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Imaging Cerebral Gene Transcripts in Live Animals

Christina H. Liu,1,2,3 Young R. Kim,1,3 Jia Q. Ren,1,3 Florian Eichler,4 Bruce R. Rosen,1,3 and Philip K. Liu2,3

1Athinoula A. Martinos Center for Biomedical Imaging, 2Transcript Imaging and NeuroRepair Laboratory, 3Department of Radiology, and 4Department of
Neurology, Massachusetts General Hospital, Charlestown, Massachusetts 02129

To circumvent the limitations of using postmortem brain in molecular assays, we used avidin– biotin binding to couple superparamag-
netic iron oxide nanoparticles (SPIONs) (15–20 nm) to phosphorothioate-modified oligodeoxynucleotides (sODNs) with sequence com-
plementary to c-fos and �-actin mRNA (SPION-cfos and SPION-�actin, respectively) (14 –22 nm). The Stern–Volmer constant for the
complex of SPION and fluorescein isothiocyanate (FITC)-sODN is 3.1 � 10 6/M. We studied the feasibility of using the conjugates for in
vivo magnetic resonance imaging (MRI) to monitor gene transcription, and demonstrated that these complexes at 40 �g of Fe per
kilogram of body weight were retained at least 1 d after intracerebroventricular infusion into the left ventricle of C57Black6 mice. SPION
retention measured by MRI as T2* or R2* maps (R2* � 1/T2*) was compared with histology of iron oxide (Prussian blue) and FITC-labeled
sODN. We observed significant reduction in magnetic resonance (MR) T2* signal in the right cortex and striatum; retention of SPION-cfos
and SPION-�actin positively correlated with c-fos and �-actin mRNA maps obtained from in situ hybridization. Histological examination
showed that intracellular iron oxide and FITC-sODN correlated positively with in vivo MR signal reduction. Furthermore, in animals that
were administered SPION-cfos and amphetamine (4 mg/kg, i.p.), retention was significantly elevated in the nucleus accumbens, striatum,
and medial prefrontal cortex of the forebrain. Control groups that received SPION-cfos and saline or that received a SPION conjugate with
a random-sequence probe and amphetamine showed no retention. These results demonstrated that SPION-sODN conjugates can detect
active transcriptions of specific mRNA species in living animals with MRI.
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signal transduction

Introduction
Fos antigen, the product of c-fos mRNA, is one of the compo-
nents for transcription factor activator protein-1 which has been
shown to be a neuronal marker for stress, learning, and activation
(Hope et al., 1992; Kaczmarek et al., 2002; Conversi et al., 2004;
Gass et al., 2004; Raivich and Behrens, 2006), and controls the
expression of several growth factors (Ricart et al., 2006). Amphet-
amine, a fat-soluble substance, reaches the brain quite easily after
intraperitoneal injection and has been shown to elevate different
members of the Fos peptide superfamily in the nucleus accum-
bens, cingulate and motor cortices, and striatum of rodent forebrain
(Moratalla et al., 1996; Schmauss, 2000; Kiyatkin, 2004). Nonethe-
less, associations between neuronal activation and drug-related be-
havior are less well understood, partly because of difficulties in mea-
suring less abundant levels of c-fos mRNA (Parelkar and Wang,
2004) and termination of animal subjects to obtain autopsy samples
for assay. Availability of MRI for drug-induced gene transcription in
live animals would overcome some of these difficulties.

Recently, T1- and T2-weighted high-resolution magnetic res-
onance (MR) techniques have been used to evaluate biological
processes. Superparamagnetic iron oxide nanoparticles
(SPIONs) (a T2 contrast agent) can produce significantly strong
image contrast by reducing T2 relaxation time to generate local-
ized signal reduction in T2-weighted MR images (VanLanding-
ham et al., 1998). SPIONs have been shown to be well tolerated as
blood-pool contrast agents, and are used in functional magnetic
resonance imaging (MRI) studies in live animals, because T2 sig-
nal reduction reflects blood circulation in regions with high cel-
lular activities (Mandeville et al., 1998, 2001). MR contrast agents
have also been used to study axonal transport (Petropoulos et al.,
1995), and to track transplanted cells in live animals using MRI
(Bulte et al., 2002).

Single-stranded phosphorothioate-modified oligodeoxynucle-
otides (sODNs) with sequences complementary to mRNA have
been shown to have specific targeting effects on cerebral mRNAs
such as c-fos (Chiasson et al., 1992; Konradi et al., 1994; Liu et al.,
1994; Morrow et al., 1999; M. Zhang et al., 1999; Y. Zhang et al.,
1999; Tolliver et al., 2000). We have demonstrated sODN uptake
in the cerebellum and olfactory bulb of the rat brain after intra-
cerebroventricular infusion (supplemental Fig. S1A,B, available
at www.jneurosci.org as supplemental material) (Liu et al., 1994;
Cui et al., 1999). To promote the development of ODN-based
MRI contrast probes as aptamers for in vivo MR imaging and
targeting of cerebral gene transcription, we developed a c-fos
probe labeled with the reporter contrast SPION (SPION-cfos) for
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imaging the brains of live C57Black6 mice (see Fig. 1A). We propose
that SPION retention reflects gene transcripts in brains of normal
animals when reported by SPION-sODN probes with different tar-
get sequences (see Fig. 1B). Specifically, this report demonstrates (1)
effective linkage between SPION and sODN via conjugation of avi-
din and biotin, (2) that the stability of SPION-cfos in mouse brain is
sufficient for MR assessment, (3) positive correlation of cellular iron
oxide and MR image intensity, and (4) that acute amphetamine
administration induces specific elevated SPION retention in the
forebrains of animals that received SPION-cfos.

Materials and Methods
Contrast probe preparation
SPION-NeutrAvidin. SPION was prepared and purified for these studies
in the Athinoula A. Martinos Center for Biomedical Imaging at Massa-
chusetts General Hospital (MGH), as described previously (Shen et al.,
1993; Lind et al., 2002). Freshly synthesized SPION was functionalized
with cyanogen bromide (Marshall and Rabinowitz, 1976), and linked to
NeutrAvidin (NA) in the presence of 1 M sodium cyanoborohydride
(both from Pierce Biotechnology, Rockford, IL). The resulting covalently
linked product, SPION-NA, was filtered and dialyzed against a 20� vol-
ume of sodium citrate buffer solution (25 mM, pH 8.0), using a Centricon
Plus-100 filter (100 kDa cutoff; Millipore, Bedford, MA). Activated
SPION (SPION-NA) was stored in an amber-colored bottle at 4°C, at a
concentration of 4 mg of iron per milliliter of sodium citrate buffer. Iron
concentrations in SPION samples were determined by optical absor-
bance at 410 nm after treatment with hydrogen peroxide (0.03%) and 6N
hydrogen chloride (de Marco et al., 1998).

Conjugation of biotinylated sODN to SPION-NA. We synthesized three
5�-biotin-labeled antisense sODN: sODN-cfos, 5�-catcatggtcgtggttt-
gggcaaacc-3� (Liu et al., 1994; Y. Zhang et al., 1999); ODN-�actin, 5�-
acgcagctcagtaacagtccgccta-3� (Schedlich et al., 1997); and sODN-Ran, a
randomized sequence, as negative control, 5�-gggatcgttcagagtctag-3�
(Zhang et al., 2001). All sODN were purified using PAGE. The sequence
of sODN-cfos is complementary to rat c-fos mRNA; we used it because
the sODN made with mouse sequence contains CCCC, which compro-
mises its stability during storage (our unpublished observation). To di-
rectly observe the sODN, we also synthesized sODN with fluorescein
isothiocyanate (FITC) on the 5� terminus and biotin on the 3� terminus
(FITC-sODN-biotin). SPION-NA (250 nmol of Fe) was incubated with
the biotinylated sODN (FITC-sODN-biotin) (1 nmol) at room temper-
ature for 30 min and the mixture was filter-dialyzed with three washes of
sodium citrate buffer (25 mM, pH 8) in a centrifugal filter device (Micro-
con YM-30; Millipore). We incubated unconjugated SPION of the same
lot from which SPION-sODN had been made with saline. The probes
were resuspended in 36 �l of sodium citrate buffer. After conjugation,
the probes were stored at 4°C (no longer than 24 h). Immediately
before infusion, we added 4 �l of lipofectin (0.1 mg/ml; Invitrogen,
San Diego, CA).

Characterization of SPION-NA and SPION-sODN in vitro. The core
sizes of the conjugates were measured using a Zetasizer particle charac-
terization system (ZEN3600 with 4 mW 633 He–Ne laser; size range, 0.6
nm to 6 �m; Malvern Instruments, Southborough, MA). The volume
fraction (�) of nanoparticles was used to determine the number ( N) of
iron atoms per SPION; the volume-weighted diameter of the SPION-
cfos nanoparticle in a dilute solution was determined with a modified
equation derived by Reynolds et al. (2005). The concentration of SPION
was calculated by dividing the iron concentration by the number ( N) of
iron atoms per nanoparticle.

The linkage of SPION and sODN using gel shift assay. The binding
capacity for biotin in SPION-NA was determined in triplicate by incu-
bating 100 pmol of FITC-sODN-biotin with 11–171 pmol of SPION-NA
at room temperature for 1 h, followed by resolution by electrophoresis in
an agarose gel (0.8 or 3%). Because a magnet column cannot partition
FITC-sODN-biotin and SPION-cfos, we used gel electrophoresis to sep-
arate bound and unbound FITC-sODN-biotin at room temperature.
With a secondary absorption peak at 320 nm, FITC-sODN-biotin can be
visualized with a UV light source (302/365 nm). Images were captured

using a digital camera with a FLSC-400 filter (Alpha Innotech, San Lean-
dro, CA). Binding between FITC-sODN-biotin and SPION-NA will
cause the former to migrate more slowly together with SPION and ap-
pear as a shift-up in the gel. The appearance of an excess unbound FITC-
sODN-biotin band after the saturation point was reached indicated
binding capacity; the saturation concentration of FITC-sODN-biotin
divided by SPION-NA concentration yielded the number of binding sites
(to the nearest whole number). For binding site calculation, please see the
example in the supplemental material (available at www.jneurosci.org).

To demonstrate linkage between SPION-NA and FITC-sODN-biotin,
we excised four gel slices from each lane, placed each slice in an Eppen-
dorf vial, and then melted and resolidified the gel to ensure uniform
distribution of MR contrast agent. We used a 9.4 tesla MRI system to
measure the T2 relaxation times of the gel slices.

Fluorescence emission and absorption spectra measurements. Stern–
Volmer plots were determined in 25 mM sodium citrate buffer, pH 8.0, by
mixing SPION-NA solution (0 – 6 �M) with free and unbound FITC-
sODN-biotin solutions (5 or 10 �M), for solutions with final concentra-
tions ranging from 60 to 900 nM. Fluorescence emission for each solution
was measured with a PerkinElmer (Wellesley, MA) Victor 3 V 1420 Mul-
tilabel Counter (Wallac) at 450 nm excitation and 510 nm emission. Each
concentration of SPION-NA with or without FITC-sODN-biotin was
prepared in quadruplicate; two to three concentrations were measured at
a time and repeated five times to generate a seven-point curve in the plot.
Fluorescence in each concentration was averaged; data were analyzed in
GraphPad Prism 4 (GraphPad Software, San Diego, CA). Absorption
spectra of FITC-sODN-biotin and SPION-sODN-FITC were measured
using a Shimadzu (Tokyo, Japan) UV2101 spectrophotometer; measure-
ments were repeated in triplicate and determined to have two absorption
peaks at 495 nm (primary) and 320 nm (secondary).

Delivery of contrast conjugates
All procedures and animal care practices adhered strictly to Association
for the Assessment and Accreditation of Laboratory Animal Care, Society
for Neuroscience, and institutional guidelines for experimental animal
health, safety, and comfort. Male C57Black6 mice (24 � 3 g; Taconic,
Germantown, NY) were anesthetized with ketamine (42 mg/kg, i.p.) and
xylazine (8 mg/kg, i.p.), and the contrast conjugate was delivered to the
brain at a dose of 1 �g per mouse (0.04 mg/kg Fe) via intracerebroven-
tricular infusion. The dose administered to each mouse was lower than
the nontoxic 1.1 mg/kg Fe dose used in humans (Saini et al., 2000). We
used the minimum number of animals necessary, as calculated with a
power calculation using the mean and SEM and in-house software by
Wayne W. LaMorte (Boston University Medical Center, Boston, MA)
(“Sample Size Calculations” available to all animal researchers at MGH).
Unconjugated SPION or SPION-cfos in 2 �l of sodium citrate buffer was
delivered (0.2 �l per minute) into the ventricle (stereotactic coordinates
from bregma: left–right, �1.0 mm; anterior–posterior, �0.4 mm; dor-
sal–ventral, �3.0 mm) guided by a stereotactic device (Stoelting, Wood
Dale, IL). Afterward, the burr hole in the skull was sealed with bone wax,
and the incision was closed with sutures. The infusion dose of SPION was
5 �g per mouse (0.2 mg/kg Fe), because at low dose SPION is not re-
tained in the brain for MR imaging.

To test SPION retention after amphetamine-induced neuronal stimula-
tion, we injected amphetamine (4 mg/kg) or saline (10 ml/kg) intraperito-
neally 4 h after SPION-sODN infusion; brain MRI was acquired 3 h later.

Histology and molecular biological assay
Postmortem tissue preparation. Animals were anesthetized (with ket-
amine and xylazine as for probe delivery) and the brains were removed
from the animals’ skulls and flash-frozen in an optimal cutting temper-
ature compound (Sakura Finetek, Torrance, CA). For MR microscopy,
mice were perfused transcardially with 15 ml heparinized saline at a rate
of 10 ml/min, and then with 15 ml of freshly prepared paraformaldehyde
(PFA) (4%) in 0.1 M PBS, pH 7.4, at a rate of 10 ml/min. Once removed
from the animals’ skulls, the brains were stored in PFA solution at 4°C
overnight, and then incubated for 16 h in 20% sucrose/PBS solution at
4°C to chase the PFA. Brains were either immediately scanned with high
resolution MR microscopy in a 14 tesla MRI system or embedded in
paraffin (Cui et al., 1999).
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Histological and immunohistochemical staining and molecular assay us-
ing in situ hybridization. Postmortem tissue samples were prepared 1 d
after infusion, and coronal tissue slices (20 –100 mm thick) were pre-
pared from paraffin-embedded blocks as described previously (Liu et al.,
1994). A mercury light source, filtered with a 495 nm broad spectrum
suitable for wavelengths of 470 nm (excitation) and 525 nm (emission),
was used to observe SPION-sODN-FITC. We captured the digital image
with a SPOT 1 digital camera (Diagnostic Instruments, Detroit, MI)
mounted on an Olympus (Tokyo, Japan) BX-51 microscope (Cui et al.,
1999). An adjacent tissue slice was stained with Prussian blue (PB) with
2% potassium ferrocyanide in 2% HCl (Perl’s method) and nuclear fast
red (NFR) (Fisher Scientific, Houston, TX) counterstain to detect intra-
cellular iron. For detection of mRNA transcription using in situ hybrid-
ization, all protocols including tissue section preparation, 32P-labeled
RNA probe (antisense and sense orientation), and autoradiogram expo-
sure were performed as described previously (Cui et al., 1999a).

MRI protocol
In vitro MRI of SPION probes. Calibration experiments were performed
to investigate the MR T1 and T2 relaxivities (r1 and r2, respectively) of the
SPION conjugates used in this study, with different SPION concentra-
tions in 25 mM sodium citrate buffer based phantoms at field strengths of
9.4 and 14 tesla, as described previously (Liu et al., 2004). The slopes of
the linear fit are the relaxivities (r1, r2) of each contrast probe.

In vivo data acquisition. In vivo image acquisition was performed using
a 9.4 tesla MRI scanner (Bruker Avance system, Bruker Biospin MRI;
Bruker, Billerica, MA) at 30 min, 7 h, and 1 d after intracerebroventric-
ular infusion of SPION. Animals were anesthetized with pure O2 and 2%
halothane (800 ml/min flow rate) for all time points except that imme-
diately after the intracerebroventricular infusion procedure. We posi-
tioned a custom-built 1 cm transmit/receive surface coil on the heads of
the animals, which were placed in the prone position in a home-built
cradle. Gradient echo (GE) images of constant repetition time (TR) and
incremental echo spacing (TE) were acquired at each time point along
the axial direction. Acquisition parameters were as follows: TR, 500 ms;
TE, 3, 4, 6, 8, and 10 ms; flip angle, 30; 20 0.5 mm slices; 15 � 15 mm field
of view; 128 � 128 pixel T2* maps were calculated using a pixelwise linear
fitting algorithm on the series of images. To compare elevation of mRNA,
we constructed R2* maps (the inverse of T2* maps), which showed signal
elevation with SPION retention.

Data analysis. We selected MR slices from MR data of each animal
group (1.7– 0.2 mm, relative to bregma) for t test statistical analysis, but
avoided those with partial volume artifacts in regions close to the olfac-
tory bulbs and the nose. We used in-house software (Athinoula A. Mar-
tinos Center for Biomedical Imaging at MGH) to coregister the images of
whole mouse brains, and then superimposed and averaged the R2* maps
within designated brain slices. A computer-generated scale is also in-
cluded in the R2* maps.

Results
Characterization of SPION-sODN
SPION has an average iron oxide core size of �10 nm and an
average dextran coating thickness of 7 nm, as measured by trans-
mission electron microscopy and light scattering techniques. The
design of SPION-sODN is presented in Figure 1A. Table 1 shows
both longitudinal and transverse relaxivities (r1 and r2, respectively)
for SPION-NA, SPION-cfos (as one example for all SPION-
sODNs), and unbound SPION; the SPION-NA and SPION-cfos
relaxivities were lower than those of unbound SPION. The average
volume-weighted diameter of SPION-cfos was 18 nm at 25°C, and
20 nm at 37°C. Addition of lipofectin to all SPION-sODN before
infusion did not significantly change the core size, because �1%
measured larger in the presence of lipofectin (Table 1). We calcu-
lated the molecular weight of SPION-cfos to be 5.6 � 10�19 g per
nanoparticles. Each SPION-cfos contains �6000 iron atoms, based
on the relative viscosity of SPION-cfos (1.025 corresponding to 0.4
mg/ml Fe concentration) in sodium citrate buffer at pH 8 (Reynolds

et al., 2005). The purity of SPION-NA is presented in the supple-
mental material (available at www.jneurosci.org). Two sets of evi-
dence on FITC-sODN-biotin binding to SPION-NA are shown
here: gel shift assay and Stern–Volmer plot.

Gel mobility shift on binding
We presented the electrophoretic migration of one example
(SPION-cfos) in agarose gel. Under ordinary light source, SPION
appears brown in color with intensity proportional to its concen-
tration. Whereas three samples of sODN-bound SPION mi-
grated toward the anode (Fig. 2A, lanes 1–3), unconjugated
SPION-NA moved in the opposite direction or remained in the
well (lane 4). Given that most of the conjugated SPION (SPION-
sODN) samples in lanes 1–3 moved in the direction of the anode,
as DNA should, it appears that DNA (charged molecules) pulls
SPION-NA toward the anode. This finding illustrates strong
complex formation between SPION-NA and FITC-sODN-biotin
via avidin and biotin.

When illuminated with a light source that emits a wavelength
at the secondary absorption maximum for FITC, the gel shows
migration of free and unbound sODN at 11 cm in lane 1, and the
signal is so strong for 120 pmol that it spills over to adjacent lanes
(Fig. 2B). In lanes in which SPION-NA and FITC-sODN were
conjugated and loaded (lanes 2 and 3), fluorescence signal ap-
pears at 1 and 11 cm, with most of the dye traveling only 1 cm, a
distance similar to that traveled by SPION in Figure 2A, lanes
1–3. This result indicates that there is a band shift typical of
DNA–protein binding or conjugation of free sODN and
SPION-NA via biotin on sODN and NA on SPION. The appear-
ance of a smear between 1 and 11 cm reflects the size distribution
of SPION-NA in Table 1. Variations in fluorescence exist be-
tween batches of SPION-NA in lane 2 (batch A, 17 months of age)
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Figure 1. A illustrates our probe design, and B illustrates a theoretical diagram for cellular
mRNA targeting by SPION-sODN. FITC-sODN-biotin is conjugated to SPION-NA to generate
SPION-sODN. The sODN can be labeled with an MR susceptibility agent, SPION, and/or with
other imaging dye, such as FITC.
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and lane 3 (batch B, 2 months of age). The
binding capacity remained with long shelf
life, although it may show diminished sig-
nal intensity (supplemental Fig. S4, avail-
able at www.jneurosci.org as supplemental
material).

To confirm the presence of SPION in
the fluorescent dye of SPION-cfos sam-
ples, we measured the T2 relaxation times
in gel slices excised at 0, 1, 2, and 3 cm from
the well. Compared with the T2 relaxation
time in the gel without samples (denoted
as blank in Fig. 2C), the gel sample from
unbound FITC-sODN-biotin (denoted as
sODN in Fig. 2C) exhibited no change, in-
dicating SPION was not present. However,
Figure 2C shows that the T2 relaxation
times of gels containing SPION-NA were comparatively short-
ened in gel samples from above the well (0 cm) and 1 cm below
the gel; T2 reduction in the 2 cm gel sample was slightly reduced.
The shortened T2 relaxation times in the gel slice above the wells
and at 1–3 cm in the gel containing SPION-sODN in Figure 2C
are consistent with fluorescence shift with SPION migration (that
is, greater SPION and more T2 reduction) (Fig. 2A,B). The data
demonstrate that SPION-sODN exhibits comigration as a single
moiety. We showed binding at equal concentrations for SPION-
NA, and FITC-sODN exhibited less fluorescence at 1 cm (Fig.
2B) (also in supplemental Fig. S4, available at www.jneurosci.org
as supplemental material), indicating a possible quenching effect
when a transition metal is bound to a fluorescence moiety.

Quenching efficiencies
We observed reduction in FITC fluorescence emission when in-
creasing SPION-NA was bound to FITC-sODN-biotin in re-
peated measurements (Fig. 3A). Using data in Figure 3A, we con-
structed a Stern–Volmer plot for SPION-sODN to examine the
fluorescence quenching effect as a function of iron concentra-
tion. Figure 3B demonstrates that the ratio of fluorescence inten-
sity (F0/Fq) to quencher concentration (iron) detected under var-
ious quencher concentrations is linear. The Stern–Volmer
constant obtained for iron in SPION was 3.1 � 10 6/M.

Colocalization of SPION-NA and s-ODN for MR assessment
To function as a reporter of gene transcription as we envisioned,
(1) SPION-sODN must remain linked after delivery to the brain
for uptake (Fig. 1B) and (2) SPION retention must be positively
correlated with intracellular transcripts and revealed in MR as-
sessment. To test this, we injected either unconjugated SPION or
SPION-cfos into the left cerebral ventricle. If the probe complex
remains intact, we expect colocalization of sODN and iron oxide
in the same tissue areas. We acquired MRI in live animals at
multiple time points after injection and then excised the brain
tissue for histological examination of FITC-sODN-cfos and iron
oxide 1 d after delivery. The presence of cerebral SPION and
sODN were determined by two methods: (1) PB and NFR stains
to detect intracellular iron and visualize the nucleus, respectively,
and (2) fluorescent microscopy to detect FITC-labeled sODN.

Turnover of SPION in mouse brains
Figure 4 shows MR brain images from live animals obtained at
magnetic field strength of 9.4 tesla. Compared with preinfusion
brain images (Fig. 4A, baseline), MR signal was reduced from the
infusion site across the midline to the right (contralateral) hemi-

sphere immediately (�30 min after SPION-cfos infusion at 1 �g
per mouse) (Fig. 4B, top row), distributed at least 4 mm in either
direction from the infusion site, and covered the cerebellum and
the olfactory ventricle (olfactory bulb), remaining detectable for

Figure 2. Linkage of SPION and sODN shows mobility shift during gel electrophoresis. A
shows the migration of SPION-NA with (lanes 1–3) or without (lane 4) sODN, as acquired with
an ordinary light source after gel electrophoresis at room temperature (900 V � h; 40 V/h). The
arrow shows the direction of sODN migration. B shows FITC-sODN after electrophoresis (300
V � h; 150 V/h) under a 302/365 nm light source (exposure time, 8 s). The distance of elution
from the well for each gel slice is shown in centimeters. SPION-NA of batch A is 17 months of age,
and that of batch B is freshly prepared (2 months). The quenching effect of SPION reduces the
fluorescence of the FITC-sODN on SPION (saturation binding). The rows on the top of panels
show the concentrations of components in each sample applied to the agarose gel. C shows T2

relaxation times in gel slices from A and B.

Table 1. Relaxivities (mM
�1s�1) of SPION and its conjugates in two different solutions

Mean diameter � 1 SD (nm)

9.4 tesla 14 tesla 37°C 25°C

r1 r2 r1 r2 Volume Number Volume Number

In sodium citrate buffer (25 mM, pH 8)
SPION 0.7 49 0.3 47 21 � 16 18 � 11
SPION-NA 0.4 23 0.1 25
SPION-cfos 0.4 18 0.1 22 20 � 16 14 � 4 18 � 4 15 � 4

With lipofectin (0.1 mg/ml) in sodium citrate buffer (25 mM, pH 8)
SPION-NA 0.5 27 0.2 29
SPION-cfos 0.4 25 0.2 28 22/639a 20 � 14

The size distribution of the particles was determined using a Zetasizer particle characterization system (Malvern Instruments, MA). SPION was prepared for delivery by
three washes in 25 mM citrate buffer using a Millipore filter (30 kDa cutoff). SPION-cfos consists of labeled biotinylated sODN-cfos and SPION-NA. Longitudinal relaxivity
isrepresentedbyr1;transverserelaxivity,byr2.Thedifferencebetweenther2valuesforSPIONandSPION-NAis likelycausedbysterichindranceofSPIONtosurrounding
protons due to the presence of NA. SPION-NA has only one binding site for biotinylated sODN-cfos, perhaps because of steric hindrance of SPION.
aTwo peaks were presented; however, the larger volume-weighted nanoparticles constituted �1% of the total number of particles.
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at least 1 d after infusion (Fig. 4B, second row). However, rela-
tively little T2* signal reduction was observed in animals infused
with unconjugated SPION at 1 �g per mouse, except within the
infusion track (Fig. 4C). When unconjugated SPION dose was
increased to 5 �g; we observed T2 signal reduction at 30 min after
infusion (Fig. 4CC, top rows). Unlike SPION-cfos, the majority
of unconjugated SPION was no longer present, except in the
lateral and fourth ventricles, 1 d after infusion (Fig. 4C, bottom
row). SPION was not retained when infused in a mixture of
SPION and FITC-sODN-biotin (Fig. 4D), indicating that linkage
is important for SPION retention. While unconjugated SPION is
rapidly cleared in the cerebral ventricles, SPION-cfos provides an
extended window for MR imaging.

Histology: SPION-cfos uptake
Gross examination of PB and NFR stains revealed that Prussian
blue staining was stronger in the ipsilateral hippocampus than in
the contralateral hippocampus in animals that received SPION-
sODN-FITC (Fig. 5, compare A, B). There is weak yet positive
signal showing colocalization of sODN and iron in the ipsilateral
hippocampus in adjacent postmortem samples (Fig. 5A,C, re-
spectively). At high magnification (Fig. 5A,B, inset panels), we
noted particles 1 �m or less in size in the cytoplasm and in regions

surrounding the nucleus; cytosolic PB stain was observed as small
aggregates (Fig. 5A,B, inset panels, arrows). Figure 5D demon-
strates a lack of iron oxide staining in animals that received un-
conjugated SPION; these animals exhibited no MR signal reduc-
tion (Fig. 4C).

Histology: colocalization of iron oxide and SPION-cfos
Figure 5E shows sODN uptake in neurons and their axons (long
arrow) between the ventricle and CA neurons (indicated by
brackets). We also observed FITC-sODN uptake by cells in the
vascular wall (Fig. 5E) and in the CA neuronal formation (Fig.
5G, brackets). Figure 5F shows background fluorescence in the
control sample (baseline) of animals that received no infusion.
We demonstrate that cells that take up SPION-cfos-FITC are not
glia, but neurons (Fig. 5G).

Given the quenching effect of SPION on FITC-sODN, we
modified the method by using FITC-IgG against digoxigenin
(dig) to detect the presence of sODN with sODN-dig. We infused
SPION-cfos-dig (2 �g per mouse) with and without lipofectin
and allowed 1 d for uptake. Figure 5, H and I, shows that sODN is
present in the cortex and in the CA neuronal formation (green
photomicrograph images were converted to black and white with
Photoshop software) regardless of whether the infusion included
lipofectin. Tissue adjacent to that shown in the inset of Figure 5I
(Fig. 5J) also demonstrates the presence of iron oxide in the
ventricular wall (asterisk), CA neuronal formation (CA1), den-
tate gyrus (DG), and vascular wall in the hippocampus. Figure 5K
shows PB staining in the cerebellum, including in the Purkinje
neurons. The presence of cortical iron oxide has been reported (Liu
et al., 2007). The data show that iron oxide and sODN travel at least
1.5 mm (at the hippocampus) to 6 mm (at the cerebellum) from the
infusion site.

MR assessment of SPION-cfos correlates with histology of
iron oxide
To compare MR assessment to histology with PB stain in Figure
5, A and B, we measured regional T2* relaxation time (in milli-
seconds) at regions of interest (ROIs) in the hippocampus. Com-
pared with the preinfusion baseline hippocampus (T2*-weighted
image shown in Fig. 4Aa), there was no significant difference
between regional T2* relaxation times (40 ms) of the left and right
hippocampus of animals that received unconjugated SPION. In
the same ROI of the left (ipsilateral) (LH) and right (contralat-
eral) (RH) hippocampus of animals that received SPION-cfos,
regional T2* relaxation times were reduced to 7 and 17 ms, re-
spectively (image shown in Fig. 4Bb), suggesting that SPION-cfos
is retained in the left hemisphere. Therefore, MR images in Figure
4B correctly reflect regional iron content corresponding to his-
tology of two hemispheres of the same animal brain shown in
Figure 5, A and B. The same was observed in three additional
brains (data not shown).

SPION-sODN report endogenous gene transcript in
live animals
The hippocampus showed the highest uptake within any given
brain (Fig. 4B), but we avoided analyzing the hippocampus
among different animals for the following reasons. First, given
the very small size of the hippocampus and its location in the
ventricle, it is very easy to include regions that exhibit ventricular
SPION yet to be taken up. Second, the hippocampus contains the
hippocampal fissure, where SPION may be detected before its
uptake/distribution. We selected the contralateral somatosen-
sory cortices (SSCs) as our ROI for analysis because it is distant
from the ventricle and the air–surface interface of the trachea
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Figure 3. Quenching effect of SPION reduces fluorescence emission of the FITC-sODN on
SPION. A shows decreasing fluorescence emission of FITC-sODN-biotin on binding to SPION-NA.
Error bars indicate SEM. B shows a Stern–Volmer plot constructed for SPION-sODN. Kq is the
Stern–Volmer constant calculated from the equation F0/Fq � 1 � Kq[Q], where F0 and Fq are
fluorescence emission at zero (F0) and quencher concentration (Fq) of SPION-NA, and Q is the
concentration of SPION-NA (Murphy et al., 2004; Li et al., 2005).
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(ROI outlines overlay on MR anatomical
images). We converted T2* relaxation
times to R2* (R2* � 1/T2*); R2* values
were used here for statistical analysis of
SPION retention. Figure 6A shows statis-
tical analysis of SPION retention in the
contralateral SSC of animals that received
conjugated and unconjugated SPION
probes. Animals that received unconju-
gated SPION did not exhibit significantly
elevated R2* values at all time points com-
pared with baseline. SPION retention in
animals that received SPION-�actin and
SPION-cfos was significantly higher than
baseline as early as 7 h after injection. R2*
values peaked at 38.5 s�1 1 d after infusion
in the contralateral SSC of the animals that
received SPION-cfos (Fig. 6A), and re-
turned to baseline values within 2 d (data
not shown). We therefore concluded that
the clearance time (the time frame span-
ning the point of infusion to the point at
which R2* values returned to baseline) was
2 d for the 1 �g dose of SPION-cfos. The
R2* values in the contralateral SSC of ani-
mals that received SPION-�actin (1 �g)
peaked at, and were significantly higher
than those of the SPION-cfos group 7 h
after infusion, and remained significantly
elevated for at least 1 d.

We compared SPION retention to gene
transcript maps using in situ hybridization
in normal mouse brain samples. The in-
tensity of c-fos mRNA was barely detect-
able (Fig. 6B) and the mRNA maps of
�-actin mRNA were higher than those of
c-fos mRNA in normal mouse brains. The
intensity of c-fos and �-actin mRNA,
shown in Figure 6, B and C, respectively,
agrees with SPION retentions of SPION-
�actin and SPION-cfos in the contralat-
eral SSC, 7 h after infusion, as shown in
Figure 6A. The data suggest that SPION
retention in normal live mice is positively
correlated to intracellular mRNA targets
of normal mouse brain as hypothesized in
Figure 1B.

Elevation of SPION retention after acute
amphetamine infusion
We wanted to demonstrate that SPION retention would increase
with elevated gene transcripts in those animals treated with tar-
geting SPION-sODN, but not in those infused with nontargeting
SPION-Ran (a SPION with sODN of random sequence and
therefore no cellular target). We first compared the retention
profiles for SPION-cfos and SPION-Ran, both in the same dose,
in the striatum of the forebrain (ROI outlines overlay on MR
anatomical images), where amphetamine had previously been
shown to stimulate expression of c-fos mRNA (Schmauss, 2000;
Conversi et al., 2004). SPION retention, measured as R2* values,
for SPION-Ran in normal brain was within the baseline values
(Fig. 6D). SPION-cfos retention was slightly but significantly
elevated relative to SPION-Ran 7 h after infusion ( p � 0.004).
These results suggest that the differences in SPION retention

between targeting and nontargeting probes were distinguishable
using MRI in the contralateral striatum 7 h after intracerebroven-
tricular infusion.

The induction of immediate-early genes by amphetamine is
shown using this novel probe and method of detection with MRI.
Figure 7 shows R2* maps of C57Black6 mice treated with either
amphetamine or saline. No elevation in R2* was seen in animals
that received SPION-Ran, whether with or without acute am-
phetamine administration (Fig. 7A). Animals that received
SPION-cfos and amphetamine exhibited robust elevation of R2*
in the forebrain (Fig. 7B), particularly in the nucleus accumbens
(NAc); R2* elevation was less robust in the striatum (CPu) and
cingulate and prelimbic/infralimbic cortices [collectively the me-
dial prefrontal cortex (mPFC)], and only little elevation was seen
in the SSCs. In the same animals, we observed a gradient of in-

Figure 4. SPION-cfos probe provides an extended window for MRI in live mice. Images acquired at TR/TE � 500/6 ms are
shown (N � 4 each). Images were acquired from one representative animal from each probe group. Images include brain regions
posterior to bregma at �6.0 mm, at �0.4 mm (the infusion site), and 2 mm anterior to bregma. A shows the preinfusion
(baseline) MR images. B and inset b show MR images after SPION-cfos (1 �g of Fe per mouse). LH, Left hippocampus; RH, right
hippocampus. C and CC show MR images of two representative animals after unconjugated SPION; insets a and b show MR brain
slices from the posterior to the infusion site at �0.9 mm (bregma) in the same animal as shown in A and B, respectively. D shows
MR images after infusion of unconjugated SPION, or mixture of SPION and sODN without NA and biotin linkage.

718 • J. Neurosci., January 17, 2007 • 27(3):713–722 Liu et al. • Transcription MRI



creasing R2* values from the dorsolateral toward ventromedial
striata. These results are consistent with distinct patterns of Fos
expression in the forebrains of C57Black6 mice associated with
acute amphetamine stimulation (Conversi et al., 2004).

Figure 7C demonstrates no significant induction of c-fos ex-
pression in the SSC, but a significant elevation in all three ROIs in
animals that received SPION-cfos and amphetamine. Because
R2* values in the SSC were not significantly elevated in all treat-
ments, we concluded that our measurements were not signifi-
cantly influenced by artifacts located outside the brain. Other
support comes from control animals that received SPION-Ran,
for which we observed no significant difference in the R2 of all
ROIs (data not shown). Our observations are consistent with the
previously reported increases in c-fos mRNA after amphetamine.

Discussion
Assays of gene transcription often use nucleic acid probes com-
plementary to their mRNA targets in autopsy specimens. Recent
developments in contrast-enhanced and ligand-targeted MRI

techniques have made these novel tools for assessing the delivery
of biological agents and detecting biological markers in living
subjects. DNA-based probe may offer greater variety in aptamer
design (Liu et al., 1994; Perez et al., 2002). Among imaging mo-
dalities, MRI offers less-invasive image acquisition and enhanced
image resolution, and has the potential to become an important
tool for assessing delivery of exogenous agents and detecting bi-
ological markers in living subjects (Roberts et al., 2000).

We have synthesized several SPION-linked DNA aptamers
and demonstrated their application for detecting mRNA in the
brains of living animals. Our study focused on one aptamer hav-
ing sequence complementary to the well characterized c-fos
mRNA of neuronal origin (Sagar et al., 1988). The delivery, up-
take, and hybridization to mRNA of this ODN in rodent brains
have been reported (Liu et al., 1994; Cui et al., 1999; Y. Zhang et
al., 1999). When administered at a dose of 1 �g of Fe per mouse
via intracerebroventricular injection, SPION-cfos is diffused
throughout the brain and selectively retained, as confirmed by
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Figure 5. Colocalization of sODN-cfos and iron oxide in mouse brains 1 d after infusion of SPION-cfos. Animals were given an infusion of SPION-cfos-FITC (A–C, 1 �g of Fe per mouse) or
unconjugated SPION (D; 5 �g of Fe per mouse), all with lipofectin (N � 4 in each group). Brain tissue was obtained 1 d later. PB stain and NFR counterstain are shown in A, B, and D (10� objective)
and in the insets a, b, bb, and d (100�). A and C show adjacent tissue slices. C and E–I show fluorescent micrographs. E shows FITC-sODN-cfos in brain samples from animals that were given infusion
of SPION-cfos-FITC (1 d after infusion); F shows the baseline control. Tissue in G was from the same group of animals as in C and E but was treated with antibodies against glial fibrillary acidic protein
(GFAP) and DAB stains. H and I show sODN uptake in the contralateral hemisphere of the animals infused with SPION-cfos-dig (2 �g of Fe per mouse) with (H ) and without (I ) lipofectin (N�3 each).
Presence of sODN-dig 1 d after infusion was detected using FITC-IgG against dig (Cui et al., 1999). J and K show SPION uptake in the hippocampus and the cerebellum of the same animal as in I.
Purkinje neurons are located in the Purkinje layer as aligned, stacked cells with a large nucleus (K ). The asterisks show stain on the surface of ventricular wall (J). All images except those in E and F
were acquired from tissue sections treated with xylene. E and F show non-dehydrated tissue. Tissue thickness was 20 �m (A–D, H, I ) or 100 �m (E–G, J, K ), which allows us to observe axons (long
arrows; E) and vascular wall (E, J ). The brackets in E–G point to the CA1 neuronal formation in the hippocampus. DG, Dentate gyrus.
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histological assays of iron oxide and immunohistochemical de-
tection of ODN, and corroborated by MRI. SPION unmodified
or in mixture with (not linked to) sODN is not retained in the
brain, even when given at a dose as high as 5 �g of Fe per mouse.
However, sODN (cfos) has been shown to initially attach to the
ventricular wall, before appearing in the parenchyma, where it
binds to c-fos mRNA (Liu et al., 1994; Cui et al., 1999). The exact
routes of uptake and distribution from the ventricle are not well
understood, but to enter the brain parenchyma, the probe must
migrate across a number of well defined barriers such as the
Virchow–Robin space, the perivascular lymphatic space between
the vessels of the CNS, and the glial membrane on the brain
surface between the parenchyma and ventricle wall. We demon-
strate possible axonal transport of SPION-sODN (Fig. 5E), an
observation that is consistent with reports using other MR con-

trast agents (Enochs et al., 1993; Filler, 1994; van Everdingen et
al., 1994). In the current study, the uptake and distribution of
ODN and iron in regions distant from the site of infusion are
similar with lipofectin (Fig. 5A–J) and without lipofectin (Fig.
5I–K). Using MRI, we showed that SPION-cfos permeated at
least 8 mm in the ventricular area at the initial scan (Fig. 4), and
the probe complex remained intact in samples taken 1 d after
infusion (Figs. 5, 6). It can appear as the blooming of concen-
trated T2 agent. However, we submit that this “blooming effect”
will be a very special one because it occurs only in SPION-sODN,
not in the unconjugated SPION (with lipofectin) at the dose that
we detect gene expression.

The fate of intracellular SPION-sODN depends on the se-
quence of targeting probe and the physical linkage between the
two components, because neither the control probe without a
target (SPION-Ran), or unconjugated SPION shows significant
retention (Figs. 4 –7A). Therefore, the presence of SPION-cfos
and SPION-�actin in the contralateral hemisphere indicates that
retention is specific for targeting SPION-sODN beyond the infu-
sion site. We show evidence that sODN binds to intracellular

Figure 6. Temporal profiles of SPION retention in R2* maps. A shows animals infused with
SPION-cfos, SPION-�actin, or unconjugated SPION (1 �g of Fe per mouse; N � 4 each). Multi-
ple cerebral MRIs were acquired as GE MRI in live animals at indicated time points. Preinfusion
data serve as baseline (see examples in Fig. 5 for images or saline groups in Fig. 7 for R2* maps).
We calculated mean R2* values in an ROI in contralateral SSC to determine SPION retention. No
significant differences in R2* values were observed in baseline and animals that received SPION.
The p values denote mean R2* values that are significantly different from baseline (*) or signif-
icant differences between SPION-cfos and SPION-�actin (**), calculated using a t test. Based on
the mean and SEM from 7 h after infusion, and because power calculation reveals that four
animals per group are needed to obtain a statistically significant difference for the effect sizes
seen here with 95% confidence and p � 0.01, we measured five mice in each group. The ROIs
are shown at right. B and C show mRNA maps of c-fos (B) and �-actin (C) gene transcripts in a
normal mouse (no infusion) using in situ hybridization and a 32P-labeled antisense RNA probe
(Cui et al., 1999a) (N � 4). D shows the profile of SPION retention in the contralateral striatum.
Regional SPION retention of SPION-cfos and SPION-Ran (1 �g of Fe per mouse) is shown in the
contralateral striatum for ROIs depicted to the right. Error bars indicate SEM.

Figure 7. Specific elevation of c-fos mRNA in R2* maps after acute amphetamine exposure.
SPION-Ran (N �5 pairs; A) or SPION-cfos (N �6 pairs; B) was infused as in Figure 5, except that
amphetamine (4 mg/kg body weight) or saline (10 ml/kg) was administered intraperitoneally
4 h later, and MRI was acquired 3 h thereafter. Representative R2* maps (0 –200 s �1 R2* values
are shown in the scale bar) are from four MR slices (same as Fig. 6 D) in one randomly selected
animal from each group. Schematic diagrams of anatomic features are within 0.25 mm of each
MR slice (Paxinos and Franklin, 2001). C shows profiles of SPION retention in ROIs from R2* maps
(see Fig. 6).mPFC, Medial prefrontal cortex; NAc, nucleus accumbens; CPu, caudate/putamen.
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mRNA (Liu et al., 1994) and serves as a primer for specific cDNA
reverse transcription (our unpublished observations). Binding of
targeting SPION-sODN to its mRNA may create SPION reten-
tion (or exclusion delay) by a target-dependent mechanism (Fig.
6). Therefore, the larger aggregates seen under light microcopy
with PB staining can be a compartmentalization of iron oxide
awaiting exclusion. Compartmentalization could involve endo-
somes or other cytoplasmic structure (Arbab et al., 2005). This
mechanism would explain the elevation of SPION at 7 h for tar-
geting probe (SPION-actin and SPION-cfos) but not nontarget-
ing probe (SPION-Ran).

It has been reported that SPION particles (Combidex; 833
pmol/kg) do not remain in rat brains beyond 3 h (Muldoon et al.,
2004), although oligodendroglial cells have been reported to take
up an iron oxide-derived MR contrast agent (Bulte et al., 1999).
Magnetic nanoparticles covalently attached to DNA were first
described by Perez et al. (2002) for detecting DNA–DNA inter-
actions in cellular extracts. We show here a more facile, modular,
and universal approach for generating MR reporters for different
mRNA targets with DNA–RNA interaction. SPION-cfos and
SPION-�actin, at concentrations approximately one-tenth less
than that used by Muldoon et al. (2004), are found to be stable
and provide an extended window for MR imaging for at least
7–24 h after infusion. Although all types of brain cells are able to
take up sODN (Ogawa et al., 1995), we have shown that retention
of SPION-cfos and SPION-�actin could be mediated by intracel-
lular mRNA (Fig. 6). These characteristics will be investigated in
the future with different probes for different cellular targets.

The intracerebroventricular technique we used to deliver this
probe is a convection-enhanced delivery method (Sandberg et al.,
2002), and the distribution pattern of SPION-linked ODN deliv-
ered by the technique is different from those observed with the
use of a viral vector (de Marco et al., 1998; Hommel et al., 2003),
in that cellular uptake and hybridization to target mRNA is re-
quired for our probe to function as a reporter. The intracranial
method of probe delivery results in more uniform distribution
with greater reproducibility of uptake and wider reaches into
regions away from the infusion site. The presence of SPION in the
contralateral hemisphere in animals that received SPION-cfos
suggests that distribution of sODN-conjugated SPION is not lim-
ited to the infusion site. This delivery method is an improvement
over other intracerebral injection techniques (Chiasson et al.,
1992; Wahlestedt et al., 1993; Morrow et al., 1999; M. Zhang et al.,
1999; Tolliver et al., 2000), as evidenced by the fact that the probes
are distributed at least 8 mm anterior–posteriorly (Fig. 4B), and
that SPION-cfos migrates to the contralateral hemisphere (Figs.
4B, 5B), possibly by way of the ventricular cerebrospinal fluid, to
the perivascular space before axonal transport (Fig. 5E). There-
fore, this probe is definitively an improvement over neuronal
transport in the guinea pig facial nerve (Petropoulos et al., 1995).

Our delivery method, although invasive for clinical purposes,
is appropriate for preclinical neurological assays in drug discov-
ery. Uptake using intracerebroventricular delivery is robust; it is
most suitable for applications in preclinical testing, and for use in
antisense strategies for gene knock-down, gene therapies, and
stem cell tracking. Other methods such as intravenous or intra-
peritoneal delivery coupled with opening of the blood– brain bar-
rier (BBB) induced by osmotic shock, severe stroke, or trauma,
and attaching probes to antibodies against the surface protein of
the BBB can presumably be used. However, successful delivery of
probes by these methods, although less invasive, is limited to the
regions in which the BBB is disrupted by osmotic shock (manni-
tol), or is often disease dependent (stroke and trauma). The in-
tracerebroventricular technique is far more efficient and cost ef-

fective, and can be compared with lumbar puncture in larger
animals when proof of concept for the probe is successfully dem-
onstrated by intracerebroventricular delivery and MR imaging in
live animals.

Most importantly, we have observed colocalization of sODN
and iron oxide in tissue samples taken 1 d after intracerebroven-
tricular infusion; this observation is corroborated by MR signal
assessments. We have not been able to show colocalization of
sODN-cfos-FITC in the contralateral hemisphere with iron ox-
ide, possibly because of the quenching effect of SPION on FITC,
and we are developing a new detection method to overcome this
limitation (Fig. 5H,I). However, iron oxide and sODN-cfos (or
sODN-�actin) could be located in the same cells; retention of
SPION-cfos and SPION-�actin is mRNA dependent (Fig. 6A,B).
Because the half-life of c-fos mRNA, as determined in cell culture, is
only �10 min (Kabnick and Housman, 1988), the enhanced stabil-
ity of SPION retention at 7–24 h in the brains of animals that re-
ceived SPION-cfos (or SPION-�actin), but not unconjugated
SPION or SPION-Ran, suggests the extended window of MR imag-
ing may be a result of heteroduplex formation between mRNA and
targeting SPION-sODN. This is supported by the fact that sODN-
cfos binds to c-fos mRNA both in vitro and in vivo, especially in the
neuronal formation where FOS antigens are present in abundance
(Liu et al., 1994). Furthermore, SPION-cfos forms a hybrid with
c-fos mRNA in mouse brains (our unpublished observations).
Lastly, elevated SPION retention in the forebrains of animals that
received SPION-cfos, but not those that received SPION-Ran after
acute administration of amphetamine corroborates elevation of
c-fos mRNA.

Amphetamine alters the expression of several genes. The exact
action of amphetamine is not totally understood, but it stimu-
lates brain cells through several membrane receptors in the stri-
atum and induces signal transduction by phosphorylation of
cAMP response element binding protein (CREB). CREB activates
the transcription of several genes, one of which is c-fos (Konradi
et al., 1994; Hyman and Malenka, 2001). We also detected mRNA
elevations in MRI using SPION-sODN probes in additional dis-
ease models (our unpublished observations). In the current
study, the elevation of c-fos mRNA by amphetamine increases the
hybridization with SPION-cfos probe and R2* values in regions
that show neuronal activation (Fig. 7). In conclusion, we de-
signed target-specific RNA sensors and demonstrated their use-
fulness for in vivo monitoring of gene transcripts by time-lapse
imaging of live animals.
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