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The loss of βΙ spectrin alters 
synaptic size and composition in 
the ja/ja mouse
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Introduction: Deletion or mutation of members of the spectrin gene family 
contributes to many neurologic and neuropsychiatric disorders. While each 
spectrinopathy may generate distinct neuropathology, the study of βΙ spectrin’s 
role (Sptb) in the brain has been hampered by the hematologic consequences 
of its loss.

Methods: Jaundiced mice (ja/ja) that lack βΙ spectrin suffer a rapidly fatal 
hemolytic anemia. We have used exchange transfusion of newborn ja/ja mice 
to blunt their hemolytic pathology, enabling an examination of βΙ spectrin 
deficiency in the mature mouse brain by ultrastructural and biochemical analysis.

Results: βΙ spectrin is widely utilized throughout the brain as the βΙΣ2 isoform; 
it appears by postnatal day 8, and concentrates in the CA1,3 region of the 
hippocampus, dentate gyrus, cerebellar granule layer, cortical layer 2, medial 
habenula, and ventral thalamus. It is present in a subset of dendrites and absent 
in white matter. Without βΙ spectrin there is a 20% reduction in postsynaptic 
density size in the granule layer of the cerebellum, a selective loss of ankyrinR 
in cerebellar granule neurons, and a reduction in the level of the postsynaptic 
adhesion molecule NCAM. While we find no substitution of another spectrin for 
βΙ at dendrites or synapses, there is curiously enhanced βΙV spectrin expression 
in the ja/ja brain.

Discussion: βΙΣ2 spectrin appears to be  essential for refining postsynaptic 
structures through interactions with ankyrinR and NCAM. We speculate that it 
may play additional roles yet to be discovered.
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1 Introduction

Deficiencies or mutation in the alpha II spectrin gene Sptan1 and in four of the five beta 
spectrin genes (Sptbn1, Sptbn2, Sptbn4, Sptbn5, respectively encoding beta II, beta III, beta IV, 
and beta V spectrin) all lead to various developmental, neurologic, neuropsychiatric, cognitive 
and sensory pathologies in both animal models and in humans (Ikeda et al., 2006; Cousin 
et al., 2021; Miazek et al., 2021; Morrow and Stankewich, 2021; Stankewich et al., 2022; Van 
de Vondel et al., 2022; Lorenzo et al., 2023; Morsy et al., 2023). Conversely, relatively less is 
known about the role of the erythrocyte type beta I spectrin (Sptb) in the brain [or in skeletal 
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and cardiac muscle where it is also expressed (Winkelmann et al., 
1990)]. Alternative transcription of Sptb generates two spectrin 
isoforms, βΙΣ1 and βΙΣ2, that differ only in their COOH-terminal 
sequence (Amin et al., 1993). βΙΣ1, the predominant form in red cells, 
has a shortened COOH-terminus that is poly-phosphorylated. It is 
unclear to what extent this isoform is expressed in brain. βΙΣ2 spectrin 
has a COOH-terminus that encompasses a pleckstrin homology (PH) 
domain that typically binds phosphatidylinositol phospholipids 
(PIP’s) (Lemmon, 2008). Earlier studies have established that βΙΣ2 
spectrin is abundant at the postsynaptic density of cerebellar granule 
neurons, present on synaptic spines in the granule and molecular 
layers of the cerebellum, and found on a subset of intracellular vesicles 
that cluster in the neurite along microtubules (Malchiodi-Albedi et al., 
1993). In the cortex, it is abundant in layer two in a distribution 
complementary to that of βΙΙΙ spectrin (Stankewich et al., 2010), and 
also is found on cortical interneurons in association with ankyrinR 
(Stevens et al., 2021). It is typically absent at the presynaptic membrane 
(Zagon et al., 1986; Lambert and Bennett, 1993; Malchiodi-Albedi 
et al., 1993; Nestor et al., 2011). As a group, the spectrins are a family 
of proteins that form organizing scaffolds for a bewildering array of 
ligands (De Matteis and Morrow, 2000). βΙ spectrin binds directly to 
both NCAM180 and NCAM140 (a process necessary for mediating 
neurite outgrowth) (Leshchyns'ka et al., 2003) and supports synaptic 
spine generation in vitro (Nestor et al., 2011). Its most fundamental 
interaction is with ankyrin, through which it participates in the 
organization and stabilization of a host of membrane channels and 
pumps (Stevens and Rasband, 2021). Yet surprisingly, no definitive 
neuropathology has been associated with Sptb loss or mutation, 
despite the identification of many human pedigrees with mutant βΙ 
spectrin and severe hemolytic disease (Zhang et  al., 2001; 
Gallagher, 2004).

Considering that the profound anemia of βΙ spectrin deficiency 
might overshadow its direct neurologic consequences, we have sought 
to separate these events in animal models. Our laboratory has 
generated a genetically modified mouse model (Stabach, Stankewich, 
and Morrow, unpublished) with a floxed Sptb gene that has been used 
to explore specific questions relating to the role of beta spectrins on 
axonal node integrity (Liu et  al., 2020a,b) and ankyrin mediated 
interneuron excitability (Stevens et al., 2021). However, as a first step 
to evaluating the global impact of Sptb loss as it occurs in a realistic 
setting accompanied by anemia during development, we have taken 
advantage of the jaundiced mouse (ja/ja). This mouse harbors a 
naturally occurring mutation in Sptb that replaces an arginine with a 
stop at codon 1,160, truncating the translated protein within spectrin’s 
ninth repeat unit (Bodine et al., 1984; Bloom et al., 1994). Homozygous 
ja/ja mice lack βI spectrin; the animals suffer a severe spherocytic 
hemolytic anemia that is 99% fatal by postnatal day six (Barker et al., 
2000). By neonatal transfusion, the lifespan of these mice can 
be extended by several months (Kaysser et al., 1997), allowing an 
evaluation of the adult mouse brain that lacks βI spectrin but has 
developed under conditions of in-utero anemia. While the ja/ja mice 
managed in this way lack gross developmental deformities, their 
brains are typically a bit smaller and the angle of the brain to the spinal 
cord is steeper, a change attributed to the expanded marrow cavity in 
the skull (Kaysser et al., 1997). We were interested in any cellular or 
sub-cellular abnormalities in the brains of these naturally occurring 
βΙ spectrin-null mice. Four questions were addressed: (1) what 
structures in the brain utilize βI spectrin? (2) Do other β spectrins 

compensate? (3) Are there detectable morphologic or biochemical 
effects on synaptic structure or core postsynaptic density (PSD) 
proteins? (4) Why does the loss of βI spectrin not lead to a gross 
neurodevelopmental phenotype?

We find that there is an abrupt induction of βΙΣ2 spectrin 
expression in the brain beginning between postnatal days five to eight 
(p5-8). While the literature is conflicted, we find minimal expression 
of the erythrocyte isoform of spectrin (βΙΣ1) in the brain at any time, 
either pre- or postnatal. After its induction, βΙΣ2 spectrin is widely 
utilized throughout the brain, but most significantly in granule cells 
in the cerebellum, the CA1,3 region of the hippocampus, the dentate 
gyrus, cerebral cortical layer 2, the medial habenula, the ventral 
thalamus, and in several other nuclei. We detect no compensatory 
replacement by other spectrins in the absence of βΙ spectrin, at least 
not in the cerebellar granule cell dendrite and synapse. By 
ultrastructure analysis, there is a 20% reduction in the size of the βI 
spectrin-null granule cell synapses. The levels of the spectrin-binding 
proteins NCAM and ankyrinR are also reduced, but not the abundance 
of the core synaptic proteins PSD95 and CaM kinase IIα. Interestingly, 
βΙV spectrin levels increase in the ja/ja mouse, but do not appear as a 
replacement at the dendrite or synapse in the granule layer. The lack 
of a gross developmental phenotype accompanying the loss of βΙ 
spectrin mirrors the impact of Sptbn2 deletion (which encodes βΙΙΙ 
spectrin) (Stankewich et  al., 2010). These spectrins are both 
predominantly dendritic and postsynaptic, suggesting that their 
primary role is in synaptic maturation and stabilization, an ongoing 
process that occurs post-developmentally. For βΙΙΙ spectrin, one of its 
activities is guiding the maturation and elongation of synaptic spines 
(Stankewich et al., 2010; Gao et al., 2011). We conclude that βΙΣ2 
spectrin is likely to play a role similar to that of βΙΙΙ spectrin by 
facilitating synaptic maturation for a subset of neurons. We anticipate 
that βΙΣ2 spectrin disruption will thus have functional consequences 
for cognitive processing and movement like the changes observed 
following βΙΙΙ spectrin disruption.

2 Methods

2.1 Mice

Jaundiced mice were maintained as heterozygotes (ja/+) on both 
the WBRe/J (WB) and C57BL/6 J (B6) strains of mice, and mating WB 
and B6 heterozygotes produced homozygotes (WBB6F1-ja/ja 
hybrids). Control mice were WBB6F1 hybrid littermates (+/+ or ja/+).

2.2 Animal husbandry

Mice were housed and cared for according to American 
Association for the Accreditation of Laboratory Animal Care 
(AAALAC) specifications at the Jackson Laboratories and in strict 
accordance with recommendations in the “Guide for the Care and Use 
of Laboratory Animals” of the National Institutes of Health. Protocols 
were in accord with the policies of the Jackson Laboratories Animal 
Use guidelines and approved by the Jackson Laboratories Animal 
Use Committee.

With respect to the ARRIVE 2.0 reporting guidelines: (1) Study 
design—the phenotype of homozygous ja/ja mice were compared 
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with WT controls on the same genetic background; WT mice 
randomized with respect to gender were used to evaluate the 
developmental expression of βΙ spectrin in normal mice. (2) Sample 
size: twenty-two ja/ja mice were used, with an equal number of WT 
age matched controls. (3) Inclusion/exclusion criteria: not applicable. 
(4) Randomization: samples taken from mice within each group (ja/
ja) vs. WT were evaluated in a blinded fashion. Obvious phenotypic 
differences between ja/ja and WT mice precluded randomization of 
the animals themselves. (5) Blinding/masking: samples harvested 
from animals were analyzed in a blinded fashion, and their origin 
revealed only following the analysis. (6) Outcome measures: changes 
in synapse size and protein composition in the brains of ja/ja vs. WT 
animals. (7) Statistical methods: paired T-test. (8) Experimental 
animals: ja/ja and WT animals were age matched irrespective of body 
weights (ja/ja were in general smaller). (9) Experimental procedure: 
RBC donors for transfusion of 1-day-old mice were adult B6+/+ females 
or males. Recipients were newborn WBB6F1-ja/ja females or males. 
(10) Results: ja/ja animals lack βΙ spectrin, have diminished synaptic 
size (p = 0.037), and altered composition of three spectrin-
binding proteins.

2.3 Hematologic parameters

Adult whole blood (~275 μL) was drawn from the retro-orbital 
sinus through EDTA-coated micro-hematocrit tubes directly into an 
Eppendorf tube containing 30 μL 20% EDTA in PBS (PBS; 10 mM 
NaCl, 155 mM KCl, 10 mM glucose, 1 mM MgCl2, 2.5 mM KHPO4, pH 
7.4) and complete blood counts analyzed without dilution using an 
Advia 120 Multi-species whole blood analyzer (Bayer, Tarrytown, NY).

2.4 Transfusion protocols

RBC donors for transfusion of 1-day-old mice were adult B6-+/+ 
females or males. Recipients were newborn WBB6F1-ja/ja females or 
males. Unaffected WBB6F1 littermates served as age-matched 
controls. Donor whole blood was drawn from the retro-orbital sinus 
into 6 heparin-coated microhematocrit tubes, expelled into PBS, spun 
down and suspended in 0.5 mL of PBS. Aliquots of 100 μL were 
injected into the superficial temporal vein of day old mice using a 30 g 
needle. Although transfused jaundiced mice still exhibited obvious 
signs of disease (Kaysser et al., 1997), transfusion allowed them to 
overcome the early crisis period and achieve a greatly increased 
life span.

2.5 Tissue procurement

Mouse brains for immunohistochemistry were obtained by 
rapid dissection after animals were fixed with 4% 
paraformaldehyde via trans-cardiac whole-body vascular 
perfusion. In this procedure animals were anesthetized without 
recovery with 1.2% Avertin, (0.2 mL/10 gm IP). The right atrium 
was nicked with scissors and perfused by syringe through the left 
ventricle. The blood was cleared from the animal by an initial 
bolus of phosphate buffered saline (PBS) ~20 mL prior to the flow 
of 4% paraformaldehyde ~50 mL. Good perfusion was judged by 

notable continuous flow of fixative exiting the atrium. Brains were 
removed and allowed to post fix for 24 h before paraffin 
embedding. Brains harvested for Western analysis were snap 
frozen and stored at –80°C.

2.6 Neuronal cell culture

Dissociated embryonic hippocampal and cortical neurons were 
isolated and cultured by standard methods (Wilcox et al., 1994). In 
brief, hippocampi were dissected from embryonic day 18.5 mouse 
brains and dissociated into individual cells by incubating in a trypsin-
containing solution. The cells were then washed and plated on poly-
L-lysine-coated (1 mg/mL) glass coverslips at a concentration of 
150,000 cells per 35 mm dish in 1.5 mL neurobasal medium 
(Invitrogen) with 2% B27 supplement. Neurons were harvested at DIV 
3, 6, 13, and 18 for Western blot analysis. After lysis in 20 mm HEPES, 
pH 6.9, 150 mm KCl, 2 mm MgCl2, 1 mm DTT, and 0.5% Triton X-100 
and 10 min of centrifugation at 13,000 × g at 4°C, the supernatant was 
mixed with NuPAGE sample buffer (Invitrogen, catalog #NP0007) 
with 200 mM DTT, boiled for 5 min., and processed as below for 
brain homogenates.

2.7 Protein expression levels

Brains harvested from control and ja/ja mice were dounce 
homogenized 8 strokes in 5 mL extract buffer [20 mM Hepes. PH7.4, 
120 mM NaCl, 25 mM KCl, 2 mM EDTA, 1 mM EGTA, 1% TX-100] 
supplemented with Protease Arrest (1:200) (Calbiochem). 
Homogenates were centrifuged 14 k RPM for 10 min. at 
4°C. Supernatant was mixed with 2X NUPAGE sample buffer and run 
on NUPAGE Gel system according to the manufactures instructions 
(Invitrogen). Molecular weight standards were used to estimate the 
size of the protein bands reported in figures. βΙΣ2 spectrin (calculated 
MW 268091) ran at an estimated Mr. of 270 kDa (as did βΙΙ spectrin, 
which is similar in size); βΙΣ1 spectrin migrated as a 250 kDa protein 
(calculated MW 246261). After electrophoresis, proteins were electro 
eluted onto PVDF membrane and probed with primary antibodies for 
Western blot analysis. Protein bands were quantified using ImageJ, 
normalized to the intensity of actin run either on the same gel or on 
paired duplicate gels. Statistical analysis was performed using a 
one-tailed, two-sample unequal variance (heteroscedastic) T-test. 
Antibodies used in this study from StressGen were mouse anti-PSD95 
(cat# VAM-PS002). Antibodies from Sigma were mouse anti-CaM 
kinase IIα (C265), mouse anti-tubulin clone TUB 2.1(T-4026), and 
mouse anti-actin clone AC-74 (A-5316). Mouse monoclonal anti-
NCAM (clone 5B8) was from the Iowa hybridoma bank. Anti-clathrin 
was from Transduction labs #C43820; anti-NMDAR antibody was 
from Chemicon AB1516. Spectrin and ankyrin antibodies were anti-
alpha II spectrin, clone AA6 (Millipore MAB1622), mouse 
monoclonal anti-βΙΙ spectrin clone 42/B (Pharmingen), rabbit 
polyclonal anti-βΙΙΙ spectrin (Stankewich et  al., 1998), rabbit 
polyclonal anti-βΙV spectrin (a gift from Michela Solimena) (Berghs 
et al., 2000), mouse anti ankyrinB (RDI), rabbit anti ankyrinR (Cianci 
et al., 1988), a pan-reactive anti-spectrin αΙβΙ polyclonal antibody 
RASC (Cianci et al., 1988); a pan-reactive anti-βΙ spectrin monoclonal 
(VD4) (Yurchenco et al., 1982), and an anti-βΙΣ2 polyclonal antibody 
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(βΙ C-term) that specifically recognizes the unique COOH-terminus 
of this isoform (Weed et al., 1996).

2.8 Immunolabeling

Immunostaining of brain paraffin sections was performed after 
antigen retrieval as before (Stankewich et al., 2006). Briefly, slides were 
de-paraffinized in xylene, hydrated in ethanol then PBS, and pressure-
cooked at >100°C in a 0.1 M citrate buffer, pH 6.0. Nonspecific 
antibody binding was blocked with 2% BSA for 30 min at room 
temperature, followed by primary antibody incubation overnight at 
4°C. All primary antibodies were diluted in 2% BSA/0.1% saponin 
PBS. For immunofluorescence, slides were incubated with either goat 
anti-mouse or anti-rabbit secondary antibody conjugated to Alexa 
dyes (Invitrogen) diluted 1:1,000 in the same buffer as used for the 
primary antibody for 1 h at room temperature. To stain nuclei slides 
were incubated in Hoechst dye for 10 min. Slides were visualized with 
an Olympus AX70 fluorescent microscope. Image acquisition was 
processed using OpenLab software (Improvision Inc., Lexington, 
MA). For immunoperoxidase staining, after primary antibody 
treatment as above, slides were incubated in ImmPRESS, (Vector 
Labs) anti-mouse or anti rabbit micro-polymer peroxidase reagent for 
1 h at room temperature. They were then washed, post fixed for 15 min 
with 1% glutaraldehyde in PBS, washed, and incubated at RT in 0.1% 
diaminobenzidine, 0.01% hydrogen peroxidase in 50 mM Tris–HCL 
buffer, pH 7.4 for 15 min. Sections were briefly counterstained with 
hematoxylin and dehydrated in graded ethanol, cleared in xylene and 
cover-slipped with Cytoseal-60. Images were captured on a Qcolor 3 
camera (Olympus).

In this study, the convention is followed for both Western blot and 
immunolabeling data that if a pan-reactive antibody to βΙ spectrin was 
used (RASC or VD4), the figure will be annotated as “βΙ.” If the anti-
C-term antibody was used, the annotation will be βΙΣ2 reflecting the 
specificity of this antibody.

2.9 Electron microscopy

In coronal orientation the cerebellum was dissected into tissue 
slices approximately 1 mm thick and the full depth of cerebral layers. 
The slices were post fixed in 1% glutaraldehyde, 2% formaldehyde 
in 0.1 M Sodium cacodylate buffer, pH 7.4, and overnight at 
4°C. The slices were then washed three times in 0.1 M sodium 
cacodylate over a one-hour period. They were then exposed to 1% 
osmium tetroxide in 0.1 M s-collidine buffer, pH 7.4, for 2 h on wet 
ice, and sequentially washed thrice in cold 0.1 M s-collidine buffer 
over 2 h. The slices were dehydrated in graded ethanol, passed 
through propylene oxide and infiltrated and embedded in Epox-812 
resin. Semi-thin, (2 μm), sections were prepared on a Leica Ultracut 
ultramicrotome and stained with a mixture of AzureI/
AzureII. Orientation was confirmed on the light microscope so that 
all layers of the cerebellum were properly retained. The blocks were 
trimmed, thin sectioned at 80 nm and stained with 2% uranyl 
acetate and lead citrate. Thin sections were viewed with a Carl Zeiss 
EM 910 electron microscope in low magnification mode (100–
300×) to insure inclusion of all cerebellar layers. Purkinje cells were 
identified as a reference and the magnification was increased to 

10,000×. Photomicrographs were taken in the granule layer 
postsynaptic densities in the immediate vicinity of the base of the 
Purkinje cell. The microscope was operated in hysteresis control 
conditions to avoid variation in magnification. Electron micrograph 
negatives, (image area 7.5cm2) were scanned on an AGFA model 
1,400 negative scanner at 1,200 DPI, and contrast adjusted using 
Adobe Photoshop.

2.10 Ultrastructure analysis of PSD size

From 10 micrographs at 10,000 × magnification for each set in 
duplicate 200 PSDs were identified. Using the magic wand tool in 
Adobe Photoshop version 5.1, the boundary of each synapse was 
demarcated. Total pixel area of each synapse was recorded and plotted.

2.11 PSD preparation

PSD’s were prepared by differential centrifugation (Tandon et al., 
1998; Phillips et  al., 2001). Pre and postsynaptic fractions were 
distinguished based on their protein composition (Phillips et  al., 
2001). Briefly synaptosomes were prepared by a sucrose step gradient. 
Brain homogenates from 3–4 month WT mice were prepared in 
homogenate buffer (HB) (0.32 M sucrose, 0.1 mM CaCl2, 1 mM 
MgCl2,) were adjusted to 1.25 M sucrose with 2 M sucrose, 0.1 mM 
CaCl2. This homogenate was overlaid with 1.0 M sucrose, 0.1 mM 
CaCl2, and HB and then centrifuged at 100,000 g for 3 h at 4°C. After 
centrifugation, the membrane band at the 1.25/1.0 M sucrose interface 
was collected. Synaptosomal membranes were solubilized for 30 min. 
With 1% TX-100 at pH 6 and insoluble material was pelleted at 
40,000 g for 30 min. The insoluble pellet was re-extracted in 1% 
TX-100 at pH 8.0 and pelleted. The pH 8.0 supernatant represents the 
presynaptic fraction; the pH 8.0 pellet contains proteins most 
associated with or in the PSD (Phillips et al., 2001).

2.12 mRNA analysis

Total RNA from whole mouse brain was obtained from a 
commercial source (Takara, San Jose, CA), cDNA was prepared with 
Superscript IV reverse transcriptase (ThermoFisher Scientific, 
Waltham, MA) and quantified with a Nanodrop spectrophotometer. 
Procedures followed reagent manufacturer’s directions for first-strand 
synthesis. Typically, 100 ng of RNA was used in each amplification. 
Isoform-specific PCR primers bridging consecutive exons were 
as follows:

For βΙΣ1 spectrin, the sense primer was: 5′-GGAAGTGT 
GCCAGTTCTCGAG-3′;

the antisense primer was: 5′-CGACTCCCAGGAACTA 
GACAAG-3′.

For βΙΣ2 spectrin, the sense primer was: 5′-AAGTGTGCCAGT 
TCTCGAG-3′,

the anti-sense primer was: 5′-CCTCTCATCCCCAACGGATTT-3′.
For qPCR, SYBR Green signal from every reaction at the end of 

each 60°C annealing extension step was recorded on a CFX96 Real 
Time System (BioRad). The presented data represent the mean values 
of quadruplicate determinations on three animals at each time point.

https://doi.org/10.3389/fnins.2024.1415115
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Stankewich et al. 10.3389/fnins.2024.1415115

Frontiers in Neuroscience 05 frontiersin.org

3 Results

3.1 βΙ spectrin expression is widespread in 
the mouse brain

Immune reactivity of βΙ spectrin in the brain has been noted in 
several reports (Riederer et al., 1986; Lambert and Bennett, 1993; 
Malchiodi-Albedi et al., 1993; Stevens et al., 2021). We have sought 
to refine these understandings by a more detailed immunological 
analysis using well-defined antibodies (Figure 1A, inset) to the now 
well-characterized isoform of βΙ spectrin (βIΣ2) found in the brain, 
augmented by a comparison to the in-situ expression analysis 
presented in the Allen mouse brain atlas (Allen Institute for Brain 
Science, 2004; Lein et al., 2007). We find that βΙΣ2 spectrin is more 
broadly expressed throughout the brain than previously appreciated. 
Coronal sections of the cerebellum and brainstem (Figure  1A) 
highlight the intense concentration of βΙΣ2 spectrin in the granule 
layer (gr) of the cerebellum, sparse abundance in the molecular 
layer (mol), and nearly total absence in white matter. The brain stem 
displays multiple regions of βΙΣ2 positivity such as the medial 
vestibular nucleus (MV). Coronal and sagittal sections of the brain 
(Figures 1B–D) reveal a dense concentration of βΙΣ2 spectrin in the 
CA1,3 regions and the dentate gyrus (DG) of the hippocampus. 
Other areas with abundant βΙΣ2 spectrin identified by both 
immunohistochemistry or in situ hybridization include the medial 
habenula (MH), ventral thalamus (vn-TH), cortical layer 2 (layer 
2), red nucleus (RN), main olfactory bulb (mob), pyramidal layer 
of the olfactory tubercle (OT), anterodorsal nucleus (AD), pontine 
gray (PG), and facial motor nucleus (VII), as well as a diffuse 
distribution throughout much of the brain. As with the cerebellum, 
βΙ spectrin is absent in the white matter. This staining pattern was 
not discernably changed when the pan-reactive βΙ spectrin antibody 
(VD4) was used, indicating that in accord with the transcriptomics 
data βΙΣ2 spectrin is the major βΙ spectrin isoform expressed in 
adult mouse brain. The overall relative abundance of βΙΣ2 
expression in cerebellum and hippocampus was 50–100% greater 
than any other region (Figure 1E).

3.2 βΙΣ2 spectrin co-localizes with 
postsynaptic PSD95 in culture

Embryonic hippocampal neurons mature in vitro after plating. 
Reflecting the sparse appearance of the βΙΣ1 spectrin isoform 
observed in embryonic and mature whole brain preparations 
(Riederer et  al., 1986; Zimmer et  al., 1992) cultured embryonic 
hippocampal neurons express only the 270 kDa βΙΣ2 isoform 
(Figure 2B). βΙ spectrin expression begins by DIV 13, and by DIV 
21 distributes throughout the neurite processes where it 
concentrates intensely with PSD95 (Figure 2A). Based on analogy 
with βΙΙΙ spectrin (Efimova et al., 2017) and the disruptive effect βΙ 
spectrin constructs on spine formation (Nestor et  al., 2011), βΙ 
spectrin appears likely to contribute to spine formation. Although 
our images lack sufficient resolution to make a definitive 
determination, extremely high-power views of each putative 
synapse (Figure 2A, small insert) suggests that while there is overlap 
of PSD95 and βΙ spectrin, a significant portion of the PSD95 
extends asymmetrically beyond the spectrin immunostaining, 

raising the possibility that at least in cell culture βΙ spectrin may 
be in the spine but peripheral to core postsynaptic proteins. An 
association of βΙ spectrin with postsynaptic structures can also 
be  confirmed biochemically in whole brain preparations after 
sedimentation gradient purification of isolated synapses 
(Figure  2C). Using clathrin and NMDAR as well documented 
markers of the presynaptic and postsynaptic compartments, 
respectively, (Phillips et al., 2001), we find that βΙ spectrin sorts 
predominately with postsynaptic isolates. βΙΙ spectrin is slightly 
more abundant in the presynaptic fraction, and αΙΙ spectrin, an 
obligatory partner for every beta spectrin, is more evenly 
distributed. These in-vivo results mirror closely the postsynaptic 
localization of βΙΣ2 spectrin observed by immunoelectron 
microscopy (Malchiodi-Albedi et  al., 1993; Baines et  al., 2001). 
While these studies do not reveal the precise substructure of 
spectrin at the PSD, they do demonstrate the facile and close 
association of this spectrin with nascent postsynaptic structures. 
The absence of any βΙ spectrin staining in the granule layer of ja/ja 
mice (see below) also indicates that the spectrin staining observed 
at the PSD cannot be due to cross-reaction with another protein 
(such as the non-specific band detected with the C-term antibody, 
Figure 1A inset).

3.3 The ja/ja mouse lacks βΙ spectrin but 
develops normally

The ja/ja mouse was first described by Bernstein in 1959 
(Bernstein and Russell, 1959) and termed jaundiced (gene symbol ja). 
Later it was determined that mice homozygous for the ja mutation 
have no detectable level of spectrin in their red cell membranes (Lux 
et al., 1979). Molecular genetic analyses found that the ja mutation 
maps to mouse Chromosome 12 and is caused by a C to T transition 
that produces a premature stop codon in exon 13 of the erythroid β 
spectrin gene (new gene symbol for jaundiced, Sptb<ja>) (Bloom 
et al., 1994) (Figure 3A). The Sptb<ja> transcript, if produced, would 
be  truncated within spectrin protein repeat unit nine yielding a 
putative translation product of about 140 kDa. No such protein is 
detectable in the ja/ja mouse by immunoblotting with a pan-reactive 
spectrin αΙβΙ antibody (RASC) (Figure 3A).

Despite the absence of βΙ spectrin, the brains of ja/ja mice lack 
major morphological alterations. Histologically some Purkinje cells 
show occasional evidence of dark degeneration (Figure 3B, arrows). 
As expected, there is no βΙ spectrin immunostaining in the ja/ja 
mouse brain of either granule cells or the soma of Purkinje neurons 
with either C-term or VD4 antibodies (Figures 3C,D). The complete 
loss of staining in all areas with both βΙ reactive antibodies, areas rich 
in synapses, excludes the possibility that these antibodies are detecting 
an unrelated non-spectrin protein at the synapse.

3.4 Cerebellar granule cell synapses are 
altered in ja/ja mouse brains

To study whether the absence of βΙ spectrin may correlate with 
structural abnormalities of PSDs, we analyzed ultra structural features 
of PSDs in the cerebellum. EM photomicrograph digital images were 
taken of the cerebellar granule layer adjacent to the base of the 
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FIGURE 1

Beta 1 spectrin is widely utilized in the mouse brain. Immunohistochemical analysis for βΙ spectrin in coronal sections of the P60 mouse brain (A,B), or in 
situ analysis of coronal and sagittal sections of the βΙΣ2 transcript in the P56 mouse (right panels in A,B, and figures C,D). In situ data is from the Allen Brain 
Atlas. (A) Coronal section of cerebellum. (Left) Immunohistochemical staining with the pan-reactive βΙ spectrin antibody VD4 demonstrating intense 
distribution in the granule layer (gr), and sparse but detectable staining in the molecular layer (mol) and the medial vestibular nucleus (MV). (Right) 
Composite image of in situ hybridization for βΙΣ2 spectrin (image 46 of 58, https://mouse.brain-map.org/experiment/show/75144624) juxtaposed with its 
best-matching diagram from the Brain Atlas. Areas of interest can be interrogated at the above URL. The intense hybridization in the granule layer and 
lessor signal in the molecular and MV and other areas is evident. (Inset) Western blot utilizing either VD4 or the C-term antibodies showing their specificity 
for βΙΣ1 vs. βΙΣ2 spectrin. Lane 1, RBC ghosts; lane 2, WT mouse brain synaptosomes; lane 3, mouse brain homogenate from our floxed Sptb mouse 
expressing nestin-Cre (that lacks βΙ spectrin in neuronal tissue) (Liu et al., 2020a). Note that VD4 detects βΙΣ1 spectrin (250 kDa) in RBC ghosts, both βΙΣ1 
and βΙΣ2 spectrin (270 kDa) in synaptosomes, and trace amounts of βΙΣ1 spectrin in the nestin-Cre mouse brain. The C-term antibody detects nothing in 
RBC’s, the 270 kDa band of βΙΣ2 spectrin in synaptosomes, and no spectrin band in the nestin-cre brain. The C-term antibody also detects a non-specific 
band (*) at Mr. ≈ 120 kDa. The identify of this band, present only in brain homogenates, is unknown but does not appear to be related to βΙ spectrin based 
on its lack of reactivity with VD4 and persistence in the nestin-Cre sample. (B) Coronal section of brain. (Left) Immunohistochemical staining with the 
pan-reactive βΙ spectrin antibody VD4 demonstrating widespread expression. Positive areas include the hippocampus (CA1,3), dentate gyrus (DG), medial 
habenula (MH), ventral thalamus (vn-TH), and pyramidal cortical layer 2 (layer 2), along with widespread but less intense staining of other areas and nuclei. 
(Right) Composite image of in situ hybridization for βΙΣ2 spectrin (image 24 of 58, https://mouse.brain-map.org/experiment/show/75144624) juxtaposed 
with its best-matching diagram from the Brain Atlas. Areas of interest can be interrogated at the above URL. (C) Composite sagittal image of p56 mouse 
brain in situ hybridization for βΙΣ2 spectrin (image 15 of 19, https://mouse.brain-map.org/experiment/show/73834397) juxtaposed with its best-matching 
diagram from the Brain Atlas (image 15 of 21). Areas of interest can be interrogated at the above URL. Positive areas include the main olfactory bulb (mob), 
pyramidal olfactory tubercle (OT), anterolateral nucleus (AD), pontine gray (PG), red nucleus (RN), and facial motor nucleus (VII). (D) Sagittal section P56 
brain expression of βΙΣ2 spectrin mRNA. Fluorescent image highlighting relative expression levels of this spectrin. This image is number 15 of 19, https://
mouse.brain-map.org/experiment/show/73834397. Labeling is as above. (E) Relative levels of βΙΣ2 spectrin (Sptb) expression as detected by in situ 
hybridization from the dataset of the Allen Brain Atlas (atlas.brainmap.org., Spnb 34; 75144624). While hippocampus and cerebellum are the highest 
expressing regions, there is significant expression throughout most areas of the brain. The areas depicted (with the log(2) of their relative expression levels) 
are: ICTX, isocortex; OLF, olfactory; HPF, hippocampal formation; CTXsp., cortical subplate; STR, striatum; PAL, pallidum; TH, thalamus; HY, hypothalamus; 
MB, midbrain; P, pons; MY, medulla; CB, cerebellum.
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Purkinje cell, which served as a reliable landmark. From 10 
micrographs at 10,000×, from two pairs of WT and ja/ja mice, the 
relative area of 200 randomly chosen PSD membrane profiles was 
compared. While no defects were noted in overall synapse abundance 
or organization (Figure 4A), the average surface area of PSDs in ja/ja 
brains was reduced by ~20% (p = 0.037, n = 200) (Figure 4B).

3.5 AnkyrinR, NCAM, and βIV spectrin levels 
are altered in ja/ja brains

In the red cells of ja/ja mice, the levels of junctional 
components ankyrinR, band 4.1 and actin are largely unchanged 
and remain bound to the reticulocyte membrane (Bodine et al., 
1984). In the brain, unlike red cells, multiple different beta 
spectrins are expressed, as well as multiple ankyrins. Of interest 
was the impact of βΙ spectrin loss on the levels of the other 
spectrins and their common ligands, as well as on the core 
components of the synapse. In Western blots of whole brain 
homogenates from adult mice (Figure  5A), most proteins 
examined remained unchanged in the ja/ja mice, except for a 63% 
increase in total βΙV spectrin (p = 0.006) and a 42% reduction in 
total ankyrinR (p = 0.002) (Figure  5A). NCAM140 also trended 
lower (17% reduction) in the ja/ja mice, but this change did not 
achieve significance (p = 0.305). Given that small changes in 
protein levels might be obscured by the abundance and widespread 
expression of these proteins throughout the brain, including 
regions largely devoid of βΙ spectrin, a regional variation in 
expression was sought by separately evaluating the forebrain and 
hindbrain (Figure 5B). As in the whole brain, the level of βΙV290 
spectrin in the forebrain was increased to 175% of control 
(p = 0.020), while the hindbrain showed no change (p = 0.032). 
Both ankyrinR and αΙΙ spectrin trended lower in the hindbrain, 
but neither change achieved significance (p = 0.354 and p = 0.103 
respectively). NCAM140 in the hindbrain was reduced to 71% of its 
WT value (p = 0.029). There was a 15% increase (p = 0.048) in 
ankyrinB150 in the hindbrain (Figure 5C).

The distribution of βΙV spectrin and ankyrinR in the 
cerebellum was also compared (Figure 5D). In this region, the 
pattern of βΙV staining, presumably confined to nodes and the 
initial axon segments of Purkinje cells, was unchanged in the ja/
ja mice. Conversely, there was nearly complete loss of 
immunostaining for ankyrinR in the granule (gr) layer of ja/ja 
mice, but no change in the βΙΙΙ spectrin-rich synaptic region 
accompanying the Purkinje cell dendrites in the molecular layer 
(mol) (Figure  5D). This suggests that the trend to reduced 
ankyrinR observed in the hindbrain expression data is probably 
real, and correlates with the loss of βΙ spectrin in the granule layer. 
The lack of ankyrinR in this layer also makes it unlikely that 
another beta spectrin is compensating, since all beta spectrins 
preserve their ankyrin binding site (Stabach et al., 2009). Reduced 
beta spectrin should also correlate with reduced αΙΙ spectrin, 
perhaps contributing to the (albeit not reaching significance) 
trend to lower αΙΙ spectrin levels observed in the hindbrain data. 
While the core components of the synapse, PSD95 and CaM 
kinase IIα were unchanged, the reduction in NCAM in the 
hindbrain of the ja/ja mouse may account for the reduction in 
synapse size in the granule layer, as discussed below.

3.6 βΙΣ2 expression begins after postnatal 
day five

The loss of αΙΙ or βΙΙ spectrin is embryonic lethal and 
accompanied by severe developmental anomalies (Tang et al., 2003; 
Stankewich et al., 2011). The early postnatal lethality of the ja/ja 

FIGURE 2

Hippocampal neurons assemble βΙ spectrin at nascent PSD’s. 
Hippocampal neurons from embryonic day 18.5 mice were cultured 
in vitro, then double immuno-stained with anti-βΙ-spectrin (antibody 
VD4, green) or anti-PSD95 (red). (A) DIV21 hippocampal neurons 
display abundant neurite processes and βΙ spectrin expression 
(green) throughout the cell. Staining with PSD95 reveals the 
formation of innumerable punctate areas along neurite processes 
marking nascent synapses. Merged images reveal a tight 
correspondence between βΙ spectrin and PSD95 staining at the 
neurite patches, as validated in the densitometry tracing along a 
neurite process (boxed area, enlarged 3×). Enlargement of individual 
puncta (small inset, enlarged 12×) shows that the PSD95 staining 
typically extends asymmetrically beyond the localized βΙ spectrin 
staining. (B) Expression of βΙ and αΙΙ spectrin and actin in E18.5 
hippocampal neurons cultured in vitro. While αΙΙ spectrin and actin 
are constitutively expressed, βΙ spectrin as probed with the VD4 
antibody is undetectable at 6 days in vitro (6DIV) but evident at 
DIV13. Based on its size (270  kDa), the spectrin appearing at 13DIV is 
βΙΣ2. (C) Analysis of synaptosomes from an adult WT mouse by 
density gradient separation allows the identification of (pre) and 
(post) synaptic fractions. The nearly complete separation by this 
method of clathrin (presynaptic) and NMDAR (postsynaptic) as 
analyzed by Western blotting and densitometry confirms the validity 
of the protocol (Phillips et al., 2001). In this analysis, βΙ spectrin at 
270  kDa (blotted with RASC) is found predominantly (60%) in the 
postsynaptic fraction (fx post). Also visible in the presynaptic pool is a 
faint band at 250  kDa, presumably βΙΣ1 spectrin. βΙΙ spectrin is more 
abundant in the presynaptic fraction; αΙΙ spectrin is equally split 
between membrane fractions.
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FIGURE 3

βΙ spectrin is not detected in the ja/ja mouse. (A) The Sptb gene is located on mouse chromosome 12. Two transcripts arise by alternative mRNA 
splicing from within exon 32 as depicted. This yields two protein products of Mr. 250 and 270, designated βΙΣΙ and βΙΣΙΙ respectively. These differ in 
their COOH terminus; βΙΣΙ displays a short poly-phosphorylated terminus and contains 2,137 amino acids, while the βΙΣΙΙ transcript encodes 2,328 
residues and contains a classical pleckstrin homology domain (PH). In the ja/ja mouse there is a C -  >  T point mutation in exon 13 that generates a 
premature stop at nucleotide 3,478. This falls within spectrin repeat 9 (depicted by the numbered squares). Western blotting of a whole brain 
homogenate with RASC (a broadly pan-reactive polyclonal antibody that detects all transcripts of both αΙ and βΙ spectrin) demonstrates the absence of 
any full-length βΙ spectrin (βΙΣ2 at 270  kDa or βΙΣ1 at 250  kDa). These positions are labeled on the gel as βΙ. The mutated gene product if transcribed 
would yield a protein of 140  kDa. This position is marked by an asterisk (*). None of these proteins are detected in the ja/ja mouse brain. Also depicted 
are the epitope locations in βΙ spectrin of the monoclonal VD4 antibody and the C-term antibody used in this study. The VD4 recognizes both βΙΣ1 and 
βΙΣ2 spectrin; the C-term antibody is specific for βΙΣ2. (B) H&E stained sagittal sections of cerebellum from WT and ja/ja mouse brain. The ja/ja 
histology is largely intact, although scattered dark Purkinje cells that appear to be degenerating are noted (arrows). (C) Immunostains of sagittal 
cerebellar sections with C-term antibody reveals intense staining in the wild-type (WT) cerebellum granule layer and the complete absence of similar 
staining in the ja/ja mouse. (D) Immunofluorescent staining with the VD4 and C-term antibodies highlight βΙ spectrin’s abundance in the cerebellar 
granule cell layer (gr), its irregular staining in Purkinje soma (PC), and its scant labeling in the molecular layer (mol). βΙ spectrin staining with VD4 is 
completely absent in all areas in the ja/ja mouse, except for rare scattered red blood cells that are derived from the WT RBC transfusion that sustains 
these mice (two are evident in the image). The distribution of βΙΣ2 spectrin is coincident with the pattern detected by VD4, except there is no detection 
of residual RBC’s. The complete loss of staining in the granular layer in ja/ja mice with the C-term antibody excludes the possibility that the ≈120  kDa 
non-specific band this antibody detects in western blots (Figure 1A inset) could account for the synaptic staining. However, faint punctate staining in 
glial-rich areas can be detected in the molecular layer with the C-term antibody, even in the ja/ja mouse (arrow).
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mouse derives from its severe hemolytic anemia, but it was of 
interest to determine if changes in the brain due to an absence of βΙ 
spectrin might also contribute to the lethality of this genotype. The 
timing of βΙ spectrin expression in the developing brain suggests not 
(Figure 6). The expression of several spectrins and other synapse-
related proteins were monitored by Western blots of whole wild-type 
mouse brain at the indicated postnatal ages (Figure 6A). To evaluate 
βΙ spectrin, the pan-reactive antibody (VD4) and the antibody 
specific for βΙΣ2 spectrin (βΙ C-term) were both utilized. While the 

levels of most spectrins were fairly constant over the time course of 
this experiment, there was a dramatic increase in βΙΣ2 spectrin. The 
band for this isoform was barely detectable at P5  in both the βΙ 
C-term blot and the VD4 blot (the band at 270 kDa). By P8 the βΙΣ2 
isoform is clearly present. The increase in the βΙΣ2 level culminates 
in a more than 40-fold enhancement before leveling by p30-90 
(Figure 6B). Conversely, the expression of the βΙΣ1 isoform peaks 
around P5-P8, and then falls precipitously to a persistent low-level 
of expression. Earlier studies have also observed this change in βΙ 

FIGURE 4

Synapse morphology is altered in ja/ja mouse brains. (A) Representative EM micrographs of epon-embedded thin sections of cerebellar granule layer 
from control WT and ja/ja mice at postnatal day 60 (p60). The synapses (dark stained structures) of the ja/ja mouse appear normal in number and 
overall distribution. (B) Compilation of synaptic membrane profiles from EM micrographs from two sets each of WT and ja/ja mice. Synapse size (pixel 
area) was quantified for 200 synaptic profiles from each set. The distribution of the relative PSD area between control and the ja/ja animals at p60 is 
graphed on the right panel. This difference is significant (*), the ja/ja synapses were on average 20% smaller (p  =  0.037). Upper and lower cross bars 
represent ± SEM.
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spectrin isoform expression during early postnatal development 
(Zimmer et al., 1992). This data might suggest that an isoform switch 
in βΙ spectrin appears around p6; the more relevant question is 
whether expression of βΙΣ1 spectrin persists in the maturing and 

adult mouse brain. It cannot be  excluded that the low-level 
appearance of βΙΣ1 arises from unavoidable contamination of whole 
brain preparations by circulating reticulocyte RNA and red cells 
(that express enormous levels of βΙ spectrin relative to the brain). 

FIGURE 5

βΙ spectrin associated proteins are reduced in ja/ja mice. (A) Western analysis of WT and ja/ja mouse whole brain extracts (triplicate determinations) 
quantified by densitometry after normalization for actin. Asterisk marks the two proteins for which there was a significant change between the WT and 
ja/ja. βΙV spectrin increased by 63% in the ja/ja mice (p  =  0.006), while the abundance of ankyrinR was reduced by 42% (p  =  0.002). NCAM (both bands) 
trended lower (17%), but this change did not reach significance (p  =  0.305). The level of the other proteins examined including the synaptic core 
proteins PSD95 and CaM kinase IIα were unchanged. (B) Western blot analysis of duplicate samples taken from either forebrain or hindbrain and 
analyzed by Western blotting and densitometry. All values were normalized to actin controls. The kDa of each band is as specified. (C) Abundance of 
proteins as determined by Western blots. As with the whole brain, values were normalized to an actin standard run on the same or companion gel and 
then compared as the ratio of the level in ja/ja vs. level in WT mice. Asterisk (*) marks the proteins (with their p-values, analyzed by 1 tailed, two-sample 
unequal variance (heteroscedastic) T-test) for which there was a significant change between WT and ja/ja. Error bars represent ±SEM. In the forebrain 
the level of βΙV290 spectrin, which was increased to 175% of the control (p  =  0.020). The level of βΙV140 also trended toward an increase but did not 
achieve significance (p  =  0.079). In the hindbrain, there was a 29% reduction in the level of NCAM140 (p  =  0.029) and a 15% increase in ankyrinB150 
(p  =  0.048). The level of ankyrinB220 also appeared to increase, but this change was not significant (p  =  0.108). The level of αΙΙ spectrin and ankyrinR 
both trended lower in the hindbrain but neither reached significance (p  =  0.103 and 0.354, respectively). When taken together, the whole brain data and 
the forebrain data appear similar, with the most significant change being increased in βΙV spectrin in ja/ja mice. The trend in the hindbrain in ankyrinR 
together with the ankyrinR reduction in the whole brain suggests this change is also meaningful. (D) Immunofluorescence analysis in the cerebellum 
confirms extensive reduction of ankyrinR in the cerebellar granule layer (gr), but its preservation in the Purkinje cell soma (PC) and in the molecular 
layer (mol). The distribution of βΙV spectrin appears unchanged in the granule layer.
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We  also do not detect any βΙ spectrin expression in embryonic 
hippocampal neurons from E18.5 embryos until they have matured 
for at least 6 days in culture, after which they express βΙΣ2 spectrin 
(Figure 2). It is thus likely that βΙ spectrin is minimally utilized if at 
all in the developing brain, and only significantly appears when the 
βΙΣ2 isoform is induced during the period of active synaptogenesis.

Two other changes of interest are evident in Figure 6A: the 
isoform switch of βΙV spectrin from Mr. 290 kDa to Mr. 140 kDa 
that begins at p5-8, and the isoform switch (with down regulation) 

of NCAM from Mr. 180 kDa to Mr. 140 kDa that commences after 
p15. Isoform switching of both βΙV spectrin (Yoshimura et al., 
2016) and NCAM (Sytnyk et  al., 2006) have been previously 
associated with postnatal axonal and synaptic maturation. As 
postulated here, βΙΣ2 spectrin likely plays a similar role.

4 Discussion

Spectrinopathies, first recognized as a causal factor in several 
genetic anemia’s, are now appreciated to underlie many neurological 
disorders including ataxia, cognitive, neurosensory, psychiatric, 
developmental, and neurodegenerative syndromes (Cousin et  al., 
2021; Morrow and Stankewich, 2021; Stankewich et al., 2022; Van de 
Vondel et  al., 2022; Lorenzo et  al., 2023; Morsy et  al., 2023). 
Experimental studies in mice and genetic linkage studies in human 
pedigrees support the importance of the spectrin-based framework 
for the maintenance of axonal and dendritic integrity. By virtue of its 
indirect and direct interactions with microtubules, actin filaments, 
adapter proteins (such as ankyrin), membrane proteins, and 
membrane lipids it plays a multifaceted role in directing the 
intracellular transport of cargo and provides a direct tether between 
the actin skeleton and receptors, transporters, and channels at regions 
of membrane specialization (Muresan et al., 2001; Leshchyns'ka et al., 
2003; Stabach et  al., 2008; Nestor et  al., 2011; Ho et  al., 2014; 
Machnicka et al., 2014).

Of the seven members of the spectrin gene family, the two most 
ubiquitous in the brain are Sptan1 that encodes αΙΙ spectrin, and 
Sptbn1 that encodes βΙΙ spectrin. Together these two spectrins coat the 
cell soma and neurite processes to form an axonal periodic actin-
spectrin skeleton that is topographically and compositionally similar 
in many respects to the classical spectrin-actin skeleton of the red cell 
(Zhou et al., 2022). Defects in either of these spectrins may cause fatal 
developmental anomalies and severe cognitive deficits in 
surviving patients.

Conversely, deletion (or mutation) in Sptbn2 that encodes βΙΙΙ 
spectrin does not cause gross developmental defects but does 
underlie several ataxias and cognitive deficiencies (Lise et al., 2012; 
Yıldız Bölükbaşı et al., 2017). βΙΙΙ spectrin is primarily confined to 
the postsynaptic side of dendrites and plays a critical role in spine 
maturation (Stankewich et al., 2010; Gao et al., 2011; Efimova et al., 
2017). Many actin-binding proteins are enriched at the dendritic 
spine and have been elucidated as regulators of spine morphology 
(Matus et al., 2000). βIII spectrin is enriched at the base and neck 
of dendritic spines but is largely spared from the spine head in the 
PSD. In the absence of βIII spectrin, dendritic spines collapse and 
form aberrant shaft synapses (Efimova et al., 2017). Unlike αΙΙβΙΙ 
spectrin, βΙΙΙ spectrin does not appear to participate in the highly 
ordered neuronal periodic skeleton characteristic of the axon 
(Sidenstein et al., 2016). Sptbn4 encodes βΙV spectrin, which plays 
a role in the organization of the initial axon segment and the nodes 
of Ranvier (Berghs et al., 2000). Defects in βΙV spectrin lead to 
ataxias and neuromotor deficits. Sptbn5 encodes βV spectrin 
(Stabach and Morrow, 2000). This is a rare spectrin so far linked 
only to neurosensory deficits in the auditory pathway (Papal et al., 
2013; Stankewich et  al., 2022). Of the two spectrins found in 
erythrocytes, Spta and Sptb, encoding αΙ and βΙ spectrin 
respectively, only βΙ spectrin is expressed in the brain.

FIGURE 6

βΙΣ2 spectrin is not expressed before PD 6–8. (A) Time-course of 
protein appearance in developing postnatal WT mice, analyzed by 
Western blot. Each data point is a single animal. Blots were analyzed 
for βΙ spectrin with both VD4 and C-term antibodies. The size (kDa) 
of the protein bands are indicated. Note the significant rise in βΙΣ2 
spectrin after p8 although a very faint band at 270  kDa can 
be detected in both the VD4 and C-term antibody blots at PD5. As 
βΙΣ2 expression grows, there is a precipitous and persistent drop in 
the levels of NCAM, along with switch to the 140  kDa isoform. 
(B) Quantitation of the postnatal changes in spectrin protein levels, 
measured as fold-change from levels at p1 after normalization to the 
actin control. (C) qRT-PCR measurement of βΙΣ1 vs. βΙΣ2 transcripts 
at postnatal day 0 (p0) and postnatal day 60 (p60). Quadruplicate 
measurements were performed on three animals at each age.
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In the present study, four findings are significant:

 i) βΙ spectrin is more widely distributed throughout the brain than 
previously appreciated. While confirming the high abundance of 
this transcript and protein in the CA1,3 and dentate gyrus of the 
hippocampus and the granule layer of the cerebellum, it is 
apparent that many other nuclei and regions of the mouse brain 
utilize this spectrin. These include the medial habenula, ventral 
thalamus, cortical layer 2, red nucleus, and other areas. As with 
βΙΙΙ spectrin, βΙ spectrin is predominately confined to a somato-
dendritic pattern, concentrating in dendritic spines and 
postsynaptic structures. There appears to be no overlap of βΙ vs. 
βΙΙΙ spectrin localization in any of the brain areas examined 
(Stankewich et  al., 2010). Thus, all brain synapses can 
be categorized as either βΙ enriched or βΙΙΙ enriched; we believe 
it unlikely that both spectrins will be found co-localized in the 
same dendritic spine or synapse.

 ii) The loss of βΙ spectrin does not inhibit synapse formation, but 
does diminish synaptic size, suggesting an impairment of 
synaptic maturation or organization.

 iii) There is coincident reduction in the βΙ spectrin binding 
proteins NCAM and ankyrinR in the ja/ja mouse brain in the 
regions where βΙ spectrin is most utilized. There may also be a 
corresponding reduction in αΙΙ spectrin in these regions, 
although more data will be needed to confirm this observation. 
Ankyrin classically tethers spectrin to membrane channels, 
transporters, and receptors. This suggests that as with βΙΙΙ 
spectrin deletion (Stankewich et al., 2010), there will be specific 
deficits in the receptor or transporter composition of the βΙ 
spectrin-deficient synapses. It is interesting that while the loss 
of βΙ spectrin reduces ankyrinR in granule cells, the reverse is 
also true. Selective deletion of ankyrinR from granule cells 
reduces their βΙ spectrin (Peters et al., 1991). Similarly, NCAM 
anchors the presynaptic bouton to the postsynaptic density, 
and has been implicated in the formation and maintenance of 
PSDs (Korshunova et al., 2007). NCAM interacts directly with 
βΙ spectrin’s first structural repeat units (Leshchyns'ka et al., 
2003). NCAM null mice have reduced synaptic associated βΙ 
spectrin, and phenocopy ja/ja mice in that their postsynaptic 
densities are also reduced in size by 20–30% (Sytnyk et al., 
2006). The changes in NCAM and ankyrinR that accompany 
the loss of βΙ spectrin likely contribute to the diminished size 
and presumed instability of the ja/ja synapse.

 iv) βΙΣ2 spectrin expression does not begin in the brain until after 
postnatal day 5, at which time it rapidly rises by over 40-fold to 
stabilize at adult levels by 30–90 postnatal days. While low levels 
of βΙΣ1 can be  detected in the brain during embryonic 
development and in the postnatal period, contamination from 
circulating reticulocytes and red cells cannot be excluded as the 
source of these signals. Conversely, a low level of βΙΣ1 spectrin 
may continue to be utilized in the mature brain, e.g., possibly in 
the soma of PC’s that stain with the VD4 antibody, but are not 
consistently stained with either the βΙΣ2 specific antibody used in 
an earlier immunoEM study of rat brain (Malchiodi-Albedi et al., 
1993) or with the C-term antibody used here. In this regard, it is 
interesting that the Allen Brain Atlas detects a very low level of 
βΙΣ1 message by in situ hybridization, and this signal is confined 
largely to a region encompassing the cerebellar PC layer (https://

mouse.brain-map.org/experiment/show/73424302). Regardless, 
βΙ spectrin’s dominant role in the brain, similar to that for βΙΙΙ 
spectrin, appears to be limited to synaptic function rather than 
supporting larger scale morphologic development as do the αΙΙ 
and βΙΙ spectrins (Tang et al., 2003; Stankewich et al., 2011). The 
late postnatal appearance of the βΙΣ2 transcript in the brain 
presumably accounts for the lack of a detectable developmental 
phenotype in the ja/ja mouse.

The small increase in βΙV spectrin observed in the ja/ja brain is 
intriguing. We find no evidence that other β spectrins compensate for 
the loss of βΙ in dendrites or synapses, and the distribution of βIV is 
unchanged in the cerebellar granule layer. Yet, in other studies it has 
been observed that the loss of βΙV spectrin leads to an increase in βΙ 
spectrin, which appears to substitute for absent βΙV spectrin at the 
nodes of Ranvier (Liu et al., 2020a). That there is a reciprocal increase 
in βΙV spectrin accompanying the loss of βΙ spectrin suggests that βΙ 
spectrin-rich structures may exist natively for which βΙV spectrin can 
readily substitute. These putative structures, if they exist, are unlikely 
to be related to dendrite or synapse function, since βΙV spectrin does 
not appear there. The most likely candidate for such a structure would 
of course be  the initial axon segments or nodes of a here-to-fore 
unidentified subset of neurons that utilize βΙ spectrin in lieu of βΙV 
spectrin. Given the broad distribution of βΙ spectrin throughout the 
brain (Figure 1), there are many candidates to consider. Alternatively, 
perhaps βΙ and βΙV spectrin both participate in other functions 
unrelated to their membrane structural roles. Possibilities would 
include their role in organizing intracellular compartments, 
organizing lipids, or modulating endocytosis or vesicular trafficking 
(Muresan et al., 2001; Stabach et al., 2008; Papal et al., 2013; Tseng 
et al., 2015).

A final question relates to whether βΙΣ2 spectrin is intimately 
involved with the core components at the PSD. In cultured cells, it 
appears in spines. However, the situation may be more nuanced in 
vivo. ImmunoEM demonstrates a close spatial association of βΙ 
spectrin with the PSD in rat brain (Malchiodi-Albedi et al., 1993). 
That study does not show staining in the PC soma, but as noted above, 
it is possible that the PC soma utilizes βΙΣ1 spectrin. Otherwise, the 
pattern of staining observed by that immunoEM study reflects the 
staining observed with VD4 and with the C-term antibody used here, 
all of which disappears in the ja/ja mouse. It thus seems unlikely that 
the βΙΣ2 specific antibody utilized in that immunoEM study was 
detecting a non-spectrin protein at the PSD.

5 Limitations

Transfusion of the ja/ja mouse has allowed identification of a 
neurological phenotype. An important caveat in these studies is the 
uncertain role of a premature and persistent anemia. The lifespan of 
these mice may also be  insufficient to allow manifestation of all 
neurological or neurodegenerative consequences that follow βΙ 
spectrin deletion. These mice do not reach 1 year of age. By 
comparison, in the normoblastosis (nb/nb) mouse (ankyrinR 
deficient) maintained on the same hybrid genetic background as the 
ja/ja mice, Purkinje cell degeneration does not occur until 1 year of 
age (Peters et al., 1991). The appearance of a few degenerating Purkinje 
cells (Figure  3) hints that a similar outcome may befall older βΙ 
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deficient animals, but that question cannot be definitively answered in 
the present study. Moreover, because transfused animals are still 
compromised by their anemia, studies to evaluate behaviors such as 
coordination, general activity, and learning are not feasible. However, 
we expect that functional defects in motor and cognitive function will 
manifest in older βΙ spectrin deficient animals.

6 Conclusion

We conclude that βΙΣ2 spectrin plays and important role in 
guiding dendritic spine and synapse maturation and presumably plays 
a role, acting through ankyrin and NCAM, in synapse function. Its 
loss results in reduced synapse size and reduction in two and possibly 
three constitutive spectrin-binding proteins associated with the 
dendritic spine and synapse (ankyrinR, NCAM, and possibly αΙΙ 
spectrin). Paradoxically, the loss of βΙ spectrin is accompanied by an 
increase in βΙV spectrin. In future studies utilizing the genetically 
engineered mouse models developed in our laboratory it will 
be important to determine the long-term consequences of global βΙ 
spectrin loss on behavioral, cognitive, and neurological function.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by Jackson Laboratories Animal 
Use Committee. The study was conducted in accordance with the local 
legislation and institutional requirements.

Author contributions

MS: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Writing – original draft, Writing – review 

& editing. LP: Investigation, Methodology, Writing – original draft, 
Conceptualization, Data curation, Funding acquisition, Project 
administration, Supervision, Writing – review & editing. JM: 
Conceptualization, Data curation, Formal analysis, Funding 
acquisition, Resources, Writing – original draft, Writing – review & 
editing, Project administration.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This work was 
supported by NIH grants HL-28560 (JM) and HL-088468 (LP).

Acknowledgments

This work is dedicated to Connie S. Birkenmeier and Dr. Jane 
E. Barker, outstanding scientists, wonderful colleagues, and dear 
friends who have sadly left us. Their invaluable intellectual and 
technical contributions were instrumental to the successful 
completion of this and many other studies. They are missed. We also 
thank Lan Ji and Tom Ardito for their technical assistance.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

References
Allen Institute for Brain Science (2004). Allen Mouse Brain Atlas [dataset] [Online]. 

Available at: http://atlas.brain-map.org.

Amin, K. M., Scarpa, A., Winkelmann, J. C., Curtis, P. J., and Forget, B. G. (1993). The 
exon-intron organization of the human erythroid beta-spectrin gene. Genomics 18, 
118–125. doi: 10.1006/geno.1993.1434

Baines, A. J., Keating, L., Phillips, G. W., and Scott, C. (2001). The postsynaptic 
spectrin/4.1 membrane protein "accumulation machine". Cell. Mol. Biol. Lett. 6, 691–
702

Barker, J. E., Deveau, S., and Wandersee, N. J. (2000). Amelioration of severe 
hereditary spherocytosis in nonablated adult mice by marrow transplantation. Exp. 
Hematol. 28, 985–992. doi: 10.1016/S0301-472X(00)00491-4

Berghs, S., Aggujaro, D., Dirkx, R. Jr., Maksimova, E., Stabach, P., Hermel, J. M., et al. 
(2000). betaIV spectrin, a new spectrin localized at axon initial segments and nodes of 
ranvier in the central and peripheral nervous system. J. Cell Biol. 151, 985–1002. doi: 
10.1083/jcb.151.5.985

Bernstein, S. E., and Russell, E. S. (1959). Implantation of normal bloodforming tissue 
in genetically anemic mice, without x-irradiation of host. Proc. Soc. Exp. Biol. Med. 101, 
769–773. doi: 10.3181/00379727-101-25089

Bloom, M. L., Kaysser, T. M., Birkenmeier, C. S., and Barker, J. E. (1994). The murine 
mutation jaundiced is caused by replacement of an arginine with a stop codon in the 
mRNA encoding the ninth repeat of beta-spectrin. Proc. Natl. Acad. Sci. USA 91, 
10099–10103. doi: 10.1073/pnas.91.21.10099

Bodine, D. M. 4th, Birkenmeier, C. S., and Barker, J. E. (1984). Spectrin deficient 
inherited hemolytic anemias in the mouse: characterization by spectrin synthesis and 
mRNA activity in reticulocytes. Cell 37, 721–729. doi: 10.1016/0092-8674(84)90408-2

Cianci, C. D., Giorgi, M., and Morrow, J. S. (1988). Phosphorylation of ankyrin down-
regulates its cooperative interaction with spectrin and protein 3. J. Cell. Biochem. 37, 
301–315. doi: 10.1002/jcb.240370305

Cousin, M. A., Creighton, B. A., Breau, K. A., Spillmann, R. C., Torti, E., Dontu, S., 
et al. (2021). Pathogenic SPTBN1 variants cause an autosomal dominant 
neurodevelopmental syndrome. Nat. Genet. 53, 1006–1021. doi: 10.1038/
s41588-021-00886-z

De Matteis, M. A., and Morrow, J. S. (2000). Spectrin tethers and mesh in the 
biosynthetic pathway. J. Cell Sci. 113, 2331–2343. doi: 10.1242/jcs.113.13.2331

Efimova, N., Korobova, F., Stankewich, M. C., Moberly, A. H., Stolz, D. B., Wang, J., 
et al. (2017). βIII Spectrin is necessary for formation of the constricted neck of dendritic 

https://doi.org/10.3389/fnins.2024.1415115
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
http://atlas.brain-map.org
https://doi.org/10.1006/geno.1993.1434
https://doi.org/10.1016/S0301-472X(00)00491-4
https://doi.org/10.1083/jcb.151.5.985
https://doi.org/10.3181/00379727-101-25089
https://doi.org/10.1073/pnas.91.21.10099
https://doi.org/10.1016/0092-8674(84)90408-2
https://doi.org/10.1002/jcb.240370305
https://doi.org/10.1038/s41588-021-00886-z
https://doi.org/10.1038/s41588-021-00886-z
https://doi.org/10.1242/jcs.113.13.2331


Stankewich et al. 10.3389/fnins.2024.1415115

Frontiers in Neuroscience 14 frontiersin.org

spines and regulation of synaptic activity in neurons. J. Neurosci. 37, 6442–6459. doi: 
10.1523/jneurosci.3520-16.2017

Gallagher, P. G. (2004). Update on the clinical spectrum and genetics of red blood cell 
membrane disorders. Curr. Hematol. Rep. 3, 85–91

Gao, Y., Perkins, E. M., Clarkson, Y. L., Tobia, S., Lyndon, A. R., Jackson, M., et al. 
(2011). beta-III spectrin is critical for development of purkinje cell dendritic tree and 
spine morphogenesis. J. Neurosci. 31, 16581–16590. doi: 10.1523/
JNEUROSCI.3332-11.2011

Ho, T. S., Zollinger, D. R., Chang, K. J., Xu, M., Cooper, E. C., Stankewich, M. C., et al. 
(2014). A hierarchy of ankyrin-spectrin complexes clusters sodium channels at nodes 
of Ranvier. Nat. Neurosci. 17, 1664–1672. doi: 10.1038/nn.3859

Ikeda, Y., Dick, K. A., Weatherspoon, M. R., Gincel, D., Armbrust, K. R., Dalton, J. C., 
et al. (2006). Spectrin mutations cause spinocerebellar ataxia type 5. Nat. Genet. 38, 
184–190. doi: 10.1038/ng1728

Kaysser, T. M., Wandersee, N. J., Bronson, R. T., and Barker, J. E. (1997). Thrombosis 
and secondary hemochromatosis play major roles in the pathogenesis of jaundiced and 
spherocytic mice, murine models for hereditary spherocytosis. Blood 90, 4610–4619. 
doi: 10.1182/blood.V90.11.4610

Korshunova, I., Novitskaya, V., Kiryushko, D., Pedersen, N., Kolkova, K., 
Kropotova, E., et al. (2007). GAP-43 regulates NCAM-180-mediated neurite outgrowth. 
J. Neurochem. 100, 1599–1612. doi: 10.1111/j.1471-4159.2006.04316.x

Lambert, S., and Bennett, V. (1993). Postmitotic expression of ankyrinR and beta 
R-spectrin in discrete neuronal populations of the rat brain. J. Neurosci. 13, 3725–3735. 
doi: 10.1523/JNEUROSCI.13-09-03725.1993

Lein, E. S., Hawrylycz, M. J., Ao, N., Ayres, M., Bensinger, A., Bernard, A., et al. (2007). 
Genome-wide atlas of gene expression in the adult mouse brain. Nature 445, 168–176. 
doi: 10.1038/nature05453

Lemmon, M. A. (2008). Membrane recognition by phospholipid-binding domains. 
Nat. Rev. Mol. Cell Biol. 9, 99–111. doi: 10.1038/nrm2328

Leshchyns'ka, I., Sytnyk, V., Morrow, J. S., and Schachner, M. (2003). Neural cell 
adhesion molecule (NCAM) association with PKC{beta}2 via {beta}I spectrin is 
implicated in NCAM-mediated neurite outgrowth. J. Cell Biol. 161, 625–639. doi: 
10.1083/jcb.200303020

Lise, S., Clarkson, Y., Perkins, E., Kwasniewska, A., Sadighi Akha, E., 
Schnekenberg, R. P., et al. (2012). Recessive mutations in SPTBN2 implicate beta-III 
spectrin in both cognitive and motor development. PLoS Genet. 8:e1003074. doi: 
10.1371/journal.pgen.1003074

Liu, C. H., Seo, R., Ho, T. S., Stankewich, M., Mohler, P. J., Hund, T. J., et al. (2020a). 
β spectrin-dependent and domain specific mechanisms for Na(+) channel clustering. 
eLife 9:e56629. doi: 10.7554/eLife.56629

Liu, C. H., Stevens, S. R., Teliska, L. H., Stankewich, M., Mohler, P. J., Hund, T. J., et al. 
(2020b). Nodal β spectrins are required to maintain Na(+) channel clustering and axon 
integrity. eLife 9:e52378. doi: 10.7554/eLife.52378

Lorenzo, D. N., Edwards, R. J., and Slavutsky, A. L. (2023). Spectrins: molecular 
organizers and targets of neurological disorders. Nat. Rev. Neurosci. 24, 195–212. doi: 
10.1038/s41583-022-00674-6

Lux, S. E., Pease, B., Tomaselli, M. B., John, K. M., and Bernstein, S. E. (1979). 
Hemolytic anemias associated with deficient or dysfunctional spectrin. Prog. Clin. Biol. 
Res. 30, 463–469.

Machnicka, B., Czogalla, A., Hryniewicz-Jankowska, A., Bogusławska, D. M., 
Grochowalska, R., Heger, E., et al. (2014). Spectrins: a structural platform for 
stabilization and activation of membrane channels, receptors and transporters. Biochim. 
Biophys. Acta 1838, 620–634. doi: 10.1016/j.bbamem.2013.05.002

Malchiodi-Albedi, F., Ceccarini, M., Winkelmann, J. C., Morrow, J. S., and 
Petrucci, T. C. (1993). The 270 kDa splice variant of erythrocyte b-spectrin (bIS2) 
segregates in vivo and in vitro to specific domains of cerebellar neurons. J. Cell Sci. 106, 
67–78. doi: 10.1242/jcs.106.1.67

Matus, A., Brinkhaus, H., and Wagner, U. (2000). Actin dynamics in dendritic spines: 
a form of regulated plasticity at excitatory synapses. Hippocampus 10, 555–560. doi: 
10.1002/1098-1063(2000)10:5<555::aid-hipo5>3.0.co;2-z

Miazek, A., Zalas, M., Skrzymowska, J., Bogin, B. A., Grzymajło, K., Goszczynski, T. M., 
et al. (2021). Age-dependent ataxia and neurodegeneration caused by an αII spectrin 
mutation with impaired regulation of its calpain sensitivity. Sci. Rep. 11:7312. doi: 
10.1038/s41598-021-86470-1

Morrow, J. S., and Stankewich, M. C. (2021). The spread of Spectrin in Ataxia and 
neurodegenerative disease. J. Exp. Neurol. 2, 131–139

Morsy, H., Benkirane, M., Cali, E., Rocca, C., Zhelcheska, K., Cipriani, V., et al. (2023). 
Expanding SPTAN1 monoallelic variant associated disorders: from epileptic 
encephalopathy to pure spastic paraplegia and ataxia. Genet. Med. 25, 76–89. doi: 
10.1016/j.gim.2022.09.013

Muresan, V., Stankewich, M. C., Steffen, W., Morrow, J. S., Holzbaur, E. L., and 
Schnapp, B. J. (2001). Dynactin-dependent, dynein-driven vesicle transport in the 
absence of membrane proteins: a role for spectrin and acidic phospholipids. Mol. Cell 7, 
173–183. doi: 10.1016/S1097-2765(01)00165-4

Nestor, M. W., Cai, X., Stone, M. R., Bloch, R. J., and Thompson, S. M. (2011). The 
actin binding domain of βI-spectrin regulates the morphological and functional 
dynamics of dendritic spines. PLoS One 6:e16197. doi: 10.1371/journal.pone.0016197

Papal, S., Cortese, M., Legendre, K., Sorusch, N., Dragavon, J., Sahly, I., et al. (2013). 
The giant spectrin βV couples the molecular motors to phototransduction and usher 
syndrome type I proteins along their trafficking route. Hum. Mol. Genet. 22, 3773–3788. 
doi: 10.1093/hmg/ddt228

Peters, L. L., Birkenmeier, C. S., Bronson, R. T., White, R. A., Lux, S. E., Otto, E., et al. 
(1991). Purkinje cell degeneration associated with erythroid ankyrin deficiency in nb/
nb mice. J. Cell Biol. 114, 1233–1241. doi: 10.1083/jcb.114.6.1233

Phillips, G. R., Huang, J. K., Wang, Y., Tanaka, H., Shapiro, L., Zhang, W., et al. (2001). 
The presynaptic particle web: ultrastructure, composition, dissolution, and 
reconstitution. Neuron 32, 63–77. doi: 10.1016/S0896-6273(01)00450-0

Riederer, B. M., Zagon, I. S., and Goodman, S. R. (1986). Brain spectrin (240/235) and 
brain spectrin (240/235E): two distinct spectrin subtypes with different locations within 
mammalian neural cells. J. Cell Biol. 102, 2088–2097. doi: 10.1083/jcb.102.6.2088

Sidenstein, S. C., D'Este, E., Böhm, M. J., Danzl, J. G., Belov, V. N., and Hell, S. W. 
(2016). Multicolour multilevel STED nanoscopy of actin/Spectrin Organization at 
Synapses. Sci. Rep. 6:26725. doi: 10.1038/srep26725

Stabach, P. R., Devarajan, P., Stankewich, M. C., Bannykh, S., and Morrow, J. S. (2008). 
Ankyrin facilitates intracellular trafficking of alpha1-Na+-K+-ATPase in polarized cells. 
Am. J. Physiol. Cell Physiol. 295, C1202–C1214. doi: 10.1152/ajpcell.00273.2008

Stabach, P. R., and Morrow, J. S. (2000). Identification and characterization of bV 
Spectrin, a mammalian ortholog of Drosophila beta H spectrin. J. Biol. Chem. 275, 
21385–21395. doi: 10.1074/jbc.C000159200

Stabach, P. R., Simonovic, I., Ranieri, M. A., Aboodi, M. S., Steitz, T. A., Simonovic, M., 
et al. (2009). The structure of the ankyrin-binding site of beta-spectrin reveals how 
tandem spectrin-repeats generate unique ligand-binding properties. Blood 113, 
5377–5384. doi: 10.1182/blood-2008-10-184291

Stankewich, M. C., Bai, J. P., Stabach, P. R., Khan, S., Tan, W. J. T., Surguchev, A., et al. 
(2022). Outer hair cell function is normal in βV spectrin knockout mice. Hear. Res. 
423:108564. doi: 10.1016/j.heares.2022.108564

Stankewich, M. C., Cianci, C. D., Stabach, P. R., Ji, L., Nath, A., and Morrow, J. S. 
(2011). Cell organization, growth, and neural and cardiac development require alphaII-
spectrin. J. Cell Sci. 124, 3956–3966. doi: 10.1242/jcs.080374

Stankewich, M. C., Gwynn, B., Ardito, T., Ji, L., Kim, J., Robledo, R. F., et al. (2010). 
Targeted deletion of betaIII spectrin impairs synaptogenesis and generates ataxic and seizure 
phenotypes. Proc. Natl. Acad. Sci. USA 107, 6022–6027. doi: 10.1073/pnas.1001522107

Stankewich, M. C., Stabach, P. R., and Morrow, J. S. (2006). Human Sec31B: a family 
of new mammalian orthologues of yeast Sec31p that associate with the COPII coat. J. 
Cell Sci. 119, 958–969. doi: 10.1242/jcs.02751

Stankewich, M. C., Tse, W. T., Peters, L. L., Ch'ng, Y., John, K. M., Stabach, P. R., et al. 
(1998). A widely expressed betaIII spectrin associated with Golgi and cytoplasmic 
vesicles. Proc. Natl. Acad. Sci. USA 95, 14158–14163. doi: 10.1073/pnas.95.24.14158

Stevens, S. R., Longley, C. M., Ogawa, Y., Teliska, L. H., Arumanayagam, A. S., Nair, S., 
et al. (2021). Ankyrin-R regulates fast-spiking interneuron excitability through 
perineuronal nets and Kv3.1b K(+) channels. eLife 10:e66491. doi: 10.7554/eLife.66491

Stevens, S. R., and Rasband, M. N. (2021). Ankyrins and neurological disease. Curr. 
Opin. Neurobiol. 69, 51–57. doi: 10.1016/j.conb.2021.01.002

Sytnyk, V., Leshchyns'ka, I., Nikonenko, A. G., and Schachner, M. (2006). NCAM 
promotes assembly and activity-dependent remodeling of the postsynaptic signaling 
complex. J. Cell Biol. 174, 1071–1085. doi: 10.1083/jcb.200604145

Tandon, A., Bannykh, S., Kowalchyk, J. A., Banerjee, A., Martin, T. F., and Balch, W. E. 
(1998). Differential regulation of exocytosis by calcium and CAPS in semi-intact 
synaptosomes. Neuron 21, 147–154. doi: 10.1016/s0896-6273(00)80522-x

Tang, Y., Katuri, V., Dillner, A., Mishra, B., Deng, C. X., and Mishra, L. (2003). 
Disruption of transforming growth factor-beta signaling in ELF beta-spectrin-deficient 
mice. Science 299, 574–577. doi: 10.1126/science.1075994

Tseng, W. C., Jenkins, P. M., Tanaka, M., Mooney, R., and Bennett, V. (2015). Giant 
ankyrin-G stabilizes somatodendritic GABAergic synapses through opposing 
endocytosis of GABAA receptors. Proc. Natl. Acad. Sci. USA 112, 1214–1219. doi: 
10.1073/pnas.1417989112

Van de Vondel, L., De Winter, J., Beijer, D., Coarelli, G., Wayand, M., Palvadeau, R., 
et al. (2022). De novo and dominantly inherited SPTAN1 mutations cause spastic 
paraplegia and cerebellar Ataxia. Mov. Disord. 37, 1175–1186. doi: 10.1002/
mds.28959

Weed, S. A., Stabach, P. R., Oyer, C. E., Gallagher, P. G., and Morrow, J. S. (1996). The 
lethal hemolytic mutation in bIS2 Spectrin Providence yields a null phenotype in 
neonatal skeletal muscle. Lab. Investig. 74, 1117–1129

Wilcox, K. S., Buchhalter, J., and Dichter, M. A. (1994). Properties of inhibitory and 
excitatory synapses between hippocampal neurons in very low density cultures. Synapse 
18, 128–151. doi: 10.1002/syn.890180206

Winkelmann, J. C., Costa, F. F., Linzie, B. L., and Forget, B. G. (1990). Beta spectrin in 
human skeletal muscle. Tissue-specific differential processing of 3′ beta spectrin pre-

https://doi.org/10.3389/fnins.2024.1415115
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1523/jneurosci.3520-16.2017
https://doi.org/10.1523/JNEUROSCI.3332-11.2011
https://doi.org/10.1523/JNEUROSCI.3332-11.2011
https://doi.org/10.1038/nn.3859
https://doi.org/10.1038/ng1728
https://doi.org/10.1182/blood.V90.11.4610
https://doi.org/10.1111/j.1471-4159.2006.04316.x
https://doi.org/10.1523/JNEUROSCI.13-09-03725.1993
https://doi.org/10.1038/nature05453
https://doi.org/10.1038/nrm2328
https://doi.org/10.1083/jcb.200303020
https://doi.org/10.1371/journal.pgen.1003074
https://doi.org/10.7554/eLife.56629
https://doi.org/10.7554/eLife.52378
https://doi.org/10.1038/s41583-022-00674-6
https://doi.org/10.1016/j.bbamem.2013.05.002
https://doi.org/10.1242/jcs.106.1.67
https://doi.org/10.1002/1098-1063(2000)10:5<555::aid-hipo5>3.0.co;2-z
https://doi.org/10.1038/s41598-021-86470-1
https://doi.org/10.1016/j.gim.2022.09.013
https://doi.org/10.1016/S1097-2765(01)00165-4
https://doi.org/10.1371/journal.pone.0016197
https://doi.org/10.1093/hmg/ddt228
https://doi.org/10.1083/jcb.114.6.1233
https://doi.org/10.1016/S0896-6273(01)00450-0
https://doi.org/10.1083/jcb.102.6.2088
https://doi.org/10.1038/srep26725
https://doi.org/10.1152/ajpcell.00273.2008
https://doi.org/10.1074/jbc.C000159200
https://doi.org/10.1182/blood-2008-10-184291
https://doi.org/10.1016/j.heares.2022.108564
https://doi.org/10.1242/jcs.080374
https://doi.org/10.1073/pnas.1001522107
https://doi.org/10.1242/jcs.02751
https://doi.org/10.1073/pnas.95.24.14158
https://doi.org/10.7554/eLife.66491
https://doi.org/10.1016/j.conb.2021.01.002
https://doi.org/10.1083/jcb.200604145
https://doi.org/10.1016/s0896-6273(00)80522-x
https://doi.org/10.1126/science.1075994
https://doi.org/10.1073/pnas.1417989112
https://doi.org/10.1002/mds.28959
https://doi.org/10.1002/mds.28959
https://doi.org/10.1002/syn.890180206


Stankewich et al. 10.3389/fnins.2024.1415115

Frontiers in Neuroscience 15 frontiersin.org

mRNA generates a beta spectrin isoform with a unique carboxyl terminus. J. Biol. Chem. 
265, 20449–20454. doi: 10.1016/S0021-9258(17)30525-2

Yıldız Bölükbaşı, E., Afzal, M., Mumtaz, S., Ahmad, N., Malik, S., and Tolun, A. 
(2017). Progressive SCAR14 with unclear speech, developmental delay, tremor, and 
behavioral problems caused by a homozygous deletion of the SPTBN2 pleckstrin 
homology domain. Am. J. Med. Genet. A 173, 2494–2499. doi: 10.1002/ajmg.a.38332

Yoshimura, T., Stevens, S. R., Leterrier, C., Stankewich, M. C., and Rasband, M. N. (2016). 
Developmental changes in expression of βIV Spectrin splice variants at axon initial 
segments and nodes of Ranvier. Front. Cell. Neurosci. 10:304. doi: 10.3389/fncel.2016.00304

Yurchenco, P. D., Speicher, D. W., Morrow, J. S., Knowles, W. J., and Marchesi, V. T. 
(1982). Monoclonal antibodies as probes of domain structure of the spectrin alpha 
subunit. J. Biol. Chem. 257, 9102–9107. doi: 10.1016/S0021-9258(18)34248-0

Zagon, I. S., Higbee, R., Riederer, B. M., and Goodman, S. R. (1986). Spectrin subtypes 
in mammalian brain: an immunoelectron microscopic study. J. Neurosci. 6, 2977–2986. 
doi: 10.1523/JNEUROSCI.06-10-02977.1986

Zhang, Z., Weed, S. A., Gallagher, P. G., and Morrow, J. S. (2001). Dynamic molecular 
modeling of pathogenic mutations in the spectrin self-association domain. Blood 98, 
1645–1653. doi: 10.1182/blood.V98.6.1645

Zhou, R., Han, B., Nowak, R., Lu, Y., Heller, E., Xia, C., et al. (2022). Proteomic and 
functional analyses of the periodic membrane skeleton in neurons. Nat. Commun. 
13:3196. doi: 10.1038/s41467-022-30720-x

Zimmer, W. E., Ma, Y., Zagon, I. S., and Goodman, S. R. (1992). Developmental 
expression of brain b-specrin isoform messenger RNAs. Brain Res. 594, 75–83. doi: 
10.1016/0006-8993(92)91030-I

https://doi.org/10.3389/fnins.2024.1415115
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/S0021-9258(17)30525-2
https://doi.org/10.1002/ajmg.a.38332
https://doi.org/10.3389/fncel.2016.00304
https://doi.org/10.1016/S0021-9258(18)34248-0
https://doi.org/10.1523/JNEUROSCI.06-10-02977.1986
https://doi.org/10.1182/blood.V98.6.1645
https://doi.org/10.1038/s41467-022-30720-x
https://doi.org/10.1016/0006-8993(92)91030-I

	The loss of βΙ spectrin alters synaptic size and composition in the ja/ja mouse
	1 Introduction
	2 Methods
	2.1 Mice
	2.2 Animal husbandry
	2.3 Hematologic parameters
	2.4 Transfusion protocols
	2.5 Tissue procurement
	2.6 Neuronal cell culture
	2.7 Protein expression levels
	2.8 Immunolabeling
	2.9 Electron microscopy
	2.10 Ultrastructure analysis of PSD size
	2.11 PSD preparation
	2.12 mRNA analysis

	3 Results
	3.1 βΙ spectrin expression is widespread in the mouse brain
	3.2 βΙΣ2 spectrin co-localizes with postsynaptic PSD95 in culture
	3.3 The ja/ja mouse lacks βΙ spectrin but develops normally
	3.4 Cerebellar granule cell synapses are altered in ja/ja mouse brains
	3.5 AnkyrinR, NCAM, and βIV spectrin levels are altered in ja/ja brains
	3.6 βΙΣ2 expression begins after postnatal day five

	4 Discussion
	5 Limitations
	6 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

