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A B S T R A C T

Phosphodiesterase (PDE) inhibition has been broadly investigated as a target for a wide variety of indications
including central nervous system (CNS) disorders. Cyclic nucleotide (cNT) changes within associated tissues may
serve as a biomarker of PDE inhibition. We recently developed robust sample harvesting and bioanalytical
methods to quantify cNT levels in rodent brain and cerebrospinal fluid (CSF). Herein, we report on the appli-
cation of those methods to study rodent species-specific and rodent brain region-specific cNT changes following
individual or concomitant PDE inhibitor administration.
Male Sprague Dawley (Crl:CD® [SD]) rats were dosed subcutaneously (sc) with a PDE1B inhibitor (DNS-

0056), a PDE2A inhibitor (PF-05180999), a PDE9A inhibitor (PF-4447943), and a PDE10A inhibitor (MP10),
each at a single dose of 10 or 30mg/kg, or concomitantly with all 4 inhibitors at 10mg/kg each. Male Carworth
Farms (Crl:CF1 ®[CF-1]) mice were dosed intraperitoneally (ip) with the four individual inhibitors at a single
dose of 10mg/kg or concomitantly with all 4 inhibitors at 10mg/kg each. The doses studied are generally
adequate for affecting measurable cNT levels in the tissues of interest and were thereby chosen for this in-
vestigation. Measured 3′,5′-cyclic adenosine monophosphate (cAMP) changes were generally statistically in-
significant in the brain, striatum and CSF after administration of the aforementioned PDE inhibitors. However,
the levels of 3′,5′-cyclic guanosine monophosphate (cGMP) increased in both rat and mouse striatum (2.2-, 2.1-
and 1.7-fold and 6.4-, 2.8- and 1.7-fold, respectively) after PDE2A, 9A, and 10A inhibitor dosing. In all cases, the
cNT changes followed the same trend in the brain, striatum and CSF after PDE inhibitor dosing and dose re-
sponse was observed in rats. Concomitant treatment with PDE1B, PDE2A, PDE9A and PDE10A inhibitors re-
sulted in a 4.4- and 36.7-fold increase of cGMP in rat and mouse striatum. The drug exposures after concomitant
treatment were also higher than in the individual inhibitor-treated animals. cGMP enhancement observed could
be due to synergistic effects, though an additive effect of the combined inhibitor concentrations may also
contribute.

1. Introduction

Phosphodiesterases (PDEs) have been evaluated as a target for many
therapeutic areas due to their critical role in regulating intracellular
3′,5′-cyclic adenosine monophosphate (cAMP) and/or 3′,5′-cyclic gua-
nosine monophosphate (cGMP) levels (Ahmad et al., 2015). Clinically,
abnormally low cyclic nucleotide (cNT) levels in cerebrospinal fluid
(CSF) have been associated with Alzheimer's disease, Schizophrenia,

Creutzfeldt-Jakob disease and other neurodegenerative diseases
(Keravis and Lugnier, 2012; Oeckl et al., 2012).

Cyclic AMP and cGMP, respectively, are synthesized by adenosine
cyclase (AC) and guanylyl cyclase (GC) and are degraded by cNT PDEs
or removed from the cell by efflux transporters such as multidrug re-
sistance-associated protein 4 (MRP4). PDEs are the only family of en-
zymes that hydrolyze the 3’ cyclic phosphate bonds of cAMP and/or
cGMP thereby terminating their function. The maximum rate of cNT
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hydrolysis by PDE is approximately 10 times faster than that of
synthesis by cyclase (Beavo and Brunton, 2002; Schmidt, 2010),
therefore PDEs are effective regulators of the cNTs. Increased in-
tracellular levels of cAMP and/or cGMP lead to alteration of cAMP-
dependent protein kinase (PKA) and/or cGMP-dependent protein ki-
nase (PKG) activities with subsequent changes in cellular function. This
process is amplified as a single intracellular messenger molecule
leading to the synthesis of multiple copies of cAMP and/or cGMP, and
each molecule of cAMP or cGMP in turn, activates multiple copies of
PKA or PKG.

It is well established that the cNTs execute their function within
microcompartments in the cell. The scope of cNT compartmentalization
starts from its formation: ligand binding to specific G protein-coupled
receptors (GPCRs) selectively activates specific ACs or GCs resulting in
the generation of cAMP or cGMP in a limited intracellular space. PDEs
proximal to this space regulate the duration and the spatial distribution
of cAMP or cGMP facilitating the formation of a transient, localized
cAMP or cGMP ‘cloud’. A-kinase anchoring proteins (AKAPs), tether
PKAs to specific subcellular locations filled with a cAMP ‘cloud’ and
activate PKA. The activated PKA results in the phosphorylation of local
substrates. Such spatial-temporal dynamic changes of cAMP in the
living cell have been detected by modern fluorescence resonance en-
ergy transfer (FRET) (Evellin et al., 2004).

The PDE superfamily is comprised of at least 12 isoenzymes with
over 50 isoforms that are encoded by 21 genes. Some of the PDE iso-

enzymes are cAMP-specific (eg, PDE4, PDE7 and PDE8), some are
cGMP-specific (eg, PDE5, PDE6 and PDE9) and some are dual-specific
(eg, PDE1, PDE2, PDE3, PDE10 and PDE11) (Ke et al., 2011; Menniti
et al., 2006). Each PDE isoenzyme and variant is localized to specific
tissues and cell types and performs specific physiological functions.
Among those PDE isoenzymes, PDE1, PDE2, PDE4, PDE7, PDE9 and
PDE10 are found in the rat brain (Kelly et al., 2014) (Fig. 1). The
striatum is a region rich in PDEs, especially PDE1, PDE2 and PDE10
(Kelly et al., 2014; Schmidt, 2010). A synergistic effect has been ob-
served in lung after concomitant administration of PDE3, PDE4 and
PDE5 inhibitors for the treatment of pulmonary vasodilatory response
(Schermuly et al., 1999); and for activation of brown adipose tissue
after concomitant administration of PDE3 and PDE4 inhibitors (Kraynik
et al., 2013). It was observed that concomitant administration of PDE2
and PDE10 inhibitors enhanced cGMP levels in rat brain (Megens et al.,
2014), however, little information is available regarding compound
exposure after concomitant administration. The apparent synergistic
effect could be a result of true synergy, an increase of inhibitor con-
centrations, or a combination of both.

PDEs have been evaluated as a potential drug target for over four
decades. To date, the clinical success of PDE inhibition is limited to a
few peripheral indications, however the association of cNT modulation
and cognitive function is well-established (Schmidt, 2010). Accord-
ingly, there is a surge in identifying CNS drugs targeting PDE inhibition
and many new drug candidates are undergoing both preclinical and
clinical investigation. For this study, we chose an internally developed
advanced lead (DNS-0056), and three reference compounds (PF-
05180999, PF-4447943 and MP10) with varied PDE selectivity profiles
(Fig. 2). DNS-0056 is a PDE1B inhibitor efficacious in the rat novel
object recognition (NOR) model at a dose of 0.3 mg/kg (Dyck et al.,
2017); PF-05180999 is a PDE2A inhibitor that entered clinical trials
(Helal et al., 2017); and PF-4447943 is a potent and selective PDE9A
inhibitor that also entered clinical trials (Kleiman et al., 2012) as did
MP10, a very potent and selective PDE10A inhibitor (Grauer et al.,
2009). The potency/brain tissue binding as well as the physicochemical
properties of the above PDE inhibitors are listed in Table 1 and Table 1s
respectively. The PDEs investigated in this study (PDE1, PDE2, PDE9
and PDE10) include all the PDEs expressed in the brain and all mod-
ulate cGMP. Striatum is a tissue rich in PDE expression.Fig. 1. Substrate specificity and CNS expression of PDE isoenzymes.

Fig. 2. Chemical Structures of Two cNTs (cAMP and cGMP) and Four PDE Inhibitors.
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2. Materials and method

2.1. Reagents

DNS-0056 (a PDE1B inhibitor) and PF-05180999 (a PDE2A in-
hibitor) were synthesized in-house; PF-4447943 (a PDE9A inhibitor)
was obtained from Synnovator, Inc. (NC, United States [US]); MP10 (a
PDE10A inhibitor) was obtained from Wuxi AppTec (Shanghai, China);
3′,5′-cyclic adenosine-13C5 monophosphate (13C5-cAMP) and 3′,5′-
cyclic guanosine-13C15N2 monophosphate (13C15N2-cGMP) were ob-
tained from Toronto Research Chemicals, Inc. (North York, Ontario,
Canada), 3′,5′-cyclic adenosine-monophosphate (cAMP) sodium (Na)
salt, 3′,5′-cyclic guanosine-monophosphate (cGMP) Na salt, 3′,5′-cyclic
inosine monophosphate (cIMP) Na salt, carbamazepine, carboxymethyl
cellulose (CMC), formic acid (FA; approximately 98%), perchloric acid
(PCA), dimethyl sulfoxide (DMSO) and acetonitrile (ACN) were pur-
chased from Sigma-Aldrich (MO, US).

2.2. Dose administration and tissue collection

All animals were group housed under standard vivarium conditions
on a 12-h light-dark cycle with food and water provided ad libitum. The
animals were handled and cared for according to Dart NeuroScience
Institutional Animal Care and Use Committee (IACUC) approved pro-
tocols and were acclimated for at least 48 h prior to dosing.

Male Sprague Dawley (Crl:CD® [SD]) rats (200–250 g) were ob-
tained from Charles River Laboratories (CRL; Hollister, CA, US). The
animals (n= 6/group) were administered 4 PDE inhibitors, or vehicle
control, individually at a dose of 10 or 30mg/kg subcutaneously (sc) or
concomitantly with all 4 inhibitors at a dose of 10mg/kg each.
Individual inhibitors or a cocktail of the four inhibitors were formulated
in a mixture of N-methyl-2-pyrrolidone (NMP), polyethylene glycol 400
(PEG400) and water (10:40:50). One hour after administration, the
animals were sacrificed by brain-focused microwave irradiation
(Muromachi MMW-05 with a WJR-L water-jacketed rat restrainer; 1.4 s
at 5 kW). Microwave irradiated rats were then decapitated and the
cranium was removed to expose the irradiated brain for harvesting.
Using the flat end of a spatula, an approximate 1mm depth incision was
made vertically to the midline of the brain and the cortex was carefully
removed. Under the cortex on both sides of the frontal lobe of the brain,
the striatum was identified as a mung bean shape approximately 2mm
in diameter. Using the sharp end of a spatula, striatum was carefully
separated by following the striatal walls with the lateral ventricles and
the corpus callosum. The striatum and the remainder of the brain tis-
sues (including the cerebellum and brain stem) were individually
weighed and transferred to 1mL cryotubes and placed on dry ice until
the end of the procedure. Samples were then stored frozen (−80 °C)
until bioanalysis.

Supplemental groups of animals were dosed sc with the four in-
hibitors, either individually or concomitantly, at 10mg/kg for CSF
collection. Rats were anesthetized with inhalant Isoflurane. After con-
firming the depth of anesthesia with a toe pinch, a terminal blood
sample was collected (1mL) by cardiac puncture with a 18 G needle.
Using a scalpel, a vertical incision was made in the scalp to expose the
muscle tissues. A deeper incision was made to expose the cranium,
using the back of the scalpel blade to tease away the muscle tissues to

expose the cisterna magna. The cisterna magna is located at the base of
the cranium. Using a 27×½ G winged needle attached to a polyvinyl
chloride-coated catheter (fastened to a 1mL Luer-Lock™ syringe), the
cisterna magna was carefully punctured. A slightly counterclockwise
turn of the needle was made and approximately 100–120 μL of CSF was
slowly aspirated through the catheter by aspirating the syringe. The
collected CSF was transferred into 2mL LoBind Eppendorf tubes.
Immediately after CSF collection, 50 μL of collected CSF was mixed
with 2.5 μL of PCA to ensure PDE deactivation. All CSF samples were
kept on dry ice during sample collection, then stored frozen (−80 °C)
until analysis. The detailed dosing scheme is shown in Table 2.

Male Carworth Farms (Crl:CF1 ®[CF-1]) mice (25–30 g) were ob-
tained from CRL (Hollister, CA, US). The animals (n= 6/group) were
dosed with the four inhibitors individually at 10mg/kg each, or vehicle
control, or all 4 inhibitors concomitantly at a dose of 10mg/kg in-
traperitoneal (ip). Individual inhibitors and a cocktail of the four in-
hibitors were formulated in a mixture of 2% Tween-80: 0.5% CMC-Na
at medium viscosity (MV). Half an hour after administration, the ani-
mals were sacrificed by brain-focused microwave irradiation
(Muromachi MMW-05 with a WJR-28 water-jacketed mouse restrainer;
1.0 s at 5 kW). Microwave irradiated mice were then decapitated, and
brain tissues were harvested with the dissection of the striatum fol-
lowing the same procedure as outlined for the rat. The mouse striatum
is about 4–5 times smaller than the rat striatum. The striatum and the
remainder of the brain tissues (including the brain stem and the cere-
bellum) were individually weighed and transferred to 1mL cryotubes
and placed on dry ice until the end of the procedure. Samples were then
stored frozen (−80 °C) until bioanalysis.

2.3. Brain/striatum homogenate preparation

A 4-fold volume of 0.6M PCA (for a 5-fold tissue dilution), and 2
stainless steel beads (MP Biomedicals, Solon, OH) were added to each
pre-weighed tube containing rat or mouse brain or striatum tissues. The
tissues were homogenized by using the FastPrep-24 5G kit (MP
Biomedicals, Solon, OH) at a speed of 4.0m/sec for 60 s. The rat or
mouse brain homogenates were stored frozen (−80 °C) until analysis.

2.4. Determination of cAMP, cGMP and PDE inhibitor concentrations by
LC─MS/MS

2.4.1. Brain/striatum homogenate sample processing
Fifty μL of striatum or brain tissue homogenates, calibration stan-

dards and quality control (QC) samples were mixed with 50 μL of 75:25
ACN/water, 50 μL of internal standard (IS) solution (50 ng/mL cIMP
and 5 ng/mL carbamazepine in 0.6M PCA) and 350 μL of mobile phase
A (water containing 0.1% FA). The mixture was vortex-mixed for 5min
at room temperature and centrifuged at 1811 relative centrifugal force
(rcf) for 10min at a temperature of 10 °C. Supernatants (250 μL) were
transferred to a 96-well plate for liquid chromatography tandem-mass
spectrometry (LC─MS/MS) analysis. Striatum and brain tissue homo-
genate cAMP and cGMP concentrations were measured by LC─MS/MS
using stable isotope-labeled cAMP and cGMP (eg, 13C5-cAMP and
13C15N2-cGMP) as surrogate analytes to produce calibration curves in
the brain tissue homogenate in the negative ionization mode. cIMP was
used as the IS for both cAMP and cGMP. The PDE inhibitors were
analyzed in the same run with the positive ionization mode alternating
with the negative ionization mode for the determination of cNT levels.
Carbamazepine was used as the IS for the measurements of all four PDE
inhibitors. The standard curve ranged from 2 ng/mL to 2000 ng/mL for
13C15N2-cGMP and 5 ng/mL to 2000 ng/mL for 13C5-cAMP and all four
PDE inhibitors. Standard curves and QCs were prepared by the addition
of spiking solutions into the rat brain homogenates (Chen et al., 2017).
A dilution factor of 5-fold was used for all striatum and brain tissue
homogenates to calculate tissue levels.

Table 1
Potency (μM) and brain binding of the inhibitors tested.

Compound PDE1B
(EC50)

PDE2A
(EC50)

PDE9A
(EC50)

PDE10A
(EC50)

Rat_brain
binding (fu)

DNS-0056 0.04 6.03 75.0 0.71 1.6
PF-05180999 75.0 0.0004 NA 5.5 12.7
PF-4447943 26.6 75.0 0.007 75.0 36.8
MP10 75.0 14.4 NA 0.0006 0.1
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2.4.2. CSF sample processing
Fifty μL of CSF samples (pre-treated with 2.5 μL PCA per 50 μL of

CSF; see Section 2.2), calibration standards and QCs in artificial CSF
were mixed with 50 μL of IS solution (50 ng/mL cIMP and 5 ng/mL
carbamazepine in 0.6M PCA) and 200 μL of mobile phase A (water
containing 0.1% FA). Mixtures were vortex-mixed for 5min at room
temperature and centrifuged at 1811 rcf for 10min at a temperature of
10 °C. Supernatants (200 μL) were transferred to a 96-well plate, cov-
ered with a silicone mat, and analyzed by LC─MS/MS. cAMP and cGMP
concentrations in the CSF were measured by using cAMP and cGMP to
produce calibration curves in the artificial CSF with cIMP as the IS.
cAMP, cGMP and cIMP were acquired in negative ionization mode. In
the same run, the PDE inhibitors were measured by using individual
inhibitors to produce calibration curves in the artificial CSF with car-
bamazepine as the IS. PDE inhibitor and carbamazepine were acquired
in positive ionization mode alternating with negative ionization mode
used to detect the cNTs. The calibration curve ranged from 0.5 ng/mL
to 200 ng/mL for cAMP and cGMP, and 0.5–2000 ng/mL for all four
PDE inhibitors. Standard curves and QCs were prepared by the addition
of spiking solutions into artificial CSF.

2.4.3. LC─MS/MS conditions for measuring cAMP, cGMP and the four
PDE inhibitors

The LC─MS/MS method used was derived from a previous pub-
lication (Chen et al., 2017). Chromatographic separation was per-
formed using a Waters Atlantis dc18, 3 μm, 3.0× 100mm column
(Waters, Milford, MA) maintained at 40 °C. Mobile phase A consisted of
water with 0.1% FA and mobile phase B consisted of ACN with 0.1%
FA, delivered with Shimadzu Prominence LC-30AD pumps at a total
flow rate of 1.2 mL/min with a back pressure less than 3800 psi. The
gradient is shown in Table 2s. The column was interfaced to an AB

SCIEX QTRAP 5500 (Foster City, CA, US) using a Turbo Spray ioniza-
tion source operated in alternating positive and negative ionization
modes. Scheduled multiple reaction monitoring (MRM) was used to
scan the designed peaks at a 60 s window around the individual ana-
lytes’ retention times to decrease mass spectrometry scan cycle time and
thereby improve signal-to-noise ratios. The detailed scheduled MRM
conditions are shown in Table 3s. The carryover of 13C5-cAMP and
13C15N2-cGMP was accessed by injecting a matrix blank after the ULOQ
standard. The data was acquired using Analyst software (v1.6.2) and
processed with MultiQuant (v3.0.2) companion software (Applied
Biosystems/MDS Sciex, Canada).

The levels of cAMP and/or cGMP in the inhibitor-dosed groups and
the vehicle control groups were analyzed by an unpaired T-test as-
suming both populations have the same variability using GraphPad
Prism software.

2.5. Stability of cAMP and cGMP in rat brain homogenate at room
temperature

The rat brain tissues obtained following brain-focused microwave
irradiation or cervical dislocation (non-microwaved, fresh rat brain)
were added to a 4-fold volume of 0.1M phosphate buffer solution (PBS,
pH 7.4) (5-fold dilution) and 2 stainless steel beads. The brain tissues
were homogenized using the FastPrep-24 5G with the conditions de-
scribed above in Section 2.3. Fifty μL of the microwave-irradiated rat
brain or fresh rat brain tissue homogenates were mixed with 950 μL of
0.1M PBS (pH 7.4) to make 100-fold diluted brain tissue homogenates.

13C5-cAMP or 13C15N2-cGMP stock solutions were prepared in me-
thanol-water (1:1) at a concentration of 10,000 ng/mL. Brain tissue
homogenates from microwave-irradiated rat brain and fresh rat brain at
dilutions of 5-fold and 100-fold were aliquoted to 96-well plates with

Table 2
Drug treatments for the rat and mouse studies (n= 6/group).

Study (species) Group Compound Target Dose (mg/kg) Route Euthanization Method Sample Collected

A (rat) 1 Vehicle control sc Microwave Irradiation Brain and Striatum
2 DNS-0056 PDE1B 10
3 PF-05180999 PDE2A 10
4 PF-4447943 PDE9A 10
5 MP10 PDE10A 10
6 DNS-0056,

PF-05180999,
PF-4447943,
MP10

Cocktail 10 each

B (rat) 1 Vehicle control sc Anesthetic Overdose + Decapitation CSF
2 DNS-0056 PDE1B 10
3 PF-05180999 PDE2A 10
4 PF-4447943 PDE9A 10
5 MP10 PDE10A 10
6 DNS-0056,

PF-05180999,
PF-4447943,
MP10

Cocktail 10 each

C (rat) 1 Vehicle control sc Microwave Irradiation Brain and Striatum
2 DNS-0056 PDE1B 30
3 PF-05180999 PDE2A 30
4 PF-4447943 PDE9A 30
5 MP10 PDE10A 30

D (mouse) 1 Vehicle control ip Microwave Irradiation Brain and Striatum
2 DNS-0056 PDE1B 10
3 PF-05180999 PDE2A 10
4 PF-4447943 PDE9A 10
5 MP10 PDE10A 10
6 DNS-0056,

PF-05180999,
PF-4447943,
MP10

Cocktail 10 each
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198 μL in each well. The stock solution (2 μL) was spiked in each well
with 198 μL of brain tissue homogenate to achieve a final concentration
of 100 ng/mL. The mixture was shaken at room temperature and
quenched at 2, 5, 15 and 30min with 800 μL of 0.6M PCA-water. The
control reference sample (time zero sample) was obtained immediately
before spiking the stock solutions into the brain tissue homogenates.
The concentrations of 13C5-cAMP and 13C15N2-cGMP were measured by
LC─MS/MS.

2.6. Rat CSF cAMP and cGMP room temperature stability verification
procedures

13C5-cAMP or 13C15N2-cGMP, distinguished from endogenous cAMP
or cGMP, were used to study their stability in rat CSF. 13C5-cAMP or
13C15N2-cGMP stock solutions were prepared in methanol-water (1:1) at
a concentration of 100 ng/mL. Fresh rat CSF (94 μL) obtained from the
cisterna magna was mixed with 5 μL of either 0.1M PBS (pH 7.4) or
PCA. The mixture was spiked with 1 μL of 13C5-cAMP or 13C15N2-cGMP
stock solutions to make a final concentration of 1 ng/mL. The mixture
was shaken at room temperature. 20 μL of the mixture was quenched at
0, 15, 30 and 60min with 20 μL of 0.6M PCA-water with IS (50 ng/mL
cIMP). The mixture was vortex-mixed for 5min and further mixed with
180 μL of mobile phase A (water containing 0.1% FA). Following the
procedure described in Section 2.4, the concentration of 13C5-cAMP and
13C15N2-cGMP were measured by LC─MS/MS.

3. Results

3.1. LC─MS/MS quantification of cAMP, cGMP and PDE inhibitors

LC─MS/MS methods were developed to analyze cAMP, cGMP and
the PDE inhibitors in the same injection with the lowest limit of
quantification (LLOQ) of 2 ng/mL for cAMP and 5 ng/mL for cGMP and
PDE inhibitors in the brain; and of 0.5 ng/mL for cAMP/cGMP/PDE
inhibitors in the CSF. The method carryover evaluated as the signal in
matrix blank following the ULOQ standard was 1.5% of LLOQ for 13C5-
cAMP, 0.7% of LLOQ for 13C15N2-cGMP, which exceeded the FDA re-
quirement that carry over should be less than 20% of LLOQ. In no case
was carry over detected for the internal standard. A representative
superimposed LC─MS/MS chromatogram is shown in Fig. 3.

3.2. Rat brain homogenate cAMP and cGMP room temperature stability
verification results

At room temperature, both 13C5-cAMP and 13C15N2-cGMP degrade
rapidly in fresh brain tissue homogenates. With the dilution of the brain
homogenate (less protein in the diluted homogenate) the rate of de-
gradation slows down. The rate of degradation is faster for 13C15N2-
cGMP than 13C5-cAMP regardless of dilution. In fresh rat brain tissue
homogenates (5-fold diluted with 0.1M PBS [pH 7.4]), less than 1% of

spiked 13C15N2-cGMP and about 5% of spiked 13C5-cAMP were re-
maining following the 2-min incubation. In the higher diluted fresh rat
brain tissue homogenates (100-fold diluted with 0.1M PBS [pH 7.4]),
less than 1% of spiked 13C15N2-cGMP was remaining while about 18%
remaining of spiked 13C5-cAMP following the 15-min incubation.
Neither 13C5-cAMP or 13C15N2-cGMP degrades in the microwave-irra-
diated brain homogenate (5-fold or 100-fold dilution in 0.1M PBS [pH
7.4]) (Fig. 4).

3.3. Rat CSF cAMP and cGMP room temperature stability verification
results

Spiked 13C5-cAMP was stable in fresh rat CSF at room temperature
for at least 1 h, while about 20% of spiked 13C15N2-cGMP degradated in
1 h. Pretreated rat CSF with 5% PCA (100 μL of CSF spiked with 5 μL of
PCA) stops the degradation of 13C15N2-cGMP (Fig. 4).

3.4. Vehicle control group (baseline) cAMP and cGMP levels

In the vehicle control (NMP:PEG400:H2O [10:40:50]) treated SD
rats sacrificed by brain-focused microwave irradiation, the cAMP levels
were 495 ng/g and 466 ng/g; the cGMP levels were 45.1 ng/g and
35.8 ng/g, in the brain and striatum, respectively. Neither cAMP or
cGMP levels were statistically significantly different in rat brain or
striatum. cGMP levels are about one-tenth of that of cAMP, which is
consistent with the literature (Beavo and Brunton, 2002). The cAMP
and cGMP levels in the CSF from vehicle control-treated rats were
7.79 ng/g and 2.01 ng/g, respectively (Fig. 5). The ratio of cAMP/cGMP
in rat CSF is approximately 4, which is notably the same as the baseline
cAMP/cGMP ratio in the CSF of patients with neuromuscular and
neurological disorders (Brooks, 1980).

In the vehicle control (2% Tween-80: 0.5% CMC-Na, MV) treated
CF-1 mice sacrificed by brain-focused microwave irradiation, the cAMP
levels were 2330 ng/g in the brain and 1850 ng/g in the striatum; the
cGMP levels were 20.1 ng/g in the brain and 11.3 ng/g in the striatum
(Fig. 5). Similar to what was observed in the rats, neither cAMP or
cGMP levels were statistically significantly different in mouse brain or
striatum. Comparing the cAMP and cGMP levels in rat and mouse, the
rat had higher cGMP levels, while the mouse had higher cAMP levels
(Fig. 5).

3.5. Rat brain cNT changes following individual or concomitant PDE1B,
PDE2A, PDE9A and PDE10A inhibitor administration

Generally, changes in cAMP levels compared to the vehicle control
group were statistically insignificant in the rat CNS 1 h after either in-
dividual or concomitant administration of the studied PDE1B, PDE2A,
PDE9A and PDE10A inhibitors at a dose of 10mg/kg or 30mg/kg
(Fig. 6).

Following administration of PDE2A, PDE9A or PDE10A inhibitors at

Fig. 3. A superimposed LC─MS/MS chromatogram
of cAMP and cGMP, four PDE inhibitors and internal
standards. A: cAMP; B: cGMP; C: cIMP (IS) were ac-
quired in negative ionization mode; D: PF-4447943;
E: DNS-0056; F: MP10; G: PF-05180999; H:
Carbamazepine (IS) were acquired in positive ioni-
zation mode. The concentration of carbamazepine
was 0.5 ng/mL, cIMP and the rest of the analytes
were 5 ng/mL in 0.1% FA with 5% ACN.
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a dose of 10 or 30mg/kg, cGMP levels increased in the rat CNS. 10mg/
kg administration of a PDE2A inhibitor (PF-05180999) sc lead to in-
creased cGMP levels in rat brain, striatum and CSF (2.0-fold, 2.2-fold
and 1.5-fold, respectively) over the vehicle control-treated animals. A
higher dose of PF-05180999 (30mg/kg) resulted in a higher increase in
both brain and striatum cGMP (3.6-fold over vehicle control group)
levels compared with animals treated at 10mg/kg. Following a 10mg/
kg sc dose of a PDE9A inhibitor (PF-4447943), cGMP increases over
vehicle control were only observed in rat CSF (2.2-fold). Additionally,
following administration of a 30mg/kg dose, cGMP increases over ve-
hicle control were observed in both brain and striatum (1.8-fold and
2.2-fold, respectively). Administration of a 10mg/kg dose of PDE10A
inhibitor (MP10) did not result in any changes in cGMP levels com-
pared with vehicle control group. Increasing the dose to 30mg/kg,
however, resulted in an increased level of cGMP in the striatum (1.7-
fold) (Fig. 6). No cGMP increase was observed following PDE1B in-
hibitor (DNS-0056) dosing.

Following concomitant dosing of the four inhibitors at a dose of
10mg/kg each, cGMP increases over vehicle control were observed in
the rat brain, striatum and CSF (3.3-fold, 4.4-fold and 2.9-fold, re-
spectively). However, the inhibitor exposures by dosing the four PDE
inhibitors concomitantly were higher (within 1-fold to approximately 3-
fold depending on the individual inhibitors) in comparison to dosing
them individually (Table 3).

cAMP and cGMP changes versus vehicle control also generally fol-
lowed a similar trend in the rat brain, striatum and CSF (Fig. 6) after
PDE inhibitors administration.

3.6. Mouse brain cAMP and cGMP changes following PDE1B, PDE2A,
PDE9A and PDE10A inhibitor dosing at a dose of 10 mg/kg

Similar to the observations in the rat, cAMP changes versus a ve-
hicle control in the mouse CNS were minor after individual dosing of

PDE1B, PDE2A, PDE9A and PDE10A inhibitors at a dose of 10mg/kg
each (Fig. 7).

cGMP changes were observed in the mouse CNS after PDE2A,
PDE9A and PDE10A individual inhibitor dosing. Following 10mg/kg
administration of PDE2 inhibitor (PF-05180999), cGMP level increased
in the mouse brain and striatum (3.9-fold and 6.4-fold, respectively)
compared to the vehicle control group. Following 10mg/kg adminis-
tration of PDE9 inhibitor (PF-4447943), cGMP increases over vehicle
control were also observed in the mouse brain and striatum (2.0-fold
and 2.8-fold, respectively). Administration of 10mg/kg of PDE10 in-
hibitor (MP10), resulted in a 1.7-fold cGMP increase over vehicle
control in striatum, but not in the brain tissue. Following administra-
tion of 10mg/kg of PDE1 inhibitor (DNS-056), cGMP level decreased
(0.6-fold) in the mouse brain compared to vehicle treated control
group.

After concomitant dosing of the PDE1B, PDE2A, PDE9A and
PDE10A inhibitors at 10mg/kg each, prominent cGMP increases over
vehicle control were observed in the mouse brain and striatum (18-fold
and 36.7-fold, respectively). cAMP increases over vehicle control were
observed in the striatum (1.6-fold). This is the only time cAMP increases
were observed in this set of studies. The drug exposures by dosing the
four PDE inhibitors concomitantly were higher (within 2-fold to ap-
proximately 7-fold depending on the individual inhibitors) in compar-
ison to individual inhibitor dosing (Table 4).

4. Discussion

Local cNT changes have been proposed as a biomarker for PDE in-
hibition (Mirone et al., 2009; Nicholas et al., 2009). Since the de-
gradation of cNTs by PDEs is rapid and does not require any cofactors,
sample processing for accurate cNT measurement is challenging. To
accurately measure cNT levels in the tissues, a rapid tissue-fixation
method is needed. The sample processing procedure for accurate cNT

Fig. 4. Stability of 13C5-cAMP and 13C15N2-cGMP in
microwave-fixed rat brain (vs. fresh brain) and in
PCA-treated CSF (vs. untreated CSF). 13C5-cAMP (A)
or 13C15N2-cGMP (B) were spiked in rat brain
homogenates (5-fold and 100-fold dilution in 0.1M
PBS [pH 7.4]) at a final concentration of 100 ng/mL
(n=3/timepoint). The mixture was placed at room
temperature and quenched with 0.6M PCA at 0, 2, 5,
15 and 30min. Both 13C5-cAMP and 13C15N2-cGMP
disappeared rapidly in fresh rat brain homogenates
with either 5-fold or 100-fold dilution with 0.1M
PBS (pH 7.4), but stable in microwave irradiated rat
brain homogenates with either 5-fold or 100-fold
dilution with 0.1M PBS (pH 7.4). 13C5-cAMP (C) or
13C15N2-cGMP (D) were spiked in fresh rat CSF at a
final concentration of 1 ng/mL (n= 3/timepoint).
The mixture was placed at room temperature and
quenched with 0.6M PCA at 0, 15, 30 and 60min
13C5-cAMP was stable in the CSF, while about 20% of
13C15N2-cGMP disappeared in CSF in 60min. Both
13C5-cAMP and 13C15N2-cGMP were stable in PCA
pretreated CSF.

Fig. 5. cAMP and cGMP levels (ng/g) in rat and
mouse brain/striatum tissues and in rat CSF (the
animals were treated with vehicle). Values are
mean ± SD. Brain and striatum samples from male
Sprague Dawley rat or male CF-1 mice were collected
after microwave irradiation; rat CSF was collected
from the cisterna magna under isoflurane anesthesia.
The collected CSF was immediately mixed with PCA
(50 μL of CSF + 2.5 μL of PCA).
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Fig. 6. cNT fold increase over vehicle control group in rat brain, striatum and CSF 1 h after subcutaneous administration of DNS-0056 (PDE1B), PF-05180999
(PDE2A), PF-4447943 (PDE9A), and MP10 (PDE10A) at 10mg/kg and 30mg/kg or subcutaneous concomitant administration of the four inhibitors at a dose of
10mg/kg each (n=6/group).
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measurement has evolved from rapid tissue freezing in liquid nitrogen
or carbon dioxide to microwave irradiation (Pauk and Reddy, 1967;
Steiner et al., 1969). Our studies show that spiked 13C5-cAMP and
13C15N2-cGMP remains stable in the microwave-irradiated rat brain
homogenates, but not in unfixed homogenates (Fig. 4). Although the
degradation of spiked 13C5-cAMP or 13C15N2-cGMP is much slower in
rodent CSF relative to degradation rates in rat brain tissue homo-
genates, we pretreated rat CSF with PCA to completely prevent the
degradation of cNTs in the CSF (Fig. 4).

In addition to sample processing optimization, a LC─MS/MS
method was developed to analyze cNTs and PDE inhibitors with mod-
erate throughput. In this method, to minimize the interference of en-
dogenous components, a negative ionization mode was used to detect
cAMP/cGMP levels. In addition, a positive ionization mode was used to
measure PDE inhibitor concentrations; scheduled MRM was used to
program the MRM near the analytes’ retention times to improve sen-
sitivity. To overcome the interference of endogenous cNTs, artificial

CSF was used as surrogate matrix for cNT analysis in CSF; stable-labeled
cAMP/cGMP were used as surrogate analyte standards to produce ca-
libration curves in the brain matrix. Compared with the traditional
ELISA method, LS-MS/MS method is specific, with higher throughput
and wider linear range. The cNT baseline levels measured are consistent
with reported literature values (Suzuki et al., 2015).

Although PDE1, PDE2 and PDE10 metabolize both cAMP and cGMP,
individually, PDE1B, PDE2A and PDE10A inhibition did not result in
statistically significant CNS cAMP changes in most of our studies in
both mouse and rat. Increases in cGMP levels were observed with dose-
dependent increases following PDE2A, PDE9A and PDE10A inhibition
up to 30mg/kg. DNS-0056 (PDE1B inhibitor) administration did not
cause statistically significant CNS cGMP changes. The lack of cGMP
increase may be due to the potency of the selected PDE1B inhibitor.
After testing a more potent, in-house PDE1B inhibitor, statistically
significant cGMP increases were observed (unpublished observations).
These data indicate cGMP is a more suitable pharmacokinetic

Table 3
PDE inhibitor concentrations in rat brain, striatum and CSF 1 h after individual PDE1B, PDE2A, PDE9A, and PDE10A inhibitor subcutaneous administration (10 or
30mg/kg) or concomitant subcutaneous administration of the four inhibitors (10mg/kg each inhibitor) (n= 6/group).

Mean ± SD (ng/g or mLa) DNS-0056 (PDE1B) PF-05180999 (PDE2A) PF-4447943 (PDE9A) MP10 (PDE10A)

10mg/kg Individual Dosing Brain 1510 ± 365 565 ± 159 650 ± 290 204 ± 117
Striatum 1710 ± 457 597 ± 131 565 ± 196 296 ± 139
CSF 38.4 ± 11.2 209 ± 63.9 674 ± 187 4.21 ± 2.59

10mg/kg Concomitant Dosing Brain 1610 ± 634 712 ± 323 877 ± 340 692 ± 252
Striatum 1630 ± 660 761 ± 296 823 ± 334 855 ± 260
CSF 43.4 ± 12.4 331 ± 114 763 ± 264 2.07 ± 0.59

30mg/kg Individual Dosing Brain 2080 ± 473 1790 ± 593 1960 ± 292 756 ± 335
Striatum 1740 ± 459 1580 ± 475 1840 ± 274 749 ± 154

Values are mean ± SD.
a The unit is ng/g for brain and striatum samples; ng/mL for CSF samples.

Fig. 7. cNT fold increase over vehicle con-
trol group in mouse brain and striatum 0.5-
h after DNS-0056 (PDE1B), PF-05180999
(PDE2A), PF-4447943 (PDE9A), and MP10
(PDE10A) intraperitoneal administration at
10mg/kg or concomitant intraperitoneal
administration of the four inhibitors at a
dose of 10mg/kg (n=6/group).

Table 4
PDE inhibitor concentrations (ng/g) in mouse striatum or brain 0.5-h after individual PDE1B, PDE2A, PDE9A, and PDE10A inhibitor intraperitoneal administration
(10mg/kg) or concomitant administration of PDE1B, 2A, 9A and 10A inhibitors (10mg/kg each inhibitor) (n= 6/group).

Mean ± SD (ng/g) DNS-0056 (PDE1B) PF-05180999 (PDE2A) PF-4447943 (PDE9A) MP10 (PDE10A)

10mg/kg Individual Dosing Striatum 967 ± 316 1520 ± 432 2440 ± 692 1320 ± 386
Brain 1060 ± 343 1680 ± 500 2990 ± 526 1810 ± 473

10mg/kg Concomitant Dosing Striatum 7960 ± 1070 3520 ± 384 6360 ± 703 3180 ± 316
Brain 7110 ± 947 3770 ± 556 6050 ± 925 2280 ± 332

Values are mean ± SD.
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biomarker for CNS PDE inhibition. cAMP has a relatively slower de-
gradation rate and much higher baseline levels than that of cGMP,
therefore, the cAMP increases after PDE inhibition are masked by their
higher background levels.

Preclinically, rat and mouse are the preferred animal models most
commonly utilized to detect cNT changes after dosing PDE inhibitors.
The selection of rat or mouse usually depends upon the established
preclinical efficacy model. There were no observed changes for cAMP
levels after administration of PDE1B, PDE2A, PDE9A or PDE10A in-
hibitors to male SD rats or male CF-1 mice at a dose of 10mg/kg. In
contrast, an increase in cGMP levels was observed following adminis-
tration of PDE inhibitors in both rat and mouse. Notably, cGMP changes
followed the same trend in the rat and mouse CNS, however, the
magnitude of the cGMP changes versus vehicle control were higher in
the mouse compared to the rat CNS. In addition to species differences,
the observed higher cGMP increase in mouse may be associated with a
higher PDE inhibitor exposure in the mouse than in the rat (Table 4).

Since CSF is not rich in PDEs (or proteins in general), it may serve as
a collection reservoir for circulating cNTs within the CNS and therefore
may be a useful tissue with which to monitor cNT changes. Although
PDE activity has been found in CSF (Hidaka et al., 1975), it is relatively
low in comparison to the brain tissue (which is very rich in PDEs),
resulting in much slower degradation of the cNTs present compared to
those of the brain (Fig. 4). In this study, after PDE inhibition, the same
trend was observed for cNT changes in the brain, striatum and CSF
samples. Bearing in mind the considerable effort associated with mi-
crowave irradiation of the animals, brain tissue collection, and striatum
dissection, it is clearly much easier to collect CSF for cNT level de-
termination. The cGMP level change in CSF has been reported as a
biomarker of PDE9 inhibition (Nicholas et al., 2009). Our data shows
that concentrations of cGMP in the CSF could also be used as a bio-
marker for other PDEs that modulate cGMP.

Our lab has found the dose required to observe cGMP level increases
in the CNS after PDE2A, PDE9A, or PDE10A inhibitor administration is
at least 10mg/kg for both mouse and rat, which is a magnitude higher
than the dose required to observe efficacy (usually less than 1mg/kg in
the NOR model). It is reasonable to speculate that changes in regional
cGMP levels within cellular microcompartments, which are directly
linked to efficacy, are higher than the levels detected in the tissue
homogenates. It is generally accepted that the modulation of cNT
concentrations within specific microcompartments are associated with
pharmacodynamics and efficacy (Arora et al., 2013). Current tech-
nology such as FRET can detect the cNTs within microenvironments,
but it is challenging to accurately quantify them in these specific tissue
locations (Zaccolo, 2006; Zaccolo et al., 2000). Practically, we can only
measure cNT concentrations within the bulk tissue homogenates and
those results therefore can only serve as an approximation of the con-
centration at the target. The temporal and spatial cNT concentrations
within the microcompartment associated with target engagement and
efficacy, could potentially be magnitudes higher than the cNT con-
centrations in the tissue homogenates. This may explain why a higher
dose is required to observe tissue cNT changes rather than the dose
required to observe efficacy. Nonetheless, cNT tissue concentrations are
useful as an indicator for PDE inhibition (Mirone et al., 2009). The
tissue with high PDE expression such as striatum, is more sensitive to
PDE inhibition and this could be an ideal target to monitoring cNT
changes.

Although the absorption, brain uptake and elimination of the four
inhibitors differ for the four inhibitors tested in this study, we selected
1 h time point for rat and 0.5 h time point for mouse, which is close to
the Tmax of those individual inhibitors after a single sc or ip dose of
10mg/kg. The brain concentrations of the inhibitors, which affected by
absorption, brain uptake, elimination and efflux components, is mon-
itored. At a dose of 10mg/kg, the free brain concentration of the tested
inhibitors are magnitudes higher than IC50 across all 4 PDE inhibitors.
Based on the biology of PDE inhibition and subsequent cAMP/cGMP

increase, a direct response model was expected. In this case, inhibitor
concentrations in the target we measured, are directly responsible for
the pharmacodynamic response (cAMP/cGMP levels) being measured.

PDE1, PDE2, PDE9 and PDE10 are the four PDEs that degrade cGMP
and are expressed in brain. A simultaneous inhibition of these 4 PDE
isoenzymes resulted in a prominent increased CNS cGMP level.
Similarly, if we inhibit all the PDE isoenzymes expressed in the brain
that degrade cAMP (PDE4, PDE7, PDE1, PDE2 and PDE10) simulta-
neously, an increased cAMP levels would be expected (Fig. 1). Un-
fortunately, currently, there is no potent PDE7 inhibitor with appro-
priate pharmacokinetics. An alternative experiment is to stimulate the
production of cAMP or cGMP while inhibiting their degradation
through administration of PDEs inhibitors. Given the fact that the rate
of cNT synthesis by cyclase is much slower than their degradation by
PDEs (Beavo and Brunton, 2002; Schmidt, 2010), PDE inhibition is the
dominant approach to regulate cNT levels.

Synergistic effects among different PDE inhibitors, either in vivo or
in vitro, appear in the literature (Kraynik et al., 2013; Schermuly et al.,
1999), though little information can be found about the inhibitor
concentrations after coadministration. Accordingly, we propose that
synergistic effects may be operative with the PDE inhibitor levels ex-
amined this study. PDE1, PDE2, PDE9 and PDE10 are the PDEs in the
brain that use cGMP as a substrate. After orally dosing PDE1B, PDE2A,
PDE9A and PDE10A inhibitors concomitantly at 10mg/kg each to male
SD rats or male CF-1 mice, the cGMP increase was much more pro-
nounced as compared to individual inhibitor dosing (Figs. 6 and 7). The
inhibitor concentrations were also higher after concomitant dosing
compared with individual inhibitor dosing (Table 3, Table 4). It is not
fully understood whether the observed effect of concomitant dosing is a
result of synergy or simply a result of increased inhibitor concentration.

cNTs have been extensively studied over the past half century and
PDEs are of keen interest to the pharmaceutical industry as potential
drug development targets. In this work, we explored a proof of concept
approach for early screening to evaluate cNT modulation due to PDE
inhibition. To that end, a standard method for sample collection, pro-
cessing and detection of cNT modulation is necessary. The reported cNT
levels in the literature are variable likely due to uncontrolled de-
gradation or metabolism and/or because of different measurement
methods. In addition, little has been reported regarding species de-
pendence, brain-regional distribution, and synergistic effect in cNT
level changes after PDE inhibitor treatment. Following optimization
and validation of the sample processing and detection methods, we
systematically studied the species difference of cNT concentrations in
the mouse and rat in response to PDE inhibition. Differences in the
regional response of cNT changes in striatum, CSF, and the rest of the
brain were also evaluated in rats and mice. The information obtained
from this study should lead to an improved design for future preclinical
studies, aimed at detecting cNT changes that occur following PDE in-
hibition.
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