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Functional ultrasound and brain
connectivity reveal central nervous
system compromise in Trembler-J
mice model of Charcot-Marie-Tooth
disease

Maximiliano Anzibar Fialho'2, Mariana Martinez Barreiro®, Lucia Vazquez Alberdi3,
Juan Pablo Damian*®, Maria Vittoria Di Tomaso®, Jérdme Baranger’, Mickael Tanter’,
Miguel Calero®, Carlos Negreira®, Nicolas Rubido®, Alejandra Kun31%11> & Javier Brum%***

The Charcot-Marie-Tooth-1E (CMT1E) disease is typically described as a peripheral neuropathy in
humans, causing decreased nerve conduction, spastic paralysis, and tremor. The Trembler-J (TrJ) mice
serve as a high fidelity model of this disease. Here, we use functional ultrasound (fUS) and functional
connectivity (FC) to analyze TrJ mice’s brain activity during sensory stimulation and resting state
experiments against wild type (WT) mice - the healthy counterpart. fUS is an imaging technique

that measures cerebral blood volume (CBV) temporal changes. We study these changes in the
primary somatosensory cortex barrel field (S1BF) of both mice populations during periodic vibrissae
stimulation, measuring the number of pixels that correlate to the stimulation (i.e., the size of the
activation area), the average correlation of these pixels (i.e., the response strength), and the CBV’s
rate of change for each stimulation (i.e., the hemodynamic response). Then, we construct a FC matrix
for each genotype and experiment by correlating the CBV signals from the eight cortical regions
defined by the Paxinos and Franklin atlas. Our results show that TrJ mice have significantly diminished
neurovascular responses and altered brain connectivity with respect to WT mice, pointing to central
nervous system effects that could shift our understanding of the CMT1E disease.

The Charcot-Marie-Tooth’s disease (CMT) groups the most frequent hereditary, chronic, progressive, sensory-
motor peripheral neuropathies. CMT is caused by mutations in over 100 genes'. In particular, mutations
on the pmp22 (gene), coding Schwann cell myelin protein PMP22, cause 70% of myelinopathies (CMT1)*".
The human subtype CMT1E share with Trembler-J (Tr]) mice the same pmp22 spontaneous point mutation
(T1703C) in the homologous murine gene’~’, preventing its myelin insertion, and generating intracellular
PMP22 aggregates'®!!. The main clinical manifestations include decreased nerve conduction velocity, spastic
paralysis, and generalized tremor. These manifestations are comparable in humans and Tr] mice!*""".

There is some evidence that pmp22 may play roles other than peripheral nerve myelination. Our group
detected the PMP22 protein in Schwann cells’ nuclei of TrJ and wild type (WT) mice associated with regions of
transcriptionally active chromatin, suggesting a possible nuclear role of PMP22 which is not well establisheds.
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Moreover, we have been the first to report the hippocampal expression of PMP22. We demonstrated a differential
expression of the PMP22 protein in the CA3 region of Tr] compared to the WT counterpart, which we associated
with an anxious phenotype of TrJ*°. This body of evidence could have systemic-level consequences for brain
activity.

Over the last decade, functional ultrasound (fUS) has proven to be a powerful tool to examine brain activity
by measuring the changes in cerebral blood volume (CBV)*-?”. CBV is quantified from Doppler imaging
with respect to the number of red blood cells in a given brain volume. The neural activity in the brain and the
CBYV changes are related through the neurovascular coupling. This is a regulated mechanism of the functional
neurovascular complex operating in the functional neurovascular unit (composed of neurons, astrocytes,
microglia, pericytes and endothelial cells). This mechanism allows to locally adapt the cerebral blood flow
according to the neuronal activity, ensuring the necessary supply of oxygen and nutrients at all times®®.

Thus, the hemodynamic measurements obtained using fUS are a reliable representation of the
electrophysiological activity associated with neurons. This has been corroborated, for example, by Sieu et al.?,
who described this relationship during wakefulness in mobile rats, and Bourgeais-Rambur et al.*’, who combined
fUS with local field potentials to study the spread of depolarization associated with migraine. Similarly, Nunez-
Elizalde et al.*! also showed that blood flow fluctuations are directly correlated with neural activity, comparing
fUS measurements with high spatial resolution electrophysiology. Moreover, the relationship between CBV
changes and calcium activity of neurons has also been studied using high spatial resolution techniques, such
as confocal microscopy®2. As such, fUS has been successfully used to map the activity of specific brain regions
during different cognitive states®® in rodents??, primates®*, and humans?>26.

A common approach to understand brain dynamics under different settings is to study its functional
connectivity (FC), i.e., the functional links emerging between anatomically different regions (possibly without
axonal projections) due to similar electrophysiological activity or hemodynamic responses. In this sense, fUS
has revealed FC patterns during resting state (i.e., task free), firstly in rats®, and then in primates“, mice3*
and human neonates?’. These FC patterns are consistent with those found with functional magnetic resonance
imaging (which is another way to indirectly measure brain activity)*>. Overall, analyzing FC is an excellent way
to quantify changes due to behaviour, tasks, and importantly, due to acute or chronic neuropathologies®. For
example, Rahal et al.?” found alterations in brain connectivity of fUS data due to sustained inflammatory pain
or arthritis, and Rabut et al.® mapped the FC to the time/dose response of scopolamine (a psychoactive drug),
which led other researchers® to improve the understanding of how drugs affect brain functionality and the
development of pharmacological treatments for several neurological diseases. Consequently, fUS can be used
along FC analyses to improve our understanding of different neuropathies, including the study of CMT1E in Tr]
and the unknown physiological mechanisms associated with the central expression of the disease.

In this work, we use fUS measurements and functional connectivity analysis to study the central nervous
system responses to specific external stimuli in WT and TrJ mice - the murine model of human CMTIE.
Specifically, we analyze the vibrissae sensory path by measuring the activation area in the somatosensory
cortex, as well as the strength of the correlation with stimuli and the CBV rate of change during stimulation.
Moreover, we study the brain connectivity under stimulation and resting states in both genotypes. We generate
connectivity matrices for eight anatomic regions including the cortex and the hippocampus. Our results show
that Tr] mice present an altered central nervous response in comparison with WT, indicating a compromise of
the neurovascular system due to the disease. The present work complements our previous observations around
the hippocampal domains, where we showed there is a deterioration of the vascular hemodynamic component
in normal murine ageing’® and an increase in blood flow associated with anxiousness in Tr] mice in comparison
to WT mice*!.

Methods

Animal preparation

All animal experiments and procedures were approved by the local ethics committee (Comisién de Etica en el
Uso de Animales, Instituto de Investigaciones Biol6gicas Clemente Estable -IIBCE, Uruguay, protocol number:
002a/10/2020). All experiments were carried out in strict accordance with the relevant regulations (Uruguayan
law number 18611) and with the ARRIVE guidelines. Wild type C57BL/6 (WT) and B6.52 — Pmp22 rJ
(TrJ) mice were obtained from Jackson Laboratories. Both colonies were raised at the IIBCE animal house in a
controlled environment (12 h. dark/12 h. light cycle, average temperature of 21 £3°C), with unrestricted access
to food and water. At 21 days of age the mice were weaned, sexed and numbered by ear punching method, the
phenotype of Tr] mice is distinguished from WT by the suspending tail test, as was reported by Rosso et al.2. In
the experiments only male mice were used.

The first step of the procedure is to anesthetize the mice following a similar procedure as described in
Anzibar Fialho et al.*’. A mixture of ketamine and xylazine, corresponding to the animal’s weight, is diluted
twofold with saline solution (0.9% NaCl). At first we apply 85% of the dose required for anesthesia, the rest of
the dose is administered on demand depending on the inspection of the mouse anesthetic level. To this end,
we systematically assessed the anesthetic level by monitoring three physical parameters: (1) slight spontaneous
whisker movement; (2) absence of muscular response to pressure on the muscles of a paw; and (3) absence of the
corneal reflex. Under these conditions, the mouse remains anesthetized for approximately 40 minutes, enough
time to conduct our experiments.

In all experiments, mice were between 2 and 3 months old in order to avoid craniotomy or skull thinning
processes. After 10 minutes, when the animal is fully asleep, we apply a depilatory cream to shave the mouse
head, and wait for another 10 minutes to remove it and get the skull exposed. After this, the animal is placed
on a heating pad (HP-1M, Physitemp, USA) attached to the stereotaxic system. The mouse temperature was
held at 37°C using a rectal probe (HP-1M thermocouple, Physitemp, USA) and a heating pad both connected
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to a temperature controller (TCAT-2DEF, Physitemp, USA). This temperature control is necessary to achieve a
sufficient level of reactivity in response to the applied stimulus.

Once the ultrasound probe is aligned to the coronal plane of the brain we move in the anteroposterior axis to
place the probe between -1.58mm and -1.82mm from Bregma. This is done by visually matching the structures
of the hippocampus and cortex in reference to the Atlas Paxinos & Franklin*®. This region contains the primary
somatosensory cortex barrel field (S1BF) which controls the vibrissae movement.

Functional ultrasound and resting state experiment
The functional ultrasound (fUS) experiment consists of acquiring ultrafast Doppler images while simultaneously
applying an ON-OFF pattern of external sensory stimulation to the anesthetized mouse. The stimulation is done
by manually moving the vibrissae with a cotton swab. The pattern starts with 60 seconds OFF period, followed by
four 40 seconds ON and 40 seconds OFF periods as shown in Fig. 1a, c. The total registration time is 380 seconds
at a frame rate of 1 image per second. The systematization of this stimulation protocol is essential to obtain
consistent and reliable data. To avoid any confounding factors, whisker stimulation was performed consistently
by the same researcher. Before the fUS experiment, we perform a resting state (RS) experiment acquiring 380
seconds of coronal images without applying any external stimuli. Between the RS and the fUS experiment, we do
a visual inspection of the mouse and apply the remaining dose of anesthesia if needed.

Acquisition of ultrafast Doppler images was done using a 128 elements, 15 MHz probe (Vermon) driven by
a Verasonics Vantage system following a similar procedure as in Anzibar Fialho et al.*’. Each ultrafast Doppler
image was obtained by averaging 350 compound images. Each compound image is formed by adding coherently
plane-wave emissions from four angles (-6,-2,2,6). For each angle, we perform three plane wave emissions and
average the backscattered echoes in order to increase the signal to noise ratio. The Doppler frame rate was set to
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Fig. 1. Left primary somatosensory cortex barrel field (S1BF L) activation by vibrissae stimulation. (a)
representative WT and (c) representative Tr] mouse images (taken from https://zenodo.org/record/3925903).
The mice were stimulated manually by moving periodically the right vibrissae (contralateral side of activation)
whilst acquiring the functional Ultrasound (fUS) images. In both cases, the measured variation of cerebral
blood volume relative to the first 20 seconds (% CBV) for a representative pixel in the SIBF L region are
shown as a solid black line, with the stimulation windows represented as shaded areas. (b) and (d) activation
maps of the vibrissae stimulation for a representative WT and Tr] mouse, respectively. The correlation
coefficient between the periodic stimulation pattern and the CBV signal for each pixel are shown in color code
(uncoloured pixels have non-significant correlation values: p > 0.01), in both cases. WT (b) and TrJ (d) SIBF
L region are highlighted by white dashed lines. (e) Number of pixels in the S1BF L region (i.e., region’s size) for
each mouse according to genotype: WT (n=10) and TrJ (n=10) mice. The Shapiro-Wilk normality test gives
p=0.394 and p = 0.932 for WT and TrJ, respectively. No significant (ns) differences between genotypes were
found using Student’s t-test (p = 0.135). (f) Percentage of activated pixels (coloured pixels in panel (b) and (d))
with respect to the S1BF L size for each mouse according to genotype. The Shapiro-Wilk normality test gives
p=0.115and p = 0.311 for WT and TrJ, respectively. Significant differences between genotypes were found
using Student’s t-test (p = 0.007). (g) Mean correlation value of activated pixels in the SIBF L region for each
mouse according to genotype. The Shapiro-Wilk normality test gives p = 0.387 and p = 0.977 for WT and TrJ,
respectively. Significant differences between genotypes appear using Student’s t-test (p = 0.024).
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500Hz. The pixel resolution in the axial and lateral pitch is 0.1mm, and we took images of 41 pixels in depth and
128 pixels in width. After compounding, the final image frame rate for one ultrafast Doppler image was 1 second.
This corresponds to the fUS time resolution.

As a clutter filter we use a singular value decomposition with denoising?®. The first singular values of the
ultrasound signal are associated with tissue movement (i.e. to high energy and highly correlated spatiotemporal
signals), while the last singular values are associated with noise (poor spatiotemporal correlation and low energy
signals). To this end we must choose the cut-off values Ny;ssue and Npoise that optimize the filter to get blood
movement. Using an optimization approach as described in Anzibar Fialho et al.*’, we use Nyissue = 35 and
Nroise = 200.

Image processing
After acquisition and clutter filtering, we have two matrix datasets for each mouse, where each set contains 380
images of 128 x 41 pixels. These datasets correspond to the RS and stimulation (fUS) experiment correspondingly,
which we preprocess as follows. Firstly, we remove signals coming from outside the skull by manually drawing
over each image a binary mask that keeps signals from inside the skull and discards those from outside. Secondly,
we divide the skull-free image into anatomical regions by performing a brain atlas coregistration. Specifically,
we overlap the Doppler images with coronal planes of the Atlas Paxinos and Franklin, using the planes 44, 45
and 46. To match the brain structure from the Doppler image to the Atlas parcellation, we apply free scale and
rotation transformations to the Atlas image. Then, we manually draw over the Doppler image the 8 coregistered
anatomical regions, as it is shown in Fig. 3a. These regions are symmetrical for both hemispheres and correspond
to the primary somatosensory cortex barrel field (S1BF), association cortex / retrosplenial dysgranular cortex
(AC/RSD), retrosplenial granular cortex (RSG), and hippocampus (Hip).

The first step to analyze the CBV signal on any pixel of the image is to convert it to a comparable magnitude
between mice. To this end, we compute the relative change in CBV,

CBV(t) — CBVj

%CBV (t) = 100 X ( BV
B

) (1)

where CBV(t) corresponds to the Doppler signal measured at a given pixel and C BV is its mean value over the
first 20 s when there is no stimulus.

Activation maps

Activation maps represent the activated parts of the brain when a specific stimulation is applied. We construct
activation maps for a periodic sensory stimulation of the mice’s vibrissae by correlating each pixel’s CBV signal
from the fUS measurement with the stimulation signal. Moreover, we remove from the activation map those
correlation values that are not significant by setting a p-value threshold of 0.01 (namely, we discard correlations
that could be attributed to randomness). This results in a mouse-dependent activation map with values
between 1 and — 1 for each pixel, where 1 is a perfect correlation to the stimulation signal and — 1 is a perfect
anticorrelation. Activation maps are then displayed as a color map, on top of the Doppler image in grayscale
(Fig. 1b,d for WT and TrJ respectively). We set the color scale between 0 and 1 to enhance visualization, since no
negative correlation values were obtained.

S1BF analysis

To characterize the activation of the S1BF region of each mouse (Fig. 1b,d), we first compute the percentage
of activated area, defined as the ratio of pixels with significant correlation inside SIBF compared with the total
amount of pixels in SIBE We consider significant correlation to those pixels whose time signal correlate with
stimulus with a p < 0.01. For each mouse, we also compute the mean correlation value of the activated pixels
inside S1BE.

Secondly, we compute the response rate for each mouse. This was done by considering the time signal of
the pixels in the activated area (those significantly correlated with stimulus), low-pass filtered with a cut-off
frequency 0.01Hz - as seen in Fig. 2a. For each filtered signal, we consider 6 time points (corresponding to 6
seconds) after the beginning of each stimulus to compute the slope of the curve in %CBV/sec (yellow line
in Fig. 2a). Therefore, for each pixel we have four slope values corresponding to the four stimulation stages of
the periodic stimulation pattern. Then, for each mouse we compute the mean slope value for each stimulus by
averaging the slope of all the activated pixels in the S1BF region. Thus, for each genotype and each stimulus we
have a list of slope values corresponding to all the mice in the group.

Finally, we evaluate the amplitude of the signal in the moments when the stimulus is ON against those when
the stimulus is OFF. This gives us a measure of the difference in blood perfusion between activation and basal
state. For this, we consider again the activated pixels in S1BE, and compute the mean %C BV value during
stimulation, which we call %C' BVo n (violet in Fig. 2d), and we calculate a %C BVo rr value for each stimulus
as the mean %C BV value in the 40 s prior to each stimulation begins (orange in Fig. 2d). Then, for each stimulus
we analyze the difference between the ON value and OFF value, that is < %CBVony > — < %CBVorr >.

Brain functional connectivity

To study brain connectivity, we section the Doppler image in the anatomic regions shown in Fig. 3a, and compute
a representative time signal for each region by averaging the time signals CBV(t) over the corresponding region.
Therefore, for each mouse we have 8 region-averaged signals for the stimulation and RS experiments. For each
experiment, we pairwise correlate these signals (8x7/2 = 28 pairs). This results in a correlation matrix M, where
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Fig. 2. Hemodynamic response in the SIBF L region to vibrissae stimulation. (a) Example of a mouse’s
variation in blood perfusion (%C BV) for one representative pixel in the SIBF L region as a function of time
(grey continuous line). The %CBYV rate, corresponds to the slope (yellow line segments) computed from the
response to each vibrissae stimulation, (shaded pink areas) obtained from the 6 seconds immediately after

the stimulation starts in the low-pass filtered %C BV signal (blue solid line), with a cut-off frequency of
0.01Hz. (b) For each stimulus (4 slopes), we register the pixel-averaged slope per mouse and genotype from
all the activated pixels in the S1BF L region (%C BV/sec) - WT (n=10) and TrJ (n=10) mice. No significant
differences emerge between genotypes for each stimulus (p > 0.05) using a generalised linear mixed model
(GLIMMIX) and post hoc analyses (see Methods for details). (c) Mean slope value distribution in WT (blue)
and TrJ (red) mice taking into account all the stimuli. Considering only the effect of genotype in the GLIMMIX
model we found significant differences (asterisk indicates: p = 0.024). (d) Example of a mouse’s variation

in blood perfusion (%C BV) for a representative pixel from the SIBF L region as a function of time (gray
continuous line). For each mouse, we register the mean %C BV signal for each 40-second stimuli (horizontal
violet segments), < %C'BVon >, and for the 40 seconds before stimulation (horizontal orange segments),
< %CBVorr >. (e) Pixel-averaged < %CBVon > — < %CBVorr > differences from all the SIBF L
activated pixels for each mouse, genotype, and stimulus. No significant differences emerge between genotypes
for each stimulus (p > 0.05) using a generalised linear mixed model (GLIMMIX) and post hoc analyses (see
Methods for details). (f) Mean < %C'BVon > — < %CBVorr > differences per mouse and genotype.
Considering only the effect of genotype in the GLIMMIX model we found significant differences (asterisk
indicates: p = 0.024).

the M;; entry is the Pearson’s correlation value between the averaged signal of region i and the averaged signal
of region j. Finally, for each genotype and each experiment (stimulation and RS) we obtain a representative
correlation matrix by averaging the M matrix of each mouse in the group (Fig. 3b,c).

Statistical analysis

For all datasets, we use the Shapiro-Wilk test to verify the normality of the distributions. To study the activation
of S1BF we use 10 WT and 10 TrJ mice. For evaluating differences between genotypes of distribution values
corresponding to activated areas and correlation values in S1BF (Fig. le,f,g), we use an unpaired Student’s
t-test for normal data and Mann-Whitney test for non normal distributions. To study the global response rate
and amplitude of the signal during stimulation (Fig. 2¢,f), computed as the mean value of the four stimuli, we
perform a Student’s t-test for normal data and Mann-Whitney test for non normal distributions for comparing
between genotypes. These tests were analyzed using GraphPad Prism 8 software.

To evaluate the S1BF data between genotypes considering the different stimuli (Fig. 2b,e), the mixed
procedure GLIMMIX of SAS OnDemand for Academics (v. 3.1.0, SAS Institute Inc., Cary, NC, USA) was
performed. Fixed effects of genotype, stimuli, and their interactions were included in the model. The animal
within each genotype was considered as a random effect. Post hoc analyses were performed by the least square
difference (LSD) adjusted by Tukey.

For studying brain connectivity, we used 8 WT and 8 TrJ mice for both the fUS and RS experiments, with the
brain connectivity experiment being conducted on a subset of the mice used in the S1BF activation experiment.
Each mouse underwent both the fUS and RS experiments. For each genotype, we compute a representative matrix
either for RS or fUS experiment as the mean correlation matrix over the sample. To analyze the connectivity of
the brain through the correlations (Fig. 3b,c), a mixed procedure was carried out using the GLIMMIX of SAS
OnDemand for Academics (v. 3.1.0, SAS Institute Inc., Cary, NC, USA). Analyses were performed separately,
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Fig. 3. Brain functional connectivity between brain areas of WT and Tr] during resting state and vibrissae
stimulation (fUS experiment). (a) Example of a coregistered Doppler image from a mouse’s brain and the
Paxinos and Franklin atlas (planes 44, 45, and 46), using free scaling and rotation transformations. White
dashed lines delimit the 8 (coregistered) anatomical regions, including primary somatosensory cortex barrel
field (S1BF: 1 and 6), association cortex/retrosplenial dysgranular cortex (AC/RSD: 2 and 5), retrosplenial
granular cortex (RSG: 3 and 4), and hippocampus (HIP: 7 and 8). (b) Population-averaged correlation matrix
during RS (i.e., without vibrissae stimulation). The upper diagonal entries are the average of (n = 8) TrJ mice
and the lower diagonal entries are the average of (n = 8) WT mice. (¢) Population-averaged correlation matrix
during stimulation, where entries are analogous as in panel (b).

either for RS (Fig. 3b) or for stimulation (Fig. 3¢c). Within each of the respective analysis (RS or stimulation), the
model included the fixed effects of genotype, brain region, and the respective interaction. The animal within each
genotype was considered as a random effect. Post hoc analyses were performed by the least square difference
(LSD) adjusted by Tukey.

All results are expressed as the mean =+ standard error of the mean (SEM). Significance was considered with
an a < 0.05, and trend for values between 0.05 and 0.10.

Results

Activation of S1BF region in response to vibrissae stimulation

All the mice considered in this study have a similar response to right wisker stimulus as the one shown in
Fig. 1b,d, corresponding to a localized activation of the SIBF Left region (SIBF L) for WT and Tr] models,
respectively. The total amount of pixels in the SIBF L region was comparable between Tr] and WT genotypes
(Fig. 1le shows no significant differences, p = 0.135), which indicates, as expected, that the anatomical regions
remain similar between groups, so no bias is added to later results. On the other hand, the percentage of pixels
activated in the S1BF L region shows significant differences between genotypes (Fig. 1f, p = 0.007), and as can be
seen the WT genotype has greater activation area than Tr]. These two results confirm that changes in activation
area are due to physiological factors and not by the methodology of region delimitation. Also, on Fig. 1g we
present the results for the mean correlation value of the activated pixels in the S1BF L region. As can be seen, we
found significant differences between genotypes (p = 0.024), as the mean correlation value for WT is higher than
in TrJ] mice. This suggests that, not only the activation area is affected in Tr], but also the strength of the activation
is compromised. In brief, the activation in Tr] mice is diminished when compared to WT mice.

To analyze the response rate, we measured the slope of the signal during each stimulation period (Fig. 2a,
yellow lines). Figure 2b depicts the slope distribution, measured as the relative variation of blood perfusion
per second (%CBV/sec) for each stimulus. Considering the effects of genotype, stimulus, and interaction
between them, the model gives significant differences only for genotype’s comparison (Fig. 2¢, p = 0.024). The
global slope in each genotype —computed as the mean slope for all stimuli- was significantly higher in WT
(1.074 £ 0.099 %C BV/sec) than in TrJ (0, 727 £+ 0.099 %C BV/sec). No differences were found for effect
of stimulus (p = 0.196) nor for the effect of interaction between stimulus and genotype (p = 0.298).

In Fig. 2e we show the difference between %C BVon and %C BVorr discriminated by stimulus. Again,
considering the effects of genotype, stimulus, and interaction between them, the model gives significant
differences only for genotype’s comparison (Fig. 2f, p = 0.024). Considering genotype, the mean value is greater
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in WT (11.99 £ 1.03) than in Tr] (8.41 £ 1.03). No differences were found for the effect of stimulus (p = 0.296)
nor for the effect of interaction between stimulus and genotype (p = 0.753).

Brain connectivity during resting state and during vibrissae stimulation

Figure 3a shows the brain areas considered for the resting state (RS) and stimulation (fUS experiment) connectivity
analysis in both genotypes. The comparisons between genotype areas during RS and fUS experiments are shown
in the correlation matrices of Fig. 3b,c, respectively. In both figures, the color-coded entries below the diagonal
of the correlation matrix represent the population-average for WT, and those above the diagonal represent the
population-average for Tr]. In the supplementary information we show the explicit values for each entry of these
matrices and p-values for comparison (see Supplementary Figs. S1 and S2).

In RS experiments, the global connectivity —evaluated by the mean correlation value between the
spontaneously activated areas— was significantly greater in TrJ than in WT (TrJ: 0.624 4 0.038 vs. WT:
0.472 £ 0.038; p = 0.015 considering fix effect of genotype in GLIMMIX model). We also find a significant
interaction between genotype and matrix entry (p < 0.0001). This indicates that for the same matrix entry there
is a different behaviour when comparing between both genotypes. In particular, one of the main differences
can be seen in the connectivity between S1BF regions and hippocampus. For example, if we consider S1BF L
connectivity with both hippocampus regions, we see that in Tr] it is significantly greater than in WT (p = 0.047
and p = 0.007 for left and right hippocampus respectively).

During stimulation, the global connectivity —evaluated by the mean correlation value between stimulus
activated areas— was similar between both genotypes (WT: 0.488 £ 0.041, and TrJ: 0.552 £ 0.041; p = 0.287
considering fix effect of genotype in GLIMMIX model). There was no significant interaction between genotype
and matrix entry (p = 0.402). In this case, the main differences can be seen between SIBF R and SIBF L (p =
0.021).

Considering the connectivity going from RS to stimulation, we detect differences between both genotypes.
The connectivity of SIBF L region with S1BF R decreased 28% in WT and 14% in Tr]. The connectivity between
S1BF L-RSG L increased 73% for W'T, but for Tr] we observed a decrease of 27%. The same antagonic genotype
behaviour can be observed for the connectivity of SIBF R region with RSG L and RSG R. Similarly, we compare
the connectivity between S1BF L-HIP L and S1BF L-HIP R, where we observed only an increase of 20% in WT
for SIBF L-HIP R, but a decrease of 19% for Tr] for both regions (S1BF L-HIP L and S1BF L-HIP R). In addition,
for S1BF R-HIP R there is an increase in WT (16%) and a decrease in TrJ (6%). The change in connectivity for
other regions can be seen in the supplementary information (Fig. S3).

Discussion

The present work demonstrates the existence of hemodynamic differences at the cerebral level between Tr] and
WT mice. The differences are expressed both in response to the external stimulus of vibrissae and in resting state
conditions. These findings suggest structural and/or functional changes in the cerebral cortex associated to both
genotypes: healthy or neuropathologic.

Resting state functional brain networks have been widely studied in rodents, and the major networks have
been established using functional MRI**. It has been reported in rats that the ability to discriminate bilateral tactile
information from unilateral stimulation of the vibrissae is related to interhemispheric connectivity between both
regions of the somatosensory cortex (S1BF)*~8. Shuler et al.***” demonstrated that the direct activation of
unilateral S1BF mouse region resulted in hypoperfusion of the contralateral barrel cortex, even when subcortical
processes were skipped. This asymmetric perfusion could relate to a loss in functional connectivity between
these two regions.

Ferrier and coworkers® studied brain connectivity in WT mice during vibrissae path stimulation. They
observed that during stimulation-on, S1BF L and SIBFR showed lower connectivity values than in stimulus-
off. We observed, for WT, a similar interhemispheric disconnection performance between the S1BF regions
when comparing stimulation and RS (Fig. 3). Also, high interhemispheric connectivity between hippocampus is
expected in resting state for WT mice*®, since CBV signals are strongly related in this structure®’. In Ferrier et al.**
they report higher connectivity in the hippocampus region during stimulation as compared to basal state. In our
case, we report similar high connectivity values during resting state and stimulation for WT mice. However, our
resting state experiment differs from what Ferrier et al. report as baseline, since we do resting state experiment
of 380 seconds with no external stimulation applied to the brain, and they compute a resting state baseline by
concatenating OFF periods duringperiodic stimulation experiments. We consider that our methodology is more
adequate to compare the brain in two different states, one with a specific task and another with no specific task.
More importantly our experiment represents a true resting state analysis and can be compared with previous
work related to resting state functional brain networks®.

It is also important to consider that the fUS recording of the somatosensory response to the vibrissae motor
stimulus is not exclusively central, but involves a partially peripheral response, integrated by the trigeminal
pathway. This fact could, at least partially, justify the hemodynamic decrease observed in the S1BF L Tr] response
to the motor stimulus (lesser number of activated pixels with lesser strength, and lower slope and amplitude
of CBV signal response) compared to WT, since cranial pair V is also myelinated by Schwann cells, which are
particularly affected in this CMT1E model by the pmp22 mutation.

In this sense, Shatz and Stryker’! and Hubel et al.>? reported that the spontaneous activity of neurons is
critical for the formation of precise and orderly neuronal connections in the central nervous system. This fact
indicates the need for typical stimuli for normal brain development. Also, it has been reported that the cortex,
particularly the somatosensory cortex, can undergo structural and functional reorganization in response to
peripheral nerve alterations when incoming peripheral sensory activity is interrupted or modified (reversibly or
irreversibly)>>. Moreover, in monkeys with lesions in peripheral nerves, expansion of innervated cortical areas

Scientific Reports |

(2024) 14:30073 | https://doi.org/10.1038/s41598-024-80022-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

towards non-innervated areas (adjacent or remote) and discontinuous patches of sensory representation were
observed®*. In human peripheral neuropathies, structural and functional rearrangement in the somatosensory
cortex has been reported using MRI. Alterations were detected in the diabetic peripheral neuropathy®, and
interestingly, in key brain areas of CMT patients®. It was suggested that the brain structural reorganization could
be an adaptive response to axonal degeneration caused by the CMT disease, and that structural changes can
extend beyond the somatosensory cortex, affecting whole brain connectivity*”. Besides, differences in the human
cortical activation were also observed while applying a sensory stimulus to the limbs.

This background allows us to suggest that the demyelination of the peripheral sector of the trigeminal nerve
due to the pmp22 mutation in Tr] mice could affect nerve conduction to the somatosensory cortex, generating
structural and/or functional modifications and connectivity alterations in both stimulation and RS.

Functional brain connectivity has proven to be a suitable tool to study the effects of many major
neurodegenerative diseases to the central nervous system. For example, it has been shown that patients with
Alzheimer disease (AD) present alterations of several functional brain networks®*. Specifically, in Agosta et
al.%! they show a rewiring of the sensorimotor network in patients with AD, which occupies a main role in our
work as is the region activated by stimulus.

More importantly, some research elucidates changes in human brain functional connectivity for CMT
disease from fMRL. In the work of Pontillo et al.?, they found increased resting state FC in patients with CMT
compared to healthy controls, in several of the well known brain regions corresponding to the default mode
network (DMN) (visual, salience, dorsal, language). In our work, we found an increase in global connectivity
during resting state for Tr] when compared to WT. In particular, in Ferrier et al.>*, RSG is defined as a possible
DMN hub in mice brain. In our case, these regions appear more connected in TrJ than in WT. In the work of
Pontillo et al.®%, they show that task-positive regions have increased connectivity with task-negative regions
involved in DMN in patients with CMT, which is contrary to healthy expected behaviour. In our work this is
also observed if we considered the stronger connections between S1BF (task-positive regions) and RSG (DMN
hub) in TrJ as opposed to weaker connections observed in WT (Fig. 3). The correct functional relationship
between task-positive and task-negative areas is strongly associated with cognitive process®® and goal-directed
behaviour®. Our findings regarding task-positive and task-negative relationships could be related to previous
studies where Tr] mice present anxious behaviour associated with hippocampal domains!®. As observed in some
human neurodegenerative diseases®, it could be speculated that the increased functional connectivity observed
in TrJ could be related to cognitive impairment, but this requires further investigation.

Under RS, TrJ mice show different global brain connectivity as well as between the different regions of the
same coronal section. The increased connectivity in RS of Tr] compared to WT suggests a significant alteration
in the modulation of TrJ cerebral blood flow. This may be due to a failure of the global connectivity maintenance
mechanisms as a result of an altered vascular physiology, with perhaps a preponderance of spontaneous global
vasomotion (Mayer waves) over local neurovascular coupling. We have recently demonstrated that in RS, the
CBV of Tr] mice, showed a significantly increased value with respect to WT mice, associated with significant
vessel volume values increase, detectable as early as three months old mice?!.

This Tr] hemodynamics was related to a specific hippocampal-based anxious behaviour. It is interesting
to note that the hippocampus was highly connected to the cortical somatosensory areas in this genotype, a
behaviour that could help to understand the existence of the higher basal connectivity observed in RS.

Understanding the mechanisms underlying cortical plasticity in peripheral neuropathies could pave the way
for potential interventions aimed at promoting functional recovery in affected individuals. Further exploration
of this hemodynamic profile will be necessary to gain a deeper understanding of the role of the vascular
component in the origin and development of the disease, as well as to assess its response to various stimuli and/
or therapeutic approaches.

Conclusions

In summary, the present work demonstrates the existence of hemodynamic differences at the cerebral level
between Tr] and WT mice. We found alterations in the activation of the sensorimotor cortex region and
functional connectivity (FC). Specifically, Tr] mice present a diminished response regarding activation area,
%CBV rate of change and %CBV amplitude during stimulation. Concerning FC, Tr] presents higher global
connectivity in resting state than W', and loss of interhemispheric correspondence of sensorimotor cortex while
receiving sensory stimulation. Our results indicate that there is an identifiable genotype-specific RS/stimulation
hemodynamic brain profile associated with a normal and with neuropathologic condition. These findings in
the Tr] model suggest a central nervous system compromise that could shift our understanding of the CMT1E
disease.

Data availibility

Data is available upon reasonable request to the corresponding authors.
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