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Abstract

Cuprizone (CPZ) is a widely used toxin that induces demyelinating diseases in animal models, produc-
ing multiple sclerosis (MS)-like pathology in rodents. CPZ is one of the few toxins that triggers demye-
lination and subsequent remyelination following the cessation of its application. This study examines
the functional consequences of CPZ-induced demyelination and the subsequent recovery of neural
communication within the anterior cingulate cortex (ACC), with a particular focus on interhemispheric
connectivity via the corpus callosum (CC). By employing wide-field, high-speed, voltage-sensitive dye
imaging, we were able to provide real-time mapping of neural activity in the ACC of CPZ-fed mice.
Although we could not record physiological signals from the CC, the results demonstrated a notable
impairment in interhemispheric connections within the ACC via the CC, with the most pronounced
loss observed in a specific coronal slice among a series of slices examined. Notably, the latency of
neural signal propagation remained largely unaltered despite connectivity loss, indicating that demye-
lination affects the extent, rather than the temporal dynamics, of neural communication. It is notewor-
thy that while functional connectivity appeared to recover fully after the cessation of CPZ, histological
analysis revealed only partial recovery of myelination, indicating a discrepancy between functional and
structural recovery. These findings enhance our understanding of how demyelination affects the ACC’s
role in orchestrating neural activity, particularly in light of the slice-specific nature of interhemispheric
communication impairments. These findings offer new insights into MS pathology, particularly regard-
ing the role of the CC in interhemispheric communication and potential therapeutic strategies.

Key words: anterior cingulate cortex; corpus callosum; cuprizone; medial prefrontal cortex; multiple
sclerosis; voltage-sensitive dye

Significance Statement

Cuprizone (CPZ) is widely used to model multiple sclerosis (MS) in rodents by inducing demyelination.
While the demyelination effects of CPZ have been widely studied, this study explores CPZ’s impact on
the prefrontal cortex (PFC). Using voltage-sensitive dye imaging (VSDI), we identified disruptions in PFC
connectivity within and between hemispheres in CPZ-fed mice, though signal timing remained unaffected.
This finding suggests that demyelination impairs connectivity without slowing transmission speed.
Remarkably, connectivity restoration aligned with brain remyelination, providing insights into recovery
pathways in MS. This study not only demonstrates VSDI’s potential to detect functional impairments
but also uncovers CPZ’s broader effects on brain connectivity, highlighting new therapeutic opportunities.
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Introduction

Cuprizone (CPZ; bis-cyclohexanone-oxaldihydrazone) is widely used for inducing
demyelination in rodent models and is particularly valuable for studying demyelination-
associated diseases, such as multiple sclerosis (MS; Lucchinetti et al., 2000, 1999).
CPZ’s demyelinating effects are prominent across various brain regions, with particular
vulnerability observed in the corpus callosum (CC; Hiremath et al., 1998; Jurevics et al.,
2002, 2001; Vega-Riquer et al., 2019), a major structure responsible for communication
between both cerebral hemispheres, and this targeted demyelination significantly impairs
higher brain functions. Unlike other MS models, CPZ administration not only induces
demyelination but also allows for remyelination upon treatment cessation, offering a
unique platform to study both processes (Matsushima and Morell, 2001; Praet et al.,
2014). In contrast, other toxin-induced models, such as experimental autoimmune
encephalomyelitis, focus mainly on inflammatory mechanisms and do not provide oppor-
tunities to study remyelination (Storch et al., 1998).

The CC is vital for interhemispheric communication, integrating information between the
brain’s left and right hemispheres (Aboitiz and Montiel, 2003; Rovira and Geijo-Barrientos,
2016). CPZ-induced damage to the CC disrupts this interhemispheric connectivity, lead-
ing to impairments in cognitive and motor functions, including motor coordination (Li et al.,
2016) and cognitive processing (Gazzaniga, 2005; Tovar-Moll et al., 2007; Liu et al., 2010;
Fenlon and Richards, 2015; Huang et al., 2015; Holler-Wallscheid et al., 2017; Degraeve
et al., 2022; Russo et al., 2022; Fabri and Polonara, 2023).

The anterior cingulate cortex (ACC), an essential part of the prefrontal cortex (PFC;
Fuster, 2001; Merre et al., 2021), relies heavily on the CC to coordinate activity between
the hemispheres. The ACC is involved in a range of functions, including cognitive pro-
cesses, emotional regulation, and integration of affective information, all of which depend
on intact CC connectivity for effective interhemispheric coordination (Rolls et al., 2022).
Consequently, damage to the CC directly impairs the ACC’s ability to synchronize activity
across the hemispheres, potentially leading to disruptions in both cognitive and emotional
processing.

A previous work successfully visualized neuronal activity propagation within the ACC,
encompassing both intra- and interhemispheric connections, using single-photon
wide-field voltage-sensitive dye imaging (VSDI; Gusain et al., 2023). The VSDI, first
developed in the 1970s (Salzberg et al., 1973; Cohen et al., 1978; Loew et al., 1992;
Knoépfel and Song, 2019; Milicevic et al., 2023), has been refined to serve as a quantitative
tool for wide-field recording of neuronal activity (Suh et al., 2011; Gusain et al., 2023;
Tominaga et al., 2023; Utsumi et al., 2023; Ojima et al., 2024). Although VSDI cannot
record physiological data from the CC because of technical limitations, the ACC, which
plays a central role in coordination of cognitive and affective responses, remains an ideal
target for studying CPZ-induced demyelination using VSDI to capture its functional
dynamics.

In this study, we aim to assess how CPZ-induced demyelination affects both intra- and
interhemispheric neural communication within the ACC. Although substantial research
has been conducted on the structural effects of CC demyelination, functional assess-
ments of the interhemispheric connectivity are relatively rare. Few studies have specifi-
cally examined the real-time effects of demyelination on neural communication between
hemispheres, particularly in the context of the ACC (Bando et al., 2008; Crawford et al.,
2009). By applying our VSDI technique, we aim to provide a detailed, quantitative analysis
of neuronal activity within the ACC and its propagation across the CC during both demye-
lination and remyelination phases. Understanding these functional disruptions is essential
for advancing knowledge of central nervous system (CNS) demyelination and identifying
potential therapeutic targets.

Materials and Methods

Animals. C57BL/6J male mice, aged 8 weeks, were obtained from a local distributor
(SLC). They were housed in the animal facilities under a 12 h light/dark cycle with con-
trolled temperature (20-24°C) and humidity (50-60%). All animal experiments were
approved by the Animal Care and Use Committee of Tokushima Bunri University (approval
numbers, KP23-83-2 and KP24-83-2), adhering strictly to all applicable international,
national, and institutional guidelines for the care and use of animals.
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CPZ diet administration. CPZ (catalog #04198-30, Kanto Chemical) was added to the powdered feed (Powder CE-2,
CLEA Japan) to create a 0.3% (w/w) CPZ-containing feed (Lindner et al., 2008). Mice were divided into three groups: a
CPZ group, a control group, and a recovery group. Mice in the CPZ group were fed 0.3% CPZ-containing powdered feed
for 6 weeks with ad libitum access to food and water (hereafter referred to as CPZ mice). Age-matched mice in the control
group were fed powdered feed without CPZ for the same period (hereafter referred to as control mice). To assess the recovery
effects after CPZ treatment, we switched back the diet for the recovery group to the standard solid feed for an additional
5 weeks following the 6 week CPZ diet (Matsushima and Morell, 2001; Lindner et al., 2008; hereafter referred to as REC mice).

Preparation of brain slices and VSD staining. All experimental procedures for optical recording with VSD were con-
ducted in accordance with recent publications (Tominaga et al., 2019; Gusain et al., 2023). Briefly, mice were anesthetized
with isoflurane, after which the brain was immediately resected and placed in a cold artificial cerebrospinal fluid (ACSF)
solution (in mM: 124 NaCl, 2.5 KCI, 2 CaCl,, 2 MgS0,, 1.25 NaHPQ,, 26 NaHCO3, and 10 glucose), pH 7.4, for 5 min.
Subsequently, a block containing the PFC was sectioned into 350-um-thick coronal slices using a vibrating slicer
(VT-1000 or VT-1200; Leica Microsystems; Fig. 1A). Each slice was transferred to a specialized holder with a membrane
filter (Tominaga et al., 2000, 2019) designed to keep the slices viable and maintain their orientations. The slices were then
compared with images from an atlas (Paxinos and Franklin, 2008) and labeled SL1-SL4 according to their distance from
the bregma: 1.34, 0.98, 0.62, and 0.26 mm (Fig. 1A).

Four coronal slices (SL1-SL4) were collected from each animal. Slices were transferred to a humidified chamber with
ACSF, continuously supplied with a 95% 0,/5% CO, gas mixture. After a 40 min incubation at 28°C, each slice was
stained for 20 min with 110 pl of VSD solution and subsequently washed with ACSF. The VSD solution contained
0.2 mM Di-4-ANEPPS, 2.5% ethanol, 0.13% Cremophor EL, 1.17% distilled water, 48.1% fetal bovine serum, and
48.1% ACSF.

Optical recording. Each slice was placed in a recording chamber with continuous perfusion of oxygenated ACSF, bubbled
with a 95%/5% O./CO, gas mixture, at a 1 ml/min rate. To mimic in vivo cortical activity, we collected all data during perfusion
with 1 pM SR95531 (gabazine; Tocris Bioscience); this method has been shown to effectively suppress excessive inhibitory
synaptic transmission in slice conditions, thus preserving cortical activity (lijima et al., 1996; Kajiwara et al., 2019).

Epifluorescence optics with two lenses were used to visualize the slices: a 5x objective lens for a stereo microscope MZ
series (#10447242, Leica Microsystems) and a tube lens (F1.4 85 mm, SAMYANG,). Stained slices were illuminated with an

Figure 1. A, Consecutive coronal slices from the rostral to caudal part of the PFC. These slices represent different regions of the PFC, moving from the
rostral (front) to the caudal (back) regions of the brain. B, Schematic illustration of an SL3 slice placed on a ring with a membrane filter. The diagram shows
four stimulation sites (a-d) along Layers II/1ll of the cortex, each representing different regions targeted for optical recording during experiments.
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excitation light from a stabilized LED source (LEX2-LZ4; Brainvision) filtered at 530 + 30 nm. Fluorescence from the stained
sections was passed through an emission filter (>590 nm) and projected onto a camera (MiCAMO3, Brainvision). This
setup allowed for high-frame-rate recordings of neural activity across the entire coronal slice (1 ms/frame, unless other-
wise stated) at a high spatial resolution (256 x 256 pixels).

A microcapillary glass electrode (outer diameter, 1.0 mm; inner diameter, 0.75 mm) filled with ACSF solution was used
for stimulation, along with a ground electrode filled with 3 M KCI solution connected to an AgCl-coated Ag wire.

The data were analyzed using the BV_Ana software (Brainvision) and a custom lab-made macroprogram in Igor Pro (ver. 9,
WaveMetrics). A specially designed macro within Igor Pro was used for numerical and statistical analyses, and one-way
ANOVA (fixed-effect model) was applied for all statistical evaluations. Statistical significance was set at p <0.05.

Electrical stimulation (bipolar, 40 V, 0.5 ms each) was applied at four different sites (Fig. 1B, a-d) using a stimulator
(ESTM-8; Brainvision). Throughout the experiment, the cortex subjected to electrical stimulation was referred to as the
ipsilateral cortex, while the opposite side was referred to as the contralateral cortex.

Reslicing for histochemical and immunohistochemical analysis. Slices used for VSD recording were fixed in 4% para-
formaldehyde in 0.1 M phosphate buffer, pH 7.2 (4°C). The slices were then rinsed with 0.1 M phosphate-buffered saline
(PBS), pH 7.2, and cryoprotected with 30% sucrose in PBS. Each slice was placed on a flat surface of iced embedding
material (Tissue-Tek O.C.T. Compound, 4583, Sakura Finetek Japan) within a cryostat (HM525NX, Thermo Fisher
Scientific). Slices were then resectioned into thin (12 ym) sections in 0.01 M PBS, pH 7.2, for subsequent histological
and immunohistochemical analysis.

Myelin staining of the CC with FluoroMyelin green. FluoroMyelin Green (FMG; F34651, Thermo Fisher Scientific) diluted
300x in PBS (0.2%Triton—-PBS) containing 0.2 Triton X-100 (Thermo Fisher Scientific, lot. number j821818) was used to
stain the thin slices overnight at 4°C.

Immunofiuorescence staining of the cortical tissue with anti-PLP (proteolipid protein) antibody. Slices were immersed in
normal donkey serum (Jackson ImmunoResearch Laboratories) diluted to 5% in PBS containing 0.2% Triton X-100 (0.2%
Triton—-PBS) for 1 h. After washing with PBS, the slices were incubated with rabbit anti-myelin PLP primary antibody. An
anti-PLP antibody against a synthetic peptide (CGRGTKF) corresponding to the C-terminus of human and mouse PLP
was produced in our laboratory. This peptide was coupled to keyhole limpet hemocyanin at the N-terminal cysteine res-
idue for rabbit immunization.

The slices were then incubated at room temperature for 2 h with an Alexa Fluor 488-conjugated donkey anti-rabbit IgG
secondary antibody (Jackson ImmunoResearch Laboratories; 711-546-152) diluted 1:200 in 0.2% Triton—-PBS, along with
a nuclear detection probe (TO-PRO-3 iodide, Thermo Fisher Scientific, T3605) diluted 1:500.

FMG and immunofluorescence-stained slices were mounted in nonfluorescent glycerol (66.7% glycerol, 0.167 M
sodium carbonate buffer), pH 8.6, and analyzed with a confocal laser scanning microscope (FV1000, Olympus).
Images were processed using Fiji (version 2.14.0/1.54f), a distribution of the ImagedJ software (Schindelin et al., 2012).

Results

VSD preferentially incorporates into lipid-rich components, leading to elevated background fluorescence in myelinated
axons, such as those in the CC. Consequently, we did not record physiological data from the CC because of elevated
background fluorescence. Instead, we focused on intra- and interhemispheric neural signal propagation within the ACC.

CPZ-induced demyelination inhibits the interhemispheric spread of neuronal activity

Electrical stimulation of Layers II/lll of the ACC on the dorsal (the upper part, nearer to the crown of the skull) side of a
coronal slice (Fig. 1B, stimulation “a” on the SL3 slice) induced neuronal activity propagation along the ACC, progressing
from the dorsal side toward the medial (closer to the midline) and ventral (the lower part, nearer to the base of the skull)
side. The activity propagated laterally toward the motor cortex at the dorsal cortex. The excitation reached the end of
the ACC near the CC and subsequently spread to the opposite hemisphere, appearing at the most ventral side of the con-
tralateral ACC. Representative pixel-wise optical signal traces are shown in Figure 2A (black traces), overlaid on a fluores-
cence image of the slice. Sequential images of activity spread are shown in Figure 2B. The mapped data represent
projections of peak signal values at each pixel (amplitude map) and the time to reach 20% of these peak values (latency
map) onto the fluorescence image, illustrating both the amplitude and latency of the activity (Fig. 2B, right panel).

The equivalent stimulation of the same coronal slice level in CPZ mice is shown in Figure 2A as a red trace. The corre-
sponding consecutive images, along with amplitude and rise-time mapping, are shown in Figure 2C. Notably, the inter-
hemispheric spread of activity was completely absent in the CPZ-treated slices. In REC mice, the interhemispheric
spread was restored, as indicated by the green traces in Figure 2A and the images of activity spread in Figure 2D.

The ipsilateral side (left side in the figure where the stimulation was applied) in CPZ mice exhibited a smaller and shorter
response than did that in the control and REC mice. This is evident when comparing the red trace to the black (control) and
green (REC) traces in Figure 2A, as well as in panel C (CPZ) relative to panels B (control) and D (REC).
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Figure 2. Representative responses to electrical stimulation in Layers II/1ll of the ACC of a coronal slice. A, A fluorescent image of the ACC coronal slice
obtained using a high-speed 256 x 256 imaging system. Superimposed on this image are traces representing optical signals measured from selected pix-
els. Black traces correspond to data from control mice, red traces represent CPZ mice, and green traces represent REC mice. B, Consecutive images
illustrate the propagation of neuronal activity following electrical stimulation, shown in increments of 10 ms. Adjacent to these images is a panel showing
the projection of the peak signal values for each pixel onto the original fluorescent image, highlighting the amplitude of the response. The rightmost panel
displays the latency values from the time of stimulation, demonstrating the rate at which activity spread across the slice. C, D, Similar datasets are pre-
sented for CPZ mice (panel C) and REC mice (panel D), highlighting the differences in activity spread and propagation time compared with control mice.

The effect of the CPZ diet was most severe in SL3 while sparing other slices

Data were collected from five animals per group (control, CPZ, and REC mice), with four slices per animal, resulting in
five slices for each slice level (SL1-SL4). Both sides of each slice were equally treated, and up to 10 averaged data points
per slice level were obtained for evaluation of the effects of CPZ treatment. Figure 3A presents the averaged amplitude
maps for slices SL1-SL4 in both the control and CPZ mice upon stimulation at Sites a to d. In these maps, stimulation
was consistently applied on the left side of the figure (representing the ipsilateral cortex).

In the control slices, all amplitude maps demonstrated that the neuronal activity propagated from the stimulation site to
both the ipsilateral (the same side of the brain as the stimulation) and contralateral sides (the opposite side). The interhemi-
spheric spread was most pronounced in SL3 when stimulated at Sites b to d. Under these conditions, activity maps of the
ipsilateral and contralateral sides were nearly symmetrical, indicating similar levels of neuronal activity on both sides.
Specifically, the spread in the contralateral cortex was almost identical to that in the ipsilateral cortex. This symmetry
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Figure 3. Averaged amplitude maps and line profiles for electrical stimulation across slices SL1 to SL4. A, Averaged amplitude maps for stimulations a—d
applied to slices SL1-SL4 are shown in pseudocolor. Each pixel value represents the response amplitude, and pixel-wise statistical analysis was per-
formed using ANOVA to compare control and CPZ mice. The p values are represented in pseudocolor to highlight significant differences. B, Averaged
amplitude maps comparing the control and REC mice using the same pseudocolor representation and pixel-wise ANOVA analysis as shown in panel
A. C, Line profiles of amplitude along a selected line are superimposed on the SL1-stim image, with data plotted for control (black line), CPZ (red line),
and REC (green line) mice, along with the standard error of the mean (SEM). Statistically significant differences (p <0.05) between the control and CPZ
mice are indicated with red symbols, while the differences between the control and REC mice are denoted by green symbols positioned above the cor-
responding line profile graphs. In all the panels, stimulation was applied to the left hemisphere of the slices (ipsilateral side). n=6-10 for each group.
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was also evident in the peak amplitude profiles along the dorsal-ventral axis of the ACC, as indicated by the black lines in
Figure 3C, which demonstrate nearly symmetrical propagation in SL3.

In the other slices (SL1, SL2, and SL4), the activity observed on the contralateral side was weaker than that on the ipsi-
lateral side. This reduced activity was particularly evident in the dorsal (top) region of the slices. As illustrated in Figure 3C,
this region appears on the far side from the center (0), emphasizing the diminished responses on the contralateral side.
This observation may reflect the reduced interhemispheric connectivity in these slices (Gusain et al., 2023). When stimu-
lation was applied to the ventral part of the ipsilateral cortex, it tended to induce more robust interhemispheric propagation
to the contralateral side than did stimulation applied to the dorsal part. Despite the strong activity transfer, when this prop-
agated activity reached the contralateral cortex, it did not spread effectively to the dorsal (top) region of that cortex.

In SL3, CPZ mice exhibited an almost complete blockade of interhemispheric propagation of activity. The ipsilateral side
displayed minimal changes compared with the control mice, whereas the contralateral side exhibited virtually no
response.

The p values from these pixel-wise statistical evaluations are depicted in pseudocolors in the rightmost panel of
Figure 3A to illustrate the areas of significance. A statistically significant difference (p <0.05; n=6-10) was observed in
the contralateral side of SL3 between control and CPZ mice. A significant decrease was observed at the most ventral
edge of cg2 in the ipsilateral ACC in SL3. This change occurred alongside an almost complete loss of interhemispheric
propagation, suggesting a notable alteration in local connectivity. Differences on the ipsilateral side were also evident
in SL2 and SL3 within Layers II/Ill of the ACC.

Mice that underwent 5 weeks of recovery after CPZ cessation (REC mice) were also compared with control mice
(Fig. 3B). In SL3, the impaired intrahemispheric propagation caused by CPZ was nearly fully recovered, with only a few
statistical differences remaining compared with control mice. Overall, 5 weeks of returning to a regular diet resulted in
nearly complete recovery from CPZ-induced impairments in both inter- and intrahemispheric connections.

In the line profiles of the amplitude maps (Fig. 3C), REC mice exhibited enhanced recovery, particularly in SL1 and SL2,
where the amplitude on the dorsal ipsilateral side was significantly higher than that in the controls. This exaggerated
response suggests possible cortical overcompensation, especially in dorsal regions.

The effect of the demyelination on signal propagation delays

Figure 4 presents the averaged latency maps for control, CPZ, and REC mice, displayed in pseudocolor to represent
time from the point of stimulation, in a pixel-wise manner. These maps illustrate latency variations across the cortex under
different experimental conditions. In general, Figure 4 indicates that the latency patterns and the associated p values
reveal no significant differences across most regions of the slices.

Even in SL3, where interhemispheric connections were almost entirely lost, the latency in the ipsilateral cortex did not
exhibit significant differences compared with the control mice.

Plots along the indicated lines for both ipsilateral and contralateral cortices further confirmed these findings, showing
consistent latencies with no significant deviations between groups.

Demyelination and remyelination in the CC: histological analysis

Histological examinations were performed on the same slices used for VSDI after resectioning to a thickness of 12 ym.
Figure 5A displays representative images of the CC stained with FMG for control, CPZ, and REC mice.

The CPZ mice exhibited significantly lower FMG fluorescence in the CC than did the control mice, indicating a marked
decrease in myelination.

Figure 5B presents the normalized fluorescence area of FMG-stained CC for control, CPZ, and REC mice. The CPZ mice
showed significantly decreased staining in SL2, SL3, and SL4, consistent with demyelination. In REC mice, after 5 weeks
of a normal diet, the fluorescence area remained reduced compared with that in the control, indicating that the remyelina-
tion process was incomplete. This finding suggests that although some recovery occurred, it was insufficient to fully
restore myelination to control levels, as evidenced by decreased FMG staining in the CC.

Demyelination and remyelination in cortical regions: immunohistochemical analysis using anti-PLP antibody

To further investigate the extent of myelination in the cortical tissues, anti-PLP antibody staining was performed (Fig. 6).
This analysis was conducted to more precisely quantify myelination in cortical areas, specifically targeting PLP, a key
component of the myelin sheath (Lindner et al., 2008).

Figure 6B presents the results of anti-PLP antibody staining across SL1-SL4 slices. In CPZ mice, PLP levels were sig-
nificantly lower than those in controls, particularly in the cortical areas adjacent to cg1. In contrast, the reduction in PLP
expression in cg2 was less pronounced than that in cg1, though it remained statistically significant in both SL2 and SL4.

In REC mice, partial restoration of PLP levels was observed in the cortex. However, PLP expression remained signifi-
cantly different from that in the control mice (Fig. 6B), indicating incomplete remyelination.

Notably, the structural recovery indicated by PLP staining did not fully correlate with the functional recovery observed in
the VSD optical signals. While VSDI revealed substantial functional recovery in terms of signal propagation, the underlying
myelin structure did not return to control levels, suggesting that the restoration of function may involve compensatory
mechanisms independent of full remyelination, as discussed below.
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Figure 4. Averaged latency maps and line profiles for electrical stimulation across slices SL1-SL4. A, Averaged latency maps following stimulations a—d in
slices SL1-SL4 shown in pseudocolor. Each pixel value represents the response latency, and pixel-wise statistical comparisons were performed using
ANOVA to compare the control and CPZ mice. Areas with significant latency differences are indicated by corresponding p values in pseudocolor.
B, Averaged latency maps comparing the control and REC mice using the same pseudocolor representation and pixel-wise ANOVA analysis as shown
in panel A. C, Line profiles of latency along a selected line are superimposed on the SL1-stim image, with data plotted for the control (black line), CPZ
(red line), and REC (green line) mice, including the SEM. Statistically significant differences (p < 0.05) between the control and CPZ mice are indicated
with red symbols, while significant differences between the control and REC mice are marked with green symbols above the corresponding line profile
graphs. In all the panels, electrical stimulation was applied to the left hemisphere of the slices (ipsilateral side). n=6-10 for each group.
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Figure 5. Myelin staining of slices used in VSDI experiments using FMG. A, FMG fluorescent images of the CC areas in slices SL1-SL4 for control, CPZ, and
REC mice. The images depict myelin content in each group, with reduced fluorescence indicating demyelination. Scale bar, 200 pm. B, Box plots repre-
senting the normalized myelin area stained with FMG across the control, CPZ, and REC mice. Data are presented as black (control), red (CPZ), and green
(REC). Significant differences are indicated (p < 0.01). n=4-6 for each group.

Discussion

This study demonstrates that CPZ impairs interhemispheric neural communication in the ACC, particularly at specific
levels of coronal slices. Specifically, SL3 exhibited the most severe impairment in single-photon wide—field VSDI.
Notably, despite the substantial restoration of interhemispheric activity propagation to levels comparable with those of
the control after CPZ cessation, histological analysis revealed only partial remyelination, particularly in the CC. This dis-
crepancy indicates that functional recovery does not strictly depend on complete structural recovery and highlights the
need for physiological assays to understand neural resilience more comprehensively.

Rostrocaudal position-dependent vulnerability and nonuniform effects

Among the coronal slices examined, impairment was most pronounced in SL3 (0.62 mm from the bregma), suggesting a
position-dependent vulnerability to CPZ-induced demyelination in the ACC. This observed vulnerability does not neces-
sarily indicate molecular or physiological uniqueness in this brain region. SL3 exhibited significantly stronger contralateral
signal propagation than did SL2 and SL4, particularly in the dorsal region of the contralateral hemisphere in control slices.
The comparable signal amplitudes on the ipsilateral side suggested minimal differences in the signal-to-noise ratio among
the slices in VSDI. Instead, the intrinsic physiological mechanisms underlying this pronounced contralateral spread may
represent a key target of CPZ-induced impairments. Furthermore, the callosal fibers in the anterior region of the brain fol-
low a curved or angled trajectory relative to the coronal slice plane. This slice-specific effect may reflect anatomical or
functional differences within the CC, rendering some areas more susceptible to CPZ toxicity (Steelman et al., 2012).
For instance, unique anatomical features or specific connectivity patterns could underlie the heightened vulnerability of
SL3 compared with other positions in the present set of slice preparations.

Discrepancies between functional and structural recovery

Histological evaluation, including FMG and anti-PLP antibody staining, revealed a significant reduction in myelination
following CPZ treatment, with only partial recovery in the remyelination phase (Matsushima and Morell, 2001). In contrast,
the VSDI showed almost complete functional recovery of interhemispheric propagation in SL3 after CPZ cessation. This
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Figure 6. Myelin staining of slices used in VSDI experiments using PLP antibody. A, PLP antibody fluorescent staining of slices used for VSDI experiments,
targeting the dorsal motor cortex and ventral cortex (cg2 of the ACC) across slices SL1-SL4 in control, CPZ, and REC mice. Stained areas indicate the
presence of myelin, with reduced staining suggesting demyelination. Scale bar, 200 pym (cortex), 100 um (cg2). B, The box plot representing the normalized
area of fluorescence in the regions of interest (ROI, indicated by square boxes in panel A). Data for control (black), CPZ (red), and REC (green) mice are
shown, with significance levels indicated by *p <0.05; **p <0.01. n=4-6 for each group.

discrepancy between structural and functional restoration suggests the involvement of compensatory mechanisms that
enable functional connectivity even in the absence of complete myelin restoration. These mechanisms may involve synap-
tic plasticity, axonal sprouting, or recruitment of alternative neural pathways that compensate for myelin loss and maintain
interhemispheric communication (Phokeo et al., 2002; Kwiecien, 2010).

Additionally, the histological markers of myelination used in this study may not have fully captured aspects of myelin that
are functionally relevant for signal propagation. Although myelin integrity and distribution appeared visibly impaired, they
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may still be sufficient to support functional connectivity through adaptation within local circuits. These findings underscore
the necessity of considering functional measures alongside structural assessments because relying solely on histological
data may underestimate the true extent of neural recovery and plasticity of the CNS.

Role of long-range fibers and local microcircuits

The propagation of the neural activity observed in this study may involve both direct interhemispheric connections
through the CC and local microcircuit activation within the PFC. While the loss of functional interhemispheric connec-
tions has not been extensively documented, several electrophysiological studies have reported increased latency in
these connections following demyelination (Bando et al., 2008; Crawford et al., 2009). Notably, in our study, the latency
of interhemispheric propagation did not exhibit significant changes, even in the partially affected slices (SL2 and SL4);
in SL3, the latency could not be measured because of total loss. The latency differences observed in electrophysio-
logical measurements may not be directly comparable with those measured with VSDI, where the recorded responses
primarily reflect excitatory postsynaptic potentials (EPSPs) resulting from mono- and/or multisynaptic connections
(Tominaga et al., 2009). These differences could contribute to the nonuniform vulnerability observed across different
positions in the PFC, potentially reflecting variations in local connectivity, myelination density, or cellular composition.
The significant impairment in interhemispheric connectivity observed in SL3 may be linked to the loss of long-range
fibers in the CC; however, recovery of functional communication suggests that local circuits may play a crucial com-
pensatory role. The significant decrease observed at the most ventral edge of cg2 in SL3 may reflect alterations in local
microcircuits, which may contribute to the overall loss of interhemispheric propagation. This implies that the intrahemi-
spheric communication visualized in this study may depend more on microcircuit activation when long-range connec-
tions are disrupted.

Notably, despite the disruption in interhemispheric communication, no significant changes in the latency of neural prop-
agation were observed, even in slices with significant impairment. This suggests that the reduction in connectivity may be
attributed to a loss of functional fibers rather than a decrease in the conduction velocity of the remaining fibers. The redis-
tribution of voltage-gated channels during demyelination and remyelination (Lai and Jan, 2006; Kanda et al., 2019) may
also contribute to the maintenance of functional propagation without significantly affecting conduction speed. The con-
tribution of synaptic alterations and changes in GABAergic networks should also be considered, as these factors can
modulate connectivity independently of direct conduction properties (Dutta et al., 2006; Werneburg et al., 2020).

Limitations of the study

This study highlights both the strengths and limitations of using VSDI to assess functional connectivity. One major
advantage of VSDI is its ability to provide wide-field, high-resolution functional maps of neural activity, a feat that can
be difficult to achieve with genetically encoded voltage indicators without employing transgenic animals (Antic et al.,
2016; Platisa and Pieribone, 2018; Kndpfel and Song, 2019). However, bulk staining of the VSD has its limitations,
such as preferential uptake into nonexcitable lipid components, particularly in the CC, which prevents direct visualization
of neural propagation within the CC owing to the high background fluorescence of these components. In the present
study, the inability to obtain physiological data from the CC precluded the assessment of potential impairments in neural
conduction within the CC. Additionally, the responses captured by VSDI predominantly reflect EPSPs. This limitation
makes it challenging to differentiate between the contribution of monosynaptic and polysynaptic connections in inter-
hemispheric propagation.

Implications for MS and future directions

The findings of this study provide significant insights into the relationship between demyelination and functional recov-
ery of the CNS. The discrepancy between the structural and functional recovery observed in CPZ-fed mice emphasizes
the importance of integrating physiological assessments with structural markers, such as myelination. Functional imaging
techniques, such as VSDI, can reveal compensatory mechanisms that structural evaluations may miss, offering a more
comprehensive understanding of the CNS’s capacity for resilience and plasticity.

Future studies should expand on these findings by utilizing tools such as optogenetic stimulation and genetically
encoded calcium and voltage indicators to further dissect the contributions of specific pathways and cellular components
in both intra- and interhemispheric connectivity (Petreanu et al., 2007; Luo et al., 2018; Inagaki et al., 2019; Li et al., 2023;
Koga et al., 2024). Moreover, understanding the role of local microcircuits in maintaining functional connectivity in the face
of demyelination could provide new therapeutic targets for enhancing recovery in patients with MS. Including female par-
ticipants and studying sex differences will also be crucial for developing treatments that are effective across sexes.

In conclusion, CPZ-induced demyelination leads to significant disruptions in ACC connectivity, particularly affecting
interhemispheric communication. Additionally, functional recovery was observed even in the absence of complete
myelin restoration, suggesting the involvement of compensatory mechanisms that maintain neural communication.
These findings underscore the importance of incorporating functional measures alongside structural assessments
in studies on demyelinating diseases. A deeper understanding of how local microcircuits and compensatory
mechanisms contribute to recovery may pave the way for more effective therapeutic interventions for MS and related
conditions.
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