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Abstract
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How amphetamine affects the neuroglia in living brains is not well understood. In an effort to elucidate
this effect, we investigated neuroglia in response to amphetamine exposure using antisense (AS) or
sense (S) phosphorothioate-modified oligodeoxynucleotide (sODN) sequences that correspond to glial
fibrillary acidic protein (GFAP) mRNA (AS-gfap or S-gfap, respectively) expression. The control is a
random-sequence sODN (Ran). Using cyanine 5.5-superparamagnetic iron oxide nanoparticle (Cy5.5SPION) labeling and fluorescent microscopy, we demonstrated that living neural progenitor cells (PC12.1), as well as the cells in fresh brain slices and intact brains of male C57BL6 mice, exhibited
universal uptake of all of the sODNs but rapidly excluded all sODN-Ran and most S-gfap. Moreover,
transmission electron microscopy revealed electron-dense nanoparticles only in the neuroglia of normal
or transgenic mice [B6;DBA-Tg(Fos-tTA, Fos-EGFP*)1MmayTg(tetO-lacZ,tTA*)1Mmay/J] that had
been administered AS-gfap or Cy5.5-SPION-gfap. Subtraction R2* maps from mice with acute and
chronic amphetamine exposure demonstrated, validated by postmortem immunohistochemistry, a
reduction in striatal neuroglia, with gliogenesis in the subventricular zone and the somatosensory
cortex in vivo. The sensitivity of our unique gene transcript targeted MRI was illustrated by a positive
linear correlation (r2=1.0) between in vivo MRI signal changes and GFAP mRNA copy numbers
determined by ex vivo quantitative RT-PCR. The study provides direct evidence for targeting neuroglia
by antisense DNA-based SPION-gfap that enables in vivo MRI of inaccessible tissue with PCR
sensitivity. The results enable us to conclude that amphetamine induces toxicity to neuroglia in vivo,
which may cause remodeling or reconnectivity of neuroglia.—Liu, C. H., Yang, J., Ren, J. Q., Liu, C.M., You, Z., Liu, P. K. MRI reveals differential effects of amphetamine exposure on neuroglia in vivo.
Keywords: drug delivery, molecular MR imaging, nanomedicine, gliogenesis
Drug abuse is a major public health problem with a wide range of negative health, economic, and

social consequences. One of the most commonly abused types of drugs is amphetamine, a
psychostimulant sometimes used as a performance enhancer to increase alertness and focus and which
may induce anxiety and psychosis (1). Patients with a history of heart disease or hypertension and users
of monoamine oxidase inhibitors may experience life-threatening complications if exposed to
amphetamine. The effects of amphetamine use or abuse on brain development may last for many years,
and chronic amphetamine exposure in animals and humans is known to cause hyperthermia and
apoptosis (2–4), as well as leakage of the blood-brain barrier (BBB; ref. 5). However, the effect of
amphetamine on neuroglia is not well understood, and somewhat controversial. Although there is
research evidence that chronic amphetamine exposure activates striatal gliosis (6) and overproduction
of cytokines from microglia (7), autopsy results from human methamphetamine users have not
supported those observations (8). We chose to investigate the effect of amphetamine exposure on the
neuroglia, as these cells play critical roles in modulating injury repair, neuronal migration, and axonal
growth during nervous system development, and in facilitating neurotransmitter transport, BBB
integrity, blood flow regulation, metabolic balance, iron homeostasis, and immune response. Neuroglial
function is also known to be a factor in learning processes, stress responses, and mental health, as well
as in the development of drug addiction, cancer, psychiatric, and neurological disorders, and
neurodegenerative diseases (9–12).
Neuroglia uniquely express glial fibrillary acidic protein (GFAP), a key protein-based biomarker of
gliosis and gliogenesis, in response to amphetamine exposure, cerebral ischemia, and traumatic brain
injury, and in the pathological development of glioma, retinopathy of diabetes, and Alzheimer's disease
(13, 14). Considering the limitations of current studies seeking to delineate therapeutic response by
using neuroglia in culture, the ability to detect glial pathology in vivo would allow us to understand
glial reaction to chemical exposure and to realize the potential of this important biomarker to improve
understanding of brain diseases, and, in turn, enable early diagnosis and optimal clinical intervention.
Because GFAP antigen is longer lasting than its mRNA, assay techniques based on GFAP antigen do
not necessarily reflect amphetamine toxicity in humans. We sought to use small antisense DNA for
GFAP mRNA.
Small, nuclease-resistant DNA, i.e., phosphorothioate-modified oligodeoxynucleoide (sODN), or
peptide-modified ODN (pODN) with a sequence complementary to endogenous mRNA, has been
shown to effectively transfect neural cells to report gene transcript activity in living brains (15–17).
However, as many investigators have reported, factors such as membrane permeability, retention, and
off-target effects present significant hurdles in these approaches (18, 19). On the basis of our previous
work (20), as well as the results published by others, we have customized MR contrast probes that
contain conjugates of sODN and superparamagnetic iron oxide nanoparticles (SPIONs; a T2 MR
susceptibility contrast agent coated with dextran, ∼30 nm i.d.) to label specific gene transcripts in vivo
(21).
Recent developments in MR hardware and acquisition methodology, as well as contrast agents, have
enabled high-resolution anatomical, functional, and molecular brain imaging in living subjects. A
relatively safe technology, MRI has an excellent depth of penetration (22). Nanoparticle-enhanced MRI
is highly sensitive and has been used in preclinical and clinical disease models to track neural cells in
vivo following stem cell therapy (23–25). MRI measures the relaxation time of proton spins in tissue
water when an external magnetic field (B0) is applied; the presence of a contrast agent in the tissue
alters the longitudinal (T1) and transverse (T2) relaxation times, or rate of relaxivity (R1 or R2,
respectively), and the resulting MR image shows the difference of these parameters. Shimming prior to

data acquisition in a 9.4-T MR system can temporarily reduce the potential contribution of noise from
static B0 inhomogeneity.
Given that neuroglia specifically express GFAP and its mRNA, neurons serve as a naturally occurring
GFAP-null- or GFAP-knockout-equivalent cell strain in normal conditions. We showed here that
accurate base pairing enables specific hybridization between sODN and mRNA, and hence creates a
window for real-time imaging of the changes in intracellular mRNA or in cell populations that express
the unique mRNA. Furthermore, we applied this technology to provide direct evidence to show that
GFAP mRNA tagging with an MR contrast agent can report glial populations in vivo that reflect
autopsy reports of amphetamine users.

MATERIALS AND METHODS
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Animals and housing
All of the procedures used in this study were approved by the Massachusetts General Hospital
Subcommittee on Research Animal Care, the institutional animal welfare committee, in accordance
with the Public Health Service Guide for the Care and Use of Laboratory Animals. Adult C57BL6
male mice (Taconic Farm, Germantown, NY, USA) or transgenic mice [B6;DBA-Tg(Fos-tTA, FosEGFP*)1MmayTg(tetO-lacZ,tTA*)1Mmay/J; Jackson Laboratories, Bar Harbor, ME, USA], 2 to 3 mo
of age (23±2 g body weight), were kept in cages with sawdust bedding, in a room with controlled light
cycles (12-h light-dark). All animals had free access to water and were fed standard laboratory chow.
Mice were trained, operated on, and tested in a randomized manner; an observer performed the
behavioral testing in a blinded procedure.
Nomenclature of MR probes
For consistency with standard nomenclature, which specifies the use of capital letters for proteins, we
use lowercase letters to denote mRNA-targeted probes (SPION-gfap) and uppercase letters to denote
potential antigen-targeted probes, which we will develop and present at a later time. All sODNs are
antisense in orientation, unless otherwise specified. We use the term SPION-Ran to denote probes with
a random (scrambled) sequence. Intracellular antisense sODN remains intact for ≥8 h (20, 31).
Preparation of SPION-sODN
We functionalized and linked fresh SPION (Molday Ion, CL-30Q02-2; BioPhysics Assay Laboratory,
Worcester, MA, USA) to NeutrAvidin (NA) using Schiff-base reaction to form SPION-NA with a
stoichiometric ratio of 0.5 or 10 mg NA/20 mg SPION. We synthesized a 5′-biotin-labeled sODN of
antisense (AS)-gfap (5′-gtctccgctccatcctgccc-3′-biotin) that targets GFAP mRNA of the mouse (26).
The sequence for ODN of sense (S)-gfap was 5′-gggcaggatggagcggagac-3′-biotin. The biotinylated
sODNs of AS-gfap and SPION-NA were conjugated via NA-biotin linkage, forming SPION-gfap. As
in our previously published studies, we used an intracerebroventricular (i.c.v.) injection procedure to
deliver the probe to the brain in the live mice (27).
Delivery and experimental design
After administering general anesthesia (2% halothane in pure oxygen, 800 ml/min free breathing) to
each mouse, we delivered SPION-gfap or other control SPION-sODNs (1 µg Fe or 3 pmol sODN per
mouse of 25 g) via an i.c.v. route, using a stereotactic guide (L: −1 mm; P: 0.3 mm; D: −3/5 mm,

bregma). In addition to autoshimming before each scan to reduce signal inhomogeneity resulting from
B0, we used the following design for each MR acquisition, in order to determine whether the 9.4-T MR
system itself contributed significantly to variation in MRI data acquired on different dates. On each
MRI acquisition day, we included a control group along with the experimental (amphetamine-treated)
mice. We delivered SPION-gfap to ≥4 but ≤8 mice, with 2 mice reserved as controls (without
amphetamine). We acquired ≥5 brain slices (0.5 mm each) from each mouse as described previously
(21). Comparing the data from mice in the control group to assess potential variation, we found that the
average and SD for each region of interest (ROI) in the 5 brain slices were not statistically significantly
different (t test, P>0.05). Furthermore, the means ± SE of the two controls were not statistically
different from those of previous control groups that received similar treatment on different days. By
analyzing the accumulated data from control mice scanned on different days, as well as from different
litters, we can examine within- and between-litter differences, as well as spikes of inhomogeneity
related to B0. To determine the overall number of mice required for each experiment (to achieve
P=80%; α=0.05%), we performed power analysis using the means ± SE from the experimental group
and the control group scanned each day. By using power analysis to calculate sample size, we are able
to minimize type II error. Once we completed MRI scans on the minimum number of mice, we
performed statistical analysis (see below).
Transfection of sODN to pheochromocytoma-12.1 (PC-12.1) cells
The ability to transfect cells grown in culture would demonstrate the homogenous or inhomogeneous
distribution of ODN to all cells, with equal chance for retention. Our previous studies that aimed to
demonstrate transfection in primary neuronal cultures for sODN uptake were not conclusive, partially
due to the instability of gene expression in primary neural cultures. Therefore, we modified our
methods to examine cultures of rat PC-12.1 cells, multipotent neural crest cells (28) that express GFAP
mRNA. The PC-12.1 cells, which we purchased from a commercial source (American Type Culture
Collection, Manassas, VA, USA), were seeded overnight (100 cells each) in 3 ml of F-12 medium
(ATCC) with 2.5% FCS and 15% horse serum (Gibco, Grand Island, NY, USA) in a glass-bottom dish
without polylysine coating (MatTek Corp., Ashland, MA, USA); they were incubated at 37°C, in
humidified air with 5% CO2 for ≥2 d. We transfected sODNs [cyanine 3 (Cy3)-AS-gfap, Cy5-S-gfap or
fluorescein isothiocyanate (FITC)-Ran in 3 µl saline without liposomes] to PC-12.1 to a final
concentration of 10–30 nM, and returned the dish to the incubator for 3 h. We terminated transfection
by changing the culture medium twice with fresh prewarmed medium and transferred the dish to a
miniature incubator chamber (model INU-UK-F1; Tokai Hit Inc., Shizuoka, Japan) on the stage of an
upright microscope (Olympus, Lebanon, NH, USA). We acquired live-cell images of sODN uptake and
retention at different time points, for up to 24 h, using automatic time-lapse photography with constant
exposure time and image gain (CellSense Imaging Software; Olympus). Representative cell images
were cropped and processed using Adobe Photoshop CS2 (Adobe Systems, San Jose, CA, USA); the
intensities of images were not altered.
Transfection of sODN to ex vivo brain tissue
Brain slices (60 µm) from C57BL6 mice were prepared using a vibratome (VF200; Precisionary
Instruments, San Jose, CA, USA) and incubated in an uncoated glass-bottom dish (MatTek) in artificial
cerebrospinal fluid or F-12 medium containing 10% horse serum at 37°C, in humidified air with 5%
CO2. We added sODNs (10 nM), Cy5.5-labeled SPION or SPION-gfap (0.5 µg Fe/dish, without
liposomes) to brain slices in the miniature incubator system (Tokai Hit). After 30 min, we washed the

culture medium twice to stop transfection (see above). Time 0 marks the time sODNs or MR probes
were washed from the cells, and we acquired live-cell imaging for sODN uptake and retention before
and after changing the culture medium.
MRI acquisition procedure and image signal determinations
All MRI in vivo acquisitions were performed using a 9.4-T horizontal scanner (Bruker-Avance System;
Bruker BioSpin Corp., Billerica, MA, USA). High field strengths of ≥9.4 T provide excellent signal-tonoise and MRI resolution for in vivo imaging of live small animals. With proper shimming to fine-tune
each acquisition, as well as preexclusion of data from mice that show variant baseline MRI, an increase
in the transverse relaxation rate of proton spins (ΔR2*) has been shown to be proportional to vascular
iron concentration (29). However, high-field MRI is also very susceptible to field inhomogeneity, and
acquisition of T2*-weighted images, such as those we acquired in this study, requires special attention,
as described here. The mice were anesthetized with 2% halothane in oxygen during scanning at 9.4 T.
The protocols that we used for MRI acquisition, R2* map construction, and data analysis have been
described in detail previously (30, 31). Briefly, we acquired a series of gradient echo images of ≥5
brain slices from each mouse, with incremental echo spacing (TE) to compute R2* maps (TR=500 ms,
TE=3, 4, 6, 8, 10 ms, 200×200×500 µm3 resolution, flip angle of 30°, image averaging of 2). To obtain
maximum field strength homogeneity inside the gradient for signal sensitivity and reproducibility, we
performed automatic or manual shimming before scanning each mouse. We acquired MRI before
(baseline) and 6 h after SPION delivery.
Data processing for MR image alignment, R2* map calculation, and ROI analysis
The series of gradient echo images with constant TR and incremental TE values were first aligned to
template images using the JIP fMRI Analysis Toolkit [available from the U.S. National Institutes of
Health (NIH) Neuroimaging Informatics Tools and Resources Clearinghouse (NITRC) website,
http://www.nitrc.org/projects/jip]. Briefly, the images were automatically and manually aligned using
12 degrees of freedom: 3 each for rotation, translation, inflation, and skew. We fine-tuned the image
alignment by visual comparison to the template images, focusing on obvious landmarks, such as the
corpus callosum and outlines of the ventricles, and then constructed R2* maps from the aligned images
by pixelwise linear fitting of M = Mo × exp (−TE/T2*); R2* in each pixel was computed from the T2*
value (R2* = 1/T2* ms × 1000, s−1). As part of the ROI analysis, we extracted mean R2* values from
the brain regions contralateral to the punctured hemisphere, according to The Mouse Brain in
Stereotactic Coordinates (32) and using the MRVision image analysis software package (MRVision,
Winchester, MA, USA). The mean ± SE R2* values of each ROI were calculated in each group and
compared to prescan R2* (baseline) values using a t test (P≤0.05). We used a post hoc power analysis
to compute the sample size required, in order to avoid type II error (P=80% at α=0.05). ΔR2* values
were computed with reference to baseline R2* and were calculated as percentage increase maps: (A8 −
A1)/A1 × 100%.
Contrast-to-noise ratio (CNR)
CNR is defined as the ratio of the difference between two image signals to the square root of the
standard deviation of the background noise. For our purposes, R2* maps from preinfusion, or baseline,
brains showing endogenous iron levels serve as the background, and their SD values are the noise to
R2* maps of brains containing SPION-sODN. Therefore, we defined the CNR representative of

SPION-gfap uptake in each ROI, and at any given time point, as the change in contrast, i.e., ΔR2*
(R2*SPION-sODN − R2*baseline) divided by noise (SD−1/2 of R2* within the same ROI in baseline
brains).
MR microscopy ex vivo
We acquired ex vivo MRI data using a 14-T vertical bore MRI scanner (Bruker Avance System). Brain
samples were prepared and imaged using the procedure we have described in our previously published
studies (30). Briefly, we delivered SPION-gfap to mice under general anesthesia, then perfused and
collected the brains 1 d after i.c.v. delivery (27). We immersed the whole mouse brain in a 1-cm NMR
tube filled with FC-40 solution, which nulls the background signal. We acquired 3-dimensional highresolution T2*-weighted images to delineate brain structures and visualize SPION, which causes a
reduction in the MR signal. The total scan time was ∼12 h (FLASH sequence, TR/TE=50/18 ms,
50×50×100 µm3, flip angle of 20°, image averaging of 24).
Transfection and uptake in vivo
We infused Cy5-AS-gfap (120 pmol/kg, i.c.v.) to the lateral ventricle of the brain in normal mice (n=3)
or transgenic mice [B6;DBA-Tg(Fos-tTA,Fos-EGFP*)1Mmay Tg(tetO-lacZ,tTA*)1Mmay/J, a GFPproducing strain under the c-Fos-promoter; n=2] or FITC-AS-gfap to normal mice (n=4). At 6 h after
delivery, we collected mouse brain samples, then flash-froze them in n-butanol on a flotation disk
(aluminum, 2×2 inch) above liquid nitrogen. To examine the samples for sODN uptake, we sectioned
the tissue samples in 20-µm sections using a cryostat sectioner. Following a 15-min postfix with freshly
prepared ice-cold 4% paraformaldehyde (PFA) in PBS, we rinsed the tissue samples in saline and
distilled water. Sections were stained for glia; we used propidium iodide to stain for nuclear DNA in
tissue samples obtained from transgenic mice, and rhodamine (Rhd)-labeled rabbit antibody against
GFAP protein in tissue obtained from normal mice. We examined the fluorescence from FITC-AS-gfap
(max emission 525 nm, green), Cy5-AS-gfap (max emission 662 nm, violet), or propidium iodide (max
absorbance 546 nm, red) using an Olympus fluorescent microscope with compatible filters.
Transmission electron microscopy (TEM)
We delivered SPION-gfap (40 µg/kg, i.c.v.) and prepared the mice for TEM examination 4 h later. A 1mm cube of brain tissue was excised under a dissection microscope, then incubated in freshly prepared,
ice-cold fixative of 2% PFA and 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4, 4°C,
overnight). The sample was rinsed in 0.1 M phosphate buffer at room temperature. Each sample was
coded with a number, and all of the samples were transferred to the Histology Core Facility of the
Systems Biology Division at Massachusetts General Hospital for TEM sample preparation and image
acquisition (33). The samples were prepared according to procedures in the literature (34). Data
acquisition was coded in a blinded procedure, and the coded photographs were delivered to and
decoded by the senior principal investigator.
Gene transcript copy number by RT-PCR ex vivo
We extracted the total RNA from the brain tissue of each mouse using RNeasy lipid tissue mini kit
(Qiagen, Valencia, CA, USA); all buffers were supplied in the kit. For RT-PCR, we obtained total RNA
from striatal or hippocampal tissue from 3 groups of mice that were administered saline (SAL; control,
n=4) or amphetamine, in 1 dose (A1, n=4) or in 8 doses (1 amphetamine dose every other day, A8,

n=5). The total RNA from each mouse was reverse-transcribed using oligo (dT)25 and the SuperScript
III first-strand synthesis system (Invitrogen Life Technologies, Carlsbad, CA, USA). The initial RNA
concentration in each sample was determined by OD260 and then converted to the total amount of
RNA. Preparation of striatal tissue from one side of each mouse brain yielded 2.8 ± 0.9 µg total RNA
in 40 µl of solution. From each sample, we used 280 ng, or 4 µl, total RNA to synthesize cDNA in 20
µl of total volume of buffer solution; 1 µl of this solution was used for PCR. Because gfap mRNA is
relatively abundant, we used 40 PCR cycles. The mRNA copy number by PCR was performed using a
TaqMan probe-based assay (Applied Biosystems, Foster City, CA, USA) for GFAP (assay ID:
Mm01253034_m1). We used β-actin (assay ID: Mm02619580_g1) as the internal control. We carried
out relative quantification of the mRNA using standard SDS software, which is based on ΔΔCt models
(35). Using exported raw data from the SDS software, including fluorescent reading vs. cycle numbers,
we determined the absolute mRNA copy number in the tissue using a computer algorithm developed by
Smith et al. (36); this algorithm is publicly accessible from the NIH website
(http://www.niehs.nih.gov/research/resources/software/pcranalyzer).
Histology and immunohistochemistry
Immediately following MR acquisition, the mice were transcardially perfused with freshly prepared
and pH-adjusted 0.1 M phosphate buffer (PB; 10 ml) followed by 4% PFA (50 ml) in 0.1 M PB (0.1 M
Na2HPO4/NaH2PO4, pH 7.4) (27, 30, 37). We removed and postfixed the brains in 4% PFA for 2 h,
and then placed them in 0.1 M PB (pH 7.4) and 0.05% NaN3 at 4°C. Coronal sections (40 µm) were
cut in a cryostat and kept in PB (pH 7.5) with 0.05% NaN3 at 4°C. Free-floating sections were rinsed
in PBS (0.1 M PB and 0.9% NaCl, pH 7.4). Sections were incubated for 30 min in 3% goat serum and
0.3% Triton X-100 in PBS and then incubated overnight in GFAP antibodies (1:1500 dilutions) at 4°C.
The next day, sections were washed 3 times in PBS, and then incubated for 2 h at room temperature
with 1:200 goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA, USA). Incubation for 1 h in
room-temperature avidin-biotin-peroxidase complex (ABC) solution (Vector Laboratories) followed,
and sections were then washed 3 times with PBS (10 min/wash) and developed for 7 min with 2 mg/ml
3,3′-diaminobenzidine tetrahydrochloride (DAB; Sigma, St. Louis, MO, USA). The secondary IgG can
be labeled with Rhd or Cy3 for direct detection.
Statistical analysis and goodness of fit of assay results
We assessed gene expression by comparing SPION retention with the gene copy number for each
paradigm, using GraphPad Prism IV software (GraphPad, La Jolla, CA, USA) to analyze the data. We
computed the means ± SE from the 5-slice averages of all mice in each group, and compared the
statistical significance of the experimental and control groups using a t test (1-tail, type II, or equal
variant). A value of P < 0.05 was statistically significant.

RESULTS
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Preferential retention of transfected sODN-gfap
We first transfected rat PC-12.1 progenitor cells with antisense sODN to gfap mRNA (Cy3-AS-gfap)
and acquired images at the termination of transfection (h 0) using time-lapse imaging for 21 h.
Figure 1A shows that PC-12.1 cells took up antisense Cy3-AS-gfap and retained it for ≥2 h with only a
slight reduction in intensity in the nucleus or cytoplasm. The signal lasted for several hours (not
shown). Because sODN with sense sequence has been widely used as a control in knockdown

strategies or in situ hybridization, we compared the uptake and retention of S-gfap corresponding to
gfap mRNA (Cy5-S-gfap, labeled with Cy5) to that of a random sequence (FITC-Ran); at the same
time and in the same dish, we tested a control with antisense sequence to histone deacetylase-5
(HDAC5) mRNA (Cy3-AS-hdac5). Figure 1B shows that PC-12.1 cells took up all sODNs during
transfection, although the intensity of Cy5-S-gfap and antisense Cy3-AS-hdac5 was stronger in the
nucleus than in the cytoplasm. We observed that FITC-Ran was no longer detectable at 20 min, but that
Cy5-S-gfap remained in PC12.1 cells, with strong nuclear intensity (Fig. 1C). We also found that PC12.1 cells excluded most of the Cy5-S-gfap at 70 min (not shown). We then compared the retention of
these three sODNs in fresh brain slices from C57BL6 mice, and observed the same results: neural cells
took up all three sODNs during transfection (Fig. 2A), but excluded FITC-Ran within 5 min after
transfection (Fig. 2B), and the same cells excluded most, but not all, Cy5-S-gfap within 10 min (Fig. 2
C, arrows).
Figure 1.
A) Rat PC-12.1 neural progenitor cells, in F12 medium with 10%
horse serum in a dish with a polylysine-free (noncoated) glass
surface, retained antisense Cy3-AS-gfap in the nucleus (solid
arrows) and cytoplasm (dashed arrows) for ≥2 h after transfection.
...
Figure 2.
Fresh living brain slices with thickness of 60 µm were harvested
and incubated in F12 medium with 10% horse serum in a dish with
a polylysine-free (noncoated) glass surface. A) We transfected 3
sODNs (each at 10 nM) as in Fig. 1. All sODNs were ...
Neural cells very selectively retain sODN-gfap in vivo
To demonstrate that neuroglial selectivity for SPION-gfap depends on the retention of AS-gfap, we
aimed to identify which cell types would retain AS-gfap. We transfected Cy5-AS-gfap (3 pmol sODN
per mouse, i.c.v.) to transgenic mice [B6;DBA-Tg(Fos-tTA, Fos-EGFP*)1MmayTg(tetOlacZ,tTA*)1Mmay/J] that produce GFP in c-Fos-expressing neural cells, allowing a 4- to 8-h period for
uptake after i.c.v. administration. We found that Cy5-AS-gfap (Fig. 3A1, purple pseudocolor) was
retained in neural cells smaller than 5 µm (Fig. 3, dashed arrows), and some of those cells expressed cFos-derived GFP. Most important, we observed no Cy5-AS-gfap in GFP-producing cells larger than 5
µm (Fig. 3A1, A2; circles). To validate the specificity of retention of AS-gfap, we compared the uptake
of SPION-gfap and SPION-NA. Specifically, we conjugated Rhd-AS-gfap-biotin to Cy-5.5-SPION-NA
and transfected fresh brain slices by adding Cy5.5-SPION-gfap or Cy5.5-SPION-NA directly to the
culture medium for 30 min. We observed that neural cells took up Cy5.5-SPION-gfap (Supplemental
Fig S1A) and Cy5.5-SPION-NA (Supplemental Fig S1B) in such a way that all cells exhibited intense
labeling. After repeated washings at the end of 30 min transfection, we found that neural cells excluded
Cy5.5-SPION-NA within 10 min after transfection, and retained Cy5.5-SPION-gfap for ≥90 min
(boxed area, Supplemental Fig. S1A). We did not observe cells labeled with Rhd-AS-gfap during this
period of time (not shown), indicating that Rhd-AS-gfap was conjugated to SPION. These findings,
therefore, demonstrated that SPION-gfap remained linked for ≥90 min. To confirm that the smaller
cells that retained SPION-gfap are neuroglia, we applied Rhd-IgGxGFAP to identify GFAP+ cells in

tissue samples ex vivo (27, 30, 37). Figure 3B1–B3 shows the localization of Cy5.5-SPION-gfap in
GFAP+ cells <5 µm in diameter. No neural cells >5 µm in diameter were identified as GFAP+ in Fig. 3
C (dashed arrows).
Figure 3.
We transfected Cy5-AS-gfap (5 pmol/mouse, i.c.v.; n=2) to live
transgenic (B6;DBA-Tg(Fos-tTA, Fos-EGFP*)1MmayTg(tetOlacZ,tTA*)1Mmay/J) mice that produce GFP in neural cells
expressing cFos. Because GFP induction requires c-Fos antigen,
we administered ...
Signal specificity for ex vivo MR microscopy by sODN-gfap or SPION-gfap
To further validate SPION-gfap in the neuroglia for MRI, we aimed to demonstrate no retention of
SPION-gfap in neurons. The dentate gyrus (DG) region of the hippocampus is known to have a unique
neuronal formation (GFAP−; Fig. 3C, solid arrows), with neuroglia (GFAP+; Fig. 3C, dashed arrows)
in the tissue surrounding the neuronal formation. Our hypothesis was that the neuronal formation in the
DG would not show negative MRI signal. We compared the signal reduction patterns in the DG in 3
groups of mice that received SPION-gfap, SPION-cfos (a control that would exhibit very minimal
signal reduction in neurons), or no infusion (control without expected signal change). We used a 14-T
MRI system to acquire 3-dimensional T2*-weighted MR microscopy in ex vivo mouse brains collected
1 d after infusion of SPION-gfap or SPION-cfos (40 µg Fe/kg or 120 pmol sODN/kg, i.c.v.). As the
MRI data showed, there was no signal reduction in the DG in brains from animals given the SPIONgfap infusion (Fig. 3D, solid arrow), but signal reduction was seen in brains previously infused with
SPION-cfos (Fig. 3E, solid arrow). There was no image contrast to delineate the structure of the
neuronal formation in the control brain (Fig. 3F).
Neuroglial uptake of SPION-gfap, a TEM study
We used TEM to confirm the distribution and uptake of SPION-gfap in small neuroglia. At 4 h after
SPION-gfap delivery by i.c.v. injection, we collected brain samples from the nucleus accumbens (NAc)
in the hemisphere contralateral to the i.c.v. injection site. Because membrane-enclosed electron-dense
nanoparticles (EDNs) are difficult to identify in brain samples, both with and without SPION-sODN
(Supplemental Fig. S2), we examined samples without lead stain to reduce the background. We
identified several EDNs around the one capillary that had a 6-µm inner diameter (Fig. 4A) and in
several glial cells (Fig. 4B, C). There were no EDNs in either the capillary lumen (Fig. 4A), or in the
neuron located adjacent to glia (Fig. 4B; dashed arrow shows the boundary of the neuronal membrane).
Moreover, the EDN appeared to be located in the endoplasmic reticulum of neuroglia (Fig. 4C). This
observation is consistent with the result shown in Fig. 3, which also indicates that the dose (40 µg
Fe/kg, i.c.v.) of SPION in sODN-gfap is sufficient for cell tracking in vivo, as nontargeting SPION was
excluded from neural cells (Supplemental Figs. S2 and S3). SPION-gfap is a multimodal contrast agent
for MRI and TEM.
Figure 4.
SPION-gfap uptake in glia of 3 mouse samples (partially stained
with uranyl acetate) was examined by TEM. A) Several EDNs
(boxes) were present around a small vessel (perivascular uptake);

no EDN was present in the vascular lumen. B–B2) Intercellular ...
Optimal CNR after SPION-gfap uptake
To establish the window of MRI detection of the SPION-gfap probe, we determined the optimal CNR
of SPION-gfap in vivo by conducting repeat MRI scans in the same group of mice (n≥3/group) 2, 4,
and 6 h after i.c.v. infusion. At each time point, we acquired a series of T2*-weighted MRI scans to
generate R2* maps of the signal of cerebral iron concentration, maintaining a consistent signal-to-noise
ratio of 50 to 70 for TE = 3 ms scans in each session to ensure good-quality MR images. We extracted
the mean ΔR2* values from different ROIs contralateral to the injection site (Fig. 5A, B; arrows). The
entire protocol was repeated until we imaged the necessary number of mice, as previously determined
by a power analysis (P=80%; α=0.05) of the data from the first MRI scan. We first compared groupaveraged ΔR2* values to preinfusion (baseline) values within the same ROI (30) at 2, 4, and 6 h to
determine the best time to acquire MR images. Figure 5C shows significant R2* elevation at 4 and 6 h
in most ROIs, including the medial prefrontal cortex (mPFC), caudate-putamen (CPu), hippocampus
(hippo), and motor cortex (MC) outlined in Fig. 5B. Because it was difficult to determine whether the
4- or 6-h time point provided more uniform imaging contrast among the ROIs, an additional
comparison was performed on the basis of CNRs. Figure 5D shows the average CNR values from all
ROIs (horizontal bars), calculated from the composite mean CNR obtained from 6 ROIs (symbol
notations) at 4 different time points. While individual CNRs at h 0 were relatively uniform and low
(mean±SE=2.6±0.3), the CNRs of different ROIs became scattered at 2 h (2.5±4.6) and 4 h (10.7±4.4),
and finally converged at 6 h (12.2±2.7). We observed a gradual increase in the average CNR, from 2 to
4 h after SPION-gfap delivery, and afterward, a plateau with a smaller increase toward 6 h. Relatively
large interregional variations in CNR 4 h before this plateau can be attributed to differential dynamics
of probe distribution, uptake, retention, and clearance in different brain regions. On the basis of these
observations, we determined that 6 h after i.c.v. infusion is the optimal time point at which SPION-gfap
provides sufficient MRI signal specificity of SPION-gfap for whole-brain imaging.
Figure 5.
Optimal contrast for MRI in vivo. A) Representative R2* maps at
2, 4, and 6 h after i.c.v. infusion of SPION-gfap with a scale bar
ranging from 10 to 120 s−1. B) ROIs from which R2* values were
extracted for panels C and D (32). C) ΔR ...
Amphetamine-induced changes in gfap mRNA by MRI
To demonstrate the sensitivity of SPION-gfap for reporting the change in GFAP mRNA levels in vivo,
we designed our experimental scheme for both acute (A1) and chronic (A8) amphetamine exposure
paradigms. We observed that ΔR2* was high above the baseline (ΔR2*=0) in the normal group (SAL),
but that the A1 and A8 groups exhibited significant reduction following amphetamine exposure (Fig. 6
B). The reduction was observed in vivo in 5 of 6 ROIs in the mesolimbic pathway, as well as in the
cortices [mPFC, somatosensory cortex (SSC), and MC] and striatum (NAc and CPU). Moreover, there
was slight elevation in the SSC in animals assigned to the A8 group compared to the A1 group. In any
of the three groups, the hippocampus showed no significant change.
Figure 6.
Amphetamine-induced changes in GFAP mRNA expression by GT tMRI and RT-

PCR. At 2 wk before MRI, 6 mice were given saline (n=4) or amphetamine (4
mg/kg, i.p., n=2) injections, once every other day for a total of 7 doses. On the day of
MRI, we administered ...
Amphetamine-induced changes in GFAP mRNA by TaqMan analysis
We measured GFAP mRNA levels using TaqMan assays to confirm that in vivo R2* changes reflect
gene activities. We obtained tissue samples from the striatum and hippocampus of SAL, A1, and A8
mice (n=4/group, no SPION-gfap treatment) 30 min after the last amphetamine treatment (Fig. 6C),
and analyzed GFAP mRNA relative to actin mRNA in each animal, comparing the average GFAP
mRNA relative to actin mRNA in each animal using TaqMan probes. We observed that GFAP mRNA
transcription activities in the striatum were significantly reduced in both the A1 and A8 groups
compared to the SAL group; there was no significant change in GFAP mRNA levels in the
hippocampus samples. These data confirm that the MRI measurements in vivo agree with the TaqMan
assay measurements of GFAP mRNA copy number (Fig. 6D). We observed similar changes in both
GFAP mRNA copy number and ΔR2*, with a positive correlation in the striatum, perfect goodness of
fit (R2=1.0), and significant increase from 0 (P=0.01). However, the SE for each group was wide, with
some overlapping (Supplemental Fig. S4). We observed the same correlation in the transcripts of three
different mRNAs in the normal striatum (Supplemental Fig S5). Regardless of the method of detection,
all except FosB mRNA exhibited large SE, with no overlap. The correlation supports the notion that
both gene transcript targeted MRI (GT tMRI) and RT-PCR report gene activities with the same
mechanism of hybridization between sODN primer and mRNA target. Western blot assay revealed no
significant striatal gliosis (elevation in GFAP antigen) in the A1 (n=3) and A8 groups (n=5)
(Supplemental Fig S6).
Changes in GFAP mRNA reflect gliogenesis by SPION-gfap
To investigate whether there was a change in neuroglial population in regions other than the
mesolimbic pathway, we compared ex vivo GFAP+ cells in the A8 and A1 groups (Fig. 7). Using the
MR image data acquired after SPION-gfap infusion (and after acquiring the R2* maps), we deducted
the averaged R2* maps obtained from the A1 group from those of the A8 group to generate a
subtraction map showing GFAP+ cells in the A8 paradigm vs. the A1 paradigm. Although we observed
no difference in the elevation of striatal gfap mRNA (in percentage increase) in the A8 group compared
to the A1 group (Fig. 6B), we did observe significant gfap mRNA elevation in portions of the SSC and
subventricular zone (SVZ) in the A8 mice (Fig. 7A). Immunohistochemistry of ex vivo samples
confirmed that GFAP+ cell count in the SVZ was higher in the A8 mice than in the normal mice (Fig. 7
B). In summary, our results show that the sensitivity of GT tMRI is similar to that of RT-PCR; both
methods detect the level of mRNA where it is expressed. The GT tMRI reports regional changes
similar to immunohistochemistry for the number of neuroglia based on GFAP expression. We conclude
that the sensitivity of MR detection in our experimental setting enables us to discriminate regional
gliogenesis in vivo in a manner comparable to the most sensitive conventional ex vivo assay methods.
Figure 7.
Amphetamine-induced gliogenesis (dashed arrows) in the SVZ of
A8 group. A) Subtraction map illustrating the percentage increase
in the A8 group, compared to the A1 group [(A8 − A1)/A1 ×
100%], scale = 0–100%. Solid arrows indicate ...
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We show here that SPION-gfap enables in vivo MRI detection of acute changes in neuroglial
populations associated with amphetamine-induced neurotoxicity in the mesolimbic reward pathway of
living brains. We also show that SPION-gfap detects gliogenesis in the SVZ following chronic
amphetamine exposure. Results from advanced assays of TEM and TaqMan analysis confirm the MRI
results. Drugs of abuse are chemically diverse, and their actions in the brain often converge to produce
common effects that activate neural cells in brain regions of the mesolimbic dopaminergic pathway
(38). We have developed a technique to tag various neural cells in vivo using a probe consisting of an
MR contrast agent and antisense sODN that hybridizes to GFAP mRNA. Here, we have demonstrated
in an animal model of brain injury that SPION-gfap and GT tMRI reveal regional change in neuroglia
population with sensitivity (without amplification) comparable to that of advanced PCR and
immunohistochemistry. Compared to basal-level transcription activity in the brains of saline-treated
animals, we found that GFAP mRNA transcription decreased below the basal level following
amphetamine exposure. This decrease indicated that amphetamine elicited a neurotoxic effect by
reducing neuroglial population (39), which, in turn, further triggered regional gliogenesis in the SVZ
(3, 6, 40, 41). The decrease in GFAP mRNA also suggests that SPION-gfap has stringent selectivity for
neuroglia, and provides sensitivity for detection by MRI. This GT tMRI method is unique for detecting
changes in living cells, as dead or dying cells lack the ability to degrade and exclude sODN, which is
the basis of selectivity.
By tagging neuroglia with a SPION-gfap probe that makes them detectable by in vivo MRI, we were
able to compare the transfection specificity and signal sensitivity of SPION-gfap for preclinical
investigation. Our MRI results have been validated by several technologies commonly used in
advanced molecular biology; i.e., RT-PCR or TaqMan analysis of ex vivo gene transcript copy number,
TEM, and immunohistochemistry in normal and transgenic mice. Our observation of SPION-sODN
enclosed in the membrane led us to conclude that endocytosis mediates contrast agent uptake, which
others have also reported (42). Our MRI results also agree with the observation of reduced striatal
neuroglia populations in human autopsy samples from methamphetamine users (8, 43–47). Our
findings are consistent with those from animal models of schizophrenia or the manic phase of bipolar
disorder (48), but disagree with studies involving GFAP antigen; this includes our studies, as well as
those of other investigators (3, 6, 40, 41, 49, 50). Such disagreement may reflect the fact that proteins
have longer half-lives (51), GFAP tends to accumulate (52), and minute changes in GFAP antigen can
be undetectable by Western blot (Supplemental Fig S6) or immunohistochemistry (data not shown).
However, changes in GFAP mRNA levels associated with transcription activity are unlikely to be
cumulative, as gene transcript tagging is sensitive to real-time fluctuations in copy number in vivo.
Indeed, the results from our ex vivo mRNA-based assays support our MRI observations in vivo.
Although the resolution of MR images acquired at 9.4 T is 120 µm (inferior to the 5 µm achievable
resolution with immunohistochemistry assay in Fig. 3B), MRI can reliably detect elevated glial
function or gliogenesis induced by amphetamine or brain injury.
BBB-permeable modality has been developed for various models (53), but intravenous probe delivery
is typically used when the BBB is disrupted, for example, by focused ultrasound or by experimentally
induced cerebral ischemia (54). Many studies have employed a BBB bypass approach to deliver sODN
(16, 17), antibody-mediated pODN (15), tumor xenografts (55), reporter genes (56), or optogenes (57)
to normal mice. We have shown that when delivered in solution directly to the cerebrospinal fluid in
the ventricles by similar BBB-bypass routes, the contrast agent flows through the perivascular space

and is taken up by neural cells (21). Following transfection, the preferential exclusion properties of the
cell mediate the selection of SPION-sODN based on the available mRNA in real time (30, 31),
providing the window for MRI acquisition, as demonstrated by our observations of SPION-gfap uptake
and retention in GFAP+ cells. The results we have acquired in mouse brains demonstrate consistency
under physiological conditions. All of the modalities we have employed validate the hypothesis that
SPION-gfap is retained in GFAP+ cells, but not retained in the neuronal formation of the DG, which
comprises GFAP− cells. MRI demonstrates sensitivity similar to that of PCR studies of GFAP mRNA,
and both TEM and MRI are consistent with the hypothesis that SPION-gfap reports neuroglial
populations in various ROI.
Although the methodology for TaqMan estimation of gene copy number differs from our MRI
technique, we have found agreement in the results of both approaches. Therefore, we can conclude that
accurate base pairing of primer to its target sequence, or hybridization, serves as the detection
mechanism of GT tMRI and TaqMan analysis. However, we cannot definitively confirm that the MRderived ΔR2* provides accurate estimation of gene copy number until we test this approach for more
mRNA targets and find ways to reduce variables in both assays. Even so, the results we have already
acquired demonstrate that our transcript tagging technique provides a noninvasive method for cell
typing by MRI in vivo.
The evidence presented here supports the hypothesis of universal uptake of SPION-sODN, subsequent
rapid exclusion or degradation of unbound contrast agent, and specific retention of the compatible
SPION-gfap in neuroglia in vivo. Although a number of investigators have reported ex vivo labeling of
neural progenitor cells for in vivo tracking (58–60), the mechanism of their retention is not clear, and
some may have shown in vivo transfer to different cells (25). Since 2007, we have tested eight different
targeting SPION-sODNs that demonstrate hybridization-mediated selective gene targeting and provide
a window for MRI detection of gene activity. These SPION-sODNs report changes in mRNAs that are
activated by either external or internal stimuli. However, of the sODNs we have tested to date, only
sODN-gfap is cell specific. Broadly speaking, the mechanism of selectivity and sensitivity of most ex
vivo hybridization methods based on the Watson-Crick base pairing mechanism, i.e., Northern blot, in
situ hybridization, reverse transcription, and microarray methods, are well established. However, the
selectivity and sensitivity of these assays come from the energy provided by applying heat above
normal physiological temperatures in an ex vivo environment. Here, we present unique data showing
that the selectivity in our transcript-tagging approach is based on the ability of viable cells to rapidly
exclude free SPION-gfap and provide an optimal window for imaging of gene activity in vivo, at
normal physiological temperatures. By providing sensitivity typically achievable only in studies of live
nematodes, fruit flies, and zebrafish, MRI has the potential to advance the applicability of molecular
biology assays from studies of invertebrate or cold-blooded vertebrate animals to warm-blooded animal
models. In the event that more contrast agents are developed, we envision that GT tMRI can have
applications for more targets simultaneously in vivo for genome or transcriptome mapping.
We have demonstrated that small DNA with a random sequence is excluded faster than DNA with a
complementary sense sequence. Whereas the sense sODN may have little mRNA target in the
cytoplasm, the target may be located on the transcribed strand of the gene in the nucleus. Therefore,
differential exclusion and retention appear to be dependent on the presence of a complementary
sequence in the cells, whether mRNA or genomic DNA. We have avoided using sense sequence sODN
as controls for GT tMRI in order to reduce potential noise in the MR signal, i.e., noise-mimicking
triplex formation that can generate off-target effects. Recently, short inhibitory RNA or micro-RNA has

been used to achieve mRNA knockdown for therapeutic applications. In double-stranded formation,
short RNA contains a passenger strand that may be homologous to the sense strand. This sense
homologue may create the off-target effect that is frequently observed in gene-knockdown strategies
using short inhibitory RNA approaches.
We also propose that certain enzymes in neural cells may act on SPION-sODN to drive its exclusion.
For example, protease may cleave the NA that linked SPION to sODN, causing SPION to be released
from sODN-gfap, and hence excluded from the cell. Others are nucleases for single-stranded nucleic
acids. Both nontargeting SPION and sODN with a random sequence exhibit such rapid exclusion. We
previously demonstrated that nontargeting SPION at a dose of <200 µg/kg is rapidly excluded from
neural tissue (Supplemental Fig S3); this dose is ≥5 times higher than what we determined as the
optimal dose for detection by MRI. Identification of enzymes that may influence the retention and
exclusion of unbound probes will be central to extending molecular biological investigation to
applications in living brains, and to designing mRNA targeting probes for glioma in future therapeutic
application.
The data we have accumulated suggest that the sequence of sODN determines the tagging ability of GT
tMRI and that SPION-gfap detects GFAP+ neural cells with sensitivity and selectivity similar to that
provided by advanced molecular assays, such as ex vivo hybridization, RT-PCR, and TaqMan analysis.
MRI is a noninvasive imaging modality that can be used to acquire multiple sets of data over time, and
in combination with targeted therapy throughout a subject's life span. The i.c.v. delivery method that
we use in our mouse studies is similar to the cortical and lumbar puncture methods used for clinical
therapeutic applications, although not approved for diagnostic application, in humans. Given this
similarity, we anticipate that our probe construct can be further developed as a carrier for therapeutic
drugs for human clinical use (61). Our results support the hypothesis that chronic amphetamine
exposure elicits cerebral damage in multiple ways, one of which is by reducing neuroglial populations
in the mesolimbic pathway; the other is by activating neuroglia (gliogenesis) in the SVZ and SSC. This
in vivo MR technique has potentially far-reaching implications for discovery and evaluation of new
therapies, and for interventions that may target gene transcription markers of neurological diseases and
disorders.
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