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Abstract
Traumatic brain injury (TBI) is a significant cause of mortality, morbidity, and disability. Microglial
activation is commonly observed in response to neuronal injury which, when prolonged, is thought
to be detrimental to neuronal survival. Activated microglia can be labeled using PK11195, a ligand
that bind the peripheral benzodiazepine receptor (PBR), receptors which are highly expressed in
activated microglia and sparse in the resting brain. We compared the binding properties of two PBR
ligands PK11195 and DAA1106 in rats using the controlled cortical impact (CCI) model of
experimental TBI. While both ligands showed relative increases with specific binding in the cortex
ipsilateral to injury compared to the contralateral side, [3H]DAA1106 showed higher binding affinity
compared with [3H](R)-PK11195. Combined immunohistochemistry and autoradiography in brain
tissues near the injury site showed that [3H]DAA1106 binding co-registered with activated microglia
more than astrocytes. Further, increased [3H]DAA1106 specific binding positively correlated with
degree of microglial activation, and to a lesser degree with reactive astrocytosis. Finally, in vivo
administration of each ligand in rats with TBI showed greater retention of [11C]DAA1106 compared
to [11C](R)-PK11195 at the site of the contusion as assessed by ex vivo autoradiography. These results
in a rat model of TBI indicate that [11C]DAA1106 binds with higher affinity to microglia when
compared with PK11195, suggesting that [11C]DAA1106 may represent a better ligand than [11C]
(R)-PK11195 for in vivo PET imaging of activated microglia in TBI.
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Introduction
With an annual incidence of 200/100,000, traumatic brain injury (TBI) is a major cause of
mortality as well as chronic functional impairment and disability in survivors. An estimated
two percent of the general population live with cognitive, behavioral, emotional, and physical
disabilities (7,57) related to TBI. While several studies have focused on acute neuronal cell
death with respect to dissecting mechanisms of injury and designing neuroprotective strategies,
glial responses to injury and their influence on neuronal damage and repair are less understood.
One of the central glial responses to brain injury is activation of microglia (25,55). However,
the role of activated microglia in TBI is largely unknown. Recent evidence using two photon
microscopy imaging of fluorescently labeled microglia in transgenic mice following laser-
induced injury showed rapid movement of ramified microglial processes to the site of injury.
These processes then fused to form an area of containment between healthy and injured tissues
within about 30 seconds, suggesting that microglia may represent the first line of defense in
CNS injury (15,21,38). Activated microglia also serve phagocytic functions in clearing up
debris created by dead cells at the site of brain injury (32). In contrast to these beneficial
functions, chronically activated microglia are hypothesized to promote neuronal damage by
secreting several neurotoxins, which are thought to trigger various cellular processes including
cell death cascades in neurons (54). In humans with TBI, microglial activation has been
reported as early as 72 hours after injury (20), and can remain activated for up to several weeks
after injury (5). In a rodent model of TBI chronic microglial activation is noted up to two weeks
after CCI (48). However, it is not known if this prolonged activation of microglia in TBI can
be harmful and detrimental to the reparative process. If microglial activation could be
effectively evaluated in vivo, it would be possible to identify dynamic neuroinflammatory
changes as well as monitor efficacy of therapies targeted at modulating neuroinflammation in
TBI.

Activated microglia show increased expression of the peripheral benzodiazepine receptor
PBR), which unlike the central benzodiazepine receptor, is expressed at relatively low levels
in the normal brain on resting microglia and astrocytes (9,10). PK11195 a pharmacological
ligand that binds to PBR has been used to label activated microglia in brain tissues in a number
of neurologic diseases (1) including a rat model of TBI (48). Carbon-11 labeled PK11195 has
been used as a PET imaging agent and shows increased uptake to varying degrees (compared
to control subjects) in human patients with several neurological disorders such as stroke (22,
24,47,49), multiple sclerosis (3,16,60), Alzheimer’s disease (8), amyotrophic lateral sclerosis
(58), Parkinson’s disease (23,40) and Huntington’s disease (43).

DAA1106 ([N-(2,5-dimethoxybenzyl)-N-(4-uoro-2-phenoxyphenyl) acetamide]), is a more
recently discovered PBR ligand that binds with higher affinity compared to PK11195 as
demonstrated by a significantly lower dissociation constant (KD) (11,34,64). Due to its high
affinity binding properties, it has been suggested that DAA1106 may provide greater sensitivity
than PK11195 as a PET imaging agent for PBR. The higher affinity of DAA1106 may also
overcome the low specific in vivo binding signal with PK11195, which is challenging to
quantify with typical PET image noise levels (3,26,41,45). Carbon-11 labeled DAA1106 has
been shown to cross the blood brain barrier and bind to constitutive PBR in normal human
subjects (29). However, the binding characteristics of DAA1106 in conditions of CNS
pathology are not known. Further, it is not known if DAA1106 preferentially labels activated
microglia in conditions of CNS injury such as TBI. To address these questions we a used
controlled cortical impact injury (CCI) model of TBI in rats. We report that [3H]DAA1106
displays higher binding affinity compared to [3H](R)-PK11195 in injured brain tissue obtained
from rats seven days after CCI. Increases in [3H]DAA1106 binding correlated mainly to
activated microglia. While [3H](R)-PK11195 has been shown to bind to activated microglia
in brain tissues in a rat model of TBI (48), we now show that both [11C](R)-PK11195 and
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[11C]DAA1106 can bind in vivo to activated microglia using ex vivo autoradiography. Further
our data suggest that microglia in rats with TBI bind and retain more DAA1106 compared to
PK11195 in rats with TBI and may serve as a better ligand to image brain microglia in vivo
using PET in brain injury.

Methods
Animal model of TBI using controlled cortical impact injury (CCI)

Animals were housed and maintained according to standards of the Association for Assessment
and Accreditation of Laboratory Animal Care, and all experiments were approved by the
University of Pittsburgh Institutional Animal Care and Use Committee. Ten male adult male
rats (Hilltop laboratories, Scottdale PA), with body weight 280–320g were initially
anesthetized with 4% isoflurane and a 2:1 N2O/O2 mixture in a vented anesthesia chamber.
Following endotracheal intubation, rats were mechanically ventilated with a 2% isoflurane
mixture. The rats were then mounted in a stereotaxic frame (David Kopf instruments, Tujunga,
CA). Following a craniotomy, the CCI was delivered at 2.9mm; 4m/s over the right parietal
cortex similar to that previously described (30,31,62). Following CCI, animals were allowed
to recover and were housed for 7 days. Four animals were imaged with ex vivo autoradiography
and six animals were used for filtration binding analyses and immunohistochemistry.
Following deep anesthesia with isoflurane, animals were sacrificed, and brain tissues from all
animals were collected and processed to 1) obtain frozen sections for immunohistochemistry/
autoradiography, 2) obtain homogenates for filtration binding assays and 3) obtain sections for
ex vivo autoradiography.

The CCI device used in this study has been described in detail by Dixon (18). In brief, the CCI
injury device consists of a small (1.975 cm) bore, double-acting stroke-constrained pneumatic
cylinder with a 5.0 cm stroke. The cylinder is rigidly mounted on a crossbar at an 18-degree
angle and has an impact tip of 6mm mounted on the lower rod. The upper rod end is attached
to the transducer core of a linear velocity displacement transducer (LVDT). The impactor tip
is pneumatically driven at a predetermined velocity, depth, and duration of tissue deformation.
The velocity of the cylinder is controlled by gas pressure and measured directly by the LVDT.
A penetration depth of 2.9 mm with a velocity of 4.0 m/sec consistently produces a severe
injury.

Filtration radioligand binding assays
Cortical brain tissue from the right parietal cortex containing the core of the contusion and 5
mm around the core along with brain tissue from left parietal cortex corresponding to the region
of contusion on the contralateral side were rapidly dissected out and homogenized in 50 mM
HEPES (4°C, pH 7.4). Homogenates (total protein concentration ranging from 150 to 200 μg)
were incubated with either 0.5–64 nM [3H](R)-PK11195 (n=3) (sp. act., 89.9 Ci/mmol; NEN
Life Sciences Products, Boston, MA) or 0.2 to 20 nM [3H]-DAA1106 (n=3) (sp. act., 80 Ci/
mmol; American Radiolabeled Chemical, St Louis, MO) at 4°C for 2 hr in a final volume of
250 μl of HEPES. This was defined as total binding. Nonspecific binding was determined by
the inclusion of 10 μM PK11195 or 10 μM DAA11106 respectively in parallel samples. The
reaction was terminated in a vacuum cell harvester (Brandel, Gaithersburg, MD) by filtration
through glass fiber filters (Whatman- GF/B glass fiber filter paper) presoaked in 0.3%
polyethyleneimine (Sigma, St. Louis, MO) by the addition of ice-cold HEPES. Filter bound
radioactivity was counted in a liquid scintillation spectrometer (Tricarb liquid scintillation
counter, Perkin Elmer Life Sciences, Wellesley, MA) after the addition of 6 mls of liquid
scintillation fluid (Perkin Elmer Life Sciences). Specific binding at each concentration of 3H-
ligand was defined as the difference between total binding and nonspecific binding and ranged
from 80–90% of total binding. All samples were run in duplicate. Bmax in fmoles per mg
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protein measuring the maximal number of binding sites for each ligand was taken to reflect
the total number of receptors and KD, the dissociation constant reported in nM and inversely
proportional to the binding affinity of the ligand were determined for each ligand using PRISM
software (Graphpad, San Diego, CA). The Bmax/KD indicative of the binding potential for
PET radiotracers (36)was calculated for each ligand.

Immunohistochemistry
Immunostaining and laser confocal microscopic imaging was performed on frozen sections of
obtained from the same animals used for filtration binding analyses in a manner similar to that
described previously (59). Frozen sections obtained from rats with CCI were stained with
antibodies to GFAP (mouse monoclonal, DAKO, Carpinteria, CA), or anti-rat CD68 (mouse
monoclonal, Serotec, Raleigh, NC), or NeuN (mouse monoclonal, Zymed/Invitrogen,
Carlsbad, CA) used at concentrations 1:1000, 1:100 and 1:50 respectively. Sections were then
incubated with Cy5- or Cy3-conjugated anti-mouse IgG at a concentration of 1:200 (Jackson
Immunoresearch Laboratories Inc., West Grove, PA). Immunostained sections were then
scanned and quantified on a laser confocal microscope equipped with an argon laser with 458
nm, 477 nm, 488 nm and 514 nm primary emission lines. (LSM 510, Zeiss, Heidelberg,
Germany) as described in detail elsewhere (59). Briefly, each section was scanned along the
z-axis to define the middle optical plane used in quantification (262,144 pixels/plane; 1 pixel=
0.25 μm2). Image analysis was performed on a Silicon Graphics computer (Windows NT 4.0
operating system, Microsoft, Redmond, Washington) using the LSM software (version 3.0,
Zeiss). Scanning parameters such as laser power aperture, gain, and photomultiplier tube
settings were kept constant for each wavelength. An individual blinded to the experimental
design imaged three areas in the core of the lesion and three areas in the corresponding
contralateral region (40X) encompassing 106,100 μm2. For each cell phenotype scanned,
contribution to signal intensity from autofluorescence was minimized using a threshold that
was kept constant. In each area the average pixel fluorescence, along with the pixel counts for
a given cell phenotype marker that exceeded the threshold, were enumerated. The average pixel
fluorescence was multiplied by the total number of pixels to represent the total florescence for
that cell phenotype marker in that area. The total fluorescence values determined from the three
scanned areas in one brain region were averaged to represent a measure of the cell phenotype
in that brain region.

In vitro Autoradiography
Autoradiography was performed as described earlier (59). Briefly, 15 μm thick frozen brain
sections placed on Superfrost™ glass slides (Sigma) were incubated in ice-cold 50 mM TRIS-
HEPES (pH 7.4) containing (1 nM [3H](R)-PK11195) or 1 nM [3H]DAA1106 for 30 min.
Specificity of binding was ensured by the inclusion of 1 μM PK11195 or 1 μM DAA1106 in
parallel sections. The sections were mounted with a layer of autoradiographic LM-1 emulsion
(Amersham, UK), were developed after 4 weeks and were then imaged on the confocal
microscope. Cellular localization of [3H]DAA1106 in brain sections from CCI rats was
evaluated by combining immunostaining and autoradiography. Sections were first
immunostained with both GFAP and CD68 or NeuN as above and then processed for
autoradiography with [3H]DAA1106, following which they were imaged on the confocal
microscope.

Ex-vivo autoradiography
High specific activity [11C](R)-PK11195 and [11C]DAA1106 was synthesized at the
University of Pittsburgh PET Facility using methods similar to those previously described
(59,64). In brief, [11C](R)-PK11195 was labeled with carbon-11 with methylation performed
at room temperature to minimize the dechlorination side reaction (13,52). [11C]DAA1106 was
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labeled with carbon-11 by O-[11C] methylation of a desmethyl precursor (DAA1123) (64).
Chemical and radiochemical purities were ≥95% with specific activities ≥2.0 Ci/μmol at the
end of a 40 min synthesis. Typical end-of-synthesis yields were approximately 30% for both
[11C]DAA1106 and [11C](R)-PK11195

Anesthetized rats with CCI were injected intravenously through the tail vein with either [11C]
DAA1106 (n=2) or [11C](R)-PK11195 (n=2) (750 -1500 μCi). After a 30 min uptake period,
animals were perfused with normal saline, sacrificed, and the brain was rapidly removed and
placed on a chilled sectioning block (Harvard Apparatus, Natick, MA). The brain was sectioned
coronally into 2mm sections and sections taken through the core of the contusion were mounted
on a plastic film and opposed to a phosphor screen (Fuji BAS-SR2025, Fuji Photo Film Co.,
Kanagawa, Japan) for 1 h, after which the exposed plated was imaged on a high-resolution
phosphorimager (Fuji BAS-5000, Fuji Medical Systems, Stamford, CT). Images were pseudo
colored and scaled to a rainbow scale using the Multi Gauge software (Fuji Medical Systems,
Stamford, CT).

Statistical analysis
Data were analyzed using PRISM software (Graphpad, San Diego, CA). Data are represented
as mean ± SEM. Student’s t tests with 95% confidence intervals were used to analyze data
from filtration binding experiments and immunohistochemical quantifications. Nonparametric
correlational analyses using 95% confidence intervals were performed to quantify the
relationship between [3H]DAA1106 binding and microglia (CD68 staining) or astrocytes
(GFAP staining). Results from correlational analyses are represented by r, the Spearman’s
coefficient.

Results
[3H]DAA1106 shows increased binding at the site of the contusion in a rat model of TBI

We examined the binding characteristics of DAA1106 and PK11195 in a rat model of TBI
using CCI. Saturation filtration binding experiments were performed in rats with CCI using
cortical tissues taken from the contusion core and from the corresponding region contralateral
to the injury site using [3H]DAA1106 (n=3) and [3H](R)-PK11195 (n=3), (Figure 1). The
Bmax (fmols/mg), reflective of the total number of binding sites, was significantly higher with
[3H](R)-PK11195 in the contusion compared with cortical tissue contralateral to the contusion
(Figure 1B and C, p = 0.0488). These results are in agreement with a previous study evaluating
[3H](R)-PK11195 binding in rats with CCI after seven days (48). [3H]DAA1106 similarly
showed a significant increase in Bmax in the area ipsilateral to the contusion compared the
contralateral area (Figure 1A and C, p = 0.0109). Within the same region, [3H](R)-PK11195
binding was higher than [3H]DAA1106 binding, approaching significance in the ipsilateral
area (Figure 1C, p = 0.0742), but not the contralateral area (p = 0.1331).

[3H]DAA1106 shows lower KD values and higher Bmax/KD ratios compared to [3H](R)-
PK11195 in brain tissue obtained from rats with TBI

The KD (nM), reflective of the ligand binding affinity was measured with both ligands in the
ipsilateral and contralateral regions. Comparing ipsilateral and the contralateral regions, the
KD did not different with either [3H]DAA1106 (p = 0.1835) or [3H]-(R)PK11195 (p = 0.6664)
(Figure 1D). However, the KD of [3H]DAA1106 was significantly lower (~ 4 fold) than with
that of [3H]-(R)PK11195 in both ipsillateral (p = 0.0400) and contralateral (p = 0.0125) regions.

The ratio of Bmax/KD, employed as an index of binding potential of PET radiotracers, was
calculated with each ligand in the ipsilateral and contralateral regions. Bmax/KD ratio was
significantly higher with [3H]DAA1106 on the ipsilateral compared to the contralateral side
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(p = 0.0395). Further, Bmax/KD ratio was significantly higher (~5 fold higher) for [3H]
DAA1106 compared to [3H]-(R)PK11195 on the ipsilateral side (p = 0.0094), suggesting that
the binding potential of [3H]DAA1106 was higher than [3H]-(R)PK11195 at the site of the
lesion.

[3H]DAA1106 binding corresponds to activated microglia in rats with TBI
We determined the relative contributions of astrocytes and microglia to [3H]DAA1106
bindings as PBR is expressed mainly on these cells in the CNS (3,10). We combined
immunostaining for astrocytes (GFAP) and activated microglia (CD68) with [3H]DAA1106
autoradiography on frozen brain sections obtained from rats with TBI. [3H]DAA1106 binding
co-registered with activated microglia more than GFAP labeled astrocytes in the region of the
contusion (Figure 2 A). Minimal [3H]DAA1106 binding as well as CD68 staining was observed
in cortical regions in the contralateral hemisphere (Figure 2B). [3H]DAA1106 binding was
confirmed to be specific as it was displaced by unlabeled DAA1106 (1 μM) in the region of
the contusion in adjacent sections (Figure 2C).

We next quantified the degree of microglial activation using CD68 and the degree of reactive
astrocytosis using GFAP in frozen sections obtained from the same rat brain tissue used for
filtration binding analyses and correlated these values with [3H]DAA1106 Bmax values. CD68
and GFAP immunohistochemistry were both significantly higher in the contusion compared
to contralateral tissue (Figure 3 A–C) [3H]DAA1106 binding correlated with the abundance
of microglia (Figure 3D, r=0.8989, p=0.0148), but not with the abundance of astrocytes (Figure
3E, r=0.5385, p=0.2703). These results suggest that the predominant cellular component of
DAA1106 binding in the injured CNS relates to activated microglia.

[3H]DAA1106 binding is higher in regions with neuronal loss
To assess the relationship between [3H]DAA1106 binding and neuronal loss we combined
[3H]DAA1106 autoradiography with immunostaining for neurons (NeuN) on frozen brain
sections obtained from rats with CCI. Increased [3H]DAA1106 binding was observed in
association with decreased NeuN staining in areas of the contusion (Figure 4 A). [3H]DAA1106
binding was confirmed to be specific as it was displaced by unlabeled DAA1106 (1 μM) in the
ipsilateral (Figure 4B) and contralateral regions in adjacent sections (Figure 4C).

Ex-vivo binding analysis shows increased brain retention of [11C]DAA1106 compared to
[11C](R)-PK11195 in rats with TBI

[11C]DAA1106 or [11C](R)-PK11195 was injected intravenously into rats with CCI (n=4, 2
per ligand). While both ligands showed increased ipsilateral retention in the area of the
contusion, [11C]DAA1106 retention was qualitatively higher compared to [11C](R)-PK11195
at the site of the contusion (Figure 5 A and B). These results are consistent with the filtration
binding studies, suggesting that DAA1106 has higher binding affinity, reflected by the lower
KD and higher Bmax/KD ratio (a measure of the binding potential) compared to PK11195 in
rats with CCI in vivo.

Discussion
TBI is a significant cause of disability resulting in a variety of deficits due to neuronal damage
(7,57). In response to neuronal injury, microglia undergo a transformation from a resting state
to an activated state that is reflected by both morphologic and phenotypic changes (46). While
it has been suggested that activated microglia represent a marker for neuronal damage, the role
of activated microglia in TBI is not well defined (55). We sought to label activated microglia
in the CCI model of TBI in rats. Activated microglia have been imaged in vivo using PET by
taking advantage of increased expression of PBR, which is normally expressed at low levels
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in astrocytes and resting microglia (8,10). PK11195, a ligand that specifically binds to PBR,
has been used extensively to image activated microglia using PET in a number of neurologic
disorders (reviewed in (9). Further, [3H](R)-PK11195 has been used to label microglia in a rat
model of TBI in brain tissues (48), but it not known if ligands that bind PBR can label microglia
in TBI in vivo. DAA1106 is a new ligand that binds to PBR with higher affinity than PK11195
in brain mitochondrial preparations (11). We now show that the higher affinity of DAA1106
compared to PK11195 translates to superior in vivo labeling of microglia using ex vivo
autoradiography.

In this study, we compared the binding characteristics of DAA1106 with PK11195 and
elucidated the cell type contributing to DAA1106 binding in rats with CCI. Filtration binding
analyses showed that the dissociation constant (KD) of [3H]DAA1106 was 5–10 fold lower
than [3H](R)-PK11195 in rats with TBI, reflecting a significantly higher binding affinity to
PBR (Figures 1). The Bmax, which reflects the number of binding sites, was lower with [3H]
DAA1106 than [3H](R)-PK11195 in the area of the contusion and approached statistical
significance (Figure 1, p=0.0742). This approximate two-fold difference may be due to a
difference in binding sites of either ligand to the peripheral benzodiazepine receptor as detailed
in previous reports suggesting that the binding domains of PK11195 and DAA1106 do not
completely overlap (14,39). However, despite this two-fold difference in Bmax, the ratio of
Bmax to KD, a measure of specific binding of PET radiotracers (36), was substantially
(approximately five fold) higher with [3H]DAA1106 than [3H](R)-PK11195 (Figure 1),
suggesting that DAA1106 possesses advantageous features as a PET ligand compared to (R)-
PK11195. [3H]DAA1106 bound better to activated microglia and to a lesser degree to
astrocytes as determined by combined autoradiography and immunohistochemistry (Figure 2)
and correlational analyses (Figure 3). Immunostaining for neurons combined with
autoradiography showed that neurons did not colocalize with [3H]DAA1106 binding, but
regions within the contusion and with neuronal loss showed greater [3H]DAA1106 labeling
(Figure 4). In vivo administration of each of the ligands in rats with TBI showed increased
brain retention of [11C]DAA1106 compared to [11C](R)-PK11195 at the site of the lesion as
assessed by ex-vivo autoradiography (Figure 5). Taken together, these data suggest that
DAA1106 is a specific marker for activated microglia, which may better delineate activated
microglia due to its higher binding affinity when compared to PK11195, in TBI.

Microglia represent a major cellular component of the brain that modulate inflammatory
processes (32). However, microglia are sensitive to a variety of neuronal stressors including
injury and degenerative processes. Inflammation of the CNS is a ubiquitous component to brain
injury, which can be mediated by intrinsic microglia. The role of activated microglia in
influencing neuronal injury and repair in TBI is poorly understood. Activated microglia migrate
to the area where damage to neural tissue has occurred, where they proliferate and mediate the
inflammatory response. Indeed, recent studies suggest that glial activation occurs in both
excitotoxic (17,19) and TBI models (28), and reactive microglia play a role in complement
activation following TBI (4). Chronically activated microglia as sources of neurotoxins have
been hypothesized to exacerbate neuronal injury (6). However, recent investigations suggest
that activated microglial cell function may paradoxically support both a neurotoxic and
neuroprotective role in the injured brain (56). Polazzi’s review suggests that neurons and
microglia dynamically interact and communicate through cytokines and chemotactant factors
to activate microglia, to attract them to areas of neuronal dysfunction and damage, to minimize
the local neurotoxic effects of apoptotic neurons through phagocytosis, and to provide anti-
inflammatory and neurotrophic support to sublethally injured and surrounding uninjured
neurons (46). Some literature suggests that microglia derived neurotrophic factors can protect
metabolically impaired neurons in culture (42) and that microglia facilitate axonal regrowth
and sprouting after CNS injury (46). In vivo evaluation of microglial activation using PET may
help better understand the role played by these cells in TBI.
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The specific cell contributions to PBR binding in neuroinflammation are subject to debate. A
strong correlation with [3H](R)-PK11195 binding and activated microglia detected by
immunohistochemical staining with ED1 has been reported in a rat model of CCI (48). This
study also reports a lesser correlation with [3H](R)-PK11195 binding and GFAP labeled
astrocytes (48). Our results suggesting that [3H]DAA1106 binds mainly to activated microglia
and to a lesser degree with astrocytes in a rat model of TBI are similar to these results obtained
with [3H](R)-PK11195 (48). The neurotoxins trimethyltin (33) and cuprizone (12) when
administered to rats show increased astrocyte binding of [3H](R)-PK11195 following an initial
increase in microglia. However, other studies report good correspondence between [3H](R)-
PK11195 binding and activated microglia in rat models of stroke (37), ischemia (53) and facial
nerve axotomy (2), experimental autoimmune encephalitis (61), multiple sclerosis (3,61),
macaques models of HIV encephalitis (35,59), and hippocampal lesions in mice (44) similar
to the data reported in this study.

Microglial activation has been imaged using PET in human subjects with [11C](R)-PK11195
in a variety of neurologic disorders (9). [11C](R)-PK11195 retention in these studies is
generally observed in regions of the brain associated with the presence of neuroinflammation.
However, [11C](R)-PK11195 retention is also observed in regions not associated with disease
specific pathology and neuroinflammtion such as the thalamus in Alzheimer’s disease (8) and
Parkinson’s disease (40), and the occipital cortex in amyotrophic lateral sclerosis (58). Since
it is not possible to confirm presence of activated microglia by histological in these regions in
human studies, it is possible that these findings reflect regional variations in the constitutive
PBR population that are independent of the disease pathology or a non-uniform element of
non-specific [11C](R)-PK11195 binding. Further, the extent of activation of microglia to be
present in the CNS before a signal can be detected may be low using [11C](R)-PK11195
suggestive of low sensitivity. For example, no significant differences are noted in [11C](R)-
PK11195 PET imaging in HIV infected patients with or without dementia (27,63) and between
controls and patients diagnosed with mild cognitive impairment (50,51), a condition that may
progress to Alzheimer’s disease. Therefore, it is possible that the high affinity of DAA1106 to
PBR present in activated microglia may represent a significant improvement in specificity and
sensitivity over PK11195. We are currently examining DAA1106 imaging in macaques
infected with lentiviruses, rats injected with 6-OHDA to model Parkinson’s disease and rats
injected with lipopolysaccaride to model neuroinflammation. These studies will address the
utility of DAA1106 to localize microglial activation in other models CNS injury that have
modest to severe levels of microglial activation.

Our in vivo studies comparing both ligands were restricted to ex vivo autoradiographic analyses
due to constraints of the relatively small size of the rodent brain and limited resolution of the
PET systems. Further, in rats with CCI [3H](R)-PK11195 binding is observed in areas that
project to the area of contusion such as the hippocampus and the thalamus (48). While retention
of [11C]DAA1106 was higher on the ipsilateral side compared with [11C](R)-PK11195, we
were unable to draw any conclusions regarding DAA1106 binding in areas that project to the
site of lesion due to the limited resolution of ex vivo autoradiography. Despite these limitations,
rodent systems provide us the flexibility and ease to assess pharmacological properties of
potential PET ligands as well as provide immunohistochemical analyses which suggest that
[3H]DAA1106 has a significantly higher binding potential than [3H](R)-PK11195 and
corresponds mainly to activated microglia. We are currently examining the binding properties
of [11C]DAA1106 in vivo using PET in macaque models where these limitations are more
easily circumvented. However, our data suggesting that DAA1106 exhibits many favorable
properties including high binding affinity and cellular localization to activated microglia in
brain tissues, could potentially represent improvements over PK11195 in the delineation of
activated microglia in vivo using PET in TBI. It is not known if ligands that bind PBR can label
activated microglia in vivo in TBI. Our data in a rats with CCI suggest that while both [11C]
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(R)-PK11195 and [11C]DAA1106 label activated microglia in vivo, the higher binding affinity
of characteristics of [11C]DAA1106 make it a potentially viable ligand for clinical studies in
TBI. Further longitudinal studies in human subjects with and without TBI are needed to fully
characterize the potential enhancements of [11C]DAA1106 and to determine if this ligand is
sensitive to measure changes in neuroinflammation over time. These studies may also help
illuminate the role of activated microglia in TBI and their responses to anti-inflammatory
therapies.
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Abbreviations
11C  

Crabon-11 isotope

3H  
Tritium isotope

Bmax  
Maximal bound Receptors

BP  
Binding Potential

CCI  
Controlled Cortical Impact injury

CD68  
Rat lysosomal marker for activated microglia
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CNS  
Central Nervous System

DAA1106  
(N-(2,5-Dimethoxybenzyl)-N-(5-fluoro-2-phenoxyphenyl) acetamide)

GFAP  
Glial Fibrillary Acidic Protein (marker for astrocytes)

HIV  
Human Immunodeficiency Virus

KD  
Dissociation Constant

Min  
Minute

NeuN  
Neuron specific Nuclear protein (marker for neurons)

PBR  
Peripheral Benzodiazepine Receptor

PET  
Positron Emission Tomography

(R)-PK11195 
(R)enantiomer of [1-(2-chlorophenyl)-N-methyl-N-(1methylpropyl)-3-
isoquinolinecarboxamide]

TBI  
Traumatic Brain Injury
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Figure 1. [3H]DAA1106 shows lower KD values in rats with TBI when compared with [3H](R)-
PK11195
Saturation filtration binding experiments were performed in the cortex of rats with CCI on the
side ipsilateral and the side contralateral to injury using [3H]DAA1106 (n=3) (black symbols)
and [3H](R)-PK11195 (n=3) (open symbols). The Bmax (fmols/mg), reflective of the total
number of binding sites and the KD (nM) reflective of the binding affinity of the ligands to
PBR was calculated using PRISM software.
A and B, Representative saturation binding curves with [3H]DAA1106 (A) and [3H]-(R)
PK11195 (B) from rats with CCI in the cortex ipsilateral to (squares) and contralateral (circles)
to the contusion.
C, The Bmax (fmols/mg), reflective of the total number of binding sites was significantly
higher in the area ipsilateral to the contusion compared with the area contralateral to the
contusion with both [3H]DAA1106 (black bars, p = 0.0109) and [3H](R)-PK11195 (clear bars,
p = 0.0488). Bmax with [3H]DAA1106 and [3H](R)-PK11195 did not differ significantly in
either the ipsilateral (p = 0.0742) or the contralateral (p = 0.1331) side to the injury.
D, The KD (nM), reflective of the ligand binding affinity was not different between the
ipsilateral and the contralateral regions with either [3H]DAA1106 (p = 0.1835) or [3H]-(R)
PK11195 (p = 0.6664). However, the KD with [3H]DAA1106 was significantly lower than
with [3H]-(R)PK11195 in both ipsillateral (p = 0.0400) and contralateral (p = 0.0125) regions.
E, The ratio of Bmax/KD, representative of the binding potential of each ligand was calculated
with each ligand in the ipsilateral and contralateral regions. Bmax/KD ratio was significantly
higher with [3H]DAA1106 on the ipsilateral compared to the contralateral side (p = 0.0395).
Bmax/KD ratio was significantly higher with [3H]DAA1106 compared to [3H]-(R)PK11195
on the ipsilateral side (p = 0.0094). Data was analyzed using student’s t test, **p<0.01, *p<0.05.
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Figure 2. [3H]DAA1106 binding corresponds to microglia in rats with TBI
A–B, Combined [3H]DAA1106 autoradiography (black grains) and immunostaining for
activated microglia (CD68, green) and astrocytes (GFAP, red) was performed in cortical brain
tissue in rats with CCI on the ipsilateral side at the site of contusion (A) and on the contralateral
side (B). On the ipsilateral side (A), [3H]DAA1106 Specific binding overlapped with CD68
labeled microglia but not with GFAP immunostained astrocytes (vertical panel - Merge). On
the contralateral side (B), minimal CD68 and [3H]DAA1106 binding was seen.
C, [3H]DAA1106 autoradiographic binding was confirmed to be specific as it was displaced
by unlabeled DAA1106 in adjacent sections on the ipsilateral side. Scale bar indicates 50 μm.
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Figure 3. [3H]DAA1106 specific binding correlates with the abundance of activated microglia but
not astrocytes
A–B, Combined immunostaining for activated microglia (CD68, green) and astrocytes (GFAP,
red) was performed in cortical brain tissue in rats with CCI at the side ipsilateral to the contusion
(A) and the contralateral side (B). The ipsilateral side showed prominent activation of microglia
and astrocytosis (A) compared to the contralateral side (B). Scale bar indicates 50 μm.
C, Activated microglia (CD68, black bars, left Y-axis, p=0.0491) and astrogliosis (GFAP, clear
bars, right Y-axis, p=0.04615) were significantly higher on the side ipsilateral to the lesion
compared to the contralateral side. Data was analyzed using student’s t test, *p<0.05.
D–E, [3H]DAA1106 Specific binding (Bmax, X-axis) correlated with the abundance of
microglia (D, CD68, black squares, r=0.8989, p=0.0148), but not with the abundance of
astrocytes (E, GFAP, clear squares, r=0.5385, p=0.2703).
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Figure 4. [3H]DAA1106 binding is higher in regions with neuronal loss
A, Montage image of combined NeuN staining (green) and [3H]DAA1106 autoradiography
(Black grains) in cortical brain section obtained from rats with CCI. NeuN staining did not
overlap with [3H]DAA1106 binding (inset). NeuN staining progressively decreases as the site
of the lesion is approached indicating neuronal loss. Scale bar indicates 50 μm.
B & C, [3H]DAA1106 autoradiographic binding was confirmed to be specific on the ipsilateral
side (B) and on the contralateral side (C) as it was displaced by unlabeled DAA1106. Scale
bar indicates 50 μm.
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Figure 5. [11C]DAA1106 is retained at greater levels at the site of the lesion compared to [11C](R)-
PK11195 in rats with TBI
Rats with CCI were injected with either [11C]DAA1106 or [11C](R)-PK11195 (1–2mCi)
intravenously. A 30-minute uptake period was allowed after radiotracer injection, following
which animals were sacrificed and brain tissue was processed for ex-vivo autoradiography.
Uptake of [11C]DAA1106 at the site of lesion (A) is greater than [11C](R)-PK11195 uptake
(B).
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