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Abstract

Phosphodiesterase-1b (Pdelb) is highly expressed in striatum, dentate gyrus, CA3, and substantia
nigra. In a new Floxed Pdelb x CreCMV global knock-out (KO) mouse model we show an
immobility resistance phenotype that recapitulates that found in constitutive PdeZb KO mice. We
use this new mouse model to show that the resistance to acute stress-induced depression-like
phenotype is not the product of changes in locomotor activity or reactivity to other stressors
(learned helplessness, novelty suppressed feeding, or dexamethasone suppression), and is not
associated with anhedonia using the sucrose preference test. Using tamoxifen inducible Cre, we
show that the immobility-resistant phenotype depends on the age of induction. The effect is
present when Pdelbis deleted from conception, PO or P32, but not if deleted as adults (P60). We
also mapped regional brain expression of PDE1B protein and of the Cre driver. These data add to
the suggestion that PDE1B may be a target for drug development with therapeutic potential in
depression alone or in combination with existing antidepressants.

Graphical abstract

We created a new Floxed Pde1b x Cre®MV global knock-out (KO) mouse model and we show it to
be immobility resistant in Forced Swim and Tail Suspension tests. We use this new mouse to show
that the phenotype is not stress-related using tests of learned helplessness, novelty suppressed
feeding, or dexamethasone suppression) nor anhedonic using the sucrose preference test. Using
tamoxifen inducible Cre, we show that the immobility-resistant phenotype depends on age. The
effect is present when Pdelbis deleted from conception, PO or P32, but not if deleted in adults
(P60). We mapped brain expression of PDE1B protein and Cre driver. The data suggest that
PDE1B may be a target for drug development with potential antidepressant effects.
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Introduction

Major depression is the third leading cause of disability (WHO, 2008) and is predicted to be
first by 2030 (Mathers et al., 2008). Antidepressants fail to work for many patients creating
the need to find new targets. Most antidepressants are presynaptic reuptake inhibitors and
extend the action of serotonin (5-HT), dopamine (DA), and/or norepinephrine (NE). An
alternative method of extending neurotransmitter action is prolonging postsynaptic
signaling. Postsynaptic receptors activate second messengers (CAMP and cGMP) that in turn
active downstream targets such as protein kinase A (PKA), protein kinase G (PKG),
exchange protein activated by cAMP, and cyclic nucleotide gated channels (Conti & Beavo,
2007). The duration of signaling is determined by the rate of cyclic nucleotide hydrolysis
and is controlled by phosphodiesterases (PDEs). There are 11 PDE families composed of 21
genes. Each has a specific tissue distribution and selectivity (Maurice et al., 2014).
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Inhibition of PDE2 reverses impaired cognition caused by corticosterone or chronic stress
(Xu et al., 2013, Xu et al., 2015). PDE4 inhibition using drugs, RNAI, or gene deletion
decreases immobility in tail suspension (TST) and forced swim tests (FST) (Duman et al.,
1999, Fujita et al., 2012, Jindal et al., 2013, Jindal et al., 2012, O’Donnell & Zhang, 2004,
Schaefer et al., 2012, Wang et al., 2013, Zhang et al., 2002). Clinical trials show that PDE4
inhibitors are effective antidepressants but have unacceptable side-effects (Hansen & Zhang,
2015). PDES inhibition increases antidepressant efficacy (Katarzyna et al., 2012, Socata et
al., 2012a, Socala et al., 2012b), and PDE10A has been linked to schizophrenia positive
symptoms (Dlaboga et al., 2008, Hebb & Robertson, 2007, Natesan et a/., 2014, Xu et al.,
2011), and haloperidol or clozapine treatment increases Pdel0aexpression (Xu et al., 2013).
PDE10A inhibition decreases stimulant-induced locomotor activity, blocks apomorphine-
induced climbing, inhibits conditioned avoidance, blocks NMDA antagonist-induced deficits
in acoustic startle, improves sensorimotor gating, increases sociability and social odor
recognition, reverses stereotypy, and improves novel object recognition (Grauer et al., 2009,
Hofgen et al,, 2010, Schmidt et al., 2008, Siuciak et al., 20064, Siuciak et al., 2006b). These
data support the potential of PDEs to modulate CNS function.

Pdelbis abundantly expressed in striatum, an area with involvement in stress and anxiety
(Hufgard et al., 2017, Kelly et al., 2014, Lakics et al., 2010). We showed that constitutive
Pde1bknock-out (KO) mice have reduced immobility in TST and FST (Hufgard ef a/.,
2017), suggesting its potential as a drug target. These KO mice also show additive effects to
two widely used antidepressants: fluoxetine, a selective serotonin reuptake inhibitor, and
bupropion, a norepinephrine-dopamine reuptake inhibitor (Hufgard et a/., 2017).
Constitutive KO mice have limitations on the types of hypotheses that may be tested because
the genes are disrupted from conception and compensatory changes during development
cannot be ruled-out. Therefore, we created a floxed Pde1b mouse that we describe here for
the first time. First, floxed mice were crossed to a ubiquitous Cre line to create a global
Pde1b KO mouse and these mice were compared with the constitutive Pdelb KO mice
(Hufgard et al., 2017) to ensure that the new model had the same phenotype. Next, the
global Pde1b KO mice were used to test the role of PDE1B in response to stress. We then
used a tamoxifen inducible Cre to determine the age of onset of the Pdelb KO mice
immobility-resistant phenotype.

Animals and Husbandry

Mice were bred in-house in a pathogen free vivarium using Modular Animal Caging System
(Alternative Design, Siloam Spring, AR) with HEPA filtered air at 30 air changes/h. Food
and reverse-osmosis water were available ad libitum; cages had corncob bedding and cotton
nest material. Mice were maintained on a 14:10 h light:dark cycle (lights on at 600 h).
Protocols were approved by the Institutional Animal Care and Use Committee. The vivarium
is accredited by AAALAC International. At weaning mice were housed with littermates by
sex with 2—-4 mice per cage. Mice were tested at ~postnatal day (P) 60 with not more than
one mouse per genotype per sex per litter used. Mice were tested by personnel blind to
genotype in the Animal Behavioral Core.
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Generation of Pdelb ubiquitous conditional KO mice

Floxed mice were created on a C57BL/6J (albino) background. Flanking loxP sites were
inserted between exons 2 and 3 and 5 and 6 with a neo cassette with flanking flippase
recognition sites (Fig. 1A). Homologous recombination created a targeted allele with
inserted LoxP sites and the neo cassette. Flippase recombinase was used to remove the neo
cassette. The ubiquitous expressed cytomegalovirus (CMV) Cre driver, B6.C-Tg(CMV-
cre)1Cgn/J, was used to create global Pde1b KO mice (KOCMV), poezpflox/flox x Cre*!=
mice were bred to create Pgelt™'~ x Cre*!~ offspring. These were bred with wildtype (WT)
C57BL/6J mice to remove Cre. Thereafter, Pdelt~ x Pde1b*'~ breeding was used to
generate WT, heterozygous (HET), and KOSMVY mice containing litters.

Western Blot Analysis

Western blots were used to confirm KO on brain samples of WT and KOCMVY mice; actin
was used as reference (Fig. 1B). Frozen tissue was homogenized in radioimmuno-
precipitation assay buffer (25 mM Tris, 150 mM NaCl, 0.5% sodium deoxychlorate, and 1%
Triton X-100 adjusted to 7.2 pH with protease inhibitor (Pierce Biotechnology, Rockford,
IL). Protein was quantified using the BCA™ Protein Assay Kit (Pierce Biotechnology,
Rockford, IL) and diluted to 3 pg/pL. Western blots were performed using LI-COR
Odyssey® (LI-COR Biosciences, Lincoln, NE) procedures. Briefly, 25 pL of sample mixed
with Laemmli buffer (Sigma, USA) were loaded in a 12% gel (Bio-Rad Laboratories,
Hercules, CA) and run at 200 volts for 35 min in running buffer (25 mM Tris, 192 mM
glycine, 0.1% SDS). The gel was then transferred to Immobilon-FL transfer membrane
(Millipore, USA) in 1x rapid transfer buffer (AMRESCO, Solon, OH) at 40 V for 1.5 h.
Membrane was soaked in Odyssey PBS blocking buffer for 1 h, primary antibody in
blocking buffer with 0.2% Tween 20 incubated overnight at 4°C, secondary antibody
incubated in blocking buffer with, 0.2% Tween 20, and 0.01% SDS for 1 h at room
temperature. Antibodies were rabbit anti-PDE1B C-terminal (Ab170441 or Ab182565) at
1:500 or 1:5000, respectively, and mouse anti-actin (Ab3280) at 1:2000 as a loading control.
Odyssey IRDye 680 and 800 secondary antibodies were used at a 1:15,000 dilution. Relative
protein levels were quantified using the LI1-COR Odyssey® scanner and Image Studio
software that read the fluorescent intensity of the sample normalized to actin.

Fluorescent Immunohistochemistry

WT and KOCMV mouse brains were perfused with 4% ice cold paraformaldehyde and stored
overnight. Following at least 24 h in 30% sucrose they were cut on a freezing microtome at
20 um and stained with cresyl violet. Free floating slices of prefrontal cortex, striatum,
hippocampus, and substantia nigra were stained for PDE1B. Briefly, slices were washed in
1x PBS three times for 10 min a piece followed by blocking at 4°C in 2.5% donkey serum,
0.3% Triton X-100, 1% BSA in 1x PBS for 1 h. Primary antibodies were incubated in the
blocking buffer overnight at 4°C and secondary was incubated for 1 h at room temperature
in the dark. Rabbit anti-PDE1B (Ab182565) and Alexa Fluor 488 were used as primary
(1:200) and secondary (1:500) antibodies with DAPI counterstain. Images were taken using
a Nikon confocal microscope (Microscopy Imaging Core); all images are 4x magnification.
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We used 40 x 40 cm activity chambers (PAS System, San Diego Instruments, San Diego,
CA) (Hautman et al., 2014). Mice were tested for 1 h and data recorded in 5 min intervals.

Tail Suspension Test

The method of Cryan et al. was used (Cryan et al., 2005a). The mouse’s tail was inserted
through a hole in a transparent horizontal acrylic plate mounted on four legs and pulled
snuggly against the underneath surface so there was no space between the base of the tail
and the plate. The test was scored in 1 min intervals for 5 min. Immobility (no movement)
and latency to the first immobile episode were scored.

Forced Swim Test

Mice were placed in a glass cylindrical vessel 10 cm in diameter (i.d.), 25 cm tall filled to a
depth of 6 cm with 22 + 1 °C water and tested using a 2-day method (Cryan et a/., 2005b,
Porsolt et al., 1979). On day-1, mice were tested for 15 min and minutes 1-6 scored. On
day-2, mice were tested for 5 min. Mice were scored for immobility, latency, and active
swimming. Immobility was minimal movement sufficient to keep afloat.

Home Cage Activity

Open Swim

Mice were tested in standard cages, singly housed (Tang et a/., 2002). The home-cage
system has metal frames with infrared photodetectors that surround the cage. Data were
collected for 48 h (PAS System, San Diego Instruments, San Diego, CA).

We showed that constitutive Pde1b KO mice are more active than WT mice (Hufgard et al.,
2017), therefore, swimming activity was tested to determine if open-field activity
generalized to swimming activity since the FST relies on swimming. Mice were placed in a
122 cm pool of water for 5 min and tracked using ANY-maze software (Stoelting, Wood
Dale, IL) on two consecutive days.

Sucrose Preference

Hot Plate

A sucrose preference test was used to assess anhedonia (Pothion ef af., 2004). Mice were
adapted to drinking from a sipper sack for 7 days. Next, sacks were filled with 2% sucrose
for 2 days, then they were returned to water for 5 more days. Mice were then given two
sipper sacks, one with water and one with 2% sucrose, balanced for position across mice.
Sacks were weighed before and 24 h later. Preference was: (sucrose solution + sucrose +
water) x 100.

A 1L beaker was placed on a hotplate at 100 °C. Mice were placed in the beaker and latency
to paw licking or jumping was recorded (Eddy & Leimbach, 1953) up to a limit of 30 s.
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Learned Helplessness

For learned helplessness (LH), mice of both genotypes were randomly assigned to shock or
no-shock conditions (Malkesman et al., 2012, Ridder et al., 2005). Using a Gemini shuttle-
box (SDI, San Diego, CA) helplessness was induced over two days by placing mice on one
side and exposing them to 360 trials that consisted of a 0.3 mA scrambled shock through the
grid floor that lasted 2 s with intertrial intervals (IT1) of variable lengths (1-10 s; averaging 5
s). Controls were placed in the apparatus for the same length of time but without shock. On
day 3, mice were given 30 trials with 10 s ITIs. Trials consisted of the door opening and
activation of foot shock for 24 s or until the mouse crossed into the non-shock side. Number
of escapes and latency to escape were recorded.

Novelty Suppressed Feeding

Following LH, mice were food and water deprived for 24 h and presented with food for 10
min in a novel environment (Bessa et al., 2009) that consisted of a 40 cm x 40 cm acrylic
box. Latency to pellet investigation and amount eaten after returning to their home cage for 5
min were recorded.

Dexamethasone Suppression Test

Three days later, mice had blood collected by submandibular sampling. The next day they
received a 3 pg/100 g body weight intraperitoneal injection of dexamethasone. Six hours
later they were decapitated and blood collected (Ridder ef a/., 2005). Blood was collected at
the same time of day both times.

Corticosterone Analysis

Blood was collected in tubes containing 2% EDTA. Samples were kept on ice until spun at
610 RCF for 15 min at 4 °C. Plasma was removed and stored at —80 °C. Samples were
assayed using one lot of Immunodiagnostic Systems ® Corticosterone EIA Kit in duplicate
following the kit instructions.

Tamoxifen-induced PDE1B KO

Forebrain dominant calcium/calmodulin-dependent protein kinase Il alpha (CaMKlla), a
known regulator of PDE1B, Cre driver, B6.Cg- Tg(Camk2a-cre/ERT2)1Aibs/J, was used to
create a tamoxifen inducible Pde1b mouse (Madisen et al., 2010, Tsien et al., 1996).
Pde1p0X/flox x Cre*!* mice were bred to create Pde1b0X/flox x Cre*/* offspring.
Recombination was initiated via tamoxifen administration. A subset of mice were also bred
to a Gt(ROSA)26Sorm14(CAG-tdTomato)Hze moyse |ine to confirm expression of CaMKlla.-
cre using td-tomato fluorescence (red) and immunohistochemistry (IHC) staining of PDE1B
(green). Western blots were used to verify PDE1B deletion.

Tamoxifen Administration

Male mice were gavaged with 20 mg/kg tamoxifen in 10 mL/kg of corn oil or corn oil alone
for 5 days (Madisen et a/,, 2010) beginning on PO, P32, or P60 (KO(P0. P32, or P60)y No more
than one male per group per age was used per litter. Mice were tested in open-field, TST,
and FST as adults.
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Experiment-1—Experiment-1 was to test the global KO mice for consistency with the
constitutive KO mice and determine the effects in HET mice. Accordingly, we used male
WT, HET, and KOSMV mice for open-field on day 1, TST on day 2, and FST on day 3 and 4
(N: WT=11, HET=8, KO®MV=11 (Fig. 3a—c)). No differences were seen between WT and
HET mice, therefore, HET mice were not tested further.

Experiment-2—Experiment-2 was to determine if the phenotype was also present in
female mice. Accordingly, we compared female WT (n=14) and Pde1b KOCMV (n=14) mice
as in Experiment-1 (Fig. 3d—f). The immobility phenotype was similar in males and females,
therefore, males were used in Experiment-3.

Experiment-3—Experiment-3 was designed to determine if the open-field increased
activity in KO mice affected swimming activity. Accordingly, we tested both genotypes as
follows: home-cage on day 1 and 2, open-swim on the morning of day 3 and open-field on
the afternoon, repeat open-swim on the morning of day 4 and open-field on the afternoon,
TST on day 5, and FST on day 6 and 7 (Fig. 4) (N: WT=11 and KOCMV=12).

Experiment-4—Experiment-4 was designed to determine if the KO mice phenotype in
TST and FST was associated with stress responsiveness or anhedonia. Accordingly, WT and
Pde1b KOCMVY male mice were divided into subgroups for LH: WT/No Shock (n=10), WT/
Shock (n=14), KOSMV/No Shock (n=11), KO®MV/Shock (n=12). The sequence was:
corticosterone assessment on day 1, sipper sack habituation on days 1-5, hot plate on day 6,
sucrose preference on day 6-7, LH on days 7-9, repeat corticosterone assessment on day 8,
24 h food/water deprivation on day 9-10, novelty suppressed feeding on day 10, repeat
sucrose preference on days 10-11, and dexamethasone suppression test on day 14 (Fig. 5).

Experiment-5—Experiment-5 was designed to determine the developmental onset of the
immobility-resistant phenotype in KO mice. Accordingly, the experiment consisted of
KOPO0. P32, P60 mice (Fig. 6) tested as adults in open-field on day 1, TST on day 2, and FST
on days 3-4 (Fig. 7). Group sizes were: WTPO (n=14), KOPO (n=16), WTP32 (n=12), KOP32
(n=12), WTPE0 (n=10), and KOP®? (n=13).

Data Analysis

Data were analyzed using SAS (v9.3, SAS Institute, Cary, NC) with p < 0.05 as the
threshold for significance. To control for litter, only one mouse per genotype per sex per
litter was used. T-tests were used when there were two groups. When there were three
groups, mixed linear ANOVA was used and data presented as least square mean (LS Means)
+ SEMs. Repeated measure Mixed model ANOVAs were used for corticosterone, home-
cage, open-swim, and open-field and used the autoregressive-1 covariance structure and
Kenward-Roger first order degrees of freedom. Litter was a random factor in these models.

Genes Brain Behav. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hufgard et al.

Results

Page 8

Generation of Global Knockout Mice

Whole brain western blots and IHC confirmed the deletion of PDE1B in the brain of Pdelb
KOCMV mice (Fig. 1b, Fig. 2a’—d"). We previously showed that PdeZb mRNA is highly
expressed in the striatum (Hufgard et a/.,, 2017). In WT mice using IHC, we show little to no
staining in the prefrontal cortex (Fig. 2a), confirmed the presence of PDE1B protein in
striatum (Fig. 2b), show protein in the hippocampus in the dentate gyrus and CA3 (Fig 2c,d),
and also in the substantia nigra (Fig. 2d).

Pde1b KOCMY mice are healthy, well groomed, and not visibly different from WT mice.
Experiment 1: The male Pde1b KOMV mice do not differ from HET or WT littermates in
open-field activity [F(2,32.6=0.8, p>0.4)] (Fig. 3a,c). Experiment 2: KOCMV females were
more active than WT littermates [F(1,44.7)=6.1, p<0.05] (Fig. 3b,d).

Acute Stress

Activity

Experiment 1—Pgelb KOCMVY mice showed decreased immobility in both TST
[F(2,28)=12.7, p<0.001] (Fig. 3e) and FST [F(2,27)=29.3, p<0.001] (Fig. 3g) compared with
WT and HET mice, thereby verifying that the Pae1b KOCMV mice have the same phenotype
as the constitutive KO mice (Hufgard et a/., 2017). Heterozygous male mice did not differ
from WT mice; for this reason HET females were not tested.

Experiment 2—Female KO®MVY mice showed the same immobility as Pde1b KOCMV
males, i.e., they showed reduced immobility in the TST [t(25)=3.0, p<0.01] (Fig. 3f);
however, in FST [t(24)=0.8, p>0.05] the effect was only a trend and not significant (Fig. 3h)
compared with female WT mice.

Experiment 3—Since Pdelb KO mice are more active, we tested whether this had a
diurnal component and whether open-field differences translate to swimming. For the
former, home-cage activity was assessed and for the latter swimming activity. Pdelb
KOCMV mice showed greater increases in activity during the dark cycle compared with WT
mice during the light cycle [Genotype X Interval: F(23,444)=2.2, p<0.01] (Fig. 4a).
However, when Pde1b KOCMVY mice were placed in an open pool of water, they showed no
difference in swim speed (Fig. 4b and d) or distance traveled. A trend towards increased
open-field activity was seen in Pde1b KOCMY mice when compared with WT mice when
tested for 1 h during the light cycle but the effect was not significant [Genotype X Interval:
F(11,210)=1.6, p<0.10] (Fig. 4c and €). Following these procedures, Pde1b KOMV mice
still had decreased immobility in TST and FST compared with WT mice [TST: t(19)=2.4,
p<0.05; FST day 1: t(18)=1.9, p<0.05] (Fig. 4f and g).

Sucrose Preference

Experiment 4—Pge1b KOCMY and WT mice did not differ in the amount of water
consumed when given water, but Pde1b KOCMV mice (13.9 + 1.4 g, consumed in 7 days)
consumed more sucrose when given alone than WT mice (10.6 + 0.6 g, consumed in 2 days)
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[t(21)=2.3, p<0.05]. When a choice was presented, Pde1b KOCMY mice did not differ in
sucrose preference compared with WT mice (WT: 72.3 + 7.1%, KO: 64.2 + 7.8%).

Learned Helplessness

Before LH testing, mice were tested for pain thresholds on a hot plate. There were no
differences in reactivity between groups (Fig. 5a). During the LH test, mice in the
inescapable shock condition had longer escape latencies when escape was provided
compared with no-shock groups [F(1,105)=317.0, p<0.001] (Fig. 5b). There were no
differences in latency between WT and Pde1b KOCMV mice on this test.

Novelty Suppressed Feeding and Sucrose Preference

For novelty suppressed feeding, latency to eat food (Fig. 5¢) and the amount of food
consumed (not shown) were not different across LH conditions or genotypes. Mice were
also given a second sucrose preference test after 24 h food and water deprivation. There
were no differences between LH and no-shock mice of either genotype (Fig. 5d).

There was an increase in corticosterone after the second day of LH between the no-shock
and shock conditions, but there were no differences between the WT and KOCMV groups
(Fig. 5e). Corticosterone was not different among groups 5 days after LH (Fig. 5f, left).
There were no differences in corticosterone 6 h after dexamethasone in KOCMV vs. WT
mice (Fig. 5f, right).

Critical Period

Experiment 5—Pde1bwas selectively deleted in cells containing the CaMKlla. promoter
after tamoxifen exposure. Tamoxifen was started on PO, P32, or P60. There were no changes
in general appearance or body weight from tamoxifen exposure. Pde1b KO mice at P32 and
P60, but not at PO, showed reduced striatal PDE1B [PO0: t(3.0)=1.1, p>0.05; P32: t(2.0)=2.9,
p<0.05; P60: t(1.3)=2.0, p<0.1] (Fig. 6¢, f, g, left). In the hippocampus PDE1B was reduced
in KO mice at PO and P32 but not at P60 [PO: t(2.3)=3.5, p<0.05; P32: t(1.9)=3.0, p<0.05;
P60: t(2.4)=1.3, p>0.05] compared with WT mice (Fig. 6e, f, g, right). Figure 6a, b, c, d
compares corn oil control and tamoxifen mice at PO and shows reduction of PDE1B (green)
and induction of ROSA (red) in striatum. Pae1b KOP?, KOP32, and KOP®0 mice showed no
differences from WT mice in open-field activity (not shown). Pdezt KOP mice had
decreased immobility compared with WT littermates in FST [t(27.7)=1.8, p<0.05] (Fig. 7b),
but not TST (Fig. 7a). Pdelb KOP32 mice had decreased immobility compared with WT in
both TST and FST [TST: t(21.9)=2.5, p<0.05; FST: t(21.4)=1.8, p<0.05] (Fig. 7c, d). Pdelb
KOP0 mice show no difference on either test (Fig. 7e, f).

Discussion

The antidepressant-like phenotype of constitutive Pde1b KO mice was described (Hufgard et
al., 2017). Constitutive Pde1b KO mice are resistant to the induction of immobility in both
the TST and FST and show no PDE1A or PDE1C compensatory changes. We also showed
that FST and chronic variable stress increases PDE1B protein expression in striatum and
hippocampus in WT mice. Since constitutive models can cause compensatory changes or fail
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to induce neuronal activity similarly to pharmacological targets, we developed a floxed
mouse targeting Pdelbexons 3-5. Pdelb floxed mice were bred to CMV Cre mice to create
a global Pde1b KO mouse. These mice recapitulated the phenotype of constitutive KO mice
in both TST and FST, although the phenotype was more robust in males than females. By
fluorescent IHC, PDELB protein expression is highest in caudate-putamen, nucleus
accumbens, dentate gyrus, CA3, and substantia nigra in WT mice. This is in agreement with
prior protein and mRNA expression data in rats and humans and confirms that our global
KO is specific to Pdelb (Kelly et al.,, 2014, Lakics et al., 2010, Polli & Kincaid, 1992, Polli
& Kincaid, 1994, Yan et al., 1994, Yu et al., 1997).

In the global Pde1b KO line, spontaneous locomotor activity was increased but only in
females during the diurnal phase as noted (Reed et a/., 2002). However, other data show
increased activity before and after stimulant exposure in both sexes of global Pde16 KO
mice (Ehrman et al., 2006, Reed et al., 2002, Siuciak et al., 2007). Here, for the first time,
we determined activity over a period of 48 h and found that Pae1b KOCMV mice showed
greater hyperactivity during the dark cycle. However, the nocturnal activity increase in
Pde1b KOCMVY mice returned to WT mice levels during most of the light cycle.

To determine if increased spontaneous activity might contribute to the decreased TST and
FST immobility in Pde1b KO mice, we tested activity in open-swim and open-field tests
given the same day. Poe1b6 KOCMVY mice showed no differences in average or maximum
swim speed, or distance traveled in an open pool of water. The same mice tested in TST and
FST after open-swim and open-field still showed the immobility-resistant phenotype. This
demonstrates that the Pdezb KOCMVY depression-resistant phenotype is not confounded by
activity differences.

We questioned if the antidepressant-like phenotype of Pde16 KOCMY mice was a byproduct
of stress resistance since FST and TST both cause stress. We reasoned that if the underlying
effect was stress-related then other stressors would also show a resistance phenotype. For
this we used LH. Induction of LH caused longer escape latencies than in controls to escape
the shock, but there were no differences in LH escape latencies between Pde1b KOCMVY and
WT mice, indicating that the KO phenotype is not directly related to stress.

To further examine the depression-related phenotype of the Pdelb KO mice we used sucrose
preference as a test of anhedonia. There were no differences between Pae1b KOCMV and
WT mice. As further tests, we used novelty suppressed feeding and dexamethasone
suppression. Neither showed differences between Pdelb KO mice compared with WT mice,
reinforcing the view that the KO phenotype is not stress-related.

When we deleted Pde1b at different ages, each of the early developmental deletions resulted
in the antidepressant-like phenotype, i.e., when Pdelbwas deleted by tamoxifen starting at
PO or P32, the same antidepressant-like phenotype was seen as in global Pde1b KOCMV
mice, but not in those that started tamoxifen at P60. If there are genetic variants of PDEIBin
people (this is not yet known), this may suggest possible protective variations against
depression as a function of inter-individual differences. Alternatively, early age phenotype
induction could be the result of differences in Cre driver expression. Pyramidal cell
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neurogenesis is embryonic and enters post-mitotic phases by PO and are differentiated by P7
(Angevine Jr, 1965, Pokorny & Yamamoto, 1981a, Pokorny & Yamamoto, 1981b, Stanfield
& Cowan, 1979). PDE1B is located in hippocampal pyramidal cells, therefore, PO tamoxifen
induction would take place during neurogenesis (Kincaid et a/., 1987). Further, expression of
CaMKIlla recombination at P29 is present in hippocampus, striatum, cortex, and Purkinje
cells and differs from that prior to P29 (Tsien et a/., 1996). This change suggests that
different populations of cells are more sensitive to recombination at different ages.
Sometimes there are effects from tamoxifen inducible Cre, including leakage (non-
tamoxifen induced expression) that may vary by age. Alternatively, age-dependent
phenotype differences may reflect the lag between tamoxifen efficacy at deleting the gene
and its effects on the emergence of the immobility phenotype that may not be the same at
PO, P32, and P60. The antidepressant efficacy of current drugs in patients can take 4-6
weeks to reach full effect (Belzung, 2014). Whether this interacts with the age at which a
protein’s adult expression emerges, such as for PDE1B, is unknown.

In sum, PDELB is expressed in areas associated with neuropsychiatric disorders, including
depression (Lakics ef /., 2010). Our data further support the view that PDE1B may be a
target for pharmacological intervention of depression.
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Figure 1.
Generation of floxed mice and confirmation of global knockout mice (KOCMV), a,

Schematic of the Floxed mouse model. b. Whole brain western blot confirmation of
complete lack of PDE1B in KOCMVY mice.
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(@)

(b)

Figure 2.
Fluorescent immunohistochemistry analysis of PDE1B in the brain localizes to regions

related to stress and depression. a. WT prefrontal cortex. a’. KOSMV prefrontal cortex. b.
WT striatum. b’. KOCMV striatum. c. WT hippocampus. ¢’. KOSMV hippocampus. d. WT
substantia nigra. d’. KOCMV substantia nigra. DAPI=Blue and PDE1B=Green. Scale = 1000
um.
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KOCMV mice have decreased immobility time in depression-related tasks compared with
control littermates. a. Locomotor activity males genotype*interval (WT n=11, HET n=8,
KOCMV n=11). b. Locomotor activity females genotype*interval (WT n=14, KOCMV n=14).
c. Locomotor activity males. d. Locomotor activity females. e. TST males (WT n=11, HET
n=8, KOCMV n=10). f. TST females (WT n=13, KOSMV n=14). g. FST day 2, 5 min for
males (WT n=9, HET n=8, KOCMV n=11). h. FST day 2, 5 min for females (WT n=13,
KOCMV n=13). *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 4.
Pde1b KOCMVY mice are hyperactive at night and when introduced to the novel home cage,

although land hyperactivity did not predict water hyperactivity. a. 48 h home cage (WT
n=11, KOCMV n=12). b. Day 1, 5 min open swim (WT n=11, KO®MV n=12).c. 1 h
locomotor activity day 1 (WT n=11, KOCMV n=12). d. Day 2, 5 min open swim (WT n=11,
KOCMV n=12). e. 1 h locomotor activity day 2 (WT n=11, KOCMV n=12). . 5 min TST
(WT n=10, KOSMV n=11). g. 6 min FST (WT n=9, KOSMV n=11). tp < 0.1, *p < 0.05, **p
<0.01, ***p < 0.001.
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Pde1b KOCMVY mice do not differ from WT littermates when exposed to the learned
helplessness procedure. a. Latency to remove paw from hot plate (WT n=22, KOCMV n=21).
b. Latency to escape shock (WT/No Shock n=10, WT/Shock n=11, KO°MV/No Shock n=10,
KOCMV/Shock n=8). c. Latency to eat in a novel environment (WT/No Shock n=8, WT/
Shock n=12, KOCMV/No Shock n=10, KOSMV/Shock n=11). d. Sucrose preference
following 24 h food and water deprivation (WT/No Shock n=10, WT/Shock n=14,
KOCMV/No Shock n=11, KOCMV/Shock n=12). e. Plasma corticosterone response before,
during, and after LH exposure (WT/No Shock n=9, WT/Shock n=9, KO¢MV/No Shock n=9,
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KOCMV/Shock n=8). f. Plasma corticosterone following dexamethasone (WT/No Shock
n=8, WT/Shock n=8, KO°MV/No Shock n=8, KOSMV/Shock n=7).
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Analysis of localization and quantity of PDE1B in KOP0: P32, P60 mice, a. Expression pattern
of CaMKlla Cre driver and PDE1B in striatum of PO corn oil dosed mice. a’. Expression
pattern of CaMKIlla Cre driver and PDE1B in striatum of PO tamoxifen dosed mice. b.
DAPI corn oil. b’. DAPI tamoxifen. ¢c. PDE1B corn oil. ¢’. PDE1B tamoxifen. d. ROSA
corn oil. d’. ROSA tamoxifen. e. Western blot analysis of striatum and hippocampus in PO
dosed mice. f. Western blot analysis of striatum and hippocampus in P32 dosed mice. g.
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Western blot analysis of striatum and hippocampus in P60 dosed mice. Blue = DAPI, Green
= PDE1B, Red = Td-Tomato. 2000 um. tp < 0.1 and *p < 0.05.
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Figure 7.

When PDE1B is removed prior to sexual maturity KO mice had a reduction in immobility
time in the TST and the FST. a. KOP? Tail suspension test (WT n=14, KOP% n=16). b. KO0
Forced swim test (WT n=14, KOP% n=16). c. KOP32 Tail suspension test (WT n=12, KOP32
n=12). d. KOP32 Forced swim test (WT n=12, KOP32 n=12). e. KOP® Tail suspension test
(WT n=10, KOP60 n=13). f. KOP80 Forced swim test (WT n=10, KOP60 n=13). *p < 0.05
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