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Abstract

Intracranial lipomas are rare, but 45% of them occur along the midline cisterns between the

hemispheres and are often associated with corpus callosum hypoplasia and craniofacial defects.

They are difficult to detect, as they are generally asymptomatic and visible by MRI or by

postmortem examination. The exact cause of these interhemispheric lipomas is not known, but

they arise from a developmental defect resulting in the maldifferentiation of mesenchymal cells

into mesodermal derivatives that are not normally present. We have identified a new mouse

mutant called tuft, exhibiting a forebrain, intracranial lipoma with midline craniofacial defects

resembling frontonasal dysplasia (FND) that arose spontaneously in our wild-type 3H1 colony.

The tuft trait appears to be transmitted in recessive fashion, but approximately 80% less frequent

than the expected Mendelian 25%, due to either incomplete penetrance or prenatal lethality. MRI

and histological analysis revealed that the intracranial lipoma occurred between the hemispheres

and often protruded through the sagittal suture. We also observed a lesion at the lamina terminalis

that may indicate improper closure of the anterior neuropore. We have mapped the tuft trait to

within an 18 cM region on mouse chromosome 10 by microsatellite linkage analysis and identified

several candidate genes involved with craniofacial development and cellular differentiation of

adipose tissue. tuft is the only known mouse model for midline craniofacial defects with an

intracranial lipoma. Identifying the gene(s) and mutation(s) causing this early developmental

defect will help us understand the pathogenesis of FND and related craniofacial disorders.

Keywords

intracranial lipoma; craniofacial defect; hypertelorism; corpus callosum; interfrontal bone

INTRODUCTION

Intracranial lipomas are abnormal masses of adipose tissue within the brain. They account

for less than 1% of all brain lesions, but 45% of them occur along the midline axis between

the cerebral hemispheres, typically within the pericallosal cistern, thus resulting in

dysgenesis of the corpus callosum (Jabot et al., 2009). These interhemispheric lipomas can
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be benign and asymptomatic, but many have been associated with patients suffering from

persistent headaches, epileptic seizures, behavioral disorders, dysraphic lesions and midline

craniofacial defects (List et al., 1946; Zee et al., 1981; Demaerel et al., 1996; Yildiz et al.,

2006; Yilmaz et al., 2006). Surgical removal usually results in high morbidity and mortality

due to strong adhesion to the surrounding tissue and the incorporation of cerebral arteries.

Interhemispheric lipomas are either curvilinear or tubulonodular. Curvilinear lipomas are

thin and situated along the longitudinal body of the corpus callosum (pericallosal lipomas),

whereas tubulonodular lesions are round, longer than they are wide, and tend to be situated

at or near the genu (Truwit and Barkovich 1990). Because of this rostral location, it is

thought that tubulonodular lipomas are formed at an earlier time point in development of the

corpus callosum (Raybaud 2010). They vary in size, but can extend into the

interhemispheric fissure and exit through the cranial sutures, presenting itself as an

extracranial mass (Nordin et al., 1955; Zee et al., 1981; Kudoh et al., 1984; Nevin et al.,

1999; Given et al., 2005). Tubulonodular lipomas are likely brought about by the delay or

failure in resorption of the meninx primitiva along the dorsal midline of the developing

telencephalon near the primitive lamina terminalis (Truwit and Barkovich 1990), but the

exact cause is unknown. There have been a number of reports where craniofacial defects

such as hypertelorism and median facial cleft, two characteristic features of frontonasal

dysplasia (FND), have been observed together with tubulonodular lipomas (Pascual-

Castroviejo et al., 1985; de Villiers et al., 1991; Tart et al., 1991; Demaerel et al., 1996, Wu

et al., 2007).

FND or median cleft face syndrome comprises a variety of craniofacial defects that affect

midline structures of the head. FND was first defined as having at least two of the following

features, (1) ocular hypertelorism, (2) broadening of the nasal root, (3) median facial cleft

affecting the nose, or both nose and upper lip or palate, (4) uni- or bilateral clefting of the

ala nasi, (5) lack of formation of the nasal tip, (6) anterior cranium bifidum occultum, (7) V-

shaped or widow’s peak frontal hairline (DeMyer 1967, Sedano et al., 1970). Since then,

various anomalies affecting the central nervous system, skeletal and cardiac systems have

been observed along with features characteristic of FND, making it a heterogeneous group

of developmental disorders. However, like all the other traits, the presence of a lipoma with

FND was variable. It was observed in some subtypes of FND more than others, but never

absolute in any one group (Wu et al., 2007). The significance of a lipoma in the formation or

severity of FND is not clear. The occurrence of FND is rare and mostly sporadic. But,

different modes of inheritance and genes have been identified in several FND subtypes (Wu

et al., 2007, Uz et al., 2010). None of these models, however, includes a lipoma.

Mouse models have been useful systems for identifying genes and mechanisms crucial for

proper craniofacial development (Copp 2006, Sandell et al., 2011). Recently, a new

spontaneous mutant that we call tuft arose in our 3H1 wild-type mouse colony. Here we

describe the craniofacial features that include a large midline lipoma erupting through the

skull, ocular hypertelorism, and midfacial cleft, along with an interfrontal bone. Morphology

of the basal forebrain region corresponding to the lamina terminalis was also abnormal,

possibly indicating a defect during closure of the anterior neuropore. We have mapped the

tuft trait to a region of mouse chromosome 10 that includes several loci associated with

craniofacial anomalies and cellular differentiation. To our knowledge, tuft is the only mouse

that models a midline intracranial lipoma together with craniofacial features characteristic of

FND, thus providing a means to identify an element in the process of craniofacial

development that is correlated with the pathogenesis of forming a lipoma.
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METHODS

Animals and Breeding

All procedures were carried out in accordance with IACUC specifications and performed

following protocols approved by the University of Hawaii Laboratory of Animal Services.

Adult mice were housed under standard conditions with 12-hour light cycle and they were

supplied with tap water and Rodent Mouse Chow ad libitum. The 3H1 strain was originally

purchased from the MRC Radiobiolgical Laboratories (Didcot, UK) and has been inbred for

over 40 generations since 1989 in our animal unit.

Magnetic Resonance Imaging

Seven adult mice (1 WT and 6 tuft) were scanned in a whole-body Siemens Trio 3 Tesla

scanner, using a wrist receiver coil. Following a quick pilot acquisition, all animals were

scanned in axial as well as sagittal orientation with a high-resolution 3D gradient echo

sequence (TE/TR 7.4/14ms, 80mm FOV, in-plane resolution 250 × 250 microns, 0.5 mm

slices, no gap, scan time 17:39 minutes). The T1-weighted sequence showed excellent

contrast between the lipomas and surrounding brain tissue. A 2D T2-weighted spin-echo

sequence was also acquired (TE/TR 70/5500ms, 83mm FOV, in-plane resolution 260×260

microns, 0.8 mm slices, 80 micron gap, scan time 16:55 minutes). Dicom images were

subjected to 3D reconstruction utilizing Osirix (website). Resulting models were exported

as .obj files, imported into Maya and partitioned and regionally enhanced by adding color

and exported as .dxf format. The .dxf format was converted into .xdf and viewed utilizing

SURFdriver software.

Whole Mount Staining

Whole mounts of crania were prepared following a modified technique of Inouye (1976).

Crania were removed, brain tissue was extracted and heads were fixed in 95% ethanol.

Cranial cartilage was stained with 0.3% Alcian blue (8GX). Specimens were dehydrated in

95% ethanol, counterstained with 0.1% Alizarin Red, macerated with KOH and cleared with

increasing concentrations of glycerol. The sample consisted of 5 adult mice of both wild-

type and affected animals. Each mouse cranium was observed with a Leitz dissection scope

at 10X and 30X magnifications and cranial base cartilages and ossification centers were

observed for their presence.

Histology and Immunohistochemistry

Five tuft mice displaying a lipoma were utilized for hematoxylin and eosin (H & E)

histological analysis. Animals were sacrificed by an overdose of isofluorane, followed by

decapitation. External tissue was removed from the head, keeping the skull intact and then

fixed in 4% paraformaldehyde (PFA) overnight at 4°C. Samples were washed several times

in phosphate buffered saline (PBS) and then decalcified with RDO solution according to the

manufacturer’s recommendations (Apex Engineering Products Corporation, Aurora, IL).

Samples were subsequently washed in PBS and dehydration in increasing concentrations of

ethanol to 70% and stored at 4°C. Samples were then embedded in paraffin and serially

sectioned (10 μm) in a coronal or sagittal plane. Tissues were mounted on glass slides and

stained with H & E using standard procedures.

Brain Fos expression—Identification of forebrain organuum vasculosum lamina

terminalis (OVLT), supraoptic (SON) and paraventricular (PVN) neurons was determined

by the expression of brain cFos as previously described (Somponpun and Sladek 2003).

Briefly, ten mice (5 control and 5 tuft) were anesthetized with pentobarbital and perfused

transcardially with physiological saline, followed by phosphate-buffered 4%
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paraformaldehyde, pH 6.7 (Sigma, St. Louis, MO) after 48 hours of dehydration. After

fixation, brains were removed and cryostat sections (40μM thick) were obtained in a one-in-

four series and stored in cryoprotectant solution until processing. A single set of sections

was used to localize Fos-immunoreactivity (-ir) in OVLT neurons. Cryoprotectant was

removed from freely floating tissue sections with multiple rinses of 0.05 M buffered saline

(KPBS, pH 7.4). The tissues were subsequently incubated with a rabbit polyclonal antiserum

raised against amino acids 4–17 of human c-Fos (Ab-5, Calbiochem, San Diego, CA) at a

1:35,000 dilution prepared in KPBS with 0.4% Triton X-100 for 60 min at room temperature

(RT), then 72h at 4°C. The sections were rinsed multiple times with KPBS, incubated with a

biotinylated donkey anti-rabbit serum (Jackson ImmunoResearch, West Grove, PA) at a

1:600 dilution in KPBS with 0.4% Triton X-100 for 1h at RT. After several rinses, tissues

were incubated in avidin-biotin complex solution for 1h at RT.

Primary antibody was localized using a conventional immunoperoxidase method with a 15-

min exposure to nickel sulfate plus diaminobenzidine-HCl (Nickel II Sulfate + DAB) in

sodium acetate solution in the presence of H2O2. This yielded a blue-black reaction product

in the nuclear compartment. Sections were mounted on poly-L-lysine-treated slides, air-

dried overnight, and coverslipped.

Cells that expressed nuclear blue-black immunoprecipitants after DAB-nickel reaction were

considered positive. Fos expression was quantified in OVLT neurons following Ma and

Lozanoff (1999). Briefly, a threshold was determined to remove background and the number

of Fos-positive nuclei was determined in one or more sections from an arbitrarily selected

specimen. The same threshold was applied to all sections of Fos-ir from all remaining

specimens and stained cells were counted. For each variable, the mean value from multiple

measurements from each animal was calculated, and these values were used to calculate

group means that were compared utilizing a Student t test with a significance level of .01

(Sokal and Rohlf, 1981).

EMA and Vimentin staining—The staining for epithelial membrane antigen (EMA) and

Vimentin (Santa Cruz Biotechnology, Santa Cruz, CA) were similarly processed using the

avidin/biotin/peroxidase complex (ABC) technique as above. Sections were washed in

KPBS at room temperature and incubated overnight at 4°C in a 1:1000 dilution of primary

antibody. Sections were incubated in Nickel II Sulfate + DAB solution to reveal specific

staining.

Genetic Analysis

Two sets of crosses were conducted to determine the location of the tuft locus by

conventional linkage analysis using microsatellite markers. Once the mutant phenotype was

indentified in the 3H1 wild-type colony, an inbreeding strategy was pursued to propagate the

mutation. The 3H1 tuft mice were inbred for at least 8 generations by mating affected sibs,

thus two inbred 3H1 lines, one called 3H1 wild-type and the other called 3H1 tuft. A

concurrent outcross breeding strategy was performed to both BALB/c and Castaneus/Ei

mice. Following the initial outcross, F1 mice were reciprocally backcrossed to affected 3H1

tuft mice. The numbers of affected and unaffected newborn or adult mice were recorded.

To localize the mutated locus, microsatellite linkage analysis was conducted. 3H1 tuft

affected mice were out-crossed with BALB/c mice. The resultant 3H1 BALB tuft

heterozygotes were then backcrossed to the 3H1 tuft affected parent to yield 3H1 BALB tuft

affected animals for sampling (N2 mice). Specimens were scored at weaning, sacrificed, and

DNA was extracted from tail tissue specimens. Microsatellite markers on chromosome 1, 2,

3, 4 and 10 were initially scored for backcross progeny (n=81). The markers included

D1Mit90, D1Mit58, D2Mit63, D2Mit295, D2Mit200, D3Mit158, D3Mit203, D4Mit203,
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D4Mit262, D4Mit12, D4Mit18, D10Mit238, D10Mit115, D10Mit230, and D10Mit134.

Microsatellite primers were synthesized based on sequences listed at

http://www.informatics.jax.org. Primer pairs were used to amplify each marker labeled with

D4 (Beckman Coulter, Brea, CA) and Aplitaq Gold polymerase (Applied Biosystems,

Carlsbad, CA) using a Perkin Elmer 9600 thermocycler with a PCR profile consisting of an

initial 2 minute denaturing cycle at 94°C followed by 40 cycles for 30 seconds denaturing at

94°C, 30 seconds annealing at 50–58°C (depending on the primer set), and 30 seconds of

extension at 72°C, followed by a final 4 minute cycle at 72°C. The D4-labelled PCR

products were separated by CEQ 8000 capillary electrophoresis (Beckman Coulter, Brea,

CA) according to the manufacturer’s specifications. Recombinants were scored if tuft

samples were heterozygous for 3H1 and BALB microsatellites. Data was analyzed using the

Map Manager software (http://mcbio.med.buffalo.edu/mapmgr.html to estimate the location

of the tuft locus relative to each marker. The Map Manager output was also used to identify

likely data errors, such as close double recombinants. These were excluded from the analysis

and the map process was repeated. A two-point LOD score analysis was conducted between

all pairs of markers and the probable position of the tuft locus was calculated relative to

surrounding microsatellite markers. A LOD score of greater than 3 was considered

significant for linkage. Informative markers designed for subsequent linkage analysis

restricted to Chr10 were TWD2 forward sequence: 5′-CGTTGCTGTGAGGACAATGC-3′,
Reverse 5′-TGGTTCAGAGCCTGGTTTGG-3′ located 24.87 cM from the centromere and

WD5 Forward sequence 5′-TCTGACATCTACATACATGC-3′, Reverse 5′-
TAGGCTGAGAGATGCTAAGC-3′ located 45.54 cM from the centromere.

RESULTS

Phenotype of the adult tuft mouse

A mouse exhibiting ocular hypertelorism and a midline craniofacial lipoma spontaneously

arose from our 3H1 wild-type colony, which we called tuft, because it had a mass of tissue

that protruded through the top of the animal’s head and was covered with fur (Fig. 1). The

founder tuft mouse mated to 3H1 wild-type mice produced offspring that did not exhibit a

phenotype, indicating that the tuft trait may be recessive. These inbred 3H1 F1 mice were

backcrossed to the founder mouse, which generated a mixed progeny that did not follow the

expected Mendelian ratio of inheritance. Only a few exhibited the tuft phenotype, while

most did not (Table 1). The protruding mass was evident at birth and continued to grow in

proportion to head size until the mouse matured. The mass varied in size, some very

prominent while some very small or even not evident, except for a discolored patch of fur,

demonstrating variable expressivity (Fig. 1E, F). Some mice had a midfacial cleft and

hypertelorism (Fig. 1G, H). Each of these features appeared separately or together with one

or more of the midline facial defects, which could be passed on to offspring exhibiting one

or more of these traits, indicating incomplete penetrance.

The tuft phenotype was transmissible in outbred BALB/c and Castaneus/Ei mice. Upon

outbreeding, affected offspring displayed hypertelorism while the lipoma was positioned at

the midline with blanching of the overlying hair as observed in 3H1 tuft mice (data not

shown). Inheritance of the tuft phenotype occurred at a rate of 23% based on inbred crosses

(Table 1). No affected mice were produced in the F1 generation following reciprocal crosses

between 3H1 tuft and either BALB/c or Castaneus/Ei mice, as would be expected for a

recessive trait. Reciprocal backcrossing between 3H1 × BALB heterozygote animals with

affected 3H1 tuft inbred mice produced 10% affected N2 offspring, which was less than

expected for Mendelian inheritance of a recessive trait. The occurrence of tuft traits in 3H1 ×

Cast N2 adult mice was only 2/204 (0.98%) from 41 litters, thus attempts to backcross

utilizing Castaneus was discontinued. Nonetheless, tuft was transferable to the Castaneus
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background, although very rare. These data indicated that tuft shows incomplete penetrance

and background strain effects on occurrence.

Magnetic Resonance Imaging and Histological Analysis Reveal an Intracranial Lipomatous
Mass

Images generated using magnetic resonance (MRI) showed the occurrence of an intracranial

lipoma in the midline cortical region, originating within the longitudinal fissure. The large

mass protruding through the skull of an affected mouse (shown in Fig. 1C) appeared hyper-

intense in both T1 and T2-weighted scans, which is consistent with adipose tissue (Fig. 2A–

C). A darker, inner core was detected in the T1-weighted scan, but was nearly as bright and

intense as the surrounding adipose in T2-weighted scans, suggesting the presence of cerebral

spinal fluid (CSF). Three-dimensional modeling, based on reconstructed MR images,

illustrated the midline position of the lipoma and its connection to the brain by meningeal

extensions (Fig. 2D–G).

MRI of a mouse that did not have an extracranial mass (shown in Fig 1F) revealed a small,

round lipoma situated at the midline between the cerebral hemispheres (Fig. 3A–C). Unlike

the larger lipoma shown in Figure 2, it was not clear whether CSF infiltrated the smaller

mass. Three-dimensional rendering of MRIs depicted the lipoma was nodular in shape and

centrally positioned between the brain hemispheres (Fig. 3D–G).

Gross observation following dissection of affected animals such as the mouse shown in

Figure 1C, revealed that the lipoma emerging from the brain and through a hole in the skull

was attached to the dura (Fig. 4A). Histological analysis of coronal sections revealed a mass

of differentiated adipose tissue emanating from the base of the longitudinal fissure, at the

anterior region of the corpus callosum (Fig. 4B). The lipoma penetrated the brain

parenchyma, but was sharply delineated by a ventral fibrous capsule consisting of

mesodermal derivatives including dense connective tissue and occasional bone spicules and

vessels. The capsule penetrating the parenchyma appeared to cut into the corpus callosum at

the midline, but leaving the commissural fibers in either hemisphere intact.

Sections also showed that the dura underlying the cranium was intact and coursed outward

and into the external mass through the skull, while the inner leptomeningeal layers were not

distinguishable in the region of the capsule (Fig. 4C). However, other sections of affected

mice clearly showed an inner meningeal layer coursing inward into the fissure and around

the lipoma, suggesting that it may reside within the subdural space and originate from the

leptomeninges at the level of the corpus callosum. It is unclear, however, whether the inner

meningeal layers coursing into the brain includes the meningeal dura or just the

leptomeninges. In either case, this association with the pia-arachnoid layers and central

location at the level of the corpus callosum would expose the lipoma to the ventricular

system. Gross aberrations of the lateral ventricles were also observed in some cases,

revealing the disruptive affect by the lipoma (Fig 6B).

Higher magnifications of the dense tissue bordering the base of the lipoma appeared to be

mainly composed of cells surrounded by dense fibrous material (Fig. 4C and D). We did not

observe whorl formations within the fibrous capsule that are found in meningiomas (Louis et

al., 2000). To determine whether the lipoma was of meningothelial origin, we assayed for

the presence of vimentin and epithelial membrane antigen (EMA), two markers that are

prominent in lipomatous meningiomas (Ohba et al., 2007). Immunohistochemical stains

indicated that vimentin was present in the adipose, ependymal cells and fibrous-like

tanycytes lining the third and lateral ventricles in 3H1 tuft mice, but neither in the fibrous

capsule nor brain parenchyma as observed in lipomatous meningiomas (Fig. 5). Tanycytes

and ependymal cells lining the lateral and third ventricles were also positive in sections from
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the 3H1 background strain as expected for wild-type brains (Kameda et al., 2003). EMA was

also negative in the fibrous capsule (data not shown), indicating that the lipoma did not

derive from the meningothelia, but likely mesenchymal in origin.

Gross and Cellular Defect of the Lamina Terminalis

Brain morphology of the adult 3H1 tuft mouse revealed a lesion at the basal forebrain region

corresponding to the lamina terminalis, exposing the third ventricle (Fig. 6A, B). To

determine whether this lesion had an effect on the function of associated nuclei, we assessed

the ability for adjacent osmoreceptors to sense changes in fluid balance by the expression of

c-Fos protein in response to dehydration in five 3H1 tuft and five, 3H1 wild-type mice as

controls. We saw a clear lesion in only one of the 3H1 tuft mice subjected to dehydration,

but the number of c-Fos expressing cells in the organum vasculosum of the lamina

terminalis (OVLT) was significantly less in each of them than similarly treated 3H1 wild-

type mice (p ≤ 0.03; Fig. 6C, D). Cell counts in the supraoptic nucleus (SON) and

paraventricular nucleus (PVN) were also similarly reduced in each tuft mouse examined

(Data for PVN not shown). The reduced expression indicated the inability for osmoreceptors

to sense changes in plasma osmolality.

Interfrontal Bone

The external surface of the frontal craniofacial region was examined for an interfrontal bone

that is dominantly expressed in particular strains of mice such as 3H1. The slender bone was

positioned within the interfrontal suture and contacted nasal bones anteriorly and extended

posteriorly to the transverse sinus (Fig. 7A). The incidence for an interfrontal bone in 3H1

wild-type mice was 100% (30/30) compared to a complete absence of expression in the

same number of randomly sampled inbred BALB/c mice (Table 2). Each of the affected 3H1

tuft mice sampled, also had an interfrontal bone, but it was typically larger, diamond-shaped

and much wider than those in the 3H1 wild-type strain (Fig. 7B). When 3H1 tuft was out-

crossed with BALB/c wild-type mice, the occurrence of an interfrontal bone was 17% (5/30)

in F1 offspring. Affected N2 animals (3H1 BALB tuft) backcrossed to 3H1 wild-type mice,

however, typically had a larger interfrontal bone at an occurrence of 97% (29/30) when we

expected a frequency closer to 50% if the expression for this trait was primarily due to the

presence of the BALB/c background allele. These results indicated that the presence of an

interfrontal bone was not only predominant in certain strains such as 3H1, but the factors

that allow its expression were correlated with the tuft trait.

Linkage Analysis Identified a Region on Chromosome 10

Patterns of incomplete penetrance limited the linkage analysis to specimens collected from

newborn or adult mice with visible defects. Thus, for the purpose of initially localizing a

locus for the tuft mutation, all tested animals were assumed to have been homozygous for

the 3H1 tuft allele and any recombination event occurring during meiosis would be indicated

by the presence of amplimers for both the 3H1 and BALB strains (heterozygotes). Results

for linkage to chromosome 1 using either the D1Mit90 or D1Mit58 markers turned out to be

noninformative. Heterozygote frequencies for microsatellite markers on chromosomes 2, 3,

and 4 were 53%, 56%, and 48% respectively, which indicated that the tuft mutation was not

likely to be associated with these loci (data not shown). We also tested linkage to

chromosome 10, since the tuft trait resembled the Apaf1fog allele (Harris et al., 1997). A

heterozygote frequency of 38.6% was obtained from 73 affected mice using the WD5

marker located near the Apaf1 locus. We selected five other markers that were polymorphic

for both 3H1 and BALB/c wild-type background strains along the chromosome to narrow

the location of the tuft locus. Haplotypes for the 73 affected mice tested are shown (Fig. 8A).

When analyzed using Map Manager, haplotypes were inferred for loci that couldn’t be typed

in some of the samples. The highest LOD score was obtained for the D10Mit115 marker,
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which had a heterozygote frequency of 17.8% in 73 affected tuft mice (Bonferroni adjusted

threshold P = 0.0013 for 40 chromosomes). Heterozygote frequencies of flanking markers

(TWD2 and D10Mit230) increased as LOD scores decreased, suggesting a candidate region

for the tuft locus circumventing the D10Mit115 marker, approximating 18 cM (Fig. 8B).

The lower frequencies for heterozygotes at TWD2 and D10Mit115 than at distal markers

D10Mit230, WD5, and D10Mit134 further indicated that the tuft locus is not likely near the

Apaf1 and Alx1 loci.

DISCUSSION

Abnormal growth and differentiation of tissue are typical characteristics of tumors.

Intracranial lipomas are not true neoplasms but heterotopic lesions caused by malformation

of the leptomeninx during development (Kazner et al., 1980; Truwit and Barkovich 1990).

These lipomas do not supersede the somatic growth of surrounding tissues. They actually

incorporate intracranial vessels and even nerves, rather than displacing them. The

extracranial portion of the lipoma in our tuft mice appears to grow in proportion to head

growth, until the animals reach maturity. In some cases, the extracranial mass recedes over

time. The reason for this is not known, but cessation of blood supply to the extracranial

portion may have resulted from complete fusion of the cranial bones. Furthermore, the

lipomatous mass consisted of mesodermal derivatives that were easily distinguishable and

discriminated from the brain parenchyma. The fibrous capsule and adjacent parenchyma

lacked whorl-like formations and positive staining for vimentin and EMA that are markers

for lipomatous meningiomas (Louis et al., 2000; Ohba et al., 2007). This was not unexpected

since meningiomas primarily manifest in adults. The lipoma in tuft was evident at birth, and

was consistently localized within the meninges between the cerebral hemispheres by

histology and MRI, indicating that it resulted from a defect occurring earlier during

development.

Development of the cranial meninges begins as the neural tube is formed. A subset of

mesenchymal cells from the neural crest migrate between the developing neuroepithelium

and overlying ectoderm, beginning from about 9 days of gestation in the mouse, to form a

primordial meningeal layer over the enclosing neural tube, called the meninx primitiva

(McLone and Bondareff, 1975). The meninx differentiates into two layers, the outer

pachymeninx gives rise to the dura and calvaria, while the inner leptomeninx develops into

the pia-arachnoid layers. The pia-arachnoid layers are barely distinguishable, until about

13.5 days of gestation in the mouse, when the arachnoid separates into two layers by

resorption of cellular material and dilation to form the subarachnoid space and cisterns,

which is followed by the emergence of cerebrospinal fluid. Cavitation creating the

subarachnoid space proceeds in an orderly fashion, beginning ventral of the brainstem and

generally proceeds toward the anterior and dorsal regions of the brain (Osaka et al, 1980). A

region dorsal to the primitive lamina terminalis is one of the last areas to be resorbed, and

occurs just prior to closure of the sulcus medianus that form the massa commisuralis

connecting the cerebral hemispheres. Thus, it has been postulated that the persistence of

mesenchyme that failed to resorb, became vulnerable to maldifferentiation into ectopic

mesodermal derivatives, such as adipose and dense connective tissue forming intracranial

lipomas (Truwit and Barkovich 1990). The cause of persisting mesenchyme is unknown.

However, coronal sections revealed that formation of the lamina terminalis (LT) was

abnormal in some of our tuft mice. The cause for this is not known, but it may indicate a

problem during closure of the rostral neuropore. On the other hand, this defect may be a

secondary effect caused by the lipoma.

The LT is a thin membrane of grey matter that forms the anterior wall of the third ventricle

and marks the closure site of the anterior neuropore (Puelles et al., 1987, Raybaud 2010). It

Fong et al. Page 8

Birth Defects Res A Clin Mol Teratol. Author manuscript; available in PMC 2013 February 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



develops in association with neurons of the organum vasculosum of the lamina terminalis

(OVLT), subfornical organ and median preoptic nucleus of the hypothalamus. Together, this

forms the anteroventral third ventricle region (AV3V) that is able to sense and regulate fluid

osmolality as it is exposed to the ionic and hormonal content of the systemic circulation due

to an incomplete blood-brain-barrier (reviewed in McKinely et al., 2003). Lesions to the

OVLT neurons render animals unable to detect changes in their plasma osmolality

(Hochstenbach and Ciriello, 1996; Somponpun et al., 2004a, 2004b; McKinley et al., 2004).

A result is the disruption of Fos expression from the vasopressin and oxytocin-producing

neurons in the hypothalamus in response to plasma hypertonicity, as similarly observed in

our tuft mice. This highlights the prominent role of the OVLT in electrolyte balance and

suggests that tuft might not be able to do this effectively.

The defect seen at the LT may account for the craniofacial features of the tuft mouse.

Improper closure of the neural tube in the cranial region can give rise to a host of skeletal

and nervous system defects of varying degree (reviewed in Harding and Copp 2008). Neural

crest cells migrating from the rostral part of the neural tube gives rise to the connective

tissue and craniofacial skeleton of the head (reviewed in Le Douarin et al., 2007).

Craniofacial defects are largely attributed to defects in neural crest cell formation, migration

or differentiation (Trainor, 2005; Allam et al., 2011). Ocular hypertelorism and midfacial

cleft exhibited by tuft are midline defects similarly observed in craniofrontonasal syndrome

(CFNS) and FND. CFNS has been linked to mutations in the EFNB1 gene (Twigg et al.,

2004), while mutations in the ALX1, ALX3 and ALX4 genes result in variations of FND

(Kayserili et al., 2009, Twigg et al., 2009, Uz et al., 2010). Similar defects have also been

attributed to a reduction in Six2 expression in Brachyrrhine (Br/Br) mice (Fogelgren et al.,

2008). Each of these defects appeared to cause problems with neural crest cell proliferation

and migration. A conditional knockout of the Kif3a intraflagellar transport protein resulted

in aberrant neural crest cell proliferation at the facial midline, resulting in craniofacial

defects characteristic of FND (Brugmann et al., 2010). The craniofacial defects seen in adult

tuft mice appear to be relatively mild in comparison to CFNS and FND, but consistent with

cases associated with the presence of a frontal lipoma or agenesis of the corpus callosum

(DeMyer, 1967). In the case of FND, it is thought that a frontal lipoma could interfere with

development of the nasal capsule, causing hypertelorism and bifid nose (Cohen, 2002).

Although this is not clear to be the case in tuft mice, expression or lack of expression in

these mice affected the size and shape of the interfrontal bone. The process of neural tube

closure may influence these traits since modifications to the size and shape of the

interfrontal bone has been correlated in mice with neural tube defects (Johnson, 1976).

The inferfrontal bone was first described as a slender osseous inclusion separating the

anterior position of the frontal bones (Keeler, 1933). This structure is a quasi-continuous

trait that shows variable occurrence in different strains of mice (Truslove, 1952). In this

study, a sample of inbred 3H1 tuft mice displayed 100% occurrence of an interfrontal bone.

The interfrontal bone in these skulls was larger and wider than the 3H1 wild-type

background strain, with complex Wormian bones proximal to the exit hole for the

extracranial lipoma. The lipoma probably presented a mechanical barrier restricting normal

suture formation joining the cranial bones. It has been shown that defective meningeal

development can impede calvarial bone osteogenesis (Opperman et al., 1995; Vivatbutsiri et

al., 2008). Thus the abnormal sutural arrangement could be due, in part, to defective

meningeal formation altering the expression of relevant osteogenic promoting genes such as

Sox9 for the posterior frontal suture (Sahar et al., 2005) or Msx1 for the interfrontal suture

(Satokata and Maas, 1994).

There are a number of loci on chromosome 10 with known mutations presenting craniofacial

anomalies. Most notable is the Alx1 gene, or cartilage homeoprotein 1 (Cart1). Mutations
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were recently mapped to the ALX1 gene in individuals with FND-like traits (Uz et al., 2010).

Functional deletion of the Alx1 gene resulted in apoptosis of head mesenchymal cells that

caused improper neural tube closure in mouse embryos (Zhao et al., 1998). Also, the loss of

functional Apaf1 apoptosis promoting protein resulted in mice with ectopic masses on their

forehead, cauliflower like mass on the face, or exencephaly in E12.5 embryos due to

improper closure of the neural tube (Harris et al. 1997, Yoshida et al., 1998). However, our

linkage analysis seems to indicate that the tuft locus is further from either Apaf1 or Alx1 loci,

since LOD scores for nearby markers were less than 1. Furthermore, mutations in neither of

these genes resulted in a lipomatous mass as seen in the tuft mouse. There are a number of

other loci within the 18 cM region between the TWD2 and D10Mit230 markers that may be

attributed to the tuft traits, but it is too large a region to speculate candidate genes.

There are a number of disorders that manifest craniofacial defects together with forebrain

anomalies. Intracranial lipomas have been associated with craniofacial disorders, but their

etiology has not been elucidated or clearly delineated from cases with overlapping defects

(Cohen, 2002; Castori et al., 2007). The tuft mouse is the only known animal that models an

intracranial lipoma with craniofacial defects and closely resembling traits exhibited by the

isolated form of FND (Wu et al., 2007). It is unclear how these abnormalities are correlated,

but the defects may have resulted in a disruption of cellular signals between the forebrain

and face during craniofacial morphogenesis. This may be determined by examining when

these defects arise during embryogenesis. Expression analysis of candidate genes can lead to

understanding which developmental pathways are disrupted during head development.

Identifying the gene and its mutation that arose spontaneously in tuft, could lead to a gene

affected in clinical cases with intracranial lipomas as well as elucidate the pathogenesis of

FNDs.
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Figure 1.

Adult 3H1 wild-type mice viewed from (A) lateral and (B) superior perspectives. (C–F)

Affected 3H1 tuft mice viewed from corresponding perspectives display a cranial lipoma as

a mass variable in size protruding from the frontal area of the craniofacial region. (G, H)

Affected 3H1 tuft mouse with midfacial cleft. Bar = 5.0 mm.
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Figure 2.

MR scans of the affected 3H1 tuft mouse from Fig. 1C (A) Coronal T1-weighted and (B)

T2-weighted, and (C) sagittal T1-weighted images, indicating the hyperintense protruding

mass was consistent with adipose (large arrowhead), surrounding a central core of

cerebrospinal fluid (small arrow). Bar = 5.0 mm. (D–G) 3D rendering of MRIs of the same

specimen depicting the lipomatous mass (lp) was centrally positioned anterior and extended

rostrally from the brain (b) via the meninges (m).
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Figure 3.

MR scans of the affected 3H1 tuft mouse from Fig. 1E, showing a smaller cranial lipoma

within the brain. (A) T1-weighted coronal view, (B) T2-weighted and (C) T1-weighted

sagittal views, indicating a small mass consistent with adipose situated within the brain

(arrowhead). Bar = 5.0 mm. (D–G) 3D rendering of MRIs depicting the lipomatous mass

(lp) was nodular in shape and centrally positioned between the brain hemispheres.

Fong et al. Page 16

Birth Defects Res A Clin Mol Teratol. Author manuscript; available in PMC 2013 February 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 4.

Gross and histological analysis of affected 3H1 tuft mice. (A) Large, extracranial lipoma (lp)

connected to the meninges through the exit foramen (arrowhead). Bar = 3 mm; e, eye. (B)

Coronal histological section showing a large encapsulated cortical lipoma exiting the skull

in the midline (arrowhead). (C) Higher magnification of (B) revealing the adipose (a)

extending through the skull and was bordered by a distinct fibrous capsule (c) separating the

mass from the brain parenchyma (b). Arrows point to the dura that lined and connected with

the mass as it exited. Bar = 1.0 mm. (D) Higher magnification showing morphologies and

boundaries separating the brain parenchyma (b), fibrous capsule (c) and adipose (a). Bar =

100 microns. (E) Bone spicule within the fibrous capsule (arrowhead). Bar = 100 microns

(F) Blood vessel within the lipomatous mass (arrowhead). Bar = 100 microns
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Figure 5.

3H1 wild-type and affected mouse brains immunostained for vimentin. (A) Coronal section

of 3H1 wild-type positive for immunostaining staining vimentin in meninges (arrowhead),

tanycytes (arrow) and ependymal cells (broad arrow) lining the lateral ventricles (LV). (B)

Higher magnification of ependymal cells of the lateral ventricle from the 3H1 wild-type

mouse shown in (A). (C) Affected 3H1 tuft immunopositive in adipose tissue of the

interhemispheric lipoma (arrowhead), ependymal cells, but negative in the fibrous capsule

(c) and brain parenchyma (b). (D) Higher magnification of lipoma in (C) showing positive

staining for vimentin in adipose tissue (arrowhead) but negative in adjacent capsule (c) and

parenchyma (b). Bar = 50 microns.

Fong et al. Page 18

Birth Defects Res A Clin Mol Teratol. Author manuscript; available in PMC 2013 February 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 6.

Malformation of the lamina terminalis. (A) Coronal section of 3H1 wild-type at the level of

the lateral ventricles with a normal lamina terminalis (B) 3H1 tuft showing discontinuity

along the basal forebrain region corresponding to an abnormally formed lamina terminalis

(arrowhead). Distorting effects on one of the lateral ventricles (v) by the intracranial lipoma

(lp) was also revealed in one of the affected mice with a lipoma. Representative c-Fos

immunostaining in (C) 3H1 wild-type and in (D) 3H1 tuft mouse serial sections from the

mice in (A) and (B) respectively. (Bottom) Bar graphs illustrating the difference in cell

numbers expressing c-Fos within the OVLT and SON averaged from a sample number of

five. Bar = 1.0 mm for A and B. Bar = 200 microns for C and D.
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Figure 7.

Suture arrangement in (A) 3H1 wild-type and (B) 3H1 tuft mouse skulls stained with Alcian

Blue and Alizarin Red. A distinct interfrontal bone (i) was present along the interfrontal

suture between the two frontal bones (f) in the adult 3H1 wild-type (A), but broader and

more prominent with complex Wormian bone formations (small arrow) in the 3H1 tuft (B).

The exit foramen of the lipoma appeared between the parietal bones (p) just posterior of the

bregma (intersection of the coronal and sagittal suture) in this example (large arrow).
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Figure 8.

Linkage map of a putative tuft locus on Chromosome 10. Genotype of microsatellite

markers in 73 affected tuft N2 mice from a cross between 3H1 tuft and BALB/c (A) Each

column represents a haplotype of Chr 10 markers. Filled boxes represent homozygosity for

the 3H1 tuft allele and open boxes represent heterozygosity for the BALB/c allele. The

number of mice with each haplotype is indicated at the bottom. Genotypes for four of the

haplotypes were incomplete and remained uninformative, thus were not included. The range

bar indicates a candidate region for the tuft locus. (B) Map of Chr 10 with putative tuft locus.

From left to right, microsatellite markers and relevant genes, distance from the centromere

in centiMorgans (cM) as reported by the Mouse Genome Informatics (MGI, 2011), and

LOD scores. The range bar indicates the putative tuft locus between TWD2 and distal

D10Mit230 markers.
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Table 2

Inheritance of an interfrontal bone.

Strain and Cross Iinterfrontal bone Presence/Total %

3H1(IN stock) 30/30 100

BALB/c (IN stock) 0/30 0

3H1 × BALB F1 (OC) 5/30 17

3H1 × 3H1 BALB affected N2 (BC) 29/30 97

3H1 tu/tu (IN affected) 30/30 100

IN = inbred; OC = outbred cross; BC = backcross.
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