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Abstract: The peripheral benzodiazepine receptor (PBR) initially characterised as a high affinity binding site
for diazepam, is densely distributed in most peripheral organs whilst only moderately expressed in the healthy
brain. The predominant cell type expressing the PBR at regions of central nervous system (CNS) pathology are
activated microglial cells. Under neuroinflammatory conditions there is an over-expression of PBR binding
sites indicating that measurements of PBR density can act as a useful index of brain disease activity. The PBR
is now considered a significant therapeutic and diagnostic target which has provided the impetus for PBR
ligand development. There are several classes of PBR ligands available including benzodiazepines (Ro5-
4864), isoquinoline carboxamides (PK 11195), indoleacetamides (FGIN-1-27), phenoxyphenyl-acetamides
(DAA1106) and pyrazolopyrimidines (DPA-713). Subsequent conformationally restrained isoquinoline and
indoleacetamide analogues have been synthesised in an attempt to yield PBR ligands with superior affinity
and brain kinetics. Even though the PBR has been linked to a number of biochemical processes, including cell
proliferation, apoptosis, steroidogenesis, porphyrin transport and immunomodulation, its exact physiological
role is yet to be deciphered. Selective PBR ligands with favourable in vivo binding properties and kinetics is
required to gain a more complete understanding on the normal functioning of the PBR and the chemical
pathways underlying several pathological conditions. Novel PBR ligands with unique binding properties and
functional activity may also generate information on the localisation of the PBR and the possibility of PBR
subtypes. This review highlights the main classes of PBR ligands to date. In addition the biological activity
and therapeutic potential of certain PBR ligands is discussed.

1. INTRODUCTION the highest concentrations are in the steroid producing
tissues [8]. Later studies showed that the PBR is also
minimally expressed in the normal brain [9]. Although the
PBR has been localised in the mitochondria, and in
particular the outer mitochondrial membrane [10], further
studies indicated the presence of PBR in cellular structures
that are completely devoid of mitochondria such as in
mature human red blood cells. Consequently it can be
concluded that PBRs are predominately mitochondrial even
though other cellular regions of expression are possible [9].

The peripheral benzodiazepine receptor (PBR) is a
complex and elusive molecular entity that has been the focus
of much research ever since it was identified in peripheral
tissue as an alternative binding site for the benzodiazepine,
diazepam [1]. Initially the PBR was believed to be a subtype
of the central benzodiazepine receptor (CBR) however it was
later distinguished as a novel and discrete class of receptor
due to its unique structure, cellular location and putative
functional roles [2, 3].

There is a vast amount of evidence suggesting the
involvement of PBRs in a number of biological processes
however its exact physiological role remains ambiguous.
The PBR is believed to be involved in modulating immune
response [11], porphyrin transport and heme synthesis [12],
regulation of cell proliferation [13], steroid biosynthesis [7,
14-16] and programmed cell death [17]. Of these, the most
documented functional role of the PBR is its apparent
association with steroidogenesis. Molecular modelling of
mouse 18-kDa PBR protein was performed under the
condition that the five transmembrane domains of the PBR
were modelled as five α-helices spanning the outer
mitochondrial membrane. This model was evaluated as a
cholesterol carrier and it was found that the PBR can house a
cholesterol molecule and act as a channel [15]. These results
together with in vitro functional assays indicate that the
PBR plays a vital role in the transportation of cholesterol
from the outer to inner mitochondrial membrane which is
known to be the rate limiting step of steroid biosynthesis
[18]. A number of PBR specific ligands, both endogenous

The tryptophan rich, 18 kDa protein known as the PBR,
is highly hydrophobic and consists of 169 amino acids [4].
It is presently accepted that the PBR forms a trimeric
complex with the 32 kDa voltage-dependent anion channel
(VDAC) and the 30kDa adenine nucleotide carrier (ANC) [5]
to constitute the mitochondrial permeability transition pore
(MPTP) (Fig. 1). Another protein coupled with this receptor
is PBR associated protein-1 (PRAX-1) which is thought to
aid in the modulation of PBR function via the recruitment
of additional targets [6]. The precise composition of the
MPTP is enigmatic with several other proteins implicated in
its regulation.

The PBR has a ubiquitous distribution in most
peripheral organs including the kidney and heart [7] whilst
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Fig. (1). Peripheral benzodiazepine receptor complex.

and exogenous, have been shown to promote the
translocation of cholesterol to the inner mitochondrial
membrane where it is metabolised into pregnenolone, the
parent molecule of all mammalian steroids, by cytochrome
P450 scc (side chain cleavage) [19]. PBR ligands can
therefore increase the concentration of neurosteroids in the
brain. These neurosteroids, including progesterone,
dehydroepiandrosterone and their metabolites, positively
modulate γ -aminobutyric acid (GABA) neurotransmission
leading to nonsedative anxiolytic effects which are of
therapeutic benefit in memory and stress related disorders
[20]. Apart from the potential use of PBR ligands in anxiety
related disorders, it has been postulated that they could be
useful in treating both inflammatory conditions [21, 22] and
cardiovascular diseases [23].

confirmed that the distribution of increased PBR binding
corresponded with the histologically well documented
activation of microglia [27, 28].

Microglia are the principal immune effecter cells of the
central nervous system (CNS) [29]. These macrophage-like
immune cells are assumed to derive from monocytic lineage
[30] and their primary role lies in host defence and immune
surveillance. They are highly sensitive to changes in their
microenvironment and rapidly become activated in response
to pathological events [31]. Microglia in their activated state
express increased levels of major histocompatibility complex
type II (MHCII) and secrete a host of neurotoxic factors such
as tumour necrosis factor α (TNF α), interferon γ  (IFN γ ),
interleukin-1β (IL-1β) and reactive oxygen intermediates
[32]. These factors often work in synergy to fuel
inflammatory responses which can eventually lead to
neurodegeneration [33]. While there is no doubt that
activated microglia are intimately associated with the
progression of neuroinflammation, their exact role in the
cascade of immunological events is not entirely understood.

Although the PBR is only modestly expressed in normal
brain parenchyma, in vivo studies in humans have
demonstrated an over-expression of the PBR within a
number of pathological disease states including malignant
brain tumours [24] and a number of neurodegenerative and
neuroinflammatory diseases [25]. The exact cellular source of
this increased PBR density in the brain had been
controversial for many years until a number of in vitro and
in vivo studies using PK 11195, a specific PBR ligand, were
performed. High resolution micro-autoradiography with
[3H]PK 11195, alongside immunohistochemistry,
demonstrated that elevated PBR binding directly correlated
with the appearance of activated microglia [26]. More
recently, in vivo positron emission tomography (PET)
imaging using [11C]PK 11195 in patients suffering from
Alzheimer’s disease (AD) and multiple sclerosis (MS)

It is generally accepted that an increase in PBR density is
a reliable marker of microglial activation and
neuroinflammation [34] and can therefore be used as an
index of active disease in the brain. For that reason the
development of novel PBR ligands is important not only for
therapeutic applications but they can also provide a means
for assessing alterations in PBR density. PBR ligands can
thus serve as tools for unravelling the complex cascade of
biochemical events involved in the initial stages of several
neuropathologic diseases. This could potentially lead to
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earlier detection of disease, monitoring of disease
progression and even the design of more specific treatments.

was also shown to inhibit the well known calcium
antagonist, [3H]nitrendipine, from binding to the
dihydropyridine Ca2+ channel. In addition it was
demonstrated that Ca2+ ions increase the intrinsic activity of
anthralin in a dose-dependent manner. It has since been
postulated that anthralin could be an endogenous ligand
interacting with both PBRs and dihydropyridine sites in a
dual-like fashion. Both pharmacological and
electrophysiological data indicate functional coupling
between these two receptor systems [9].

Already several classes of PBR ligands have been
reported. The benzodiazepines, diazepam and Ro 5-4864,
were the principal class used in identifying the PBR as a
distinct receptor from the CBR. Since then, a variety of
structurally related classes have been developed including the
benzothiazepines and the benzoxazepines. Another class of
PBR ligands, structurally unrelated to the benzodiazepines,
are the isoquinolines from which PK 11195 is currently the
most widely use PBR ligand [34] and regarded as the gold
standard. Numerous other classes have been developed,
however most are riddled with factors which limit their use
in characterising the PBR in vivo. Therefore a range of
ligands with varying biological activity that possess suitable
in vivo properties is required to better characterise the
physiological and therapeutic roles of the receptor, its exact
localisation and the anticipated existence of PBR subtypes.
This paper will provide an overview of the currently
available PBR ligands, their limitations and their usefulness
as molecular probes for microglial activation.

An 11 kDa neuropeptide, endowed with multiple
biological actions, was isolated and purified to homogeneity
from rat brain by monitoring its ability to displace
[3H]diazepam from high affinity receptor sites localised in
crude synaptic membranes [35]. This brain polypeptide,
named diazepam binding inhibitor (DBI), was shown to be
highly expressed in steroidogenic cells and was thus
suggested to play a vital role in stimulating the initial stages
of steroid biosynthesis. Examination of radiolabelled DBI in
the presence of mitochondria from R2C rat Leydig tumour
cells provided evidence that DBI bound directly to the 18-
kDa PBR protein [36]. Once bound to the PBR, DBI
promotes the translocation of cholesterol from the outer to
the inner mitochondrial membrane and hence leads to
neurosteroid synthesis. Both DBI and its processing product
DBI 17-50 (TTN) are capable of stimulating steroid
production at concentrations of 10-8 M [14]. Overall DBI is
classified as a competitive inhibitor of [3H]diazepam and the
CBR specific ligand [3H]flumazenil. DBI displays the same
low (mM) affinity for the CBR as it does for the PBR and
has been shown to be a negative modulator of the GABA
activated Cl- channels present in GABAA receptors [37]. At
present DBI is the most logical candidate for an endogenous
PBR ligand.

2. ENDOGENOUS LIGANDS

Over the last few decades a number of putative
endogenous ligands for the PBR have been proposed
including anthralin, diazepam-binding inhibitor (DBI) and
some key porphyrin molecules. Identifying and investigating
endogenous PBR ligands is an important step in
characterising this receptor and in elucidating its in vivo
physiological function.

A 16 kDa protein was isolated from rat antral stomach
and found to specifically inhibit the binding of [3H]Ro 5-
4864 to PBRs. Interestingly this protein, termed anthralin,

Fig. (2). (a) Proposed PBR pharmacophore model for pyrazolopyrimidine ligands according to the alignment of Alpidem proposed by
Anzini, M.; et al. J. Med. Chem., 1996, 39 , 4275-4284
FRA=freely rotating aromatic ring region, δ1=electron-rich zone, PAR=planar aromatic region, LA=lipophilic area.
(b). Representation of the lipophilic areas (A, B, C, D) thought to be important for PBR affinity of pyrazolopyrimidine ligands. This
representation was constructed by using the GRID/Golpe model proposed by Selleri, S.; et al. Bioorg. Med. Chem 2005, 13, 4821-
4834. It is clear that there is a high degree of correlation between the interaction areas shown in Fig. 2a  and Fig. 2b (A: PAR); (B:
FRA); (C,D: LA).
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Some of the key biological porphyrins, heme and
protoporphyrin IX, have been reported as highly selective
endogenous ligands for the PBR with Ki values of 41 nM
and 15 nM respectively. Both are significantly less active at
the CBR with Ki values > 10, 000 nM [38]. This high
nanomolar selectivity and definite correlation between PBR
rich tissues and porphyrin levels imply a biochemical
communication between porphyrin molecules and PBRs [9].

inhibitory actions on kidney binding. These curious
observations suggested that diazepam was binding two
distinct sites, the CBR and the “peripheral-type” binding
site, with nanomolar affinity. Since Ro 5-4864 appeared
selective for the peripheral binding site it was utilised in a
number of successive studies, including a landmark study by
Marangos and colleagues in 1982, which aided in the
characterisation of this site. It was found that GABA didn’t
effect [3H]Ro 5-4864 binding but influenced the binding of
[3H]diazepam thus proving the lack of coupling to the
GABA system unlike that observed with the CBR.
Interestingly, these “peripheral-type” sites were also shown
to be present in the brain. In fact, the normal brain contains
four times more central sites compared to peripheral type
binding sites [44]. Taken together, these results confirm that
this “peripheral-type” binding site, now known as the PBR,
is a distinct molecular entity from the CBR, with its own
unique subcellular location and structure.

3. SYNTHETIC LIGANDS

There are numerous synthetic compounds that are known
to bind the PBR with varying selectivity and affinity. Over
the last few decades various PBR pharmacophores have been
postulated by different groups [39-41] alongside extensive
structure activity relationship (SAR) studies. A hydrogen–
bond donor group (δ1: usually a carbonyl oxygen), two
lipophilic regions (PAR and FRA) and another lipophilic
region involved in modulating receptor binding (LA) are the
general features of the most recently proposed PBR
pharmacophore and are said to be necessary for a ligand to
interact with the PBR. This pharmacophore is illustrated in
Fig. 2a using pyrazolopyrimidines as an example. Fig. 2b
depicts the molecular interaction fields important for PBR
binding as constructed via the use of the GRID/Golpe model
[42].

Although Ro 5-4864 is a potent, selective ligand that has
been used in numerous PBR studies it has been shown to be
species dependent [45], providing markedly different results
between rats and humans. This ultimately limits its
usefulness as a tool for studying the PBR.

3.2. Isoquinoline Carboxamides

The isoquinoline carboxamide, (1-[2-chlorophenyl]-N-
methyl-N-[1-methyl-propyl]-3-isoquinoline carboxamide) PK
11195 (Fig. 4), was the first non-benzodiazepine type
compound identified to bind the PBR with high potency
(Table 1). In vitro and in vivo studies in both rats and mice
demonstrated the superior binding affinity of PK 11195
compared to Ro 5-4864 [7]. A binding study using
membranes from rat kidney tissue and [3H]PK 11195
demonstrated the affinity of PK 11195 and Ro 5-4684 as Ki

3.1. Benzodiazepines

The classical benzodiazepine, diazepam (Fig. 3), has long
been used as an anxiolytic and also as an effective
anticonvulsant. Its ability to enhance the affinity of GABA
for the GABAA receptor by binding to the modulatory site
on this receptor has been well characterised [43]. It was not
until a series of arduous binding studies were performed
using [3H]diazepam that an alternative binding site for
diazepam was identified [1]. The results from these binding
studies indicated strong, specific binding of [3H]diazepam
(~3 nM) to a single, saturable binding site located on rat
brain membranes. However, [3H]diazepam was also shown
to bind mitochondrial fractions from rat kidney, liver and
lung with high potency. Results from the same study
indicated that Ro 5-4864, a clinically inactive benzo-
diazepine (Fig. 3), was unable to displace [3H]diazepam
from central binding sites whereas it could potently displace
it from kidney mitochondria.
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Fig. (4). Isoquinoline carboxamide PBR ligands.

Table 1. Structures and Affinities of Isoquinoline
Carboxamides. IC50  Values were Determined Using
rat Cortex Homogenate and [3H]PK 11195

Ligand X R1 R2 IC50  (nM) Ref

VC195 H CH2C6H5 CH3 2.1 [48]

VC193M H s-Bu CH3 2.1 [48]

VC198M F s-Bu CH3 2.9 [48]

PK 11195 - - - 2.2 [48]
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Fig. (3). Benzodiazepine PBR ligands.

In contrast, clonazepam effectively inhibited binding of
[3H]diazepam to brain sites yet it only displayed mild
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= 9.3 nM and 23.0 respectively [19]. The high selectivity of
PK 11195 was evidenced by its lack of activity on central
benzodiazepine, catecholaminergic, GABAergic and opiate
receptors [47].

However, once assessed in vivo, these derivatives did not
display improved affinity or kinetics compared to PK 11195
[34].

3.3. BenzothiazepinesAlthough both Ro 5-4864 and PK 11195 bind the PBR
in a saturable and reversible manner with nanomolar affinity,
they differ substantially in their kinetics and
pharmacological profile. One significant difference stems
from the fact that PBR isoquinoline binding sites are more
abundant in the normal human brain than PBR-
benzodiazepine sites [49]. In fact, the maximal binding site
densities for PK 11195 are approximately three fold higher
compared to Ro 5-4864 in brain regions such as the cortex,
cerebellum and pons [49].

A novel class of ligands referred to as the 6-(p-
methoxyphenyl)pyrrolo[2,1-d][1,5]-benzothiazepines, were
identified in 1990 and their affinity for GABA and
benzodiazepine receptor subtypes were evaluated [56].
Several of these ligands including THIA-66 and THIA-67
(Fig. 5, Table 2), displayed nanomolar affinity and notable
selectivity for PBR binding sites (Table 2) however they
were shown to be less potent than PK 11195. Initial studies
identified the 6,7-double bond and the 6-aryl substitution
moieties as important structural properties for PBR activity
[57].

An interesting array of functional activity has been
reported for PK 11195 over the past few decades. Early
thermodynamic analysis indicated that the binding of
[3H]PK 11195 is entropy driven compared to the enthalpy
driven binding of [3H]Ro 5-4864 [46]. Steroidogenic assay
results using C6 glioma rat cells showed that PK 11195 (40
µM) stimulated the formation of pregnenolone significantly
[19] however at the same concentration PK 11195
suppressed the increase in pregnenolone accumulation caused
by other specific PBR ligands such as FGIN-1-27 [50].
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A study by Versijpt et al. 2003 demonstrated that PK
11195 reduced the amount of inflammatory mediators, such
as TNF α and nitric oxide (NO), released by activated
microglia cells [51]. This indicates that PBR ligands may be
able to alter biochemical processes in the brain and hence
may have therapeutic benefits in certain neurological
disorders. The synthesis of selective ligands for the PBR is
therefore invaluable not only in characterising the receptor
but also since the PBR could itself be a worthwhile target
for therapeutic intervention.

Fig. (5). General structure of benzothiazepine-type PBR ligands.

Table 2. Structures and Affinities of Key Benzothiazepines.
IC50 Values were Determined Using rat Cortex
Homogenate and [3H]PK 11195

Ligand R R' X IC50  (nM) Ref

THIA-66 COCH3 H OCH3 34 [57]PK 11195 has been used in countless activated microglia
studies and has provided a number of novel insights on the
cellular pathology involved in certain disease states
including MS [52] and AD [53]. Consequently, PK 11195
has been tagged the gold standard of PBR ligands. Despite
the frequent use of PK 11195, it has been shown to have a
low brain permeability and highly variable kinetic
behaviour. For these reasons, the sensitivity of PK 11195 in
assessing and studying the PBR is significantly limited
[54]. These poor characteristics have been attributed to the
high lipophilicity and low bioavailability of PK 11195
(88% bound to plasma protein) [34]. Although these issues
are still under debate, binding studies revealed that α1-acid
glycoprotein (AGP) is the primary plasma protein to which
PK 11195 binds [54]. Since plasma AGP levels vary
between individuals, especially in individuals with
underlying pathological diseases, the level of free PK 11195
in the plasma can be unpredictable and thus may contribute
to the inconsistent kinetic behaviour of this ligand.

THIA-67 SO2CH3 H OCH3 95 [57]

THIA-68 CON(CH3)2 4-Cl H 4.0 [58]

THIA-4i CON(Et)2 4-Cl H 2.0 [40]

PK 11195 - - - 2.0 [40]

Following these encouraging preliminary results a three-
dimensional quantitative structure-activity relationship (3D-
QSAR) model utilising the comparative molecular field
analysis (COMFA) method was developed [58]. This model
predicted the IC50 values of a test set of seven
pyrrolobenzothiazepines with significant accuracy as verified
by the experimentally determined IC50 values. One
compound from this test set, referred to as THIA-68 (Fig. 5,
Table 2), consisted of 4-Cl and 7-CON(CH3)2 substitution
which are features typically found independently on most of
the potent ligands in this class. Hence this proved the
additive effects of substituents on overall ligand affinity.In an attempt to develop PBR ligands with more suitable

kinetic profiles, a number of conformationally restrained
isoquinoline-carboxamide derivatives of PK 11195 were
synthesised [48]. The general structure of these VC
compounds and their affinity compared to PK 11195 are
shown in Fig. 4 and Table 1. Preliminary studies indicated
that these compounds, VC195, VC193M and VC198M, had
higher levels of brain permeability and specific binding [55].

More recently, a group of optimised ligands based on the
same benzothiazepine structure have been synthesised [40].
SAR studies on these derivatives provided evidence that
substitution of the pyrrole moiety for a pyrrolidinone ring
resulted in a compound with no activity (i.e. it was not
active at the highest concentration tested, 10-5 M).
Similarly, when the [1,5]thiazepine ring was transformed to
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a thiazine or thiazocine ring, the overall affinity of the ligand
was significantly reduced (IC50 = 1340 nM) [40]. These
studies also indicated the importance of other structural
components for optimal activity for PBR binding, including
a diethyl carbamoyloxy group at the C-7 position and a
chlorine atom at the 4-position. To date, THIA-4i has been
reported as the most potent PBR ligand from this class with
an affinity comparable to that of the gold standard PBR
ligand PK 11195 (IC50 = 2.0 nM) (Fig. 5, Table 2).

in cell proliferation [60]. The effect of PBR ligands on cell
growth was investigated by subjecting two individual cell
lines, rat C6 glioma cells and human astrocytoma 1321N1,
to a variety of PBR ligands including PK 11195, Ro5-4864
and the benzoxazepines; NF 182, NF 213 (Fig. 6, Table 3)
and NF 262 (equivalent to OXA-17j). Interestingly the NF
compounds, although originally designed as benzodiazepine
analogues, showed no species dependence in binding the
PBR. Unlike Ro 5-4864, the NF compounds bound both
rodent and human cell lines with similar potency [60]. All
of the tested PBR ligands produced analogous
antiproliferative effects and it was found that these effects
were not proportional to the potency of the ligand.
Furthermore, the antiproliferative effects observed seemed to
be unrelated to binding of these ligands to the PBR as the
concentration required to produce the effect was 1000-fold
greater than that needed to saturate the PBR sites.

Although these ligands might be useful probes for in
vitro studies, further evaluation is required to elucidate their
in vivo pharmacological profile.

3.4. Benzoxazepines

The benzoxazepines were synthesised based on a
pyrrolobenzoxazepine skeleton. The ligands from this class
were evaluated in binding studies where their ability to
displace [3H]PK 11195 from the receptor site was measured.
A number of these compounds displayed Ki values in the
subnanomolar range. OXA-17f and OXA-17j (Fig. 6, Table
3) were reported as the most potent PBR ligands from this
series with Ki values of 0.26 and 0.36 nM respectively
compared to Ki value of 0.78 nM for PK 11195 in the same
assay [39]. These benzoxazepines were shown to be inactive
on GABAA and CBRs and were thus found to be highly
selective for the PBR.

Several compounds from this series were also utilised as
molecular instruments to probe the spatial dimensions of the
postulated binding pockets in the PBR cleft. This helped
characterise the PBR binding site, mainly the LA and δ1
regions, whilst simultaneously identifying key ligand
structural features required for high affinity interaction. In
general, ligands comprised of a phenyl ring at C-6 and
symmetric dimethyl/diethylcarbamoyl moieties at C-7 were
the most active. Later in 2002, Campiani and co-workers
extended this series with the hope of further characterising
the effects of different alkylcarbamoyl groups at the 7-
position which was thought to interact with the PAR
lipophilic region of the PBR site [59]. After varying the
carbamoyl nitrogen substituents it was found that
replacement of a methyl by an ethyl group led to a 20-fold
improvement in affinity and that monosubstitution at this
C-7 position was more favourable than the previously
investigated symmetrical disubstitution. The most potent
PBR ligand from this class known at present is OXA-11a
with a Ki value of 0.11 nM (Fig. 6, Table 3). The ethyl
group was identified as optimum in this position for PBR
binding as it enabled a stronger interaction with the
relatively large lipophilic binding pocket PAR.
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Fig. (6). General structure of benzoxazepine-type PBR ligands.

Table 3. Structure and Binding Affinities of Key
Benzoxazepines. Ki Values were Determined Using
Rat Cortex Homogenate and [3H]PK 11195 (C6
Glioma Cells were Used for NF 213 and NF 182).

All of the ligands from this novel series of
benzoxazepines displayed sub-nanomolar affinity for rat
brain and mitochondrial rat testis PBR. The biological
efficacy of these new ligands was demonstrated by their
distinct ability to enhance the endogenous rate of
progesterone synthesis in MA10 Leydig cells at micromolar
concentrations. Although these compounds have higher
affinity than PK 11195 in both rodent and human cell lines,
in vivo pharmacokinetic and pharmacodynamic data is still
lacking.

Ligand R X Ki (nM) Ref

OXA-17f OCON(Et)2 H 0.26 [39]

OXA-17j OCON(Et)2 CH3 0.36 [39]

OXA-11a OCO(NEt)2 H 0.11 [59]

3.5. Indoleacetamide Derivatives
NF 213 OCON(CH3)2 CH3 2.1 [60]

NF 182 OCON(CH3)2 H 2.8 [60]

PK 11195 - - 0.78 [39] Almost 15 years ago, when the PBR was referred to as
the mitochondrial DBI receptor (MDR), a class of potent
(nM) ligands for the PBR were developed by the use of the
Fischer indole synthesis and named 2 aryl-3-indoleace-
tamides (FGIN-1) [50], [61]. These derivatives were found to
enhance steroidogenesis and to be highly selective for the
PBR as they lacked binding to glycine, glutamate, serotonin
and GABA related receptors. The lead compound from this

All of these benzodiazepine-like compounds were shown
to stimulate neurosteroid production with comparable
potency to PK 11195 and Ro 5-4864 in mouse Y-1
adrenocortical cell line. In a later study by Zisterer et al.
1998, a few of the lead benzoxazepines, also referred to as
NF compounds, were used to decipher the role of the PBR
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Fig. (7). Indoleacetamide PBR ligands.

class is known as N,N-di-n-hexyl 2-(4-fluorophenyl)indole-
3-acetamide (FGIN-1-27) (Fig. 7).

it was found that dialkylation of the amide is an essential
component for high PBR affinity as it allows both the LA
and PAR regions to be occupied. Most of these new ligands
displayed high affinity for the PBR with Ki values in the
nanomolar and subnanomolar range. The ligand with the
greatest potency from this class was IND-18 (Fig. 6) with a
Ki of 0.37 nM, compared to 9.3 nM for PK 11195 in the
same binding assay [20]. Twenty of the most potent ligands
from this class were evaluated for their ability to stimulate
pregnenolone synthesis in rat C6 glioma cells. It was
generally found that, 4'-substituted derivatives increased
pregnenolone concentration effectively when compared to PK
11195 and Ro 5-4864, whereas unsubstituted analogues
didn’t produce any marked effects [20].

FGIN-1-27 has a high affinity (Ki = 5.0 nM,
displacement study using [3H]PK 11195 [61]) and is able to
penetrate the blood brain barrier. The fact that FGIN-1-27
can enter the brain explains how it is able to inhibit the
onset of isoniazid-induced convulsions. This anticonvulsant
effect is inhibited by PK 11195. FGIN-1-27 has also been
shown to induce sedation and ataxia at micromolar
intravenous doses. It was hypothesised that the
pharmacological actions of this compound are most likely
due to its indirect action on GABAA receptors via the
stimulation of neurosteroid production [62].

Binding studies with primary glial cell cultures from
newborn rat cerebella revealed a few structural features of
FGIN-1 derivatives essential for high affinity PBR binding.
N,N-Dialkylation of the amide is essential and the length of
the alkyl group is an important consideration when
synthesising a high affinity PBR compound from this class.
FGIN-1 ligands with N,N-dihexyl groups have an affinity 20
times that of ligands with N,N-dimethyl substitution.
However, alkyl groups with more than six carbon atoms
displayed a decreased binding affinity [61]. Furthermore,
N,N-dihexyl derivatives with halogen substitution on one or
both of the aryl rings further enhanced their affinity [50].

Another high affinity PBR ligand belonging to this class
of compounds, 7-chloro-N,N-5-trimethyl-4-oxo-3-phenyl-
3,5-dihydro-4H-pyrid-azino[4,5-b]indole-1-acetamide (SSR
180575), has been shown to promote neuronal survival and
repair. SSR180575 displays nanomolar affinity, four times
greater than that of Ro-5 4864, for both the rat and human
PBR. This ligand was evaluated in rat models of both
peripheral and central neurodegeneration in vivo and the
observed neuroprotective effects appear to require only partial
occupancy (50 to 70%) of the PBR. Moreover, SSR180575
increased pregnenolone accumulation in the brain implying
that the therapeutic effects may be mediated through its
ability to stimulate steroidogenesis [63].Following the successful development of the FGIN-1

derivatives as high affinity PBR ligands, a series of
conformationally restrained analogues of these compounds
were synthesised comprising the N,N-dialkyl-2-phenylindol-
3-ylglyoxylamide derivatives (indolylglyoxylamides) [20].
SAR studies were performed and the results were considered
in light of the most recently reported pharmacophore. Again

Both FGIN-1-27 and SSR180575 have been shown to
cross the BBB however they require further in vivo
evaluation in order to gain information about their kinetics
and binding properties. All of the ligands from this class are
more lipophilic than PK 11195 and therefore to what extent
this will affect their in vivo kinetics needs to be addressed.
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Fig. (8). Imidazopyridine PBR ligands.
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Overall these compounds appear to be good therapeutic
candidates however more data is required in determining
their value.

agonists and antagonists is essential in identifying and
understanding different functional states of the PBR. As a
more diverse range of specific and selective PBR ligands
become available more knowledge can be gained on the
structural differences between agonist and antagonist binding
sites. To date only a limited number of imidazopyridines
have been evaluated in preliminary in vivo studies. A more
exhaustive and systematic evaluation is required in order to
better understand their pharmacological profile.

3.6. Imidazopyridines

Alpidem (Fig. 8) is the primary member of the
imidazopyridines and is known to bind both the PBR and
CBR with nanomolar affinity (Ki = 0.5-7nM and 1-28nM
respectively) [19]. Whilst alpidem has the ability to
stimulate steroidogenesis and is recognised as a clinically
active anxiolytic [64] its non selective nature limits its
potential in elucidating the physiological and
pharmacological roles of the PBR.

3.7. Phenoxyphenyl-Acetamide Derivatives

Two phenoxyphenyl-acetamide derivatives, N-(4-
chloro-2-phenoxyphenyl)-N-(2-isopropoxybenzyl)acetamide
(DAA1097) and N-(2,5-dimethoxybenzyl)-N-(5-fluoro-2-
phenoxyphenyl)acetamide (DAA1106) (Fig. 9), were derived
by opening the diazepine ring of Ro5-4864. They have since
been reported as specific ligands for the PBR [68] and
display potent anxiolytic effects in laboratory animals [69].

In 1997 Trapani and colleagues performed a number of
SAR studies on alpidem in attempting to develop a novel
range of imidazopyridine derivatives with improved
selectivity for the PBR compared to the CBR [65]. As part
of these studies, the substituents and acetamide moiety of
alpidem were varied whilst maintaining the 2-
phenylimidazo[1,2-a]-pyridine heterocyclic ring system.
This led to the formation of a series of selective PBR
ligands known as 2-phenyl-imidazo[1,2-a]-pyridines. Based
on results from radioligand binding assays, it was shown
that disubstitution at 6- and 8- positions on the pyridine
moiety with dichloro, dibromo, 6-CF3/8-chloro, 6-bromo/8-
CH3 or 6-CH3/8-Br substituents was a core feature in
promoting selectivity for the PBR. Further SAR and
structure-selectivity relationship (SSR) research helped
explore the effects of modifying the alkyl groups attached to
the amide functionality and resulted in the synthesis of an
extended series of 2-phenyl-imidazo[1,2-a]-pyridine
derivatives [66]. In 1999, three lead compounds from this
series, N,N-di-n-propyl-[2-(4-chlorophenyl)-6,8-dichloroimi-
dazo[1,2-a]-pyridin-3-yl)]acetamide (CB 34), N,N-di-n-
propyl-[2-phenyl-6,8-dichloroimidazo[1,2-a]-pyridin-3-yl)]-
acetamide (CB 50) and N,N-di-n-propyl-[2-phenyl-6-bromo-
8-methyl-imidazo[1,2-a]-pyridin-3-yl)]acetamide (CB 54),
were investigated for their agonistic effect on brain and
plasma neurosteroid concentrations in normal and
adrenalectomized-orchiectomized (ADX-ORX) rats [67].
CB34, CB 50 and CB 54 all competed with [3H]PK 11195
for binding to membrane preparations of rat cerebral cortex
and displayed IC50 values of 1.03, 3.04 and 1.54 nM
respectively (PK 11195, IC50 = 1.43 in the same assay)
[67]. All three ligands were shown to stimulate
steroidogenesis in rats which was indicated by elevated
cortical concentrations of pregnenolone, progesterone,
allopregnanolone and allotetrahydro-deoxycorticosterone
(THDOC). Of these three ligands CB 34 (Fig. 7) appeared
the most promising due to its high affinity, selectivity and
ability to stimulate steroidogenesis both peripherally and
centrally with a greater potency than PK 11195.
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Fig. (9). Phenoxyphenyl-acetamide PBR ligands.

These ligands are extremely selective as they have high
affinity for the PBR and only negligible affinity for 58 other
receptors including a number of neurotransmitter-related, ion
channels, transporters and second messengers [69]. Both
DAA1097 and DAA1106 have been shown to inhibit
[3H]PK 11195 binding to mitochondrial preparations of rat
whole brain with IC50 values of 0.92 and 0.28 nM
respectively (PK 11195, IC50 = 1.12 nM in the same assay).
Likewise, in the same preparation, these ligands inhibited
the binding of the benzodiazepine Ro 5-4864 with IC50
values of 0.64 and 0.21nM (PK 11195, IC50 = 1.63 in the
same assay) [69]. In a separate study DAA1106 was
evaluated in both monkey brain and mitochondrial fractions
of rat brain. The results indicated that this ligand was not
species dependent as it bound with high affinity in both
monkey and rat brain having Ki values of 0.188 and 0.043
nM respectively [70].

In 1999, Chaki and colleagues demonstrated that
[3H]DAA1106 binding to the mitochondrial fraction of rat
brain was saturable and that the dissociation constant (Kd)
determined from scatchard plot analysis was 0.12 nM and
indicated a single class of binding sites. Autoradiographic
and biochemical studies revealed that the highest density
binding of [3H]DAA1106 in the brain was in the olfactory
bulb, followed by the cerebellum and cerebral cortex [68].

N,N-Di-n-butyl-[2-(4-chlorophenyl)imidazo[1,2-a]pyridin-
3-yl)]acetamide, although displaying high PBR affinity (5-
10 nM), was the only reported 2-phenyl-imidazo[1,2-a]-
pyridine that failed to have any effect on neuroactive steroid
concentration in cerebral cortex and is thus considered to be
an antagonist [66]. These results proved that there was no
direct association between affinity and selectivity for the
PBR and functional steroidogenic activity. The use of both

Even though these phenoxyphenyl-acetamide derivatives
have a similar structure and are potent anxiolytics they have
opposite effects on steroidogenesis. In a study performed by
Culty and colleagues in 2001 the effects of both DAA1097
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and DAA1106 on steroidogenic response of MA-10 Leydig
tumour cells, C6-2B glioma cell and rat brain mitochondria
was evaluated [71]. It was shown that DAA1097 was capable
of stimulating a significant increase in progesterone
synthesis in all three preparations similarly to that described
for PK 11195 and Ro5-4864. In contrast, DAA1106 had no
effect on steroidogenesis and in fact partially inhibited the
binding of endogenous PBR ligands. It was thus concluded
that DAA1097 appears to be an agonist and that DAA1106
may act as a competitive antagonist [71].

Table 4. Structure and Binding Affinities of Key
Pyrazolopyrimidines. Ki Values were Determined
Using Membranes from Rat Kidney Tissue and
[3H]PK 11195

Ligand R R1 R' R'' Ki (nM) Ref

DPA-713 OCH3 CH3 Et Et 4.7 [19]

PYRA-3j Cl CH3 Et Et 2.4 [19]

PYRA-3q CH3 CF3 Et Et 1.0 [19]It has been postulated that DAA1097 and DAA1106
share common binding sites on the PBR with PK 11195.
However they also appear to contain motifs that do not
interact efficiently with PK 11195 suggesting their
interaction with additional sites on the PBR [71]. This,
along with the high affinity, selectivity and potential
therapeutic role suggests that they represent useful tools for
elucidating the exact biochemical role of the PBR.

PYRA-4d H CH3 n-But n-But 4.5 [42]

PYRA-4j H CH3 Et Ph 0.8 [42]

PK 11195 - - - - 9.3 [19]

Recently, further research has been conducted focusing on
the 3-position in an attempt to determine the importance of
the amide moiety and key structural features regarding the
number and length of alkyl substituents on the amide
nitrogen [42]. A 3D-QSAR model using GRID/Golpe
procedure was implemented to assess the outcome of the
substitution on the acetamide chain. This led to the
generation of new pyrazolopyrimidines namely 2-phenyl-5,7-
dimethylpyrazolo[1,5-a]pyrimidin-3-yl acetamides. This
newly synthesised group of ligands contained some
promising compounds endowed with high specificity and
selectivity for the PBR. Some of these displayed agonistic
properties with greater potency than PK 11195, namely
PYRA-4d and in particular PYRA-4j (Fig. 10, Table 4),
whilst others showed clear antagonistic attributes. The
GRID/Golpe model provided useful insights on the
necessary features required for stereoselectivity at the PBR
binding site and supported the concept of an asymmetric site
containing two individual cavities [42].

3.8. Pyrazolopyrimidines

The pyrazolopyrimidines are bioisteres of the
imidazopyridine derivatives and hence are structurally related
to alpidem. Comprehensive SAR studies on the imidazo
[1,2-a]pyridine nucleus of alpidem were conducted to
evaluate the influence of certain substitutions and
modifications on selectivity toward the PBR. The 5- and 7-
positions were examined and the results from these studies
led to the synthesis of the pyrazolopyrimidine compounds,
displaying superior affinity and selectivity for the PBR
when compared to both alpidem and PK 11195 [19].
Binding assays, using [3H]PK 11195 as the radioligand and
membranes from rat kidney tissue as receptor source, showed
that a subset of ligands from this pyrazolopyrimidine series
displayed high binding affinity (Ki) for the PBR ranging
from 0.8-6.1 nM. Some of these compounds were shown to
stimulate steroid biosynthesis in C6 glioma rat cells with a
few capable of increasing pregnenolone synthesis with
similar potency to Ro 5-4864 and PK 11195 (namely
PYRA-3j and PYRA-3q shown in Fig. 10, Table 4).

3.9. Vinca Alkaloids

Vinpocetine (ethyl apovincaminate) (Fig. 11) was
identified in the late 1960's and following its introduction to
the market in 1978 (Cavinton ®, Gedeon Richter, Budapest,
Hungary) it has been used in the prevention and treatment of
various cerebrovascular diseases, including patients with
acute and chronic stroke [72].N
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Fig. (10). General structure of pyrazolopyrimidine-type PBR
ligand.

One potent ligand from this class, N,N-diethyl-2-[2-(4-
methoxyphenyl)-5,7-dimethyl-pyrazolo[1,5-a]pyrimidin-3-
yl]-acetamide (DPA-713) (Fig. 10, Table 4), exhibited no
effect on steroidogenesis thus proving once again that there
is no relationship between intrinsic activity and PBR
affinity [19]. Overall it was found that the substitution at 5-
and 7- positions as well as having a 2-aryl substituent
appeared to be the key factors promoting the PBR selectivity
and the different functional activity of the pyrazolo-
pyrimidines ligands in the steroidogenesis assay.

Fig. (11). Vinca alkaloid PBR ligand.

Lörincz and colleagues were the first to synthesise ethyl
apovincaminate from the vinca minor alkaloid, vincamine
[73]. Although vinpocetine has been shown to be a potent
inhibitor of voltage dependent Na+ channels [74] and
Ca2+/calmoduline-dependent phosphodiesterase type 1
(PDE-1 isoenzyme) [75, 76], the exact mechanism behind its
well established neuroprotective properties remains unclear.
In vitro binding studies have demonstrated that vinpocetine
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interacts with an extensive array of molecular targets.
Vinpocetine binds the PBR in rat heart with moderate
affinity (IC50 = 0.2 µM) however it may not be an ideal tool
for studying the PBR since it binds numerous other brain
sites with similar affinity, including certain adrenergic
receptor subtypes (α2B IC50 = 0.9 µM, α2A IC50 = 1.9
µM), Na+ channels (site 2 IC50 = 1.9 µM) and Ca2+

channels (L-type, benzothiazepin IC50 = 2.1 µM,
phenylakylamine IC50 = 4.1µM) [77].
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