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Abstract:



A three-dimensional (3D) T1-weighted Magnetic Resonance Imaging (MRI) at 7-Tesla system was acquired with a high spatial resolution from fixed brains of male and female ferrets at postnatal days (PDs) 4 to 90, and their age-related sexual difference and laterality were evaluated by MRI-based ex vivo volumetry. The volume of both left and right sides of cerebellar cortex was larger in males than in females on PD 10 and thereafter. When the cerebellar cortex was divided into four transverse domains, i.e., anterior zone (AZ; lobules I–V), central zone (CZ; lobules VI and VII), posterior zone (PZ; lobules VIII–IXa), and nodular zone (NZ; lobules IXb and X), an age-related significantly greater volume in males than in females was detected on either side of all four domains on PD 42 and of the AZ on PD 90, but only on the left side of the PZ on PD 90. Regarding the volume laterality, significant leftward asymmetry was obtained in the CZ and PZ volumes in males, but not in females on PD 90. From asymmetry quotient (AQ) analysis, AQ scores were rightward in the AZ in both sexes already on PD 21, but gradually left-lateralized only in males in the CZ, PZ, and NZ during PDs 42 to 90. The present study suggests that a characteristic counterclockwise torque asymmetry (rostrally right-biased, and caudally left-biased or symmetrical) is acquired in both sexes of ferrets during PDs 42 to 90, although the leftward laterality of the posterior half of the cerebellum was more enhanced in males.
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1. Introduction


Morphological and functional asymmetry is reported in brain regions related to preference of hand/paw use [1,2,3], cognition [2,4], emotion [5], and so on. It is well known that large-scale fiber connectivity, such as cerebro-cerebellar connections, is involved in the morphological lateralization [6,7,8]. Hormonal and genetic factors are also considered to implicate asymmetry of brain structures: e.g., a coincidence of the dominant-side (right) of androgen receptor levels [9] and arcuate sulcal length [10] in the frontal lobe of male macaques; a topological correlation of asymmetric pattern of gene expression [11] with earlier emergences of the superior frontal and superior temporal gyri in the right side than in the left side [12]. Furthermore, environmental variables may be involved in the asymmetric morphology of the brain. Monozygotic handedness-discordant twins exhibited the opposite direction of torque asymmetry in the cerebral hemisphere [13].



Some mammalian species, including primates and carnivores, have a distinctive asymmetric feature of the cerebellar morphology, called “torque asymmetry”. The cerebellar torque asymmetry was reportedly clockwise in primates such as humans [13] and chimpanzees [14], but counterclockwise torque asymmetry was observed in carnivores, such as ferrets [15].



The cerebellum exhibits sexual dimorphic aspects of its shape and volume, as well as other brain regions, including the cerebral cortex [10,16], although this has been reported in a limited number of mammalian species. A larger cerebellar volume in men than in women by MRI-based volumetry has been well documented [17,18,19,20,21,22,23]. However, cerebellar volumes did not differ between sexes at a population level in other mammals, such as mice [24] and dogs [25]. Notably, the cerebellar volume was more susceptible to perinatal exposure to polychlorinated biphenyls [26] and schizophrenia [27] in males than in females, while cerebellar morphology and function are altered by chemical and genetic insults, and in human neurodevelopmental disorders, such as autism, schizophrenia, and attention deficit hyperactivity disorder [28].



Our recent Magnetic Resonance Imaging (MRI)-based volumetric analysis revealed that sexual dimorphism of the ferret cerebellum was characterized by increasing the whole volume with an enhancement of counterclockwise torque asymmetry in more males than in females [15]. That report was the first to show sexually-dimorphic asymmetric development of the cerebellum. The present study was aimed to elucidate when sex differences in the volume laterality and the degree of counterclockwise torque asymmetry of the cerebellum were achieved in ferrets during the postnatal development. Volumetric analysis was conducted to measure the cerebellar volume and to evaluate the cerebellar torque asymmetry, based on ex vivo MRI with a high spatial resolution. The cerebellar torque asymmetry was assessed by the difference in asymmetry quotient (AQ) of volumes of four cerebellar transverse domains, which were segmented primarily based on the zebrin II/aldolase C expression pattern [29,30].




2. Materials and Methods


2.1. Samples


Fixed brain samples of male and female ferrets, which had been used in our previous study [31], were used in the present study. Male and female ferrets were purchased at differential postnatal days (PDs) (each of three males at PDs 4, 10, 21, 42, and 90; each of three females at PDs 4, 10, 21, 42, and 90) from SLC (Hamamatsu, Japan). Under a deep anesthetization with an injection of chloral hydrate intraperitoneally at a dosage of 400 µg/g body weight, an intracardiac perfusion with 0.9% NaCl followed by 4% paraformaldehyde (PFA) in a 10 mM phosphate buffer (pH 7.4) was performed in all ferrets. Then, brains were removed by opening the skull, and immersed in the PFA solution until measurement by MRI.




2.2. MRI Measurements


MRI measurements were performed in accordance with our previous study [32]. Three-dimensional (3D) T1-weighted MRI (i.e., short repetition time (TR)/echo time (TE) setting) was acquired using a preclinical 7.0-T MRI system (Magnet; 400 mm inner diameter bore, Kobelco and Jastec, Kobe, Hyogo, Japan) (Console; AVANCE-I, Bruker BioSpin, Ettlingen, Baden-Württemberg, Germany). A birdcage radiofrequency (RF) coil for transmission and reception (70 mm inner diameter, Rapid Biomedical, Rimpar, Germany; or 60-mm inner diameter, Bruker BioSpin) was used with a field of view adequate for the sample dimensions. Slice orientation (transaxial) was precisely adjusted for the cerebral base using pilot-MR images obtained by a gradient-echo sequence. Gradient coils (BGA-12, Bruker BioSpin) were calibrated by a professional technologist within six months, according to Bruker’s calibration manual and software.



3D T1-weighted images covering the entire brain were acquired using rapid acquisition with relaxation enhancement (RARE) sequence, having the following parameters: TR = 300 ms, TE = 9.6 ms (effective TE = 19.2 ms), RARE factor = 4, acquisition matrix = 256 × 256 × 256, number of acquisitions (NEX) = 2, and total scan time = 2 h 43 min 50 s. The field of view (FOV) was adjusted to the size of the samples and ranged from 1.32 × 1.32 × 2.56 to 32 × 32 × 40 mm3. Thus, the voxel resolution was 100–125 × 100–125 × 100–156 µm3. Although a typical short TR/TE parameter setting was used for acquiring the T1-weighted MRI, the strong susceptibility effect at 7 Tesla decreased MRI signals in white matter. An image matrix of the reconstructed data was linearly interpolated two times.




2.3. 3D Volume-Rendered Images


3D T1-weighted MRI images of the entire cerebellum were used for volumetric analysis. Left and right sides of the cerebellum were segmented semi-automatically on the MRI using the “Morpho” tool of the SliceOmatic software package, version 4.3 (TomoVision, Montreal, QC, Canada), based on image contrast, as well as the user’s knowledge of the anatomy. The midline of each side was defined by the position of the cerebral longitudinal fissure. We further segmented four transverse domains of the cerebellar cortex, primarily based on the expression pattern of zebrin II/aldolase C [29,30]: left and right sides of the anterior zone (AZ) (vermal lobules I–V), central zone (CZ) (vermal lobules VI–VII, lobules simplex, and crura I and II of ansiform lobules), posterior zone (PZ) (vermal lobules VIII–IXa, and paramedian lobule), and the nodular zone (NZ) (vermal lobules IXb–X, paraflocculus and flocculus). Boundaries of those domains were defined by major fissures/sulci (Supplemental Figure S1) primarily according to our previous study [15]. During PDs 4 to 10, boundaries of each domain were unclear on MRI images. Therefore, we constructed 3D volume-rendered images of the male and female cerebella from PDs 21 to 90. Segmented images were then analyzed using the 3D-rendering module of the same software. The cerebellar image was rendered in 3D using the surface projection algorithm which best visualized the surface. The 3D-rendered images were then rotated and manipulated in a manner that best visualized the cerebellar morphology by a linear registration method using SliceOmatic software.




2.4. Volumetric Analysis


The volumetric analysis was carried out primarily in accordance with our previous procedure [15,32]. Segmented areas of each cerebellar region were measured using SliceOmatic software. The volumes were calculated by multiplying the combined areas by the slice thickness (156.25 µm), with the total areas of those regions being regarded as the volume of the whole cerebellum.




2.5. Asymmetry Quotient Analysis


For evaluation of asymmetric development of the cerebellum, an asymmetry quotient (AQ) was calculated using the formula ((R − L)/{(R + L) × 0.5}). The sign of the resulting value indicated the direction of asymmetry (positive value = right hemisphere bias; negative value = left hemisphere bias) [33].




2.6. Statistical Analysis


Age-related sexual differences in the brain and cerebellar cortical volumes were evaluated by two-way Analysis of Variance (ANOVA) using sex and age as factors. For evaluation of age- and sex-related changes in the cerebellar volume laterality, three-way repeated measures ANOVA was carried out using postnatal age and sex as intergroup factors, and left/right sides as an intergroup factor. Furthermore, age- and sex-related changes in the volume laterality of cerebellar regions were evaluated by four-way repeated measures ANOVA using postnatal age and sex as intergroup factors, and four cerebellar transverse domains and left/right sides as intergroup factors. Then, Scheffe’s test was carried out, to assess sex and left/right side differences via post hoc testing, when the effects on the interaction of two or more factors by each ANOVA analysis were marked at p < 0.05, and followed by significant simple main effects (p < 0.05).




2.7. Ethics


The experimental procedures in the present study were conducted in accordance with the guidelines of the National Institutes of Health (NIH) for the Care and Use of Laboratory Animals. The Institutional Animal Care and Use Committee of Tsukuba International University approved the procedures, and all efforts were made to minimize the number of animals used and their suffering. This study was specifically approved by the Institutional Animal Care and Use Committee of Tsukuba International University.





3. Results


3.1. Developmental Changes in Volume of Entire Cerebellum


The volume of whole cerebellum increased with postnatal ages (Figure 1). A significant effect on postnatal age × sex interactions was obtained by two-way repeated measures ANOVA (F(4,20) = 5.262, p < 0.05). Cerebellar volumes were statistically greater in males than in females on PDs 21 (p < 0.05), 42 (p < 0.05), and 90 (p < 0.001) by post-hoc testing (Figure 1).


Figure 1. Changes in cerebellar volume of male and female ferrets during postnatal days 4 to 90. a: p < 0.01, b: p < 0.001 (male vs. female; Scheffe’s test).
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The body weight and crown-rump length of male and female ferrets on PDs 4 to 90 are shown in Supplemental Table S1. Age-related sexual difference was obtained in the body weight on PDs 42 and 90, but not in the crown-lump length at any postnatal ages examined. Thus, age-related sexual difference in the cerebellar volume seemed to be independent of body growth.




3.2. Asymmetric Development of Cerebellum


Left and right sides of the cerebellar volume were further compared between sexes during postnatal development. Three-way repeated measures ANOVA revealed a significant effect on interactions among postnatal age, sex and left/right sides [F(4,20) = 7.825, p < 0.05]. A significantly greater volume in males than in females was detected already from PD 10 in both left (p < 0.05) and right (p < 0.05) sides of the cerebellum (Figure 2A,B). Such a trend in sexual difference was observed in both sides of the cerebellum at elder ages, while obtaining a statistical difference in both sides on PD 42 and the right side on PD 90 (Figure 2A,B).


Figure 2. Changes in volumes, asymmetry quotient, 3D morphology, and coronal Magnetic Resonance Imaging (MRI) images of left/right sides of cerebella of male and female ferrets from postnatal days (PD) 4 to 90. (A) Volume of the left half of the cerebellum; (B) volume of the right half of the cerebellum; and (C) asymmetry quotient (AQ). The AQ was calculated using the formula ((R − L)/{(R + L) × 0.5}). The sign of the resulting value indicated the direction of asymmetry (positive value = right bias; negative value = left bias) [33]; (D) posterior view of 3D volume-rendered images. The cerebellum was divided into right (red) and left (green) sides, whose midline was defined by the position of the cerebral longitudinal fissure; and (E) coronal T1-weighted (i.e., short TR/TE setting) MRI crossing at the level of crown of the lobule VI of vermis. Green and red arrowheads indicate the leftward asymmetry of the lobule VI observable on the coronal MRI image of a male ferret on PD 90. a: p < 0.05, b: p < 0.01 (male vs. female; Scheffe’s test).
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Although a significant left/right side difference in the cerebellar volume was not detected in both males and females at any postnatal age by post-hoc testing, AQ scores indicated that the cerebellar volume was leftward in males (AQ = −0.034 ± 0.022) but rightward in females (AQ = 0.027 ± 0.033) on PD 90 (Figure 2C). Such leftward asymmetry in the male cerebellum was apparent in a posterior view of 3D volume rendered images (Figure 2D) and MRI images of posterior vermis at coronal plane (Figure 2E) on PD 90, but obscure on younger ages (Figure 2D,E). In contrast, asymmetry of the cerebellum was unclear in female either by 3D volume rendered images or MRI images at any postnatal age examined (Figure 2D,E).




3.3. Development of Torque Asymmetry of Cerebellar Cortex


Four transverse domains of the cerebellar cortex were delineated primarily based on the zebrin II/aldolase C expression pattern [29,30]. Their volumes were examined to clarify when regional volume laterality of the cerebellum appeared during postnatal development. Four-way ANOVA revealed significant effects on postnatal age, sex, and left/right side interactions (F(2,12) = 9.8301, p < 0.01), postnatal age, transverse domains and left/right side interactions (F(6,36) = 2.758, p < 0.05), and sex, transverse domains, and left/right sides interactions (F(6,36) = 3.235, p < 0.05), but not on those four interactions. Age-related male-over-female larger volumes were detected in both left and right sides of AZ on PDs 42 and 90 (Figure 3A). However, the AZ volume did not differ between left/right sides in both sexes at any postnatal age examined. In the CZ, PZ, and NZ, significantly greater volumes in males than in females were detected in both sides on PD 42 (Figure 3B–D), but only in the left side of the PZ on PD 90 (Figure 3C). Leftward volume asymmetry was significant in both the CZ and PZ in males on PD 90 (Figure 3C) by enhancing volumes of the left side of those two domains during PDs 42 to 90, when compared to the right side.


Figure 3. Changes in volumes of left/right sides of four cerebellar transverse domains of male and female ferrets during postnatal days 21 to 90. (A) Anterior zone; (B) central zone; (C) posterior zone; and (D) nodular zone. Four transverse domains of the cerebellar cortex were defined primarily based on the expression pattern of zebrin II/aldolase C [29,30]. Their boundaries were defined by major fissures/sulci (Supplemental Figure S1) primarily according to our previous study [3]. a: p < 0.05, b: p < 0.001 (male vs. female; Scheffe’s test). *: p < 0.05 (left-side vs. right-side; Scheffe’s test).
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Next, AQ scores of volumes of four transverse cerebellar domains were examined for assessing the asymmetric development of the cerebellar cortex. AQ analysis revealed that the AZ was rightward in males already on PD 21, but symmetrical in females (Figure 4A). In females, AQ scores of AZ were symmetrical on PD 42, and then biased rightward on PD 90 (Figure 4A). In contrast, AQ scores of the CZ and PZ were gradually biased leftward in males, but sustained symmetry in females during PDs 42 to 90 (Figure 4B,C). The leftward bias of the CZ and PZ was clearly shown in 90-day-old males by the leftward curvature of the vermal region of the CZ and PZ from posterior views of the 3D volume-rendering images (Figure 4E). AQ scores of the NZ in both sexes evidenced a slightly rightward bias on PD 21, and symmetrical on PD 42 (Figure 4D). Then, the AQ scores were biased in opposite directions between sexes by PD 90: slightly leftward in males; and slightly rightward in females (Figure 4D). Thus, AQ analysis revealed that the anticlockwise torque asymmetry (rostrally rightward biased, and caudally leftward biased or symmetrical) of the cerebellar cortex was acquired in both sexes during PDs 42 to 90, although the leftward laterality was more enhanced in males than in females.


Figure 4. Changes in asymmetry quotient and 3D morphology of four cerebellar transverse domains of male and female ferrets during PD 21 to 90. (A) Volume of the anterior zone; (B) volume of the central zone; (C) volume of the posterior zone; (D) volume of the nodular zone; and (E) posterior view of 3D volume-rendered images. Four transverse domains of the cerebellar cortex were defined primarily based on the expression pattern of zebrin II/aldolase C [29,30]. Their boundaries were defined by major fissures/sulci (Supplemental Figure S1) primarily according to our previous study [17].
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4. Discussion


Torque asymmetry is known as a distinctively characteristic aspect of cerebellar morphology. In the cerebellum, anteriorly left-biased and posterior right-biased absolute volumes of the cerebellum were reported as an intrinsic cerebellar asymmetry [13,34], indicating a clockwise cerebellar torque. A similar clockwise torque pattern was seen in the cerebellum of chimpanzees [14]. In contrast, a counterclockwise cerebellar torque (rostrally leftward biased, and caudally rightward biased or symmetrical) was revealed in the cerebellum of ferrets [15]. The present AQ analysis revealed that the anticlockwise torque asymmetry is archived in both sexes of ferrets during PDs 42 to 90, although the leftward laterality is more enhanced in males. In particular, volumes of the CZ and PZ were left-lateralized in males on PD 42, and thereafter.



The cerebellum is functionally lateralized in relation to large-scale circuits, which made contralateral connections between cerebral association cortices and cerebellar hemispheres [6,7,8]. Such cerebro-cerebellar connections were involved in morphological lateralization of cerebral hemispheres and cerebellum, forming the torque structure. A mirror linkage of cerebral/cerebellar torques (i.e., counterclockwise versus clockwise) was revealed in right-handed humans [13]. In humans, movements of dominant hands in right-handers and visuo-spatial processing activated parietal associated cortices of the right cerebral hemisphere as well as lobules VI and VIII of the left cerebellum [6,35], corresponding to the vermal part of left CZ and PZ in our definition. As mentioned above, the CZ and PZ volumes were left-lateralized in male ferrets on PD 42, and thereafter. However, AQ values of the ferret cerebral cortex calculated on the same brain samples used in the present study were not biased laterally on either side at PDs 42 and 90 (Supplemental Table S2). This predicts that the mirror linkage of cerebral/cerebellar torques was ambiguous in ferrets. Therefore, the counterclockwise cerebellar torque of our ferret model may not have an influence on cerebro-cerebellar connections, and may be prenatal causes, for example, inhibitions of the growth of right cerebral hemisphere and interhemispherical callosal connections by perinatal testosterone [36,37]. On the other hand, circulating levels of androgens, but not estrogens, correlated with an activation of local functional connectivity between the frontal cortex and cerebellum [38]. This evidence showed the possibility that a continuously increasing level of circulating androgens altered morphological lateralization of the cerebellum via an activation of particular cerebro-cerebellar connections. In the present study, the counterclockwise torque asymmetry of the ferret cerebellum was achieved during pubertal to adolescent periods, and was more enhanced in males than in females. Such findings predict the involvement of post-pubertal androgens in the development of cerebellar torque in ferrets. Further studies will be needed to examine longitudinal effects of androgens on the morphological lateralization of the cerebellum, including the torque asymmetry, in post-pubertal ferrets.



In addition to sexual dimorphism of the torque asymmetry, volumes of both sides of the ferret cerebellum were already larger on PD 10 in males than in females, in the present study. In ferrets, the serum/plasma level of testosterone was very low in both sexes during the first three postnatal ages [39], and then began to rise from PD 40 [39,40]. Many investigators have reported a larger cerebellar volume in men than in women by MRI-based volumetry [17,18,19,20,21,22,23]. Given the following evidence, the sexual dimorphism of the cerebellar volume in humans is considered to be altered by a dosage of X-chromosome escape genes, independent of perinatal and/or postpubertal androgens. Normal male subjects (XY) had a smaller volume of precentral gyral gray matter and a larger cerebellar volume than normal female (XX), and as well as Klinefelter subjects (XXY) [41], who showed a low post-pubertal testosterone, albeit sustaining a normal level of perinatal testosterone [42,43]. Furthermore, in transgender male subjects (female-to-male) with prolonged cross-sex hormone therapy, the cerebellar volume was equivalent to normal female subjects, but smaller than normal male subjects [44]. Therefore, the dosage of X-chromosome escape genes, rather than perinatal and/or post-pubertal androgens, may alter the cerebellar growth, resulting in the smaller cerebellar volume in female infants than in male infants.




5. Conclusions


A disturbance of morphological and functional lateralization of the cerebellum is reportedly involved in human neurodevelopmental disorders with cognitive impairments, such as autism [45], schizophrenia [46,47], dyslexia [48], and attention deficit hyperactivity disorder [49]. The direction and extent of the cerebellar torque asymmetry varied depending on species [13,14,34], the hand preference [13], and/or sex [34], independent of genetic factors [13]. The extent of torque asymmetry and the volume laterality of the cerebellum were more enhanced in males than in females in ferrets [15], as well as humans [34]. The present findings will provide advantageous information regarding sex-related morphological specification of the cerebral cortex, and keys to understanding the pathogenesis of neurodevelopmental disorders with gyrification abnormality and gender vulnerability, i.e., schizophrenia and autism.
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