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ABSTRACT: There is evidence that excitotoxicity and pro-
longed microglial activation are involved in neuronal death in
neurodegenerative disorders. Activated microglia express various
molecules, including the translocator protein 18 kDa (TSPO;
formerly known as the peripheral benzodiazepine receptor) on
the outer mitochondrial membrane. The TSPO is a novel target
for neuroprotective treatments which aim to reduce microglial
activation. The effect of PK 11195 and three other TSPO ligands on the level of microglial activation and neuronal survival was
evaluated in a quinolinic acid (QUIN) rat model of excitotoxic neurodegeneration. All three ligands were neuroprotective at a
level comparable to PK 11195. All of the ligands decreased microglial activation following the injection of QUIN but had no
effect on astrogliosis. Interestingly, we also observed neuroprotective effects from the vehicle, dimethyl sulfoxide (DMSO).
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Excitotoxicity and microglial activation are thought to be
involved in neuronal death in a range of pathologies and

neurodegenerative disorders.1,2 Excitotoxicity occurs due to the
overstimulation of N-methyl-D-aspartate (NMDA) receptors by
glutamate and leads to increased calcium influx and production
of free radicals which can trigger a cascade of events ultimately
leading to necrotic or apoptotic neurodegeneration.3,4

Quinolinic acid (QUIN) is an NMDA receptor agonist
commonly used to model excitotoxic neurodegeneration. The
unilateral intrastriatal injection of QUIN has been described as
an animal model of Huntington’s disease5,6 and has been shown
to produce large lesions accompanied by an inflammatory
response involving increased microglial activation and pro-
liferation.7

Microglia are the resident immune cells of the brain which,
under normal conditions, display a ramified morphology with
small cell bodies and long, thin processes. However, following
pathological changes in the brain such as excitotoxic injury, they
can become activated and rapidly change morphology, adopting
an amoeboid-like shape. This change in morphology in the
activated state is accompanied by the release of pro-
inflammatory cytokines and high levels of the excitotoxins
QUIN and glutamate which can cause further neuronal
damage.8 Therefore, it has been proposed that prolonged
activation of microglia could contribute to the pathogenesis of
neurodegenerative diseases. Furthermore, there is evidence that

microglial toxins exert their neurotoxic effects via the NMDA
receptor.9,10

Activated microglia display an increased expression of a range
of molecules including complement receptor 3 (CR; also
known as cluster-determinant (CD)11b) and major histo-
compatibility complex (MHC) class I and II.11 One of the
earliest molecules to be overexpressed is the 18 kDa
translocator protein (TSPO) on the outer membrane of the
mitochondria. The TSPO is widely distributed in the periphery
but only minimally expressed in the healthy brain. It has been
implicated in a range of biological functions including
apoptosis, cell proliferation, immune system function, and
steroidogenesis.12 Imaging studies demonstrate a correlation
between increased TSPO expression and central nervous
system pathologies including Alzheimer’s disease,13 Hunting-
ton’s disease,14 and multiple sclerosis.12 The TSPO is therefore
considered as a relevant marker of neuroinflammation and
neuronal injury and could be an attractive therapeutic target.
PK 11195 is the most studied TSPO ligand and has

demonstrated anti-inflammatory and neuroprotective actions in
vitro and in vivo.7,15−17 Co-injection of PK 11195 and QUIN
into the rat striatum has been shown to reduce microglial
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activation and increase neuronal survival.7 However, PK 11195
is limited as a therapeutic agent due to inadequate
pharmacokinetics, poor bioavailability and a high level of
nonspecific binding.18,19 Furthermore, PK 11195 has poor
solubility properties. DPA-713 (1), DPA-714 (2), and
propargyl-DPA (3) are novel pyrazolopyrimidine ligands
which are selective for the TSPO, and which show more
favorable characteristics in vivo. In addition, [11C]DPA-713 and
[18F]DPA-714 are currently being utilized as a PET ligand for
imaging neuroinflammation in animal and human studies.20−23

These novel ligands display a higher signal-to-noise ratio, lower
nonspecific binding, and lower lipophilicity. The neuro-
protective characteristics of these ligands have not been
investigated to date.
The aim of this study was to determine whether the novel

TSPO ligands exerted neuroprotective effects in a QUIN rat
model of excitotoxic injury.

■ RESULTS AND DISCUSSION
PK 11195 demonstrated significant neuroprotective effects in
our rat model of excitotoxic injury, consistent with previous
reports.7 Furthermore, all three novel TSPO ligands DPA-713,
DPA-714, and propargyl-DPA increased neuronal survival and
inhibited microglial activation in the presence of QUIN. While
previous evidence suggests that the neuroprotective effects
exerted by PK 11195 are dose-dependent,7 the dose-dependent
effects of the novel TSPO ligands were not explored in this
preliminary study. Rather, compounds were tested at a
concentration of 5 nM, consistent with previous studies using
PK 11195.7

Dimethyl sulfoxide (DMSO) also displayed some degree of
neuroprotective effects, although through a pathway that is
unlikely to involve microglia. This is consistent with previous
studies demonstrating the broad spectrum of biological effects
of DMSO: free radical scavenging,24 anti-inflammatory
effects,25,26 and prevention glutamate-induced neuronal death
in cell culture.27 Furthermore, the neuroprotective properties of
DMSO have already been demonstrated in a rat model of
ischemia.28

The ligands and DMSO were first assayed for their ability to
promote neuronal survival. We used NeuN immunohistochem-
istry to compare neuron loss of the QUIN-injected striatum
with the unlesioned striatum in the same rat. While 10%
DMSO and 40% DMSO had no significant effect on NeuN
staining compared to 0.1 M PBS, striatal injection of QUIN
caused a 65% reduction in NeuN immunoreactivity (Figure
1a), signifying significant neuronal loss. Interestingly, 10%
DMSO and 40% DMSO significantly increased the NeuN-
immunoreactive area in the striatum by 32% and 41%,
respectively, indicative of a neuroprotective effect (Figure 1a).
PK 11195, DPA-713, DPA-714, and propargyl-DPA exerted an
additional neuroprotective effect by preventing neuronal cell
death, compared to QUIN-injected controls in the presence of
DMSO. DPA-714 and propargyl-DPA were the most effective,
reducing neuronal loss by 38% (Figure 2). This was followed by
PK 11195 then DPA-713 which reduced neuronal loss by 35%
and 33%, respectively. There was no significant difference
between the vehicle alone and PK 11195, DPA-714, or
propargyl-DPA (Figure 2).
Excitotoxic injury is also denoted by microglial activation.

Thus, the response of microglia to QUIN injection was also
assessed 2 days postsurgery using OX-42 immunohistochem-
istry. Injection of QUIN caused a significant increase in OX-42

immunoreactivity (38% compared to 0.1 M PBS). Despite the
neuroprotective effects displayed on neuronal survival, 10%
DMSO and 40% DMSO had no effect on microglia in the
presence of QUIN (Figure 1b), consistent with previous
reports.28 However, PK 11195, DPA-713, DPA-714, and
propargyl-DPA inhibited microglial activation by 27%, 17%,
30%, and 37%, respectively (Figure 3), compared to QUIN and
DMSO alone. There was no significant difference between the
PK 11195, DPA-714, propargyl-DPA, and DMSO control
groups (Figure 3).
Resting microglia usually display a ramified morphology with

small cell bodies and thin processes in a normal brain. This was
observed in the control group, with minimal numbers of small,
ramified microglia (Figure 4). In response to injury, they
rapidly change morphology to an amoeboid cell body with
short, thick processes. This microglial response and change in
morphology occurred following injection of QUIN into the
striatum, with widespread presence of amoeboid microglia.

Figure 1. Effect of DMSO on the % DS score of NeuN (a), OX-42
(b), and GFAP (c) immunoreactivity in the striatum. % DS was
calculated using the optical densities of the striatum and background
area (corpus callosum). PBS, 40% DMSO, and QUIN (n = 8 animals
per group); 10% DMSO, QUIN + 10% DMSO, and QUIN + 40%
DMSO (n = 4 animals per group). Columns represent mean ± SEM.
*p < 0.05 compared to QUIN-injected rats. #p < 0.05 compared to
PBS (Newman-Keuls multiple comparison test).

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn200099e | ACS Chem. Neurosci. 2012, 3, 114−119115



Amoeboid microglia were also observed to a lesser degree in
the PK 11195 and DPA-713 treated groups (Figure 4).
Finally, considering the role of astrocytes in brain functions

and communication between cells, we examined the effect of
QUIN on astrocytosis. The astroglial response was evaluated 2
days postsurgery using GFAP immunohistochemistry. The
injection of QUIN resulted in a significant increase (77%) in
GFAP immunoreactivity compared to 0.1 M PBS, with
immunoreactive astrocytes displaing enlarged cell bodies with
thick processes compared to unlesioned animals (Figure 5).
The injection of 10% DMSO with or without QUIN had no
effect on GFAP immunoreactivity (Figure 1c). However, while
injection of 40% DMSO with QUIN did not decrease
astrogliosis, 40% DMSO alone significantly increased the
astroglial response compared to 0.1 M PBS (42%; Figure 1c).
There are very few studies investigating the effects of DMSO
on astrocytes. One recent article reported increased astrogliosis
following intracranial injection of 0.5 μL DMSO into the
hippocampus,29 only slightly higher than our 10% DMSO
group at 0.4 μL. Therefore, it is possible that there is a
threshold amount of DMSO required to increase astrogliosis.
Conversely, different results may also be due to the injection of
DMSO into different brain areas. Further investigation into the
relationship between DMSO, astrocytes and neuroprotection is
necessary.
As the two concentrations of DMSO had different effects on

astrogliosis, we were unable to analyze the results of PK 11195
and the novel TSPO ligands together. We have instead

presented their effects on astrocytes on separate graphs
compared to their corresponding vehicle. None of the
compounds tested significantly affected astrogliosis (Figure 5).
While the current study provides evidence for TSPO ligands

with neuroprotective effects, the mechanisms underlying these
effects still need to be investigated through future studies.
TSPO ligands have been shown to exert their neuroprotective
effects by inhibiting the production of reactive oxygen species
and pro-inflammatory cytokines by microglia.30 More specifi-
cally, the wide spectrum of anti-inflammatory effects of PK
11195, including inhibition of IL-1β, IL-6, TNF-α, and iNOS
expression and reduction in lipid peroxidation and oxidative
damage, have been demonstrated by Ryu and colleagues and
indicate that inhibition of microglial activation confers
neuroprotection against QUIN.7 Similarly to PK 11195, we
speculate that the novel compounds, DPA-713, DPA-714, and
propargyl-DPA, would have similar anti-inflammatory effects.
On the other hand, the neuroprotective effects of DMSO

seemed to be selective to increasing neuronal survival,
independently of alterations to microglia or astrocytes. Thus,
DMSO may exert neuroprotective effects by suppressing the
NMDA and AMPA receptor response to glutamate in cell
culture27 or through its role as a free radical scavenger.24 While
it has been reported previously that DMSO is toxic to cells at a
concentration greater than 2% in cell cultures of hippocampal
neurons,27 we did not observe any neurotoxic effects of DMSO
at concentrations up to 40% injected directly into the striatum.
This discrepancy is likely due to the use of in vitro versus in
vivo modeling of excitotoxicity.

Figure 2. Effects of TSPO ligands on the % DS score of NeuN
immunoreactivity in the striatum. % DS was calculated using the
optical densities of the striatum and background area (corpus
callosum). (a) NeuN staining in the striatum of control rats and
QUIN lesioned rats coinjected with vehicle, PK 11195, DPA-713,
DPA-714, or propargyl-DPA. High magnification photographs of
NeuN immunostained striatal sections. Scale bars = 1 mm (upper
panels), 27 μm (lower panels). (b) Columns represent mean ± SEM
(n = 8 animals per group except vehicle n = 12 animals). *p < 0.05
compared to QUIN-injected rats. #p < 0.05 compared to PBS
(Newman-Keuls multiple comparison test).

Figure 3. Effects of TSPO ligands on the % DS score of OX-42
immunoreactivity in the striatum. % DS was calculated using the
optical densities of the striatum and background area (corpus
callosum). (a) OX-42 staining in the striatum of control rats and
QUIN lesioned rats coinjected with vehicle, PK 11195, DPA-713,
DPA-714, or propargyl-DPA. High magnification photographs of OX-
42 immunostained striatal sections. Scale bars = 1 mm (upper panels),
27 μm (lower panels). (b) Columns represent mean ± SEM (n = 8
animals per group except vehicle n = 12 animals). *p < 0.05 compared
to QUIN-injected rats. #p < 0.05 compared to PBS (Newman-Keuls
multiple comparison test).
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In summary, we have demonstrated that DPA-713, DPA-714,
and propargyl-DPA are all neuroprotective against QUIN
injection into the rat striatum, by inhibiting microglial
activation and promoting neuronal survival. Future studies
should look at examining dose-related effects of these ligands,
in order to compare their relative potencies. We also identified
potent neuroprotective effects of DMSO, through an
independent signaling pathway. These TSPO compounds
have potential therapeutic applications as neuroprotective
treatments for neurodegenerative diseases involving microglial
activation such as Parkinson’s disease, Alzheimer’s disease and
multiple sclerosis, and warrant further investigation.

■ METHODS
Chemistry. The TSPO ligands DPA-714 (2) and propargyl-DPA

(3) were prepared from the phenol 4 using a standard O-alkylation
procedure involving treatment with sodium hydride followed by the
appropriate alkyl tosylate (Scheme 1). The phenol was derived from
DPA-713 (1) following treatment with 48% aqueous hydrobromic acid
in the presence of tetra-n-butylphosphonium bromide. DPA-713 (1)
was prepared from commercially available methyl 4-methoxybenzoate
via a 4-step procedure.31

Rat Surgery and Drug Administration. All experiments were
carried out in accordance with French legislation and European
Directives for the care of laboratory animals. A total of 65 male
Sprague−Dawley rats, 8 weeks old at the beginning of the study
(Centre d’eĺevage Rene ́ Janvier, France), were used. Rats were housed
in three per cage in a temperature (23 ± 0.5%) and humidity (43 ±
8%) controlled environment under 12/12 h light/dark cycle with

standard rat chow and water available ad libitum. Surgery was
performed as previously described.7 Briefly, rats (of weight 300−350
g) were deeply anesthetized using isoflurane gas (4% for induction, 2%
for maintenance) and placed in a stereotactic frame (Lab Standard
model 51600, Co., IL, USA). A burr hole was drilled and the animals
were unilaterally injected with one of 10 different drug solutions (a
total volume of 2 μL was injected over 5 min, at a flow rate of 0.4 μL/
min) into the left striatum at the following coordinates: AP = +1.0
mm, ML = −3.0 mm, DV = −5.0 mm from bregma, according to the
atlas of Paxinos and Watson.32

Drug Solutions. The TSPO ligands PK 11195, DPA-713, DPA-
714, and propargyl-DPA were dissolved in DMSO to a stock
concentration of 50 mM and then diluted with 0.1 M PBS immediately
prior to injection (n = 8 animals per group). The amount of DMSO
injected with each compound was either 10% (DPA-713, DPA-714
and propargyl-DPA) or 40% (PK 11195). Using a Hamilton syringe
with a 26-gauge needle, 1 μL of of 5 nmol of drug solution was
coinjected with 1 μL of 60 nmol QUIN (dissolved in 0.1 M PBS).
Each group was tested against the vehicle (10% and 40% DMSO; n =
12 animals) and QUIN with the DMSO vehicle (n = 8).

Vehicle Evaluation. As the different compounds we injected
required varying amounts of DMSO to dissolve them, we had two
vehicle groups: 40% DMSO (n = 8 animals) and 10% DMSO (n = 4
animals). In the same model as described above, both vehicles were
evaluated with QUIN (n = 4 animals per group) and were tested
against 0.1 M PBS (n = 8 animals) and QUIN (n = 8 animals) to
evaluate whether they possessed either neurotoxic or neuroprotective
effects.

Tissue Preparation. Two days following surgery, the rats were
sacrificed by deep anesthesia and perfused transcardially with 0.9%
saline followed by 4% paraformaldehyde solution before decapitation.
The brains were rapidly removed from the skull and postfixed
overnight in fresh 4% paraformaldehyde solution. After postfixing,
brains were cryoprotected in 30% sucrose solution for 48 h. Coronal
sections (40 μm thick) were then cut in a cryomicrotome (Jung CM
3000, Leica) with five series of free-floating sections being collected for
immunohistochemistry.

Figure 4. High magnification photographs of OX-42 immunostaining
in the striatum. (a) Ramified microglia of the PBS group, (b) ramified
and amoeboid microglia from one treatment group, (c) amoeboid
microglia in the QUIN group. Scale bar = 100 μm.

Figure 5. Effect of TSPO ligands on the % DS score of GFAP
immunoreactivity in the striatum. % DS was calculated using the
optical densities of the striatum and background area (corpus
callosum). (a) High and low magnification photographs of GFAP
immunostained striatal sections of control rats and QUIN lesioned rats
coinjected with vehicle, PK 11195, DPA-713, DPA-714, or propargyl-
DPA. Scale bars = 1 mm (upper panels), 27 μm (lower panels). (b,c)
Columns represent mean ± SEM (n = 8 animals per group except
vehicle and QUIN n = 4 animals). *p < 0.05 compared to QUIN-
injected rats (Newman-Keuls multiple comparison test).
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Immunohistochemistry. The sections were incubated in 3%
H2O2 and 50% ethanol for 20 min to quench endogenous peroxidases.
Nonspecific binding of immunoreagents was then blocked by
incubation in 20% normal horse serum (NHS) in 0.1 M PBS.
Sections were incubated in either: (a) mouse anti-rat CD11B
monoclonal antibody (CBL1512, Chemicon; diluted 1:1000), (b)
mouse anti-neuronal nuclei (NeuN) monoclonal antibody
(MAB377B, Chemicon; diluted 1:2000), or (c) rabbit anti-glial
fibrillary acidic protein polyclonal antibody (Z0334, DakoCytomation;
diluted 1:2000) for 48 h at 4 °C. All antibodies were diluted in 20%
NHS/0.075% Triton X-100/PBS (PBH). Sections were then
incubated in biotinylated antibody to either mouse or rabbit IgG
(Amersham Biosciences; diluted 1:500 in PBH) for 2 h at room
temperature. This was followed by incubation with Extravidin-
Peroxidase (diluted 1:1000 in PBH; Sigma) for 2.5 h. Immunoreactive
neurons were visualized with 3,3-diaminobenzamide (DAB; Sigma) for
10 min before 0.01% H2O2 was added to allow the reaction to run to
completion. The DAB reaction was stopped by transferring sections to
0.1 M PBS. Washes in 0.1 M PBS were performed before each step
excluding prior to incubation with the primary antibody and the DAB
reaction. Sections were mounted free-floating onto gelatinized slides in
0.1 M PBS, air-dried, and then coverslipped with aqueous mounting
medium (S3025, Dako).
Quantitative Analysis. Quantitative image analysis was performed

using an Olympus BX51 microscope equipped with a 4× objective
lens. Four immunostained sections (AP: +1.4, +1.2, +1.0 and +0.8 mm
from bregma) were digitized into 650 × 515 pixels using a Leica DC
500 digital color camera under constant conditions of light, speed, and
aperture. Images were analyzed using the image analysis program
ImageJ (http://rsbweb.nih.gov/ij/). Optical densities (OD) of the
striatum and the background area (a section of the unstained corpus
callosum) of each rat were determined by assigning a numerical value
between 0 (black) and 255 (white) to each pixel according to its gray
scale value. For each hemisphere, the percent difference score (DS) of
OD between these two areas was calculated using the following
formula:33,34

= −

+ ×

⎡⎣
⎤⎦

DS(%) (OD OD ) (OD

OD )/2 100

striatum background striatum

background

The mean percent DS obtained in the four striatal sections analyzed
was calculated. The densitometric data presented represents the
relative mean DS between the left and right (lesioned and unlesioned)
hemispheres.
Statistical Analysis. Data were analyzed statistically using Statview

software (version 5.0, Abacus Concepts Inc. Berkeley, CA, 1992).
Statistical significance between the groups was assessed using one-way
ANOVA and Neuman-Keuls multiple comparison posthoc test. All
data are presented as the mean ± SEM, and significance was set at p <
0.05.
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