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Many studies indicate that thimet oligopeptidase (EC3.4.24.15; TOP) can be implicated in the metabolism
of bioactive peptides, including dynorphin 1–8, a-neoendorphin, b-neoendorphin and GnRH. Further-
more, the higher levels of this peptidase are found in neuroendocrine tissue and testis. In the present
study, we have evaluated the effect of acute cocaine administration in male rats on TOP specific activity
and mRNA levels in prosencephalic brain areas related with the reward circuitry; ventral striatum, hip-
pocampus, and frontal cortex. No significant differences on TOP specific activity were detected in the hip-
pocampus and frontal cortex of cocaine treated animals compared to control vehicle group. However, a
significant increase in activity was observed in the ventral striatum of cocaine treated-rats. The increase
occurred in both, TOP specific activity and TOP relative mRNA amount determined by real time RT-PCR.
As TOP can be implicated in the processing of many neuropeptides, and previous studies have shown that
cocaine also alters the gene expression of proenkephalin and prodynorphin in the striatum, the present
findings suggest that TOP changes in the brain could play important role in the balance of neuropeptide
level correlated with cocaine effects.

� 2012 Elsevier Inc. Open access under the Elsevier OA license.
1. Introduction

Changes in dopaminergic neurotransmission are implicated in
alterations of the opioid system, including opioid peptides like
dynorphins, enkephalins, endorphins and also in opioid receptors
[1–3].

Reciprocally, the activation of opioid receptors can increase the
levels of extracellular dopamine in the nucleus accumbens [4]. In
particular, the delta-opioid system seems to be strongly related
to the cocaine addiction effects [3–5]. Thimet oligopeptidase (EC
3.4.24.15; TOP) is a proteolytic enzyme, largely distributed in the
lsevier OA license. 
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central nervous system, able to generate delta-opioid agonists like
Met- and Leu-enkephalin.

TOP was initially detected and purified from rat brain homoge-
nates [6]. TOP is a zinc-dependent peptidase of the metallopepti-
dase M3 family that contains the HEXXH motif in its primary
sequence [7–9]. A distinguishing feature of this peptidase is that
its catalytic center is located in a deep channel that only provides
access to short peptides making this peptidase an enzyme special-
ized in the metabolism of oligopeptides [9,10]. Studies using
specific inhibitors have suggested that TOP cleaves bioactive pep-
tides inside and outside the central nervous system [11–13]. In
vitro, TOP hydrolyses many substrates, including bradykinin (BK),
neurotensin (NT), GnRH (gonadotrophin-release hormone), b-neo-
endorphin, a-neoendorphin, dynorphin 1–8 [14] and nociceptin/
orphanin [11]. The participation of this enzyme in the processing
of GnRH (also called luteinizing hormone releasing hormone
LHRH) has been recently reviewed [15]. TOP activity may be con-
trolled by phosphorylation [16,17] and/or by intermolecular disul-
fide bonds leading to inactive oligomers [18,19]. Moreover, an
endogenous inhibitor of TOP has not been described and the half
life of TOP in the cytoplasm is also unknown. Trying to better
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understand possible control levels of TOP expression [20]
described that TOP is differentially regulated in neuroendocrine
and spermatid cell lineages by a transcription factor binding
to SRY (sex-determining region Y), CAAT box and CREB (cAMP-
response element-binding protein) promoter consensus sequences
[21,22].

The transcription factor CREB has been implicated in the
expression control of many proteins upon acute cocaine adminis-
tration, specially in the ventral striatum region and nucleus accum-
bens [23]. The resultant changes in CREB activity in the striatum
after cocaine administration is a well-documented event [23].
However, the identification of the proteins that are consequently
altered by this CREB modulation is currently under investigation,
despite the fact that strong efforts have been carried out in this
way [24].

Therefore, due to the above cited possible involvement of TOP in
the metabolism of neuropeptides related with cocaine effects
(b-neoendorphin, a-neoendorphin, and dynorphin 1–8) and the
described CREB promoter consensus sequence that can control
TOP expression, in the present work, we investigated if TOP could
then be regulated by cocaine administration. For this purpose, we
evaluated the effect of an acute cocaine administration in male rats
on TOP specific activity and mRNA levels at the prosencephalic
brain areas related with the reward circuitry; ventral striatum,
hippocampus, and frontal cortex.
2. Materials and methods

All procedures here were conducted according to an approved
institutional animal experimentation protocol (Committee of Ethi-
cal Research; Approval No. 1001/09), which follows the Guide for
the Care and Use of Laboratory Animals in Research (in accordance
with the National Institutes of Health, USA).

2.1. Animals and drug administration

Male Wistar rats were maintained in a temperature-controlled
room (23 ± 1 �C). A group of 8 rats was acutely injected with co-
caine (7 mg/kg; ip) whereas the control group was administrated
with saline solution. After 6 h the brains were collected for the
TOP measurement assays. For the activity measurements, other 2
groups (cocaine and saline) had the brains collected only 1 h after
the drug treatment.

Male Wistar rats (3 months of age) were obtained from CEDEME –
Universidade Federal de São Paulo (UNIFESP). The animals were
housed in a room maintained at 22 �C in 12:12 h light–dark cycle
(lights on at 07:00 am and off at 19:00 h) inside standard polypro-
pylene cages.

Cocaine hydrochloride (Sigma Chemical Co., St. Louis, MO, USA)
was freshly dissolved in saline solution. Intraperitoneal (ip) injec-
tions were given at a constant volume of 1 mL/kg. Naive subjects
were randomly assigned to 2 treatment groups (n = 8 each group),
saline and cocaine administration. A single dose of cocaine 7 mg/kg
or saline was administered intraperitoneally to the rats at 7:30 am
only 1 day at the same time. Six hours after the single dose the
animals were decapitated with minimum discomfort.

2.2. TOP activity measurements

TOP-like activity in tissue extracts samples were quantified
spectrofluorometrically by the hydrolysis of the FRET sub-
strate QFS (7-methoxycoumarin-4acetyl-Pro-Leu-Gly-Pro-dLys-
(2,4-dinitrophenyl). The assays were conducted in the absence
and in the presence of a specific TOP inhibitor JA-2 (N-[1-(R,S)-car-
boxy-3-phenylpropyl]Ala-Aib-Tyr-p-aminobenzoate) [25], and the
activity attributed to the TOP-like was the activity inhibited by this
specific inhibitor.
2.3. Detection of TOP by quantitative real-time PCR

TOP, b-actin and GAPDH mRNA expression in tissues were
assessed by SYBR Green real-time PCR using 10 ng of total cDNA,
SYBR Green Universal Master Mix (Applied Biosystems), and the
following set of primers independently: TOP (50TGATGTGGAGATG
AGCATGAGGCA-30; 50-GGCTTCAGTGAGTCTTTCGGGAT30, GenBank
Accession No.: NM_172075.2), b-actin (50-AGGCCAACCGTGAAAA
GATG-30 and 50CCAGAGGCATACAGGGACAAC-30, GenBank Acces-
sion No.: NM_031144.2) and GAPDH (50-TGCCCCCATGTTTGT
GATG-30 and 50-CTGACAATCTTGAGGGAGTTGT-30, GenBank Acces-
sion No.: NM_017008). TOP, b-actin and GAPDH mRNA expressions
were obtained from the cycle threshold (Ct) associated with the
exponential growth of the PCR products. Quantitative values for
TOP mRNA expression were obtained by the parameter 2�DDCt, in
which DCt represents the subtraction of the b-actin or the GAPDH
Ct values from the TOP Ct values.
2.4. Statistical analysis

Values shown are expressed in mean ± standard error of mean
(SEM). Student-t test was used to analyse the data. P < 0.05 were
considered statistically significant.
3. Results and discussions

Fig. 1 shows the results obtained in the TOP-like activity mea-
surements. A significant increase of TOP-like activity (P < 0.05)
was observed in the striatum of the cocaine treated rats (Fig. 1)
in comparison with the saline control group when the animals
were euthanized 6 h after the drug treatment. As stated in the
introductory section TOP activity can be controlled by phosphory-
lation [16] and/or by inactive dimmer formation through intermo-
lecular disulfide bonds [18,19]. However, no significant changes on
TOP activity were observed in either tissue in additional activity
measurements performed in a group of animals euthanized only
1 h after drug administration (data not shown), what ruled out
the possibility that such fast acting elements were controlling
TOP activity. Furthermore, no endogenous inhibitor of TOP is de-
scribed to date and TOP has no pre- or pro-region which could con-
trol its activity. The direct inhibition or activation of TOP hydrolytic
activity by cocaine was also tested but, no effect in the TOP activity
was observed with cocaine concentrations up to 1 mM (data not
shown). Therefore, the results suggest that the increased TOP activ-
ity observed in the striatum after cocaine administration was the
result of newly synthesized protein, controlled at the transcrip-
tional level. Actually, it was supported by the following quantita-
tive real-time PCR assays (Fig. 2). As observed in the specific
activity assays, only in the striatum of cocaine treated rats signifi-
cant increases of TOP mRNA levels were detected by the quantita-
tive real time PCR (P = 0.001 with b-actin as control and P = 0.03
with GAPDH as control). No significant changes in the mRNA TOP
levels were found in hippocampus and frontal cortex of cocaine
treated rats (Fig. 2).

The increase of cAMP-response-element-binding protein (CREB)
activity in the striatum of rat brains, following cocaine administra-
tion, is a well documented event [23]. It has also been described
that TOP expression is differentially regulated in neuroendrocrine
sites by the transcription factor binding CREB promoter consensus
sequences [22,26]. Taken together these observations provide a
reasonable explanation for the increased TOP mRNA transcription
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Fig. 1. Specific activity (AUF/min/lg of total protein) measured by the inhibition of the FRET substrate hydrolysis by the specific TOP inhibitor (JA-2). Values are expressed as
the mean ± standard error of mean (SEM). ⁄P < 0.05. Open bars – saline, black bars – cocaine.
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Fig. 2. TOP mRNA measured using reverse transcription and quantitative real-time polymerase chain reaction (qPCR). The plots show the ratio of the estimated TOP mRNA
level detected in the cocaine treated animals (open bars) and the control level in the saline solution treated rats (black bars), all normalized by the b-actin mRNA levels or
GAPDH mRNA levels. Values are expressed as the mean ± standard error of mean (SEM).⁄P < 0.05.
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(Fig. 2) that results in the increased TOP activity in the striatum of
the cocaine treated rats (Fig. 1).

Opioid peptides are involved in the mechanisms of addiction
adding on the reward circuits and reinforcement [3,5]. Previous
studies showed that CREB can also control the gene expression of
proenkephalin and prodynorphin in the nucleus accumbens [23].

Recent evidences strongly suggest that a delta-opioid specific
antagonist, but neither mu- or gamma-opioid, was able to reverse
the conditioned place preference induced by cocaine, while potent
delta-opioid agonists were able to reinstall the rewarding cocaine
effects [27]. As recently reviewed, pharmacological and genetic re-
search lines point out delta opioid receptor activity to be involved
on addictive behaviors of a number of drugs of abuse [28].

As TOP can be implicated in the processing of opioid peptides,
including, b-neoendorphin, a-neoendorphin, dynorphin 1–8 and
nociceptin/orphanin, modifications on TOP activity can potentially
result in alterations in the metabolism of these neuropeptides and
in vivo could be related to cocaine addiction. It is also tempting to
speculate that, at least partially, delta-opioid receptor desensitiza-
tion observed at chronic cocaine administration, could be
attributed to the increase of delta-opioid peptides, like Met- or
Leu-enkephalin, generated by the increases TOP activity upon the
effect of cocaine. Further studies will allow us to specify the areas
of tissues where the presented changes in TOP take place and
evaluate the effect of these changes on the levels and activity of
involved neuropeptides and receptors in vivo.

Our results suggest the involvement of brain TOP in the neuro-
peptides related effects of cocaine administration.

Acknowledgments

This work was supported by Fundação de Amparo à Pesquisa do
Estado de São Paulo (FAPESP) (CEPID #98/14303-3 to S.T.) and
Conselho Nacional de Desenvolvimento Científico e Tecnológico
(CNPq #553645/2009-9 to F.M.D., #558924/2008-5 to J.C.P.,
#481104/2004-6 to J.R.C., #306587/2010-6 to V.O.) and Associação
de Fundo e Incentivo à Pesquisa (AFIP).

References

[1] Y.L. Hurd, E.E. Brown, J.M. Finlay, H.C. Fibiger, C.R. Gerfen, Cocaine self-
administration differentially alters mRNA expression of striatal peptides, Brain
Res. Mol. Brain Res. 13 (1992) 165–170.

[2] S.R. George, M. Kertesz, [Met5]enkephalin concentrations in rat pituitary are
maintained under opioid inhibition, Eur. J. Pharmacol. 140 (1987) 95–98.

[3] L.M. Ambrose-Lanci, N.B. Peiris, E.M. Unterwald, E.J. Van Bockstaele, Cocaine
withdrawal-induced trafficking of delta-opioid receptors in rat nucleus
accumbens, Brain Res. 1210 (2008) 92–102.

[4] N. Hirose, K. Murakawa, K. Takada, Y. Oi, T. Suzuki, H. Nagase, A.R. Cools, N.
Koshikawa, Interactions among mu- and delta-opioid receptors, especially
putative delta1- and delta2-opioid receptors, promote dopamine release in the
nucleus accumbens, Neuroscience 135 (2005) 213–225.

[5] S.A. Perrine, I.S. Sheikh, C.A. Nwaneshiudu, J.A. Schroeder, E.M. Unterwald,
Withdrawal from chronic administration of cocaine decreases delta opioid
receptor signaling and increases anxiety- and depression-like behaviors in the
rat, Neuropharmacology 54 (2008) 355–364.

[6] M. Orlowski, C. Michaud, T.G. Chu, A soluble metalloendopeptidase from rat
brain. Purification of the enzyme and determination of specificity with
synthetic and natural peptides, Eur. J. Biochem. 135 (1983) 81–88.

[7] A. Pierotti, K.W. Dong, M.J. Glucksman, M. Orlowski, J.L. Roberts, Molecular
cloning and primary structure of rat testes metalloendopeptidase EC 3.4.24.15,
Biochemistry 29 (1990) 10323–10329.

[8] P. Dauch, J.P. Vincent, F. Checler, Molecular cloning and expression of rat brain
endopeptidase 3.4.24.16, J. Biol. Chem. 270 (1995) 27266–27271.

[9] C.K. Brown, K. Madauss, W. Lian, M.R. Beck, W.D. Tolbert, D.W. Rodgers,
Structure of neurolysin reveals a deep channel that limits substrate access,
Proc. Natl. Acad. Sci. USA 98 (2001) 3127–3132.

[10] K. Ray, C.S. Hines, J. Coll-Rodriguez, D.W. Rodgers, Crystal structure of human
thimet oligopeptidase provides insight into substrate recognition, regulation,
and localization, J. Biol. Chem. 279 (2004) 20480–20489.

[11] B. Vincent, J. Jiracek, F. Noble, M. Loog, B. Roques, V. Dive, J.P. Vincent, F.
Checler, Contribution of endopeptidase 3.4.24.15 to central neurotensin
inactivation, Eur. J. Pharmacol. 334 (1997) 49–53.



F.M. Dalio et al. / Biochemical and Biophysical Research Communications 419 (2012) 724–727 727
[12] F. Checler, H. Barelli, P. Dauch, V. Dive, B. Vincent, J.P. Vincent, Neurolysin:
purification and assays, Methods Enzymol. 248 (1995) 593–614.

[13] C.N. Shrimpton, A.I. Smith, R.A. Lew, Soluble metalloendopeptidases and
neuroendocrine signaling, Endocr. Rev. 23 (2002) 647–664.

[14] V. Rioli, A. Kato, F.C. Portaro, G.K. Cury, K. te Kaat, B. Vincent, F. Checler, A.C.
Camargo, M.J. Glucksman, J.L. Roberts, S. Hirose, E.S. Ferro, Neuropeptide
specificity and inhibition of recombinant isoforms of the endopeptidase
3.4.24.16 family: comparison with the related recombinant endopeptidase
3.4.24.15, Biochem. Biophys. Res. Commun. 250 (1998) 5–11.

[15] T.J. Wu, E. Pagano, S.K. Mani, A biological role for the gonadotrophin-releasing
hormone (GnRH) metabolite, GnRH-(1–5), J. Neuroendocrinol. 21 (2009) 293–
298.

[16] J.W. Tullai, P.M. Cummins, A. Pabon, J.L. Roberts, M.C. Lopingco, C.N.
Shrimpton, A.I. Smith, J.A. Martignetti, E.S. Ferro, M.J. Glucksman, The
neuropeptide processing enzyme EC 3.4.24.15 is modulated by protein
kinase A phosphorylation, J. Biol. Chem. 275 (2000) 36514–36522.

[17] M.F. Machado, F.M. Cunha, D.A. Berti, A.S. Heimann, C.F. Klitzke, V. Rioli, V.
Oliveira, E.S. Ferro, Substrate phosphorylation affects degradation and
interaction to endopeptidase 24.15, neurolysin, and angiotensin-converting
enzyme, Biochem. Biophys. Res. Commun. 339 (2006) 520–525.

[18] M. Demasi, G.M. Piassa Filho, L.M. Castro, J.C. Ferreira, V. Rioli, E.S. Ferro,
Oligomerization of the cysteinyl-rich oligopeptidase EP24.15 is triggered by S-
glutathionylation, Free Radic. Biol. Med. 44 (2008) 1180–1190.

[19] C.N. Shrimpton, M.J. Glucksman, R.A. Lew, J.W. Tullai, E.H. Margulies, J.L.
Roberts, A.I. Smith, Thiol activation of endopeptidase EC 3.4.24.15. A novel
mechanism for the regulation of catalytic activity, J. Biol. Chem. 272 (1997)
17395–17399.
[20] C. Pineau, S. McCool, M.J. Glucksman, B. Jegou, A.R. Pierotti, Distribution of
thimet oligopeptidase (E.C. 3.4.24.15) in human and rat testes, J. Cell Sci. 112
(Pt 20) (1999) 3455–3462.

[21] S. McCool, A.R. Pierotti, Promoter sequence of rat thimet oligopeptidase,
Biochem. Soc. Trans. 26 (1998) S15.

[22] L.S. Morrison, A.R. Pierotti, Thimet oligopeptidase expression is differentially
regulated in neuroendocrine and spermatid cell lines by transcription factor
binding to SRY (sex-determining region Y), CAAT and CREB (cAMP-response-
element-binding protein) promoter consensus sequences, Biochem. J. 376
(2003) 189–197.

[23] W.A. Carlezon Jr., R.S. Duman, E.J. Nestler, The many faces of CREB, Trends
Neurosci. 28 (2005) 436–445.

[24] A.J. Robison, E.J. Nestler, Transcriptional and epigenetic mechanisms of
addiction, Nat. Rev. Neurosci. 12 (2011) 623–637.

[25] C.N. Shrimpton, G. Abbenante, R.A. Lew, I. Smith, Development and
characterization of novel potent and stable inhibitors of endopeptidase EC
3.4.24.15, Biochem. J. 345 (Pt 2) (2000) 351–356.

[26] S. McCool, A.R. Pierotti, Expression of the thimet oligopeptidase gene is
regulated by positively and negatively acting elements, DNA Cell Biol. 19
(2000) 729–738.

[27] J.H. Kotlinska, E. Gibula-Bruzda, A. Pachuta, D. Kunce, E. Witkowska, N.N.
Chung, P.W. Schiller, J. Izdebski, Influence of new deltorphin analogues on
reinstatement of cocaine-induced conditioned place preference in rats, Behav.
Pharmacol. 21 (2010) 638–648.

[28] A.A. Pradhan, K. Befort, C. Nozaki, C. Gaveriaux-Ruff, B.L. Kieffer, The delta
opioid receptor: an evolving target for the treatment of brain disorders, Trends
Pharmacol. Sci. 32 (2011) 581–590.


	Acute cocaine treatment increases thimet oligopeptidase in the striatum of rat brain
	1 Introduction
	2 Materials and methods
	2.1 Animals and drug administration
	2.2 TOP activity measurements
	2.3 Detection of TOP by quantitative real-time PCR
	2.4 Statistical analysis

	3 Results and discussions
	Acknowledgments
	References


