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Abstract

Prolyl carboxypeptidase (PRCP), a serine protease, is widely expressed in the body including
liver, lung, kidney and brain, with a variety of known substrates such as plasma prekallikrein,
bradykinin, angiotensins Il and 111, and -MSH, suggesting its role in the processing of tissue-
specific substrates. In the brain, PRCP has been shown to inactivate hypothalamic -MSH, thus
modulating melanocortin signaling in the control of energy metabolism. While its expression
pattern has been reported in the hypothalamus, little is known on the distribution of PRCP
throughout the mouse brain. This study was undertaken to determine PRCP expression in the
mouse brain. Radioactive in situ hybridization was performed to determine endogenous PRCP
MRNA expression. In addition, using a gene-trap mouse model for PRCP deletion, X-gal staining
was performed to further determine PRCP distribution. Results from both approaches showed that
PRCP gene is broadly expressed in the brain.
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1. Introduction

Prolyl carboxypeptidase (PRCP) is an enzyme of the carboxypeptidase (CPs) family which
contains a serine residue in the active center, essential for catalytic activity (Abeywickrema
et al., 2010; Soisson et al., 2010). PRCP cleaves only short peptides with a penultimate
proline residue (Kumamoto et al., 1981).

PRCP was discovered over 40 years ago from studies of bradykinin metabolism in kidney
(Yang et al., 1968). Since angiotensin Il has the same C-terminus of bradykinin, the enzyme
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was named angiotensinase C. However, when its ability to cleave a variety of Pro-X bonds
was shown, it was renamed PRCP.

PRCP (Yang et al., 1968; 1970) is a single chain protein of approximately 58 KDa. The C-
terminal sequence contains an interesting “serine repeat” in which Ser is repeated as the 26th
residue 6 out of 9 times (Tan et al., 1993). When the Ser residues are aligned to yield 26
residue repeats, the positions of some of the other residues also fall into a pattern. The
significance of this repeat region is not clear, but it might be involved in the maintenance of
a secondary or tertiary structural motif or in the formation of the homodimer. The gene
encoding human PRCP is on chromosome 11, while in the mouse it is on chromosome 7.

PRCP has an acidic pH optima (=5.0) when hydrolyzing short synthetic peptide substrates
(Odya et al 1978; Jackman et al., 1990; Tan et al., 1993), but it has been found that it retains
significant activity at neutral pH range. Indeed, at a physiological pH, a-melanocyte
stimulating hormone (a-MSH) is a better substrate for PRCP than angiotensin Il
(Wallingford et al., 2009).

PRCP activity has been detected in a variety of cells and organs both in rodents and human
(Kumamoto et al., 1981; Skidgel et al., 1981; Tan et al., 1993). Within the cell, it has been
localized in lysosomes (Kumamoto et al., 1981; Skidgel et al., 1981; Jackman et al., 1995).
However, it has also been found to be released in response to stimulation appearing in
extracellular media or biological fluids (Yang et al., 1960; Miller et al., 1991). In mice, like
humans, PRCP is expressed in peripheral tissues such as kidney, liver, heart and spleen. In
addition, PRCP is also expressed in the Central Nervous System (CNS; Wallingford et al.,
2009). Specifically, within the CNS, recent studies have shown PRCP expression and
regulation in the hypothalamus (Wallingford et al., 2009; Jeong et al., 2012a, b, 2013).

The distribution pattern of PRCP in the CNS has not been explored in details. Thus, our
study was undertaken to determine the expression pattern of PRCP within the CNS.

2. RESULTS

Radioactive in situ hybridization using a riboprobe specific to PRCP mRNA was performed
in adult C57BI6 mouse brains (Fig 1). In addition, PRCP expression pattern was studied
using X-gal staining in PRCP transgenic mice in which trapped PRCP gene contained an
insertion that had the following regions in its vector (pGT1TM) from 5’ to 3’ called SA
(splice acceptor), CD4-TM, and a lacZ reporter (Skarnes et al., 1995; Wallingford et al.,
2009; Figs 2 and 3). The results obtained from both methodologies were overlapping. PRCP
gene expression was observed throughout the mouse brain with a differential expression
pattern (Table 1).

2.1 Expression of PRCP in the telencephalon

The overall localization and expression levels of PRCP mRNA in adult mice brain is
summarized in Table 1.

The greatest levels of both endogenous and transgene signals were detected in the cerebral
cortex with very strong labeling in the cingulate (Cing Ctx; Fig. 1C,F,0, Fig. 2A-F, Fig. 3A)
and piriform cortex (Pir ctx; Fig. 1B,F,Q, Fig.2A-F, Fig. 3C). Other areas of the cortex
showed moderate signal intensity. Within the limbic system, strong signal was detected in
the hippocampus and in the amygdaloid complex. Both X-gal and silver grain density were
weaker in the rostral portion of the hippocampus but became stronger in the caudal portion.
Within the hippocampus, both signals were strong in all regions of the Ammon's horn and in
the dentate gyrus (Fig. 1B,C,F,G,P, Fig.2C-F, Fig.3B). In the amygdala, high intensity of the
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signal was detected within the the basolateral- (Fig. 1F,N, Fig. 2D and Fig. 3C) and central-
amygdaloid nucleus, while moderate signals were observed in the anterior-amygdaloid
nucleus (BLA; Fig.2D and Fig. 3C). PRCP labeling was also detected within the septum
pellucidum, specifically the lateral septal nucleus (LSN; Fig. 2A).

2.2 Expression of PRCP in the diencephalon

Strong PRCP expression was detected within the thalamus. Specifically, the paraventricular
thalamic nucleus (PV; Fig. 1F, Fig. 2B-D, Fig. 3G) and the Xiphoid thalamic nucleus (Xi;
Fig. 2C) showed the stronger staining within the thalamic formation.

In the epithalanus, the habenular nucleus (MHb) showed significant staining (Fig. 2D, Fig.
3H). Within the hypothalamus, moderate to weak levels of both endogenous PRCP mRNA
and X-gal staining were detected. Specifically, both X-gal staining and in situ hybridization
for PRCP mRNA show moderate signals in the medial (MPO) and lateral preoptic area
(LPO; Fig. 11, Fig.2A and fig. 3D), in the paraventricular nucleus (PVN; Fig. 1B, J; Fig 2C
and Fig. 3F), in the supraoptic nucleus (SO; Fig. 2B-C and Fig. 3E), in the dorsomedial
hypothalamic area (DMH; Fig. 1C,K, Fig. 2D and Fig. 3J), in the lateral hypothalamus (LH;
Fig. 1F,L, Fig. 2D and Fig. 31,J) and in the arcuate nucleus (ARC; Fig. 1C,K, Fig. 2D and
Fig. 31). On the other hand, while by in situ hybridization, moderate signals for PRCP
MRNA expression was detected in the ventromedial hypothalamus (VMH; Fig. 1C,K), a
very weak and/or inconsistent staining by X-gal staining was detected (Fig. 2D and Fig. 3I).
Similar discrepancy was found in the bed nucleus of stria terminalis (BST), in which only
hybridization signal was detectable, but not X-gal staining (data not shown).

2.3 PRCP expression in the mesencephalon and rhombencephalon

In the midbrain, PRCP labeling was detected in the zona incerta (ZI; Fig. 2E) and the ventral
tegmental area (VTA,; Fig. 1M, Fig. 2F, Fig. 3K).

Within the pons, several pontine nucleis showed strong PRCP signal including the pontine
reticular nucleus (PnO; Fig. 2G) and the reticulotegmental nucleus of the pons (RtTg; Fig
2G).

Within the medulla, labeling was detected in the prepositus nucleus (Pr; Fig. 2H), in the
gigantocellular reticular nucleus (Gl; Fig. 2H) and in the medial (MVe) and lateral
vestibular nuclei (LVe; Fig. 2H). Furthermore, the dorsal motor nucleus of the vagus (DMV)
showed strong PRCP mRNA and X-gal staining, together with the nucleus of solitary tract
(NTS) and the nucleus ambiguous (Amb; Fig. 1H,R, Fig. 21, Fig. 3L). Also in the medulla
labeling was found in the spinal trigeminal nucleus (Sp5).

Furthermore, labeling was observed in the medullary reticular formation and in the cuneate
and external cuneate nucleus (ECu; Fig. 21).

Inconsistent or no signal was detected in the cerebellum (Fig. 2H).

3. Discussion

The generation of a transgenic mouse model, in which a specific cassette fused with LacZ
reporter gene was inserted into PRCP gene, has allowed us to study via the X-gal staining
the expression of PRCP throughout the CNS. In addition, to further confirm PRCP
distribution, radioactive in situ hybridization using a riboprobe specific for PRCP mRNA
was performed. Our study shows that PRCP is not only expressed in the hypothalamic
region as previously reported (Wallingford et al., 2009; Jeong et al., 2012a, 2013) but in
many other regions of the CNS. Several extra-hypothalamic areas showed considerable
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PRCP expression, including the hippocampus, cortex, amygdala and several nuclei of the
brain stem. The pattern of X-gal staining overall overlapped with that of the in situ
hybridization. However, few discrepancies between the transgene and the endogenous PRCP
MRNA expression in the brain were observed. For example, X-gal staining was negative
and/or inconsistent in theVVMH, the anterior hypothalamic area (AHA) and the BST, while a
detectable level of silver grains was found in these areas. A possible explanation is that
although PRCP mRNA is expressed in these areas, protein levels may not be detectable due
to region-specific translational regulation. In addition, studies have suggested several
possibilities for differential pattern between a transgene and the endogenous mRNA
expression, including copy number, site of transgene fusion and size of transgene construct
(Liu et al., 2003; Young et al., 1998; Daniel et al., 2005).

To date, the known substrates for PRCP are angiotensin 11 and 111, prekallikrein and a-MSH.
We have previously shown that PRCP is the enzyme responsible for the degradation of a-
MSH (Wallingford et al., 2009) thus, it is a modulator of the melanocortin receptor signals.
In accordance with that, PRCP is expressed in many hypothalamic and extra hypothalamic
areas where melanocortin receptors 3 and 4 (MC3R and MC4R, respectively) expressions
have been reported (Roselli-Rehfuss et al., 1993; Gantz et al., 1993; Liu et al., 2003; Daniel
et al., 2005). For example, within the hypothalamus stronger expression was detected in the
PVN, DMH and LH. All of these are known sites of MC4R expression. In addition, low
expression has been detected in the ARCwhere POMC neurons are localized. Indeed, there
is limited expression of MC3R in subpopulation of arcuate POMC and NPY/AgRP neurons
(Jegou et al., 2000; Bagnol et al., 1999; Mounnien et al., 2005). In addition to hypothalamic
nuclei, we found a considerably strong expression of PRCP also in the DMV and in the
NTS. Both these brain stem areas express high levels of MC4R (Liu et al., 2003; Daniel et
al., 2005), thus, suggesting that PRCP may also regulate melanocortin signaling in the brain
stem. Intriguingly, a recent study showed that increased electrical activity of DMV neurons
is associated with lower melanocortin tone (Sohn et al., 2013). These results support the
finding that transgenic PRCP knockdown mice (PRCP/9t mice) are hypertensive (Adams et
al., 2011). A decreased PRCP activity in this brain stem site, by increasing melanocortin
signaling, may reduce the activity of DMV neurons, and therefore, the parasympathetic tone.
This, in turn, could result in a relative increase of the sympathetic tone. In support of this,
PRCP9V9t mice have increased UCP1 mRNA levels (Jeong et al., 2012b), indication of an
increased sympathetic activity, and do not show changes in the angiotensin/bradykinin
system (Adams et al., 2011) suggesting the possible role of central PRCP in the
cardiovascular phenotype of these mice.

Strong PRCP labeling was also detected in multiple limbic regions, including the
hippocampus, lateral septal nucleus and amygdala where MC4R has been shown to be
expressed (Liu et al., 2003; Daniel et al., 2005). PRCP has been also detected in the medial
preoptic area, the medial habenular nucleus and the piriform corte, sites expressing MC3R
(Roselli-Rehfuss et al., 1993; Gantz et al., 1993).

Because of its ability to process virtually all small peptides with a proline as penultime
amino acid, many more substrates for PRCP may exist. Our study showing the expression
pattern of PRCP in the CNS could help to identify other substrates according to the area of
PRCP expression.

4. Experimental Procedure

4.1 Animal

Young adult male C57BI6 mice (3-5 months old) and PRCP gene trap (PRCP3V9t: 3.5
months old males) mice expressing LacZ reporter gene crossed for 10 generations to a
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C57BI6 (Wallingford et al., 2009; Jeong et al., 2012a, b, 2013) were used to determine
endogenous PRCP mRNA and LacZ expression in the brain, respectively. Within each
experimental group, mice with similar body weight were used. Animals were housed at Yale
University animal facility under 12h light/ 12h dark cycle and a temperature at 25°C, and
had a free access to standard chow diet (Harlan Teklad#2018). All of the studies were
approved by Yale University Institutional Animal Care and Use Committee.

4.2 Radioactive in situ hybridization

Male mice (WT; n = 4) were sacrificed under deep anesthesia (Isothesia; Butler Schein
Animal Health, Dublin, OH) and the brains were quickly removed and frozen in liquid
nitrogen, and stored at —80°C until use. Coronal sections (20 pum) were cut throughout the
brain using a cryostat (Leica's CM 1850, Wetzlar, Germany), mounted on slides, and stored
at —80°C until use. Brain sections with a 200 pm interval (about 42 sections in 14 slides per
each brain) were used for in situ hybridization. In situ hybridization using S3°-labeled
riboprobes specific to PRCP was performed as previously reported (Jeong et al., 2012b,
Jeong et al., 2013), with a hybridization temperature of 60°C for overnight. A sense
riboprobe was used as control. The sense probe showed no hybridization signals throughout
the brain. Emulsion autoradiography was performed after phosphorimager screening
exposure (STORM 860 Il phosphorimager, GE Health Care, USA). Data analysis was
performed unbiased using a NIH Image J program, and a density of signal is represented by
density per area.

4.3 X-gal staining

Mice (PRCP9Y3t; n = 4) were perfused with 4% paraformaldehyde under anesthesia
(Isothesia; Butler Schein Animal Health, Dublin, OH), and coronal sections (40 um) were
obtained with the use of a vibratome. Brain sections with a 120 pm interval were used for
each brain for staining and analysis. X-gal staining was performed as previously reported
(Wallingford et al., 2009). Briefly, sections were washed with PBS (137 mM NaCl, 2.7 mM
KCI, 8 mM NayHPO,, 2.6 mM KH,PQy,) 4 times. Sections were then rinsed quickly once in
cold PBS with 2 mM MgClI, and incubated in the above solution for 10 min at 4°C.
Permeabilization was performed by incubation in cold PBS with detergent (0.01% sodium
desoxycholate and 0.02% NP40) for 10 min. Sections were then incubated overnight at 37°C
in the staining solution containing 25 mM KgFe(CN)g, 25 mM K4Fe(CN)g3H20, 2 mM
MgCl, in PBS and 1mg/ml of X-Gal. Sections were then rinsed in PBS, mounted on slides
and analyzed unbiased under the microscope.
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Abbreviation

PRCP: CNS Central Nervous System; Prolyl carboxypeptidase
a-MSH alpha-melanocyte stimulating hormone

MC3R melanocortin 3 receptor

MC4R melanocortin 4 receptor

Lv lateral ventricle

third ventricle
fourth ventricle
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HP
HYP
Thal
Amyg
Cb
Cing Ctx
VTA
NTS
DMV
f

ec

Pir ctx
ac
MPO
LPO
PVN
ARC
VMH
DMH
LH
SN
BLA
DG
Pir Ctx
MPO
LPO
LSN
SO
PV
Xi
MHb
VM
D3v
SN

ZI
MM
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hippocampus

hypothalamus

Thalamus

amygdala

cerebellum

cingulate cortex

ventral tegmental area

nucleus of solitarius tract

dorsal motor nucleus of the vagus
fornix

external capsule

piriform cortex

anterior commissure

medial preoptic nucleus

lateral preoptic area

paraventricular nucleus of hypothalamus
arcuate nucleus of the hypothalamus
ventromedial nucleus of the hypothalamus
dorsomedial hypothalamic nucleus
lateral hypothalamus

substantia nigra

basolateral amygdala

dentate gyrus

piriform cortex

medial preoptic area

lateral preoptic area

lateral septal nucleus

supraoptic nucleus

paraventricular nucleus of the thalamus
xiphoid thalamic nucleus

medial habenular nucleus
ventromedial nucleus of the thalamus
dorsal third ventricle

substantia nigra

zona incerta

mammillary body
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VTA ventrotegmental area

CA cerebral aqueduct

pontine nuclei

PnO pontine reticular nucleus
RtTg reticulotegmental nucleus of the pons
LVe lateral vestibular nucleus
MVe medial vestibular nucleus

prepositus nucleus

Sp5 spinal trigeminal nucleus

gigantocellular reticular nucleus

ECu external cuneate nucleus
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Fig. 1.

Representative images of coronal sections of mouse brain showing PRCP mRNA expression
by radioactive in situ hybridization. Panels A-D; Brain coronal section images obtained from
phosphorimager showing the overall brain expression patter of PRCP mRNA from rostral to
caudal extent. Panel E shows signal from sense riboprobes as a negative control. Panels F-H:
darkfield picture collage of representative coronal sections of mouse brain showing
hybridization signals (silver grains) for PRCP mRNA. Panels I-R: darkfield high power
magnification micrographs showing hybridization signals (silver grains) for PRCP mRNA in
of several brain areas. Abbreviation: 3v: third ventricle; 4v: fourth ventricle; HP:
hippocampus; HYP: hypothalamus; Thal: Thalamus; Amyg: amygdala; Cb: cerebellum;
Cing Ctx: cingulate cortex; VTA: ventral tegmental area; NTS: nucleus of solitarius tract;
DMV: dorsal motor nucleus of the vagus; f: fornix; ec: external capsule; Pir ctx: piriform
cortex; ac: anterior commissure; MPO: medial preoptic nucleus; LPO: lateral preoptic area;
PVN: paraventricular nucleus of hypothalamus; ARC: arcuate nucleus of the hypothalamus;
VMH: ventromedial nucleus of the hypothalamus; DMH: dorsomedial hypothalamic
nucleus; LH: lateral hypothalamus; SNR: substantia nigra reticulate; BLA: basolateral
amygdala; DG: dentate gyrus. Scale bar in A (for A-E) represents 1 mm. Bar scales in F-H
represent 1 mm; Bar scales in I-R represent 200 pm.
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Fig 2.

Picture collage of representative coronal sections of PRCPIV9t mouse brain showing the
distribution of LacZ (X-gal staining). Abbreviations: Pir Ctx: piriform cortex; MPO: medial
preoptic area; LPO: lateral preoptic area; Lv: lateral ventricle; LSN: lateral septal nucleus;
3v: third ventricle; Cing Ctx: cingulate cortex; SO: supraoptic nucleus; PV: paraventricular
nucleus of the thalamus; HP: hippocampus; Xi: xiphoid thalamic nucleus; PVN:
paraventricular nucleus of the hypothalamus; MHb: medial habenular nucleus; VM:
ventromedial nucleus of the thalamus; DMH: dorsamedial nucleus of the hypothalamus;
VMH: ventromedial nucleus of the hypothalamus; ARC: arcuate nucleus of the
hypothalamus; BLA: basolateral amygdala; D3v: dorsal third ventricle; SN: substantia nigra;
Z1: zona incerta; MM: mammillary body; VTA: ventrotegmental area; CA: cerebral
aqueduct; Pn: pontine nuclei; PnO: pontine reticular nucleus; RtTg: reticulotegmental
nucleus of the pons; Cb: cerebellum; 4v: fourth ventricle; LVe: lateral vestibular nucleus;
MVe: medial vestibular nucleus; Pr: prepositus nucleus; Sp5: spinal trigeminal nucleus; Gi:
gigantocellular reticular nucleus; NTS: nucleus of the solitarius tract; DMV: dorsal motor
nucleus of the vagus; ECu: external cuneate nucleus. All scale bars represent Imm.
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Fig. 3.

Representative high power micrographs showing LacZ expression in PRCPY9t mouse brain
in various brain regions. Panel A: cingulate cortex (Cing Ctx). Panel B: hippocampal (HP)
regions Cal and CA2; Panel C: piriform cortex (Pir Ctx) and basolateral amygdala (BLA).
Panel D: medial (MPO) and lateral preopotic area (LPO). Panel E: supraoptic nucleus (SO).
Panel F: Xiphoid thalamic nucleus (Xi) and paraventricular nucleus of the hypothalamus
(PVN). Panel G: paraventricular nucleus of the thalamus (PV). Panel H: paraventricular
nucleus of the thalamus (PV) and medial habenular nucleus (MHb). Panel I: dorsomedial
(DMH), ventromedial (VMH) and arcuate nucleus of the hypothalamus (ARC). Panel J:
lateral hypothalamus (LH) and dorsomedial nucleus of the hypothalamus (DMH). Panel K:
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ventral tegmental area (VTA) and substantia nigra (SN). Panel L: nucleus of the solitarius
tract (NTS) and dorsal motor nucleus of the vagus (DMV). All scale bars represent 100 pum.
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Table 1

PRCP transgene and endogenous PRCP mRNA expression in the mouse brain

Telencephalon:
Hippocampus
Dentate Gyrus (DG)
Ammon's horn, CA 1
Ammon's horn CA 2
Ammon's horn CA 3
Amygdaloid
Basolateral amygdaloid nucleus, anterior part (BLA)
Basolateral amygdaloid nucleus, ventral part (BLV)
Anterior amygdaloid area, ventral part (AAV)
Central amygdaloid nuclei
Septum pellucidum
Lateral septal nucleus (LSN)
Cerebral cortex
Retrosplenial granular (RSG)
Retrosplenial agranular cortex (RSA)
Piriform cortex (Pir Ctx)
Other areas of the cortex
Diencephalon:
Hypothalamus
Lateral preoptic area (LPO)
Medial preoptic area (MPO)
Paraventricular nucleus (PVN)
Supraoptic nucleus (SO)
Lateral hypothalamus (LH)
Ventromedial hypothalamus (VMH)
Arcuate nucleus (ARC)
Dorsomedial hypothalamus (DMH)
Anterior hypothalamic area (AH)
Premammillary nucleus, ventral part (PMV)
Premammillary nucleus, dorsal part (PMD)
Thalamus
Xiphoid thalamic nucleus (Xi)
Central medial thalamic nucleus (CM)
Ventromedial (VM)
Zona incerta, ventral part (ZIV)
Intermediodorsal thalamic nucleus (IMD)
Bed nucleus of stria terminalis (BST)
Ethmoid thalamic nucleus (Eth)

Paraventricular thalamic nucleus (PV)
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Epithalamus

Habenular nucleus

M esencephalon, M etencephalon and Myelencephalon:

Ventral tegmental area (VTA)

Substantia nigra, reticular part (SNR)
Reticulotegmental nucleus of the pons (RtTg)
Locus coeruleus (LC)

Motor trigeminal nucleus (Mo 5)

Principal sensory trigeminal nucleus (Pr5)
Pontine reticular nucleus, caudal part (PnC)
Pontine reticular nucleus, oral part (PnO)
Medullary reticular nucleus, dorsal part (MdD)
Medullary reticular nucleus, ventral part (MdV)
Intermediate reticular nucleus (IRt)

Lateral reticular nucleus (LRt)

Gigantocellular reticular nucleus (Gi)

Nucleus of trapezoid body (Tz)

Lateral vestibular nucleus (LVe)

Parvicellular reticular nucleus, alpha part (PCRtA)
Spinal trigeminal nucleus, (SP5)

Nucleus of solitary tract (NTS)

Dorsal motor of vagus (DMV)

Prepositus nucleus (Pr)

Medial vestibular nucleus, parvicellular part (MVePC)
Cuneate nucleus (Cu)

External cuneate nucleus (ECu)
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