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Abstract
Fatty acid 2-hydroxylase (FA2H) is responsible for the synthesis of myelin galactolipids
containing hydroxy fatty acid (hFA) as the N-acyl chain. Mutations in the FA2H gene cause
leukodystrophy, spastic paraplegia, and neurodegeneration with brain iron accumulation. Using
the Cre-lox system, we developed two types of mouse mutants, Fa2h−/− mice (Fa2h deleted in all
cells by germline deletion) and Fa2hflox/flox Cnp1-Cre mice (Fa2h deleted only in
oligodendrocytes and Schwann cells). We found significant demyelination, profound axonal loss,
and abnormally enlarged axons in the CNS of Fa2h−/− mice at 12 months of age, while structure
and function of peripheral nerves were largely unaffected. Fa2h−/− mice also exhibited
histological and functional disruption in the cerebellum at 12 months of age. In a time course
study, significant deterioration of cerebellar function was first detected at 7 months of age. Further
behavioral assessments in water T-maze and Morris water maze tasks revealed significant deficits
in spatial learning and memory at 4 months of age. These data suggest that various regions of the
CNS are functionally compromised in young adult Fa2h−/− mice. The cerebellar deficits in 12-
month-old Fa2hflox/flox Cnp1-Cre mice were indistinguishable from Fa2h−/−mice, indicating that
these phenotypes likely stem from the lack of myelin hFA-galactolipids. In contrast, Fa2hflox/flox

Cnp1-Cre mice did not show reduced performance in water maze tasks, indicating that
oligodendrocytes are not involved in the learning and memory deficits found in Fa2h−/− mice.
These findings provide the first evidence that FA2H has an important function outside of
oligodendrocytes in the CNS.
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INTRODUCTION
Myelin is a lipid-rich extension of the plasma membrane of oligodendrocytes and Schwann
cells that serves to protect the axon from damage as well as increase the nerve conduction
rate. Proper neuronal communication requires intact myelin, as many disorders are
characterized by damage to and/or loss of myelin, including multiple sclerosis and
leukodystrophies. The lipid profile of myelin is quite unique; Galactosylceramide (GalCer)
and sulfatide make up approximately 30% of total myelin lipids (Norton and Cammer 1984).
More than half of brain GalCer contain 2-hydroxy fatty acids (hFA) as their N-acyl chains
(hFA-galactolipids) (Bowen and Radin 1968). FA2H is the lipid biosynthetic enzyme
responsible for the formation of 2-hydroxy fatty acid, the precursor for hFA-galactolipids
(Alderson et al. 2004; Eckhardt et al. 2005).

Recently, three studies reported mutations in the human FA2H gene associated with
autosomal recessive disorders of the CNS (Dick et al. 2010; Edvardson et al. 2008; Kruer et
al. 2010). Edvardson et al. described two mutations that resulted in two distinct clinical
outcomes. A mild disorder with spasticity in the lower limbs associated with the D35Y
mutation. A severe disorder with progressive leukodystrophy and spastic paraparesis was
associated with a point mutation in an intron that resulted in aberrant RNA splicing that
excludes exons 5 and 6 from the mRNA (Edvardson et al. 2008). These 2 exons encode the
putative catalytic site of FA2H; therefore, the mutated protein is likely devoid of enzymatic
activity. In the second study, Dick et al. reported two other mutations (Δ53–58 and R235C)
associated with a complicated form of hereditary spastic paraplegia with similar clinical
manifestations to the severe form of the disease (Dick et al. 2010). In the most recent study,
Kruer et al. reported two mutations (R154C and Y170X) in patients diagnosed with
neurodegeneration with brain iron accumulation (NBIA). In all cases, frequent falls and gait
disturbances were first noted between age 4 and 11; and progressive spasticity, dystonia, and
white matter degeneration followed, except in the patients with D35Y mutation. Currently,
the pathogenesis of FA2H deficiency is not fully understood. Given the role of FA2H in
myelin hFA-GalCer synthesis, the pathogenesis of FA2H deficiency has been attributed to
abnormal myelin lipids.

In the current study, we report CNS phenotypes of a mouse model of FA2H deficiency, in
which the mice carry a floxed Fa2h allele that, upon Cre-mediated recombination,
recapitulated a pathogenic mutation identified in 7 patients (deletion of exons 5 and 6)
(Edvardson et al. 2008). Using two different Cre mice, we have developed two versions of
Fa2h knockout mice. One line of mice has the Fa2h deletion in every cell (Fa2h−/− mice,
generated by male germline deletion using the 129-Tg(Prm-Cre)58Og/J mice). The other has
the deletion in oligodendrocytes and Schwann cells (Fa2hflox/flox Cnp1-Cre), which was
generated using mice expressing Cre under the control of the Cnp1 gene promoter (Lappe-
Siefke et al. 2003). Fa2h−/−mice showed a number of pathological phenotypes, some of
which were previously unrecognized in the CNS, and others manifested in other organ
systems. The two versions of Fa2h knockout mice allowed us to determine which of these
phenotypes stem from myelin lipid abnormalities. We found profound histological and
functional changes in the CNS of Fa2h−/−mice. Unexpectedly, some of the CNS deficits in
Fa2h−/− mice were not present in Fa2hflox/flox Cnp1-Cre mice, indicating that some of the
CNS dysfunctions in Fa2h−/− mice are not associated with abnormal oligodendrocytes. Our
data suggest that FA2H has other important functions in the CNS in addition to the synthesis
of myelin hFA-galactolipids.
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MATERIALS AND METHODS
Animals

Mice were maintained in animal care facilities of the Medical University of South Carolina
and were treated in accordance with the Institutional Animal Care and Use Committee-
approved procedures. They were maintained under 12-hr light:dark cycle and at an ambient
temperature of 20–22°C. All mice used in this study are on a mixed 129 and C57BL/6
background.

Conditional Fa2h knockout Mice
Three genomic DNA fragments corresponding to the left arm (5 kb), the right arm (3.2 kb),
and the targeted region (2 kb) of the mouse Fa2h gene were amplified by PCR from a BAC
clone containing the Fa2h gene [RPCI-22 (129S6/SvEvTac) Mouse BAC Library,
Children's Hospital Oakland Research Institute, Oakland, CA]. The fragments were cloned
into pVBFRTCKF05 to construct a targeting vector by Vega Biolab (Philadelphia,
Pennsylvania, USA) (Fig. 1). Generation of targeted ES cells and chimeric mice were
performed by Ozgene (Bentley, Australia). Briefly, linearized targeting vector was
electroporated into 129/SvJ embryonic stem cells. G418 resistant ES cell clones were
screened for targeted integration by Southern hybridization. The targeted allele
(Fa2htm1Hama) is indicated as Fa2hflox in the text. ES cells heterozygous for the targeted
allele (Fa2h+/flox) were injected into C57BL/6 mouse blastocysts, and resulting male
offspring with high coat color chimerism were tested for germline transmission. One-half of
the agouti offspring of germline transmitters carried the Fa2hflox allele, as expected. Routine
genotyping for the Fa2hflox allele was performed by PCR using tail DNA with primer 1
(ccagtactctggaggctaagg) and primer 2 (ctatatgtgcgtcggtgtttttc) for the Fa2h+ allele (218 bp),
and with primer 3 (attgaacaagatggattgcac) and 4 (agccatgatggatactttctc) for the Fa2hflox

allele (345 bp) (Fig. 1A).

The Fa2h null allele (Fa2htm1.1Hama), indicated as Fa2h− in the text, was generated by
crossing Fa2h+/flox mice to 129-Tg(Prm-Cre)58Og/J mice (stock #003328, the Jackson
Laboratory, Bar Harbor, Maine, USA), in which the Cre recombinase is expressed in male
germline cells. The genotype of the offspring was determined using tail DNA and primers 1
and 2 for the Fa2h+ allele, and primers 3 and 4 for the Fa2hflox allele. Male Fa2h+/flox Prm-
Cre mice were crossed to Fa2h+/+ female mice, and the genotype of the offspring was
determined by PCR using the tail DNA and primers 1 and 2 for the Fa2h+ allele (218 bp),
and primers 5 (ctacagtccccattgaaaaac) and 6 (tggtaatactttggttatgctg) for the Fa2h− allele
(333 bp) (Fig. 1A, B). The 333-bp PCR product with primers 5 and 6 was sequenced to
confirm the expected deletion of the targeted region. The Fa2h+/+, Fa2h+/−, and Fa2h−/−

offspring were born at a ratio of 1:2:1.

Mice with Fa2h deleted only in myelin-producing cells were generated using Cnp1-Cre
mice, in which the Cre recombinase was expressed in oligodendrocytes and Schwann cells
(Lappe-Siefke et al. 2003). Fa2h+/flox Cnp1-Cre mice were crossed to Fa2hflox/flox mice. The
genotype of the offspring was determined by PCR using the tail DNA as described above for
the Fa2h+ and Fa2hflox alleles, and with primers oIMR1084 (gcggtctggcagtaaaaactatc) and
oIMR1085 (gtgaaacagcattgctgtcactt) for the Cre transgene. The offspring with the four
genotypes (Fa2h+/flox Cnp1-Cre, Fa2hflox/flox Cnp1-Cre, Fa2h+/flox, Fa2hflox/flox) were born
at a ratio of 1:1:1:1. Cre-mediated deletion of the targeted region was confirmed by PCR
using brain DNA.
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Lipid analysis by thin-layer chromatography
Total lipids were extracted from brain and sciatic nerve as described (Alderson et al. 2006;
Scandroglio et al. 2009) with minor modifications. Lipids were extracted with 20 volumes of
chloroform/methanol (2:1, v/v). When indicated, lipid extracts were subjected to mild
alkaline hydrolysis (in 0.6 M NaOH for 3 hr at 37° C and overnight at room temperature) to
remove glycerolipids. Lipid samples were applied on HPTLC plates and developed in
chloroform/methanol/water (70:30:4, v/v/v). Lipid spots were visualized under ultraviolet
light after spraying with primuline solution (0.005% primuline in acetone/water, 80:20, v/v).
Hydroxy and non-hydroxy galactosylceramide standards were purchased from Matreya
(Pleasant Gap, Pennsylvania, USA).

Mass spectrometric analyses of lipids
Spinal cord was dissected from 14-month-old Fa2h+/− and Fa2h−/− males (n=2). Multi-
dimensional mass spectrometry-based shotgun lipidomics analyses (Han and Gross 2003;
Han and Gross 2005) were performed on a QqQ mass spectrometer (Thermo Fisher TSQ
Quantum Ultra, San Jose, California, USA) equipped with an automated nanospray
apparatus (Nanomate HD, Advion Bioscience Ltd., Ithaca, New York, USA) and operated
with an Xcalibur software system as previously described (Yang et al. 2009).

Brain GalCer from 3-month-old male Fa2h+/−, Fa2h−/−, Fa2h+/flox Cnp1-Cre, and
Fa2hflox/flox Cnp1-Cre mice (n=2 for each genotype) were analyzed by LC/MS/MS as
previously described (Bielawski et al. 2009).

Histological and immunohistochemical analyses
Brains of male mice (n=2–6 per genotype for each time point) were fixed by immersion in
Tellyesniczky/Fekete (Telly’s) fixative (Fekete 1938; Lille 1965) overnight at 4°C and
stored in 70% ethanol until sectioning. Coronal paraffin sections (5μm) were stained with
either hematoxylin/eosin (H&E) to evaluate anatomical structure, or with luxol fast blue
(LFB) to evaluate myelin lipids. The blue LFB stain of 2 representative slides per mouse
was quantified using CRi Nuance spectral imaging and quantifying system (CRi Inc.,
Woburn, Massachusetts, USA). Cubed image files were collected at 10 nm wavelength
intervals from 500 to 800 nm, with an auto exposure time per wavelength interval at 400x
magnification. Both separated and combined QD images were established after determining
the QD spectral library and unmixing the cube. We divided the number of pixels represented
by the LFB staining by the number of background pixels. We then averaged the number of
pixels for each genotype and age, and ran a 2-way ANOVA. Significance was set at p<0.05
and Bonferroni post-hoc analyses were run as necessary.

To identify Purkinje neurons, additional slides were stained with anti-calbindin antibodies
(1:2000; Swant CB 38, Bellinzona, Switzerland) and visualized using the VECTASTAIN
ABC Kit (Vector Laboratories, Burlingame, CA). Amount of staining was quantified using
CRi Nuance spectral imaging and quantifying system similar to that described for LFB. Data
were analyzed by 2-way ANOVA with significance set at p<0.05.

Electrophysiology
Nerve conduction studies were performed on Fa2h−/− mice (n=3) and Fa2h+/+ mice (n=4)
at 12 months of age, using a VikingQuest EMG machine (Nicolet instruments, Madison,
WI) as previously described (Shy et al. 1997). Mice were anesthetized with ketamine/
zylazine by intraperitoneal injection. Body temperature was monitored with a rectal probe
connected to an automatic temperature controller (Warner Instrument Corporation), and
maintained throughout the testing at 35.5–37° C using a heating lamp. The compound
muscle action potential (CMAP) was recorded with a pair of sub-dermal stainless steel
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electrodes (Viasys) positioned over the intrinsic foot muscles and proximal interphalangeal
joints, respectively. The sciatic nerve (proximal; sciatic notch) or its tibial branch (distal;
lateral malleolus) was stimulated sub-dermally using a pair of stainless steel electrodes. A
stainless steel, sub-dermal ground electrode was positioned between stimulation and
recording sites. The amplitude, latency, and duration of evoked CMAPs were recorded with
supramaximal stimulation. The latencies from each site of stimulation, and the distance
between the stimulated sites were measured, and the conduction velocities (CV) were
calculated (CV= latency from sciatic notch - latency from lateral malleolus/ distance). To
document dispersion and/or conduction block, the amplitudes and durations of CMAPs at
each site were compared. If the proximally-evoked CMAP has a different waveform and is
prolonged, it is considered to be temporally dispersed (Rhee et al. 1990). If the amplitude of
the proximally-evoked CMAP is less than one-half of that of the distally-evoked CMAP, it
is considered to have conduction block (Rhee et al. 1990).

Electron microscopy
Immediately after the electrophysiology experiments were completed, the mice were
transcardially perfused with 0.9% NaCl, followed by 2% glutaraldehyde and 2%
paraformaldehye in 0.1 M phosphate buffer (pH 7.4), the optic nerves, cervical spinal cords,
and sciatic nerves were dissected and fixed 4 hr at 4°C, then osmicated, dehydrated,and
embedded in Epon. Transverse, semithin sections (1 μm) were stained with alkaline
toluidine blue and visualized through light microscopy (Leica DMR) using interactive
software (Improvision). Thin sections (90 nm thick) were mounted on 2 x 1 mm single-slot,
formvar-coated grids, stained with lead citrate and uranyl acetate, and examined with a
JOEL 1200 electron microscope. Selected images (on film) were made with a Hitachi 7000
electron microscope, and the negatives were scanned and processed with Photoshop to
generate the figures.

General motor activity
Spontaneous locomotor activity (total distance traveled, horizontal activity, and vertical
movement-frequency) was assessed in a Digiscan Animal Activity Monitor system
(Omnitech Electronics Model RXYZCM(8) TAO, Columbus, Ohio, USA) (Halberda et al.
1997). Data was collected in 5-min intervals for 1 hr and were analyzed by ANOVA as
appropriate. Significance was set at p<0.05, and Bonferroni post-hoc analyses were
conducted as necessary.

Rotarod performance
Motor coordination was evaluated using an accelerating rotarod treadmill (Ugo Basile,
Verese, Italy) as described by Boger et al. 2006. The mice were trained to remain on the
rotarod for a maximum of 5 min at a set speed of 4 rpm for acclimation to the apparatus on
the day before the actual testing. In a typical test, mice were evaluated for 3 consecutive
days (trial 1–3). For the time-course experiment (Fig. 5E), mice were acclimated to the
apparatus only once for the 2-month time point, and the rest of the testing was performed
one trial per time point without re-acclimation. On testing days, mice were tested for their
ability to remain on the rotarod at increasing rotation speeds of 4, 8, 16, 24, 32, and 40 rpm.
During these tests, the animals were allowed a maximum of 5 min at each rotation speed and
a 5-min rest between each rotation speed. The results were averaged to obtain a single value
for each genotype at any given rotational speed and/or testing day. Data were analyzed by 3-
way ANOVA (Genotype x Trial x Speed) with appropriate post-hoc analyses as necessary.
Significance was set at p<0.05.
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Reversal learning – Water T-maze
Mice were trained to swim to one arm (counterbalanced) of a water T-maze (San Diego
Instruments, San Diego, CA, USA) (Del Arco et al. 2007). Mice were divided into squads of
3–4. On training days, subjects were placed, one at a time, into the stem of the maze and
allowed to swim to the escape platform. Mice were given 60 sec to locate the platform. Once
the platform was located, mice were held on the platform for 3–5 sec before removal from
the maze. If the mice did not reach the platform within 60 sec, they were manually guided to
the platform and held for 10 sec. After a 2-min rest period, the mouse was again placed in
the maze for another trial. All mice were given 4 trials during each daily session. Dependent
variables included latency to reach the escape platform and percent correct choices for each
4-trial daily session. Percent correct choices and criterion performance were calculated for
each animal following each training session. Criterion performance was set at 75% correct
choices (i.e., 3 out of the 4 trials for a given training session) with each swimming attempt
being completed in less than 5 sec. Upon meeting this criterion for 3 consecutive days
(completed criterion performance), it was recorded that the animal had achieved initial
training and the escape platform was reversed (placed in the opposite arm). The training
process was repeated as previously described until completed criterion performance was met
for the new arm. Data on the graph are shown as number of sessions needed to achieve
completed criterion performance for both the initial arm (Initial) and the opposite arm
(Reverse); data were analyzed by 2-way ANOVA. Significance was set at p<0.05, and
Bonferroni post-hoc analyses were run as necessary.

Morris water maze
The Morris maze (Morris et al. 1981) consists of a round tub (60 cm in diameter) that was
filled with room-temperature water made opaque with non-fat dry milk. A platform (9.5 cm
diameter) was submerged just below the water surface. The tub was enclosed in white walls
(100 cm high) with extramaze cues on 3 sides, and the operator served as the cue on the 4th

side. There were no obvious intramaze cues. The mouse was placed in the maze starting
from one of four predetermined, set locations (labeled North, South, East, or West) and was
given 60 sec to locate the hidden platform, which remained in a fixed location (in the
Northeast quadrant throughout initial testing and Southwest quadrant during reversal
testing). If the mouse did not find the platform in the allotted time, it was gently guided to it.
Once the mouse found the platform, the trial was terminated and the mouse was given 15 sec
on the platform before being removed from the maze, dried, and placed into the holding
cage until the next trial. The mice were given 4 trials per day; the starting location for each
trial varied semi-randomly so that starting locations were not given in the same order on
consecutive days. The approximate inter-trial interval was 5–8 min, but never less than 5
min. Dependent variables were collected as described for the Water T-maze task. Data on
the graph are shown as number of sessions needed to achieve completed criterion
performance for both the initial (Initial) and the reverse platform locations (Reverse); data
were analyzed by 2-way ANOVA. Significance was set at p<0.05, and Bonferroni post-hoc
analyses were run as necessary.

RESULTS
Cre-mediated deletion of Fa2h in mice

A targeting vector was constructed to contain two loxP sites, one upstream of exon 5 and the
other downstream of exon 6, which allows Cre-lox-mediated deletion of the targeted region
(Fig. 1A). The loss of these 2 exons was reported in 7 human patients of FA2H deficiency as
a result of aberrant RNA processing (Edvardson et al. 2008). The Fa2h null allele was
generated by a genetic cross between Fa2h+/flox mice and protamine-Cre transgenic mice.
When male Fa2h+/flox protamine-Cre mice were crossed with Fa2h+/+ females, the Fa2h+/+
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and Fa2h+/− offspring were born at a 1:1 ratio. The Fa2h+/− mice were then bred to produce
homozygous Fa2h−/− mice. The genotypes of offspring were determined by PCR (Fig. 1B).
As observed in human patients with the aberrant RNA excluding exon 5 and 6, Fa2h mRNA
levels were not altered in Fa2h−/− mice; Fa2h−/− mice expressed a shorter mRNA at the
same level as the normal mRNA in control mice in the brain and skin (data not shown).
Deletion of exons 5 and 6 in the shorter mRNA in Fa2h−/− mice was confirmed by
sequencing cDNA prepared from brain RNA (data not shown).

To examine the hFA-galactolipids in the nervous system, we analyzed galactolipids in the
brain and sciatic nerve of postnatal day 23 mice by HPTLC. As shown in Fig. 1C, the lower
bands corresponding to hFA-GalCer were absent in Fa2h−/− mice, and partially replaced by
non-hydroxy GalCer (upper bands). Spinal cord lipids from 14-month-old mice were
analyzed by mass spectrometry (Fig. 1D). In Fa2h−/− mice, hFA-GalCer and hFA-sulfatide
were not detectable, while there was no significant difference in non-hydroxy GalCer and a
slight decrease in non-hydroxy sulfatide in Fa2h−/− mice compared to heterozygous
littermates. Consequently, the total galactolipid levels were 40% lower in Fa2h−/− mice.
Cholesterol, the most abundant myelin lipid, was also 40% lower in Fa2h−/− mice compared
to heterozygous littermates (Supplementary Table 1). These results are consistent with the
significant loss of spinal cord myelin in aged Fa2h null mice as reported by Zoller et al.
2008.

Pathological changes of the optic nerve and cervical spinal cord in Fa2h−/− mice
We examined semi-thin sections of the left and right optic nerves and cervical spinal cord of
12-month-old Fa2h−/− mice (n=4) and Fa2h+/+ mice (n=4) (Fig. 2 and 3). Each optic nerve
and spinal cord from Fa2h−/− mice had dozens of abnormal appearing myelinated axons –
there were myelin sheaths that surrounded axons with abnormally dense cytoplasm,
abnormal accumulations of organelles that could not be resolved by light microscopy, as
well as myelin sheaths that did not surround an identifiable axon (indicating that the axon
had degenerated). In several optic nerves, we found regions of profound axonal loss; Fig. 2A
shows one example. The above pathological findings were enriched in these regions.

We examined the optic nerves by electron microscopy (Fig. 2C). This demonstrated
vacuoles, demyelinated axons, myelin sheaths that surrounded axons that had abnormally
electron-dense cytoplasm, or accumulations of dense bodies, lysosomes, and mitochondria.
The grossly enlarged axons (some more than 20 μm in diameter) usually contained whorls of
disorganized neurofilaments as well as dense bodies, lysosomes, and mitochondria; these
were sometimes surrounded by an attenuated myelin sheath. These pathological findings
were enriched in the large patches where myelinated axons were largely absent. In addition,
these regions contained mononuclear cells that did not have the ultrastructural characteristics
of oligodendrocytes or astrocytes, and were likely macrophages or microglia (not shown).
Only a few apoptotic nuclei were seen, and we could not confidently identify the cell type.
Hypertrophied astrocytes were noted, particularly in the subpial region. None of these
pathological changes were noted in optic nerves of Fa2h+/+ mice (Fig. 2D).

In contrast to the optic nerves and the cervical spinal cord, the sciatic nerves of Fa2h−/−mice
contained occasional axons (less than 1% of the total) surrounded by myelin sheaths that
were disproportionately thin for the axonal caliber (Fig. 3C), indicating a low level of
demyelination followed by remyelination. Consistent with this interpretation, we saw myelin
debris in some endoneurial macrophages, and even a few demyelinated axons. None of these
features were noted in the sciatic nerves of Fa2h+/+ mice (Fig. 3D). The myelin sheaths of
Fa2h−/−mice appeared normal – they stained equally well with toluidine blue and had a
similar ultrastructure to Fa2h+/+ mice (Supplementary Figure 1). Consistent with the small
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degree of demyelination, the nerve conduction velocities and compound muscle action
potentials were not significantly different between Fa2h−/− and Fa2h+/+ mice (Table 1).

Cerebellar dysfunction in Fa2h−/− and Fa2hflox/flox Cnp1-Cre mice
The majority of the human patients with the severe form of FA2H deficiency experience
dystonia and gait disturbance that, at least in part, can be attributed to cerebellar atrophy
(Edvardson et al. 2008). We histologically evaluated the brains of both 3-month-old and 12-
month-old Fa2h−/− and compared them to control mice to assess if our mice showed
evidence of cerebellum disruptions. We did not observe any differences in size or gross
morphology of the cerebellum of either genotype or age (H&E staining; Fig. 4A). However,
luxol fast blue (LFB) staining for myelin lipids revealed decreased staining in the
cerebellum of 12-month-old Fa2h−/−mice compared to control littermates, while there was
no difference between these genotypes at 3 months of age (Fig. 4B). Decreased LFB-
staining was not observed in the forebrain of 12-month-old Fa2h−/− mice. Similar to
Fa2h−/− mice, Fa2hflox/flox Cnp1-Cre mice also had significantly decreased LFB-staining
when compared to Fa2h+/flox Cnp1-Cre littermates at 12 months of age (Fig. 4C), while
there was no significant difference at 6-months of age (not shown). Decreased LFB-staining
in the 12-month-old Fa2h−/− and Fa2hflox/flox Cnp1-Cre mice was confirmed by evaluating
the average number of pixels (2-6 mice per genotype at 3, 6, and 12 months of age).
Additionally, the immunohistochemical analysis revealed an abnormality in calbindin-
positive Purkinje neurons in the older Fa2h deficient mice. While the overall number of
Purkinje neurons was similar between the mutants and their respective control mice (by
pixel counts), older Fa2h−/− (Fig. 4D) and Fa2hflox/flox Cnp1-Cre mice (Fig. 4E) had many
areas of smaller sized or absent Purkinje neurons relative to their respective control mice.
Overall, the histological abnormalities in the cerebellum were indistinguishable between
Fa2h−/− and Fa2hflox/flox Cnp1-Cre mice.

The cerebellum contributes to coordination, precision, and accurate timing of movement.
Damage to the cerebellum does not cause paralysis, but instead produces disorders in fine
movement, equilibrium, posture, and motor learning (Fine et al. 2002). Given the
histological disruptions seen in the 12-month-old animals, we evaluated these mice by a
series of behavioral tests targeted at movement and balance/coordination. Spontaneous
motor activity for male Fa2h−/− and control mice is summarized in Fig. 5A. Fa2h−/− mice
showed significantly reduced ambulation relative to their littermate controls. While all
spontaneous locomotion was reduced (both total distance and horizontal activity; p<0.05),
the greatest difference was seen in the number of vertical movements (p<0.01), which
requires greater cerebellar involvement. Additionally, Fa2h−/− mice showed significantly
impaired motor coordination and motor learning relative to normal littermates when
assessed using an accelerating rotarod (Fig. 5B). Mice were given a maximum of 5 min at
each rotation speed, and data were recorded as the amount of time an animal was able to
remain on the bar. ANOVA revealed a significant overall interaction between genotype and
rotation speed [F(10, 144)= 2.03, p<0.05]. Post-hoc analysis revealed that Fa2h−/− mice had
significantly impaired performance (relative to controls) at all speeds greater than 4 rpm.
Importantly, the behavioral performance of Fa2h−/− mice was nearly identical to
performance by Fa2hflox/flox Cnp1-Cre mice at 12 months of age; Fa2hflox/flox Cnp1-Cre
mice had reduced ambulation, especially vertical activity (Fig. 5C), and significantly
impaired rotarod performance compared to Fa2h+/flox Cnp1-Cre littermates [Fig. 5D; F(10,
144)= 2.03, p>0.05]. With respect to rotarod performance, both groups of control mice were
able to improve their performance over the successive trials. In contrast, Fa2h−/−and
Fa2hflox/flox Cnp1-Cre mice showed no improvement over the 3 trials, which implicates the
Fa2h deletion in oligodendrocytes as detrimental to motor learning. Impaired performance
was also observed with 12-month-old female Fa2h−/− mice (Supplementary Fig. 2). These
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findings, combined with the spontaneous locomotion deficits and altered cerebellar
architecture (Fig. 4), further suggests the necessity of hFA-galactolipids in maintaining
normal motor coordination and motor learning behavior.

As mentioned above, we did not see any histological abnormalities in 3-month-old Fa2h−/−

mice (Fig. 4), nor did these mice display any deficiencies in general locomotion and rotarod
performance (Supplementary Fig. 3A and B). Furthermore, Fa2h+/flox Cnp1-Cre mice were
not significantly different than control mice at 6 months of age (Supplementary Fig. 3C and
D). To determine when the effects of the Fa2h mutation began to disrupt behavior, a
separate group of animals was evaluated monthly via rotarod performance (Fig. 5E). As
expected, Fa2h−/−mice did not differ from control mice at months 2–6; however, differences
between the genotypes emerged at the 7-month time point. Only control mice began
improving their performance (motor learning) at months 7 and 8, while Fa2h−/− mice began
showing significantly deteriorated performance. It was evident during the 9-month testing
session that Fa2h−/− mice were exhibiting significantly deteriorated performance as they
had a significantly impaired ability to remain on the bar at all speeds above 8 rpm (p<0.05),
which was comparable to the 12-month-old Fa2h−/− mice from the previous figure (p>0.05).

Learning and memory are impaired in Fa2h−/− mice but not in Fa2hflox/flox Cnp1-Cre mice
In all reported cases of human FA2H deficiency, onset of the disease is 4–11 years of age,
and many of the patients are described as exhibiting mild to moderate cognitive decline
following seemingly normal early development. Thus, we were interested in defining the
earliest signs of CNS deficits in Fa2h−/− mice. Although the difference in rotarod
performance was clear at 7 months of age (Fig. 5E), the question remained whether subtle
CNS abnormalities existed earlier, particularly with regard to cognitive ability. Animals
were tested in a water T-maze for their ability to find an escape platform located in one of
the two arms (initial learning), and were subsequently tested for their ability to locate the
platform that was repositioned in the opposite arm from their initial training (reversal
learning). The water T-maze task serves as a simple memory assay given that animals are
not forced to rely on one set of environmental cues (e.g., spatial cues, directional cues, etc.),
but can provide insight into memory formation and reversal learning processes with
relatively little training. Fig. 6A illustrates that while all mice performed similarly during
initial learning [F(15,1)=0.063, p=0.85], Fa2h+/+ mice had significantly better reversal
learning performance than Fa2h−/− mice [F(15,1)=5.063, p=0.02].

Given the striking difference in water T-maze performance, we next evaluated spatial
learning/memory using a Morris water maze, measuring both initial and reversal learning
(Fig. 6B). While similar in concept to the water T-maze, the Morris water maze is a more
challenging task that specifically evaluates an animal’s ability to utilize spatial cues. We
determined that younger (< 6 months) Fa2h−/− animals do not display impaired vision and
are indistinguishable from Fa2h+/+ mice on vision performance tasks (data not shown).
Similarly to the water T maze task, Fa2h−/− mice had significantly impaired reversal
learning performance than Fa2h+/+ mice In the Morris water maze task [F(13,1)=10.658,
p=0.01]. Interestingly, they also showed impaired initial learning [F(13,1)=7.725, p=0.02],
indicating a severe memory deficit. Although gross histological analyses (H&E and LFB
staining) did not reveal differences in the hippocampus (essential for spatial learning)
between Fa2h+/+ and Fa2h−/− mice, these behavioral data indicate that FA2H is essential
for proper CNS functioning. Surprisingly, when we evaluated the behavioral performance in
Fa2hflox/flox Cnp1-Cre mice and Fa2h+/flox Cnp1-Cre mice, there was no difference in
behavior between the two groups on either the water T-maze [Fig. 6C; Initial:
F(16,1)=1.692, p=0.21; Reverse: F(16,1)=1.363, p=0.26] or Morris water maze tasks [Fig.
6D; Initial: F(16,1)=0.002, p=0.96; Reverse: F(16,1)=0.926, p=0.35]. Because the results
with Fa2hflox/flox Cnp1-Cre mice were unexpected, a second tail biopsy was taken from all
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experimental mice upon conclusion of the behavioral studies, and their genotypes were
confirmed. In the initial report of Cnp1-Cre mice, Lappe-Siefke et al. used a lacZ reporter
gene to show that Cre was specifically expressed by oligodendrocytes in white matter tracts
in the brain (Lappe-Siefke et al. 2003). Nevertheless, there was a concern about incomplete
Fa2h deletion in our mice, resulting in a small population of oligodendrocytes producing
enough myelin hFA-galactolipids to obscure the phenotype. This possibility was eliminated
by myelin lipid analyses. The absence of hFA-GalCer was evident in Fa2hflox/flox Cnp1-Cre
mice at 10 weeks of age based on the thin-layer chromatogram of brain lipids (Fig. 6E).
Detailed galactolipid measurements by mass spectrometry showed a total loss of brain hFA-
galactolipids in 3-month-old Fa2h−/− and Fa2hflox/flox Cnp1-Cre mice (Fig. 6F,
Supplementary Table 2). These data indicate that the learning/memory deficits in Fa2h−/−

mice were not caused by the loss of myelin hFA-galactolipids but by deficiencies in other
aspects of the CNS.

DISCUSSION
In the present study we created a floxed Fa2h allele and developed two versions of Fa2h
knockout mice; one with Fa2h deleted in all cells (Fa2h−/− mice), and the other with Fa2h
deleted in oligodendrocytes and Schwann cells (Fa2hflox/flox Cnp1-Cre mice). The two
models allowed us to assess oligodendrocyte-derived and non-oligodendrocyte-derived CNS
phenotypes of Fa2h−/−mice. The mutation we have generated, a genomic deletion
encompassing exons 5 and 6, recapitulated one of the mutations found in human FA2H
deficiency, though the deletion in the patients occurred during RNA splicing due to a point
mutation in an intron.

The axonal degeneration seen in the optic nerve and spinal cord of the Fa2h−/− mice is
similar to what was described by Zoller et al. 2008. They did not, however, note regions of
profound axonal loss or abnormally enlarged axons. The pathological changes we observed
are similar to those reported in the adult-onset CNS demyelination mouse models, in which
oligodendrocyte cell death was genetically induced (Pohl et al. 2011; Traka et al. 2010). We
suspect that the abnormally enlarged axons are, in effect, transected (Lampert 1967), as
occurs in demyelinating lesions of multiple sclerosis (Trapp et al. 1998).

We found evidence of a low level of demyelination and remyelination in the peripheral
nerves of 12-month-old Fa2h−/− mice. That the sciatic nerves appear mostly normal is
consistent with their normal nerve conduction velocities. Our histological findings, however,
differ from those reported by Zoller et al. (2008). They found diminished staining with
toluidine blue and splitting of myelin lamellae. It seems unlikely that the global deletion of
Fa2h resulted in a “myelin phenotype” that was not found in our mice. Technical issues in
processing the tissue are a possible explanation.

In characterizing the neuropathological phenotype of our Fa2h knockout mice, we were
particularly interested in identifying similarities to the human disease phenotype. As seen in
human patients, early development appeared normal in Fa2h−/− mice, which was also
reported by Zoller et al. 2008. No pathological phenotype was previously identified in young
adult Fa2h−/−mice. We first focused on uncovering possible cerebellar deficits in our
Fa2h−/− mice because in all cases of human FA2H deficiency reported to date, the affected
children presented with initial signs of gait abnormality and frequent falls between age 4 and
11, which is consistent with cerebellar abnormality (Dick et al. 2008; Dick et al. 2010;
Edvardson et al. 2008; Kruer et al. 2010). As the disease progressed, many of the patients
showed additional signs of cerebellar involvement and cerebellar atrophy. Histological and
behavioral analyses of our mutant mice revealed that abnormal cerebellar histology and
significantly disrupted motor function in both Fa2h−/− and Fa2hflox/flox Cnp1-Cre mice at 12
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months of age. A time-course study showed that significantly impaired motor coordination
was detectable in Fa2h−/− mice at 7 months and older with no signs of motor learning,
suggesting the disruption of cerebellum had begun earlier than 7 months of age. Thus, CNS
pathology of Fa2h−/− mice is not limited to aged animals. Importantly, the cerebellar
deficits were indistinguishable between Fa2h−/− and Fa2hflox/flox Cnp1-Cre mice,
suggesting that the cerebellar phenotypes stem from the loss of myelin hFA-galactolipids,
causing demyelination and subsequent axonal loss. The precise mechanism of the reduced
myelin stability in Fa2h−/− mice is currently unknown. Given the strong preference of UDP-
galactose:ceramide galactosyltransferase (the enzyme that synthesizes GalCer) for hFA-
ceramide over non-hydroxy ceramide (Schaeren-Wiemers et al. 1995), an imbalance
between GalCer synthesis and turnover may occur in the absence of hFA in such a way that
the normal rate of GalCer degradation is not matched by the rate of replenishing, leading to
gradual self-destruction of myelin.

Our study also revealed significantly impaired spatial learning and memory in Fa2h−/−mice
at 4 months of age. Surprisingly, the deficits in learning and memory were not present in
Fa2hflox/flox Cnp1-Cre mice. As in Fa2h−/− mice, hFA-galactolipids were completely absent
in Fa2hflox/flox Cnp1-Cre mice, indicating that this phenotype is not associated with hFA-
galactolipids. Previous studies showed Fa2h expression in oligodendrocytes by in situ
hybridization (Eckhardt et al. 2005) and by immunoblot (Alderson et al. 2006). More recent
gene expression profiling studies also showed Fa2h expression in oligodendrocytes (Golan
et al. 2008; Howng et al. 2010; Stritt et al. 2009). Nonetheless, our finding that the learning
and memory deficits are present only in Fa2h−/− mice and not in Fa2hflox/flox Cnp1-Cre
mice could not be explained by the loss of FA2H function in oligodendrocytes. Rather, our
finding provides the first evidence for a non-myelin-associated function of FA2H in the
CNS.

The task in a Morris water maze test involves recognizing and remembering visual cues to
locate a hidden platform, which requires intact hippocampus (Morris et al. 1982). Hence,
FA2H may have a role in proper development and neural connectivity in the hippocampus.
Preliminary histological analysis revealed no gross abnormality in the hippocampus of
Fa2h−/−mice. Further studies for detailed cellular organization are needed to determine the
cause of this phenotype. It is also possible that FA2H is involved in cell signaling that
determines neural connectivity in the hippocampus. It is of interest to note that cultured rat
cortical neurons showed robust, but transient, upregulation of Fa2h expression during
differentiation (our unpublished data). We previously showed that FA2H modulates the
cAMP signaling pathway in Schwannoma cells (Alderson and Hama 2009). It is conceivable
that an FA2H-dependent regulatory mechanism for cAMP signaling exists in differentiating
neurons. Further investigation is warranted to determine the role of FA2H in the
hippocampus.

In conclusion, a deletion of exons 5 and 6 in the mouse Fa2h gene causes a disease of the
CNS that shares some aspect of the clinical manifestations of human FA2H deficiency. In
addition, some of the CNS abnormalities are not associated with deficiencies in
oligodendrocytes and myelin. Further investigation of our Fa2h knockout mice will likely
provide novel insight into the disease mechanism of FA2H deficiency. Unlike other
leukodystrophies, this disease is caused by a lack of lipids. As such, there is a distinct
possibility that it could be treatable by replacing the missing lipids. The early signs of the
neurological abnormalities of Fa2h−/− mice identified in this study could be used in
establishing a sensitive functional assay for in vivo efficacy of potential lipid therapeutics.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Deletion of exons 5 and 6 of Fa2h eliminates hFA-galactolipids in the nervous system
(A) The targeting vector and the Fa2hflox and Fa2h− alleles. Exons 5 and 6 (E5, E6) of the
Fa2hflox allele were successfully excised in vivo by Cre recombinase. Note that the diagram
is not to scale. (B) PCR-genotyping. The agarose gel on the left shows the presence or
absence of the Fa2h+ allele amplified by primers 1 and 2. The agarose gel on the right
shows the presence or absence of the Fa2h− allele amplified by primers 5 and 6. I.C.,
internal control. (C) HPTLC analysis of myelin galactosylceramide. Alkaline-resistant lipids
were analyzed by HPTLC. Lipids were extracted from brain (2 mg protein equivalent per
lane) and sciatic nerve (100 mg protein equivalent per lane) from 23-day-old males. GalCer,
galactosylceramide. (D) Analysis of spinal cord lipids by mass spectrometry. Total lipids
were extracted from spinal cord tissue of 14-month-old male Fa2h+/− mice (WT, n=2, black
bars) and Fa2h−/− mice (Null, n=2, white bars). Asterisks (*) denote below detectable
levels. The data shown are the combined levels of the four groups of galactolipids [non-
hydroxy (nFA) and hydroxy (hFA) galactosylceramide and sulfatide], each including
various molecular species with different N-acyl chains. The values for individual molecular
species are shown in Supplementary Table 1.
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Fig. 2. Pathological findings in the optic nerves of Fa2h-null mice
Images from semi-thin (A, B) and thin (C, D) sections of optic nerves from 12-month-old
Fa2h−/− (A, C) and Fa2h+/+ (B, D) mice are shown. (A) A region of a nerve with markedly
reduced numbers of myelinated axons as well as many vacuoles (v) and enlarged bulbous
axons (b). (B) A similar region of a normal nerve. Note the dense packing of myelinated
axons that range from 0.5 to 3 microns in diameter. (C) An electron micrograph of a
similarly affected region as in (A), showing the fine structure of vacuoles (v), demyelinated
axons (asterisks), and two bulbous axons (b) that are filled with dense bodies, lysosomes,
and mitochondria. (D) An electron micrograph of a similar region of a normal nerve. Scale
bar: 10 μm in panels A and B, 1 μm in panels B and D.
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Fig. 3. Pathological findings in the Fa2h-null mice
These are images of semi-thin sections of the ventral funiculus of the cervical spinal cord
(A, B) and tibial nerves (C, D) from 12 month old Fa2h−/− mice (A, C) or Fa2h+/+ mice (B,
D). The spinal cord of the Fa2h−/− mice contains demyelinated axons (asterisks), as well as
vacuoles (v) and enlarged bulbous axons (b) filled with dense bodies, lysosomes, and
mitochondria (not visible at this magnification). The sciatic nerve of the Fa2h−/− mice has a
few remyelinated axons (r). Scale bars: 10 μm.
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Fig. 4. Cerebellum histology
(A) Overall cerebellum histology (size and gross morphology) of 3- or 12-month-old male
Fa2h−/− (Null) and control mice (WT) did not differ from one another (H&E, 4x
magnification). (B) LFB staining of the cerebellum. While 3-month-old Fa2h−/− and control
mice were identical, 12-month-old Fa2h−/− mice exhibited significantly reduced staining
relative to control littermates (4x magnification). (C) LFB staining of 12-month-old
Fa2h+/flox Cnp1-Cre (+/flox) and Fa2hflox/flox Cnp1-Cre (flox/flox) littermates (4x
magnification). (D) Calbindin immunostaining of the cerebellum. Fa2h−/− mice have altered
size and distribution of Purkinje neurons relative to control mice as evidenced by an
irregular pattern of calbindin-immunoreactive Purkinje neurons (denoted by black arrows).
Left and center panels, 4x magnification; right panels, 20x magnification of the black
rectangles in center panels. (E) Calbindin immunostaining of the cerebellum of Fa2h+/flox

Cnp1-Cre (+/flox) and Fa2hflox/flox Cnp1-Cre mice (flox/flox). The black arrows denote
areas with disrupted Purkinje neurons. Left panels, 4x magnification; right panels, 20x
magnification of the black rectangles in left panels.
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Fig. 5. Behavioral analyses reveal motor deficits in Fa2h deficient mice
(A) General motor activity of 12-month-old male Fa2h−/− mice (Null, n=5, grey bars) and
their littermate controls (WT, n=5, black bars). The control littermates included Fa2h+/+ and
Fa2h+/− mice, whose performances were indistinguishable from one another (p>0.05). *,
p<0.05; **, p<0.01. (B) Motor coordination and motor learning assessed using an
accelerating rotarod device. Grey squares/lines, Fa2h−/− mice (n=5); black squares/lines,
control littermates (n=5). (C&D) Motor deficits in 12-month-old Fa2hflox/flox Cnp1-Cre
mice (flox/flox, n=7, grey bars/ squares/lines) were practically identical to Fa2h−/− mice.
They showed reduced general ambulation (panel C; *, p<0.05; **, p<0.01) and impaired
rotarod performance (panel D, p<0.05) in comparison to Fa2h+/flox Cnp1-Cre mice (+/flox,
n=5, black bars/squares/lines) at all speeds greater than 4 rpm. All data are presented as
mean±standard error. (E) Motor deficits emerge at 7 months of age. A separate group of
male Fa2h−/− mice (n=4, grey squares/lines) and control mice (n=6, black squares/lines)
were tested monthly for rotarod performance. The control group included age-matched
Fa2h+/+ and Fa2h+/− mice, whose performances were indistinguishable from one another
(p>0.05). All data are presented as mean±standard error.
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Fig. 6. Learning and memory deficits are present in Fa2h−/− mice but not in Fa2hflox/flox Cnp1-
Cre mice
(A) 3-month-old male Fa2h+/+ mice [black bars (+/+), n=8] and Fa2h−/− mice [grey bars
(−/−), n=8] were evaluated for their performance on a water T-maze task. No differences
were seen between the genotypes on their ability to locate and swim to a hidden platform
(Initial, p>0.05). After initial training, the platform was placed in the opposite arm. Fa2h+/+

mice took significantly fewer sessions to learn the new platform location (Reverse; *, p<
0.015) than Fa2h−/− mice. All data are presented as mean+standard error. (B) A separate
group of 4-month-old Fa2h+/+ mice [black bars (+/+), n=8] and Fa2h−/− mice [grey bars (−/
−), n=5] were trained to swim to a hidden platform within a Morris water maze. Fa2h−/ −
mice took significantly more sessions to learn the location of the platform compared to
Fa2h+/+ mice, (Initial; *, p<0.05). Once learning was achieved, the platform was moved to a
new location and training was repeated. Again, Fa2h−/ − mice took significantly more
sessions to learn the new location of the platform (Reverse; *, p<0.05). (C) Water T-maze
test was performed with male Fa2h+/flox Cnp1-Cre mice [hatched bars (+/f), n=10] and
Fa2hflox/flox Cnp1-Cre mice [white bars (f/f), n=6]. No significant difference was observed
between the two groups for both Initial (p>0.05) and Reverse (p>0.05). (D) Morris water
maze test was performed with male Fa2h+/flox Cnp1-Cre mice [hatched bars (+/f), n=10] and
Fa2hflox/flox Cnp1-Cre mice [white bars (f/f), n=6]. No significant difference was observed
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between the two groups for both Initial (p>0.05) and Reverse (p>0.05). (E) TLC analysis of
brain galactolipids from Fa2h+/flox Cnp1-Cre (+/f) and Fa2hflox/flox Cnp1-Cre (f/f) mice.
Total brain lipids were extracted from two 10-week-old Fa2hflox/flox Cnp1-Cre mice and
their respective littermates. Lipids were separated on a HPTLC plate along with GalCer
standards and visualized by primuline staining and UV illumination. (F) Mass spectrometry
analysis of brain galactolipids from 3-month-old Fa2h deficient mice and normal
littermates. Individual lipids (12 distinct GalCer and 11 distinct hFA-GalCer) in whole brain
lipid extracts obtained from Fa2h+/−, Fa2h−/ −, Fa2h+/flox Cnp1-Cre, and Fa2hflox/flox

Cnp1-Cre mice (n=2 for each genotype) were measured by LC/MS/MS. The mean and range
of the total GalCer (nFA) and hFA-GalCer (hFA) are shown. The values for individual
molecular species in each animal are included in Supplementary Table 2.
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Table 1

Electrophysiologic parameters of sciatic nerves of 12-month-old Fa2h−/ − and Fa2h+/+ mice.

Electrophysiological parameter Fa2h−/− (n=3) Fa2h+/+ (n=4) P value

CMAP distal latency (ms) 0.867 ± 0.12 0.83 ± 0.13 1.00

CMAP distal amplitude (mV) 5.00 ± 1.9 6.03 ± 3.4 0.28

CMAP proximal amplitude (ms) 4.63 ± 1.8 4.88 ± 2.3 0.30

Motor nerve conduction velocity (m/s) 41.3 ± 2.5 43.5 ± 0.58 0.27

The values were compared by paired Student’s t-test using Prism 5 (GraphPad Software). Data are expressed as mean ± SD. CMAP, compound
motor action potential.
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