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Abstract

Oligodendrocytes, the myelinating cells of the CNS, promote rapid action potential conduction along axons.
Changes in the geometry of gaps between myelin segments, known as nodes of Ranvier, affect the conduc-
tion speed of neuronal impulses and can ultimately alter neural synchronization and circuit function. In contrast
to synaptic plasticity, much less is known about how neural activity may affect node of Ranvier structure.
Recently, perinodal astrocytes have been shown to remodel nodes of Ranvier by regulating thrombin proteoly-
sis, but it is not known whether neural activity influences this process. To test this hypothesis, we used trans-
genic mice with astrocytic expression of a dominant-negative vesicle-associated membrane protein 2 ([gfap]
dnVAMP2) to reduce exocytosis of thrombin inhibitors, modulating astrocytic regulation of paranodal loop at-
tachment to induce nodal remodeling, under normal conditions and in adult mice maintained in darkness from
postnatal day 40 (P40) to P70. This mechanism of nodal lengthening proceeded normally following binocular
visual deprivation (BVD). The effect of BVD on nodal plasticity in animals with unimpaired astrocyte function
has not been previously investigated. We find that when exocytosis from astrocytes was unimpaired, nodal
gap length was not altered by BVD in adult mice. We conclude that if perinodal astrocytes participate in activ-
ity-dependent myelin remodeling through exocytosis, then, as with synaptic plasticity in the visual system, the
process must be driven by alterations in neuronal firing other than those produced by BVD.
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Recent studies show that nodes of Ranvier can undergo activity-dependent remodeling, but the mecha-
nisms are unclear. Indeed, whether sensory deprivation alters nodes of Ranvier has not been tested. An im-
plicit assumption in studies of sensory experience in synaptic plasticity (e.g., the classical Hubel and Wiesel
studies and others) is that binocular visual deprivation (BVD) does not change myelin to alter action potential
conduction. Here, we test that assumption and also determine the effect of BVD on a specific astrocyte-
mediated mechanism of node of Ranvier plasticity in optic nerve of adult mice. The astrocyte-mediated
nodal gap lengthening proceeded normally in adult mice maintained in the dark for 30 d. Second, the ab-
sence of plasticity of nodes of Ranvier in controls parallels our understanding of synaptic plasticity in visual
\cortex following BVD. /

ignificance Statement

Introduction conduction velocity by saltatory conduction. Even slight

Nodes of Ranvier are the small gaps along myelinated  changes in the structure of nodes of Ranvier can alter
axons where voltage-activated sodium channels in the  conduction velocity and influence spike arrival time and
axolemma generate action potentials to increase impulse ~ neural circuit function (Dutta et al., 2018). Therefore, if
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nodal gap remodeling is regulated by sensory experience,
nodal plasticity could be a form of experience-dependent
plasticity complementing synaptic plasticity.

Studies in the visual system using binocular and mo-
nocular visual deprivation have provided our fundamental
understanding of how synaptic plasticity is regulated by
sensory experience (Wiesel and Hubel, 1965; for review,
see Hooks and Chen, 2020). It was assumed in these
classical studies, and others, that node of Ranvier struc-
ture, and thus conduction velocity through the optic
nerve, was not altered by visual experience, but recent
studies show that the structure of myelin and the node of
Ranvier can change in response to action potential activ-
ity (Fu et al., 2009; Tagoe et al., 2014; Bellesi et al., 2018;
de Vivo and Bellesi, 2019; Benamer et al., 2020; Cullen et
al., 2021). It is important, therefore, to determine how this
new form of myelin plasticity may be influenced under
similar conditions used in studies of visual system synap-
tic plasticity. If nodal structure and conduction velocity in
optic nerve are altered by visual experience, thus affecting
the synchrony of spike time arrival in the lateral geniculate
nucleus and visual cortex, this could augment, counter-
act, or even drive some of the outcomes of previous re-
search on synaptic plasticity performed before the recent
discovery of myelin plasticity. It is unclear the extent to
which nodal gap lengthening may be altered by sensory
deprivation, particularly after mature myelin has formed.
Here we test whether prolonged binocular visual depriva-
tion (BVD) by maintaining adult mice in total darkness for
30d alters the length of nodes of Ranvier in optic nerve.

Second, current studies of nodal plasticity in adult ani-
mals are observational, leaving the cellular and molecu-
lar mechanisms unclear. Identifying these mechanisms
is particularly important in the context of new research
showing plasticity of myelin during learning in adult ani-
mals (McKenzie et al., 2014; Kato et al., 2020; Pan et al.,
2020; Steadman et al., 2020). To advance the field, it is
essential to begin to investigate specific mechanisms of
node of Ranvier plasticity and to determine whether they
are influenced by action potential activity. Therefore, we
tested a specific mechanism known to modulate nodal
gap length in mature compact myelin to determine whether
it is influenced by functional activity in axons. This plasticity
is driven by a transgene, and the effects of neural activity
on this mechanism of nodal plasticity in adult mice were in-
vestigated by maintaining the animals in the dark for 30 d.

In this mechanism of myelin plasticity, perinodal astro-
cytes can modify action potential conduction velocity by
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regulating the structure of nodes of Ranvier and the
thickness of the myelin sheath via vesicular release of
thrombin protease inhibitors (Dutta et al., 2018). If un-
inhibited, thrombin activity severs the attachment of
paranodal loops of myelin from the axon via cleavage
of the axoglial cell adhesion molecule NF155 (Dutta
and Fields, 2021). In transgenic mice with the astro-
cyte-specific human glial fibrillary acidic protein (GFAP)
promoter driving expression of a dominant-negative (dn)
fragment of the vesicular release protein ([gfap]dnVAMP2),
astrocyte exocytosis of thrombin inhibitors is reduced by
~50% (Dutta et al., 2018). Expression of [gfap]dnVAMP2
results in lengthening of the nodal gaps in optic nerve, as
the paranodal loops adjacent to the perinodal astrocyte de-
tach from the axon, and in thinning of the myelin sheath, as
the outer layer of myelin, associated with the detached par-
anodal loops, becomes resorbed into the oligodendrocyte
(Fields and Dutta, 2019). Although the change in nodal gap
length induced by the astrocyte-mediated mechanism is
less than a micrometer, it represents an ~30% increase in
nodal gap length and causes an ~20% slowing of conduc-
tion velocity in optic nerve (Dutta et al., 2018). The slower
conduction through the optic nerve results in 6.7 ms in-
creased latency of spike time arrival in visual cortex, which
is a substantial delay from the mean 72.8 ms latency to
peak visually evoked potential in the absence of nodal gap
lengthening and myelin sheath thinning produced by this
mechanism. The decreased speed of impulse conduction
reduced visual acuity by 0.01 cycles/°. All of these effects
are statistically significant and reversed by administering
doxycycline (DOX) to terminate the expression of the trans-
gene or by using thrombin inhibitors.

We chose to explore the effect of BVD on this astro-
cyte-regulated mechanism because there is a clear pro-
cess by which activity could regulate lengthening of the
nodal gap via this astrocyte-driven mechanism in adult
animals. Activity-dependent signaling between axons and
astrocytes is well established (Orkand et al., 1966), and
action potentials in axons can cause a rise in astrocytic in-
tracellular calcium (Kriegler and Chiu, 1993; Hamilton et
al., 2008; Fields and Ni, 2010). Since astrocyte exocytosis
is sensitive to changes in intracellular calcium concentra-
tion, modulation of astrocyte-regulated myelin remodeling
by action potential firing is feasible. This possibility was
tested using [gfap]dnVAMP2-expressing mice maintained
under normal visual conditions or BVD and comparing the
extent of nodal remodeling that occurs under each condi-
tion. If the astrocyte-mediated nodal gap lengthening is
responsive to BVD, decreased functional activity would
be predicted to further reduce exocytosis of thrombin
inhibitors from astrocytes and result in longer nodes of
Ranvier in [gfap]dnVAMP2-expressing mice after BVD by
maintaining adult mice in the dark for 30 d, compared with
these mice in normal visual conditions.

Alternatively, many other cellular mechanisms may be
responsible for the activity-dependent changes in nodal
gap length reported previously, including expansion or
contraction of the axon at the node (Ford et al., 2015) or
oligodendroglia deposition and removal of myelin. If so,
sensory deprivation could alter nodal gap length although
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Figure 1. Doxycycline regulation of astrocyte-specific transgene expression to induce nodal remodeling. A, EGFP expression serves
as a marker for dnVAMP2 expression in the optic nerve. EGFP expression (green) was absent in the optic nerves of [gfap]dnVAMP2
mice supplied DOX (DOX-ON) from gestation through adulthood (P70). In contrast, EGFP expression (green) was prevalent in astro-
cytes in the optic nerves of [gfap]dnVAMP2 mice on a diet that did not contain DOX (DOX-OFF) from gestation through adulthood
(P70). EGFP expression in astrocytes was also elevated when [gfap]dnVAMP2 mice were raised on a DOX-ON diet through develop-
ment, but DOX was removed from their diet from P40 to P70 (30 d DOX-OFF). The paranodal region is marked by Caspr1 labeling in
red. B, Western blotting for EGFP expression confirmed the results of immunocytochemistry. Actin was used as a loading control.
C, Box plots of average nodal gap length measured per animal. Individual points represent the average of 10 microscope fields per
animal. Maximum, minimum, and median nodal gap lengths are represented within the box plot as whiskers (top and bottom) and
mid-line (solid black). The mean nodal gap length of all animals within each condition is marked with a dashed red line. Optic nerve
nodal gap length was larger in lifelong +dnVAMP2 mice than in lifelong —dnVAMP2 mice (mean nodal gap length = SEM:
0.646 + 0.026 vs 0.787 = 0.036 um; lifelong -dnVAMP2 12 h light/dark cycle vs lifelong +dnVAMP2 12 h light/dark cycle, respec-

ther, t test, t(12) =-3.17, p= 0008)

the astrocyte-driven mechanism is inhibited by dnVAMP2
transgene expression.

The results indicate that BVD by maintaining adult mice
in darkness for 30d did not influence the perinodal astro-
cyte-dependent nodal lengthening, and did not alter nodal
gap length in mice in which exocytosis in astrocytes was
unimpaired. Therefore, if the astrocyte-mediated mecha-
nism of nodal gap lengthening is regulated by neural im-
pulse activity, BVD is not sufficient to drive the process.
This is consistent with conclusions from a large body of lit-
erature on the effects of visual deprivation on synaptic
plasticity in the visual system.

Materials and Methods

Transgenic mouse production and maintenance

We used a line of transgenic [gfap]dnVAMP2 mice of
both sexes, in which there is astrocyte-specific expres-
sion of a DOX-regulated VAMP2 cytoplasmic fragment
containing amino acids 1-96, which acts as a domi-
nant-negative inhibitor of interactions between vesic-
ular SNARE-containing vesicles and target SNAREs,
such as Snap23. Astrocyte-specific GFAP promoter
drives the expression of the “tet-OFF” tetracycline (tet)
transactivator GFAP.tTA. Another transgenic line ex-
presses a tet operator (tetO)-regulated dnVAMP2 cyto-
plasmic fragment and enhanced green fluorescent
protein (EGFP) and LacZ reporter genes tetO.VAMP2.
Details of producing GFAP.tTA and tetO.dnVAMP2
lines are as described previously (Pascual et al., 2005).
This line of mice was developed and provided by Ken
McCarthy (University of North Carolina, Chapel Hill,

November/December 2022, 9(6) ENEURO.0194-22.2022

NC; Pascual et al., 2005). These lines were maintained in
a heterozygous state and backcrossed onto a C57BL6/J
genetic background (The Jackson Laboratory) for >20
generations.

Biogenic offspring of these two lines ([gfap]dnVAMP2)
were maintained on 200 mg/kg DOX-supplemented food
(Bio-Serv) to block transgene expression (-dnVAMP2) or
fed a regular diet to allow transgene expression in astro-
cytes (+dnVAMP2; Fig. 1A). A previous study (Dutta et al.,
2018) shows that both dnVAMP2 and EGFP tetO trans-
genes coinherit, implying that they are cointegrated on
the same chromosome. The specificity and dynamics of
DOX regulation of the EGFP reporter and dnVAMP2 gene
have been published previously, including the time course
of expression and the cessation of gene expression with
DOX withdrawal, and the cellular specificity in astrocytic
expression (Pascual et al., 2005; Halassa et al., 2009;
Sardinha et al., 2017; Dutta et al., 2018). Studies have
demonstrated a high degree of colocalization of EGFP
with cytosolic dnSNARE in astrocyte cell culture (Halassa
et al., 2009) and have shown that the amount of EGFP
and dnVAMP2 mRNA transcripts are directly corre-
lated and vary similarly between [gfap]dnVAMP2 ani-
mals (Sardinha et al., 2017). This cointegration and
consequent coinheritance means that the highly sensi-
tive reporter gene EGFP can be reliably used as a surro-
gate reporter for the dnVAMP2 transgene in our studies.

In lifelong -dnVAMP2 experiments, [gfap]JdnVAMP2
transgenic mice were maintained on a DOX-supple-
mented diet from gestation through adulthood. Similarly,
in the lifelong +dnVAMP2 condition, regular feed was
provided to [gfap]dnVAMP2 mice from gestation through
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adulthood. In adult-onset experiments, [gfap]dnVAMP2
transgenic mice were maintained on a DOX-supple-
mented diet through gestation and development, and
DOX was removed from the diet at postnatal day 40
(P40) until the end of the experiment at P70 to induce
transgene expression only during adulthood. Expression
of EGFP reporter for dnVAMP2 has been shown to in-
crease within a week of removing DOX from the diet
(Dutta et al., 2018). All animals were killed by cervical dis-
location at P70 so that optic nerves could be removed
for nodal gap length quantification.

All mice were maintained in group housing under spe-
cific pathogen-free conditions with access to food and
water ad libitum according to a protocol approved by the
Eunice Kennedy Shriver National Institute of Child Health
and Human Development (NICHD) Animal Care and Use
Committee. All animal studies were approved by the
NICHD Animal Care and Use Committee. Both sexes
were used, but because of the limited production of
transgenic animals, this study did not distinguish be-
tween the sexes of the animals.

Binocular visual deprivation

All mice were raised under a 12 h light/dark cycle until
P40, when mice are mature and myelin is fully formed.
Mice placed in the control condition continued to be
maintained under a 12 h light/dark cycle until P70. Mice in
the BVD condition were moved into a separate room at
P40 for 30d (until P70) where they were maintained under
24 h darkness; all feeding and cage changes, as well as
killing and tissue collection, occurred under a red light.

Immunohistochemistry

Mice were deeply anesthetized with isoflurane and
killed by cervical dislocation before eyes were removed
and optic nerves were dissected. Optic nerves were fixed
in 4% paraformaldehyde (Electron Microscopy Sciences)
in PBS overnight at 4°C before being transferred to 30%
sucrose in PBS for 3d. Tissue was embedded in optimal
cutting temperature embedding medium (O.C.T., Thermo
Fisher Scientific), sectioned into 12-um-thick slices, and
mounted on glass slides. Embedded tissue and slides
were stored at —20°C. Slides were rehydrated with PBS. A
blocking solution of 5% normal goat serum (Jackson
ImmunoResearch), 0.5% Triton X-100 (Sigma-Aldrich),
and 0.5% bovine serum albumin (BSA; Sigma-Aldrich) was
applied for 1 h. Primary antibodies were diluted in the
blocking solution to the following concentrations: anti-con-
tactin-associated protein 1 (Caspr1; 1:50; Mouse Monoclonal,
catalog #K65/35, University of California, Davis/National
Institutes of Health (NIH) NeuroMab Facility; RRID:AB_
2877274); anti-Na,1.6 (SCN8A; 1:100; rabbit polyclonal,
catalog #ASC-009, Alomone Labs; RRID:AB_2040202);
and anti-GFP (1:1000; rabbit polyclonal, catalog #ab290,
Abcam; RRID:AB_303395). Primary antibodies incu-
bated overnight at 4°C. Slides were washed with
PBSplus0.5% Triton X-100 before secondary anti-
bodies [goat anti-mouse IgG Alexa Fluor 633, catalog
#A-21052, Thermo Fisher Scientific (RRID:AB_2535719);
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goat anti-rabbit IgG Alexa Fluor 568, catalog #A-11011,
Thermo Fisher Scientific (RRID:AB_143157); goat anti-rabbit
IgG Alexa Fluor 488, catalog #A-11034, Thermo Fisher
Scientific (RRID:AB_2576217)] were applied for 2 h at room
temperature at 1:1000 dilution in PBS, 0.5% Triton X-
100, and 0.5% BSA. Slides were rinsed with PBS plus 0.5%
Triton X-100 and PBS before being sealed with Prolong
Diamond Antifade Mountant with DAPI (catalog #P36962,
Thermo Fisher Scientific). Images were captured by confo-
cal laser microscope (model Fluoview FV300, Olympus). To
visualize EGFP expression in the optic nerve, 21 optical sec-
tions at 0.2 um intervals were obtained with a 60x lens (1x
zoom), and a single-plane maximum projection was formed.
Samples from control and experimental animals were im-
aged with the same microscope settings.

Western blots

Optic nerves from lifelong —-dnVAMP?2, lifelong +dnVAMP2,
and adult-onset +dnVAMP2 mice were collected to
confirm doxycycline regulation of the transgene. Optic
nerves were lysed in M-PER (Mammalian Protein Ex-
traction Reagent)plus2x NuPage Sample Buffer with
5% pB-mercaptoethanol and protease inhibitors (cata-
log #11836170001, Roche Diagnostics), and loaded for
electrophoreses. Total protein was resolved by SDS-
PAGE on 4-12% NuPAGE Bis-Tris gels (Thermo Fisher
Scientific), transferred to PVDF membrane (ImmobilonP,
Millipore), and blocked in TBS (10 mm Tris-Cl, pH 7.5,
0.9% NaCl) containing 0.1% (v/v) Triton X-100 (TBS-T)
and 5% (w/v) BSA for 2 h at room temperature. 3-Actin
(catalog #8457, Cell Signaling Technology; RRID:AB_
10950489) and EGFP (catalog #ab290, Abcam; RRID:
AB_303395) primary antibodies were applied at a 1:2000 di-
lution in TBS-T and 5% BSA overnight at 4°C. Primary anti-
bodies were visualized with HRP-conjugated secondary
antibodies (1 ml; catalog #NA9340, Cytiva; RRID:AB_772191)
at 1:4000 dilution and enhanced chemiluminescence.

Nodal gap measurement

Images were captured by confocal laser microscopy
(with 60x lens with 4x zoom; model Fluoview FV300,
Olympus). Nodes of Ranvier were visualized by immu-
nohistochemical staining of Caspr1, a cell adhesion
molecule expressed in the paranodal region flanking
the nodal gap and verified by immunohistochemistry for
voltage-gated sodium channels (Na,1.6), which are
concentrated at the nodes of Ranvier. A z-series of 10
optical sections at 0.2 um intervals was taken and a sin-
gle-plane maximum projection was formed. The lengths
of nodes of Ranvier were measured using NIH ImageJ
software. The length of each node was determined by
measuring the distance between opposing Caspri-la-
beled paranodes. In total, 25,747 nodes of Ranvier were
measured in these studies, from 41 transgenic mice of
both sexes. Nodal gap measurements were collected
while blinded to the experimental condition.

Statistics
For statistical analysis, all nodes of Ranvier in a micro-
scope field (53 pm?) were measured to adequately sample
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the within-field variance and averaged. The mean value of
all nodes (n) in each microscope field was calculated (av-
erage, 60 nodes/field), and the average nodal gap length
for each animal (N) was determined by averaging 10
microscope fields per animal to avoid artificially inflat-
ing the sample size (Lazic et al., 2018). In this way, the
difference in mean nodal length in the control and ex-
perimental groups were compared by a two-sample t
test, with N being the number of animals used for sta-
tistical calculations.

Statistical analysis was performed using Minitab soft-
ware (Minitab), applying a two-sample t test to compare
the mean nodal gap length between visual conditions
(12 h light/dark cycle vs 24 h darkness) within each
genetic background condition or to compare the mean
nodal gap length of animals across different genetic
backgrounds. The mean (SEM), t-statistic test value, and
degrees of freedom are reported in standard American
Psychological Association format. Box plots were cre-
ated using SigmaPlot 14.5 by displaying mean nodal
gap lengths for each animal as individual data points.
Maximum, minimum, and median nodal gap lengths are
represented within the box plot as whiskers (top and bot-
tom) and mid-line (solid black). The mean nodal gap
length of all animals within each condition is marked with
a dashed red line. Values of less than p =0.05 were con-
sidered to be significantly different.

To analyze the sources of variance across all condi-
tions in all of the experiments performed in this study,
a two-way ANOVA using a general linear model fit was
performed to determine the influence of the following
two factors of interest: (1) vesicle release from astrocytes
(DOX Condition); and (2) sensory deprivation (Visual Ex-
perience), on nodal gap length across all conditions,
as well as the degree of interaction between these two
factors. For this comprehensive analysis, all nodes of
Ranvier in a microscope field were measured and the
mean value of each field was taken for analysis. This
analysis represents a sample size of 410 microscope
fields from 41 animals. Box plots were created using
SigmaPlot 14.5 by displaying mean nodal gap lengths
for each field, and the outlying data points are shown.
Maximum, minimum, and median nodal gap lengths
are represented within the box plot as whiskers (top
and bottom) and mid-line (solid black). The mean
nodal gap length of all fields within each condition is
marked with a dashed red line. Values of less than
p =0.05 were considered to be significantly different.

Results

Astrocyte-regulated node of Ranvier plasticity
proceeds normally during long-term binocular visual
deprivation

Vesicular release of thrombin inhibitors from perino-
dal astrocytes regulates the length of the nodal gap
and thickness of the myelin sheath in adult animals
(Dutta et al., 2018). To determine whether sensory de-
privation influences this mechanism of nodal plasticity,
transgenic mice were used that express dnVAMP2
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specifically in astrocytes under the regulation of DOX.
EGFP expression serves as a reporter, and gene ex-
pression is prevented by administering DOX (Fig. 1). In
the absence of DOX, EGFP was expressed specifically
in astrocytes as shown by immunohistochemistry (Fig.
1A). This gene expression was evident in mice lacking
DOX treatment throughout life, including during gesta-
tion (lifelong +dnVAMP2), or when DOX was elimi-
nated from the diet of adult mice for 30 d (adult-onset
+dnVAMP2; Fig. 1A). Mice raised on a diet containing
DOX to suppress the transgene, and then switched to
a regular diet for 30d during adulthood showed in-
creased expression of EGFP. Immunoblot for EGFP
expression confirmed that mice maintained on a diet
containing DOX throughout life have no EGFP expres-
sion in optic nerve, but high transgene expression in
optic nerves of [gfap]JdnVAMP2 mice on a DOX-free
diet was evident by immunoblot (Fig. 1B).

Confirming previous results (Dutta et al., 2018), the
nodal gap length in lifelong +dnVAMP2 mice main-
tained under normal visual conditions (12 h light/dark
cycle) was enlarged compared with mice in which
DOX was provided continuously (lifelong —-dnVAMP2
mice) to maintain normal exocytosis from astrocytes.
Mean optic nerve nodal gap lengths were significantly
larger in lifelong +dnVAMP2 mice than lifelong -dnVAMP2
mice (Fig. 1C; lifelong —-dnVAMP?2 vs lifelong +dnVAMP2, re-
spectively: mean nodal gap length = SEM, 0.646 = 0.026 vs
0.787 + 0.036 pm; t test, 15 = —3.17, p =0.008).

To determine whether sensory deprivation had an effect
on this mechanism of nodal gap plasticity, adult mice
were placed in complete darkness for 30 d, starting on
P40, and nodes of Ranvier were examined by confocal
microscopy at P70 (Fig. 2A-C). Nodal gaps were en-
larged in both groups of animals maintained in dark-
ness and under normal conditions when the dnVAMP2
gene was expressed. The enlarged nodal gap lengths
were not statistically different comparing mice after
BVD with mice maintained under normal light/dark
conditions (Fig. 2D; mean nodal gap length = SEM:
0.787 =0.036 vs 0.813 = 0.017 um; lifelong +dnVAMP2
12 h light/dark cycle vs lifelong +dnVAMP2 24 h dark-
ness, respectively; t test, tg = —0.65, p=0.530). Thus,
this mechanism of astrocyte-mediated lengthening of
nodal gap length is not altered by 30d of BVD in adult
mice.

Critical periods for experience-dependent plasticity in
the visual system are well known, and inhibiting exocyto-
sis from astrocytes throughout gestation could influence
developmental events that could potentially impair re-
sponses to BVD experienced in adulthood. Therefore,
exocytosis from astrocytes was left unperturbed during
gestation by maintaining pregnant mice on a DOX diet
throughout gestation and after weening offspring by sup-
plying DOX to the diet of postnatal mice until P40 when
myelination of optic nerve was complete. At P40, DOX
was removed from the diet of these mice to induce adult
expression of dnVAMP2 (Fig. 3A). Half of these adult-
onset +dnVAMP2 mice underwent BVD for 30d begin-
ning on P40, and nodal gap lengths were compared at
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Figure 2. Astrocyte-regulated nodal lengthening proceeds normally during binocular visual deprivation. A, Experimental timeline
used to test whether visual experience influences the astrocyte-mediated mechanism of node of Ranvier plasticity. Exocytosis from
astrocytes was reduced throughout life by withholding DOX from [gfap]dnVAMP2 transgenic mice throughout gestation and adult-
hood to express the dnVAMP2 gene continuously. At P40, after myelination of optic nerve is complete, a subset of these animals
underwent 30d of binocular deprivation (24 h darkness), and nodes of Ranvier were compared with similar animals experiencing
normal visual conditions in a 12 h light/dark cycle. The lengths of the nodal gaps were compared in both groups of animals at P70.
B, Representative confocal microscope fields from +dnVAMP2 animals maintained under normal 12 h light/dark cycle (top) or
under 24 h darkness (bottom) from P40 to P70. The paranodal region was labeled with Caspr1 (red), and the node was identified by
sodium channel Na, 1.6 immunocytochemistry (blue). C, Examples of typical individual nodes of Ranvier from +dnVAMP2 animals
maintained from P40 to P70 under the normal 12 h light/dark cycle (top) or under 24 h darkness (bottom). D, Box plots of nodal gap
length. Individual points represent the average of all nodes measured in each of 10 microscope fields per animal. Maximum, mini-
mum, and median nodal gap lengths are represented within the box plot as whiskers (top and bottom) and mid-line (solid black).
Mean nodal gap length of all animals within each condition is marked with a dashed red line. Nodal gap length was not significantly
different in lifelong +dnVAMP2 animals following binocular visual deprivation compared with similar animals maintained under nor-
mal light conditions (mean nodal gap length = SEM: 0.787 = 0.036 vs 0.813 = 0.017 pum; lifelong +dnVAMP2 12 h light/dark cycle
versus lifelong +dnVAMP2 24 h darkness, respectively; t test, tg = —0.65, p =0.530). n.s. = not significant.

P70 with similar mice maintained under normal light/
dark conditions. The results showed that reducing
exocytosis throughout life, by expressing dnVAMP2
throughout gestation and early postnatal develop-
ment, was not necessary for the increase in nodal gap
length. Nodal gap was lengthened significantly when
the reduction in astrocyte exocytosis was initiated in
adulthood, by removing DOX from the diet at P40 to
express the dnVAMP2 gene (mean nodal gap length =
SEM: 0.912 =0.020 vs 0.646 = 0.026 um; adult-onset
+dnVAMP2 vs lifelong —-dnVAMP2, respectively, both
on a normal 12 h light/dark cycle; t test, t11) = —8.14,
p <0.001). BVD for 30d, beginning on P40 in these

November/December 2022, 9(6) ENEURO.0194-22.2022

adult-onset +dnVAMP2 mice, did not affect the pro-
cess of nodal gap lengthening induced by inhibiting
exocytosis from astrocytes in adulthood (Fig. 3B-D;
mean nodal gap length = SEM: 0.912 = 0.020 vs 0.882 =+
0.021 um; adult-onset +dnVAMP2 12 h light/dark cycle
vs adult-onset +dnVAMP2 24 h darkness, respectively; t
test, t7=1.03, p =0.336).

Together these experiments indicate that nodal gap
lengthening, after vesicle release from astrocytes is
reduced either beginning in adulthood or maintained
throughout life, proceeds similarly under conditions
of prolonged BVD to when mice have normal visual
experience.
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Figure 3. Reduction in astrocyte exocytosis in adult mice lengthened nodal gap length regardless of modulation of the vis-
ual system by dark exposure. A, Experimental timeline for adult-onset +dnVAMP2 binocular deprivation used to eliminate
possible confounds of reducing exocytosis in astrocytes in gestation and during myelination. Astrocyte vesicular release
was reduced in adulthood via +dnVAMP2 expression begun at P40 by removing DOX from the diet at that time. The mice
were then subjected to 30d of binocular deprivation (24 h darkness) and nodes of Ranvier were compared at P70 with simi-
lar animals with normal visual experience (12 h light/dark cycle). B, Representative confocal microscope fields from adult-
onset +dnVAMP2 animals maintained under normal 12 h light/dark cycle (top) or under 24 h darkness (bottom) from P40 to
P70. The paranodal region was labeled with Caspr1 (red), and the node was identified by sodium channel Na,1.6 (blue). C,
Examples of typical individual nodes of Ranvier from adult-onset +dnVAMP2 animals maintained from P40 to P70 under
normal 12 h light/dark cycle (top) or under 24 h darkness (bottom). D, Box plots of average nodal gap length measured per
animal. Individual points represent the average of nodes of Ranvier in 10 microscope fields per animal. Maximum, mini-
mum, and median nodal gap lengths a represented within the box plot as whiskers (top and bottom) and mid-line (solid
black). Mean nodal gap length of all animals within each condition is marked with a dashed red line. Nodal gap length was
not significantly different in adult-onset +dnVAMP2 animals following 30d of binocular visual deprivation compared with
similar animals maintained under normal light conditions (mean nodal gap length + SEM: 0.912 =0.020 vs 0.882 =
0.021 pm; adult-onset +dnVAMP2 12 h light/dark cycle vs adult-onset +dnVAMP2 24 h darkness, respectively; t test, t7) =
1.03, p=0.336). n.s. = not significant.

Effects of binocular visual deprivation on nodes of
Ranvier in mice with normal vesicular release from
astrocytes

Whether or not BVD induces nodal plasticity in mice
under physiologically normal conditions is unknown.
Therefore, the effects of BVD on nodal gap length in
adult animals in which the [gfap]JdnVAMP2 gene was
not expressed (lifelong —-dnVAMP2) were studied (Fig.
4). Confirming previous results, immunocytochemistry
and immunoblotting confirmed that [gfap]dnVAMP2
mice maintained on DOX prenatally through adulthood
have no expression of EGFP, indicating the successful

November/December 2022, 9(6) ENEURO.0194-22.2022

suppression of the dnVAMP2 transgene (Fig. 1B,C),
and thus have normal astrocytic function.

Mice with unimpaired astrocyte exocytosis (lifelong —
dnVAMP2) were maintained under conditions that allowed
lifelong normal visual experience and compared with
mice after BVD in adulthood (Fig. 4). The results showed
no significant difference in average nodal gap length in
the —dnVAMP2 animals after 30d of BVD compared
with similar mice maintained under normal visual condi-
tions (Fig. 4D; mean nodal gap length = SEM: 0.646 =
0.026 vs 0.675*0.025um; lifelong —dnVAMP2 12 h
light/dark cycle vs lifelong -dnVAMP2 24 h darkness,
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Figure 4. Long-term binocular deprivation does not alter length of nodes of Ranvier in adult optic nerves with normally functioning
astrocyte vesicular release. A, Experimental timeline to test whether binocular deprivation affects node of Ranvier gap length when
exocytosis from astrocytes is unimpaired. Animals with unimpaired vesicular release from astrocytes were raised by supplying DOX
during gestation and throughout life. A control group of lifelong —-dnVAMP2 mice was maintained under normal visual conditions of
a 12 h light/dark cycle from birth until P70, while similar animals undergoing binocular visual deprivation were raised under normal
visual conditions of 12 h light/dark cycle until P40 and then maintained under 24 h darkness from P40 to P70. B, Representative mi-
croscope fields from —dnVAMP2 animals maintained under normal 12 h light/dark cycle (top) or under 24 h darkness (bottom) from
P40 to P70, the paranodal region, were labeled with Caspr1 (red), and the node is identified with Na, 1.6 (blue). C, Examples of typi-
cal individual nodes of Ranvier from —dnVAMP2 animals maintained under normal 12 h light/dark cycle (top) or under 24 h darkness
(bottom) from P40 to P70. The paranodal region was labeled with Caspr1 (red), and the node was identified with sodium channel
Na, 1.6 immunostaining (blue). D, Box plots of average nodal gap length measured per animal. Individual points represent the aver-
age of 10 microscope fields per animal. Maximum, minimum, and median nodal gap lengths are represented within the box plot as
whiskers (top and bottom) and mid-line (solid black). Mean nodal gap length of all animals within each condition is marked with a
dashed red line. Nodal gap length was not significantly different in lifelong —dnVAMP2 animals following binocular visual deprivation
compared with similar animals maintained under normal light conditions (mean nodal gap length = SEM: 0.646 = 0.026 vs
0.675 + 0.025 um; lifelong —dnVAMP2 12 h light/dark cycle vs lifelong —dnVAMP2 24 h darkness, respectively; t test, f14 = —0.80,
p =0.435). n.s. = not significant.

respectively; t test, t14 = —0.80, p =0.435), indicating
that BVD does not change nodal gap length in optic
nerves of adult mice when mechanisms of nodal remod-
eling are unimpaired.

length, and possible interaction between these two
factors. In addition to the value of providing compari-
sons across all sample conditions, this analysis in-
creases confidence in the results obtained using
two-sample t tests.

An ANOVA, based on mean nodal gap lengths in each

Two-factor analysis of all experimental conditions

To perform a comprehensive analysis of sources of
variance across all conditions in all experiments per-
formed in this study, a two-way ANOVA using a gener-
al linear model fit was performed to determine the
influence of vesicle release from astrocytes (DOX
Treatment) and BVD (Visual Experience) on nodal gap

November/December 2022, 9(6) ENEURO.0194-22.2022

of 410 microscope fields from 41 mice, confirms the pri-
mary conclusions of this study (Fig. 5). Vesicular release
from astrocytes (DOX treatment) was the main factor de-
termining nodal gap length across all conditions, with a
highly significant difference of (p <0.001). BVD had no
significant effect on nodal gap length (p=0.476), and no
interaction was found (o =0.092).
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Figure 5. Two-way ANOVA of the effects of vesicle release from astrocytes and visual deprivation in all experimental conditions
tested. The results show that vesicular release from astrocytes was the primary factor determining nodal gap length across all con-
ditions (p < 0.001), and that sensory deprivation did not have a significant effect on nodal gap length (p =0.476). There was no sig-
nificant interaction between these two variables (p =0.092; n.s. = not significant; *** p < 0.0001). Box plots of average nodal gap
length measured per microscope field in all conditions. Outliers are represented with Xs. Maximum, minimum, and median nodal
gap lengths are represented withing the box plots as whiskers (top and bottom) and midline (solid black). Mean nodal gap length of

all animals within each condition is marked with a dashed red line.

Discussion

The results showed that the astrocyte-mediated pro-
cess of nodal gap lengthening was not altered signifi-
cantly by maintaining adult mice in total darkness for 30 d.
Whether reduction of astrocyte exocytosis was initiated in
adult animals at the start of 30d of BVD or was inhibited
throughout life including during gestation, nodes of Ranvier
were lengthened to a similar extent in mice experiencing
BVD for 30d as an adult as in mice having normal visual ex-
perience. This confirms and extends the previous finding
that perinodal astrocytes have a predominant effect in reg-
ulating nodal gap length through exocytosis (Dutta et al.,
2018), and that this mechanism proceeds despite pro-
longed BVD and in the presence of any other potential ac-
tivity-dependent influences on nodal gap.

Furthermore, when exocytosis in astrocytes was unim-
paired, BVD in darkness for 30d begun in adult mice at
P40 did not alter nodal gap length significantly. Therefore,
the structure of the node of Ranvier is resilient to such
marked changes in patterned neural activity produced by
BVD. This could indicate the necessity of maintaining the
reliability of action potential propagation over a wide range
of activity levels, and that such plasticity may require differ-
ent experimental paradigms. It has long been understood
that monocular deprivation induces reorganization of the
cortex such that afferents from the eye receiving patterned
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sensory information are favored (Wiesel and Hubel, 1965).
If nodal length in optic nerve axons was increased by visual
deprivation, which is a strong hypothesis considering new
findings on myelin plasticity, longer latency of spike
time arrival would, by spike time-dependent synaptic
plasticity, decrease synaptic input from the deprived
eye. Conversely, activity-dependent nodal gap length
changes increasing conduction velocity would have the
opposite effect. Our experimental results on optic nerve
provide no support for this alternative hypothesis for
the experience-dependent changes in synaptic strength
reported in the visual system.

Across different experimental conditions, we used two-
sample tests to directly assess the effect of BVD on animals
of a similar genetic background. We took a conservative ap-
proach in using the number of animals as the sample size to
minimize the probability of making a false-positive error that
would be introduced by artificially increasing the sample
size if the large number of individual nodes of Ranvier had
been used as the sample size in statistical tests (24,747
nodes of Ranvier were measured in total). However, the
more conservative approach that was taken necessarily in-
creased the probability of a type Il error of failing to detect
a significant difference when there are differences (false
negative); therefore, we also confirmed the primary conclu-
sions of this study through a two-way ANOVA comparing
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the mean nodal gap length of nodes in 410 microscope
fields measured across all conditions. This analysis con-
firmed that astrocyte exocytosis (regulated by DOX treat-
ment) was the primary factor altering nodal gap length and
that the visual experience condition had no significant ef-
fect or interaction.

Importantly, these findings do not exclude the possibility
that nodal gap length may be regulated by visual experi-
ence under different experimental conditions. The pattern
of action potential activity in optic nerve axons differs in the
absence of visual input (Lowen et al., 2001), but visual de-
privation does not block spontaneous action potentials.
Spontaneous activity is present in the retina prenatally
(Galli and Maffei, 1988) and postnatally (Meister et al.,
1991). In contrast to BVD induced by total darkness, intra-
ocular injection of TTX to block sodium-dependent action
potentials does block activity-dependent synaptic plastic-
ity in the visual cortex (Stryker and Harris, 1986). We ex-
plored the effects of intraocular injections of TTX in these
experiments, but electrophysiological recordings of retinal
function and visually evoked potentials in the visual cortex
showed that TTX did not block neural activity for more than
~24 h (data not shown), rendering the approach unsuitable
for a 30 d activity block required for these experiments.

Although we find no effect of BVD on nodal gap length,
previous studies have shown other myelination differences
after manipulating visual experience during early postnatal
development. A recent study indicates that long-term mo-
nocular deprivation shortens the length of the myelinated
segments between the nodes of Ranvier in the optic nerve,
increasing delays and the variability of spike time arrival
(Etxeberria et al., 2016). Nodal gap length was not investi-
gated in that study. Notably, the studies were conducted
between P15 and P32, before the completion of myelin
maturation, and the results were attributed to increased oli-
godendrogenesis, in contrast to our studies of myelin plas-
ticity investigating adult myelin plasticity assayed at P70.
Another study using in vivo two-photon imaging of layer 2/3
primary binocular visual cortex of adult mice shows that
monocular deprivation has different effects on myelin plas-
ticity in excitatory and inhibitory neurons (Yang et al., 2020).
Remodeling of pre-existing myelin sheaths is observed on
both types of axons under normal conditions, but monocu-
lar deprivation increases the incidence of myelin segments
that either elongate or contract, causing movement of
nodes of Ranvier along parvalbumin-expressing inhibitory
neurons of the visual cortex, but not the projecting axons of
excitatory neurons. These changes were accompanied by
increases in axonal branch tip dynamics in inhibitory neu-
rons, raising the question of whether myelin changes are
secondary to neuronal plasticity. However, neither of these
studies explores the effects of BVD or the changes in the
structure of nodes of Ranvier.

It is possible that other experimental paradigms that
have previously reported nodal remodeling may involve the
astrocyte-mediated mechanism of nodal lengthening; how-
ever, not all reports of nodal lengthening align with the sub-
micrometer-scale changes known to be regulated by the
astrocyte. The large increase in nodal gap length in auditory
nerve in response to noise-induced hearing loss differs
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from astrocyte-regulated mechanism of nodal plasticity, as
it is characterized as an injury response that causes demy-
elination, according to the authors (Tagoe et al., 2014).
Likewise, large increases in nodal gap length (several mi-
crometers) are evident after blocking GABAergic signaling
in oligodendrocyte progenitor cells, cells that can mature
into oligodendrocytes (Benamer et al., 2020). Intriguingly,
neurochemical excitotoxicity, induced by the application of
glutamate, results in nodal expansion that resembles the as-
trocyte-mediated mechanism, as paranodal myelin loops
were observed to lift from the axolemma and retract toward
the internode; however, this pathologic hyperstimulation
also resulted in nodal expansion on the order of several mi-
crometers (Fu et al., 2009). In contrast to the large increases
in nodal gap length accompanying pathologic or develop-
mental effects, the magnitude of the nodal gap length in-
crease observed after chronic sleep restriction is in the
submicrometer range, similar to that produced by the astro-
cyte-mediated mechanism of nodal lengthening (de Vivo
and Bellesi, 2019). Similarly, the magnitude of changes in
nodal gap length reported after transcranial magnetic stimu-
lation and spatial learning in adult mice (Cullen et al., 2021)
is consistent with nodal plasticity regulated by the astrocyte,
although those authors favor an unidentified process medi-
ated by changes in axonal morphology.

Thus, many biological processes likely influence myelin
and nodal structure, which may differ in the context of de-
velopment, pathology, and activity-dependent plasticity.
The lack of a difference in nodal remodeling under condi-
tions of BVD by maintaining mice in darkness for 30d, re-
gardless of whether vesicular release from astrocytes was
inhibited or remained normal, supports the hypothesis
that the perinodal astrocyte is a primary intermediary in
this form of plasticity.

In conclusion, our results, in the context of other re-
search on myelin plasticity, support a process of remodel-
ing nodes of Ranvier that is not produced by BVD. The
possibility of nodal remodeling and myelin plasticity that
is driven by an activity-dependent competitive process,
rather than binocular deprivation, is an important area for
future research.
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