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Simple Summary: In this work, we explore the central compromise in TrJ/+ mice, a model for the
peripheral neuropathy Charcot Marie Tooth, using three different approximations: Ultrafast Dop-
pler, Confocal Microscopy, and behavioral tests, exposing alterations in the brain vasculature, as
well as an anxiety-like behavior.

Abstract: The main human hereditary peripheral neuropathy (Charcot-Marie-Tooth, CMT), mani-
fests in progressive sensory and motor deficits. Mutations in the compact myelin protein gene
pmp22 cause more than 50% of all CMTs. CMT1E, is a subtype of CMT1 myelinopathy carrying
micro-mutations in pmp22. The Trembler-] mice have a spontaneous mutation in pmp22 identical
to that present in a CMT1E human patients. PMP22 is mainly (but not exclusively) expressed in
Schwann cells. Some studies have found the presence of pmp22 together with some anomalies in
CNS of CMT patients. Recently, we identified the presence of higher hippocampal pmp22 expres-
sion and elevated levels of anxious behavior, in TrJ/+ compared to those observed in wt. In the
present paper, we delve deeper into the central expression of the neuropathy modeled in Trembler-
J analyzing in vivo the cerebrovascular component by Ultrafast Doppler, exploring the vascular
structure by scanning laser confocal microscopy and analyzing the behavioral profile by anxiety
and motor difficulties tests. We have found that Tr]/+ hippocampi have increased blood flow and a
higher vessel volume compared with the wild type. Together with this, we found an anxiety-like
profile in TrJ/+, and the motor difficulties described earlier. We demonstrate that there are specific
cerebrovascular hemodynamics, associated to a vascular structure and anxious behavior associated
with the TrJ/+ clinical phenotype, a model of the human CMTIE disease.
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1. Introduction 52

The most prevalent human Peripheral Nervous System (PNS) disorder is the Char- 53
cot-Marie-Tooth disease (CMT): a diverse group of hereditary, chronic, progressive, sen- 54
sory/motor peripheral neuropathies caused by monogenic mutations [1-3]. Different 55
genes, in neurons and Schwann cells, are involved in these disorders, showing more than 56
1,000 different mutations in 80 genes [4]. Among them, mutations affecting the pmp22 57
(encoding peripheral-myelin-protein-22, PMP22), cause about 70% of all CMT type 1 58
(CMT1), called myelinopathies [5,6]. CMT1E is a subtype of CMT1 carrying micromuta- 59
tions in the pmp22 [4,5]. The PMP22 has historically been found only in the peripheral 60
nervous system, specifically bound to compact myelin [7-10], it is a glycosylated claudin 61
with functions in the regulation of cell growth and differentiation [9,11,12]. However, 62
some studies have also found the presence of PMP22 in the Central Nervous System 63
(CNS). The pmp22 transcript has been found in whole brain extracts [13-15], in neurons 64
of cranial and spinal nerves [16] and in the CNS [17]. In addition, some CNS implications 65
have been found in patients with CMT. In cases of familial CMT1, lesions have been found 66
in the cerebral white matter [18]. A case of CNS demyelination has been described ina 67
patient with CMT1a mimicking multiple sclerosis [19]. More recently, functional reorgan- 68
ization in multiple large-scale networks has been found in patients with CMT1 [20]. 69

The revelation of important mechanisms of PMP22 function has positioned the as- 70
sessment of CMT1E pathogenesis as a valuable topic [4,5,8]. Trembler and Trembler-J mu- 71
rine models have elucidated some of the clinical phenotypes caused by defective pro- 72
cessing of mutant PMP22 and altered intracellular trafficking [21,22]. Trembler-] mice, in 73
particular, have a spontaneous point mutation in the pmp22 gene (T1703C), which results 74
in an L16P change, affecting the first transmembrane domain of PMP22, preventing its 75
insertion and generating intracellular aggregates, with a toxic gain of function, hypomy- 76
elination, and axonal degeneration [21,23-30]. This neurodegenerative phenotype pre- 77
sents different levels of severity depending on gene dosage: while TrJ/+ heterozygotes are 78
viable, recessive homozygotes (Tr]/Tr]) die before weaning [31,32]. The main clinical man- 79
ifestations are spastic paralysis and generalized tremor. TrJ is a model of high biological 80
fidelity to the human condition, as the same mutation is found in the homologous gene, 81
of a CMTIE lineage [7,8,21,33]. The underlying cellular homeostasis in the Tr] model is 82
shifted towards a progressive deterioration in the efficiency of nerve fiber maintenance. 83
Aggregation of the mutated PMP22 protein saturates cellular detoxification pathways, 84
generating a gain of toxic function, increased oxidative stress, decreased antioxidant re- 85
sponse, and mitochondrial alteration [34-39]. This is a particularly critical context in the 86
SNP where PMP22 shows its maximum expression. However, the biological consequences 87
of the micromutation generate a complex phenotype, which, as we have shown, also man- 88
ifests in the CNS [40,41]. In addition, its presence in other cell types, and at the nuclear 89
level, augurs other unelucidated roles with more systemic characteristics in the expression 90
of the Tr] phenotype. Recently, our group reported for the first time the presence of pmp22 91
in the TrJ hippocampus, together with a behavioral profile of the anxious type [40]. 92

Cerebrovascular physiology is a key element in the understanding of brain health. 93
Neurovascular biology underpins and provides insight into relevant aspects of cognitive 94
and behavioral function, aging, or neurodegenerative progression [42,43]. Vascular alter- 95
ations of the brain have been observed in the development of neurodegenerative diseases, 96
in animal models and in humans [44,45]. Some crossectional and longitudinal clinical 97



Biology 2023, 12, x FOR PEER REVIEW 3 of 14

studies reveal that impaired blood flow is a common and early indicator of Alzheimer's 98

disease (AD), postulating that it may even precede the onset of proteinopathy in its symp- 99

tomatic stage, affecting brain perfusion and connectivity [42,46,47]. However, the elucida- 100
tion of the role of the vascular component in neurodegenerative homeostasis has not yet 101
been resolved for most nervous system disorders. Vascular dysfunctions impact on cellu- 102
lar oxygen pathways, including glucose metabolism, oxidative phosphorylation, and mi- 103
tochondrial and cellular homeostasis of neurons and glia [48-50]. 104

The vasculature of the brain is fundamental for its proper functioning, providing ox- 105
ygen and nutrients, regulating immune trafficking and clearing pathogenic proteins [43]. 106
Due to the large number of functionally distinct brain regions with different nutritional 107
needs and the high energy demand of the brain, logistically supplying the right amount 108
of oxygen to each region is a major logistical challenge. Because of this, disturbances in 109
blood flow can be detrimental to the CNS's healthy functioning, which plays an important 110
role in neurodegenerative diseases. Blood brain barrier permeability and blood flow dis- 111
turbance has been detected in initial AD disease, together with brain infarcts and arterial 112
lipid deposits, and arterial wall thickening [43,51]. A clear relationship exists between 113
brain neurovasculature and brain health, being cerebrovascular dysfunction, a cause/ef- 114
fect phenomenon associated with neurodegenerative diseases. In CMT, the study of the 115
vascular compromise has been poorly signaled, despite having been originally described 116
as accompanied with vasomotor abnormalities [52,53]. Recently, we have reported the 117
presence of PMP22 protein in the Tr] model, at the hippocampal level. Consistently, an 118
anxious behavior seems to involve the hippocampal domines as a component of the Tr] 119
clinical phenotype [40]. 120

New technologies and tools have made it possible to analyze the brain from other 121
perspectives. Recently, our group started working on a new image driven modality, Ul- 122
trafast Doppler (uDoppler), a powerful tool for in vivo imaging of cerebral blood flow. 123
This technique allows us to observe the cerebral blood volume (CBV) with high sensitiv- 124
ity. Precisely, using this technique in association with Scanning Laser Confocal Micros- 125
copy (SLCM), we developed a method for quantifying the blood flow and their corre- 126
sponding vascular structure, differentiating the CBV in quartiles according to the different 127
vessel sizes, and finding that the CBV and the vascular structure varies with age [41]. 128

In this study, we evaluate the in vivo cerebral blood flow and vascular structure dis- 129
tribution in Tr] mice by uDoppler and SLCM. Also, in order to understand the TrJ pheno- 130

type as a whole, we explore the associated behavioral component in anxiety tests. 131
2. Materials and Methods 132
2.1. Animals 133

The local ethics committee approved all the experiments and procedures (Comision 134
de Etica en el Uso de Animales (CEUA), Instituto de Investigaciones Bioldgicas Clemente 135
Estable (IIBCE), Uruguay, protocol number: 002a/10/2020). The regulations and guidelines 136
were followed strictly in all the experiments (Uruguayan Law number 18611, 137
https://www.impo.com.uy/bases/leyes/18611-2009/8).The endogamic mice strain B6.52- 138
Pmp22™Ji (Tr]/+) and the wild type for Pmp22 (+/+) were acquired from Jackson Labora- 139
tories. Both strains were bred in the IIBCE animal facility, raised under controlled condi- 140
tions, with free access to water and food, with dark/light cycle (12 h /12 h), at21 £3° C. 141
From an early age, the phenotype of TrJ/+ mice is distinguished from +/+ by the suspend- 142
ing tail test, as was reported by Rosso et al. [54]. Twenty-four male mice (TrJ/+, n=12 and 143
+/+, n=12) of 3-month-old were used in behavioral tests and pDoppler experiments. For 144
the confocal vascular identification, eight animals (TrJ/+, n=4 and +/+, n=4) were used. 145
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2.2. uDoppler images acquisition 146

For pDoppler acquisition, the mouse was anesthetized with 120 mg/kg ketamine 147
(Ventanarcol, Konig) and 16 mg/kg xylazine (Xylased*2, Vetcross) diluted in 300 pl of sa- 148
line solution. Then, its head was shaved to avoid interference with the ultrasound signal 149
caused by the air trapped inside the fur. A 128-element, 15 MHz ultrasound probe driven 150
by Verasonics Vantage System was used for pDoppler imaging. To this end, each mouse 151
was placed in a customized stereotaxic frame that allowed alignment of the ultrasound 152
probe with the coronal plane of the brain. Each pDoppler image was generated by aver- 153
aging 350 frames using a four-angle compound sequence and applying clutter filtering 154
based on singular value decomposition (SVD). The cut-off values used in the SVD clutter 155
filter were selected based on achieving on the best signal-to-noise ratio. Further infor- 156
mation regarding this experimental procedure can be found in [41]. 157

2.3. uDoppler images analysis 158

For the quantification of uDoppler images the Matlab software was used. A program 159
was generated to select the hippocampus and cortex section and separate the intensity 160
levels of the pixels into quartiles, corresponding to the different structures of the vessels: 161
big arteries and vein, smaller arteries and vein, arteriole, and capillary-venules. The num- 162
ber of pixels in the whole section was used to normalize the data. 163

2.4. Brain Processing for Vibratome Sectioning 164

Mouse's brain was dissected immediately after cervical dislocation euthanasia and 165
fixed by immersion in 4% PFA in PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM 166
EGTA, 2 mM MgCly, adjusted to pH 7.2-7.4 with KOH pellets) at 4°C for 24 hours. After 167
that, the brain was washed in large volumes of PHEM butffer, each 5 minutes 6 times, to 168
eliminate excess fixatives. The brain was then embedded in a block with a mixture of 0,5 169
% gelatin, 30 % bovine serum albumin and 1% glutaraldehyde (final concentration). Vi- 170
bratome sections of 60 um thickness were obtained in a Leica, VI 10000S vibratome. To 171
vessel visualization, brain's sections containing the hippocampal head regions were 172
stained as previously described using Isolectin GS-IB4 Alexa Fluor 488 conjugate (Cat#: 173

121411, ThermoFisher Scientific, Waltham, MA, USA) in 1:100 concentration [41]. 174
2.5. Scanning Laser Confocal Microscopy 175
For cerebrovascular imaging, the Zeiss LSM 800 confocal microscope was used. Ap- 176

plying the same voltage and photomultiplier conditions and performing a 10-plane scan 177
on the Z-axis, images of the same SLCM section were obtained. In addition, the tail scan 178
mode was used to compose the images of the coronal section of the brain. 179

2.6. Confocal Image analysis 180

For the quantification, the confocal image of two consecutive brain slices were used, 181
to form a thickness similar to the pDoppler image. Using Image] software, each hippo- 182
campus and cortex section was selected and created a binary image, using the automatic 183
threshold function. The 3D counter plug-in was used to analyze the vascular volumes and 184
the number of vessels. In order to normalize the results, the volume of the hippocampus 185
or cortex section (total volume) was used, defining the value of the vessel volume fraction 186
(VVE): 187

Vessel Volume
VVF X100 188

- Total Volume
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The VVF distribution was divided into quartiles, sectioning the whole vessels into 189
four groups where the sum of volumes in each group corresponds to 25% of the sum of 190
all vessel’s volumes, in decreasing order. Where each of them corresponds to Q1 (large 191
arteries and veins), Q2 (smaller arteries and veins), Q3 (arterioles and venules), and Q4 192
(capillaries and venules). 193

2.7. Behavioral tests 194

The Open Field Test and the Elevated Plus Maze were used as behavioral tests to 195
assess anxiety, while the Rotarod was used to assess motor behavior. As reported by 196
Damian et al. (2021) [40], the animals were acclimatized for at least 2 h before performing 197
each of the tests. All the tests were carried out (on different days) in a room at a controlled 198
temperature (20 + 2°C). After each of the mice went through each test, the apparatus was 199
sanitized using 70% alcohol. 200

2.7.1. Open Field Test 201

For the Open Field Test, a plexiglass box with the following dimensions 30x35x40 cm 202
was used. Video recordings were made during the 10 min that each test lasted. The be- 203
haviors evaluated during the Open Field Test were the number of rearings, grooming, 204
freezing, fecal boli, and head shakes, as well as the time dedicated to grooming and freez- 205
ing [40,55]. 206

2.7.2. Elevated Plus Maze Test 207

The apparatus for the Elevated Plus Maze Test (length of each arm 30 x 5 cm) was the 208
same as the one previously used by Damidn et al. [40,55]. During the test that lasted five 209
minutes, the number of entries in open and closed arms and total entries were recorded, 210
and in addition, the number of grooming, rearing, fecal boli and head shakes were also 211
recorded [40,55]. 212

2.7.3. Rotarod test 213

For the Rotarod, a cylindrical motorized platform (5 cm in length x 5 cm in diameter), 214
which rotates at different velocities was used. Mice are placed above the cylinder and the 215
velocities are augmented at 15 sec, until reaching the 5 different velocities. The time of 216
permanence in the platform for each of the speeds was scored. 217

2.8. Statistical Analysis 218

Normality was evaluated using the Shapiro-Wilk test. Behavioral parameters for TrJ/+and 219
+/+ phenotypes were compared using Student's test when normally distributed while the 220
Mann-Whitney U test was used for non-normal distributed parameters. Different quar- 221
tiles within the same phenotype were compared using the one-way ANOVA test with the 222
Bonferroni test for multiple comparisons as post-hoc if normal distributions, and the 223
Friedman test for non-normal distributions. For confocal microscopy quantification, be- 224
cause of the great variability, the data was analyzed in function of each quartile separately. 225

3. Results 226
3.1. uDoppler images quantification 227

The different quartiles showed significant differences for each genotype, both in the 228
hippocampus and in the cortex (p<0.01, for all comparisons, Figure 1c, d; Figure 2c, d). 229
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Figure 1. Quartile segmentation of the hippocampus. Coronal pDoppler image of a (a) +/+ and (b) TrJ/+ mouse. The color scale in
dB was determined using the maximum intensity within the hippocampus as a reference. The quartile distribution of the left hip-
pocampus is highlighted in colors. Pixels falling within the quartiles Q1, Q2, Q3 and Q4, are colored blue, fucsia, green and yellow,
respectively. Significant differences were obtained for the mean quartile values in (c) +/+, and (d) TrJ/+ mice. **p<0.001, ***p<0.0001.
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Figure 2. Quartile segmentation of the cortex. Coronal pDoppler image of a (a) +/+ and (b) TrJ/+ mouse. The quartile distribution is
highlighted in colors on the left cortex. Pixels falling within the quartiles Q1, Q2, Q3 and Q4, are colored blue, fucsia, green and
yellow, respectively. Contrary to Fig. 1, for this figure, the color scale in dB was computed with the maximum intensity within the
cortex as reference. Significant differences were obtained for the mean quartile values in (c) +/+, and (d) TrJ/+ mice. **p<0.001,
**p<0.0001.

In the hippocampus, when comparing the mean quartiles value between both geno-
types, the Tr]/+ mice show significant higher number of decibels for each quartile (p<0.001,
for all comparisons, Figure 3a), while in the cortex there was no significant differences
between genotypes (Figure 3b).

3.2 Confocal microscopy vascular visualization
The 3D Object counter plugin and posterior data analysis showed significant differ-

ences between each quartile for each genotype, (Figure 4), both in the hippocampus and
cortex section (p<0.0001 for all comparisons).
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Figure 3. Mean quartile values for +/+ vs. TrJ/+ mice in the hippocampus and the cortex. (a) Mean quartile values in the hippo-
campus showed significantly higher values for +/+ mice when compared to TrJ/+ mice. (b) No significant differences were found
in the cortex. **p <0.001, ***p < 0.0001.
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cortex section, for all +/+ and TrJ/+ mice included in the study, respectively. All quartiles shows significant differences. **p <
0.0001. The white bar in (a) and (h) represent Imm.

Figure 4 shows the comparison of the vessels between different genotypes using con-
focal microscopy in the hippocampus and cortex section. In the hippocampus, the TrJ/+
mice showed higher mean VVF values for each quartile, compared to Wt (+/+ vs TrJ/+:
p<0.0001 for all comparisons) (Figure 5a). In the cortex section, no significant differences
were found between both genotypes for Q1 and Q2, but for Q3 and Q4 TrJ/+ mice showed
higher mean VVF values compared to Wt (+/+ vs TrJ/+: [Q3]: p<0.0001; [Q4]: p=0.0160)
(Figure 5b).

3.3 Behavioral tests
3.3.1. Elevated Plus Maze:

In the Elevated Plus Maze test, TrJ/+ mice presented lower frequency of closed-arm
entries (p=0.0065) (Figure 6a), lower total entries (p=0.0380) (Figure 6b), lower rearing fre-
quency (p<0.0001) (Figure 6c), and greater defecation frequency (p<0.0001) (Figure 6d)
than Wt mice.
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3.3.2. Open Field Test and Rotarod: 284

In the Open Field Test, compared with Wt mice, Tr] mice presented more frequency 285
and time spent freezing (p<0.001) (Figure 7a, b) more frequency and time spent grooming 286
(p<0.001) (Figure 7c, d), lower frequency of rearing (p<0.0001) (Figure 7e), headshakes 287

(p<0.0001) (Figure 7f) and defecation (p<0.0001) (Figure 7g). 288

In the rotarod test, TrJ/+ mice presented lower time of permanence than wt mice 289
(p<0.0001) (Figure 7h). 290
4. Discussion 291

I'n the present work we address unexplored aspects of the CMT1E central expression, 292
modeled in TrJ/+ mice, through a functional, structural and behavioral analysis of the neu- 293
rodegenerative phenotype. 294

We report here, for the first time, an increase in the cerebral hippocampal perfusion 295
of TrJ/+ mice, compared to that observed under the same conditions in the hippocampi of 296
+/+ mice (Figure 3a). In addition, the volumetry of the cerebrovascular network was fur- 297
ther analyzed by SLCM, showing that hippocampal TrJ/+ vessels volume was larger than 298
in the +/+ brain for mice of the same age (Figure 5a). The finding was made possible by 299
non-invasive in vivo pDoppler imaging using erythrocytes as ultrasound diffusing ele- 300
ments and subsequent combination with confocal mosaic imaging of the isolectin IB4-la- 301
beled vascular network (post-mortem). The segmentation of the data distribution of both 302
imaging into quartiles, represents with reasonable fidelity, the structural functionality of 303
the vascular network (Q1: large arteries and veins; Q2: smaller arteries and veins; Q3: ar- 304
terioles and venules; Q4: capillaries and venules). This tool allowed us a quantitative as- 305
sessment in the characterization of vascular aging in wt mice, which we have recently 306
reported [41]. This combined approach enhances and verifies the functional findings with 307
a higher resolution description of the vascular structure. 308

In the present study, we verified that the anxious-like behavior, which we had pre- 309
viously described in 5-month-old TrJ/+ mice [40], is already present at an earlier age. Thus, 310
the hippocampal activity in TrJ/+ may require hyperperfusion, sustained by a greater vol- 311
ume of vessels rather than an increase in their number. Interestingly, we found no signif- 312
icant differences between genotypes when analyzing the number of cortex and hippocam- 313
pal normalized vessels (Figure S1). This data suggests that in Tr]/+, hyperperfusion is ac- 314
companied by a sustained expansion or dilation of blood vessels volume in the hippocam- 315
pal region. 316

No differences in the suprahippocampal cortex perfusion were observed between 317
genotypes (Figure 3b). However, although the Q1 and Q2 vessel volumes did not show 318
any differences, a significant change was observed in vessel volumes mainly in Q3 and, 319
with less significance, in Q4 (Figure 5b). The absence of differences in the number of ves- 320
sels (Figure S1), suggest that the normal cortical perfusion is supported mainly by a dila- 321
tion of arterioles and (partially) capillaries-venules, contained in quartiles 3 and 4 of Tr] 322
cortex. 323

Lastly, a different behavioral profile was found in TrJ/+ mice, showing an anxiety 324
type behavior, as seen by higher frequency and time freezing and grooming, and higher 325
frequency of rearing and defecation. Additionally, TrJ/+ mice showed the notorious pres- 326
ence of headshakes, which could correspond to a central compromise [56]. Other behav- 327
ioral tests confirm the motor difficulty known to be present in TrJ/+ mice, as the lower 328
permanence in rotarod and lower total entries in EPM. Although the EPM test shows re- 329
sponses to stress, in this case, the lower frequency of entries in closed arms of TrJ/+ mice 330
can be explained by the motor difficulties present. These results reaffirm that the behav- 331
ioral profile of TrJ/+ mice differs to +/+, evidencing an anxious type profile, as reported 332
previously by Damian et al. [40]. It is interesting to highlight that although the mice used 333
in this work were younger than the ones used in Damian et al. [40], the profile is almost 334
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identical, which allows us to speculate that the behavioral profile of TrJ/+ is characteristic = 335
of the pathologic condition, and is not affected in relationship with the age. Additionally, 336
this also reinforces that the vascular changes observed in this study are contrasted with 337
behavioral variables associated specifically to the brain areas, for example the hippocam- 338
pus. 339

Changes in the cerebral vasculature have been associated with behavioral alterations, 340
both in animals and humans [57-60]. As an example, Hill et al. [57] reported that children 341
with sleep disorders have higher cerebral blood flow velocity than control children. In 342
addition, activation of stress and anxiety response pathways have been associated with 343
changes in the vasculature of the brain in rodents [58,60]. Finally, other pathologies that 344
affect the central nervous system, such as type 2 diabetic and Alzheimer's disease, and 345
that present anxious behavior, also present dysfunction of the cerebral vasculature [59]. 346
Therefore, and based on our results, it is likely that the anxious-like behavior profile ob- 347
served in TrJ/+ mice may be linked to changes in the cerebral vasculature. 348

5. Conclusions 349

Central Vascular involvement has been demonstrated to be a component associated 350
with major CNS disorders. However, this involvement noted in Charcot and Marie's early ~ 351
work, has been subsequently scarcely explored in CMT, pointing to the involvement of 352
the autonomic nervous system. Our work contributes to the description and elucidation 353
of hemodynamic changes recorded in vivo, associated with vessel volume modulation. In 354
addition, behavioral alterations of the anxious type, converge in the TrJ/+ model, ina func- 355
tional-structural-behavioral profile that demonstrates the vascular/central involvement of ~ 356
the disease. Thus, the requirement for increased hippocampal blood flow in TrJ/+ could 357
respond to increased metabolic activity with increased oxygen demand to sustain the 358
higher levels of anxiety. Future works will be needed to confirm this hypothesis and its 359
implications to deeper understand the neuropathy and its therapeutic. 360

361
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