def-
icit in neuron number recovers, such that neither NeuN *, Tbr1 *
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nor SMI-32 ¥ neurons are decreased in the cortex of hypoxic-
reared mice at P48. However, there is an enduring loss in PV *
and CR™ inhibitory interneurons in the hypoxic mice, which
creates an imbalance between excitatory and inhibitory neurons
in the hypoxic cortex. Disrupting the Fgfr1 gene in GFAP ™ cells
of the developing dorsal telencephalon (including cortical radial
glial cells and all their progeny) does not alter the initial loss of
cortical neurons but precludes the recovery of NeuN ¥, Tbrl *
and SMI-32* neuron number in the cerebral cortex. Hypoxic
exposure increases cell proliferation and the generation of Tbr1 *
cortical excitatory neurons and that of OB granular neurons,
processes that are absent or greatly attenuated in Fgfr] c¢KO mice.
Thus the juvenile cerebral cortex possesses an unsuspected capac-
ity to recover from a postnatal hypoxic insult, which depends on
the functioning of critical signaling systems, i.e., FGFR-1. As ro-
dents are born earlier in the developmental program compared
with primates, this hypoxic protocol may model injury during
late human gestation and the neonatal period, as it typically oc-
curs in prematurely born infants, as well as ensuing recovery
processes in human childhood.

The reconstitution of excitatory cortical neuron number after
the hypoxic insult is surprising, as excitatory neurons were pre-
viously thought to be generated only during embryogenesis. It is
possible that the initial loss may be less profound than what is
revealed by NeuN and Tbrl neuron counts, since some of the
damaged neurons may not express neuronal markers and may
subsequently recover. We cannot exclude that our assessment of
the initial extent of neuron loss may be an over-estimate due to
such a process. Nevertheless, we consistently observed corre-
sponding decreases in neuron number, brain weight and cortical
thickness in the hypoxia-reared mice, in at least two genetic back-
grounds (Fig. 1 A, B) (Fagel et al., 2006). Furthermore, we show
that cell death is twofold higher the hypoxic brain, indicating
probable cell losses.

We noticed that in the current mixed strain of mice, the total
number of cortical neurons increases by almost 6 million cells
between P10 and P48 in normoxic mice (compare Figs. 1 and 2),
suggesting a high degree of cellular plasticity even in the normal
juvenile mouse cerebral cortex. This is consistent with recent
unbiased stereological studies suggesting that total neuron num-
ber progressively increases in the early postnatal rodent cerebral
cortex, albeit to varying degrees in different mouse strains, and
that there is delayed acquisition of cortical neuron features over
the postnatal period (Lyck et al., 2007). Thus, part of the postna-
tal increase in the number of cortical neurons may be attributable
to a progressive accumulation of neuronal antigens, such as
NeuN and SMI-32. Nonetheless, using BrdU birthdating assays,
we report that part of the increase in cortical neuron number is
attributable to the addition of new cortical neurons in the third
postnatal week after birth. These BrdU+ neurons are unlikely to
be the result of neuronal repair or impending neuronal death
(Kuan et al., 2004), because apoptotic cells would have been al-
ready eliminated 4 weeks after BrdU incorporation. Further-
more, we have previously shown (Zheng et al., 2004) that neu-
rons strongly immunolabeled with BrdU do not reflect ongoing
DNA repair at these dosages of the nucleotide. Also supporting
the idea of a hypoxia-induced proliferative effect as opposed to
DNA repair are the increase in total number of cells and volume
of the SVZ observed by us (Fagel et al., 2006) and others (Plane et
al., 2004) and the absence of a correlation between apoptotic cell
number and BrdU+ cells in the SVZ at different survival times
after the hypoxic insult (Fagel et al., 2006). Finally, we have de-
tected postnatal addition of neurons to the immature cerebral
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Increase in proliferation in the SVZ during recovery requires Fgfr1. A-D, BrdU immunostaining in the SVZ at P17 of wild-type (4, B) or Fgfr1 cKO mice (C, D) under normoxia (4, C) or after

hypoxia (B, D). Insets show high magnifications. E-H, Caspase-3 immunostaining in the SVZ at P10 of wild-type (E, F) or Fgfr1 KO (G, H) mice under normoxia (E, G) or after hypoxia (F, H).1,J, Total
number of BrdU+ cells (/) at P10 and P17 and caspase-3 * cells (/) at P10 in the SVZ by stereological analyses in wild-type (blue bars) and Fgfr1 cKO (red bars). Scale bar, 100 um. N = 3 for each

group. *p << 0.05 and **p << 0.01 by ANOVA with Sheffe post hoc test.

cortex using genetic fate mapping, which allowed us to mark with
B-galactosidase GFAP+ neural stem cells in vivo (Ganat et al.,
2006).

In wild-type hypoxic mice, BrdU/NeuN and BrdU/Tbrl
double-positive neurons increased twofold and threefold, respec-
tively, compared with age-matched normoxic mice. This can be
attributed to hypoxia increasing the proliferation or survival of
progenitors, particularly those committed to a Tbrl+ pheno-
type. Alternatively, hypoxia may increase the capacity of newly
born, postmitotic neurons to differentiate and survive in the cor-
tical environment. The first hypothesis is supported by a nearly
twofold increase in cell proliferation in the SVZ in hypoxia-
exposed mice compared with age-matched controls (this study)
(Fagel et al., 2006), and by previous reports suggesting that

hypoxia-ischemia increases cell proliferation in the brain (Plane
et al., 2004; Ong et al., 2005; Park et al., 2006; Zhao et al., 2008).
Furthermore, neural precursor cells expressing the neurogenic
transcription factors Sox2, Pax6 and Tbr2 in the SVZ appear to
increase after hypoxia. In contrast, in the hypoxic Fgfr1 ¢cKO mice,
the SVZ proliferative response is absent, and the increase in
Sox2-, Pax6- and Tbr2-immunoreactive cells is attenuated. These
data highlight the central role of FGFR-1, whose expression is
restricted to glial cells (Belluardo et al., 1997; Vaccarino et al.,
2001; Ganat et al., 2002) (Gensat Project: http://www.gensat.org/
index.html) in promoting neuronal progenitor proliferation af-
ter postnatal hypoxic injury.

Dividing precursors in the SVZ and rostral migratory stream
generate neurons for the OB (Luskin, 1993; Alvarez-Buylla and
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Garcia-Verdugo, 2002; Aguirre and Gallo, 2004; Hack et al,
2005) and FGF-2 (aligand for FGFR-1) is required for the main-
tenance of this proliferating cell pool (Zheng et al., 2004). Con-
sistently, Fgfrl cKO mice are unable to properly upregulate OB
neurogenesis in response to hypoxia. The failure to observe a
statistically significant increase in density of NeuN+/BrdU+
cells in the OB of Fgfr1 cKO mice may be attributable in part to the
large variability between animals; however, the mean increase in
NeuN+/BrdU+ cells from normoxic to hypoxic cKO (70%) is
much less than that observed wild-type mice (236%), suggesting
that if there was an increase in OB neurogenesis in the hypoxic
cKO, it was more modest. Thus, the absence of a posthypoxic
proliferative response in the SVZ of Fgfr1 c¢KO mice likely under-
lies their decreased ability to regenerate OB neurons, although
other events unrelated to Fgfrl, such as cell survival, may play a
compensatory role in regulating OB neurogenesis.

Fgfrl ¢KO mice exposed to hypoxia suffer the same level of
apoptosis and initial cortical cell loss as wild-type mice, but fail to
recover, exhibiting a persistent 31-33% deficit in total neurons
and excitatory cortical neurons 5 weeks later. Furthermore, in the
absence of Fgfr1, the generation of cortical neurons from BrdU-
labeled cells is not upregulated in the recovery period. These data
suggest that Fgfr] is not involved in neuroprotection after injury,
but rather, in the regenerative and reactive response. At present,
we do not understand whether the unresponsiveness of SVZ pro-
genitors underlies the failure to boost cortical neurogenesis in the
Fgfrl cKO mice, as BrdU birthdating cannot reveal whether the
progenitors that generate cortical neurons arise from the SVZ. It
is possible that increased generation of NeuN ™ and Tbr1 ™ cor-
tical neurons occurs from proliferative progenitors in the cortex
itself, as mature cortical astrocytes may re-enter the cell cycle and
acquire multipotency in vitro after cortical injury (Buffo et al.,
2008). Furthermore, although Fgfrl is clearly required for the
hypoxia-induced increase in proliferation in the SVZ, it may play
an additional role in fostering neuronal repair in the brain paren-
chyma, and thus contribute to the recovery of neurons damaged
by hypoxia. For example, the loss of FGFR-1 may alter the ability
of astroglial cells to regulate the exchange of molecules involved
in energy regulation, or secrete trophic factors that might affect
neurons or neuronal progenitors in a paracrine manner.

In contrast to the recovery of Tbr1 * neuron number, hypoxia
caused an enduring deficit in inhibitory cortical PV~ and CR*
interneurons (32 and 43%, respectively). We could not estimate
the extent of the initial loss of PV * and CR ™ inhibitory neurons
after hypoxia, since at P11 the maturation of calcium-binding
protein immunoreactivities is not yet complete. Hence, we can-
not ascertain whether the significant decreases in PV * and CR©
cells present in hypoxia-reared mice represent an enduring loss, a
failure to properly mature, or a progressive demise.

In conclusion, chronic neonatal hypoxia induces a chain of
linked events, beginning with the upregulation of FGFR-1 ex-
pression in neural stem cells, which in turn may increase the
generation of Tbr2 * and Pax6 * proliferative neuronal progeni-
tors. This work provides the first demonstration that, after neo-
natal chronic hypoxic injury, the initial loss of SMI-32- and Tbr1-
expressing excitatory cortical neurons spontaneously recovers in
the juvenile cerebral cortex. Furthermore, glial FGFR-1 plays a
central role in driving this recovery, as both the increased neuro-
genesis and reconstitution of normal cortical neuron number are
not seen in mice that lack FgfrI in GFAP ¥ cells. This reconsti-
tuted neuron number is stable 9 weeks after neonatal hypoxic
injury (Fagel et al., 2006). In contrast, we show that PV and CR
inhibitory interneurons do not show a comparable degree of re-
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covery, resulting in marked imbalance in excitatory/inhibitory
neurons in the hypoxic cerebral cortex.
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