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Glucocorticoids promote neural progenitor cell
proliferation derived from human induced
pluripotent stem cells
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Abstract

Glucocorticoids (GCs) are frequently used for treating and preventing chronic lung disease and circulatory
dysfunction in premature infants. However, there is growing concern about the detrimental effects of systemic GC
administration on neurodevelopment. The first choice of GCs to minimize the adverse effects on the developing
brain is still under debate. We investigated the effect of commonly used GCs such as dexamethasone (DEX),
betamethasone (BET) and hydrocortisone (HDC) on the proliferation of human-induced pluripotent stem cell
(iPSC)-derived neuronal progenitor cells (NPCs). In this study, NPCs were treated with various concentrations of GCs
and subjected to cell proliferation assays. Furthermore, we guantified the number of microtubule-associated protein
2 (MAP2) positive neurons in NPCs by immunostaining. All GCs promoted NPC proliferation in a dose-dependent
manner. We also confirmed that MAP2-positive neurons in NPCs increased upon GC treatment. However, differential
effects of GCs on MAP2 positive neurons were observed when we treated NPCs with H,O,. The total numbers of
NPCs increased upon any GC treatment even under oxidative conditions but the numbers of MAP2 positive neurons
increased only by HDC treatment. GCs promoted human iPSCs—derived NPC proliferation and the differential effects of
GCs became apparent under oxidative stress. Our results may support HDC as the preferred choice over DEX and BET
to prevent adverse effects on the developing human brain.

Keywords: Glucocorticoids; Neural progenitor cell; iPSC; Cell culture; Proliferation

Introduction

In recent years, systemic glucocorticoids (GCs) have fre-
quently been administered to treat and prevent chronic
lung disease (CLD), which is also known as bronchopul-
monary dysplasia, and circulatory dysfunction in prema-
ture infants. GCs administration dramatically improves
the outcome of premature infants with established CLD
(Halliday et al. 2009, 2010). However, the use of GCs, es-
pecially dexamethasone (DEX), for CLD patients is re-
ported to show detrimental effects on the developing
brain with subsequent behavioral alterations and cerebral
palsy (Murphy et al. 2001; Shinwell et al. 2000; Yeh et al.
2004). Betamethasone (BET) is also reported to impair
cerebral blood flow velocities in very premature infants
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with severe CLD (Cambonie et al. 2008). A few studies
have suggested that patients treated with HDC showed no
neurological adverse effect (Benders et al. 2009; de Jong
et al. 2011; Watterberg et al. 2007), but another study
showed that GCs reduced proliferation and induce differ-
entiation of neurons (Aden et al. 2011). The effect of GCs
on the developing human brain remains elusive, and ran-
domized clinical trials are required in order to establish
better neurological outcomes.

Many studies have been conducted to reveal the mecha-
nisms underlying the adverse effects of GCs. DEX treat-
ment has been shown to decrease brain weight (Kanagawa
et al. 2006) and inhibit hippocampal neurogenesis (Kim
et al. 2004) in rats. In addition, DEX inhibited the prolifer-
ation of embryonic rat neural stem cells (Bose et al. 2010).
Duksal et al. (2009) reported that high dose DEX caused
brain weight loss due to neuronal apoptosis. Although
many animal studies have indicated that GCs suppress the

© 2014 Ninomiya et al, licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly credited.
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proliferation of neuronal cells, it remains unknown how
GCs affect neuronal cells in humans.

In the present study, we investigated the effects of
commonly used GCs such as DEX, BET and HDC on
the proliferation of human iPS cell-derived NPCs, which
were used as a model of human embryonic and neonatal
NPCs. We further focused on the subpopulation of
NPCs that were committed to the neuronal lineage. The
effects of GCs on neural cell proliferation were evalu-
ated. We also examined whether oxidative stress affected
the sensitivity of NPCs to GCs.

Methods

Reagents

DECADRON® (Dexamethasone) was obtained from MSD
(Tokyo, Japan). Rinderon® (Betamethasone) was from
Shionogi & Co., Ltd. (Osaka, Japan). Hydrocortone® (hydro-
cortisone) was from Nichi-Iko Pharmaceutical Co., Ltd.
(Toyama, Japan). Hydrogen peroxide solution (H,O,) was
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

Human iPS cell culture and neural progenitor cells induction
The study was approved by the Ethics Committees of the
Osaka City University (approval #2472) and was conducted
according to the declaration of Helsinki. In this study, we
used human iPSCs derived from fetal lung fibroblast
(MRC-5) cells and the iPSCs were maintained by standard
culture methods as described previously (Saito et al. 2011).
Neural induction was performed as described previously
(Chambers et al. 2009). Briefly, neural induction will be ini-
tiated by 10 uM SB431542 (TGE-f inhibitor, Wako) and
200 ng/ml of Noggin (R&D Systems, Minneapolis, MN).
After 8 days of neural induction, cells are dissociated with
accutase (Chemicon, Temecula, CA) and plated onto poly-
ornithine and laminin (Sigma, St. Louis, MO) with neuro-
basal medium supplemented with 2% B27 (Invitrogen),
20 ng/ml bFGF (Wako), 20 ng/ml epidermal growth factor
(EGE, Invitrogen). Rosette neural stem cells (R-NSC) will
form within a few days. R-NSCs were enriched by Neural
Rosette Selection Reagent® (Stem Cell Technologies, Toronto,
Canada). NPCs were obtained after a few passages and
subjected to proliferation assays. Schematic diagram of in-
duction of NPCs and representative growth rate of NPCs
are shown in Additional file 1: Figure S1.

Proliferation assay

Cell proliferation was measured using Cell Titer 96
AQueous One Solution cell proliferation assay according
to the manufacturer’s protocol (Promega, Madison, WI).
Ninety-six-well tissue culture plates were coated with
poly-ornithine and laminin. NPCs were plated at a dens-
ity of 6 x 10% cells per well. GCs treatment was started
48 h after plating. After 4 days of GCs exposure, prolif-
eration assays was performed by adding Cell Titer 96
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AQueous One Solution and incubating at 37°C for 2 h.
Then absorbance was measured at 450 nm with a micro
plate reader (MTP-300:CORONA ELECTRIC).

Immunocytochemistry and MAP2 positive cell count
Chamber slides, (-slide IV (Ibidi, Martinsried, Germany)
were coated with poly-ornithine and laminin. NPCs were
plated in the chamber slides at a density of 1.8 x 10* cells
per well and cultured for 48 h, followed by exposure to
GCs. After 4 days incubation, cells were subjected for im-
munostaining. Mouse monoclonal anti-MAP2 antibody
(AP20) (Chemicon, Temecula, CA) (1:200), Alexa Fluor®
488 Goat Anti-Mouse IgG (Invitrogen) (1:1000), and 4,6-
diamidino-2-phenylindole (DAPI) (Sigma) were used. For
quantification of MAP2 positive cells and DAPI positive
cells, 5 microscopic fields were randomly selected and
cells were automatically counted using Image] (Schneider
et al. 2012). Cell counts per field were standardized against
untreated cell counts for each experiment.

Statistical analysis

For statistical analysis, data were evaluated by analysis of
variance (Statcel3, add-in software to Microsoft® Excel
2007). Differences between groups were analyzed by
single-factor ANOVA with Tukey-Kramer. Results are
displayed with mean + SD. P values < 0.05 were consid-
ered statistically significant. All experiments were re-
peated more than three times.

Results

GC treatment promoted neural progenitor cell proliferation
To evaluate the effect of GCs on the proliferation of NPCs,
we initially performed a cell proliferation assay. NPCs were
exposed to GCs for 4 days and subjected to a proliferation
assay. As shown in Figure 1a, the average absorbance of the
samples treated with DEX of 5 nM, 500 nM, and 50 yM
were 107.5+10.2 (P value=NS), 113.8+17.1 (P value<
0.05), and 124.0 + 8.9 (P value < 0.01), respectively. The
samples treated with BET of 5 nM, 500 nM, and 50 uM
were 108.7 £9.8 (P value = NS), 110.2 + 12.4 (P value =
NS), and 114.4 + 9.4 (P value < 0.01), respectively (Figure 1b).
The samples treated with HDC of 5 nM, 500 nM, and
50 uM were 105.0+8.6 (P value=NS), 114.0+11.3
(P value <0.01), and 118.4 % 9.3 (P value <0.01), respect-
ively (Figure 1c). We also calculated the P values for com-
parison of each GC from 5 nM to 50 uM. Both DEX and
HDC showed statistically significant differences on the
absorbance between 5 nM and 50 pM (P value < 0.01).

In summary, our results indicate that the GCs stimu-
late proliferation of NPCs in a dose-dependent manner.
Moreover, the proliferative effect was independent from
the types of GCs we tested.
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Figure 1 Glucocorticoid (GC) treatment promoted NPC
proliferation. Cell proliferation was measured by absorbance using
Cell 96 AQueous One Assay kit. The average absorbance data were
expressed as percentages of untreated samples. P values were
calculated by comparing with untreated samples (n = 3). *P < 0.05,
**P <0.01. (One-way ANOVA with Tukey-Kramer). The cells were
treated with the indicated concentration of (a) dexamethasone
(DEX), (b) betamethasone (BET), and (c) hydrocortisone (HDC).

GC treatment promoted cell proliferation of MAP2
positive neuron

GC treatment is reported to increase apoptosis in dis-
tinct neural regions in the brain. The studies indicate
that neuronal cells are more susceptible than glial cells
(Duksal et al. 2009; Hassan et al. 1996). Since iPS cell-
derived NPCs consist of heterogeneous populations, we
focused on proliferation of the cells that were committed
to the neuronal lineage in the GC-treated NPCs.

Microtubule-associated protein 2 (MAP2) is specific-
ally expressed in vivo in the granular layer in the embryo
(Tucker et al. 1989). We performed immunostaining
using an anti-MAP2 antibody to evaluate the number of
neuronal lineage cells after GC treatments (Figure 2c).
For this experiment, NPCs were exposed to GCs for
4 days and then subjected to analysis.

We compared the MAP2 positive cell count with the
untreated NPCs and calculated the P values. As shown in
Figure 2b, the average numbers of MAP2-positive neurons
treated with DEX of 500 nM and 50 pM were 125.4 + 36.0
(P value < 0.05) and 158.6 + 35.3 (P value < 0.01), respect-
ively. The MAP2-positive neurons treated with BET of
500 nM and 50 pM were 122.7 + 36.0 (P value = NS) and
173.0 £ 39.6 (P value < 0.01), respectively (Figure 2c). The
MAP2-positive neurons treated with HDC of 500 nM and
50 pM were 116.0 +26.1 (P value = NS) and 145.1 +36.7
(P value < 0.01), respectively (Figure 2d). All GCs showed
statistically significant differences on the average numbers
of MAP2-positive neurons between 5 nM and 50 pM
(DEX and HDC showed P value<0.05, BET showed
P value < 0.01). These data indicate that the MAP2 posi-
tive cell number significantly increased as the cells were
treated with a higher dose of GCs. Moreover, we found no
significant differences in proliferative potency between
DEX, BET, and HDC.

GC treatment promoted NPC proliferation under
oxidative stress

Involvement of oxidative stress was suggested in the
pathogenesis of neonatal CLD (Ogihara et al. 1999) and
oxidative stress is thought to be a cause of neuronal
damage (Ikonomidou and Kaindl 2011). To mimic clin-
ical situations during the use of GCs, we treated NPCs
with H,O, for oxidative stress and examined the effect
of GCs on NPC proliferation. We have initially tested
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Figure 2 GC treatment promoted cell proliferation of MAP2 positive neurons. (a) Representative pictures of NPCs stained with an antibody
against MAP2 (red) and nuclear counterstain DAPI (blue). Phase, phase contrast image. Scale bar, 100 pm. (b-d). Quantification of MAP2 positive
neurons using Imagel. P values were calculated by comparing GC treated with untreated samples (n = 3). *P < 0.05, **P < 0.01. (One-way
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various concentration of H202 on the NPCs without
GCs. 300 uM H202 concentration was reasonably seen
the effect of the stress on cellular proliferation (Additional
file 2: Figure S2).

NPCs were treated with 300 pM HyO, 1 day before
GC treatment. Similarly, we expressed the average ab-
sorbance data as percentages of untreated samples, and
the mean percent + SD of untreated samples was 100
5.0. The results are shown in Figure 3. The average ab-
sorbance of cells that were treated only with HyO, was
88.8 + 7.8, which is significantly reduced relative to the
untreated samples (P value < 0.05, Figure 3).

Initially, we compared the average absorbance with
only HyO, treated NPCs and calculated the P values
(Figure 3). The average absorbance of the samples
treated with DEX of 5 nM, 500 nM, and 50 pM under
H,O,-treated condition were 93.8 £10.3 (P value = NS),
96.6 + 8.0 (P value = NS), and 124.0 + 6.9 (P value < 0.01),
respectively. The average absorbance of cells treated
with BET of 5 nM, 500 nM, and 50 pM under H,O,-
treated condition were 96.0 * 8.6 (P value = NS), 103.2 +
7.6 (P value <0.01), and 109.4£2.9 (P value <0.01), re-
spectively. The average absorbance of cells treated with
HDC of 5 nM, 500 nM, and 50 uM under H,O,-treated
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Figure 3 GC treatment promoted NPC proliferation under oxidative stress. Cell proliferation was measured by absorbance using Cell 96
AQueous One Assay kit. The average absorbance data were expressed as percentages of untreated samples. P values were calculated by
comparing GC treated with untreated samples (n = 3). *P < 0.05, **P < 0.01. (Cne-way ANOVA with Tukey-Kramer). DEX: dexamethasone, BET:
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condition were 100.2+6.6 (P value<0.01), 101.2 +6.8
(P value < 0.01), and 107.2 + 2.5 (P value < 0.01), respect-
ively. When we compared the average absorbance be-
tween each GC in the same concentration with or
without HyO,, we did not observe statistical significance
except for DEX at 5 nM and 500 nM (P value < 0.01).
These data indicate that the absorbance significantly in-
creased as the cells were treated with a higher dose of
GCs even under H,O,-treated condition.

In summary, our results indicate that GCs stimulated
the proliferation of NPCs under H,O,-treated condi-
tions. All examined GCs induced NPC proliferation in a
dose dependent manner regardless of oxidative stress.

HDC alone promoted cell proliferation of MAP2 positive
neuron under oxidative stress

Neurons are more sensitive to oxidative stress than any
other type of cells in the brain (Hayashi et al. 2012).
Therefore, we examined the effects of the GCs on the
proliferation of MAP2-positive neurons under an oxida-
tive stress condition. NPCs were treated with 300 uM
H,0, 1 day before GC treatment, then NPCs were ex-
posed to GCs for 4 days and subjected to immunostain-
ing using an anti-MAP2 antibody (Figure 4a).

We compared the MAP2 positive cell count with the
condition treated with H,O, alone (74.9 + 31.8). The aver-
age numbers of MAP2-positive neurons treated with DEX
of 500 nM and 50 uM were 75.6 £ 52.3 (P value = NS) and
84.7 +27.2 (P value = NS), respectively. The average num-
bers of MAP2-positive neurons treated with BET of
500 nM and 50 uM were 93.1 £41.1 (P value = NS) and
113.1+47.7 (P value=NS), respectively. The average

numbers of MAP2-positive neurons treated with HDC of
500 nM and 50 pM were 108.5 + 34.0 (P value < 0.05) and
143.6 + 19.4 (P value < 0.01), respectively. Unlike DEX and
BET, HDC significantly increased the number of MAP2-
positive neurons compared with the untreated samples
even under the H,O,-treated condition.

In conclusion, only HDC promoted significant cell
proliferation of MAP2 positive neurons as well as the
total number of NPCs under oxidative stress. DEX and
BET, however, increased the total number of NPCs with-
out increasing MAP2 positive neurons.

Discussion

In this study, we investigated the effect of GCs on prolif-
eration of NPCs derived from human iPS cells. Unex-
pectedly, all GCs we tested induced NPC proliferation in
a dose dependent manner. We also confirmed that
MAP2 positive neuronal cells were increased by GC
treatment. Furthermore, we investigated the proliferative
effects of GCs under an oxidative stress condition that
could be more relevant to the clinical setting. The find-
ings revealed that all GCs stimulated the total number
of NPCs even under the oxidative condition, but MAP2
positive neurons were only increased by HDC treatment.
Our results support the finding that HDC would be the
preferred choice over DEX and BET to prevent adverse
effects on the developing brain.

Cell cycle regulation induced by GCs

Samarasinghe et al. (Samarasinghe et al., 2011) demon-
strated that the binding of GCs to the GC receptor
(GR) decreased gap junction-mediated intercellular
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Figure 4 GCs showed different effects on proliferation of the MAP2-positive neurons under H,0,-treated conditions. (a) Representative
pictures of NPCs were stained with an antibody against MAP2 (red) and nuclear counterstain DAPI (blue). The cells were pre-exposed to H,0,
and treated with 50 puM of the indicated GCs. Phase, phase contrast image. Scale bar, 100 pm. {b) Quantification of MAP2 positive neurons
using ImageJ. P values were calculated by comparing GC treated samples with the samples treated with H,O, alone (n=3). *P <005, **P < 0.01.

(One-way ANOVA with Tukey-Kramer). DEX: dexamethasone, BET: betamethasone, HDC: hydrocortisone. Note that HDC alone promoted
significant cell proliferation of MAP2 positive neurons under oxidative stress.

communication and led to a decrease in the rate of cells
in the S phase. They concluded that GC suppresses cell
proliferation through this mechanism. Sundberg et al
(2006) reported that the activation of GR prevents cyclin
D1-mediated cell cycle progression and that the high dose
GC inhibits proliferation of rat embryonic NPCs. Similar
inhibitory mechanisms of GCs were reported by others
using rodent cells (Bose et al. 2010). Moors et al. (2012)
examined the effect of DEX on neurospheres derived from
a 16-week human aborted fetus and found that DEX
inhibits the proliferation of human NPCs. However, in our
experiment using NPCs derived from human iPS cells, all

GCs we tested including DEX intriguingly promoted the
proliferation of NPCs.

Neuroprotective effects of GCs

GCs exhibit protective effects on postmitotic neurons.
Harms et al. (2007) showed that GCs induce phos-
phatidylinositol 3-Akt-kinase-dependent phosphorylation
of p21Wafl/Cipl and it works as a novel anti-apoptotic
pathway for postmitotic primary cortical neurons isolated
from rats and mice. By in vivo and in vitro studies using
the rat model, Jeanneteau et al. (2008) showed that GCs
activate the Trk neurotrophin receptor and thus exhibit
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neuroprotective effects. In any case, neuroprotective path-
ways in postmitotic neurons prevent new cell cycles.
Therefore, such a neuroprotective mechanism alone can-
not explain how GCs induce NPC proliferation.

Differential mechanisms of action between GCs

We demonstrated that GCs differently stimulate the prolif-
eration of MAP2-positive neurons under oxidative stress.
HDC physically associates with both GR and mineralcorti-
coid receptor (MR) in vivo, while DEX and BET physically
associate only with GR but not with MR (De Kloet et al.
1998). As described above, it has been reported that GR
suppresses cell proliferation and causes apoptosis. In the
present study, the GCs showed similar effects under non-
stressed conditions. Under oxidative stress conditions,
however, HDC alone increased the number of MAP2 posi-
tive neurons. This may suggest that the activation of MR
plays an important role in the proliferation of neurons
under oxidative stress. Another possibility could be the dif-
ference in the inactivation mechanisms of the GCs. While
HDC is metabolized by 11fHSD2, DEX and BET are not
sensitive to inactivation by 11fHSD2 (Heine and Rowitch
2009; Noguchi et al. 2011). Thus, the continuous GR activ-
ity may induce apoptosis under stress conditions. The hu-
man NPCs used in this study were indeed expressing both
MR and GR (Additional file 3: Figure S3).

Clinical implications
Our current study demonstrates that NPCs proliferate in
response to GCs but MAP2 positive neurons are sensitive
to oxidative stress. It is interesting that the response to
HDC is less affected by oxidative stress than DEX or BET
(Figure 4). Halliday et al. (2009, 2010) recommended
avoiding frequent use of GCs for CLD treatment but there
is insufficient evidence regarding which types of GCs to
use in order to minimize adverse neurological outcomes.
Further clinical and mechanistic studies are required to de-
termine the optimal choice of GCs for children with CLD.
In conclusion, we evaluated the effect of GCs on NPC
derived human iPS cells and found unique proliferative
effects on NPCs, which were altered by external stress.
Further mechanistic studies are needed to reveal how
GCs induce NPC proliferation and how oxidative stress
modulates the effects of GCs.

Additional files

Additional file 1: Figure S1. Derivation of neural progenitor cells
(NPCs) from human iPS cells. (a) Schematic diagram of induction of NPCs.
R-NSC: Rosette neural stem cells. (b) Representative picture of R-NSC

and NPCs in phase contrast image. R-NSC stained positive for Nestin
(green/insert). Bar:100 um. (c) Growth curve for NPCs. Cell number was
automatically measured by using IncuCyte imaging system (Essen
BioScience, KK, Japan).
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Additional file 2: Figure S2. Effect of H,0, treatment on NPC proliferation
under oxidative stress. NPCs were treated various concentration of H,0,
as indicated. Cell proliferation was measured by absorbance using Cell
96 AQueous One Assay kit. The average absorbance data were
expressed as percentages of untreated samples.

Additional file 3: Figure $3. Expression of glucocorticoid receptor and
mineral corticoid receptor in NPCs Quantitative RT-PCR analysis was
performed on MRC5-iPSC and NPCs. The mRNA values were expressed
relative to the control gene (B-actin). GR: glucocorticoid receptor, MR:
mineral corticoid receptor.
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Sapropterin Is Safe and Effective in Patients less than 4-Years-0ld
with BH4-Responsive Phenylalanine Hydroxylase Deficiency

Haruo Shintaku, MD, PhD", and Toshihiro Ohura, MD, PhD?

Objective To assess the safety and efficacy of tetrahydrobiopterin therapy with sapropterin to treat
tetrahydrobiopterin (BH,)-responsive phenylalanine hydroxylase (PAH) deficiency in children aged <4 years
compared with those aged =4 years.

Study design We analyzed a longitudinal follow-up study conducted in all patients with BH,-responsive PAH
deficiency throughout Japan. At the end of 2011, 43 patients were receiving sapropterin, of whom 21 were aged
<4 years at the initiation of treatment. The starting dose of sapropterin was =10 mg/kg/day in 11 of these 21 pa-
tients. The duration of follow-up was =4 years in 6 of those 11 patients; 3 of these 6 were followed for
=10 years. Nine patients were receiving sapropterin monotherapy at the end of 2011.

Results Serum phenylalanine level was maintained within the recommended optimal control range in all 21
patients who started sapropterin treatment before age 4 years. Only 1 nonserious adverse drug reaction
occurred, an elevated alanine aminotransferase level in 1 patient. No significant abnormal behavior related
to nerve disorders was reported.

Conclusion Sapropterin therapy initiated before age 4 years was effective in maintaining serum phenylalanine
level within the favorable range and was safe in Japanese patients with BH,-responsive PAH deficiency. (J Pediatr
2014;165:1241-4).

ased on clinical trial data, sapropterin dihydrochloride, a tetrahydrobiopterin (BH,) drug, has been approved for the
treatment of BH,-responsive phenylalanine hydroxylase (PAH) deficiency in patients aged =4 years in the US. Since
the drug’s approval, however, many patients aged <4 years have been treated with sapropterin. In Japan, sapropterin
dihydrochloride granules 2.5% (Biopten, Daiichi Sankyo, Japan) was approved in 1992 for treatment of BH, deficiency and in
2008 for treatment of BH,-responsive PAH deficiency.

We previously reported the safety and efficacy of long-term (16 years) treatment with sapropterin in BH,-deficient patients
who started treatment before age 4 years based on postmarketing surveillance in Japan.' Here we report on the long-term safety
and efficacy of sapropterin in patients with BH,-responsive PAH deficiency who started treatment before age 4 years.

At the end 0f 2011, 43 patients in Japan were receiving BH, therapy with sapropterin, 21 of whom were aged <4 years at the start
of treatment. Only 1 patient aged =4 years was hospitalized. One child aged <4 years and 6 children aged =4 years had a BH,-
responsive sibling. All patients had undergone neonatal phenylketonuria screening and pteridine analysis, along with a dihy-
dropteridine reductase assay that identified them as not BH,-deficient.”

The present postmarketing surveillance study was conducted in 21 medical centers in Japan between 1995 and 2011. During
this period, serum phenylalanine (Phe) concentrations were measured using an automated amino acid analyzer (L-8800; Hi-
tachi, Tokyo, Japan), and serum pteridine concentrations were measured by high-performance liquid chromatography (LC-10;
Shimazu, Kyoto, Japan) after iodine oxidation. Dihydropteridine reductase activity was measured using Guthrie card speci-
mens, as described previously.?

A 1-week loading test (20 mg/kg/day in 2 doses for 7 consecutive days) was
performed to evaluate BH, responsiveness. A 30% decrease in Phe level was From the "Department of Pediatrics, Osaka Gty
defined as BH 4~resp0nsive hyperphenylalaninemia. University School of Medicine, Osaka, Japan; and

2Depar‘tment of Pediatrics, Tohoku University School of
Medicine, Sendai, Japan
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BH4 Tetrahydrobiopterin
PAH  Phenylalanine hydroxylase 0022-3476/5 - see front matter. Copyright © 2014 Elsevier Inc.
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Table I Patlent characteristics, serum Phe Ievel before
BH4 treatment and BH, duratmn and dose «
Age at administration
Characteristics <40y 240y
Sex, n
Male 10 12
Female 1 10
Age as of December 2011, y, n
<1 1 0
110 <4 9 0
410 <10 8 9
10 to <16 2 12
>16 1 1
Age at administration, y, n
<1 8 0
110 <4 13 0
410 <10 0 18
10 to <16 0 3
>16 0 1
Complications, n
No 17 15
Yes 4 7
BH, combined with diet therapy (at the
end of 2011)
No 9 10
Yes 12 12
Treatment duration, y, n
<1 2 3
1-3 13 18
4-6 1 0
7-10 2 0
>10 3 1
BH, dose, mg/kg, n
<5 23y 2@y
510 <10 8 (7) 11 (1)
10 to <15 8 (7)* 5 (6)
15 to <20 1@y 3y
=20 2.y 1y
Serum Phe level before BH, treatment,
wmol/L, mean = SD (range)
Mass screening (at 5 d after birth) 472.1 + 1495 667.8 + 282.4
(224.2-818.1)  (242.4-1187.3)
First visit (at hospital visit for thorough  479.3 = 214.0  673.0 = 521.5
checkup) (169.7-981.8)  (66.7-2230.3)
Initial investigation (before BH,4- 280.0 & 146.8 420.7 = 272.0
4 loading test) (78.8-757.6)  (161.2-1266.7)

*Number of patients at initiation (at the end of 2011).

patients in whom treatment was initiated at age <4 years. The
duration of treatment was =4 years in 6 of the 21 patients,
=10 years in 3 of those 6 patients, and >16 years in 1 of
the latter 3 patients.

Serum Phe levels were reduced in response to 3 different
BH,-loading tests. The average reduction in serum Phe level
was 42.2% in the single-loading test, 42.0% in the 4-times
loading test, and 55.4% in the 1-week Ioading test, with
respective cutoff values of 20%, 30%, and 50%.” Based on
these data, all 21 patients were diagnosed with BH,-respon-
sive PAH deficiency (Figure 1).

Phe level according to age at the end of 2011 are shown in
Figure 2, in all patients and by age at treatment initiation
(<4 years or =4 years). In 11 of the 21 patients who
started sapropterin therapy before age 4 years, the initial
dose was >10 mg/kg day (Table I). The duration of
follow-up was >4 years in 6 of these 11 patients, and
>10 years in 3 of the latter 6 patients (Table I). At the end

1242

of the study period, 9 of the 21 patients were receiving
sapropterin monotherapy.

After 4 years of age all patients were treated with saprop-
terin. Serum Phe levels were maintained within a favorable
range in both groups, with no significant difference between
the groups (Figure 2). Serum Phe levels were maintained
within a favorable range in the 21 patients who started
treatment before age 4 years, but were variable (ranging
from too low to too high) in the 22 patients who did so
after age 4 years (Figure 2). However, there was no
significant difference in mean Phe concentration before
BH, therapy between the 2 age groups.

All  patients responded to sapropterin treatment,
showing reductions in serum Phe levels to within the rec-
ommended optimal control range. Among the 43 patients,
19 were treated with only sapropterin and 24 were treated
with sapropterin plus diet therapy. The mean serum Phe
levels was 368.4 umol/L in the patients who received sap-
ropterin monotherapy and 362.4 umol/L in those who
received sapropterin with diet therapy, a statistically
nonsignificant difference (P = .10).

Examination of electroencephalograms performed in 7 pa-
tients revealed no abnormalities, and brain magnetic reso-
nance imaging showed an abnormality in only 1 of 8
patients, Adverse events are reported in Table II. Only 1
nonserious adverse drug reaction occurred, a mild increase
in alanine aminotransferase level that improved without
the need to stop sapropterin therapy. All 21 patients have
since developed normally, and all of those who have
reached school age are now attending normal schools.

Patients with BH,-responsive PAH deficiency, many of
whom carry the R241C allele, respond to BH, administration.
Although no clear correlation was seen between the reduced
serum Phe levels in the BH -loading tests and PAH gene mu-
tations, at least 1 mild phenylketonuria mutation or missense
mutation was found in patients with BH,-responsive PAH
deficiency.”

Notably, the duration of treatment was =4 years in 6 of
the 21 patients, =10 years in 3 of those 6 patients, and
>16 years in 1 of these latter 3 patients (who was treated
for hyperphenylalaninemia without BH, deficiency). This
study represents a unique long-term follow-up of patients
with BHy-responsive PAH deficiency. BH,-responsive
PAH deficiency was first reported by Kure et al® in 1999.
All 43 patients with BHy-responsive PAH deficiency in
Japan have been treated with BH, therapy. Sapropterin
was approved for treating BH, deficiency in 1992 in Japan.

Our findings show that the control of serum Phe level in
patients with BH-responsive PAH deficiency is more even
and effective when sapropterin treatment is initiated before
age 4 years (Figure 2), although there was no significant
difference in mean Phe level between the 2 age groups.
In the patients who started treatment at age =4 years,
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Figure 1. Serum Phe levels and response to BH,-loading tests. A, Single loading test (cutoff, 20%). B, Four-times loading test

(cutoff, 30%). C, One-week administration test (cutoff, 50%).

Phe levels varied more outside of the optimal range
(Figure 2). Furthermore, during their first 4 years of life,
it appears that Phe levels were better controlled within
the optimal range by sapropterin therapy than by diet
therapy, which can lower Phe levels to an excessive
degree (Figure 2). At the end of this study, 19 of the 43
patients with BH,-responsive PAH deficiency were treated
with sapropterin monotherapy (Table I), and there was
no significant difference in Phe level between the group
treated with sapropterin monotherapy and the group
treated with sapropterin plus diet therapy.

Sapropterin therapy is safe in this patient population,
which is reassuring because treatment of BH,-responsive
PAH deficiency requires lifetime administration. Of the 21
patients who started treatment before age 4 years, 8 were
aged <1 year, and treatment proved safe and effective in these
children. No adverse side effects were reported, and there was
no drug-related discontinuation of treatment.

Our safety results are supported by recent reports of sap-
ropterin therapy in 147 patients with BH,-responsive PAH
deficiency with up to 12 years of follow-up in Europe that

showed no severe adverse events; only 3 patients experienced
adverse events, all of which disappeared when the dose was
lowered.” Leuret et al® evaluated 15 patients under age 4 years
who received sapropterin therapy and concluded, in agree-
ment with our findings, that BH, therapy is efficient and
safe before age 4 years in patients with BH,-responsive
PAH deficiency.

In the US, sapropterin was approved in 2007, and thus
there is only 6 years of safety data on the use of this
drug. In addition, the clinical trials for drug approval
were conducted in children aged =4 years. Thus, the re-
sults of our study, with the longest follow-up reported to
date, provide important assurance that long-term treat-
ment with sapropterin is safe and effective in patients
with BH,-responsive PAH deficiency. &

Submitted for pubiication Apr 5, 2014; last revision received Jul 8, 2014;
accepted Aug 5, 2014.
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5
— : BHy initiated before age 4 years T S
-~ = :BHq initiated over age 4 years Age at administration
1000 Adverse events <4y 24y
All adverse events, n (%) 7 (33.3) 7 (31.8)
o Infection and infestation, n (%) 5 (23.8) 4(182)
2 Impetigo 0(0.0) 1(4.6)
2 6ok Influenza 1(4.8) 1(4.6)
2 Nasopharyngitis 2(9.5) 2(9.1)
o a00] Adenoiditis 1(4.8) 0 (0.0)
< Varicella 1(4.9) 1(4.6)
H 200] Respiratory, thoracic, and mediastinal 3 (14.3) 3(13.6)
@ : disorders, n (%)
Allergic rhinitis 0 (0.0) 29.1)
o] Upper respiratory inflammation 3(14.3) 2(9.1)
0 . IR . o Clinical blood test, n (%) 1(4.8) 0 (0.0)
Alanine aminotransferase elevation® 1(4.8) 0(0.0)
Agely.0) Injury, poisoning, and procedural 14.8) 1(4.6)
complications, n (%)
Figure 2. Phe levels according to patient age at treatment Clavicle fracture 0 (0.0) 1(4.6)
initiation and at the end of the study period. The shaded L Skin laceration 148 0.0 )
area indicates the recommended optimal control range. Multiple events occurred in 1 patient.
*Side effect (nonserious).
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Familial Extrahepatic Biliary Atresia?
Krauss AN. ] Pediatr 1964;65:933-7

In 1964, Krauss reported cholestasis in a pair of siblings. His diagnosis of “extrahepatic familial biliary atresia” can be
referenced to highlight the growing understanding of the spectrum of neonatal cholestasis that has occurred over
the past 50 years.

The “differential” diagnosis for neonatal cholestasis in the 1960s was fairly simple, consisting of 3 main categories:
(1) biliary atresia, which constituted roughly 25% of cases; (2) viral induced injury—toxoplasmosis, other, rubella,
cytomegalovirus, and herpes simplex virus (TORCH)—infections, which were identified in less than 10%; and
(3) “neonatal hepatitis,” a misleading term referring to infants whose histologic findings included giant cell transfor-
mation of unknown etiology that served as a wastebasket diagnosis for roughly 65% of the infants who presented with
elevated liver enzymes and jaundice. “Neonatal hepatitis” was idiopathic and often classified as sporadic or familial
depending on the history.

Today, the landscape of neonatal cholestasis is much more defined. Alpha-1 antitrypsin deficiency, metabolic dis-
eases, progressive familial intrahepatic cholestasis, bile acid synthetic defects, and Alagille syndrome are only a few of
the now well-described processes that have reduced the percentage of infants with idiopathic neonatal cholestasis to
about 10% of cases. This exponential expansion of knowledge that has culminated in the current understanding of the
biologic basis of neonatal cholestatic syndromes paralleled the growth and development of the new subspecialty of
pediatric hepatology.’

Although the precise etiology of biliary atresia remains unknown, it has not been documented to reoccur in a family
member subsequently. Therefore, re-visiting Krauss’ report today, one cannot help but consider an alternative diag-
nosis. A leading candidate would be Alagille syndrome given the cardiac and renal abnormalities identified in the pub-
lication. Unfortunately for the brothers in Krauss’ report, Daniel Allagille’s seminal article describing the autosomal
dominant, multisystem disorder that now carries his name would not be published for another 5 years.”

Despite the advances, looking forward to the next 50 years it is clear that there is work to be done. As noted, up to
10% of infants presenting today with jaundice and elevated liver biochemistries will be diagnosed with “idiopathic
neonatal hepatitis.” Understanding that the best therapeutic interventions are those that target key mechanisms of
injury, it is paramount to continue to investigate the biological, molecular, genetic, and cellular contributions to
this devastating disease to enable better treatment strategies that will change the outcome for affected children.

James E. Squires, MD, MS
Division of Gastroenterology
Advanced Hepatology
Cincinnati Children’s Hospital Medical Center
Cincinnati, Ohio
http://dx.doi.org/10.1016/f.jpeds.2014.06.006
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Dynamic Change in Cells Expressing IL-1p in Rat Hippocampus

after Status Epilepticus
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Introduction

Hippocampal gliosis, which is caused by pyramidal cell death
induced by prolonged febrile convulsions, is an epileptic focus
in patients with temporal lobe epilepsy (TLE).}? In experi-
mental studies, rats with kainic acid (KA)-induced status
epilepticus (SE) develop spontaneous and recurrent seizures
as well as pathologic hippocampal changes similar to those
associated with human TLE; they are therefore considered
an appropriate animal model of TLE.>® Human and animal
studies have both shown that inflammatory molecules, includ-
ing cytokines, are key contributors to the seizure-associated

progression of hippocampal gliosis.” 1% Interleukin (IL)-1PB
is a major pro-inflammatory cytokine synthesized by mac-
rophages, glial cells, and neuronal cells during infection and
inflammatory processes.!*"** Rats with KA-induced SE receiv-
ing intranasal administration of IL-1B showed repeated and
prolonged hyperthermia-induced seizures with a significantly
reduced onset time.'* Furthermore, intrahippocampal injection
of IL-1f extends the duration of KA-induced SE.'516 In con-
trast, treatment with an exogenous IL-1 receptor antagonist or
overexpression of its endogenous form markedly inhibits neu-
ronal injury induced by bicuculline or cerebral ischemia.l’:!8
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Pretreatment with an IL-1B receptor antagonist significantly
reduces the onset of pilocarpine-induced SE and damage to
the blood—brain barrier in rats.'

A previous immunohistochemical study has shown
that in the acute phase after KA administration, IL-1B is
expressed in the stratum oriens and stratum radiatum of
both the CA1 and CA3 areas of the hippocampus.l® Another
study has found diffuse IL-1B immunoreactivity throughout
the hippocampus one to two days after SE.*!¢ By contrast,
TL-1PB expression is present on microglial cells in the gran-
ule and molecular cell layers as well as the hilum of the den-
tate gyrus within 24 hours after SE.** In the chronic phase
(>7 days) after SE, reactive astrocytes in CA3 begin to
express [L-1pB,1%20 as do some microglia in the same region at
four weeks. Another report has demonstrated that glia in CA3
expressed IL-1P at 7 days, but not at 60 days, after SE in two
of six spontaneously epileptic rats.”

Although this evidence supports an important role of
IL-1B in the pathogenesis of both human and animal TLE,
the cells expressing IL-1B in the development of hippocam-~
pal sclerosis and neuronal excitability vary depending on the
study, and therefore their identity remains unclear. To deter-
mine which cells are affected by IL-1p in the process of hip-
pocampal glial formation after SE, we investigated IL-13
expression in the hippocampus, focusing on pyramidal and
glial cells at various time points after SE.

Materials and Methods

Animals and treatments. The animal committee of Osaka
City University School of Medicine approved this study, which
was conducted in accordance with the Guidelines for Use and
Care of Experimental Animals. Eight-week-old male Wistar
rats (180200 g) were provided food and water ad libitum under
a standard 12:12-hour light:dark cycle. Rats were injected first
with KA (10 mg/kg) intraperitoneally to induce SE, and then two
hours after seizure onset with diazepam (10 mg/kg) to abort the
SE. Seizure severity was determined by using the Racine scale:
stage 1, mouth and facial movements; stage 2, head nodding;
stage 3, forelimb clonus; stage 4, rearing; and stage 5, rearing and
falling.?! Four control rats received saline. A total of 16 rats were
anesthetized with sodium pentobarbital on days 1 (12-24 hours
after SE), 7, 14, and 21 (n = 4 at each time point) after KA
administration and then transcardially perfused with phosphate-
buffered saline (PBS, pH 7.4). A total of three rats died owing to
SE (one each on days 1,7,and 14).

After sacrifice, the brains of the rats were quickly
removed. The right hemisphere of each brain was post-fixed
by immersion in 4% paraformaldehyde overnight at 4°C,
then embedded in Tissue-Tek optimum cutting temperature
(OCT) compound (Miles, Elkhart, IN, USA), frozen with
liquid nitrogen, and sliced into coronal frozen sections (thick-
ness, 20 Lm) with a cryostat. The left hemisphere of each brain
was immediately prepared for quantitative analysis of IL-1f
as detailed below.

IL-1B immunohistochemistry. Several sections from
each rat brain were examined for IL-1p localization by means
of an immunohistochemical approach; other sections were
assessed for the co-localization of IL-1B and glial fibrillary
acidic protein (GFAP) by means of a double-label immu-
nofluorescence technique. For the immunohistochemical
study, a commercially available rabbit polyclonal anti-IL-1f
antibody (diluted 1:500; sc-1251, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) was used. An anti-human monoclonal
GFAP antibody (diluted 1:50; 03-61011, American Research
Products, Belmont, M A, USA) was used in the assessment of
GFAP localization. Double-label immunofluorescence stain-
ing of IL-1P (sc-1251 diluted 1:250) and GFAP (03-61011), as
well as immunohistochemistry, was carried out as described
previously.® To assess the specificity of the primary antibod-
ies, additional sections were subjected to immunohistochemi-
cal processing without primary antibody and used as negative
controls; these sections were also stained with hematoxylin
and eosin.

Quantitative analysis of IL-1B. To assess protein lev-
els, rats were anesthetized before SE and on days 1 (» = 3;
12-24 hours after SE), 7 (n=3), 14 (n=3), and 21 (n = 4) after
SE. The left hemisphere of each brain was quickly removed,
and the hippocampus was dissected on ice and individually
homogenized in PBS containing a protease inhibitor cocktail.
Homogenates were centrifuged at 4°C, and the supernatants
were recovered as samples. IL-1B was measured by using a
Bio-Plex Cytokine Assay kit (171-K11070, Bio-Rad Labora-
tories, Hercules, CA, USA) according to the manufacturer’s
instructions. Briefly, premixed standards were reconstituted
by using the provided standard diluents, and a standard curve
(0.975-8000 pg/mL) was constructed. An anti-cytokine bead
stock solution was added to the wells of a 96-well filter plate.
After the filters were washed, the standards and samples
(50 pL/well) were added to the wells. Plates were incubated
for 30 minutes at room temperature and then washed again,
after which 25 pL of detection antibodies was added to each
well. After the plates were again incubated and washed as
described above, 50 UL of streptavidin—phycoerythrin was
added to each well, and the plates were incubated for a fur-
ther 10 minutes before being similarly washed. Finally, the
beads were resuspended in Bio-Plex assay buffer. Plates were
read on the Bio-Plex suspension array system (Bio-Rad), and
the data were analyzed by using Bio-Plex Manager version
5.0. Statistical analysis was performed with the SSPS 16.0
software (SPSS, Chicago, IL, USA) by using one-way analy-

sis of variance.

Results

Clinical features of seizures and histological find-
ings. Within one hour after KA injection, all rats developed
stage 5 seizures according to the Racine scale.?! After the SE
was aborted with diazepam, rats developed spontaneous gener-
alized tonic—clonic seizures with a latency of five to seven days.
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The histologic changes that occurred after the KA-induced
SE were similar to those seen in our previous studies.>™ The
numbers of pyramidal cells in the control rats were 1083 + 44,
1183 £ 169, 1150 + 150, and 983 + 130 cells/mm? (mean + SE)
in the CA1, CA2, CA3, and CA4 regions of the hippocampus,
respectively. The numbers of pyramidal cells on day 7 after SE
were 867 £ 109, 808 + 156, 483 + 93, and 517 + 60 cells/mm?
in CA1, CA2, CA3, and CA4, respectively. The numbers of
pyramidal cells on day 14 after SE were 683 £ 72, 517 + 93,
500+58,and 433 +33 cells/mm?in CA1,CA2,CA3,and CA4,
respectively. The numbers of pyramidal cells on day 21 after SE
were 133 + 33, 500 + 104, 333 £ 93, and 367 + 44 cells/mm?
in CA1, CA2, CA3, and CA4, respectively.” Hematoxylin
and eosin staining revealed pyknotic pyramidal cells in CA1
on day 1 (Fig. 1B); the degree of pyramidal cell loss in CA1
gradually increased from day 7 to day 21 after SE (Fig. 1C).
Pyramidal cell death also occurred in CA3 (rate of loss after
SE, 71%) and CA4 (63%) but to a lesser extent than that in

CA1 (89%) at day 21. GFAP-immunoreactive astrocytes with
subsequent hypertrophy increased from day 7 to day 21 in pro-
portion to pyramidal cell loss, which resulted in hippocampal
gliosis (Figs. 1D-H).

IL-1B immunoreactivity in rat hippocampus during
the acute phase after SE. IL-1B was weakly expressed in the
cytoplasm of CA1 and CA3 pyramidal cells in the control rat
hippocampus (Figs. 2D, G, I, M). However, in rats with SE,
IL-1B expression increased transiently in the cytoplasm of the
remaining pyramidal cells in the CA3 region beginning at
day 1 after SE (Figs. 2H, N). Cytoplasmic IL-1B expression
in pyramidal cells in CA3 was greater than that in CAl on
day 1 after SE (Figs. 2E, H, K, N; Table 1).

IL-1f immunoreactivity in rat hippocampus dur-
ing the chronic phase (>7 days) after SE. At day 7 after SE
onset, pyramidal cells in CA1 lacked IL-1P immunoreac-
tivity. However, those in CA3 were still positive for IL-1P.
In contrast, reactive astrocyte-like cells emerging in CA1

Figure 1. Hematoxylin and eosin staining and GFAP staining in the rat hippocampus. (A—C) Hematoxylin and eosin staining in the CA1 region of control
rats without SE and KA-treated rats after SE. (A) CA1 region at control rat hippocampus. Pyramidal cells were not degenerated. (B) CA1 region on

day 1 after SE. Pyknotic pyramidal cells were seen in the CA1 region of rat hippocampus. (C) CA1 region on day 21 after SE. Most pyramidal cells were
lost. (D~H) GFAP staining in the CA1 region of control rats without SE and KA-treated rats after SE. (D) CA1 region at control rat hippocampus. A few
GFAP positive cells were observed. (E) CA1 region on day 1 after SE. GFAP positive cells on day 1 after SE have no change compared to control rats (D).
(F) CA1 region on day 7 after SE. Increased numbers of astroglia-like cells were observed. (G) CA1 region on day 14 after SE. The number of astroglia-
like cells in (H) CA1 region on day 21 after SE. GFAP-immunoreactive astroglia-like cells were increased in proportion o the progressive hypertrophy of

astrocytes, forming gliosis (G, H).
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Figure 2. IL-18 immunoreactivity in the hippocampus of control rat without SE and after SE. (A, D, G, J, M) Expression of IL-1B at control rat hippocampus.
(A) Expression of IL-1p at the hippocampus of control rat without SE in low-power magnification. Scale bar =1 mm. (D) CA1 region of control rat in
intermediate power magnification. (G) CA3 region of control rat in intermediate power magnification. D, G; scale bar = 100 um. (J) CA1 region of control rat
in high-power magnification. (M) CA3 region of control rat in high-power magnification. J, M; scale bar = 50 um. Expression of [L.-1B was faintly observed in
the pyramidal cells at CA1 (D, J) and CA3 (G, M) regions. (B, E, H, K, N) Expression of IL-1§ at day 1 after SE. (B) Expression of IL-1B at the hippocampus
at day 1 after SE in low power magnification. Scale bar = 1 mm. (E) CA1 region at day 1 after SE in intermediate power magnification. (H) CA3 region

at day 1 after SE in intermediate power magnification. E, H; scale bar = 100 pm. (K) CA1 region at day 1 in high power magnification. (N) CA3 region at
day 1 after SE in high power magnification. IL-18 expression increased transiently in the cytoplasm of the remaining pyramidal cells in the CA3 region
beginning on day 1 after SE (H, N). Expression of iL-18 in the cytoplasm of pyramidal cells at CA3 was greater than that at CA1 on day 1 after SE

(E, H, K, N; Table 1). K, N; scale bar =50 um. (C, F, I, L, O) Expression of IL-1B at day 21 after SE. (B) Expression of IL-1p at the hippocampus at day 21
after SE in low-power magpnification. Scale bar =1 mm. (E) CA1 region at day 21 after SE in intermediate power magnification. (H) CA3 region at day 21 after
SE in intermediate power magnification. F, 1; scale bar = 100 um. (F) CA1 region at day 21 in high power magnification. (N) CA3 region at day 21 after SE
in high power magnification. Reactive astrocyte-like cells emerging in CA1 showed IL-1p immunoreactivity on day 7. This immunointensity increased in
proportion to progressive hypertrophy until day 21. L, O; scale bar = 50 um.
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Table 1. Expression of {L-1§ in the rat hippocampus.

Pyramidal cells

CA1 + +

CA3 + ++

Reactive astrocytes

CA1 - -

CA3 - -

++ AR
++ ++

Notes: Degree of IL-1B-immunoreactive cells: —, no staining; -+, faint; ++, frequent; +++, predominant.

showed IL-1B immunoreactivity at day 7 after SE. Immuno-
intensity increased in proportion to progressive hypertrophy
until day 21 when the pyramidal cells, which had degenerated
because of cell death, lacked IL-1P expression (Figs. 2F, I, L, O;
Table 1).

To confirm that the observed IL-1B—immunoreactive
astrocyte-like cells were actually reactive astrocytes, we per-
formed double-label immunofluorescence for IL-18 (Fig. 3A)
and GFAP (Fig. 3B). Co-localization of IL-1B and GFAP
immunoreactivities was confirmed in these reactive astro-
cytes, which first appeared in CA1 at day 7 and had become
numerous at day 21 after SE (Fig. 3C).

Quantitative analysis of IL-1B. Quantitative analysis of
IL-1B in control rats without SE (n = 4) and of KA-treated
rats on days 1 (n=3), 7 (n=3), 14 (n = 3), and 21 (n = 4)
after SE onset showed hippocampal IL-1B concentrations
of 144 + 51 pg/mL, 570 + 180 pg/mL, 2770 + 798 pg/mL,
1732 + 344 pg/mL, and 1806 £ 174 pg/mL (mean * SE),
respectively (Fig. 4). At day 1 after SE onset, IL-1p concentra-
tion was approximately four times higher in KA-treated rats
than in control rats without SE; however, no significant dif-
ference in IL-1B concentration in the hippocampus was found
between KA-treated rats on day 1 after SE and control rats
without SE (P = 0.770). In contrast, in the chronic phase on
days 7, 14, and 21 after SE onset, IL-1f concentrations were
approximately 20, 12, and 12 times higher, respectively, in
K A-treated rats than in control rats without SE. Statistically,

the hippocampal IL-1p concentration in KA-treated rats was
significantly higher on day 7 (P = 0.003), day 14 (P = 0.029),
and day 21 (P=0.017) than that in control rats without SE.

Discussion

IL-1B is a key pro-inflammatory cytokine in the formation
of hippocampal sclerosis after SE; therefore, understanding
which cells express IL-1B and the dynamics of IL-1f expres-
sion in the hippocampus after SE is important for establishing
future therapeutic strategies. Here we elucidated the detailed
dynamics of IL-1f expression in the hippocampus. A previous
study found that in control rats there is only slight expression
of IL-1B in the CA3 region of the hippocampus;!® however,
a different study demonstrated prominent IL-1B expression
in scattered neurons of the dentate gyrus and less expression
in the neurons in CA3 and CA1.? Other studies have failed
to detect any IL-1P immunoreactivity at all.?®?2 In the pres-
ent study, IL-18 was weakly expressed in pyramidal neurons
in CA3, showing that IL-1B is not highly expressed in the
hippocampus under normal circumstances in non-epileptic
animals. Furthermore, our immunohistochemical and quan-
titative investigations clearly demonstrated that IL-1f is
involved in hippocampal degeneration after SE and that there
are differences in IL-1B expression between the acute and
chronic phases.

A previous study has shown that three hours after KA
administration, IL-1p is expressed on the stratum oriens and

Figure 3, Double-label immunofluorescence staining of IL-1B and GFAP. Co-localization of IL-15 (red, A) and GFAP (green, B) is shown with an
immunofluorescence method. Co-localization is visualized in yellow in the merged image (C). Double-label fluorescent immunohistochemistry clarified

that reactive astrocytes expressed IL-1B. Scale bar = 50 pm.
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Figure 4. Total IL-1$ expression in the hippocampus after SE. The total expression level IL-1p in the hippocampus measured by using Luminex technology
was significantly elevated from day 1 after SE and maintained till day 21 (P < 0.01). Asterisks (*) and daggers (1) indicate significant differences (P < 0.05

and P < 0.005, respectively) from the value for the control group.

stratum radiatum in CAl, and the stratum oriens, stratum
radiatum, and stratum lucidum in CA3."° Other reports have
stated that IL-1B immunoreactivity is present throughout the
hippocampus 24 hours after KA administration and 48 hours
after SE onset.» IL-1B is also expressed on microglial cells in
the granule and molecular cell layers and hilus of the dentate
gyrus within 24 hours after seizures begin.!¢ In the present
study, IL-1B was expressed on pyramidal neurons in the CA3
region at one and three days after SE. Although the cellular
location of IL-1B in our study during the acute phase was not
completely consistent with previous studies, IL-1f expression
is likely similarly expressed in the pyramidal neurons during
the acute phase after SE.

At 60 days after SE, IL-1p is expressed in CA3 by pyra-
midal neurons and interneurons close to the inner border of
the granule cells of the dentate gyrus.?? Reactive astrocytes
prominently express IL-1B,1%20 and some microglia in CA3
express IL-1P at four weeks after SE onset.’ Another report
has demonstrated IL-1B immunoreactivity in the CA3 glia
at 7 days, but not 60 days, after SE.? In the present study,
we noted IL-1B expression on reactive astrocytes similar to
that shown by previous studies. Although our current findings
basically support the expression pattern of pro-inflammatory
cytokines that has been previously elucidated, they make sev-
eral additional contributions. Specifically, immunohistologic
methods revealed changes in the localization of IL-1f immu-
noreactivity across time as it moved from pyramidal cells to
reactive astrocytes. In addition, we qualitatively analyzed
IL-1B levels in the acute through chronic phase after SE onset.
By combining the results of previous studies with the present

results, the conclusion that reactive astrocytes are important
as the main cells expressing IL-1B during the chronic phase
after SE is further strengthened. Because reactive astrocytes
are components of hippocampal gliosis, IL-1B can be consid-
ered a key factor in glial formation.

Another important finding is that the localization of
IL-1B immunoreactivity changes over time and moves from
pyramidal cells to reactive astrocytes. Our previous study
showed that the survival rate of pyramidal cells in CA1 was
77% at day 7 after SE but only 12% at day 21, and that the
survival of these cells in CA3 was 43% at day 7 compared
with 29% at day 21.° Regardless of the decrease in pyramidal
cell number, our present microbead-based assay demonstrated
that the total level of IL-1f expression in the hippocampus
increased significantly between days 7 and 21 after SE. Simul-
taneously, the rats developed spontaneous seizures, and reac-
tive astrocytes appeared in the hippocampus at day 7. These
findings indicate a transition in the production of IL-1pB from
pyramidal cells during the acute phase to reactive astrocytes
during the chronic phase after SE onset.

Regarding the role of reactive astrocytes, various reports
have addressed the pathomechanism underlying the role of
reactive astrocytes in epileptogenesis. Glutamine synthetase,
which converts glutamate released at excitatory synapses to
glutamine, is predominantly expressed in astrocytes.?+26
Loss of glutamine synthetase is particularly pronounced in
areas of the human mesial TLE hippocampus with astroglial
proliferation.?* In addition, several recent studies have reported
that adenosine kinase (ADK) in reactive astrocytes affects
seizure development. Upregulation of ADK in astrocytes
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has been noted in cases of experimental and human TLE.?
IL-1P and lipopolysaccharide both increase the expression of
ADK in cultured human astrocytes, as assessed by western
blot analysis. In mice, ADK is a marker for epileptogenesis.?
Furthermore, adenosine acts as an anticonvulsant that has a
neuroprotective role via the adenosine A1 receptor.?? Another
study reported that a complex mixture of signal molecules is
released into the extracellular milieu of high-mobility group
box 1 (HMGB1)-stimulated astrocytes and that this mixture
is functionally involved in the stimulation of monocyte che-
motaxis.’ Human astrocyte cultures obtained during surgery
for malformation of cortical development have shown that
nuclear to cytoplasmic translocation of HMGB1 is induced
by IL-1p.%! In our present study, IL-1B was expressed on reac-
tive astrocytes, and not pyramidal cells, of the hippocampus
during the chronic phase after SE, suggesting an IL-1B-
associated role of reactive astrocytes in epileptogenesis during
this stage.

In regard to the neuroexcitatory mechanism of IL-1B,
N-methyl-D-aspartate receptor function is enhanced by IL-13
through the activation of tyrosine kinases and subsequent
phosphorylation of the NR2A/B subunit.*> This implies that
IL-1P contributes to glutamate-mediated neurodegeneration.
Other research has indicated that IL-1f affects astrocytes by
inhibiting the astrocytic reuptake of glutamate.’® In addition,
IL-1B can increase neuronal glutamate release via the activa-
tion of inducible nitric oxide synthase in astrocytes.3* Together,
these studies indicate that inflammatory cytokines chronically
influence epileptogenesis. Examination of the time course of
the expression and distribution of inflammatory cytokines after
SE onset is crucial, and in this regard, our current findings sup-
port the results of previous studies.

TLE with hippocampal gliosis is often refractory
to treatment. Recent clinical studies have demonstrated
increased expression of pro-inflammatory molecules in the
neurons and glia of brain tissue obtained from patients treated
surgically for drug-resistant epilepsy.>*® Excessive levels of
pro-inflammatory cytokines destroy neurons and may lead to
seizures. In the context of recurrent seizures, our results sug-
gest that the repeated seizures promoted by IL-1 may expand
the epileptic focus and render seizures intractable to therapy.

In conclusion, our study characterized the time course of
TL-1P expression in the hippocampus after SE in the acute and
chronic phases by using immunohistochemical and quantita-
tive methods. Our results indicated that IL-1f affects the rat
hippocampus after SE, especially during the chronic phase. In
the acute phase, the main cells expressing IL-1B were pyrami-
dal cells in CA3, whereas in the chronic phase, the main cells
expressing 1L-1f were reactive astrocytes in CA1.
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