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Simple Summary: In this work, we explore the central compromise in TrJ/+ mice, a model for the 29 

peripheral neuropathy Charcot Marie Tooth, using three different approximations: Ultrafast Dop- 30 

pler, Confocal Microscopy, and behavioral tests, exposing alterations in the brain vasculature, as 31 

well as an anxiety-like behavior. 32 

Abstract: The main human hereditary peripheral neuropathy (Charcot-Marie-Tooth, CMT), mani- 33 

fests in progressive sensory and motor deficits. Mutations in the compact myelin protein gene 34 

pmp22 cause more than 50% of all CMTs. CMT1E, is a subtype of CMT1 myelinopathy carrying 35 

micro-mutations in pmp22. The Trembler-J mice have a spontaneous mutation in pmp22 identical 36 

to that present in a CMT1E human patients. PMP22 is mainly (but not exclusively) expressed in 37 

Schwann cells. Some studies have found the presence of pmp22 together with some anomalies in 38 

CNS of CMT patients. Recently, we identified the presence of higher hippocampal pmp22 expres- 39 

sion and elevated levels of anxious behavior, in TrJ/+ compared to those observed in wt. In the 40 

present paper, we delve deeper into the central expression of the neuropathy modeled in Trembler- 41 

J analyzing in vivo the cerebrovascular component by Ultrafast Doppler, exploring the vascular 42 

structure by scanning laser confocal microscopy and analyzing the behavioral profile by anxiety 43 

and motor difficulties tests. We have found that TrJ/+ hippocampi have increased blood flow and a 44 

higher vessel volume compared with the wild type. Together with this, we found an anxiety-like 45 

profile in TrJ/+, and the motor difficulties described earlier. We demonstrate that there are specific 46 

cerebrovascular hemodynamics, associated to a vascular structure and anxious behavior associated 47 

with the TrJ/+ clinical phenotype, a model of the human CMT1E disease. 48 
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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 in a 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-J 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 (TrJ/TrJ) 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 CMT1E lineage [7,8,21,33]. The underlying cellular homeostasis in the TrJ 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 TrJ 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 
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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 TrJ model, at the hippocampal level. Consistently, an 118 

anxious behavior seems to involve the hippocampal domines as a component of the TrJ 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 (µDoppler), 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 TrJ mice by µDoppler 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 (Comisión 134 

de Ética en el Uso de Animales (CEUA), Instituto de Investigaciones Biológicas 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.S2- 138 

Pmp22Tr-J/j (TrJ/+) 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), at 21 ± 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 µDoppler experiments. For 144 

the confocal vascular identification, eight animals (TrJ/+, n=4 and +/+, n=4) were used. 145 

https://www.impo.com.uy/bases/leyes/18611-2009/8


Biology 2023, 12, x FOR PEER REVIEW 4 of 14 
 

 

2.2. µDoppler images acquisition 146 

For µDoppler acquisition, the mouse was anesthetized with 120 mg/kg ketamine 147 

(Ventanarcol, König) and 16 mg/kg xylazine (Xylased*2, Vetcross) diluted in 300 µl 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 µDoppler 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 µDoppler 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. µDoppler images analysis 158 

For the quantification of µDoppler 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 MgCl2, adjusted to pH 7.2–7.4 with KOH pellets) at 4ºC for 24 hours. After 167 

that, the brain was washed in large volumes of PHEM buffer, 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 µm thickness were obtained in a Leica, VT 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 

I21411, 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 µDoppler image. Using ImageJ 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 

(VVF): 187 

𝑽𝑽𝑭 =
𝑽𝒆𝒔𝒔𝒆𝒍 𝑽𝒐𝒍𝒖𝒎𝒆

𝑻𝒐𝒕𝒂𝒍 𝑽𝒐𝒍𝒖𝒎𝒆
 𝑿 𝟏𝟎𝟎 188 
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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 

Damián 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 Damián 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. µDoppler 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 μDoppler image of a (a) +/+ and (b) TrJ/+ mouse. The color scale in 230 
dB was determined using the maximum intensity within the hippocampus as a reference. The quartile distribution of the left hip- 231 
pocampus is highlighted in colors. Pixels falling within the quartiles Q1, Q2, Q3 and Q4, are colored blue, fucsia, green and yellow, 232 
respectively. Significant differences were obtained for the mean quartile values in (c) +/+, and (d) TrJ/+ mice. **p<0.001, ***p<0.0001. 233 

Figure 2. Quartile segmentation of the cortex. Coronal μDoppler image of a (a) +/+ and (b) TrJ/+ mouse. The quartile distribution is 234 
highlighted in colors on the left cortex. Pixels falling within the quartiles Q1, Q2, Q3 and Q4, are colored blue, fucsia, green and 235 
yellow, respectively. Contrary to Fig. 1, for this figure, the color scale in dB was computed with the maximum intensity within the 236 
cortex as reference. Significant differences were obtained for the mean quartile values in (c) +/+, and (d) TrJ/+ mice. **p<0.001, 237 
***p<0.0001. 238 

In the hippocampus, when comparing the mean quartiles value between both geno- 239 

types, the TrJ/+ mice show significant higher number of decibels for each quartile (p<0.001, 240 

for all comparisons, Figure 3a), while in the cortex there was no significant differences 241 

between genotypes (Figure 3b). 242 

3.2 Confocal microscopy vascular visualization 243 

The 3D Object counter plugin and posterior data analysis showed significant differ- 244 

ences between each quartile for each genotype, (Figure 4), both in the hippocampus and 245 

cortex section (p<0.0001 for all comparisons). 246 

Figure 3. Mean quartile values for +/+ vs. TrJ/+ mice in the hippocampus and the cortex. (a) Mean quartile values in the hippo- 247 
campus showed significantly higher values for +/+ mice when compared to TrJ/+ mice. (b) No significant differences were found 248 
in the cortex. **p < 0.001, ***p < 0.0001. 249 

 250 
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Figure 4. Vascular structure by SLCM. a)Tile-scan image of a coronal section from a +/+ mouse brain. b) Binary image in black 251 
and white by Image J automatic Threshold from the hippocampus in (a). c)Binary image in black and white by Image J automatic 252 
Threshold from the cortex section in (a). d) 3D counter object image showing the distribution of identified vessels. Vessels in the 253 
Q1, Q2, Q3, Q4 range were colored blue, fuchsia, green and yellow, respectively. e) same as (d) but for the cortex section. (h)-(l) 254 
same as (a)-(e) but for TrJ/+ mouse. (f), (g), (m), (n) show the mean vessel volume fraction (VVF) in the hippocampus and the 255 
cortex section, for all +/+ and TrJ/+ mice included in the study, respectively. All quartiles shows significant differences. ***p < 256 
0.0001. The white bar in (a) and (h) represent 1mm. 257 

Figure 4 shows the comparison of the vessels between different genotypes using con- 258 

focal microscopy in the hippocampus and cortex section. In the hippocampus, the TrJ/+ 259 

mice showed higher mean VVF values for each quartile, compared to Wt (+/+ vs TrJ/+: 260 

p<0.0001 for all comparisons) (Figure 5a). In the cortex section, no significant differences 261 

were found between both genotypes for Q1 and Q2, but for Q3 and Q4 TrJ/+ mice showed 262 

higher mean VVF values compared to Wt (+/+ vs TrJ/+: [Q3]: p<0.0001; [Q4]: p=0.0160) 263 

(Figure 5b). 264 

3.3 Behavioral tests 265 

3.3.1. Elevated Plus Maze: 266 

 In the Elevated Plus Maze test, TrJ/+ mice presented lower frequency of closed-arm 267 

entries (p=0.0065) (Figure 6a), lower total entries (p=0.0380) (Figure 6b), lower rearing fre- 268 

quency (p<0.0001) (Figure 6c), and greater defecation frequency (p<0.0001) (Figure 6d) 269 

than Wt mice.  270 

 271 
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Figure 5. Mean values and VVF for +/+ and TrJ/+ mice. a) Comparison with the age of the mean VVF values obtained by SLCM. 272 
IB4 probing, tile-scan imaging and 3D Counter FIJI plugin showed significant differences for all quartiles in the VVF values in 273 
the hippocampus between +/+ and TrJ/+ mice, ****p < 0.0001. b) Same as a) but in the cortex section. No significant differences 274 
were found for Q1 and Q2, Q3 and Q4 showed significant differences.*p<0.01, **p<0.001, ***p<0.0001. 275 

Figure 6. Parameters of +/+ and TrJ/+ mice in the plus maze test. (a) Entries in closed arms. (b) Total entries. (c) Rearing. (d) 276 
Defecation. Parameters in (c) and(d), were not normally distributed and were analyzed using the Mann-Whitney U-test. 277 
Parameters in (a) and (b) were normally distributed and analyzed using Student’s t-test. *p<0.01, **p<0.001, ***p<0.0001. 278 

Figure 7. Parameters of +/+ and TrJ/+ mice in the open field and rotarod test. (a) Frequency of freezing. (b) Time spent in freezing. 279 
(c) Frequency of grooming. (d) Time spent grooming. (e) Frequency of rearing. (f) Frequency of head shakes. (g) Defecation. (h) 280 
Time of permanence in the rotarod test. Only (b) was distributed normally and was analyzed using Student’s t-test. The rest of 281 
the parameters were analyzed using the Mann-Whitney U-test. *p < 0.01, **p < 0.001, ***p < 0.0001. 282 

 283 
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3.3.2. Open Field Test and Rotarod: 284 

In the Open Field Test, compared with Wt mice, TrJ 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 µDoppler 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 TrJ/+, 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 TrJ 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, in a 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 

Supplementary Materials: The following supporting information can be downloaded at: 362 
www.mdpi.com/xxx/s1, Figure S1. 363 

Author Contributions: Conceptualization, M.M.B., L.V.A., J.B., M.C., N.R., M.T., C.N., J.Br., J.P.D 364 
and A.K.; methodology, M.M.B, L.V.A., L.D.L., A.G., A.D., M.A.F., J.B., M.T., C.N., J.Br., J.P.D. and 365 
A.K.; software, M.M.B., L.V.A., L.D.L., G.A., M.F.A., J.B., M. T., J.Br., and J.P.D.; validation, M.M.B., 366 
L.V.A., L.D.L:, G.A., M.A.F., J.B., M.C., N.R., M.T., C.N., J.Br., J.P.D and A.K.; formal analysis, 367 
M.M.B., L.V.A., M.F.A., M.C., C.N., J.Br., J.P.D. and A.K., Investigation, M.M.B., L.V.A., L.D.L., G.A., 368 
A.D., J.Br., J.P.D. and A.K.; resources, M.C., C.N., J.Br., J.P.D. and A.K.; data curation, M.M.B., 369 
L.V.A., L.D.L:, G.A., A.D., M.A.F., J.B., J.Br., J.P.D. and A.K., writing—original draft preparation, 370 
M.M.B., L.V.A., J.Br., J.P.D. and A.K.; writing—review and editing, M.M.B., L.V.A., J.Br., J.P.D. and 371 
A.K.; visualization, M.M.B., L.V.A., J.P.D. and A.K.; supervision, C.N, J.Br., J.P.D. and A.K; project 372 
administration, C.N. and A.K; funding acquisition, M.C., C.N., J.Br., J.P.D. and A.K. 373 

Funding: Agencia Nacional de Investigación e Innovación (ANII), grant FCE_1_2019_1_155539. PE- 374 
DECIBA, CSIC-UdelaR and the Institut Franco—Uruguayen de Physique (IFUP), LIA-CNRS-Ude- 375 
laR. SNI-ANII (J.P.D., C.N., N.R., A.K. and J.BR.). ANII- POS_NAC_M_2020_1_164127 (M.A.F.). 376 
ANII- POS_FCE_2020_1_1009181 (M.M.B). CSIC I+D group grant CSIC2018—FID 13—Grupo ID 722 377 
(N.R.). PID2019-110401RB-100 from the Spanish, Ministry of Science and Innovation and the Span- 378 
ish CIBERNED network (M.C.). 379 

Institutional Review Board Statement: The experimental procedures were approved by the local 380 
Ethics Committee (CEUA-IIBCE, MEC, Uruguay, protocol number: 002a/10/2020) 381 

Informed Consent Statement: Not applicable 382 

Data Availability Statement: Data available on request due to restrictions e.g., privacy or ethical. 383 
The data presented in this study are available on request from the corresponding author. 384 

Acknowledgments: We would especially like to thank Dr. Cecilia Scorza, head of the Department 385 
of Experimental Neuropharmacology - Instituto de Investigaciones Biológicas Clemente Estable, 386 



Biology 2023, 12, x FOR PEER REVIEW 11 of 14 
 

 

and her team, for facilitating the use of specific equipment and software for the behavioral studies 387 
(Open Field and Ethovision XT 7.0 software.) and for their constant willingness to help us with the 388 
difficulties of the work. 389 

Conflicts of Interest: The authors declare no conflict of interest 390 

References 391 

1.  Stavrou, M.; Kagiava, A.; Sargiannidou, I.; Georgiou, E.; Kleopa, K.A. Charcot-Marie-Tooth Neuropathies: Cur- 392 

rent Gene Therapy Advances and the Route toward Translation. J Peripher Nerv Syst 2023, 28, 393 

doi:10.1111/JNS.12543. 394 

2.  Fridman, V.; Saporta, M.A. Mechanisms and Treatments in Demyelinating CMT. Neurotherapeutics 2021, 18, 395 

2236–2268, doi:10.1007/S13311-021-01145-Z. 396 

3.  Bird, T.D. Charcot-Marie-Tooth (CMT) Hereditary Neuropathy Overview; University of Washington, Seattle, WA, 397 

USA, 1993; 398 

4.  Timmerman, V.; Strickland, A. V.; Züchner, S. Genetics of Charcot-Marie-Tooth (CMT) Disease within the Frame 399 

of the Human Genome Project Success. Genes (Basel) 2014, 5, 13–32, doi:10.3390/GENES5010013. 400 

5.  Li, J.; Parker, B.; Martyn, C.; Natarajan, C.; Guo, J. The PMP22 Gene and Its Related Diseases. Mol Neurobiol 2013, 401 

47, 673–698, doi:10.1007/s12035-012-8370-x. 402 

6.  Higuchi, Y.; Takashima, H. Clinical Genetics of Charcot–Marie–Tooth Disease. Journal of Human Genetics 2022 403 

68:3 2022, 68, 199–214, doi:10.1038/s10038-022-01031-2. 404 

7.  Suter, U.; Moskow, J.J.; Welcher, A.A.; Snipes, G.J.; Kosaras, B.; Sidman, R.L.; Buchberg, A.M.; Shooter, E.M. A 405 

Leucine-to-Proline Mutation in the Putative First Transmembrane Domain of the 22-KDa Peripheral Myelin Pro- 406 

tein in the Trembler-J Mouse. Proc Natl Acad Sci U S A 1992, 89, 4382–4386, doi:10.1073/PNAS.89.10.4382. 407 

8.  Snipes, G.J.; Suter, U.; Welcher, A.A.; Shooter, E.M. Characterization of a Novel Peripheral Nervous System My- 408 

elin Protein (PMP22/SR13). J Cell Biol 1992, 117, 225–238, doi:10.1083/jcb.117.1.225. 409 

9.  Bronstein, J.M. Function of Tetraspan Proteins in the Myelin Sheath. Curr Opin Neurobiol 2000, 10, 552–557, 410 

doi:10.1016/S0959-4388(00)00125-2. 411 

10.  Hammer, M. An Identified Neuron Mediates the Unconditioned Stimulus in Associative Olfactory Learning in 412 

Honeybees. Nature 1993 366:6450 1993, 366, 59–63, doi:10.1038/366059a0. 413 

11.  Swisshelm, K.; Machl, A.; Planitzer, S.; Robertson, R.; Kubbies, M.; Hosier, S. SEMP1, a Senescence-Associated 414 

CDNA Isolated from Human Mammary Epithelial Cells, Is a Member of an Epithelial Membrane Protein Super- 415 

family. Gene 1999, 226, 285–295, doi:10.1016/S0378-1119(98)00553-8. 416 

12.  Zoidl, G.; Blass-Kampmann, S.; D’Urso, D.; Schmalenbach, C.; Müller, H.W. Retroviral-Mediated Gene Transfer 417 

of the Peripheral Myelin Protein PMP22 in Schwann Cells: Modulation of Cell Growth. EMBO J 1995, 14, 1122– 418 

1128, doi:10.1002/J.1460-2075.1995.TB07095.X. 419 

13.  Spreyer, P.; Kuhn, G.; Hanemann, C.O.; Gillen, C.; Schaal, H.; Kuhn, R.; Lemke Muller, G.H.W. Axon-Regulated 420 

Expression of a Schwann Cell Transcript That Is Homologous to a “growth Arrest-Specific” Gene. EMBO J 1991, 421 

10, 3661, doi:10.1002/J.1460-2075.1991.TB04933.X. 422 

14.  Welcher, A.A.; Suter, U.; De Leon, M.; Snipes, G.J.; Shooter, E.M. A Myelin Protein Is Encoded by the Homologue 423 

of a Growth Arrest-Specific Gene. Proceedings of the National Academy of Sciences 1991, 88, 7195–7199, 424 

doi:10.1073/PNAS.88.16.7195. 425 

15.  Bosse, F.; Zoidl, G.; Wilms, S.; Gillen, C.P.; Kuhn, H.G.; Müller, H.W. Differential Expression of Two MRNA 426 

Species Indicates a Dual Function of Peripheral Myelin Protein PMP22 in Cell Growth and Myelination. J Neu- 427 

rosci Res 1994, 37, 529–537, doi:10.1002/JNR.490370412. 428 



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

 

16.  Parmantier, E.; Cabon, F.; Braun, C.; D’Urso, D.; Müller, H.W.; Zalc, B. Peripheral Myelin Protein-22 Is Expressed 429 

in Rat and Mouse Brain and Spinal Cord Motoneurons. European Journal of Neuroscience 1995, 7, 1080–1088, 430 

doi:10.1111/J.1460-9568.1995.TB01095.X. 431 

17.  Ohsawa, Y.; Murakami, T.; Miyazaki, Y.; Shirabe, T.; Sunada, Y. Peripheral Myelin Protein 22 Is Expressed in 432 

Human Central Nervous System. J Neurol Sci 2006, 247, 11–15, doi:10.1016/J.JNS.2006.03.004. 433 

18.  Sacco, S.; Totaro, R.; Bastianello, S.; Marini, C.; Carolei, A. Brain White Matter Lesions in an Italian Family with 434 

Charcot-Marie-Tooth Disease. Eur Neurol 2004, 51, 168–171, doi:10.1159/000077664. 435 

19.  Koros, C.; Evangelopoulos, M.-E.; Kilidireas, C.; Andreadou, E. Central Nervous System Demyelination in a 436 

Charcot-Marie-Tooth Type 1A Patient. Case Rep Neurol Med 2013, 2013, 1–4, doi:10.1155/2013/243652. 437 

20.  Pontillo, G.; Tozza, S.; Perillo, T.; Cocozza, S.; Dubbioso, R.; Severi, D.; Iodice, R.; Tedeschi, E.; Elefante, A.; Bru- 438 

netti, A.; et al. Diffuse Brain Connectivity Changes in Charcot–Marie–Tooth Type 1a Patients: A Resting-State 439 

Functional Magnetic Resonance Imaging Study. Eur J Neurol 2021, 28, 305–313, doi:10.1111/ENE.14540. 440 

21.  Tobler, A.; Liu, N.; Mueller, L.; Shooter, EM. Differential Aggregation Of The Trembler And Trembler J Mutants 441 

Of Peripheral Myelin Protein 22. Journal of the Peripheral Nervous System 2002, 7, 206–207, doi:10.1046/j.1529- 442 

8027.2002.02026_7.x. 443 

22.  Jouaud, M.; Mathis, S.; Richard, L.; Lia, A.S.; Magy, L.; Vallat, J.M. Rodent Models with Expression of PMP22: 444 

Relevance to Dysmyelinating CMT and HNPP. J Neurol Sci 2019, 398, 79–90, doi:10.1016/J.JNS.2019.01.030. 445 

23.  Pareek, S.; Notterpek, L.; Snipes, G.J.; Naef, R.; Sossin, W.; Laliberté, J.; Iacampo, S.; Suter, U.; Shooter, E.M.; 446 

Murphy, R.A. Neurons Promote the Translocation of Peripheral Myelin Protein 22 into Myelin. Journal of Neuro- 447 

science 1997, 17, 7754–7762, doi:10.1523/jneurosci.17-20-07754.1997. 448 

24.  Quarles, R.H.; Macklin, W.B.; Morell, P. Myelin Structure and Biochemistry. In Basic Neurochemistry; Siegel, G.J., 449 

Albers, R.W., Brady, S.T., Price, D.L., Eds.; Elsevier Inc.: Amsterdam, The Netherlands, 2006; pp. 51–71 ISBN 450 

9780123749475. 451 

25.  Opalach, K.; Rangaraju, S.; Madorsky, I.; Leeuwenburgh, C.; Notterpek, L. Lifelong Calorie Restriction Alleviates 452 

Age-Related Oxidative Damage in Peripheral Nerves. Rejuvenation Res 2010, 13, 65–74, doi:10.1089/rej.2009.0892. 453 

26.  Rangaraju, S.; Hankins, D.; Madorsky, I.; Madorsky, E.; Lee, W.H.; Carter, C.S.; Leeuwenburgh, C.; Notterpek, 454 

L. Molecular Architecture of Myelinated Peripheral Nerves Is Supported by Calorie Restriction with Aging. Ag- 455 

ing Cell 2009, 8, 178–191, doi:10.1111/j.1474-9726.2009.00460.x. 456 

27.  Russo, M.; Laurá, M.; Polke, J.M.; Davis, M.B.; Blake, J.; Brandner, S.; Hughes, R.A.C.; Houlden, H.; Bennett, 457 

D.L.H.; Lunn, M.P.T.; et al. Variable Phenotypes Are Associated with PMP22 Missense Mutations. Neuromuscular 458 

Disorders 2011, 21, 106–114, doi:10.1016/j.nmd.2010.11.011. 459 

28.  Notterpek, L.; Tolwani, R.J. Experimental Models of Peripheral Neuropathies. Lab Anim Sci 1999, 49, 588–599. 460 

29.  Chin, L.; Olzmann, J.; Li, L. Aggresome Formation and Neurodegenerative Diseases: Therapeutic Implications. 461 

Curr Med Chem 2008, 15, 47–60, doi:10.2174/092986708783330692. 462 

30.  Sinclair, D.A. Toward a Unified Theory of Caloric Restriction and Longevity Regulation. Mech Ageing Dev 2005, 463 

126, 987–1002, doi:10.1016/j.mad.2005.03.019. 464 

31.  Henry, E.W.; Sidman, R.L. The Murine Mutation Trembler-j: Proof of Semidominant Expression by Use of the 465 

Linked Vestigial Tail Marker. J Neurogenet 1983, 1, 39–52, doi:10.3109/01677068309107071. 466 

32.  Robertson, A.M.; Huxley, C.; King, R.H.M.; Thomas, P.K. Development of Early Postnatal Peripheral Nerve Ab- 467 

normalities in Trembler-J and PMP22 Transgenic Mice. J Anat 1999, 195, 331, doi:10.1046/J.1469- 468 

7580.1999.19530331.X. 469 



Biology 2023, 12, x FOR PEER REVIEW 13 of 14 
 

 

33.  Valentijn, L.J.; Baas, F.; Wolterman, R.A.; Hoogendijk, J.E.; van den Bosch, N.H.A.; Zorn, I.; Gabreëls-Festen, 470 

A.A.W.M.; de Visser, M.; Bolhuis, P.A. Identical Point Mutations of PMP–22 in Trembler–J Mouse and Charcot– 471 

Marie–Tooth Disease Type 1A. Nature Genetics 1992 2:4 1992, 2, 288–291, doi:10.1038/ng1292-288. 472 

34.  Rosso, G.; Negreira, C.; Sotelo, J.R.; Kun, A. Myelinating and Demyelinating Phenotype of Trembler-J Mouse (a 473 

Model of Charcot-Marie-Tooth Human Disease) Analyzed by Atomic Force Microscopy and Confocal Micros- 474 

copy. Journal of Molecular Recognition 2012, 25, 247–255, doi:10.1002/jmr.2176. 475 

35.  Kun, A.; Rosso, G.; Canclini, L.; Bresque, M.; Romeo, C.; Cal, K.; Calliari, A.; Hanuz, A.; Roberto, J.; Roberto, J. 476 

The Schwann Cell-Axon Link in Normal Condition or Neuro-Degenerative Diseases: An Immunocytochemical 477 

Approach. In Applications of Immunocytochemistry; Dehghani, H., Ed.; InTech: London, Switzerland, 2012; pp. 478 

249–266 ISBN 978-953-51-5235-4. 479 

36.  Kun, A.; Canclini, L.; Rosso, G.; Bresque, M.; Romeo, C.; Hanusz, A.; Cal, K.; Calliari, A.; Sotelo Silveira, J.; Sotelo, 480 

J.R. F-Actin Distribution at Nodes of Ranvier and Schmidt-Lanterman Incisures in Mammalian Sciatic Nerves. 481 

Cytoskeleton 2012, 69, 486–495, doi:10.1002/cm.21011. 482 

37.  Lafon Hughes, L.I.; Romeo, C.J.; Cal, K.B.; Vilchez, S.C.; Sotelo Sosa, J.R.; Folle, G.A.; Fernández, S.H.; Kun, A. 483 

Poly(ADP-Ribosylation) Is Present in Murine Sciatic Nerve Fibers and Is Altered in a Charcot-Marie-Tooth-1E 484 

Neurodegenerative Model. PeerJ 2017, 2017, doi:10.7717/peerj.3318. 485 

38.  Vázquez Alberdi, L.; Rosso, G.; Velóz, L.; Romeo, C.; Farias, J.; Di Tomaso, M.V.; Calero, M.; Kun, A. Curcumin 486 

and Ethanol Effects in Trembler-J Schwann Cell Culture. Biomolecules 2022, 12, 1–19, doi:10.3390/biom12040515. 487 

39.  Di Tomaso, M.V.; Vázquez Alberdi, L.; Olsson, D.; Cancela, S.; Fernández, A.; Rosillo, J.C.; Reyes Ábalos, A.L.; 488 

Álvarez Zabaleta, M.; Calero, M.; Kun, A. Colocalization Analysis of Peripheral Myelin Protein-22 and Lamin- 489 

B1 in the Schwann Cell Nuclei of Wt and TrJ Mice. Biomolecules 2022, 12, doi:10.3390/ biom12030456. 490 

40.  Damián, J.P.; Vázquez Alberdi, L.; Canclini, L.; Rosso, G.; Bravo, S.O.; Martínez, M.; Uriarte, N.; Ruiz, P.; Calero, 491 

M.; Di Tomaso, M.V.; et al. Central Alteration in Peripheral Neuropathy of Trembler-J Mice: Hippocampal 492 

Pmp22 Expression and Behavioral Profile in Anxiety Tests. Biomolecules 2021, 11, 601, doi:10.3390/biom11040601. 493 

41.  Anzibar Fialho, M.; Vázquez Alberdi, L.; Martínez, M.; Calero, M.; Baranger, J.; Tanter, M.; Damián, J.P.; Negreira, 494 

C.; Rubido, N.; Kun, A.; et al. Intensity Distribution Segmentation in Ultrafast Doppler and Correlative Scanning 495 

Laser Confocal Microscopy for Assessing Vascular Changes Associated with Ageing in Murine Hippocampi. Sci 496 

Rep 2022, 12, 1–14, doi:10.1038/s41598-022-10457-9. 497 

42.  Iturria-Medina, Y.; Sotero, R.C.; Toussaint, P.J.; Mateos-Pérez, J.M.; Evans, A.C.; Weiner, M.W.; Aisen, P.; Pe- 498 

tersen, R.; Jack, C.R.; Jagust, W.; et al. Early Role of Vascular Dysregulation on Late-Onset Alzheimer’s Disease 499 

Based on Multifactorial Data-Driven Analysis. Nature Communications 2016 7:1 2016, 7, 1–14, 500 

doi:10.1038/ncomms11934. 501 

43.  Iadecola, C.; Smith, E.E.; Anrather, J.; Gu, C.; Mishra, A.; Misra, S.; Perez-Pinzon, M.A.; Shih, A.Y.; Sorond, F.A.; 502 

van Veluw, S.J.; et al. The Neurovasculome: Key Roles in Brain Health and Cognitive Impairment: A Scientific 503 

Statement From the American Heart Association/American Stroke Association. Stroke 2023, 54, e251–e271, 504 

doi:10.1161/STR.0000000000000431. 505 

44.  Hall, C.N.; Reynell, C.; Gesslein, B.; Hamilton, N.B.; Mishra, A.; Sutherland, B.A.; Oâ Farrell, F.M.; Buchan, A.M.; 506 

Lauritzen, M.; Attwell, D. Capillary Pericytes Regulate Cerebral Blood Flow in Health and Disease. Nature 2014, 507 

508, 55, doi:10.1038/NATURE13165. 508 

45.  Kisler, K.; Nelson, A.R.; Montagne, A.; Zlokovic, B. V. Cerebral Blood Flow Regulation and Neurovascular Dys- 509 

function in Alzheimer Disease. Nat Rev Neurosci 2017, 18, 419–434, doi:10.1038/NRN.2017.48. 510 



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

 

46.  Wiesmann, M.; Timmer, N.M.; Zinnhardt, B.; Reinhard, D.; Eligehausen, S.; Königs, A.; Ben Jeddi, H.; Dederen, 511 

P.J.; Jacobs, A.H.; Kiliaan, A.J. Effect of a Multinutrient Intervention after Ischemic Stroke in Female C57Bl/6 512 

Mice. J Neurochem 2018, 144, 549–564, doi:10.1111/JNC.14213. 513 

47.  Tarawneh, R. Microvascular Contributions to Alzheimer Disease Pathogenesis: Is Alzheimer Disease Primarily 514 

an Endotheliopathy? Biomolecules 2023, Vol. 13, Page 830 2023, 13, 830, doi:10.3390/BIOM13050830. 515 

48.  Tegeder, I. Nitric Oxide Mediated Redox Regulation of Protein Homeostasis. Cell Signal 2019, 53, 348–356, 516 

doi:10.1016/J.CELLSIG.2018.10.019. 517 

49.  Marzetti, E.; Csiszar, A.; Dutta, D.; Balagopal, G.; Calvani, R.; Leeuwenburgh, C. Role of Mitochondrial Dysfunc- 518 

tion and Altered Autophagy in Cardiovascular Aging and Disease: From Mechanisms to Therapeutics. Am J 519 

Physiol Heart Circ Physiol 2013, 305, 459–476, doi:10.1152/AJPHEART.00936.2012/ASSET/IM- 520 

AGES/LARGE/ZH40151308270001.JPEG. 521 

50.  Höhn, A.; Weber, D.; Jung, T.; Ott, C.; Hugo, M.; Kochlik, B.; Kehm, R.; König, J.; Grune, T.; Castro, J.P. Happily 522 

(n)Ever after: Aging in the Context of Oxidative Stress, Proteostasis Loss and Cellular Senescence. Redox Biol 523 

2017, 11, 482–501, doi:10.1016/J.REDOX.2016.12.001. 524 

51.  Eisenmenger, L.B.; Peret, A.; Famakin, B.M.; Spahic, A.; Roberts, G.S.; Bockholt, J.H.; Johnson, K.M.; Paulsen, J.S. 525 

Vascular Contributions to Alzheimer’s Disease. Transl Res 2023, 254, 41–53, doi:10.1016/J.TRSL.2022.12.003. 526 

52.  Charcot, J.M.; Marie, P. Sur Une Form Particulière D′atrophie Musculaire Progressive, Souvant Familiale, Debu- 527 

tant Par Les Pieds et Les Jambes, et Atteignant plus Tard Les Mains. 1886; 6: 97–138. Rev Méd (Paris) 1886, 6, 97– 528 

138. 529 

53.  Brooks, A.P. Abnormal Vascular Reflexes in Charcot-Marie-Tooth Disease. J Neurol Neurosurg Psychiatry 1980, 530 

43, 348–350, doi:10.1136/jnnp.43.4.348. 531 

54.  Rosso, G.; Cal, K.; Canclini, L.; Damián, J.P.; Ruiz, P.; Rodríguez, H.; Sotelo, J.R.; Vazquez, C.; Kun, A. Early 532 

Phenotypical Diagnoses in Trembler-J Mice Model. J Neurosci Methods 2010, 190, 14–19, 533 

doi:10.1016/J.JNEUMETH.2010.04.010. 534 

55.  Damián, J.P.; Acosta, V.; Da Cuña, M.; Ramírez, I.; Oddone, N.; Zambrana, A.; Bervejillo, V.; Benech, J.C. Effect 535 

of Resveratrol on Behavioral Performance of Streptozotocin-Induced Diabetic Mice in Anxiety Tests. Exp Anim 536 

2014, 63, 277–287, doi:10.1538/expanim.63.277. 537 

56.  Bouchard, J.; Bedard, P.; Bouchard, R. Study of a Family with Progressive Ataxia, Tremor and Severe Distal 538 

Amyotrophy. Can J Neurol Sci 1980, 7, 345–349, doi:10.1017/S0317167100022861. 539 

57.  Hill, C.M.; Hogan, A.M.; Onugha, N.; Harrison, D.; Cooper, S.; McGrigor, V.J.; Datta, A.; Kirkham, F.J. Increased 540 

Cerebral Blood Flow Velocity in Children with Mild Sleep-Disordered Breathing: A Possible Association with 541 

Abnormal Neuropsychological Function. Pediatrics 2006, 118, doi:10.1542/PEDS.2006-0092. 542 

58.  Deussing, J.M.; Kühne, C.; Pütz, B.; Panhuysen, M.; Breu, J.; Stenzel-Poore, M.P.; Holsboer, F.; Wurst, W. Expres- 543 

sion Profiling Identifies the CRH/CRH-R1 System as a Modulator of Neurovascular Gene Activity. J Cereb Blood 544 

Flow Metab 2007, 27, 1476–1495, doi:10.1038/SJ.JCBFM.9600451. 545 

59.  Carvalho, C.; Machado, N.; Mota, P.C.; Correia, S.C.; Cardoso, S.; Santos, R.X.; Santos, M.S.; Oliveira, C.R.; 546 

Moreira, P.I. Type 2 Diabetic and Alzheimer’s Disease Mice Present Similar Behavioral, Cognitive, and Vascular 547 

Anomalies. J Alzheimers Dis 2013, 35, 623–635, doi:10.3233/JAD-130005. 548 

60.  Nemeth, C.L.; Miller, A.H.; Tansey, M.G.; Neigh, G.N. Inflammatory Mechanisms Contribute to Microembolism- 549 

Induced Anxiety-like and Depressive-like Behaviors. Behavioural brain research 2016, 303, 160–167, 550 

doi:10.1016/J.BBR.2016.01.057. 551 

  552 


