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ABSTRACT. A naturally occurring disease in Plott hound 
dogs, caused by deficiency of the lysosomal enzyme a-L- 
iduronidase, was used to study the feasibility of bone 
marrow transplantation therapy in a neurodegenerative 
storage disease. Three long-term survivors of transplanta- 
tion with littermate marrow at 5 months of age (before 
clinical signs) had CNS enzyme activity, glycosaminogly- 
can storage, and light microscopic and ultrastructural 
changes evaluated 594,628, and 740 days after treatment. 
Iduronidase activity in small amounts (1-3% of donor 
values) was detectable in brain tissue. Cerebrospinal fluid 
had higher iduronidase activity after transplantation (7- 
15% of donor values). Enzyme activity within the CNS 
resulted in significant reductions in stored glycosaminogly- 
cans and resolution, to a large extent, of light microscopic 
and ultrastructural lesions observed in affected, untreated 
littermate control dogs. (Pediatr Res 24: 347-352, 1988) 

Abbreviations 

BMT, bone marrow transplant(ation) 
MPS I, mucopolysaccharidosis type I 
TBI, total body irradiation 
CSF, cerebrospinal fluid 
GAG, glycosaminoglycan 
PAS, periodic-acid Schiff 

Since Garrod (1) first described the "inborn errors of metabo- 
lism" in 1908, more than 200 related conditions have been 
identified. In about 30 of these diseases a specific enzyme defi- 
ciency in the lysosomes of affected cells has been identified (2). 
An important distinction exists, especially as treatment protocols 
are evaluated, between those "lysosomal storage diseases" in 
which the CNS is involved and those diseases that involve visceral 
tissues, but spare the brain. The "blood-brain bamer" that exists 
anatomically at the level of capillary walls within the CNS 
presents a formidable impediment to the transfer of macromol- 
ecules (e.g. enzymes) into the brain (3). Because of this bamer, 
it is generally believed that enzyme deficiency diseases that 
involve the CNS and cause mental retardation or other neuro- 
logical manifestations are less amenable to treatment by trans- 
plantation or specific enzyme infusion therapy. Although emerg- 

ing recombinant DNA biotechnology will potentiate corrective 
gene therapy for enzyme deficiency diseases, the question of 
applicability of such treatment for diseases with a neurodegen- 
erative component must be assessed. 

BMT has recently been proposed as treatment for certain 
inherited, metabolic diseases including the mucopolysacchari- 
doses (4). In contrast to other transplantation procedures, BMT 
results in donor cells gaining access to multiple anatomic sites in 
the transplant recipient. It is unclear if BMT will result in 
beneficial effects within the CNS of patients with neurodegener- 
ative metabolic diseases. We have used a canine model MPS I, a 
disease in humans (5) and dogs (6,7) caused by deficiency of the 
lysosomal enzyme a-L-iduronidase (EC 3.2.1.76, herein referred 
to as iduronidase), to assess the benefits of BMT on the biochem- 
ical and ultrastructural lesions in dogs with this neurodegenera- 
tive disorder. 

MATERIALS AND METHODS 

Subjects for this study were from a family of Plott hound dogs 
affected with MPS I. Although not absolutely identical to any of 
the three previously described subtypes of MPS I in man, affected 
dogs have lesions within the brain that are similar to those seen 
in Hurler disease, the most severe of the human phenotypes (8). 
After 7.5 Gy TBI, five MPS I-affected dogs were given a BMT 
from tissue matched littermates (9). In two of three litters a 
second MPS I-affected dog was available for parallel study as an 
untreated control. Three of the five recipients became long-term 
survivors and are the subjects of this report. Two of these 
recipients were killed on post-BMT days 628 and 594 at which 
time both were clinically healthy, and the third dog is alive and 
well at day 1195. Brain tissue and CSF from the latter dog were 
collected by biopsy for inclusion in this report. 

Tissues for routine histopathological examination were fixed 
in 10% buffered neutral formalin, paraffin embedded, sectioned, 
and strained with hematoxylin and eo2in. Full hemisections of 
cerebral cortex at the level of the interthalamic adhesion and the 
cerebellum at the level of the pons from each dog were examined. 
Morphometric analysis of alteration in leptomeningeal thickness 
between groups was based on 100 independent measurements 
on each section. Smaller pieces of cerebral gray matter were snap 
frozen in liquid nitrogen; sections were examined with oil red 0, 
PAS, and Alcian blue stains. For ultrastructural study of brain 
tissue, specimens of cerebral cortex from the temporal lobes were 
collected under general anesthesia immediatelv before euthana- 
sia. Tissues werevfixed in 2.5% glutaraldehyde in 0.1 M cacodyl- 
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Tissue and CSF specimens for enzyme and GAG analysis were 
frozen on dry ice and kept at -80" C until assayed. Iduronidase 
activity and the GAG content of tissues were measured by 
previously described methods (10, 1 I). Specimen and substrate 
blanks were included in all enzyme assays. 

Electrophoretic separation of brain GAG was performed on 
cellulose polyacetate (Sepharose 111, Gelman Sciences, Ann Ar- 
bor, MI) in 0.1 M cupric acetate-acetic acid, pH 3.6, constant 
current 0.5 mA/cm for 2 h (12). In each case, GAG equivalent 
to about 1 pg uronic acid was applied to the strips. After electro- 
phoresis in the strips were immersed for 30 min without prior 
drying in 0.2% Alcian blue in 0.05 M magnesium chloride, 0.025 
M sodium acetate, 50% vol/vol ethanol-water, and were de- 
stained for 45 min in a similar solution from which Alcian blue 
was omitted. GAG were identified by their mobility compared 
to GAG standards and by their susceptibility to the enzymes 
chondroitinase AC, chondroitinase ABC, testicular hyaluroni- 
dase, and hyaluronidase from Streptornyces hyalurolyticus. Con- 
ditions for the enzymatic incubations were those of Breen et al. 
(13). 

RESULTS 

The clinical condition of each long-term survivor was mark- 
edly improved and GAG excretion in urine was reduced to near 
normal levels by month 4 of the posttransplantation period. The 
most noticeable clinical improvement in each recipient was lack 
of development of the degenerative joint disease and lameness 
seen by 9-12 months of age in both untreated, littermate controls 
(14). Dogs receiving BMT grew larger than either affected, un- 
treated dog, but remained smaller by 3-5 kg than the three 
unaffected donors that weighed 20-27 kg at maturity. Based on 
clinical and light microscopic findings, the corneal clouding, 
which is typical of canine MPS I, was markedly improved in two 
transplanted dogs and moderately improved in the third. Corneal 
neovascularization which responded to topical corticosteroid 
application was seen in each transplant recipient and may have 
been related to the effects of TBI. Mental development cannot 
be meaningfully evaluated in canine patients, thus the signifi- 
cance of the biochemical and pathological findings in these dogs 
must be cautiously interpreted. 

In both MPS I-affected control dogs there was marked thick- 
ening of the meninges in all sections examined. Cells mainly 
responsible for this thickening were macrophages and mesenchy- 
ma1 cells resembling fibroblasts, both of which were vacuolated 
and contained numerous granules causing cytoplasmic distention 
(Fig. 1). The number of meningeal cell layers in affected dogs 
was also increased compared to normal dogs. In dogs that re- 
ceived BMT there was considerable reduction in the overall 
thickness and cellularity of the meninges (Fig. 2). The meninges 
remained focally hypercellular, but cells were not vacuolated, 
granulated, or distended with stored GAG. Morphometric anal- 
yses of meningeal thickness revealed statistically significant ( p  < 
0.05) differences between groups. The mean meningeal thick- 
nesses in two affected controls were 17.1 and 24.4 p; in the two 
normal dogs, 10.0 and 7.4 p; and in the BMT recipients 7.4 and 
11.1 p. 

Within the brain parenchyma there were several consistent 
lesions visible at the light microscopic level in affected, nontrans- 
planted dogs. Astrocytes and microglial cells were increased in 
number and highly vacuolated giving the parenchyma a fine, 
moth-eaten appearance (status sponsiosus). Neurons in the cer- 
ebral cortex, brain stem, and cerebellum (Purkinje cells) showed 
variable degrees of fine vacuolation and/or granulation of the 
cytoplasm that was associated with margination of nuclei. When 
vacuolated, some neuronal cytoplasms had a decrease in the 
normal eosinophilic granularity attributable to Nissl substance 
(chromatolysis). Thick sections (about 1.5 p) cut for electron 
microscopy and stained with toluidine blue most consistently 
showed the increase in atypical granulation within neurons (Fig. 
3). 

Fig. 1. Meningeal thickening in an nontransplanted, MSP I-affected 
dog. Marked proliferation of meningeal and phagocytic cells with gran- 
ulation and vacuolation of most cells is apparent. The cleft between cell 
layers is artifactual. One p section embedded in Epon 8 12, toluidine blue 
stain, ~ 4 9 0 .  
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Fig. 2. Typical section of meninges from an MPS I-affected dog 594 

days after bone marrow transplantation. The number of cell layers is 
greatly reduced compared to its littermate, affected control (Fig. 1) and 
there is no evidence of vacuolation or granulation in meningeal cells. 
One p section embedded in Epon 8 12, toluidine blue stain, x600. 
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Fig. 3. Cerebral cortex gray matter of a nontransplanted, MPS I- 
affected dog. Vacuolation of glial and perithelial cells is responsible for 
the overall appearance of status sponsiosus seen at lower power. Neurons 
are slightly distended with a variable amount of dark granulation in their 
cytoplasm. Granules seen at the light microscopic level were found to be 
enlarged lysosomes and zebra bodies when seen ultrastructurally. One-fl 
section embedded in Epon 812, toluidine blue stain, x750. 

There were several significant differences in cell morphology 
within the brains of affected, transplanted, and nontransplanted 
dogs. Despite focal gliosis comparable to untreated dogs, status 
spongiosus was virtually absent in both BMT recipients due to 
lack of vacuolation of glial cells. Perithelial cells that lie in 
approximation to capillaries, but outside the vessel basement 
membrane, were also of normal morphology. This is in stark 
contrast to the appearance of these cells in untreated dogs where 
marked vacuolation was universal. Neuronal cytoplasm in one 
transplanted dog evaluated postmortem, maintained a degree of 
granulation in some cells that was greater than that in any of the 
normal controls. Neurons from the other transplanted MPS I 
dog were generally smaller with central nuclei and contained 
much less granulation or vacuolation than either affected, control 
dog (Fig. 4). In this dog improvement was also apparent in 
Purkinje cells (cerebellar neurons), whereas in the other trans- 
planted dog these cells were still mildly vacuolated or enlarged. 
One transplant recipient, which had no evidence of neurologic 
impairment antemortem, was found to have a diffuse ependy- 
moma extending from the fourth ventricle. The occurrence of 
this tumor was unrelated to MPS, but may have been a sequela 
to total body irradiation before BMT. 

Histochemcial staining of frozen brain tissue was less revealing 
than examination of fixed tissue due to less detailed cell mor- 
phology being visible. Affected control brain tissue contained the 
most diffuse Alcian blue and PAS positive material, but it was 
difficult to interpret deposition within individual cells. Small 
lipid granules were more easily found in affected control dogs' 
neurons and glial cells than in those from unaffected or trans- 
planted dogs. Cells from the latter two groups did contain some 
lipid inclusions and it was impossible to quantitate differences 
between groups. Similarly, PAS and Alcian blue-positive granules 
were seen in a small percentage of transplanted and unaffected 
dogs' cells. Clear differences between groups was not discerned 
with these stains either. 

Fig. 4. Cerebral cortex gray matter from a transplanted, MPS I- 
affected dog (littermate to dog in Fig. 3). Glial cells lack vacuolation and 
neurons show only rare granules in their cytoplasm. One-p section 
embedded in Epon 812, toluidine blue stain, x750. 

Ultrastructural changes typical of those in the CNS of both 
untreated MPS I dogs are shown in Figure 5. Marked lysosomal 
swelling with coalescence was found in many glial and perithelial 
cells. Dilated lysosomes contained variable amounts of granular 
precipitated material that probably represents stored GAG and 
correlated to the vacuolation-granulation seen at the light micro- 
scopic levels. Lysosomes in untreated dogs' neurons, as seen in 
Figure 5, were less commonly distended than in glial cells, but 
were more numerous than lysosomes in neurons from donor 
tissue. Nontransplanted MPS I dogs' neuronal lysosomes often 
contained lamellar membranous inclusions typical of the "zebra 
bodies" described in human MPS I and other lysosomal enzyme 
deficiency diseases (1 5). Neurons of the three transplant recipi- 
ents were more variably affected than in the untreated dogs, but 
as with light microscopy, did not appear completely normal 
when compared to donor cells. Overall, the number of lysosomes 
in recipient neurons was reduced compared to the untreated 
condition, but occasional large, atypical lysosomes persisted (Fig. 
6). The most noticeable ultrastructural differences in recipient 
CNS was the absence of vacuolation of glial and perithelial cells 
and the near total absence of zebra body formation in neurons. 

Changes in iduronidase activity and total GAG content of 
cerebral cortex gray matter and CSF are presented in Table 1. 
Accumulation of GAG in brain and CSF is indicative of a 
neurodegenerative component in this disease; both untrans- 
planted dogs had levels of GAG comparable to previously studied 
dogs affected with MPS I (7). Brain GAG electrophoresis patterns 
(Fig. 7) indicated qualitative as well as quantitative changes after 
BMT. Both dogs that received BMT had electrophoretograms 
very similar to the normal dog before and after enzymatic 
digestion with chondroitinase ABC. Brain GAG in the nontrans- 
planted MPS I dog was mainly dermatan sulfate, with a smaller 
amount of highly fragmented heparan sulfate that resists diges- 
tion by chondroitinase ABC. In the normal and transplanted 
dogs a higher percentage of total brain GAG was hyaluronic acid 
and chondoitin-sulfates 4 and 5. 

The two untreated dogs with MPS had iduronidase activity in 
both brain and CSF below the sensitivity of the assay which is 
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Fig. 5. Electron photomicrograph (~7200)  of cerebral cortex from a 
MPS I-affected, untreated dog (litter 2). A highly vacuolated glial cell, its 
nucleus out of the plane of section, is in contact with a cortical neuron. 
Vacuolation of the glial cell is the result of distension of lysosomes with 
stored, granular-appearing GAG causing lysosomal coalescence. Lyso- 
somes in the neuron are excessive in number, but not enlarged. Several 
of the neuronal lysosomes (arrow) contain lamellar inclusions called 
zebra bodies that are believed to be the result of metabolic impairment 
associated with GAG accumulation. 

approximately 0.005 nmol/mg proteinlh. Detectable iduroni- 
dase activity was present in all brain tissue specimens from 
transplanted dogs; however, the levels found were only 1-3% of 
those in corresponding donor specimens. Inasmuch as no steps 
were taken to perfuse the tissues of blood cells, some of the 
activity detected may be from blood leukocytes. BMT was asso- 
ciated with higher levels of iduronidase activity in CSF (which 
was free of blood contamination), ranging from 7- 15 % of donor 
activity. Enzyme activity in brain and/or CSF was sufficient to 
cause a reduction in stored GAG. In the two litters with an 
untreated MPS I dog available for comparison, the mean total 
brain GAG was reduced by 79% and the mean CSF GAG by 
73% after BMT. GAG content in each BMT recipient's tissue 
and CSF was similar to values found in the donor. 

DISCUSSION 

Reductions in brain and CSF GAG content appear to be 
consistent consequences of BMT therapy in canine MPS I. The 
degree to which morphological changes in neurons and glial cells 
correlate with metabolic correction is unknown, but would seem 
to reflect some beneficial effect (enzyme activity) within the 
brain. It is also unknown how these changes would relate to 
mental capabilities that, as stated before, cannot be meaningfully 
evaluated in dogs. When compared to preliminary findings (9), 
it appears that the clearance of stored GAG increases with time 

Fig. 6. Electron photomicrograph (~6650)  of cerebral cortex from a 
MPS I-affected dog which received a BMT at 5 months of age (litter 2). 
The tissue was collected at day 594 posttransplantation. Two lysosomes 
(arrow) appear enlarged, but the overall number of lysosomes in this, 
and other neurons from the transplanted dogs, was less numerous than 
in cells from untreated control dogs. Lysosomes in neurons of dogs 
receiving BMT, including this dog, rarely contained zebra bodies. Glial 
and perithelial cells (not shown) within the brain parenchyma of dogs 
which received BMT therapy also had marked reduction in lysosome 
size, number, and GAG storage compared to their untreated controls. 

Table 1. Changes in total GAG and enzyme activity in cerebral 
cortex and CSF of dogs with MPS I which received littermate 

BMT* 

Iduronidase Total GAG content 
activity (as uronic acid) 

Brain CSF Brain CSF 
(umollmn . . .  

Litter proteinlh) (% LFDW)t (@g/100 ml) 

MPS I, BMT 1 0.03 0.16 0.092 5 3 
recipients 2 0.03 0.09 0.095 35 

3 0.01$ 0.14 0.171$ 5 5 

BMT donors 1 1.41 1.09 0.115 25 
2 0.93 1.01 0.079 35 
3 1.264 2.13 0.103$ 37 

MPS I, no BMT 1 0 0 0.380 144 
2 0 0 0.492 181 

* Specimens were collected at the time of necropsy (litter 1, day 628; 
litter 2, day 594) and by biopsy (litter 3, brain day 273, CSF day 740). 
Each value is the mean of duplicate assays on two pieces of tissue; 
intraassay variation was 22% or less. 

f Percent of lipid free dry weight. 
$ Previously reported (9); included for completeness. 
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Fig. 7. Cellulose acetate electrophoresis of GAG from canine brain. Specimen 1, normal dog; specimen 2, MPS I-affected control; specimens 3 
and 4, MPS I-affected dogs 1 yr and 9 months after BMT; specimen 5, GAG standards; specimen 6 is the same as 4 and 7, 8, and 9 are the same as 
1,2, and 3, but after preincubation with chondroitinase ABC. GAG equivalent to one-fifth the tissue amount of all other dogs were applied to Lanes 
2 and 7 (MPS I control) due to the increase in total GAG, dermatan sulfate, and heparan sulfate (DS and HS) in that dog. Electrophoretograms 
from the dogs that received BMT show patterns very similar to the normal dog, before and after incubation with chondroitinase ABC. The weaker 
bands of hyaluronic acid (HA) and chondroitin sulfates (C4-S and C6-S) in the affected control is due to the reduced amount of tissue used for this 
dog. GAG equivalent to about 1 pg uronic acid were electophoresed on cellulose polyacetate as described in "Materials and Methods." 

and, thus, recipient 3, whose brain was last biopsied on posttrans- 
plant day 273, may show further reduction in brain GAG when 
eventually killed. This dog's CSF GAG content on day 740 was 
comparable to the other two BMT recipients. Each of the three 
donors was suspected of being a heterozygote based on having 
intermediate levels of leukocyte and plasma iduronidase activity. 
The use of heterozygous donors in this project was not considered 
a liability in that human donors, usually a parent or sibling of 
the affected child, have a high probability of being heterozygous 
(i.e. carriers) as the human lysosomal enzyme deficiency diseases 
are generally recessive traits (1 6). 

Brain tissue iduronidase activity detected posttransplantation 
was minimal and, were it nor for the corresponding changes in 
brain GAG content, would be of questionable significance due 
to the possibility of blood cell contamination. The mechanism 
by which CNS tissue might acquire iduronidase activity post- 
BMT may involve passage of donor marrow cells across the 
blood-brain bamer. Evidence exists that perivascular glial cells 
and microglial cells within the brain are derived from bone 
marrow precursors (I 7-20). Bone marrow origin cells have also 
been reported in a child with metachromatic leukodystrophy 
after BMT from his sister (21). Other lysosomal storage diseases 
in which deficient enzyme activity has been partially replaced in 
the CNS after BMT include human MPS I(4% donor level) (22), 
canine fucosidosis (2-2 1 % donor levels) (23), and murine Krabbe 
disease (2- 15% donor levels) (24). 

The protocol used for preparative marrow ablation before 
BMT may affect the degree to which enzyme or enzyme-produc- 
ing cells enter CNS tissue. Most animal studies implicating bone 
marrow precursors for CNS phagocytes have involved irradiated 
subjects (1  7, 20). MPS I dogs received TBI, thus the blood-brain 
bamer was subjected to a dose of radiation that conceivably 
could alter, at least temporarily, its permeability. In previous 
animal (23) and human (2 1) transplants the cerebral cortex has 
been completely or partially shielded, but donor cells and enzyme 
were still able to cross the blood-brain barrier. The importance 
of the effects of various preparative regimes on CNS changes 
needs to be considered as BMT protocols for neurodegenerative 
disease are evaluated. 

Increased brain GAG content, seen in all MPS I-affected dogs 
to date, may reflect excessive storage in a variety of cell types 
within that tissue. In an attempt to clarify this, light microscopic 

and ultrastructural studies were performed on cerebral cortex 
specimens collected concurrently with those for biochemical 
analysis. Cellular changes associated with increased brain GAG 
and, more importantly, reduction in tissue GAG in the three 
transplant recipients were identified. The majority of stored GAG 
appears to be in meningeal, glial, and perivascular cells; the 
clearest changes after BMT occurred in these sites. Changes in 
cortical neurons are of paramount interest because these cells are 
considered to be least likely to benefit from BMT and are affected 
in children with the Hurler phenotype of MPS I (25,26). Reduc- 
tion in lysosome number and, most dramatically, the absence of 
lamellar deposits in lysosomes (zebra bodies) in one transplanted 
dog may be indicative of a beneficial effect within neurons. 
Neurons in the second dog showed less improvement, indicating 
that the response to BMT may vary among individuals. The 
mechanism by which neuronal accumulation of a storage prod- 
uct or neuronal metabolism can be altered by BMT is unclear 
and worthy of further study. Evidence that cells of marrow origin 
enter the CNS, and that certain cells may secrete and acquire 
(i.e. share) lysosomal enzymes in vitro (27), makes it attractive 
to hypothesize that such processes might occur in the CNS after 
BMT. The present studies, however, shed no light on these 
mechanisms. 

Regardless of the biochemical events involved, these findings 
in dogs suggest that BMT may be beneficial in some neurode- 
generative storage diseases. Recently reported clinical improve- 
ment after BMT in six children with MPS IH is encouraging 
(28). Experience with BMT in humans and dogs adds cautious 
enthusiasm for the feasibility of specific gene therapy for lysoso- 
ma1 storage diseases. Techniques currently available for the 
cloning of genes that encode for lysosomal enzymes (29), and 
the insertion of genetic material into bone marrow stem cells of 
man (30) and dogs (31) via retroviral vectors, should make 
evaluation of gene therapy for enzyme deficiency disorders pos- 
sible in appropriate animal models of human disease. 
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