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ABSTRACT

Nephronophthisis (NPHP)-related ciliopathies are recessive, single-gene disorders that collectively make
up the most common genetic cause of CKD in the first three decades of life. Mutations in 1 of the 15 known
NPHP genes explain less than half of all cases with this phenotype, however, and the recently identified
genetic causes are exceedingly rare. As aresult, a strategy to identify single-gene causes of NPHP-related
ciliopathies in single affected families is needed. Although whole-exome resequencing facilitates the
identification of disease genes, the large number of detected genetic variants hampers its use. Here,
we overcome this limitation by combining homozygosity mapping with whole-exome resequencing in a
sibling pair with an NPHP-related ciliopathy. Whole-exome capture revealed a homozygous splice accep-
tor site mutation (c.698G>T) in the renal M92+ transporter SLC41A1. This mutation resulted in skipping of
exon 6 of SLC41A1, resulting in an in-frame deletion of a transmembrane helix. Transfection of cells with
wild-type or mutant SLC41A1 revealed that deletion of exon 6 completely blocks the Mg?* transport
function of SLC41A1. Furthermore, in normal human kidney tissue, endogenous SLC41A1 specifically
localized to renal tubules situated at the corticomedullary boundary, consistent with the region of cysto-
genesis observed in NPHP and related ciliopathies. Last, morpholino-mediated knockdown of sic41a1
expression in zebrafish resulted in ventral body curvature, hydrocephalus, and cystic kidneys, similarto the
effects of knocking down other NPHP genes. Taken together, these data suggest that defects in the main-
tenance of renal Mg?* homeostasis may lead to tubular defects that result in a phenotype similar to NPHP.
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gene identification offers a powerful approach to revealing dis-
ease mechanisms. Furthermore, because recessive mutations
predominantly convey loss of function, recessive single-gene
defects can be transferred directly into animal models to study
the related disease mechanisms and to screen for small mole-
cules as possible treatment modalities.

Nephronophthisis (NPHP), a recessive cystic kidney dis-
ease, is the most frequent genetic cause of CKD in the first three
decades of life. NPHP-related disorders are recessive single-
gene disorders that affect kidney, retina, brain, and liver by
prenatal-onset dysplasia or by organ degeneration and fibrosis
in early adulthood.? On ultrasonography, these conditions are
characterized by increased echogenicity and cyst formation at
the corticomedullary junction in small or normal-sized kid-
neys.* Renal histology exhibits a characteristic triad of renal
corticomedullary cysts, tubular basement membrane disrup-
tion, and tubulointerstitial infiltrations.5 Regarding renal, ret-
inal, and hepatic involvement, there is phenotypic overlap of
NPHP-related disorders with Bardet-Biedl syndrome and Al-
strom syndrome.® Identification of recessive mutations in 15
different genes (NPHPI-NPHPI15)7-18 revealed that the encoded
proteins share localization at the primary cilia-centrosomes
complex, which characterizes them as ciliopathies.>' However,
the 15 known NPHP genes explain less than 50% of all cases with
NPHP-related disorders, indicating that many of the single-gene
causes of these conditions are still elusive.?0

The finding that some of the more recently identified ge-
netic causes of NPHP-related disorders are exceedingly rare
necessitates a strategy to identify novel single-gene causes of
these conditions in single affected families.!" In this context,
the new method of whole exome capture with consecutive
massively parallel sequencing (here called whole exome rese-
quencing [WER]) theoretically offers a powerful approach to-
ward gene identification in rare recessive diseases. However,
the utility of WER is hampered by the large number of novel
genetic variants that result from whole exome sequencing in
any given individual.’82! To overcome this limitation of WER,
we developed a strategy that combines WER with homozygos-
ity mapping.'® Using this approach, we have identified muta-
tion of the renal magnesium transporter gene SLC41A] as a
novel genetic cause of disease that phenocopies NPHP-related
conditions clinically, ultrasonographically, and histologically.

RESULTS

Identification of Mutation of SLC41A1 in Family F438
To identify additional causative mutations for NPHP-related
disorders, we performed WER in a consanguineous Italian
fanily (F438) with an apparent NPHP-related disorder phe-
notype (Figure 1A). In this large family, two siblings born from
first cousins (IV1 and IV2) displayed the unusual association
of apparent NPHP with bronchiectasis.

Patient TV2 had had frequent episodes of fever, coughing,
and respiratory infections since the first month of life, and
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chest radiography demonstrated the persistence of inflam-
matory infiltrates in the lung. High-resolution computerized
tomography revealed bronchiectasis, and fiberoptic broncho-
scopy showed reddening of the bronchial mucosa with puru-
lent secretion. Evaluation of bronchoalveolar lavage showed
a marked increase in the percentage of neutrophils and the
presence of Pseudomonas aeruginosa. At age 8 years, the patient
was referred to the Nephrology Department because of ob-
served polyuria and polydipsia. Initial urine analysis revealed
low urine osmolarity (380 mOsmol/kg in fresh morning
urine), and blood analysis displayed renal insufficiency with
serum creatinine levels of 2.37 mg/dl. Renal ultrasonography
showed bilateral irregular echogenicity, with both kidneys de-
creased in size (Figure 1B). Percutaneous renal biopsy showed
periglomerular fibrosis, tubular ectasia, tubular basement
membrane disruption, and tubulointerstitial infiltrations
(Figure 1C). On the basis of these clinical findings, a diagnosis
of NPHP was proposed. The patient underwent peritoneal
dialysis at age 9 years before undergoing kidney transplanta-
tion at age 10.

Patient TV1, like his sibling, had had a history of fever,
coughing, and respiratory infections since the first month of
life. IV1 also presented with polyuria and polydipsia with low
urine osmolarity (420 mOsmol/kg) and serum creatinine level
of 1.5 mg/dl at 5 years of age. Renal biopsy and renal ultraso-
nography showed similar findings as for patient V2 (Figure 1B).
Progression of renal damage led to ESRD at age 10 and initiation
of peritoneal dialysis.

PatientTV3 is a first-line cousin of siblings IV1 and IV2. She
presented with chronic bronchitis and bronchiectasis at age 6
years. However, by age 11 no signs of polyuria or polydipsia
were present and results of blood and urine analysis were
normal. In addition, renal ultrasonography revealed no ab-
normalities in kidney size or structure.

Homozygosity mapping performed on patient IV1 yielded
eight homozygosity peaks (Figure 2A). By WER, we detected
four homozygous variants (Supplemental Table 1) whose seg-
regation pattern fit a recessive mode of inheritance. Of these
four variants, only the variant in the SLC41A1 gene was not a
known single-nucleotide polymorphism (SNP) and was ab-
sent from both the 1000 Genomes and Exome Variant Server
databases (Supplemental Table 2). Furthermore, only the
SLC41A1 variant was predicted to be damaging by all four
predictive tools used (Polyphen 1, Polyphen 2, Muta-
tionTaster, SIFT [Supplemental Table 2]). In addition, only
two of the variants (SLC41A1 and ZNF224) display strong
evolutionary conservation at the mutated residue (Supple-
mental Table 3). Finally, the homozygous missense mutation
(c.698G>T, p.G223V) in SLC41A] resides within an evolu-
tionary conserved exonic splice acceptor site in exon 6 of
SLC41A1; probably resulting in missplicing of the SLC41A1
transcript and thus a potentially more deleterious mutation.
This mutation was absent from 100 European-American
healthy controls and also absent from 80 regionally matched
healthy controls (G. Caridi, personal communication). These
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Figure 1. Renal ultrasonography and biopsy indicate characteristic hallmarks of nephronophthisis. (A) Pedigree for family F438. In-
dividuals IV1 and V2 display both NPHP and primary ciliary dyskinesia {shaded shapes). Individual IV3 has only primary ciliary dys-
kinesia (half-shaded). (B) RUS showing increased echogenicity, corticomedullary cysts, and loss of corticomedullary differentiation in
patients F438-IV1 (left panel) and F438-IV2 (right panel). (C) Renal histologic findings from a renal biopsy specimen from F438-IV1
showing the characteristic triad of tubular ectasia, tubular basement membrane disruption, and tubulointerstitial infiltrations

(Trichrome-Masson staining).

data together suggest that SLC41AT as a novel causative gene
of an NPHP-related disorder phenotype (Figure 2, B and C).

SLC41A1 c.698G>T Mutation Results in Skipping of
Exon 6 '

To test whether the ¢.698G>Tmutation impairs normal splic-
ing of the SLC41A1 transcript, Epstein Barr virus (EBV)—
transformed white blood cells were prepared from blood
samples from both parents (1115 and 1116} and the two affected

J Am Soc Nephrol 24: 967-977, 2013

siblings (IV1 and IV2). RT-PCR was performed using primers
flanking exon 6 (Figure 2B) on cDNA prepared from both the
EBV-transformed white blood cells. This test revealed that in
both parents, one PCR product of the expected size and an
additional faster-migrating PCR product was observed (Fig-
ure 2D, upper panel), consistent with the fact that both parents
are heterozygous for the ¢.698G>T mutation. In contrast, RT-
PCR on patient-derived ¢cDNA yielded only the single faster-
migrating band (Figure 2D, upper panel). Sanger sequencing
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Figure 2. Recessive mutation in SLC41A1 in family F438 identified by whole exome
capture and homozygosity mapping. (A} Homozygosity profile for patient V1. Non-
parametric logarithm of odds scores were plotted over genetic distance across the
genome, where chromosomal positions are concatenated from p- to g-arm (left to
right). Arrowhead shows the SLC41AT locus. (B) Diagram of the human SLC41A1 gene
showing exon number and primer locations. Red arrow shows position of the c.698G>
T splice acceptor site mutation. (C) Sanger-sequencing confirmation of the ¢.698G>T
mutation in SLC41A1. Altered nucleotide and amino acid change are given above the
sequence trace. WT control sequence and trace are shown below the mutated se-
quence, Codon triplets are underlined to indicate reading frame. Noncoding se-
quence is in lower case. Mutated nuclectide is denoted by arrowhead. (D) RT-PCR was
performed on RNA from lymphoblastoid cells prepared from parents (IlI5 and [116) and
affected siblings (IV1 and IV2) using the primers indicated. Positions of primers is in-
dicated in B. M, 100-bp DNA ladder. (E) Sanger sequencing of the fast and slow
migrating RT-PCR products (primers P1 + P3) revealed that the c.698G>T mutation
results in skipping of exon 6 (upper trace).

Wild Type

Wild Type

domain, We next tested whether this dele-
tion abrogates expression of SLC41A1.
Western blotting of protein lysates gen-
erated from both parental and patient-
derived cell lines revealed almost complete
loss of SLC41A1 expression in the two af-
fected siblings (Figure 3A).

Mutant SLC41A1 Traffics to Cell
Surface

We next tested whether the mutated form of
SLC41AT1 can traffic in a similar fashion as
the WT protein. An amino-terminal en-
hanced green fluorescent protein (EGFP)—
tagged SLC41A1 expression construct was
generated by cloning the full-length (WT)
human SLC41A1 open-reading frame
into a mammalian expression vector. In ad-
dition, an expression construct with the
residues encoded by SLC41A1 exon 6 de-
leted was cloned from patient-derived
¢DNA (dEx6). Transfection of the WT
and mutant constructs into the MDCKII
renal epithelial cell line revealed that both
targeted to the basolateral membrane and
that the mutant localization was indistin-
guishable from WT (Figure 3B). Further-
more, using a cell-surface biotinylation
assay in which HEK293 cells were transfected
with WT or mutant (dEx6) FLAG-tagged
SLC41Al, neutravidin pulldown revealed
that both the WT and mutant SLC41A1
are trafficked to the cell surface (Figure
3C). These data suggest that the in-frame
deletion of exon 6 does not affect the nor-
mal trafficking of SLC41A1.

Deletion of SLC41A1 Exon 6 Results
in Loss of Magnesium Transport
Activity of SLC41A1

Because the in-frame deletion of exon6 did
not appear to perturb the normal traffick-

of this faster-migrating band revealed that it arises from skip-
ping of SLC41A1 exoné (Figure 2E). Consistent with this ob-
servation, further RT-PCR using a forward primer designed
against exon 6 (P2; Figure 2B), revealed no detectable PCR
product in the two affected siblings but did show a PCR prod-
uct of the expected size in the two parents (Figure 2D, middle
panel). Together, these data demonstrate that the ¢.698G>T
mutation results in missplicing of the SLC41A1 transcript.

SLC41A1 c.698G>T Mutation Results in Abrogated
Protein Expression

The SLC41A1 mutations that results in skipping of exon 6 is
predicted to result in an in-frame deletion of a transmembrane
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ing of SLC41A1, we next sought to address whether the
magnesium-transporting ability of SLC41A1 might be com-
promised by this deletion. In cells transfected with WT
SLC41A1, basal free intracellular Mg®* ([Mg>*];) was, on av-
erage, 1.12+0.06 mM (#=20), which was significantly higher
than that of mock transfected cells (0.8120.02 mM, n=20).
The average basal [Mg**]; of mutant transfected (AE6) cells,
0.87£0.04 (n=33), was very similar to that of mock cells (Fig-
ure 3D). To examine the Mg®* transport activity, cells were
exposed to high Mg®*, low Na™ solution (Mg** influx). A 15-
minute exposure to high Mg®*, low Na* solution resulted in a
robust elevation of [Mg**]; in WT cells, whereas only small
increases in [Mg”}i were observed in mock and AEé6 cells

J'Am Soc Nephrol 24: 967-977, 2013

— 199 —



www.jasn.org | BASIC RESEARCH

A KDa ms e w1 V2 B EGFP-SLC41A1 WT EGFP-SLC41A1 dEX6

%

Blot: SLC41A1

0 Infl
D s Influx
30 — - - - Motk (n = 9}
o | ~E—WT(n=21) 1
Blot: GAPDH 41 | —A—mut {n = 20) /‘f
3
=
-t o
c - =
z 5 &
-~ - o
g & =
& 3
P | ek
g g * P<0.05, vsWT
< g R : o
KDa o i Time (min)
Efflux
LY E 16 » mock (n=9)
& WIn=13)
Blot: FLAG 154 1 A mut{n =10)

g 144
g 13+
Neutravidin 124
Pulidown + 1
N 14
je2]
E 1.0
0.3+

s |Blot: FLAG

7 T
5 15 2

Poye.

10
NPUT Time (min)
Figure 3. The c.698G>T mutation results in reduced expression and loss of function of SLCA1A1T. (A) Western blot of lysates prepared
from parents (llI5 and l116) and affected siblings (IV1 and 1V2) showing decreased expression of SLC41A1 in affected siblings. Anti~
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) Western blot was used as loading control. (B) EGFP-tagged WT SLC41A1 and
SLCA1AT1 lacking exon 6 (dExé) were transiently transfected into MDCKII cells. Cells were fixed and EGFP fluorescence captured by
confocal microscopy. (C) HEK293 cells transiently transfected with WT or dEx6 FLAG-tagged SLC41AT were biotinylated at the cell
surface before lysis. Cell lysates were then subjected to pulldown with neutravidin beads before SDS-PAGE and Western blotting with
the indicated antibodies. (D) HEK293 cells were transfected with empty vector (MOCK) WT or dExé EGFP-SLC41A1 before loading with
mag-fura2-AM. To measure magnesium influx, cells were exposed to high Mg®*, low Na* solution, and radiometric fluorescent images
were collected to determine intracellular [Mg?*]. (E) To measure magnesium efflux, cells were treated as above and then switched into
magnesium-free media, and radiometric fluorescent images were collected to determine intracellular [Mg“]. Error bars show standard
deviation.
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(WT, 0.50%0.03 uM/s; mock, 0.21%£0.04 uM/s; AES,
0.20%0.01 uM/s), When the extracellular solution was
switched to the Ca®*-free Tyrode solution, [Mg”*]; returned
to the basal level in WT, AE6, and mock cells (Mg2+ efflux).
Again, Mg™" efflux rates were similar in mock cells and AE6
cells (Figure 3E). (Comparison of the efflux rates between WT
cells and others is difficult because Mg”* efflux was induced at
much higher initial [Mg**]; in WT cells.) These data indicate
that WT has Mg™" transport activities, whereas AE6 mutant
has null function.

Localization of SLC41A1 in Kidney

One of the hallmarks or NPHP is the formation of renal
cortico-medullary cysts.>?2 To ascertain why loss of SLC41A1
activity may cause the appearance of cysts at the cortico-medullary
boundary, we examined whether SLC41A]T is expressed
in nephron segments in this region. Indeed, immunohisto-
chemical analysis of SLC41A] expression on normal human
kidney sections revealed expression primarily in the distal
convoluted tubules (DCTs) and in the tubule adjacent to the
macula densa (Figure 4A). Of note, claudin16, a major regula-
tor of renal paracellular magnesium uptake in which recessive
mutations cause renal disease that closely mimics NPHP in
cattle,?® was coexpressed in identical tubular segments to
SLC41A1 in rat kidney sections (Figure 4B). In previous stud-
ies, RT-PCR has shown that claudin16 is expressed primarily in
the DCTs and thick ascending limb of nephrons,?? and indeed
RT-PCR confirmed that SLC41A1 is also expressed in the DCT
and thick ascending limb but is absent from proximal convo-
luted tubule and cortical collecting duct of microdissected tu-
bular segments (Figure 4C). Together, these data reveal that
SLC41A1 is expressed in the DCT, macula densa, and thick
ascending imb tubular segments, whose location is entirely
consistent with the region of cystogenesis observed in NPHP
and related ciliopathies.

Knockdown of sic41a1 in Zebrafish Results in Renal
Cysts

To confirm that defective SLC41A1 function can lead to
cystogenesis, we examined SLC41A1 function in the ze-
brafish, a widely used model organism for the study of hu-
man ciliopathies. Alignment of the human SLC41A1 protein
with the zebrafish homolog revealed extensive conservation
with 76% identity at the protein level, suggesting that the
zebrafish homolog is likely to function in a manner similar to
that of human protein (Supplemental Figure 1). To examine
the expression pattern of sic41al in zebrafish, an antisense in
situ probe was generated. By in situ hybridization, slc41al was
expressed almost exclusively in the corpuscle of Stannius of
the zebrafish pronephros, as previously described?* (Figure
5A). To ablate slc41al expression, a splice-blocking morpho-
lino designed against the splice acceptor site of exon 4 (Figure
5B) was injected into 1-2 cell stage zebrafish embryos.
Twenty-four hours after injection, embryos were harvested
and the efficacy of the morpholino was examined by
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RT-PCR. RT-PCR of RNA prepared from embryos injected
with a standard control morpholino revealed a PCR product
of the expected size, whereas embryos injected with the splice-
blocking morpholino exhibited a faster-migrating product in-
dicative of missplicing consistent with skipping of exon 4
(Figure 5C).

To examine the effect of loss of slc41al expression, 48 hours
after morpholino injection, the morphology of control and
sle41al morphants was examined. Control morphants exam-
ined no obvious phenotype, whereas slc41al morphants dis-
played severe developmental abnormalities (Figure 5, D and
E). Specifically, >70% of slc41al morphants exhibited severe
ventral body curvature, a phenotype frequently observed upon
knockdown of NPHP genes, compared with <<2% of embryos
injected with the control morpholino (Figure 5D and Supple-
mental Table 4). In addition, a high proportion (>>50%) of the
slc41al morphants displayed severe hydrocephalus compared
with control morphants (Figure 5D). Morphologic analysis of
sections through the hindbrain of slc41al morphants showed
extensive dilation of the ventricle compared with controls
(Figure 5E).

Because loss of SLC41A1 function probably leads to renal
dysfunction in humans, the presence of pronephric cysts in
sle41al morphants was examined. At 56 hours after injection,
cross-sections through the zebrafish pronephros revealed the for-
mation of cysts characterized by dilation of the pronephric duct
in 60% of slc41a1 morphants (Figure 5F and Supplemental Table
4). These data reveal that loss of slc41al expression in zebrafish
results in renal cyst formation but also several other phenotypes
observed upon knockdown of other NPHP genes. 1825

DISCUSSION

NPHP-related disorders (including Bardet Biedl, Joubert,
Senior-Loken, and Meckel syndromes) display significant
locus heterogeneity, with causative mutations occurring in
more than 30 different genes. Causative mutation frequency
among these genes is not homogenous, ranging from frequent
mutations (NPHPI, mutated in about 20% of all cases of
NPHP-related disorders in our cohort) to extremely rare mu-
tations (GLIS2/NPHP7, mutated in a single family).1526 It
would appear that mutation of SLC41A1 represents an ex-
tremely rare cause of NPHP-related disorders similar to
GLIS2/NPHP?7, as screening of 1000 patients with NPHP-
related disorders using a newly developed high-throughput
sequencing technique failed to identify any additional patients
with SLC41A1 mutations.?” Furthermore, it is likely that the
identified splice site mutation in SLC41A1, resulting in the
skipping of exon 6, may be hypomorphic because a small
amount of protein product was still detectable in the two af-
fected patients (Figure 3A). Consequently, one may postulate
that null mutations resulting from nonsense mutations or
deletions might be embryonic lethal and hence not be repre-
sented in our cohort of patients with NPHP-RC.
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Figure 4. SLCA1A1 localizes predominantly to distal convoluted tubules. (A) Immu-
nohistochemistry was performed on human paraffin-embedded sections using rabbit
anti-SLC41A1 antibodies. Signal was seen primarily in the DCTs. G, glomerulus. Ar-
rowhead shows macula densa. (B) Rat paraffin-embedded sections were immu-
nostained with antibodies against SLC41A1 (red) and Claudin 16 (green). DAPI (blue)
was used to stain cell nuclei. (C) RT-PCR was performed on human nephron segments
with primers for SLC41A1 and actin-B (ACTB) as loading control. CCD, cortical col-
lecting duct; NTC, no template control; PCT, proximal convoluted tubule; TAL, thick

ascending limb.

What remainsto be ascertained in this case is the cause of the
bronchiectasis in the two affected siblings and their cousin. The
identified mutation in SLC41A1 can explain the renal pheno-
type of the two affected siblings but cannot explain the cause of
bronchiectasis because the cousin who had lung dysfunction
but no renal disease is heterozygous for the SLC41A1 muta-
tion. A dominant effect for the SLC41A1 allele is unlikely be-
cause neither parent of the two affected siblings who are
heterozygous for the mutant SLC41A1 allele showed any
bronchiectasis phenotype. The possibility that the cousin
had a compound heterozygous mutation in SLC41AI was
ruled out as Sanger sequencing of all exons failed to identify
additional mutations (data not show). The bronchiectasis
phenotype probably arises from mutation of a separate gene.
Using our exome data, we searched for mutations in all known
primary ciliary dyskinesia genes, and although we did find
variations in several, none of them segregated correctly with
affected status within the family (Supplemental Table 5).

J Am Soc Nephrol 24; 967-977, 2013
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Alternatively, the respiratory problems
observed in the cousin (IV3) may be a phe-
nocopy of the disease observed in the two
siblings (IV1 and IV2). This is supported by
the observation that the two affected sib-
lings displayed symptoms of lung dysfunc-
tion soon after birth, whereas the cousin
only exhibited problems at age 6 years.

Intracellular Mg™* is a cofactor for en-
zymes and signal transduction proteins and
regulates bioenergetics, ion transport,
growth, and proliferation. [Mg**]; is
thought to be maintained by transport
across cell membranes with Mg”* trans-
porters. SLC41A1, a member of the solute
carrier family 41, is a cell membrane pro-
tein expressed in various tissues, including
heart, brain, kidney, liver, and colon, and
has been proposed as one of the candidates
for such Mg** transporters.23-30 Although
Mg®* transport by SLC41A1 has not been
fully characterized, Kolisek et al. recently
reported that the human SLC41A1 gene
encodes for the Na*/Mg®" exchanger 4.28
The finding that mutations of this renal
Mg®* transporter mimics an NPHP-RC
phenotype may be related to the fact that
other mutations in proteins involved in re-
nal Mg”* transport are known to cause an
NPHP-related disorder phenotype. Specifi-
cally, recessive mutations of the CLDNI6
gene encoding the renal tight junction pro-
tein claudin-16 (also called paracellin-1)
cause a recessive renal disease that closely
mimics NPHP3! in cattle?* both clinically
and histologically. An unusual finding,
given that SLC41A1 is an appatrent magne-
sium transporter, is that neither of the affected patients exhibi-
ted any abnormalities in serum or urine magnesium content or
any evidence of nephrocalcinosis (G. Caridi, personal commu-
nication). Hence, the disease phenotype may result from per-
turbed intracellular magnesium homeostasis rather than global
alterations in magnesium levels.

It is unclear how loss of correct magnesium homeostasis
within the epithelial cells of the distal convoluted tubule could
lead to the formation of cysts and the development of the
NPHP-related disorder phenotype. Because the majority of
cases of NPHP-related disorders are caused by mutations in
genes whose products reside at or regulate ciliary function, one
possibility is that the SLC41Al transporter is regulated
downstream of the NPHP-protein/ciliary network. Analysis
of whether cellular magnesium levels are perturbed upon loss
of cilia or knockdown of other NPHP proteins could poten-
tially provide important insight into the pathogenesis of NPHP-
related disorders. Of note, SLC41A1 is the first transporter to
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Figure 5. Knockdown of slc41a1 expression in zebrafish results in kidney cysts. (A) In
situ hybridization of 48-hour-old zebrafish embryos with an antisense slc41at probe
showing expression in the corpuscle of Stannius (arrowhead). (B) Schematic diagram of
the zebrafish slc41a7 gene showing location of the splice-blocking morpholino (MO)
and primers used for RT-PCR (P1 and P2). Shown below are expected RT-PCR prod-
ucts using primers P1 and P2 on WT and splice morpholino injected (dEx4) samples
and their expected sizes. (C) RT-PCR was performed on RNA prepared from embryos
24 hours after injection with standard control (Con) or slc41a1 splice-blocking mor-
pholino (SLC). Shown on the left are the sizes (in bp) of the major bands of the DNA
ladder (M). NTC, no template control. (D) Phenotypic appearance at 48 hours of
control and slcd41al morpholino-injected embryos. (E) Methylene blue-stained plastic
sections showing prominent hydrocephalus in slc41a1 morpholino-injected embryos
{right panel) compared with control morpholino-injected embryos (left panel). (F)
Methylene blue-stained plastic sections showing tubular dilation {cysts) in slc41a1
morpholino-injected embryos (right panel) compared with control morpholino-in-
jected embryos (left panel). Arrowheads show pronephric tubules.
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be identified as causing an NPHP-related
disorder, and as such it represents an at-
tractive potential target for pharmacologic
intervention for the treatment of these
disorders.

CONCISE METHODS

Research Participants
From worldwide sources we obtained blood

samples and clinical and pedigree data after
individuals with NPHP-related disorders and/
or their parents provided informed consent.
Approval for human subjects’ research was ob-
tained from the University of Michigan Institu-
tional Review Board and relevant local review
boards. NPHP-related disorder was diagnosed
by (pediatric) nephrologists on the basis of stan-
dardized clinical®? and renal ultrasonographic
criteria.* Renal biopsy specimens were evalu-
ated by renal pathologists.” Clinical data were
obtained using a standardized questionnaire
(http://www.renalgenes.org). Mutations in se-
lected known NPHP-related condition genes
were excluded using an approach of high-
throughput mutation analysis.?3*

Homozygosity Mapping

For genome-wide homozygosity mapping?’ the
Genome-wide Human SNP 6.0 Arrayll from
Affymetrix was used. Genomic DNA samples
were hybridized and scanned using the manu-
facturer’s standard protocol at the University of
Michigan Core Facility (www.michiganmi-
croarray.com). Nonparametric logarithm-of-
odds scores were calculated using a modified
version of the program GENEHUNTER 2.136:7
through stepwise use of a sliding window with sets
of 110 SNPs using the program ALLEGRO.*
Genetic regions of homozygosity by descent
(homozygosity peaks) were plotted across the ge-
nome as candidate regions for recessive disease-
causing genes. Disease allele frequency was set at
0.0001, and Caucasian marker allele frequencies
were used.

Whole Exome Sequencing
Exome enrichmentwas conducted following the

manufacturer’s protocol for the NimbleGen
SeqCap EZ Exome v2 beads (Roche NimbleGen
Inc.). The kit interrogates a total of approxi-
mately 30,000 genes (about 330,000 consensus
coding DNA sequence exons). Massively parallel
sequencing was performed largely as described
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in Bentley et al.*® Sequence reads were mapped to the human refer-
ence genome assembly (National Center for Biotechnology Informa-
tion build 36/hgl8) and mutation calling performed using CLC
Genomics Workbench (version 4.7.2) software (CLC bio, Aarhus,
Denmark).

Cell Culture
HEK293T and MDCK I cells were cultured in DMEM with 10% FBS

n 5% CO; at 37°C. Transfection was performed using Lipofectamine
2000 (Invitrogen). Cell surface biotinylation assay was performed
with the Cell Surface Protein Isolation kit (Thermo Scientific) ac-
cording to the manufacturer’s protocol.

Constructs
Human SLC41A1 was cloned from human kidney cDNA (Clontech).

Exon 6-deleted SL.C41A1 was cloned from the ¢cDNA made from
EBV-transformed proband’s peripheral lymphocytes. SLC41A1
cDNAs were subcloned into pEGFP-C (Invitrogen) or FLAG-tagged
pcDNA3.1.

Measurement of Magnesium Influx and Efflux
Transfected cells were grown on 35-mm glass base dishes (Iwaki,

Chiba, Japan) coated with Matrigel (BD Biosciences). Cells were
washed with Ca**-free Tyrode solution composed of (in mM): 135
NaCl, 5.4 KCl, 1.0 MgCl,, 0.33 NaH,PQy, 0.1 EGTA, 10 HEPES, and
2 glucose (pH 7.4 at 25°C by NaOH). After the background fluores-
cence of the GFP-positive transfected cells were measured, cells were
incubated with 5 uM mag-fura-2-AM for 10 minutes, followed by
three washes and further 20-minute incubation in the Ca**-free Ty-
rode solution on the stage of inverted microscope (TE300; Nikon,
Tokyo, Japan). The fluorescence images of mag-fura-2 were collected
from the cells at 25°C by a cooled charge-coupled device system
(EM-CCD (9100, Hamamatsu Photonics, Hamamatsu, Japan)
with a 40X objective (S fluor 40X0.90, Nikon). With alternate exci-
tation at 345 and 380 nm, mag-fura-2 fluorescence images at wave-
length longer than 470 nm were acquired, and digitized data were
analyzed with image analysis software (Aquacosmos/Ratio, Hama-
matsu Photonics). The ratio of fluorescence intensities excited at 380
nm and 345 nm was calibrated in terms of [Mg**]; as described pre-
viously.*® To assess Mg®" influx, cells were exposed to a high Mg™",
low Na* solution composed of (in mM): 68.5 MgCl,, 24 Mg-meth-
anesulfonate, 5.4 KCl, 0.33 NaH,PO,, 0.1 EGTA, 10 HEPES, and 2
glucose (pH 7.4), and fluorescence images were obtained at 0, 5, 10,
and 15 minutes. To assess Mg”" efflux, extracellular solutions of the
Mg**-loaded cells were changed back to the Ca®*-free Tyrode solu-
tion and fluorescence images were obtained every 10 seconds for 20
minutes,

Morpholino Oligo-Mediated Knock-Down

To knock down zebrafish slcd1al, a splice-site blocking morpholino
was designed against the slc4lal exon 4 splice acceptor site
{(TGAACCTGAACACAGCAGAGGGACA). Morpholinos were dis-
solved in nuclease-free water and injected into zebrafish embryos at
1- to 4-cell stages in 0.1 M KCI at the specified dosage. The injection
volume is estimated to be 1-2 nl.
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Human Kidney Samples
Kidney cortex tissues were obtained during unilateral nephrectomy

for renal carcinoma.*! The institutional review board of University of
Tokyo School of Medicine approved the study. Human nephron seg-
ments were obtained from manual microdissection, as described pre-
viously.*? Total RNA isolated from each nephron segments was used
for RT-PCR. Primers were 5'-ggtcttcatcctagtgectg and 5'-caaggtgat-
gaggtcgee for SLC41AL; 5'-cgeaaagacctgtacgecaac and 5'-ccacacggag-
tacttgegete for ACTB.

Histology
Zebrafish embryos were fixed with 4% paraformaldehyde overnight,

serial-dehydrated with 25%, 50%, 75%, and 95% ethanol, and then
equilibrated with JB-4 solution (Polysciences) overnight at 4°C. The
embryos were embedded in JB-4 resin and sectioned with a Leica
R2265 microtome. The sections were stained with methylene blue
as previously described.?* For immunohistochemistry of human and
rat kidney heat-induced antigen retrieval was done, and then paraf-
fin-embedded human and rat kidney sections were stained with anti-
SLC41A1 (Sigma Aldrich, St. Louis, MO) and Claudin 16 (Novus
Biologicals, Littleton, CO). EnVision+ Dual Link System peroxidase
(DAKO, Carpinteria, CA) and 3,3'-diaminobenzidine were used to
visualize staining in human tissue. For rat kidney sections, goat anti-
mouse A488 and goat antirabbit A594 (Invitrogen) secondary anti-
bodies were used.
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Psychiatry, Kodaira 187-8502, Japan, *Gunma University Graduate School of Medicine and Japan Science and Technology Agency CREST, Maebashi,
371-8511, Japan

Developmental perturbations during adolescence have been hypothesized to be a risk factor for the onset of several neuropsychiatric
diseases. However the physiological alterations that result from such insults are incompletely understood. We investigated whether a
defined perturbation during adolescence affected hippocampus-dependent sensorimotor gating functions, a proposed endophenotype
in several psychiatric diseases, most notably schizophrenia. The developmental perturbation was induced during adolescence in mice
using an antimitotic agent, methylazoxymethanol acetate (MAM), during postnatal weeks (PW) 4-6. MAM-treated mice showed a
decrease in hippocampal neurogenesis immediately after treatment, which was restored by PW10 in adulthcod. However, the mice
treated with MAM during adolescent stages exhibited a persistent sensorimotor gating deficiency and a reduction in prepulse inhibition-
related activation of hippocampal and prefrontal neurons in adulthood. Cellular analyses found a reduction of GABAergic inhibitory
neurons and abnormal dendritic morphology of immature neurons in the dentate gyrus (DG). Interestingly, bilateral infusion of musci-
mol, a GABA, receptor agonist, into the DG region reversed the prepulse inhibitien abnormality in MAM-treated mice. Furthermore, the
behavioral deficits together with the decrease in the number of GABAergic neurons in this MAM model were rescued by exposure to an
enriched environment duringa defined critical adolescent period. These observations suggest a possible role for GABAergicinterneurons
in the DG during adolescence. This role may be related to the establishment of neural circuitry required for sensorimotor gating. It is
plausible that changes in neurogenesis during this window may affect the survival of GABAergic interneurons, although thislink needs to

be causally addressed.

Introduction

In general, neuropsychiatric diseases, such as schizophrenia, are
thought to result from a developmental defect with poorly de-
fined etiology and pathophysiology (Weinberger, 1996; Lewis
and Levitt, 2002; Rapoport et al., 2005). People who experience
developmental insults in adolescence are hypothesized to be at
risk for schizophrenia (Douaud et al., 2009; Gogtay et al., 2011).
Therefore, studying this population could be key to understand-
ing how abnormal neurodevelopment leads to subsequent psy-
chopathology.
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During adolescence, the brain undergoes extensive synaptic
remodeling, including reductions in dendritic arborization, axon
myelination, and pruning of synapses (Sisk and Zehr, 2005). The
integrity of these processes may be crucial for a wide range of
sensory and cognitive functions that are impaired in neuropsy-
chiatric diseases (Lewis, 1997). Thus, given the importance of the
hippocampus in several psychiatric diseases (Heckers and
Konradi, 2010; Tamminga et al., 2010), we wanted to know
whether perturbation in a defined adolescent period could affect
hippocampal functions in adulthood.

Anather noticeable feature of adolescence is the develap-
mental change of the GABA inhibitory system (Kapur and
Macdonald, 1999; Fleming et al., 2007). Abnormalities in the
hippocampal GABA system, including a significant reduction in
the number of interneurons, reduced GABA-receptor (GABAR)
expression, and the disinhibition of pyramidal cells, have been
implicated in a variety of neuropsychiatric disorders, including
deficient sensorimotor processes (Lewis et al., 2004; Heckers and
Konradi, 2010). A recent postmortem study has demonstrated
developmental changes in the expression of GABA signaling
genes in the hippocampus of normal subjects and this progressive
pattern of expression is disturbed in schizophrenic patients
(Hyde etal., 2011).

It is difficult to fully model neuropsychiatric diseases in ro-
dents. However, endophenotypes in rodents have received con-
siderable attention recently owing to greater tractability for their
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Table 1. Antibodies used

Antibody Species Working dilution ~ Vender
BrdU RatlgG2a  1:500 AbD Serotec
Caspase-3 RabbitlgG  1:400 BD Pharmingen
cfos RabbitlgG  1:500 Santa Cruz Biotechnology
Doublecortin RabbitlgG  1:1000 Abcam
GFP ChickenlgY  1:500 Abcam
Parvalbumin MouselgGl  1:1000 Chemicon
Anti-chicken 1gG Alexa 488 GoatlgG 1:400 Invitrogen
Anti-mouse IgG (y3 DonkeylgG  1:400 Jackson ImmunoResearch
Anti-rabbit IgG (y3 DonkeylgG  1:400 Jackson ImmunoResearch
Anti-rat1gG Alexa 488 Goatlgb 1:400 Invitrogen
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Figure 1.  Decrease in newborn cell proliferation at PW6 by MAM treatment and rescue at
PW10. A, Experimental design for MAM treatment and behavioral tests. B, ANOVA analysis
revealed a significant decrease in newborn cell numbers in a dose-dependent manner immedi-
ately after 2 week MAM treatment (F; .5 = 15.58428, p << 0.0001, n = 8 mice for each
group). €, Rescue of new cell profiferation was ohserved 4 weeks later at PW10 (F, 5, =
1.88832, p = 0.17614 for 1 mg/kg and 3 mg/kg MAM vs saline control), except for the highest
dose of MAM treatment (F, ., = 30.96936, p = 0.00007 for 5 mg/kg MAM vs safine control,
n = 8 mice for each group). D, MAM treatment induced a dose-dependent change in body
weight {repeated ANOVA: F5 .y = 116.77, p < 0.001; T-way ANOVA at the last day of MAM
treatment: Fy ) = 0.02353, p = 0.87949 for T mg/kg MAM vs saline control; £y 5, =
26.76762, p = 0.00003 for 3 mg/kg MAM vs safine control; £y 5, = 106.61121,p < 0.0001,

= 12mice for each group). £, Body weights were recovered by PW10 (F ; 5y = 2.12923,p =
0.14389 at 1 mg/kg and 3 mg/kg MAM vs saline control, n = 8 mice for each group), except for
the highest dose of MAM (F, 1, = 13.92006, p = 0.00224 for 5 mg/kg MAM vs saline control,
n = 8mice for each group). *p < 0.05; **p < 0.01.

objective assessment in both rodents and humans. Sensorimotor
gating is one such endophenotype that can be modeled in rodents
(Cadenhead et al., 2000; Louchart-de la Chapelle et al., 2005).
This process can be evaluated across several species, including
human beings, using prepulse inhibition (PPI) testing (Ciaroni et
al., 2002; Swerdlow et al., 2008). PPI is considered an endophe-
notype of several neuropsychiatric diseases, including schizo-
phrenia (Braff et al., 2001; Braff and Light, 2005). Therefore, in
this study, we focused on adolescent perturbations that caused

Guo et al. » Amelioration of a PP Deficit by EE in the MAM Model

8 PWE 8 PWID §
g Saline F Bigatine
g 6 BlagksMAM £ g B myKg MAM
= =
F 3
2 2
kS £
8 2
g 3
by &

a o

w3 s P12

L PWS
g BSaline E
o1 myKg MAM 2
%‘ " 1 m/Kg MAM £
kil 8
g &
H £
8 8
3 3
[]
240 PWE 240 4 PW10
k=3
E 200 DSaline 200 HSaline
® 1 mgKg MAM B mgKg MAM
F160 160
g
E120 4

{mmobility time (s} ! 6 min
ey
2

40

G 249 20
PWID
. Pwi0 Gsaline D Saline
00 B myKg MAM 21 myKe MAM

2
-
=

startle
(Arbitiary unit}
g
£

»n

Basal activity (Arbitiary unit) e

-

Figure2, PPl deficiency and increased spontaneous hyperactivity were obsetved at PW10
but not at PW6 in MAM-treated mice. 4, The PPI scores were not different between the saline-
treated and MAM-treated groups at PW6 (2-way ANOVA with group treatment and prepulse
intensity: F, ) = 0.0904, p = 0.914; T-way ANOVA with PP3: £, ,,, = 0.02919, p =
0.86678; PPG: F; 14 = 0.09199, p = 0.76612; PP12: F; 14 = 0.06947, p = 0.9595 for MAM
vssaline, n = 8 for each group). B, PPI deficits were observed at each prepulse intensity level in
MAM-treated mice at PW10 {2-way ANOVA with group treatment and prepulse intensity: £, , =
0.561, p = 0.575; 1-way ANOVA with PP3: F,; ., = 476369, p = 0.04659; PP6: F, 1 =
4.61941,p = 0.04958; PP12: F, 1, = 6.58918, p = 0.02237 for MAMvs saline, n = 8for each
group). €, There was no change in spontaneous activity between groups at PW6 (first 5 min,
Fia,10 = 024641, p = 0.63034; second 5 min, Fyy 1) = 0.3524, p = 0.56594 for MAM vs
saline, n = 6 for each group). D, Spontaneous hyperactivity was observed in the MAM group at
PW10 (first 5 min: F; 1) = 7.45188, p = 0.01827; second 5 min: £, ,,, = 7.6342, p =
0.01718 for MAM vs saline, n = 7 for each group). £, F, During the 6 min forced swimming test,
there were no differences in the immobility times (£) between groups at PW6 (F, 1, =
1.28709, p = 0.29987 for MAMvs saline control, n = 7 for each group) or (F) between groups
at PW10 (£, 15 = 0.68658, p == 0.41952 for MAM vs saline, rn = 9 mice for each group). 6,
There was no difference between the two groups in the acoustic startle response to the startle
stimulus at PW10 (£, 1) = 0.52523, p = 0.48056 for MAM vs saline, n = 8 mice for each
group). H, There was no difference between the two groups in the response to the background
stimulus at PW10 (F; 14 = 0.50669, p = 0.48827 for MAM vs saline, 7 = 8 mice for each

* group). ¥p << 0.05 vs saline control.

transient decreases in neurogenesis and that may relate to the
formation of the hippocampal GABAergic system and proper
establishment of PPI (Swerdlow and Geyer, 1998; Bast and
Feldon, 2003).

Methylazoxymethanol acetate (MAM) is an alkylating agent
that exerts its effects on neuroblasts undergoing their final mito-
sis without affecting either glial cells or quiescent cells (Haddad et
al., 1972; Cattaneo et al., 1995). Moreover, MAM treatment in-
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Figure 3. Developmental changes in PPl performance induced by MAM treatment. 4, Experimental design for MAM
treatment at different periods and PPI testing at PW10 or PW18. B, PPI defects were observed at PW10 in animals that
received MAM treatment during PW3-PWS5 (2-way ANOVA with group treatment and prepulse intensity: F, 5, = 1.102,
p = 0.344; 1-way ANOVA with PP3: F, ) = 5.95075, p = 0.03286; PP6: Fyy 1) = 6.35471, p = 0.02844; PP12: F 1y =
14.28306, p = 0.00305 for MAM vs saline, n = 7 for saline and n = 6 for MAM), €, PPI deficits were ohserved at PW10
following MAM treatment during PW4 -PW6 (2-way ANOVA with group treatment and prepulse intensity: F, ., = 0.676,
p = 0.613; 1-way ANOVA with PP3: F, 15) = 5.69986, p = 0.03285; PP6: £,y 15, = 6.39256,p = 0.0252; PP12: ;) =
6.46156, p = 0.02456 for MAM vs saline, n = 8 for saline and n = 7 for MAM). D, PPI defects were observed only in PP3
at PW10 in animals that received MAM treatment during PW5-PW7 (2-way ANOVA with group treatment and prepulse
intensity: F 55y = 0.56,p = 0.577; 1-way ANOVA with PP3: £ ) = 4.98357, p = 0.04733; PP6. F, ,,, = 0.21936,p =
0.64867; PP12: F; 1y = 0.21027, p = 0.65549 for MAM vs saline, n = 7 for saline and n = 6 for MAM). E, There were no
changes in PPl scores due to MAM treatment during PW6~PW8 (2-way ANOVA with group treatment and prepulse
intensity: f; 35) = 0.146,p = 0.864; 1-way ANOVA with PP3: F; ) = 0.91403, p = 0.35791; PP6: F ,,, == 0.94648,p =
0.34982; PP12:F, 15, = 0.8762, p = 0.3677 for MAM vs saline, n = 7 for each group). F, There were no changes in PPls
tested at PW12 following a 2 week MAM treatment during PW6 —PW8 (2-way ANOVA with group treatment and prepulse
intensity: £y ) = 0.319,p = 0.729; 1-way ANOVAwith PP3: £, | ) = 0.05173,p = 0.82336; PP6: F , ,,) = 0.22695,p =
0.64115; PP12: F; 1,y = 0.81549, p = 0.38178 for MAM vs saline, 7 = 5 for each group). G, PPI deficits were observed at
PW18 following MAM treatment during PW4~PW6 (2-way ANGVA with group treatment and prepulse intensity: , ., =
0.832, p = 0.442; 1-way ANOVA with PP3: F; 1,) = 10.28012, p = 0.00634; PP6: ;. = 7.6342, p = 0.01525; PP12:
Fou1a = 13.58056, p = 0.00245 for MAMvs saline, n == 8 for saline and n = 7 for MAM). H, ANOVA analysis revealed that
MAM treatment duting PW3—-PW5 (Group 1), PW5-PW7 (Group 3), or PW6—PWS8 (Group 4) significantly decreased the
number of newborn cells, identified by BrdU staining (Group 1: Fyy 1,y = 9.66715, p = 0.00769; Group 3: F,, ,, = 6.89389,
p = 0.01996; Group 4: F; 14 = 8.6382, p == 0.01078 for MAM vs saline control, n = 8 mice for each group). *p << 0.05 vs
saline control; **p << 0,01 vs saline control,
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duces a transient decrease in postnatal
neurogenesis, which can be rescued
(Ciaronietal., 1999). Here, we established
a MAM-induced mouse model that
showed a transient decrease in neurogen-
esis during a defined postnatal period and
subsequent behavioral deficiencies in
early adulthood. We propose a MAM-
sensitive “vulnerable” period in adoles-
cence, during which the dentate gyrus
(DG) GABA system establishes the PPI
circuitry and is modulated by enriched
environment.

Materials and Methods

Arnimals. Three-week-old male C57BL/6] mice
were purchased from Japan Charles River and
were maintained in the animal facility at To-
hoku University School of Medicine, Sendai,
Japan. To identify GABAergic interneurons,
we used heterozygous GAD67-GFP knock-in
mice expressing GFP under the control of the
endogenous GAD67 gene promoter (Tama-
maki et al., 2003). The mice were housed in
pairs in standard housing conditions [cage,
25 X 18 cm (height, 15 cm); 22 & 2°C] with a
12 h light-dark cycle (lights on at 8:00 AM.)
and with food and water available ad libitum.
After 1 week of breeding and habituation in the
animal facility, the mice were subjected to the
experiments described below. All the animal
experiments were performed in accordance
with the National Institutes of Health guide-
lines for the care and use of laboratory animals
and were approved by the Committee for Ani-
mal Experiments at Tohoku University.

MAM treatment and subsequent analyses.
Mice were subcutaneously injected with MAM
(1, 3, or 5 mg/kg) or saline once a day for 2
weeks. For 5-bromo-2-deoxyuridine (BrdU)
analysis, MAM-treated mice were injected with
BrdU 24 h after the last MAM injection, and
were killed 2 h later. For the behavioral anal-
yses, the MAM-treated mice rested for 0 or 4
weeks, and were then subjected to further
analyses.

PPI'measurements. PP was measured as pre-
viously reported (Hayashi et al., 2008). The
mice were tested in a startle chamber (SR-LAB
System, San Diego Instruments). After the
mice were placed into the chamber, they were
allowed to habituate for a period of 10 min,
during which 65 dB of white noise was gener-
ated in the background. The PPT test began and
ended with five presentations of the startle tri-
als (pulse, 120 dB; length, 40 ms), and these
startle trials were excluded from the data anal-
ysis. After five startle trials, the animals ran-
domly received 10 startle trials, 10 no-stimulus
trials (pulse, 65 dB), and 30 PPI trials. The PPI
trials were presented with a 68, 72, or 77 dB
prepulse (i.e., 3, 6, or 12 dB higher than back-
ground, for 20 ms in length, indicated as PP3,
PP6, and PP12, respectively), followed 100 ms
later by a 40 ms, 120 dB pulse. Each of the three
PPI trials (PP3, PP6, and PP12) was presented
10 times. The intertrial interval was between 10
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and 20 s and the total session lasted ~17 min. A
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In the study, PPI-related c-fos expression, after
10 min habituation, 30 startle trials, or PPI tri-
als (PP3, PP6 and PP12, randomly presented
10 times each) were delivered to the mice. The
percentage PPI of the startle response was cal-

Startle only group .

I

10w 30 trials

L

culated using the following formula: 100 —
[(SRPP/SR) X 100], where SR denotes the star-
tle response to the pulse stimulus and SRPP
denotes the startle response to the pulse with

Startle w/ prepulse group B
LU DL semeino
) 30 thals g

the prepulse stimulus.

Open-field test. The animal was placed in the
center of the activity-field arena of a transpar-
ent cage [50 X 50 cm (height, 30 cm)] for 10
min. The locomotor activity of each mouse was
monitored for a total of 10 min with a video
camera, a tracking system, and tracking soft-
ware (ANY-maze, Stoelting), which allowed
total moverment activity to be read out directly
and calculated.

Forced swim test. A mouse was placed in a
10-cm-diameter cylinder filled with 25 £ 1°C
water to a height of 10 cm and was exposed to
swim stress for 7 min. The total duration of
immobility during the last 6 min of the test was
measured using the same tracking system used
in the open-field test.

Exposure to enriched environment. Four or
five mice were raised together in a large cage
[40 X 30 cm (height, 20 ¢cm)] with running
wheel, toys, extra nesting material, and small
plastic houses and tubes. The objects were re-
arranged every 2 weeks. The enriched environ-
ment (BEE) was maintained for 6 weeks [during
postnatal weeks (PW) 4-10] or 4 weeks (dur- F
ing PW6-PW10). All of the groups were coun-
terbalanced for saline or MAM treatment;
therefore multiple groups of animals were gen-
erated: standard housing with saline injection,
standard housing with MAM injection, 6 week
or 4 week enriched housing with saline injec-
tion, and 6 week or 4 week enriched housing
with MAM injection.

Elevated plus maze. This apparatus consisted
of a plus-shaped maze elevated 60 cm from the
floor and comprised two opposing open arms
(25 X 5 e¢m each) and two arms of the same
dimensions enclosed by 30-cm-high walls with
an open roof. In addition, a 1-cm-high clear
Plexiglas edge surrounded the open arms to
prevent falls. Each animal was placed in the
middle of the maze facing the open arm. Fol-
lowing 10 min of testing, the animals were re-
turned to their home cages. Arm preference
was automatically analyzed using ANY-maze
video tracking software.

Immunohistochemnistry. Immunohistochem-
istry was performed as described previously
(Matsumata et al., 2012). Briefly, mice were
anesthetized with sodium pentobarbital (40 mg/kg, i.p.) and were tran-
scardially perfused with 0.9% NaCl solution (preheated at 37°C), fol-
lowed by fixation with 4% paraformaldehyde dissolved in 0.01 M
phosphate-buffer saline (PBS) at 4°C. After decapitation, the brains were
removed from the skull and submerged in a series of sucrose solutions
from (10, 20, and 30%) until they sank. The frozen brains were sectioned
into 16-um-thick coronal sections using a cryostat (CM3050, Leica), The
sections were washed with Tris-buffered saline containing Tween 20, pH
7.4. For immunostaining, the cryostat sections were incubated with pri-
mary antibodies overnight at 4°C and were then incubated at 4°C for 2 h
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Figure4. PPl-induced hippocampal activation was blocked by MAM treatment. A, Experimental design of MAM treatment and
the behavioral manipulation protocol. B, Representative c-fos staining inthe DG. €, There was an increase in the number of ¢-fos+
cells in the startle-with-prepulse group compared with the startle-only group (F 5 = 4.62166, p = 0.04953 startle with
prepulse plus saline vs startle only plus saline, n = 8 for each group), but this increase was blocked by MAM treatment during
PW4—-PWE (F; 1) = 4.54244, p = 0.4892 for startle with prepulse plus MAM vs startle with prepulse plus saline, n = 8 for startle
with prepulse plus saline and n = 10 for startle with prepulse plus MAM). D, Representative ¢-fos staining in the PL cortex. £, MAM
treatment decreased the number of ¢-fos+ cellsin the PL cortex (F,, 15, = 89.19019, p << 0.001 for startle with prepuise plus MAM
vs startle with prepulse plus saline, n = 10 for each group). £, Representative ¢-fos staining in the nucleus accumbence (NAc). F,
There were no changes in ¢-fos-+ cells in the NAc shell and NAc core between groups (NAc shell: £, 5, = 1.79051, p = 0.19588
for MAM vs saline control, n = 11 for each group; NAc core: Fy 14y = 0.56137, p = 0.4611 for MAM s saline 77 = 8 mice for each
group). Scale bar, 200 pm. *p << 0.05; **p < 0.01.

with the appropriate secondary antibodies. Fluorescently labeled sec-
tions were visualized using either a confocal laser scanning microscope
(LSM5 PASCAL, Carl Zeiss, http://www.Zeiss.com) or a fluorescence
microscope (AxioPlan2, Carl Zeiss; BZ-9000, Keyence) using a 20X ob-
jective lens. Images of single optical sections were captured and recorded
digitally. Information concerning the antibodies used in this study is
presented in Table 1.

BrdU lgbeling, immunofluoresence, and quantification of labeled cells.
Mice were intraperitoneally injected with BrdU at 25 or 50 mg/kg body
weight (10 mg/ml stock, dissolved in 0.9% saline), and brains were col-
lected either 2 h or 4 weeks after BrdU injection to visualize the prolifer-
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ation and survival of hippocampal newborn cells. Before incubation with
an anti-BrdU antibody, the frozen sections (16 pm) were boiled in 0.01 M
citric acid for 15 min, incubated in 2N HCI for 10 min at 37°C, and
washed in 0.01 M PBS. For quantification analyses, BrdU+ cells,
caspased+ cells, c-fos+ cells, and parvalbumint cells were counted
throughout rostra-caudal extension of the DG. The c-fos+ cells in the
prelimbic (PL) cortex and nucleus accumbens were restricted to two
discrete points from 2.34 and 1.70 mm bregma. Because the brightness of
c-fos cells varied with different intensity, we set a brightness threshold
at 200% of the background level; cell nuclei darker than the threshold
value were not considered to be positive for c-Fos and were not counted.
Quantification of doublecortin+ (DCX+) cell density was restricted to
two discrete points from bregma that represented the anterior (—1.94
mm from bregma) and posterior (—2.92 mm from bregma) DG. DCX+
cells were morphologically categorized into two groups according to
previously established criteria (Plimpe et al., 2006, see results). Approx-
imately 300 DCX+ cells were analyzed per animal. Every sixth section of
the hippocampus was used for cell counting, and the total number of
positive cells was obtained by multiplying the value by 6.

Muscimol administration. For cannula implantation, mice were anes-
thetized with sodium pentobarbital (60 mg/kg, i.p.) and fixed in a stereo-
taxic frame (Narishige SN-2). A pair of cannulae were implanted
bilaterally with stainless steel guide cannulae (8 mm; 26 gauge) aimed at
the DG region (bregma, —2.0 mmy; lateral, 1.5 mm; depth, 1.5 mm).
Dummy cannulae were inserted into the guide cannulae to reduce the
risk of infection. The mice recovered for at least 7 d before receiving
behavioral training. The GABA R agonist muscimo] (Sigma-Aldrich)
was diluted in saline, and 10 or 100 ng was administered to each side of
the brain. Fluorescein isothiocyanate (FITC) (Jackson ImmunoRe-
search), either 50 or 500 ng per hemisphere, was bilaterally injected into
the region of DG to visualize the spread of the muscimol. The mouse was
gently held during drug infusion. The dummy cannula was removed
from the guide cannula. An injection needle (30 gauge; length, 8.8 mm)
was inserted into the guide cannula to a depth of 0.8 mm lower than the
guide cannula {depth, 1.5 mm). Muscimol was bilaterally infused into
the DG region (1.0 ul to each hemisphere) at a rate of 0.2 pl/min. The
infusion was administered 15-20 min before the PPI test. The injection
needle remained in the guide cannula for an additional 3 min after the
infusion was completed. Then, the dummy cannula was reinserted into
the guide cannula.

Statistics. Data in the text and figures are expressed as the means *
SEM, and were analyzed using ANOVA, or ANOVA repeated measures.
The body weights of the saline-treated and MAM-treated mice were
analyzed using a one-way ANOVA for the body weight at the final injec-
tion day and the repeated ANOVA for body weight over injection time.
The PPI experiments were analyzed using two-way ANOVAs with group
treatment and prepulse intensity as the between-subject factors. This is
followed by a one-way ANOVA for the single prepulse intensities tested.
All statistical analysis was conducted using STATISTICA (StatSoft). p <
0.05 was defined as statistically significant.

Results

MAM treatment during the adolescent stage induced
sensorimotor gating deficits in young adults

To optimize the appropriate conditions of MAM treatment for
later experiments, we first determined the dose of MAM required
for a robust depletion of newborn cells without impairment of
the overall health of the mice (Fig. 1). As established in the liter-
ature, adolescence occurs during postnatal days 28—42 in male
rodents (Spear, 2000). Therefore, we first target PW4-PW6 in
mice. Treatment with 1 mg/kg MAM per day during PW4-PW6
(Fig. 1A) effectively blocked neurogenesis and preserved body
weight at PW6 levels, and neurogenesis returned to the control
levels at PW10. Higher concentrations caused a slightly greater
blockade of neurogenesis but body weight was also significantly
affected (Fig. 1 B-E). We examined the sensorimotor gating func-
tion using the PPI paradigm at both PW6 and PW10. At PW10,
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Figure 5. Representative double staining for c-fos and BrdU within the DG at PW10. 4,
Experimental design of MAM treatment, BrdU injection, and the behavioral manipulation pro-
tocol. B, Representative double staining for ¢-fos and BrdU within the DG at PW10. Scale bars:
single labeled images, 200 pm; merged images, 50 m.

butnotat PW6, a significant reduction in PPI was observed for
all prepulse levels (Fig. 24, B). The acoustic startle response
and the response to background were unchanged at PW10
(Fig. 2G,H).

To gain greater insight into the general physical state of MAM-
treated mice, we performed the behavioral tests at PW6 and
PW10. As shown, spontaneous locomotor activity was un-
changed between the two groups at PW6, but MAM-treated mice
became hyperactive at PW10 (Fig. 2C,D). MAM treatment did
not induce depression-like behavior, as measured by either the
immobility time within the recording period (Fig. 2 E, F) or by the
latency to first immobility (one-way ANOVA, F; ,,, = 0.57682,
p = 0.45861 for MAM vs saline) in the forced swim test during the
juvenile stage or in early adulthood.

Therefore, MAM treatment during the adolescent stage tran-
siently decreased hippocampal neurogenesis and specifically im-
paired sensorimotor gating and locomotor activity in early
adulthood.

Developmental effects of MAM treatment on PPI scores

We next examined the PPI scores of mice treated with MAM
during four different postnatal periods (Fig. 34). As shown in
Figure 3B, MAM treatment during PW3-PWS5 produced a deficit
in PPI at PW10 at all the prepulse levels. Similar results were
obtained for MAM treatment during PW4-PW§ (Fig. 3C). PPI
impairment was also observed at PW18 (Fig. 3G), suggesting a
persistent effect of MAM treatment on PPI deficiency. However,
when mice were exposed to MAM during PW5-PW7, the reduc-
ing effect of MAM treatment on PPI was observed only for the
PP3 prepulse level at PW10 (Fig. 3D). The mice treated with
MAM during PW6-PW8 exhibited no significant difference at
any prepulse intensity level at either PW10 (Fig. 3E) or PW12
(Fig. 3F). Regarding neurogenesis, all of the groups displayed a
similar reduction in the number of BrdU+ cells immediately
after MAM treatment (Figs. 1B, 3H), showing that the MAM
treatment was effective in all conditions. As mentioned above,
when MAM treatment began after PW6, the PPT deficit was not
observed. These results indicate a defined postnatal period dur-
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ing which MAM perturbation leads to PPI deficits that persist
into adulthood.

PPI-associated hippocampal activation was blocked by

MAM treatment

To further identify how hippocampal dysfunction affects senso-~
rimotor gating function in our mouse model, we examined neu-
ronal activation in the DG after PPI testing. Mice were treated
with saline or MAM from PW4 to PW6, as described previously.
Concurrently, a low dose of BrdU (25 mg/kg) was delivered dur-
ing this period to evaluate newborn cells. Four weeks later, each
group of mice was exposed to 30 trials of a startle stimulus, either
with or without a prepulse. The mice were scarified 2 h later (Fig.
4 A). ANOVA analysis revealed a significant increase in the num-
ber of c-fos+ cells in the startle-with-prepulse group compared
with the startle-only group with saline treatment (p = 0.049), but
this increase was completely ameliorated by MAM treatment
compared with the startle-only group with MAM treatment (p =
0.93) (Fig. 4 B). Furthermore, startle-with-prepulse testing with
MAM treatment induced a significant decrease in the number of
c-fos+ cells, but this effect was not observed in the startle-only
group (Fig. 4 B, C). However, only a few of the BrdU+ cells that
survived for 4—6 weeks were positive for c-fos (4 of 467; Fig. 5).
These data consistently indicate that MAM perturbation during
the “critical period” causes decreased hippocampal neurogenesis
and impaired DG activation in the PPI paradigm, which suggests
the noncell autonomous involvement of the newborn cells in the
establishment of the PPI circuit.

We examined PPI-associated activation in other brain regions
to further determine the effects of MAM treatment. In PL cortex
(Fig. 4 D), which receives an efferent projection from the ventral
hippocampus (Saint Marie et al., 2010), the number of c-fos+
cells in MAM-treated mice was significantly decreased compared
with the saline group (Fig. 4 E). However, in the shell or the core
of the nudeus accumbence, there was no change in PPI-
associated c-fos expression between the saline and MAM groups
(Fig. 4F,G). These results exclude a global toxic effect of MAM
treatment but instead emphasize a specific dysfunction of the
hippocampus and PL cortex in the PPI-related regulatory neural
circuitry in our animal model.

Disturbance of the GABA system by MAM treatment

As mentioned earlier, MAM treatment caused impaired hip-
pocampal neurogenesis in adolescence and reduced activation of
the DG during PPI testing. However, the c-fos+ neurons de-

<

(Figure legend continued.)  the numbers of PV-+ cells in non-neurogenic regions (CAT, (A2,
and CA3) (Fy 44 = 2.7165, p = 0.12157 for MAM vs saline, n = 8 samples for each group). £,
The groups of mice were bilaterally implanted with cannulae into DG at PW8.5 and locally
infused with muscimol at PW10 (Ieft). As shown, PPI deficits were observed in the MAM group
at PW10 (2-way ANOVA with group treatment and prepulse intensity: Fig o) = 0.885,p =
0.546; 1-way ANOVA with PP3: F; ;5 = 6.80619, p = 0.03119; PP6: F; 1) = 17.16855,p =
0.00324; PP12: £, ) = 49.75486, p-= 0.000113 for saline plus saline vehicle group vs MAM
plus saline vehicle group) and these deficits were further rescued by a local DG muscimol infu-
sion of 10 ng/per hemisphere (PP3: F; 1, = 5.36461,p = 0.04921; PP6: F,; 1, = 6.0888,p =
0.03886; PP12: F; 10, = 14.19858, p = 0.00548 for MAM plus saline vehicle group vs MAM plus
10 ng/per hemisphere muscimol group), but not by a local DG muscimol infusion of 100 ng/per
hemisphere (PP3: F; 15, = 1.77437, p = 0.21954; PP6; F ;1) = 0.16899, p = 0.6918; PP12:
Figqgp = 000742, p = 0.97089 for MAM plus saline vehicle group vs MAM plus 100 ng/per
hemisphere muscmol group, n = 6 mice for each group). F, Representative images for bilat-
erally local injection of FITC (feft, 50 ng/per hemisphere; right, 500 ng/per hemisphere) into DG
to visualize the spread of muscimol. Scale bar, 200 pm. *p << 0.05; **p < 0.01.
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tected shortly after PPI task were not granule cells newly gener-
ated during the critical period because c-fos+ cells in the DG
were rarely positive for BrdU (Fig. 5). These data suggest that
MAM treatment during adolescence modulates neuronal activa-
tion through other mechanisms that may not be linked to
changes in neurogenesis. Therefore, we examined changes in in-
hibition, as inhibition in the DG is critical for maintaining a
sparse pattern of activation and optimal function of the DG in
encoding. We used GAD67-GFP knock-in mice (Tamamaki et
al., 2003; Hoskison et al., 2007; Doischer et al., 2008) to quantify
the number of GABAergic interneurons. We also examined parv-
albumin (PV)-containing GABAergic neurons that provide in-
hibitory input to the perisomatic region of principal cells.

Mice were exposed to MAM during PW4-PWS6, and the total
number of GFP+ and PV+ neurons in the DG were analyzed at
PWI10 (Fig. 6A). In the DG, exposure to MAM resulted in a
significant decrease in the total number of GFP+ and PV+ in-
terneurons (Fig. 6B,C). In contrast, the total number of PV+
cells was not altered in the non-neurogenic cornu ammonis areas
(i.e., CAl, CA2, and CA3 regions) (Fig. 6 D). Therefore, the in-
fluence of MAM treatment on inhibitory circuit was specific to
the DG although MAM may directly affect the inhibitory system,
suggesting a developmental consequence of neurogenic ablation
during the critical adolescent stage.

To further examine the GABA system deficiency in our animal
model, we investigated the effect of GABA R activation against
MAM treatment (Fig. 6E). Mice were exposed to MAM from
PW4 to PW6 and, 4 weeks later, the GABA R agonist muscimol
(10 or 100 ng per hemisphere) was bilaterally infused into the DG
region 15-20 min before PPI testing (Fig. 6 E, left). Saline was
infused as a vehicle control. MAM treatment from PW4 to PW6
produced a significant deficit at every prepulse intensity level
(Fig. 6 E). The MAM-induced PPI deficits were rescued by a bi-
lateral acute infusion of 10 ng per hemisphere muscimol into the
DG (Fig. 6 E). However, the higher dose of muscimol, 100 ng per
hemisphere, failed to rescue the PPI deficits. The similar molar
amount of florescent dye of FITC was injected into DG to visu-
alize the spread of the muscimol. As shown, FITC was restricted
to the DG without spreading into the CA1 or CA3 region of
hippocampus (Fig. 6 F). These results indicate that the GABAer-
gic abnormality in the DG is associated with the deficient PPI
phenotype in our animal model, and further suggest that the
balance between excitatory and inhibitory inputs might be signif-
icant for the proper establishment of PPL

Rescue of PPI deficits by exposure to EE

To further examine the link between the decrease in neurogenesis
and the impairment in PPI performance, we applied an EE regi-
men, which increased neurogenesis in the DG (Kempermann et
al., 1997). Mice were treated with MAM from PW4 to PW6 and
were maintained in an EE from PW4 to PW10 (6 week EE appli-
cation) or normal conditions. At PW10, the PPI scores and other
behavioral abnormalities of the mice were evaluated (Fig. 7A).
Although an EE application did not alter PPI performance in
mice without MAM treatment (Fig. 7B), a 6 week exposure to an
EE restored the PPI deficits that had been induced by MAM
treatment at all the prepulse intensity levels (Fig. 7B). In addition,
MAM-induced spontaneous hyperactivity in the open-field test
(Fig. 7C) was also rescued by the 6 week EE application. Further-
more, we examined the effects of the EE application on anxiety
behavior in the elevated plus maze test. MAM-treated mice spent
significantly less time in open arms than the control mice, and
this difference was rescued by a 6 week EE application (Fig. 7D).
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Figure7, Behavioral defectsin MAM mice were rescued by an EE application that induded PW4—PW6. 4, Experimental design for MAM treatment, EE application during PW4 —PW10, and PPl testing. B,
MAM group displayed PP deficits, which were rescued byan EE application during PW4 ~PW10 (2-way ANOVAwith group treatmentand prepulseintensity: F o, = 0.999, p = 0.455; 1-way ANOVAwith blue
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13.71342, p = 0.00602; PP12: Fy, 1) = 13.79835, p = 0.00592 for MAM plus EE vs MAM, n = 6 for each group). €, The spontaneous hyperactivity in the MAM group was rescued by EE application during
PWA4—-PW10 (first minutes: £ 1 = 844982, p = 0.01565 for MAM vs saling; £, 1, = 19.25921, p = 0.00136 for MAM plus EE vs MAM; second 5 min: £q 15 = 26.81883, p = 0.00023 for MAM vs saline;
Fqa0 = 23.71114, p = 0.00039 for MAM plus EE vs MAM, n = 6for each group). D, Anxiety-like behaviorsin the MAM group were also rescued by EE application (F; ,,, = 6.33847, p = 0.03051 for MAMvs
saline, F; 1, = 10.00856,p = 0.0101 for MAM plus EEvs MAM, 1 = 6for each group). *p << 0.05; **p << 0.01. £, Experimental design for MAM treatment, EE application during PW6 —PW10 and PPl testing.
F, The MAM group displayed PP deficits that were not rescued by an EE application during PW6 ~PW10 (2-way ANOVA with group treatment and prepulse intensity: £ g g = 0.902,p = 0.53; 1-way ANOVA
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Fasg = 045422, p = 0.51561; PP12: Fy, 5, = 0.00407, p = 0.3504 for MAM vs saline, n = 6 for each group). G, The spontaneous hyperactivity in the MAM group was rescued by EE application during
PW6—-PW10 (first minutes: £y ) = 6.17334, p = 003229 for MAM vs saling; Fyy 1) = 11.23893, p = 0.00733 for MAM plus EE vs MAM; second S min: £y, 5 = 7.35725, p = 0.02184 for MAM vs saline;
Fiy 109 = 7.53281,p = 0.02067 for MAM plus EEvs MAM, n = 6 mice for each group). #, Anxiety-like behaviors in the MAM group were also rescued by EE application (£, ;) == 5.25848, p = 0.04477 for MAM
vssaline; F 1) = 0.55739, p = 0.4725 for MAM plus EE vs MAM, n = 6 mice for each group). *p << 0.05;*p < 0.01.
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Figure 8.  Developmental changes in the elevated plus maze (EPM) test induced by MAM
treatment. 4, Experimental design for MAM treatment at different periods and EPM testing at
PW10. B, Anxiety-like behaviors were observed at PW10 in animals that received MAM treat-
ment during PW3-PW5 {F, ,, = 1111031, p = 0.00493 for MAM vs saline, n = 8 for each
group). €, D, Mice with MAM treatment at PW5-PW7 (C) and PW6 —PW8 (D) showed normal
behavioral phenotypes compared with the saline group in the EPM test at PW10 (PWS-PW7:
Fyaay = 1.76874,p == 0.2048; PW6 ~PW8:F,, ., = 0.06245, p = 0.80629 for MAMvs saline,
n = 8 for each group). *p << 0.05 vs saline control; **p < 0.01 vs saline control,

Therefore, all three abnormal behavioral phenotypes (PP defi-
cits, hyperactivity, and anxiety), which were induced by MAM
treatment during PW4-PW6, could be reversed by placing the
mice in an EE during the 2 week MAM treatment.

To further examine the critical period during which the rescue
effects were delivered by EE application, we designed another
experiment to perform a 4 week EE application from PW6 to
PW10, which excluded the 2 week MAM-treatment period (Fig.
7E). In contrast to the 6 week EE application, the 4 week EE
application that excluded the critical period failed to rescue the
MAM-induced PPI deficits (Fig. 7F). Regarding the other tests,
the 4 week EE application decreased MAM-induced spontaneous
hyperactivity (Fig. 7G), which is consistent with a previous report
(Brenes et al., 2008). However, the same 4 week EE did not rescue
the MAM-induced anxiety behavior (Fig. 7H). An ANOVA anal-
ysis comparing the 6 and 4 week EE against the MAM group (p =
0.045) confirmed a rescue by the 6 week EE but not by the 4 week
EE treatment. That is, the difference in anxiety levels in the mice
exposed to EE results from the exclusion of the 2 week period of
MAM treatment during the EE exposure.

To further address the critical period, we also examined the
anxiety-related behaviors of mice treated with MAM at three
different stages (Fig. 8A). As shown, mice treated with MAM
during PW3-PWS5 spent less time in the open arms of the maze
than the control group (Fig. 8 B), whereas those treated either
during PW5-PW7 (Fig. 8C) or during PW6-PWS8 (Fig. 8 D) did
not show any significant differences when compared with the
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Figure 9. Morphological deficits in DOX+ cells were rescued by EE application in MAM-
treated mice. 4, Representative DCX staining in the DG in each group. Scale bar, 200 pum. B, The
total number of DCX+ cellsin the saline (open bar) and MAM (blue bar) groups was comparable
in the DG (Fy 14y = 3.0005, p = 0.1052 for MAM vs saline). EE application significantly in-
creased the number of DCX+ cells (£ 5,) = 58.27158, p << 0.001, n = 8 for each group). ¢,
Representative DCX morphology without (category A cell) and with {category B cell) strong
vertical processes. D, The proportion of category B cells was significantly decreased in the MAM
group (F; 14y = 8053699, p << 0.001 for MAM vs saline) but was rescued by a 6 week EE
application (Fy 44y = 173.91939, p << 0.007 for MAM plus 6 week EE vs MAM) but not by a 4
week EE application (F, 14 = 1.89102, p = 0.19069 for MAM plus 4 week EEvs MAM, n = 8for
each group). £, The decrease in the number of PV +- cells was rescued by a 6 week EE application
{F1,14 = 16.87865, p = 0.00106 for MAM vs saline; Fy .y = 5.56777, p = 0.03335 for MAM
vs MAM plus & week EE, n = 8 samples for each group) but not by a 4 week EE application
(Fy 14y = 0.72633, p = 0.40842 for MAM vs MAM plus 4 week EE, n = 8for each group). *p <
0.05;**p < 0.01.

control group. We also confirmed that, for mice treated with
MAM during PW4-PW6, EE application during PW6-PW12
ameliorated hyperactivity but failed to rescue PPI deficits or
anxiety-related behaviors (data not shown). Together, these re-
sults demonstrate the existence of a defined period for postnatal
environmental intervention, which is subsequently related to the
establishment of PPI and anxiety-related behaviors but not to
hyperactivity. This observation proposes a beneficial role of an EE
during the adolescent critical period against the onset of
schizophrenia-like behaviors in early adulthood.

Morphological deficit in DCX+ cells was recovered by
6 week EE
We next examined how the different manipulations affected cel-
lular phenotypes in the brain in the newborn neurons (Fig. 1C).
We focused on a population of DCX+ cells, transient amplifying
cells, and postmitotic immature neurons (Pliimpe et al., 2006).
We estimated the density of DCX+ cells in the saline group,
the MAM-treated group, the MAM-plus-4-week-EE group (EE
application excluding the 2 week MAM treatment), and the
MAM-plus-6-week-EE group (EE application’ including the 2
week MAM treatment) (Fig. 94). There was no change in the

— 216 —



