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Abstract

Acute intermittent porphyria (AIP) is an inborn error of heme biosynthesis due to the deficiency of hydroxymethylbilane
synthase (HMBS) activity. Human AIP heterozygotes have episodic acute neurovisceral attacks that typically start after
puberty, whereas patients with homozygous dominant AIP (HD-AIP) have early-onset chronic neurological impairment,
including ataxia and psychomotor retardation. To investigate the dramatically different manifestations, knock-in mice with
human HD-AIP missense mutations c.500G>A (p.Argl67Glu) or ¢.518 519GC>AG (p.Argl73Glu), designated R167Q or R173Q
mice, respectively, were generated and compared with the previously established T1/T2 mice with ~30% residual HMBS
activity and the heterozygous AIP phenotype. Homozygous R173Q mice were embryonic lethal, while R167Q homozygous
mice (R167Q*/*) had ~5% of normal HMBS activity, constitutively elevated plasma and urinary 5-aminolevulinic acid (ALA)
and porphobilinogen (PBG), profound early-onset ataxia, delayed motor development and markedly impaired rotarod
performance. Central nervous system (CNS) histology was grossly intact, but CNS myelination was delayed and overall
myelin volume was decreased. Heme concentrations in liver and brain were similar to those of T1/T2 mice. Notably, ALA and
PBG concentrations in the cerebral spinal fluid and CNS regions were markedly elevated in R167Q*/* mice compared with
T1/T2 mice. When the T1/T2 mice were administered phenobarbital, ALA and PBG markedly accumulated in their liver and
plasma, but not in the CNS, indicating that ALA and PBG do not readily cross the blood-brain barrier. Taken together, these
studies suggest that the severe HD-AIP neurological phenotype results from decreased myelination and the accumulation
of locally produced neurotoxic porphyrin precursors within the CNS.
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Introduction

Acute intermittent porphyria (AIP) is an autosomal dominant
disorder that is incompletely penetrant, resulting from half-
normal activity of hydroxymethylbilane synthase (HMBS), the
third enzyme in the heme biosynthetic pathway (1,2). Symp-
tomatic AIP heterozygotes experience episodic life-threatening
acute neurovisceral attacks that are characterized by autonomic,
peripheral and central nervous system (CNS) symptoms,
including excruciating abdominal pain, vomiting, hypertension,
tachycardia, motor weakness, paralysis and transient psychosis.
These attacks typically begin after puberty and are precipitated
by factors such as fasting, certain porphyrinogenic drugs
(particularly cytochrome P450-inducing drugs) and hormonal
fluctuations, which induce the hepatic expression of the first
and rate-limiting enzyme of the heme biosynthetic pathway,
S-aminolevulinic acid synthase 1 (ALAS1) (2,3). When hepatic
ALAS1 is induced, the half-normal HMBS activity becomes rate
limiting, leading to insufficient heme production and depletion
of the hepatic ‘free’ heme pool. This results in derepression
and further upregulation of hepatic ALASI expression, followed
by the marked accumulation of the porphyrin precursors,
5-aminolevulinic acid (ALA) and porphobilinogen (PBG). Recent
studies strongly support that the porphyrin precursors, ALA in
particular, are neurotoxic and are the main mediators of the
acute neurovisceral symptoms, rather than heme deficiency in
the nervous tissues (4,5).

Homozygous dominant AIP (HD-AIP) is a rare condition due
to biallelic HMBS loss-of-function mutations (5-9). In contrast to
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heterozygous AIP patients, HD-AIP patients have <4% residual
HMBS activity and constitutively elevated levels of urinary ALA
and PBG (5-9). Clinically, HD-AIP patients are characterized
by infantile onset of severe and chronic neurological impair-
ment, including early-onset ataxia, psychomotor retardation
and nystagmus. They fail to thrive and typically die in early
childhood.

Previously, a mouse model for AIP (designated T1/T2) that has
~30% of wild-type HMBS activity and slightly elevated baseline
plasma and urinary ALA and PBG concentrations was gene-
rated by homologous recombination (10). When the prototypic
porphyrinogenic drug phenobarbital is administered, their hep-
atic ALAS1 activity is induced and plasma and urinary ALA and
PBG concentrations are markedly elevated, thereby recapitulat-
ing the biochemical abnormality of human heterozygous AIP.
Notably, the T1/T2 mice do not display overt neurologic mani-
festations during an induced attack like human AIP patients (10).
Rather, T1/T2 mice develop late-onset neuromotor impairment,
including a mild ataxia and poor motor coordination, regardless
of whether they have been induced or not. (11-13). A progressive
peripheral axonal degeneration that resembles the pattern seen
in some human heterozygous AIP patients with severe or pro-
longed attacks becomes apparent by 6 months of age (11,14-18).

To investigate the pathogenic basis of the striking differences
in the clinical presentation of human heterozygous AIP and
HD-AIP, we generated knock-in mice that mimic the severe
HD-AIP phenotype. The human HD-AIP mutations, c.500G>A
(p-Argl67Glu) and c¢.518_519GC>AG (p.Argl73Glu), designated
R167Q and R173Q, respectively (6,8), were introduced by

10 11 12{1314 15
Ncol

Targeting Vector

| -

LI |

6 7 89
Pmil

BstZ17llv

Targeted Hmbs Allele

Ncol

7.5kb

Neo-deleted Hmbs Allele

Exon 1 2 3 4 56 7 89

R167Q
R17:<>{\

10 11 12 1314 15
BstZ17Ilv Sbff

Homologous Recombination

R167Q
R173Q

11 12 1314 15

10

> 10 11 12 1314 15
PCR primers

Figure 1. R167Q and R173Q knock-in mice were generated via gene targeting. (A) Schematic of gene targeting strategy to ‘knock-in’ human HD-AIP mutations
¢.500G>A (R167Q) and c¢.518_519GC>AG (R173Q) into the murine Hmbs locus. A targeting vector containing short (3.1 kb) and long (5.2 kb) arms of homology and
a LoxP-flanked Neomycin (neo) cassette for positive selection was generated, and the R167Q and R173Q mutations were individually introduced into exon 10 by
site-directed mutagenesis. Following homologous recombination, correctly targeted ES clones were identified by PCR and confirmed by southern blot analyses.
Heterozygous founder mice for each mutation were identified and crossed with transgenic mice ubiquitously expressing Cre recombinase under the regulation of
the Ella-promoter to excise the LoxP-flanked Neomycin cassette. (B) Representative image of southern blot analysis following Ncol digestion. Using an ‘external’
cDNA probe spanning exons 3 to 5, a 9.3 kb band is detected for the wild-type allele, while a 7.5 kb band is detected for the targeted allele, due to an additional
Ncol site provided by the neo cassette. (C) Genotyping of offspring was performed using a PCR primer pair in intron 9 and exon 10 that amplifies a product that
is 105 base pairs (bp) larger in the targeted allele (521 bp) than in widltype allele (416 bp), due to the residual LoxP site. WT, wild-type; Het, heterozygous; Hz,

homozygous.
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Figure 2. R167Q1/* mice are runted. (A) Time course of body weight changes
in R167Q/* male mice and sex-matched wild-type littermates. Data shown are
means + SDs (n = 7). P < 0.005 at all time points 2 weeks and beyond, Student’s
t-test. (B) Representative image of a 1-year-old R167Q*/+ mouse (bottom) and
wild-type littermate (top) shows that the R167Q*/* mouse has a short body
length and is also notably lean in comparison. WT, wild-type.

homologous recombination. Mice homozygous for the R173Q
mutation (R173Q*+*) were embryonic lethal, and mice heterozy-
gous for both R167Q and R173Q mutations (R167+/~/R173+/7)
all died before postnatal day (P)30. Homozygous R167Q mice
(R167Q**) had a marked neurological phenotype closely resem-
bling that of HD-AIP children, thereby facilitating investigation
of disease pathogenesis. Here we describe the generation and
clinical, biochemical and histopathologic characteristics of these
mice. In particular, ALA, PBG and heme levels in CNS tissues were
determined and compared with those in T1/T2 mice.

Results

R167Q*"* mice are viable while R173Q*/* mice are
embryonic lethal

To select the HMBS mutations to be ‘knocked-in’ by homologous
recombination, the human HD-AIP mutations, ¢.500G>A
(p.Argl67Glu), c.499C>T (p.Argl67Trp) and c. 518 519GC > AG
(p-Argl73Glu), were individually introduced into the murine
Hmbs ¢cDNA and expressed in Escherichia coli. These mutations
were selected based on the fact that of the five reported
HD-AIP patients, four had these mutations: one was homozy-
gous for R167W (5), two were siblings and heterozygous for
R167W and R167Q (8) and one was heterozygous for R167W
and R173Q (6). The R167Q, R167W and R173Q mutant proteins
had ~8%, 6.5% and 1% of wild-type activity, respectively
(Supplementary Material, Table S1). The mutations with the
highest (R167Q) and lowest (R173Q) HMBS activities were
selected for construction of the knock-in targeting constructs
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(Fig. 1A), which were simultaneously electroporated into ES cells.
PCR screening of ~200 G418-positive ES cell clones identified
42 (21.8%) targeted clones (data not shown), and selected
clones were subsequently confirmed by southern blot analyses
(Fig. 1B).

Heterozygous founder mice for each mutation were identi-
fied and crossed with transgenic mice ubiquitously expressing
Cre recombinase under the regulation of the Ella-promoter to
excise the LoxP-flanked Neomycin cassette. Genotyping was
performed using PCR primers that amplified a product that
was 105 base pairs (bp) larger in the targeted allele than in
wild-type allele, due to the residual LoxP site and flanking
sequence that was inserted as part of the neomycin cassette
(Fig. 1C). Neomycin-deleted heterozygous R167Q or R173Q
mice were then bred to homozygosity. Segregation analyses
showed that the R173Q+/* mice were embryonic lethal, while
the R167Q** mice were born at near expected Mendelian
ratios (22%; Supplementary Material, Table S2), but only ~65%
survived to adulthood. Notably, ~90% of the R167Q*/* lethality
occurred during P20-P30. Although compound heterozygous
mice (R167Q+/~/R173Q*/~) had ~3% of mean wild-type hepatic
HMBS activity and were also born at near expected ratios (23%;
Supplementary Material, Table S2), they were severely runted,
cachectic in appearance, and all died by P30. Thus, the R167Q*/*
mice were used for the following studies.

R167Q*'* mice display clinical features of human
HD-AIP

The R167Q** mice were smaller than their wild-type litter-
mates from infancy, and the gap in body weights widened with
age (Fig. 2A). In addition to having shorter body lengths, the mice
remained notably lean throughout life (Fig. 2B).

Eye opening, considered to be a measure of early neuro-
development, was significantly delayed in the R167Q+* mice
(Table 1). While the R167Q*/* mice achieved sensory develop-
ment (ear twitch and auditory startle) and acquisition of early
reflexes (grasping, surface righting and air righting) at ages
similar to their littermate controls (Table 1), they had markedly
delayed and impaired performance for tasks requiring postural
skills and complex motor coordination. By P7, the R167Q*/*
mice had jerky, ataxic gait and intension tremors. Extinguishing
of pivoting was delayed, and they often propelled themselves
using only their forelimbs, with their bellies on the ground. Their
abilities to rear with or without support, sit without support and
jump were delayed as well (Table 1). A 3 min open field test on
days 9, 12, 15, 18 and 21 showed a significantly reduced num-
ber of boxes traveled compared with controls (Supplementary
Material, Table S3). Testing was terminated prematurely in over
50% and 60% of wild-type mice at P18 and P21, respectively, due
to the mice jumping out of the testing box. In contrast, none of
the R167Q*/* mice were able to jump out of the box. When hung
by their tails, the R167Q** mice displayed dystonic postures of
their hind legs with self-clasping. Although the ataxia became
less apparent and the mice were able to walk relatively normally
after P30, rotarod performance was significantly impaired in 2-
month-old R167Q** mice and progressively worsened with age
(Fig. 3).

Thus, the R167Q*/* mice had clinical features that were
strikingly similar to those observed in the HD-AIP patients,
including developmental delay of motor skills, ataxia, dystonic
postures and short stature (Table 2). The R167Q*+ mice that
survived beyond P30 were able to successfully mate with one
another and had a normal lifespan.
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Table 1. Developmental reflexes and behavior studies in R167Q*/* mice and wild-type littermates

Post-natal days

1 2 3 4 5 10

11 12 14 15 16 17 18 19 20 21

Pinnae detachment
Eye opening
Auditory startle
Ear twitch

Surface righting

Air righting

Grasp reflex

®0

Bar holding

®0

Supported rearing
Unsupported rearing
Unsupported sitting

Jumping

®0

©®0

O, wild-type mice; ®, R167Q+/+ mice; ®’, behavior not observed in more than half of the mice by P21. Data shown are means (n = 20).

Table 2. Clinical and biochemical features of human HD-AIP and
R167Q1/* mice

Human HD-AIP features R167Q1/* mice

Early onset of neurological impairment
Tremor

Ataxia

Dystonic posture

Early demise?

Short stature

Constitutively elevated urinary ALA and
PBG
Porphyrinuria

e

+

+

B wildtype
| R167Q**
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& 150 A
°
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5
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g 307 o
oyl ] 3%
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Figure 3. R167Q*/* mice have progressive impairment of neuromotor function.
Rotarod performance was assessed in R167Q*/* and wild-type male mice at 2, 6,
and 12 months, by placing them on a rotarod apparatus rotating at 16 rpm for a
maximal time of 180 s. Data represent means =+ SDs (n > 6). *P < 5E-07, Student’s
t-test.

R167Q*"* mice have biochemical features of human
HD-AIP, including markedly decreased HMBS activity
and constitutively elevated plasma and urinary ALA
and PBG

HMBS activities were determined in erythrocytes and in
various tissues, including liver, kidney, heart and brain of
R167Q** and wild-type mice (Table 3). The R167Q** mice

Decreased CNS myelination

+, Present in the R167Q*+/* mice.

a Approximately 35% of R167Q+/+ mice die before P30, but those that survive
have a normal life span.

had ~5%-8% of wild-type HMBS activities in erythrocytes and
all tissues examined, consistent with the results of the in
vitro expression studies (Supplementary Material, Table S1).
Despite the severe HMBS deficiency, the R167Q*+ mice had
normal complete blood count and were not anemic (data
not shown). Human HD-AIP patients have been reported
to be hematologically normal or to have a mild anemia
(5,7).
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Table 3. Tissue and erythrocyte HMBS activities in R167Qt/* and
wild-type mice

Tissue HMBS activity (nmol/hr/mg protein)

wild type R167Qt+ wild type, %
Liver 273 + 47 13.5+24 4.9
Kidney 216 £ 23 17.14+9.8 7.9
Heart 222+ 14 11.8+£25 53
Brain 90 +19 43+04 4.8
Erythrocytes 509 + 93 295+28 5.8

HMBS activities are presented as means + SDs (n = 3-5) and percentages of wild-
type activity.

Plasma ALA and PBG were elevated approximately 7-fold
and more than 134-fold, respectively, while urinary ALA and
PBG were elevated approximately 5- and 60-fold, respectively,
compared with mean wild-type levels (Table 4). Baseline urinary
uroporphyrin I and III were markedly elevated by 15- and
~50-fold, respectively, while the coproporphyrin I and IIl isomers
were only slightly elevated or normal (Table4). Thus, the
R167Q*"* mice had constitutively elevated levels of plasma and
urinary ALA and PBG and porphyrinuria without induction by
a porphyrinogenic agent, similar to those of HD-AIP children
(Table 2) (5-8).

For comparison, the previously described T1/T2 mice with
~30% residual HMB-synthase activity had plasma and urinary
ALA concentrations that were only increased by ~2-fold and a
6- to 7-fold increase in plasma and urinary PBG concentrations at
baseline (Table 4). Urinary uroporphyrin I and III were increased
by 16- and 22-fold, and coproporphyrin I and III were elevated by
approximately 4- and 2-fold, respectively, compared with wild-
type controls.
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R167Q*"* mice have normal hepatic Alas1 mRNA levels
and are not readily inducible by porphyrinogenic
stimuli

Baseline hepatic Alas1 mRNA levels in the R167Q*+ mice were
comparable to those of controls (Supplementary Material, Fig.
S1). Hepatic Alasl mRNA expression is known to be circadian
regulated (19). Alas1 mRNA was relatively low at the beginning
of the light cycle and increased toward the end of the light
cycle, similar to controls, indicating that the circadian regulation
of hepatic Alas1 mRNA was maintained in the R167Q** mice
(Supplementary Material, Fig. S1).

To evaluate whether hepatic Alasl mRNA and the con-
stitutively elevated plasma porphyrin precursor levels are
further inducible, the R167Q** mice were subjected to
various porphyrinogenic stimuli, including fasting (48 h),
pregnenolone-16a-carbonitrile (PCN), phenobarbital (PB) and
a combination of PB and 3,5-diethoxycarbonyl-1,4-dihydro-
2,4,6-trimethylpyridine (DDC). These stimuli were specifically
selected, as they are known to induce hepatic ALAS1 expression
through different transcription factors and/or nuclear receptors:
fasting up-regulates peroxisome proliferator-activated receptor-
gamma coactivator 1 alpha (PGC-1a) (20), while phenobarbital
and PCN activate the constitutive androstane receptors and
nuclear pregnane X receptors, respectively (21,22). DDC is an
inhibitor of ferrochelatase (23), the last enzyme in the heme
biosynthetic pathway, and therefore leads to hepatic heme
depletion and marked upregulation of Alas1 when administered
in combination with PB.

While fasting and PCN administration increased hepatic
Alasl mRNA expression by 5.3- and 5.5-fold, PB and PB/DDC
administration only elevated hepatic Alas1 mRNA by 1.4- and
1.7-fold, respectively, in the R167Q** mice (Fig.4A). Plasma
ALA and PBG remained at near baseline levels following all

Table 4. Porphyrin precursor and porphyrins in R167Q*/* and T1/T2 mice

Body Fluid Porphyrin Wild type© R167Q t/*t Fold-change wild type ¢ T1/T2 Fold change
Precursor or (Sv129/C57Bl6)  (Sv129/C57Bl6) over Wild (C57Bl6) (C57Bl6) over Wild
Porphyrin type type
Plasma? ALA 0.14 + 0.05 0.98 +£0.32 7 0.22 £ 0.03 0.53+0.19 24
PBG UDL 6.69 + 2.76 >134 0.08 £ 0.01 0.48 £0.21 6
UrineP ALA 11.53 £ 6.38 52.18 +£28.21 4.5 14.8 £2.87 23.84 £ 6.57 1.6
PBG 210+ 1.25 127 + 21.47 60 0.91+0.22 6.10 + 1.52 6.7
UROI 0.82 +£0.83 12.15+7.31 15 0.70 £0.32 10.99 +4.24 16
URO III 0.32+£0.41 15.76 +£ 11.47 49 0.18 £ 0.03 4.04 +1.97 22
7-COOH 0.37 £0.21 1.09 + 0.61 2.9 0.22 £ 0.06 0.93 +£0.46 4.2
I+ 101
6-COOH 1.18 +£0.82 1.75 + 0.68 1.5 0.92 +£0.29 0.83+1.21 0.9
I+1I1
5-COOH 1.28 + 0.90 1.91+0.74 1.5 1.00 +£ 0.31 2.01 +0.66 2.0
I+ 101
COPRO I 0.86 + 0.69 1.20 £ 0.32 1.4 0.59 +£0.18 2.40 + 1.05 4.1
COPRO III 5.47 +3.92 6.07 +4.21 11 5.66 + 1.83 8.97 +4.09 1.6

UDL, under detection limit of 0.05 pmol/L; URO, uroporphyrin; 7-COOH, monodecarboxylated URO; 6-COOH, didecarboxylated URO; 5-COOH, tridecarboxylated URO;

COPRO, coproporphyrin.

aPlasma ALA and PBG are expressed in pmol/L.

bUrinary ALA and PBG are expressed in mmol/mol creatinine, while porphyrins are expressed in pmol/mol creatinine.
@dR167Q*/* and T1/T2 controls are Sv129/C57Bl6 and C57B16 wild-type mice, respectively.

Data shown are means + SDs (n > 4).
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Figure 4. R167Qt/* mice are not readily inducible by porphyrinognic factors.
R167Q*t/*+ and T1/T2 male mice were subjected to various porphyrinogenic
stimuli, including fasting (Fa), pregnenolone-16«-carbonitrile (PCN; PC), pheno-
barbital (PB) and a combination of PB and 3,5-diethoxycarbonyl-1,4-dihydro-
2,4,6-trimethylpyridine (DDC) (PB/D), and (A) relative hepatic Alas1 mRNA and
(B) plasma ALA and PBG concentrations were assessed. Baseline levels (BL) are
shown for comparison. Data shown are means + SDs (n > 3).

treatments, except for PB/DDC, which resulted in slight
(approximately 2-fold) increases of ALA and PBG (Fig. 4B).

The responses of the T1/T2 mice to fasting and PCN were
similar to those of the R167Q*+ mice, with hepatic Alas] mRNA
increased by approximately 6.5- and 4-fold, respectively, and
no increases in plasma ALA and PBG levels (Fig. 4A and B).
However, their responses to PB and PB/DDC differed dramatically
from those of the R167Q** mice, with hepatic Alas1 mRNA
elevated by approximately 18- and 26-fold, ALA by 30 and 95-
fold, and PBG by 45 and 150-fold (Fig. 4A and B), consistent with
previous studies (24). Thus, unlike the T1/T2 mice, a biochemical
acute attack was not induced by porphyrinogenic stimuli,
including the potent and prototypic drug, phenobarbital, in the
R167Q** mice.

Of interest, relative basal Alasl mRNA levels in the brains
of the R167Q** mice were elevated by approximately 1.9-fold
compared with controls [1.87 + 0.16 versus 1 + 0.03 (mean =+ SD;
n = 4)] but were not further increased following treatment
with PB/DDC (1.89 + 0.1). Brains of T1/T2 mice had essentially
wild-type levels of basal Alas1 mRNA (1.21 + 0.14 versus 1 + 0.25)
and also were not increased following PB/DDC treatment
(1+0.1).

R167Q*"* mice have marked accumulation of ALA and
PBG in various tissues, including the CNS

In the liver, kidney, heart and spleen, the R167Q** mice had ALA
and PBG concentrations that were elevated by 1.5- to 2.5-fold

and 73- to 390-fold over wild-type levels, respectively (Table 5).
Erythrocyte porphyrin precursors were also elevated, with ALA
and PBG increased by 1.5 and 38-fold compared with wild-type
levels, respectively (Table 5).

ALA and PBG levels were also markedly elevated in the CNS
tissues of the R167Q** mice. In the whole brain, ALA and
PBG concentrations were 33.7 + 4.4 and 886 + 118 pmol/mg
protein, respectively, whereas they were 6.2 &+ 5.6 pmol/mg pro-
tein and undetectable in wild-type (Table 5). Analysis of various
CNS regions, including cerebrum, cerebellum, upper brain stem
(midbrain—pons) and lower brain stem (medulla), showed that
ALA and PBG were globally elevated within the brain and brain
stem (Table 5). In the spinal cord, ALA and PBG were increased to
68 &+ 5.4 and 1,759 + 391 pmol/mg protein, respectively, whereas
they were 7.3 &+ 0.3 pmol/mg protein and undetectable in wild-
type. In the cerebral spinal fluid (CSF), ALA and PBG were ele-
vated to 0.15 + 0.04 and 8.9 & 5.1 pmol/L, while in wild type they
were 0.07 £ 0.01 and 0.12 + 0.07 umol/L, respectively (Table 5).
These levels were markedly higher compared with those in
the T1/T2 mice, which had ALA and PBG levels of 6.4 + 1.7
and 23.6 &+ 5.1 pmol/mg protein in whole brain, 25.6 + 4.8 and
306 + 57 pmol/mg protein in spinal cord and 0.09 + 0.01 and
1.73 + 0.25 pmol/L in CSF, respectively (Table 5).

To investigate whether the elevated ALA and PBG in the CNS
were derived from local production or via the blood, T1/T2 mice
were induced with three daily doses of PB to markedly increase
their plasma ALA and PBG concentrations, and CNS tissues were
analyzed for porphyrin precursor concentrations. Following
induction by PB, ALA and PBG concentrations were markedly
elevated in the livers of the T1/T2 mice, by approximately
18- and 1225-fold over baseline levels, respectively (Fig.5A).
Similarly, plasma ALA and PBG concentrations were elevated
approximately 34- and approximately 56-fold over baseline lev-
els, respectively (Fig. 5B). Despite the fact that these levels were
much higher compared with baseline levels in the R167Q+/*
mice (Fig. SA and B), ALA and PBG concentrations in the brain
and spinal cord tissues were only increased by approximately
1.3- to 1.5-fold following PB administration (Fig. 5C and D). Taken
together, these findings indicate that the blood-brain barrier is
not, or is only weakly permeable to ALA and PBG, and that the
elevated porphyrin precursor concentrations in the CNS of the
R167Q** mice are predominantly derived from local production
within the CNS tissues.

Of note, porphyrins, predominantly the uroporphyrin I
isomer, were elevated in erythrocytes and various tissues
of the R167Q** mice, including liver, kidney, and brain
(Supplementary Material, Table S4). These findings are consis-
tent with the marked elevation of PBG, which, when in excess, is
converted non-enzymatically to the non-physiologic metabolite,
uroporphyrin I.

CNS myelination is delayed and defective in the
R167Q*"* mice

Cerebrums were isolated from the R167Q*+ mice and wild-type
littermates at P10, 13, 14 and P15, and myelin basic protein (MBP)
levels were assessed by western blot analyses to evaluate myeli-
nation status. In wild-type mice, MBP protein was not detectable,
or barely detectable, at P10 (data not shown) and P13 but highly
expressed from P14 onward (Fig. 6A). The R167Q*/* mice, on the
other hand, had barely detectable MBP levels at P14 and did not
express relatively high levels of MBP until P15 (Fig. 6A). Thus, CNS
myelination was slightly delayed in the R167Q*/* mice.
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Table 5. ALA and PBG concentrations in various non-CNS and CNS tissues

Tissue Wild type© R167Q t/+ Fold change over wild typed T1/T2 Fold change over
(Sv129/C57Bl6)  (Sv129/CS7Bl6) wild type (C57Bl6) (C57B16) wild type
ALA, PBG ALA, PBG ALA, PBG ALA, PBG
Non-CNS tissues and cells
Liver 10.1 £+ 2.6, 19.0 £ 2.9, 1.9 6+25, 7.1+ 0.6, 1.2
24409 934 4 225 390 UDL 2.6+0.6 N/A
Kidney 22.6 +12.5, 38.3+4.6, 1.7 ND, ND, N/A
8.0+4.5 582 + 245 73 ND ND N/A
Heart 34.6 + 10.0, 87.6 + 13.4, 2.5 ND, ND, N/A
UDL 1,006 + 20.8 N/A ND ND N/A
Spleen 36.2 +£12.3, 53.8 £5.3, 1.5 ND, ND, N/A
3.4+05 376 + 176 110 ND ND N/A
Erythrocytes 1.8 +£ 0.6, 2.7 £ 0.8, 1.5 ND, ND, N/A
1.2+0.2 4534+ 11.9 38 ND ND N/A
CNS tissues and fluids
Brain (whole) 6.24+5.6 33.7 +4.4, 5.4 5.6 +£1.8, 64+1.7, 1.1
UDL 886 + 118 N/A UDL 23.6 +£5.1 N/A
Cerebrum 6.5+ 2.5 29.1 + 10.7, 4.5 ND, ND, N/A
UDL 856 + 403 N/A ND ND N/A
Cerebellum 79+4.0 30.3 + 6.8, 3.8 ND, ND N/A
UDL 687 + 96.6 N/A ND ND N/A
Upper brain stem? 10.9+ 5.7 432 £19.2, 4 ND, ND, N/A
UDL 1,162 + 211 N/A ND ND N/A
Lower brain stemP 16.5 + 10.5 35.7+7.9, 2.2 ND, ND, N/A
UDL 1,124 + 32 N/A ND ND N/A
Spinal cord 7.3+0.3, 68 + 5.4, 9.3 9.8 +£0.3, 25.6 + 4.8, 2.6
UDL 1,759 + 391 N/A UDL 306 + 57 N/A
CSF 0.07 +£ 0.01, 0.15 + 0.04, 2.1 0.07 £ 0.01 0.09 £+ 0.01, 1.3
0.12 +£ 0.07 89+5.1 74 0.12 +£ 0.07 1.73 £0.25 14

UDL, under detection limit of 0.05 pmol/L; ND, not determined; N/A, not applicable Data presented are means =+ SDs (n > 4) expressed as pmol/mg protein in tissues

and pmol/L in CSF.

abUpper and lower brain stems include midbrain—pons and the medulla, respectively.
©dR167Q*/* and T1/T2 controls are Sv129/C57Bl6 and C57B16 wild-type mice, respectively.

Micro-MRI evaluation performed at 3 months of age revealed
that overall myelin volume in the R167Q*/* mouse brains was
reduce by ~30% compared with those of wild-type littermates
(mean + SD; 30.2 + 2.3 versus 43.4 + 4.8 mm?), while total
brain volume was ~9% smaller in the R167Qt/* mice relative
to wild-type littermates (367 £ 20.1 versus 392 + 7.6 mm?3).
When normalized for brain volume, brain myelin volume was
decreased by ~25% in the R167Q*+ mice compared with wild-
type mice (Fig. 6B).

The severe neurological impairment in the R167Q*+
mice is not due to CNS or hepatic heme deficiency

Total heme content in the livers and brains of the R167Q**
mice were ~93% and ~80% of their wild-type controls, respec-
tively (Fig. 7A). Interestingly, these levels were slightly higher
compared with those in the T1/T2 mice, which had ~57% in the
liver and ~70% in the brain tissues compared with their controls.

Further, hepatic heme saturation levels of tryptophan 2,3-
dioxygenase (TDO) were comparable between the R167Q*+ and
wild-type mice, at 33 + 14% and 33 + 19%, respectively (Fig. 7B).
TDO is a heme-dependent liver enzyme involved in tryptophan
metabolism that has been previously shown to be sensitive to
decreased heme availability (24-26). Taken together, these data
indicate that generalized heme deficiency in the liver or brain is
not responsible for the marked neurological impairment of the
R167Q*/* mice.

R167Q*"* mice exhibit normal CNS and peripheral
motor nerve histology

Hematoxylin and eosin (H&E) and Nissl staining revealed
grossly normal brain and spinal cord structure in 12-month-old
R167Q** mice (data not shown). Femoral nerves isolated from
6-month-old R167Q*/* mice were also grossly normal, whereas
those from the age-matched T1/T2 mice had marked motor
axonal degeneration, as previously described (data not shown)
(11). Thus, the severe neurological defects of the R167Q*+
mice are not attributable to structural changes in central and
peripheral nervous tissues.

Discussion

In humans, HD-AIP is manifested by early onset, progressive
neurological dysfunction and is distinct from the autosomal
dominant form, which is characterized by episodic acute neu-
rovisceral attacks that are triggered by precipitating factors and
occur after puberty. While the pathogenesis of AIP has been
long debated, recent studies strongly indicate that ALA and/or
PBG are the main mediators of the acute attacks, rather than
neuronal heme deficiency (4,5). ALA in particular has been sug-
gested to be neurotoxic, as it is elevated in all four acute hepatic
porphyrias (i.e. PBG is not elevated in ALA-dehydratase deficient
porphyria) and has been shown to modulate GABAergic activity
in both in vitro and in vivo models (27-29). ALA has also been
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Figure 5. ALA and PBG do not readily cross the BBB. T1/T2 male mice were administered phenobarbital to markedly increase ALA and PBG concentrations in their
livers and plasma to assess whether porphryin precursor concentrations are increased in CNS tissues. Means + SDs (n > 3) of ALA and PBG concentrations in
(A) livers, (B) plasma, (C) whole brains and (D) spinal cords are shown. Basal levels in the R167Q*/* mice are shown for comparison. Note that panel (A) shows
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Figure 6. CNS myelination is delayed and decreased in R167Q*/* mice. (A) Representative western blot assessing MBP levels in cerebrums of R167Q*/* males and
sex-matched wild-type littermates at postnatal days (P)13, 14 and 15. (B) Micro-MRI evaluation of brain myelin volumes. Shown are the means + SDs (n = 3) of brain
myelin volumes normalized by brain volumes in 3-month-old R167Q*/* males and wild-type (WT) male littermates. *P < 0.01, Student t-test.

shown to have pro-oxidant properties in vitro (30-33). The toxicity
of PBG is much less studied, although it has been reported that it
triggered seizures with the same potency as ALA when directly
injected into rat brains (34).

In the present study, a mouse model of HD-AIP was generated
and compared with the previously established T1/T2 AIP mouse
model to investigate the pathogenesis of HD-AIP. The R167Qt/*
mice recapitulated many of the clinical and biochemical
abnormalities observed in HD-AIP patients, including early-

onset neuromotor retardation, ataxia, constitutively elevated
plasma and urinary ALA and PBG and porphyrinuria (Table 2).
Despite their striking phenotype, the R167Q*/* mice had grossly
normal CNS histopathology and their hepatic and brain heme
contents were comparable or slightly higher than those of the
milder T1/T2 mice (Fig. 7A). Further, 6-month-old R167Q*/*
mice did not develop peripheral axonal degeneration, which
was previously suggested to occur as a result of chronic
neuronal heme deficiency in the T1/T2 mice (11). Thus, the
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Figure 7. Heme content in the R167Q 1/ mice is similar to that of the T1/T2 mice. (A) Total heme content in liver and brain tissues from wild-type (WT), R167Q*/*
and T1/T2 male mice and (B) heme saturation of tryptophan dioxygenase in wild-type and R167Qt/* livers are presented as means + SDs (n > 3).

severe neurological impairments in the R167Q*+ mice are not
attributable to structural changes or heme deficiency in nervous
tissues, although the mild heme deficiency (~80% of normal) in
the CNS may also contribute.

Notably, the R167Q*+ mice had markedly greater elevations
of ALA and PBG in their CNS tissues compared with the T1/T2
mice (Table 5). Most or all of the accumulated ALA and PBG
in the CNS were presumably derived from local production, as
the blood-brain barrier was not, or was only slightly permeable
to ALA and PBG (Figs. 5A-D). That most of the accumulated
porphyrin precursors in the CSF and CNS tissues was PBG rather
than ALA suggests that ALA-dehydratase rapidly converts the
ALA to PBG in the CNS. Interestingly, CSF samples taken from a
2.5-year-old HD-AIP child with severe neurological impairment
had an essentially normal ALA level while PBG was elevated
over 250-fold (Yasuda et al., unpublished data). These findings
suggest that either ALA is very potent and has pronounced neu-
rotoxic effects even at slight elevations, or PBG, too, is neurotoxic.
Additionally, the R167Q** mice had delayed and impaired CNS
myelin formation (Fig. 6A and B), which was also demonstrated
in a HD-AIP child (5). It is likely that the deficient myelin forma-
tion also contributes to the marked neuromotor impairment in
human HD-AIP, as many early-onset dysmelinating and demyeli-
nating disorders present with symptoms similar to those of HD-
AIP, including ataxia, nystagmus and psychomotor retardation.
Notably, ALA has been shown to impair peripheral myelin for-
mation in vitro through oxidative damage (31).

Recently, Homedan et al. demonstrated that the activities
of TCA cycle and/or downstream respiratory chain complexes
were markedly decreased in the liver, brain and muscle tissues
of the T1/T2 mice following administration of PB, suggesting
that mitochondrial energetic defects may also play a role in
AIP pathogenesis (35,36). The mitochondrial defects in the liver
were presumably due to a large amount of succinyl-CoA being
shuttled away from the TCA cycle to be used as substrate for the
markedly increased ALAS1 enzyme (35). Mitochondrial impair-
ments in the brain and muscle were postulated to be due to the
neurotoxic effects of ALA overproduced by the liver, although in
the brain, the activity of heme-dependent respiratory enzymes
were decreased, suggesting that heme deficiency may also
contribute (36).

Given that the R167Q** mice have essentially normal
hepatic Alas1 mRNA levels (Supplementary Material, Fig. S1),

succinyl CoA-cataplerosis and hepatic mitochondrial defects
associated with it are not expected to occur in these mice. Unlike
the PB-induced T1/T2 mice, in which the marked production
of ALA and PBG are essentially restricted to the liver (37),
the R167Q*™* mice have constitutively elevated porphyrin
precursor levels in various tissues, including the liver, kidney,
heart and brain (Table 5), although hepatic ALA and PBG levels
are considerably lower compared with that of the PB-induced
T1/T2 mice (Fig.5). Thus, it is possible that mitochondrial
energetic defects occur in the R167Q** mice as well, especially
in the brain, where ALA and PBG levels were markedly higher
compared with that of the T1/T2 mice (Table 5).

Of particular interest was the finding that the R167Q*+
mice were not ‘inducible’ by porphyrinogenic stimuli, especially
PB, which markedly increased hepatic Alasl expression and
plasma ALA and PBGin the T1/T2 mice (Fig. 4A and B). While this
difference in response may be due to mouse strain differences
(i.e. R167Q** mice are Sv129/C57Bl6, whereas T1/T2 mice are
pure C57Bl6), it is also possible that it is a unique feature of
HD-AIP. The aforementioned 2.5-year-old HD-AIP patient had
uncontrollable seizures and was subjected to porphyrinogenic
stimuli, including a brief ketogenic diet (i.e. low carbohydrate
diet) and cannabidiol, which is metabolized by induction of
the cytochrome P450 isozymes 2C19 and 3A4 (38). However,
the patient did not develop acute attack symptoms or further
elevations of urinary ALA and PBG (Yasuda et al.,, unpublished
data). To the best of our knowledge, thus far, there have been
no reports of acute attack episodes in HD-AIP patients.

The current standard treatment for the acute attacks of AIP
is intravenous infusion of hemin, which exerts its therapeutic
effect by providing exogenous heme for the negative feedback
inhibition of hepatic ALAS1. Recent preclinical and phase
I/Il clinical trials have indicated that a liver-directed RNAi
therapeutic targeting ALAS1 mRNA effectively and safely
prevents and treats acute porphyric attacks, therefore emerging
as a promising alternative therapy (24). That baseline hepatic
Alas1 levels were essentially normal in the HD-AIP mice and
were not induced upon exposure to porphyrinogenic stimuli
(Fig. 4A and B; Supplementary Material, Fig. S1) indicates that
therapies that aim to reduce hepatic ALAS1 levels, including
hemin and RNAi therapy, are not expected to be beneficial
for these patients. Indeed, three daily intravenous adminis-
trations of hematin (4 mg/kg) to the R167Q*+ mice (n = 5)
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resulted in only slight decreases of plasma ALA (0.67 + 0.06
versus 0.58 + 0.25 pmol/L) and PBG (4.27 + 0.57 versus
3.16 + 0.63 pmol/L). Restoration of liver HMBS activity via liver
transplantation or liver-targeted gene therapy is unlikely to
be beneficial as well, as these therapeutic approaches do not
address the markedly elevated porphyrin precursor levels or
myelination defects in the CNS.

In conclusion, a mouse model that closely mimics the
clinical and biochemical features of HD-AIP was generated. By
comparing these mice with the milder inducible T1/T2 model,
these studies suggest that the severe neurological phenotype
of HD-AIP is due to increased accumulation of ALA and PBG
in the CNS and decreased myelination. Thus, these mice have
provided new insights into HD-AIP disease pathogenesis and
permit future investigations aimed to develop novel therapeutic
approaches for HD-AIP.

Materials and Methods
Prokaryotic expression of Hmbs missense mutations

A ~1.4 kb wild-type murine Hmbs cDNA (RefSeq NM_013551.2)
was subcloned into the pET16b vector (Novagen, Madison,
WI, USA) and designated pET-WT. Mutant constructs carry-
ing the c.500G>A (p.Argl67Glu), c.499C>T (p.Argl67Try) or
€.518_519GC>AG (p.Argl73Glu) substitutions, designated pET-
R167Q, pET-R167W and pET-R173Q, respectively, were generated
using the Qiagen Quickchange site-directed mutagenesis kit
(Valencia, CA, USA) and primer pairs provided in the Supple-
mentary Material, Table S5. The constructs were confirmed by
sequencing and transformed into E. coli BL21 cells (Millipore
Sigma, St. Louis, MO, USA). Following growth in LB medium,
induction with 1mM Isopropyl-p-D-1-thiogalactopyranoside
(IPTG) and inoculation for 4 h, the cells were lysed and the
supernatants were used to assay HMBS activities as previously
described (39).

Construction of targeting vectors and generation of
HD-AIP mice

A 129/SvEv murine BAC clone containing the entire genomic
Hmbs gene was obtained (clone RPCI22.HYB; Thermo Fisher
Scientific, Carlsbad, CA, USA) and gene-targeting constructs
were generated as depicted in Figure 1A. In brief, an 8.3 kb
genomic fragment spanning introns 5 (Pmll) to 15 (Sbfl) of
the Hmbs gene was isolated and subcloned into the pKO
Scrambler vector (Stratagene, La Jolla, CA, USA), designated
pKO-Hmbs. The c¢.500G>A (p.R167Q) and c.518_519GC>AG
(p-R173Q) mutations were individually introduced into exon
10 using Qiagen Quickchange site-directed mutagenesis kit.
Additional subcloning steps were performed to ensure that
additional unexpected mutations were not introduced. A LoxP-
flanked Neomycin cassette carrying a novel Ncol site was
inserted into intron 9 for positive selection with G418. The
two targeting constructs were sequence-confirmed, linearized
and simultaneously electroporated into male Sv129/C57Bl6
hybrid ES cells. Correct targeting of ES cells was confirmed by
PCR screening and subsequent Southern blot analysis, using
an external cDNA probe spanning exons 3-5 (Fig. 1B). The
‘knocked-in’ mutations were verified by sequence analysis and
targeted ES cells were microinjected into C57/Bl6 blastocysts
using standard procedures.

Animal studies

Animal procedures were reviewed and approved by the
Icahn School of Medicine Institutional Animal Care and Use
Committee. Early development, including reflexes (surface and
air righting, grasping), physiologic milestones (eye opening,
pinnae detachment), sensory function (ear twitch and auditory
startle) and strength (bar holding), was evaluated every day from
postnatal day 2, according to previously described methods (40).
Open-field testing (one 3 min trial) was performed on postnatal
days 9, 12, 15, 18 and 21, as previously described (41), to evaluate
motor development and coordination, including the ability to
rear, sit and jump. For rotarod analysis, the mice were trained
for 3 days (two trials per day, 60 s maximum per trial) and
tested on the fourth day, at a rotation speed of 16 rpm (two
trials per day, 180 s maximum) at 2, 6 and 12 months (13,24). For
all other studies, 1- to 3-month-old male mice were used, unless
specified otherwise. The R167Q** mice are on Sv129/C57Bl6
mixed background, while the T1/T2 mice are congenic C57Bl6.
Thus, Sv129/C57Bl6 and C57Bl6 wild-type males were used
as R167Q** and T1/T2 controls, respectively. Of note, when
the R167Q line was backcrossed onto the C57Bl6 background,
homozygous R167Q*/* mice were no longer obtained.

Phenobarbital induction was performed as previously
described (10,24), by administering 110, 120 and 130 mg/kg
per day intraperitoneally (i.p.), or at reduced doses (80, 90 and
100 mg/kg per day, i.p.) when given in combination with DDC
(20 mg/kg per day, oral gavage). PCN (100 mg/kg per day) was
administered for three consecutive days via i.p. injection. Urines
(24 h) were collected in metabolic cages, while plasma samples
were collected via the facial vein technique. For CSF collection,
mice were deeply anesthetized with ketamine/xylazine and
their dura mater were exposed. 75 mm x 1.2 mm capillary tubes
that were modified to have pointed ends were carefully inserted
into the cisterna magna and CSF was collected by capillary
action. Mice were deeply anesthetized and euthanized at the
indicated times by cardiac perfusion with phosphate-buffered
saline, unless specified otherwise. Tissues were harvested,
snap frozen in liquid nitrogen and stored in the dark at —80°C
until use.

HMBS enzyme activity and porphyrin/porphyrin
precursor assays

Tissues were homogenized on ice in three volumes/tissue weight
of chilled reporter lysis buffer (Promega, Valencia, WI, USA),
and HMBS enzyme activities were determined as previously
described (39). Plasma, urinary and tissue ALA and PBG concen-
trations were determined by LC-MS/MS (42), while porphyrins
were separated and quantified by UPLC as previously described
(43). Urinary creatinine was measured using a colorimetric assay
based on the picric acid method (44).

RNA extraction and real-time PCR for hepatic Alas1
mRNA quantification

RNA isolation, reverse transcription and real-time PCR were
performed as previously described (24). In brief, total RNA (1 pg)
was isolated from tissues using TRIzol reagent and reverse
transcribed with Superscriptll (both from Thermo Fisher Sci-
entific, Carlsbad, CA, USA). Real-time PCR was performed using
predesigned Tagman assays for Alas1 (Thermo Fisher Scientific,
Assay ID: Mm01235914_m1) and B-actin (Mm02619580_g1), and
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transcript levels were quantitated with an ABI Prism 7900
sequence detection system. Relative Alasl mRNA levels were
calculated by the comparative C; method using B-actin as an
internal control. Experiments were performed in triplicates.

Quantification of total heme content in brain and liver
tissues

CNS and hepatic tissues (~100 mg) collected from the saline-
perfused mice were mixed with 40 pL of 50 mM potassium
phosphate (KPi) buffer, pH 7.4 and ground up in a Potter-
Elvehjem glass-teflon homogenizer with 10 pairs of up and
down strokes. Protein concentrations of the homogenates were
determined using bicinchoninic acid reagent and adjusted to
10 mg/mL with KPi buffer. Extraction solvent (EA) was prepared
by mixing four volumes of ethyl acetate to one volume of
glacial acetic acid. Homogenates (50 pL) were mixed with freshly
prepared EA (200 pL), vortexed vigorously for 60 s and then
centrifuged at 16 000g for 30 s. The resulting supernatant,
~90% of the original volume, was collected into a new tube.
A total of 10 pL of the extract was injected into a Waters
Acquity UPLC system, which included a binary solvent manager,
sample manager, photodiode array detector (PDA), fluorescence
detector (FLR), column heater and an Acquity UPLC BEH C18,
1.7 pM, 2.1 x 100 mm column. The PDA was set to measure
hemin absorbance at 398 nm while the FLR was set to measure
fluorescence of protoporphyrin IX (PPIX) at 404 nm excitation
and 630 nm emission. Flow rate was 0.4 ml/min. Solvent A was
0.2% aqueous formic acid, while solvent B was 0.2% formic acid
in methanol. Each sample injection was run at 60°C for 7 min.
The following were the successive linear gradient settings for
run time in min versus solvent A: 0.0, 80%,; 2.5, 1%,; 4.5, 1%, 5.0,
80%. For standards, extract solutions of known concentrations
of authentic hemin and PPIX initially dissolved in 1% aqueous
trimethylamine, and then diluted with buffer, were used. Heme
content was expressed as nmol/g tissue weight.

Western blot analyses to evaluate MBP levels in brain
tissues

Cerebrums were homogenized in chilled lysis buffer [62.5 mM
Tris-HCl, 2.5% SDS, 0.002% Bromophenol Blue, 5% B-mercapto-
ethanol, 10% glycerol, pH 6.8] and total protein lysates (~20 pg)
were denatured and separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and then
transferred to a polyvinylidene difluoride (PVDF) membrane.
The membranes were blocked with 5% non-fat dry milk in
buffer (50 mM Tris, 150 mM NacCl, pH 7.6 and 0.05% Tween-20)
for 1 h at room temperature, incubated with anti-human MBP
antibody (Santa Cruz Biotechnology, cat# sc-376995, Dallas, TX,
USA) overnight at 4°C (1:2000 dilution), and then incubated with
HRP-conjugated anti-mouse IgG antibodies (1:20 000 dilution)
for 45 min at room temperature. Signals were detected using the
Chemiluminescence HRP substrate (Millipore Sigma, Burlington,
MA, USA). The membranes were stripped and re-probed with
anti-GAPDH antibodies (Abcam, cat# ab125247, Cambridge,
MA, USA), and subsequently, HRP-conjugated anti-mouse IgG
antibodies, to normalize loading amounts.

Histological studies of CNS and femoral motor nerves

Quadriceps nerves were fixed in 3% glutaraldehyde for a min-
imum of 24 h, EPON embedded and sectioned to 1 pum, then
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stained with toluidine blue staining using standard procedures.
Brain and spinal cord tissues were collected from mice that were
intracardially perfused with saline and fixed overnight in 4%
formalin. Specimens were sectioned to 15 pm and H&E and Nissl
staining were performed using standard procedures.

Ex vivo micro-MRI analyses to quantify brain and
myelin volume

10- to 12-week-old mice were euthanized and brains were post-
fixed with a mixture of formaldehyde and 0.5% gadolinium-
based contrast agent, Prohance (Bracco Diagnostics Inc., Monroe
Township, NJ, USA), for 48-72 h. Ex vivo 3D MR images were
acquired using a 15.2 T Biospec horizontal bore scanner (Bruker
BioSpin, Ettlingen, Germany) with BFG6S-100 actively shielded
gradient system (1 T/m maximum gradient strength). A four-
channel receive coil (Bruker BioSpin) was used. Fast low-angle
shot (FLASH) 3D sequence was used with TR/TE 150/5.6 ms,
1.6 x 1.6 x 0.8 cm?® field of view, 40 x 50 x 50 um? spatial
resolution, 6 averages. Total imaging time was 13 h.

All images were first bias-corrected using SPM 12 software.
Each 3D image was manually segmented using Amira 6.1
(Visualization Science Group, Burlington, MA, USA). Paxinos’
mouse brain atlas (45) was used as a reference. Total brain
volume was calculated based on manual segmentation, while
total white matter (myelin) volume was delineated based on
automated segmentation and signal intensity threshold. All
volumetric measurements were done in Amira 6.1, and final
volumes are given in mm3.

Statistical analyses

Statistical analyses were performed by unpaired one-tailed
Student’s t-test. Differences of P < 0.05 were considered
statistically significant.

Supplementary Material

Supplementary Material is available at HMG online.
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