1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

> % NIH Public Access
@@‘ Author Manuscript

2 HEpst

NATIG,

O

Published in final edited form as:
Psychiatry Res. 2014 March 30; 221(3): 220-230. doi:10.1016/j.pscychresns.2014.01.005.

Chronic Cocaine Administration Causes Extensive White Matter
Damage in Brain: Diffusion Tensor Imaging and
Immunohistochemistry Studies

Ponnada A. Narayana?”, Juan J. Herrera?, Kurt H Bockhorst?, Emilio Esparza-Coss?, Ying
Xia?, Joel L. SteinbergP, and F. Gerard MoellerP

aDepartment of Diagnostic and Interventional Imaging, University of Texas Health Science Center
at Houston, Houston, TX, USA

bDepartment of Psychiatry, Virginia Commonwealth University School of Medicine, Richmond,
VA, USA

Abstract

The effect of chronic cocaine exposure on multiple white matter structures in rodent brain was
examined using diffusion tensor imaging (DTI), locomotor behavior, and end point histology. The
animals received either cocaine at a dose of 100 mg/kg (N=19), or saline (N=17) for 28 days
through an implanted osmotic minipump. The animals underwent serial DTI scans, locomotor
assessment, and end point histology for determining the expressions of myelin basic protein
(MBP), neurofilament-heavy protein (NF-H), proteolipid protein (PLP), Nogo-A, aquaporin-4
(AQP-4), and growth associated protein — 43 (GAP-43). Differences in the DTI measures were
observed in the splenium (scc) and genu (gcc) of the corpus callosum (cc), fimbria (fi), and the
internal capsule (ic). Significant increase in the activity in the fine motor movements and decrease
in the number of rearing events were observed in the cocaine treated animals. Reduced MBP and
Nogo-A, and increased GAP-43 expressions were most consistently observed in these structures.
A decrease in the NF-H expression was observed in fi and ic. The reduced expression of Nogo-A
and increased GAP-43 may suggest destabilization of axonal connectivity and increased neurite
growth with aberrant connections. Increased GAP-43 suggests drug induced plasticity or a
possible repair mechanism response. The findings indicated that multiple white matter tracts are
affected following chronic cocaine exposure.
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1 INTRODUCTION

Cocaine is a potent stimulant drug of abuse that can result in behavioral and neurochemical
changes in preclinical studies (Stankeviciute et al., 2013). In humans, cocaine abuse is also
associated with changes in brain structure and function (Moeller et al., 2005; Poon et al.,
2007; Ma et al., 2009). Earlier neurochemical studies on the effects of cocaine abuse focused
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on the brain gray matter (GM) structures. For example, it was shown that myelin proteins
are significantly decreased in the nucleus accumbens, which is implicated in addiction
(Kovalevich et al., 2012).

Recent studies also found that cocaine affects white matter (WM) integrity. Diffusion tensor
imaging (DTI) studies showed evidence of structural alterations in cocaine users in the
corpus callosum (cc) (Lim et al., 2002; Moeller et al., 2005; Moeller et al., 2007; Ma et al.,
2009; Lane et al., 2010). These impairments seen on DTI appear to be associated with high
levels of impulsivity, poor cognitive control, and mental flexibility (Moeller et al., 2005).
Human studies, based on the DTI derived transverse or radial diffusivity (RD)
measurements have also suggested that chronic cocaine use may be associated with
compromised myelin integrity (Moeller et al., 2007), consistent with mRNA and histology
findings (Bannon et al., 2005).

Our controlled studies investigated if these changes in the DTI measures observed in
humans can be replicated in the rodent model of cocaine exposure and determined the
pathological underpinnings using immunohistochemistry (Narayana et al., 2009). In that
study, based on the effects seen in human cocaine users, we focused only on the cc and
demonstrated significant changes in the DTI measures and altered expression in myelin
basic protein (MBP) and neurofilament-heavy (NF-H) following chronic cocaine exposure.
Previous studies also found similar changes in these proteins in the nucleus accumbens
following cocaine administration (Kovalevich et al., 2012). Based on the mRNA studies, a
robust and consistent decrease in the expression of myelin-related genes, including MBP,
proteolipid protein (PLP), and myelin-associated oligodendrocyte basic protein (MOBP),
was observed in the nucleus accumbens following cocaine exposure (Albertson et al., 2004).
Some of the published studies also implicated other proteins such as Nogo-A and the growth
associated protein-43 (GAP-43). Nogo-A is a protein that has a central role in the inhibition
of axonal growth (Chen et al., 2000; GrandPre et al., 2000). Nogo-A is highly expressed in
oligodendrocytes and in some neurons in the hippocampus, motor neurons, and dorsal root
ganglia (Huber et al., 2002; Schwab, 2002; Meier et al., 2003; Gil et al., 2006; Trifunovski
et al., 2006). Nogo-A plays a role in restricting plasticity in the CNS (McGee et al., 2005).
Aquaporin-4 (AQP-4) is an integral membrane pore protein that mediates the movement of
water (Preston and Agre, 1991) and has been demonstrated to play a role in regulating
extracellular cocaine-induced dopamine and glutamate release in brain (Li et al., 2006).

As indicated above, our previous study focused only on DTI and MBP and NF-H
expressions in cc in chronic cocaine administration (Narayana et al., 2009). However, based
on some of the published studies referenced above, we hypothesized that chronic cocaine
administration affects multiple WM structures, besides cc, and a number of proteins.
Therefore, the main purpose of these studies was to investigate the effect of chronic cocaine
exposure on 1) all the brain WM structures using DTI, 2) the expressions of multiple WM
proteins that include MBP, PLP, NF-H, Nogo-A, GAP-43, and AQP-4 using
immunohistochemistry, and 3) motor behavior. A further goal of these studies was to relate
the DTI changes to altered expressions in various proteins in rodents for gaining an insight
into cocaine-induced pathologic changes. In these studies we acquired the DTI data with
high spatial resolution (isotropic voxel of 0.27 mm) for reduced partial volume averaging.

2 METHODS

Cocaine Administration

Eight week old male Sprague-Dawley rats in the weight range of 280 g—300 g (289 g +
12.18 g) at baseline were included in this study. The animals were divided into two groups:
1) cocaine at a dose of 100 mg/kg (N=17), and 2) saline treated controls (N=19). Cocaine
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dissolved in saline or saline alone (control animals) was continuously infused for 28 days
through an Alzet osmotic minipump (Model 2ML4, Durect Corp, CA), implanted
subcutaneously as described previously (Narayana et al., 2009). The infusion pump was
filled with 2 ml of 400 mg/ml of cocaine or 0.9% saline, which served as the control. The
pump delivery rate was 2.5 pl/hr. The pump was primed 24 hours prior to implantation by
warming in a tube filled with saline at 37°C in a water bath.

2.1 Magnetic Resonance Imaging Acquisition

All MRI scans were performed at baseline (prior to implanting the infusion pump) and
weekly thereafter for a period of one month. Thus each animal was scanned at five time
points.

For MRI, animals were anesthetized with isoflurane at an induction dose of 4% and were
placed on a custom designed Plexiglas bed that was inserted into the magnet bore and were
secured with ear and tooth bars. During the scans, the animals were anesthetized with 2%
isoflurane in a mixture of air (68%) and oxygen (30%) delivered by a rodent ventilator
(Harvard Apparatus, South Natic, MA, USA) through a nose cone. The respiratory rate and
rectal temperature were monitored throughout the experiment with a physiologic monitoring
unit (Model 1025, SA Instruments, Stonybrook, NY, USA). A pulse oximeter (Model 570—
100, SA Instruments, Stonybrook, NY, USA) was used to monitor the heart rate and oxygen
saturation levels. An airflow warmer activated by a temperature probe (Model 11007B, SA
Instruments) maintained the body temperature at 36°C.

A 7T/30 USR MRI scanner (Bruker BioSpin, Karlsruhe, Germany) with an actively
shielded, water-cooled gradient coil system (Model BGA12; 116 mm diameter) capable of
producing maximum gradient amplitude of 400 mT m~1 with 80 ps rise time was used for
image acquisition. The scanner operating system was ParaVision PV5.1. The vendor-
supplied birdcage RF coil (Bruker BioSpin, Billerica, MA, USA) with 72 mm internal
diameter and 112 mm effective length was used for transmission. An in-house designed and
remotely tunable receive only radio frequency (RF) coil (15 mm diameter), was placed over
the head of the animal and fixed to the Plexiglas bed. As a quality assurance procedure, prior
to each study, using a spin echo sequence, a homogenous water phantom doped with NiCI2
was used to measure the signal-to-noise ratio (SNR) using the macro Auto_snr that is part of
the Bruker scanner software. In this method, the mean signal (mean signal) was measured in
an ROI of 3 by 3 voxels around the brightest voxels. The noise at the edges and corners of
the image was measured. The lowest value (hoise) in any of these locations was determined.
The SNR was computed as mean signal/noise. In order to account for the effect of
acquisition parameters such as slice thickness, bandwidth, number of averages etc., the
Auto-snr routine calculates the SNR per unit volume as:

SNR/mm?3 = SNR* acqfactor* voxel factor

where, voxel factor = 1/(volume in mm3) and acqfactor = [256 * 5.12/(acqsize * acqtime)]¥/,
where acqtime is the sampling time in the frequency encoding direction and acgsize is the
number of phase encoding steps. The acqgfactor is the normalization factor that is calculated
for standard acquisition of bandwidth of 50KHz and 256 complex points (20 usec/pt), and
256 x 256 read x phase matrix size. This method yields SNR that is independent of the
acquisition parameters and allows comparison across different scanners and with different
acquisition parameters. Even though in the current study all the acquisition parameters were
kept the same at different time points, we preferred using this method of computing SNR
since it is calculated automatically and avoids any possible operator bias. To convert this to
the commonly defined SNR in an image, the values reported here should be divided by 7.28.
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Localized shimming over the brain was performed using Bruker supplied Field Map with
adjustments up to third order shims followed by a fine tuning of the first and second order
shims using the PRESS sequence (TE=20ms, TR=2500 ms, TE1=TE2=10 ms, 2048 points
with Hermite RF pulses) to consistently achieve water line width of less than 0.1 ppm (full
width at half maximum). A spin echo sequence with echo time (TE) = 10 ms and repetition
time (TR) = 5000 ms, was used to finely adjust the 90° RF pulse power manually over the
central 1 mm axial slice (FOV=80 mm x 80 mm, matrix=128 x 128). The same geometry
was used for all other acquisitions with different sequences. For visualizing any anatomical
lesions, images were obtained using the dual echo 2D Rapid Acquisition with Relaxation
Enhancement (RARE) sequence with the following parameters: number of slices = 28, slice
thickness = 0.5 mm, FOV =35 mm x 35 mm, matrix = 256 x 256, effective TEs = 26 and 78
ms, TR = 5000 ms, Hermite pulse, RARE Factor = 4, spectral bandwidth = 60 KHz, number
of dummy scans = 2, number of averages = 2. The total scan time was 10 min 40 s.

Diffusion-weighted images (DWIs) were acquired with a segmented (four shots) 3D EPI
sequence, using icosahedral encoding scheme with bipolar gradients along 42 encoding
directions (Madi et al., 2005). The other acquisition parameters were: voxel size = 0.27 mm
% 0.27 mm x 0.27 mm, FOV = 34.56 mm % 20.00 mm x 9.45 mm, matrix = 128 x 74 x 35,
TE =24.7 ms, TR =500 ms, Hermite excitation RF pulse (pulse width = 3.6 ms, flip angle =
90°), bandwidth = 250 kHz, number of averages = 1, and partial FT acceleration = 1.5. The
EPI scan parameters included double sampling, automatic trajectory adjustment (that also
turns on the navigator echoes), and regridding based on the trajectory. The diffusion
parameters were: b-value = 800 s/mm?, diffusion gradient duration = 5 ms, diffusion
gradient separation = 10 ms, number of averages without any diffusion gradient (bg images)
= 9. The total scan time was 1 hr.

2.2 MRI Analysis

The RARE images were mainly used for visualizing anatomical lesions. Other than the
routine processing that is a part of the scanner recon software, no additional processing was
performed on these images.

An in-house developed pipeline written in IDL software (Exelis Visual Information
Solutions, Boulder, CO) was used for automatically processing the DWIs. The pipeline
included eddy current correction with the program ‘eddy_correct’, part of the FSL package
(Smith et al., 2004), filtering noise and smoothing the data (Hahn et al., 2010), extracting
brain using a semi-automatic method, and linear and nonlinear registration with automatic
image registration (AIR; Woods et al., 1998a; Woods et al., 1998b) to a template for group
analysis. The unregistered images were exported to DtiStudio (Jiang et al., 2006) and the
parametric maps of fractional anisotropy (FA), MD, RD, and LD were generated for each
animal.

Two levels of analysis were performed: (1) voxel based analysis of FA, and (2) region of
interest (ROI) analysis. The voxel based analysis was performed using SPM8 (http://
www.fil.ion.ucl.ac.uk/spm/software/) to identify voxels that differ in FA between controls
and cocaine animals. Since the only purpose of the SPM8 analysis was to guide in the
placement of the ROIs, we did not correct the SPM8 results for multiple comparisons. The
final results were based on the ROI analysis. The ROIs were drawn around voxels that
showed changes in the tmaps. Even with high isotropic spatial resolution of 0.27 mm,
because of the small structure of scc and gcc, we used relatively small ROIs to minimize
partial volume averaging effect. The positioning of the ROIs was based on the 3D anatomy.
The ROIs were drawn manually on each slice for each animal by the same person who was
blind to the treatment. Given the experience of this person (about 15 years of experience in
rat neuroanatomy and rodent brain MRI), it is unlikely that the operator bias in the ROI
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placement is significant. However, such a bias cannot be completely ruled out. Since the
slice orientation varied slightly from animal-to-animal, the ROI size varied slightly (+ 2
pixels) to minimize partial volume averaging. For descriptive purposes, the means and
standard deviations of the parametric maps of the DTI measures within each ROI were
calculated in each animal's native space using the ROl Manager of ImageJ (National
Institute of Mental Health, Bethesda, Maryland, USA). Regions that did not show high t-
statistic were not included in the ROI analysis. The ROI analysis was performed on each
animal (in native space).

2.3 Immunohistochemistry

Immunohistochemistry was performed only over the regions that showed significant
differences (either FDR corrected or uncorrected) in any of the DTI measures (see below).
On day 28 (end of cocaine delivery with the Alzet pump), following the last MRI scans,
animals were transcardially perfused with saline followed by 4% paraformaldehyde in 0.1 M
phosphate buffered saline (PBS). The brains were removed and processed as described
previously (Narayana et al., 2009). Brains were sectioned at 20 micron thick. Six brain
sections, for staining with each primary antibody, spanning the structure of interest from
eight randomly selected animals from each group were chosen. These sections were labeled
for the following primary antibodies: MBP (1:1000; Covance, CA), NF-H (1:1000;
Millipore, Billerica, MA), PLP (1:250; Abcam), Nogo-A (1:1000; Chemicon), AQP-4
(1:1000; Chemicon), and GAP-43 (1:1000, Abcam). Primary antibodies were diluted with
blocking solution (0.1 M PBS containing 5% goat serum and 0.3% Triton X-100).

Appropriate secondary antibodies were used at a dilution of 1:500 in 0.1 M PBS. The
following Alexafluor dye-conjugated secondary antibodies were used: goat anti-mouse 1gG
Alexa Fluor® 488 (Invitrogen, Carlsbad, CA) and goat anti-rabbit IgG (H+L) Alex Fluor®
568 (Invitrogen, Carlsbad, CA). The regions included for the immunohistochemistry were
scc, gec, and the body of splenium (bcc), fi, and ic (see below under Results).

2.4 Histology Processing

All images were captured under 20X magnification using a Nikon Eclipse Ni-E microscope
(Nikon Instruments; Melville, NY). The exposure times were determined for each antibody
in pilot experiments. The threshold levels were set to match those with positive staining and
exclude background fluorescence. ImagePro Plus software (Media Cybernetics, Inc.; Silver
Spring, MD) was used to measure the percent areas or fluorescent intensity of the antibodies
tested and in the region of interest (ROI) as described previously (Herrera et al., 2008;
Narayana et al., 2009). The ROIs were placed in scc, bcce, gec, fi and ic. To ensure consistent
analysis between sections, the same ROI size (circular ROI with a 700 um diameter) was
maintained for each section throughout the experiment, and the threshold levels for each
primary antibody were determined by random sampling from control sections. Personnel
involved in the histologic analyses were blind to the treatment.

2.5 Neurobehavioral Assays

Exploratory behavior that included fine motor movements, ambulation, and rearing activities
was assessed using the computerized activity box to assess the general motor behavior (Metz
et al., 2000). In this assay animals were placed in the activity chambers for a 30 minute
testing period, and the data was collected using the software and hardware provided by the
Photobeam Activity System (PAS) with Flexfield (San Diego Instruments, Inc., San Diego,
CA). The PAS acquires data on the animal’s movements within the activity chamber by
recording the number of photo beams interrupted. The activity can be categorized as fine
motor movements, gross movements, and rearing (McMahon and Cunningham, 2001).

Psychiatry Res. Author manuscript; available in PMC 2015 March 30.
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Baseline monitoring was performed before the implantation of osmotic pumps, and weekly
thereafter, approximately the same time of day for the duration of the study.

2.6 Statistical Analysis

The ROI analysis of the proteins and of the DTI measures other than FA were performed
using two-tailed Student’s t-test between the control and cocaine exposed groups. Statistical
analysis was performed using GraphPad Prism (version 5) software (GraphPad Software,
San Diego, CA). The significance level was set at 0.05 for all comparisons. A two-tailed
Student's t-test was used to determine differences within each ROl of RD, LD, and the
percent of expressions of MBP, NF-H, PLP, GAP-43, AQP-4, and Nogo-A between saline
and cocaine administered animals. Group behavioral data and animal weights were analyzed
using repeated measure one-way analysis of variance (ANOVA) followed by a Bonferroni
multiple comparison correction for the locomotor analysis.

3 RESULTS

3.1 Magnetic Resonance Imaging

The temporal stability of the SNR was excellent, except at a few time points (Fig. 1). No
significant artifacts were observed on the images. As can be seen in this figure, low SNR
was observed at two time points. We did not investigate the reasons for this low SNR. Data
from animals on these two days was not excluded from the final analysis. We did not
observe any lesions on the RARE images, indicating that cocaine administration did not
result in any gross pathology. Typical T2-weighted RARE images and maps of DTI derived
measures are shown in Fig. 2.

3.1.1 DTI: Voxel-based analysis—As an example, the results of the voxel-based
analysis are shown in Fig. 3. In this figure, voxels with differences in the FA values between
controls and cocaine animals are shown in red (t-maps). These t—-maps were generated with
(left) and without (right) false discovery rate (FDR) correction for multiple comparisons.
With FDR correction, the only regions that showed significant differences (FDR corrected p
<0.05) were scc, gcc and ic. However, differences in FA (uncorrected p <0.05) were seen in
a few voxels in fi without the FDR correction. It should be pointed out that the t-maps show
more extensive injury in the left hemisphere of the brain compared to the right. However,
the reasons for this observed asymmetry are unclear.

3.1.2: ROI analysis—The ROI placement was guided by the t-maps that were not
corrected for multiple comparisons (Fig. 4 left). The scc and gcc are very small structures in
rats. Even though our spatial resolution of 0.27 mm isotropic voxel is one of the highest
reported for in vivo rodent studies, we still had to use small number of voxels in a given
slice to balance between small number of voxels that could result in statistical noise and
large number of voxels that would introduce partial volume averaging. However, the ROI
extended to other slices. For ic and fi, ROIs were placed in both hemispheres. The ROI for
scc consisted of 28 voxels (0.55mm3), gce 71 voxels (1.4 mm3), fi 72 voxels (1.42mm3), ic
75 voxels (1.48mm3). As pointed out earlier, the protein analysis and descriptive DT
measures within each ROl were performed in the native space of each animal and thus did
not involve registration errors.

Increased RD was observed in scc and fi (p = 0.0321). A strong trend towards an increase
was observed for RD in gcc (P = 0.0576). LD decreased in scc (p = 0.0339), gcc (p =
0.0002), and ic (p = 0.0084). The results of the DTI measures within each ROI are
summarized in Fig. 5 and Tablel. The error bars in Fig. 5 represent standard deviation.
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3.2 Immunohistochemistry

We matched the histology and DTI sections for the ROI analysis as closely as possible by
visual inspection, realizing that these two modalities greatly differ in spatial resolution. As
an example, Fig. 6 shows the matched histology and DTI sections. As an example,
representative immunofluorescence images of fimbria from the control and cocaine treated
brains is shown in Fig. 7.

3.2.1 Corpus callosum

3.2.1.1 scc: Immunofluorescent quantification indicated significantly lower MBP (p =
0.0007) and Nogo-A (p = 0.0002) in the cocaine treated animals compared to the control
animals. The cocaine treated animals showed significantly higher GAP-43 expression (p <
0.0001) compared to the saline controls. A trend towards a significantly higher expression of
NF-H isoform (p = 0.0506) and PLP (p = 0.0801) was seen in cocaine treated animals. No
significant difference in the expression of AQP-4 (p = 0.2861) was observed between the
two groups. The results of quantitative analysis of the immunofluorescence for scc are
shown in Fig. 8. In this figure, the error bars represent standard deviation.

C.2.1.2 gec: The cocaine treated rats showed significantly lower Nogo-A (p < 0.0001), and
higher expression of GAP-43 (p = 0.0151). A trend towards decrease was observed in the
expression of MBP (p = 0.0637). Cocaine treated rats showed higher NF-H expression, but
this was not statistically significant (p = 0.2299). No significant differences were observed
in the expressions of PLP (p = 0.3936) and AQP-4 (p = 0.3581).

C.2.1.3 bee: We observed no significant differences in MBP (p = 0.3282) and Nogo-A (p =
0.8913). Similarly, we did not observe significant differences in NF-H (p = 0.4314) and
AQP-4 (p = 0.9162) expression. Cocaine treated rats did however show significantly higher
expression of GAP-43 (p = 0.0445) and a trend toward statistical significance for PLP (p =
0.0712).

C 2.2 fi and ic: We observed a significant decrease in the expression of MBP in both fi (p <
0.0001) and ic (p = 0.001) in cocaine treated animals compared to controls. Also in the
cocaine treated animals there was a significant decrease in the expression of NF-H in fi (p =
0.0007) and ic (p = 0.0015). An increase in axonal plasticity, as measured by GAP-43, was
observed in both fi (p <0.0001) and ic (p = 0.0011). There was a significant decrease in the
expression of Nogo-A in both fi (p < 0.0001) and ic (p < 0.0001). No significant difference
was observed in the expression of PLP is either the fi (p = 0.5102) or ic (p = 0.7228).
Aquaporin-4 expression was not determined in these regions.

The results of the quantification of immunohistochemical analysis along with the p values
for different structures are summarized in Table 2.

3.3 Neurobehavioral assessment

Behavioral assessment indicated a significant increase in the cocaine-treated animals in the
activity counts in the fine motor movements compared to baseline measures (Fig 9A). A
significant decrease was observed in the number of rearing events in the cocaine treated
animals (Fig. 9B). Both these changes were seen at three weeks after the start of cocaine
treatment. No significant differences in the ambulatory exploration between the baseline and
cocaine administered animals were observed.

Psychiatry Res. Author manuscript; available in PMC 2015 March 30.
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4 DISCUSSION

We believe that this is the first comprehensive study that investigated the effects of cocaine
using DTI, neurobehavioral assay based on computer activity boxes, and multiple
immunohistochemical stains. We observed altered protein expressions in multiple WM
structures after chronic administration of cocaine, and differences in DTI metrics, especially
RD, in these same brain regions (summarized in Table 1). In addition to confirming our
earlier results that scc was affected in cocaine treated animals (Narayana et al., 2009), other
WM structures such as fi and ic were also affected by chronic cocaine administration. The
implications of these observations are discussed below.

The DTI data indicated differences between cocaine and saline treated rodents in cc and ic.
In both of these structures we observed decreased FA, consistent with microstructural
changes in the white matter. The reduced MBP expression would suggest compromised
myelin, which is consistent with increase RD in the scc and ic (Song et al., 2005; Herrera et
al., 2008; Budde et al., 2009; Narayana et al., 2009). In the case of the fi, reduced MBP
expression was observed even though a change in RD was not observed. Still, in majority of
the structures concomitant changes in both DTI and histological measures were observed.

The LD results were less consistently associated with histopathology across different
structures. For example, a decrease in LD was observed in the genu and the splenium of the
cc and ic. However, a trend towards increase in NF-H was observed in scc (p = 0.0506).
This lack of association between LD and NF-H expression is consistent with more recent
reports (Budde et al., 2007; DeBoy et al., 2007; Herrera et al., 2008; Budde et al., 2011),
which indicate that the original concept of LD being solely related to axonal injury might be
overly simplistic.

A robust observation on DTI was increased RD in scc, along with a significant reduction in
MBP in the same brain region. The DTI findings are consistent with our previous rodent
study and multiple previous human studies in cocaine use (Moeller et al., 2005; Moeller et
al., 2007; Narayana et al., 2009). Thus RD could serve as a biomarker of white matter
structural damage in cocaine addiction.

The present study demonstrated significantly lower MBP and Nogo-A expressions in scc,
gce, fi and ic, suggesting that myelin compromise extends to multiple WM structures.
Among the three substructures of cc, the splenium was most affected, followed by genu. The
reasons for this differential effect across the substructures of cc are not completely clear. It
was reported that the percentage of myelinated axons showing ultrastructural pathological
changes with aging in male Sprague-Dawley rats is much higher in scc compared to gcc and
bce (Sargon et al., 2007b). It was also shown that in this species the number of myelinated
axons is higher in the scc compared to gcc and bee (Sargon et al., 2003). Recent studies also
suggest that the axonal caliber is much higher in the bcc compared to gcc and scc (Barazany
et al., 2009). Perhaps this suggests that larger axons are less vulnerable to cocaine exposure.
In addition, there may be differential expression of proteins involved in lipid peroxidation,
oxidative stress, and apoptosis across the cc sub-regions (Kashem et al., 2009).

The internal capsule is also affected by cocaine exposure. Myelin-related transcripts
encoding MBP, cyclic nucleotide 3-phosphodiesterase, MAG, and MOG are decreased
following cocaine exposure (Kristiansen et al., 2009). The change in ic was also reported on
MRI in cocaine subjects (Lim et al., 2008). White matter fibers in ic traverse through basal
ganglia allowing connections between the cortex, brainstem, spinal cord, and thalamus.
Damage to ic has been demonstrated to correlate with motor impairment in stroke
(Pendlebury et al., 1999) and multiple sclerosis (Lee et al., 2000). Our neurobehavorial data
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also suggests impairment in rearing activity, which may indicate damage to the corticospinal
tract that traverses through posterior limb of the ic.

The fimbria is a major route for afferent and efferent fibers of the hippocampal formation. It
plays a critical role as a pathway between the hippocampus and nucleus accumbens,
possibly in regulating cocaine seeking behavior (Sabeti et al., 2003; Russo et al., 2010;
Kovalevich et al., 2012). Published studies indicate that glutamate excitotoxicity induces
apoptosis in oligodendrocytes through an increased caspase-3 cleavage (McDonald et al.,
1998; Sanchez-Gomez et al., 2011; Kovalevich et al., 2012). One might speculate that the
altered state of myelin observed in fi reflects changes occurring to the glutamatergic
pathway.

An interesting observation in our study is the reduced expression of Nogo-A. Reduced
Nogo-A promotes neuronal sprouting that could be beneficial in traumatic injury (Liebscher
et al., 2005) and early stages of Alzheimer’s disease, by compensating for the synaptic loss.
However, in the later part of the disease, the sprouting axons may cause aberrant
connections that result in further neurodegeneration (Hashimoto and Masliah, 2003). Nogo-
A is also shown to stabilize axonal connectivity (Park et al., 2010; Schwab, 2010).

Our findings of reduced Nogo-A are similar to the results of another study that examined
WM changes following amphetamine exposure (Yang et al., 2011). That study demonstrated
a significant decrease in the oligodendrocyte marker, MBP, Nogo-A, and glutathione S-
transferase in the frontal cortex and cc in animals treated with amphetamine, suggesting that
different stimulants may exert similar effects on myelin related proteins.

Overall, chronic cocaine exposure produces several changes in various proteins that
ultimately lead to white matter injury. One potential mechanism through which cocaine
could exert its damaging effects on WM is oxidative stress. Cocaine exposure induces
oxidative stress without apoptosis in the rodent frontal cortex and striatum (Dietrich et al.,
2005), increases the amount of dopamine in the synaptic cleft, which is metabolized by auto-
oxidation or monoamine oxidase, thus increasing reactive oxygen species (ROS) production
(Hermida-Ameijeiras et al., 2004). A recent study indicated that Nogo-A has
neuroprotective effects against oxidative stress (Mi et al., 2012). Amino-Nogo-A was
demonstrated to scavenge reactive oxygen species (ROS) by interacting with oxidized
peroxiredoxin 2 in vitro (Mi et al., 2012). Oxidative stress has been demonstrated to precede
death of human progenitor cells following cocaine exposure in vitro (Poon et al., 2007).
Knockdown of Nogo-A may also cause acute oxidative stress and markedly increase
neuronal death (Mi et al., 2012). The possible increased production of ROS combined with
the decreased Nogo-A suggests that oxidative stress may be a contributing factor in the
pathology observed in our study.

The present study demonstrated a significant increase in the expression of GAP-43. GAP-43
plays a key role in guiding the growth of axons and modulating new connections and
enables neurons to sprout new terminals (Aigner et al., 1995). Recent studies demonstrated
that decrease in Nogo-A resulted in an increase in axonal plasticity as determined by
GAP-43 expression (Dietrich et al., 2005; Masliah et al., 2010). Increased expression of
GAP-43 was also observed in the fimbria in prenatal cocaine treated animals (Clarke et al.,
1996). In our studies, changes in Nogo-A expression were observed in some structures in the
absence of changes in MBP and NFH. This perhaps suggests that GAP-43 is an early
indicator of cocaine-induced pathological changes.

It was suggested that late developing WM may be more vulnerable to increased dopamine
following amphetamine exposure (Yang et al., 2011). Cocaine administration also produces
an increase in extracellular dopamine levels, and changes in WM pathology have been
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observed in areas away from cc (Hermida-Ameijeiras et al., 2004; Masliah et al., 2010).
Oligodendrocytes express D2 and D3 receptors for dopamine, and stimulation of these
receptors resulted in decreased transition of immature oligodendrocytes to mature
oligodendrocytes (Bongarzone et al., 1998). In addition to dopamine release, cocaine
administration results in alteration of glutamate neurotransmission leading to increased
glutamate levels in various brain regions that could alter protein expressions in cc. A follow
up study is needed to examine the glutamate levels and the expression of glutamate
receptors in cc.

It was demonstrated that repeated chronic administration of cocaine dose resulted in
locomotor sensitization (Gulley et al., 2003; Sabeti et al., 2003). The present study has
shown that chronic administration of cocaine resulted in an increase in fine motor
movements and a decrease in rearing events compared to baseline measures. Increases in
fine motor movements were also observed in another study (Wiley et al., 2008). We
speculate that the increase in the fine motor movements may be related to the increase in the
plasticity in cc but this needs to be examined in a follow-up study. Decreases in rearing
events were observed in another chronic cocaine study (van Haaren and Meyer, 1991).

The present study also showed no significant difference between groups in the expression of
AQP-4, which has been suggested to be affected in cocaine addiction (Li et al., 2006).

In conclusion, this study extends previous investigation showing an effect of chronic cocaine
on brain white matter structure. The findings of reduced expression of Nogo-A and
increased levels of GAP-43 could destabilize axonal connectivity and increased neurite
growth with aberrant connections. Increased GAP-43 perhaps suggests stimulant induced
plasticity or a repair mechanism response. Follow-up studies are needed to gain a better
understanding of the cellular and molecular mechanisms underlying the cocaine-induced
loss of white matter protein. Understanding the cocaine-induced neuronal plasticity may be
critical for identifying novel drug targets for blocking or reversing cocaine induced changes
in brain structure and associated behavioral problems.
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Figure 1.
SNR as a function of time. Overall, the excellent temporal stability in the SNR can be

appreciated.
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Figure 2.

Multi-modal MRI of three different brain regions (rows) from cocaine exposed animals at
the 4 week time point. Representative images of: RARE, fractional anisotropy (FA), mean
diffusivity (MD), longitudinal diffusivity (LD), and radial diffusivity (RD).

Psychiatry Res. Author manuscript; available in PMC 2015 March 30.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Narayana et al.

Page 17

Figure 3.

Representative images showing the placement of the ROI’s for comparison between cocaine
treated and saline control animals. The ROIs were placed in the (A) genu, (B) fimbria, (C)
internal capsule, and (D) splenium.
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Figure 4.

The t-maps (shown in red) with significantly different FA values between controls and
cocaine treated animals superimposed on the RARE images, without (left) and with (right)
FDR correction for multiple comparison.
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Results of the ROI analysis of the DTI measures for scc, gcc, bec, ic, and fi. The p values
are also shown in this figure. The error bars represent standard deviation.
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Figure 6.
Representative matched histology and DTI sections in cocaine treated animals. The
matching can be seen even with dissimilar spatial resolution.
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Control Cocaine

Figure 7.
Representative images of brain sections of the fimbria from control and cocaine exposed

brains. The images were obtained to demonstrate the labeling patterns of [panels A and B]
myelin basic protein (MBP), [C and D] Nogo-A, [E and F] GAP-43, [G and H]
neurofilament — heavy isoform (NF-H), [J and K] proteolipid protein (PLP), and [L and M]
aquaporin-4 (AQP-4). scc = splenium. Scale bars = 100 pm.
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Figure 8.

Quantitative analysis of the expressions of (A) MBP, (B) Nogo-A, (C) GAP-43, (D) NF-H,
(E) PLP, and (F) AQP-4 in the splenium of the corpus callosum. A significant decrease was
observed in the markers for oligodendrocytes (A & B). A significant increase was observed
in GAP-43, a marker of neuronal plasticity. A trend towards statistically significant increase
in NF-H was also determined. No significant difference was observed in PLP, and AQP-4
(F). Error bars represent standard deviation.
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Motor responses in animals treated with cocaine were compared to baseline measures using
computerized activity box monitoring. (A) A significant increase in fine motor movements

was observed 3 weeks after chronic cocaine administration compared to baseline measures

(p =0.0017). (B) A significant reduction in the number of rearing events was also observed
at 3 and 4 weeks of chronic cocaine administration compared to baseline measures (p =

0.0049 & 0.0027, respectively).

Psychiatry Res. Author manuscript; available in PMC 2015 March 30.




Page 24

Narayana et al.

‘A1annoadsal (00 S d 1e) asealoul pue asealoap Juedlyubls alouap x pue #

(9080°0) (T0et°0) (9250°0) (9729°0) LrZ10°0)
1€ 799 S ¥ vy 6€ ¥ T2 66 ¥ €15 oV F 6y aUre20d
v F Ty 1S F09¥ O ¥ L6€ 89C ¥ €81 0 ¥ GT¥ aules (9-0Tx-SeWw) ay
#(08200) (1592°0) #(c000°0) (/65°0) #(6£€0°0)
09 ¥ 28vT 06 ¥ 6567 v9 FGLLT 66 ¥ 9TVT 16 ¥ 2€LT 8UIe20D
€8 F L€ST TTT ¥ 1267 LG F0.8T 76 ¥ SEVT G9 ¥ 6LT aufes (9-0Txg-sWw) a1
(czvs0) (085T°0) (62200 (9821°0) (tezz0)
6VT ¥ 269 28T ¥ 118 OvT F9vL 9T ¥ 289 06 ¥ GTL aUre20d
96 F T/9 v0Z 016 612 ¥ 068 892 ¥ 68/ 052 7 861 aulfes (9-0Txg-SWw) AW
#(6110°0) (6882°0) #(6€00°0) (v665°0) #(L200°0)
9€0'0 F L29°0 | 6€0°0F TEL0 | 8200 F6TL°0 | LLOOF6850 | OVO'0F689°0 | oureaod
ZY0'0 FT99°0 | SPO'0F9TL0 | 8200072520 | €0T'0F2T9°0 | 8100 F L2L0 aulfes (sss|uoIsusWIP) V4
a1 1y 206 20q 208
$94N30NJ1S Jayyew sHyaa juswiesd | SaJanses|A | 1Ld

'sIsayjuaied ul

umoys aJe sanjeA d Bulpuodsaliod ay) pue ps F Ueall 1uasaldal SanjeA [ealawNnu 8y “aulfes 0} pasedwod sainseaw |1 g 8y Uo 1UsLwIeal] aureand J0 19913

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Psychiatry Res. Author manuscript; available in PMC 2015 March 30.



Page 25

‘pauILIBIeP 10U = AN

"Alannoadsal (Go°0sd 1e) asealdul pue asealoap Juedliubis a10uap x pue #

(185€°0) (co16°0) (t982°0)
€90 FTLG80 | TLGFES09 | LTFv6EE auresnd
an an 0L0F¥86'0 | TOVFr6'S | vOZF 196 aulfes 7-dOV
(cot50) (82zL0) (e96€0) (er200) (1080°0)
ZZTTFezvT | oreFovee | S80F290T | w291 F62vZ | 80T FTI60T auresn)
EVYTFOSGT | 90SF.8FE | 90T+66ZT | 80BTF08LT | 8ETFV¥SST aulfes dd
#(§1000) #(2000°0) (6622°0) Ter0) (9050°0)
S6'€F28CY | vLvF6cLT | SOTFLSET | L2T2F96'SE | LS9F 90T auresn)
2L9%850L | T8SFLICY | L60F00TT | vTvZ¥622€ | SE9FTI6L aulfes H-3N
,(17000) ,(10000>) {1510°0) (G010 ,(10000>)
TOZTF¥562 | €2¢F288T | 06eFvs8e | sozeFv6'2e | Sv'SF 2029 auresn)
288FEe9vT | 16TF982T | 920z Fesee | ozseFszoz | vszFeeLT aulfes €7-dv9O
#(10000>) | 4(T0000>) | 4(T0000>) (€168°0) #(@000°0)
02T ¥G8T'6 | 650 F 26SH0 | L0 F¥6v20 | STZT092'9 | TE0F TYIT0 | oduresod
05'9TF02'TZ | 6TTF28r6'0 | 09°07269.°0 | 98 TT F¥26'G | ¥O'T F298L°0 aulfes v-000N
#(10000>) #(1000) (2£90°0) (z820) #{£000°0)
6EGFEIEY | 629FV26'S | YETFIEFT | €S6TFETVE | TO'OFES000 | duURIOD
WSTF8L9T | 11279162 | 08TFvv0Z | 66'T2F96'62 | 200 26100 aulfes dan
1y a1 206 20( 208
$94N30NJ1S Jayyew sy juswijesd | uisloid

Psychiatry Res. Author manuscript; available in PMC 2015 March 30.

Narayana et al.

'sIsayjuaied ul
umoys aJe sanjen d Buipuodsallod syl pue ps F ueaw Juasaldal SenjeA [eaLBWNU 8y “duljes 0} pasedw0d sainsesw U1sloid uo Juawilesl) suled0d JO 10843

¢?olqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript



