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BACKGROUND AND PURPOSES
Thienyl-isoquinolone (TIQ-A) is a relatively potent PARP inhibitor able to reduce post-ischaemic neuronal death in vitro. Here
we have studied, in different stroke models in vivo, the neuroprotective properties of DAMTIQ and HYDAMTIQ, two TIQ-A
derivatives able to reach the brain and to inhibit PARP-1 and PARP-2.

EXPERIMENTAL APPROACH
Studies were carried out in (i) transient (2 h) middle cerebral artery occlusion (tMCAO), (ii) permanent MCAO (pMCAO) and
(iii) electrocoagulation of the distal portion of MCA in conjunction with transient (90 min) bilateral carotid occlusion (focal
cortical ischaemia).

KEY RESULTS
In male rats with tMCAO, HYDAMTIQ (0.1–10 mg·kg-1) injected i.p. three times, starting 4 h after MCAO, reduced infarct
volumes by up to 70%, reduced the loss of body weight by up to 60% and attenuated the neurological impairment by up to
40%. In age-matched female rats, HYDAMTIQ also reduced brain damage. Protection, however, was less pronounced than in
the male rats. In animals with pMCAO, HYDAMTIQ administered 30 min after MCAO reduced infarct volumes by
approximately 40%. In animals with focal cortical ischaemia, HYDAMTIQ treatment decreased post-ischaemic accumulation of
PAR (the product of PARP activity) and the presence of OX42-positive inflammatory cells in the ischaemic cortex. It also
reduced sensorimotor deficits for up to 90 days after MCAO.

CONCLUSION AND IMPLICATIONS
Our results show that HYDAMTIQ is a potent PARP inhibitor that conferred robust neuroprotection and long-lasting
improvement of post-stroke neurological deficits.

Abbreviations
AIF, apoptosis-inducing factor; CBF, cerebral blood flow; MCAO, middle cerebral artery occlusion; DAMTIQ,
dimethylaminomethyl- thieno[2,3-c]isoquinolin-5(4H)-one; HYDAMTIQ, hydroxyl-dimethylaminomethyl-
thieno[2,3-c]isoquinolin-5(4H)-one; TIQ-A, thieno[2,3-c]isoquinolin-5(4H)-one; TTC, 2,3,5-triphenyltetrazolium chloride
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Introduction
Poly(ADP-ribose) polymerases (PARPs) are NAD-dependent
enzymes able to catalyse the transfer of ADP-ribose units from
NAD to substrate proteins. They are particularly abundant in
cell nuclei, may be activated by DNA damage and are
involved in the maintenance of genomic integrity, epigenetic
regulation of gene expression, control of cell cycle and cell
survival (Jagtap and Szabo, 2005). The most studied and best
characterized member of this enzyme family is PARP-1, one of
the most abundant nuclear proteins responsible for at least
85% of the maximally stimulated cellular ADP-ribosylating
activity (Schreiber et al., 2006). Excellent PARP-1 inhibitors
are now available (Ferraris, 2010), and some of them are
clinically used for the treatment of various cancers. Beside
this widely investigated clinical activity in cancer treatment,
PARP-1 inhibitors have also been studied because they reduce
post-ischaemic and excitotoxic neuronal death (Eliasson
et al., 1997; Endres et al., 1997; Szabo and Dawson, 1998;
Moroni et al., 2001; Haddad et al., 2008; Egi et al., 2011).
Several mechanisms have been put forward to explain how
PARP-1 activation contributes to post-ischaemic brain
damage. For instance, excessive activation of this enzyme in
neurones may reduce NAD levels, leading to severe ATP short-
age, energy failure and cell necrosis (Berger, 1985; Cosi et al.,
1994; Ha and Snyder, 1999; Moroni et al., 2001). Also, PARP
activation may release apoptosis-inducing factor (AIF) from
the mitochondria and facilitate AIF translocation to the
nucleus, thus activating a caspase-independent type of apo-
ptosis (Yu et al., 2002). Finally, PARP activation may facilitate
the expression of inflammatory mediators (Chiarugi and
Moskowitz, 2003), and, when this occurs in macrophages or
microglia, the formation of toxic cytokines may increase and
neuronal damage may occur (Kauppinen and Swanson,
2005). Other proposed molecular mechanisms linking PARP
activation to post-ischaemic brain damage involve a reduced
expression of pro-survival factors (Chiarugi, 2002), the for-
mation of a metabolite able to hamper mitochondrial func-
tion (Yu et al., 2002; Cipriani et al., 2005), the opening of a
transient receptor potential cation channel (TRPM2) and an
excessive inflow of Ca2+ due to PAR metabolites (Fonfria et al.,
2004) or an enhanced expression of MMP with increased
blood–brain barrier permeability and brain oedema (Lenzser
et al., 2007). All these molecular mechanisms could contrib-
ute to the brain-protective actions of PARP inhibitors that,
when administered in vivo, seem to act not only by protecting
the neurones but also the other cell types present in the
neurovascular unit and damaged by the ischaemic events
(endothelia, pericytes, astrocytes, microglia) (see Moroni and
Chiarugi, 2009).

Disruption of the PARP-1 gene in mice preferentially pro-
tects males from perinatal ischaemic injury (Hagberg et al.,
2004), and that PARP inhibitors may even exacerbate
ischaemic damage in female brains (McCullough et al., 2005;
Yuan et al., 2009), thus cautioning against a possible use of
these inhibitors in females. We therefore decided to explore
the effects of these agents in both male and female animals.

We have already described and characterized, preliminar-
ily, a series of thieno[2,3-c]isoquinolin-5(4H)-ones (TIQ-A
and derivatives) as potent PARP inhibitors that significantly
reduce excitotoxic and post-ischaemic neuronal death in

primary cultures of rat cortical neurones (Chiarugi et al.,
2003; Pellicciari et al., 2003). Recently, the potency, solubility
and brain penetration of the TIQ-A series has been signifi-
cantly improved (Pellicciari et al., 2011), and we report here
that these compounds (especially the hydroxyl derivative
(hydroxyl-dimethylaminomethyl- thieno[2,3-c]isoquinolin-
5(4H)-one); HYDAMTIQ), administered up to 4 h after
MCAO, significantly reduced infarct volumes and post-
ischaemic neurological impairment. Protection was associ-
ated with reduced brain content of PAR (the product of PARP
action) and reduced numbers of OX42-positive inflammatory
cells in the affected cortical areas. Experiments have been
carried out in two independent laboratories working in dif-
ferent rat strains (Wistar and Sprague–Dawley), in different
stroke models (transient and permanent occlusion of MCA)
and, as previously mentioned, in both male and female
animals.

Methods

Assay of PARP-1, PARP-2 and tankyrase-1
activity and inhibition studies
PARP activity was evaluated utilizing commercially available
recombinant bovine PARP-1 and mouse PARP-2 as described
by Moroni et al., (2009). Briefly, the enzymic reaction was
carried out in a final volume of 100 mL, consisting of 20 mM
Tris–HCl (pH 8.0), 20 mM MgCl2, 5 mM dithiothreitol (DTT),
20 mg sonicated calf thymus DNA, 0,2 mCi [adenine-2,
8-3H]NAD and recombinant enzyme PARP-1 or PARP-2
(0.03 U per sample). Different concentrations of the putative
inhibitors were added, and the mixture was incubated for 1 h
at 37°C. The reaction was terminated by adding 500 mL of
50% trichloroacetic acid and centrifuged. After two gentle
washes of the pellet with 1 mL distilled water, the radioactiv-
ity incorporated from [adenine-2,8-3H]NAD into proteins was
evaluated by liquid scintillation spectrometry.

Tankyrase-1 function was monitored in HeLa cells cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) and
synchronized in mitosis as previously described (Moroni
et al., 2009).

The enzyme nomenclature we have used here is under
debate (Hottiger et al., 2010), but the abbreviation PARP
follows Alexander et al., (2011).

Experiments in vivo
All the experiments conducted in Italy were carried out
according to the Italian guidelines for animal care (DL 116/
92) in application of the European Communities Council
Directive (86/609/EEC) and were formally approved by the
Animal Care Committee of the Department of Pharmacology
of the University of Florence. Sprague–Dawley rats, aged 9–10
weeks (males weight 280–300 g; female weights 200–220 g),
were from Charles River (Calco, LC, Italy). The experiments
conducted at Pfizer (formerly Wyeth) in the United States
were conducted according to protocols approved by the Insti-
tutional Animal Care and Use Committee. In these studies,
male Wistar rats, 270–290 g (age 8–9 weeks), from Charles
River (Raleigh, NC, USA) were used. The different in vivo
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experimental approaches we used in the present research are
listed in Table 1.

Middle cerebral artery occlusion (tMCAO and
pMCAO) in rats
A relatively non-invasive technique (Longa et al., 1989) was
utilized for MCAO in Sprague–Dawley rats as previously
described (Giovannelli et al., 2002). In these experiments, the
animals were randomly picked up from the cages and allo-
cated to the vehicle or treated groups. The researchers were
aware of the treatment allocation. Anaesthesia was induced
with 2% isoflurane in air and maintained with the lowest
active concentration of anaesthetic. Body temperature was
measured with a rectal probe and kept at 37°C with a heating
pad. The external and internal right carotid arteries were
dissected under an operating microscope, and a silk suture
was placed loosely around them. The common carotid artery
was then temporarily occluded. This closure was maintained
during the 2 h of MCAO. A silicon-coated nylon filament
(diameter 0.28 mm) with a flame-rounded tip was then
inserted through the external into the internal carotid artery
up to the Circle of Willis to occlude the right MCA. The silk
suture placed around the external carotid was tightened to
prevent bleeding. A laser Periflux 5000 Doppler system
(Perimed, Stockholm, Sweden) connected to a 418–1 probe,
attached to the skull on the temporal bone near the suture
with the parietal bone and approximately 2 mm posterior of
bregma, was used to monitor regional cerebral blood flow
(rCBF) before ischaemia, during MCAO (2 h) and after reper-
fusion. The MCAO was considered adequate if rCBF decreased
to 25% of the baseline level (baseline was considered the rCBF
before the occlusion of the common carotid that, by itself,
decreased CBF by approximately 30%). CBF was constantly
monitored during the experimental procedure, and rats were
utilized only if the average CBF in the region, during the 2 h
ischaemic period, decreased by at least 70% and recovered to
approximately the basal levels (�10%) within a few minutes
after the withdrawing of the filament and the re-opening of
the common carotid. In separate experiments, we prepared
animals with the same procedure, but we did not remove the
nylon filament (permanent occlusion, pMCAO). In this

severe pMCAO model, the animals were killed 24 h after
surgery (group 3).

Cortical focal ischaemia model
Adult male Wistar rats (270–310 g) were randomly allocated
to treatment groups (n = 10 per group). Surgical occlusion,
assessment of neurological deficits and histology were all
performed by researchers unaware of treatment allocation.
Rats were anaesthetized using 3% isoflurane in 70% nitrous
oxide : 30% oxygen. In this model, permanent occlusion was
induced by electrocauterization of the distal portion of the
MCA (Chen et al., 1986) in conjunction with ligation of both
common carotid arteries for 90 min. Core body temperature
was maintained at 37°C throughout the surgery using a
heating lamp. CBF in the MCA territory was recorded by laser
Doppler flowmetry (Perimed) attached to the skull near the
suture between the temporal and parietal bones and approxi-
mately 2 mm posterior of bregma from 10 min prior to and
5 min post-induction of ischaemia. An 85% reduction of CBF
was achieved in all animals. This procedure resulted in a
consistent infarction in the area of sensorimotor cortex gov-
erning forelimb and hind limb function and allowed for
long-term assessment of neurological outcomes. Sham
surgery included craniotomy without cauterization of the
MCA. A total of 47 rats were used. Seven of them died from
surgery-related events in the first few hours after MCAO but
none of them died after the beginning of i.v. infusion with
either saline or HYDAMTIQ (4 h later).

Drug administration protocol
TIQ-A was synthesized as previously reported (Pellic-
ciari et al., 2003); dimethylaminomethyl- thieno[2,3-
c]isoquinolin-5(4H)-one (DAMTIQ) and HYDAMTIQ were
synthesized as described in Pellicciari et al. (2011). The com-
pounds were >97% pure as assessed by HPLC. TIQ-A and
DAMTIQ were dissolved and diluted in dimethyl sulphoxide
(DMSO) and injected i.p. in a volume of 50 mL; HYDAMTIQ
(as hydrobromide or hydrochloride salt) was dissolved in
saline. Control animals received an equal amount of vehicle
(either DMSO or saline). For 24 h i.v. infusion of HYDAMTIQ
in Wistar rats, PE-50 tubing was placed in the femoral vein.

Table 1
Experimental models

Group Surgery Strain and sex Time of evaluation after MCAO

1 tMCAO Sprague–Dawley males 48 h

2 tMCAO Sprague–Dawley males 7 days

3 pMCAO Sprague–Dawley males 24 h

4 tMCAO Sprague–Dawley females 48 h

5 Cortical focal ischaemia Wistar males 24–48 h for PAR measurements and cell counts

6 Cortical focal ischaemia Wistar males 21 days for immunohistochemistry

7 Cortical focal ischaemia Wistar males 92 days for behaviour

tMCAO (the period of occlusion was 2 h); Cortical focal ischaemia comprised the direct electrocauterization of the distal portion of the MCA
in conjunction with ligation of both common carotid arteries for 90 min.
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The tubing was tied into place and threaded under the skin to
emerge from the back of the neck. It was attached to a swivel
connected to a Hamilton syringe and a pump (Harvard Appa-
ratus). Drug or saline was administered via the catheter at the
rate of 0.25 mL·h-1 for 24 h after an i.v. bolus of 3.5 mg·kg-1

beginning 4 h post-MCAO (see Table 1, groups 5–7).

Evaluation of infarct volumes
Animals were killed at different time after MCAO, and their
brains were snap-frozen in N2 vapour for cryostat sectioning.
Haematoxylin–eosin-stained coronal sections were imaged by
using the Image 3.0 ProPlus (Silver Spring, MD, USA) analysis
software. Ten sections, each taken 1 mm apart, were analysed.
Infarct areas were calculated subtracting the area of intact
tissue in the ipsilateral hemisphere from the area of the con-
tralateral hemisphere to minimize the error that is introduced
by oedema, which distorts and enlarges the infarcted tissue
and surrounding white matter. Infarct volumes were calcu-
lated by multiplying the infarct areas by the distance between
sections as previously described (Giovannelli et al., 2002;
Cozzi et al., 2006). In preliminary experiments, 24 h after
surgery, the rats were again anaesthetized (chloral hydrate
400 mg·kg-1), the chest was opened and 5 mL of a solution
containing 2% 2,3,5-triphenyltetrazolium chloride (TTC) in
saline was slowly injected into the left cardiac ventricle.
Brains were removed 20 min later and placed in 4% formalin.
Within 2 days, 1 mm-thick coronal sections were prepared,
and the infarct areas measured using a computerized image
analysis system (Image ProPlus 3.0). After measuring the
surface area in ten slices, the infarct volume was calculated as
previously reported (Moroni et al., 2002). No statistically sig-
nificant differences were observed in the ischaemic infarct
volumes between the TTC and the haematoxylin–eosin stain-
ing approaches.

Neurological evaluation
tMCAO. Animals were weighed before surgery and every
24 h thereafter. Neurological evaluation was carried out
according to a modification of the procedures described by
Bederson et al. (1986). A simple yes or no response was deter-
mined for the following signs: (i) flexion of the contralateral
forelimb: Rats were held gently by the tail suspended above
the floor and observed for forelimb flexion. Normal rats
extend both forelimbs towards the floor. Rats with infarction
consistently flexed the forelimb contralateral to the injured
hemisphere. (ii) Twisting of the torso: when the rats were
held by the tail, the presence of flexion of wrist and elbow,
with adduction or internal rotation of the shoulder toward
the paretic side was recorded. (iii) Decreased resistance to
lateral push: rats were placed on the floor and were gently
pushed from side to side. The test was repeated several times
in each direction. Normal (or mildly dysfunctional) rats
resisted sliding equally in both directions. Lesion-bearing rats
had consistently reduced resistance to lateral push towards
the paretic side. (iv) Circling when holding the tail allowing
the forelimbs to make contact with the floor: Lesion-bearing
rats circled towards the paretic side. (v) Spontaneous circling:
rats that spontaneously circled towards the paretic side con-
sistently were considered neurologically impaired. (vi) Lack
of response was considered immobility. Each animal was

scored 1 point for each of the above-mentioned behaviours (0
point: normal; 5 points: complete paresis).

Cortical focal ischaemia. Rats were evaluated for neurological
impairments for up to 90 days following ischaemia using
several tests. Postural (body swing and forelimb paresis) and
hind limb placement tests (Bederson et al., 1986) as well as
sensorimotor integration and reflex-driven forelimb place-
ment responses to visual and tactile stimuli tests (De Ryck
et al., 1989) were assessed. A maximum severity neurological
deficit score for the combined procedures was 12. Naive or
sham-operated animals displayed no deficits (a score of 0).

Poly ADP-ribose (PAR) determination
PAR was measured in brains derived from Wistar rats sub-
jected to MCAO and treated with an i.v. bolus injection
of 3.5 mg·kg-1 HYDAMTIQ followed by infusion of
2.5 mg·kg·h-1 for 24 h. Brain samples (approximately 100 mg
taken from the cortex for Figure 9A or the entire hemisphere
for Figure 9B) were rinsed in PBS and then suspended in
hypotonic lysis buffer containing DTT and protease inhibi-
tors (Sigma, St Louis, MO, USA). After homogenization and
centrifugation (20 min at 10 000¥ g), the nuclear pellet was
re-suspended in extraction buffer containing DTT and pro-
tease inhibitors and gently shaken for 30 min. After a further
centrifugation (5 min at 20 000¥ g), the supernatants were
snap-frozen in liquid nitrogen and stored at -80°C until
tested according to Liu et al. (2008). Briefly, we used Pierce
Reacti-Bind plates (CN 15042) coated with anti-PAR mono-
clonal antibody (Trevigen, Gaithersburg, MD, USA; cat.
#4335-MC-100) diluted 1:500 in 0.1 M carbonate buffer
(8.4 g·L-1 NaHCO3 and 3.56 g·L-1 Na2CO3, pH 9.6) at
100 mL·per well for 2 h at 37°C. Plates were washed five times
with PBS containing 0.1% (v/v) Tween-20 and blocked with
2% BSA in PBS for 1 h. PAR standards and samples were
diluted in PBS containing 2% BSA, 0.5% (w/v) SDS and loaded
in a final assay volume of 75 mL. Plates were incubated at 4°C
overnight then washed five times with PBS containing 0.1%
Tween-20. Polyclonal anti-PAR antibody (Trevigen; cat.
#4336-BPC-100) diluted 1:500 in PBS containing 2% BSA and
mouse serum was added to the plates that were incubated for
2 h at room temperature and then washed five times with
PBS/0.1% Tween-20. Goat anti-rabbit HRP (KPL, Gaithers-
burg, MD, USA) (100 mL·per well) diluted in a mixture con-
taining PBS, 2% BSA and diluted mouse serum (1:500) was
then added, and the plates were incubated at room tempera-
ture for 1 h; 100 mL·per well luminescent substrate was added,
and luminescence was measured with a SpectraMax M5
(Molecular device, Sunnyvale, CA, USA). All samples were
normalized for total protein.

Immunohistochemistry
Animals treated with saline or HYDAMTIQ were killed at 21
days after induction of ischaemia. The brains were removed,
fixed in 4% paraformaldehyde at 37°C for 24 h and then
transferred to 30% sucrose. Representative coronal sections
(25 mm) were obtained using a rotary microtome (Leica
RM2145, Salm, Germany). Sections were incubated overnight
at 4°C with one of the following antibodies: anti–CD11
(OX42; 1:200, Cedarlane, Canada); mouse anti-PAR; 1:200
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(BD Biosciences, Franklin Lakes, NJ, USA); NeuN monoclonal
antibody (cat. MAB 377; Chemicon International; Billerica,
MA, USA). After washing, a fluorescent-conjugated secondary
antibody (1:2000, Alexa Fluor 488 or 594, Molecular Probes,
Eugene, OR) was applied, and sections were mounted using
Vectashield medium (Vector Labs, Burlingame, CA, USA).
TUNEL labelling was performed to identify DNA fragmenta-
tion. At 21 days after cortical focal ischaemia, randomly
selected brains derived from ischaemic animals treated with
saline or HYDAMTIQ were cut into coronal sections (25 mm)
and stained using the in situ Cell Death detection kit, Fluo-
rescein or TMR red (Roche Applied Science, Penzberg,
Germany). Nine sections per animal were mounted, and all
the immunopositive cells were individually counted in each
section by an observer, unaware of the treatments, with an
Axiovert 135 fluorescent microscope (Zeiss, Jena, Germany)
and Axiocam camera (Zeiss) using Axiovison 4.5 software.
The region evaluated was the dorsal cortex adjacent to the
ischaemic lesion.

Data analysis
Data were analysed with GraphPad Prism 5 (La Jolla, CA,
USA). Infarct volumes are presented using box and whisker
plots (box is first and third quartile with median and whisker
is the range) and analysed using one-way ANOVA followed by
the Tukey–Kramer multiple comparison test. The Mann–
Whitney non-parametric test was used to analyse the neuro-

logical scores. Other data were reported either as means �

SEM or means � SD (Figure 5A), as indicated in the legends.

Results

Characterization of TIQ-A, DAMTIQ and
HYDAMTIQ
We previously reported the design, synthesis and preliminary
characterization of thieno[2,3-c]isoquinolin-5(4H)-one
(TIQ-A) as potential anti-ischaemic agent. The scaffold of
TIQ-A bears the minimal pharmacophore that is required for
PARP inhibition. The compound was endowed with good
potency at inhibiting the catalytic activity of PARP-1 in vitro
and in inhibiting post-ischaemic brain damage in cultured
neurones and in vivo (Chiarugi et al., 2003; Pellicciari et al.,
2003). Figure 1 shows the chemical structures of TIQ-A and its
derivatives DAMTIQ or HYDAMTIQ that were synthesized,
on the basis of the structural information of the PARP-1
catalytic site, with the aim of improving potency, solubility
and cellular penetration. The figure also shows that the com-
pounds had similar affinity for both PARP-1 and PARP-2. In
particular, HYDAMTIQ had an IC50 of 20 nM against PARP- 1
and of 38 nM against PARP-2. In order to rule out a possible
interaction with tankyrase-1, we assessed the telomere func-
tion of this enzyme in HeLa cells by counting the number of
abnormal spindles and mitosis during cell division. It has

Figure 1
Molecular structures and potencies as enzyme inhibitors in vitro (shown as IC50 values; nM; means � SEM) of the three thienyl-isoquinolones
studied here (TIQ-A, DAMTIQ and HYDAMTIQ).
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been shown that a reduction of tankyrase-1 activity by RNAi
leads to the formation of multipolar spindles and to abnor-
mal mitosis (Moroni et al., 2009). Whereas RNAi against
tankyrase-1 or the non-specific PARP inhibitor benzamide
promotes the appearance of a significant number of multipo-
lar mitoses, neither TIQ-A nor its derivatives, when used at
concentrations (100 mM) that are much higher than those
required to inhibit PARP-1 or PARP-2, interfered with the
telomeric function of tankyrase-1 (Moroni et al., 2009). The
compounds were effective in improving the survival of
primary cultures of neuronal cells exposed to oxygen and
glucose deprivation, in reducing the loss of ATP content of
HeLa cell lines exposed to DNA damaging agents and in
reducing infarct volumes in preliminary experiments (Pellic-
ciari et al., 2011). The most interesting compound, HYDAM-
TIQ, was also tested against a panel of 62 receptors and
enzymes at a concentration of 10 mM (NOVASCREEN) and
showed an excellent selectivity: beside PARP-1 and PARP-2,
the only other target marginally affected was the 5HT trans-
porter (IC50 6 mM) (Pellicciari et al., 2011). In preliminary
pharmacokinetic experiments in Wistar rats, the administra-
tion of an i.v. bolus of 3,5 mg·kg-1 followed by constant
infusion of 2.5 mg·kg·h-1 for 24 h resulted in HYDAMTIQ
plasma and brain levels of 1.3 and 0.78 mM, respectively,
considered sufficient to reduce PARP activity in brain.

TIQ-A, DAMTIQ and HYDAMTIQ reduce the
vulnerability to ischaemic brain injury of
male rats subjected to tMCAO
As PARP-1 gene deletion and a number of PARP-inhibitors
have previously been reported to reduce post-ischaemic
brain damage, in the present series of experiments, we
decided to investigate the extent of this protection after dif-

ferent doses of the inhibitors and the possibility of delaying
the beginning of the treatment after the occlusion of the
MCA. Rectal temperature, mean arterial blood pressure, pH,
PaO2 and PaCO2 did not differ between animals treated with
vehicle and those treated with the larger dose (10 mg·kg-1,
i.p.) of PARP-inhibitor, for 1 h after the first dose of drug
administration (not shown). Mortality rate in these experi-
ments was lower than 10% and did not differ between con-
trols and treated animals (see Figure legends). Measurement
of brain infarct volumes 48 h after MCAO revealed that
when the PARP inhibitors were injected 2 h after the occlu-
sion (immediately before the reperfusion) and twice thereaf-
ter (a total of three injections in the first 8 h after the
occlusion), the reduction of necrotic areas and volumes were
very clear: TIQ-A or DAMTIQ at 10 mg·kg-1 reduced the
infarct volumes by approximately 70% (Figure 2). This Figure
also shows that HYDAMTIQ, administered with an identical
time schedule, significantly reduced brain infarct volumes
starting at a dose of 0.1 mg·kg-1 with a maximum effect
(approximately 75% protection) at 1 mg·kg-1. No further
improvement was obtained when the dose was increased to
10 mg·kg-1.

When the first administration of PARP inhibitors was
delayed, to 4 h after the beginning of the MCAO (2 h after
reperfusion), both DAMTIQ (10 mg·kg-1 i.p.) and HYDAMTIQ
(0.1–10 mg·kg-1 i.p.) significantly reduced brain damage, but
the reduction of the infarct volumes was 33% for DAMTIQ
(10 mg·kg-1) and 65% for HYDAMTIQ (1 mg·kg-1) (Figure 3).

It was interesting to observe that HYDAMTIQ adminis-
tered 4 h after MCAO attenuated the body weight loss
observed in the first two days after the procedure. The weight
loss, relative to the body weight immediately before MCAO
(100%), was 19 + 2% in the saline treated animals and 12.7 +
3.1% (N.S); 7.5 + 1.4% (P < 0.01) and 10 + 1.9% (P < 0.05) in

Figure 2
Infarct volumes in Sprague–Dawley male rats after tMCAO (group 1): neuroprotective effects of TIQ-A, DAMTIQ and HYDAMTIQ administered i.p.
2 h after artery occlusion. The lower panel shows the experimental protocol, and the arrows show the reperfusion and the time of i.p. inhibitor
administration. The upper graphs show raw data and the derived box and whisker plots. The box is first and third quartile with median shown
as a horizontal bar; the whiskers are the range. As TIQ-A and DAMTIQ were dissolved in DMSO and HYDAMTIQ was dissolved in saline, the first
and the last group are the relevant vehicle-treated animals. Values were obtained in surviving rats. Mortality was: 1 out of 12 animals in the DMSO
and 1 out of 10 in the saline group; 2 out of 10 rats died in the TIQ-A 10 mg·kg-1 and 1 out of 8 in the HYDAMTIQ 1 mg·kg-1 group. No mortality
occurred in the other groups. ANOVA and Tukey–Kramer multiple comparisons test. *P < 0.01 and **P < 0.001, significantly different from DMSO
group; †P < 0.01 and ††P < 0.001, significantly different from saline.
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animals treated with 0.1, 1 or 10 mg·kg-1 i.p. of HYDAMTIQ
respectively. Figure 4 shows that HYDAMTIQ (1 mg·kg-1 i.p.)
significantly reduced the neurological deficits evaluated in
these animals at 24 and 48 h after MCAO.

In order to rule out the possibility that PARP inhibition
simply delays brain damage, a group of male Sprague–
Dawley rats with tMCAO was treated with DAMTIQ
(10 mg·kg-1 i.p.) starting 4 h after the beginning of artery
occlusion and evaluated 7 days after surgery (group 2;
Table 1). Figure 5 shows that treated animals had reduced
brain infarct volumes and better neurological scores than the
vehicle-treated group.

TIQ-A, DAMTIQ and HYDAMTIQ reduce the
vulnerability to ischaemic brain injury of
male rats subjected to pMCAO
Permanent occlusion of the MCA (and of most of collateral
circle) with the suture method causes a rather large brain
infarct (420 � 35 mm3) and a relatively high mortality rate in
the first 24 h after surgery (up to 20% in our setting; group 3).
Brain oedema in the affected hemisphere was significant and
ventricle symmetry was frequently disrupted. When TIQ-A
(10 mg·kg-1), DAMTIQ (10 mg·kg-1) HYDAMTIQ (1 mg·kg-1)
were administered three times beginning 2 h after the occlu-

Figure 3
Infarct volumes in Sprague–Dawley male rats after tMCAO (group 1): neuroprotective effects of DAMTIQ or HYDAMTIQ administered i.p. 4 h after
artery occlusion. The lower panel shows the experimental protocol; the arrows show the reperfusion and the time of i.p. inhibitor administration.
The upper graphs show raw data and and the derived box and whisker plots, defined as in Figure 1. As DAMTIQ was dissolved in DMSO and
HYDAMTIQ was dissolved in saline, the first and the last group are the vehicle controls for DAMTIQ and HYDAMTIQ respectively. Values were
obtained in surviving rats. Mortality was1 out of 12 animals in the DMSO; 1 out of 10 in the saline and 1 out of 6 in the HYDAMTIQ 10 mg·kg-1

group. No mortality occurred in the other groups. ANOVA and Tukey–Kramer multiple comparisons test. *P < 0.01 significantly different from
DMSO; †P < 0.05 and ††P < 0.001 significantly different from saline.

Figure 4
HYDAMTIQ treatment (1 mg·kg-1 i.p. beginning 4 h after artery occlusion) reduces neurological impairment 24 and 48 h after surgery in
Sprague–Dawley male rats with tMCAO (group 1). The lower panel shows the experimental protocol; the arrows show the reperfusion and the
time of i.p. inhibitor administration. ANOVA and Tukey–Kramer multiple comparisons test. *P < 0.05, significantly different from saline.
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sion, no significant protection occurred. However, as reported
in Figure 6, when the administration of the PARP inhibitors
was initiated 30 min after the occlusion, a significant reduc-
tion of brain infarct volumes was obtained. TIQ-A at
10 mg·kg-1 reduced the damage by approximately 20%;
DAMTIQ at 10 mg·kg-1 by 50% and HYDAMTIQ at 1 mg·kg-1

by 45%.

DAMTIQ and HYDAMTIQ reduce the
vulnerability to ischaemic brain injury of
female rats subjected to tMCAO
It has been suggested that parp-1 gene deletion or the admin-
istration of suitable doses of PARP inhibitors do not reduce
(actually increase) post-ischaemic brain damage in female

Figure 5
DAMTIQ treatment (10 mg·kg-1 i.p. beginning 2 h after artery occlusion) reduces infarct volumes and neurological impairment 7 days after MCAO
in Sprague–Dawley male rats with tMCAO (group 2). The lower panel shows the experimental protocol; the arrows show the reperfusion and the
time of i.p. inhibitor administration. The left portion of the upper row reports the mean � SD of the infarct volumes obtained in controls (DMSO)
and DAMTIQ treated rats, and the right portion of the upper row has the medians (horizontal bars) and the individual neurological scores
evaluated at 7 days in the surviving animals. Two out of 8 animals in the DMSO group, and 1 out of 7 in the DAMTIQ group died. *P < 0.05;
***P < 0.001, significantly different from DMSO alone; Mann–Whitney non-parametric test.

Figure 6
Infarct volumes in Sprague–Dawley rats after pMCAO (group 3; intraluminal filament left in place): neuroprotective effects of TIQ-A, DAMTIQ and
HYDAMTIQ administered i.p. 30 min after the occlusion. Note that animals were evaluated 24 h after MCAO, and that the infarct volumes were
rather large. The upper graphs show raw data and the derived box and whisker plots, defined as in Figure 1. As TIQ-A and DAMTIQ were dissolved
in DMSO and HYDAMTIQ was dissolved in saline, the first and the last groups are the relative controls. Values were obtained in surviving rats; 2
out of 10 animals died in the DMSO; 2 out of 12 in the saline; 1 out of 7 in the TIQ-A 10 mg·kg-1; 2 out of 7 in the DAMTIQ 10 mg·kg-1 and
1 out of 8 in the HYDAMTIQ 1 mg·kg-1 group. ANOVA and Tukey–Kramer multiple comparisons test. **P < 0.001 significantly different from DMSO;
††P < 0.001 significantly different from saline.
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Figure 7
Infarct volumes after tMCAO in age-matched males and females: neuroprotective effects DAMTIQ (10 mg·kg-1 i.p., three times) and HYDAMTIQ
(1 mg·kg-1 i.p., three doses) starting 2 h after artery occlusion (group 4). The lower panel shows the experimental protocol; the arrows show the
reperfusion and the time of i.p. inhibitor administration. The upper graphs show raw data and the derived box and whisker plots, defined as in
Figure 1. Values were obtained in surviving rats. Mortality was as follows: male controls, 3 out of 22; female controls, 2 out of 10; DAMTIQ
10 mg·kg-1, 2 out of 8; HYDAMTIQ 1 mg·kg-1, 1 out of 8. *P < 0.05; ***P < 0.01; significantly different from female controls (MCAO + vehicle only);
ANOVA and Tukey–Kramer multiple comparisons test.

Figure 8
Time course of the appearance of PAR-positive cells in the parietal cortex of Wistar rats with electrocoagulation of the distal portion of MCA and
bilateral carotid occlusion for 90 min. Immunopositive cells were individually counted in each section. *P < 0.01 significantly different from
sham-operated; Student’s t-test. Upper bar: 500 mm; lower bar: 50 mm.
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mice (McCullough et al., 2005). We used Sprague–Dawley
female rats, age-matched (8–9 weeks old) to the male rats
used, and we occluded their MCA for 2 h as described in the
Methods (group 4; Table 1). Figure 7 shows that tMCAO
results in smaller brain infarct volumes in females than in
males (318 � 19 in males vs. 268 � 35 mm3 in females;
P = 0.06), and that either DAMTIQ (10 mg·kg-1 i.p.) or
HYDAMTIQ (1 mg·kg-1 i.p.) significantly reduced these
volumes.

PAR accumulation after focal cortical
ischaemia: effects of HYDAMTIQ
In Wistar rats with terminal occlusion of the MCA associated
with transient (90 min) ligation of common carotids (group
5; Table 1), PAR-positive cells became evident in the
ischaemic cortex starting 4 h after MCAO. The time course of
this accumulation is reported in Figure 8. A very similar time
course of PAR accumulation was obtained when PAR was
directly measured in cell nuclei of the cortex or the affected
brain hemisphere (Figure 9). HYDAMTIQ, administered at a

dose of 3.5 mg·kg-1 via i.v. bolus (4 h after MCAO) followed
by i.v. infusion of 2.5 mg·h-1 for 24 h prevented this accumu-
lation (Figure 9B).

Long-lasting effects of HYDAMTIQ treatment
in rats with focal cortical ischaemia
In order to evaluate the long-term effects of HYDAMTIQ
administration in rats with focal cortical ischaemia, a group
of animal was killed 21 days after surgery, and their brains
were processed for immunohistochemistry studies (group 6;
Table 1). As reported in Figure 10, when compared with
saline-infused animals, the cortex of HYDAMTIQ-treated rats
had (i) a larger number of NeuN-positive cells, (ii) a drastically
reduced number of TUNEL-positive nuclei and (iii) a signifi-
cantly reduced number of OX42-positive inflammatory cells.
The treatment protocol above (a bolus dose of 3.5 mg·kg-1

administered 4 h after surgery followed by an infusion of
2.5 mg·kg·h-1 for 24 h) also improved the neurological defi-
cits and functional recovery for up to at least 3 months
following treatment (group 7; Table 1 and Figure 11).

Discussion

We report here that the PARP inhibitors (TIQ-A and his two
derivatives) substantially reduced brain damage after MCAO,
both in male and female rats. HYDAMTIQ, the newly char-
acterized compound studied here, is a potent and selective
PARP inhibitor with an IC50 of 20 nM and a Kd of approxi-
mately 2 nM against PARP-1 and an IC50 of 38 nM against
PARP-2. It is water soluble and may enter the rat brain where
it reaches concentrations that are sufficient to reduce PAR
accumulation in the ischaemic area (see Figure 9 and Pellic-
ciari et al., 2011). Its administration, initiated 4 h after artery
occlusion, drastically reduced ischaemic infarct volumes and
improved short- and long-term neurological impairment in
different stroke models.

In the last 15 years, it has been repeatedly reported that
PARP inhibitors or parp-1 gene knock-out significantly reduce
post-ischaemic brain damage in rodents (see: Moroni, 2008).
In the present series of experiments, we confirmed that PARP
activation significantly contributed to brain damage after
MCAO and we studied HYDAMTIQ following the recommen-
dation of the stroke therapy academic industry roundtable
(Fisher, 1999; Fisher et al., 2009). The compound was studied
after permanent and transient MCAO, in different rat strains
(Wistar and Sprague–Dawley), in both males and females and
at different doses. Its window of opportunity for efficacy
was determined by starting its administration at different
times after MCAO and by monitoring infarct volumes and
neurological improvement for up to 3 months – after the
MCAO. The experiments were carried out in two indepen-
dent laboratories, and the results obtained demonstrate that
HYDAMTIQ provides an excellent neuroprotection with a
clinically relevant therapeutic window of 4 h. Moreover,
treated animals had a reduced neurological impairment that
lasted for at least 3 months. It should be mentioned, however,
that our experiments were all performed in relatively young
animals, and caution should be used in translating these
results to the clinical situation (Endres et al., 2008).

Figure 9
(A) Time course of PAR accumulation in the whole ischaemic hemi-
sphere of MCAO Wistar rats and in sham-operated controls (group
5). Columns are means � SEM of three to five animals per group.
*P < 0.05 significantly different from the corresponding sham-
operated group. (B) HYDAMTIQ (3.5 mg·kg-1 i.v. 4 h after artery
occlusion plus i.v. infusion at rate of 2.5 mg·kg·h-1 for 24 h) reduces
PAR accumulation in the parietal cortex (lesioned side) of Wistar rats
killed 24 h after MCAO. Columns are means � SEM of four animals.
*P < 0.05 significantly different from saline-treated MCAO; ANOVA

and Tukey–Kramer multiple comparisons test.
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As PARP inhibitors (or the deletion of parp-1 gene) did not
reduce post-ischaemic brain damage in female rodents
(McCullough et al., 2005), we performed MCAO experiments
both in males and in age-matched Sprague–Dawley female
rats. Our results show that the infarct volumes in females
were lower than those of their male counterparts. DAMTIQ or
HYDAMTIQ significantly decreased the ischaemic infarct
volumes also in females, but to a lesser degree (38% reduc-
tion) than in male rats (65% reduction). It is possible that not
all the wide range of mechanisms that have been proposed to
explain neuroprotection obtained with PARP inhibitors (or
the deletion of parp-1 gene) are equally expressed in males
and in females.

Interest in the action of these agents started in the early
nineties with the demonstration that benzamide and other
PARP inhibitors significantly reduced glutamate neurotoxic-
ity in cultured cerebellar granule cells (Cosi et al., 1994).
Independent work performed in the same period showed that
the ischaemia-induced glutamate release resulted in NMDA

receptor stimulation, massive influx of Ca2+ into the neu-
rones, activation of NO synthase and a number of other
enzymes with production of free radical species able to cause
DNA strand breaks and pathological activation of PARP
(Zhang et al., 1994). PARP inhibitors (or the deletion of parp-1
gene) blocked the depletion of both NAD+ and ATP stores and
preserved the energy-dependent cellular functions (Berger,
1985; Chiarugi, 2002). It was subsequently demonstrated that
PARP activation may cause the release of AIF from the mito-
chondria and facilitates AIF translocation to the nucleus, thus
activating a caspase-independent type of apoptosis that has
been named par-tanathos (Yu et al., 2002; Zhang et al., 2005).
This death pathway has been found in different cell types
present in the brain and may contribute to the overall brain
damage in stroke models. In particular, AIF-dependent apop-
tosis has a significant role in causing post-ischaemic endot-
helial damage and PARP-1 inhibitors prevent this type of
injury (Zhang et al., 2005). However, while apoptosis is cer-
tainly present in the ischaemic brain regions, as confirmed in

Figure 10
Long-term effects of HYDAMTIQ (3.5 mg·kg-1 i.v. 4 h after artery occlusion plus i.v. infusion at rate of 2.5 mg·kg·h-1 for 24 h) on the cellular
markers in the cortex of Wistar rats following permanent electrocoagulation of the distal MCAO with transient bilateral carotid occlusion (group
6). The figure shows that 21 days after HYDAMTIQ, in the dorsal cortex adjacent to the lesion, the number of NeuN-expressing cells is increased
(top row), while the number of apoptotic nuclei (middle row, obtained using the ‘in situ Cell Death detection kit’) and the number of
OX42-expressing cells (activated microglia and other inflammatory cells) are significantly reduced. All immunopositive cells were individually
counted in each section. *P < 0.01 significantly different from vehicle (saline); Student’s t-test. Scale bar: 500 mm.
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the present work, it is certainly not the predominant mecha-
nism of cell death after MCAO (Dirnagl et al., 1999) and it is
not particularly frequent in post-ischaemic neurones (Moroni
et al., 2001).

A number of other molecular mechanisms linking PARP
activation to post-ischaemic brain damage have been pro-
posed in either neuronal or non-neuronal cells: PARPs control
gene expression by interacting with a number of transcrip-
tion factors and with specific DNA sequences, thus promot-
ing enhanceosome aggregation and gene transcription
(Chiarugi, 2002; Kraus and Lis, 2003). Other epigenetic
mechanisms involving either PARP molecules or their
enzymic activities have been recently described (Caiafa et al.,
2009). In particular, excessive PARP activation contributes to
increased expression of pro-inflammatory enzymes and
reduced expression of pro-survival factors (Koh et al., 2004).
Also, PAR metabolism results in the formation of metabo-
lite(s) able to hamper mitochondrial function (Cipriani et al.,
2005; Andrabi et al., 2006; Yu et al., 2006) and facilitate cell
death. Other proposed molecular mechanisms linking exces-
sive PARP activation to post-ischaemic brain damage are: the
PAR-mediated opening of a transient receptor potential
cation channel (TRPM2) and an excessive inflow of Ca2+

(Fonfria et al., 2004) or an enhanced expression of MMP-9
with increased blood–brain barrier permeability and brain
oedema (Lescot et al., 2010). It is reasonable to assume that
not all these molecular mechanisms of brain damage are
identical in males and females, and this could explain why
neuroprotection by PARP inhibitors was less in females.

A significant accumulation of PAR, the product of PARP
activity, was found in post-ischaemic cortical cells starting
4 h after MCAO and reaching very high levels of PAR-positive
cells 48 h after artery occlusion. These results parallel the
time course of DNA damage in the brain after MCAO (Gio-
vannelli et al., 2002), strongly suggesting that DNA lesions

activate PARP and cause excessive PAR accumulation in brain
cells (de Murcia et al., 1992). PAR accumulates not only in
neurones but also in glia and other cell types present in the
neurovascular unit and damaged by the ischaemic challenge
(see: Moroni and Chiarugi, 2009). As PARP activation may be
deleterious for these cells, it is possible that PARP inhibitors,
by protecting not only neurones but also glial, vascular and
inflammatory cells, are particularly effective in reducing
stroke-induced brain damage.

It has been proposed that one of the reasons for the lack
of efficacy of the many neuroprotective drugs so far tested in
clinical trials, could be the selectivity of their action: for
instance, glutamate antagonists act exclusively (or predomi-
nantly) on neurones. When endothelia and glial cells are
damaged, neurones cannot survive in spite of protection
from excitotoxic insults. Similarly, selectively blocking apop-
tosis or inflammation within the ischaemic tissue cannot
provide protection when the other detrimental events are
unrestricted. As PARP inhibitors are able to interact with all
cell types of the neurovascular unit and also to preserve the
blood–brain barrier (Lenzser et al., 2007), their eventual use
in clinical practice could provide a better outcome than other
‘neuroprotective’ strategies so far tested. Finally, PARP has
been associated with activation of microglia and an increased
expression of neurotoxic inflammatory mediators (Kaup-
pinen and Swanson, 2005). It is interesting to note that 21
days after MCAO, in the cortex of HYDAMTIQ-treated
animals, the presence of OX42-positive inflammatory cells
was drastically reduced, thus confirming that the anti-
inflammatory action of PARP inhibitors may contribute to
the final effects we observed.

Taken together, our results shows that HYDAMTIQ is a
potent PARP inhibitor that, when administered within 4 h
after artery occlusion, reduces brain damage in different
stroke models in rats. Neuroprotection was robust; it was
present both in males and females and it was associated with
long-term (up to 3 months) improvement of neurological
impairments.
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