
allow the protein to enter the export path- 
way. 
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Donor-Derived Cells in the Central Nervous System 
of Twitcher Mice After Bone Marrow Transplantation 

The twitcher mouse is an animal model of galactosylceramidase deficiency, comparable 
to  Krabbe's disease, a lysosomal storage disease in humans. As in most lysosomal 
storage diseases, neurological deterioration is a prominent feature of the disease in 
these mice. Transplantation of enzymatically normal congenic bone marrow was 
earlier found to result in prolonged survival and increased levels of galactosylcerami- 
dase in the visceral organs of twitcher mice. I t  is now reported that bone marrow 
transplantation results in increased galactosylceramidase levels in the central nervous 
system (CNS). Concomitantly, the levels of psychosine, a highly toxic lipid that 
progressively accumulates in the CNS of untreated twitcher mice, stabilized at much 
lower levels in the CNS of tteated twitcher mice. Histologically, a gradual disappear- 
ance of globoid cells, the histological hallmark of &abbeys disease, and the appearance 
of foamy macrophages capable of metabolizing the storage product were seen in the 
CNS. By imrnunohistochemical labeling it was demonstrated that these foamy 
macrophages were of donor origin. The infiltration of enzymatically competent, 
donor-derived macrophages was accompanied by extensive remyelination in the CNS. 
It is concluded that after bone marrow transplantation, donor-derived macrophages 
infiltrate the affected brain tissue and are capable of inducing a partial reversal of the 
enzyme deficiency. 

S INCE THE FIRST BONE MARROW reported in the central nervous system 
transplantation (BMT) for lysosomal (CNS) of a dog suffering from fucosidosis, 
storage disease by Hobbs et al. ( I ) ,  but without alleviation of the neurological 

many studies on the effect of BMT in pa- symptoms (5). In P-glucuronidase-deficient 
tients and animal models with lysosomal mice and in a feline model of arylsulfatase-B 
storage diseases have been re~orted (2-7). 
After-BMT, the enzymaticall; normal dd- 
norederived blood and tissue macro- P. M. Hoogerb~gge, Department of Pediatrics, Univer- 

sity Hospital, Leiden. and Radioloeical Institute TNO. 
phages served as a continuous source of ~ijswiik:the Netherlands. " 
enzyme and led to increased enzyme levels in $e:~~;S~C~~~', ~~~",~,"f'"~hi.e,~$$~f 
leukocytes, plasma, and various visceral or- ty of North Carohna, Chapel Hill, NC 27599. 
g a s  (2-7). The of BMT on the Ku. SUZU~L Departments of Neurology, P s y c h i a ~  and 

the Biological Sciences Research Center, School of Medi- 
neurolonicd symptoms, which are vew cine. Umversitv of North Carolina. Cha~el  Hill. NC - , ' , - 

P ~ ~ ~ ~ ~ ' ~ ~  in many l~susomal "'- i7;,9g, M, De merit of pediaaics, Univer. 
eases, vary with the type of disease. For sity Hospital Leiden, the Rether~ands. 
instance, in patients with metachromatic T Kobayashi, Department of Neurolop, Neyological 

Institute, Faculty of Medicine, Kyushu mversity, Fuku- 
leukodystrophy, BMT led to improved psy- aka. laDan. 
chomoior &velopment in &;h G. ~a ie rnaker  and D. W van Bekkum, Radobiolo leal 

Insutute TNO, Rijswijk, and Department of ~adio%iol- 
receiving (2, 8),  om. Erasrnus Universiw. Rotterdam. the Netherlands. -, . , . 

whereas in patients with Sanfilippo's dis- 
+To whom corres ndence should be sent at Radiobio- ease, BMT did not lead to benefiiial effects loecal NO, P.O. Box 5815, 2280 HV Rijs- 

(9). Increased enzyme levels after BMT were w~jk, the Netherlands. 
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deficiency (Maroteaux-Lamy syndrome), 
enzyme activity in the CNS did not increase 
after BMT (6, 7). This has been explained 
on the basis of the blood-brain barrier, 
which prevents circulating enzyme from en- 
tering brain tissue. The presence of donor- 
derived cells, which contribute to the in- 
creased enzyme activity in lung and liver 
tissue, for example (lo),  has not been re- 
ported in brain tissue so far. 

The twitcher mouse, which was used in 
our studies, is a neurologically affected mu- 
tant with a genetically determined deficiency 
of the lysosomal enzyme galactosylcerami- 
dase ( l l ) ,  a deficiency that results in a 
disease pattern similar to human Krabbe's 
disease (globoid cell leukodystrophy) (12). 
Briefly, the mice, which appear normal at 
birth, develop a severe tremor and hind-leg 
paralysis within 3 to 4 weeks after birth and 
die at an age of approximately 5 weeks (12, 

Fig. 1. (A) Psychosine (picomoles per milligram 
of protein) and (B) galactosylceramidase (nano- 
moles per hour per milligram of protein) in the 
CNS of (0) twitcher mice treated with BMT, (A)  
untreated twitcher mice, and (0) untreated 
C57BL-6J control mice. Levels in mice receiving 
congenic transplants and allogeneic transplants 
did not differ significantly and were pooled. Ga- 
lactosylceram~dase activity was determined as de- 
scribed (13). The activities in the CNS of 50-, 
SO-, and 100-day-old treated twitcher mice were 
significantly (P < 0.01; Student's t test) increased 
as compared to untreated twitcher mice. Levels in 
the CNS of 50-day-old treated twitcher mice were 
still significantly less (P < 0.01) than those of 
100-day-old twitcher mice receiving transplants. 
Galactosylceramidase activity in brains of 25-day- 
old twitcher mice that received transplants were 
not significantly different from those of untreated 
twitcher mice. Psychosine levels were determined 
by the method of Kobayashi (28). Values for 
twitcher mice treated at ages 25,50, and 100 days 
were significantly lower ( P  < 0.01) than those for 
untreated twitcher mice at ages 30 to 42 days. 
Values of untreated C57BL-6J controls were 
1.2 2 0.6 pmol per milligram of protein (mean * 
standard deviation). 

13). At autopsy, severe demyelination, dis- 
appearance of oligodendrocytes, and infil- 
tration of pathological globoid cells with 
characteristic galactosylcerarnide inclusions 
were found (12). Concomitant with the 
appearance of neurological symptoms, there 
was a progressive accumulation of psycho- 
sine in the brains and peripheral nervous 
systems of untreated twitcher mice (14). It 
has been hypothesized that accumulation of 
this toxic storage product leads to degenera- 
tion of oligodendrocytes and myelin sheaths 
(14). 

We studied the effect of BMT in homozy- 
gous twitcher mice and enzymatically nor- 
mal control littermates. Asymptomatic 
twitcher mice were idenufied when they 
were 4 to 5 days old by galactosylceramidase 
levels in clipped tails (15), and BMT was 
performed when they were 9 to 12 days old. 
The twitcher mice had been mated to 
C57BL-6J mice for approximately 12 gener- 
ations. Mice, aged 8 to 10 weeks, of the 
C57BL-6J strain [ H - ~ K ~  allele of the major 
histocompatibility complex (MHC)] were 
used as bone marrow donor for the con- 
genic transplantations, and mice of the 
C3H-Rij strain ( H - ~ K ~  allele of the MHC 
complex) were used as donors for the alloge- 
neic transplantations. BMT was performed 
1 day after lethal total body irradiation (9.0 
Gy of ' 3 7 ~ s  gamma rays). Bone marrow cells 
(3 x lo7 to 5 x lo7) were injected intra- 
peritoneally. Antibiotics or other supportive 
care was not given. BMT resulted in pro- 
longed survival and improvement of loco- 
motor ability (13). Similar results were re- 
ported earlier by Yeager et  d. (1 6). Chimer- 
ism in mice receiving congenic transplants 
was confirmed by galactosylceramidase ac- 
tivity in bone marrow and spleen tissue, 
which rose to donor levels within 2 weeks 
after BMT and remained at donor level 
during the observation period of 100 days 
(13). Differences in survival or in galactosyl- 
ceramidase activity between mice receiving 
allogeneic and those receiving cogenic trans- 
plants were not pbserved. In the mice that 
received allogeneic bone marrow, chimerism 
was confirmed by the presence of the H - ~ K ~  
antigen on bone marrow cells, as deter- 
mined by fluorescence-activated cell sorter 
(FACS) analysis (1 7,18). To study the effect 
of BMT in the CNS, we killed the trans- 
~lanted mice at various times after BMT and 
pe&sed them with saline to remove con- 
taminating blood. Galactosylceramidase ac- 
tivity gradually increased in the CNS of 
twitcher mice after BMT from 2% to ap- 
proximately 16% of the activity found in the 
CNS of untreated controls. Psychosine lev- 
els stabilized at a level that was approximate- 
ly 10% of the levels found in untreated 
twitcher mice shortly before death (Fig. 1). 

These data are comparable to those recently 
reported by Ichioka e t  d. (19). 

On light microscopy, characteristic glo- 
boid cells were abundantly present in brains 
of untreated, 30- to 40-day-old twitcher 
mice and in brains of 25-day-old twitcher 
mice that received a bone marrow trans- 
plant. In contrast, the macrophages in the 
CNS of twitcher mice killed more than 40 
days after BMT were heterogeneous. In 40- 
to 80-day-old twitcher mice that received 
BMT, globoid cells were still present, but in 
addition a gradually increasing number of 
foamy macrophages had appeared (Fig. 
2A). In the CNS of twitcher mice that were 
killed more than 100 days after BMT, glo- 
boid cells were extremely rare. In contrast, 
numerous foamy macrophages were present 
in the brains of these mice. The foamy 
macrophages were predominantly found in 
the white matter of the cerebellum and 
spinal cord and not in the cerebrum, the 
region of the CNS that is relatively unaEect- 
ed in twitcher mice. This localization of 
foamy macrophages compares well with that 
of the brain lesions and globoid cell infiltra- 
tion in untreated twitcher mice (12), sug- 
gesting that the infiltration of foamy macro- 
phages occurred as a response to tissue 
damage. Such macrophages are also regular- 
ly observed in the brains of patients with 
various demyelinating diseases (20). The 
foamy macrophages contained neutral lipids 
as demonstrated by oil red 0 staining (21). 
Cells stained with oil red 0 were absent in 
the brains of untreated twitcher mice, nor- 
mal C57BL-6J control mice, and C57BL-6J 
mice that received transplants. On electron 
microscopy, the foamy macrophages did not 
show inclusions characteristic for galactosyl- 
ceramide, suggesting that they were capable 
of metabolizing this substrate. However, the 
oligodendrocytes and the Schwann cells in 
the peripheral nerves still contained some 
inclusions. The white matter in the cerebel- 
lum and spinal cord of mice with transplants 
contained many thinly myelinated axons 
suggestive of ongoing remyelination (Fig. 
2B), in contrast to that of untreated twitcher 
mice and twitcher mice killed less than 50 
days after BMT, which showed many myelin 
residues indicative of severe demyelination 
(22). 

The absence of galactosylceramide inclu- 
sions in the foamy macrophages indicated 
galactosylceramidase activity these cells 
and suggested that they were derived from 
the enzymatically competent bone marrow 
graft. This was confirmed by immunohis- 
tochemical analysis of frozen sections of 
brain tissue from twitcher mice that were 
killed 70 to 100 days after transplantation 
with allogeneic C3H (H-2Kk) bone marrow 
(18). The H-2Kk-positive cells of donor 
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origin were h d  predominantly in the untreated twitcher mice and h m  twitcher 
white maw of the cerebellum (Fig. 3) but mia that received tmqhts from congenic 
wae rarely oklvcd in the white matter of 
the cerebrum of treated twitcher mice. This 
distribution pattern of ~-2K~-positivc ceh 
is similar to that of the fixmy macrophaga. 
Simultaneous mining with monodonal 
antibody to H-2Kk and oil red 0 identified 
ttrcoilredO-stahedfixmymacmphapas 
~-2IC~-positive and th&rc domrde- 
rived&. Controlspccimensofbtainshm 

mice did not react with-antibody to H-2Kk. 
Thest results provide mte irnmunohip- 

tokgcal c v i k  for the presence ofdonor- 
dcrived&intheCNsafiabonemarrrrw 
transplantation. Although d o m  antigen 
hasbccn~prcv i0us ly inmata ia l0 f  
murine brains subjected to SDS-dcuropho- 
mis afia transplantation, the location of 
thekan*inbraint issucwasnot 

Fig. 2 (A) Whia matm of the ccrcbcllum of a 109-day-old twitcha m o w  @en lllogcaeic bmc 
lvlt at age 9 dqw. A dusta of hiuny macy@qa is indicated an& arrows. Section (1 

mluidinc blue (~250). (B) V r ~ n )  is ofthe anterior spinal wlumn of thc 
( 0 ) ~ b Y d u n t y m y e k n i t c d ~ . k i s  

100 days atkc BMT. Sections were double- 
s t a i d  with ucanyl d and kd ciate and aumincd with a his 10A ckcaon microscope (22) 
(X 14,400). 
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described (23). Others have su%gtstcd that 
thc d w  mu50phaga that infiltrate 
braintissucafmbraindamagea~ofhana- 
aoga~~ur origin, in contrast to m e e  
mi- & (24), but thcsc studies wae 
notperfonnedafmallogaKicBMT,so~ 
condusioas on the bone mamow origin of 
these cdls cannot be drawn. 

Ourdataindiutcthatdrein6luationof 
Q w x a a i v c d ~ y ~ p h a p  explains 
the incmscd gahmqdmamidiw activity 
in the CNS of twitcher mice that received 
BMT. In 25-day-old mated twitcha micc, 
i n f i l ~ o f f i b a m y ~ h a g e s w a s n o t  
fOund,atldnoinawsein~1lcauni- 
ducaaivityoccumd.Incolltrast,inaras- 
ing numbas of domr-daived fixmy mac- 
'ophaga war evident in brains of 50-, 80-, 
and 100-day-old twitcher mice that rcccivd 
Bh4T.Inthebrainsofthtsemicc,* 
S y l ~ d a s e  activity also gradually in- 
atlscdfrom2%tobctween14and16%of 
donotkvels.nleincxcascdcnymcactivity 
W p s r ~ ~ ~ e d b y ~ o n o f p s y c h e  
sine kvcls in the CNS of treated twitcher 
miccatkv~thatwarfarbelwvthosc  
tnund in brains of untreated twitcher micc at 
lges 30 to 40 days. 

The altcmative explanation fbr the in- 
~ ~ ~ l c v c l s f o u n d i n  
bmimoftwitchamicethatreceivcdBmis 
amamx of circulving cnyme into brain 
~.ThishowcwrislcssliLclybccausethe 
kwl of drcul?dng galacmqkemmdasc in 
plasma of the twitch mice given tans- 
p b  & vay law (13), and gen* + 
d cmpK!s do not cnws the blood-brain 
barrier (25), which is intact in twitcher mice 
(26). 

Ourrcsultalsoshowcdthatbontmarrrrw 
transplantation leads to impvcd myclina- 
tim in the brain tissue of an animal with 
lysoaorml enzyme Maency. Y u g a  ct d. 
(lb), using thc same animal model, reported 
prdongbd survival and improvement of the 
histological lesions in the peripheral n m u s  
systan, but their studies done with light 
microscopy did not reveal improvement in 
the CNS. 

So far, 111l therapeutic rrgimeas for the 
azrment of lysosomal storage disclses with 
CNS manihaciom, whether they involved 
purified aogalous enzyme, organ trans- 
plantarion, or cellular transplantation, failed 
to amdiomc the nwological pblcms as a 
rrsult of the inaccessibility of the CNS for 
circulating cdls or caymc (25). Our data 
demonmate that infilation of donorde- 
rived&asarcspomctotissu~damagcin 
the CNS can result in a dcacasc of the toxic 
storage product and an i m p m ~ t  of 
myelitution in transplanted twitcher mice. It 
is our opinion that a similar idihation of 
macrophages (27) canaccountfbrtheb 



M. de LWW,~. *. ~ c d .  59, is76 (1984). . 
18. From sections (6 to 8 m) of spleen or CNS wem, 

after fixation in 100% acetone for 15 minutes, 
incubated with biotinylatcd monodonal antibody to 
H-2Kk (Bectw Didinson, Mountain View, CA), 
diluted 1: 100 in phosphate-buffered saline (PBS) 
with 5% fed calf s e w ,  pH 7.4, for 2 m 3 hours at 
room temperature. Subsequently, after three wash- 
ings in PBS, the d o n s  were incubated for 1 hour 
at room tempmahlre with sneptavidine-pcroxidase 
dihued 1:lOO in PBS. After washing, the final 
reaction product was produced by immersing the 
sections in a solution of 0.01% hydrogen 
and 0.05% diaminobenzidine tetrahy&z$ 
D . L M  tris buffer, pH 7.4, for 10 minutes at room 
tcmpemnm. Chimetism of bone mamnv & was 
mnfirmcd after incubation of these cells with the 
biotinylated monoclonal antibody to H-2Kk, with 
avidin-fluorescein isothiocynate (Becton Dickin- 
son) as a fluorescent marker and by the presence of 
this antigen on frozen dam of spleen tissue (18). 

19. T. Ichioka ct d., Pnu. Natf. A d .  Sci. USA.  8.4, 
4259 (19871. 

REFERENCES AND NOTES 

1. J. R Hobbs et d., Lariat 1981-II, 709 (1981). 
2. W. Krivit et d,Am. J. Med. Sa .  294,80 (1987). 
3. W. Krivit ctal., N. E v l .  J.Med. 311, 1606 (1984); 

J. M. Rappeport and E. I. Ginns, W., p. 84; S. 
Slavin and S. Yaaiv. SEimu 210. 1150 (1980): R 

Birth Dcf' Foundation Original Artide Series 
(k, New York, 1986), pp. 177-186. 

7. P. M. Hmgerbrugge et d., Tramplantation 43,609 
(19871. 

8. E. ~aiever et d., Lamzt 1985-II, 471 (1985). 
9. K. Hugh-Jones et al., Bone Mamw Tramplant. I, 

342 (abstr.) (1986). 

N e m p a M .  59, 159 (1983); H. TaLahashi and K. 
Suzuki, W. 62,298 (1984). 

13. P. M. Hoogerbrugge a al., J. Clin. Inm., in press; 
P. M. Hoogerbrugge etd., BarcMamm~ TraqEant. 
2,230 ( a h . )  (1987). 

14. H. Igisu and K. Suzuki, Seinrce 224, 753 (1984). 
15. T. Kobayashi, H. Nagara, K. S d ,  K. Suzuki, 

BzMeaa. Med. 27. R (19821. - . . . . . . . . . -. -. . . . - . 
I - \ - - - - I -  

16. A. M. Yeagcr et d., SciEnrc 225, 1052 (1984). 
17. J. W. M. Vi. J. G. J. Bauman, A. H. M W .  A. 

Fig. 3. H - 2 ~ ~ ~ i t i v e  cell in white matter of the cerebelhun of a 108-day-old twitcher mouse given 
allogeneic bone marrow transplant at age 9 days. The H-2Kk-positive c$l is located in the same area as 
the foamy macrophages indicated in Fig. 2A. Immunohistochemistry was performed as described (18). 
Counterstaining was done with hematoxylin (X 1000). 

ficial e&-ts in patients receiving bone mar- 5. R M. Taylor, B. R H. PWW, G. J. Stewart, P. J. 
Hcaly, LarPat 1986-11, 772 (1986). row hr the Ireaanent of 6. D. A. W-CT et d., in B ~ M ~ U Y O W  Tranrphtwn 

metachromatic leukodystrophy (2). jhr Tr- o f L m  S t q e  Diwnscs, W.  Krivit 
and N. W. Pad, Eds., vol. 22 ofthe March of Dimes 

\ ----, ,-- --,. 
M. S h d  et d., J. din.  InW. 5, 435 (1987jf T. 10. E D .  Tho-, R E. Rambe& G. E. Sale, R S. 
Sakiyama ct d., Biockmr. BBiophys. h. Cmrrmwr. 113, Sparkes, D. W. Golde, S k  192,1016 (1976); R 
605 (1983). P. Gale, R. S. Sparkes, D. W. Golde, ibid. 2001,937 

4. C. B. Whitley, N. K. C. Ramsay, J. H. Kersey, W. (1978). 
Krivif i n B a r c M ~ T r a n r p l a n t a t W n j h r T r c ~  11. T. Kobayashi, T. Yamanaka, J. M. Jacobs, F. Teix- 
ofI,ysoxmal S m e  Lbjcasa, W. Krivit and N. W. eira, K. Sunthi, Bruin h. 202,479 (1980). 
Pad, Eds., voL 22 of the March of D i  Birth 12. L. W. M e n ,  E. M. Eicher, J. M. Jacobs, F. 
Def- Foundation Original Artick Series (Liss, Scaravilli, F. Teixeira, Bruin 103, 695 (1980); H. 
New York, 1986), pp. 7-24. Takahad& H. Igisu, K. Suzuki, K. S U Z ~  Acta 

20. D. ~.'wii& R Laureno, M. Victor, Brain 102, 
361 (1979); J. W. Prineas, in Nan&& OfCIiniuJ 
Nm-, J, C. K d e x  tt d., Eds, (Elsevier, 
Amtedam, 1985), vol. 3, pp. 213-257. 
A. E. G. Pcarse, in HMcrrrinry, Thtxwdud and 
AppllJul, A. E. G. Pearse, Ed. (Churchdl, London, 
ed. 2,1960), pp. 289-334. 
K. Suzuki, P. M. Hoogerb~gge, B. J. H. M. 
Pmrthuis, K. Suzuki, La&. Itmcn., in press. 
J. P. Y. Ting, D. P. Nixon, L. P. Weiner, J. A. 
Erelinger, Itmwmg& 17,295 (1983). 
M. Oehmkhcn, 161,246 (1982); S. 
Fujita and T. Kitamura, Acta NnwgpatM. 6 
(suppL), 291 (1975). 
R 0. Brady, in AlXmIar B d  of Lymomal S-c 
DirmdcvJ, J. A. Barrangex and R. 0. Brady, Eds. 
(Academic Press, New York, 1984), pp. 461-478. 
A. Kondo, T. Nakano, K. Suzuki, Brain. h. 425, 
186 (1987). 
E. H. Kdodny and H. W. Mom, in T b c M W i c  
B d  ofInbm'ted ~~, J. B. Stanbury ct d., Eds. 
(McGraw-Hill, New York, 1983), pp. 881-905. 
T. Kobayashi, H. Shinoda, I. Gom, T. Yamanah, 
Y. Suzuki, BMcban. BBiopbys. Res. Gvmmwn. 144,41 
(1987); H. Shinoda, T. Kobayashi, M. Katayama, I. 
Goto, H. Nagara, J. Nmmcbcm. 49,92 (1987). 
We arc grateful to A. Rommc for his cxpat nchni- 
cal assistance in the -ation of the galactosyI- 
cexamidasc activities. Supported by grant 28-2021, 
Pracventiefonds, the Netherlands, and by NIH 
grants NS 24453, NS 24928, and HD 03110. 

27 July 1987; accepted 14 December 1987 

SCIENCE, VOL. 239 




