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Introduction
Globoid cell leukodystrophy (GLD), or Krabbe disease, is an autosomal recessive disorder
caused by decreased ceramide beta-galactosidase (GALC) activity (Schmitteckert, et al.,
1999). To date, more than 60 mutations causing the disease in humans have been reported
(Wenger, et al., 2000;Escolar, et al., 2005). The disease is characterized by oligodendrocyte
degeneration and apoptosis causing demyelination of the central and peripheral nervous
system. In infants, GLD manifests as irritability, spasticity, blindness, deafness, seizures, and
impaired cognitive and motor development. GLD progresses rapidly and generally results in
death before two years of age, although there is also a less common, late onset form in adults
(Wenger, et al., 2000). Bone marrow or umbilical-cord blood transplantation has been shown
to prevent disease, but is only effective if given prior to the onset of symptoms (Escolar, et
al., 2005). GALC deficiency has been documented in several other species, and three main
animal models of GLD are utilized: canine, murine, and simian. The twitcher mouse is the
most widely used of these models, owing to a high degree of genetic manipulability and the
comparatively low cost of breeding and maintenance. The rhesus macaque model is the only
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nonhuman primate model of a genetic disorder, and macaque GALC shares 97% homology
with the human gene (Luzi, et al., 1997). The rhesus macaque model is housed at the Tulane
National Primate Research Center in Covington, Louisiana, where a colony of 60 heterozygous
carriers is bred and maintained (Baskin, et al., 1998).

Animal models of globoid cell leukodystrophy have significantly advanced our understanding
of the pathogenesis of the disease and allow testing of therapeutic strategies (Wenger, 2000).
In recent years, the twitcher mouse model has been used to test the effectiveness and mechanism
of peripheral enzyme replacement therapy (Umezawa, et al., 1985;Lee, et al., 2005), bone
marrow transplantation (Yeager, et al., 1984;Seller, et al., 1986;Ichioka, et al.,
1987;Hoogerbrugge, et al., 1988a;Hoogerbrugge, et al., 1988b;Kondo, et al., 1988;Suzuki, et
al., 1988;Yeager, et al., 1991;Wu, et al., 2001;Biswas, LeVine, 2002;Yagi, et al., 2004), cell
transplantation therapy (Scaravilli, Jacobs, 1981;Huppes, et al., 1992;Croitoru-Lamoury, et
al., 2006;Pellegatta, et al., 2006;Taylor, et al., 2006), and viral vector gene therapy (Luddi, et
al., 2001;Shen, et al., 2001;Lin, et al., 2005;Shen, et al., 2005;Dolcetta, et al., 2006;Lin, et
al., 2007). It has also been used to study molecular pathogenetic mechanisms of lipid
metabolism (Kobayashi, et al., 1986;Kobayashi, et al., 1987;Mitsuo, et al., 1989;Taniike, et
al., 1998;Ezoe, et al., 2000;LeVine, et al., 2000;Biswas, et al., 2003;Esch, et al., 2003), effects
of inflammatory mediators on progression of disease (Matsushima, et al., 1994;LeVine,
Brown, 1997;Taniike, et al., 1997;Pedchenko, LeVine, 1999;Pedchenko, et al., 2000;Biswas,
et al., 2001;Mohri, et al., 2006), alterations in cellular signaling cascades (Yamada, et al.,
1996;Yamada, Suzuki, 1999;Giri, et al., 2006), and alterations in peroxisomal function (Khan,
et al., 2005;Haq, et al., 2006). The rhesus macaque model has been described (Luzi, et al.,
1997;Baskin, et al., 1998;Weimer, et al., 2005) and its use will be critical for the safe translation
of therapies in animal models into the human population.

The simian and murine models of GLD are due to well-defined mutations in the GALC gene,
resulting in premature termination of transcription and formation of an enzymatically inactive
protein fragment. The twitcher mutation is a single nucleotide substitution which results in the
formation of a stop codon (Kobayashi, et al., 1980;Sakai, et al., 1996). In the rhesus macaque,
a 2 basepair deletion causes a frame shift during transcription and a premature stop codon 48
nucleotides downstream from the mutation (Luzi, et al., 1997). Restriction enzyme (RE) digest
analysis has traditionally been used in genotyping these animals. However, RE digest is a time-
consuming and labor-intensive process which sometimes produces an ambiguous result. Here
we present a rapid, high-throughput, unambiguous molecular beacon assay for both mouse and
rhesus models of GLD which is an improvement over RE digestion genotyping. We
demonstrate that this assay can be used to distinguish between affected, wild-type, and
heterozygous individuals from hair root samples in under 4 hours. This procedure can be
performed using a standard thermocycler with a 96-well plate block and a fluorescent plate
reader; a real-time thermocycler is not required.

Materials and Methods
Sample Preparation

Allelic DNA standards were generated from tissues of known genotype by proteinase K
digestion followed by phenol/chloroform extraction and ethanol precipitation. DNA was
extracted from hair root samples of undetermined genotype following the Chelex-100®
protocol described by Walsh (Walsh, et al., 1991). Briefly, hair roots were added to 100 μl of
10% (w/v) Chelex-100® 200-400 mesh (Bio-Rad, Hercules, CA, USA) solution. DNA was
polymerase chain reaction (PCR) amplified from entire hair strands and even a single hair root;
however optimal amplification was achieved using 20 - 40 hair roots. The samples were
incubated at 100°C for 20 minutes with periodic vortexing. After brief centrifugation, the

Terrell et al. Page 2

J Neurosci Methods. Author manuscript; available in PMC 2008 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



supernatant was removed and combined with 2 μl of 1 M Tris-HCl pH 8.0 to reduce alkalysis
of DNA during storage. Samples were immediately used for PCR or were stored at -20°C.

Rhesus macaque DNA was also amplified directly from whole blood stored on Whatman
FTA® Cards (VWR Scientific, Suwanee, GA, USA). 1.2 mm discs were punched from the
cards and prepared for PCR following the manufacturer’s protocol. Discs were removed from
PCR tubes prior to fluorescence analysis.

Polymerase Chain Reaction
Each 20 μl amplification reaction contained 20 mM Tris-HCl pH 8.4, 50 mM KCl, 4 mM
MgCl2, 0.2 mM each dNTP, 0.4μM of each corresponding forward and reverse primer, 0.25
μM mutant beacon, 0.25 μM wild-type beacon, 0.04 U/μl of Platinum Taq (Invitrogen,
Carlsbad, CA, USA), and template DNA. Template DNA was in the form of 2 μl Chelex-100®
extract, one 1.2 mm Whatman FTA® Card disc, or 5-20 ng of allelic standard DNA. Samples
were amplified in an MJ Research PTC-100 thermocycler by 40 cycles of denaturation at 95°
C for 15 s, annealing at 50°C/45°C (mouse/macaque, respectively) for 15 s, and extension at
72°C for 15 s. In some cases, fewer cycles were run to determine ratio linearity. No-template
controls were included in each run. Molecular beacons were designed using Beacon Designer
4 (Premier Biosoft International, Palo Alto, CA, USA) and purchased from Integrated DNA
Technologies (Coralville, IA, USA). Primers and beacons (Table I) were designed based on
the GALC gene sequences as listed in Genbank (mouse accession no. NC_000078, macaque
accession no. U87464). For both assays, wild-type beacons were conjugated at the 5’ end to
hexachlorofluorescein (HEX™) which demonstrated maximum emission at 560 nm, while
mutant beacons were conjugated at the 5’ end to fluorescein (6-FAM) which demonstrated
maximum emission at 535 nm. All beacons were conjugated at the 3’ end to the quencher
molecule Dabcyl. Predicted conformation of the molecular beacons is shown in hairpin and
bound forms in Figure 1.

Real-Time Fluorescence Analysis
Fluorescence was measured after completion of PCR using an ABI7700 Real-Time Sequence
Detection System (Applied Biosystems, Inc., Foster City, CA, USA) over a spectrum of 500
nm - 600 nm with an excitation wavelength of 480 nm. Values were recorded at 25°C for
genotype determination and at 95°C to ensure the presence and functioning of both HEX™
and FAM fluorophores. Optimal exposure time was found to be 25 ms, however accurate
readings were also obtained from 15 ms exposures. Samples were easily genotyped by direct
comparison of spectral shape (Figure 2) or by plotting 535nm values against 560 nm values
on standard axes (Figure 3). Beacon melting temperature analysis was performed by using the
ABI7700 to monitor fluorescence as temperature decreased from 95°C to 25°C.

Plate-Reader Fluorescence Analysis
PCR was performed using a black well plate (Island Scientific, Bainbridge Island, WA, USA)
in an MJ Research PTC-100 thermocycler. Fluorescence was read using a Fluoroskan Ascent
plate reader (Thermo Electron Corp/Labsystems, Waltham, MA, USA) with 435 nm excitation
and 538 nm (mutant) or 555 nm (wild type) emission and a 200 msec integration time per well.

Restriction Enzyme Digest
Restriction enzyme digests of murine PCR-amplified samples were performed following
published methods (Sakai, et al., 1996). PCR conditions were identical to those used in the
molecular beacon assays except that the MgCl2 concentration was 2 mM and molecular
beacons were omitted. Primers gTwF, which is mismatched from template DNA for the
purpose of generating part of the EcoRV site, and TwR were used with annealing at 47°C.
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Amplified standards and hair root samples of each genotype were purified using a QIAquick
PCR purification kit (Qiagen, Valencia, CA, USA) and digested with EcoRV (Invitrogen) in
the supplied buffer for 4 hours at 37°C. The digest was separated by 12% polyacrylamide gel
electrophoresis at 40 volts for 6 hours. Gels were stained in 0.5 μg/ml ethidium bromide (Sigma,
St. Louis, MO, USA) and imaged using a Quantity-One gel documentation system (Bio-Rad).

Rhesus macaque RE digests were performed according to published methods (Luzi, et al.,
1997). PCR conditions were identical to those used for the murine RE digests, with the
exception that rhGALCF and rhGALCR primers were used with an annealing temperature of
45°C. Purified PCR product was digested with ScaI (Invitrogen) in the supplied buffer for 4
hours at 37°C.

Statistical Analysis
Fluorescence 535/560 nm ratios were tested for significant differences between genotype using
standard one-way ANOVA, followed by Tukey′s Studentized Range test for inter-genotype
comparisons. Linear regression of fluorescence emission data used Microsoft Excel
(Microsoft, Redmond, WA, USA) and 99% confidence intervals were plotted using the
regression y-intercept. Finally, Student′s t test was performed between standard and sample
ratios within each genotype to establish that samples were not significantly different than
standards. Residual by rank and residual by predicted ratio plots were used to establish
normality and constant variance of ratio data. Software analysis of data was performed with
SAS software version 9.1 for the PC (SAS Institute Inc., Cary, NC, USA).

Results
The melting temperatures of the molecular beacon in PCR buffer without DNA template were
64°C and 59°C for the mouse wild type and twitcher mutant beacons, and 58°C and 60°C for
the rhesus macaque wild type and mutant beacons (data not shown). The predicted hairpin and
bound structures are given in Figure 1. Restriction enzyme digestion of DNA standards and
Chelex-100® hair root extracts yielded expected band sizes. For the mouse, the amplified
fragment was 260 bp in length, and mutant amplification products were cut with EcoRV into
234 and 26 bp fragments (Figure 4A). For the rhesus macaque, the amplified fragment was
120 bp in length, and mutant amplification products were cut with ScaI into 20 and 98 bp
fragments (Figure 4B).

The emission spectra of HEX™ and FAM probes overlap; however the spectral emission
curves generated by the molecular beacon assay are distinct by genotype. The average 535 and
560 nm fluorescence values from three reactions without template were subtracted from each
of the samples prior to 535/560 nm ratio determination. For both the mouse and the rhesus
macaque, homozygous mutant samples result in 535 nm emission exceeding 560 nm emission,
heterozygous samples result in 535 nm emission approximately half as intense as in the mutant,
and homozygous wild type samples give 535 nm emission near baseline. The 560 nm emission
remains relatively constant in multiplex reactions due to approximately equal fluorescence of
FAM and HEX™ fluorophores at this wavelength. In the absence of the mutant (FAM) beacon,
the wild type (HEX™) beacon fluoresces at 560 nm only in the presence of the wild type allele
(data not shown).

Pooled analysis of multiple runs using the molecular beacon assay shows constant 535/560 nm
emission ratios for each genotype by species regardless of the level of amplification or source
of specimen, which is presented in Figure 3 as the linear regression of the 535/560 nm slope.
The 99% confidence interval of the linear regression of standard DNA samples shows no
overlap for the range of beacon fluorescence generated by modifying the standard
concentration, the number of cycles of amplification and ABI Prism exposure times.
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Table II presents 538/555 nm fluorescence emission intensity ratio data for the molecular
beacon assays determined by a fluorescent plate reader (n=3 for all ratios). The standard ratio
ranges of the mean ± 3 standard deviations for each genotype standard ratio do not overlap and
contain the hair root sample ratios. Fluorescence emission intensity ratios were significantly
different between genotypes as determined by ANOVA (F=9101, p < 0.001) followed by Tukey
′s studentized range test for pairwise comparison between groups (t=2.13, p < 0.05). Mean
fluorescence emission ratios were not significantly different between standards and samples
of identical genotype as determined by Student′s t test (p > 0.1).

We tested the effect of intentional sample contamination with hairs of differing genotype on
the 538/555 nm fluorescence ratio. We found that including 4-10 hairs of differing genotype
in an extraction sample of 25 hairs caused the ratio to vary from each standard by greater than
20% of the standard, whereas noncontaminated samples vary from purified DNA standard by
less than 10% (data not shown). In practice, we find it quite easy to avoid sample contamination
since hairs are readily visible and easily cleaned from instruments with a damp wiper.

Discussion
The molecular beacon assays presented here constitute a novel approach to genotyping murine
and rhesus macaque models of globoid cell leukodystrophy. The GALC mutation has
conventionally been detected in these models by restriction enzyme digest of the amplified
gene segment or by enzymatic activity assay; however, these methods are time consuming and
sometimes yield ambiguous results. This pair of molecular beacon assays reduce the procedure
to a single step DNA extraction and PCR with immediate fluorescence analysis. These
molecular beacon assays reliably discriminate among nearly identical alleles. Because the
beacon must have a strong affinity for the template to abandon its own stable hairpin structure,
a single base pair mismatch is sufficient to markedly reduce binding and fluorescence. In the
mutant macaque GALC gene the beacons distinguish a two-nucleotide deletion, whereas in
the mouse a single G to A point mutation is distinguished. In both of these models the sequence
of the GALC gene presented a challenge to the design of an effective beacon. The murine and
macaque GALC genes have palindromic sequences flanking the mutation sites which cause
hairpin formation of the probe in competition with binding to amplified target sequences. We
incorporated these palindromic regions into the stem portion of the beacon to generate a beacon
that binds amplified target DNA along nearly its entire length (Figure 1).

Several years ago, the use of hair root DNA as an alternative to screen transgenic animals was
presented by Schmitteckert and colleagues (Schmitteckert, et al., 1999). However, despite the
animal welfare advantages and time and cost savings, this method has still not attained
widespread use. Hair roots permit sampling of many mice very quickly because tail snipping
often requires cauterization for hemostasis. Additionally, sampling hair roots from rhesus
macaques avoids unnecessary exposure to sharps and bloodborne pathogens, and permits
sampling in very young monkeys in which venipuncture is difficult. We have also successfully
genotyped neonatal macaques from DNA extracted from chorionic villus biopsies 1 mm in
size (data not shown), and adults from blood-soaked filter paper (FTA Blood cards, Whatman).
The use of blood-soaked filter paper to generate a genomic data bank for an entire outbred
breeding colony could allow rapid genotyping of thousands of individuals as new assays are
developed. The molecular beacon assay reagents cost approximately $0.94/reaction compared
to $1.51/reaction for the conventional method, not including technician time or electrophoresis
cost. Furthermore, we have found that the molecular beacon assay has been in concordance
with replicates and with restriction enzyme digestion results on every occasion.

Molecular beacon assays provide an ideal method by which to quickly and accurately genotype
models of genetic disease. The murine and rhesus macaque assays that we have developed for
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the detection of the GALC mutation have consistently provided unambiguous results and
clearly surpass conventional methods of genotyping these models. When combined with rapid
DNA extraction methods, such as Chelex-100® or blood-soaked filter paper detergent
extraction, reliable genotyping can be carried out in only a few hours. This facilitates high-
throughput genotyping and is valuable whenever efficient, reliable genotyping is essential.
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Figure 1.
Molecular beacon design for mouse (A) and rhesus macaque (B) GALC genes. The mutant
beacon (top left) binds to the antisense strand of the mutant genomic DNA allowing the
detection of fluorescence (bottom center), while the wild-type beacon remains in a closed
hairpin formation in which fluorescence is quenched (top right). Boxed nucleotides show sites
of single nucleotide substitution in mouse and two base deletion (arrowheads) in rhesus
macaque. Note the natural palindromic structure of the GALC genes, which was incorporated
into the beacon sequences.
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Figure 2.
Genotype determination of an infant rhesus macaque using the molecular beacon assay. The
fluorescence emission spectrum is shown from 500 nm to 600 nm for each of the genotype
standards as well as the infant′s DNA, extracted from hair roots. Comparison of the unknown
sample to each standard clearly indicates that the infant is heterozygous for the GALC mutation.
Fluorescence is expressed in arbitrary units. Red is Krabbe standard, green is heterozygous
standard, blue is wild-type standard, purple is infant hair root DNA, and black is no template
control.
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Figure 3.
High-throughput genotyping of mice (A) and rhesus macaques (B) based on 535nm/560nm
fluorescence ratios. For clarity, homozygous mutants are shown in red, heterozygous in yellow,
and homozygous wild-type in blue. Hair samples are represented as dots and blood card
samples as triangles. Regressions are shown for each genotype with upper and lower 99%
confidence limits. Blood card samples were only tested for rhesus macaques; a blood card
sample was not available for the homozygous mutant monkey. The number of standards used
to generate the confidence limits were (A) 26 wild type, 24 heterozygous, 23 homozygous
mutant, (B) 9 wild type, 9 heterozygous, 9 homozygous mutant.
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Figure 4.
Restriction enzyme digestion for genotype determination of mouse (A) and rhesus macaque
(B). PCR products were digested with EcoRV and ScaI and separated on 12% polyacrylamide
gels with detection by ethidium fluorescence. In each case, the mutant allele generates a cut
site when amplified with appropriate primers listed in Table I. Lanes are 1, wild-type standard;
2, wild-type sample; 3, heterozygous standard; 4, heterozygous sample; 5, homozygous mutant
standard; 6, homozygous mutant sample.
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Table I

Twitcher Mouse
 Molecular Beacon PCR
  Forward primer 5′-CTG CTT AGA ATC AAT CAG ACT G -3′
  Reverse primer 5′-CTC AAC AAC GGA CAA TTA CC -3′
  Wild type beacon 5′-[HEX]CCA GGC TGG TAT TAC CTG G[Dabcyl] -3′
  Mutant beacon 5′-[FAM]CCA GGC TGA TAT TAC CTG G[Dabcyl] -3′
 Restriction Digest PCR
  gTwF 5′-CAC TTA ATT TTC TCC AGT CAT -3′
  TwR 5′-TAG ATG GCC CAC TGT CTT CAG GTG ATA -3′
Rhesus Macaque
 Molecular Beacon PCR
  Forward primer 5′-TGG TTA ATG AAG GAA GC -3′
  Reverse primer 5′-GAT TCC ACC AAC ACG A -3′
  Wild type beacon 5′-[HEX]CCC AAT ATT ACA CTC ATT GGG[Dabcyl] -3′
  Mutant beacon 5′-[FAM]CCC AAT ATT ACT CAT TGG G[Dabcyl] -3′
 Restriction Digest PCR
  rhGALCF 5′-AGA AGA GGA ATC CCA ATA GTA C -3′
  rhGALCR 5′-CCA TAC TAA TAG AGA TTC CAC CA -3′
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Table II

Standard 538nm/555nm (mean ± std
dev) Sample 538nm/555nm (mean ± std dev)

Twitcher Mouse
  Homozygous mutant 2.068 ± 0.025 2.066 ± 0.025
  Heterozygous 1.525 ± 0.023 1.496 ± 0.033
  Homozygous wild-type 0.630 ± 0.014 0.608 ± 0.036
Rhesus Macaque
  Homozygous mutant 2.099 ± 0.016 2.119 ± 0.007
  Heterozygous 1.306 ± 0.026 1.285 ± 0.029
  Homozygous wild-type 0.666 ± 0.001 0.674 ± 0.009
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