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Abstract
Mucopolysaccharidosis type IIIA (MPS IIIA), which is a lysosomal storage disorder (LSD) caused
by inherited deficiency of sulfamidase, is characterized by severe, progressive central nervous
system (CNS) dysfunction. Enzyme replacement therapy (ERT) to treat CNS storage is
challenging, because the access of enzymes to the brain is restricted by the blood–brain barrier
(BBB). In a prior study, we found that phosphorylated β-glucuronidase (P-GUS) could be
transcytosed across the BBB in newborn mice by the mannose 6-phosphate (M6P) receptor. In
order to determine whether sulfamidase can utilize this pathway, we examined brain influx and the
specificity of uptake of sulfamidase after intravenous (IV) injection in 2-day-old and 8-week-old
mice. [131I]Sulfamidase was transported across the BBB in neonates at rates higher than that of
simultaneously injected [125I]albumin. In contrast, the transport of [131I]sulfamidase was
negligible in 8-week-old mice, thereby showing that the BBB transport mechanism is
developmentally downregulated. Capillary depletion revealed that 83.7% of the [131I]sulfamidase
taken up by the brain was in the parenchyma, demonstrating transfer across the capillary wall. The
uptake of [131I]sulfamidase into the brain was significantly reduced by co-injections of M6P and
P-GUS. That is, the transport of sulfamidase into the brain parenchyma in early postnatal life is
mediated by the M6P receptor, which is shared with P-GUS and is likely accessible to other M6P-
containing lysosomal enzymes.

INTRODUCTION
Sulfamidase (N-sulfoglucosamine sulfohydrolase; EC 3.10.1.1) cleaves N-linked sulfates
from nonreducing terminals of heparan sulfates. The native enzyme forms a 115 kd dimer,
composed of two 62 kd monomers,1,2 each with five N-glycosylation sites.3 An inherited
deficiency of sulfamidase causes mucopolysaccharidosis type IIIA (MPS IIIA, Sanfilippo
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syndrome type A), an autosomal recessive lysosomal storage disorder (LSD)4 characterized
by severe progressive central nervous system (CNS) dysfunction in animals and humans.5,6
Patients with MPS IIIA have coarse facial features, mental retardation, hyperactivity,
aggressive behavior, insomnia, diarrhea, and pulmonary infections, leading to premature
death.4,7

Sulfamidase is taken up by receptor-mediated endocytosis through the mannose 6-
phosphate/insulin-like growth factor 2 (M6P/IGF2) receptor, and prevents lysosomal storage
in vitro.8 However, the entry from blood into the brain is restricted at the blood–brain barrier
(BBB) which is made up of capillary endothelial cells, pericytes, perivascular astrocytic
endfoot, and the basal membrane. The delivery of a lysosomal enzyme into the brain will
likely require the elucidation of some transport mechanism for the therapeutic protein.

Intracerebral injection of sulfamidase into the brains of adult rodents reduces lysosomal
storage in the CNS.9 Repeated intravenous (IV) administration of sulfamidase initiated at
birth also reduces abnormal lysosomal storage in the CNS, and prevents the impairment of
memory in MPS IIIA mice.10 However, enzyme replacement therapy (ERT) is effective
only if begun at birth. No histological improvement is observed in the brain if ERT is
initiated as late as 6 weeks after birth. One possible explanation for this phenomenon
appeared to be that the enzyme leaks across an immature BBB. However, we as well as
others have shown that the BBB is not leaky to other proteins at birth.11-13 Further, we
demonstrated that M6P-containing β-glucuronidase, but not nonphosphorylated β-
glucuronidase, crosses the neonatal BBB through a developmentally regulated receptor-
mediated transport mechanism. Here we report that recombinant human sulfamidase crosses
the neonatal BBB through the M6P/IGF2 receptor–mediated transcytosis pathway, a
transporter it shares with phosphorylated β-glucuronidase (P-GUS).

RESULTS
Recombinant sulfamidase production and cellular uptake

Recombinant human sulfamidase was prepared from over-expressing Chinese Hamster
Ovary (CHO) cells secretion medium as described in the Materials and Methods section
(Supplementary Table S1). The purified enzyme had a specific activity of 15,000 U/mg.
Analysis using reducing sodium dodecyl sulfate–polyacrylamide gel electrophoresis
revealed 62 kd (major) and 56 kd (minor) components (Supplementary Figure S1). The
results presented in Supplementary Table S2 indicate that the enzyme is susceptible to
endocytosis by human fibroblasts through the M6P receptor. Figure 1 shows the experiment
to test the ability of purified sulfamidase to inhibit the M6P-dependent endocytosis of P-
GUS. We concluded that the recombinant human sulfamidase is mannose 6-phosphorylated
as was reported by Bielicki et al. (Supplementary Table S2).1

Brain influx of [131I]sulfamidase from serum after IV injection
The concentration–time profile of [131I]sulfamidase and [125I]albumin in the serum after
the IV injection is shown in Figure 2. The serum concentration of [131I]sulfamidase declined
linearly with time after IV injection into 2-day-old and 8-week-old mice. In contrast, the
levels of [125I]albumin in serum were sustained throughout the experiment, regardless of
age.

The brain/serum ratios of [131I]sulfamidase and [125I]albumin in the 2-day-old and 8-week-
old mice are presented in Figure 3. The brain/serum ratios for [131I]sulfamidase increased
linearly with exposure times in 2-day-old mice, and the slope of the regression line deviated
significantly from zero (P < 0.05). Table 1 summarizes the Kin and Vi values. The Kin value
for [131I]sulfamidase was 0.123 ± 0.038 μl/g-min. In contrast, [125I]albumin showed a flat
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regression line (not statistically deviating from zero), giving the Kin value of 0.027 ± 0.046
μl/g-min. The Vi value, estimated from the y-intercept, in 2-day-old mice was 5.86 ± 0.29 for
[131I] sulfamidase and 5.56 ± 0.27 μl/g for [125I] albumin. In 8-week-old mice, there was no
significant brain uptake of either ligand, thereby suggesting that the BBB transport
mechanism for sulfamidase is subject to developmental downregulation. The larger Vi
values for 8-week-old versus 2-day-old mice are consistent with growth and increased
vascularization of the brain.11

In vivo stability of [131I]sulfamidase
In order to determine whether [131I]sulfamidase remains intact after IV injection, its stability
in the brain and serum was examined using high-performance liquid chromatography
(HPLC). Supplementary Figure S2 shows typical HPLC chromatograms of radioactivity for
serum and brain extracts 10 minutes after the IV injection of [131I]sulfamidase in 2-day-old
mice. Intact [131I]sulfamidase and free [131I]Na eluted at 7 and 13 minutes as single peaks,
respectively. Intact [131I]sulfamidase in the serum and brain extract accounted for 97.1 ± 0.1
and 81.9 ± 2.45% of the total radioactivity, respectively. In the brains from other mice, we
determined that degradation of [131I]sulfamidase during extraction was 5.46 ± 0.32% of the
total radioactivity. From these data, we estimated that 87.4% of [131I]sulfamidase in the
brain was intact at 10 minutes after IV injection in 2-day-old mice.

Specificity of [131I]sulfamidase uptake by brain and peripheral tissues
Capillary depletion was conducted in 2-day-old mice to determine how much of the
[131I]sulfamidase in the brain actually was in the brain parenchymal fraction (Figure 4). The
tissue/serum ratio of sulfamidase in brain parenchyma was 0.87 ± 0.19 μl/g and in the
capillary fraction it was 0.17 ± 0.07 μl/g. That is, ~83.7% of the [131I]sulfamidase taken up
by the brain actually entered the brain parenchyma, demonstrating transfer across the
capillary wall formed by the BBB. Approximately 16.3% remained in the capillary fraction
10 minutes after injection in 2-day-old mice.

The [131I]sulfamidase uptake in the brain and peripheral tissues was also examined 10
minutes after IV co-injection of M6P (2 μmol) or P-GUS (0.1 nmol; 30 μg) with
[131I]sulfamidase in 2-day-old and 8-week-old mice (Figures 5 and 6). M6P reduced the
apparent tissue/serum ratios in the brain and heart, and also decreased the apparent uptake in
the liver. P-GUS reduced the apparent tissue/serum ratios of [131I]sulfamidase in the brain,
heart, and liver in 2-day-old mice, but failed to affect the apparent uptake of [125I]albumin in
all the tissues examined, except in the brain. In 8-week-old mice, M6P did not affect the
apparent tissue uptake of [131I]sulfamidase in the brain and peripheral tissues, except in the
kidney. The vascular spaces, as measured by [125I]albumin, were unchanged by the co-
injection of M6P in 2-day-old and 8-week-old mice.

Table 2 summarizes the effects of M6P and P-GUS on the net uptake of [131I]sulfamidase in
the brain and peripheral tissues 10 minutes after IV injection in 2-day-old and 8-week-old
mice. The net uptake in μl/g tissue was calculated by subtracting the vascular space
measured by the μl/g of [125I]albumin from the μl/g of [131I]sulfamidase in each tissue. M6P
and P-GUS significantly inhibited the net uptake of [131I]sulfamidase in 2-day-old mice (P <
0.001 in the brain and lung, P < 0.01 in the heart). In 8-week-old mice, the net uptake of
sulfamidase in the brain was negligible. In the liver, M6P (P < 0.05) and P-GUS (P < 0.01)
significantly inhibited the net uptake of [131I]sulfamidase in 2-day-old mice, and M6P
tended to decrease the uptake in 8-week-old mice. In the kidney, both agents significantly (P
< 0.05) inhibited the uptake in 2-day-old mice, and M6P tended to reduce the uptake in 8-
week-old mice. In the spleen, there was no effect of M6P on the uptake, regardless of age.
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DISCUSSION
The length, density, and inner surface area of the brain capillaries of mice increase after
birth, and reach adult levels ~3 weeks of age.14 During this early postnatal growth, the
function of the BBB shows numerous developmental changes, such as loss and gain of
transport functions for endogenous substances, as well as establishment of tight junctions
between capillary endothelial cells that act as a physical barrier. Cerebral microvessels
forming the BBB align closely with neurons in the brain. Therefore, once a circulating
substance crosses the BBB, it can be immediately available throughout the brain. Tightening
of the BBB occurs at the moment of birth, and the barrier function for serum proteins is fully
developed early in the postnatal period.12,13,15

The M6P/IGF2 receptor is widely distributed throughout fetal tissues including the brain and
is expressed on brain capillaries. Its expression is developmentally regulated, with high
prenatal levels followed by a postnatal decrease.16-18 The M6P/IGF2 receptors present at the
cell surface of most cells participate in the endocytosis of secreted lysosomal enzymes for
subsequent sorting to the lysosome. Recent evidence suggests that they can also mediate
transcytosis of lysosomal enzymes across the BBB in the neonatal mouse. This mechanism
may provide a major transport pathway for lysosomal enzymes across the BBB in neonates.
11

In this study with mice, we observed a significant influx of [131I]sulfamidase into the
neonatal brain, but the influx into adult brains was negligible. In the neonatal brain,
sulfamidase remained mostly intact after uptake, and was localized primarily in brain
parenchyma after IV injection. These results suggest that sulfamidase crosses the BBB from
blood to brain in a biologically active form in neonates. From the difference in brain influx
rate between [131I]sulfamidase and [125I]albumin, one can estimate the neonatal BBB
transport rate for the enzyme. Both M6P and P-GUS inhibited [131I]sulfamidase uptake,
suggesting that the transport process is probably identical to the M6P/IGF2 receptor-
mediated transcytosis process,11 that has recently been shown to transport P-GUS across the
neonatal BBB. It seems plausible, therefore, that all M6P-containing acid hydrolases could
use this receptor as a common transport system across the neonatal BBB in vivo. No M6P
receptor-dependent uptake of [131I]sulfamidase was detected in the adult brain. These results
can explain why ERT was effective in treating CNS manifestations of murine MPS IIIA
only if started at birth.10 Just as the transport of P-GUS, transport of sulfamidase across the
BBB appears to be developmentally regulated, the M6P receptor-dependent process is
present only in the first 2 weeks of life in the mouse. The fact that treatment of adult MPS
IIIA mice did not reverse brain storage can be explained by downregulation of the M6P
receptor in the neonatal period.

The estimated brain influx rate for [131I]sulfamidase was 0.123 μl/g-min in neonatal mice.
The rate is ~58% of the rate measured for P-GUS (0.21 μl/g-min).11 The brain uptake of
[131I]sulfamidase 10 minutes after IV injection in neonates (Figures 1 and 3, and
Supplementary Figure S2) was also found to be lower than that of P-GUS, and lesser
distributions of [131I]sulfamidase were also shown in peripheral tissues including heart,
lung, liver, and spleen when compared with those reported for P-GUS. Although both
sulfamidase and P-GUS are high-affinity ligands for the M6P/IGF2 receptor,19,20 the
difference in the systemic distribution between them can probably be explained by the
difference in the number of M6P residues on the two enzymes, which determines the
efficiency of their uptake. This is supported by data showing that M6P-inhibitable uptake of
sulfamidase by fibroblasts was somewhat lower for sulfamidase than that of P-GUS (data
not shown).
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Although ERT has been effective in addressing many manifestations of LSDs,21 inability to
deliver the enzyme across the BBB after the newborn period remains a challenging obstacle
to the treatment of CNS LSDs. For this reason, the development of strategies for enhanced
delivery of sulfamidase to the brain is of particular importance. Recently, high-dose ERT in
adult MPS VII mice was partially successful in clearing CNS storage.22 The mechanisms of
transport across the BBB in the adult when enzymes are given in such large doses, are not
yet clear.23

This study provides a second example of the M6P/IGF2 receptor-mediated transport across
the BBB in newborn mice at much lower doses, and this is probably a transport process that
is available to all phosphorylated lysosomal enzymes. Utilizing this transport system beyond
the neonatal period could be of benefit in treating many LSDs that produce CNS storage and
neurological disability. Doing so will require discovery of pharmacological methods to
restore the receptor-mediated transcytosis activity seen in the neonate to the adult BBB. We
recently reported that epinephrine restores M6P receptor-mediated transport of infused P-
GUS to levels seen in the neonate.24 This approach could potentially allow delivery of all
M6P-containing ligands across the BBB in the adult and greatly improve the prospect for
treatment of CNS lysosomal storage in many disorders. However, these promising findings
have so far been limited to rodent models. Whether they can be extended to deliver enzymes
across the BBB in humans with LSDs is an important question that needs to be answered by
further research.

MATERIALS AND METHODS
Construction of mammalian expression vector for human sulfamidase

The complementary DNA for human sulfamidase (Image Clone #5226903, Open
Biosystems, Huntsville, AL) was sequenced to confirm the integrity of the complementary
DNA and a 1.8-kb fragment containing the entire coding region subcloned into the
mammalian expression vector, pCXN (pCXN-hsulfamidase).25

Establishment of a CHO-K1 stable cell line expressing recombinant human sulfamidase
We established a CHO-K1 cell line stably expressing human sulfamidase by electroporation
as described earlier 26 and used a highly expressing clone to produce enzyme for purification
from 2-day collections in PF CHO medium (Sigma-Aldrich, St. Louis, MO).

Purification of recombinant human sulfamidase
Conditioned medium stored at −20 °C was thawed, pooled, and filtered through a 0.2-μm
filter, and assayed using 4-methylumbelliferyl-α-N-sulphoglucosaminide.27 The medium
was concentrated by ultrafiltration in an Amicon stirred cell with a BioMax 50, 50,000 MW
cutoff membrane, dialyzed against three changes of 50 mmol/l sodium acetate, 0.025%
NaN3, pH 4.7, centrifuged to remove a substantial precipitate, and applied to a 25 ml column
of SP-Sepharose equilibrated with 50 mmol/l sodium acetate, 0.025% NaN3, pH 4.7. After
washing with 10 column volumes of equilibration buffer, the sulfamidase was eluted with a
0–500 mmol/l NaCl gradient in the same buffer. Selected fractions containing sulfamidase
activity were pooled and concentrated in multiple Centricon-10 units. The concentrate was
applied to a 350 ml Sephacryl S-300 column equilibrated with 50 mmol/l sodium acetate,
150 mmol/l NaCl, 0.025% NaN3, pH 5.0, and eluted using the same buffer. The sulfamidase
peak was located by enzyme assay and the selected fractions were pooled and concentrated
using Centricon-10 units. Batches were analyzed for sulfamidase activity, protein by micro-
Lowry and sodium dodecyl sulfate-polyacrylamide gel electrophoresis + silver stain to
determine purity. P-GUS was produced and purified as described earlier.11
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Endocytosis of human sulfamidase by human MPS IIIA fibroblasts
Culture dishes (35 mm) of GM-312 human MPS IIIA fibroblasts were incubated with 30 U
± 2 mmol/l M6P for 7 hours at 37 °C, 5% CO2. The dishes were placed on ice and washed
5× with ice-cold saline, and then 0.5 ml of 25 mmol/l Tris, pH 7.2, 140 mmol/l NaCl buffer
was added per dish. After being frozen at −20 °C, the plates were thawed and scraped. The
extracts were transferred to 1.7-ml microcentrifuge tubes, freeze-thawed twice, and
sonicated for 15 seconds in a cup horn sonicator. After centrifugation at 14,000g for 5
minutes, the supernatants were removed and dialyzed against 5 mmol/l sodium acetate, pH
4.0, for 6 hours at 4 °C. The dialyzed homogenates were assayed for sulfamidase27 and
protein.28 Uptake values are presented as units of sulfamidase taken up per milligram
protein in 7 hours. The data are compared against the data adapted from Bielicki et al.1

Inhibition of P-GUS uptake by purified sulfamidase
Culture dishes (35 mm) of GM-2784 human MPS VII fibroblasts were incubated with 5,000
U (1 μg) of purified P-GUS, either alone or with the addition of 2.5 or 100 μg purified
sulfamidase ± 2 mmol/l M6P at 37 °C, 5% CO2 for 2 hours. The cells were washed 5× with
ice-cold phosphate-buffered saline, solubilized in 0.5 ml of 1% sodium deoxycholate, and
assayed for P-GUS and protein. The data are presented as the percentages of M6P-
dependent uptake in the control in the presence or absence of purified sulfamidase.

Radioactive labeling
Sulfamidase was radioactively labeled using the iodobead method (Pierce, Rockford, IL)
with [131I]Na (Amersham Pharmacia, Piscataway, NJ), as we reported earlier in the context
of labeling GUS.11 The use of a single iodobead allows controlled iodination, so that both
enzymatic activity and susceptibility to endocytosis by the M6PR are preserved. Labeled,
active enzyme was separated from free iodine on a Sephadex G-10 column. Albumin was
labeled with [125I]Na (Amersham Pharmacia) using the chloramine-T method, and purified
on a column of Sephadex G-10. Each reagent was freshly prepared on the day of the
experiment.

Animals
Male CD-1 mice from our in-house colony were studied at 2 days and 8 weeks of age. The
mice had free access to food and water and were maintained on a 12-hour dark/light cycle in
a room with controlled temperature (24 ± 1 °C) and humidity (55 ± 5%). The studies were
approved by the Saint Louis University Animal Care and Use Committee, and carried out in
a facility approved by the Association for Assessment and Accreditation of Laboratory
Animal Care.

Drug administration and experimental procedures
Mice were anesthetized with isoflurane before receiving an IV injection of [131I]sulfamidase
with [125I]albumin (550,000 cpm of each) into the superficial temporal vein (neonates) or
jugular vein (adults). At 1, 2, 3, 4, 5, 7.5, and 10 minutes after the injection, mice were killed
under light anesthesia with isoflurane, and the blood, brain, heart, lung, liver, spleen, and
kidneys were collected immediately. Sera from mouse blood was isolated by centrifugation.
In order to test the M6P receptor dependency of the uptake and tissue distribution of
[131I]sulfamidase, unlabeled P-GUS (30 μg) or M6P (2 μmol) was included in the IV
injection. The doses of these were determined on the basis of data from our earlier study
showing the inhibition of transport of P-GUS mediated through the M6P/IGF2 receptor in
the neonatal BBB.11
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Multiple-time regression analysis
This method29 was used for calculating the blood-to-brain unidirectional influx rate (Kin) of
radiolabeled compounds into the brain. The brain/serum ratios were plotted against exposure
time estimated from the equation:

eq. (1)

where Am and Cp(t) are the cpm/g of brain and the cpm/μl of serum at time t, respectively.
Kin was measured as the slope of the linear portion of the relation between the brain/serum
ratios and the respective exposure times. The exposure time was calculated as the area under
the serum concentration-time curve (the part of eq. 1 involving the integral sign) divided by
the serum concentration at time t. The y-intercept of the line represents Vi, the distribution
volume in the brain at t = 0.

Capillary depletion
In order to determine whether [131I]sulfamidase crosses the full width of the cell wall
formed by the BBB, capillary depletion was carried out.30 The mice were killed 10 minutes
after IV injection of [131I]sulfamidase and [125I]albumin, and the brains were immediately
removed and emulsified in a glass homogenizer (8–10 strokes) at 4 °C in a ninefold volume
of physiological buffer (10 mmol/l HEPES, 141 mmol/l NaCl, 4 mmol/l KCl, 2.8 mmol/l
CaCl2, 1 mmol/l MgSO4, 1 mmol/l NaH2PO4, and 10 mmol/l D-glucose adjusted to pH 7.4).
Dextran solution was added to the homogenate to a final concentration of 26%. An aliquot
was centrifuged at 5,400g for 15 minutes at 4 °C in a swinging bucket rotor. The pellet
containing the brain microvessels and the supernatant containing the brain parenchyma were
carefully separated. We confirmed, by γ-glutamyl transferase assay and visualization, that
this procedure produces a preparation of highly purified brain capillaries. The results were
expressed as capillary/serum and parenchyma/serum ratios, both corrected for vascular
space contamination by subtracting the respective ratios for [125I]albumin.

In vivo stability of [131I]sulfamidase in serum and brain
The stability of [131I]sulfamidase in serum and brain was examined using HPLC. Ten
minutes after IV injection of [131I]sulfamidase at 5 × 106 cpm in 2-dayold mice, the animals
were killed, and the sera (10 μl) were diluted with 90 μl of mobile phase. The brain was
homogenized in 200 μl of mobile phase, centrifuged at 20,000g for 15 minutes, and the
supernatant was collected. Each sample (100 μl) was injected onto an HPLC (Shimadzu
HPLC system LC-10AT, Tokyo, Japan; size exclusion column, BioSep-SEC-S 2000, 7.8φ ×
300 mm and guard cartridge system KJO-4282 with AJO-4348, silica, 3.0φ × 4 mm;
Phenomenex, Torrance, CA). The extent of degradation of [131I]sulfamidase during the
extraction process in the brain was determined by adding [131I]sulfamidase into the brain
homogenate. The mobile phase consisted of 25 mmol/l sodium phosphate buffer (pH 6.8).
Fractions were collected at 1-minute intervals for 60 minutes at the flow rate of 1.0 ml/min,
and the radioactivity in each fraction was detected using a γ counter.

Statistical analysis
The mean values are presented with their SEs and compared by one-way analysis of
variance followed by Newman-Keuls multiple comparison test, or by two-tailed paired t-test
with Welch's correction for linear regression results using the Prism 4.0 program (GraphPad,
San Diego, CA).
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Inhibition of phosphorylated β-glucuronidase (P-Gus) uptake by sulfamidase
Human mucopolysaccharidosis type VII fibroblasts were incubated with P-GUS ± 2.5 or
100 μg of sulfamidase. The addition of the sulfamidase inhibited the mannose 6-phosphate
receptor–mediated endocytosis of P-GUS in a dose-dependent manner.
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Figure 2. Time-course of radioactivity in serum after intravenous (IV) co-injection of
[131I]sulfamidase and [125I]albumin in 2-day-old and 8-week-old mice
Filled circles and triangles indicate the levels of [131I]sulfamidase in 2-day-old and 8-week-
old mice, respectively. Open circles and triangles indicate the levels of [125I]albumin in 2-
day-old and 8-week-old mice, respectively. Each point represents the mean value ± SE from
four mice. BSA, bovine serum albumin.
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Figure 3. Multiple-time regression analyses of [131I]sulfamidase and [125I]albumin after IV
injection in (a) 2-day-old and (b) 8-week-old mice
Each point represents the mean value ± SE from four mice. The brain/serum ratios were
plotted against the respective exposure times calculated by Equation 1 in Materials and
Methods.
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Figure 4. Distribution volume of [131I]sulfamidase in brain parenchyma and capillary fraction
10 minutes after IV injection in 2-day-old mice
Each column represents the mean value ± SE from four mice. Simultaneously measured
[125I]albumin space was subtracted in each fraction. An asterisk indicates a significant
difference between the distribution values in the parenchyma and capillary fraction: *P <
0.05.
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Figure 5. Effects of phosphorylated β-glucuronidase (P-Gus) and mannose 6-phosphate (M6P)
on tissue/serum ratios of [131I]sulfamidase and [125I]albumin 10 minutes after IV injection in 2-
day-old mice
The mice received [131I]sulfamidase and [125I]albumin (5.5 × 105 cpm of each)
intravenously with P-GUS (30 μg) or M6P (2 μmol). Ten minutes later, the mice were
killed, and serum as well as (a) brain, (b) heart, (c) lung, (d) liver, (e) spleen, and (f) kidney
were collected. Each column represents the mean value ± SE from four to six mice.
Asterisks indicate a significant difference from the control value: *P < 0.05, **P < 0.01, and
***P < 0.001.
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Figure 6. Effects of mannose 6-phosphate (M6P) on tissue/serum ratios of [131I]sulfamidase and
[125I]albumin 10 minutes after intravenous (IV) injection in 8-week-old mice
The mice received [131I]sulfamidase and [125I]albumin (5.5 × 105 cpm of each) IV with
M6P (2 μmol). Ten minutes later, serum as well as (a) brain, (b) heart, (c) lung, (d) liver, (e)
spleen, and (f) kidney were collected. Each column represents the mean value ± SE from
four to six mice. An asterisk indicates a significant difference from the control value: *P <
0.05.
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Table 1

Kin and Vi values of [131I]sulfamidase and [125I]albumin for brain after IV co-injection in mice at the age of 2
days and 8 weeks

[131I]Sulfamidase [125I]Albumin

2-Day-old

 Kin (μl/g-min) 0.123 ± 0.038* 0.027 ± 0.046NS

 Vi (μl/g) 5.86 ± 0.29 5.56 ± 0.27

8-Week-old

 Kin (μl/g-min) 0.058 ± 0.032NS 0.040 ± 0.030NS

 Vi (μl/g) 7.63 ± 0.28 8.53 ± 0.19

Abbreviations: IV, intravenous; NS, not signifcantly deviated from zero.

Kin and Vi values were calculated from the slope and y-intercept in Figure 3.

Values are the mean ± SE of four to six determinations.

*
Asterisk indicates a signifcant deviation in Kin value from fat line (no brain infux) in multiple-time regression analysis, P < 0.05.
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Table 2

Effects of M6P and P-GUS on the net uptake of [131I]sulfamidase in the brain and periphery 10 minutes after
IV co-injection in 2-day- and 8-week-old mice

[131I]Sulfamidase uptake (μl/g)

Control +M6P +P-GUS

2-Day-old

 Brain 1.10 ± 0.16 0.06 ± 0.04*** 0.24 ± 0.116***

 Heart 158.1 ± 31.1 25.9 ± 6.7** 18.9 ± 3.9**

 Lung 25.4 ± 2.6 2.1 ± 2.0*** 6.2 ± 4.0***

 Liver 1,355.3 ± 162.2 883.5 ± 125.6* 432.1 ± 65.1**

 Spleen 153.4 ± 33.9 205.3 ± 41.6 171.3 ± 62.6

 Kidney 62.3 ± 7.2 35.7 ± 2.2* 41.9 ± 5.9*

8-Week-old

 Brain 0.04 ± 0.04 0.00 ± 0.20 n.d.

 Heart 2.90 ± 0.41 0.54 ± 0.34 n.d.

 Lung 2.54 ± 1.49 1.66 ± 1.32 n.d.

 Liver 636.1 ± 60.7 491.5 ± 59.1 n.d.

 Spleen 217.3 ± 10.2 194.2 ± 22.4 n.d.

 Kidney 43.6 ± 7.82 23.9 ± 6.97 n.d.

Abbreviations: IV, intravenous; M6P, mannose 6-phosphate; n.d., not determined; P-GUS, phosphorylated β-glucuronidase.

Net tissue uptake of [131I]sulfamidase was calculated by subtracting [125I]albumin space from the value of [131I]sulfamidase in each tissue.
Values are the mean ± SE of four to six determinations.

Asterisks indicate a signifcant difference from the control value:

*
P < 0.05

**
P < 0.01

***
P < 0.001
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