
Generation of a LacZ reporter transgenic mouse line for the 
stereological analysis of oligodendrocyte loss in 
galactosylceramidase deficiency

Hongling Zhu1, Francesca Ornaghi2,3, Sophie Belin3, Maria I. Givogri1, Lawrence Wrabetz3, 
and Ernesto R. Bongarzone1

1Department of Anatomy and Cell Biology, College of Medicine, University of Illinois at Chicago

2San Raffaele Scientific Institute, Milano 20132, Italy

3Hunter James Kelly Research Institute, University at Buffalo School of Medicine and Biomedical 
Sciences, Buffalo, NY 14203, USA

Abstract

Krabbe’s disease is a leukodystrophy due to the deficiency of galactosyl-ceramidase and the 

accumulation of galactosyl-sphingosine (psychosine) in the nervous system. Psychosine is 

believed to cause central demyelination by killing oligodendrocytes. Quantitative analysis of this 

process is lacking. To address this, we generated a new transgenic reporter twitcher line where 

myelinating oligodendrocytes are genetically marked by the expression of LacZ under the control 

of the myelin basic protein (MBP) promoter. MBP-LacZ-twitcher transgenic mice were used for 

unbiased stereological quantification of β-galactosidase(+) oligodendrocytes in the spinal cord. As 

expected, we found decreased numbers of these cells in mutant cords, paralleling the severity of 

clinical disease. Interestingly, the decrease of oligodendrocytes does not correlate well with the 

increase of psychosine. The new MBP-LacZ-twitcher line will be a useful genetic tool for 

measuring changes in oligodendrocyte numbers in different regions of the mutant central nervous 

system (CNS) and in pre-clinical trials of therapies to prevent demyelination.

Graphical Abstract

Staining for the expression of β-galactosidase revealed a noticeable reduction of β-galactosidase+ 

oligodendrocytes in coronal sections from P15 MBP-LacZ-Twitcher spinal cord.
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Introduction

Krabbe’s disease is an inherited leukodystrophy caused by the deficient activity of the 

lysosomal enzyme galactosylceramidase (GALC) and the progressive accumulation of the 

lipid-raft associated sphingolipid galactosylsphingosine (psychosine), (Igisu and Suzuki 

1984; Wenger et al. 2000; White et al. 2009). First described by Knud Krabbe in 1916 

(Krabbe 1916), demyelination is diffuse, involving most myelinated circuits in the brain and 

spinal cord. The twitcher mouse is the short lived authentic murine model for Krabbe’s 

disease (Duchen et al. 1980), with minimal or no demyelination during the first two weeks 

of life (Nagara et al. 1982). However, as twitcher mice age and accumulate psychosine 

(Shinoda et al. 1987), diffuse central demyelination becomes evident after the third week of 

postnatal life (Nagara et al. 1982; Takahashi and Suzuki 1984; Tanaka et al. 1989).

Demyelination has been interpreted as the consequence of massive oligodendrocyte death 

(Jatana et al. 2002; Taniike et al. 1999; Zaka and Wenger 2004). The study of Taniike and 

collaborators is specially important because it clearly shows how oligodendrocytes die of 

apoptosis during disease [taniike 1989]. However, the underpinning mechanism of 

demyelination remains incompletely characterized. This is particularly intriguing since 

reports depict segmental demyelination affecting the nervous system of infantile cases vs 

thinning (a sign of hypomyelination) in adult onset forms of the disease (Bischoff and Ulrich 

1969; Lake 1968; Matsumoto et al. 1996; Sabatelli et al. 2002). In vitro, twitcher 

oligodendrocytes develop abnormal cellular processes and atrophic myelin-like membranes 

(Costantino-Ceccarini et al. 1999; Ida et al. 1990; LeVine and Torres 1992), defects 

attributed to the increased accumulation of psychosine in the membrane (Ida et al. 1990).
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How psychosine affects oligodendrocytes is not completely clear but it appears to involve 

the deregulation of phospholipase A2 (Giri et al. 2006), AP-1 (Giri et al. 2002; Haq et al. 

2003), and peroxisomes (Khan et al. 2005). We have shown that psychosine exerts most of 

its pathogenic defects via its preferential enrichment in lipid rafts (White et al. 2009). This 

effect may have important consequences on local membrane deformation and downstream 

signaling (Simons and Gruenberg 2000; White et al. 2011; White et al. 2009). Noteworthy, 

physicochemical raft alterations may also exert side effects perturbing the surrounding non-

raft membrane physiology (Fessler and Parks 2011; Williamson and Sutherland 2011). Thus, 

the presence of local increases of psychosine may be key to initiate a cascade of effects 

leading to myelin disassembly and oligodendrocyte death.

To assist in future mechanistic studies of oligodendrocyte loss and demyelination, we have 

generated various reporter twitcher lines to genetically identify oligodendrocytes by means 

of histochemical (β-galactosidase) or fluorescent (green-fluorescent protein) marking. This 

study presents the first of these transgenic lines where mutant oligodendrocytes are 

identified by the expression of β-galactosidase under the transcriptional control of the MBP 

promoter transgenic line 18.2 (Wrabetz et al. 1998). The human 750bp MBP promoter was 

selected originally to explore what was the minimal length of human MBP promoter to 

maintain properly regulated expression of a reporter gene in amplitude and location in 

developing brain. The 18-2 line was most advantageous line for the twitcher study because 

1) its expression is extinguished well after the full lifespan of twitcher mice, 2) the level of 

β-galactosidase activity produces mainly cell body staining and not process staining, and 3) 

immunohistochemistry showed a one-to-one correspondence between 

immunohistochemistry for β-galactosidase and the olidogendrocyte markers MBP and PLP 

(Wrabetz et al. 1998). Our experiments focused on the spinal cord, for simplicity of 

anatomical structure and therefore, stereological counting. We show that this new reporter 

line correctly identifies myelinating oligodendrocytes, allowing for unbiased stereological 

quantification of changes in cell numbers during disease.

MATERIALS AND METHODS

Animals

twitcher heterozygous breeders were housed under standard vivarium conditions and their 

homozygous progeny identified by PCR (Sakai et al. 1996). twitcher heterozygous mice 

were crossed with mice carrying the MBP-LacZ transgene (Wrabetz et al. 1998) to obtain 

double heterozygotes (MBP-LacZ+/−/twitcher+/−). Homozygous MBP-LacZ-twitcher (MBP-

LacZ+/−/ twitcher+/+) pups were identified by PCR (Sakai et al. 1996; Wrabetz et al. 1998). 

Animal work was performed as described in protocols approved by the appropriate 

Institutional Animal Care and Use Committees.

Clinical Score

Mice were scored by calculating an arbitrary score system ranging from 0=normal to 

8=moribund. Scores were calculated three times per week by an operator blind to the 

genotype. Body weight, twitching, body tremor, and ataxic gait were measured. Individual 

scores assigned as follows: net loss of weight 0.1–0.5g=+0.5, 0.6–1.0g=+1, 1.1–2g=+1.5; 
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>2g=2; visible tremor (twitching)=+1, and ataxic gait= waddling=+1; dragging one leg=

+1.5; unable to ambulate=+2.

Glia Cell Cultures

Oligodendrocyte cells were cultured as described (Bongarzone et al. 1996). Briefly, brain 

cortices from newborn (0 to 3 day-old) pups were dissociated in DMEM/F12 with 10% fetal 

calf serum and passed through a nylon mesh. Cells were collected and poured sequentially 

through two collector tissue sieves (230 μm and 140 μm pore size, respectively). Cells were 

resuspended in cell medium at 5×105 cells/ml and plated on poly-L-lysine coated coverslips. 

Culture medium was replenished every 4 days. Cultures were maintained for up to 21 days.

Tissue collection, and β-galactosidase (β-gal) histochemistry

Mice were anesthetized with isofluorane and transcardially perfused with PBS followed by 

4% paraformaldehyde (PFA)-PBS. Spinal cords were postfixed with 4% PFA for 2 h, 

cryoprotected in 30% sucrose overnight, embedded in OCT (Tissue-Tek, Sakura Finetek 

USA, inc., Torrance, CA, USA) and sectioned on a cryotome at 50 μm thickness. Coronal 

sections from cervical, thoracic and lumbar segments were air-dried, rinsed in PBS and 

stained in 0.8mg/ml X-Gal in 35 mM K3Fe(CN)6 35 mM K4Fe(CN)6 2 mM MgCl2 PBS at 

37°C for 2 hours. Sections were dehydrated through serial graded ethanol, cleared in 

xylenes, and coverslipped with Permount. In some experiments, sections of spinal cord were 

postfixed in 4% PFA 1% glutaraldehyde-PBS and embedded in araldite. Plastic ultrathin (90 

nm) sections were prepared and stained with toluidine blue.

Stereology

For unbiased stereological studies, 50-μm-thick spinal cord cross-sections were selected at 

intervals of 10 sections and stained. Quantification of positive cell markers was performed 

with design-based stereology system (StereoInvestigator version 8, MBF Bioscience, 

Williston, VT, USA). Spinal cord ventral or dorsal white matter was traced under 5X 

objective and all cell markers were counted under 63X objective (Zeiss AX10 microscope, 

Carl Zeiss Ltd., Hertfordshire, England). The sampling parameters were set up according to 

the software guide to achieve a coefficient of error ranging from 0.09 to 0.12 (Gundersen 

test), using a counting frame size of 100×100 μm, optical dissector height 20 μm, and an 

average of 10 sampling sites per section.

Immunocytochemistry

Cell cultures were maintained for 7, 14 and 21 days before fixation. β-gal activity was 

detected as described above. Cultures were washed with PBS, then stained using monoclonal 

antibodies A2B5, O4, anti-O1 (kind gifts from Dr Anthony Gard, University of Alabama), 

and fluorescently labeled using Alexa-488-secondary antibodies. Samples were 

photographed using a Leica upright microscope.

β-gal Enzyme Assay

Brainstem and spinal cord tissues were homogenized in 250 mM Tris buffer (pH 7.8) and 

centrifuged at 15,000 rpm for 15 min at 4 ºC. β-gal assay was performed using a modified o-
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nitrophenyl-β-D-galactopyranoside substrate technique as described (Wrabetz et al. 1998). 

Fifty μl protein supernatants were incubated with a 1.75 ml reaction solution (3.5 mg/ml 

ONPG, 100 mM Na2HPO3, 2 mM MgCl2, 50 mM β-mercaptoethanol) for 1–3 hours at 37 

ºC. The reaction was terminated by 1M Na2CO3 and absorbance was measured at 420 nm. 

Standard curves were prepared from commercially synthesized β-galactosidase (Sigma). 

Units of β-gal activity were expressed as nmol of ONPG hydrolyzed per minute per 

milligram protein.

Reverse-Transcriptase PCR Analysis

RNA was isolated from tissues using CsCl2 gradient centrifugation as described (Chirgwin 

et al. 1979). cDNA was synthesized using Superscript cDNA synthesis kit (Invitrogen). 

cDNA product was treated with RNAse to remove remaining RNA and amplified using 

Taqman one step real-time PCR master mix (Invitrogen). The following primers were used 

for MBP: 5′-CACAGAAGAGACCCTCACAGCGACA-3′ and 5′-

CCGCTAAAGAAGCGCCCG ATGGA-3′; GAPDH: 5′-GTATGACTCTACCCACGG-3′ 
and 5′-GTTCAGCTCTG GGATGAC-3′; 94 ºC for 30 s, 50 ºC for 60 s, and 72 ºC for 60 s.

Mass Spectrometry

Spinal cord samples were weighed, homogenized, and psychosine was extracted, and 

analyzed using liquid chromatography-tandem mass spectrometry, as described (Galbiati et 

al. 2007). In brief, samples were extracted with chloroform and methanol and then partially 

purified on a strong cation exchanger column. Dissolved residue was analyzed using liquid 

chromatography tandem mass spectrometry (LC-MS/MS). Psychosine was measured using a 

Waters XTerra 3.5 μm, MS C18, 2.1 × 100 mm analytical column. Positive ion electrospray 

tandem mass spectrometry was performed using an Applied Biosystems (Foster City, CA) 

API 4000 triple quadrupole mass spectrometer.

Statistical analysis

Results are the mean ± statistical error from three to five different experiments. Data were 

analyzed by the Student’s t test or ANOVA where appropriate. p values <0.05 were 

considered statistically significant.

RESULTS

Twitcher mice were crossed with the 18.2 MBP-LacZ line (Wrabetz et al. 1998) to generate 

a GALC deficient (MBP-LacZ-twitcher) line where oligodendrocytes could be identified by 

the expression of a reporter gene (β-gal), and used for unbiased analysis of oligodendrocyte 

abundance.

One benefit of using the 18.2MBP-LacZ transgenic is that it allows marking of only 

myelinating oligodendrocytes but not immature oligodendrocyte progenitors (OPCs). Figure 

1A–1C shows that OPCs (identified by labeling with monoclonal antibody A2B5) isolated 

from MBP-LacZ-twitcher pups did not express detectable levels of β-gal (identified by β-gal 

histochemical staining). In contrast, intermediate O4+ and mature O1+ oligodendrocytes 

were readily identified by β-gal staining (Figure 1D–1I). β-gal staining showed that β-gal 
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protein was restricted to the cell body of oligodendrocytes and minimally present in cellular 

processes or myelin-like membranes. This genetic marking simplifies the labeling and 

identification of the cell body of myelinating oligodendrocytes for stereological 

quantification.

The expression of the 18.2 MBP-LacZ transgene is regulated by axonal contact (Wrabetz et 

al. 1998). Because the twitcher CNS and PNS develops axonal damage towards the endstage 

of the disease (Cantuti Castelvetri et al. 2013; Cantuti-Castelvetri et al. 2012; Castelvetri et 

al. 2011), we aimed to examine how this situation influences the expression of the transgene. 

For this, we performed β-gal histochemical staining on longitudinal sections of postnatal (P) 

40 mutant and control brains. We selected this postnatal age because it is close to the time of 

death in twitcher mice (Duchen et al. 1980) when neurodegeneration is highest (Cantuti 

Castelvetri et al. 2013; Cantuti-Castelvetri et al. 2012; Castelvetri et al. 2011). Figure 2A 

(magnified area shown in Fig. 2B) shows a visible reduction of β-gal staining in myelinated 

regions of P40 mutant brains (compare with Fig. 2C, 2D), which could indicate either a 

decrease in the expression level of LacZ and/or a decrease in the number of β-gal(+) 

oligodendrocytes in MBP-LacZ-twitcher brains.

To examine this question in more detail, we measured the levels of MBP mRNA and of 

transgenic β-gal activity in the mutant brainstem and cervical spinal cord between P7 to P40. 

Transcription by the MBP promoter (thus of the transgene) and β-gal activity correlated well 

between P7 to P15 in the brainstem and cord independently of the genotype (Fig. 2E–2H). 

At P30 and P40, although general levels of MBP mRNA were not significantly affected in 

the mutant brainstem, β-gal activity was lower. MBP mRNA levels were more affected in 

the mutant cord after 30 days of age, leading to ~50% and ~75% reductions of β-gal activity 

in P30 and P40 cords, respectively. The sharp reduction of β-gal activity makes stereological 

counting unreliable in P40 cords. Instead, β-gal positive oligodendrocytes were relieably 

detected by β-gal staining in endstage disease in the hindbrain, and up to P30 in the cervical 

spinal cord, despite loss of axons, and consequentially reduced levels of MBP promoter 

activation in the transgene (Wrabetz et al. 1998) (Fig. 2G and H) and MBP mRNA levels at 

P30 and after (Fig. 2F).

To determine that the new transgenic MBP-LacZ-twitcher mutant retains all neurological 

signs of disease, mutants and age-matched wild-type reporter mice were scored for disease 

severity (clinical score) taking into consideration changes in body weight, body tremor, and 

ataxic gait. MBP-LacZ-twitcher mutants were without neurological signs (clinical score 0–1, 

Fig. 3A) and without significant loss of body weight (Fig. 3B) until about P25. As expected 

for this mutation and seen in the parental twitcher background, MBP-LacZ-twitcher mutants 

rapidly declined (clinical score >2) afterwards. All MBP-LacZ-twitcher mutants died by P45 

with clinical scores >5, in accordance with disease progression described for original 

twitcher mouse (Duchen et al. 1980).

Further studies were focused on the spinal cord, for simplicity of anatomical structure and 

therefore, stereological counting. Plastic-embedded cross sections of MBP-LacZ-twitcher 

cords clearly showed degeneration of myelinated tracks increasing with age (Fig. 4A–4F). 

This was evident in ventral white matter columns at P30 (inset in Fig. 4B) and P40 (inset in 
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Fig. 4C) as well as in dorsal white matter columns (not shown). Quantitative analyses of 

demyelination were performed by counting the proportion of large calibre axons (>1.5 μm) 

showing clear signs of demyelination in the ventral column of the lumbar spinal cord (Fig. 

4G, 4H). As expected, demyelination in MBP-LacZ-twitcher mice paralleled the progression 

of disease, with a significant increase of demyelinated axons in mutant cords (Fig. 4H), 

paralleling significant decreases of myelinated axons (Fig. 4G), particularly from P30 and 

P40 mutants.

To further characterize the new MBP-LacZ-twitcher line, we measured the levels of 

psychosine by LC-MS-MS of extracts from mutant cords. For this, we dissected the dorsal 

and ventral hemihalves from cervical, thoracic, and lumbar segments from mutants spanning 

from 7 to 40 days of postnatal age. As expected, psychosine levels significantly increased 

along the spinal cord during disease progression. Psychosine increased from ~8 pmol/mg 

protein to ~220 pmol/mg protein in dorsal regions along the entire spinal cord from P7 to 

P40 MBP-LacZ-twitcher mice, respectively (Fig. 5A, 5D, with normal levels ranging 

between 2 to 4 pmol/mg protein). Interestingly, ventral regions of the cord contained 

significantly more psychosine than the dorsal counter-regions in each segment and at every 

time point of this analysis, with values increasing from ~12 pmol/mg protein to ~375 

pmol/mg protein in P7 and P40 cords, respectively (Fig. 5B, 5D, with normal levels ranging 

between 3 to 6 pmol/mg protein). The increase in psychosine correlated with the general 

development of neurological signs (Fig. 5C).

To examine the power of stereological counting to detect changes in β-gal(+) 

oligodendrocyte numbers using the new MBP-LacZ-twitcher mice, we stained serially 

prepared cross-sections from cervical, thoracic, and lumbar segments from spinal cords 

between P7 to P30 and used the Stereoinvestigator software for unbiased calculations. 

Histological images from representative cervical (Fig. 6A, 6D), thoracic (Fig. 6B, 6E) and 

lumbar (Fig. 6C, 6F) sections from P15 cords and stained for β-gal are presented. Mutant 

sections readily showed reduced numbers of β-gal(+) oligodendrocytes in all white matter 

regions (Fig. 6D–6F). Stereological counting revealed significant reductions of β-gal(+) 

oligodendrocytes in the dorsal and ventral regions throughout the entire mutant spinal cord 

(Fig. 6G, 6H shows the density of β-gal(+) oligodendrocytes in the P15 mutant thoracic 

segment).

Next we calculated the proportion of β-gal(+) oligodendrocyte reduction (or loss) during 

disease as the percent of normal density values of β-gal(+) oligodendrocytes in age-matched 

wild type littermates. Interestingly, we observed that the reduction of β-gal(+) 

oligodendrocytes in mutant cords tended to plateau between 15 and 30 days of age (Fig. 7A, 

7B). Demyelination has been historically considered the consequence of massive 

psychosine-mediated apoptotic death of myelinating oligodendrocytes (Costantino-Ceccarini 

et al. 1999; Ida et al. 1990; Jatana et al. 2002; LeVine and Torres 1992; Taniike et al. 1999; 

Zaka and Wenger 2004). In addition, Figure 7 shows that the reduction of β-gal(+) 

oligodendrocytes in the mutant cord did not parallel the accumulation of psychosine, which 

otherwise increased at a constant positive rate in dorsal (Fig. 7A) and ventral (Fig. 7B) 

regions of the mutant cord between 7 and 30 days of age. These results underline the 

Zhu et al. Page 7

J Neurosci Res. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



possibility that mutant oligodendrocytes may be more resistant to increasing psychosine 

levels than expected.

Together these results provide evidence of the fidelity of the new MBP-LacZ-twitcher line as 

a model of the parental twitcher line in terms of demyelination, development of clinical 

signs, and psychosine content.

DISCUSSION

Demyelination of the twitcher spinal cord, which starts around 25 days of postnatal life and 

increases rapidly thereafter (Nagara et al. 1982; Takahashi and Suzuki 1984; Tanaka et al. 

1989), is thought to be caused by the apoptotic depletion of mutant oligodendrocytes (Jatana 

et al. 2002; Taniike et al. 1999; Zaka and Wenger 2004). However, stereological quantitative 

studies addressing this assumption have been hampered due to the lack of appropriate 

genetic reporters in Krabbe animal models. As a first step, we have generated various new 

reporter lines in which myelinating oligodendrocytes can be identified by genetic marking. 

This study characterizes the first of these new reporter twitcher lines. The MBP-LacZ-

twitcher line allows the identification of myelinating oligodendrocytes by the expression of 

the LacZ reporter gene under the control of the 750 bp proximal MBP promoter.

The MBP-LacZ-twitcher mouse developed all expected signs of disease with loss of body 

weight, twitching, ataxic movements, muscle wasting, deficient paw grip, and short survival 

as seen in the parental twitcher line. Metabolic deficiency of GALC (evidenced by the 

accumulation of psychosine) in the MBP-LacZ-twitcher nervous system was also present, 

and led to accumulation of total psychosine levels identical to those measured previously in 

twitcher mice. Genetic marking of myelinating oligodendrocytes was stable across multiple 

generations, and reliably identified myelinating oligodendrocytes in the brain and spinal 

cord of affected homozygous twitcher mice. As expected, only mature myelinating 

oligodendrocytes manifested active expression of the reporter transgene. We found no 

evidence of LacZ expression in immature oligodendrocytes. In addition, the LacZ staining is 

restricted to the cell body of oligodendrocytes, facilitating unbiased steriological analysis of 

oligodendrocyte numbers. Therefore, the new MBP-LacZ-twitcher mouse provides an 

authentic genetic tool for the correlative study of degenerative mechanisms of 

oligodendrocytes and myelin in the context of galactosylceramidase deficiency.

Previous studies employing the original twitcher strain determined total levels of psychosine 

in the mutant cord (Kobayashi et al. 1987; Mitsuo et al. 1989; Shinoda et al. 1987). Tanaka 

and collaborators showed an analysis of psychosine levels in micropunches taken from 

dorsal and ventral columns (Tanaka et al. 1988), but differentiation between levels in the 

cervical, thoracic and lumbar regions was not reported. By accurate microdissection of the 

spinal cords, our study measured psychosine levels in dorsal and ventral hemihalves along 

the entire mutant spinal cord. Interestingly, we found that the psychosine content in the 

ventral regions of the mutant cord was 1.5–2 fold higher than in the respective dorsal regions 

for most cord segments at all studied time points. This difference may reflect intrinsic 

differences in the rate of psychosine accumulation, which is largely driven by its synthetic 

rate (i.e. higher synthesis of psychosine in the ventral vs the dorsal). Psychosine is 
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synthesized via the Cleland and Kennedy cycle (Cleland and Kennedy 1960; Mitsuo et al. 

1989). Differences in local accumulation likely depend on multiple variables including the 

rates of synthesis and of catabolism, its transport within cellular compartments, the cell type 

where it is synthesized, the differentiation state of that cell, and likely cellular responses to 

the environment. Unfortunately, most of the metabolic and dynamic aspects of the process of 

psychosine accumulation in membranes are unclear (Mitsuo et al. 1989). For example, it is 

unknown whether the rate of psychosine synthesis is the same in immature and mature 

oligodendrocytes, or whether psychosine synthesis varies in brain vs spinal cord 

oligodendrocytes or in gray matter vs white matter oligodendrocytes or among the different 

neuronal types. Equivalent questions could be raised for the catabolism of psychosine. 

Because psychosine is thought to be the leading cause for oligodendrocyte death in Krabbe’s 

disease, investigating these questions may reveal the basis for regional differences in 

vulnerability of the nervous system, and how to better adjust therapeutic approaches.

Our analyses showed that the number of β-gal(+) oligodendrocytes decreased in parallel 

with the progression of clinical signs in mutant mice. However, unbiased stereology showed 

that this decrease of β-gal(+) oligodendrocytes was not linear, and showed poor correlation 

with the progressive and constant accumulation of psychosine in the mutant cord (Fig. 7). 

This discrepancy underlines the lack of solid quantitative data demonstrating a direct 

relationship between accumulation of psychosine, oligodendrocyte death, and demyelination 

in the twitcher spinal cord. In other words, the stoichiometry by which psychosine kills 

oligodendrocyte and/or induces demyelination remains undetermined. Psychosine is capable 

of inducing significant killing of oligodendrocytes in vitro (Giri et al. 2008; Giri et al. 2006; 

Haq et al. 2003; Jatana et al. 2002; Won et al. 2013; Zaka et al. 2005; Zaka and Wenger 

2004). However, a direct role for psychosine induction of oligodendrocyte death in vivo (and 

hence, inducing demyelination by oligodendrocyte death) is less clear. Our study using 

genetic marking of myelinating oligodendrocytes revealed a lower-than expected reduction 

of myelinating oligodendrocytes despite the steady accumulation of psychosine. In the 

context of the progressive demyelination reported in the mutant cord, we speculate that 

demyelination occurs faster than oligodendrocyte death. Various animal models of 

oligodendrocyte cell death and demyelination have in fact revealed discrepancies between 

the time of cell death and the damage to myelin (Buch et al. 2005; Caprariello et al. 2012; 

Oluich et al. 2012; Pohl et al. 2011; Traka et al. 2010). Psychosine, which is highly toxic to 

a large range of cell types, and in high concentrations is capable of killing cultured 

oligodendrocytes (Jatana et al. 2002) could be inducing a rapid “myelin-dying back” 

mechanism. Being a lipid raft associated sphingolipid (White et al. 2009), psychosine may 

induce local changes in myelin fluidity, leading to instability and disassembly of myelin 

(Hawkins-Salsbury et al. 2013; White et al. 2011) (D’auria and Bongarzone, 2016, in press).

An additional possibility is that a compensatory response to demyelination triggers the 

generation of newly born oligodendrocyte progenitors to replace dying oligodendrocytes. An 

earlier study by Taniike and Suzuki (Taniike and Suzuki 1995) indeed reported that a 

fraction of oligodendrocytes undergo mitosis in the cord of sick twitcher mice. Undoubtedly, 

cell death of myelinating oligodendrocytes is a key pathological process in the Krabbe CNS, 

underpinning the overall process of demyelination. Apoptosis of oligodendrocytes has been 

proven to be sufficient to cause rapid and focal areas of demyelination (Caprariello et al. 

Zhu et al. Page 9

J Neurosci Res. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2012). However, focal myelin lesions may trigger the recruitment of resident 

oligodendrocyte progenitor cells to engage in remyelination. This is also an area where solid 

unbiased quantitative analyses are lacking. Investigating glial responses during the 

progression of the disease is important not only to obtain a clear understanding of the 

dynamics of demyelination and glial loss but also to improve the timing of therapeutic 

interventions.

In summary, this study is a first step in the quantitative and unbiased analysis of 

oligodendrocyte responses during disease progression in the spinal cord of the twitcher 

mouse. Further studies will examine the mechanism of demyelination and oligodendrocyte 

death and how remyelination is regulated in the twitcher CNS.
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Significance

Krabbe’s disease is a leukodystrophy due to the deficiency of galactosyl-ceramidase and 

the accumulation of psychosine. Psychosine is believed to cause central demyelination by 

killing oligodendrocytes. In this study, we generated a new transgenic reporter twitcher 

line where myelinating oligodendrocytes are genetically marked by the expression of 

LacZ to perform quantitative and unbiased analysis of oligodendrocyte responses during 

disease progression in the spinal cord of the twitcher mouse.
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Figure 1. LacZ expression in oligodendrocytes from the MBP-LacZ-twitcher mouse
A–I) Mouse glial primary cultures were prepared from MBP-LacZ-twitcher cortices and β-

gal staining was correlated with oligodendrocyte maturation by co-labeling with monoclonal 

antibodies A2B5 (A–C), O4 (D–F) and O1 (G–I). Cultures were analyzed at 7 (A–C), 14 

(D–F) and 21 (G–I) days of incubation.
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Figure 2. LacZ expression in the brain of MBP-LacZ-twitcher mice
A–D) P40 brains from MBP-LacZ-twitcher and wild-type mice were stained for β-gal. A 

noticeable reduction of LacZ expression was observed in the mutant brain (A and its 

magnified boxed area in B). E, F) Expression levels of MBP transcripts in the brainstem (E) 

and cervical spinal cord (F) were quantified by Taqman PCR. G, H) Lysates from brainstem 

(G) and spinal cord (H) from MBP-LacZ-twitcher (TWI) and MBP-LacZ-WT were assayed 

for β-gal activity (U, unit). *p<0.05. ANOVA. n=4–6 animals per genotype.
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Figure 3. Clinical scoring of MBP-LacZ-twitcher mice
The new MBP-LacZ-Twitcher mice were examined for disease severity and their clinical 

score (A) and body weight (in grams, g) (B) was measured. Differences in clinical scores 

and weights were significant (p<0.05) after postnatal (P) day 26. N=6 mice per group. T-test.
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Figure 4. Demyelination of the spinal cord in MBP-LacZ-twitcher mice
A–F) Toluidine blue staining of thin plastic sections of the lumbar spinal cord of mutant 

mice at P15, P30 and P40 (A–C) show progressive signs of demyelination (magnified fields 

in insets). G–H) The proportion of myelinated (G) and unmyelinated (H) axons as percent 

from the total was determined. *, p<0.05; t-test.
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Figure 5. Accumulation of psychosine in the MBP-LacZ-twitcher spinal cord
Psychosine was measured by LC-MS-MS from lipid extracts prepared from dorsal and 

ventral hemisections of cervical (C), thoracic (T), and lumbar (L) from MBP-LacZ-twitcher 

and MBP-LacZ-WT littermates at P7 (A, B) and P15, 30 and 40 (D). Differences between 

mutant and control samples were significant (p<0.05) at all time points. ANOVA. n=3–5 

samples per condition. Correlation analysis between clinical scoring and total psychosine 

levels is shown in C.
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Figure 6. Reduction of β-gal(+) oligodendrocytes in the MBP-LacZ-twitcher spinal cord
Coronal sections from P15 MBP-LacZ-WT (A–C) and MBP-LacZ-Twitcher (D–F) spinal 

cords were stained for the expression of the reporter gene. Reduced staining was noticeable 

in cervical, thoracic and lumbar segments. Unbiased stereology was used to quantitate the 

changes in the density of β-gal(+) oligodendrocytes in the dorsal and ventral white matter at 

P7 (not shown), P15 (G,H), and P30 (not shown). Decreases in the dorsal (G) and ventral 

(H) for the P15 cord are shown. p<0.05, ANOVA, n=3–6 per condition.
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Figure 7. Analysis of β-gal(+) oligodendrocytes and psychosine changes in the postnatal MBP-
LacZ-twitcher cord
Unbiased stereology was used to determine the reduction (as loss of LacZ staining) of β-

gal(+) oligodendrocytes as a function of the increment of psychosine in dorsal (A) and 

ventral (B) regions of the spinal cord at P7, P15, and P30.
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