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Magnetic resonance imaging at microscopic resolution reveals

subtle morphological changes in a mouse model of

dopaminergic hyperfunction
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Structural abnormalities of the basal ganglia have been documented in

several neuropsychiatric conditions associated with dysregulation of the

dopamine system. However, the histological nature underlying these

changes is largely unknown. Using magnetic resonance imaging at

microscopic resolution (MRI, 9.4 T with 43 Mm isotropic spatial

resolution) and stereological techniques, we have investigated the effect

of increased dopamine neurotransmission on brain morphology in mice

with elevated extracellular dopamine, the dopamine transporter knock-

out (DAT-KO) mice. We first demonstrate the usefulness of MRI at

microscopic resolution for the accurate identification and measurement

of volumes of specific subregions, accounting for less than 0.03% (0.16

mm3) of the volume of a mouse brain. Furthermore, the MRI analysis

reveals a significantly lower volume (�9%) of the anterior striatum of

DAT-KO mice, while the volume of other dopamine-related structures

such as the posterior striatum and the substantia nigra pars reticulata is

unchanged in comparison to wild type littermates. Stereological analysis

performed in the same brains reveals that one important structural

factor accounting for this selective change in volume is a reduction of

18% in the absolute number of neuronal cell bodies. The feasibility of

assessing accurately small morphological alterations in mouse models,

where the molecular and histological pathologies can be easily

compared in a controlled manner, provides a paradigm to examine

the relevance of selective brain volumetric changes associated with a

number of neuropathological conditions.
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Introduction

Dopamine (DA) is a major neuromodulator in the brain and

dysfunction in DA neurotransmission has been associated with

neuropsychiatric conditions such as schizophrenia, Tourette’s

syndrome, and attention deficit/hyperactivity disorder (ADHD)
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(Abi-Dargham et al., 2000; Carlsson et al., 2000; Castellanos and

Tannock, 2002; Hietala et al., 1995; Robertson and Stern, 1997;

Swanson and Volkow, 2002; Tamminga and Carlsson, 2002). In

order to better understand the neurological basis of these disorders,

magnetic resonance imaging (MRI) analysis has been extensively

performed in the brains of neuropsychiatric patients. However,

even though several morphological changes have been docu-

mented, the clinical implications and significance of these findings

remain contentious (Gogtay et al., 2002; Shenton et al., 2001). The

current morphological approaches that include comparisons

between in vivo imaging of human brains and histological studies

of postmortem samples have been unsatisfactory because of the

intrinsic disparity among populations such as age, gender, duration

of illness, treatments, symptoms as well as number of recurrent

episodes (Pakkenberg and Gundersen, 1997). In addition, whether

the apparent dysfunction in DA neurotransmission associated with

neuropsychiatric conditions contributes to the morphological

changes observed by MRI cannot be easily established. Production

of genetically altered mice provides a good implement to integrate

symptoms or biochemical manifestations of human diseases with

brain morphological, biochemical, and histological pathologies

(Gainetdinov et al., 2001).

The challenges of mapping genotype to phenotype have

generated an extraordinary range of approaches from gene chips

to imaging. Each of the methodologies has its strengths and

weaknesses. Integration of these approaches to draw meaningful

conclusions requires an increasing diversity of expertise. Moreover,

one common element to the majority of these methods is the volume

of data generated. The work reported here makes use of the Mouse

Bioinformatics Research Network (MBIRN) (http://www.nbirn.net/

TestBeds/Mouse/index.htm), which has been established to help

integrate these diverse disciplines and to make large volumes of

data generated available to the neuroscience community.

A mouse model of increased DA neurotransmission has been

generated by the inactivation of the dopamine transporter (DAT)

gene and remarkable neurochemical and behavioral changes

reflecting the enhanced activity of the DA system have been well

documented in these mice (Cyr et al., 2003; Gainetdinov et al.,
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1999; Giros et al., 1996; Jones et al., 1998). As part of the MBIRN

project, we have investigated the effect of increased dopamine

neurotransmission on brain morphology by performing MRI at

microscopic resolution (9.4 T with 43 Am isotropic spatial

resolution) in the DAT knockout (DAT-KO) mice. The use of

MRI at microscopic resolution for studies of fixed tissues, where

the confound of physiological motion can be eliminated and active

stains can be used to augment differences between tissue structure,

has been suggested before to obtain higher resolution (Johnson et

al., 1993; 2002).

The present study demonstrates that MRI at microscopic

resolution delineates with a high degree of confidence subtle

morphological changes in the DAT-KO mouse brain. Moreover, by

means of the ability to superimpose the MRI data with classical

histological and immunofluorescence findings, we provide evi-

dence that a selective decrease in the number of neuronal cell bodies

in the anterior striatum, which would have otherwise been difficult

to evaluate, presumably accounts for the structural changes.
Methods

Mice

Male DAT-KO (n = 4) and WT mice (n = 4) between 4 and 8

months of age were used in this study. The mice were housed in an

animal care facility at 23-C on a 12-h light/12-h dark cycle with

food and water provided ad libitum. Animal care was in

accordance with the Guide for Care and Use of Laboratory

Animals (NIH publication 865-23, Bethesda, MD) and approved

by the Institutional Animal Care and Use Committee. Generation

of DAT-KO C57BL6/129SvJ mice was described previously

(Giros et al., 1996) and the mice have been intercrossed for more

than 10 generations.

Tissue preparation

Mice were anesthetized with a combination of 3% isoflurane and

an intraperitoneal injection of pentobarbital (50 mg/g body weight)

and were transcardially perfused with 20 ml of 0.9% NaCl (37-C)
followed by 100 ml of a cold (4-C) mixture 20:1 (by volume) of

10% buffered formalin and Prohance (Gadoteridol, Bracco Diag-

nostics, NJ). This tissue staining process results in reduction of the

spin lattice relaxation time (T1) of all the tissues by more than 10�
in turn producing a roughly 8� increase in the signal to noise ratio

(Johnson et al., 2002). The mouse brain was removed and stored at

4-C in the same perfusion buffer overnight and scanned within 24 h.

Before the high resolution scan is performed, an experienced

technician adjusted the brain in its proper position by performing

low resolution scans in order to get preliminary images of coronal

sections. The correct coronal plane was determined by comparison

with the coronal brain sections depicted in the mouse brain atlas of

Paxinos and Franklin (2001). Once the imaging was acquired, the

brains were immersed 10 s in isopentane (Sigma, MO) over dry ice

and stored at�80-C for histological studies. Adjacent coronal brain

sections of 20 Am were sliced using a cryostat (model HM500 OM,

Microm) and kept in PBS solution at 4-C until used. To ensure that

the coronal brain sections sliced by the cryostat were in the exact

same coronal plane as the MRI images, we have compared the

sections with the coronal MRI images and the coronal sections

depicted in the mouse brain atlas of Paxinos and Franklin (2001)
and adjusted the correct position of the brain accordingly. Note that

we used bregma, the point of junction of the coronal and sagittal

sutures of the skull, as a standard for anatomical reference for

distance (Paxinos and Franklin, 2001). For every brain structure

analyzed by MRI and histology techniques, the registration of the

location from bregma was determined as follows: the distance from

bregma was attributed to the first section where the brain structure

was distinguished, by comparison with the coronal sections

depicted in the mouse brain atlas of Paxinos and Franklin (2001),

and the subsequent adjacent sections of the structure were identified

using their actual distance from the first section. For example, the

first coronal MRI sections where the striatum was observed

corresponded to +1.780 from bregma, the distance of 1.737,

1.694, 1.651, etc. (at a distance of 43Am) were attributed to the

following adjacent sections.

MRI

All magnetic resonance imaging (MRI) was performed on a

9.4 T vertical bore Oxford magnet equipped with shielded gradients

achieving peak strength of 850 mT/m. Images were acquired with 3

dimensional rf refocused spin warp encoding on 3 D (256 � 256 �
512) image arrays covering an 11 � 11 � 22 mm field of view

yielding isotropic voxels of 43 � 43 � 43 Am (8 � 10�5 mm3) T1

weighted images were acquired with TR = 100 ms, TE = 5 ms,

NEX = 4. Perfusion with contrast agent reduces the mean T1 to

<200 ms allowing acquisition of a T2 weighted image with a much

shorter TR (200 ms) and TE (15 ms) than might be used with

unstained (formalin fixed) tissues. NEX was reduced to 2. Both the

T1 and T2 weighted image sets were acquired in 7.28 h.

Histological assessment

All histological studies have been performed in the same brains

used for MRI imaging. For Nissl staining, the sections were

mounted on microscope slides (Superfrosti, Fisher Scientific).

The slides were incubated 20 min at room temperature in a solution

of 1% (wt/vol) Cresyl Fast Violet (Electron Microscopy Sciences,

PA) in water containing 0.0025% (vol/vol) acetic acid and

consecutively rinsed with 95% (wt/vol) ethanol, 100% (wt/vol)

ethanol, 1:1 ethanol/xylene, and pure xylene for 1 min each at

room temperature. Once sections were dried (few minutes), they

were covered with a cover slip using D.P.Xi mounting medium

(Electron Microscopy Sciences).

For immunofluorescence, free-floating sections were immunos-

tained using the primary antiserum directed against the dopamine

transporter (MAB369, Chemicon, CA), NeuN (MAB377, Chem-

icon), or GFAP (MAB360, Chemicon). Then, the sections were

incubated with the appropriate labeled secondary antibody (Vector

Laboratories, CA). The sections were also incubated 10 min at RT

with a marker of cell nucleus, the Hoechst dye 33342 (Molecular

Probes, OR), at a dilution of 1:10,000 in PBS. Sections were then

slide-mounted using vectashieldi (Vector laboratories Inc., CA)

and cover slipped.

Volume determination

3 D MRI files with matrix dimensions = 256 � 256 � 512

were analyzed using Image J (http://rsb.info.nih.gov/ij/) and

MRPath (Durham, NC) software with the observer blind to

genotypes. The acquisition scheme described above provided

 http:\\www.rsb.info.nih.gov\ij\ 
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clear white/gray matter borders that were confirmed by association

to histological analyses. The volume of the entire brain, the lateral

ventricles, the striatum, the ventromedial nucleus of the hypothal-

amus, the ventrolateral geniculate nucleus, and the substantia nigra

pars reticulata were measured by drawing the boundaries (seg-

mentation) of each structure in the coronal plane on a section by

section basis and summing all of the voxels contained in these

structures. The borders of the brain, striatum, and lateral ventricles

were drawn and checked in three orthogonal planes to ensure

accuracy.

The volume of the striatum by histological analysis was eva-

luated according to the principle of Cavalieri (volume = s1d1 +

s2d2. . .sndn, where s = surface area and d = distance between two

sections). The Cavalieri principle is applied to histological data

because of the limited number of sections selected. We considered

11 anatomical levels of the striatum for the volume estimation of

every brain, which corresponded to one 20-Am section every 200

Am (+1.78 to �0.81 from bregma, Paxinos and Franklin, 2001).

Image capturing was performed by using a light microscope (wild

M3Z, Leica, 2.5�) coupled to a color digital camera (Spot RT,

Diagnostic Instruments Inc). The surface area was calculated in

each of the 11 Nissl-stained sections by contour drawing the

striatum on each brain hemisphere using the IPLab software for

Windows v3.0 (BioVision Technologies Inc). The value of surface

area for one section was the number of pixels contained in the

striatum X 138.4 Am2/pixel. Since images were scaled-up using a

microscope (2.5�), the size of pixels has been determined using a

microscale of 1 mm2. Data were expressed as the average Cavalieri

volume (mm3) TSEM of 4 mice per group.

Cell counts

Strict stereological methods have been performed for the

assessment of the number of total striatal cells, neurons, and glial

cells (Oorschot, 1996). Immunofluorescence studies were per-

formed using Hoechst dye 33342, NeuN, and GFAP antibodies to

label, respectively, striatal cell bodies, neurons, and glial cells. A

Zeiss confocal microscope (LSM-510) was used for viewing of

sections and capturing of images. Eight anatomical levels of the

striatum were analyzed within the interval +1.61 to �1.35 from

bregma (Paxinos and Franklin, 2001). Four sections have been

considered for the anterior striatum (+1.78 to +0.50 from bregma;

Paxinos and Franklin, 2001) as well as four sections for its

posterior part (+0.49 to �2.21 from bregma; Paxinos and Franklin,

2001). Anatomical landmarks such as aspect, size, and situation of

the anterior commissures, corpus callosum, septum, lateral

ventricles, striatum, nucleus accumbens, and pallidum were used

to ensure that levels studied were similar within and between

groups. To determine the absolute total cell number, the average

number of positive cells sampled on a limited volume was mul-

tiplied by the volume determine by MRI analysis for the anterior

and posterior parts of striatum. The average number of cells per

section was from eight 0.23 Am3 (0.125 mm � 0.125 mm � 15Am)

counting areas per hemispheres (40� objective), four systemati-

cally placed in the dorsal part of the striatum and four in its ventral

part. The final estimation of the cell numbers per animal was the

average of positive neurons per mm3 sampled in both hemispheres

of the section in 4 different sections as described above TSEM
from 4 mice per group. All sections were coded and quantitative

analyses of specimens were performed without the knowledge of

genotypes.
Statistical analysis

Student’s two-tailed t test was used for statistical comparisons

between DAT-KO and wild type mice using GraphPad prism

version 2.0 (Abacus concepts, Berkeley, CA).
Results

MRI images

The present 9.4 T MRI acquisition protocol provides one of

the highest resolutions of images with regard to contrast and

clarity among discernible brain structures (Benveniste et al.,

2000; Johnson et al., 2002; Redwine et al., 2003). Each image

element (pixel) in a magnetic resonance image represents the

signal from a volume (voxel) of tissue. One factor accounting for

the high resolution of MRI images presented is the small size of

voxels generated (7.9 � 10�5 mm3, 43 Am along each axis). To

give an order of magnitude, this voxel is almost equal to the size

of a single Purkinje neuron in the mouse cerebellum (Sotelo,

1975). Another important factor is our method of fixation

reported previously (Johnson et al., 2002). This method uses

active stains that exploits the differences in tissue magnetization

and provides high contrast between brain structures (Fig. 1). We

use the term ‘‘active stain’’ as an analogy to more traditional

stains used with conventional optical histology, e.g. the use of

hematoxylin and eosin. In the context of this work, active stain

refers to the perfusion method designed to reduce the T1

uniformly of all the tissues resulting in a 10� increase in signal.

The concentration has been chosen in such a fashion that many

of the T2 differences in tissue are still evident but the uniform

reduction in T1 allows scanning with much shorter repetition

time (TR). The MRI files give three-dimensional images (matrix

dimensions of 256 � 256 � 512) that can be viewed and

sectioned in any plane (coronal, horizontal, and sagittal) without

loss of spatial resolution (Fig. 1A, see Supplemental Data). The

high resolution of the MRI images allows the distinction of several

structures of the brain such as the olfactory tubercle, cerebral

cortex, striatum, hippocampus, and cerebellum (Fig. 1B). More-

over, a number of dopamine-associated subregions, which make up

brain structures, can also be identified from the MRI images such

as, for example, the ventromedial nucleus of the hypothalamus

(VMH), the ventrolateral geniculate nucleus (VLG), and the

substantia nigra pars reticulata (SNr) (Figs. 1C–F).

One benefit of MRI is that the specimens are left intact for

further analysis such as histological studies. In this way, several

brain structures identified from the MRI images have been

confirmed by histological analyses (Fig. 2A). For instance, the

striatum, nucleus accumbens, and olfactory tubercle structures

were identified by comparison with brain sections in which the

dopamine nerve terminals were labeled using a DAT immuno-

fluorescence as a marker (Fig. 2A, second panel).

Determination of volumes of brain structures

The segmentation, supported by histological analysis, was

performed for the entire brain, the lateral ventricles, the striatum,

the ventromedial nucleus of the hypothalamus, the ventrolateral

geniculate nucleus, and the SNr by tracing contours of the border-

zones of these structures in every MRI section (coronal, 43 Am



Fig. 1. Mouse brain structures visible with MRI at microscopic resolution. (A) Example of image acquired with three-dimensional radiofrequency refocused

spin warp encoding on 3 D (256 � 256 � 512) image arrays, covering an 11 � 11 � 22 mm field of view. (B) Example of a single horizontal section extracted

from the high-resolution 3 D array. (C) Examples of coronal sections corresponding to bregma �1.58 mm, (D) bregma �2.18 mm, (E) bregma �3.28 mm and

(F), bregma �6.00 mm (Paxinos and Franklin, 2001). C, cerebellum; cc, corpus callosum; Cx, cortex; Hip, hippocampus; Str, striatum; Tu, olfactory tubercle;

VMH, ventromedial nucleus of the hypothalamus; VLG, ventrolateral geniculate nucleus; SNr substantia nigra pars reticulata.
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apart). The inter-rater reliability of the segmentation was very high

since the variability between observers was 2.5% [r2 = 0.9828, P <

0.0001, Pearson’s correlation analysis, n = 64 segmentations (8

segmentations of striatum per mouse, 4 mice per group, two
Fig. 2. Multimodal imaging of the mouse striatum structure and volume measureme

image acquisition, dopamine transporter immunofluorescence (DAT IF), and Niss

mm, +0.14 mm, and �0.22 mm in the first, second, and third panel respectively. T

the first, second, and third panel respectively. Str, striatum; Acb, nucleus accumben

reconstruction from the contour-tracing of the striatum (red) as well as the latera
observers)]. The manual segmentations were reconstructed (Fig.

2B) and the correctness of tracings in comparison with the border-

zones of brain structures was verified in the coronal, sagittal, and

horizontal plans.
nts. (A) Using the exact same brain, examples of coronal sections from MRI

l staining. The MRI and Nissl-stained sections correspond to bregma +1.18

he DAT IF correspond to bregma +1.16 mm, +0.12 mm, and �0.24 mm in

s; ic, internal capsule and Tu, olfactory tubercle. (B) Example of 3 D image

l (blue), third, and fourth (yellow) ventricles.
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The volumes were determined for every brain structure and no

significant difference was observed betweenWTand DAT-KOmice

in any of the brain regions and subregions in the initial analysis

(Table 1). However, when the surface areas from each coronal

section were plotted as a function of their distance from bregma,

significantly lower surface areas of the striatum were found in

sections of the DAT-KO compared to WT mice within the interval

+1.78 to +0.50 mm from bregma (Paxinos and Franklin, 2001; P <

0.001, two-way repeated measures ANOVA comparing the profile

curves; Fig. 3A). On the other hand, the striatal surface areas from

the interval +0.49 to �2.21 mm from bregma (Paxinos and

Franklin, 2001) as well as the surface areas of the lateral ventricles

were not different (Fig. 3A). The length of the striatum was the

same in both groups of mice (WT: 3.99 T 0.06 mm, DAT-KO: 3.99 T
0.07 mm, P = 0.95 student’s two-tailed t test). Based on these data,

the striatum was divided in two parts, anterior, +1.78 to +0.50 mm

from bregma and posterior, +0.49 to �2.21 mm from bregma

(Paxinos and Franklin, 2001). Consequently, a significant decrease

of 9% was observed in the volume of the anterior striatum of DAT-

KO mice as compared to WT mice (P < 0.05, student’s two-tailed t

test) whereas the volume of the posterior striatum (Fig. 3B) was not

statistically different (P = 0.79, student’s two-tailed t test).

In addition to MRI measurement of volume, the same brains

were also histologically prepared for stereological estimation of

volume, using the Cavalieri principle (Oorschot, 1996). Within the

interval +1.78 to �0.81 mm from bregma (Paxinos and Franklin,

2001), the striatal volumes from MRI analysis were comparable

(WT: 18.8 T 0.6 mm3, DAT-KO: 18.5 T 0.2 mm3) to the striatal

volumes estimated by histology using the Cavalieri principle (WT:

18.5 T 0.8 mm3, DAT-KO: 18.2 T 0.3 mm3). Furthermore, the total

striatal volumes obtained by MRI analysis highly correlated with

the volumes obtained by histology (r2 = 0.92, P = 0.0001, n = 8,

Pearson’s correlation analysis). A previous report has also shown a

close relationship between MRI measurements and histology

(Cavalieri) volume estimations (Redwine et al., 2003).

Number of striatal cells and neurons

To investigate whether the morphological changes observed in

DAT-KO mice could correlate with changes at the cellular level,

further histological studies were performed in the very same brains

used for MRI analysis. One factor that could influence changes in
Table 1

Volume measurements of different brain structures of wild type and DAT-

KO mice by MRI at microscopic resolution

Structures Corrected value (%) P value

Wild type DAT-KO

Brain 100 100 –

Lateral ventricles 0.22 T 0.01 0.22 T 0.03 0.87

Striatum 4.50 T 0.10 4.35 T 0.09 0.35

Substantia nigra pars reticulata 0.27 T 0.02 0.28 T 0.01 0.91

Ventrolateral geniculate nucleus 0.042 T 0.002 0.055 T 0.005 0.07

Ventromedial nucleus of the hyp. 0.034 T 0.002 0.033 T 0.002 0.89

Data are presented as the average corrected volume of the structure

expressed in percentage ((volume of the striatum/volume of the brain) �
100) for every animal TSEM of 4 mice/group. The volume of the whole

brain is 470.9 T 16.3 mm3 for wild type and 473.2 T 8.2 mm3 for DAT-KO

mice. P values are based on a Student’s two-tailed t test used for statistical

comparisons between DAT-KO and wild type mice.
volume is the number of glial cells. The glial cells of the striatum

were labeled by immunofluorescence using an antibody against

glial fibrillary acidic protein (GFAP; Fig. 4A). The disector method

included the count of cells directly in a defined volume of tissue

based on sampling schemes, counting rules, and disectors, which is

a 3 D probe (Oorschot, 1996). Using this method, which takes into

account the volume of the striatum of each mouse for every glial

cell count, we observed a significant increase in the number of

GFAP positive glial cells in the posterior striatum of DAT-KO as

compared to WT mice, while no differences were noted in the

anterior striatum (Fig. 4B). Another factor that could influence

changes in striatal volume is neuronal density. Striatal neurons

were identified by double labeling with Hoechst 33342 dye and the

neuronal nuclei-specific protein (NeuN) antibody (Fig. 5A).

Unbiased and systematic cell counts using the disector method

(Oorschot, 1996) revealed a significantly lower number of neurons

(�18%) in the anterior striatum of DAT-KO compared to WT mice

(Fig. 5B). Interestingly, the total number of cells and neurons was

similar in the posterior striatum between both genotypes (Fig. 5B).

These stereological studies identified the lower number of neurons

as an important factor that could underlie the reduction of volume

in the anterior striatum of DAT-KO mice.
Discussion

We have demonstrated here the usefulness of using imaging

methodologies, covering a range of scales from MRI at 43 Am to

<1 Am levels using traditional histology, in delineating small

morphological changes as well as to identify the underlying factors

influencing brain volume in genetically altered mice, in this case

the DAT-KO mice. The data will be made available to the

neuroscience community via MBIRN as an ‘‘entry’’ in the mouse

bioinformatics archives.

The high-resolution images paired with the non-destructive

nature of MRI at microscopic resolution allowed accurate volume

measurements. Here, we document for the first time that MRI

provides the identification as well as the volume measurements of

small subregions accounting for 0.03% (¨0.16 mm3) of the

volume of the mouse brain, which would otherwise be possible

only using histological staining. Consequently, we document a

selective and statistically significant decrease of 9% in the volume

of the anterior striatum of the DAT-KO in comparison to WT mice,

which previously failed to reach significance using histological

techniques perhaps due to changes during tissue handling or

storage (Fernagut et al., 2002, 2003). These findings reinforce the

utility of the MRI approach for revealing small but meaningful

pathological changes over more traditional techniques.

The combined MRI/stereological analysis not only established

a highly sensitive detection of changes in the volume of the

striatum of DAT-KO mice but also demonstrated the underlying

factors that influence these changes, i.e., a decrease in the number

of neuronal bodies. We found that neurons are the most affected

population of cells since their absolute number is decreased by

18% while the absolute number of glial cell is unchanged in this

region. Moreover, previous studies have shown that the striatal

levels of well recognized markers of synaptic proteins, namely

synapsin (a synaptic vesicle protein), syntaxin (a presynaptic

plasma membrane protein), NF-H (neurofilament heavy chain

subunit, an axonal marker), PSD-93 (postsynaptic density protein),

SAP97 (synapse-associated protein 97), SAP102, and MAP-2



Fig. 3. Calculation of the volume of the striatum and lateral ventricles of mice by MRI at microscopic resolution. (A) The surface area for every matrix (each

section = ¨43 Am) extracted from 3 D MRI files was measured by contour-tracing the entire striatum and lateral ventricles in wild type (WT) and dopamine

transporter knockout (DAT-KO) mice. Data are the average surface area (mm2) TSEM of 4 mice/group along the coronal axis of the brain. ***P < 0.001; WT

vs. DAT-KO mice based on two-way repeated measures ANOVA comparing the profile curves. (B) Volume of the anterior (+1.61 to +0.50 from bregma;

Paxinos and Franklin, 2001) and posterior (+0.49 to �1.35 from bregma; Paxinos and Franklin, 2001) striatum normalized by the whole brain volume. Data are

presented as the average corrected volume of the striatal expressed in percentage ((volume of the striatum/volume of the brain) � 100) for every animal TSEM

of 4 mice/group. *P < 0.05 WT vs. DAT-KO mice based on Student’s two-tailed t test.
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(microtubules-associated protein-2), were not different between

WT and DAT-KO mice, suggesting that the pre- and postsynaptic

structures are not significantly affected in DAT-KO mice (Yao et

al., 2004). These findings are consistent with previous observations

shown in the striatum of these mice of a lower number of

GABAergic neurons expressing DARPP-32 and no changes in

markers of nerve terminals such as DOPA decarboxylase and

vesicular monoamine transporter levels (Cyr et al., 2003; Jaber et

al., 1999; Jones et al., 1998).

Previous studies have shown that the persistent hyperdopa-

minergic tone observed in DAT-KO mice causes a pronounced

locomotor hyperactivity and other aberrant behaviors (Cyr et al.,

2003; Fernagut et al., 2003; Gainetdinov et al., 1999; Giros et

al., 1996; Jones et al., 1998). We have documented recently that

the excess of DA in the striatum of DAT-KO mice also causes

the sporadic development of symptoms of motor dysfunction,
Fig. 4. Histological studies revealed the absolute number of glial cells. (A) Examp

glial fibrillary acidic protein (GFAP) antibody. (B) The absolute number of glial c

+0.50 from bregma; Paxinos and Franklin, 2001) and posterior (+0.49 to �1.35 fro

transporter knockout (DAT-KO) mice. Data are the average glial cell counts TSEM

two-tailed t test.
which were associated with apoptotic death of striatal neurons

while the DA nerve terminals were spared (Cyr et al., 2003).

Cell death is one possibility that could underlie a smaller striatal

volume in these mice but a more complete study would be

required since DA dysfunction can also affect brain structures

through neurodevelopmental and remodeling mechanisms. How-

ever, these previous findings paired with the fact that the volume

of the striatum is selectively affected in DAT-KO mice suggest

that the 5-fold increase in extracellular DA found in the striatum

of these mice is likely responsible for the structural changes (Cyr

et al., 2003; Fernagut et al., 2003; Gainetdinov et al., 2001;

Jones et al., 1998).

An increase in DA neurotransmission is a major biochemical

manifestation documented in schizophrenia, Tourette’s syndrome,

and ADHD, and a small decrease in the volume of the caudate

nucleus in these patients’ brain is commonly observed by MRI
le of immunofluorescence staining in which glial cells are visualized using

ells was calculated by a strict stereological method in the anterior (+1.61 to

m bregma; Paxinos and Franklin, 2001) striatum of wild type and dopamine

of 4 mice/group. ***P < 0.001 WT vs. DAT-KO mice based on Student’s



Fig. 5. Histological studies revealed the absolute number of neuronal cells. (A) Immunofluorescence analysis in which striatal cells are stained using Hoechst dye

33342 (blue) and striatal neurons by using NeuN antibody (red). Neuronal cells are positive for Hoechst dye 33342 and NeuN antibody at the same time (see

overlay, pink). (B) Strict stereological method revealed the absolute number of neurons calculated in the anterior and posterior part of striatum in wild type and

dopamine transporter knockout (DAT-KO) mice. Data are the average neuronal counts TSEM of 4 mice/group. *P < 0.05 WT vs. DAT-KO mice based on

Student’s two-tailed t test.

M. Cyr et al. / NeuroImage 26 (2005) 83–90 89
(Abi-Dargham et al., 2000; Carlsson et al., 2000; Castellanos and

Tannock, 2002; Gogtay et al., 2002; Gur et al., 1998; Hietala et al.,

1995; Keshavan et al., 1998; Peterson et al., 2003; Robertson and

Stern, 1997; Shenton et al., 2001; Swanson and Volkow, 2002;

Tamminga and Carlsson, 2002). In humans, the caudate nucleus

functionally corresponds to the anterior striatum in mice and both

structures are related to emotion and cognition in the brain (Phillips

et al., 2003). Therefore, the volumetric MRI measurements in

DAT-KO mice, that exhibit also an increased DA neurotransmis-

sion, parallel the human findings. In that sense, our results suggest

that increased dopaminergic tone may underlie some of the

morphological and cellular brain abnormalities observed in neuro-

psychiatric disorders. In addition, this study in the DAT-KO mice

documents the identification of factors influencing the changes in

the volume of structures, which are difficult and even impossible to

identify in humans with various neurological and psychiatric

conditions (Weinberger and McClure, 2002). Therefore, our data

also suggest that connecting MRI studies and their corresponding

histopathological changes in genetically altered mouse models

could be informative toward a better understanding of the clinical

significance of brain MRI studies in human diseases.
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