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Abstract The involvement of phosphoinositides (PI) signal
transduction pathway and related molecules, such as the
Phosphoinositide-specific Phospholipase C (PI-PLC)
enzymes, in the pathophysiology of mood disorders is cor-
roborated by a number of recent evidences. Our previous
works identified the deletion of PLCB1 gene, which codifies
for the PI-PLC β1 enzyme, in 4 out 15 patients affected with

schizophrenia, and no deletion both in major depression
affected patients and in normal controls. By using interphase
fluorescent in situ hybridization methodology, we analyzed
PLCB1 in paraffin embedded samples of orbito-frontal cortex
of 15 patients affected with bipolar disorder. Deletion of
PLCB1 was identified in one female patient.
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Abbreviations
SSC Saline-sodium citrate buffer
DAPI 4',6-diamino-2-phenylindole dihydrochloride

Introduction

Abnormalities in signal transduction are supposed to play a
role in the pathogenesis of mood disorders. The cyclic-
AMP, phosphoinositides (PI), mitogen-activated protein ki-
nase (MAPK), and glycogen synthase kinase cascades were
mainly indicated as pivotal actors (Tanis et al. 2007; Jope et
al. 1996; Ebstein et al. 1988; Pacheco et al. 1996). PI signal
transduction pathway is involved in a variety of cell func-
tions such as hormone secretion, neurotransmitter signal
transduction, cell growth, membrane trafficking, ion channel
activity, cytoskeleton regulation, cell cycle control, apoptosis,
cell and tissue polarity (Comer et al. 2007; Suh et al. 2008).

The role of PI in signal transduction was first described in
1953 (Hokin et al. 1953). PI metabolism is involved in
processes such as differentiation, proliferation (Noh et al.
1995; Berridge et al. 1984). A combination of compartmen-
talized and temporal changes in molecules belonging to the
PI system, such as phosphatidyl inositol (4,5) bisphosphate
(PIP2) or phosphatidyl inositol (3,4,5) trisphosphate (PIP3),
elicit different cellular responses, including regulation of gene
expression, DNA replication, or chromatin degradation. PIP2
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directly regulates a number of cell functions, including cyto-
skeleton reorganization, cytokinesis, membrane dynamics,
nuclear events and channels activity (Bunney et al. 2011).
Therefore, strict regulation of PIP2 levels by means of
converting enzymes, such as Phosphoinositide-specific
Phospholipase C (PI-PLC) family is necessary for homeosta-
sis (Berridge et al. 1984).

PI-PLC β1 isoform is activated by G-protein-coupled
receptors that signal through Gq/11 (Bunney et al. 2011).
PI-PLC β1 is highly expressed in the nervous system,
mainly the cerebral cortex and hippocampus (Ross et al.
1989), and mediates activity-dependent cortical develop-
ment and synaptic plasticity (Hannan et al. 1998; Spires et
al. 2005). PI-PLC β1-knockout mice developed epilepsy,
minor abnormalities in the hippocampus (Kim et al. 1997),
as well as specific behavioural deficits in location recogni-
tion, probably due to excess in neurogenesis and aberrant
migration of adult-born neurons (Wallace et al. 1990; Choi
et al. 1989). Activity-dependent regulation of synapse and
dendritic spine morphology in developing barrel cortex
requires PI-PLC β1 (Spires et al. 2005).

PI-PLC β1 was recently suggested to be involved in hu-
man diseases affecting the nervous system. A further report
described a male child affected with epileptic encephalopathy
associated with loss-of-function mutation in the gene which
codifies for PI-PLC β1 enzyme (PLCB1, OMIM *607120)
(Kurian et al. 2010). Moreover, PI-PLC β1 is considered to
represent a molecular convergence point of several neuro-
transmitter pathways implicated in schizophrenia (Wallace et
al. 1990; Kim et al. 1997; Choi et al. 1989). Recent evidences
supported this hypothesis (Lo Vasco et al. 2010; Udawela et
al. 2011; Lo Vasco et al. 2012). The nature, meaning, and
developmental period of PI-PLC involvement are largely un-
clear and will require further studies.

Our previous work identified the deletion of PLCB1 in 4
out 15 schizophrenia affected patients (Lo Vasco et al.
2012). PLCB1 is constituted from 36 small exons and
introns, and was located on the short arm of human chro-
mosome 20, in a region frequently rearranged in mental
illnesses (20p12, nearby markers D20S917 and D20S177)
(Peruzzi et al. 2000; Fanous et al. 2008; Hovatta et al. 1998).

In order to analyze the deletion of PLCB1 gene in bipolar
disorder affected patients, we used interphase fluorescence in
situ hybridization (I-FISH) technique (Lengauer et al. 1990).

Materials and methods

Probe extraction

The probe was extracted as previously described (van Dekken
et al. 1990). Briefly, defrosted strains of E. Coli bacteria
transformed with PAC P1 881E24/Kan+ were cultured

overnight in LB Broth/30μg/ml Kanamicin at 37 °C (Sigma-
Aldrich, St Louis, MO). The next day, the pellet was accu-
rately resuspended in 50 mM Tris pH 8.0/10 mM EDTA/100
μg/μl RnaseA solution. A solution of 0.2 N NaOH/1 % SDS
was added to each tube, and after 15 m Proteinase K was also
mixed. After 5 m, a solution of 3 MK acetate pH 4.8–5.5 was
slowly added (Sigma-Aldrich, St Louis, MO), vigorously
shaken, centrifuged at 4 °C, and to the supernatant 20 μg/ml
glycogen was added. Iced isopropanol was added and suspen-
sions were centrifuged 30 m. The DNA jellyfish containing
the probe was carefully allowed to dry for no more than 20 m
and resuspended in a small quantity of dH2O. When it was
completely dissolved, 1/10 TE was added. The probe was
biotin-labeled by nick translation (Invitrogen, Carlsbad, CA)
following manufacturer’s indications.

Samples

Human post-mortem brain biopsies were obtained from the
Stanley Brain Medical Research Laboratory (Bethesda,
MD). Samples were divided in two anonymous groups
constituted by 15 bipolar disorder affected patients and 15
donors, free from mood disorders. Bipolar disorder affected
patients aged from 14 to 52, with female gender prevalence
(10/15). 15 μm thick formalin-fixed (mean fixation time
8 months) paraffin-embedded slices of orbito-frontal
cortex were used to extract nuclei as previously described
(Lo Vasco and Polonia 2012). Briefly, slices were deparaffi-
nized, rehydrated, and mechanically detached. The tissue
was incubated at 37 °C for 1 h in a moist chamber with
proteinase K solution (Boehringer 745723). The suspension
was collected and passed through a 50 μm nylon mesh. The
remaining nuclei were washed with PBS and pelleted by
centrifugation. Supernatant was removed and replaced with
Carnoy II fixative. Aliquots of the suspension were put on a
slide and allowed to dry at room temperature.

I-FISH procedure

Nuclei underwent interphase fluorescent in situ hybridiza-
tion (I-FISH) procedure as previously described (Lo Vasco
and Polonia 2012). Briefly, slides were rinsed several times
in PBS, and dehydrated in ethanol series. Biotinylated
PLCB1 probe was added to each slide. Co-denaturation
was performed at 72–80 °C and then slides were incubated
in humidified chamber overnight at 37 °C. Slides were
washed in 50 % formamide/2X SSC and several times in 2X
SSC. The hybridized biotin-labeled probe was detected with
FITC-conjugated streptavidin (Sigma-Aldrich, St Louis,
MO). Nuclei were counterstained with DAPI (Oncor/
Resnova, Italy) and slides were observed with a fluorescence
microscope (Leica DM 4000, DE) equipped with image
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analysis and acquisition program (IAS 2000, Delta Sistemi,
IT). From 95 to 100 nuclei were processed for each sample.

Results

Two signals were detected in 100 % of the evaluable nuclei
in 14/15 samples of patients affected with bipolar disorder.
One signal was detected in the nuclei of one female patient
aged 23 affected with bipolar disorder, deceased for causes
independent from the disease (Fig. 1). Two signals of the
PLCB1 gene were detected in 100 % of the evaluated nuclei
in 15/15 samples of the normal donors control group.

Discussion

Changes in the expression and activity of a number of genes
were described in limbic and cortical brain regions of
patients affected with mood disorders. Different therapies
act regulating many of these changes (Tanis et al. 2007). A
number of signaling pathways play a role in the pathogen-
esis of mood disorders (Tanis et al. 2007).

The PI pathway contributes an important intracellular sys-
tem involved in a variety of cell functions, including the
neurotransmitter signal transduction (Suh et al. 2008; Lo
Vasco 2012). PI-PLC plays a central role by regulating the
spatio-temporal balance of PI metabolism. When a signaling
molecule binds a G-protein-linked receptor in the plasma
membrane (Gq), activated PI-PLC in less than a second cleaves
PIP2 into inositol-trisphosphate (IP3) and diacylglycerol
(DAG), both crucial molecules in signal transduction (Suh et
al. 2008). IP3, a small water-soluble molecule, diffuses rapidly
to the cytoplasm, where calcium is released from the endoplas-
mic reticulum after binding to IP3-gated calcium-release chan-
nels. DAG can be further cleaved to release arachidonic acid.
DAG can also activate serine/threonine calcium-dependent
protein kinases C (Suh et al. 2008; Bunney et al. 2011).

PI-PLC enzymes are divided into six sub-families compris-
ing thirteen isoforms, classified on the basis of amino acid

sequence, domain structure and mechanism of recruitment in
response to activated receptors (Suh et al. 2008; Bunney et al.
2011). PI-PLC enzymes are strictly tissue specific and different
expression of some isoformswas described in pathological with
respect to normal tissues. Different Pi-plc β1 isoform expres-
sion was described both in rat astrocytoma and activated astro-
cytes with respect to the quiescent counterpart (Lo Vasco et al.
2007; Lo Vasco et al. 2010). A role for PI-PLC β1 in mood
disorders was also suggested (Udawela et al. 2011; Lo Vasco
2012; Lo Vasco et al. 2012). This hypothesis corroborated data
obtained from Pi-plc β1 knock-out mice, widely used as
schizophrenia experimental models (Mc Omish et al. 2008).

PI-PLC β1 was suggested to represent a molecular conver-
gence point of several neurotransmitter pathways implicated
in schizophrenia (Wallace et al. 1990; Kim et al. 1997; Choi et
al. 1989). A recent report described a male child affected with
epileptic encephalopathy associated with loss-of-function mu-
tation in the PLCB1 gene (Kurian et al. 2010).

In the present study, we performed I-FISH in the orbito-
frontal cortex paraffin-embedded samples of 15 bipolar
disorder affected patients and 15 normal controls, intended
as donors not presenting with psychiatric or neurologic
disorders. Both copies of PLCB1 gene were detected in about
100 % (range 89–100 %) of the processed nuclei (Fig. 1) in
14/15 samples of patients affected with bipolar disorder. Both
copies of the PLCB1 gene were detected in 100 % of the
processed nuclei in the normal donors control group. In one
female patient, aged 23, I-FISH homogeneously detected
exclusively one signal, indicating that the analyzed nuclei
presented the deletion of one PLCB1 allele. In previous stud-
ies (Lo Vasco and Polonia 2012; Lo Vasco et al. 2012), as well
as in the present, we did not detect deletions of PLCB1 in
normal controls. However, the P1 881E24 probe is 115.611 bp
long. The present study is able to exclude wide deletions of
PLCB1. The present technique cannot exclude further abnor-
malities, such as single point mutation or shorter deletions,
undetectable with molecular cytogenetic techniques.

The present results corroborate previous observations in
schizophrenia. A similar PLCB1 deletion was detected in
patients affected with schizophrenia (Lo Vasco et al. 2012).
The involvement of PI-PLC β1 isoform in schizophrenia was
also suggested by an independent study using different meth-
odology (Udawela et al., 2011). By contrast, in our present and
previous studies we did not find PLCB1 deletion in normal
controls and in patients affected with major depression.
Although the I-FISHmethodology does not allow the detection
of small deletions, the present results suggest that PI-PLC β1
enzyme might be involved in both schizophrenia and bipolar
disorder. Although the role of PI-PLC β1 is not elucidated,
these data suggest that PI-PLC enzymes might be involved in
the pathogenesis or progression of affective disorders.

However, the nature, meaning, and developmental period
of PI-PLC involvement are still largely unclear and will

Fig. 1 I-FISH of extracted nucleus of one patient affected with bipolar
disorder bearing PLCB1 deletion: only one signal is detected
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require further studies. Although significant progresses were
achieved in studying the PI system and its alterations in
human brain, many issues remain to be addressed with
special regard to the possible involvement in mood disor-
ders. In fact, further studies are required both to refine the
analysis of PLCB1 gene, of the PI-PLC β1 protein and to
extend the examination to other, more recently discovered
molecules involved in the PI signaling.

Moreover, further studies might also help to clarify the
complex interplay in the network of signal transduction path-
ways acting in the nervous system (Lo Vasco and Polonia
2012). To understand the role, the timing of action and the
interplay of the signalling pathways recruited in the nervous
system might allow the delineation of the pathogenesis and
the clinical history of a number of nervous diseases. That will
be helpful in order to define the diagnosis and prognosis,
which often are difficult to define. This promising field of
research might also provide useful insights in order to open
the way to novel therapeutic strategies.

Although the I-FISH methodology does not allow the
identification of all the possible abnormalities of the PLCB1
gene, it might be useful as a screening method. The interphase
hybridisation technique, used to identify DNA sequences in
nuclei offers a great advantage (Lo Vasco and Polonia 2012).
In fact, I-FISH makes unnecessary the availability of live cells
to culture in order to obtain metaphase chromosomes, widen-
ing the availability of human brain biopsies to analyze for
population studies using stored samples.
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