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Myelin associated glycoprotein (MAG) is an oligodendrocyte-derived gene whose expression is decreased in 
schizophrenia. Several measures of white matter integrity appear abnormal in schizophrenia, specifically in 
the anterior cingulate gyrus. We studied mice lacking MAG as a potential model of dysmyelination. Using the 
stereological “Space Balls” method, we estimated myelinated fiber length density in the cingulum bundle in adult 
knockout and control mice. We performed diffusion anisotropy imaging in these animals, measuring fractional 
anisotropy (FA) in a region of the cingulum bundle. We found no differences in cingulum myelinated fiber 
length density between the two groups, although we did note an age-related decrease regardless of genotype. 
No differences were noted in FA either, but an age-related decrease was seen as well. These findings imply that 
MAG dysfunction alone is not sufficient to cause the white matter alterations seen in schizophrenia.

1. introduction 

Evidence from gene expression studies in 
schizophrenia have demonstrated decreased 
expression of several oligodendrocyte-
derived genes, including myelin associated 
glycoprotein (MAG) [1,2]. A gene linkage study 
also found that polymorphisms in the MAG 
gene were associated with schizophrenia 
[3]. Postmortem investigations have shown 
fewer oligodendrocytes in the prefrontal 
cortex in schizophrenia [4,5], and an electron 
microscopy study has demonstrated abnormal 
oligodendrocytes and myelin sheaths, as well [6]. 
Several structural magnetic resonance imaging 
(MRI) studies show a decrease in the area of the 
corpus callosum [7], and a postmortem study 
suggested decreased callosal fiber length in 
women with schizophrenia [8]. Decreased 
anisotropy has been reported in several white 
matter regions in schizophrenia [9-16], further 
implying dysfunction of white matter tracts. 
The combined evidence for a white matter 
abnormality has led some to suggest that 

schizophrenia may be a disease of altered 
wiring [17,18], and that white matter plays a 
crucial role in the symptoms of schizophrenia.

The anterior cingulate gyrus has become 
a region of interest in schizophrenia research. 
The human anterior cingulate cortex (ACC) has 
connections with the amygdala, orbitofrontal 
cortex, and entorhinal cortex and plays a role 
in conditioned emotional learning, information 
processing, motivation, and behavior [19]. 
Several myelin-related genes, including 
the oligodendrocyte-derived MAG, have 
decreased expression levels in the ACC [20-22],
and fewer glial cells have been noted in the 
ACC in schizophrenia [23]. The cingulum 
bundle is the major white matter tract in the 
cingulate gyrus and carries fibers connecting 
the parahippocampal gyrus and the 
orbitofrontal cortex, as well as fibers radiating 
to the striatum, thalamus, and internal capsule 
[24,25]. DTI studies have demonstrated 
decreased anisotropy in the cingulum bundle 
in schizophrenia [26-30]. Anisotropy changes 

in men with schizophrenia have been noted 
in a number of brain areas, including the 
anterior cingulate gyrus, and were specifically 
linked to increased impulsivity, a symptom of 
the disease [11]. Adolescents with early onset 
schizophrenia, a particular form of the disorder, 
show decreased anisotropy in the left anterior 
cingulate gyrus as well [31,32]. One recent 
study found no diffusion anisotropy differences 
in the cingulum bundle between patients and 
controls, but reported a relative increase in 
diffusion anisotropy in the cingulum bundle of 
patients with auditory hallucinations compared 
to those without [16]. 

In the present study, we examined two 
measures of white matter integrity in a 
genetically altered mouse model in which the 
myelin-related gene MAG has been knocked 
out. Selected because of its decreased 
expression levels [1,2,22] and status as a 
susceptibility gene in schizophrenia [3], 
MAG interacts with neuronal membranes 
and helps maintain the periaxonal space of 
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myelin sheaths [33]. Previously published 
studies have described various developmental 
abnormalities in the MAG-knockout model but 
have not demonstrated a clearly dysfunctional 
phenotype [33-38]. Subtle behavioral 
abnormalities in mice missing the MAG gene 
are decreased proficiency in maintaining 
balance on a rotating cylinder, hyperactivity, 
and impaired hindlimb reflex extension 
[38]. However, the mutant mice showed no 
differences in spatial learning and memory 
or in swimming speed, as demonstrated by 
a Morris water maze test [37]. MAG has been 
shown to inhibit neurite outgrowth and impair 
axonal regeneration and may be involved in 
maintaining healthy axons [39]. These mice 
may also exhibit some alterations of pyramidal 
cell dendritic branching patterns [40]. MAG-
knockout mice may therefore have disruptions 
in normal myelinated tract development that 
are reflected in altered anisotropy or fiber 
length density. The MAG-knockout mouse 
may thus serve as a model for examining the 
effects of impaired expression of a myelin-
related protein linked to schizophrenia on 
a brain region affected in the disease. We 
therefore examined the cingulum bundle in 
these mice, using both DTI to examine white 
matter coherence and histological techniques 
to measure myelinated fiber length density. 

2. experimental Procedures

2.1 Animals
Sixteen C57BL/6j mice, 9 MAG-knockout mice 
and 7 littermate controls were used. Mice were 
aged 8-17 months (Table 1), and we included 
one heterozygote in the control group, as 
there is no known heterozygous phenotype for 
this gene. Animals were deeply anesthetized 
with 30% (400 mg/kg) chloral hydrate i.p. The 
chest was opened to expose the heart, and 
they were perfused transcardially with cold 
1% paraformaldehyde in phosphate-buffered 
saline (PBS; pH 7.4), followed by fixation with 
cold 4% paraformaldehyde for 12 minutes. The 
brain was removed from the skull and postfixed 
6 hours to overnight in the same fixative and 
then transferred to buffer. All procedures were 
performed according to the NIH guidelines 
on experimental animal welfare and with the 

approval of the Institutional Animal Care and 
Use Committee of the Mount Sinai School of 
Medicine. 

2.2 Diffusion tensor imaging
After postfixation, the mouse brains were 
washed in PBS and carefully dried to remove 
remaining PBS or fixative. They were then 
placed in a 10-mm polyethylene tube filled 
with fomblin (perfluoropolyether, Ausimont, 
Morristown, NJ), used to seal the specimen, 
preventing dehydration, and also to prevent 
susceptibility effects. All magnetic resonance 
microscopy scans were performed on a 9.4 
T Bruker small vertical bore magnet (Bruker 
Biospin, Karlsruhe, Germany). An actively 
shielded gradient coil set was used with 
gradient strengths of  up to 100 G/cm. A RF 
birdcage coil with a 10-mm inner diameter was 
used to scan the specimens. DTI was acquired 
using a Pulsed Gradient Spin Echo sequence 
with the following parameters: FOV = 16 mm, 
matrix size 128x128, 32 slices 0.5 mm-thick, no 
skip; TR = 16 s, TE = 20 ms. Six gradient directions 
were used with b-values of 1200 s/mm2 and 14 
averages.  Fractional anisotropy (FA) maps were 
computed using in-house developed software 
using Matlab 7.1 (The Mathworks, Natick, MA, 
USA).

The processed FA maps were then viewed 
using DTIStudio software (version 2.4, Johns 
Hopkins University, Baltimore, MD, USA). All 
analyses were performed blind to genotype.  
For each mouse, a single slice was chosen to 
represent best the cingulum bundle. On the 
selected slices, the corpus callosum crossed the 
midline and no prominent hippocampus was 
seen, thus paralleling the region studied with 
stereology. The cingulum bundle was identified 
in the FA images by comparison to histological 
slices and an online mouse DTI atlas (http://
www.birncommunity.org/data- catalog/
mouse-diffusion-tensor-imaging-dti-atlas-of-
developing-mouse-brains) [41]. The left and 
right cingulum bundles were traced on each 
chosen slice using the ROI function of DTIStudio 
(Figure 1), which provides the area of the traced 
region, along with the minimum, mean, and 
maximum FA, and standard deviation. 

2.3 Stereology 
Following DTI, the brains were hemisected, 
with one hemisphere used for the present 
stereological study. The hemisphere was 
embedded in agarose and cut in serial 50 mm-
thick coronal sections using a Leica VT1000 
S vibrating blade microtome (Leica, Wetzlar, 
Germany). One knockout mouse brain was 

mouse age (months) Sex Cut hemisphere

KO1 11 F L

KO2 10 F R

KO3 8 F R

KO4 11 M N/A

KO5 14 M R

KO6 15 M R

KO7 15 M L

KO8 15 F L

KO9 17 F L

HZ1 11 F R

WT1 8 M L

WT2 11 F R

WT3 14 F R

WT4 14 F L

WT5 15 F L

WT6 8 F L

Table 1.  Mice used for diffusion tensor imaging and stereological analyses.

WT - wildtype; KO - knockout; HZ - heterozygous; F - female; M - male; L - left; R - right
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not suitable for stereological investigations 
because of damage that occurred after DTI, so 
8 MAG-knockout mice were included in the 
stereological analysis. Sections of the cingulum 
bundle were collected beginning at the plane 
where the corpus callosum crossed the midline 
and ending where the hippocampus became 
noticeable [42]. Every sixth section was then 
selected, beginning at a random section within 
the first six sections, and mounted on 2% 
gelatin-coated slides. Mounted sections were 
then stained using Black Gold (Histo-Chem 
Inc., Jefferson, Arkansas, USA) to stain myelin, 
as previously described [43], then dehydrated 
and coverslipped using DPX (Serva, Heidelberg, 
Germany). The mouse cingulum bundle was 

clearly identifiable as a roughly triangular 
region of dense fibers dorsal to the corpus 
callosum [42] (Figure 2). The border between the 
corpus callosum and the cingulum bundle was 
demarcated by the fiber direction: mediolateral 
in the corpus callosum and curving dorsally or 
anteroposteriorly in the cingulum bundle.

To reduce bias, all analyses were performed 
blind to genotype. For spatial analyses, Black 
Gold-stained sections (every 6th cut section) 
were first viewed at low magnification (10x) 
to outline the cingulum bundle using a Zeiss 
Axioplan 2 microscope and StereoInvestigator 
software (MBF Bioscience, Williston, VT). 
Myelinated fiber length density was then 
examined using the software’s Space Balls 

probe [44-47]. The dimensions of the random 
sampling grid were set to place approximately 
200 hemispheres throughout the outlined 
region (mean number of sampling sites = 
229).  Hemispheres with a radius of 6 mm were 
systematically and randomly placed by the 
stereology software, with a 0.5 mm guard zone 
at the top of the tissue to avoid counting in the 
compromised cut surface. The remainder of the 
tissue served as a bottom guard zone; mean 
section thickness was 17.9 mm. Myelinated 
fiber length density, defined as fiber length per 
unit of white matter volume, was calculated 
from the number of intersections between 
fibers and hemispheres (mean number of 
counted intersections = 4,085), using a 100x 
Zeiss PlanApo objective, 1.4 n.a. When using 
stereologic techniques on processed tissue, 
tissue volume change is always of concern. 
In this study, tissue sections were mounted 
soon after cutting and before staining, which 
minimizes shrinkage in the x–y directions [48]. 
Shrinkage in the z-direction can be substantial; 
the stereology software corrects for this by 
measuring the true section thickness at regular 
intervals and using this corrected thickness 
factor in calculating fiber length densities. 

2.4 Statistics 
Group differences in age were assessed 
using the Student’s t test. To include possible 
effects of age and hemisphere, mean fiber 
length densities in the cingulum bundle were 
compared for knockout and wildtype mice 
using a generalized linear model analysis 
of covariance (ANCOVA), with fiber length 
density as the dependent variable, genotype 
and hemisphere as categorical predictors, 
and age as a continuous covariate. FA values 
in the cingulum bundle were compared 
for knockout and wildtype mice using a 
generalized linear model repeated measures 
analysis of covariance (ANCOVA), with left 
and right minimum, maximum, and mean 
FA measures as the dependent variables; 
genotype and sex as categorical predictors; and 
age as a continuous covariate. Post-hoc tests 
(age, thickness) were performed with linear 
regression analysis, and fiber length density 
and FA were correlated with age or section 
thickness using Pearson’s correlations. Slopes 

Figure 1.  Example of the cingulum bundle traced in DTIstudio on an FA image.

Figure 2.  Low magnification (10x) images of a section from a (a) wildtype and (b) MAG-knockout mouse brain. 
Boxes show area magnified in inset. Inset shows outlined cingulum bundle. Scale bar = 50 mm for both.
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were compared using the formula t = (b1-b2)/
(sb1-b2)1/2. All statistical analyses were performed 
using Statistica 6.1 (StatSoft Inc, Tulsa, OK), and 
statistical significance for all comparisons was 
set at α = 0.05.

3. results

3.1 Diffusion tensor imaging 
Comparison of minimum, maximum, and mean 
FA in the cingulum bundle of MAG-knockout 
and wildtype control mice found no statistical 
significance between groups (Table 2). Mean FA 
in the right and left hemispheres did not differ 
between or within groups (ANOVA, p = 0.83). 
The area traced is likely not representative of 
the whole cingulum bundle volume in these 
mice, but it also did not differ between the 
two groups (ANOVA, p = 0.59), indicating that 

the sampled area was similar for wildtype 
and knockout mice. Although the mice in our 
study were all adults, their age range (8-17 
months) led us to include age as a covariate 
in the ANCOVA. Surprisingly, age was the only 
significant predictor of FA in our analyses, 
regardless of genotype. Follow-up regression 
analysis revealed a decrease in FA in the 
cingulum with increasing age. This decrease 
was statistically significant in measures of right 
hemisphere maximum FA (r = -0.73, p = 0.002), 
right mean FA (r = -0.59, p = 0.017) left maximum 
FA (r = -0.55, p = 0.028), and left mean FA 
(r = -0.52, p = 0.038) (Figure 3). 

3.2 Stereology 
Comparison of myelinated fiber length density 
in the cingulum bundle in MAG-knockout mice 
and wildtype controls found no significant 

differences between groups (Table  3). Mean 
section thickness after staining and mounting 
did not differ between the two groups (mean 
section thickness was 19.7 mm for wildtype 
mice and 16.3 mm for knockout mice, p = 0.54), 
indicating that differential shrinkage did not 
occur. Additionally, there were no differences 
in mean number of sampling sites (wildtype 
mean = 238, knockout mean = 222; p = 0.67) or 
intersections counted (wildtype mean = 4,231, 
knockout mean = 3,957; p = 0.72). As with the 
DTI results, age was unexpectedly the only 
significant source of variance in the stereology 
results (p = 0.003). Follow-up regression 
analysis (Figure 4) showed a decrease in fiber 
length density in the cingulum bundle with 
increased age, an effect that was significant in 
both knockout mice (p = 0.028) and wildtype 
controls (p = 0.031). Comparison of the two 

Table 2.  Results of fractional anisotropy comparisons.  Partial ANCOVA results are shown.

wildtype knockout

mean right Fa (x1000) 400.8 389.3

mean left Fa (x1000) 406.4 408.2

anCoVa predictor of Fa P value (F, df)

Age 0.01 (8.86, 1)

Genotype 0.45 (0.62, 1)

Sex 0.85 (0.04, 1)

Genotype x sex 0.91 (0.01, 1)

Hemisphere 0.99 (<0.001, 1)

Hemisphere x age 0.98 (<0.001, 1)

Hemisphere x genotype 0.99 (<0.001, 1)

Hemisphere x sex 0.74 (0.12, 1)

Hemisphere x genotype x sex 0.98 (<0.001, 1)

Table 3.  Results of stereology and general linear model ANCOVA for fiber length density.

Significant p values are shown in bold type.

Mean density (µm/µm3) All mice 8 month-old mice excluded

Wildtype 0.0749 0.0493

MAG knockout 0.0611 0.0550

anCoVa predictor of fiber length density P value (F, df) P value, section thickness included 
as covariate (F, df)

Genotype 0.83 (0.05, 1) 0.43 (0.69, 1)

Hemisphere 0.04 (5.58, 1) 0.21 (1.80, 1)

Genotype x hemisphere 0.23 (1.60, 1) 0.19 (1.97, 1)

Age 0.003 (15.26, 1) 0.98 (0.004, 1)

Section mounted thickness <0.001 (142.56, 1)

Significant p values are shown in bold type.

Figure 3.  Scatterplots of age vs. mean FA in the left 
and right cingulum bundle in mice, with 
regression lines drawn and Pearson’s r and p 
values indicated. 

Figure 4.  Scatterplots of age vs. fiber length density in 
the cingulum bundle, with regression lines 
drawn and Pearson’s r and p values indicated. 
WT, wildtype controls; KO, knockout mice. 
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slopes did not reveal a significant difference 
between genotypes in the effect of age on fiber 
length density (b1 = -0.013, b2 = -0.005, t = -1.77, 
p = 0.105). Closer inspection revealed that 
the regression analysis was largely driven by 
three 8-month old mice, two wildtype and one 
knockout. Because of these apparent outliers, 
we repeated all analyses excluding the three 
younger mice. Again, there was no difference in 
fiber length density between the groups, and 
the age effect was no longer significant (data 
not shown). As it was noted that these younger 
mice had thicker sections, we repeated the 
ANCOVA with both age and section thickness as 
covariates. Here, section thickness was revealed 
to be a significant predictor of fiber length 
density, regardless of genotype, whereas age 
was not (Table 3). Further regression analysis 
showed an increase in fiber density with 
increased section thickness (p < 0.0001) as 
well as a correlation between section thickness 
and the age of the mice (p = 0.001) (Figure 5). 
Although mice of both sexes were included in 
our study, we could not include sex as factor 
in the ANCOVA model due to the presence of 
only one male wildtype control mouse. To rule 

showed a gender-specific decrease, present in 
women with schizophrenia, but not men, while 
a study of fiber density in the fornix found an 
increase in men with schizophrenia, but not 
women [52]. Another study looking at global 
and prefrontal myelinated fiber density in men 
with schizophrenia found no differences [53], as 
did studies of the uncinate fasciculus and corpus 
callosum in both men and women [54-56].
These studies are of particular importance 
given the presence of diffusion anisotropy 
abnormalities in many of the same regions, such 
as the corpus callosum [7]. The results reported 
here are therefore not entirely surprising 
given the lack of reports of large-scale myelin 
anomalies in schizophrenia. The myelin deficit 
of schizophrenia, like the deficit resulting from 
a lack of MAG, may be a fairly subtle one that 
does not manifest itself in a gross reduction 
in number of myelinated fibers. Similarly, we 
recently examined oligodendrocyte number, 
density, and spatial arrangement in the human 
cingulum bundle in schizophrenia [57], finding 
no differences in the disease. The decrease in 
oligodendrocyte-derived genes reported in 
schizophrenia is thus likely not a result of fewer 
oligodendrocytes, but a dysfunction of these 
cells. These MAG-deficient oligodendrocytes 
appear to be capable of myelinating the same 
number of axons as healthy cells, even though 
the sheaths themselves may be abnormal. 
In addition, the cingulum bundle may not 
be affected at all in schizophrenia, perhaps 
differing from other major white matter tracts, 
such as the corpus callosum, in this regard. 
Further ultrastructural studies should be 
conducted in brain white matter regions, such 
as the cingulum bundle, to investigate these 
possibilities.

An interesting and unexpected result in this 
study was the noted significant decrease in 
both myelinated fiber length density and FA in 
the cingulum bundle with increasing age. This 
decrease was noted regardless of genotype, 
hemisphere, or sex. The higher fiber density 
noted in younger mice is not likely attributable 
to the increased thickness of the mounted 
sections, resulting from less shrinkage during 
processing, as that would presumable result 
in decreased fiber density. The relationship 
between age and processed section thickness 

out an effect of sex on fiber length density, 
an ANOVA was performed with hemisphere 
and sex as the categorical predictors, and not 
genotype. No effect was present for either sex 
(p = 0.60) or sex x hemisphere (p = 0.38). 

Because both density and mean FA measures 
increased with age, we assessed whether 
there was a direct correlation between these 
measures. A regression analysis of myelinated 
fiber length density versus mean right and 
left FA measures showed a direct correlation 
between these measures (density: right mean 
FA, r = 0.581, p = 0.02; density: left mean FA, r = 
0.682, p = 0.005, data not shown).

4. discussion
Converging evidence suggests that myelin, 
and specifically oligodendrocytes, is in some 
way dysfunctional in schizophrenia [40,49,50]. 
In the present study, we used the MAG 
knockout mouse as a putative model for the 
dysmyelination that may occur in schizophrenia. 
Although the MAG-knockout mouse cannot 
be expected to show the distinctly human 
behavioral deficits of schizophrenia, it can serve 
as a vehicle for studying the morphological 
abnormalities resulting from a dysmyelinating 
genetic abnormality linked to the disease. A 
clear advantage of animal models is one we 
utilized in the present study: we were able to 
perform DTI and histology in the same brains. 
There is no indication of any sex-specific effect 
of the MAG gene [38], so our groups included 
both sexes. We also included one heterozygote 
mouse in our wildtype control group, because 
there is no indication of a heterozygote 
phenotype [33].

By using stereologic techniques to explore 
fiber length density and DTI to look at fractional 
anisotropy in the cingulum bundle, we hoped 
to gain a more complete understanding of the 
white matter pathology in the MAG-knockout 
mice, as well as finding a possible structural 
cellular correlate to DTI findings. Here, we found 
no differences in either fiber length density or 
FA between the knockout and wildtype mice. 
However, postmortem studies of myelinated 
fiber density in human subjects have largely 
found no differences between schizophrenia 
and controls. Fiber density studies in the corpus 
callosum [8] and the anterior commissure [51] 

Figure 5.  Scatterplots of (a) section thickness vs. fiber 
length density in the cingulum bundle, 
and (b) section thickness vs. mouse age. 
Regression lines are drawn and Pearson’s r 
and p values are indicated. 
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must also be addressed, as the younger mice 
tended to have less tissue shrinkage in the 
z-direction in our findings. It is conceivable that 
younger mice have a truly increased myelinated 
fiber density in the cingulum, resulting in less 
free interaxonal space filled with water, and 
thus less shrinkage with the dehydration steps 
of our staining protocol, as well as increased 
measured fiber length density. Alternatively, 
younger mice may have healthier myelin which 
may stain better with Black Gold. This could 
lead to fuller penetration of the tissue, which 
would artificially inflate both the measured 
section thickness and the measured fiber 
density, which would skew the findings of 
stereologic studies. In addition, the space balls 
stereological technique, in particular, may be 
sensitive to section thickness, a possibility that 
should be explored further when using this 
technique. 

Our parallel findings of increased FA in the 
cingulum in younger mice, however suggests 
a true age effect. Indeed, there is evidence 
for changes in myelinated fibers with aging, 
including myelin degeneration and loss of fibers 
[58]. One study of adult MAG-knockout mice 
found a dramatic increase in axonal pathology 
in aged mice, approximately 15-17 month old 
[34], although our findings in both knockout 
and wildtype mice do not support a gene-
specific effect. Similarly, a recent study of FA in 
several white matter tracts in both young and 
old persons with schizophrenia found a decrease 
in FA with age in both the patients and healthy 
controls, a decline that was unchanged by the 
presence of disease [59]. In our study, lower FA 
and lower fiber density in older mice may be 
unrelated effects of aging, or the lower FA may be 
a functional reflection of decreased fiber density. 
We found that the two measures were highly 
correlated, suggesting that the decreased FA may 
be a direct reflection of the decreased fiber length 
density measured in these animals. At present, it 

is unknown whether decreases in anisotropy are 
due to fewer axons occupying the same space, to 
thinner myelin sheaths, or to some combination 
of these processes. A recent study of the brain 
of a Madagascan prosimian primate, the aye-
aye (Daubentonia madagascariensis), compared 
DTI and histological results and found strong 
correspondence in the measure of fiber spread 
obtained with these two very different methods 
[60]. We describe here a similar correspondence 
between anisotropy data and fiber length density 
in the mouse cingulum bundle.

By identifying the cingulum bundle on 
FA maps and tracing the region on those FA 
images, we introduced a limitation to the 
present study. Our method may bias the tracing 
to include only portions of the cingulum 
bundle that have increased FA compared 
to surrounding tissue. Tracing the cingulum 
bundle on T2-weighted MR images would be an 
alternative, but the resolution of those images 
was too poor too identify such a small white 
matter region. Placing an ROI box of constant 
size would reduce some of this bias, as well, 
but would introduce irrelevant pixels from gray 
matter or corpus callosum into our analysis. 
We attempted to mitigate this bias by tracing 
regions similar in shape to the cingulum bundle 
that we clearly identified and outlined on 
histological specimens. Though the lack of exact 
correspondence between the FA slices and 
histological slices (due to the far thicker 0.5 mm 
FA slices) made precise matching impossible, 
this likely resulted in less biased identification of 
the cingulum bundle on FA images. Even with 
our tracing method, however, the presence 
of pixels from gray matter or corpus callosum 
could affect mean measured FA, particularly in 
a small structure such as the cingulum bundle. 
Although this could not be avoided completely, 
careful ROI tracing reduces the number of 
incorrect pixels included. A more precise 
method for identifying the cingulum bundle on 

FA images would be to first trace white matter 
tracts using directional thresholding [15] and 
using those traces to pinpoint the cingulum 
bundle. This method, however, also introduces 
bias because it uses FA information to identify 
a region that will be used for FA comparisons.

In conclusion, our work failed to find a 
difference in either myelinated fiber length 
density or diffusion anisotropy in the cingulum 
bundle of MAG-knockout mice compared to 
wildtype controls. Our study was however 
limited by the low number of available mice, 
which may have influenced its outcome.  
We did, however, find corresponding 
decreases in both these measures with 
increasing age, which may be evidence for 
the physical alterations that underlie altered 
FA in DTI studies. Planned future studies 
include using electron microscopy to examine 
ultrastructural changes in oligodendrocytes 
and myelin sheaths at the single cell level 
in this model. Although it is likely that MAG 
dysfunction alone does not account for the 
ultrastructural and anisotropy alterations seen 
in schizophrenia but rather acts in conjunction 
with deficits in expression of other myelin-
related genes [1], if ultrastructural studies were 
to show the same types of changes observed 
in brains from patients with schizophrenia, 
it may help validate the use of the MAG 
knockout mouse as a model for schizophrenia 
as well as shed new light on the processes that 
may be occurring in the disease.
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