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SUMMARY Prolyl oligopeptidase (POP) is a serine endopeptidase that hydrolyses proline-
containing peptides shorter than 30 amino acids. POP may be associated with cognitive func-
tions, possibly via the cleavage of neuropeptides. Recent studies have also suggested novel
non-hydrolytic and non-catalytic functions for POP. Moreover, POP has also been proposed
as a regulator of inositol 1,4,5-triphosphate signaling and several other functions such as cell
proliferation and differentiation, as well as signal transduction in the central nervous sys-
tem, and it is suspected to be involved in pathological conditions such as Parkinson’s and
Alzheimer’s diseases and cancer. POP inhibitors have been developed to restore the de-
pleted neuropeptide levels encountered in aging or in neurodegenerative disorders. These
compounds have shown some antiamnesic effects in animal models. However, the mecha-
nisms of these hypothesized actions are still far from clear. Moreover, the physiological role
of POP has remained unknown, and a lack of basic studies, including its distribution, is ob-
vious. The aim of this review is to gather information about POP and to propose some novel
roles for this enzyme based on its distribution and its discordant spatial association with its
best known substrates. (J Histochem Cytochem 57:831–848, 2009)
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PROLYL OLIGOPEPTIDASE (POP) activity was identified first
by Walter et al. (1971) in the human uterus, where it
was found to cleave oxytocin. POP is an 80-kDa serine
protease belonging to the family S9 of the serine car-
boxypeptidase clan (Rawlings and Barrett 1994). The
closest phylogenetic relatives to POP are dipeptidyl pep-
tidase IV (DPPIV; EC 3.4.14.5), acylaminoacyl peptidase
(EC 3.4.19.1), and oligopeptidase B (EC 3.4.21.83)
(Rawlings and Barrett 1994; Venäläinen et al. 2004).
The POP family has ancient origins, and it is widely dis-
tributed in organisms ranging from bacterial and ar-
chaeal species to humans; only fungi do not seem to
possess a POP enzyme (Venäläinen et al. 2004). How-
ever, homologs of the S9A peptidase family are present

in some fungi species (MEROPS peptidase database;
Rawlings et al. 2008).

In humans and rats, POP enzyme activities have
been found in most tissues, with the highest enzyme ac-
tivity generally detected in brains (Kato et al. 1980b;
Daly et al. 1985; Fuse et al. 1990; Irazusta et al. 2002).
Moreover, low POP-like activities can be measured in
all body fluids (Goossens et al. 1996; Garcia-Horsman
et al. 2007). POP is mainly a cytosolic enzyme (Dresdner
et al. 1982), although Schulz et al. (2005) reported a
close association between POP and microtubules in
glial and neural cell lines. POP activity has also been
detected in close association with cell membranes
(Tenorio-Laranga et al. 2008).

In most animal species, POP is 710 amino acids long.
It has a cylindrical shape with a height of 60 Å and a
diameter of 50 Å (Fülop et al. 1998). The peptidase
domain is formed by N and C termini (residues 1–72
and 428–710) containing the catalytic triad (Ser554,
Asp641, His680). POP has a cylindrical shape, where
in addition to the peptidase component, the seven-
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bladed b-propeller domain is radially arranged around
the central tunnel and is embedded within the cylinder.
Concerted movements of the peptidase and b-propeller
domains are thought to be required for enzyme func-
tion in which a substrate induces an opening at the
interface of the two domains when entering the active
site of POP (Szeltner et al. 2004). It has been suggested
that the small size of the interface opening presumably
prevents peptide substrates larger than 30 mer from
entering into the active site of the mammalian POP.

The primary function of POP is thought to be the hy-
drolysis of the -Pro-Xaa- bond, where Xaa is any amino
acid other than proline (Polgar 1994; Cunningham and
O’Connor 1998). Several bioactive neuropeptides, such
as substance P (SP), thyrotropin-releasing hormone
(TRH), arginine-vasopressin (AVP), bradykinin, and
neurotensin, are known to be POP substrates in vitro
(for reviews, see Polgar 1994; Garcia-Horsman et al.
2007; Männistö et al. 2007). Many of these neuropep-
tides are associated with memory and learning (Huston
and Hasenohrl 1995; Cunningham and O’Connor
1997), and also with neurodegenerative disorders such
as Parkinson’s and Alzheimer’s diseases (Hasenohrl
et al. 2000; Harrison and Geppetti 2001; Hökfelt et al.
2003). Furthermore, changes in POP enzyme activity
or expression of the POP protein in tissues have been
observed during aging (Agirregoitia et al. 2003; Rossner
et al. 2005) and in various diseases such as Parkinson’s

and Alzheimer’s diseases, suggesting a role for POP in
these disorders via the relevant neuropeptide cleavage
(Table 1; Aoyagi et al. 1990; Mantle et al. 1996; Kato
et al. 1997; Shinoda et al. 1997). These findings have
served as a rationale for the development of POP in-
hibitors, several of which have been successfully tested
in different animal models of memory and learning
(Yoshimoto et al. 1987; Toide et al. 1995a; Shinoda
et al. 1996; Toide et al. 1997; Morain et al. 2002;
Jalkanen et al. 2007; Männistö et al. 2007). In some
studies, POP inhibitors have also restored declining neu-
ropeptide levels, e.g., SP (Toide et al. 1996; Bellemere
et al. 2003), TRH, AVP (Toide et al. 1995b,1996;
Bellemere et al. 2005), in the rat cerebral cortex and hip-
pocampus. In addition to the restoring effects of POP
inhibitors on brain neuropeptide levels, studies with
opposite results have been published (Jalkanen et al.
2007). Moreover, when critically evaluating the results
achieved by treatment with POP inhibitors, their effects
on neuropeptide levels in the brain have not been con-
vincing. It is, for example, hard to explain why repeated
treatment with POP inhibitors does not elevate neu-
ropeptide levels although acute administration does
(Männistö et al. 2007).

POP is able to hydrolyze also some other peptide
bonds in addition to -Pro-Xaa. Leprince et al. (2006)
observed that POP can break Ala-Thr and Val-Gly pep-
tide bonds of octadecaneuropeptide in a POP inhibi-

Table 1 Suggested associations for POP in different disorders and physiological conditions

Condition Based on Reference

Diseases
Alzheimer’s disease Increased enzyme activity Aoyagi et al. 1990

Decreased enzyme activity Mantle et al. 1996
Bipolar disorder Decreased plasma enzyme activity Breen et al. 2004
Cancer Increased enzyme activity Goossens et al. 1996

Increased protein amount Myöhänen et al. unpublished data
Huntington’s disease Decreased enzyme activity Mantle et al. 1996
Hypertension Increased enzyme activity Cicilini et al. 1994; Goossens et al. 1996
Inflammation Increased enzyme activity Kamori et al. 1991; Kakegawa et al. 2004
Lewy’s body dementia Decreased enzyme activity Mantle et al. 1996
Parkinson’s disease Decreased enzyme activity Mantle et al. 1996

Physiological functions
Aging Increased enzyme activity Agirregoitia et al. 2003

Increased protein amount Rossner et al. 2005
Cell proliferation/differentiation/maturation Increased enzyme activity during ontogenesis Kato et al. 1980a; Fuse et al. 1990;

Agirregoitia et al. 2007
Changes in POP protein localization

during maturation
Moreno-Baylach et al. 2008

Nuclear localization in peripheral tissues Myöhänen et al. 2008c
Blockade of cell differentiation and proliferation

after POP inhibitor administration
Ohtsuki et al. 1994,1997b

Inositol (1,4,5)-triphosphate (IP3) signalling Increased IP3 levels after POP inhibitor dosing Schulz et al. 2002; Williams et al. 2002
Neuronal protection POP inhibitors prevented the formation of cell

stress-related factors
Puttonen et al. 2006

Protein secretion POP closely localized with microtubules Schulz et al. 2005

POP, prolyl oligopeptidase.
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tor–sensitive manner but with lower efficacy than the
proline bond. POP has also been shown to hydrolyze
the Cys-Xaa peptide bond in the novel neuroprotective
peptide, humanin (Bär et al. 2006). Moreover, Cavasin
et al. (2004) revealed that POP is responsible for the
production of the antifibrotic peptide Ac-SDKP derived
from its precursor, thymosin b4. However, because
thymosin-b4 is 43 amino acids long, they suggested
that it must be hydrolyzed into a smaller size by other
peptidases, resulting in the truncation of thymosin b4
before being hydrolyzed by POP and release of Ac-
SDKP from the N terminus. Similarly, Brandt et al.
(2005) showed in vitro that POP cleaved fragments that
belong to larger proteins, such as a-synuclein and b-
hemoglobin. Additionally, POP is also able to metabo-
lize the oncolytic drug tasidotin at the carboxyl side of
tert-butylalamine (Bai et al, 2009).

Nevertheless, some roles beyond direct neuropeptide
cleavage have quite early been proposed for POP.
Williams and Harwood (2000) found that POP may be
involved in the regulation of inositol 1,4,5-triphosphate
(IP3) signaling, because Dictyostelium with a disrupted
POP gene (dpoA) was resistant to lithium (Li1)-induced
depletion of IP3 levels. In further support of this hypoth-
esis, administration of a POP inhibitor restored this Li1-
induced depletion of IP3 in the wild-type Dictyostelium
cells and mammalian cells (Williams and Harwood
2000; Schulz et al. 2002). The mechanism of this action
is still unclear, but POP may be able to regulate the
synthesis of IP3 via the multiple inositol polyphosphate
phosphatases (Williams and Harwood 2000; Harwood
and Agam 2003) or intracellular calcium levels via the
short sequence of PEP-19, a calmodulin binding poly-
peptide (Brandt et al. 2005). Recently, Di Daniel et al.
(2009) suggested that POP is able to regulate cell phos-
phoinositode system via protein–protein interactions
with growth-associated protein (GAP)-43.

Furthermore, the effects of different mood-stabilizing
drugs on both POP and IP3 levels in the cell have been
studied (Williams et al. 2002; Harwood and Agam
2003; Williams 2005), and Cheng et al. (2005) even sug-
gested that POP could be a direct target for valproic acid
(VPA), because this anti-epileptic drug was shown to
inhibit POP in vitro. However, subchronic administra-
tion of a POP inhibitor (JTP-4819) had no significant
effect on the IP3 levels in rat cerebral cortex and hippo-
campus (Jalkanen et al. 2007). One suggested function
for POP is as a molecular timer via the cis-trans isomer-
ization of proline (Lu et al. 2007; Ikura et al. 2008),
although the ability of POP to undertake cis-trans isom-
erization may not be very significant (Brandt et al.
2008). Prolyl isomerization has been considered to be
involved in several biological processes, such as cell cy-
cle, cell signaling, and gene expression (Lu et al. 2007;
Ikura et al. 2008), that would have explained the
mechanism of some of the POP effects.

Reported involvement of POP in proliferation and dif-
ferentiation in Sarcophaga peregrina (flesh fly; Ohtsuki
et al. 1994), mouse cells (Ishino et al. 1998), or cere-
bellar granule cells in culture (Moreno-Baylach et al.
2008) is difficult to explain in terms of the peptide
hydrolytic capacity of this protein. However, POP in-
hibitors have been able to arrest cell cycle and differen-
tiation in some of these systems, although this effect
might occur owing to neurotoxic effects, because the
concentration of the POP inhibitor in these studies
was extremely high (Ohtsuki et al. 1994,1997b). In-
terestingly, Di Daniel et al. (2009) showed, using
POP knock-out mice, that POP is involved in neuronal
growth and that this action is not dependent on catalytic
activity but rather on protein–protein interactions. POP
inhibitors have also shown some minor neuroprotective
characteristics (Puttonen et al. 2006). Moreover, Schulz
et al. (2005) have proposed a role for POP in protein
secretion due to the close association between POP
and cell microtubules (Schulz et al. 2005). However, it
is not known whether these functions result from puta-
tive peptide cleavage or from a non-hydrolytic function.

Despite intensive research, the true physiological
role of POP is still practically unknown. Using tissue,
cellular, and subcellular distribution data, we have
tried to clarify whether the spatial distribution of the
POP enzyme and its under-30-mer proline-containing
peptide substrates would make hydrolysis possible. If
that does not appear realistic, we also explored the
possibility that a colocalization of POP and some cellu-
lar mediators would provide a rationale for alternative,
perhaps non-hydrolytic, even non-catalytic functions
for POP protein.

Distribution of POP mRNA, Amount of POP
Protein, and Enzymatic Activity of POP in
Peripheral Tissues

Distribution of POP Coding mRNA in
Peripheral Tissues

In high-throughput gene expression profiling (Geno-
mics Institute of the Novartis Research Foundation,
GNF SymAtlas; Su et al. 2002), the highest levels of
human POP mRNA have been found in the testis and
different types of lymphocytes (Table 2). In contrast to
the enzymatic activity studies, the amount of POP
mRNAwas approximately the same in internal organs,
such as the liver, lungs, and pancreas, and the brain. In
the rat, the most abundant POP mRNA expression was
observed in the kidney and endothelial cells, whereas in
the mouse, the expression was the highest in the thymus.

Distribution of Immunoreactive POP Protein in
Peripheral Tissues

The distribution of POP by immunohistochemistry was
not comprehensively studied before our studies, and
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only partial localizations from cell cultures and brains
(Ishino et al. 1998; Rossner et al. 2005; Schulz et al.
2005), testis (Kimura et al. 2002), and flesh fly (Ohtsuki
et al. 1997b) had been done. The specificity of our anti-
body in various tissues/species was tested with several
methods (Myöhänen et al. 2007,2008b). It did not react
with DPPIV, the closest relative of POP. However, most
of our distribution studies are made by using one POP
antibody because reliable commercial antibodies are
not available.

In peripheral tissues, POP protein was widely but
unevenly distributed, and it was present in various cells
of different organs, without any cell-type specificity
(Myöhänen et al. 2008c). The highest amount of
POP protein was seen in the brain, but almost equally
high levels of POP immunoreactivity were found in the
kidney, testis, and thymus. POP was also clearly de-
tectable in the urinary bladder, lungs, and heart. How-
ever, only a low amount of POP protein was detected
in the liver.

It is important to note that in peripheral tissues, im-
munoreactive POP was present also in the nuclei and
not only in the cytoplasm of the cells (Myöhänen et al.

2008c). Generally, POP has been considered a cytosolic
enzyme, but a membrane-bound form has been de-
scribed (Dresdner et al. 1982; O’Leary and O’Connor
1995; Garcia-Horsman et al. 2007; Tenorio-Laranga
et al. 2008). POP protein and enzymatic activity have
been detected in the nucleus of the non-neuronal cell
lines (Ishino et al. 1998) and also in neuronal cell cul-
tures, but only early in development (Table 3; Moreno-
Baylach et al. 2008). Furthermore, in Sarcophaga
peregrina (flesh fly), POP was widely distributed in
the tissues, in both cytoplasm and nucleus (Table 3;
Ohtsuki et al. 1997a,b).

It is interesting that POP sequence does not con-
tain information for nuclear transport (NetNES; la Cour
et al. 2004). That may be important when defining the
physiological role of POP.

Distribution and Regulation of Enzymatic Activity of
POP in Peripheral Tissues

The knowledge of distribution of POP in peripheral
tissues is based primarily on enzyme activity measure-
ments. These measurements have been made using

Table 2 The distribution of immunoreactive POP protein (POP-IHC), POP coding mRNA, and POP enzyme activity in various studies

Enzyme activity

Brain
References Irazusta et al. 2002 Kato et al. 1980b Agirregoitia et al. 2005 Irazusta et al. 2002 Fuse et al. 1990 Daly et al. 1985
Species Human Human Sprague-Dawley rat Sprague-Dawley rat Wistar rat Wistar rat

Cortex 111 111 111 111 111 111

Striatum 11 1 111 111

Cerebellum 1 1 111 11

Hippocampus 11 111

Hypothalamus 11 11 11

Thalamus
Substantia nigra

Peripheral tissues
References Goossens et al. 1996 Kato et al. 1980b Agirregoitia et al. 2005 Myöhänen et al. 2008c Fuse et al. 1990 Daly et al. 1985
Species Human Human Sprague-Dawley rat NMRI mouse Wistar rat Wistar rat

Lung 11 1 11 1 111

Kidney 111 111 1 1 111 1

Spleen 11 1 1

Liver 111 111 111

Urinary bladder 1 1

Testis 111 111 11

Heart 1 11 1 1

Gut 1

Skeletal muscle 11

Cells
References Goossens et al. 1996 Schulz et al. 2005 Mentlein et al. 1990 Koshiya et al. 1984
Species Human Human Wistar rat Wistar rat

Neurons 111 111 111

Astrocytes 11 111

Oligodendrocytes 1 1

Lymphocytes 11

Epithelial cells 111

111, high expression; 11, moderate expression; 1, low expression; ND, not detectable; NMRI, Navy Medical Research Institution.
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substrates with a suitable Pro-X bond, where X is a
fluorescent compound such as b-naphthylamine or
4-methylcoumarin that is liberated after POP cleavage.
POP activities have been found in peripheral tissues
such as the rat skeletal muscle (Daly et al. 1985; Fuse
et al. 1990), testis, liver, kidney, lung, renal cortex,
heart, and gut (Kato et al. 1980a,b; Fuse et al. 1990;
Goossens et al. 1996; Agirregoitia et al. 2005). The
results of these studies are somewhat inconsistent (Ta-
ble 2), possibly owing to different assay conditions,
especially regarding the nature of the substrate and
its concentration. Generally, in the rat, the highest POP
activities have been found in the brain (Kato et al.
1980b; Irazusta et al. 2002; Agirregoitia et al. 2005),
but Fuse et al. (1990) found the highest activities in
the kidney. In humans, the highest enzyme activities
were reported from cancerous tissues and in healthy
samples from the epithelial cells, kidney, and testis
(Goossens et al. 1996). In the mouse, the highest en-
zyme activity was detected in the liver, followed by tes-
tis (Myöhänen et al. 2008c). Surprisingly, the activity
in the brain was only moderate, and even lower activ-
ities were measured from the urinary bladder, adrenal
gland, and kidney (Myöhänen et al. 2008c).

Distribution of POP mRNA, Amount of POP
Protein, and Enzymatic Activity in the Central
Nervous System (CNS)
POP has been studied most intensively in the brain. In
enzyme activity measurements, the highest activities
have been generally found in the brain, especially in
the cerebral cortex (Kato et al. 1980b; Daly et al. 1985;
Irazusta et al. 2002; Agirregoitia et al. 2005). More-
over, a rationale for POP inhibitor development was
to prevent memory and learning disorders in neuro-
degenerative disease by inhibiting the POP-mediated
degradation of neuropeptides to elevate neuropeptide
levels in the brain (Kato et al. 1980a; Cunningham
and O’Connor 1997). High POP activity in the brain
and effects of POP inhibitors on memory and learning
models gave rise to the presumption that POP would
have an important physiological function in the brain.

Distribution of POP Coding mRNA in the CNS

Bellemere et al. (2004) studied the distribution of the
POP mRNA in the rat brain and pituitary by quantita-
tive RT-PCR analysis and in situ hybridization. The
highest amounts of POP mRNAwere found in the cer-

Table 2 (continued)

mRNA POP-IHC

GNF SymAtlas, Su et al. 2002 Bellemere et al. 2004 Myöhänen et al. 2007 Myöhänen et al. 2008b
Human Wistar rat Human Wistar rat

11 11 111 111

1 11 111 111

1 111 111 111

11 111 111

11 111 ND
11 11 11

1 111 111

GNF SymAtlas, Su et al. 2002 Myöhänen et al. 2008c
Human NMRI mouse

1 11

111

1 1

11

11 111

1 1

GNF SymAtlas, Su et al. 2002 Myöhänen et al. 2008b
Human Wistar rat

111

ND

111
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ebellum and hypothalamus. Interestingly, the amounts
of mRNA in the cerebral cortex were only approxi-
mately half those found in the cerebellum (Bellemere
et al. 2004), even though in terms of enzyme activity
measurements, the situation was reversed (Table 2).
Minor amounts of POP mRNA were observed in the
substantia nigra, medulla oblongata, and spinal cord.
In the high-throughput gene expression profiling, the
POP mRNA levels have been generally rather similar
throughout the different brain areas. In the human
brain, the highest POP mRNA levels have been found
in the hypothalamus and prefrontal cortex, with the
lowest levels present in the cerebellum (Table 2, GNF
SymAtlas; Su et al. 2002). In the mouse brain, substan-
tial amounts of POP mRNAwere found in the cerebel-
lum, whereas in the rat, the highest levels were detected
in the hippocampus and dorsal striatum. In these spe-
cies, there were no major differences in the levels of the
expression of POP mRNA in different brain regions
(GNF SymAtlas; Su et al. 2002).

Distribution of Immunoreactive POP Protein in the CNS

We recently studied the distribution of POP protein at the
microscopic level in human and rat brains (Myöhänen
et al. 2007) and at the cellular and subcellular level in
the rat brain (Myöhänen et al. 2008b). A summary of
these studies is presented in Tables 2–4.

In the brain, POP was expressed rather evenly and
widely in all cortical brain areas and more specifically
in some nuclei (Myöhänen et al. 2007). Generally,
POP was present in the gray matter, whereas axons

were devoid of POP immunoreactivity. In both human
and rat brains, POP was extensively present in the
nigrostriatal pathway, i.e., substantia nigra and stria-
tum (Tables 2 and 4; Myöhänen et al. 2007,2008b).
Generally, in the rat brain cortex, the staining was
particularly intense in the large and medium-sized py-
ramidal cells and apical dendrites of layers II-VI (Ta-
ble 4; Myöhänen et al. 2008b).

High levels of POP protein were seen in both the rat
and human hippocampi (Myöhänen et al. 2007), espe-
cially in the pyramidal neurons and apical dendrites of
the CA1 field (Myöhänen et al. 2008b). Furthermore,
in the areas with close connections to the hippocam-
pus, such as the indusium griseum and lateral septal
area, POP immunoreactivity was particularly intense.
(Myöhänen et al. 2008b). In other limbic system areas,
such as nucleus accumbens and frontal cortex, POP
protein was present from a low to a moderate degree
(Table 4; Myöhänen et al. 2008b).

In the cerebellum, the expression of POP protein
was high in the cortex and Purkinje cells. Both the so-
mas and the dendrites of the molecular cell layer were
intensively immunostained. In contrast, the granular
cell layer virtually lacked POP-immunoreactive cells
(Myöhänen et al. 2007,2008b).

Moderate POP staining was found in different ante-
rior and medial thalamic nuclei, and in lateral and
medial geniculate nuclei, the expression of POP pro-
tein was high (Table 4; Myöhänen et al. 2007,
2008b). In the hypothalamus, practically no immuno-
reactive POP has been detected, with the exception of

Table 3 Subcellular localization of POP in tissues and cell lines

Tissue/cell line Cytoplasm
Cell

membranes Microtubulus RER
Golgi

apparatus Mitochondria Nucleus Method Reference

Rat brain 111 1 2 1 1 2 2 IHC-EM Myöhänen
et al. 2008b

Rabbit brain 111 1 Activity Dresdner
et al. 1982

Mouse brain 111 IFL Rossner et al. 2005
Human glioma cell line

(LN-405)
111 11 IFL Schulz et al. 2005

Neuroblastoma cell line
(SH-SY5Y)

111 11 IFL Schulz et al. 2005

Mouse peripheral tissues 11 111 IHC Myöhänen
et al. 2008c

Cerebellar neurons (primary culture)
Young 11 111 FLI/WB/Activity Moreno-Baylach

et al. 2008
Mature 11 1 0 FLI/WB/Activity Moreno-Baylach

et al. 2008
Aged 111 1 0 FLI/WB/Activity Moreno-Baylach

et al. 2008
Swiss 3T3 cell culture 11 11 IFL Ishino et al. 1998
Sarcophaga peregrina

(flesh fly) embryonic cells
1 111 IFL Ohtsuki et al. 1994

The densities of POP in cell structures: 2, no POP; 1, low density of POP; 11, moderate density of POP; 111, high density of POP. FLI, fluorescent POP-inhibitor;
IFL, immunofluorescence; IHC, immunohistochemistry; IHC-EM, immuno-electronmicroscopy; RER, rough endoplasmic reticulum; WB, Western blotting.
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Table 4 The distribution of POP immunoreactivity in the rat brain and its colocalizations with g-aminobutyric acid (GABA)ergic
(GAD 65/67), cholinergic (ChAT), inositol 1,4,5-triphosphate type 1 receptor (IP3R1), and substance P (SP) markers

Structure
Expression
of POPa

Colocalization of POP
with GAD 65/67a (%)

Colocalization of POP
with ChATa (%)

Colocalization of POP
with IP3R1

b (%)
Colocalization of POP

with SPb (%)

Forebrain and cerebral cortex
Agranular insular cortex 11 58 6 2.6 42 6 3.1 58 6 4.7 20 6 3.5
Auditory cortex, primary 111 37 6 4.4 41 6 2.9 46 6 5.7 39 6 2.9
Cingulated cortex 1 23 6 1.7 31 6 3.9 42 6 3.8 31 6 5.6
Granular insular cortex 111 34 6 2.2 36 6 2.0 47 6 2.8 33 6 3.5
Infralimbic cortex 1 50 6 4.7 38 6 3.3 53 6 2.4 27 6 2.5
Lateral entorhinal cortex 11 45 6 4.0 36 6 3.3 57 6 1.0 35 6 2.7
Motor cortex, primary

Layer 1 0 2 2 2 2

Layer 2 11 54 6 4.9 21 6 2.8 56 6 1.5 29 6 4.8
Layer 3 111 50 6 2.4 32 6 2.5 31 6 2.9 35 6 3.8
Layer 4 11 43 6 1.4 30 6 7.0 35 6 1.5 34 6 0.5
Layer 5 111 35 6 4.2 37 6 3.3 40 6 2.5 35 6 2.3
Layer 6 111 45 6 5.3 40 6 2.7 37 6 2.5 22 6 2.9

Piriform cortex 111 43 6 3.6 53 6 3.4 63 6 9.8 25 6 1.2
Prelimbic cortex 1 34 6 4.7 38 6 3.4 52 6 2.1 35 6 4.8
Retrosplenial cortex 11 46 6 2.7 57 6 4.6 38 6 4.2 25 6 5.6
Somatosensory cortex, primary

Layer 1 0 2 2 2 2

Layer 2 111 37 6 1.5 33 6 5.6 40 6 7.1 24 6 1.9
Layer 3 111 43 6 6.7 39 6 4.2 32 6 4.3 28 6 1.1
Layer 4 11 37 6 4.4 38 6 1.7 53 6 6.4 29 6 3.6
Layer 5 111 42 6 2.3 36 6 3.8 54 6 7.0 38 6 3.0
Layer 6 111 44 6 5.6 39 6 2.8 57 6 2.8 39 6 6.4

Visual cortex, primary 11 35 6 3.4 28 6 3.6 31 6 2.3 33 6 1.9
Claustrum 111 43 6 3.3 44 6 6.4 51 6 4.8 26 6 3.4
Lateral globus pallidus 11 44 6 2.3 26 6 1.8 38 6 2.7 30 6 4.5
Striatum 111 61 6 2.9 29 6 3.2 36 6 5.2 26 6 2.2
Ventral pallidum 111 45 6 2.9 28 6 3.6 59 6 7.9 29 6 6.1
Nucleus accumbens

Core 11 37 6 3.2 42 6 4.9 38 6 3.0 31 6 2.8
Shell 1 32 6 3.1 45 6 3.3 42 6 2.3 35 6 1.5

Hippocampus
CA1 111 27 6 2.1 31 6 3.7 87 6 7.6 27 6 2.9
CA2 11 25 6 2.2 29 6 4.3 83 6 3.3 28 6 4.3
CA3 11 23 6 3.4 26 6 3.6 87 6 4.6 26 6 3.2
Dentate gyrus 1

Stratum laconosum 111

Indusium griseum 11 55 6 4.1 26 6 2.5 34 6 4.5 21 6 4.7
Lateral septal area 111 36 6 7.0 2

Midbrain
Substantia nigra 11 58 6 3.5 27 6 4.4 25 6 4.1 23 6 2.9
Ventral tegmental area 0
Red nucleus 0
Superior colliculus 0
Inferior colliculus 0

Thalamus and hypothalamus
Ventroposterior nuclei 11 43 6 3.9 34 6 5.2 78 6 3.9 32 6 3.5
Posterior thalamic nuclear group 11 46 6 2.4 43 6 2.5 86 6 4.3 40 6 3.8
Laterodorsal thalamic nucleus 11 42 6 2.4 34 6 3.2 85 6 3.5 32 6 3.7
Mediodorsal thalamic nucleus 11 45 6 6.4 35 6 2.6 83 6 1.6 35 6 3.6
Ventromedial thalamic nucleus 11 42 6 4.9 34 6 1.5 66 6 7.2 38 6 6.6
Medial geniculate nucleus 11 38 6 5.2 34 6 1.9 71 6 6.6 25 6 4.6
Lateral geniculate nucleus 11 49 6 5.5 35 6 3.3 44 6 7.4 30 6 2.2
Medial mammillary nucleus 1

Continued on next page
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the medial mamillary nucleus (Table 4; Myöhänen et al.
2007,2008b).

Even though POP activities have been detected in
astroglial cell lines (Table 2; Mentlein et al. 1990;
Schulz et al. 2005), no immunoreactive POP protein
was seen in the brain astrocytes (Rossner et al. 2005;
Myöhänen et al. 2008b).

Enzymatic Activity of POP in the CNS

POP activities have been found in various brain areas.
Kato et al. (1980b) studied the distribution of POP ac-
tivity in the human brain and found the highest activity
in the cerebral cortex, whereas other areas exhibited
much lower activities. Similar results were obtained
in the rat brain by Daly et al. (1985), who also found
a rather high POP activity in the cerebellum and slightly
lower activity in the brain stem. Also, in the other dis-
tribution studies conducted in the rat, the highest POP
activities were found in the cortex (Table 2; Fuse et al.
1990; Irazusta et al. 2002; Agirregoitia et al. 2005). In
the rat brain, lower POP activities have been analyzed in
the hypothalamus (Fuse et al. 1990; Irazusta et al.
2002), hippocampus, cerebellum, and amygdala (Irazusta
et al. 2002). Moreover, Agirregoitia et al. (2005) mea-
sured similar levels of POP activities in the rat cortex,

striatum, and cerebellum. However, it was difficult to
make a valid comparison of various studies because
different substrates and conditions have been used (Ta-
ble 2). Furthermore, the presence of a putative endog-
enous POP inhibitor (Yoshimoto et al. 1982; Salers
1994; Yamakawa et al. 1994) and other possible regu-
lators of POP activity may have influenced the results
(Figure 1).

The distribution of POP activity between different
neuronal cell types has been analyzed in a few stud-
ies (Table 2). Mentlein et al. (1990) measured the
highest enzyme activity in rat neurons, followed closely
by astrocytes, and concluded that POP was expressed
in both the neurons and glial cells. The POP activity
was low in the oligodendrocytes. Schulz et al. (2005)
measured POP activities in rat neuron-, astrocyte-,
oligodendrocyte-, and microglial-rich primary cultures,
with POP activity significantly higher in neurons than
in glial cells, where moderate POP activity was seen
only in the astrocytes.

Subcellular Localization of POP in the CNS

In addition to cytosol (Dresdner et al. 1982; Schulz et al.
2005), POP activity has been found bound to the mem-
branes of a variety of cell lines (Chappell et al. 1990)

Table 4 (continued )

Structure
Expression
of POPa

Colocalization of POP
with GAD 65/67a (%)

Colocalization of POP
with ChATa (%)

Colocalization of POP
with IP3R1

b (%)
Colocalization of POP

with SPb (%)

Forebrain and cerebral cortex
Cerebellum

Purkinje cells and molecular layer 111 90 6 3.7 2 77 6 5.8 45 6 6.1
Granular layer 0 2 2

Medulla 0

aData from Myöhänen et al. (2008b).
bData from Myöhänen et al. (2008a).
The densities of POP immunoreactive cells in brain structures: 0, no POP immunoreactivity;1, low density of POP;11, moderate density of POP; 111, high density
of POP; 2, not detectable. Data are presented as mean 6 SEM.

Cerebellum and pons

Figure 1 The relationship between
prolyl oligopeptidase (POP) mRNA,
protein, and active enzyme is not
straightforward. Posttranslational
modification or trafficking of POP
protein might explain the differences
between POP mRNA and mature pro-
tein. An endogenous POP inhibitor or
other compounds may be able to
modulate the activity of POP. How-
ever, it is not known how these com-
pounds are regulated.
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and in the synaptosomal fractions of the bovine brain
(O’Leary and O’Connor 1995). This form of POP is
able to hydrolyze in vitro the same substrates as the
soluble, cytosolic form (O’Leary et al. 1996), but its
activity or amounts are lower than those of the cytosolic
POP (Irazusta et al. 2002; Agirregoitia et al. 2005).

Generally, POP activity has been found in cytosol
(Table 3; Dresdner et al. 1982; Rossner et al. 2005;
Schulz et al. 2005; Myöhänen et al. 2008b), al-
though in the study by Dresdner et al. (1982), POP
activity was found in the mitochondrial fraction.
Moreover, Schulz et al. (2005) used immunofluores-
cence techniques to reveal that POP was attached to
the main component of the microtubulin cytoskeleton,
tubulin, in human glioma cell lines. POP appeared to
be mostly localized in the perinuclear space of the cell
in human glioma and neuroblastoma cell lines, but not
in the nucleus.

In postembedding immunoelectron microscopy of
the rat brain, POP immunoreactivity was generally
and most abundantly found free in the cytoplasm
(Myöhänen et al. 2008b). However, some POP protein
was also attached to cell membranes, especially to the
intracellular membranes of the rough endoplasmic re-
ticulum (RER) and Golgi apparatus. However, we
failed to detect whether POP is in the extracellular or
intracellular part of the cell membrane. Some POP was
also found inside the axons and within their myelin
sheaths (Table 3; Myöhänen et al. 2008b).

Interestingly, POP was seen in the nucleus of cere-
bellar granular primary culture early in development
(Moreno-Baylach et al. 2008). However, as the culture
matured, POP seemed to depart from the nucleus to the
cytosol. The relevance of nuclear POP is discussed in
more detail in a later section.

As a summary, there seems to be a discrepancy be-
tween the distributions of enzymatic activity of POP,
POP mRNA, and POP protein (Tables 2 and 3). For
example, a large amount of the POP coding mRNA
(Bellemere et al. 2004) and POP protein (Tables 2 and
4) was detected in cerebellum, whereas enzyme activ-
ity fluctuated from low to high between the studies (Ta-
ble 2; Irazusta et al. 2002; Agirregoitia et al. 2005).
Moreover, we did not observe any POP protein in the
hypothalamus (Tables 2 and 4), whereas in the mRNA
study of Bellemere et al. (2004), POP coding mRNA
expression was high in the hypothalamus, and some
POP activities were also found in the hypothalamus
(Table 2; Fuse et al. 1990; Irazusta et al. 2002). The
regulation of POP activity and expression is discussed
in more detail in the next section.

All of these measurements show, however, that POP
is widely expressed in both the CNS and in the periph-
eral tissues. Generally, the highest levels of POP are
measured in the cerebral cortex in the CNS and in the
testis in peripheral tissues. The wide expression of POP

indicates that it must have a role in physiological func-
tions. Interestingly, there also seem to be differences
between POP expression in the tissues and in cell lines.
For example, POP activity has been detected in the
neural cells and POP protein in a glial cell line, whereas
in the tissues, this was not the case (Table 2). More-
over, in the peripheral tissues, POP was also expressed
in the nucleus, in contrast to the CNS. This disparity
might be explained as owing to the faster proliferation
in the cell lines and peripheral tissues when compared
with the CNS, and to possible effects of POP in the cell
proliferation. However, the studies dealing with the ex-
pression of POP in vivo might further clarify its physio-
logical effects.

Possible Regulators of the Enzymatic Activity
and Expression of POP in the CNS
As shown above, major differences are obvious when the
distribution of POP is judged based on the results of en-
zymatic activity, mRNA expression (high-throughput
gene expression profiling or in situ hybridization), and
immunohistochemistry (Figure 1; Table 2).

Several substances are able to modify the POP activ-
ity in the brain. Polyamines (e.g., spermine, spermidine)
activate POP, and they are able to reverse the effect of an
endogenous POP inhibitor in vitro (Soeda et al. 1986).
Moreover, treatment with a non-competitive N-methyl-
D-aspartate (NMDA) receptor antagonist, MK-801, was
shown to increase POP activity in the rat hippocampus
and cerebral cortex, whereas a g-aminobutyric acid
(GABA)A receptor blocker, pentylenetetrazol, and an
atypical antipsychotic drug, clozapine, decreased POP
activity in the same brain areas (Ahmed et al. 2005; Arif
et al. 2007). Moreover, oxidizing agents may inhibit
POP activity, at least in cell cultures (Tsukahara et al.
1990). Even changes in plasma volume and/or osmotic
pressure have been reported to affect the brain POP ac-
tivity (Irazusta et al. 2001).

In a microarray analysis conducted in tissue from
mouse hypothalamus and cortex (Jiang et al. 2001),
the POP gene expression in 22-month-old mice was
11-fold in hypothalamus, and in cerebral cortex it
was 2.7-fold higher than the values in 2-month-old
mice. In a supporting study, Rossner et al. (2005) used
immunohistochemistry to demonstrate increased POP
expression in the hippocampus of aged mouse. Further-
more, POP gene expression was downregulated by
2.6–2.7-fold after 3- to 6-hr exposure to an enriched en-
vironment (Rampon et al. 2000), pointing to the age-
and learning-dependent regulation of POP expression.

An endogenous POP inhibitor has been described
in several studies (Yoshimoto et al. 1982; Salers 1994;
Yamakawa et al. 1994). It was originally found and pu-
rified from the rat pancreas (Yoshimoto et al. 1982) and
a pancreatic cell line (Salers 1994) and subsequently
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identified also in regenerating rat liver (Yamakawa
et al. 1994). This cytosolic substance is a 6.5-kDa
POP-specific inhibitor (Ki value 2.6 mM) (Soeda et al.
1985; Salers 1994). However, this compound has
been biologically rather poorly characterized, and its
regulation and functions are still obscure. In addition,
estradiol-17b, progesterone (Ohta et al. 1992), and
cortisol (Yasuda et al. 1992) are able to increase POP
activity in the peripheral tissues (Figure 1).

The differences between POP protein and POP cod-
ing mRNA distribution may also be due to posttransla-
tional modification of POP (Figure 1). It still remains
unclear how the POP enzyme is transported from these
synthesis sites to the protein expression areas, if it is
transported at all. The sequence analyses of POP pro-
tein (Venäläinen et al. 2004) and its gene (Kimura et al.
1999), although very partial in the promoter region, in-
dicate that POP is mainly a cytosolic protein. Tenorio-
Laranga et al. (2008) have demonstrated that POP is
indeed associated to membranes and suggested that
palmitoylation may be the anchoring mechanism (Fig-
ure 1). That could explain the trafficking of POP across
the cell and its membrane interactions. However, the ef-
forts to confirm POP palmitoylation in vitro or in vivo
have been unsuccessful.

Another interesting fact is that phosphotyrosine
proteome studies have reported a phosphorylated form
of POP. Phosphorylation is believed to take place at the
Tyr71, but it is not known which kinase is responsible
or what the consequences of this kind of a modification
are (Luo et al. 2008).

Conclusively, there are several chemical and other
factors that can affect POP activity, possibly even protein
expression (Figure 1). Moreover, differences between the
expression profiles of POP determined by enzyme ac-
tivity, mRNA, and immunohistochemistry clearly point
to a strict endogenous regulation of POP, i.e., via en-
dogenous inhibitor and/or protein trafficking. Inter-
estingly, POP trafficking between the cytosol and the
nucleus occurs even though there is no nuclear trans-
port signal in the POP sequence. Nevertheless, more
studies on regulatory systems of POP, especially charac-
terization of endogenous inhibitor, are clearly needed.

Insights Into the Physiological Functions of POP
Protein Based on Its Distribution

Catalytic Functions

POP has traditionally been implicated in the metabo-
lism of short, under-30-mer, proline-containing pep-
tides, such as SP, TRH, and AVP (Walter 1976; Kato
et al. 1980a; Yoshimoto et al. 1981; Garcia-Horsman
et al. 2007), which are believed to be involved in mem-
ory and learning (Nillni and Sevarino 1999; Hasenohrl
et al. 2000; Rose and Moore 2002). Changes in these
neuropeptide levels have been reported in several neu-

rodegenerative diseases (Beal et al. 1987; Mantle et al.
1996). Moreover, POP and its effects on neuropeptide
metabolism have been widely studied in vitro and also,
to some extent, in vivo. In some studies, POP inhibitors
have been able to restore the neuropeptide levels in the
brain in vivo (Toide et al. 1995b; Bellemere et al.
2003,2005). However, in these studies, generally only
acute treatment with POP inhibitor caused a significant
increase in neuropeptide levels, whereas chronic treat-
ment failed to do so. Hence, it seems likely that the role
of POP in hydrolysis of its “traditional” substrates
in vivo may be overestimated.

One argument against the view that hydrolysis of
neuropeptides is the main function of POP in the brain
is the different cellular localizations of POP and its sub-
strates (Brandt et al. 2007; Myöhänen et al. 2008a).
Neuropeptides are released outside the cell directly from
the storage vesicles, whereas POP is thought to be
mainly an intracellular enzyme, though perhaps having
some putative membrane-bound form (Tenorio-Laranga
et al. 2008). How is it possible for an intracellular en-
zyme to metabolize neuropeptides released outside
the cell? One could speculate that membrane-bound
POP may be able to cleave neuropeptides in the vicinity
of the cell membrane, assuming that it is orientated
extracellularly. The location of the active site of the
membrane-bound form is, however, not known. More-
over, even though intracellular receptors for SP (Baude
and Shigemoto 1998; Levesque et al. 2007) and TRH
(Sun et al. 2003; Cook and Hinkle 2004) have been
found, these are more likely to be the result of internal-
ization during receptor recycling during a desensitiza-
tion event. In that situation, the normal stimulating
ligands are not able to activate the receptors in the in-
tracellular space (Hökfelt et al. 2003; Sun et al. 2003;
Cook and Hinkle 2004). This contradiction may be the
reason for inconsistent effects of POP inhibitors on neu-
ropeptide levels in the brain (Männistö et al. 2007).
Moreover, when we studied the spatial association of
POP, SP, and its NK-1 receptor in the rat brain, a rather
poor colocalization was found (Table 4). Only in the
cerebellar Purkinje cells was the colocalization moder-
ate (Table 4; Myöhänen et al. 2008a). Furthermore,
POP containing GABAergic neurons only rarely colo-
calized with SP, although SP and GABAwere commonly
found in the same cells (Myöhänen et al. 2008a) and
GABAergic cells are known to utilize SP as a neurotrans-
mitter (McGinty 2007). Therefore, it seems that POP
may have some other functions beyond the cleavage of
SP and possibly other neuropeptides. One alternative
explanation could be an involvement of POP in the pro-
cessing of the immature forms of proline-containing
peptides, because POP has been detected in the RER
and Golgi apparatus (Table 3; Myöhänen et al. 2008b).

Although there are only a few studies that have ex-
amined the involvement of POP in peptide hydrolysis
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in the peripheral tissues, some associations have been
found. Elevated POP activity has been reported in in-
flammation (Kamori et al. 1991; Kakegawa et al.
2004), where a general mediator is SP. Furthermore,
SP is highly expressed in the lymphocytes and T cells,
where enzymatic POP activity and expression are also
high (Shirasawa et al. 1994; Vanhoof et al. 1994;
Goossens et al. 1996). However, there are no in vivo
studies demonstrating that POP is able to hydrolyze
SP in the peripheral tissues. There is an intense expres-
sion of TRH in the pancreas, where TRH is synthesized
in the insulin-producing b cells (Leduque et al. 1989).
Although the presence of POP in the pancreas has not
been consistently reported (Yoshimoto et al. 1982; Fuse
et al. 1990; Salers 1994), its possible involvement in
controlling the level of pancreatic TRH in rats during
development was evaluated by Salers et al. (1991).
These workers reported that even though POP de-
graded TRH in vitro, it failed to do so in vivo. Interest-
ingly, the activity of POP is decreased in atria and
increased in ventricles as a consequence of hyperten-
sion such as that seen in nephrectomized rats with left
renal artery obstruction (Cicilini et al. 1994). Moreover,
a clear correlation was observed between angiotensin-
converting enzyme and POP activity in patients suffer-
ing from renovascular hypertension (Goossens et al.
1996). POP may regulate these actions via the cleav-
age of kidney neuropeptides, such as AVP (Lee et al.
2003). However, there is no direct proof that POP is
involved in AVP hydrolysis in vivo or that the changes
of POP activity in hypertension are caused by altered
AVP cleavage.

Because POP inhibitors have been relatively ineffec-
tive in modulating neuropeptide levels in vivo and
there is a lack of other direct in vivo results showing
that POP significantly hydrolyzes bioactive peptides
(Männistö et al. 2007), functions for POP other than
direct neuropeptide cleavage should be seriously con-
sidered. Di Daniel et al. (2009) showed, using POP
knock-out mice, that effects caused by lack of the
POP gene can be restored by both normal POP and
catalytically inactive POP proteins. Moreover, POP
was shown to be able to form protein–protein inter-
actions with GAP-43 in vitro (Di Daniel et al. 2009).
Protein–protein interaction between POP and a-synuclein
has also been proposed previously (Brandt et al. 2008).
This clearly suggests that non-hydrolytic functions for
POP exist and might mediate some of the physiological
effects of POP.

Cell Proliferation/differentiation

The differences in the subcellular expression of POP in
the brain, cell lines, and peripheral tissues may depend
on the ability of the cells to proliferate (Tables 2 and 3).
It is well known that mature brain tissue generally does

not undergo proliferation, whereas certain peripheral
tissues and cell lines are continuously dividing. We
tried to determine whether the expression of POP in
the nuclei would be connected with the active moment
of cell proliferation by studying the colocalization of
nuclear POP protein and cell proliferation marker
Ki-67 (Myöhänen et al. 2008c). However, only partial
colocalization was seen. Furthermore, the nuclear lo-
calization of POP supports a role for this enzyme in
cell division and/or differentiation, because POP activ-
ity is also high in early development (Matsubara et al.
1998; Agirregoitia et al. 2003,2007) and in cancer cells
(Goossens et al. 1996). The expression of POP protein
was also significantly increased in cancerous tumors
(Liu et al. 2008; Myöhänen TT and Männistö PT, un-
published data). In neuronal primary cultures, POP
was expressed in the nuclei of the cells early in devel-
opment but no longer when the cells had matured
(Moreno-Baylach et al. 2008). High levels of POP ac-
tivity were seen in the testis, where the POP protein
was exclusively present in the developing spermatids,
confirming the results of Kimura et al. (2002) in the
mouse testis.

Moreover, recent studies using POP knock-out mice
showed that the lack of POP decreases the growth of
neuronal growth cones by 1.8-fold, compared with
wild-type mouse (Di Daniel et al. 2009). These ac-
tions may be mediated via protein–protein interactions
with GAP-43, which is involved in growth cone mor-
phology and axonal growth (Oestreicher et al. 1997).
In addition to other results, this also indicates the role
of POP in the regulation of cell growth events.

In proliferating tissues, such as some peripheral tis-
sues and immortal cell cultures, nuclear POP may have
novel roles, such as modification of nuclear transport
(Schulz et al. 2005; Puttonen et al. 2006), or other cat-
alytic functions such as prolyl cis-trans isomerization,
as observed with bacterial POP (Lu et al. 2007; Ikura
et al. 2008). However, recent studies have shown that
mammalian POP does not possess this capability
(Brandt et al. 2008), and prolyl isomerase activity of
bacterial POP is only 5% of the activity of FKBP12,
a conventional prolyl isomerase (Ikura et al. 2008).
Notably, studies using POP knock-out mice have shown
that the effect of POP on the growth cone is dependent
not on catalytic activity but rather on protein–protein
interactions (Di Daniel et al. 2009).

On the basis of previous cell culture results and re-
cent studies on POP knock-out mice, we conclude that
it seems very likely that POP is involved in cell prolifera-
tion and growth. Moreover, this action may not be as-
sociated with catalytic activity, but POP tight-binding
inhibitors are able to affect to cell proliferation and
growth by blocking the active site. Protein–protein inter-
action with GAP-43 might explain the effects of POP on
cell growth, but it does not explain the cytosolic–nuclear
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trafficking of POP during maturation and the effects of
POP on cell proliferation. Therefore, more-detailed
studies of POP’s actions in cell proliferation are needed.

POP and Its Associations With Neurotransmitters

POP has been associated with a wide range of neuro-
transmitters. Administration of POP inhibitors has
caused elevated acetylcholine (ACh) activity in the
cortex of old rats (Toide et al. 1997). Changes in POP
activity have been observed after administration of an
NMDA antagonist (Ahmed et al. 2005; Arif et al. 2007)
and in the nigrostriatal path after 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine administration (Krupina et al.
2006). These findings point to the participation of POP
in cholinergic and glutamatergic neurotransmission in
the brain. We recently studied spatial associations
of POP and several neurotransmitters, such as GABA,
Ach, and dopamine (Figure 2; Table 4; Myöhänen et al.
2008b). Generally, POP was present in both GABAergic
and cholinergic systems but not in dopaminergic neu-
rons, despite the intensive POP immunostaining in the
nigrostriatal pathway. Furthermore, nigral lesions with
6-hydroxydopamine did not evoke any changes in POP
immunoreactivity (Myöhänen et al. 2008b).

Figure 2 Localization of POP in different neuronal cell types in the central nervous system. Based on the neuroanatomy and colocalization
studies, POP is present in glutamatergic, g-aminobutyric acid (GABA)ergic, and cholinergic systems. Red dots indicate the presence of POP.
Moreover, POP is evidently located in the thalamocortical/corticothalamic projection neurons between VP/VM and M1/S1 and Aud1/MGN.
POP is also believed to be localized in the projection neurons between V1-cortex and LGN and GABAergic neurons of the nigrostriatal path
(dashed line). Aud, primary auditory cortex; Fr, frontal cortex; Hc, hippocampus; LS/IG, lateral septum/indusium griseum; M1/S1, primary
motor/somatosensory cortex; MGN, medial geniculate nucleus; LGN, lateral geniculate nucleus; SN, substantia nigra; VP/VM, ventrobasal/
ventromedial thalamic nuclei; V1, primary visual cortex.
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One tempting possibility to account for the interac-
tions of POP with the neurotransmitter pathways is
that several of these systems use neuropeptides (i.e.,
POP substrates) as modulators. GABAergic interneurons
contain several neuropeptides, such as SP and somato-
statin (Emson and Lindvall 1979; Kawaguchi and Kondo
2002; Garcia-Horsman et al. 2007), and there is an
abundant colocalization of POP and GABA in the cere-
bral cortex (Table 3; Myöhänen et al. 2008b). In the
striatum, POP was reported to be present mainly in
the GABAergic neurons but not in either dopaminergic
neurons or cholinergic neurons, stressing a role for POP
in the inhibitory regulation of the nigrostriatal pathway
(Paxinos 2004). Interestingly, these GABAergic neurons
indeed use SP as a neurotransmitter (Besson et al. 1990;
McGinty 2007). SP also participates in the “direct
nigrostriatal pathway” by slowly modifying the
GABAergic signaling activated by loss of dopaminergic
input, as occurs in Parkinson’s disease (Skidgel and
Erdös 2006; Standaert and Young 2006).

Moreover, SP can modulate the cellular activity of
cerebellar GABAergic Purkinje cells through parallel
fibers (Inagaki et al. 1982; Del Fiacco et al. 1988;
Nakaya et al. 1994). POP is clearly present in these
cells, moderately colocalized with SP (Myöhänen et al.
2008a). However, POP, SP, and GABA are poorly
colocalized in other brain areas (Myöhänen et al.
2008a). Therefore, it seems unlikely that POP is in-
volved to any significant extent in SP-modulated
GABAergic neurotransmission.

Repeated administration of POP inhibitors has in-
creased M3-muscarinic receptor mRNA levels (Katsube
et al. 1996) and cholinergic activity in the cortex of old
rats (Toide et al. 1997). The mechanisms to explain the
actions of POP on the cholinergic system are not
known, but neuropeptide (e.g., TRH) cleavage could
be one of the mechanisms involved (Toide et al. 1993).
Moreover, POP was partially colocalized with the cor-
tical system but not with the hippocampal or medial
septal cholinergic systems. Because the two latter areas
are crucial in cognitive cholinergic functions (Paxinos
2004; Myöhänen et al. 2008b), it is most unlikely that
the effects of POP on memory and learning are me-
diated via these cholinergic systems.

The cortical spiny pyramidal cells and hippocampal
CA1 pyramidal neurons, which are very rich in POP,
are mostly glutamatergic (DeFelipe et al. 2002; Paxinos
2004). Furthermore, changes in POP activity were re-
cently observed in the rat cortex and hippocampus
after administration of an NMDA antagonist to induce
schizophrenia-like symptoms (Ahmed et al. 2005; Arif
et al. 2007). These findings can be interpreted as
supporting the participation of POP in glutamatergic
neurotransmission in the brain, possibly by modify-
ing the levels of POP substrates such as TRH (Kasparov
et al. 1994).

Moreover, POP was highly colocalized with IP3R1
in hippocampal CA1 pyramidal cells (Myöhänen et al.
2008a). In these cells, IP3 has been associated with long-
term potentiation (LTP), an important phenomenon in
memory and learning (Lynch and Voss 1991; Bliss and
Collingridge 1993; Khodakhah and Armstrong 1997;
Jun et al. 1998; Fujii et al. 2004; Taufiq et al. 2005).
Interestingly, LTP is induced by the activation of
NMDA–glutamate receptors (Bliss and Collingridge
1993; Fujii et al. 2004), and therefore, on the basis
of the proposed involvement of POP in IP3 signaling
(Williams and Harwood 2000; Schulz et al. 2002;
Williams et al. 2002; Cheng et al. 2005), one could
hypothesize that the memory effects of POP are
mediated by changes in LTP in the hippocampus.
Further support for this hypothesis is found in POP
knock-out studies (Di Daniel et al. 2009), which demon-
strated the association between POP and GAP-43, in
which the latter is connected with hippocampal LTP
(Ramakers et al. 1995; Namgung et al. 1997) and
the phosphoinositide system (Laux et al. 2000; Caprini
et al. 2003).

We conclude that although there is no direct evidence
that POP is involved in neuronal neurotransmitter sys-
tems, administration of POP inhibitors has affected
levels of neurotransmitters, and substances affecting
neurotransmitters have been able to change POP activ-
ity. In addition, POP was colocalized with several neu-
rotransmitters in the CNS, and therefore, we suggest
that POP has a function in neurotransmitter systems.
However, this mechanism is more likely to be indirect
than direct, because a direct effect on neurotransmitters
would require extracellular expression of POP. In-
terestingly though, Klegeris et al. (2008) have recently
reported that POP is secreted under stimulation of
THP-1 cells. However, the immunohistochemical data
do not provide any sign of extracellular POP.

Moreover, knock-out studies have further supported
the role of POP in phosphoinositode signaling and our
hypothesis that POP may be involved with memory
and learning functions via hippocampal LTP rather
than via neuropeptide metabolism.

Other Functions

Thalamocortical Signaling. Recently, POP was shown
in a neurotracing study to be abundantly present in
the thalamocortical and corticothalamic neurons (Fig-
ure 2; Myöhänen et al. 2009). These results suggest
that POP may be involved in the regulation of thalamo-
cortical neurotransmission in several thalamocortical
loops, possibly as a regulator of levels of neuropep-
tides such as somatostatin, TRH, and orexin (Myöhänen
et al. 2009).

Moreover, POP was present to the same extent in
both inhibitory and excitatory neurons in the thala-
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mus, but the coexpression of POP with IP3R1 in thala-
mus was even more striking. IP3 signaling in the
thalamus has been rather poorly characterized, but it
may be involved in the regulation of thalamocortical
rhythms (de la Vega et al. 1996), which are one of the
foundation stones of consciousness (Tancredi et al.
2000; Manning et al. 2004). Moreover, VPA evidently
modifies these spontaneous rhythms (Nowack et al.
1979; Mares et al. 1992; Zhang et al. 1996), although
not via the GABAergic system (Zhang et al. 1996).
POP is linked to IP3 regulation also via VPA (Cheng
et al. 2005).

Collectively, these findings support a role for POP in
thalamocortical neurotransmission, possibly through
the regulation of IP3 signaling. However, functional
data are needed to verify this hypothesis.

Motor Functions. The high POP protein levels and
enzyme activity in the nigrostriatal systems of both rat
and human (Table 2; Irazusta et al. 2002; Agirregoitia
et al. 2005; Myöhänen et al. 2007,2008b) may point
to a role for POP in motor functions (Paxinos 1990,
2004; Mantle et al. 1996). Furthermore, the high
expression of POP in cerebellar Purkinje cells and
thalamocortical/corticothalamic projection neurons
(Figure 2; Table 4; Myöhänen et al. 2009) may be evi-
dence for an involvement in the control of movement
(Thach et al. 1992; Paxinos 2004).

In the nigrostriatal pathway, POP is present primar-
ily in the GABAergic cells, not in the dopaminergic or
cholinergic cells (Table 4; Myöhänen et al. 2008b). The
GABAergic neurons of the nigrostriatal pathway are
the most-dominant striatopallidal and striatonigral
fibers, and they inhibit the activities of the globus
pallidus and substantia nigra (Paxinos 2004). This in-
dicates a role for POP in the regulation of inhibitory
neurotransmission of the nigrostriatal pathway. How-
ever, the minor colocalization of POP, GABA, and SP in
the striatum (Myöhänen et al. 2008a) indicates that
POP either affects some other neuropeptide system, such
as enkephalin, or may have some other yet-unidentified
regulatory function in the nigrostriatal pathway.

Nevertheless, there is no direct in vivo evidence sup-
porting the role of POP in motor functions. Interest-
ingly though, POP knock-out mice showed increased
locomotor activity (Di Daniel et al. 2009). Also, var-
ious memory models, such as the Morris water maze
and the radial maze, where POP inhibitors have shown
beneficial effects (Toide et al. 1997; Miyazaki et al.
1998; Shinoda et al. 1999), actually measure the in-
creased speed of movement. On the basis of abundant
POP expression in the nigrostriatal path, motor cortex,
and thalamic motor nuclei and the novel data on POP-
deficient mice, we propose a role for POP in locomotor
regulation, although the mechanism behind this action
needs to be determined.

Summary
POP has been widely studied since its discovery in 1971,
and various POP inhibitors have been developed as ex-
perimental drugs for use in memory disorders. How-
ever, the true physiological function of this enzyme
has remained a mystery. On the basis of recent findings,
it seems probable that in the CNS, POP may not be ex-
clusively important in metabolizing in vivo its best-
characterized in vitro substrates. Instead, we propose
that POP may also hydrolyze different types of sub-
stances, possibly even degradation products of mature
proteins or peptide precursors. Moreover, non-catalytic
functions may be an interesting novel explanation for
POP’s actions, including protein–protein interactions.
However, there is a huge need for more-detailed studies
concerning non-hydrolytic roles and functions of POP
in the CNS, especially in the peripheral tissues.

POP is not clearly associated with any specific neu-
rotransmitter pathways in the CNS but instead seems
to be involved in multiple neuronal systems, both in-
hibitory and excitatory. However, it is not known how
POP interacts with these systems or how these systems
affect POP. These problems should be studied at the
cellular level, and the extracellular secretion of POP
should also be considered. The association between
POP and IP3 is convincing, and recent studies with a
POP knock-out strain have provided further support
for this connection. This might explain the beneficial
effects of POP inhibitors on memory tasks and may
link POP with hippocampal memory effects, such as
LTP, and on the other hand, with the regulation of
thalamocortical/corticothalamic signalling. Further
studies are needed.

POP seems to have different roles in the peripheral
tissues than in the CNS, particularly in cell prolifera-
tion and possibly even in differentiation, probably owing
to clear nuclear localization. More studies are needed
to clarify the nuclear functions of the POP protein. Pos-
sible POP substrates in the nucleus also need to be
identified, and the effects of POP and POP inhibitors
on cell proliferation/differentiation and even on tumor
growth should be explored.
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