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Metastatic spread of cancer cells to the brain is associated with

high mortality, primarily because current diagnostic tools identify
only well-advanced metastases. Brain metastases have been shown

to induce a robust glial response, including both astrocyte and

microglial activation. On the basis of these findings, we hypothe-

sized that this stromal response may provide a sensitive biomarker
of tumor burden, in particular through the use of SPECT/PET imaging

agents targeting the translocator protein (TSPO) that is upregulated

on activated glia. Our goals, therefore, were first to determine the
spatial and temporal profile of glial activation during early metas-

tasis growth in vivo and second to assess the potential of the

radiolabeled TSPO ligand 123I-DPA-713 for early detection of brain

metastases. Methods: Metastatic mouse mammary carcinoma 4T1-
green fluorescent protein cells were injected either intracerebrally or

intracardially into female BALB/c mice to induce brain metastases.

Astrocyte and microglial activation was assessed immunohisto-

chemically over a 28-d period, together with immunofluorescence
detection of TSPO upregulation. Subsequently, SPECT imaging

and autoradiography were used to determine in vivo binding of
123I-DPA-713 at metastatic sites. Results: Dynamic astrocyte

and microglial activation was evident throughout the early stages
of tumor growth, with the extent of astrocyte activation correlat-

ing significantly with tumor size (P , 0.0001). Microglial activa-

tion appeared to increase more rapidly than astrocyte activation
at the earlier time points, but by later time points the extent of

activation was comparable between the glial cell types. Upregu-

lation of TSPO expression was found on both glial populations.

Both autoradiographic and in vivo SPECT data showed strong
positive binding of 123I-DPA-713 in the intracerebrally induced

model of brain metastasis, which was significantly greater than

that observed in controls (P , 0.05). 123I-DPA-713 binding was

also evident autoradiographically in the intracardially induced model
of brain metastasis but with lower sensitivity because of smaller

tumor size (∼100-μm diameter vs. ∼600-μm diameter in the intrace-

rebral model). Conclusion: These data suggest that the glial re-
sponse to brain metastasis may provide a sensitive biomarker of

tumor burden, with a tumor detection threshold lying between 100

and 600 μm in diameter. This approach could enable substantially

earlier detection of brain metastases than the current clinical ap-
proach of gadolinium-enhanced MR imaging.
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Metastasis is the leading cause of cancer morbidity and mor-
tality, and 10%–40% of all cancer patients are estimated to de-
velop metastatic spread of their disease to the brain (1). However,
our understanding of brain metastasis is still in its relative infancy
and, in addition to understanding the pathogenic mechanisms un-
derlying metastatic progression, there is an urgent need to identify
new biomarkers for early tumor detection.
Currently, clinical detection of brain metastasis relies on gado-

linium contrast–enhanced MR imaging. However, this approach is
dependent on blood–brain barrier breakdown, which does not occur
until relatively late in disease progression (2). As a consequence,
therapy is limited and prognosis poor. Thus, the development of new
imaging approaches enabling earlier detection is of critical impor-
tance. Previous work from our laboratory has demonstrated the
potential for early metastasis detection based on the tumor micro-
environment, specifically the activation of the endothelium and
expression of cell adhesion molecules, such as vascular cellular
adhesion molecule 1 (3). However, other central nervous system
stromal cell types may also yield targets for diagnostic biomarkers.
Previously, a mixed glial response to brain metastases, in-

cluding reactive astrocytes and microglia, has been reported both
in animal models and human brain tissue. Astrocytes are the most
abundant of the nonneuronal cell populations in the brain and have
multiple homeostatic and metabolic roles in the central nervous
system. Astrocytes also actively respond to challenges such as
infection and neurodegeneration, by changing their transcriptional
profile and morphology in a characteristic process of reactive
astrogliosis. Reactive astrocytes have been reported around brain
metastases in human postmortem tissue (4,5), and there has been
increasing interest in determining their significance in mouse
models of brain metastasis (6–9). Nevertheless, their contribution
to the progression of brain metastases remains unclear, with both
pro- and antitumorigenic roles being proposed (6,10–14). At the
same time, activated microglia, the resident macrophages of the
brain, have also been found at sites of brain metastases (4,5,9), and
these findings suggest that these 2 glial populations may be in-
timately involved in tumor progression.
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The translocator protein (TSPO), or peripheral benzodiazepine
receptor, is a protein located on the outer mitochondrial membrane
(15) and has multiple functions, including cholesterol import for
steroid synthesis, regulation of mitochondrial metabolism, and ap-
optosis. Importantly, although constitutively expressed, this protein
is highly upregulated on activated glia. Originally, TSPO upregula-
tion in disease was considered to be exclusive to activated microglia,
but recent studies have also demonstrated marked upregulation on
reactive astrocytes (16,17). Concomitantly, interest has grown in the
development and use of radiolabeled compounds against TSPO for
imaging neuroinflammation in central nervous system pathologies
(18), including recent studies in glioma (19,20).
On the basis of the glial response to brain metastases that has

previously been reported, we hypothesized that TSPO-targeted
diagnostic imaging agents might provide a sensitive biomarker of
metastasis burden in the brain. The primary aims of the current study,
therefore, were to quantitatively determine the temporal and spatial
profile of astroglial and microglial activation over the early time
course of metastasis pathogenesis in vivo and, subsequently, to assess
the potential of reactive gliosis as an imaging biomarker for early
detection of brain metastases using the TSPO-targeted SPECT
imaging agent 123I-N,N-diethyl-2-[2-(4-hydroxy-phenyl)-5,7-dimethyl-
pyrazolo[1,5-a]pyrimidin-3-yl]-acetamide (123I-DPA713) (21).

MATERIALS AND METHODS

Two mouse models of brain metastasis were used: direct tumor cell

injection into the brain to establish a reproducible focal metastatic site at
a known location, facilitating extended longitudinal studies with the

contralateral hemisphere serving as an internal control, and hematogenous
induction via intracardiac injection of tumor cells. The mouse mammary

carcinoma 4T1-green fluorescent protein (GFP) cell line was used in both
cases in 6- to 7-wk-old female BALB/c mice (Charles River). All

procedures were performed in accordance with the U.K. Animal
(Scientific Procedures) Act 1986. The supplemental materials provide

a comprehensive description of methods (supplemental materials are
available at http://jnm.snmjournals.org).

Brain Metastasis Models

For the intracerebral model of brain metastasis, animals were injected
stereotactically in the striatum (10.5 mm; 1.5 mm lateral; depth, 22.5

mm from Bregma), with either 0.5 mL of saline containing 5 · 103 4T1-
GFP cells or 0.5 mL of vehicle (saline) alone using a pulled glass

microcapillary (diameter, 75 mm; Clark Electromedical Instruments).
At days 10, 14, 21, and 28 (4T1-GFP, n 5 5; saline, n 5 3 per time

point), mice were transcardially perfused with 0.9% heparinized saline,
followed by periodate lysine paraformaldehyde containing 0.025%

glutaraldehyde (periodate lysine paraformaldehyde light). Tissue
was embedded (Tissue-Tek; Bayer Plc), and 10-mm-thick serial cor-

onal sections were taken using a cryostat (Leica). For the intracardiac
model, mice were anesthetized with 2% isoflurane in oxygen and

intracardially injected in the left ventricle (via ultrasound guidance
(22)) with 104 4T1-GFP cells in 100 mL of phosphate-buffered saline.

At days 10, 14, 21, and 28 after injection, animals were perfusion-
fixed and tissue was processed as above (n 5 5–6 per time point).

Immunohistochemistry and Immunofluorescence

Briefly, sections were quenched in methanol with 1% H2O2 (30%
w/w). Subsequently, tissue was blocked and incubated with the relevant

primary antibody overnight at 4�C: rabbit anti-GFAP (glial fibrilary acidic
protein) for astrocytes (1:500, ZO334; Dako), goat anti-IBA1 (1:500,

ab5076; Abcam), or rat anti-OX42 (1:200, MCA711; Serotec) for
microglia. Primary antibody binding was detected using the relevant

biotinylated secondary antibody and an ABC kit (both 1:100, Vector

Laboratories). Immunoreactivity was revealed using standard diami-

nobenzidine HCl histochemistry and sections counterstained with cresyl
violet. Sections were scanned using the ScanScope CS system (Aperio).

Areas of tumor, astrocyte activation, and microglial activation were
demarcated using ImageScope software (Aperio). Fluorescent colocali-

zation was used to determine TSPO expression in astrocytes, micro-
glia, 4T1-GFP cells, and MDA-231Br cells. Full details of antibodies,

immunohistochemistry, immunofluorescence, and image analysis are
provided in the supplemental data.

SPECT

DPA713 was synthesized as previously described (23). Radiolabel-
ing was performed following a modified literature procedure (24) and

formulated in ethanol. Quality control was performed for each sample.
Full details are provided in the supplemental data.

For the intracerebral model, BALB/c mice were imaged 13 d after
intracerebral injection of either 4T1-GFP cells (n 5 6) or saline (n 5
3), as described above. Animals were intravenously injected with 20
MBq of 123I-DPA713 1 h before SPECT. Mice were anesthetized with

1.5%–2.0% isoflurane in air, and SPECT/CT was performed using
a nanoSPECT/CT scanner (Bioscan) equipped with 9-pinhole aper-

tures (pinhole diameter, 1 mm). SPECT imaging was performed as
described in the supplemental data.

For the intracardiac model, mice were imaged 21 d after in-
tracardiac injection of either 1 · 104 4T1-GFP cells (n 5 5) or saline

(n 5 3). SPECT/CT was performed as described above. A volume of
interest was drawn across the whole brain using the CT images as an

anatomic reference. Average intracerebral activity (kBq) over the vol-
ume of interest was normalized to average extracranial activity in an

extracranial volume of interest across the base of the skull, using the

CT images as the anatomic reference.
After SPECT imaging, animals were transcardially perfused with

heparinized saline. Brains were removed and fresh-frozen in isopentane
and dry ice and transferred to a cryostat at220�C. Coronal sections (20
mm thick) were cut, with serial sections taken for immunohistochemis-
try and autoradiography. For autoradiography, slides were placed on

Super Resolution Phosphor screens (Perkin Elmer). Screens were held
in autoradiography cassettes (Fisher Biotech) for 36 h at 4�C. Subse-
quently, the phosphor plate was read with Cyclone Plus using OptiQuant
software (Perkin Elmer). For immunohistochemistry, slides were

postfixed in 4% paraformaldehyde (PFA) for 30 min at 4�C and then
underwent immunohistochemical staining as described above. Mean

intensity was calculated across 4 striatal sections in ImageJ (National
Institutes of Health), and relative change in compound binding was

calculated (ipsilateral 2 contralateral/contralateral · 100).

Statistical Analysis

All data were analyzed in Prism (version 5.0; GraphPad Software),
with bar graphs displaying mean 6 SEM. When 2 groups were com-

pared, a 2-tailed, unpaired Student t test was used. For multiple
groups, 1-way or 2-way ANOVAs were used, with Tukey post hoc

or Bonferroni post hoc tests used, respectively.

RESULTS

Temporal and Spatial Profile of Reactive Gliosis in

Brain Metastasis

For the intracerebral model, in all cases brain metastases were
associated with a surrounding area of activated astrocytes, which
persisted across the 28-d time course (Fig. 1A). A significant pos-
itive correlation was found between tumor volume and the volume
of associated astrocyte activation (Fig. 1B), and the ratio of astrocyte
activation to tumor volume remained constant throughout (Fig. 1C).
Astrocyte activation was also observed in saline-injected animals,
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but this was significantly less than in 4T1-GFP–injected animals and
decreased rapidly across the time course (Supplemental Fig. 1).
Similarly, in the intracardiac model, brain metastases were

associated with a surrounding area of activated astrocytes, which

again persisted across the 28-d time course (Fig. 2A). A significant

positive correlation was found between tumor area and the area of

astrocyte activation across time (Fig. 2B). However, in this case,

the ratio of astrocyte activation to tumor area also increased sig-

nificantly (P , 0.05; Fig. 2C), indicating a greater increase in the

area of astrocyte activation than tumor growth.
Microglial activation was also evident at the sites of brain

metastases in both the intracerebral and the intracardiac models

but showed greater infiltration of the metastasis core than the

reactive astrocytes (Fig. 2D). For the intracerebral model, the extent

of microglial activation was comparable to the extent of astrocyte

activation (data not shown). In the intracardiac model, a significantly

greater area of microglial activation than astrocyte activation was

found at days 10 and 14 after 4T1-GFP injection (Fig. 2D; P ,
0.001); however, no significant difference was found at day 28.

TSPO Upregulation on Tumor Cells, Astrocytes,

and Microglia

TSPO expression was found to colocalize with both astrocytes

and microglial cells in both the intracerebral model (day 14; Fig.

3A) and the intracardiac model (day 21; Fig. 3B). Expression of

TSPO in the 4T1-GFP cells was shown to be low in vitro, as

compared with the positive control MDA231BR-GFP cells (Supple-

mental Fig. 2), and colocalization between TSPO and 4T1-GFP

cells was not observed in vivo. Although colocalization of TSPO

with astrocytes and microglia was evident in both models, the de-

gree of TSPO expression in the different glial cell types appeared to

vary between the models. In the intracerebral model, astrocytes
showed more marked TSPO expression than microglia. Conversely,
in the intracardiac model TSPO expression in astrocytes was largely
restricted to the tumor periphery, whereas microglia displayed more
robust expression than in the intracerebral model.

123I-DPA713 Imaging of

Tumor-Associated Gliosis in

Intracerebral Model

To determine whether the radiolabeled
TSPO ligand could have potential for early
metastasis detection, on the basis of the
mixed glial response to tumor growth, the
agent 123I-DPA713 was tested in vivo. In
the first instance, the intracerebral model
was used because of the known location
of metastatic foci, and day 13 after induc-
tion was chosen because of the large area of
astrocyte and microglial activation and con-
comitant TSPO expression present. After
intravenous injection of 123I-DPA713, areas
of increased signal intensity on SPECT
images were clearly evident in the hemi-
sphere containing metastases whereas no
signal changes were evident in either the
contralateral control hemisphere or the sa-
line-injected control mice (Fig. 4A). The
areas of signal increase corresponded to
the metastasis-bearing region, and the in
vivo observations were confirmed with ex
vivo autoradiography (Fig. 4B). Quantita-

tively, a significant increase in 123I-DPA713 binding was found
in the tumor-bearing striatum, compared with saline-injected con-
trols from both the in vivo SPECT (P , 0.05; Fig. 4C) and the ex
vivo autoradiography (P , 0.05; Fig. 4D) data.
Coregistration of autoradiographic and immunohistochemical

images confirmed that 123I-DPA713 binding was limited to areas
of tumor-associated glial activation and correlated spatially with
both microglial and astrocytic activation (Supplemental Fig. 3). In
all cases, the area of strongest 123I-DPA713 signal appeared to cor-
relate with the tumor foci, which encompassed a dense microglial
infiltrate and a border of astrocyte activation (Supplemental Fig. 3).

123I-DPA713 Imaging of Tumor-Associated Gliosis in

Intracardiac Model

Subsequently, 123I-DPA713 was tested in the intracardiac
model. In this case, animals were imaged 21 d after induction at
a point where metastases are on the order of 100 mm in diameter
and robust glial activation is evident. As for the intracerebral
model, 123I-DPA713 enabled autoradiographic detection of glial
activation associated with brain metastases in the intracardiac
model, and regions of increased signal intensity correlated with
tumor-associated gliosis identified immunohistochemically (Fig. 5).
In contrast, using in vivo SPECT, individual metastases were not
readily detectable in this model. Across the entire brain, a trend
toward an increase in specific activity in 4T1-GFP–injected mice
was evident but did not reach significance.

DISCUSSION

Probing the tumor microenvironment as a biomarker for meta-
static burden may provide a novel approach for the early detection
of brain metastases. In this study, we have determined the temporal
and spatial profile of glial activation over the early time course of
metastasis pathogenesis in vivo. We have demonstrated both astrocyte
and microglial activation from early in tumor development. Sub-
sequent SPECT imaging targeting reactive glia via upregulation of
TSPO indicated that this glial response could be used to detect

FIGURE 1. (A) Photomicrographs of brain sections from animals at days 10, 14, 21, and 28 after

intracerebral injection of 4T1-GFP cells. Reactive astrocytes were identified by GFAP immuno-

reactivity (brown stain), and sections were counterstained with cresyl violet. Scale bar 5 100 μm.

(B) Significant positive correlation was found between volume of astrocyte activation and tumor

volume (y 5 18.2x 1 0.415; r2 5 0.657; P , 0.0001). (C) No significant differences were found in

ratio of astrocyte to tumor volume over time (n 5 4–5 per group).
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metastatic growth in the brain and notably provides a greater target
area for detection than the metastases themselves. These findings
suggest that TSPO-targeted PET or SPECT may provide a useful
imaging biomarker of early metastasis growth in the brain based on
the tumor-associated glial activation.
Several studies, primarily in vitro, suggest that astrocytes may

have both anti- and protumorigenic roles. On the one hand,
astrocytes produce tumoricidal nitric oxide (10) and recruit sys-
temic immune cells that may exhibit tumoricidal activity such as
cytotoxic T cells (11). Conversely, astrocyte–tumor cell cocultures
suggest that astrocytes may activate tumor cell proliferative path-
ways (12) via secretion of soluble factors such as tumor necrosis-
factor (TNF) and IL-6 (13). Moreover, coculture with astrocytes
has been shown to induce reprogramming of the tumor cell tran-
scriptome, mirroring transcriptional changes observed in vivo (25)
and thus increasing both invasiveness (6) and chemoresistance
(26,27). At the same time, microglial activation is also known to
be a feature of the brain metastatic microenvironment (4,5,28,29)
and, as with astrogliosis, studies suggest both anti- and protumori-
genic roles for microglia. For example, microglial-induced tumor
cytotoxicity has been demonstrated in vitro (30,31), but these cells
have also been shown to facilitate metastatic colonization (29).
Here, we have shown that brain metastases are closely associated

with both astrocyte and microglial activation in vivo, early in
disease progression and consistently throughout the 28-d time

course studied. In the case of astrocytes, these findings are in
agreement with those of Fitzgerald et al. (8), who have shown that
brain metastases are associated with reactive gliosis at 14 and 28
d after induction in a xenograft model. Here, we have recapitulated
and extended these findings in a syngeneic and immunocompetent
mouse model of brain metastasis, both through hematogenous dis-
semination of tumor cells and through direct introduction into the
brain. In both cases, the presence of reactive astrocytes was ob-
served from the earliest time points studied and was considerably
greater than the tumor area itself (;25-fold for the intracerebral
model, ;45-fold for the intracardiac model). Quantitatively, the
area of astrogliosis correlated positively with tumor growth. Similar
positive correlations between astrogliosis and tumor burden have
been demonstrated in an in vivo model of lung cancer brain metas-
tasis (13), although at a single time point only. In both models used
here, reactive astrocytes did not appear to form a fixed gliotic scar
around the tumor, as is often seen surrounding an ischemic lesion,
for example. Rather, the ratio of astrogliosis to tumor size either
remained constant (intracerebral model) or increased with time (in-
tracardiac model). These findings suggest that the tumor continues
to release astrocyte-activating factors as it grows, such that the
gliosis neither resolves nor walls off the tumor in a static rim, and
are in accord with in vitro work indicating that tumor-induced as-
trocyte activation is not contact-dependent (13).
Again in accord with previous literature, activated microglia were

detected in both models in the current study. In the intracerebral
model, the extent of microglial activation was comparable to that of
astrocyte activation at the 2 time points studied. In the intracardiac
model, the microglial response appeared to be more robust than
astrocyte activation over the early stages, with microglial activation
encompassing an area approximately 80-fold greater than the tumor
area at days 10 and 14 and subsequently plateauing, whereas
astrocyte activation increased gradually across the time course.

FIGURE 2. (A) Photomicrographs of brain sections from a naive BALB/c

mouse and at days 10, 14, and 28 after intracardiac injection of 4T1-GFP

cells. Reactive astrocytes were identified by GFAP immunoreactivity

(brown stain), and sections were counterstained with cresyl violet. Scale

bar 5 100 μm. (B) Significant positive correlation was found between

extent of astrocyte activation and tumor area (y 5 11x 1 0.006; r2 5 0.6;

P, 0.0001). (C) Significant increase in ratio of astrocyte to tumor areawas

found over time (*P , 0.05, n 5 5–6 per group). (D) Photomicrographs

comparing microglial infiltration of metastases, detected by Iba-1 immu-

noreactivity, with astrocyte activation (brown stain in each case). Graph

shows quantitation of microglial (black bars) and astrocyte (gray bars)

activation at days 10 (tumor number 5 16), 14 (n 5 39), and 28 (n 5 7).

*P , 0.05. ***P , 0.0001.

FIGURE 3. Confocal microscopy images obtained from mouse brain

14 d after intrastriatal injection of 4T1-GFP cells (A) or 21 d after in-

tracardiac injection (B) demonstrating TSPO colocalization with either

astrocyte reactivity (GFAP) surrounding metastases or reactive microglia

in tumor periphery (IBA-1). Scale bar 5 50 μm.
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However, by day 28, activation of both glial populations was
comparable. These findings support the view that the intracerebral
model represents a later time point in metastatic progression in
which microglial and astrocyte responses are more evenly matched.
The development of techniques that enable earlier detection of

brain metastases when therapy may be more beneficial is critical
(3). In light of the robust glial response demonstrated here, we
hypothesized that a marker of gliosis could provide a useful bio-
marker for metastatic burden. TSPO upregulation has been demon-
strated in both astrocytes and microglia when they become reactive
(16,17), and numerous studies have demonstrated the use of radio-
labeled agents targeting TSPO for the detection of neuropathology.

Thus, our aim was to determine whether such a molecular imaging
approach could provide a tool for the early detection of brain me-
tastases. In accord with this hypothesis, increased TSPO expression
was found on both astrocytes and microglia in the metastasis micro-
environment in this study, as has been reported previously in other
inflammatory conditions (16,32). Interestingly, in the intracerebral
model (day 14) TSPO upregulation appeared to be more robust in
reactive astrocytes than activated microglia. Conversely, the reverse
was found in the intracardiac model (day 21), with TSPO expression
in astrocytes being largely restricted to the tumor periphery. These
findings suggest that TSPO expression may reflect differential glial
phenotypes and that induction of TSPO expression is context-depen-
dent (33). Nevertheless, the combined TSPO signal from both glial
populations supported the concept that radiolabeled compounds tar-
geted to TSPO could be used to image metastasis-associated gliosis.
Initial TSPO imaging work was conducted in the intracerebral

model, in which the tumor cells are injected into a known location
within the left striatum. 123I-DPA713 accumulation was clearly ev-
ident at the site of tumor cell injection and to a significantly greater
extent than was seen in saline-injected animals. Autoradiography
provided higher-resolution confirmation of 123I-DPA713 binding in
the tumor-bearing hemisphere. Spatial registration of the autoradio-
graphic images with immunohistochemical staining demonstrated
that radiotracer binding extended well beyond the area encompass-
ing the metastases themselves and correlated spatially with the over-
all extent of astrocyte and microglial activation. However, the greatest
intensity of compound binding appeared to correlate with the met-
astatic foci. The intense staining correlating with the tumor foci is
likely due to the strong glial activation in this region, including
dense microglial infiltration of the metastatic site and closely sur-
rounding astrocyte activation.
Autoradiography data indicated that 123I-DPA713 also enabled de-

tection of astrogliosis induced by metastases in the intracardiac
model. However, it appears that the spatial resolution of SPECT
imaging was insufficient to enable visualization of individual metas-
tases at this time point in vivo, most likely because of their small size,
compared with the metastatic foci in the intracerebral model (;100-
vs. 600-mm diameter) and, hence, the associated area of gliosis
(;400 vs. ;1,800 mm).
Taken together, the intracerebral and intracardiac 123I-DPA713

SPECT data suggest a detection threshold for metastases lying be-
tween 100 and 600 mm in diameter, with an associated area of
astroglial activation of 0.120–120 mm2. Although the spatial reso-
lution of SPECT (1–2 mm) will preclude detection of very small

individual metastases and their associated
glial response, this may be further com-
pounded by limitations in contrast agent sen-
sitivity. New-generation TSPO compounds
labeled with 18F may enable a more sensitive
detection of metastases from even earlier
time points. Nevertheless, the limits of de-
tection demonstrated here would still
equate to considerably earlier detection
than the current clinical approach of gado-
linium-enhanced MR imaging (detection
threshold, 0.5- to 1.0-cm tumor diameter).
Interestingly, recent work has suggested

the potential for imaging breast cancer
metastasis to the brain based on the TSPO
expression by the breast cancer cells them-
selves (34–36). However, here we have dem-

FIGURE 4. (A) Representative SPECT images at injection site (left hemi-

sphere) from 4T1-GFP–injected mouse and saline-injected control. (B) 123I-

DPA713 binding was confirmed by autoradiography in 4T1-GFP–injected

animals as compared with saline-injected animals. (C–D) Graphs show

percentage signal increase in injected hemisphere, compared with control

contralateral hemisphere for 4T1-GFP– (n 5 6) and saline- (n 5 3) injected

animals for either SPECT (C) or autoradiography (D) data. *P , 0.05.

FIGURE 5. Representative autoradiography image from mouse brain obtained 21 d after in-

tracardiac injection of 4T1-GFP cells; areas of increased signal correlated spatially with immu-

nohistochemical detection of tumor burden, as seen in immunohistochemistry image. Graph

shows quantification of 123I-DPA713 binding (normalized activity), as determined by SPECT, in

animals injected intracardially with either 4T1-GFP cells or saline.
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onstrated that this approach would target not only the metastatic
cells themselves but also the glial response. This amplified region
of detection will be of critical importance for lower-resolution clin-
ical imaging methods. At the same time, our data indicate that such
approaches cannot be considered to be specific to the tumor locus
alone. Moreover, we found that the 4T1-GFP cells used in this study
do not robustly express TSPO, in contrast to the metastatic human
breast carcinoma cell line MDABR231, in which expression has
previously been shown (37). These findings suggest that not all
tumor cells will be TSPO-positive. In contrast, glial activation has
been found to be consistent across several different types of brain
metastasis. Taken together, the above data indicate the potential for
earlier clinical detection of brain metastases through TSPO targeting
of the metastasis-associated glial response.

CONCLUSION

We have demonstrated, in vivo, that the inflammatory tumor
microenvironment can be targeted with current TSPO-targeted
imaging agents to detect metastatic burden in the brain using the
associated robust glial response. These findings suggest the
potential for earlier clinical detection of brain metastases using
TSPO-targeted agents, through either SPECT (123I) or PET (18F)
imaging, than is currently clinically possible.
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