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Abstract

Strain specific mouse brain magnetic resonance imaging (MRI) atlases provide coordinate space 

linked anatomical registration. This allows longitudinal quantitative analyses of neuroanatomical 

volumes and imaging metrics for assessing the role played by aging and disease to the central 

nervous system. As NOD/scid-IL-2Rγc
null (NSG) mice allow human cell transplantation to study 

human disease, these animals are used to assess brain morphology. Manganese enhanced MRI 

(MEMRI) improves contrasts amongst brain components and as such can greatly help identifying 

a broad number of structures on MRI. To this end, NSG adult mouse brains were imaged in vivo 

on a 7.0 Tesla MR scanner at an isotropic resolution of 100 µm. A population averaged brain of 19 

mice was generated using an iterative alignment algorithm. MEMRI provided sufficient contrast 

permitting 41 brain structures to be manually labeled. Volumes of 7 humanized mice brain 

structures were measured by atlas-based segmentation and compared against non-humanized 

controls. The humanized NSG mice brain volumes were smaller than controls (p<0.001). Many 

brain structures of humanized mice were significantly smaller than controls. We posit that the 

irradiation and cell grafting involved in the creation of humanized mice were responsible for the 

morphological differences. Six NSG mice without MnCl2 administration were scanned with high 

resolution T2-weighted MRI and segmented to test broad utility of the atlas.

Keywords

In vivo mouse brain atlas; MEMRI; Mouse brain morphology; Atlas-based segmentation; NSG 
mice

✉Yutong Liu, yutongliu@unmc.edu.
Aditya N. Bade and Biyun Zhou contributed equally to this work.
3Present address: Anesthesiology, Tongji Medical College, Huanzhong University of Science and Technology, Wuhan, China

Compliance with Ethical Standards
Conflict of Interest The authors declare that they have no conflict of interest.

HHS Public Access
Author manuscript
J Neuroimmune Pharmacol. Author manuscript; available in PMC 2017 March 01.

Published in final edited form as:
J Neuroimmune Pharmacol. 2016 March ; 11(1): 133–141. doi:10.1007/s11481-015-9635-8.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Advancements in genetic engineering enabled wide spread use of transgenic mice for 

biomedical research. These mice are extensively used in studies of cell, tissue and organism 

growth, differentiation and disease. Immune deficiency induced by affecting the integrity of 

the adaptive immune system in NOD/scid-IL-2Rγc
null (NSG) mice permitted the efficient 

and sustained engraftment of human immunocytes in mice (Ito et al. 2002; Saito et al. 2002). 

As a result, these mice are used for studies of a broad range of human diseases covering the 

disciplines of oncology, hematology, infectious disease and regenerative medicine. In 

particular, our laboratories and others have pursued investigation of human 

immunodeficiency virus type one (HIV-1) pathobiology including the studies of viral 

reservoirs and direct tissue injuries including the lung and the central nervous system (CNS) 

(Janus and Welzl 2010; Trancikova et al. 2011; Gorantla et al. 2012).

Apropos to studies of end organ diseases associated with HIV-1 infection, magnetic 

resonance imaging (MRI) has provided critical insights into the mechanisms of virus-

induced damage as well as repair following antiretroviral therapy (ART). We posit that such 

investigations can be substantively improved if specific mouse atlases are generated. Such an 

atlas could permit broad longitudinal investigation of brain morphology under conditions 

that mimic aspects of human neurologic disease. Specifically, brain parcellation can 

automate analyses of structure-wise MRI based metrics (e.g., T1 and T2 relaxation times, 

diffusion tensor imaging (DTI) measures, metabolites concentrations, pharmacokinetics and 

pharmacodynamics (PK and PD), and drug biodistribution of magnetically labeled cells and 

nanomaterials). These works would serve to complement and extend analyses of 

morphological aberrations seen during progressive infection. Such measures could also be 

harnessed as biomarkers of disease as well as to determine drug efficacy.

Mouse brain atlases were developed by others (Kovacevic et al. 2005; Ma et al. 2005; Chan 

et al. 2007; Dorr et al. 2008; Aggarwal et al. 2009; Chuang et al. 2011; Nie and Shen 2013; 

Sunkin et al. 2013). Such works were heralded through the need to integrate gene expression 

with neuroanatomical data and now available as an online public resource (Lein et al. 2007). 

Indeed, recent studies have focused on generating developmental and functional brain atlases 

(Chuang et al. 2011). The realization of multi-dimensional (multi-modality and/or multi-

parametric) data is notable (MacKenzie-Graham et al. 2004; Aggarwal et al. 2009).

Acquisition of high resolution data with high signal-to-noise ratios (SNR) involves long 

MRI scanning times that are difficult in a live mouse. To overcome such difficulties, most 

researchers have performed ex vivo imaging on brain-in-skull or fixed brains and created 

mouse brain atlases. However, tissue deformations that are common and are linked to the 

type and duration of brain preparation and fixation methods (de Guzman et al. 2013) may 

affect the atlases generated. Thus, in vivo MRI data based atlases can help improving 

accuracy of brain atlases constructed and can be used for longitudinal analyses of individual 

mice. In vivo atlases on C57BL/6J mouse brain were generated before by others (Ma et al. 

2008; Bai et al. 2012). We wished to take this idea a step further in sensitivity through the 

use of manganese enhanced MRI (MEMRI). Administration of MnCl2 shortens T1 

relaxation times in most brain structures, improving signal to noise per unit time and 
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providing excellent contrast between many brain substructures including hippocampus, 

olfactory bulb, cerebellum, and cerebral cortical layers as noticed in the present study and 

previous studies (Aoki et al. 2004; Silva et al. 2008). This allows T1-weighted brain MRI at 

high field strength to be used to acquire high resolution in vivo images while providing 

enhanced contrast for brain structure identifications. As high-resolution 3D MRI show 

significant neuroanatomical differences between mouse strains (Chen et al. 2006), 

generation of a brain atlas on the same genetic background as used for a disease model 

serves to enhance accuracy of brain tissue segmentation on MRI.

To these ends, the current study developed a 3D in vivo MEMRI atlas of NSG mouse and 

used this atlas to compare brain morphological changes between normal and humanized 

mice. Our overarching goal is to analyze morphological and MRI based parametric changes 

that follow HIV-1 disease progression. This can be used to identify disease biomarkers and 

to assess treatment strategies. We posit that such investigations will allow a more complete 

elucidation of the broad effects that HIV-1 infection has on the nervous system. In addition, 

mapping of MEMRI atlas labels onto T2-weighted brain images without MnCl2 

administration demonstrated the atlas utility for longitudinal studies.

Materials and Methods

Experimental Animals

Nineteen NSG mice (male, weight=28.5±2.4 g, age~1 year) from a University of Nebraska 

Medical Center (UNMC) breeding colony were used in study. Animals were maintained in 

sterile microisolator cages under pathogen-free conditions in accordance with ethical for 

care of laboratory animals at UNMC set forth by the National Institutes of Health. All 

procedures were approved by the University’s Institutional Animal Care and Use 

Committee. Seven human CD34+ hematopoietic stem cells (HSC) reconstituted (humanized) 

NSG mice (male, weight=22.1±5.3 g, age~1 year) were scanned using MEMRI to study 

brain morphology. Additional 6 NSG mice (male, weight=30.6±2.9 g, age~1.5 years) were 

included in the study for whole brain T2-weighted MRI data acquisition without MnCl2 

administration.

Human CD34+ HSC Reconstitution (Humanization) of NSG Mice

CD34-NSG mice were generated as described in (Gorantla et al. 2012). Human CD34+ HSC 

were obtained from cord blood (Department of Gynecology and Obstetrics, UNMC) and 

enriched to high purity by magnetic bead selection (Miltenyi Biotech Inc., Auburn, CA). 

The purity of CD34+ cells was >90 % by flow cytometry. Cells were transplanted into 

newborn mice irradiated at 1Gy using a C9 cobalt 60 source (Picker Corporation). CD34+ 

cells were injected intrahepatically at 105 cells/mouse in 20 µl of PBS using a 30 gauge 

needle. The levels of engraftment and number of human cells in peripheral blood were 

analyzed by flow cytometry (Dash et al. 2011).

MnCl2 Administration

MnCl2.4H2O (Sigma-Aldrich, St Louis, MO) was added to saline (0.9 % w/v of NaCl 

solution) to make 120 mM MnCl2 solution. MnCl2 was administered at a dose of 125 mg/kg 
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bodyweight using intravenous (i.v.) injections through the tail vein. MnCl2 was injected 

using a syringe pump (Harvard Apparatus, MA) at the rate of 125 µL/h. The dosing scheme 

was designed based on our experience in MEMRI and several previous studies (Koretsky 

and Silva 2004; Silva et al. 2004, 2008; Lee et al. 2005; Kuo et al. 2006). Mice were placed 

on an electrically heated tail vein injection platform (Braintree Scientific, MA), and were 

anesthetized by inhalation of isoflurane in 100 % oxygen. Breathing rate, cardiac rate and 

blood oxygen saturation were continuously monitored. Anesthesia level was varied from 0.3 

to 1.5 % isoflurane to maintain the breathing rate between 40 and 100 breaths per minute. 

Immediately after injection, the mouse was placed on a heating pad in the cage, and its 

behavior was observed up to 4 h to detect any side effects of MnCl2. The animal was then 

returned to animal facility and scanned 24 h later.

MRI Data Acquisition

MRI of the 19 NSG mice used for atlas generation were scanned 24 h after MnCl2 

administration on Bruker Biospec 7T (Bruker, Billerica, MA) operating Paravision 4.0 with 

a custom-built 18 mm birdcage volume coil. The humanized mice that were used to study 

the effect of humanization on brain volume were scanned using the same MRI scanner 

operating Paravision 5.1. An 82 mm actively decoupled volume resonator was used for 

signal transmission and a four-channel phase array coil was used for reception.

Mice were anesthetized by inhalation of isoflurane in 100 % oxygen and maintained 40–80 

breaths/min. Three-dimensional T1-weighted data were acquired using a Rapid Acquisition 

with Relaxation Enhancement (RARE) sequence with the following parameters: Repetition 

time (TR)=400 ms, Effective echo time (TEeff)=7.2 ms, RARE factor=4, number of 

averages=1, image matrix=176×128×128 with 100 µm isotropic pixel size, total scan 

time=27 min, anterior-posterior as the readout direction. MRI data were acquired from both 

normal and humanized mice. Three-dimensional T2-weighted MRI were obtained from six 

NSG mice without MnCl2 administration using the same scanning parameters as for 3D T1-

weighted data except: TR/TEeff=1500/36 ms, RARE factor = 8, number of averages=1, total 

scan time=1 h 55 m.

Population Averaged MRI Mouse Brain

All MR brain images were manually brain extracted by separating brain from extracranial 

tissue using Analyze 10.0v software (www.analyzedirect.com). All brains were registered to 

median size brain in the group using rigid image registration. Population average brain was 

created by averaging all registered individual brain images. Then all individual brain images 

were iteratively (3 times) affine registered to population average brain and average was 

updated at each iteration (Kovacevic et al. 2005). Finally, nonlinear registration of individual 

brain images to the average was performed using Large Deformation Diffeomorphic Metric 

Mapping (LDDMM) to align differences (Beg et al. 2005). To minimize the interpolation 

errors, transformation matrices from individual registrations were combined and applied in 

one step to each original MRI to generate the final average. All the registration procedures 

were performed using Diffeomap 1.6v as implemented in DTIStudio software 

(www.mristudio.org). The final step was to sharpen the boundaries between anatomic 

features (enhanced brain) by applying the Laplacian as:
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where g(x, y) and f(x, y) represent enhanced and input images respectively, and ∇2 

represents the Laplacian operator.

Humanized Mouse Brain Data Processing

Humanized mouse images acquired using the volume-phase array coil system were first 

corrected for intensity inhomogeneity using a nonparametric nonuniform normalization (N3) 

of intensity method (Sled et al. 1998). After the correction, brains were manually extracted 

using Analyze10.0v software. Individual brain images were registered to the averaged brain 

image of the 19 NSG mice first using linear transformations followed by LDDMM as 

described previously. Laplacian operation was applied on these images as well.

Structures Delineation and Labeling

Paxinos atlas (Paxinos and Franklin 2001) and Allen brain digital atlas (Lein et al. 2007) 

(http://mouse.brain-map.org/) were followed as reference for identifying and naming 

different structures on the averaged MEMRI brain images. Amira® 5.21v VSG software 

(www.amira.com) was used for generating colored labels of brain structures. A three 

dimensional view with connected cursor was used for accurate identification of various 

structures.

Atlas Based Segmentation

Volumes of individual brain structures from NSG (n=19) and humanized mice (n=7) were 

measured by performing atlas based segmentation (Nie and Shen 2013). Here, image 

transformation matrices were obtained by registering the population averaged MRI to 

individual mouse brain. These matrices were then applied on atlas to transform atlas labels 

onto individual brains. The transformed color coded labels provided the volume of each 

brain structure. A Student t-test was carried out to evaluate the statistical significance of 

differences in measurements between control and humanized mice. Brain structures on T2-

weighted images were segmented in similar manner.

Results

Brain Structures Labeling

Representative slices from three orthogonal cross-sections of the population averaged MRI 

are shown in the first column of Fig. 1. The second displays the same slices with Laplacian 

edge enhancement. Improved contrast between structures is realized. The third column 

shows the manually labeled structures using Amira software. Significant image contrast seen 

is due to MnCl2 and allowed the identification and delineation of 41 brain structures from 

the cerebrum (CH), brain stem (BS), cerebellum (CB), fiber tracts (FB), and ventricular 

systems (VS). All the identified structures’ names are listed in Table 1. To the best of our 

knowledge this is the highest number of structures identified on in vivo mouse brain MRI.
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Volume Comparison of Individual Brain Structures

Image segmentations were performed using the developed mouse brain atlas and the 

corresponding population average MRI to identify structures of individual brains. For visual 

assessment of the segmentation quality, a segmented cross-section is shown in Fig. 2. The 

first row of Fig. 2 has one slice of average MRI and the corresponding atlas labels. In the 

second row, the first image is a slice from one of the humanized mice and the second image 

is the corresponding transformed labels from atlas. The quality of segmentation is shown in 

third row by overlaying the transformed labels of humanized mouse onto the corresponding 

MR image. The average and standard deviations of volumes for all identified structures are 

shown in Table 1. Almost all structures of humanized mice are significantly smaller than the 

corresponding volumes in unaltered NSG mice. In addition, the total brain sizes of 

humanized mice are significantly smaller than the NSG mice (p<0.001). Structure volumes 

were normalized with respect to whole brain volumes to remove the effect of brain size on 

comparison of individual structures. After normalization, 12 structures were found to be 

significantly different (p<0.01) for humanized compared to control mice. The results are 

shown in Table 2.

Atlas Registration to T2-weighted Images

Neurotoxicity and long washout times associated with the administration of MnCl2 limits 

the use of MEMRI for longitudinal studies of individual mice. In order to overcome this 

limitation, we have used the MEMRI atlas to segment high resolution T2-weighted MRI of 6 

NSG mice without injecting MnCl2. A good agreement between MRI cross-section and the 

corresponding registered labels is shown in first row of Fig. 3. For visual assessment, half 

image with MRI and the other half with transformed labels of the same cross-section and 

overlay of labels on the MRI in transparent mode are shown in second row. It can be clearly 

seen that the atlas was registered well onto the T2-weighted image, and thus the structures 

were identified accurately. The quality of parcellation was similar in all 6 mice.

Discussion

We have developed a 3D in vivo MEMRI brain atlas for NSG mice containing 41 sub 

regions. Noted volumetric comparison of these brain regions was made following 

humanization. We acknowledge that although this is not the first mouse brain atlas made, it 

is the sole one constructed by MEMRI for NSG mice analyses. Majority of previous such 

constructions were made on fixed or post-mortem in situ brains (Ma et al. 2005; Dorr et al. 

2008; Aggarwal et al. 2009). However, such prior works may not provide accurate 

assessment of in vivo volumetric and geometrical changes amongst brain regions (Ma et al. 

2008; Aggarwal et al. 2011). Indeed, fixation protocols cause alterations in analyses for 

brain morphology even when MRI data with high resolution and SNR are employed (de 

Guzman et al. 2013). To this end, the present in vivo MEMRI brain atlas allows longitudinal 

quantitative morphological studies.

There are some advantages of the present approach. First, due to MnCl2 ability to selectively 

reduce local T1 relaxation times, the MEMRI provided increased contrast to noise ratio. 

Second, boundaries between brain structures are enhanced by Laplace Transform image 
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processing. Third, specific molecular and granular layers in the brain regions such as the 

olfactory bulb and cerebellum were identified (Fig. 1). Through such an approach, 41 

structures on averaged in vivo MRI were delineated and then labeled. This is a significant 

improvement from prior 3D in vivo MRI atlases that enabled only half of the MEMRI-

identified brain structures to be processed (Ma et al. 2008; Bai et al. 2012).

The use of humanized mice in the present study is of particular interest as they are used to 

study various human diseases. For instance, humanized mice can readily be infected by 

HIV-1 and have been used successfully to develop new treatment regimens to combat 

disease (Guo et al. 2013, 2014; Puligujja et al. 2013). As mouse brain morphology is strain 

dependent (Chen et al. 2006), the current brain atlas can be specifically used to assess how 

the virus can alter specific brain structures and in regards to specific morphological and 

parametric changes that occur over time. It is also recently shown that the brain pathology 

during the progressive HIV-1 infection in humanized mice alters the MEMRI signal in 

specific brain regions (Bade et al. 2015). The developed atlas is made available to 

researchers through Neuroimaging Informatics Tools and Resources Clearinghouse (NITRC) 

website (https://www.nitrc.org/projects/memribrainatlas/).

All together the current in vivo MEMRI based NSG mouse brain atlas can assess how 

humanization of lymphoid tissues in NSG mice can alter brain structural integrity. For 

example, we found significant brain volume reductions (p<0.01) during the humanization 

procedure with a number of specific brain structures showing significant volume reductions 

(Table 1). In support of such observations, prior studies have shown that infant irradiation, as 

applied for our humanized mice, can affect brain development (Hossain et al. 2005; Manda 

et al. 2009; Rao et al. 2011; Gazdzinski et al. 2012; Park et al. 2012). Histological studies of 

hippocampus of adult mice show permanent brain deficits when mice were prenatally 

irradiated (Hossain et al. 2005). Our own observations support such prior investigations as 

we have seen significant volume changes at 1 year of age and indicating that the structural 

volume deficits continue until adulthood and have permanent effects on the brain. Such 

morphological results likely represent combined effect of irradiation and cell engraftment. 

Specifically, normalized volume changes in 12 structures suggest regional specificity (Table 

2). Future assessment of irradiation and cell engraftment made over time will be necessary 

to assess the individual manipulations of the animals for brain development.

For longitudinal studies on individual mice, repeated MEMRI with multiple Mn2+ 

administrations could be problematic. Accumulation of manganese in brain as a 

consequence of repeated MEMRI can result in neurotoxicity. Due to potential toxicities, 

multiple injections could interfere with normal brain maturation, disease progression, and 

drug efficacy and thus limit the utility of MEMRI for longitudinal studies. Mn2+ 

administration is also complicated by the long half-life of Mn2+ in brain (>1.5 months), 

requiring extensive time for complete washout (5X half-life) (Mok et al. 2012). However, we 

have demonstrated the feasibility of registering MEMRI atlas to T2-weighted images 

acquired without Mn2+. Successful segmentation of brain structures on T2-weighted MRI 

extended the utility of MEMRI atlas for longitudinal studies.
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Conclusion

An in vivo MEMRI-based atlas was generated for brains of NSG mice. Forty-one brain 

structures were identified to provide a coordinate system for spatial normalization. The atlas 

provides a database for studies of brain morphology, metabolomics, MR metrics, disease 

pathobiology, and drug pharmacokinetics in a range of infectious, inflammatory and 

degenerative disease of the nervous system; most notably for studies of HIV-1 infections.
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Abbreviations

NSG NOD/scid-IL-2Rγc
null

HIV-1 Human immunodeficiency virus type one

ART Antiretroviral therapy

DTI Diffusion tensor imaging

PK Pharmacokinetics

PD Pharmacodynamics

MRI Magnetic resonance imaging

MEMRI Manganese enhanced MRI

LDDMM Large deformation diffeomorphic metric mapping

CH Cerebrum

OLF Olfactory areas

MOBgl Main olfactory bulb, glomerular layer

MOBgr Main olfactory bulb, granule layer

AOB Accessory olfactory bulb

AON Anterior olfactory nucleus

PIR Piriform area

HPF Hippocampal formation

CA1_CA2_SUB Field CA1 + Field CA2 + Subiculum

CA3 Field CA3 of hippocampus

DG-mo Dentate gyrus_molecular layer

DG-(po + sg) Dentate gyrus_(polymorph layer + granular cell layer)
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STR Striatum

CP Caudoputamen

STRv Striatum ventral region

LSX Lateral septal complex

PAL Pallidum

PALc Pallidium, caudal region

GP Globus pallidus

MS Medial septal nucleus

AMY Amygdala

FB Fiber tracts

cc Corpus callosum

opt Optic tract

ac Anterior commissure

RFB Rest of fiber tracts

BS Brain stem

TH Thalamus

EPI Epithalamus

HY Hypothalamus

IC Inferior colliculus

PAG Periaqueductal gray

PRT Pretectal region

SN Substantia nigra

RMB Rest of midbrain

P Pons

MY Medulla

CB Cerebellum

CBXmo Cerebellar cortex, molecular layer

CBXgr Cerebellar cortex, granular layer

CBwm Cerebellar white matter

FN Fastigial nucleus

IP Interpose nucleus

DN Dentate nucleus
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VS Ventricular system

VL Lateral ventricles

V3 Third ventricle

AQ Cerebral aqueduct

V4 Fourth ventricle.
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Fig. 1. 
Columns: First: Three orthogonal planes of population average MRI. Second: Edge 

enhancement of images in first column. Third: Identified structures on these planes: 
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 (Note: Structures (2) ac, (10) AQ, (15) DN, (17) 

RFB, (18) FN (22) IP, (39) V3, and (40) V4 are not presented in the third column of the 

figure)
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Fig. 2. 
Rows: First: A cross-section from population averaged MRI and the corresponding labeled 

slice. Second: A similar location MR slice from a humanized mouse and the corresponding 

transformed labels. Third: Overlay of transformed labels on the corresponding MRI
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Fig. 3. 
Rows: First: A cross section from a T2-weighted brain image and the corresponding brain 

labels obtained by registering with MEMRI atlas. Second: Qualitative assessment of 

segmentation accuracy by matching labels and MRI image from the same cross section and 

overlaying labels onto T2-weight slice in transparent mode
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Table 1

Volumes of brain structures from normal (n=19) and humanized (n=7) mice.

Region Structure Normal
Mean ± SD (mm3)
(n=19)

Humanized
Mean ± SD (mm3)
(n=7)

CH: Cerebrum

  Isocortex: Isocortex Isocortex: Isocortex 116.64±4.49 97.46±6.32

  OLF: Olfactory areas MOBgl: Main olfactory bulb, glomerular layer 15.44±1.37 12.11±1.06

MOBgr: Main olfactory bulb, granule layer 3.36±0.35 2.60±0.26

AOB: Accessory olfactory bulb 0.79±0.08 0.66±0.05

AON: Anterior olfactory nucleus 4.77±0.28 4.13±0.19

PIR: Piriform area 12.56±0.48 10.43±0.65

  HPF: Hippocampal formation CA1_CA2_SUB: Field CA1+Field CA2+Subiculum 17.32±0.55 13.68±1.38

CA3: field CA3 of hippocampus 7.87±0.23 6.51±0.59

DG-mo: Dentate gyrus_molecular layer 3.35±0.13 2.75±0.31

DG-(po+sg): Dentate gyrus_(polymorph layer+granular layer) 3.06±0.13 2.54±0.29

  STR: Striatum CP: Caudoputamen 23.30±0.84 19.95±1.24

STRv: Striatum ventral region 12.06±0.52 10.00±0.61

LSX: Lateral septal complex 4.41±0.16 3.99±0.17

  PAL: Pallidum PALc: Pallidium, caudal region 2.44±0.12 2.15±0.11

GP: Globus pallidus 3.15±0.12 2.74±0.16

MS: Medial septal nucleus 0.35±0.02 0.32±0.01

  AMY: Amygdala AMY: Amygdala 18.1±0.72 14.55±0.92

FB: Fiber tracts

cc: corpus callosum 11.85±0.58 9.84±0.76

opt: optic tract 0.85±0.04 0.72±0.05

ac: anterior commissure 0.82±0.03 0.71±0.04

RFB: Rest of fiber tracts 9.13±0.3 7.9±0.5

BS: Brain stem

TH: Thalamus 19.67±0.58 17.37±1.12

EPI: Epithalamus 0.87±0.04 0.79±0.06

HY: Hypothalamus 19.02±0.69 16.51±0.57

IC: Inferior colliculus 6.50±0.28 5.58±0.36

PAG: Periaqueductal gray 7.59±0.24 6.71±0.32

PRT: Pretectal region 2.59±0.08 2.26±0.21

SN: Substantia nigra 2.63±0.10 2.36±0.12

RMB: Rest of midbrain 23.95±0.56 20.82±1.36

P: Pons 19.68±0.88 17.46±0.85

MY: Medulla 52.51±3.12 43.55±2.62

CB: Cerebellum

CBXmo: Cerebellar cortex, molecular layer 44.35±1.57 36.06±3.19

CBXgr: Cerebellar cortex, granular layer 11.65±0.42 9.24±0.92

CBwm: Cerebellar white matter 14.20±0.48 11.46±1.18
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Region Structure Normal
Mean ± SD (mm3)
(n=19)

Humanized
Mean ± SD (mm3)
(n=7)

FN: Fastigial nucleus 0.64±0.04 0.54±0.06

IP: Interpose nucleus 1.07±0.05 0.88±0.12

DN: Dentate nucleus 0.72±0.05 0.58±0.07

VS: Ventricular system

VL: Lateral ventricles 2.47±0.09 2.16±0.16

V3: Third ventricle* 0.52±0.03 0.47±0.04

AQ: Cerebral aqueduct* 0.123±0.01 0.121±0.01

V4: Fourth ventricle 1.21±0.07 1.00±0.09

Brain volume 503.63±13.05 421.66±25.62

‘*’ denotes NOT significant (p>0.01) volume differences
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Table 2

Significantly different (p<0.01) normalized brain sub-region volumes (%) in control and humanized NSG mice

S. No. Structure Unaltered
(mean ± SD)

Humanized
(mean ± SD)

1 TH 3.905±0.089 4.142±0.112

2 VL 0.491±0.019 0.512±0.014

3 PAG 1.508±0.045 1.592±0.038

4 LSX 0.877±0.037 0.948±0.042

5 SN 0.522±0.017 0.561±0.020

6 P 3.908±0.139 4.145±0.103

7 RMB 4.756±0.068 4.494±0.085

8 PALc 0.486±0.021 0.512±0.017

9 RFB 1.814±0.047 1.873±0.033

10 CA1_CA2_Sub+opt 3.440±0.082 3.239±0.134

11 EPI 0.173±0.009 0.187±0.006

12 AQ 0.025±0.001 0.029±0.002
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