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Abstract
The three adducin proteins (α, β, γ) share extensive sequence, structural and functional homology.
Heterodimers of α- and β-adducin are vital components of the red cell membrane skeleton, which
is required to maintain red cell elasticity and structural integrity. In addition to anemia, targeted
deletion of the α-adducin gene (Add1) reveals unexpected, strain-dependent non-erythroid
phenotypes. On an inbred 129 genetic background, Add1 null mice show abnormal inward
curvature of the cervicothoracic spine with complete penetrance. More surprisingly, a subset of
129-Add1 null mice develop severe megaesophagus, while examination of peripheral nerves
reveals a reduced number of axons in 129-Add1 null mice at four months of age. These unforeseen
phenotypes, described here, reveal new functions for adducin and provide new models of
mammalian disease.
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Adducin is a component of the spectrin-actin membrane skeleton (Bennett and Baines, 2001;
Hughes and Bennett, 1995; Matsuoka et al., 2000). The consequences of an Add1 loss-of-
function mutation were initially described in a C57BL/6J (B6) and 129S1/SvImJ (129)
mixed strain of mice (Robledo et al., 2008). Loss of α-adducin resulted in a concomitant
loss of both its heterodimer partners, α- and/or γ-adducin, in platelets and red blood cells,
which implied that α-adducin is the limiting subunit in tetramer formation in the spectrin-
actin junctional complexes. Platelet function remains normal in the absence of adducin.
However, loss of adducin in red blood cells results in compensated hemolytic anemia that
models human hereditary spherocytosis. Furthermore, approximately fifty percent of the
mixed strain null mice developed lethal communicating hydrocephalus, suggesting a role for
maintaining cerebrospinal fluid homeostasis. These and additional findings suggest a
dynamic role for adducin in assembly, maintenance and regulation of cell membranes (Abdi
and Bennett, 2008; Kalfa et al., 2006; Kalfa et al., 2010; Porro et al., 2004; Rabenstein et al.,
2005).

In an attempt to limit cofounding genetic affects, the Add1 loss-of-function was bred onto a
129 genetic background to more thoroughly assess the biological roles of α-adducin in mice.
Surprisingly, only 10 percent of the offspring from heterozygote matings were Add1 null at
the time of genotyping (P10 to P14), as compared to 16 percent for B6,129 null mice (Table
1) (Robledo et al., 2008). In addition, a number of pups were lost due to unreported deaths
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prior to genotyping. The numbers of heterozygous (54.4%) and wild type (33.5%) mice are
near expectations when a 15% loss is taken into account. Furthermore, in previous analyses
and those to be described here no abnormalities have been seen in heterozygous mice. These
observations indicate that null mice are dying perinatally or are being lost in utero.
Surviving 129-Add1 null mice are less active and tend to nest or cuddle beneath their normal
littermates. Subtle gross abnormalities, including blunter snouts, arching in the back, and
splaying of hind legs, begin to appear by five weeks of age (Figure 1). The arching becomes
progressively more prominent with age. 129-Add1 null mice become progressively less
active as they age and by 3 weeks of age show markedly decreased body weight compared
to normal littermate controls. When suspended by their tail, their limbs tend to splay to the
sides and they do not struggle to escape as vigorously as their normal littermates do. They
also have stiff and waddle-like gaits. 129-Add1 null mice are visibly smaller than their
littermates at birth and throughout their lifespan (Figure 1). The growth retardation is more
severe than that observed in the hybrid B6,129 null mice (Robledo et al., 2008). The longest
surviving 129-Add1 null mouse was a male that reached 11 months, while never obtaining a
weight of 20 grams.

129-Add1 null and wild type littermates mice were scanned by μCT in order to assess the
structural integrity of their spines. 129-Add1 null mice definitively develop abnormal
arching in the cervicothoracic region, as the spine curves inward towards the sternum
(Figure 2). On average, one or two dorsal portions of vertebrae appeared to be fused, with
the most severe case having all vertebrae of the neck apparently fused (Figure 2b and c). The
hyperkyphosis or thoracic lordosis was also associated with scoliosis (Figure 2d). However,
evidence of vertebral fusion was not seen in all cases of abnormal spinal curvature.
Therefore, fusion was ruled out as the primary etiology. The null mice that generally appear
the unhealthiest are the oldest and have the most spinal curvature. This suggests that the
inward curving progressively worsens with age. The severity of the abnormal spinal
curvature was quantified by modifying the measurement of Cobb's angle (Cobb, 1948). The
intersection angle of lines drawn from the third cervical vertebrae and from the eighth
thoracic vertebrae was measured (Figure 2e). All 129-Add1 null mice examined had a
significantly larger angle of intersection (Figure 2f).

Tube-like aberrant areas with no density (air) were observed in some of the thoracic cavities
of the 129 null mice during the analysis of μCT scans. Air should have only appeared in the
trachea and lungs within the thoracic cavity during μCT scanning, since the mice were
breathing a general anesthetic. The trachea and large airways were ruled out based on the
distal anatomical location of the abnormal air-filled structures. Furthermore, dense particle-
like structures were co-localizing within these abnormal air-filled areas (Figure 2c). Three-
dimensional reconstruction of μCT scans suggested that the abnormal space was the
esophagus. To confirm this conclusion, mice were rescanned following oral gavage of an
iodide-based contrasting agent. μCT and digital reconstructions revealed severely dilated
esophagi in some, but not all, 129-Add1 null mice scanned (Figure 3a thru f). Three null
mice were found dead a few days after being μCT scanned. All three mice were confirmed
to have severely dilated esophagi that were packed with undigested food, following
necropsy (Figure 3g and h). Routine histology revealed an extremely large esophageal
lumen, large quantities of food and in at least one case, evidence of perforation. Enlargement
of the esophagi spanned from just below the larynx to the diaphragm. It was also apparent
that the stomach did not extend across the diaphragm, thus ruling out hiatal hernia.
Furthermore, examination of the digestive tract distal to the esophagus and/or stomach
revealed normal morphology and absence of blockage (data not shown). This suggests that
the abnormal dense particles, described above, were associated with undigested food. In
total, 13 of 29 (45%) 129-Add1 null mice surviving to adulthood were confirmed to have
megaesophagus.
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Kyphosis or abnormal sagittal curvature of the spine typically develops when postural
muscle tone is lost (Marechal et al., 1996). Taken together, the abnormal spine curvature and
megaesophagus in 129-Add1 null mice suggested the presence of muscle wasting and/or a
defect in peripheral innervation, which resulted in lost muscle tone. However, histological
analysis of muscle from along affected vertebra, hind legs and esophagi revealed no
pathology (Figure 4). Comparison of Cresyl violet, Luxol fast blue and/or Bodian silver
stains for the assessment of ganglion was also normal throughout mutant spinal epaxial and
hypaxial, diaphragm, longitudinal esophagus and stomach, and cross section femoral vastus,
femoris, adductor and gracilis muscle sections ( N = 4; data not shown). The sciatic, vagus,
femoral sensory, and femoral motor nerves were examined for evidence of peripheral
neuropathy as a potential underlying cause of abnormal spinal curvature and/or
megaesophagus. Axon numbers were quantified in toluidine stained nerve sections. A
significant decrease in axon number of 8.8% was observed in the motor branch of the
femoral nerve by four months of age (Figure 5). A greater decrease in axon number of 10%
was observed in the sensory branch of the femoral nerve, but it did not reach significance
due to greater variability with the relatively small sample size (Figure 5). No differences in
axon number within the sciatic nerve were observed (data not shown). The progressive
nature of the 129-Add1 null phenotype could suggest peripheral axonal degeneration, but
axonal morphology was normal in all 129-Add1 null nerves examined.

Add1 null mice are also predisposed to the development of strain-dependent hydrocephalus
with the inbred B6 background being the most permissive (Table 2). Indeed, adducin
localizes to the basolateral membranes in rat choroid plexus epithelial cells (Marrs et al.,
1993). Using alpha-adducin specific antibody (Santa Cruz; 1:25 dilution) and standard
techniques, we localized alpha-adducin to the choroid plexus epithelial cell basolateral
junctions as well as to those of the ependymal cells lining the 3rd and 4rth ventricles in the
mouse (not shown). In a group of experiments unrelated to the peripheral nervous system,
RNA was obtained from the choroid plexus of six week old B6-Add1 null, heterozygous and
wild type mice and subjected to microarray analysis using the Affymetrix Mouse Gene 1.0
ST Array (data not shown). Of potential interest to the 129-Add1 phenotype was an
observed 2.58 fold decrease in Nefh (neurofilament, heavy peptide; p ≤ 0.001) expression.
Mice deficient in NEFH have been shown to have neurofilament and peripheral axon
abnormalities that can progress into neuropathies (Elder et al., 1998; Elder et al., 1999a;
Elder et al., 1999b). It is tempting to speculate that NEFH could be similarly down-regulated
in other tissue types including the peripheral nervous system in the absence of α-adducin
during development, contributing to the observed phenotype in 129-Add1 null mice. β-
adducin has been shown to be required for both synaptic reorganization and assembly at
neuromuscular junctions in relation to memory and/or motor coordination (Bednarek and
Caroni, 2011; Pielage et al., 2011; Porro et al., 2010; Rabenstein et al., 2005). Therefore, as
the adducins function as heterotetramers, it is likely that α-adducin has a similar or
complimentary role in maintaining peripheral nerve integrity. Alternative hypotheses for the
129-Add1 null phenotype include loss of other, currently unidentified binding ligands of the
adducins causing structural and/or signaling abnormalities, and loss of adducin regulation of
the assembly of spectrin-actin complexes in the cytoskeleton, as has been described in the
red cell membrane, platelets and bronchial epithelial cells (Abdi and Bennett, 2008;
Barkalow et al., 2003; Hughes and Bennett, 1995).

METHODS
Generation and Maintenance of 129 -Add1 Null Mice

Generation of mice with a targeted deletion in Add1 function has been described (Robledo
et al., 2008). Since the α-adducin-null mice were generated from the 129P2/HsdOla E14
embryonic stem cell line, resulting chimeric mice were mated to the 129S1/SvImJ inbred
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strain to produce the 129-strain of Add1 mice. The mouse colony was sustained by breeding
mice heterozygous for the α-adducin-null mutation. All mice were maintained at The
Jackson Laboratory in climate- and light cycle-controlled rooms and provided acidified
water and 5K52 chow (LabDiet/PMI Nutrition, St. Louis, MO) ad libitum. The Jackson
Laboratory Animal Care and Use Committee approved all protocols involving mice.

Micro-Computed Tomography (μCT)
Micro-computed tomography (μCT) images were obtained using a MicroCAT II scanner
combined with BioVet gating hardware and v2.0 software (Siemens Medical Solutions,
Malvern PA) that allows imaging to occur during a user-defined segment of the respiratory
cycle from anesthetized mice. Anesthesia was induced with 5% isoflurane in oxygen at a
rate 0.8 L/min then maintained with 1.5% isoflurane throughout image acquisition. Further
definition of esophagi was achieved by injecting 0.25 mL of Isovue (Iopamidol injection;
Bracco Diagnostics, Milan, Italy) contrasting agent via oral gavage. Acquired two-
dimensional images were reconstructed using the RVA (Siemens Medical Solutions,
Malvern PA) real-time reconstruction software. Reconstructed images were further
processed using AMIRA v3.10 (Zuse Institute Berlin, Berlin, Germany) software program to
create three-dimensional images. A variation of Cobb's angle of abnormal spine curvature
(Cobb, 1948) was determined by measuring the angle of intersection of lines drawn from
third cervical and eighth thoracic vertebrae, using AMIRA software. A total six Addl-129
null and wild type littermate control mice were analyzed.

Histological Analyses
Skeletal muscle, obtained from along the vertebral column and hind leg, spinal cord and
esophagus were fixed in either Bouin or 4% paraformaldehyde fixative by intracardiac
perfusion followed by overnight submersion at 4 °C (Sheehan and Hrapchak, 1987). Tissues
were paraffin embedded, sectioned at 5 μM and stained with hematoxylin and eosin, cresyl
violet and Luxol fast blue; and Bodian silver stain by standard techniques (Sheehan and
Hrapchak, 1987). Peripheral nerve axon number was analyzed as previously described
(Burgess et al., 2010; Seburn et al., 2006; Stum et al., 2011). The motor and sensory
branches of the femoral nerve and sciatic nerve were dissected and fixed in 0.1 M
cacodylate buffered 2% paraformaldehyde and glutaraldehyde overnight at 4 °C. Nerves
were embedded in Epon resin, sectioned at 0.5 μM and stained with Toluidine blue. A
minimum of four Addl-129 null and wild type littermate control mice were examined for
each staining procedure. Images of tissue sections were acquired using a Leica DMRXE
microscope equipped with a Leica DFC 300 FX cooled-CCD color camera and LeicaCam
software with a 10×, 20×, and 40×/0.60 objectives (Leica Microsystems, Bannockburn, IL).
Myelinated axon number counting was performed using ImageJA (Fiji; http://pacific.mpi-
cbg.de/wiki/index.php/ImageJA) and the cell counter plugin (cell_counter.jar; http://
rsb.info.nih.gov/plugins/cell.counter.htm).

RNA Isolation, Processing and Microarray Analysis
Total RNA was extracted from dissected choroid plexi obtained from five α-adducin-wild
type, -heterozygous and -null mice on the C57BL/6J background strain at six weeks of age.
Choroid plexi were placed directly into TRIzol™ reagent (Invitrogen, Carlsbad, CA) and
extracted using the PureLink™ RNA Micro Kit (Invitrogen, Carlsbad, CA) with DNAse1
digestion, as per manufacturer's protocol. cDNA synthesis and Affymetrix Mouse Gene 1.0
ST Array (Affymetrix, Santa Clara, CA) processing was performed as previously described
(Vedell et al., 2011). Microarray data generation was compliant with MIAME (http://
www.mged.org/Workgroups/MIAME/miame.html) standards and has been deposited with
Gene Expression Omnibus (GEO: http://www.ncbi.nlm.nih.gov/geo/) and assigned the
following accession number: GSE37098.
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Statistical Analysis
Differences between group data were tested for significance by one-way ANOVA. Tukey
honestly significant differences (HSD) test was used to identify significant differences
between mean values using JMP v 8.0.1 software (SAS Institute, Cary, NC). P values < 0.05
were considered significant.

Average signal intensities for each probe set within arrays were calculated by and exported
from Affymetrix's Expression Console (Version 1.1) software using the RMA method which
incorporates convolution background correction, sketch-quantile normalization, and
summarization based on a multi-array model fit robustly using the median polish algorithm.
Four pairwise comparisons were used to statistically resolve gene expression differences
between genotype groups using the R/maanova analysis package. Statistical significance
levels of the pairwise comparisons were calculated by permutation analysis (1000
permutations) and adjusted for multiple testing using the false discovery rate (FDR), q-value
method. Differentially expressed genes were declared at an FDR q-value threshold of 0.05.
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Figure 1. Growth retardation and abnormal physical appearance in α-adducin-129-null mice
(a-e) α-adducin-129-null mice are significantly smaller than the wild type and heterozygous
littermates from birth throughout their lifespan: wild type and null littermates at (a) five
weeks of age and (c) nine weeks of age. Note the abnormal physical appearance
characterized by arching of the thoracic region of the back (arrow), splayed hind legs and
blunter snout of null mice at 5 (a, b) and 9 (c, d) weeks of age, respectively, as compared to
wild type littermates. (e) Growth curve of wild type versus null littermates from three weeks
to 23 weeks of age. Note that null mice fail to gain weight at the same pace as their normal
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littermates and fall dramatically behind in body weight. Mean weights of all α-adducin-129-
null mice at all time points significantly different from wild type (X ± SE; N=3-5; P < 0.05).
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Figure 2. Abnormal inward curving of the cervicothoracic spine of α-adducin-129-null mice
Three-dimensional μCT reconstructions of the cervicothoracic spine of wild type (a, e) and
α-adducin-129-null (b-d) mice demonstrate abnormal inward curving with fusion of
vertebrae (arrows), which becomes progressively more severe in null mice between the ages
of 3 (b) and 11 (c) months. Severe cases also present the development of scoliosis (dashed
line; d). Also note the presence of abnormal air pockets (arrowheads) and dense particle-like
structures (open arrowheads; c). (e, f) Quantification of inward curvature by measuring
modified Cobb's angle of intersection from cervical vertebrae three (C3) and thoracic
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vertebrae eight (T8) results in α-adducin-129-null mice having a significantly (*) higher
angle of intersection as compared to wild type littermates (X ± SE; N=6).
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Figure 3. α-adducin-129-null mice develop megaesophagus with variable penetrance
(a-f) μCT scans with (a-d, f) or without (e) Isovue contrasting agent and representative
three-dimensional reconstructions of wild type (a, b) and α-adducin-129-null (c-f) esophagi
reveal the development of megaesophagus in null mice (c, d) with variable penetrance (d vs.
f). Nevertheless, null mice failing to develop megaesophagus present with abnormal spine
curvature (e, f). (g) Side by side comparison of fixed en bloc esophagi dissected from six
month old littermates (lower = null). (h) Postmortem hematoxylin and eosin stained
megaesophagus from 11 month old 16.2 g α-adducin-129-null mouse (original
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magnification of 20X). Note thinning of esophageal walls and apparent perforation (arrows)
form excessive distension. Esophagus (E); Megaesophagus (ME); Stomach (S).
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Figure 4. Normal muscular and esophageal morphology in in α-adducin-129-null mice
Hematoxylin and eosin stained sections fail to demonstrate muscular dystrophy or atrophy
along the spine (a, b), hind leg (c, d) or esophagus (e, f) in α-adducin-129-null mice (b, d, f)
relative to wild type littermates (a, c, e). Images were captured with original magnifications
of 200X.
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Figure 5. α-adducin-129-null mice develop a reduced number of femoral nerve axons
Toluidine blue stained cross section through the motor (a, b) and sensory (c, d) branches of
the femoral nerves from wild type (a, c) and α-adducin-129-null (b, d) mice at four months
of age. By and large, axon morphology of null nerves is normal relative to wild type
littermates. Quantification of the number of axons in nerve branch reveals a significant (*)
loss in the motor branch of null mice (e; X ± SE; N=4 for both groups; P < 0.05). There is a
greater loss in sensory branch axons that did not reach a level of significance due to
increased variability.
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Table 2

Frequency of Add1-null Phenotypes by Background Strain.

Strain Hydrocephalus Kyphosis Megaesophagus Megastomach

129S1/SvImJ (129) 1/29 29/29 13/29 1/29

C57BL/6J (B6) 57/71 0/71 0/71 0/71

B6;129
50/98

* 0/98 0/98 0/98

*
(Robledo et al., 2008)
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