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ABSTRACT

Phosphatidylinositol transfer proteins (PITPs) mediate lipid signaling and membrane trafficking in
eukaryotic cells. Loss-of-function mutations of the gene encoding PITPa in mice result in a range of dosage-
sensitive phenotypes, including neurological dysfunction, neurodegeneration, and premature death. We
have previously reported genetic suppression of a strong hypomorphic allele, vibrator, by a wild-derived
variant of Nxf1, which increases the level of PITPa made from vibrator alleles and suppresses each of the
neurological and survival phenotypes. Here we report discovery and genetic mapping of additional vibrator
modifiers, Mvb2 and Mvb3, from a different strain background that suppresses juvenile lethality without
suppressing visible phenotypes or gene expression. Genotype-specific survival analysis predicts molecular
heterosis at Mvb3. These results indicate a mechanism of suppression that bypasses a quantitative
requirement for PITPa function.

PHOSPHATIDYLINOSITOL transfer proteins (PITPs)
are defined by the ability to transfer phosphatidy-

linositol (PI) between membranes (McMurray and
Dawson 1969; Helmkamp et al. 1974). This activity is
found in all eukaryotic cells examined and is essential for
sustained lipid signaling, intracellular trafficking, and
other membrane transactions (Phillips et al. 2006b;
Cockcroft and Carvou 2007). Functional PITPs
include small soluble proteins, represented by PITPa

and PITPb in mammals (class I); a homologous
subfamily of larger, membrane-spanning proteins typi-
fied by the Drosophila retinal-degeneration B (RdgB)
protein (class II); and a nonhomologous group related
to yeast Sec14p (class III). Despite a high level of
sequence identity between PITPa and PITPb, the
proteins have different subcellular distributions, with
PITPa distributed throughout the cytoplasm and PITPb

concentrated at the Golgi complex (De Vries et al. 1995;
Phillips et al. 2006a). Each of the known PITP proteins
can catalyze transfer of distinct groups of related lipids,
typically including inositol-phosphorylated derivatives
of PI and lipids with other head groups, such as

phosphatidylcholine. PITPs also present lipids to
localized compartments or signaling ‘‘nanoreactors,’’
which may provide a logic to the existence of integral
membrane forms and some of the genetic properties of
soluble PITPs (Ile et al. 2006).

The first class I PITP mutation was identified by
positional cloning of the mouse juvenile neurodegen-
eration mutant, vibrator (vb). This hypomorphic allele,
caused by a retrovirus insertion into an intron, has an
�80% reduction in Pitpna RNA and PITPa protein
(Hamilton et al. 1997). Homozygotes have a progres-
sive action tremor, degenerative pathology in brainstem
and spinal cord neurons, and die before sexual maturity
on most genetic backgrounds (Weimar et al. 1982;
Hamilton et al. 1997; Floyd et al. 2003). Subsequent
analysis of a null allele revealed both more severe
neurological deficits and a peripheral requirement for
PITPa activity for dietary lipid uptake and tissue ATP
levels (Alb et al. 2003). Metabolic defects seen in these
knockout mice are not found in vibrator animals on the
same genetic background, indicating that PITPa level
rather than genetic background is the primary deter-
minant of these peripheral and metabolic phenotypes
(Alb et al. 2007).

Genetic experiments with vibrator have identified
strain backgrounds that extend survival (Weimar et al.
1982; Hamilton et al. 1997; Floyd et al. 2003). Weimar

et al. (1982) originally showed extended survival on a
BALB/cBy background, despite persistent neuropathol-
ogy, but the mechanism and genetic basis remain un-
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explored. We described a CAST/Ei-derived locus on
chromosome 19, initially designated Mvb1. Positional
complementation cloning identified Mvb1 with a wild-
derived Mus musculus castaneus allele of the nuclear
export factor Nxf1 (Floyd et al. 2003). Subsequent
experiments show that this modifier suppresses muta-
tions caused by intracisternal A particle endogenous
retroviruses inserted into introns as a class, in each case
by increasing the level of correctly spliced mRNA derived
from the inserted allele (Concepcion et al. 2009). In the
case of vibrator, the increased RNA and protein level is
sufficient to attenuate tremor and neurodegeneration
phenotypes substantially and to eliminate most prema-
ture lethality (Hamilton et al. 1997; Floyd et al. 2003). As
mutations in other components of PI signaling pathways
have an overlapping range of neurological and cellular
phenotypes (Nystuen et al. 2001; Chow et al. 2007;
Zhang et al. 2007; Jin et al. 2008), identification of
modulatory pathways for one may have broader impor-
tance for related mouse models and human disorders.

Here we demonstrate genetic suppression of vibrator
lethality, independent of other phenotypes, in A/J mice.
In contrast to Mvb1, this suppression does not alter the
gross distribution of neuropathology and does not
notably alter the Pitpn expression level. We identify
QTL for survival of vibrator animals by recombination
mapping, using both a standard nonparametric model
to detect QTL with broad effect and a recently de-
veloped time-dependent model to detect QTL with
time-specific effects on survival.

MATERIALS AND METHODS

Mice and genotyping: All animals were bred in an Associa-
tion for Assessment and Accreditation of Laboratory Animal
Care (AAALAC)-accredited vivarium in accordance with pro-
tocols approved by the University of California San Diego
Institutional Animal Care and Use Committee. Animals were
maintained on 12-hr light/dark cycles and with ad libitum
access to food and water. Congenic B6–vb stock has been
described (Floyd et al. 2003; Concepcion et al. 2009).
B63129–Gnaq stock was the gift of Stefan Offermanns and
Melvin I. Simon (Offermanns et al. 1997a,b). All other lines
were obtained from the Jackson Laboratory, Bar Harbor,
Maine. Standard histology was performed after staining with

hematoxylin and eosin. Genotyping primers for vb were wt_for
(GTGATCGGGACTTTTGTTTCC), vb_for (AACGCGTCTAA
TAACACTTGTG), and both_rev (ACCAAAAGGACTGCCAG
TCAT). Genotyping primers for Gnaq were GqIN5A (AGGGC
CCATGAGGACATGTA), GqNEO (CAAAGTATCACACTCA
CATCACAG), and GqTW36 (AGGATCTCGTCGTGACCCAT).

Molecular biology: Reverse transcription-quantitative PCR
(RT-qPCR) using SYBR green fluorescence and Western
blotting with infrared image quantification were performed
using standard methods, adapted as described (Concepcion

et al. 2009). Primers for Pitpna were ACACGAGAAAGCCTG
GAATG and GTTTATGCACATTCTCCTGG and for Ppig (cyclo-
philin), GGGACAGGGAAATCAACTCA and CCTCCTCTTCCA
TTCCCTTC.

Genetic mapping: Microsatellite (SSLP) markers were taken
from the Massachusetts Institute of Technology mouse map
(Dietrich et al. 1996), available at http://www.informatics.jax.
org/ and http://genome.ucsc.edu/. Development of additional
markers, to distinguish A and B6 alleles in a long segment of low
divergence on chromosome 10, was guided by segments
containing SNP polymorphisms in published maps (Pletcher

et al. 2004). Informative markers in this interval were D10Bah3
(AGGCTCAAGCTTTTGGCTTA and ACGGCCATGACAGGA
AGA) and D10Bah6 (ATCCCTGGGGAAATCTGCT and TGA
ATGGGCTTTGGCTGA). Two animals were genotyped twice
with each marker, and several markers were typed twice
independently as quality assurance on the overall data set.

Data analysis: Mapping tools within R/QTL (Broman et al.
2003) were used to identify potential genotyping errors. Re-
examination and/or replication of initial typing data were
used to resolve likely errors. Linkage analysis for survival
beyond 42 days as a dichotomous trait was carried out in R/
QTL using a nonparametric statistic derived from the Kruskal–
Wallace test (Broman et al. 2003; Broman and Sen 2009).
Linkage analysis for QTL with time dependence was carried out
using an enhanced Cox proportional hazard model (EC) as de-
scribed ( Johannes 2007). ANOVA and post-hoc Tukey’s honest
significant difference (HSD) test were performed in R (v. 2.8.1).

RESULTS

A/J strain background selectively extends vibrator
survival: We have examined vibrator mice on several
genetic backgrounds with sufficient power to detect
potential modifier genes. F2 from a BALB/cJ 3 B6C3–vb
cross survived to a maximum 67 days. This suggests one
or more modifier loci with suppressing alleles in BALB/
cJ, but with a modest aggregate effect size. In an attempt
to identify genetic interactions between Pitpnvb and a

Figure 1.—A/J background extends the life
span of vb/vb animals. (A) Kaplan–Meier plot
shows survival at indicated ages for contempora-
neous cohorts of A/J(N3F1)–vb/vb, B6–vb/vb,
and AxB(F1)–vb/vb animals. Differences be-
tween groups are significant for each compari-
son (P , 10�6 by both the log rank test and a
Cox proportional hazards model). (B) Survival
of AxB(F2)–vb/vb animals drawn from two inde-
pendent cohorts approximates the F1 cohort
shown in A. Beginning cohort sizes are indicated
in parentheses.
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PI-dependent signaling pathway, we also analyzed a
cross of B6–vb 3 B6.129–Gnaq tm1Soff in considering the
hypothesis that decreased signaling through the Gq
pathway might attenuate vb deficits. Among F2 progeny,
several clearly affected vb/vb animals survived several
months, while in our congenic B6–vb line homozygous
animals die within 42 days of birth. However, this
prolonged survival effect did not include Gnaq mutant
animals (indeed, we observed no non-additive interac-
tion between the mutations). The 129-derived cell line
that contributed to the Gnaq stock is thought to be most
closely related to 129S1/SvImJ. Among 79 B6–vb 3

129S1 F2 vibrators, however, none survived beyond 45
days (supporting information, Figure S1).

In contrast, vb/vb progeny in an incipient congenic
stock (N3F1) on strain A/J frequently survived beyond 42
days, including some beyond 1 year (Figure 1). To
explore this further, we performed survival analysis on
B6–vb, B6–vb 3 A/J F2, A/J–vb incipient congenic, and
B6–vb 3 A/J–vb F1 mutant animals (Figure 1). Cox
proportionate hazard models show substantial increases
in each group compared with B6–vb/vb (P� 10�5�10�12).
Intermediate phenotype of the F1 group suggests that the
effect in aggregate is semidominant. Despite overlapping
distributions (Figure 1B), the variance of the F2 (0.25) is
nearly three times that of the F1 (0.087) due to differences
in both tails (P ¼ 0.02, F-test).

A/J–vb retains tremor and neuropathology: Charac-
teristic tremor phenotypes do not appear to be different
between vibrator animals on A/J and vibrator animals on
more lethal genetic backgrounds (File S1). We next
asked whether the A/J background altered the distri-
bution of cellular neuropathology associated with vibra-

tor (Figure 2). Examination of A/J–vb/vb animals at P28-
30, the same ages reported for B6C3–vb/vb (Hamilton

et al. 1997) and B6–vb/vb (Floyd et al. 2003), showed
degenerative changes similar in degree and pattern to
those on other backgrounds. Degenerative changes,
especially vacuolated cells and faint-staining cells in
stages of chromatolysis (Hamilton et al. 1997), were
especially frequent in all three deep cerebellar nuclei, in
vestibular and reticular nuclei of the hindbrain, and in
medial laminae (VI and VII) of the spinal cord (Figure
2, A–C, and Figure S2). In addition, two of five A/J
animals examined showed pathology in a single ventral
motor neuron among sections through several levels of
spinal cord. Vacuolated cells in the midbrain reticular
nucleus, inferior colliculus, and superior colliculus were
infrequent, but were observed in several vibrator animals
of both A/J and B6 backgrounds. In both strains,
pathology in the red nucleus more frequently appears
as faint staining rather than vacuolated cells. As pre-
viously reported for other strain backgrounds, A/J–vb/
vb animals showed no degenerative changes in fore-
brain, cerebellar cortex, and certain hindbrain nuclei.
In all, the pattern of degenerative changes is remarkably
similar between A/J–vb/vb and B6–vb/vb (Figure 2D).

A/J-mediated vb suppression does not elevate
PITPa expression level: Because the known modifier
of vibrator acts by elevating the level of Pitpn expression
from the vb allele (Floyd et al. 2003), we asked whether
modifiers in A/J might act through a similar mechanism
(Figure 3). RT-qPCR analysis of Pitpn RNA levels in brain
shows that expression in A/J–vb/vb is comparable to
B6–vb/vb and significantly reduced in comparison to
B6.CAST–vb/vb Mvb1CAST/Mvb1CAST (Figure 3A) Simi-

Figure 2.—Neuropathol-
ogy of vibrator is similar in
A/J and C57BL/6J back-
grounds. Representative vac-
uolated cells from (A)
midbrain reticular nucleus
(MRN), (B) interpositus nu-
cleus of the cerebellum
[DCN (IP)], and (C) lamina
VII of lumbar spinal cord
[SPC (lamina VII)]. (D)
Comparison of the distribu-
tion and relative frequency
of pathological changes seen
in vibrator animals at 28–30
days between the long-
surviving A/J and short-
surviving B6 backgrounds.
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larly, Western blots of PITPa protein in brain show no
difference between A/J–vb/vb and B6–vb/vb, but do
detect significantly higher PITPa in Nxf1-modified
B6.CAST–vb/vb Mvb1CAST/Mvb1CAST (Figure 3B).

Linkage analysis identifies A/J modifiers of vibrator :
To identify major effect modifier loci, we undertook
linkage analysis of B6–vb 3 A/J F2 vb/vb animals using
survival beyond 42 days (the maximum survival observed
among B6–vb/vb animals) as a dichotomous trait and
using survival latency in days as a quantitative trait (Figure
4). Animals were drawn from two equivalent but in-
dependent crosses performed in 2003–2004 (81 vb/vb)
and 2007–2008 (140 vb/vb), with similar phenotype
distributions (Kolmogorov–Smirnov test, P ¼ 0.24). We
genotyped 45 long-lived ($49 days) and 42 short-lived
(#41 days) animals biased for extreme survival times and
including all of the longest-lived (Figure S3 and File S2).
Loci on chromosomes 3 and 10 reached genome-wide
significance (Figure 4A). The locus on chromosome 3
was significant only for the dichotomous trait of survival
past 42 days, while a locus (or possibly two loci) on distal
chromosome 10 was significant under both the dichoto-
mous model and the extended Cox model and nearly
significant under the normal model (Figure 4B). In
addition, loci on chromosomes 4 and 5 showed suggestive
linkage, with two loci on chromosome 5 approaching
significance under each model tested. X-linked loci did
not reach the suggestive threshold for either normal or
dichotomous traits and was not tested for the extended
Cox model. A two-dimensional scan of the full data set to
identify epistatic interactions (Broman and Sen 2009)

found no significant interactions under either normal or
dichotomous models, compared with 1000 permutations
of the data. We refer to the locus on chromosome 10 as
Mvb2 and that on chromosome 3 as Mvb3.

Genotype-specific distributions of survival periods
suggest dominance relationships for each linkage peak
(Figure 5). Each locus with at least suggestive genome-
wide significance showed allelic effects in the predicted
direction, A.B, except the locus on chromosome 4,
which is both the weakest and the most model-dependent
of the five loci considered. Chromosome 10, the most
significant and model-independent linkage peak, shows a
semidominant survival effect with AA.AB.BB geno-
types. Surprisingly, the significant peak on chromosome 3
shows molecular heterosis with AB.AA or BB. The
combination of these two loci is consistent with the
overall semidominant effect predicted by comparisons
among incipient congenic, F1, and F2 animals shown in
Figure 1.

DISCUSSION

Phosphatidylinositol transfer proteins function at the
intersection of lipid signaling, metabolism, and mem-
brane trafficking. Mutations that dysregulate these
activities in animals often manifest as neurological
disorders, such as the PITPa-deficient vibrator mouse.
Modifier genes that mitigate the effects of mutations at
one point in this physiological network may show activity
toward other components as well, especially if the
mechanism of suppression includes bypass of a physio-

Figure 3.—Pitpn expression
level in A–vb is indistinct in B–vb.
(A) Schematic shows Pitpna geno-
mic organization, exon content of
normal and mutant transcripts,
and design of a selective PCR assay
for transcripts that are correctly
spliced across the vb insertion site
in intron 4. Plot shows results from
quantitativeRT-PCRonbrainRNA
from vibrator mice in congenic A/J
(A–vb), C57BL/6J (B–vb), or
B6.CAST–Mvb1 (B.C–vb) back-
grounds. Solid circles represent
the average of three triplicate
measurements, normalized to cy-
clophilin (Ppig). A–vb and B–vb
show similar levels, and both are
significantly less than B.C–vb. (B)
Western blot showing infrared de-
tection of PITPa. Plot showing
quantification of PITPa levels rel-
ative to loadedproteinareforeach
individual sample size. Box-and-
whisker plots indicate median,
quartile, and 1.5 times interquar-
tile range for each class. Indicated
P-values are from Tukey’s HSD test
after one-factor ANOVA.
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logical barrier rather than manipulation of individual
gene expression. Here, we have demonstrated modifier
activity in the A/J background and identified two new
modifier loci affecting the survival of vibrator mice.

These loci appear to act through a bypass mechanism,
distinct from the gene expression mechanism identified
for the first modifier of vibrator, Nxf1 (Floyd et al. 2003),
because the A/J background does not significantly alter

Figure 4.—Significant and suggestive modifier loci from genome-wide mapping. (A) Linkage data from two independent co-
horts of AxB–vb/vb F2 animals were pooled and analyzed for survival time as a quantitative trait by R/QTL under a normal model
(solid line), by an extended Cox analysis for survival latency (lightly shaded line), or as a dichotomous trait under a nonparametric
model (darkly shaded line). Results are plotted as the LOD score divided by the permutation-based threshold for each model.
Secondary analyses with related analytical approaches showed similar results. (B) The nonparametric model detects significant
linkage on chromosomes 3 and 10. The extended Cox model detects an overlapping linkage peak on chromosome 10, where the
normal model is suggestive. (C) Additional suggestive linkages were seen on chromosomes 4 (extended Cox model) and 5 (nor-
mal QTL and dichotomous trait models). Solid circles indicate positions of the markers detailed in Figure 5.

Figure 5.—Allele-specific effects and molecu-
lar heterosis. For marker loci at each significant
(left) or suggestive (right) linkage peak, Kaplan–
Meier plots for genotype-specific survival are
shown. Results for D3Mit315 suggest molecular
heterosis, with greater survival of heterozygotes
than either homozygous phenotype. Results for
D10Mit233 suggest a dominant or semidominant
effect. Suggestive loci on chromosomes 4 and 5
are most consistent with simple dominance rela-
tionships. Tick marks at the bottom of each
panel indicate timing of an individual event.
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the level of PITPa nor the distribution of overt neuro-
pathology within the discriminatory range of our assays.
Indeed, compared with Nxf1CAST-heterozygous vibrators,
A/J vibrators show better survival despite greater neuro-
pathology. We refer to the new modifier-of-vibrator loci
reported here as Mvb2 (chromosome 10) and Mvb3
(chromosome 3). Our linkage data also provide sugges-
tive evidence for linkage to a locus on chromosome 4
and two distinct loci on either end of chromosome 5.
Because the mode of suppression appears to involve
bypass of a requirement for high Pitpna expression, the
A/J variants detected here may act on other mutations in
PITP-dependent pathways.

We envision three classes of potential mechanisms for
bypassing vibrator lethality: altered circuit robustness,
altered vulnerability of discrete cell populations, and
noncentral effects. A circuit robustness model implies
that at least one specific neuronal ensemble that con-
trols a vital function, compromised in vibrator, is more
resistant to a similar level of neuropathology in one
strain than in another. For example, a circuit with more
redundancy in one component cell population might
withstand a similar level of cellular damage simply by
having more cells that can supply the same function. As
with many neurodegenerative disorders, vibrator pathol-
ogy shows selective vulnerability of some neuronal
populations; an altered vulnerability model implies that
at least one population is less vulnerable in the sup-
pressed background. While the overall pattern of de-
generation appears similar between vibrator animals on
A/J and B6 backgrounds, we would not have adequate
power in this sample size to detect subtle variations in
frequency or moderate differences that are restricted
to small numbers of cells in specific nuclei. Beyond
neuropathology, loss of PITPa is known to affect a wide
variety of non-neuronal cell types (Alb et al. 2003; Ile

et al. 2006). Improved dietary metabolism or respiratory
function, for example, may allow A/J vibrators to survive a
higher degree of neuropathology. However, titration
studies with an allelic series and selective transgene
expression studies suggest that peripheral phenotypes
of PITPa null animals are not present in vb/vb and that
intestinal re-expression of PITPa is not sufficient to
extend survival of otherwise null animals (Alb et al.
2007). Current evidence therefore suggests a central
mechanism, although this has not been proved. We
further recognize that these classes of mechanism are
not mutually exclusive and, given that A/J-mediated
survival of vibrators is multigenic, more than one mode of
bypass may be relevant.

Genetic modifiers identified through activity on one
gene of a pathway or network may often act on additional
genes in the same pathway or on genes regulated through
the same genetic mechanism (Moore et al. 1990;
Blewitt et al. 2005; Concepcion et al. 2009). From this
perspective, it will be of interest to determine whether the
A/J background can suppress other PI-signaling mutants,

such as Inpp4a (Nystuen et al. 2001), Fig4 (Chow et al.
2007), and Vac14 (Zhang et al. 2007; Jin et al. 2008), whose
phenotypic similarities include tremor, premature lethal-
ity, degenerative pathology, and intracellular trafficking
defects. Utilization of the captive variation in inbred strains
in this way may provide tools for either broad or selective
manipulation of physiological pathways.
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FIGURE S1.—Lack of modifier activity in 129S1/SvImJ.  Kaplan-Meier plots of 79 129S1 x B6–vb F2 vb/vb animals shows no 

evidence for suppressor activity predicted from the (129xB6)–Gnaq x B6–vb cross described in text.  AxB and B6 vb/vb cohorts are those 

described in the main text and shown in Figure 1.  The modest difference between 129xB and B6 vb/vb cohorts falls just short 

conventional thresholds for nominal significance (P=0.06), but in the direction of vb-sensitizing 129S1 alleles. 
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FIGURE S2.—Faint staining cells in A–vb.  Non-adjacent sections from vibrator and littermate +/+ control thoracic 

spinal cords show faint staining cells with variable degrees of swelling (white arrows), consistent with cells reported in 

HAMILTON ET AL., 1997 and FLOYD ET AL, 2003.  Images are oriented with dorsal up and the central canal visible at 
bottom left of each panel. 
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FIGURE S3.—Distribution of A x B vibrator survival.  Data are grouped into 10-day bins for representation in the 

histogram.  Red bars indicate number of animals in the mapping panel for each bin, white bars indicate the total 

number of animals observed in that bin.  The 41-50 day bin excludes the range 42-48 d from the mapping set; grey 

arrow indicates maximum lifespan among B6–vb/vb. 


