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Abstract
Globoid cell leukodystrophy (GLD) or Krabbe disease is a neurodegenerative disorder caused by the
deficiency of the lysosomal enzyme galactocerebrosidase (GALC). GALC deficiency results in a
progressive demyelination of the central and peripheral nervous systems. Inflammatory cells and
increased levels of cytokines and chemokines are present in the CNS of GLD mice and may play a
significant role in the pathogenesis of the disease. In this study we evaluate the effect of non-steroidal
anti-inflammatory drugs, such as indomethacin and ibuprofen, and minocycline, a tetracycline analog
with neuroprotective and anti-apoptotic properties, on the progression of the disease using a
transgenic mouse model of GLD. Real-time quantitative PCR was used to analyze the expression of
several markers of the immune/inflammatory response. IL-6, TNF-α, MIP-1β, MCP-1, iNOS/NOS2,
CD11b, CD68, CD4 and CD8 mRNA levels were measured in cortex, cerebellum and spinal cord
of untreated and treated affected mice at different ages. In addition, the pharmacological treatments
were compared to bone marrow transplantation (BMT). The pharmacological treatments
significantly extended the life-span of the treated mice and reduced the levels of several of the
immuno-related factors studied. However, BMT produced the most dramatic improvements. In
BMT-treated mice, factors in the spinal cord were normalized faster than the cerebellum, with the
exception of CD68. There was a decrease in the number of apoptotic cells in the cerebellum of mice
receiving anti-inflammatory drugs and BMT. These studies indicate a possible role for combined
therapy in the treatment of GLD.
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1. INTRODUCTION
Globoid cell leukodystrophy (GLD) or Krabbe disease is an autosomal recessive disorder
caused by the deficiency of galactocerebrosidase (GALC) activity, an enzyme required for the
catabolism of certain galactolipids found in myelin (reviewed in Wenger et al., 2001; Wenger,
2008). The disease is characterized by microglia activation, astrogliosis, macrophage
infiltration and apoptotic death of oligodendrocytes, leading to progressive loss of myelin in
the central and peripheral nervous systems. Several well-characterized naturally occurring
animal models of this disease are available including the twitcher (twi) mouse (Duchen et al.,
1980; Kobayashi et al., 1980), the Cairn and Westhighland white terriers (Fletcher et al.,
1966) and the Rhesus monkey (Baskin et al., 1989). In addition, a transgenic (trs) mouse model
has been generated in our laboratory by introducing a missense mutation into the GALC gene
by homologous recombination (Luzi et al., 2001). The trs mouse model presents with onset of
symptoms only slightly delayed compared to the twi mouse (22-24 vs 20 days), and death
occurs at an average of 58 days for the trs mice versus 40 days for the twi mice. In addition,
the trs mice are larger, produce more pups per litter, and their slightly extended life-span allows
a longer time for evaluation of therapeutic effects.

Hematopoietic stem cell transplantation (HSCT) is the only treatment currently available for
patients with Krabbe disease. When performed in asymptomatic or mildly affected patients,
HSCT slows the progression of the disease (Krivit et al., 1998; Escolar et al., 2005). Animal
models have been used to evaluate various therapy options (reviewed in Suzuki et al., 2003),
however bone marrow transplantation (BMT) still remains the most effective treatment. In the
trs mouse, BMT resulted in a much longer life-span (over one year for some animals) with
significant improvements in clinical features as well as in pathological and biochemical
parameters (Luzi et al., 2005). However, the animals still die with symptoms of a neurological
disorder, indicating that BMT alone is not sufficient to reverse the progression of the disease.
Activation of the immune system with inflammatory components has been shown to be present
in mice with Krabbe disease (LeVine and Brown, 1997; Wu et al., 2001). The cytokines IL-6
and TNF-α and chemokines MCP-1 and MIP-1β are up-regulated in the CNS of twi mice
indicating the possibility that they play a significant role in the demyelinating process
characteristic of GLD. We were interested in determining whether anti-inflammatory
treatments might be able to affect these markers and slow the progression of the disease.
Therefore, trs mice were treated with two known non-steroidal anti-inflammatory drugs
(NSAIDs), ibuprofen and indomethacin. In addition, several studies have reported that
minocycline, a tetracycline analog, has neuroprotective and anti-apoptotic effects in several
neurodegenerative disorders including Huntington’s disease (Chen et al., 2000), amyotrophic
lateral sclerosis (Zhu et al., 2002) and multiple sclerosis (Brundula et al., 2002). Since apoptosis
has been described in GLD (Taniike et al., 1999; Jatana et al., 2002), the effect of minocycline
was also evaluated in our mouse model.

The first step of this project was to determine if any of these treatments could prolong the lives
of affected mice. Once a positive effect by these drugs on survival was demonstrated, real-time
quantitative RT-PCR was used to analyze several factors involved in the immune/inflammatory
response, comparing data from untreated and treated mice. The factors studied were IL-6, a
pro-inflammatory cytokine produced by monocytes, macrophages and T-cells, TNF-α, a pro-
apoptotic cytokine produced by macrophages, mast cells and NK cells, MIP-1β and MCP-1,
two chemokines characterized by chemotactic activity on monocytes and associated with
several proinflammatory activities, inducible nitric oxide synthase (iNOS/NOS2), an enzyme
involved in the production of toxic radicals with pro-inflammatory activity, CD11b, a marker
for microglia and macrophages, CD68, a marker for phagocytosis generally associated with
activated macrophages, CD4, a marker for T-helper cells and CD8, a marker for cytotoxic T-
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cells. For comparison, the same factors were also analyzed in BMT-treated mice. Different
CNS regions, including cortex (brain hemispheres without cerebellum), cerebellum and pons
and spinal cord were analyzed separately at different stages of the disease.

These studies showed a significant increase in the levels of immune-related factors with
progression of the disease, but with some significant regional differences. Some treatments
were better than others in partially correcting these abnormalities, however, BMT produced
the most dramatic improvements. These studies provide some important clues as to the
pathology of GLD and suggest some avenues of treatment to explore.

2. RESULTS
Since a substantial inflammatory component is involved in the pathology of Krabbe disease,
several anti-inflammatory and neuroprotective agents were tested for their ability to slow the
progression of the disease. Trs mice were treated with indomethacin or ibuprofen, both well-
known non-steroidal anti-inflammatory agents, or minocycline, a second generation
tetracycline with neuroprotective and anti-apoptotic proprieties (reviewed in Blum et al.,
2004). Because of the rapid course of this disease, treatments were started as early as possible.
Since these pharmacological agents are excreted into the milk of a lactating mother, the drugs
were administered, initially, in the drinking water of the nursing mother. The age for starting
the treatments was chosen in an empirical way; several litters were treated with the different
pharmacological agents beginning at different ages and survival was recorded. The starting
point that produced the longest survival was then selected for further experiments. The
treatments were able to prolong the lives of the affected mice as shown in Fig. 1. The average
increase in survival was about 10-12 days for all the treatments, with some indomethacin-
treated mice living more than 80 days.

After showing that treatments were able to extend the life-span of affected trs mice, we used
real-time quantitative RT-PCR to evaluate if the effects of these pharmaceutical treatments
could be correlated with a decrease in the levels of pro-inflammatory cytokines, chemokines
and markers specific for cell-mediated inflammation. Before analyzing the treated mice, the
baseline levels for these factors in normal and untreated affected mice were established.
Analysis of the levels of IL-6, TNF-α, MIP-1β, MCP-1, iNOS/NOS2, CD11b, CD68, CD4,
CD8 with progression of disease was undertaken in different CNS regions. Cortex, cerebellum
and spinal cord from mice at PND 30, PND 40 and terminal stage, were evaluated. The choice
of PND 30 as the earliest time point was based on preliminary studies showing that at PND 10
no differences were detected in the levels of IL-6, TNF-α, MIP-1β and MCP-1 between normal
and affected mice, while at PND 20 a slight increase in the levels of these factors was detected,
mostly in the cerebellum, and to a less degree in the cortex, of affected mice (data not shown).

The fold increase over normal values for IL-6, TNF-α, MIP-1β and MCP-1 is presented in Fig.
2 and for CD11b, CD68, CD4, CD8 in Fig. 3. Please note the scale differences on each graph.
In general, there is a progressive increase in mRNA levels for these factors in the cortex and
cerebellum, with the cerebellum showing a more pronounced and earlier elevation for several
markers.

IL-6
IL-6 values in cortex and cerebellum increased to a lesser degree than the other cytokine and
chemokines (Fig. 2). At the terminal stage, both in the cortex and in the cerebellum the average
increase was only a few folds over normal. Spinal cord values were not elevated at any time.
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TNF-α
TNF-α values in cortex and cerebellum were already elevated over normal at PND 30 and
increased considerably with age reaching values of more than 20 and 30-fold over normal, in
cortex and cerebellum, respectively, at the terminal stage (Fig. 2). In spinal cord the increase
over normal was more modest.

MIP-1β
At PND 30, MIP-1β values were significantly elevated over normal especially in the cerebellum
and spinal cord. MIP-1β levels continued to rise with disease progression, reaching a 20-fold
increase in cortex and cerebellum and 30-fold in spinal cord at PND 40, and even higher levels
at the terminal stage (Fig. 2).

MCP-1
While there was only a modest increase in MCP-1 in cortex at PND 30, larger increases were
measured in the cerebellum and spinal cord. There was little change at PND 40 in cortex and
cerebellum, however spinal cord showed a greater increase. All tissues showed very high levels
at the terminal stage (Fig. 2).

i-NOS/NOS2
i-NOS/NOS2 was analyzed in cortex and cerebellum at different ages. No changes were
detected between affected and normal mice at any time point studied (not shown).

CD11b
Values for CD11b in the cortex of affected mice were not significantly different from normal
at any age (Fig. 3). At PND 30 and 40, significant increases were measured in the cerebellum.
The CD11b levels reached 5-fold over normal at the terminal stage. A progressive increase
was measured in the spinal cord reaching about 9-fold over normal at the terminal stage.

CD68
This cell marker presented a more significant raise than CD11b (Fig. 3). There was a modest
increase in the cortex, however in the cerebellum the levels of CD68 increased slowly at the
early stages but then abruptly rose to more than a 30-fold increase over normal at the terminal
stage. In the spinal cord, there was a continuous increase from PND 30 that reached 70-fold
over normal at the terminal stage.

CD4
Values for CD4 in the cortex of affected mice were not significantly elevated from normal at
any age (Fig. 3). In the cerebellum, the CD4 values were only slightly elevated over normal at
the earlier ages but increased at the terminal stage. A similar trend was observed in the spinal
cord.

CD8
At PND 30, CD8 values were not different from normal in cortex and cerebellum; however
there was a significant increase at PND 40 in cortex and especially in cerebellum. These
increased values remained relatively stable at the terminal stage. Interestingly in spinal cord
there was an earlier increase in CD8 at PND 30 compared to cortex and cerebellum. At PND
40 the value rose even more, but no further increase was detected at the terminal stage.

Treatments—Animals treated with minocycline, indomethacin and ibuprofen were
sacrificed at PND 58 and terminal stage. The PND 58 time point was selected since it represents
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the mean age of death of untreated affected mice. Preliminary studies had shown that at PND
30 there was no significant difference in the factors studied between untreated affected mice
and affected mice receiving these three drugs (data not shown). Therefore, values in the cortex
and cerebellum of PND 58 treated affected mice and terminal treated mice were both compared
to terminal untreated affected mice (average age 58 days) (Fig. 4 and 5). This was done to
determine if, at the moribund stage, there was a difference in the measured factors between
treated and untreated mice.

The mice that received the pharmacological treatments were also compared to mice that
received BMT. The mice receiving BMT were sacrificed at PND 58 and the terminal stage
(average age 228 days).

Cortex and cerebellum from all mice and, in addition, spinal cord from the BMT-treated mice,
were analyzed for IL-6, TNF-α, MIP-1β, MCP-1, CD11b, CD68, CD4, CD8 by real-time
quantitative PCR. Data obtained are shown in Fig. 4 and 5 expressed as fold increase over
normal, comparing levels present in the untreated affected mice with levels in the treated
affected mice. This representation of data allows a direct comparison of the effects of the
different treatments.

IL-6
BMT treatment prevented the increase in IL-6 levels seen in untreated affected mice and
maintained the level within the normal range in both cortex and cerebellum at PND 58 and
terminal stage (Fig. 4). In cortex, minocycline and ibuprofen did not prevent the rise of IL-6.
In fact, IL-6 mRNA levels in minocycline-treated mice continued to increase with time and at
the terminal stage the values were higher than in untreated affected mice. Treatment with
indomethacin, while it did not decrease the high levels of IL-6 in cortex, it did prevent any
further rise in IL-6 as the disease progressed. In cerebellum, the levels of IL-6 were slightly
lower in all three pharmacologically-treated groups with the IL-6 level in the indomethacin-
treated group reduced to about half of that measured in untreated mice.

TNF-α
At PND 58, BMT prevented the increase of the TNF-α levels in both cortex and cerebellum,
stabilizing them to about 5-fold over normal compared to 21-fold and 30-fold, respectively, in
untreated affected mice (Fig. 4). This 5-fold increase remained about the same in long-living
BMT-treated mice. In cortex, the pharmacological treatments were able to stabilize the levels
of TNF-α to about half of that measured in untreated mice at PND 58. At the terminal stage,
the TNF-α values were increased in all treated mice, however the increase was less pronounced
in the indomethacin-treated mice. In cerebellum, all three pharmacological treatments were
able to significantly inhibit the increase of TNF-α levels at both time points studied. Again,
indomethacin was the most effective, stabilizing TNF-α values from 30-fold over normal to
10-fold at PND 58 and 6-fold over normal at the terminal stage.

MIP-1β
In cortex, the only two treatments able to partially prevent the high levels of MIP-1β seen in
untreated affected mice (41-fold over normal) were indomethacin and BMT which reduced the
values to about half at PND 58 (Fig. 4). For indomethacin this value remained the same at the
terminal stage, while BMT treatment reduced the MIP-1β value to only 5 times over normal
in the long-living animals. In cortex, minocycline failed to produce any effect at either time
point, while ibuprofen had no effect at PND 58 and only a slight decrease at the terminal stage.
In cerebellum, the levels of MIP-1β decreased in BMT-treated mice from 53-fold over normal
to 12-fold over normal at PND 58 and only to 3-fold over normal in the long-living mice.
Indomethacin treatment halved the value at PND 58 and reduced it even further, to 12-fold
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over normal at the terminal stage. Minocycline and ibuprofen had no significant effects at both
time points studied.

MCP-1
In cortex, BMT treatment prevented the increase of the MCP-1 levels from a 33-fold elevation
to 8-fold at PND 58 and to only 4-fold in the long-living mice (Fig. 4). Indomethacin was able
to limit the raise of the MCP-1 values to about half at both time points. Minocycline had no
significant effect on MCP-1 levels. Ibuprofen was able to partially prevent the MCP-1 increase
at PND 58, however it reached the untreated level at the terminal stage. In the cerebellum of
BMT-treated mice, MCP-1 levels were 6-fold over normal at PND 58 and only 3-fold over
normal at terminal stage compared to 33-fold over normal in untreated affected mice. In
cerebellum, the three pharmacological treatments were unable to prevent the increase in the
levels of MCP-1 at any time point. In fact, the minocycline-treated mice showed a very
significant increase at the terminal stage with values reaching 69-fold over normal.

CD11b
CD11b levels in cortex of untreated affected mice were not significantly different from normal,
and treatments did not produce any significant change (Fig. 5). Levels of CD11b in cerebellum
of untreated affected mice were 5-fold over normal at PND 58, and the pharmacological
treatments failed to lower this level at either time point. Only indomethacin reduced the CD11b
level at the terminal stage to 3.5-fold over normal. BMT was successful in stabilizing the
CD11b level to only 2-fold over normal at both time points examined.

CD68
In cortex, levels of CD68 were not greatly elevated in untreated affected mice and they were
only partially reduced by BMT and certain pharmacological treatments at both time points
(Fig. 5). The cerebellum of untreated affected mice shows a very large increase in CD68 levels
(31-fold over normal). BMT limited the increase in CD68 mRNAs at PND 58 and terminal
stage to only about 5-fold over normal. Of the pharmacological treatments, ibuprofen produced
the most pronounced effect on CD68 at PND 58. However, this value goes up to untreated
levels at the terminal stage. Minocycline follows the same trend as ibuprofen. Indomethacin
does not have a significant effect on the CD68 level at PND58 and produced only a modest
decrease at the terminal stage.

CD4
CD4 levels in cortex of untreated affected mice were not significantly different from normal
and treatments did not produce any significant change (Fig. 5). However, in the cerebellum
CD4 was increased 4-fold. The values of CD4 were normalized at PND 58 by BMT, but in the
long-living mice the level increased to about 3-fold over normal. This is the only factor
analyzed in the BMT-treated mice that increased from PND 58 to the terminal stage.
Minocycline and ibuprofen treatments were able to prevent the increase in CD4 to about half
at PND 58 but then the values increased with time to a level higher than measured in untreated
affected mice. Indomethacin did not produce any significant effect on CD4 values.

CD8
In cortex, CD8 values were not changed by BMT treatment (Fig. 5). This is the only factor
studied for which BMT treatment was not able to prevent an increase to, at least, some degree.
Minocycline also did not produce any effect. Indomethacin and ibuprofen were able to inhibit
the raise in the CD8 levels at PND 58 by more than 50%, but at the terminal stage CD8 increased
to near untreated levels. In the cerebellum of BMT-treated mice, CD8 levels were only 3-fold
over normal at PND 58 and normal in the long-living mice compared to 12-fold over normal
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in untreated affected mice. Minocycline, indomethacin and ibuprofen did not produce any
significant effect in the cerebellum.

Spinal Cord Data—The data reported above show that cortex and cerebellum behave
differently to the disease process and to treatment, therefore it was of interest to study the spinal
cord of BMT-treated mice. Data shown in Fig. 6 compare the fold increase over normal in
cortex, cerebellum and spinal cord for all the factors analyzed above.

IL-6 values in spinal cord were not different from normal in the untreated affected mice (Fig.
6).

TNF-α values in spinal cord of BMT-treated mice were 2.5 times over normal at PND 58 and
were reduced to near normal in the long-living animals (Fig. 6).

MIP-1β level in spinal cord of BMT-treated mice reached only a 5-fold increase over normal
at PND 58 and was normalized in the long-living mice (Fig. 6). This effect in spinal cord was
more dramatic than the one seen in both cortex and cerebellum, especially at the 58-day time
point.

The steep rise in MCP-1 levels seen in the spinal cord of untreated affected mice (72-fold over
normal) was prevented by BMT treatment. The value reached only a 7-fold increase over
normal at PND 58 and only a 3-fold in the long-living mice, a similar response to that seen in
cortex and cerebellum.

CD11b mRNA levels in the spinal cord of BMT-treated mice were around 2-fold over normal
at both time points, similar to the cerebellum response (Fig. 6).

CD68 levels were very high in the spinal cord of untreated affected mice (70-fold over normal),
higher than in the cerebellum and much higher than in the cortex. Treatment with BMT was
able to partially prevent the increase of this factor; CD68 levels reached a 16-fold increase over
normal at PND 58 and no further decline was seen with time. These levels, even if lower than
in the untreated mice, were still very elevated above the normal value.

CD4 in the spinal cord was 5-fold elevated in untreated mice, however in BMT-treated mice
dropped at PND 58 and rose slightly at the terminal stage (Fig. 6). This is similar to the trend
seen in cerebellum.

The CD8 level in spinal cord of BMT-treated mice was only 2.5-fold over normal at PND 58
and was normalized in the terminal stage, following the same trend seen in cerebellum (Fig.
6).

Histological detection of apoptotic cells—Since apoptosis is involved in the pathology
of Krabbe disease, the brains of trs mice were examined for apoptotic cells. Cryosections of
cortex and cerebellum from 58-day-old untreated affected mice, normal mice and mice
subjected to different treatments were assayed to detect apoptotic cells. Very few apoptotic
cells were detected in cortex and cerebellum from normal mice. Many more apoptotic cells
were observed in the cerebellum of affected mice compared to the cortex. In Fig. 7, TUNEL
staining in the cerebellar granule cell layer from a normal mouse and untreated affected mouse
at PND 56 is shown. In order to have a more quantitative measure, the total number of cells
presents in the cerebellar granule cell layer were counted, using high power magnification, in
normal and affected mice with and without treatments. Results represented as percentage of
granule cells with positive staining are shown in Fig. 8. All the treatments showed a significant
decrease of apoptotic cells. BMT treatment reduced the number of apoptotic cells by more than
50%. The most dramatic result was obtained in the mouse treated with both minocycline and

Luzi et al. Page 7

Brain Res. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



BMT. The level of apoptotic cells was close to that seen in unaffected mice. Combining BMT
with minocycline seems to have a synergistic effect in decreasing the number of cells
undergoing apoptosis in this mouse model.

3. DISCUSSION
Most lysosomal storage disorders characterized by a neurodegenerative course are associated
with activation of the immune system and presence of an inflammatory response in the CNS
(reviewed in Jeyakumar et al., 2005). Studies in animal models of different LSDs have shown
that microglia activation and macrophage recruitment play a key role in the inflammation
process by production of pro-inflammatory factors (Wada et al., 2000; Jeyakumar et al.,
2003; LeVine and Brown, 1997; Wu et al., 2001; Baudry et al., 2003). Anti-inflammatory
therapies have been evaluated in several neurodegenerative disorders. Mouse models of
Alzheimer’s and Parkinson’s diseases treated with NSAIDs, such as indomethacin and
ibuprofen, showed reduced microglia activation and improved pathology (Netland et al.,
1998; Lim et al., 2000; Kurkowska et al., 2002). Treatment of a mouse model of Sandhoff
disease with NSAIDs significantly extended the life-span of the mice (Jeyakumar et al.,
2004), and treatment of twitcher mice with ibudilast decreased the number of apoptotic
oligodendrocytes and reduced demyelination (Kagitani-Shimono et al., 2005).

In this paper we investigated the effects of indomethacin, ibuprofen and minocycline treatments
on the trs mouse model of Krabbe disease. All the three pharmacological treatments were able
to extend the life-span of the treated mice about 10-12 days from an average of 58 days in the
untreated affected mice. This corresponds to an average increase in life expectancy of about
20 %. Some indomethacin-treated mice survived more than 80 days compared to 63 days in
the longest living untreated mouse. This prolongation in survival is significant in a mouse
model affected with such a rapidly progressing disease. A similar increase in life span was
achieved by more drastic therapies, such as direct injection of GALC-expressing AAV particles
into the brain of neonatal mice affected with GLD (Rafi et al., 2005; Lin et al., 2005). On the
other hand, treatment of twitcher mice with ibudilast resulted in improved pathology but no
extension in life-span (Kagitani-Shimono et al., 2005).

Levels of certain pro-inflammatory cytokines and chemokines measured in untreated affected
trs mice showed an increase with time and progression of disease. In both cortex and cerebellum
the increase in IL-6 was very modest while TNF-α, MIP-1β and MCP-1 values increased very
drastically with time, reaching levels ranging from 21 to 70 times over normal at the terminal
stage. These high values indicate the presence of a very strong pro-inflammatory response in
the latter stages of the disease. The spinal cord showed no changes in IL-6 levels, and a modest
increase in TNF-α with time, while MIP-1β and particularly MCP-1 reached extremely elevated
levels especially at the terminal stage. Therefore, the induction of the chemokines appears to
be independent of the expression of the pro-inflammatory cytokines IL-6 and TNF-α. This very
marked increase in chemokines correlates with the very elevated values for CD-68, a marker
for activated macrophages and microglia, in spinal cord (70 times over normal at terminal).
These data are in agreement with the pathologic findings in affected twitcher mice. The CNS
areas that myelinate first, that is spinal cord, followed by cerebellum and then brain
hemispheres, are the first to show signs of pathology in affected mice (Taniike and Suzuki,
1994). In our studies, CD-68 increased from cortex to cerebellum to spinal cord at each time
point examined, probably reflecting the different degree of macrophage infiltration or
microglia activation in the different regions. In addition, the more marked accumulation of
inflammatory cells in the spinal cord and cerebellum, compared to cortex, has been previously
noted in autoimmune CNS inflammation as well as in the immune clearance of rabies vaccine
virus from CNS tissues (Phares et al., 2006; Fabis et al., 2007) and may represent a naturally
tighter control of cell invasion into the cortex.
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In our model, iNOS/NOS2 levels were not altered by the disease (data not shown). Other
authors have reported an increased iNOS/NOS2 signal in brain sections of patients with Krabbe
disease using immunohistochemistry, (Giri et al., 2002). Increased iNOS/NOS2 levels have
been associated with increased blood-brain barrier (BBB) permeability (Kean et al., 2000). We
conducted some studies to evaluate changes in BBB permeability by measuring the CNS uptake
of sodium fluorescein, following intravenous injection, in several affected trs mice at the latter
stages of the disease (data not shown). These preliminary studies showed no increase in BBB
permeability. This is in agreement with previously reported studies (Kondo et al., 1989). The
unchanged iNOS/NOS2 levels seen in our studies also correlate with the lack of a compromised
BBB.

Currently BMT represents the gold standard for the treatment of Krabbe disease in both humans
and animal models. For this reason data obtained from mice treated with BMT are particularly
significant. The data reported clearly show that among the studied treatments, BMT was the
most effective in preventing the increase in the levels of all the analyzed factors seen in
untreated affected mice, in both cortex and cerebellum, even at the early 58-day time point
(Fig. 4 and 5). Among the pharmacological treatments, indomethacin was the most effective,
however the reduction measured was less than with BMT. Also, all the treatments were able
to produce a much more significant inhibition in the rise of the levels of chemokines and
cytokines than in the immuno/inflammatory cell markers. In general, the tissues of the
cerebellum respond to the treatments better than those of the cortex. The factors analyzed
reached much higher values in the cerebellum than cortex of the untreated affected animals,
but treatments were able to down regulate cytokines and chemokines more efficiently in
cerebellum than cortex, with the exception of MCP-1. The pharmacological treatments were,
in fact, more effective in preventing an increase in the levels of IL-6, TNF-α and MIP-1β in
the cerebellum than in cortex, but with MCP-1 the opposite effect was noticed (Fig. 4). The
treatments were able to inhibit the raise of mRNA for MCP-1 to different degrees in the cortex,
but none of them had any effect on its level in the cerebellum.

BMT reduces the levels of the chemokine mRNAs to more or less similar levels in the cortex
and cerebellum, but has a considerably greater inhibitory effect in the spinal cord (Fig. 6).
Accumulation of CD4, CD8, CD11b and CD68 in the cerebellum and spinal cord is also
reduced by bone marrow treatment. However CD68 remains highly elevated in the spinal cord
and, to a lesser extent, in the cerebellum. CD68 is a marker for both infiltrating monocytes and
microglia and its elevation may have two interpretations in the BMT-treated mice: a positive
one, more normalized microglial function correlating with donor-derived cells, and a negative
one, persistence of inflammation. It is possible that a high level of CD-68 reflects the greater
accumulation of transferred bone marrow-derived cells in cerebellum and particularly in spinal
cord. In this case the higher numbers of transplanted cells present in the spinal cord tissues,
may have a more profound inhibitory effect on the other inflammatory factors.

On the other hand, since CD68 is a marker associated with phagocytosis, these elevated values
might indicate the presence of a significant residual level of damage in the myelin and myelin-
forming cells. BMT treatment in trs mice can prolong their life-span up to one year but the
mice still die with symptoms of a neurological disorder, despite the fact that the pathology in
cortex and cerebellum is greatly improved and psychosine levels in brain are in the normal
range (Luzi et al., 2005). The CD68 data reported in this study might indicate that BMT
treatment is less effective in correcting certain pathological changes in the spinal cord than in
cortex and cerebellum.

In addition, of particular interest are the results of our analyses of mRNAs for the T cell markers
CD4 and CD8. CD8, and to a lesser extent, CD4 levels become elevated in the cerebellum of
the mice toward the latter stages of the disease, whether treated with anti-inflammatory agents
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or not. This may be taken as suggesting that there is a T cell component to the disease
pathogenesis. However, BMT largely prevents the increase in T cell mRNA levels even in
terminally diseased animals. This suggests that the invasion of T cells into the cerebellum of
mice developing the disease may be a consequence of the CNS tissue pathology rather than a
primary contributor.

Studies of apoptosis show a decrease in the number of cells undergoing apoptosis in the
cerebellum of affected mice subjected to these treatments (Fig. 8). BMT was the most effective
in reducing apoptotic cells followed by indomethacin and then minocycline. It is interesting to
note that the combination of BMT and minocycline showed a synergistic effect in reducing
apoptosis (Fig. 8). The apoptosis data correlate also very closely with the reduction of the pro-
apoptotic cytokine TNF-α and other factors in cerebellum.

Treatment of GLD mice with anti-inflammatory drugs is not expected to provide a “cure” for
the disease since the underlying defect causing the pathology, the GALC deficiency, is not
corrected. However our data support the possibility that combining anti-inflammatory
treatments with other therapies directed at correcting the GALC deficiency, may result in a
better outcome for affected individuals.

4. EXPERIMENTAL PROCEDURE
Animals

Studies were conducted using the trs mouse model previously described (Luzi et al., 2001).
Heterozygous mice were mated to obtain affected offspring. The newborn mice were
genotyped at 2-3 days of age by analyzing DNA extracted from clipped toes using a PCR-
based test (Luzi et al., 2001). Four to six animals for each time point were used. All procedures
were conducted according to the guidelines of the Institutional Animal Care and Use
Committee.

Pharmacological treatments
Pharmacological treatments were provided, at the beginning, in the drinking water of the
nursing mother and then administered for the entire life-span of the mice.

Minocycline (Sigma) was dissolved in the drinking water, containing 5% sucrose, at a final
concentration of 1 mg/ml (200 mg/kg/day). The treatment was started at PND 5. Indomethacin
(Sigma) was first dissolved in polyethylene glycol/ Tween 20 (95:5 v/v) at a concentration of
0.4 mg/ml and then diluted 1:100 in drinking water to achieve a therapeutic dose of 0.8 mg/
kg/day. Treatment was started at PND 14.

Ibuprofen (Sigma) treatment was started at PND 10 using a final concentration of 0.25 mg/ml
(50 mg/kg/day) in water.

The untreated mice were given regular water.

Bone marrow transplantation (BMT)
The previously described procedure for BMT was followed (Luzi et al., 2005). Briefly, nine-
day-old mice received a lethal total body dose of radiation (9.0 GY), and 24 hrs later were
injected intraperitoneally with 3-4×107 bone marrow cells obtained by flushing tibiae and
femora of non-carrier donor mice. Before injection, the bone marrow cells were treated with
IGF-1 (Sigma) at a final concentration of 50 ng/ml for 30 min at room temperature. For 7 wks
after BMT the mice received prophylactic Neomycin (final concentration 0.5 mg/ml) and
Polymixin B (final concentration 13 μg/ml) in the drinking water.
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Tissue preparation
Treated and untreated mice were sacrificed at different ages including PND 30, PND 40, PND
58 as well as the terminal stage, which is the time at which the animals presented with paralysis
of the hind legs. The terminal stage for untreated mice was between 50 and 63 days (average
58 days), for minocycline-treated mice between 71 and 74 days (average 70 days), for
indomethacin-treated mice between 64 and 71 days (average 67 days). The ibuprofen-treated
mice group at terminal stage was composed by five 70-day-old mice (average 70 days). The
terminal stage for BMT-treated trs mice is between 6 and 13 months of age (Luzi et al.,
2005). In this study, three long-living transplanted affected mice (173, 216 and 295 days old)
were used, while for the 58-day time point, four transplanted affected mice and four
transplanted unaffected mice were analyzed. Five to six animals for each time point were used
for both untreated and pharmacologically-treated mice, including normal mice subjected to the
same treatments as the affected mice.

At the time of sacrifice the mice were subjected to transcardiac perfusion. Briefly, the animals
were deeply anesthetized using Pentobarbital sodium (100 μg/g body weight), the left ventricle
incannulated and then perfused using phosphate buffered saline (PBS) plus heparin followed
by PBS. Brain and spinal cord were removed and the former was separated into cerebral cortex
(brain hemispheres without cerebellum) and cerebellum and pons. The tissues were quickly
frozen and stored at -80°. Tissues used for the detection of TUNEL assay were prepared by
transcardiac perfusion with 4% paraformaldehyde and soaking in 25% sucrose as previously
described (Luzi et al., 2005). Frozen sections were then used for apoptosis studies.

Real-time quantitative RT-PCR
RNA was isolated from cortex, cerebellum and spinal cord using the Qiagen RNeasy kit
(Qiagen) followed by DNase I treatment (Qiagen). cDNA was synthesized from 2 μg of total
RNA using M-MLV reverse transcriptase (Promega) and dT15 primers. Real-time quantitative
PCR was performed on equal volumes of cDNA using specific primers and probe sets and the
iTaq™ DNA polymerase (IQ™Supermix, Bio-Rad). The probe and primers sets specific for
the factors L-13, IL-6, TNF-α, MIP-1β, MCP-1, CD11b, CD4, and CD8 have been previously
described (Phares et al., 2006). Probe and primers for CD68 were as follow: probe, CCA GCC
CCT CTG AGC ATC TGC CCC A; 5′primer, GTG CTC ATC GCC TTC TGC ATC A; 3′
primer, GGC GCT CCT TGG TGG CTT AC. Probe and primers for iNOS/NOS2 have been
previously described (Scott et al., 2004). Probes were double labeled at the 5′end with the
reporter dye 6-FAM and at the 3′end with the quencher BHQ-1. Real-time quantitative PCR
was performed using a Bio-Rad iCycler iQ Real-Time Detection System. Data were calculated
based on a threshold cycle (Ct) determined as the PCR cycle at which the fluorescent signal
becomes higher than that of the background (cycles 2-10) plus 10 times the SD of the
background. The number of copies of specific mRNA in each sample was determined using
standard curves obtained by diluting synthetic cDNA standards. Data were expressed as the
number of copies of a specific mRNA per copy of the housekeeping mRNA L13 in each
particular sample and presented as fold increase in mRNA copy numbers in affected mice over
levels in normal mice at the same age/treatment, with all the values normalized to the L13
mRNA content for each sample.

TUNEL assay
To detect apoptotic cells on brain cryosections, the ApopTag Plus Peroxidase In Situ Apoptosis
Kit (Chemicon) was used, following the manufacturer’s instructions. Briefly, frozen sections
of cortex and cerebellum from treated and untreated trs mice were fixed in 1%
paraformaldehyde, permeabilized by treatment with ethanol:acetic acid at -20°, quenched in
30% hydrogen peroxide, and reacted with terminal deoxynucleotidyl transferase and digoxinin
deoxynucleotide triphosphates followed by peroxidase conjugated anti-digoxinin antibody and

Luzi et al. Page 11

Brain Res. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



visualized with diaminobenzidine (DAB). The specimens were then counterstained with
methyl green and viewed under a light microscope (Olympus BX51). Apoptotic cells,
appearing as brown, were counted in the cerebellar granule cell layer. Ten fields per section
were counted using high power magnification.

Statistical analyses
Survival curves were analyzed using the log-rank test.

Data obtained by real-time PCR are expressed as the mean ± SEM for each group of mice.
Evaluation of the significance of difference between the means of parameters in untreated and
treated groups was performed using the unpaired t test or Mann-Whitney U test. Statistical
significance for the apoptosis data were evaluated using the unpaired t test and ANOVA with
Dunnett’s and Tukey’s multiple comparison tests. In all cases P values < 0.05 were considered
significant.

Graphs were plotted and statistics assessed using the program GraphPad Prism 4.0 (GraphPad
Software).
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FIG. 1.
Survival curve for affected trs mice untreated (n= 13) and treated with ibuprofen (n=19),
minocycline (n= 11), and indomethacin (n= 10). Treatments were administered, at the
beginning, in the drinking water of the nursing mother and then provided for the entire life-
span of the mice, starting at PND 5 for minocycline (final concentration 1 mg/ml), PND 10 for
ibuprofen (final concentration 0.25 mg/ml) and PND 14 for indomethacin (final concentration
4μg/ml).
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FIG. 2.
Expression of IL-6, TNF-α, MIP-1β and MCP-1 in the cortex, cerebellum and spinal cord of
untreated affected trs mice at PND 30, PND 40 and terminal stage. Levels of mRNA specific
for each factor were determined using real-time quantitative RT-PCR as described in Materials
and Methods. Levels are presented as the mean ± SEM fold increase in five affected mice over
normal mice. All values are corrected for total mRNA content using the housekeeping gene
L13. Statistically significant differences in expression levels between normal mice and affected
mice at a given time point were determined using the unpaired t test (*, P 0.01-0.05; **, P
0.001-0.01; ***, P < 0.001).
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FIG. 3.
Expression of CD11b, CD68, CD4 and CD8 in the cortex, cerebellum and spinal cord of
untreated affected trs mice at PND 30, PND 40 and terminal stage. Levels of mRNA specific
for each factor were determined using real-time quantitative RT-PCR as described in Materials
and Methods. Levels are presented as the mean ± SEM fold increase in five affected mice over
normal mice. All values are corrected for total mRNA content using the housekeeping gene
L13. Statistically significant differences in expression levels between normal mice and affected
mice at a given time point were determined using the unpaired t test (*, P 0.01-0.05; **, P
0.001-0.01; ***, P < 0.001).
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FIG. 4.
Expression of IL-6, TNF-α, MIP-1β and MCP-1 in the cortex (ctx) and cerebellum (cer) of
affected trs mice (Aff) treated with minocycline (Mino), indomethacin (Indo), ibuprofen (Ibu)
and BMT at PND 58 (58d) and terminal stage (Term) compared to untreated mice (Untreat) at
PND 58. For the untreated mice, PND 58 corresponds to the terminal stage, for minocycline
and ibuprofen the terminal stage corresponds to an average age of 70 days, for indomethacin
of 67 days and for BMT-treated mice of 228 days. Each time point represent the mean ± SEM
fold increase in copies of specific mRNA in the affected treated or untreated mice over the
normal mice. For the pharmacological treatments five mice were used for time point, for BMT
treatment 3 to 4 mice were used. Statistically significant decreases in expression levels between
treated mice and untreated mice were determined by the Mann-Whitney U test (*, P 0.01-0.05;
**, P 0.001-0.01; ***, P < 0.001).

Luzi et al. Page 18

Brain Res. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 5.
Expression of CD11b, CD68, CD4 and CD8 in the cortex (ctx) and cerebellum (cer) of affected
trs mice (Aff) treated with minocycline (Mino), indomethacin (Indo), ibuprofen (Ibu) and BMT
at PND 58 (58d) and terminal stage (Term) compared to untreated mice (Untreat) at PND 58
(see legend to Fig. 4).
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FIG. 6.
Expression of IL-6, TNF-α, MIP-1β, MCP-1, CD11b, CD68, CD4 and CD8 in cortex,
cerebellum and spinal cord of BMT-treated affected trs mice at PND 58 (Aff-58d + BMT) and
terminal stage (Aff-Term + BMT) compared to untreated affected at PND 58 (Aff-58d unt).
The terminal stage for BMT-treated mice corresponds to an average age of 228 days. Data are
presented as fold increase over normal as described in the legend of Fig. 4. Statistically
significant decreases in expression levels between treated mice and untreated mice were
determined by the Mann-Whitney U test (*, P 0.01-0.05; **, P 0.001-0.01; ***, P < 0.001).
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FIG. 7.
Detection of apoptosis by the TUNEL assay in the cerebellar granule cell layer of a normal trs
mouse at PND 56 and an affected trs mouse at PND 56. The brown DAB-stained cells are
TUNEL positive cells (original magnification 640X).
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FIG. 8.
Percent of cells showing positive staining for TUNEL assay in the cerebellar granule cell layer.
Cryosections of cerebella of 58-day-old mice: untreated normal (nl unt), normal treated with
minocycline (nl min), normal treated with indomethacin (nl ind), untreated affected (aff unt),
affected treated with minocycline (aff min), affected treated with indomethacin (aff ind),
affected treated with BMT (aff bmt), affected treated with both BMT and minocycline (aff bmt
+ min). Sections were stained with the ApopTag Plus Peroxidase In Situ Apoptosis Kit
(Chemicon) and the total number of cells present in ten representative fields per sections were
counted using high power magnification. The cells undergoing apoptosis are represented as
percent of tunnel positive cells. Statistically significant decreases in number of apoptotic cells
between treated mice and untreated mice were determined using the unpaired t test (*, P
0.01-0.05; **, P 0.001-0.01; ***, P < 0.001).
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