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Qriginal Article

Three-year follow up of term and near-term infants treated with
inhaled nitric oxide

HIROYUKI ICHIBA,! SATOKO MATSUNAMI,? FUMIHIDE ITOH,? TORU UEDA,?
YUKINOBU OHSASA? AND TSUNEKAZU YAMANO!

'Department of Pediatrics, Osaka City University Graduate School of Medicine, and *Department of
Pediatrics, Osaka City Sumiyoshi Hospital, Osaka, Japan

Background: The present study describes the outcome at 3 years in term and near-term infants treated with
Methods: The study population consisted of 18 infants delivered at > 34 weeks by best obstetric estimate who

Results: Bighteen infants (mean gestational age 38.5+ 2.6 weeks, mean birthweight 3015 + 587 g) were
treated with iNO. The mean oxygenation index before iNO was 27.2 + 15.2. Responses t0 iNO were classified
into three groups: (i) early response in eight infants; (ii) late response in two; and (ili) poor response in eight
infants. Three infants died within seven postnatal days. Fifteen surviving infants were followed up to 3 years.
The mean developmental scale was 98.4+9.0. One infant was diagnosed with severe neurodevelopmental
disability due to cercbral palsy. Another infant was diagnosed with mild neurodevelopmental disability
because of a low developmental scale. No infant showed significant hearing loss. Five infants had reactive
airway disease (RAD) at 18 months, these infants required a significantly longer duration of mechanical
veatilation in their neonatal period than non-RAD infants (P = 0.02). The frequency of survival with normal
neurodevelopmental outcome was significantly higher in the early response group than the late or poor

Conclusion: In iNO-treated PPHN, mortality and neurodevelopmental outcome were associated with

Abstract

inhaled nitric oxide (iNO) for persistent pulmonary hypertension of the newborn (PPHN).

were admitted to the neonatal intensive care units with a diagnosis of PPHN.

response groups (P = 0.03).

response to iNO, and pulmonary outcome was associated with duration of mechanical ventilation.
Key words -

Persistent pulmonary hypertension of the newborn (PPHN) is
a neonatal respiratory disorder characterized by elevated
pulmonary vascular resistance, extra-cardiac right-to-left
shunting, and severe arterial hypoxemia. Persistent pulmonary
hypertension of the newborn causes significant morbidity and
mortality. The conventional management of PPHN has
included hyperventilation, intravenous vasodilators, inotropic
agents, and volume expanders. Extracorporeal membrane
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machi, Abenoku, Osaka 545-8585, Japan.
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persistent pulmonary hypertension of the newborn, inhaled nitric oxide, follow up, prognosis.

oxygenation (ECMQ) has been performed in infants who
showed a poor response to conventional management.

Nitric oxide (NO) is an endogenous vasodilator produced
in endothelial cells. Inhaled NO (iNO) is a selective
pulmonary vasodilator and it does not affect systernic
vascular resistance because of immediate inactivation in
pulmonary blood vessels. The first reports of iNO therapy in
severely hypoxic newborn infants showed dramatic
improvements in oxygenation.'? In recent years, iNO
therapy has reduced the requirements for ECMG in severe
PPHN infants.>* Although iNO therapy is commonly used
in near-term newborn infants with PPHN, there are only
four follow-up reports concerning long-term outcome.’-*
Moreover, no report has investigated the association of
neonatal clinical data with a long-term outcome. The present
article describes the outcome at 3 years in PPHN infants
treated with iNO.
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Methods

The study population observed from 1996 to 1998 consisted
of 18 infants who were delivered at =34 weeks by best
obstetric estimate and admitted to the neonatal intensive care
units of Osaka City University Hospital or Osaka City
Sumiyoshi Hospital with a diagnosis of PPHN.

All infants were treated with iNO. Eligibility criteria
included less than seven days of age, evidence of PPHN
defined by echocardiography (right-to-left shunting across
the patent ductus arteriosus and/or foramen ovale), presence
of severe systemic hypoxemia (PaQ, <80 torr on FiQO, 1.0),
and failure to respond to conventional intensive therapies as
defined in the Japanese Neonatal Inhaled NO Therapy Study
Group.? Patients who had a structural cardiac anomaly were
excluded.

The initial dose of iNO was 10 p.p.m. This was changed to
the minimal dosage that sustained adequate oxygenation. The
maximum dose was 40 p.p.m. Medical management of PPHN
was performed simultaneously, and this included conventional
mechanical ventilation or high frequency oscillatory ventila-
tion, inotropic agents (dopamine and dobutamine), and volume
expanders. Hyperventilation was not performed.

Responses to iNO were classified into three groups
according to the reduction in oxygenation index (Ol = mean
airway pressure x FiO,/Pa0, x100) from baseline with iNO.
An early response was defined as an OI reduction below 10
within 1 h after iNO initiation.

A late response was defined as an Ol reduction below 10
within 1-24 h after iNO initiation. A poor response was
defined as OI > 10 during 24 h after iNO initiation.

All studied infants who survived were followed up at
4 months, 10 months, 18 months, and 3 years. Neurologic
and developmental evaluations were performed by pediatricians
and pediatric psychologists. The Japanese standard develop-
mental scales (Kyoto Scale of Psychological Development
or Tsumori Inage Scale of Psychological Development) were
used at 3 years for the developmental evaluation of the
studied infants. The auditory brainstem response (ABR) was
used to screen hearing of the infants at 4 and 18 months.
Severe neurodevelopmental disability was defined as a
developmental score <70 or an abnormal neurclogical
finding including hypotonia or hypertonia which impaired
normal function. A mild neurodevelopmental disability was
defined as a developmental score between 70 and 84, or an
abnormal neurological finding that did not impair normal
function. Reactive airway disease (RAD) was defined as

frequent wheezing episodes that required chronic broncho-’

dilator therapy or hospital admission.

Continuous variables were analyzed by Student’s t-test.
Categorical -variables were analyzed by Fisher's exact
probability test or chi-squared test. Findings associated with
a value of P < 0.05 were considered significant.
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Table 1 Response to inhaled nitric oxide according to diagnosis
associated with persistent pulmonary hypertension of the newbomn

Response (no. cases)
Early Late Poor

Diagnosts

Meconium aspiration syndrome 4 1 6
Pneumonia 2 ¢ 0
Pneumothorax 1 0 o
Respiratory distress syndrome 1 ¢ 0
Dry lung syndrome ¢ I 0
Congenital diaphragmatic hernia 0 G 1
Hypoplastic lung 0 0 i

Table 2 Three-year cutcome of studied infants (# = 15)

Qutcome No. cases (%)
Severe neurodevelopmental disability 1(6.7)
Mild neurodevelopmental disability 1(6.7)
Abnormal auditory brainstem response finding 0{0.0)
Reactive airway disease at 18 months 5(33.3)
Reactive airway.-disease at 3 years 2(13.3)

Resulis

Eighteen infants were treated with iNO. The mean
gestational age was 38.5 + 2.6 (mean + SD) weeks, and mean
birth weight was 3015+ 587 g. The diagnoses associated
with PPHN were meconium aspiration syndrome (MAS) in
11 infants, congenital pneumonia in two infants, and pneu-
mothorax, respiratory distress syndrome (RDS), dry lung
syndrome (DLS), congenital diaphragmatic hernia (CDH),
and hypoplastic lung in one infant each. The mean OI before
initiating iNQ therapy was 27.2+15.2. An early response
was noted in eight infants, a late response in two infants, and
a poor response in eight infants. Three infants treated with
extracorporeal membrane oxygenation after iNO treatment
had failed died within seven postnatal days.

The responses to INO therapy according to diagnoses
associated with PPHN are shown in Table 1. All infants with
congenital pneumonia, pneumothorax, RDS, and DLS
showed early or late responses. In contrast, with the 11 MAS
infants, four showed an early response, one showed a late
response, and six showed a poor response. The infants with
both CDH and hypoplastic lung showed poor response.

The 3-year outcome of the infants studied is shown in
Table 2. None of the infants died during the follow-up
period. Fifteen surviving infants were followed to 3 years of
age. The mean * SD value on the Kyoto Scale of Psycho-
logical Development was 98.4 + 9.0 (z = 14). One infant was
diagnosed with severe neurodevelopmental disability due to
cerebral palsy impairing normal motor function.
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Table 3 Mean neonatal respiratory parameters in infants with
reactive airway disease (RAD) versus those without RAD at 18
months

Parameter With RAD Without RAD P

No. infants 5 10

Duration of MV (days) 15.1+52 58+04 0.02

Ol before INO 19.1+£9.5 29.2+13.6 0.13
. Duration of iNO (h) 5481106 43.4+98 0.50

MV, mechanical ventilation; OI, oxygenation index; iNO,
inhaled nitric oxide.

Table4 Relationship beiween the response to inhaled nitric oxide
(iNO) therapy and outcome

Table5 Relationship between responses to inhaled nitric oxide
(iNO) therapy and outcome

Response to iNO Qutcome {no. cases)*
Death or disability Normal
Early response 0 8
Late or poor response 5 5
*P=0.03.

Table 6 Relationship between the severity of persistent
pulmonary hypertension of the newborn before inhaled nitric oxide
(iNO) therapy and outcome

Qutcome (no. cases)*
Death  Disability Normal

Oxygenation index before iNO

Response to iNO Qutcome (no. casesy*

Death Disability Notmal
Early response 0 0 8
Late response 0 1 1
Poor response 3 1 4

*P = (.08,

One infant was diagnosed with mild neurodevelopmental
disability with a developmental scale of 74. No infant
showed abnormal ABR findings. Five infants had RAD at 18
months, but three had a spentaneous resolution at 3 years. No
significant differences were observed between the RAD and
non-RAD infants in the family histories of asthma or atopic
disease. Infants who had RAD at 18 months required a
significantly longer duration of mechanical ventilation (MV)
in their neonatal period than non-RAD infants (P = 0.02). No
significant differences were observed between the RAD and
non-RAD infants with respect to the OI before iNO therapy
and the duration of iNO therapy (Table 3).

The relationship between the responses to iNO therapy
and outcome is shown in Table 4. All infants with an early
response survived and showed normal neurodevelopmental
outcome at 3 years of age, while some infants with late or
poor response died or had a neurodevelopmental disability
(Table 4). The frequency of survival with normal neurodevel-
opmental outcome was significantly higher in the early
response group than the other groups (P =0.03; Table 3).
Table 6 shows the relationship between the OI before INO
therapy and outcome. The outcome was not associated with
the severity of PPHN before iNO therapy.

Discussion

We report the outcome at 3 years in PPHN infants treated
with iNOQ, and, for the first time, the association of neonatal
clinical data with a long-term outcome. The response to iNO

<20 2 0 5

2140 0 1 5

=40 1 1 3
*P =053,

therapy varied with the etiology of PPHN. Yamaguchi et al.
classified the pathogenesis of PPHN into two groups:
vascular disease and mixed disease, where mixed disease
included vascular plus interstitial, alveolar and/or airways
disease. Infants with vascular disease showed a significantly
better response than those with a mixed disease. In our
population, three infants with poor response to iNO died in
the early neonatal period; all had mixed disease.

Four studies report on the neurodevelopmental outcome
of infants with PPHN treated with iNO3* Rosenberg et al.
reported that of 51 infants at 1 year (11.8%) and at 2 years,
12.1% had severe neurodevelopmental disability and the
neurodevelopmental outcome appeared similar to that
reported in ECMO populations.” The mean developmental
scale in the study patients was within the normal range.
These results are consistent with neurodevelopmental
outcome at 3 years in our population. By contrast, the
national inhaled nitric oxide study group* and Lipkin er al¢
report 2 higher incidence of neurodevelopmental disability.
In the present study, the frequency of survival with normal
neuro-developmental outcome was significantly higher in the
early response group than the late or poor response groups.

Moreover, no significant correlation was found between
Ol before iNO and the outcome. These results suggest that
outcome is associated with the response to iNO therapy,
rather than the severity of PPHN. Poor outcome in infants
with PPHN has been considered to be partially associated
with hyperventilation therapy.®®"" This therapy causes
prolonged hypocapnea that leads to intense cerebral vasocon-
striction, possibly resulting in cerebral hypoxemia.'?
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However, PPHN infants treated with iNO may not require
hyperventilation therapy. We did not include hyperventila-
tion therapy. Thus, damage of the central nervous system in
infants treated with iNO may be caused by the underlying
disease which produces perinatal or neonatal hypoxic-
ischemic insults. Infants with late or poor response arc
exposed to prolonged hypoxia, which can cause damage 1o
the central nervous system.

In our population, no infants had significant sensorial
hearing loss at 3 years. The prevalence of sensorial hearing
loss in infants with PPHN has been reported elsewhere from
0 to 100% at 3 months to 4 years of age.!* Although the
prevalence of sensorial hearing loss in infants receiving
hyperventilation therapy is reported to be 20-100%,'* Marron
et al. report a 0% incidence in infants without hyperveatila-
tion therapy.i* Hyperventilation therapy causes prolonged
hypocapnea that can lead to intense cerebral vasoconstriction,"
resulting in hypoxemia of the auditory nuclei. Sensoral
hearing loss might also involve an influence of atkalosis on
the sodium-potassium pump or the chemical composition of
the endolymph, which has an impact on the perception of
sound.™ Infants with sensoria] hearing loss have not been
reported in any other study of iNO therapy. Inhaled nitric
oxide therapy, by making hyperventilation therapy unneces-
sary, may teduce the prevalence of sensorial hearing loss in
infants with PPHN.

Nitric oxide is a free radical, which forms peroxynitrite or
nitrogen dioxide in the setting of a high oxygen concentration.
Peroxynitrite and nitrogen dioxide are associated with lung
injury.’s Inhaled nitric oxide therapy, therefore, may
potentially injure the neonatal lung. In our population, five of
15 (33.3%) infants had RAD at 18 months, but three infants
showed spontaneous resolution by 3 years. Reactive airway
disease was associated with the duration of MV, rather than
the severity of PPHN or the duration of iNO therapy. Dobyns
etals found that iNO therapy for PPHN did not alter lung
function during the early infancy. Moreover, lung function was
not significantly different in a preterm lamb model of hyaline
membrane disease between those treated with iNO and control
animals.’® These results suggest that iNO therapy is not
associated with lung injury and RAD in this population, and is
more likely to be associated with barotrauma or volutrauma."”

In conclusion, we showed for the first time in iNO-treated
PPHN that mortality and neurodevelopmental outcome are
associated with the response to iNO therapy; pulmonary
outcome was associated with the duration of MV, rather than
the duration of iNO therapy.
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A single intravenous injection with 4 x 10° PFU of recombi-
nant adenovirus encoding mouse B-galactosidase cONA to
newborn mice provided widespread increases of g-galacto-
sidase activily, and attenuated the development of the
disease including the brain at least for 60 days. The §-
galactosidase activity showed 2-4 times as high a normal
activity in the liver and lung, and 50 times in the heart. In the
brain, while the activity was only 10-20% of normal, the
efficacy of the treatment was distinct. At the 30th day after
the injection, significant attenuation of ganglioside GM1
accumulation in the cerebrum was shown in three out of
seven mice. At the 60th day after the injection, the amount of

ganglioside GM1 was above the normal range in all treated
mice, which was speculated to be the result of reaccumula-
tion, However, the values were still definitely lower in most of
the treated mice than those in unireated mice. In the
histopathological study, X-gal-positive cells, which showed
the expression of exogenous B-galaclosidase gene, were
observed in the brain. It is noteworthy that neonatal
administration via blood vessels provided access to the
central nervous system because of the incompletely formed
blood-brain barrier.

Gene Therapy (2003) 10, 1487-1433. doi:10.1038/
5j.g1.3302033
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Introduction

A number of therapeutic expériments using the murine
models have been performed for various lysosomal
enzyme deficiencies, such as mucopolysaccharidosis
VI (MPS VII) mouse.'? For the treatment of lysosomal
storage disease (LSD), the enzyme does not necessarily
need to be produced within the affected cells, but can be
taken up from the extracellular milieu via binding to
mannose-6-phosphate receptors on the cell surface in
many of the lysosomal enzymes? Thus, the deficient
enzyme can be supplied with the administered enzyme
protein or the secreted enzyme from the transplanted
normal cells or genetically reconstructed cells secreting
the enzyme protein. This ability of cells to internalize
Iysosomal enzymes and direct them to the lysosomal
compartment forms the biochemical basis of the poten-
tial for the therapeutic strategies. for LSD.

Enzyme replacement therapy (ERT),** bone marrow

transplantation (BMT),#7 and gene transfer*® have been
studied in animals and in humans with LSDs. ERT is
clinically available for Gaucher disease” and Fabry
disease’® as medicine in many countries, and they are

Correspondence: Dr A Tanaka, Department of Pediatrics, Osaka City
University Graduate School of Medicine, 1-4-3 Asahi-machi, Abeno-ku,
Osaka 545-8585, Japan
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very effective. ERTs for MPS 1, 11, and glycogen storage
disease type Il are ongoing to clinical uses. However, the
effects of ERT are transient, requiring repeated adminis-
trations of the enzyme protein throughout life to
maintain activity and to prevent the disease. Moreover,
no effect is shown on the brain because of the blood-
brain barrier. BMT is effective on the somatic involve-
ment of LSDs.8" However, the uses of BMT are limited
for the lack of appropriate donors, or morbidity
associated with allogeneic transplantation. Moreover,
bone and the brain are the exceptions to the effects of
BMT. Gene transfer using virus vectors via blood vessels
is also effective on various organs.” The transduced cells
would make the enzyme protein from the transferred
gene to be reconstituted, and the enzyme protein
could be secreted from the cells and be delivered
to uninfected cells locally or distantly. However, only
direct injections of the gene into the brain or into the
ventricle have been shown to be effective on the central
nervous system.'”’¢ The blood-brain barrier blocks
the enzyme protein-mediated correction or the gene
transfer into the brain in any of these approaches.
According to the previous literatures, neonatal treat-
ments of ERT or BMT provide a more complete
correction in many organs, even in the brain.'**7 It has
been reported that neonatal gene transfer in MPS VII
mouse provided sufficient effects on most tissues
including the brain.'s'?
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‘We focused our studies on the treatment of the brain
for GM1 gangliosidosis. GM1 gangliosidosis is a member
of LSDs, which shows a progressive neurological disease
in humans caused by the genetic defect of lysosomal acid
B-galactosidase that hydrolyses the terminal P-galactosi-
dic residue of ganglioside GM1 and other glycoconju-
gateés.? The defects of the B-galactosidase activity result
in an accumulation of ganglioside GM1 in various organs
especially in the brain, which causes the progressive
neurodegeneration. Since the gene transfer by intracra-
nial injection is an invasive therapy for the patients, we
carried out our study of treating the brain by intravenous
gene transfer for the murine model of GMI1 gang-
liosidosis. As it is speculated that protective protein/
cathepsin A is needed for B-galactosidase stabilization, $-
galactosidase may not be amenable to treatment by the
overexpression from the exogenous gene. However, we
could show that intravenous gene transfer into the brain
was reliable in neonatal period and a small amount of
p-galactosidase activity would be sufficient for the brain
to prevent the disease progression. It is obvious that the
success of the brain therapy in GM1 gangliosidosis
mouse provides a promising tool for the brain treatment
of LSDs in general.

Results

Enzyme activity
B-Galactosidase activity in HeLa cells and in the culture
medium infected at multiplicity of infection (MOI) 40 by
the recombinant adenovirus vector carrying mouse f-
galactosidase ¢cDNA were 3-5 times and 40-50 times
higher than in the cells and in the medium with mock
infection, respectively (data not shown).
B-Galactosidase activity in each organ obtained at the
30th and 60th days after the injection was shown in

Table 1 p-Galactosidase activity in each organ

Table 1. In treated mice, the B-galactosidase activity of
the liver and the heart increased definitely in every
sample, while the- activity of other organs did not
increase in a few samples. The maximum increase of
the activity was remarkable in the liver, lung, and the
heart. The activities at the 60th day were lower than
those at the 30th day in most of the samples. Very large
deviation values in the increased activities were seen in
every organ. Figure 1 shows the activities in each organ
of each mouse at the 30th day. The levels of the activity in
each organ showed a similar feature among the mice, but
the ratio of the increased activity in each organ was very
different and did not show a parallel view among the
mice. A slight increase of -galactosidase activity in the
brain was detected, and the increases in some mice were
significant as shown in Table 2.  ~
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Figure 1 f-Galactosidase activity in tissue homogenates at the 30th day
after treatment (n=7). The values of each organ were connected with lines
individually. The activities in the organs did not show parallel increase.

Organ Treated Untreated Normal
30th day n=7 n=6 n=5
Cerebrum 0.62-11.6 2454146 67.1111.1
Cerebellum 0.60-11.5 ND i 45346.5
Liver 35.6-415 1.17+0.57 4844222
Spleen 478-129 4.27+0.66 145427
Lung 3.65-965 4.45+1.81 7774148
Heart 57.9-1940 2.00+£1.12 286+2.1
Kidney 2.72-558 16.6 +7.87 101+16
Thymus 0.332-58.8 2194071 9331256
Pancreas 0.78540.3 120+0.34 5271129
60th day n=10 n=9 n=4
Cerebrum 1.83-16.1 2534039 426+16.1
Cerebellum ND ND ND
Liver 22.6-201 1331041 89.5+12.6
Spleen 22.5-94.5 103142 221465
Lung 28.5-351 4761238 75.04+9.2
Heart 112-1510 1.39+£0.28 212+32
Kidney 8.59-73.5 124+4.2 11118

- Thyrnus 3.04-141 3.2240.58 112428
Pancreas 0.482-174 1.03£0.32 78.5+33.0

The values were shown by the range of activity in the treated mice and by mean value +15D of activity in untreated mice and in normal mice

of each organ (unit: nmol/mg/h). ND, not determined.
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148
Table 2 B-Galactosidase activity and the amount of ganglioside GM1 in the brain
B-Galactosidase activity (nmolfmgfh) Ganglioside GMI (umolfgh

Mouse no. Cerebrum Cerebrum Cerebellum
30th day
Treated 1 6.15° 1.03° 0.81
2 0.939 1.57 1.18
3 0.615 201 1.68
4 157 204 0.68
5 11.6° 0.49< 0.72
6 6.16" 0.48° 0.29¢
7 8.46" 0.36° 0.28°
Untreated (n=8)4 3381214 1.68+0.23 1.241+0.58
Normal (n=7)4 67.4+19.1 0.1740.08 0.2630.23
60th day
Treated 1 2.62 2.16° 235
2 4.36° 233 0.80¢
3 16.1% 0.99¢ 0.35°
4 247 1.79° 3.02
5 271 40 1.63
6 1.83 4.56 1.61
7 8.59° 2.06° 1.07¢
8 4.63° 1.97¢ 1.63
9 8.30° 1.64 1.54
10 6.22° 1.88° 1.22¢
Untreated (n=12)* 2654045 3.224£1.00 2.19+0.94
Normal (n=6) 4584122 0.32+0.07 0.20+0.04
*Shown in pmol/g wet weight of tissue.
*Higher activity of -galactosidase than mean value 15D of untreated group.
<Lower amount of ganglioside GM1 than mean value 15D of untreated group.
9Shown in meant 15D.
Ganglioside GM1 analysis by thin-layer the 60th day, B-galactosidase activity in the liver still
chromatography (TLC) . showed 25-225% ‘of the normal activity, and the
Figure 2 shows the thin-layer chromatogram of the brain continuous prevention of ganglioside GM1 accumulation
extracts. The accumulation of ganglioside GM1 in the ~ Was observed (data not shown).
brain was almost corrected in some of the treated mice |
at the 30th day after the injection. The accumulation of Histopathological studies .
ganglioside GM1 in the liver was corrected in every ﬂ-Galactosidase-positive cells by X-gal staining were
treated mouse (data not shown). detected in various organs (data not shown) including

Table 2 shows the B-galactosidase activity and the the brain. X-gal stainings of the brain and the liver are
amount of ganglioside GM1 of brain in each treated shown in Figures 3 and 5. Figures 4a and b show anti-
mouse, and the mean+ 15D values in untreated knock-  GM1 ganglioside staining of the brain in treated and
out mice and normal control mice. At the 30th day, four  untreated mouse, respectively. The amount of immuno-
(mouse nos. 1, 5, 6, and 7) out of seven mice showed  reactive materials was definitely less in the treated
higher activity of P-galactosidase and a significant  mouse than in the untreated mouse, indicating attenua-
decrease of ganglioside GMI1 accumulation in the  tion of ganglioside GM1 accumulation by the neonatal
cerebrum. Three mice of the remaining (nos. 2, 3, and  gene transfer. The percentages of the infected cells
4) did not show any increase of the P-galactosidase  counted in the specimen with X-gal staining were 0-1%
activity or attenuation of the disease in the brain. At the  in the brain and 5-10% in the liver.
60th day, five (mouse nos. 3,7, 8, 9, and 10) out of 10 mice 4
showed higher activity of p-galactosidase corresponding
to the decrease of ganglioside GM1 in cerebrum. An Discussion
excellent efficacy was shown in mouse no. 3, which still
had a significant higher activity of B-galactosidase and a A single intravenous injection of recombinant adeno-
lower amount of ganglioside GM1 accumulation. The  virus encoding mouse P-galactosidase cDNA for new-
amounts of ganglioside GM1 were significantly lower in  born mice provided widespread increases of f-
most of the treated mice than those in the untreated mice,  galactosidase activity and attenuated the development
but were definitely higher than those in normal mice. of the disease including the brain at least for 60 days.

In the liver, f-galactosidase activity showed 73-857% It is noteworthy that neonatal administration via blood
of the mean value of normal activity at the 30th day, vessels provided access to the brain, and it is a
which resulted in the prevention of ganglioside GM1  noninvasive method. Although the activity in the
accumulation almost completely (data not shown). At  treated brain was not remarkable, the accumulation of

- Gene Therapy
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ganglioside GM1 was attenuated definitely in three out
of seven mice at the 30th day (Table 2, mouse nos. 5, 6
and 7). The efficacy was clearly confirmed by biochem-

1 2 3 4 5 6
Figure 2 Thin-layer chromatography of lipids in the brain tissue extracis.
Lanes 1 and 2, treated mouse; 3 and 4, untreated mouse; 5 and 6, normal
mouse. Each sample was applied on two separate lanes to confirm the
measurement. Each lipid extract from 4 mg in wet weight of cerebrum was
applied on TLC plate. The separated lipids were visualized by resorcinol
spray. The arrow indicates the band of ganglioside GM1. The pattern of
TLC and the amount of ganglioside GM1 in the treated mice were similar
to those of normal mouse. Each one of the two lanes from the same samyples
showed completely the same patfern of chromatogram and the values
obtained by densitometric gantification were almost equal.

jcal analysis of TLC (Figure 2} and histochemical analysis
of immunostaining (Figure 4a and b). It is consistent with
the clinical fact that a very slight residual catalytic
activity in the patients attenuates the symptoms, and
results in a mild phenotype.®® At the 60th day after the
treatment, the amount of ganglioside GM1 was above the
normal range in all treated mice, which was speculated
to be the result of reaccumulation. However, the values
were still definitely lower in most of the treated mice
than those in untreated mice (Table 2). The continuous
activity of p-galactosidase about 15-20 nmol/mg/h (20%
of normal activity) in the brain would be sufficient to
prevent the disease.

A small number of cells stained with X-gal, which
means the expression of B-galactosidase activity in the
cells, were found in the cerebrum of the mice with good
efficacy at the 30th day after treatment (Figure 3). These
cells were away from the blood vessels and appeared to
be neuronal cells from their shape, which leads to the
speculation that adenovirus particles got into the brain
through the blood-brain barrier via blood vessels and
infected the cells.

The efficacy on the attenuation of ganglioside GM1
accumulation was consistent with the increase in B-
galactosidase activity. Good efficacy was observed in the
liver of every treated mouse, while the efficacy was
varied and limited in the brain. The difference in the
efficacy on the brain among the treated mice might be
caused by the different efficiency of adenovirus infection,
which resulted from the different permeability of the
blood-brain barrier. Although the adenovirus injections
were carried out at 2448 h after birth, the maturation of

Figure 3 X-gal staining of the cerebrum in a treated mouse al the 30th day. Several positive-staining cells showing strong blue color were found. They were

speculated to be neuronal cells from their shape. Scale bar=50 pm.

Figure 4 Aniiganglioside GM1 antibody immunostaining of the cerebrum in treated (a), and in untreated (b) knockout mouse at the 30th day. The positive
cells were definitely deceased in the brain of treated mouse. Scale bars=100 pm.
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