UC San Diego
UC San Diego Previously Published Works

Title

Microstructural changes to the brain of mice after methamphetamine exposure as identified

with diffusion tensor imaging

Permalink

|https://escholarship.orgc/item/8n55f89c|

Authors

McKenna, Benjamin S
Brown, Gregory G
Archibald, Sarah

Publication Date
2016-03-01

DOI
10.1016/j.pscychresns.2016.02.009

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/8n55f89c
https://escholarship.org/uc/item/8n55f89c#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Psychiatry Res. Author manuscript; available in PMC 2017 March 30.

-, HHS Public Access
«

Published in final edited form as:
Psychiatry Res. 2016 March 30; 249: 27-37. doi:10.1016/j.pscychresns.2016.02.009.

Microstructural Changes to the Brain of Mice after
Methamphetamine Exposure as Identified with Diffusion Tensor
Imaging

Benjamin S. McKenna®!, Gregory G. Brown&", Sarah Archibald®, Miriam ScadengP, Robert
Bussell?, James P. Kesby?, Athina Markou?, Virawudh Soontornniyomkij2, Cristian Achim?,
and Svetlana Semenova?

aDepartment of Psychiatry, School of Medicine, University of California, San Diego, 9500 Gilman
Drive, M/C 0603, La Jolla, CA 92093, USA

bDepartment of Radiology, School of Medicine, University of California, San Diego, 200 West
Arbor Drive, M/C 0834, La Jolla, CA 92103, USA

Abstract

Methamphetamine (METH) is an addictive psychostimulant inducing neurotoxicity. Human
magnetic resonance imaging and diffusion tensor imaging (DTI) of METH-dependent participants
find various structural abnormities. Animal studies demonstrate immunohistochemical changes in
multiple cellular pathways after METH exposure. Here, we characterized the long-term effects of
METH on brain microstructure in mice exposed to an escalating METH binge regimen using /n
vivo DTI, a methodology directly translatable across species. Results revealed four patterns of
differential fractional anisotropy (FA) and mean diffusivity (MD) response when comparing
METH-exposed (n=14) to saline-treated mice (n=13). Compared to the saline group, METH-
exposed mice demonstrated: 1) decreased FA with no change in MD [corpus callosum (posterior
forceps), internal capsule (left), thalamus (medial aspects), midbrain], 2) increased MD with no
change in FA [posterior isocortical regions, caudate-putamen, hypothalamus, cerebral peduncle,
internal capsule (right)], 3) increased FA with decreased MD [frontal isocortex, corpus callosum
(genu)], and 4) increased FA with no change or increased MD [hippocampi, amygdala, lateral
thalamus]. MD was negatively associated with calbindin-1 in hippocampi and positively with
dopamine transporter in caudate-putamen. These findings highlight distributed and differential
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METH effects within the brain suggesting several distinct mechanisms. Such mechanisms likely
change brain tissue differentially dependent upon neural location.

Keywords

diffusion tensor imaging; fractional anisotropy; magnetic resonance imaging; mean diffusivity;
methamphetamine; mouse

1. Introduction

Methamphetamine (METH) is an addictive psychostimulant that induces central nervous
system toxicity and associated neurocognitive impairment, such as impaired behavioral
inhibition and attentional control (Nordahl et al., 2003; Scott et al., 2007). Cognitive deficits
are thought to be due to a wide variety of neurotoxic effects from METH exposure that
induce long lasting changes to the structure and function of the brain (Buttner, 2011). In
humans, much of what is known about the impact of METH on the brain comes from
magnetic resonance imaging (MRI) studies of adult METH users. These cross-sectional
studies have demonstrated structural abnormalities in the frontal lobe, including lower gray
matter density or volumes (Kim et al., 2006; Schwartz et al., 2010), larger white matter
volumes (Bartzokis et al., 2001), and increased white matter hyperintensities (Berman et al.,
2008). Moreover, smaller volumes have been observed in the temporal lobe (Bartzokis et al.,
2000), including the hippocampus (Thompson et al., 2004); whereas larger volumes have
been observed in the parietal cortex (Jernigan et al., 2005) and striatal regions (Chang et al.,
2005) of adult METH users.

It has been speculated that enlarged brain regions reflect inflammatory changes whereas
reductions in size reflect neuronal cell loss (Thompson et al., 2004), but the mechanisms
remain unclear. Recently, diffusion tensor imaging (DTI) has been used to examine
microstructural brain changes associated with METH. By linking macroscopic brain changes
to microscopic cellular events, DTI promises to integrate large scale brain changes to
cellular changes, providing a more integrated view of the effects of a pathological agent on
neural systems than does conventional MRI (Bammer et al., 2006). DTI provides
quantitative information about the geometric distribution of water diffusion within imaging
voxels (Basser, 2006). An aim of DTI is to infer information about the integrity of tissue
microstructure from this geometric information. Inferences from diffusion data are typically
based on the biological boundary model, which states that at sufficiently long diffusion
times, water molecules in biological tissues will diffuse in an isotropic manner until they
reach a membrane or large protein boundary (Chanraud et al., 2010; Le Bihan and Johansen-
Berg, 2012). Such cell boundaries are believed to reduce overall diffusion magnitude and
shape the direction of water movement. Based on this geometric information several
measures can be computed including mean diffusivity (MD) and fractional anisotropy (FA),
the later a measure of the degree to which water movement is dominated by a single
direction (Basser, 2006). Based on the biological boundary model, reduced FA and increased
MD implies reduced density of membranes possibly due to tissue loss (Alicata et al., 2009).
DTI changes associated with METH abuse or dependence have commonly revealed lower
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FA in frontal white matter and increased MD in basal ganglia structures, such as the
putamen and caudate (Alicata et al., 2009; Chung et al., 2007; Tobias et al., 2010).
Differences in the integrity of the corpus callosum are less often found, with some
investigators reporting lower FA values in the genu (Kim et al., 2009; Tobias et al., 2010),
whereas others report only trends or no callosal effect (Alicata et al., 2009; Salo et al.,
2009). When cognition is investigated, lower FA in regions within the frontal cortex or genu
has been associated with worse cognitive performance (Chung et al., 2007; Salo et al.,
2009).

However, human MRI and DTI studies of METH use have several acknowledged
limitations. DTI studies only examined only a few regions of interest within the brain, and
all studies used cross-sectional designs that do not disentangle markers that predate drug
use, effects of abstinence duration, and different use patterns. Further, differences in the
maximal dose, days of usage per week/month, and total quantity of METH intake along with
polysubstance abuse among participants could result in different neuropathological and
cognitive outcomes (Berman et al., 2008; Salo and Fassbender, 2012). Given the challenges
of establishing the direct effects of METH in humans, investigators have performed animal
experiments to obtain basic neuroscience data on METH exposure. In mice, exposure to
neurotoxic METH doses led to decreased dopamine function in the cortex and striatum. For
example, decreases in dopamine (Achat-Mendes et al., 2005; Fantegrossi et al., 2008) and
tyrosine hydroxylase levels (Achat-Mendes et al., 2005; Bowyer et al., 2008; Deng et al.,
1999; Fantegrossi et al., 2008) in the striatum and cortex suggest decreased dopaminergic
innervation after METH exposure. METH also induces neuronal death in the striatum,
frontal and parietal cortices, hippocampus, and olfactory bulb in a process akin to neuronal
apoptosis (Cadet et al., 2005; Cunha-Oliveira et al., 2008); as well as leading to reactive
astrocytosis (Deng et al., 1999; Zhu et al., 2005) and microgliosis (Bowyer et al., 2008;
Fantegrossi et al., 2008; Thomas and Kuhn, 2005). Within the caudate-putamen METH-
induced dopaminergic neurotoxicity has been found to be mediated by the dopamine
transporter [DAT; (Fumagalli et al., 1998)]. Given the evidence that METH has a variety of
effects on neuronal structure and function at the cellular level in animals and at the brain
systems level in humans, it is unfortunate that there has been little work using neuroimaging
to directly link these two levels of neural organization. New knowledge from tightly
controlled animal experiments employing the same /n vivo neuroimaging techniques as
those used in human studies offers a powerful translational context to better understand the
impact of METH on the brain.

The aim of the present study was to utilize DTI in mice previously exposed to a METH
binge regimen in order to characterize the long-term effects of METH on the microstructure
of the brain using neuroimaging techniques that are translatable across species. Consistent
with evidence for METH-induced tissue damage, we hypothesize that decreased FA will be
associated with increased MD in METH-exposed mice compared to saline control mice
within the frontal and striatal gray matter and their connecting pathways, hippocampus, and
white matter tracts such as the corpus callosum and internal capsule. In addition, the whole
brain was examined to explore additional microstructural DTI changes given the
heterogeneity of METH effects including the potentially differential impact on neuronal cell
bodies and their processes versus surrounding glial and astrocyte cells. In exploratory
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analyses we also investigated potential associations between DT markers of tissue damage
and cellular changes in the caudate-putamen and hippocampus, two brain regions known to
be adversely impacted by METH. Specifically, we examined links between MD and
immunohistochemical assays of DAT in the caudate-putamen and calibindin-1 in the dorsal
hippocampi of a subgroup of METH-exposed mice. Calibindin-1, a marker of hippocampal
function associated with calcium buffering, has been implicated in the effects of METH
(Kuczenski et al., 2007).

2. Methods

2.1. Animals

This study was part of a larger examination of the individual and combined effects of human
immunodeficiency virus and METH conducted by The Translational Methamphetamine
AIDS Research Center (TMARC). Male mice from a C57BL/6xDBA (BDF1) genetic
background (N=27) were tested in the current study. Mice were grouped-housed with 2—4
mice per group in a climate-controlled environment with a reversed day/night cycle (lights
on at 19:00 h, off at 07:00 h). Since mice are nocturnal animals and active during night, the
day/night cycle was reversed so that behavioral assessments could occurred during the day.
For MRI mice were housed under the same conditions for consistency. The animals were
given free access to food (diet #8626, Haran Teklad, Madison, Wisconsin, USA) and water
for the duration of the testing. All procedures were approved by the UCSD Institutional
Animal Care and Use Committee and conformed to NIH guidelines. Mice were 4-5 months
old at the beginning of study procedures and 9-10 months old at time of MRI, (see below).
These mice were previously tested in a battery of cognitive tasks (Kesby et al., 2015a; Kesby
et al., 2015b).

2.2. Methamphetamine regimen

METH (Sigma, St. Louis, Missouri, USA) was dissolved in saline and administered
subcutaneously with a 5ml/kg injection volume (doses are expressed as salt). Stock solutions
of the drug were prepared every three to four days and diluted as needed during the drug
regimen. Mice were exposed to an escalating dose-multiple binge METH regimen that was
originally established in rats (Kuczenski et al., 2007). While the neurotoxic effects of METH
have been typically induced by an acute “binge” procedure (4 injections of high doses in
drug-naive rodents; Davidson et al., 2001), it has been postulated that the inclusion of an
escalating dose pretreatment regimen represents a more accurate simulation of the gradual
dose progression in human abusers (Segal and Kuczenski, 1997). Prior work indicated that
inclusion of this escalation paradigm attenuates the hyperthermic effects of higher METH
doses in rats, while still inducing neuropathological and behavioral effects in both rats and
mice (Henry et al., 2013; Kesby et al., 2015a; Kesby et al., 2015b; Kuczenski et al., 2007).
Mice were treated three times per day (10:00; 13:15; 17:30 h) for 14 days with vehicle
(saline; n=13) or escalating doses of METH (n=14), starting with 0.1mg/kg and increasing
to 4.0mg/kg, with a stepwise increase of 0.1mg/kg per injection. After this 14-day period,
animals received four daily injections of 6.0mg/kg METH or vehicle at 2-h intervals (10:00,
12:00, 14:00, and 16:00 h) during an 11-day ‘binge’ period (Figure 1).
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2.3. Imaging acquisition

In vivo MRI scanning was conducted 3—-4 months post-METH between 09:00 and 18:00
when mice were 9-10 months old. Experiments were conducted at the UCSD Center for
Functional MRI using a Bruker 7.0T/20cm horizontal magnet with Avance Il hardware
(Bruker, Billerica, MA, USA). Mice were anesthetized with an isoflurane-oxygen mixture
(2.0 vol% with an oxygen flow of 1.2-1.4 I/min) in order to minimize motion throughout the
session. Mice were positioned prone in an animal holder with foam pads on each side of the
head, front teeth were hooked onto a bite bar, and the shoulders secured with tape to further
minimize head movement. Body temperature was monitored by a rectal thermometer and
kept at ~37° C core temperature using warm airflow. At the beginning of each imaging
session, a high resolution anatomical dataset was collected using a RARE (Rapid
Acquisition with Relaxation Enhancement) pulse sequence in order to facilitate anatomical
localization and to define regions of interest (TR/TE=9247/35ms, RARE factor=8,
bandwidth=35714Hz, field of view 21.0mm-x-16.1mm, matrix 140-x-107, inplane
resolution 150um-x-150um, 80 slices 150um thick, averages=16, flip angle 85°,
time=24min). A navigated, 30 direction, 4-shot, spin echo DTI-EPI protocol with
b=1000s/mm?2, 5 b=0s/mm? images, partial k-space and zero filling in the read direction.
The flip angle was 90°, TR/TE 7500/23.34ms, bandwidth=250kHz, FOV 26.4mm-
x-12.0mm, reconstructed matrix 176-x-80, inplane resolution 150um-x-150um, 30 slices
600um thick, 1 average, time=17.5min. To correct for signal bias, minimum contrast images
was acquired after both T2 and DTI scans. Minimum contrast scans were collected with TR/
TE=9000/7.3ms, RARE factor=4, bandwidth=8333Hz, field of view 21.0mm-x-16.1mm,
matrix 140-x-107, inplane resolution 150um-x-50um, 80 slices 160um thick, averages=16,
flip angle 90°, time=3min. Data were acquired using a two channel local receive coil
combined with a 72 mm ID birdcage volume transmitter.

2.4. Image processing

Analysis of Functional Neurolmaging [AFNI; (Cox, 1996)] and UCSD developed software
was used to process images. Diffusion tensors were calculated at the end of the imaging
session using software available in Paravision after correcting for eddy currents. This step
produces Sg [The echo image intensity with no applied graduates (Basser et al., 1994)], FA,
trace, and three eigenvalue and three eigenvector maps. FA was calculated using standard
formulas (Basser, 2006). The eigenvalue maps were used to calculate MD (the average of the
3 eigenvalues A1, A2, and A3) as well as axial diffusivity (A1) and radial diffusivity (average
of A2 and A3). T2 images were intensity bias corrected using the minimum contrast images
to correct for field inhomogeneity. Skull and extraneous tissue were removed from the
images using the AFNI 3dSkullStrip tool with the rat option selected and, when needed,
manual editing in AFNI. For group analyses, images were warped into the Waxholm Space
(WHS) Atlas (Johnson et al., 2010) of the C57BL/6 mouse brain using a 12 parameter affine
transformation. The intensity-bias corrected, skull stripped T2 data were warped into WHS
atlas resulting in an average Dice index of 0.987, indicating nearly perfect overlay between
registered the T2 volumes and the WHS atlas (Dice, 1945). DTI images were then
transformed into WHS by realigning the DTI images with the WHS transformed T2 image
from the same session. Specifically, for the DTI images the bias-corrected skull-stripped Sg
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image was realigned to the WHS T2 with the resulting transformation matrix applied to the
DTI maps.

2.5. Immunohistochemistry and quantitative image analysis

After in vivo MRI scanning was completed, a subgroup of METH-exposed mice were
humanely euthanized and brain samples were collected for immunohistochemical analyses.
Immunoperoxidase staining was performed on nine of the METH-exposed mice. Staining
was done on 5um-thick paraffin-embedded paraformaldehyde-fixed coronal brain sections
with anti-calbindin-1 antibody (#AB1778, Millipore, Billerica, MA, USA, 1:300 dilution)
and anti-DAT (6-5G10, #sc-3258, Santa Cruz Biotechnology, Santa Cruz, CA, USA, 1:100),
as described previously (Soontornniyomkij et al., 2010). The immunostained slides were
digitally scanned (Aperio ScanScope GL, Vista, CA, USA). The immunoreactivity intensity
was measured within (Image-Pro Analyzer software, Version 6.3, Media Cybernetics,
Bethesda, MD, USA) and normalized to the anatomic area, i.e., the combined hippocampal
CAL strata oriens, pyramidale, radiatum, and lacunosum-moleculare for calbindin-1; and the
caudate-putamen for DAT, as previously described (Soontornniyomkij et al., 2010).

2.6. Statistical analyses

DTI parameters FA and MD were compared separately between the METH-exposed and
saline control groups using independent-samples t-tests for voxels within the whole brain. A
two-step procedure was used to adjust for multiple statistical tests in order to control for the
expected proportion of clusters incorrectly rejected under the null hypothesis that DTI values
did not differ between groups. First, we identified clusters of voxels with voxel-wise
significance p<0.05 and then corrected for multiple comparisons. To correct for multiple
comparisons we calculated the proportion of clusters of a given size from all voxels analyzed
within the whole brain under the null hypothesis for a nearest neighbor connectivity rule,
voxel-wise p-value of 0.05, and a Gaussian filter width (FWHM) of 220um. The FWHM
was chosen based on the average FWHMSs across each in-plane axis averaged across all mice
taking into account the underlying structure in the FA and MD volumes. Based on these
calculations we defined significant clusters at a threshold of 0.081uL corresponding to a
corrected p-value of 0.05 for multiple comparisons. This further corresponds to the expected
number of falsely detected clusters under the null hypothesis of no group difference. Mean
values for each analysis type (i.e., FA and MD) were extracted from each significant cluster,
in addition to radial and axial diffusivity values, to calculate effect sizes and better interpret
the diffusivity patterns between groups. Anatomical locations for each significant cluster
were localized using the WHS atlas (Johnson et al., 2010), Paxinos and Hamilton atlas
(Paxinos and Franklin, 2001), and Allen mouse brain atlas, available online at http://
www.brainmap.org/. Cohen’s d effect size parametric maps were also calculated across the
whole brain from the T-tests for FA and MD.

For immunohistochemistry analyses the association between MD and calbindin-1
immunoreactivity intensity was examined within the dorsal hippocampi defined by the WHS
Atlas labels using linear regression. Similarly, the association between MD and DAT
immunoreactivity intensity was examined within the caudate-putamen. Because interpreting
abnormal MD as a marker of tissue damage is less controversial in gray matter than are
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interpretations based on FA, only analyses involving MD are reported (Beaulieu, 2002).
Given the limited sample sizes used for immunohistochemistry analyses, it is unlikely that
statistically significant differences in correlation between the METH exposed and saline-
exposed groups would be detected. Therefore only correlations for the METH group are
reported. Specifically, effect size maps (R2) were created with the direction of the
association preserved to examine the relationship between MD and immunohistochemical
markers within the METH group. A per-voxel threshold of +0.25 R? was applied to limit
interpretation to large effect sizes accounting for at least 25% of the variance (Cohen, 1988).
A threshold of 0.081uL was applied to effect size clusters within the region of interest to
examine spatially continuous clusters of effect similar to our main analyses.

3.1. Fractional anisotropy

Individual mouse FA maps were checked to examine registration to the WHS atlas. The
highest FA values, in the range of 0.5-0.7, were constrained to voxels within the WHS
corpus callosum, optic chiasm, external capsule, and internal capsule demonstrating good
correspondence to WHS atlas space. This was also true for voxels entirely within these white
matter tracts in native space (i.e., range of 0.5-0.8). Figure 2a illustrates Cohen’s d effect
size parametric maps for differences in FA between METH and saline groups within the
whole brain highlighting both increased and decreased FA within different regions. Table 1
presents clusters where there was a significant difference in FA with a corrected p-value
<0.05; as well as axial and radial diffusivity values to facilitate interpretation of FA changes,
and effect sizes for all variables. There was significantly increased FA in several regions
within the frontal isocortex, hippocampus, amygdala, lateral thalamus, and genu of the
corpus callosum extending into the motor area in the METH group. By contrast, decreased
FA was observed in other posterior regions within the midbrain, medial thalamus, posterior
forceps of the corpus callosum extending into the subiculum, and internal capsule extending
into the caudate-putamen (Figure 2c and Table 1). As FA is a standardized metric of the
degree to which water movement is not equidimensional, increases or decreases to FA may
be due to different patterns of change to the underlying geometry of the ellipsoids. Figure 3a
presents two examples of increased FA from our results comparing the isocortex to the
hippocampi (see discussion) and one example of decreased FA. Increased FA in the METH
group compared to the saline group within the isocortex was due to greater reductions in
radial versus axial diffusivity; whereas in the increased FA in bilateral hippocampi were due
to increased axial diffusivity. In the example of the corpus callosum extending into the
subiculum, decreased FA resulted from reduced axial and increased radial diffusivity. To aid
in the interpretation of the significant FA effects, values for radial and axial diffusivity are
presented in Table 1.

3.2. Mean diffusivity

Figure 2b illustrates non-threshold Cohen’s d effect size parametric maps for a separate
analysis examining differences in MD between METH and saline groups within the whole
brain. Table 2 presents clusters where there was a significant difference in MD with a
corrected p-value <0.05; as well as axial and radial diffusivity values to facilitate
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interpretation of FA changes, and effect sizes for all variables. There was significantly
increased MD in several posterior regions in the isocortex and in hippocampi, hypothalamus,
caudate-putamen, cerebral peduncle and internal capsule extending into the amygdala, and
genu of the corpus callosum extending into the anterior cingulate in the METH group.
Alternatively, decreased MD was observed only in two regions overlapping with clusters of
increased FA in the frontal isocortex (Figure 2c and Table 2). Figure 3b presents an example
of increased MD in METH-exposed mice compared to saline control mice within the
caudate-putamen. In this case axial and radial diffusivity increased by similar amounts.
Table 2 presents axial and radial diffusivity findings along with the MD effects.

3.3 Immunohistochemistry

Figure 4 presents the associations between MD and calbindin-1 and DAT immunoreactivity
intensities with the METH-exposed group. Given the limited sample size of the
immunohistochemical assays we focused our analyses on effect sizes within the METH-
exposed sample. Large effects were observed such that increased MD was associated with
decreased calbindin-1 in the dorsal hippocampi among mice exposed to METH. Large
effects were also observed in the caudate-putamen such that increased MD was associated
with increased DAT among mice exposed to METH.

4. Discussion

Using /n vivo DTI we demonstrated long lasting spatially distinct patterns of change in the
brain tissue of mice previously exposed to a one-month METH binge regimen compared to
saline controls. Contrary to the hypothesis that METH-induced tissue damage would lead to
decreased FA coupled with increased MD, we found that METH exposure induced
significantly increased FA in the frontal areas of the isocortex including the motor and
somatosensory areas, as well as the genu of the corpus callosum. Increased FA was also
observed in medial temporal lobe structures, such as the hippocampus and amygdala, as well
as lateral aspects of the thalamus. In contrast to these findings, decreased FA was observed
in posterior forceps of the corpus callosum, internal capsule, subiculum, caudate-putamen,
medial aspects of the thalamus, and midbrain gray matter consistent with METH-induced
tissue damage. When examining MD, we found many areas demonstrating significantly
increased diffusivity in more posterior cortical areas including visual, auditory, perirhinal,
and ectorhinal areas and the caudate-putamen, dorsal and ventral hippocampi, amygdala,
hypothalamus, amygdala, cerebral peduncle, internal capsule, and the genu of the corpus
callosum. Areas of significantly decreased MD overlapped with significant clusters of
increased FA in the motor and somatosensory areas.

Overall, four distinct patterns of FA and MD change between METH-exposed versus saline-
treated control mice were observed: 1) decreased FA with no change in MD, 2) increased
MD with no change in FA, 3) increased FA with decreased MD, and 4) increased FA with no
change or increased MD. The decreased FA and increased MD findings are consistent with
and extend what has been observed in human studies that demonstrate METH-induced tissue
damage, though analyses have been limited to select regions. For example, in humans
decreased FA has been reported in the corpus callosum (Tobias et al., 2010) and increased
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MD in the caudate (Alicata et al., 2009). Here, we observed the same pattern in similar
regions in mice. However, we also observed decreased FA and/or increased MD in many
other cortical grey matter regions not currently investigated in human DTI studies. These
regions have been found to be vulnerable to METH exposure from human volumetric MRI
studies and mouse immunohistochemical studies including the hippocampi (Cadet et al.,
2005; Cunha-Oliveira et al., 2008; Thompson et al., 2004) and posterior cortical regions
(Jernigan et al., 2005). Interestingly, we found evidence for increased FA and decreased MD
in overlapping frontal cortical regions and mixed findings of increased FA and MD in
distinct regions of the hippocampi. It is important to note that inferences on neural
microstructure from DTI rely on acquired geometric information and changes to FA can be
due to a variety of changes on the underlying geometry. For example, when examining radial
and axial diffusivity measures in regions of increased FA in frontal isocortex versus
hippocampi two different interpretative patterns emerged. In frontal regions increased FA
was due to a reduction in both axial and radial diffusivity, but a greater reduction in radial
diffusivity. Alternatively, increased FA in the hippocampi was primarily due to increased
axial diffusivity (see Figure 3a). Thus, increases to FA may be due to different mechanisms
in how METH affects cell structure in imaging voxels such as apoptosis versus astrocytosis.
However, there is little data in METH-exposed animals or METH-dependent humans
directly linking DTI findings to immunohistochemical characterization of cellular changes
associated with METH exposure.

Our immunohistochemical findings suggest two possible mechanisms for METH-induced
changes to MD in the caudate-putamen and dorsal hippocampus. Within the hippocampus,
we found that decreased calbindin-1 was associated with increased MD in METH-exposed
mice. It is possible that METH damages neuronal homeostasis through interrupting
intracellular calcium signaling leading to tissue damage and, thereby increased diffusion of
water as measured by DTI. Loss of calbindin interneurons in the hippocampus and/or the
frontal cortex has been reported after exposure to a neurotoxic METH regimen in rats
(Kuczenski et al., 2007) and was associated with cognitive deficits in METH users with HIV
(Chana et al., 2006) and aged mice (Soontornniyomkij et al., 2012). Previously, we reported
that spatial learning was impaired in METH-exposed mice including a subgroup of mice
used in this study (Kesby et al., 2015b). Specifically, we found that methamphetamine
exposure impaired spatial strategy during the Barnes maze test acquisition trials, indicating
METH-induced hippocampal dysfunction. In this study, we found large METH effects in
MD and FA within the hippocampus of a subset of these mice suggesting that DTI can be
used to identify the neural substrate of behavioral deficits induced by METH, such as spatial
learning. Given that hippocampal DTI changes were also associated with intensity of
calbindin-1 expression, /n vivo DTI may be an informative way to translate cellular to
behavioral changes through examination of brain microstructure at the neural systems level
of analysis.

Within the caudate-putamen, increased DAT was associated with increased MD in METH-
exposed mice. Considering that the dopaminergic neurotoxicity effects of METH in
dopamine pathways in the caudate-putamen are mediated by DAT (Fumagalli et al., 1998), it
may be that increased tissue damage, as measured with MD, in METH-exposed mice is
induced by increased DAT levels. However, loss of DAT during METH exposure with
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significant recovery following protracted abstinence has been documented (Volkow et al.,
2015). Given that our cross-sectional DTI scan and immunohistochemical analyses were 3—4
months after METH exposure it is unclear what the change in DAT levels were in our
sample. Further research is needed to link the heterogeneous neural impact of METH found
in DTI analyses with immunohistochemical and behavioral assays.

The biological boundary model suggests several additional testable biophysical hypotheses
to explain the observed FA/MD patterns. For example, increased MD would be indicative of
impaired membrane integrity such as demyelination or loss of cellular processes leading to
increased diffusion. When interpreting human DTI data, investigators have speculated that
increased “glial cellularity” or cell volume might lead to increased anisotropy and lower
diffusivity due to increased extra-neuronal volume caused by glial activation in response to
neuroinflammation (Alicata et al., 2009). Further, axonal growth or increased density of
cellular processes in response to acute METH effects may lead to increased FA and/or
decreased MD. Lastly, METH may cause increased intercellular swelling from cytotoxic
edema leading to reduced radial diffusivity and thus increased FA and decreased MD.
Animal studies provided some support for the membrane boundary model in explaining the
potential impact of METH on the brain. Specifically, a limited yet instructive literature is
available for cocaine-exposed rodents. Cocaine-exposed rats show lower FA in the genu and
splenium of the corpus callosum and in the internal capsule (Narayana et al., 2009;
Narayana et al., 2014). Myelin basic protein was reduced in the splenium of the corpus
callosum and both myelin basic protein and neurofilament-heavy protein was reduced in the
internal capsule (Narayana et al., 2014). The joint observation of lower FA and myelin basic
protein supports the inference from the membrane boundary model that lower FA in white
matter is associated with myelin loss. Evidence of increased expression of growth associated
protein-43 in rats exposed to cocaine suggests that compensatory growth of axons and
terminals, perhaps increasing density of neural processes, is possible and might alter FA
values (Clarke et al., 1996; Narayana et al., 2014). In a rat traumatic brain injury model,
increased FA in gray matter was associated with a very large increase in glial fibrillary
acidic protein, with a smaller reduction in microtubule associated protein 2, supporting a
prominent contribution of gliosis to increased FA (Budde et al., 2011). The authors
speculated that the capacity of gray matter astrocytes to elongate as they activate might have
caused the increase in FA.

There were some study features that limited interpretation of the data. DTI is limited to
measuring both extracellular and intracellular water diffusion (Basser, 2006). As such,
studies linking immunohistochemical markers with DTI will be vital in understanding what
underlying mechanisms lead to changes in diffusivity patterns, which can then be translated
to human MRI and behavioral studies. Within a subset of our METH-exposed sample we
examined two immunohistochemical markers (DAT and calbindin-1) providing preliminary
evidence for mechanisms that may cause DTI changes in the caudate-putamen and
hippocampi. However, additional histology in multiple neuronal regions is needed to fully
understand our DTI findings. While our analytic approach allowed us to examine clusters of
differences between METH and saline control groups within the whole brain, several
clusters involving the white matter also included surrounding gray matter. This is due, in
part, to our voxel resolution as well as the anatomical structure of white matter in the mouse
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brain leading to partial volume effects. Further, MRI was conducted 3-4 months following
the binge regimen and thus did not capture the early effects of METH withdrawal. However,
our work highlights the long-lasting effects of exposure to a METH binge regimen on the
brain with medium to large effect sizes observed.

A strength of animal research is the ability to conduct tightly controlled experiments.
Human METH studies inherently suffer from variability in drug use variables and
heterogeneous samples. The present studies examined mice with identical genetic
backgrounds treated similarly with the exception of METH versus saline dosing providing
increased specificity of the METH effects on the brain compared to human studies. The
present findings highlight distributed and differential METH effects within white and grey
matter. This is not surprising given the diverse findings from basic neuroscience experiments
suggesting that METH affects the brain through multiple pathways. As such, multifaceted
immunohistochemical studies linking staining markers to DTI changes in METH-exposed
mice are needed to clarify the cellular mechanisms underlying DTI findings. These future
studies are likely to elucidate the etiology of MRI signal changes that can be then translated
to human clinical samples. Our findings suggest that examination of microstructural changes
in cortical regions with DTI could prove fruitful in human studies. Finally, our results
support the use of DTI as an important translational tool able to be used with humans and
animals.
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Highlights
e We examined brain microstructure with /n vivo diffusion tensor imaging of mice

e A methamphetamine binge regimen produced long lasting microstructural brain
changes

«  Four different patterns of signal change were observed in white and gray matter
» Findings highlight distributed and differential methamphetamine effects

»  Methamphetamine likely changes brain tissue differentially depending on tissue
type
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Experimental Design. METH: Methamphetamine; MRI: Magnetic Resonance Imaging.
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Globus Pallidus Internal Capsule I Overlapping Cluster

Figure 2.
Comparison of methamphetamine (METH) exposed mice to saline control mice. All images

are coronal slices in neurological view (left side of brain is the left hemisphere). A)
Fractional anisotropy (FA) parametric maps and B) Mean diffusivity (MD) parametric maps
demonstrating Cohen’s d effect sizes. Maps were resampled to 100um isotropic and
smoothed full width half mass by 150um for presentation. Positive values reflect higher
FA/MD in the METH sample compared to saline sample and negative values represent lower
FA/MD in the METH sample. C) Clusters where differences were significant at a corrected
p-value of 0.05.
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Saline Methamphetamine
A. Left Motor and Somatosensory Areas
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following METH

AFA=0.124
AAD =0.175
ARD =-0.015
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following METH
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Figure 3.
Examples of group averaged diffusivity and fractional anisotropy values demonstrating the

geometric shape of ellipsoids. Average axial diffusivity values were used for the A1 axis and
radial diffusivity values were used for A2 and A3 axes as radial diffusivity is the average of
A2 and A3 represented by the circle next to ellipsoid. A) Two example regions demonstrating
increased fractional anisotropy in methamphetamine-exposed mice compared to saline
control mice and one example region demonstrating decreased fractional anisotropy B) One
example region demonstrating increased mean diffusivity in methamphetamine-exposed
mice. METH: methamphetamine; FA: fractional anisotropy; MD: mean diffusivity; AD:
axial diffusivity; RD: radial diffusivity.
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A. Calbindin-1

B. Dopamine Transporter
B1

Figure 4.
Representative immunoreactivity patterns for A1) calbindin-1 in the dorsal hippocampal

formation and B1) dopamine transporter in the caudate-putamen from the same mouse brain.
Arrows indicate the lateral borders of hippocampal CA1 (A1) and caudate-putamen (B1) in
coronal plane. Scale bars = 300um. Associations between A2) mean diffusivity and
calbindin-1 in dorsal hippocampus; and B2) mean diffusivity and dopamine transporter in
caudate-putamen. R2 values have the sign of the correlation preserved to illustrate
directionality and were thresholded at R? + 0.25. The same cluster threshold used in the
main analyses of 0.081uL was then applied. Images are coronal slices in neurological view
(left side of brain is the left hemisphere). Maps were resampled to 100um isotropic and
smoothed full width half mass by 150um for presentation. Positive values represent a
positive relationship between mean diffusivity and immunoreactivity intensities, and
negative values a negative relationship.
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