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1. Introduction 

 

 

Prolyl oligopeptidase (POP, prolyl endopeptidase, EC 3.4.21.26) is a serine-type 

peptidase (family S9 of clan SC) (Rawlings and Barrett, 1994; Venäläinen et al., 2004) 

hydrolyzing peptides shorter than 30 amino acids (Polgar, 1994). POP has been found 

in various mammalian and bacterial sources (Venäläinen et al., 2004; Moriyama et al., 

1988; Orlowski et al., 1979) and it is widely distributed throughout different organisms 

(Goossens et al., 1996).  In human and rat, POP enzyme activity has been detected in 

most tissues, with the highest activity found specially in the brain (Kato et al., 1980b; 

Fuse et al., 1990; Agirregoitia et al., 2007a; Safran et al., 1982). Wide but specific 

distribution of POP coding mRNA and protein in the brain have also been reported 

(Bellemere et al., 2004; Myöhänen et al., 2009; Myöhänen et al., 2009). 

 

POP has gained scientific interest as being involved in the hydrolyzis of many bioactive 

peptides, such as substance P (SP), thyrotropin-releasing hormone (TRH), angiotensin 

I-IV, arginin-vasopressin (AVP) and bradykinin, for review, see (Garcia-Horsman et 

al., 2007). Since many of these neuropeptides are connected with learning and memory 

functions (Huston and Hasenohrl, 1995; Cunningham and O'Connor, 1997) and also 

with neurodegenerative disorders such as Parkinson´s and Alzheimer´s diseases 

(Huston and Hasenohrl, 1995), POP has been considered as a target for treatment of 

different neuropsychiatric and cognitive disorders (Männistö et al., 2007; Brandt et al., 

2007). It has been suggested that POP plays a role in aging processes since its
 
activity 

has been reported to be associated with neuronal degeneration (Agirregoitia et al., 

2003a; Laitinen et al., 2001). In addition, alterations in enzymatic activities of POP 

have been measured in many different psychiatric conditions (Maes et al., 1994; Maes 

et al., 1995; Mantle et al., 1996) and in Parkinson´s and Alzheimer´s diseases (Mantle 

et al., 1996).  

 

Speculations of physiological roles of POP have been supported by some 

neuroprotective and cognition enhancing effects of POP inhibitors (Toide et al., 1995; 
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Toide et al., 1998; Puttonen et al., 2006). In drug or lesion induced amnesia models and 

in aged rodents, POP inhibitors have been able to revert memory loss, although the 

results are rather controversial (Männistö et al., 2007). Recently, it has been suggested 

that POP may have a function in IP3 signalling and it may be a possible target for mood 

stabilizing substances (Williams et al., 2002a; Cheng et al., 2005). POP may also have 

a role in protein trafficking, sorting and secretion since it is reported being closely 

associated with cytoskeletal component tubulin (Schulz et al., 2005).  

 

The role of POP during ontogeny has also been in the target of interest. POP enzyme 

activity has shown to fluctuate during the brain development (Fuse et al., 1990; Kato et 

al., 1980a; Agirregoitia et al., 2003b). Specially high enzyme activities have been 

measured in the brain during early development. Reduced neuronal proliferation and 

differentation in the presence of POP inhibitor have been reported (Ohtsuki et al., 

1994). These results are supported by the fact that nuclear POP has been observed in 

proliferating peripheral tissues (Myöhänen et al., 2008c) and in cell cultures at the early 

stage of development (Moreno-Baylach et al., 2008; Ishino et al., 1998; Daly et al., 

1985). Also, a recent in situ hybridization study reported that POP coding mRNA is 

abundantly expressed during brain ontogeny and the highest levels of expression are 

associated with proliferative germinal matrices (Agirregoitia et al., 2010). This 

observation indicates a special role for POP in the regulation of neurogenesis during 

development.  

 

The purpose of this literature review is to examine the previous data regarding POPs 

role in ontogeny and set up the grounds for the experimental part of this thesis. 

 

               2. Expression of POP coding mRNA during ontogeny 

 

               2.1 Expression of POP in mouse embryos 

 

The expression of POP coding mRNA has been found to be abundantly high in mouse 

embryos and especially in tissues related to reproduction the placenta and the ovary. 
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(Matsubara et al., 2010).  POP coding mRNA was particularly expressed in unfertilized 

eggs, placental spongio trophoblast, blastocyst embryo and in the ovarian granulosa 

cell, where the amount of POP coding mRNA measured was about 9 times higher than 

in liver which served as a control tissue.  

 

During the whole mouse development, the highest amount of POP coding  mRNA were 

detected in the blastocyst embyro, 40 times higher than in the liver. High levels of 

mRNA were also expressed at embryonic days 7.5-8.5. Thereafter, the mRNA levels 

fluctuated throughout gestation.  

 

               2.2  POP coding mRNA expression in the central nervous system       

                      during rat development   

 

The expression of POP coding mRNA was studied in the rat brain and spinal cord 

during rat development, from the fetal stages to adult (Agirregoitia et al., 2010). It was 

clear that POP coding mRNA was widely expressed at various stages of development. 

In the brain, POP was found already early in the development, from the embryonic day 

15 (E15). In fact, in the most of the parts of the brain, the expression was particulary 

high at E15 and the following days until the birth (Figure 1. and Figure 2.) The lowest 

levels were measured in adulthood. POP coding mRNA was abundantly expressed 

particulary in proliferative germinal areas of the developing brain, such as 

neuroepithelia of the neocortex, hippocampus, striatum, pallium, thalamus, 

hypothalamus, cerebellum and medulla. The secondary germinal zones, such as the 

cortical and striatal subventricular zones, and the external granule cell layer of the 

cerebellar cortex showed also high POP mRNA levels. Moreover, the sites of neuronal 

differention expressed highly of POP coding mRNA, including the cortical plate and 

subventricular zone of cortex, hippocampal formation, olfactory bulb and the cerebellar 

germinative granule cell layers, where post-mitotic cells start to differentiate. 

 

In different brain regions, minor differencies of the profile of expression of POP  

mRNA were detected. Significant decrease of the POP coding mRNA expression 

occured in the spinal cord at the embryonic day 21 (E21), in the thalamus at birth, and 
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in the hippocampus at postnatal day 2 (P2). In the hypothalamus, the decreasing of the 

expression occured form E21 until adulthood. In the brain cortex and olfactory bulb, 

the expression incrased from fetal stage until postnatal day 5 (P5) and decreased at P11. 

At P11, the expression of POP coding mRNA dropped also in the septum, caudate 

putamen and medulla. In the spinal cord, significant decrease occured between E18 and 

E21, in contrast to the pituitary gland where the decline was observed from the day of 

birth until the adulthood. In the cerebellum, POP coding mRNA levels actually 

increased on the day of birth and remained high until postnatal day 15 (P15).   
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Figure 1. The expression of POP (PEP) coding mRNA  in the developing and adult rat 

brain determined by quantitative RT-PCR. The expression was the highest during 

embryonic stages and decreased at puberty and adulthood. Cycle threshold values were 

normalized to beta2-microglobulin. The expression of POP of *p ≤ 0.05 vs. E21; 

***p ≤ 0.001 vs. E21; 
###

p ≤ 0.001 vs. P5; 
•••

p ≤ 0.001 vs. E18 (Scheffé test) 

(Agirregoitia et al., 2010). 
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Figure 2. POP (PEP) coding mRNA expression in the developing and adult rat brain, 

spinal cord and pituitary gland. For further details, see legend to Figure 1. *p ≤ 0.05 vs. 

E21; 
#
p ≤ 0.05 vs. P5; ***p ≤ 0.001 vs. E21; 

†††
p ≤ 0.001 vs. P0; 

††
p ≤ 0.01 vs. P0; 

•••
p ≤ 0.001 vs. E18 (Scheffé test) (Agirregoitia et al., 2010). 

 

 

 

Matsubara et al. (2010) suggested that POP has a significant role in fertilization and/or 

in the cleavage of the fertilized egg. High POP coding mRNA levels in the blastocyst 

and at embyronic days 7.5-8.5 in mouse indicate that POP might be involved also in 

cell and tissue differentation. This hypothesis is supported by the results from rat 

development of Agirregoitia et al. (2010) where POP coding mRNA was highly present 

in perinatal stages and abundantly expressed at the sites where neuronal differentation 
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and migration takes place, indicating that that POP has a specific role in 

neurodevelopment. In fact, the expression profile of POP coding mRNA coincidence 

with the time tables of cell prolifiration, thus POP might have a function in the 

regulation of neurogenesis during development. Altough, it is important to keep in 

mind, that mRNA only shows the sites where the POP enzyme is synthesized, it is not 

necessarily the site of function of the enzyme.   

 

 

               3.   POP enzyme activity during development 

 

 

POP enzyme activity fluctuates widely during development (Fuse et al., 1990; 

Agirregoitia et al., 2003b; Agirregoitia et al., 2007b). Generally in developing rat, the 

POP enzyme activity is found to be mostly low at fetal tissues but increasing 

dramatically for 2 weeks after birth, before decreasing at the adult level (Fuse et al., 

1990). When comparing the enzyme activities of soluble (sPOP) and membrane-bound 

(mPOP) forms, there are differencies among separate tissues (Agirregoitia et al., 

2007b). The highest level of POP enzyme activity is measured in the brain cortex, 

hypothalamus, lung and kidney (Figure 3.) (Fuse et al., 1990).  
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Figure 3. POP enzyme activity fluctuates during development. Measured in rat from 

different tissues from 7 days before birth to adulthood, the enzyme activity is the 

highest in whole brain, brain cortex, hypothalamus, lung and kidney. The enzyme 

activity increases at birth for 2 weeks and then decrease to adult levels (Fuse et al., 

1990). 

 

 

 

In the brain, enzyme activity increases dramatically few days before the birth, reaching 

its peak two weeks after. At this developmental stage, the POP enzyme activity is 2-5 

fold higher compared to a mature brain (Agirregoitia et al., 2003b). In the 

hypothalamus POP enzyme activity during first three weeks after the birth is over 14-

fold higher than in the adult rat hypothalamus (Fuse et al., 1990). Cytosolic enzyme 

activity begins to decrease round P15-P20 in brain cortex and striatum (Agirregoitia et 

al., 2003b; Agirregoitia et al., 2007b). Also, brain stem and cerebellum enzyme activity 

is showing decreasing during the same period.  

 

In peripheral organs the cytosolic POP enzyme activity seems to be at highest before 

the birth (Figure 4.) (Agirregoitia et al., 2007b). For example, in the kidney, the 

cytosolic POP activity is found to be 5 times higher in fetal tissues (measured from 

embryonic day 22 to postnatal day 2) than in the newbron rat kidney. In the heart and 

lung the enzyme activity decreased 3-fold from E22 to adult. 
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Ficure 4. Soluble POP (sPOP) activity in the rat liver (—♦—), kidney (—■—), heart 

(—▲—), lung (—○—) and brain cortex (— —) at developmental stages: embryonic 

day 22 (E22), parturition day (PD0), postnatal days 2 (PD2), 4 (PD4), 10 (PD10), 15 

(PD15), 20 (PD20), 30 (PD30), and 90 (PD90) (Mean + SEM units of peptidase (UP) 

per milligram of protein/minute. ( ) = statistically significant differences (p < 0.001; 

ANOVA test) (Agirregoitia et al., 2007b). 

 

 

The enzyme activity of mPOP is generally much lower compared to the cytosolic form 

(Figure 5.), and the enzyme activities decrease after parturition day (P0) or the early 

days after birth, and continue to decrease gently until adulthood. Interestingly, in the 

brain cortex the level of mPOP enzyme activity is abundantly higher compared to other 

tissues. This suggests a more important role for mPOP in the brain than in the other 

tissues. 
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Ficure 5. Membrane bound POP activity (mPOP) in the rat liver (—♦—), kidney (—

■—), heart (—▲—), lung (—○—) and brain cortex (— —) at developmental stages. 

(Mean + SEM units of peptidase (UP) per milligram of protein/min). ( ) = 

statistically significant differences (p < 0.001; ANOVA test) (Agirregoitia et al., 

2007b). 

 

 

TRH (pGLU-His-ProNH2) is one of the substrates of POP (Cunningham and O'Connor, 

1997) at least in vitro. TRH is a hypothalamic peptide acting as hormone, 

neurotransmitter and neuromodulator in the central nervous system but it has been also 

localized from lots of other tissues (Griffiths, 1985b; Lamberton et al., 1984). It plays a 

critical role in development, growth, and cellular metabolism (Griffiths, 1985a). And 

the pattern of TRH expression and activity during the ontogeny might influence on the 

enzyme activity of POP (Lew et al., 1994). 

 

Changes in POP enzyme activity in plasma have been associated with different kinds of 

pyschiatric disorders (Maes et al., 1995), although the nature of POP in plasma is not 

clear. Autistic Spectrum Disorders (ASD) are developmental disorders that include 

neuropsychiatric and behavioural symptoms (American Psychiatric Association). 

Altered levels of neuropeptides and hormones, such as oxitocin and AVP have been 

reported among children with ASD (Modahl et al., 1998). As known POP substrates, 

the expression of these peptides and hormones, link POP to the etiology of ASD 

(Momeni et al., 2005). There might be genetic inappropriate release of sPOP into the 
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blood stream in early childhood, which leads to altered degration levels of certain 

neuropeptides which for one, might have negative effect to brain functions. 

 

Based on these results, it seems that POP enzyme activity changes specifically in different 

tissues during different stages of development. The enzyme might be strictly regulated and 

have variable roles in separate tissues according the function and the developmental stage 

of the organ/tissue.  

 

    

4. The role of POP in cell proliferation and differentation 

 

4.1 POP in cell differentiation and proliferation of flesh fly and 

         fruit fly 

 

When Sarcophaga peregrina´s (flesh fly) amino acid sequence of POP was determined, 

it was found to be 53 % equal to mammalian POP, indicating the structural similarity 

between these enzymes (Ohtsuki et al., 1994; Ohtsuki et al., 1997a). After POP was 

purified from NIH-Sape-4 cells, an embryonic cell line of the flesh fly, it was perceived 

that the leg imaginal discs of flesh fly contained POP as a major serine proteinase 

(Ohtsuki et al., 1994). Imaginal discs are parts of the insect larva, containing 

undifferentiated cells (Weaver and Krasnow, 2008). During the pupal transformation, 

the discs will become parts of the outside of the adult insect. The cells differentiate as 

wings, legs or antennae for example.  

 

The POP inhibitor ZTTA selectively inhibited the differentation of imaginal discs in  

Sarcophaga peregrine (Ohtsuki et al., 1994). When imaginal leg discs were cultured in 

the presence of 20-hydroxyecdysone (20-HE), they differentiated normally into mature 

sturctures. However, in presence of ZTTA, the differentation stopped at the eversion 

stage, the initial stage of the differentation. 
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In further studies it was demonstrated, that POP plays an important role in imaginal 

disc differentation, and also in development of the insect (Ohtsuki et al., 1997b). ZTTA 

inhibited the proliferaton of imaginal discs and embryonic cells by participating in 

DNA synthesis. DNA synthesis was detected only at the very early stage of eversion 

when leg discs were cultured in the presence of 20-HE. This indicates that proliferation 

occurs only at this stage. DNA synthesis was inhibited when ZTTA was present at high 

concentrations in the medium, indicating that POP participates in DNA replication. The 

same results occured when the effect of ZTTA was studied in NIH-Sape-4 cells. 

Moreover, using an indirect immunofluorescence method, it was observed, that POP 

was expressed in the nuclei in growing NIH-Sape-4 cells. POP was expressed in 

nuclear regions and in embryos at blastdermal stage and found exclusively in the 

nuclei. These observations suggest a role for POP in insect cell proliferation due to 

participation in DNA synthesis. It seems that POP is needed for differentation of the 

imaginal discs. Ohtsuki et al. (1997b) suggest that the imaginal discs contain a spesific 

protein substrate for POP, but the actual mechanism for the action of POP remains 

unclear. 

 

It has been shown, that the Sarcophaga POP gene is significantly activated during the 

differentation of leg imaginal discs. The expression of POP gene occurs during the 

eversion stage, being clearly enchanced when compared with the mature disc 

expression levels, and vanish at elongation stage, during the differentation of 

Sarcophaga leg discs.  

 

In addition, a gene with 51 % sequence similarity to human POP is isolated also from 

the Drosophila melanogaster, the fruit fly (Amin et al., 1999). The gene is higly 

expressed in Drosophila embryo but become confined with restricted pattern in 

imaginal discs and in the larval brain which suggest a  role for POP in regional 

spesification of larval tissues, for example neuronal differentation or metamorphosis 

required hormone processing.  
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                4.2.   POP in proliferation and differentiation of cell lines 

 

               POP has been connected with cell proliferation and differentation of rat liver cells since 

a proline cleaving enzyme activity was measured three times higher at postnatal day 8 

(P8) in the microsomal fraction of a rat liver as compared to adult liver (Matsubara et 

al., 1998). The high enzyme activity is transient and decrease thereafter, correlating the 

poliferation and differentation profile of liver cells.  

 

Matsubara et al. (1998) also suggested, that the proline cleaving enzyme they purified 

and characterized is a unique POP-like correlated to proliferation of liver cells. Despite 

the all qualities of POP enzyme, the protease does not have activity towards a few 

commonly known POP substrates.  

 

To extend of these findings, similar experiments were performed with mouse Swiss 

3T3 cells (Ishino et al., 1998). In these experiments also, ZTTA inhibited the 

proliferation of the cells. POP was localized partly in the nuclei supporting a role for 

POP in DNA synthesis as suggested by Ohtsuki et al. (1994). 

 

 

4.3. POP in primary cultures during neuronal differentation 

 

The enzyme activity of POP has been studied in rat primary cerebral cortex cell 

cultures (Szappanos et al., 1994). Based on rapid development and fasciculation of 

neurites, the cells went through a remarkable differentation during the first week in 

culture. The POP enzyme activity increased 5-fold by day 7 and continued to increase 

during the second week. 

 

In rat cerebellar granule cells in culture (CGC), and in different intracellular 

compartments, the enzyme activity of POP fluctuates in 7-day cycles, the cytosolic 

activity being low in young neurons but increasing 10- fold at the first week in culture, 

which is the time of differentation and the developing neurites (Moreno-Baylach et al., 
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2008). Thereafter, the total POP enzyme activity fluctuates reaching a peak in every 7 

days until 59 days in vitro (DIV 59) when the activity disappears with cell death.  

 

POP is expressed mainly in cytoplasm and neuronal projections but in the early 

development, POP is found also in the nuclei. At early stages of differentation, POP is 

expressed in the nuclei of most of the cells. POP protein has been detected earlier in the 

nuclei of the cells of the peripheral tissues in mice (Myöhänen et al., 2008c), and since 

peripheral tissues are constantly dividing, POP might play a role in cell proliferation. 

Also. very high POP enzyme activities have been measured , in fast dividing cancer 

cells (Goossens et al., 1996). 

 

In the mature cells, POP is expressed throughout the neurons in the cytoplasm and 

neuronal projections (Moreno-Baylach et al., 2008). Interestingly, in older cells (DIV 

20), POP migrates to the neuronal soma to the perinuclear postition and it is also 

expressed in small vesicles farther away from the nucleus. 

 

The fluctuating nature of POP activity in the cytosol suggests, that the enzyme is very 

strictly regulated during neuronal development. It is expressed throughout the 

developing neurons, also in the nuclei at early stages of cell differentation, which in 

turn, indicates a role for POP in this process and a special function in the nuclei.  
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  5.    POP in germ cells and reproductive systems  

 

The expression levels of POP in mouse testis during sexual maturation are studied with 

Northern blot analysis (Kimura et al., 2002). It is observed, that POP coding mRNA 

expression is highest at 2 weeks age and reduce afterwards. 

 

In the testis of 2-week-old mouse, before the spermatogenesis begins, positive signals 

are detected in the seminiferous tubules, where as the Leydig cells show negative 

signal. In a 4-week-old mouse, when the spermatogenesis is just started, all the cells in 

the seminiferous tubules are POP mRNA positive. To indentify the stage of the 

spermatogenesis in POP-positive tubules, the sections were stained with methylgreen, 

and it was noticed that POP mRNA was restricted to the spermatids at stages I-VIII of 

the spermatogenesis cycle (Oakberg, 1956).  

 

Immunohistochemical analyses in adult mice testis reveal, that POP is present in the 

spermatids at the step 12 and elongated spermatids at steps 13 to 16 of spermiogenesis 

(Kimura et al., 2002). In frozen sections, the heads of elongated spermatids were POP 

immunopositive. When the fixed sperms were immunostained to localize the exact 

location of POP protein, it was noticed that intense POP expression staining occurs in 

the midpiece of the sperm flagellum. Also the sperm head showed significant signals.  

 

As a further support for POP actions in sperm motility, POP inhibitors, poststatin and 

benzyloxycarbonyl-proline-prolinal, suppress sperm motility (Figure 6.). However, the 

POP enzyme activity was almost steady during the examined period only reducing 

slightly after 4 weeks of age.  

 

 

 

 



16 

 

 

 

Figure 6. Effects of POP inhibitors on mouse sperm motility. Mouse sperm was 

activated in PBS containing Z-Pro-Prolinal or poststatin at the indicated concentrations 

(mM). The motile sperm was counted with hemocytometer and the precentages are 

shown.  DMSO and distelled water were used as controls. Mean±S.D. * Significantly 

lower than control value (P<0.05) (Kimura et al., 2002). 

 

 

 

The results show that although POP mRNA levels change remarkably during the sexual 

maturation, POP enzyme activity and protein levels remain quite constant. It is also 

noticed that POP mRNA is very strictly regulated during that period. In conclusion, 

considering these results, POP might have a spesific function in meiosis of 

spermatocytes, differentation of spermatids and sperm motility in the mouse.   

 

High levels of POP immunoreactivity and high POP enzyme activity is found in the 

testis of mouse (Myöhänen et al., 2008c). In cellular level, POP is present in the Leydig 

cells, myofibroblasts of the lamina propria, Sertoli cells of seminiferous tubules, 

spermatogonia and spermatocytes. In mature spermatids POP immunoreactivity was 

not observed, contrast to the developing spermatids where POP immunoreactivity is 

moderate. In the mice testis, POP protein is also present in the nuclei. 
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The expression of POP in female reproductive systems has not been studied, but in 

hypothalamic explants from fetal male rats it seems, that inhibition of POP facilitates 

the secretion of gonadotropin releasing hormone (GnRh) (Yamanaka et al., 1999). 

Gonadotropin releasing hormone (GnRh) acts as a hypothalamic releasing-factor and 

stimulates the secretion of luteinizing hormone and follicle stimulating hormone from 

the pituitary. It also functions as a neurotransmitter in the hypothalamus. POP has been 

shown to cleave GnRh in the hypothalamus
 
and in the anterior pituitary gland after 

GnRh is secreted (Bourguignon et al., 1994). The GnRH
 
inhibitory autofeedback 

resulting from degradation of the peptide
 
is operational in the fetal hypothalamus and 

might affect the frequency of GnRH pulsatility in early development and the onset of 

puberty (Yamanaka et al., 1999). 

 

 

6. POP  binds to growth cone and synaptic function controlling 

                     GAP-43 protein                          

                        

The neuronal growth cone plays an important role in the navigation of dendritic and 

axonal growth during cell migration (Katoh et al., 1997). It appears at the tip of 

dendrites and axons and is rich in actin fibers, which are presumably involved in 

growth cone movement. 

. 

When the effect of three common mood  stabilizing drugs, valproic acid (VPA), 

carbamazepine (CBZ) and lithium on neuronal growth cone dynamics was studied in 

rat sensory neurons,  it was noticed that these drugs decreased the collapsed growth 

cones and increased their spread area (Williams et al., 2002b). These effects were 

reversed with POP inhibitors together with inositol.  

 

Based on that, Di Daniel et al. (2009) studied the function of POP and its effects on the 

action of mood-stabilizing drugs in mice. They used wild type sensory neurons and 

POP
-/-

 neurons from POP null-mutant mice and tested the growth cone response to 

valproic acid, carbamatzepine and lithium.  
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The results were inconsistent with the previous study of Williams et al. 2002. In the 

neurons of wild-type mice, the used drugs decreased the collapsed growth cones 1.8 

fold compared with untreated neurons. A POP inhibitor, S-17092, added with each  

mood stabilizer reversed the drug effects on neurons. When added alone, the POP 

inhibitor had no effect.  

 

Mice with POP null-mutation had altered growth cone dynamics. In fact, the behaviour 

of the growth cones was similar to the wild-type growth cones treated with any of the 

mood-stabilizing drugs; 1.8 fold decrease of collapsed growth cones and 1.7 fold 

increase in spread area. When treated with the mood-stabilizers, no effect was observed 

on growth cone collapse. The wild-type phenotype could be restored by POP cDNAs 

encoding native or catalycally-dead enzyme. 

 

Di Daniel et al. (2009) also indentified a POP-binding protein, the GAP-43, the growth 

associated protein 43. GAP-43 is an important regulator of synaptic plasticity GAP-43 

and it is highly expressed in neuronal growth cones during development and plays a 

key role in axonal formation, regeneration, and plasticity (Benowitz and Routtenberg, 

1997).  

 

The neuronal growth cones were considerably smaller in the POP knock-out mice than 

in the wild-type animals, and deficits in growth cones could be restored both with 

active and inactive POP protein, also suggesting to a regulatory function for POP in 

neurogenesis regardless of its hydrolytic activity (Di Daniel et al., 2009). 

 

 

 7. Conclusion 

 

 

               Although many studies have investigated the role of POP in development, this issue  

has not been resolved yet. When gathering all the data from previous studies, it seems 

that there is one very plausible theory, and a suggestion for the role for POP in 
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ontogeny: cell proliferation and differentation. The expression of POP coding mRNA 

has been reported to be high at mouse embryos, placental spongiotrophoblast, 

blastocyst embryos and in the ovarian granulosa cells, and organs related to 

reproduction, such as the placenta and ovary (Matsubara et al., 2010). These results are 

supported by the results from a study from rat development; the POP mRNA was 

highly expressed specially in proliferative germinal areas of the developing brain and in 

the secondary germinal zones, sites of neuronal differentation (Agirregoitia et al., 

2010).  

 

               The expression of POP mRNA shows only the sites where the POP enzyme is 

synthesized and it is not necessarily the site of function of the enzyme.  POP enzyme 

activity fluctuates during the development and it coincides with the high levels of POP 

mRNA during perinatal life of rat (Fuse et al., 1990; Agirregoitia et al., 2007a; 

Agirregoitia et al., 2003b). 

 

               Furtermore, the POP inhibitor ZTTA selectively inhibited the differentation of imaginal 

discs in Sarcophaga peregrine (Ohtsuki et al., 1994). DNA synthesis was inhibited 

when ZTTA was present in the medium during culturing of the cells, indicating that 

POP participates in DNA replication (Ohtsuki et al., 1997b). Moreover, POP was 

exclusively expressed in nuclei of the embryos at blastdermal stage. Similar results 

were obtained in mouse cells (Ishino et al., 1998).  

 

The colocalization of POP in the nuclei has also been reported elsewhere. In a study 

where rat cerebellar granule cells in culture were studied, the enzyme activity of POP 

coincided with full differentation and POP was found in the nucleus an during early 

developmental (Moreno-Baylach et al., 2008). Nuclear POP was also found from mice 

testis and several other peripheral tissues (Myöhänen et al., 2008c). 

 

These results strongly point out a role for POP in cell proliferation and differentation. 

However, more studies are needed, especially to explore the nuclear function of POP.  
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EXPERIMENTAL PART: 

 

     Activities and protein distribution of prolyl oligopeptidase (POP) in the developing rat brain              
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1. Introduction 

 

POP is widely studied in the mature central nervous system. Previous studies have 

shown abundant fluctuation of POP enzyme activity and expression of POP during 

brain development (Fuse et al., 1990; Kato et al., 1980a; Agirregoitia et al., 2003b). 

High POP enzyme activities are measured particularly during the early brain ontogeny. 

Some of these studies have reported reduced neuronal proliferation and differentation 

in the presence of a POP inhibitor (Ohtsuki et al., 1994), although the effective 

inhibitor concentrations have been rather high. The role of POP in these functions is 

further supported by the fact that nuclear POP has been observed in proliferating 

peripheral tissues (Myöhänen et al., 2008c) and in cell cultures at the early stage of 

development (Moreno-Baylach et al., 2008; Ishino et al., 1998). According to a recent 

in situ hybridization study, POP coding mRNA is abundantly expressed during brain 

ontogeny and the highest levels of expression are associated with proliferative germinal 

matrices (Agirregoitia et al., 2010). This observation indicates a special role for POP in 

the regulation of neurogenesis during development.  

 

The present study was undertaken to investigate the expression and distribution of POP 

protein and enzymatic activity of POP in developing rat brain using 

immunohistochemistry, since the earlier studies are mostly based on enzyme activity 

measurements. With immunohistochemistry, the actual localizations of the POP protein 

in the tissue can be detected. Previous studies have shown that POP protein distribution 

clearly differs from the POP enzyme activity and POP coding mRNA levels (Bellemere 

et al., 2004; Myöhänen et al., 2008c; Myöhänen et al., 2007) pointing to endogenous 

regulation of POP.  POP coding mRNA studies shows the sites where the POP enzyme 

is synthesized but these sites are not necessarily the sites of function of the enzyme. In 

this study, the aim was also to find in vivo confirmation of the nuclear colocalization of 

POP during early brain ontogeny.   
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2. Materials and methods 

 

2.1 Chemicals 

 

Chemicals used are listed in Table 1. They were purchased from Sigma-Aldrich (St. 

Louis, Missour, USA) unless otherwise specified. Solutions used are listed in Table 2. 

Ethanol was purchased from Altia (Helsinki, Finland). Milli-Q water was used for 

dilutions.  

 

               2.2    Animals and tissue preparation 

 

Wistar rats were supplied by the Laboratory Animal Center, University of Helsinki. 

Animals were housed in temperature-controlled room, temperature being 22 º C and 

dark/light cycle 12 h light off at 6 pm. Animals had free access to food and water. The 

pregnant rats were killed by decapitation and the fetuses were removed from the 

mothers on embryonic days 14 (E14; n=12, 6 for the immunohistochemistry and 6 for 

the enzyme activity measurements) and 18 (E18; n=20, 10 for the 

immunohistochemistry and 10 for the enzyme activity measurements). We also studied 

rats on parturition day (P0; n=13, 6 for the immunohistochemistry and 7 for the enzyme 

activity measurements) and postnatal day 7 (P7; n=8, 4 for the immunohistochemistry 

and 4 for the enzyme activity measurements). In the enzyme activity measurements and 

western blot analysis we also used an adult rat brain (P90; n=3) as a reference. 

 

For immunohistochemisty, animals on E18, P0 and P7 were anesthetized using 

pentobarbital (100 mg/kg intraperitoneally, i.p.) and, to avoid proteolytic contamination 

from blood, perfused transcardially first with cold phosphate buffered saline (PBS). 

After the liver turned pale and the fluid that came out from the heart was clear, the 

perfusion was continued with 4% paraformaldehyde solution (PFA) for the fixation of 

the tissues. The speed of the perfusion pump was 25 ml/min.  
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              Table 1. A list of chemicals used. 

40 % Acrylamide  

Ammonium persulfate (APS) 

Anti-chicken POP antibody                                       Details and characterization:         

                                                                                   Venäläinen et al. (2006) 

                                                                                    

Bio-Rad protein assay kit                                          Bio-Rad Laboratories, Herts,  

                                                                                   United Kingdom 

Bovine serum albumin (BSA) 

Bromophenol Blue 

ß-mercaptoethanol 

Glycerol  

Glycine 

Kodak GBX developer                                              Eastman Kodak Company 

                                                                                   New York City, New York, USA                                                  

Kodak GBX fixer                                                       Eastman Kodak Company  

                                                                                   New York City, New York, USA                                                                                                                     

Methanol 

Normal Rabbit serum 

N-succinyl-glycyl-prolyl-7-amino-4-methylcoumarin 

(Suc-Gly-Pro-AMC) 

Paraformaldehyde (PFA) 

Precision Plus Kaleidoscope                                      Bio-Rad Laboratories, Herts, 

                                                                                   United Kingdom 

Purified recombinant porcine POP                            Details:Venäläinen et al. 2006 

Rabbit anti-chicken IgY horseradish                         Pierce Biotechnology,                                                                               

peroxidase – conjugate                                              Rockford, Illinois, USA 

 

Rabbit anti-chicken IgY with fluorescein                  Pierce Biotechnology, 

conjugate                                                                    Rockford, Illinois, USA 

sodium dodecyl sulfate (SDS) 

Super Signal West Femto Maximum                         Pierce Biotechnology, 

Luminol enhancer                                                      Rockford, Illinois, USA                                                     

Super Signal West Maximum Peroxidase                 Pierce Biotechnology. 

buffer                                                                         Rockford, Illinois, USA 

Tetramethylethylenediamine (TEMED) 

Triton-X-100 

Urea 

Vectashield with DAPI                                             Vector Laboratorios,  

                                                                                   Burlingame, California, 

                                                                                   USA 
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              Table 2. A list of solutions used 

 

 

5 % Milk in TTBS 

Na-acetate buffer 

0,1 M  Na-K-phosphate buffer  

1 % Normal Rabbit serum in PBS 

15 % Normal Rabbit serum in PBS 

20 % Paraformaldehyde solution  

4 % Paraformaldehyde solution in PB 

Phosphate buffered saline (PBS) 

Phosphate buffer (PB)  

10 % Sodium dodecyl sulfate (SDS) 

10 % Sucrose in PBS 

30 % Sucrose in PBS 

Tris Buffered Saline with Tween-20 (TTBS) 

Tris buffered saline (TBS) 

1,5 M Tris(hydroxymethyl)methylamine 

buffer (Tris-buffer) 

1 M  Tris(hydroxymethyl)methylamine buffer  

(Tris-buffer) 

0,5 % Triton-X-100 in PBS 

                

 

 

                

After the perfusion, brains were removed and post-fixed in 4 % PFA overnight. Fetuses 

on E14 were decapitated and their entire heads were used. All steps were performed on 

ice. Thereafter, the brains/heads were moved into 10 % sucrose for 24 h, and then, into 

30 % sucrose for 4 days to post fix the brain tissues. Sucrose helps to preserve the 

extracellular space in tissues and, the structure of the brain tissues remains intact 

(Cragg, 1980). Finally, the brains/heads were rapidly frozen and stored at -80º C until 

sectioning. 16 µm frozen sections from the whole brain were prepared with a cryostat 

(Leica CM3050, Leica Microsystems, Bannockburn, USA) and collected onto glass 

plates. The plates were stored at -20º C until staining.  

 

For western blot and enzyme activity measurements, fetuses/rats were decapitated, the 

brains were quickly removed and stored at -80º C until further use.  
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To prepare the brain homogenates for enzyme activity and western blot measurements, 

the frozen brains were quickly weighed and placed in eppendorf tubes. 10 vol. of assay 

buffer (0.1 M Na–K-phosphate buffer, pH 7.0) was added and brains were homogenized 

with Rinco Ultrasonics homogenizer (Arbon, Switzerland) using 1 s interval and 

amplitude 100 %. In fetuses on E14, the entire heads were used. The eppendorf tubes 

were kept on ice during the all procedures for minimizing a loss of enzyme activity. The 

homogenates were centrifuged at 16,000 g, 4°C for 20 min to remove sedimentable 

tissue debris. Supernatants (cytoplasmic fractions) were frozen and stored at −80° until 

use.  

 

Animal manipulations were performed according to the recommendations of the 

Council of Europe (directive 86/609) and Finnish guidelines and approved by the State 

Provincial Office of Southern Finland. 

 

               2.3 Preparation of polyclonal POP antibody 

 

The POP antibody was prepared earlier as described in Venäläinen et al., (2006). 

Briefly, recombinant human POP expressed in E. coli was used to generate antibodies 

against POP in hen (Kokko et al. 1994). Laid eggs were collected after 1-3 weeks, and 

IgYs were isolated from yolks by the water dilution method and POP-specific IgY was 

then purified by affinity chromatography using a HiTrap NHS column coupled with 

purified POP as reported. 

The specifity of the antibody was studied in rat whole brain homogenates by western 

blot using purified recombinant pig POP as a control (Myöhänen et al., 2007). Only one 

band at around 80 kDa, corresponding to the full length POP, was detected.  

 

2.4    Immunohistochemistry 

 

We used immunohistochemistry for localizing POP protein from the brain sections. 

Immunofluorescence was modified from the technique described before (Myöhänen et 

al., 2007). First, the sections on objective glasses were let to dry at room temperature. 

After that, they were washed with PBS 3 x 5 min following 30 min incubation in 
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blocking solution (15 % normal rabbit serum in PBS containing 0.5 % Triton-X-100) at 

room temperature to reduce background and unspesific staining. As a nonionic 

detergent, the Triton-X-100 enhanced the permeabilization of the cells. Thereafter, the 

blocking solution was removed and the sections were incubated overnight at +4 ºC with 

anti-chicken POP antibody (see details and characterization in Venäläinen et al., (2006) 

and Myöhänen et al., (2008a) (dilution 1/500 in 1% normal rabbit serum) in moist 

chambers. 

 

On the next day, the sections were washed again 3 x 5 min with PBS to remove the 

surplus primary antibody. The POP-immunocomplexes were incubated with secondary 

antibody (dilution 1/500, rabbit anti-chicken IgY with fluorescein conjugate; Product 

#31501, Pierce Biotechnology, Rockford, Illinois, USA) for 1 h in moist chambers. The 

chambers were protected from light because of the fuorescent label is sensitive to light. 

The secondary antibody makes a complex with the primary antibody and because of the 

fluorescein label, POP protein becomes detectable with fluorescent microscope. For the 

final washes phosphate buffer was used instead of PBS to avoid salt crystals for 

developing. 

 

 Vectashield with DAPI (Vector Laboratories, Burlingame, CA, USA) was used as a 

mounting medium to counterstain the nuclei of the cells. Control stainings for 

immunofluorescence protocol were carried out by omission of primary antibodies. No 

evidence of any staining was observed in these negative controls (data not shown). All 

stainings were made triplicate. 

 

               2.5   Laser scanning microscopy 

 

Fluorescent sections double-labelled with fluorescain and DAPI were analyzed and 

photographed using the Leica TSC SP2 AOBS spectral confocal microscope consisting 

Leica DM6000B upright microscope (Leica Microsystems, Bannockburn, USA). The 

excitation wavelength for fluorescein is 495 nm and emission wavelength was 519 nm 

and for DAPI the excitation wavelength is 345 nm and the emission wavelength is 455 

nm. After capturing the images confocal double-labeled immunofluorescence 
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micrographs were converted to RGB images. Only minor corrections to brightness and 

contrast in the pictures were made using Adobe Photoshop CS2 software (version 9.0, 

Adobe Systems Incorporated). 

 

              2.6 Western blot analysis of POP protein 

 

The amounts of POP protein and the specifity of POP antibody towards POP in rat 

embryos were confirmed by western blot analysis. Sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate the proteins by 

the molecular weight (Laemmli, 1970). SDS is an anionic detergent which denatures 

secondary and tertiary structures of the proteins and gives them a negative charge. First 

the 10 % separating gel was prepared. Ammonium persulfate (APS) and 

tetramethylethylenediamine (TEMED) were added last since they start the 

polymerization process. Gels were allowed to polymerize for 20 min. Water was added 

on the surface of the gel to keep it moist. After the gel was polymerized, water was 

removed, 5 % stacking gel was prepared and added on top of the separating gel. Comps 

for the wells were placed and the gel was allowed to polymerize for 20 min. There after 

the gels were placed to the electrophoresis apparatus and the running buffer was added.  

 

The samples were prepared as follows: from all age spots, 10 µl of brain homogenate 

were used from 4 different embryos/rats. 5 µl of purified recombinant porcine POP 

(details of POP protein purification in Venäläinen et al., (2006) was used as control. 4 

µl of sample buffer containing SDS and the tracking dye were added to denaturate the 

proteins. The samples were boiled for 5 min at 100 ºC to help SDS to bind. A 

molecular weight marker (4 µl), the recombinant POP control (5 µl) and the samples 

(10 µl) were loaded in the wells. First the gels were run 20 min with 50 V to get the 

proteins concentrated to thin starting line for the actual separation. The second run 

lasted 1,5 h with 110 V to separate the protein bands. Emerged electric field causes 

negatively charged proteins to migrate across the gel matrix based on their size. The 

small proteins get easily through the pores created by the acrylamide, as the bigger ones 

face more resistance. Thus, at the end of the runs, the small proteins are found lower in 

the gel as contrast to the bigger ones that are present near the starting point. 
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After the runs, the proteins were transferred to a nitrocellulose membrane to make them 

detectable with antibodies. First the stacking gel was removed and the running gel 

containing the proteins was placed onto the membrane with filter papers. The stack was 

placed to the transfer apparatus with blotting buffer and run with 100 V for 60 min. The 

electric current makes the proteins move from the gel to the membrane. 

 

POP protein was detected from the membrane using anti-chicken POP antibody 

(dilution 1:5000) as the primary antibody (described in Myöhänen et al., 2007). After 

the transfer, the membranes were placed into 5 % milk in TTBS solution for 1 h to 

block the non-specific binding of the antibody with the membrane. 10 µl of POP 

antibody was added and the membranes were incubated overnight at 4 ºC. 

 

On the next day, the membranes were washed with TTBS first 15 min and after that, 3 

x 5 minutes to remove unbound primary antibody. 2,5 µl Rabbit anti-chicken IgY with 

HRP conjugate (dilution 1:20000; Product #31401, Pierce Biotechnology) in 5 % milk 

in TTBS solution was used as a second reporter antibody. The membranes were 

incubated for 2 h and washed again with TTBS first 15 minutes and 3 x 5 min. The 

chemiluminescent agent was added onto the membranes and let to develop for 2 min. 

The horseradish peroxidase that is linked to the secondary antibody, cleaves a 

chemiluminescent agent, and the reaction product produces luminescence according to 

the amount of protein in the membranes. The membranes were covered with film paper 

and exposed to a Kodak Biomax light film for 1 h. The films were developed using 

Kodak GBX developer and Kodak GBX fixer. 

 

              2.7 The enzyme activity assay 

 

The POP activity assay was performed as described in Myöhänen et al., (2008c) and  

Venäläinen et al., (2002). The assay is based on the fluorescence of 7- amino-4-

methylcoumarin (AMC) generated from the fluorogenic substrate succinyl-glycyl-

prolyl-7-amino-4-methylcoumarin (Suc-Gly-Pro-AMC) by POP. Enzyme solution 
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(10 μl of tissue homogenates) was preincubated with 65 μl of  0,1 Na-K-phosphate 

buffer pH 7,0 in foliated 96-well plate for 30 min at 30 °C to wake up the enzymes.  

The reaction was initiated by adding 25 μl of fluorogenic POP substrate 4 mM N-

succinyl-glycyl-prolyl-7-amino-4-methylcoumarin (Suc-Gly-Pro-AMC) and the plates 

were incubated for 60 min at 30 °C. The reaction was terminated by the addition of 

100 μl of 1 M sodium acetate buffer (pH 4.2). POP cleaves the bond between proline 

and fluorescent agent AMC, thus the formation of AMC is dependent on the amount of 

active POP enzyme. A series of dilutions of AMC, 0,1, 0,2, 0,5, 1, 2, and 5 nmol, was 

prepared and used as a standard (Table 3.). The POP counts were measured 

fluorometrically using Wallac 1420 VICTOR2 fluoresence plate reader (Perkin Elmer, 

Waltham, Massachusetts, USA). The excitation and emission wavelengths were 360 

and 460 nm, respectively. The POP counts were converted to a concentration of formed 

AMC according to the standard direct. 

 

 

Table 3. The standard dilutions of AMC  

Blank 200 µl assay buffer  

St 0,1 nmol 190 µl assay buffer 10 µl 10 µM AMC 

St 0,2 nmol 180 µl assay buffer 20 µl 10 µM AMC 

St 0,5 nmol 150 µl assay buffer 50 µl 10 µM AMC 

St 1 nmol 190 µl assay buffer 10 µl 100 µM AMC 

St 2 nmol 180 µl assay buffer 20 µl 100 µM AMC 

St 5 nmol 150 µl assay buffer 50 µl 100 µM AMC 

 

 

The amounts of formed AMC (nm) in the enzyme activity measurement have been 

proportioned with the protein amounts (mg/ml) and with the incubation time, that was 

60 minutes. Wells without a tissue sample were used to determine background 

fluorescence. The mean value and the standard error of the mean (SEM) were 
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calculated and the background was reduced from the results. The results are presented 

in a separate figure in the Results paragraph.  

 

              2.8    The protein assay 

 

Protein concentration was determined with Bio-Rad protein assay kit based on the 

method of Bradford, (1976). In this spectroscopic method, the amount of proteins are 

measured based on a changed form and absorbance of the Coomassie dye. The first 

form of the dye donates its free electron to the protein, which evokes a change in the 

conformation of the protein and the dye binds to it. The binding stabilizes the blue 

form of the Coomassie dye. The protein concentration is measured based on the dye-

protein complexes by absorbance. 

 

We used bovine serum albumine as a reference (Table 4.). The dilutions were made 

from a 2 mg/ml stock solution. 1:20 dilutions with assay buffer were made from all 

the samples and 10 µl of every sample and standard were added to the 96-well plate 

into 2 wells. 200 µl of the dye reagent was added to every well. The plate was 

foliated and incubated at 37 ºC for 30 min. The absorbance was measured at 595 nm.  
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               Table 4. BSA standard dilutions 

BSA mg/ml µl BSA (2mg/ml) µl assay buffer 

0,00 0 100 

0,04 2 98 

0,08 4 96 

0,20 10 90 

0,28 14 86 

0,40 20 80 

0,48 24 76 

0,60 30 70 

                

 

The semiquantitive analysis of POP protein amounts was performed using Bio-Rad 

QuantityOne 4.5.1 software (Bio-Rad, Hercules, CA, USA) as described in 

(Myöhänen et al., 2007). The optical density (OD) values are based on the intensity 

of grey color of a western blot band. The more grey intensity a band depicts, the 

more POP protein there are in the sample. The OD values were compared to overall 

protein amounts measured by the method of Bradford (1976). 

  

            2.9   Statistical analyses 

 

 

Statistical analyses were performed using GraphPad Prism (version 5.02, GraphPad 

Software, Inc., San Diego, CA, USA). One-way ANOVA followed by Newman-

Keuls multiple comparison test were performed to analyze differences in enzyme 

activities between different developmental stages. Statistically significant differences 

were considered at P < 0.05. 
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3. Results 

 

3.1 POP enzyme activity  

 

POP enzyme activity was already high at the embryonic day 14, reaching its peak at 

embryonic day 18 and reducing rapidly to parturition day (P0) (Figure 7.). Surprisingly, 

at P0, the enzyme activity was low although the highest amount of POP protein was 

seen at this time point (see below at Western blot analysis). After P0, the brain POP 

enzyme activity was rather low (Figure 7.).   

 

3.2 Western blot analysis of POP protein 

 

POP antibody selectively labeled only one band at 80 kDA size, corresponding to a size 

of full length POP protein (Figure 8.). POP protein levels were also increasing during 

the embryonic days until the parturition day (E14 to P0), and the highest levels were 

measured at P0. This was in contrast to enzyme activities in which the highest activities 

were measured at E18 (Figure 7.). The POP protein amounts reduced substantially after 

parturition day, and were already at the adult brain level at P7 (Figure 8.).  
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Figure 7. The prolyl oligopeptidase (POP) enzyme activity (nmol/min*mg prot) 

measured from a whole brain homogenates at 5 different stages of rat ontogeny 

(mean ± SEM). The enzyme activity was high at embryonic day 14 (E14 n=6) and yet 

increased at embryonic day 18 (E18, n=10). At birth (P0, n=7) the enzyme activity was 

reduced notably and no differencies was measured between the parturition day (P0), 

postnatal day 7 ( P7, n=4) and adulthood (P90, n=4), but the differencies compared to 

E14 and E18 was statistically significant ***, P<0.001; *, P<0.05 vs. E14 and E18. 
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Figure 8. The prolyl oligopeptidase (POP) protein amounts (OD-value, mean ± 

SEM) measured with western blot analysis from 5 different stages of rat brain 

ontogeny. During the early developmental stages, at embryonic day 14 (E14 n=6) and  

embryonic day 18 ( E18 n=10) the POP protein amounts were very high. The highest 

amounts of the protein were measured at parturition day (P0 n=7) in contrast to the 

enzyme activity measurement, where the highest enzyme activity was measured at 

embryonic day 18. Statistically significant differencies were measured at postnatal day 

7 (P7, n=4) when the POP protein levels decreased rapidly compared with the 

parturition day and the protein levels remained at the same at aldulthood (P90 n=4). *, 

P<0.05 vs. the E14, E18 and P0. Western blot bands are depicting the POP protein 

amounts. 
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3.3 Distribution of the POP protein in rat brain sections 

 

In general, the POP protein was widely present throughout the developmental stages 

from embryonic day 14 to parturition day, although POP-immunoreactivity varied 

abundantly. At E14 and E18, notable amounts of POP were present at proliferative 

germinal zones. At E14 the staining was particulary high in the cortical plate (Figure 

9.), cortical, hippocampal and cerebellar neuroepithelia and also in the medial and 

lateral ventricular eminences, origins of the striatum, pallidum and basal forebrain. At 

E18, the amounts of POP were yet increased, and were widely found also in the 

secondary germinal matrices adjacent to the primary neuroepithelium (Figure 10.), such 

as the subventricular zones of the neocortex, striatum and hippocampus. 

 

 

At these early developmental stages, POP protein was also found in the nucleus. At 

E14, POP was generally present in the nucleus or in the perinuclear space (Figure 9.). 

Also at E18, some POP-immunoreactivity was observed in the nucleus but POP was 

also distributed widely in the cytosol and in the intercellular space, in contrast to the 

situation at E14 (Figure 10.). At E18, the colocalization of POP and nucleus was found 

exclusively in primary neuroepithelium and secondary germinal zones. Staining was 

reduced outside of these zones. At E14 the nuclear POP was present widely throughout 

the sections. 
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Figure 9. Confocal immunofluorescence photographs depicting the localization of 

POP and its colocalization with nucleus in rat brain at embryonic day 14. Notably 

amounts of POP was distributed at proliferative germinal zones and POP is clearly 

located in nucleus and in perinuclear space. Cortex preplate (A-C), primary 

neuroepithelium of neocortex (D-F), primary neurotepithelium of hippocampus (G-I) and 

medial ganglionic eminence (J-L) ) contained large amounts of POP protein. POP is 

visualized in green colour (fluorescein), nucleus with blue (DAPI) and in merge pictures, 

colocalization can be seen in light green spots. (Marked with arrow heads.) 
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Figure 10. Confocal immunofluorescence photographs depicting the localization of 

POP and its colocalization with nucleus in rat brain at embryonic day 18. The 

amounts of POP were increased compared to the E14, and it is widely found also in 

secondary germinal matrices adjacent to the primary neuroepithelium. Colocalization 

with nucleus is also clearly existent. POP-immunoreactivity in cerebral cortex 

subventricular zone (A-C), striatal subventriclular zone (D-F), hippocampal 

subventricular zone (G-I). POP is visualized in green colour (fluorescein), nucleus with 

blue (DAPI) and in merge pictures, colocalization can be seen in light green spots. 

(Marked with arrow heads.) 
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At P0 and P7 the POP-immunoreactivity was also widely observed, but the amount of 

POP was notably reduced at P7 compared to the earlier developmental stages similar to 

the western blot results (Figure 11.). POP was present in cytosol and in intercellular 

space, but no nuclear POP was observed. At these developmental stages the highest 

amounts of POP were found in neocortex, hippocampus, striatum and cerebellum, 

similar to adult rat brain (Myöhänen et al., 2007; Myöhänen et al., 2008b). 

 

 

Figure 11. Confocal immunofluorescence photographs depicting the localization of  

POP in rat brain cerebral cortex at parturition day (P0, A-C) and postnatal day 7 

(P7, D-F). The immunoreactivity of POP was significally reduced at birth and after 

compared to the earlier developmetal stages. POP was present in the cytosol and 

intracellular space, but no colocalization with nucleus was observed.  POP is visualized 

in green colour (fluorescein), nucleus with blue (DAPI).  
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4. Discussion 

 

To our knowledge, this is the first study where the distribution of POP protein was 

analyzed in the developing rat brain by immunohistochemistry. Previous studies are 

based on measurements of enzymatic activities (Fuse et al., 1990; Agirregoitia et al., 

2007a; Kato et al., 1980a; Agirregoitia et al., 2003b) and the POP coding mRNA 

distribution (Agirregoitia et al., 2010). A study of POP protein distribution was needed 

since POP enzyme activities and mRNA levels do not always correlate with protein 

levels (Myöhänen et al., 2009). This is also the first study where the POP protein has 

been detected in vivo in the nuclei of the brain cells.  

 

We observed a nuclear localization of POP protein at proliferative germinal zones at 

early stages of brain ontogeny. Also, the expression of POP was especially high in the 

neuroepithelia and subventricular zones. Furthermore, the expression and distribution 

of the POP was clearly fluctuating during brain development and the POP protein 

amount was particularly high at the early stages. In most parts of the brain cell 

proliferation takes place from embryonic day 10 till birth (Bayer and Altman 2004). 

The neuroepithelia and the medial and lateral ventricular eminences contain neural 

stem cells and contribute to the generation of neuronal precursors and function as sites 

where mitotic activity takes place. The cells leaving the neuroepithelia either become 

postmitotic and differentiate as neurons or form the subventricular zones where the 

cells continue proliferating before migration to their final locations and being 

differentiated. Our immunohistochemistry study indicates that at early stages of brain 

development, at embryonic day 14 and 18, POP is abundantly present in proliferative 

germinal zones: the neuroepithelia and subventricular zones, and that POP is also found 

in the cell nuclei. These findings strongly suggest a role for POP in regulation of 

neurogenesis and neuronal proliferation, and support the results of a previous study 

showing that the POP coding mRNA levels are high in the same germinative areas in 

the brain (Agirregoitia et al., 2010).  

 

Previous studies have reported high POP enzyme activities early in the development 

and during birth (Fuse et al., 1990; Agirregoitia et al., 2003b; Agirregoitia et al., 



40 

 

2007b). Our findings support these results in that the POP enzyme activities were fairly 

high at E14 and the highest at E18. However, we did not observe high POP enzymatic 

activities during P0 when the protein amounts were the highest. At these developmental 

stages, large POP-rich parts, such as the cortex, striatum, hippocampus and cerebellum 

reach their peak of neurogenesis (Myöhänen et al., 2008b). Striatal neurons are 

produced in the medial and lateral ventricular eminences starting from E13, and 

neurogenesis is largely completed in E19-E21 (Bayer and Altman 2004). The 

development of the neocortex begins with a formation of the preplate at E10 when the 

first postmitotic cells migrate out of the neuroepithelium. The first epoch of cortical 

neurogenesis occurs at E13-E15 when the cortical plate is formed dividing the preplate 

to cortical layers I and VII (the subplate). From E15 to E17 pyramidal cells for layers V 

and VI, the areas containing most POP protein in the mature brain (Myöhänen et al., 

2008b), are generated and secondary stem cells move into the subventricular zone and 

generate the neurons for layers IV-II from E17-E20. In the hippocampus, the 

neuroepithelium generating the pyramidal neurons for Ammon´s horn appears on E14, 

and the neuroepithelium is proliferating abundantly up to E18. These time tables of the 

neurogenesis in the rat brain coincide with our observations of the high POP enzyme 

activity, high POP protein immunoreactivity and abundant nuclear localization of POP.  

 

However, the mechanism is still unknown how POP could be involved in neurogenesis. 

Ohtsuki et al., (1997b) suggested that POP could directly interact with DNA but they 

did not suggest any particular proof for this action. We detected POP in the nucleus 

early in the development but our methods do not allow any conclusions about 

interaction between POP and DNA. One possibility could be the protein-protein 

interaction that has been recently reported with α-synuclein (Brandt et al., 2008)  and 

GAP-43 (Di Daniel et al., 2009). Of these, the interaction with cytosolic GAP-43 is 

interesting considering the neurogenesis since GAP-43 is known to be crucial for 

neuronal growth. The neuronal growth cones were considerably smaller in POP knock-

out mice than in the wild-type animals, and deficits in growth cones could be restored 

both with active and inactive POP. Increased cytosolic localization between E14 and 

E18, that was shown in our study, could enable this connection at least in the terms of 

neuroanatomy. Similarly, the increase of POP protein amounts until the P0, while the 
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enzyme activity is already reduced already at embryonic day 18, could point to the 

increased non-hydrolytic functions during late embryonic days. However, in our study 

no POP-immunoreactivity was seen in the neuronal growth cones.  Taken together, our 

results add more value to the idea of POP having an important function in 

neurogenesis, neuronal migration and differentiation, and support previous findings 

(Ohtsuki et al., 1994; Moreno-Baylach et al., 2008; Agirregoitia et al., 2010; Ohtsuki et 

al., 1997b). 

 

In our study, POP activity at P0 differed from what would be expected on the basis of 

the amounts of the POP protein. However, similar inconsistences between POP protein 

expression, enzyme activity and mRNA levels have been found earlier, (for review, see 

Myöhänen et al., 2009). The differences may be explained by the use of different 

substrates in activity studies, and possible posttranslational modification of POP or 

differential targeting and mRNA turnover regulation.  It is also unclear how POP is 

transported from the sites of synthesis to the protein expression areas. Our results 

suggest that there is a regulatory mechanism of POP enzyme activity also during 

neurogenesis, for instance the existence of an endogenous POP inhibitor has been 

proposed and reported in some studies (Salers, 1994; Yoshimoto et al., 1982; 

Yamakawa et al., 1994). Nevertheless, this cytosolic POP-specific inhibitor has been 

biologically poorly characterized and its functions are obscure. Some other regulatory 

mechanisms may be involved as well.  The discrepancy between the POP enzymatic 

activity and POP protein levels also suggest that POP may function beyond its enzyme 

activity. However, more studies are needed to explore the nuclear functions of POP 

protein. 

 

5. Conclusions 

 

In conclusion, the study demonstrated that POP is widely present in the brain 

throughout the ontogenesis from E14 to P7, although the POP-immunoreactivity and 

enzyme activity have a different time course. The POP immunostaining was notably 

high in the proliferative germinal zones at the early stages of development. The 
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existance of nuclear POP from E14 to E18 in the germinal zones of the telencephalon 

and cerebellum was observed. These findings support a role for POP in cell 

proliferation and neurogenesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



43 

 

REFERENCES  

Agirregoitia N, Bizet P, Agirregoitia E, Boutelet I, Peralta L, Vaudry H, Jegou S (2010) Prolyl 

endopeptidase mRNA expression in the central nervous system during rat development. J 

Chem Neuroanat 40:53-62. 

Agirregoitia N, Casis L, Gil J, Ruiz F, Irazusta J (2007a) Ontogeny of prolyl endopeptidase and 

pyroglutamyl peptidase I in rat tissues. Regul Pept 139:52-58.  

Agirregoitia N, Casis L, Gil J, Ruiz F, Irazusta J (2007b) Ontogeny of prolyl endopeptidase and 

pyroglutamyl peptidase I in rat tissues. Regul Pept 139:52-58.  

Agirregoitia N, Gil J, Ruiz F, Irazusta J, Casis L (2003a) Effect of aging on rat tissue peptidase 

activities. J Gerontol A Biol Sci Med Sci 58:B792-7.  

Agirregoitia N, Irazusta A, Ruiz F, Irazusta J, Gil J (2003b) Ontogeny of soluble and particulate 

prolyl endopeptidase activity in several areas of the rat brain and in the pituitary gland. Dev 

Neurosci 25:316-323.  

American Psychiatric Association DSM-IV: Diagnostic and statistical Manual of Mental       

        Disorders. 4. Washington, D.C.: American Psychiatric Press; 1994. 

Amin A, Li Y, Finkelstein R (1999) Identification of a Drosophila prolyl endopeptidase and 

analysis of its expression. DNA Cell Biol 18:605-610.  

Bayer SA, Altman J: Development of the Telencephalon: Neural stem cells, neurogenesis, and 

neuronal migration. In a book The rat nervous system pages 28-119 3. edition. edited by 

Paxinos G, San Diego 2004 



44 

 

Bellemere G, Vaudry H, Mounien L, Boutelet I, Jegou S (2004) Localization of the mRNA 

encoding prolyl endopeptidase in the rat brain and pituitary. J Comp Neurol 471:128-143.  

Benowitz LI, Routtenberg A (1997) GAP-43: an intrinsic determinant of neuronal development and 

plasticity. Trends Neurosci 20:84-91.  

Bourguignon JP, Alvarez Gonzalez ML, Gerard A, Franchimont P (1994) Gonadotropin releasing 

hormone inhibitory autofeedback by subproducts antagonist at N-methyl-D-aspartate receptors: 

a model of autocrine regulation of peptide secretion. Endocrinology 134:1589-1592.  

Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram quantities of 

protein utilizing the principle of protein-dye binding. Anal Biochem 72:248-254.  

Brandt I, Gerard M, Sergeant K, Devreese B, Baekelandt V, Augustyns K, Scharpe S, Engelborghs 

Y, Lambeir AM (2008) Prolyl oligopeptidase stimulates the aggregation of alpha-synuclein. 

Peptides 29:1472-1478.  

Brandt I, Scharpe S, Lambeir AM (2007) Suggested functions for prolyl oligopeptidase: a puzzling 

paradox. Clin Chim Acta 377:50-61.  

Cheng L, Lumb M, Polgar L, Mudge AW (2005) How can the mood stabilizer VPA limit both 

mania and depression? Mol Cell Neurosci 29:155-161.  

Cragg B (1980) Preservation of extracellular space during fixation of the brain for electron 

microscopy. Tissue Cell 12:63-72.  

Cunningham DF, O'Connor B (1997) Proline specific peptidases. Biochim Biophys Acta 1343:160-

186.  



45 

 

Daly DJ, Maskrey P, Pennington RJ (1985) Characterization of proline endopeptidase from skeletal 

muscle. Int J Biochem 17:521-524.  

Di Daniel E, Glover CP, Grot E, Chan MK, Sanderson TH, White JH, Ellis CL, Gallagher KT, 

Uney J, Thomas J, Maycox PR, Mudge AW (2009) Prolyl oligopeptidase binds to GAP-43 and 

functions without its peptidase activity. Mol Cell Neurosci 41:373-382.  

Fuse Y, Polk DH, Lam RW, Reviczky AL, Fisher DA (1990) Distribution and ontogeny of 

thyrotropin-releasing hormone degrading enzymes in rats. Am J Physiol 259:E787-91.  

Garcia-Horsman JA, Männistö PT, Venäläinen JI (2007) On the role of prolyl oligopeptidase in 

health and disease. Neuropeptides 41:1-24.  

Goossens F, De Meester I, Vanhoof G, Scharpe S (1996) Distribution of prolyl oligopeptidase in 

human peripheral tissues and body fluids. Eur J Clin Chem Clin Biochem 34:17-22.  

Griffiths EC (1985) Thyrotrophin releasing hormone: endocrine and central effects. 

Psychoneuroendocrinology 10:225-235.  

Huston JP, Hasenohrl RU (1995) The role of neuropeptides in learning: focus on the neurokinin 

substance P. Behav Brain Res 66:117-127.  

Ishino T, Ohtsuki S, Homma K, Natori S (1998) cDNA cloning of mouse prolyl endopeptidase and 

its involvement in DNA synthesis by Swiss 3T3 cells. J Biochem 123:540-545.  

Kato T, Nakano T, Kojima K, Nagatsu T, Sakakibara S (1980a) Changes in prolyl endopeptidase 

during maturation of rat brain and hydrolysis of substance P by the purified enzyme. J 

Neurochem 35:527-535.  



46 

 

Kato T, Okada M, Nagatsu T (1980b) Distribution of post-proline cleaving enzyme in human brain 

and the peripheral tissues. Mol Cell Biochem 32:117-121.  

Katoh K, Langford G, Hammar K, Smith PJ, Oldenbourg R (1997) Actin bundles in neuronal 

growth cone observed with the Pol-Scope. Biol Bull 193:219-220.  

Kimura A, Matsui H, Takahashi T (2002) Expression and localization of prolyl oligopeptidase in 

mouse testis and its possible involvement in sperm motility. Zoolog Sci 19:93-102.  

Kokko M, Kuronen I, Kärenlampi S (1994) Rapid production of antibodies in chicken and isolation 

from eggs. Cell Biology: A Laboratory handbook, Elviser Academic Press, San Diego 

Laemmli UK (1970) Cleavage of structural proteins during the assembly of the head of 

bacteriophage T4. Nature 227:680-685.  

Laitinen KS, van Groen T, Tanila H, Venäläinen J, Männistö PT, Alafuzoff I (2001) Brain prolyl 

oligopeptidase activity is associated with neuronal damage rather than beta-amyloid 

accumulation. Neuroreport 12:3309-3312.  

Lamberton RP, Lechan RM, Jackson IM (1984) Ontogeny of thyrotropin-releasing hormone and 

histidyl proline diketopiperazine in the rat central nervous system and pancreas. Endocrinology 

115:2400-2405.  

Lew RA, Tetaz TJ, Glucksman MJ, Roberts JL, Smith AI (1994) Evidence for a two-step 

mechanism of gonadotropin-releasing hormone metabolism by prolyl endopeptidase and 

metalloendopeptidase EC 3.4.24.15 in ovine hypothalamic extracts. J Biol Chem 269:12626-

12632.  



47 

 

Maes M, Goossens F, Scharpe S, Calabrese J, Desnyder R, Meltzer HY (1995) Alterations in 

plasma prolyl endopeptidase activity in depression, mania, and schizophrenia: effects of 

antidepressants, mood stabilizers, and antipsychotic drugs. Psychiatry Res 58:217-225.  

Maes M, Goossens F, Scharpe S, Meltzer HY, D'Hondt P, Cosyns P (1994) Lower serum prolyl 

endopeptidase enzyme activity in major depression: further evidence that peptidases play a role 

in the pathophysiology of depression. Biol Psychiatry 35:545-552.  

Männistö PT, Venäläinen J, Jalkanen A, Garcia-Horsman JA (2007) Prolyl oligopeptidase: a 

potential target for the treatment of cognitive disorders. Drug News Perspect 20:293-305.  

Mantle D, Falkous G, Ishiura S, Blanchard PJ, Perry EK (1996) Comparison of proline 

endopeptidase activity in brain tissue from normal cases and cases with Alzheimer's disease, 

Lewy body dementia, Parkinson's disease and Huntington's disease. Clin Chim Acta 249:129-

139.  

Matsubara S, Takahashi T, Kimura AP (2010) Epigenetic patterns at the mouse prolyl 

oligopeptidase gene locus suggest the CpG island in the gene body to be a novel regulator for 

gene expression. Gene. 465:17-29.  

Matsubara Y, Ono T, Tsubuki S, Irie S, Kawashima S (1998) Transient up-regulation of a prolyl 

endopeptidase activity in the microsomal fraction of rat liver during postnatal development. 

Eur J Biochem 252:178-183.  

Modahl C, Green L, Fein D, Morris M, Waterhouse L, Feinstein C, Levin H (1998) Plasma 

oxytocin levels in autistic children. Biol Psychiatry 43:270-277.  



48 

 

Momeni N, Nordstrom BM, Horstmann V, Avarseji H, Sivberg BV (2005) Alterations of prolyl 

endopeptidase activity in the plasma of children with autistic spectrum disorders. BMC 

Psychiatry 5:27.  

Moreno-Baylach MJ, Felipo V, Männistö PT, Garcia-Horsman JA (2008) Expression and traffic of 

cellular prolyl oligopeptidase are regulated during cerebellar granule cell differentiation, 

maturation, and aging. Neuroscience 156:580-585.  

Moriyama A, Nakanishi M, Sasaki M (1988) Porcine muscle prolyl endopeptidase and its 

endogenous substrates. J Biochem 104:112-117.  

Myöhänen TT, Garcia-Horsman JA, Tenorio-Laranga J, Männistö PT (2009) Issues about the 

physiological functions of prolyl oligopeptidase based on its discordant spatial association with 

substrates and inconsistencies among mRNA, protein levels, and enzymatic activity. J 

Histochem Cytochem 57:831-848.  

Myöhänen TT, Venäläinen JI, Garcia-Horsman JA, Männistö PT (2008a) Spatial association of 

prolyl oligopeptidase, inositol 1,4,5-triphosphate type 1 receptor, substance P and its 

neurokinin-1 receptor in the rat brain: an immunohistochemical colocalization study. 

Neuroscience 153:1177-1189.  

Myöhänen TT, Venäläinen JI, Garcia-Horsman JA, Piltonen M, Männistö PT (2008b) Cellular and 

subcellular distribution of rat brain prolyl oligopeptidase and its association with specific 

neuronal neurotransmitters. J Comp Neurol 507:1694-1708.  



49 

 

Myöhänen TT, Venäläinen JI, Garcia-Horsman JA, Piltonen M, Männistö PT (2008c) Distribution 

of prolyl oligopeptidase in the mouse whole-body sections and peripheral tissues. Histochem 

Cell Biol 130:993-1003.  

Myöhänen TT, Venäläinen JI, Tupala E, Garcia-Horsman JA, Miettinen R, Männistö PT (2007) 

Distribution of immunoreactive prolyl oligopeptidase in human and rat brain. Neurochem Res 

32:1365-1374.  

Oakberg  EF (1956) A description of spermiogenesis in the mouse and its use in analysis of the 

cycle of the seminiferous epithelium and germ cell renewal. Am J Anat 99:391-413.  

Ohtsuki S, Homma K, Kurata S, Komano H, Natori S (1994) A prolyl endopeptidase of Sarcophaga 

peregrina (flesh fly): its purification and suggestion for its participation in the differentiation of 

the imaginal discs. J Biochem 115:449-453.  

Ohtsuki S, Homma K, Kurata S, Natori S (1997a) Molecular cloning of cDNA for Sarcophaga 

prolyl endopeptidase and characterization of the recombinant enzyme produced by an E. coli 

expression system. Insect Biochem Mol Biol 27:337-343.  

Ohtsuki S, Homma K, Kurata S, Natori S (1997b) Nuclear localization and involvement in DNA 

synthesis of Sarcophaga prolyl endopeptidase. J Biochem 121:1176-1181.  

Orlowski M, Wilk E, Pearce S, Wilk S (1979) Purification and properties of a prolyl endopeptidase 

from rabbit brain. J Neurochem 33:461-469.  

Polgar L (1994) Prolyl oligopeptidases. Methods Enzymol 244:188-200.  



50 

 

Puttonen KA, Lehtonen S, Raasmaja A, Männistö PT (2006) A prolyl oligopeptidase inhibitor, Z-

Pro-Prolinal, inhibits glyceraldehyde-3-phosphate dehydrogenase translocation and production 

of reactive oxygen species in CV1-P cells exposed to 6-hydroxydopamine. Toxicol In Vitro 

20:1446-1454.  

Rawlings ND, Barrett AJ (1994) Families of serine peptidases. Methods Enzymol 244:19-61.  

Safran M, Wu CF, Emerson CH (1982) Thyrotropin-releasing hormone metabolism in visceral 

organ homogenates of the rat. Endocrinology 110:2101-2106.  

Salers P (1994) Evidence for the presence of prolyl oligopeptidase and its endogenous inhibitor in 

neonatal rat pancreatic beta-cells. Regul Pept 50:235-245.  

Schulz I, Zeitschel U, Rudolph T, Ruiz-Carrillo D, Rahfeld JU, Gerhartz B, Bigl V, Demuth HU, 

Rossner S (2005) Subcellular localization suggests novel functions for prolyl endopeptidase in 

protein secretion. J Neurochem 94:970-979.  

Szappanos AE, Lakics V, Erdo SL (1994) Pronounced increase in prolyl endopeptidase activity in 

primary cultures of rat cerebral cortex during neuronal differentiation. Neurobiology 2:211-

221.  

Toide K, Iwamoto Y, Fujiwara T, Abe H (1995) JTP-4819: a novel prolyl endopeptidase inhibitor 

with potential as a cognitive enhancer. J Pharmacol Exp Ther 274:1370-1378.  

Toide K, Shinoda M, Miyazaki A (1998) A novel prolyl endopeptidase inhibitor, JTP-4819--its 

behavioral and neurochemical properties for the treatment of Alzheimer's disease. Rev 

Neurosci 9:17-29.  



51 

 

Venäläinen JI, Garcia-Horsman JA, Forsberg MM, Jalkanen A, Wallen EA, Jarho EM, Christiaans 

JA, Gynther J, Männistö PT (2006) Binding kinetics and duration of in vivo action of novel 

prolyl oligopeptidase inhibitors. Biochem Pharmacol 71:683-692.  

Venäläinen JI, Juvonen RO, Forsberg MM, Garcia-Horsman A, Poso A, Wallen EA, Gynther J, 

Männistö PT (2002) Substrate-dependent, non-hyperbolic kinetics of pig brain prolyl 

oligopeptidase and its tight binding inhibition by JTP-4819. Biochem Pharmacol 64:463-471.  

Venäläinen JI, Juvonen RO, Männistö PT (2004) Evolutionary relationships of the prolyl 

oligopeptidase family enzymes. Eur J Biochem 271:2705-2715.  

Weaver M, Krasnow MA (2008) Dual origin of tissue-specific progenitor cells in Drosophila 

tracheal remodeling. Science 321:1496-1499.  

Williams RS, Cheng L, Mudge AW, Harwood AJ (2002a) A common mechanism of action for 

three mood-stabilizing drugs. Nature 417:292-295.  

Williams RS, Cheng L, Mudge AW, Harwood AJ (2002b) A common mechanism of action for 

three mood-stabilizing drugs. Nature 417:292-295.  

Yamakawa N, Shimeno H, Soeda S, Nagamatsu A (1994) Regulation of prolyl oligopeptidase 

activity in regenerating rat liver. Biochim Biophys Acta 1199:279-284.  

Yamanaka C, Lebrethon MC, Vandersmissen E, Gerard A, Purnelle G, Lemaitre M, Wilk S, 

Bourguignon JP (1999) Early prepubertal ontogeny of pulsatile gonadotropin-releasing 

hormone (GnRH) secretion: I. Inhibitory autofeedback control through prolyl endopeptidase 

degradation of GnRH. Endocrinology 140:4609-4615.  



52 

 

Yoshimoto T, Tsukumo K, Takatsuka N, Tsuru D (1982) An inhibitor for post-proline cleaving 

enzyme; distribution and partial purification from porcine pancreas. J Pharmacobiodyn 5:734-

740.  

 


