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Differential expression of myelin-related genes and changes in myelin thickness have been demonstrated in mice after chronic
psychosocial stress, a risk factor for anxiety disorders. To determine whether and how stress affects structural remodeling of nodes
of Ranvier, another form of myelin plasticity, we developed a 3D reconstruction analysis of node morphology in C57BL/6NCrl and
DBA/2NCrl mice. We identified strain-dependent effects of chronic social defeat stress on node morphology in the medial prefrontal
cortex (mPFC) gray matter, including shortening of paranodes in C57BL/6NCrl stress-resilient and shortening of node gaps in DBA/
2NCrl stress-susceptible mice compared to controls. Neuronal activity has been associated with changes in myelin thickness. To
investigate whether neuronal activation is a mechanism influencing also node of Ranvier morphology, we used DREADDs to
repeatedly activate the ventral hippocampus-to-mPFC pathway. We found reduced anxiety-like behavior and shortened paranodes
specifically in stimulated, but not in the nearby non-stimulated axons. Altogether, our data demonstrate (1) nodal remodeling of
the mPFC gray matter axons after chronic stress and (2) axon-specific regulation of paranodes in response to repeated neuronal
activity in an anxiety-associated pathway. Nodal remodeling may thus contribute to aberrant circuit function associated with
anxiety disorders.

Neuropsychopharmacology (2023) 48:1532–1540; https://doi.org/10.1038/s41386-023-01568-6

INTRODUCTION
Anxiety disorders are the most common psychiatric disorders,
affecting up to 14% of the population [1], with a large
socioeconomic burden [2]. Anxiety disorders are complex diseases
with both genetic and environmental risk factors [3, 4], however,
little is known about the mechanisms underlying these gene-
environment interactions. Chronic psychosocial stress increases
the risk to develop anxiety disorders [5, 6]. Understanding the
mechanisms mediating vulnerability to stress, and resilience to it,
is crucial for the development of much-needed treatment and
prevention strategies.
By employing the chronic social defeat stress (CSDS) model, a

well-validated animal model of psychosocial stress and anxiety-
like behavior in male mice [7, 8], we recently demonstrated using
four inbred mouse strains that behavioral responses to stress are
strongly influenced by genetic background [9]. CSDS, consisting of
confrontations between intruder and resident mice, leads to social
avoidance in a subset of mice (stress-susceptible), while others
retain social approach (stress-resilient) like non-stressed mice. For
example, most (~95%) DBA/2NCrl (D2) mice show social avoidance
after CSDS, and are thus classified as stress-susceptible, while the
majority (~70%) of C57BL/6NCrl (B6) mice are stress-resilient [9].
Our prior unbiased gene expression profiling study, aimed to

identify biological pathways mediating stress-induced anxiety and

resilience to it, discovered statistical over-representation of myelin-
related genes among differentially expressed genes in mice after
CSDS [9]. Both the genetic background, as well as resilience and
susceptibility to stress modulated this effect. Changes in gene
expression were accompanied by strain- and susceptibility/
resilience-dependent differences in myelin sheath thickness in
the medial prefrontal cortex (mPFC), ventral hippocampus (vHPC),
and bed nucleus of stria terminalis (BNST), regions involved in the
regulation of anxiety [10]. Altogether, these findings, also
supported by others [11–15], highlight the involvement of myelin
plasticity in stress response and suggest an important role for
myelination in mediating susceptibility and resilience to stress.
Myelin plasticity, or adaptive myelination, encompasses various

alterations in myelin structure, density, and function in response
to specific experiences and consequent changes in neuronal
activity [16, 17]. In addition to changes in myelin thickness and de
novo myelination of previously non-myelinated axons or axonal
segments, myelin plasticity involves modulation of nodes of
Ranvier [18], small unmyelinated segments between myelin
sheaths which enable saltatory conduction [19]. They consist of
unmyelinated node gaps containing a high density of voltage-
gated sodium ion channels that are flanked by paranodes, where
myelin sheaths attach to axons. Juxtaparanodes are located
adjacent to paranodes, and contain a high density of potassium
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channels [19–21]. Similar to changes in myelin thickness and
sheath length node of Ranvier remodeling can also have profound
changes on axonal conduction [22–25], and thus critically impact
connectivity of neuronal networks [26]. Whether node of Ranvier
morphology in the cortical gray matter is affected in chronic
psychosocial stress, and whether activity-dependent nodal
changes occur in anxiety-associated circuits remain unclear.
Here, we first investigated whether modulation of node of

Ranvier structure occurs in response to CSDS, and whether these
changes are influenced by genetic background or resilience or
susceptibility to stress-induced social avoidance, a symptom of
anxiety. We identify strain-dependent effects of chronic stress on
nodal structures using a novel 3D segmentation method, allowing
refined structural node analysis. In a second set of experiments,
we test neuronal activation as a possible mechanism underlying
morphological changes of nodes of Ranvier, and demonstrate that
repeated chemogenetic activation of the vHPC-to-mPFC pathway
reduces anxiety-like behavior and induces axon-specific short-
ening of paranode length, suggesting that activity and axon-
specific nodal remodeling may contribute to shaping of neuronal
connectivity in anxiety circuits.

MATERIALS AND METHODS
Detailed materials and methods can be found in the Supplementary
information.

Animals
C57BL6/NCrl (B6) and DBA/2NCrl (D2) male mice (5 weeks old upon arrival,
Charles River Laboratories) were purchased for all experiments. All animal
procedures were approved by the Regional State Administration Agency
for Southern Finland (ESAVI/2766/04.10.07/2014 and ESAVI/9056/2020)
and conducted in accordance with directive 2010/63/EU of the European
Parliament and of the Council.

Experiment 1: CSDS
CSDS was performed as previously described [9, 27]. Seven-week-old male
mice underwent a 10-day CSDS paradigm, consisting of a 5–10min daily
physical confrontation and constant sensory interaction. One day after the
end of CSDS mice were tested for social avoidance (SA). A social interaction
(SI) ratio was calculated for each mouse. Susceptible mice were defined as
having SI ratios below a boundary defined as the strain-specific control
mean score minus one standard deviation [9].

RNA-sequencing and differential gene expression analysis
We re-analyzed RNA sequencing data from brain samples of B6 and D2
mice after CSDS, published by us previously [9] (GEO accession
GSE109315). Briefly, mice were sacrificed 6–8 days after the last CSDS
session and RNA was extracted. Sequencing libraries were prepared with
ScriptSeq v2 RNA-seq library preparation kit (Epicentre) and sequencing
was performed on NextSeq500 (single-end 96 bp; Illumina). Differential
expression analysis on voom normalized [28] gene expression values was
performed using limma eBayes [29, 30], comparing resilient and
susceptible mice to their same-strain controls. Here, we conducted gene
set enrichment analysis (GSEA Desktop v4.1.0 [31, 32]) using the differential
expression results published in [9].

Experiment 2: DREADD—stereotaxic surgery
Stereotaxic surgeries were performed under isoflurane anesthesia.
AAVretro-Cre was injected into the mPFC (AP: +2.22mm, ML: ±0.35mm,
DV: −2.1 mm) for retrograde transport to vHPC neurons projecting to the
mPFC. For the vHPC viral construct (AP: −3.4 mm, ML: ±2.9 mm, DV:
−4.5 mm), mice were randomly assigned to receive either the control virus
(AAV8-Dio-mCherry) or the DREADD virus (AAV8-Dio-hM3D(Gq)-mCherry).

Experiment 2: DREADD—behavioral testing and CNO
injections
Mice were tested in the elevated zero maze (EZM) test 20–30min after
receiving a clozapine-N-oxide (CNO, 1 mg/kg) injection (i.p). The total time
spent in open and closed areas was recorded over 5 min and analyzed

using Ethovision XT10 software. CNO injections were continued once
per day for a total of 15 days.
On day 13, prior to receiving CNO, the open field test (OFT) was

performed. Each mouse was allowed to explore an arena for 5 min. The
time the mice spent in the center vs. periphery was computed. On day 14,
the EZM was repeated with slight modifications (EZM2). To test for effects
of chronic vHPC-mPFC activation on social avoidance behavior, we
performed the SA test on day 15. Each mouse went through two trials
of the SA test similarly as after CSDS. To explore whether the chronic
activation had affected the acute response to CNO, we performed an
additional test of anxiety-like behavior following a priming injection (day
16). Each mouse received an injection of CNO and after 20–30min they
were tested in an elevated plus maze (EPM).

Nodes of Ranvier immunohistochemistry
Mice were transcardially perfused, post-fixed and brains cut into 35–40 µm
sections. The used antibodies were: rabbit anti-Nav1.6 (1:250, #ASC-009,
Alomone labs), mouse anti-CASPR (1:5000, #75-001, Neuromab), goat anti-
rabbit Alexa Fluor 568 (1:400, #A-11011, Thermo Fisher Scientific), goat
anti-mouse Alexa Fluor 488 (1:400, #A28175, Thermo Fisher Scientific), and
goat anti-mouse Alexa 647 (1:400, #ab150115, Abcam).

Imaging
Imaging was performed with ZEISS LSM 880 Confocal Laser Scanning
microscope with AiryScan (Zeiss). To image individual nodes within a field
of view, a region around a node was cropped, and a z-stack of the cropped
region was acquired. Z-stacks were acquired at a resolution of
0.04 × 0.04 × 0.10 µm.

3D segmentation and morphometry of paranodes and
juxtaparanodes
We developed an automated pipeline to segment and analyze the
morphology of paranodes and juxtaparanodes, as well as to measure the
length of nodes of Ranvier in the acquired 3D microscopy images (Fig. S4).

Statistical analysis
We assessed group differences in node and paranode morphology using a
mixed model design, in which individual mice and paranode dependency
(two paranodes originate from the same node) were treated as random
factors and group (control, resilient, and susceptible) and staining batch as
fixed factors. Unpaired (two-tailed) Student’s t test or a Mann–Whitney U
test were used to assess behavioral test differences. Two-way repeated
ANOVA was used to analyze repeated testing in the EZM task. Mixed
model was performed using R (4.2.2) and other statistical analyses using
Prism 8.

RESULTS
Node of Ranvier-related genes are differentially expressed in
response to chronic psychosocial stress
In our previous study, we discovered changes in the expression of
myelin-related genes in response to CSDS [9]. These changes were
accompanied by differences in myelin thickness, which occurred
in a brain region- and strain-dependent manner, altogether
demonstrating myelin plasticity as an integral part of the stress
response [9]. These findings prompted us to further investigate
whether chronic stress impacts other myelin features, such as
nodes of Ranvier. To investigate differential expression of genes
involved in the structure and function of nodes of Ranvier (Fig. 1a
and Table S1), we re-analyzed our previously published RNA-
sequencing dataset from the mPFC (including the prelimbic,
infralimbic, and anterior cingulate cortex regions) of B6 and D2
mice, performed 1 week after cessation of a 10-day CSDS [9]. We
examined 40 genes associated with the Gene Ontology term node
of Ranvier. Twelve genes (30%) were differentially expressed in
B6 susceptible mice compared to controls, with 11 of them (28%)
being expressed at a lower level in the susceptible compared to
control mice (Fig. 1b). These genes encoded for voltage-
dependent ion channels (e.g., Kcnq2; Kv7.2 and Scn1a; Nav1.1)
and structural components of the nodes (e.g., Gjc; Connexin-47;
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Mag; Myelin associated glycoprotein). In addition, to examine
whether genes encoding for structural subcomponents of the
nodes of Ranvier (Fig. 1a) were over-represented among the up- or
downregulated genes, we conducted Gene Set Enrichment
Analysis (GSEA) [31] on differential gene expression lists of B6
resilient, B6 susceptible, and D2 susceptible mice compared to
controls (Fig. 1c, d). As D2 resilient mice are found very
infrequently, they were not available in the cohort used for this

experiment. We found that paranodal, juxtaparanodal, and nodal
genes were significantly overrepresented among the down-
regulated genes in the D2 susceptible mice compared to same-
strain controls. In B6 susceptible mice, we observed a statistical
trend for overrepresentation of node of Ranvier genes among the
downregulated genes. GSEA performed with all 40 genes
associated with nodes of Ranvier produced similar results (Fig. 1c,
d). Taken together, these results suggest that chronic psychosocial
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Fig. 1 Differential expression of nodes of Ranvier genes after chronic social defeat stress. a Schematic representation of the node of
Ranvier subregions. b Heatmap showing the expression fold change (logFC) and significance of differential expression for genes associated
with nodes of Ranvier subcomponents (node, light blue; paranode, pink; juxtaparanode, orange; internode, green) in B6 and D2 defeated mice
in the mPFC. c Gene Set Enrichment Analysis (GSEA) of genes associated with the individual structural subcomponents of the nodes of Ranvier
(node, paranode, juxtaparanode, internode) and combined analysis of all nodal genes (N= 40 genes, see Supplementary Table 1). d–f GSEA
enrichment score figures of all nodal genes. The top portion of the plot shows the enrichment score, which reflects the degree of
overrepresentation of the gene set at the top or bottom of a ranked gene list. The middle portion of the plot shows the position of the genes
in the ranked list. The bottom portion of the plot shows the value of the ranking metric as the analysis walks down the list of ranked genes. B6:
C57BL/6NCrl; D2: DBA/2NCrl; Con control, Res resilient, Sus susceptible. *p < 0.05, **p < 0.01, ***p < 0.001.
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stress alters the expression levels of genes involved in node of
Ranvier structure and function in the mPFC of B6 and
D2 susceptible mice.

Strain-dependent alterations of mPFC nodal morphology after
chronic psychosocial stress
To investigate whether the observed gene expression differences
are associated with changes in node of Ranvier morphology, we
developed a novel 3D reconstruction analysis of nodal subdo-
mains. Particularly in gray matter nodes of Ranvier can present
highly variable orientations, and as a result, two-dimensional
maximum projection analysis of morphology can induce signifi-
cant distortions of measured parameters. By measuring nodes as
they exist in three-dimensional space, we can obtain accurate
morphological measures. We analyzed nodal subdomains after
CSDS in the anterior cingulate cortex subregion of the mPFC, a
critical hub for the regulation of anxiety [33]. This brain region
contains several short- and long-range connections [34] as well as
excitatory and inhibitory neurons, both of which are known to be
myelinated [35]. To investigate whether genetic background or
susceptibility or resilience to stress influence nodal modifications
in response to stress, we conducted the morphological analysis
both in B6 and D2 mice, classified either as stress-resilient or
-susceptible based on social avoidance behavior following CSDS
[9, 27] (Fig. S1).
We found that B6 resilient mice had shorter paranodes (by

10.3%), identified by contactin-associated protein (CASPR) immu-
noreactivity (Fig. 2a, b) compared to same strain controls (Fig. 2c).
In D2 mice we found a statistical trend toward increased paranode
length in susceptible mice compared both to same strain resilient
(by 27.0%) and control mice (by 11.1%) (Fig. 2f). Moreover, node
width, defined as the distance between two flanking paranodes
(Fig. 2a, b), was shorter (by 5.2%) in D2 susceptible mice compared
to same strain control mice (Fig. 2g), but not in B6 mice (Fig. 2d). In
accordance with shorter paranodes, total nodal region length was
shorter in resilient B6 mice (by 8.4%) compared to same strain
controls (Fig. 2e, h). These changes in paranode length are similar
in magnitude with previous findings in multiple sclerosis, in which

paranodal changes associate with predicted changes in conduc-
tion velocity [36].

Strain-dependent alterations of nodal morphology in forceps
minor
In addition to cortical gray matter, we analyzed nodal morphology
in response to CSDS in the forceps minor (Fig. S2a), a white matter
tract adjacent to the mPFC. Paranode length was longer in B6
stress-resilient (by 7.0%) compared to same strain controls, and
there was a statistical trend toward longer paranodes (by 4.4%) in
stress-susceptible mice (Fig. S2b). Paranode length in D2 mice or
node width in either B6 or D2 mice did not change in response to
CSDS (Fig. S2c–e). Altogether, our analysis demonstrates that
chronic stress alters node of Ranvier morphology both in the
mPFC gray matter and in the forceps minor white matter. These
effects were strongly influenced by genetic background and brain
region, and they depended on the individual stress response.

Repeated activation of the vHPC-mPFC pathway reduces
anxiety-like behavior and paranode length in axon-specific
manner
Mechanisms underlying experience-dependent changes in node of
Ranvier structure are largely unknown. We hypothesized that
neuronal activity may be one such mechanism because it
influences oligodendrocyte precursor cell proliferation, oligoden-
drogenesis, and myelin thickness [37, 38]. Furthermore, transcranial
magnetic stimulation affects node of Ranvier width in the
stimulated area [23]. However, whether activity-dependent nodal
remodeling occurs in circuits involved in the regulation of anxiety-
like behavior, and whether such effects are specific to activated
axons, are not known. To study the effects of neuronal activation on
nodal morphology, we chemogenetically activated neurons pro-
jecting from the vHPC to the mPFC, a pathway previously shown to
increase anxiety-like behavior upon acute stimulation [39, 40]. To
achieve projection-specific expression of excitatory hM3Dq-recep-
tors, we bilaterally injected a retrograde Cre-carrying virus (AAVretro-
Cre-eGFP) into the mPFC, while a Cre-dependent hM3Dq (AAV8-
Dio-hM3Dq-mCherry) or an mCherry (AAV8-Dio-mCherry) control
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vector was injected into the vHPC (Fig. 3a) of male C57BL/6NCrl
mice. Immunohistochemical analysis confirmed the accuracy of the
labeling by showing robust eGFP labeling in the mPFC and
mCherry expression in the vHPC CA3/1 regions, as well as eGFP/
mCherry-double positive axons along the pathway (Fig. 3b).

Behavioral tests confirmed that the activation of this specific
pathway was effective in modulating anxiety-like behavior (Fig. 3c),
although the effects differed from those previously published for
acute stimulation [39, 40]. We first assessed the effects of an acute
chemogenetic activation of Gq signaling on anxiety-like behavior
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by testing the mice in the elevated zero maze (EZM) 20–30min
after a single clozapine-N-oxide (CNO) injection, which activates
the hM3Dq receptors. In the EZM, the hM3Dq and control groups
spent equal amount of time in the open areas, closed areas, and in
the risk assessment zone, and we did not observe differences in
stretch-attend postures or general activity (Figs. 3d–g and S3a),
suggesting ineffectiveness of the acute manipulation to alter
anxiety-like behavior in this assay. After the acute test, we
continued daily CNO injections to assess the effects of a repeated
manipulation of vHPC-to-mPFC activity on anxiety-like behavior.
After 12 days of CNO injections, we carried out the open field (OF)
test. Anxiety-like behavior or general activity did not differ
between the groups, as demonstrated by similar time spent in
the center zone and the distance traveled (Fig. 3h, i). On the
following day, and after another CNO injection, we tested the mice
in the EZM task. In contrast to the acute CNO effects, after the
repeated manipulation hM3Dq mice spent more time in the risk-
assessment zone, compared to controls (Fig. 3n). This was
accompanied with reduced closed area time (Fig. 3m), with no
differences in the time spent in the open areas (Fig. 3l) or general
activity (Fig. S3b). The behavior of the control mice did not differ
between the acute and chronic EZM tests (Fig. S3c–f), supporting
the feasibility of repeated testing in the EZM.
On the following day (after 14 days of CNO injections), we

tested the effects of the repeated activation of the vHPC-to-mPFC
projection on social behavior in the social approach (SA) task.
hM3Dq and control mice spent equal amounts of time interacting
with a social target (Fig. 3j, k), suggesting no effects on social
avoidance behavior.
Lastly, we tested the priming effects of an acute hM3Dq

activation on anxiety-like behavior. After receiving daily CNO
injections for 15 days, the mice received a single CNO injection
30min prior to testing in the elevated plus maze (EPM), to avoid a
habituation effect from repeated testing in the EZM. An acute
activation in primed animals resulted in reduced exploration of
the closed arms in hM3Dq mice, which was accompanied with
increased center zone time and increased number of stretch-
attend postures compared to controls, with no change in open
arm time or in locomotor activity (Figs. 3p–s and S3e). Taken
together, our behavioral data demonstrate that prolonged
manipulation of vHPC-to-mPFC activity decreases anxiety-like
behavior, reflected particularly as increased risk assessment in
the EZM test, together with reduced closed arm exploration and
increased engagement in stretch-attend postures in the EPM test.
Finally, we assessed whether DREADD-mediated activation,

changing anxiety-like behavior, altered nodal morphology along
labeled vHPC-to-mPFC axons. For this, we imaged paranodes
(identified with CASPR) on mCherry-expressing (mCherry+) axons
within the hippocampal fimbria, where robust labeling of mPFC-
projecting vHPC axons was observed in both hM3Dq and control
mice (Fig. 4a, b). To tease out manipulation-specific effects, we
also studied paranodes on non-labeled axons (mCherry−) within
the same brain region. In mice with vHPC-to-mPFC projection
neurons expressing hM3Dq, paranodes were significantly shorter

(13.9%) than in controls (Fig. 4c). Importantly, the effect was
specific for paranodes on mCherry-labeled axons, as no difference
in paranode length was present between the groups in non-
labeled axons. Furthermore, paranode length did not differ
between labeled and non-labeled axons in control mice. In
concordance with reduced paranode length, the total nodal
region was shorter in hM3Dq-expressing neurons compared to
control neurons (Fig. 4e). The DREADD-mediated activation did
not affect node width (Fig. 4d). These results demonstrate that
manipulation of neuronal activity specifically affected paranode
length, and, importantly, the modification occurred in the
activated, but not in the non-activated, axons, supporting our
hypothesis on activity-dependent remodeling of nodes.

DISCUSSION
In this study, we first investigated morphology of nodes of Ranvier
after chronic psychosocial stress. These studies were based on our
initial finding of differential expression of node of Ranvier-related
genes within the mPFC of mice exposed to CSDS. The observed
gene expression differences were accompanied by altered node of
Ranvier morphology. Secondly, to identify mechanisms which
could drive nodal remodeling, we assessed whether altered
neuronal activity in an anxiety-associated pathway produces nodal
changes. In such a pathway, we showed shortened paranodes
along DREADD-stimulated axons. Our data demonstrate that
DREADD-mediated chronic activation can alter node of Ranvier
morphology along active axons, and that such changes can be
accompanied by changes in anxiety-like behavior.
We found shorter paranodes in B6 stress-resilient mice

compared to controls in the mPFC gray matter after CSDS. In D2
stress-susceptible mice node gap was shorter compared to
controls. These findings suggest that nodal remodeling may
influence resilience and susceptibility to stress. For example, in B6
the ability to adjust the paranode length, according to the need of
the pathway, may promote resilience, a process which may fail in
susceptible mice.
Myelination both in the white and gray matter contribute to

experience-dependent shaping of neural circuits [18, 41]. There-
fore, we also assessed nodal remodeling after chronic stress in the
white matter within the forceps minor, the anterior part of the
corpus callosum. We found longer paranodes in stress-resilient B6
mice compared to same strain controls, as also previously
observed after chronic restraint stress [42]. Different effects of
chronic stress on nodal remodeling in the gray and white matter
demonstrate that nodal changes are highly brain region-
dependent, possibly echoing differences in their activity in
response to stress.
What drives the remodeling of the nodes of Ranvier after

chronic stress? We hypothesized that behavioral response to
chronic stress could be affected by activity-dependent nodal
remodeling that takes place selectively in stress-associated
circuits. As pathway-specific nodal remodeling in anxiety circuits
has to date not been established, we set out to test this

Fig. 3 DREADD-mediated activation of vHPC-to-mPFC projection neurons reduces anxiety-like behavior. a Projection-specific expression
of hM3Dq/mCherry was achieved by injecting a retrograde Cre-carrying virus (retro-Cre-eGFP) into the mPFC and a Cre-dependent hM3Dq
(Dio-hM3Dq-mCherry) or a control virus (Dio-mCherry) into the vHPC CA3 subregion. b Representative examples showing eGFP expression in
the mPFC and mCherry-expressing axons in the hippocampal fimbria. c Experimental timeline. Open zone (d), closed zone (e) risk assessment
(RA) zone (f) time and the number of stretch-attend postures in the RA zone (g) in the acute elevated zero maze test (EZM1) (two-sided
Student’s t tests). Time spent in the center of the open field (OF) test (h) and distance traveled (i) during the OF test (two-sided Student’s
t tests). j Quantification of social interaction ratio in the social approach (SA) task (two-sided Student’s t test). k Time spent in the interaction
zone during empty and target sessions of the SA test (two-way repeated ANOVA: group × session F(1,22)= 0.703, p= 0.402; session
F(1,22)= 6.111, p= 0.022; group F(1,22)= 0.100, p= 0.755). Time spent in the open zone (l), closed zone (m) (two-sided Student’s t tests), risk
assessment zone (n) (two-sided Welch’s t-test) and the number of stretch-attend postures in the RA zone (o) in the EZM2 test after repeated
activation of vHPC-to-mPFC pathway. Time spent in the closed arms (p), center zone (q), open arms (r) and the number of stretch-attend
postures (s) in the elevated plus maze (EPM) test (two-sided Student’s t tests). Control n= 11; hM3Dq n= 13; Error bars represent ±SEM.
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hypothesis by using a chemogenetic approach in the vHPC-to-
mPFC pathway, previously shown to regulate anxiety-like behavior
[39, 40]. We found that prolonged DREADD-mediated activation of
vHPC-to-mPFC projection neurons resulted in increased risk-
assessment and reduced closed arm exploration, suggesting
decreased anxiety-like behavior. An acute inhibition of the
pathway has previously been shown to decrease anxiety-like
behavior [39, 40], while an acute activation elicited an anxiogenic
effect [40]. Altogether, these data demonstrate that vHPC-to-mPFC
pathway is critical for the regulation of anxiety-like behavior, yet it
underscores a divergent impact of an acute and chronic activation
of the pathway on anxiety. We next asked whether nodal changes
occur in an activity-dependent and pathway-specific manner in
the vHPC-to-mPFC pathway.
Whether activity-related nodal alterations result from general-

ized activity changes within a brain region, or whether nodal
modulation occurs at the level of individual axons, has remained
unanswered until recently [43]. Here, we studied whether axon-
specific nodal remodeling occurs along axons that mediate
anxiety-like behavior. To study this, we used chemogenetics as
this method allowed us to repeatedly stimulate specific neurons
regulating anxiety-like behavior, while visualizing the manipulated
axons for morphological analysis of nodes. Notably, paranodes
were specifically modified on activated axons, but not on non-
activated axons within the same brain region, suggesting that
neuronal activity directly elicits paranodal plasticity along the
stimulated axons, as described previously for the formation of

myelin sheaths [37, 38], and recently in the motor cortex following
learning [43]. Altogether, these findings suggest that node
remodeling may play an important role in modulating neuronal
communication in anxiety circuits.
Axon-specific modulation of nodes of Ranvier likely adds to

fine-tuning of axonal conduction, enabling circuit-specific adapta-
tion to changing processing needs. However, it could also underlie
some of the persistent maladaptations associated with stress-
related psychiatric disorders. We found that the main nodal effect
of CSDS was shortening of paranodes in the mPFC gray matter
and lengthening of paranodes in the forceps minor white matter
in B6 stress-resilient mice. Similar to the effects observed in the
mPFC in B6 stress-resilient mice, DREADD-mediated stimulation
led to shorter paranodes in the vHPC-to-mPFC pathway, an effect
that was accompanied with reduced anxiety-like behavior.
Conversely, in the D2 strain, paranodes appeared longer in the
mPFC gray matter in stress-susceptible mice, although these
changes did not reach statistical significance. We have previously
shown that chronic stress can associate both with thicker or
thinner myelin sheaths, depending on whether the mice are
stress-susceptible or -resilient and on the genetic background [9].
Similar to dynamic modulation of myelin sheaths [41], bidirec-
tional and brain region-specific modulation of paranodes likely
contributes to the capacity to adapt according to the needs of
specific circuits and networks [22].
Overall, our data demonstrate genetically controlled remodel-

ing of nodes of Ranvier after chronic stress. Much of the work on
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myelin plasticity and stress has been conducted using only one
mouse strain, typically a B6 substrain. Our findings highlight the
need to study more than one genetic background, as appreciating
genetically dependent outcomes could improve translational
validity of preclinical models. We propose that nodes of Ranvier
remodeling associated with CSDS result from stress-induced
changes in neuronal activity patterns in distinct gray and white
matter regions. Together with other forms of myelin plasticity, i.e.,
alterations in oligodendrocyte precursor and mature oligoden-
drocyte function, and changes to myelin distribution and
thickness, nodal changes may either promote susceptibility or
resilience to stress. We cannot, based on our data, characterize the
observed modifications as pathological or adaptive. As anxiety
disorders are increasingly considered to involve circuit-level
dysfunction, rather than a disruption of a single neurotransmitter
system or a single brain region [44], nodal remodeling may
contribute to aberrant circuit function in these conditions. Future
studies should be aimed not only to understand how nodes of
Ranvier remodeling influences conduction velocity along single
axons, but to understand its role in circuit- and network level
communication. Understanding the mechanisms driving node of
Ranvier changes may help pave the way for novel treatment
practices for anxiety disorders.
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