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Cellular/Molecular

Reorganization of Destabilized Nodes of Ranvier in BIV
Spectrin Mutants Uncovers Critical Timelines for Nodal
Restoration and Prevention of Motor Paresis

Julia Saifetiarova,' Qian Shi,' Martin Paukert,' Masayuki Komada,> and ““Manzoor A. Bhat!
Department of Cellular and Integrative Physiology, Center for Biomedical Neuroscience, Long School of Medicine, University of Texas Health Science
Center, San Antonio, Texas 78229-3900 and 2Department of Biological Sciences, Tokyo Institute of Technology, Yokohama, 226-8501 Japan

Disorganization of nodes of Ranvier is associated with motor and sensory dysfunctions. Mechanisms that allow nodal recovery during
pathological processes remain poorly understood. A highly enriched nodal cytoskeletal protein SIV spectrin anchors and stabilizes the
nodal complex to actin cytoskeleton. Loss of murine BIV spectrin allows the initial nodal organization, but causes gradual nodal desta-
bilization. Mutations in human IV spectrin cause auditory neuropathy and impairment in motor coordination. Similar phenotypes are
caused by nodal disruption due to demyelination. Here we report on the precise timelines of nodal disorganization and reorganization
by following disassembly and reassembly of key nodal proteins in BIV spectrin mice of both sexes before and after BIV spectrin
re-expression at specifically chosen developmental time points. We show that the timeline of nodal restoration has different outcomes in
the PNS and CNS with respect to nodal reassembly and functional restoration. In the PNS, restoration of nodes occurs within 1 month
regardless of the time of BIV spectrin re-expression. In contrast, the CNS nodal reorganization and functional restoration occurs within
a critical time window; after that, nodal reorganization diminishes, leading to less efficient motor recovery. We demonstrate that timely
restoration of nodes can improve both the functional properties and the ultrastructure of myelinated fibers affected by long-term nodal
disorganization. Our studies, which indicate a critical timeline for nodal restoration together with overall motor performance and
prolonged life span, further support the idea that nodal restoration is more beneficial if initiated before any axonal damage, which is
critically relevant to demyelinating disorders.

Key words: axonal health; motor coordination; myelination; nerve conduction; nodal restoration; nodes of Ranvier

(s )

Nodes of Ranvier are integral to efficient and rapid signal transmission along myelinated fibers. Various demyelinating disorders
are characterized by destabilization of the nodal molecular complex, accompanied by severe reduction in nerve conduction and
the onset of motor and sensory dysfunctions. This study is the first to report in vivo reassembly of destabilized nodes with
sequential improvement in overall motor performance. Our study reveals that nodal restoration is achievable before any axonal
damage, and that long-term nodal destabilization causes irreversible axonal structural changes that prevent functional restora-
tion. Our studies provide significant insights into timely restoration of nodal domains as a potential therapeutic approach in
treatment of demyelinating disorders. j

ignificance Statement

Introduction
Nodes of Ranvier are the myelin-free regions that are indis-
pensable for fast action potential propagation along myelin-
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gated sodium (Nay) channels, and axonal cytoskeletal scaffolding
proteins ankyrin G (AnkG) and BIV spectrin (Kordeli et al., 1995;
Davis et al., 1996; Lambert et al., 1997; Jenkins and Bennett, 2001,
2002; Dzhashiashvili et al., 2007; Feinberg et al., 2010; Zhang et
al., 2012; Nelson and Jenkins, 2017). While many studies have
provided valuable insights into the mechanisms regulating nodal
clustering and long-term stability (Buttermore et al., 2013; Su-
suki et al., 2013; Saifetiarova et al., 2017a; Taylor et al., 2017), the
question of whether nodes disorganized due to loss of key nodal
proteins or under pathological circumstances can be reorganized
and their functions restored remains unknown. It has been well
documented that under pathological conditions, such as central
and peripheral demyelinating disorders, molecular interactions
within the nodal complex are highly compromised, leading to
redistribution of the core nodal proteins along the damaged
axons (Craner et al., 2004). As a result of such perturbations,
patients with disintegrated nodes acquire motor, cognitive, and
sensory dysfunctions (Frohman et al., 2006; Waxman, 20063
Huang et al., 2017). In addition, considering chronic progressive
development of demyelinating disorders and possibility of key
irreversible changes in the nervous system after a certain time
point, it is important to determine and identify critical time win-
dows in which restoration of the nodes is achievable.

BIV spectrin is a cytoskeletal scaffolding protein that anchors
the nodal molecular complex to the actin cytoskeleton through
its interaction with AnkG (Jenkins and Bennett, 2002; Lacas-
Gervais et al., 2004). BIV Spectrin mutants show progressive
destabilization of the nodes, which is accompanied by chronic
motor dysfunctions (Komada and Soriano, 2002). Mutations in
the human BIV spectrin (SPTBN4) locus are associated with con-
genital myopathy, neuropathy, and central deafness, further un-
derscoring the vital functions of BIV spectrin (Knierim et al.,
2017).

The BIV spectrin mutants were created by insertion of ROSABgeo*
(referred to here as 3geo) flanked by LoxP sequences, which could
be removed by Cre-mediated recombination (Komada and So-
riano, 2002). This unique genetic situation provided us with an
exciting experimental opportunity to restore BIV spectrin expres-
sion. Using these animals, we were able to study the time course
of nodal destabilization and appearance of motor symptoms. In
the current study we addressed the following questions: (1) Can
nodes of Ranvier be restored in myelinated axons? If yes, what is
the timeline of this restoration? (2) Would it be possible to obtain
full functional recovery of the phenotypes resulting from desta-
bilized nodes of Ranvier? and (3) Is there a critical time window
for the best rescue outcome and beyond which rescue is not effi-
cient or achievable?

Here we report that upon Cre-mediated recombination IV
spectrin is re-expressed in BIV spectrin mutants and clusters at
the destabilizing nodes, allowing other nodal proteins to recluster
at the nodes after they had been disorganized. Interestingly, the
nodal rescue and reorganization reveals that nodes in the PNS
myelinated axons are restored faster than in the CNS myelinated
axons. Most importantly, PNS nodes were restored in the same
timeframe independent of the timing of BIV spectrin re-expression,
whereas the CNS nodal recovery occurs slowly and, if the rescue
was initiated at the later stages, nodes failed to reassemble. Fur-
thermore, timely nodal reorganization led to restoration of nerve
conduction and motor performance and prevented further pro-
gression of motor paralysis. Together, our data shed new light on
how nodal reorganization occurs in the PNS and CNS after nodes
have been destabilized for extended periods of time. Further-
more, our data uncover specific differences in nodal reorganiza-
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tion and functional restoration in the PNS and CNS myelinated
axons. Our studies provide insights into demyelinating disorders
and into the timeline in which reorganization of destabilized
nodes would become necessary to improve disease symptoms in
patients. Our studies also add weight to the notion that early
restoration will lead to better outcomes.

Materials and Methods

Animals. Sptbn48°° (BIV spectrin) mutant animals used in these studies
were characterized previously (Komada and Soriano, 2002). The actin-
CreER transgenic mouse line has been described previously (Hayashi and
McMahon, 2002; Taylor et al., 2017). Spthn4**’* heterozygous mice
were mated with the actin-CreER strain to obtain Spthn4®°”"; actin-
CreER animals, which were crossed to Sptbn4g““/ " to obtain actin-CreER;
Sptbn4*°’ animals for further analysis. Mouse lines used in these studies
were on a mixed C57BL/6 and 129/Sv genetic background. Equal num-
bers of males and females were used for all experiments and were ana-
lyzed at various ages of postnatal development from 4 to 10 months old.
Humane endpoints were selected for survival studies. The end stage was
defined as the point when mice exhibited inability to reach for food and
water due to progressive weakness. Animals at that stage were euthanized
using 95% CO,. All animal experiments were performed according to
guidelines for ethical treatment of laboratory animals approved by the Na-
tional Institutes of Health and the Institutional Animal Care and Use Com-
mittee the University of Texas Health Science Center at San Antonio.

Tamoxifen injections. For re-expression of BIV spectrin, actin-CreER;
Sptbn4%*° mice received 1 mg of tamoxifen by intraperitoneal injections
for 5 consecutive days at 4 or 7 months of age (Pillai et al., 2009). The
actin-CreER;Sptbn4%®° mice receiving tamoxifen are referred as Sptbn4"
mice.

Antibodies. BIV spectrin, AnkG, pan-Na,,, Nfasc NF186 and Caspr an-
tibodies used in the current studies were described previously (Bhat et al.,
2001; Thaxton et al., 2011; Saifetiarova et al., 2017a; Taylor et al., 2017).
Other primary antibodies used in this study were mouse anti-Caspr (75-
001, NeuroMab), mouse anti-atubulin (12G10, Developmental Studies
Hybridoma Bank), mouse anti-ankyrin R (75-380, NeuroMab), and rabbit
anti-BI spectrin (obtained from M. Stankewich). Fluorophore-conjugated
secondary antibodies used for immunofluorescence were purchased from
Invitrogen. Infrared-conjugated secondary antibodies used for immuno-
blotting were purchased from LI-COR.

Tissue preparation and immunostaining. The tissue preparation and
immunostaining technique has been described previously (Saifetiarova
etal., 2017a). Briefly, animals were anesthetized with Avertin (400 mg/kg
mouse body weight; T48402, Sigma-Aldrich) and transcardially perfused
with PBS, pH 7.2-7.4, followed by a mixture of ice-cold 1% paraformal-
dehyde (PFA) and 1% sucrose in 0.1 M phosphate buffer (PB), pH 7.2—
7.4. The spinal cords (SCs) were postfixed in the same fixative for 2 h at
4°C and then immersed in 30% sucrose in 0.1 M PB. Afterward, the tissue
was frozen in Tissue-Tek O.C.T. Compound (Sakura Finetek USA). Lon-
gitudinal 14 um sections were cut with a cryostat (Leica), mounted on
slides, and processed for immunostaining. Sciatic nerves (SNs) were dis-
sected out from anesthetized animals, fixed in 4% PFA for 30 min, teased
into individual nerve fibers, dried overnight at room temperature, and
stored at —80°C before immunostaining.

Transmission electron microscopy. The transmission electron micros-
copy (TEM) procedure has been described previously (Saifetiarova et al.,
2017a). Briefly, anesthetized animals were transcardially perfused with
freshly prepared normal saline followed by 2.5% glutaraldehyde/4% PFA
EM fixative. After perfusion, entire mouse carcasses were postfixed for
another 2 weeks in the same EM fixative. SNs and SCs were dissected out
and incubated overnight in 0.1 M sodium cacodylate buffer. This was
followed by incubation in 2% OsO, solution and gradient ethanol dehy-
dration. Samples were incubated in propylene oxide PolyBed resin and
embedded in flat molds at 55°C for 36 h. After embedding, the molds
were processed and imaged on a JEOL 1230 electron microscope at the
University of Texas Health Science Center at San Antonio Electron
Microscopy Laboratory.
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Figure 1. Removal of RosaBgeo insertion allows re-expression of BIV spectrin. 4, Partial genomic map of the Sptbn4 locus and the location of the gene trap Rosa Bgeo* insertion, which is
removed by Cre-mediated recombination. Red arrowheads represent location of primers that were used for gRT-PCR amplification of Sptbn4 transcripts. B, PCR amplification of genomic tail DNA
isolated from wild-type (+/+), heterozygous (Sptbn4?¢°/+), and homozygous floxed (Sptbn4%*’) mice. C~L, Immunostaining of teased SN fibers (C—G) and (Figure legend continues.)
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In vivo nerve conduction measurements . Subdermal electrodes were
used for SN stimulation with 0.02 ms impulses using the Nicolet Teca
Synergy neurological system (Natus Neurology). The method has been
previously described (Taylor et al., 2017). Briefly, for each trace, ampli-
tude was measured as the difference in millivolts from the onset to the
peak of the compound action potential (CAP). The nerve conduction
velocity (NCV) was determined by estimating the distance between the
notch and ankle, and dividing that estimate by the difference between the
notch and ankle latencies.

Catwalk analysis. The Catwalk automated gait analysis system (Nol-
dus) was used to assess the gait and motor coordination in control,
mutant, and rescue animals. The apparatus consists of a glass-plate walk-
way with a fluorescent light beaming into the glass from the side. As the
mouse crosses the walkway, fluorescent light illuminates the animal’s
paws and when the paw touches the glass a bright print image of it is
produced (Hamers et al., 2001). Catwalk XT 10.6 software (Noldus) was
used to record and process the position of footprints, allowing quantita-
tive analysis of gait. All mice were trained to cross the walkway for at =3
times a day over 4 successive days. On day 5, the final day, data were
collected from three replicate crossings by each mouse. A run was defined
as successful when the animal crossed the runway without interruption.
The average speed for animals through the walkway floor was calculated
(cm/s).

RNA extraction and quantitative RT-PCR analyses. Harvested dorsal
root ganglia (DRGs) and SC tissue were immediately frozen in liquid
nitrogen and stored at —80°C until further processing. Total RNA from
tissues was isolated by using PureLinkTM RNA Minikit (Ambion) with
Trizol reagents (Invitrogen). cDNA reverse transcription was performed
with a High Capacity cDNA Reverse Transcription Kit (Applied Bio
System). Sequences of primers spanning exons 17/18, 20/21, and 31/32
were designed using the National Institutes of Health primer tool and
synthesized by Eurofins Genomics. Sequence for primers were as follows:
exon 17/18, forward, 5'-TCACCACGATGGAGCTGAAC-3', reverse, 5'-
CAGCTGATTTTCTTGGCTCTTCT-3'; exon 20/21, forward, 5'-ACC
AGCTAGTGCAGAGCTTCG-3',reverse,5 -CACCACTCCTCCACCTG
AGA-3'; exon 31/32, forward, 5'-TATCAGCCAGAGTGGCCTTC-3',
reverse, RP 5'-TATCAGCCAGAGTGGCCTTC-3’. Quantitative RT-
PCR (qRT-PCR) was performed with Power SYBR PCR Master Mix
(Applied Bio System) on a 7900HT Fast Real-Time PCR System (Applied
Biosystems). Data were normalized to B-actin and control mRNA levels
using the 2 ~*4“* method (Livak and Schmittgen, 2001).

Immunoblotting. Samples were processed as described previously
(Saifetiarova et al., 2017a). Briefly, mouse brains, SCs, and SNs were
dissected out and homogenized on ice in lysis buffer. Homogenized sam-
ples were incubated at 4°C followed by centrifugation at 20,000 X gat 4°C
for 30 min. Supernatant was collected as a final lysate, heated for 5 min at
37°C, loaded on SDS-PAGE, transferred to nitrocellulose, and probed
with primary antibodies. Afterward membranes were incubated in

<«

(Figure legend continued.) SCs (H-L) from control (+/+) (C, H), Sptbn4?¢° mutant (D, /), and
tamoxifen-injected 2-month-old, 5-month-old, and 8-month-old actin-CreER:Sptbn47° mice
after 1 mpi (E-G, J-L, Sptbn4**) with antibodies against nodal BIV spectrin (red) and paran-
odal Caspr (green). Red arrowheads point to IV spectrin-positive nodes and white arrowheads
indicate BIV spectrin-negative nodes. M, N, Percentage of IV spectrin-positive nodes in SNs
(M) and SCs (N) of control, Sptbn4?*° mutant, and Sptbn4"® rescue animals depicted in C-L.
Data are represented as mean == SEM. n = 3 mice per genotype, with =100 and 200 nodes/
animal for SNs and SCs, respectively. ***p << 0.001, one-way ANOVA, Bonferroni’s post hoc
analysis. Scale bar, 4 um. 0—Q, Immunoblot analysis of SN (0), SC (P), and brain (Q) lysates
from control, Sptbn47¢° mutant, and Sptbn4* rescue animals 1 mpi with antibodies against
BIV spectrin (top) and tubulin (bottom). R, S, gPCR analysis of relative mRNA quantity in DRG
(R) and SC (S) samples from control, Sptbn49°° mutant, and Sptbn4* rescue animals 1 mpi
using primers specific to various exon/intron junctions of the Sptbn4 locus (exons 17/18, 20/21,
and 31/32, depicted in the schematic in A as 1-2, 3-4, and 5-6, respectively). Data are repre-
sented as mean == SEM. n = 47 mice per genotype. ***p < 0.001, one-way ANOVA, Bon-
ferroni’s post hoc analysis. T, Schematic representing the design of rescue strategies. Tamoxifen
injection times in actin-CreER;Sptbn47*° animals and the timeline for phenotypic analysis of the
two rescue groups.
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infrared-conjugated secondary antibodies followed by detection using
the Odyssey CLx Imaging System.

Quantification and statistics: intensities of nodal proteins and dot plot
charts. For each experiment, SC sections and teased SNs from at =3
animals per group were immunostained. Consistently, throughout the
study, lateral tracts of the cervical region of the SCs and distal SNs were
analyzed. The number of independent measurements (1) represents the
total number of nodes from three animals per genotype. Images were
acquired by a Zeiss LSM 710 confocal microscope with a 40X magnifi-
cation objective using identical settings. Optical fields were randomly
selected throughout the slide and three independent images for each
control and mutant animal were acquired. On average, =100 nodes for
the PNS and 200 nodes for the CNS from each animal were collected for
analysis. To have the same amount of BIV spectrin-positive nodes in the
Sptbn4™ group, we increased the number of acquired images to 5—6 for
SNs and 8-10 for SCs. All nodes flanked by Caspr immunostaining from
both sides were quantified within each field of view. Heminodes or
nodes with partially captured profiles were not included in the anal-
ysis. Data measurements were performed by one examiner in a non-
blinded manner.

Protein intensities were measured over the entire nodal area, which
was defined by Caspr-positive paranodal immunostaining and selected
manually using the freeform drawing tool in ImageJ software. To calcu-
late corrected values of the nodal fluorescence, mean background read-
ings were taken and subtracted from the integrated density values for
each node. The following formula was used for calculations: corrected
nodal fluorescence = integrated density — (area of selected node X mean
fluorescence of background readings) (Burgess et al., 2010; Gavet and
Pines, 2010). Mean corrected nodal fluorescence values were averaged
from ~300 nodes for SNs and 600 nodes for SCs from three animals per
genotype (=100 and 200 nodes/mouse for SNs and SCs, respectively)
and final results were standardized to same-age control values. All ani-
mals and samples within the same-age group were processed at the same
time (perfused, sectioned, immunostained, and imaged). For Sptbn4"
mice, only BIV spectrin-positive nodes were included in the statistical
analysis.

Percentage of BIV spectrin-positive nodes were calculated over the
total number of nodal gaps (defined by Caspr immunostaining) in the
entire field of view and the mean values from three animals (=100 and
200 nodes per animal for PNS and CNS, respectively) were plotted into
the graphs. One-way ANOVA with Bonferroni’s post hoc analysis test was
used for comparison of groups between each other. Unless otherwise
stated, all data are represented as mean *+ SEM and analyzed using Mat-
Lab software. Statistical significance between groups is represented by
*p < 0.05; **p < 0.01; ***p < 0.001 using two-way ANOVA with Bon-
ferroni’s post hoc analysis test, where time and experimental groups were
considered as two variable factors.

Results

Removal of the ROSABgeo* insertion element from the
Sptbn4**° locus restores expression of BIV spectrin at nodes
of Ranvier

BIV spectrin is encoded by the Sptbn4 locus. In the following
sections, the wild-type animals are referred as Sptbn4 (+/+), the
BIV spectrin mutant mice are referred as Sptbn4°*’, and the mu-
tants in which the ROSABgeo* insertion has been removed are
referred as Sptbnd"™. Sptbn4**° mutants were previously gener-
ated by gene-trap mutagenesis, where expression of the BIV spec-
trin protein was disrupted by ROSABgeo* insertion, leading to a
null allele (Komada and Soriano, 2002). To determine the precise
site of the ROSABgeo* insertion within the Sptbn4 gene for our
studies, we first mapped its exact location by screening genomic
sequences around exons 19 and 22 using a series of primer sets
that spanned this genomic region (data not shown). Based on the
PCR amplification with a specific set of primers, we determined
that the ROSABgeo* insertion was located in the intron between
exons 20 and 21 (Fig. 1A). We used the following sets of primers
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Figure2. Timeline of disorganization and reorganization of the nodes in the PNS. A-R, Immunostaining of SN fibers from 5-10-month-old age-matched control (+/+), Sptbn4%¢° mutant, and
Sptbn4™* mice with antibodies against BIV spectrin (blue) and Caspr (green) in combination with antibodies against either of the following proteins: AnkG (A~F), pan-Nay, (G-L), or Nfasc "'
(M-R; red). Arrows indicate SBIV spectrin-negative nodes. Scale bar, 4 um. S-V, Quantification of average fluorescence intensities of BIV spectrin (S), AnkG (T), (Figure legend continues.)
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to amplify a 715 bp fragment in the wild-type (+/+) and a 450 bp
fragment in Sptbn4%*° mutants from genomic tail DNA: common
forward primer, 5'-AAA CTG GGC GTC TTC CTT AG-3'; re-
verse wild-type primer, 5'-GTT TGA TTC TCC TGC TGA CCT
C-3'; reverse mutant primer, 5'-CTG AGT GAT TGA CTA CCC
GT-3’ (Fig. 1B). Interestingly, the original design of the ROSABgeo*,
which includes flanking LoxP sites, gave us an opportunity to test
whether re-expression of the BIV spectrin would be possible after
excision of the ROSABgeo* construct by tamoxifen-inducible
Cre-recombinase in actin-CreER;Sptbn4%® mice. A single injec-
tion of tamoxifen to postnatal day (P) 24, P120, or P210 actin-
CreER;Sptbn4**° mice was able to induce re-expression of the BIV
spectrin and its accumulation at the nodes. As shown in Figure
1C,H, wild-type (+/+) nodes showed normal localization of BIV
spectrin (red, red arrowheads) flanked by the paranodal Caspr
(green) in both the PNS (SN; Fig. 1C) and CNS (SC; Fig. 1H)
myelinated axons. No BIV spectrin was detected at the nodes
from Sptbn4**° mice in the SNs (Fig. 1D, white arrowheads) and
SCs (Fig. 1I, white arrowheads). In tamoxifen-injected actin-
CreER;Sptbn4%°° (Sptbn4™) mice, BIV spectrin expression was
restored and the protein localized at the nodes in myelinated
axons from both the SNs (Fig. 1E-G, red arrowheads) and the SCs
(Fig. 1J-L, red arrowheads). Note for comparison, nodes that
have not restored BIV spectrin are also shown (Fig. 1E-G, J-L,
white arrowheads). No BIV spectrin protein was detected in ac-
tin-CreER;Sptbn4%° mice without tamoxifen administration,
thus excluding the possibility of leaky expression of BIV spectrin
(data not shown). Moreover, to determine whether there were
age-specific differences in the recombination efficiency and res-
cue rates, we analyzed percentage of BIV spectrin-positive nodes
flanked by Caspr-positive paranodal immunostaining in control,
mutant, and various-aged rescue SN and SC samples (Fig.
1M,N). Our quantification data revealed that percentage of
nodes with re-expressed BIV spectrin in rescue samples was
slightly reduced. However, that percentage was not significantly
different among 2-month-old, 5-month-old, and 8-month-old
animals 1 month after tamoxifen injection (mpi) in both the PNS
and the CNS (Fig. 1 M,N). To determine the levels of BIV spec-
trin protein expression in Sptbn4™ animals compared with +/+
and Sptbn4**° animals, we performed immunoblot analysis of
SN, SCs, and brain lysates using antibodies generated against the
C terminus of BIV spectrin (Saifetiarova et al., 2017a). Immuno-
blot analysis revealed a minor ~300 kDa isoform and a major
~160 kDa spectrin isoform (Komada and Soriano, 2002) in con-
trol samples. These were absent in Sptbn4*° mutant tissues (Fig.
10-Q) for both PNS and CNS. In the Sptbn4™ samples, the
major ~160 kDa BIV spectrin isoform and the minor ~300 kDa
isoform were both restored in actin-CreER;Sptbn4*“ mice upon
tamoxifen injection. Given the low level of recombination in ac-
tin-CreER;Sptbn4%*° mice upon tamoxifen injection, the protein
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(Figure legend continued.) pan-Nay, (U), and Nfasc "% (V) in the SN nodes standardized to the
same age control values from 4—10-month-old age-matched control (+/+), Sptbn4° mu-
tant, and Sptbn4" mice (n = 300 nodes from 3 mice per genotype; =100 nodes per animal, all
data are represented as mean = SEM. *p << 0.05; **p << 0.01; ***p < 0.001; 2-way ANOVA
with Bonferroni’s post hoc analysis; red stars indicate rescue group statistical significance com-
pared with the age-matched mutants; black stars indicate rescue and mutant group statistical
significance compared with the age-matched controls). W-Y", Distribution of AnkG (W, W’),
Nay (X, X'), and Nfasc"*'%¢ (¥, ¥") nodal fluorescence intensities in SNs in control (+/+),
Sptbn49¢° mutant, and Sptbn4™** mice at the initial prerescue stage and at the latest rescue time
points (n = 300 nodes from 3 mice per genotype; =100 nodes per animal). Fluorescence
intensity, arbitrary units (A.U.) X 100.

Saifetiarova et al. ® Spatiotemporal Reorganization of Nodes of Ranvier

samples loaded were at levels 2.5X (SN), 6X (SC), and 4X (brains)
the levels loaded for control samples (Fig. 10-Q). Immunoblots
against tubulin served as loading controls. Moreover, we did not
observe differences in the levels of re-expressed protein between
younger (2 months old) and older (8 months old) 1 mpi animals
(data not shown). These data show that removal of ROSABgeo*
from the Sptbn4 locus restores expression of both isoforms of
BIV spectrin. Additionally, the degree of rescue was not Cre-
dependent or tamoxifen-dependent, as the Slick-H-CreER;
Sptbn4%®° line revealed similar percentages of BIV spectrin-
positive nodes in both the PNS and CNS (data not shown). Next,
to confirm that there was no leaky expression of Sptbn4 gene in our
model, we performed qPCR analysis of relative mRNA levels in con-
trol, Sptbn4*’, and Sptbn4"* animals with primers specific to exon/
intron sites in the Sptbn4 locus. As the ROSABgeo* insertion,
which disrupts gene expression, is located in the intron between
exons 20 and 21, we designed three sets of qQPCR primers: (1)
before insertion (located in exons 17/18); (2) flanking insertion
(located in exons 20/21), and (3) after the insertion (located in
exon 31/32; Fig. 1A). As expected, expression of the Sptbn4 locus
before ROSABgeo* insertion was detected by primers in exons
17/18 in DRG and SC samples from all three groups (control,
mutant, and rescue; Fig. 1R,S). However, the second primer set,
which is flanking the insertion site and is located in exons 20/21,
as well as the third primer set, which is located in exons 31/32
after the insertion, showed no detectable mRNA in DRGs and
barely detectable (<1%) mRNA in SC samples from Sptbn4**
mutant animals (Fig. 1R,S). In contrast, increased levels of
mRNA expression was detected with exons 20/21 and exons
31/32 primer sets in DRG (~25% of control) and SC (~10% of
control) Sptbn4™ samples, indicating successful re-expression of
the Sptbn4 gene after Cre-mediated recombination of the
ROSA Bgeo* insertion (Fig. 1 R,S). Together, our data demonstrate
that removal of the ROSABgeo* insertion from the Sptbn4** lo-
cus allows restoration and re-expression of BIV spectrin isoforms
from the Sptbn4locus and that re-expressed BIV spectrin clusters
normally at the nodes.

Previous phenotypic analysis of Sptbn4%** mutants revealed
disrupted clustering of AnkG and Nay, channels at the nodes of
Ranvier in adult 3-month-old mice and complete paralysis of the
mutants by 6—10 months and their inevitable demise (Komada
and Soriano, 2002). To address the precise timeline of nodal dis-
organization and also address whether there is a critical time
window for the BIV spectrin expression that allows full recovery
of the nodes in myelinated axons and improvement of motor
symptoms in Sptbn4%®° mutants, we designed an experimental
strategy and created two groups of mice (Fig. 1T') correlated with
the severity of the motor symptoms. In Group 1 (early rescue),
re-expression of BIV spectrin in actin-CreER;Sptbn4**° mice was
induced at 4 months, when they exhibit moderate motor pheno-
type. In Group 2 (late rescue), re-expression of BIV spectrin in
actin-CreER;Sptbn4**° mice was induced at 7 months, when mo-
tor dysfunctions had progressed to eventual paralysis. After in-
duction of BIV spectrin re-expression, phenotypic analyses of
each group were performed for 3 consecutive months.

Nodal restoration in the PNS occurs independent of the
timeline of BIV spectrin re-expression

Since Sptbn4**° mutants are characterized by nodal destabiliza-
tion in the PNS, our next step was to evaluate whether nodes of
Ranvier will be able to recluster after BIV spectrin re-expression.
For this purpose, we performed immunofluorescent staining of
SN fibers from wild-type (+/+), Sptbn4%*°, and Sptbn4"™ animals
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followed by quantification of intensities of core nodal proteins,
such as Nfasc™'®¢, AnkG, and Na,, channels. Group 1 (early
rescue) Sptbn4"™ animals receiving tamoxifen at 4 months were
analyzed at 5, 6, and 7 months; and Group 2 (late rescue)
Sptbn4"™ animals receiving tamoxifen at 7 months were analyzed
at 8, 9, and 10 months. Wild-type, Sptbn4%®, and Sptbn4™ ani-
mals were identically processed at the same time points. Evalua-
tion of BIV spectrin at SN nodes showed that within 1 mpi its
intensity in rescued animals reached control levels and further
remained stable for the next 3 months that the animals were
observed (Fig. 2A-S). As shown in Figure 2A—F, immunostaining
against AnkG (red), paranodal Caspr (green), and BIV spectrin
(blue) revealed that Sptbn4*“ mutants showed a drastic decrease
in AnkG levels with barely detectable traces of AnkG at the mu-
tant nodes. At 4 months there was close to 25% reduction in
AnkG intensity in Sptbn4** mutant animals, which further de-
creased to 65% at 7 months and dropped further to 75% at 10
months (Fig. 2T). Moreover, dot plots of individual AnkG inten-
sities from three animals per each genotype revealed that in
Sptbn4%*° mutants the distribution of the majority of nodal pop-
ulation progressively shifted toward decreased intensities from 4
to 10 months (Fig. 2W,W"). After tamoxifen injections, the levels
of AnkG at the nodes quickly returned to control levels within 1
month after BIV spectrin re-expression (Fig. 27T'). Additionally,
the dot plot distribution showed recovery of AnkG intensities in
the BIV spectrin-positive nodal population of Sptbn4™ mice
from early-rescue and late-rescue groups (Fig. 2W,W’). These
data indicate that loss of BIV spectrin has a direct impact on the
levels of AnkG at the nodes, and that re-expression of BIV spec-
trin allows quick restoration of AnkG at the nodes.

Next, we followed the consequences of absence of BIV spec-
trin on the stability of nodal Na,, channels. As shown in Figure
2G-L,U, starting from 4 months, there was a significant differ-
ence in average Nay, intensity between control and Sptbn4%*° mu-
tants with a ~129% reduction; by 7 months the Nay, channel levels
showed 30% decrease with further decline to 55% by 10 months.
Arrangement of individual nodal Na,, intensities into a dot plot
chart revealed differential distribution between genotypes, with a
higher percentage of nodes with lower intensities in the mutant
group (Fig. 2X,X"). After tamoxifen injection, re-expression of
BIV spectrin within 1 month resulted in a proper localization and
recovery of nodal Nay, channels levels in the early-rescue group
(Fig. 2G-L,T). In the late-rescue group, within 1 month after BIV
spectrin re-expression, levels of Nay, at the node reached control
levels in Sptbn4™ mice. However, within the next 2 months it
showed slight decline from initial values, but remained signifi-
cantly higher than in Sptbn4**° mutant mice. The dot plot charts
showed recovery in distribution of individual nodal Na,, intensi-
ties both in early-rescue and late-rescue groups similar to that
observed in controls (Fig. 2X,X").

<«

(Figure legend continued.) fluorescence intensities of BIV spectrin (S), AnkG (T), pan-Na, (U),
and Nfasc ™' (V) in the SC nodes standardized to the same age control values from 4—7-
month-old and 7-10-month-old age-matched control (+/4), Sptbn4%*’ mutant, and
Sptbn4"® mice (n = 600 nodes from 3 mice per genotype; =200 nodes per animal; all data are
represented as mean == SEM. *p << 0.05; **p << 0.01; ***p < 0.001; 2-way ANOVA with
Bonferroni’s post hoc analysis; red stars indicate rescue group statistical significance compared
with the age-matched mutants; black stars indicate rescue and mutant group statistical signif-
icance compared with the age-matched controls). W—Y’, Distribution of the nodal population
by their intensities of AnkG (W, W"), Nay (X, X'), and Nfasc"*'%° (¥, ¥") in control (+/+),
Sptbn49¢° mutant, and Sptbn4™®* mice at the initial prerescue and at the latest rescue time point
(n = 600 nodes from 3 mice per genotype; =200 nodes per animal). Fluorescence intensity:
arbitrary units (A.U.) X 100.
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NFI86 revealed that Sptbnds*

Immunostaining against Nfasc

mutants undergo a gradual decrease of nodal Nfasc™*'®® inten-
sity over time (Fig. 2M—R), where at 4 months, Nfasc™" '# inten-
sity had decreased by 18% and continued to decrease by 46% of
the control levels at 10 months (Fig. 2V'). Tamoxifen injections
to early and late rescue groups resulted in the restoration of
Nfasc V'8¢ intensities in BIV Spectrin-positive nodes, where they
remained at control levels within the next 3 months in early res-
cue groups and slightly decreased at 10 months in late-rescue
animals (Fig. 2M-R,V). In addition, BIV spectrin restoration
resulted in a redistribution of intensities leading to a higher per-
centage of nodes with increased levels of Nfasc™"'*¢ in both res-
cue groups compared with mutant animals (Fig. 2Y,Y’). These
data show that re-expression of BIV spectrin restores Nfasc™*'5
to normal levels within 1 month after its expression. Together,
our results indicate that loss of BIV spectrin leads to a sequential
loss of nodal proteins with AnkG getting destabilized first fol-
lowed by Na,, channels and Nfasc NF186 ' On the other hand, res-
toration of BIV spectrin at the nodes allows a quick reassembly of
the nodal proteins beginning with AnkG and full restoration
within 1 month after BIV spectrin re-expression.

Timeline of BIV spectrin re-expression in the CNS is critical
for optimal nodal reorganization

To establish whether the CNS nodal proteins followed a similar
disorganization pattern as the PNS, and whether the BIV spectrin
re-expression timeline had different effects on the CNS nodes, we
performed immunofluorescent staining of SCs from two rescue
time points in all genotypes for the core nodal proteins AnkG,
Na,, channels, and Nfasc™'%¢ at 4-10 months. Efficiency of our
rescue models in the CNS was evaluated by quantification of
nodal BIV spectrin intensities, which showed that re-expressed
BIV spectrin intensities reached and remained at control levels
(Fig. 3A-S). At the Sptbn4**° nodes, which lack BIV spectrin,
AnkG levels dramatically decrease over time, starting from a
54.1% reduction at 4 months and reaching close to 85% reduc-
tion by 10 months (Fig. 3A—F,T'), where most nodes either had no
AnkG or had barely trace amounts of AnkG. After tamoxifen
injections to 4-month-old actin-CreER;Sptbn4*® animals, the
level of AnkG intensity started to increase and within 3 months
reached close to control levels (65, 83, and 89% intensity at 5, 6,
and 7 months; Fig. 3T). Surprisingly, in the late-rescue actin-
CreER;Sptbn4%*° animals, AnkG levels did not return to control
levels. Even though BIV spectrin was re-expressed, levels of AnkG
remained slightly higher than in Sptbn4*° mutants, but not sig-
nificantly higher than in mutant animals, reaching 47.3, 47.1, and
38.5% at the maximum at 8,9, 10 months, respectively. Addition-
ally, we observed that distribution of AnkG nodal intensities were
recovered only in the early-rescue group, with only moderate
improvement in the late-rescue animals (Fig. 3W,W"). These data
suggest that as nodal disorganization continued for 7 months in
Sptbn4%*° mutants, re-expression of IV spectrin was not able to
fully restore AnkG at the CNS nodes.

Similarly, the intensity levels of Na, channels at the nodes were
decreasing progressively in Sptbn4**” mutants (Fig. 3G-L,U) starting
from a 19% reduction at 4 months and reaching a 64% reduction
by 10 months (Fig. 3U). Tamoxifen injections at 4 months to
actin-CreER;Sptbn4**° animals led to gradual increase in Na, in-
tensity and within 2 months it reached control levels (72, 94, and
slightly >100% intensity levels of control over 5, 6, and 7
months). Nevertheless, the levels did not increase after injection
of tamoxifen to 7-month-old actin-CreER;Sptbn4%*° animals and
the levels continued to decline reaching 52, 46, and 42% of con-
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trol levels in 8, 9, and 10 months, respectively. Moreover, Na,
intensities in the late-rescue group remained distributed similarly
to mutant 10-month-old animals (Fig. 3X"), in contrast to recov-
ered distribution in the early-rescue group (Fig. 3X), further in-
dicating that late expression of BIV spectrin is unable to rescue
Na,-channel restoration at the CNS nodes.

Next, we followed NfascF'#® intensity changes and recovery
at the CNS nodes. As shown in Figure 3M-R,V, Nfasc ™% levels

declined over time in the Sptbn4%*° mutants, compared with con-

trols with 24% reduction at 4 months to 49% at 10 months. In
addition, loss of BIV spectrin affected distribution of nodal
Nfasc NF'% Jevels in the mutants, especially at 10 months, shifting
them toward a range of lower intensities (Fig. 3Y,Y"). After, ta-
moxifen injections at 4 months to actin-CreER;Sptbn4%*° animals,
Nfasc V"% Jevels began to increase and within 3 months reached
from 73, to 78, to 90% of control levels over 5, 6, and 7 months,
respectively (Fig. 3V). However, tamoxifen injections at 7
months to actin-CreER;Sptbn4*° animals resulted in initial elevation
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of Nfasc™"'® intensity in BIV-positive nodes with 81 and 82%
intensity at 8 and 9 months, respectively, but by 10 months levels
of Nfasc™"'# dropped and were close to mutant levels (Fig. 3V/).
Similarly, distribution of Nfasc™"#¢ intensities was recovered in
the early-rescue group, in contrast to the late-rescue group (Fig.
3Y,Y"). Together, these data indicate that CNS nodes lacking BIV
spectrin for extended periods develop a limited ability for reor-
ganization and restoration, and that re-expression of BIV spec-
trin after just 7 months fails to allow full reorganization of the
CNS nodes, highlighting key differences between CNS and PNS
nodal reorganization.

BI spectrin and ankyrin R occupying BIV spectrin-deficient
nodes get extruded after BIV spectrin re-expression

Recent studies have shown that loss of nodal cytoskeletal scaf-
folding proteins BIV spectrin and AnkG leads to aberrant com-
pensatory increase of BI spectrin and ankyrin R (AnkR) at the
nodes (Ho et al., 2014; Saifetiarova et al., 2017a; Taylor et al.,
2017). To determine the timeline of how BI spectrin and AnkR
nodal levels change in Sptbn4%* mutants and whether re-expression
of BIV spectrin leads to changes in the levels of BI spectrin and
AnkR at the reorganizing nodes, we performed immunofluores-
cent staining of SNs and SCs followed by quantification of inten-
sities of BI spectrin (Fig. 4A-R) and AnkR (Fig. 5A-R) at 4-10
months in control, Sprbn4**° mutant, and actin-CreER;Sptbn4**’
animals. The levels of BI spectrin remained high in the SN (Fig.
4A-F,M ) and SCs (Fig. 4G-L,N) of Sptbn4**° mutants. Similarly,
AnkR levels were also significantly high at most nodes in SN (Fig.
5A-F,Q) and SCs (Fig. 5G-L,R) of Sptbn4**° mutants. At later
time points there were nodes that lacked both BI spectrin and
AnkR, suggesting that acute nodal destabilization affects the sta-
bility of both BI spectrin and AnkR at the nodes (Fig. 5E,F,
Sptbn4%®° panels). In addition, distribution of nodal BI spectrin
and AnkR levels was significantly shifted toward increased inten-
sity levels in mutant animals compared with controls (Figs.
40-R, 5M-P). After tamoxifen injection to actin-CreER;
Sptbn4%°° animals at 4 and 7 months, re-expression of BIV spec-
trin caused a decrease of BI spectrin and AnkR intensities within
1 month in both early-rescue and late-rescue groups in the PNS
(Figs. 4A—F,M, 5A-F,Q).In the CNS, thelevels of both proteins in
the early-rescue group gradually decreased to control levels (Figs.
4G-L,N, 5G-L,R). Even though intensities of BI spectrin and
AnkR decreased in the late-rescue group, their levels remained
between control and Sptbn4°*° mutant levels at 10 months (Figs.
4N, 5R). Bl spectrin and AnkR dot plot charts of individual nodal
intensities showed their redistribution in rescue groups toward
profiles similar to those of controls, except for the SCs in the
late-rescue group, where redistribution remained similar to that
observed at the mutant nodes (Figs. 40-R, 5M-P). These data
suggest that as soon as BIV spectrin is re-expressed and the core
nodal proteins are reassembled, BI spectrin and AnkR are ex-
truded from the reorganizing nodes. However, as disorganization
of nodes continues, as in the later-rescue group, re-expression of

<«

(Figure legend continued.) initial prerescue stage and at the latest rescue time point (1 = 300
nodes from 3 mice per genotype in SNs; n = 600 nodes from 3 mice per genotype in 5Cs).
Fluorescence intensity: arbitrary units (A.U.) X 100. @, R, Quantification of average AnkR flu-
orescence intensity in the SN (@) and SC (R) nodal area standardized to the same age control
values from 4 —10-month-old age-matched control (+/+), Sptbn4%*° mutant, and Sptbn4™*
mice (n = 300, with =100 nodes from each animal’s SNs; n = 600, with =200 nodes from
each animal’s SCs. All data are represented as mean % SEM; *p << 0.05; **p << 0.01; ***p <
0.001; 2-way ANOVA with Bonferroni's post hoc analysis).
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BIV spectrin either fails to properly reorganize nodal compo-
nents, allowing BI spectrin and AnkR to stay, or the older mutant
nodes continue to become destabilized with BIV spectrin unable
to restore them.

Timely BIV spectrin re-expression allows nodal restoration
and prevents axonal degeneration

The nodal destabilization observed in Sptbn4**> mutants over
time could lead to ultrastructural changes in the myelinated ax-
ons. This, in combination with the sequential full recovery of
nodes upon BIV spectrin re-expression in the PNS and partial
reorganization of the CNS nodes in both rescue groups, prompted
us to analyze the ultrastructure of myelinating axons and assess
the health of the axons before and after BIV spectrin re-
expression. In addition, the differences seen in the CNS and PNS
nodal recovery in early-rescue and late-rescue groups could po-
tentially reveal irreversible changes in axonal morphology by or
after the time the rescue was initiated. We performed TEM of
PNS and CNS myelinated axons at the final stages of rescue at 7
months (early-rescue group) and 10 months (late-rescue group)
together with corresponding age-matched control and Sptbn4%*
mutants. At 7 and 10 months, SNs (Fig. 6A,G) and SCs (Fig.
6D,]) from control groups showed normal morphology of axons
ensheathed by tight compact myelin. In contrast, ultrastructural
morphology of Sptbn4**° mutant SNs (Fig. 6 B, H ) and SCs (Fig.
6 E,K) revealed shrunken axons (Fig. 6 B, H, arrowheads) or ax-
ons containing abnormal cytoskeletal deformities and inclusions
(Fig. 6 E, K, arrowheads), which is generally taken as an indication
of axonal degeneration (Fig. 6M-R, higher-magnification
images). Moreover, quantification of the degenerated axons re-
vealed that there is a higher degree of degeneration in 10-month-
old Sptbn4%*° mutants compared with 7-month-old Sptbn4%*
mutants (34 vs 22% in PNS; 40 vs 23.33% in CNS; Fig. 6S,T). The
degree of degeneration was significantly lower in both rescue
groups in SNs (Fig. 6C,I). However, in SCs, the 10-month-old
animals (late-rescue group) showed the same amount of pathol-
ogy as Sptbn4**° mutants at 10 months (Fig. 6, compare L, K). The
7-month-old samples from the early-rescue group showed
healthy axons with overall morphology close to that seen in age-
matched control animals (Fig. 6, compare D, F). There was clear
correlation between the level of degeneration and nodal recovery
between PNS and CNS axons. The PNS axons exhibited a slightly
different level of degeneration in Sptbn4**” mutants at 7 and 10
months, whereas the CNS axons at 10 months showed signifi-
cantly higher levels of pathology and, after a certain time point,
the axonal degeneration reached profound levels, which may pre-
vent restoration of axonal domains. Together, the ultrastructural
analyses indicate that timely restoration of axonal domains in
myelinated axons that have undergone nodal domain disorgani-
zation is necessary to prevent axonal degeneration.

Timely BIV spectrin re-expression allows functional recovery
and prevents motor paresis

Ashas been reported, Sptbn4*“° mutants develop progressive mo-
tor dysfunctions accompanied by significantly shortened life
span (Komada and Soriano, 2002). Since disorganization of ax-
onal domains is one of the primary causes underlying these phe-
notypes, we aimed to determine whether re-expression of the BIV
spectrin and sequential reassembly of the nodal components will
restore functional properties and motor performance of the
Sptbn4**° mutant animals deficient in BIV spectrin. As shown in
Figure 7A—C, the control (+/+) animals at 10 months show nor-
mal body posture and motor coordination (Fig. 7A) compared
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with Sptbn4%°° mutants, which show small body stature with
weakened motor coordination and severe hindlimb paralysis at
10 months (Fig. 7B). Upon tamoxifen injection at 7 months,
Sptbn4™ animals show a remarkable recovery of body posture
and do not display severe hindlimb weakness or paralysis (Fig. 7,
compare B, C), indicating significant recovery of motor func-
tions. Next, we wanted to analyze motor coordination and im-
provements in walking patterns of Sptbn4"™ mice before and after
tamoxifen injection using the Catwalk gait analysis system (Nol-
dus), which monitors digital paw impressions as animals touch
the surface. The pattern of paw impressions is consistent as ani-
mals walk in the path. At4 months of age, in addition to acquiring
profound tremor and demonstrating clenching of hindlimbs to
the body when suspended by the tail, Sptbn4*° mutants became

significantly slower in crossing Catwalk compared with control
animals. Also, they lost the normal left-right walking pattern.
Moreover, mutant animals display reduced hindpaw footprint
area, indicating their inability to properly use rear limbs while
moving (Fig. 7D, E, compare green, pink footprints). At 6-10
months of age, most animals were paralyzed and incapable
of moving around or completing Catwalk measurements. Re-
expression of the BIV spectrin prevented motor paralysis in those
animals =10 months old. The rescue animals regained their walking
pattern and were able to move and performed better on Catwalk
than mutant groups (Fig. 7F ). However, measurements of the walk-
ing speed revealed that this parameter did not completely return to
control levels (Fig. 7G). The motor tremor remained persistent in
both rescue groups, but tremors were significantly less severe
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than those of mutants. Next, we performed body-weight mea-
surements at two rescue stages. Sptbn4%° mutants at 7 months
were already low in body weight, which continued to decline at 10
months (21.06 = 0.8201 vs 17.13 = 1.12 g at 7 and 10 months,
respectively (Fig. 7H). Upon tamoxifen injections at 4 and 7
months, the body weight was significantly restored in the early-
rescue group, but remained lower than control levels in the late-
rescue group, indicating that timely restoration of nodal function
is necessary for full body-weight recovery in Sptbn4*° mutants
(Fig. 7H). We also monitored animal survival for up to 10
months and quantified survival rates in both rescue groups. As
shown in Figure 71, 44% of Sptbn4**° mutants died within 6
months and barely 10% of Sptbn4%*° mutants survived to 10
months. Upon tamoxifen injection, the survival rate increased
significantly in both rescue groups. However, the early-rescue
group animals had a much better survival rate and their general
health conditions were much better than those of the late-rescue
groups (25 and 19% survived by 10 months in early-rescue and
late-rescue group, respectively; Fig. 7I). Loss of BIV spectrin and
Nay-channel destabilization at the nodes are also accompanied
by altered conductive properties in myelinated axons, which is
characterized by decreased amplitudes of the CAPs and decreased
conduction velocities. Sptbn4* mutants were severely impaired
in both the NCV and the action potential amplitudes (Fig. 7]).
Upon re-expression of BIV spectrin, Sptbn4™ animals showed
improvements in both parameters compared with Sptbn4%*
mutants in the early-rescue group. However, the parameters in
rescue animals did not reach control levels (Fig. 7J-L). The early-
rescue group again showed much better restoration of nerve con-
duction measurements compared with the late-rescue group,
further highlighting the importance of the axonal health and
timely rescue in Sptbn4"™ mice. Together, our data demonstrate
that reassembly of the nodes in myelinated axons improves their
functional properties and restores motor performance in a time-
dependent manner, and that if nodal domains continue to
destabilize, it will irreversibly harm the health of the myelin-
ated axons, thereby preventing restoration of their function
and motor performance.

Discussion

The emergence of myelination during evolution became coupled
with saltatory conduction, which allowed species to perform many
neuronally controlled processes faster than those without myelina-
tion. The primary driver of this fast conduction are the nodes
of Ranvier, assembled with a unique set of proteins that include
transmembrane cell-adhesion molecules and voltage-gated Na,
channels anchored by cytoskeletal scaffolding proteins. The reor-
ganization of nodes after their disorganization and the timeline in
which restoration may occur remain unknown. Here, we reported on
the reorganization of the nodes in BIV spectrin-deficient nodes, which
undergo destabilization in a protein-specific sequential manner. We
uncovered key differences in the timeline of nodal reorganization
and functional restoration after re-expression of BIV spectrin in
the peripheral and central myelinated axons. Our studies high-
light that nodal disorganization for extended periods critically

<«

(Figure legend continued.) and 10-month-old SNs of control (+/+), Sptbn4?¢° mutant, and
Sptbn4™ early-rescue and late-rescue groups. K, L, Quantification of the NCV (K) and amplitude
(L) in control (+/4), Sptbn47*° mutant, and Sptbn4" early-rescue and late-rescue groups
(n = 7-10mice/genotype). All data are represented as mean == SEM. *p << 0.05; **p < 0.01;
**¥p <0.001, two-way ANOVA, Bonferroni’s post hoc analysis.
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harms axonal health, thus impeding complete functional
restoration.

Cytoskeletal scaffolding proteins in nodal organization

and maintenance

The initial organization of the nodal domain coincides with the
onset of myelination followed by nodal maturation to ensure
long-term stability and maintenance. Recent studies from several
groups have provided insights into how nodal proteins are re-
cruited to the nodal region and the specific role that individual
nodal proteins play in not just the initial assembly but also in its
maturation and maintenance (Jenkins and Bennett, 2001; Kom-
ada and Soriano, 2002; Thaxton et al., 2011; Zhang et al., 2012;
Susuki et al., 2013; Saifetiarova et al., 2017a; Taylor et al., 2017).
The flanking paranodal protein complex does not seem to di-
rectly aid in this initial assembly but plays a role in the long-term
stability, as when the paranodal disruption is combined with loss
of nodal BIV spectrin and nodal destabilization occurs (Susuki
et al., 2013; Taylor et al., 2017). Thus, several mechanisms have
been postulated that rely on the contributions of the nodal and
paranodal cytoskeletal-scaffolding proteins, including the spec-
trins and ankyrins in nodal organization and maintenance (Su-
suki et al., 2013; Saifetiarova et al., 2017a; Taylor et al., 2017).
Given the intermolecular interactions between node-specific
proteins and the presence of flanking axoglial paranodal molec-
ular complexes, it is still unclear how timely interplay between
these complexes causes the initial nucleation of the nodal site.
Recent studies using spatiotemporal ablation methods showed
that loss of Nfasc™"'#¢ after nodal organization causes slow but
progressive nodal destabilization (Taylor et al., 2017) and loss of
AnkG at early or late postnatal stages affects the maturation and
maintenance of the nodes but not their initial organization
(Thaxton et al., 2011; Saifetiarova et al., 2017a; Taylor et al.,
2017). Interestingly, combined loss of nodal Nfasc™*'* and
paranodal Nfasc ' after nodal organization led to exacerbated
destabilization of the remaining nodal components (Taylor et al.,
2017). Disruption of the paranodal and/or juxtaparanodal re-
gions did not affect nodal organization or maintenance, but se-
verely affected nerve function and neuromuscular health of the
mutants (Bhat et al., 2001; Saifetiarova et al., 2017b).

Like AnkG, BIV spectrin is highly enriched at the nodes and loss
of AnkG or BIV spectrin does not affect the initial nodal assembly, as
Nfasc™'% and Na, channels, along with either IV spectrin or
AnkG, respectively, still cluster at the node (Komada and So-
riano, 2002; Susuki et al., 2013; Saifetiarova et al., 2017a). Prena-
tal loss of BIV spectrin leads to a slow but progressive
destabilization of the node over a period of 6—8 months (this
study), however, loss of AnkG prenatally causes nodal destabili-
zation within 1 month; and, if AnkG is lost after nodal organiza-
tion, the remaining nodal components stay stable for almost 1
year after ablation (Saifetiarova et al., 2017a). These observations
suggest that nodal component assembly and disassembly may
follow a sequential order in which individual nodal components
act either as major organizers, like e.g., Nfasc NF186 \which clusters
at the nodal axolemma and interacts with both the extracellular
and intracellular proteins, or as stabilizers like AnkG and BIV
spectrin to allow the transmembrane nodal proteins to get an-
chored with the axonal nodal cytoskeleton and thus stabilize this
complex (Jenkins and Bennett, 2001). Loss of BIV spectrin affects
in increasing severity the localization of AnkG, Na, channel, and
Nfasc N1 as AnkG is the first protein to diffuse out from the
nodes, followed by Na, channel and last Nfasc™'%, as revealed
by precise intensity measurements reported here. To add to the
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complexity of nodal destabilization, absence of BIV spectrin al-
lows enrichment of BI spectrin and AnkR, which are present at
the nodes but at reduced levels (Saifetiarova et al., 2017a). How-
ever, the presence of BI spectrin and AnkR is not able to prevent
progressive destabilization of the BIV spectrin-deficient nodes,
suggesting that their molecular interactions with nodal proteins
may be much weaker compared with AnkG and BIV spectrin.

Reorganization and restoration of disorganized nodes

The mechanisms that govern in vivo reassembly of the nodes of
Ranvier have not been addressed. Also, and most importantly, we
do not understand at what state of destabilization nodal reorga-
nization is still possible; nor do we know at what stage axons can
still tolerate nodal destabilization before they become too un-
healthy to recover. Previous studies reported nodal restoration by
selective expression of either Nfasc""'%¢ or Nfasc""'** in Nfasc-
null background using transgenic expression (Zonta et al., 2008).
These studies showed re-establishment of axo-glial paranodal
junctions together with the rescue of nodal molecular complexes
in the CNS. Since the expression of the Nfasc rescue constructs
was occurring during prenatal and postnatal stages in Nfasc mu-
tants, the nodes formed normally and were never disorganized or
destabilized. Our model of nodal restoration provides several
advantages. First, Sprbn4* mutant mice, in contrast to other
nodal mutant animals deficient in Nfasc™'%¢, AnkG, or Na,, are
unique in that they are postnatally viable and undergo gradual
destabilization of the nodal components over extended periods.
Second, progressive loss of nodal functions causes motor pheno-
types in Sptbn4*“° mice mimicking disease course in patients with
demyelinating disorders. Third, our model allows us to induce
nodal restoration in a spatiotemporal manner in both the PNS
and CNS at any stage of phenotypic progression. Our data show
that the PNS myelinated axons respond better with full recovery
of the nodes accompanied with the ultrastructural and functional
improvements, independent of time when rescue is initiated.
Meanwhile, the CNS myelinated axons performed better when
restored at early stages but failed to fully restore nodes and con-
tinued toward axonal health decline and progressive motor dys-
function. While the level of BIV spectrin in the rescued nodes was
comparable to those in controls, the percentage of actually posi-
tive nodes in the PNS and CNS reached 50 and 25%, respectively.
The level of rescue was neither Cre-dependent nor age-depe-
ndent, as after the rescue initiation in slick-H-CreER; Sptbn4**° mice
showed the same level of rescue as in the actin-CreER; Sptbn4**
mice. It remains to be established whether re-expression of BIV
spectrin that allowed rescue of a greater percentage of nodes could
lead to better motor outcomes. Collectively, these observations sug-
gest that urgency is required to achieving nodal reorganization and
functional restoration, and that long-term disorganization of nodes
in the CNS myelinated axons may be associated with irreversible
axonal damage, even when the nodal protein components are reas-
sembled. These observations also highlight differences in the mo-
lecular mechanisms that may be operating in PNS and CNS
myelinated axons.

Nodal disorganization and myelinated axon pathologies

Numerous mouse and human studies about nodal disorganiza-
tion have linked that disorganization with auditory, motor, and
nerve conduction impairments. Autoantibodies against BIV spec-
trin isoforms were found in the serum of a cancer patient with the
paraneoplastic lower motor neuron syndrome (Berghs et al.,
2001). It had been suggested that disruption of the nodal regions
and the axon initial segments by BIV spectrin autoantibodies
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altered neuronal functions, leading to death of the motor neu-
rons. Moreover, mutations in the human SPTBN4 locus have
been recently linked to congenital myopathy, neuropathy, and
central deafness (Knierim et al., 2017). Altered nodal morpholo-
gies have also been observed in demyelinating disorders (Hahn et
al.,, 2001; Craner et al., 2004; Howell et al., 2006; Arancibia-
Carcamo and Attwell, 2014), in immune-mediated neuropathies
(Santoro et al., 1990; Cifuentes-Diaz et al., 2011), and in spinal
cord and diffuse brain injuries (Ouyang et al., 2010; Reeves et al.,
2010), as well as under normal aging conditions (Hinman et al.,
2006). Thus, changes in the structure and function of the nodes
affects electrical properties of myelinated axons, eventually re-
sulting in severe ataxia and paralysis. Sequence analyses across
human populations have also uncovered an association of muta-
tions in loci that encode nodal proteins to psychiatric disorders,
such as autism, schizophrenia, bipolar disorders, and personality
disorders (Davis et al., 2003; Ahn et al., 2004; Aoki et al., 2013). In
addition, microarray-based gene-expression profiling also re-
vealed downregulation of Nfasc, NrCAM, Na, 1.6, and Ank3 genes
in neuropsychiatric disorders. Ank3, which encodes AnkG, was
identified as a susceptibility gene in bipolar disorders, attention
deficit hyperactivity disorder, intellectual disability, and epilepsy
(Jia et al., 2011; Bi et al., 2012; Igbal et al., 2013). While these
genetic associations suggest a link between nodal proteins, no
direct evidence is available to link these proteins to human dis-
eases. Our studies with BIV spectrin, which provide a window
into nodal disorganization and into axonal pathology and dys-
function, aim for functional restoration by nodal reorganization
in a spatiotemporal manner. Mouse mutants carrying human
mutations could be created to establish direct functional links
with nodal dysfunction. Then rescue strategies could be used to
determine the time course of reversing associated pathologies.
Together, our studies provide significant novel insights into the
processes of in vivo nodal disorganization and reorganization
associated with functional restoration. These strategies may serve
as a great therapeutic tool for understanding the molecular basis
of slowing down disease progression in myelinated axon nodal
pathologies and thus for improving patients’ quality of life.
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