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Cholecystokinin (CCK) is a widely expressed neuropeptide system originally discovered in the gut. Both cerebral
and peripheral neurons as well as endocrine I-cells in the small intestine process proCCK to tyrosyl-O-sulfated
and α-carboxyamidated peptides. Recently, we reported that gut endocrine I-cells also synthetize nonsulfated
CCK in significant amounts. Accordingly, we have now examined whether porcine and rat cerebral tissues
(four cortical regions, hypothalamus and cerebellum) also synthesize nonsulfated CCK. A new, specific radioim-
munoassay showed that all brain samples from pigs (n = 15) and rats (n = 6) contained nonsulfated CCK. The
highest concentrationsweremeasured in the neocortex; 4.7± 0.25 pmol/g (7.4%) in the rat and 4.3±1.88 pmol/g
(2.3%) in the pig. Chromatography of porcine cortical extracts revealed that 96.4% of the CCKwas O-sulfated CCK-8.
A higher fraction of the larger peptides (CCK-58 and CCK-33) was nonsulfated in comparison with the shorter
forms (CCK-22 and CCK-8), i.e., 8.1% and 4.3% versus 0.9% and 1.5%. Immunohistochemical analysis of the rat
brain showed an overall similar distribution pattern in selected regions when comparing the antibody specific
for nonsulfated CCK-8 with an antibody recognizing both sulfated and nonsulfated CCK. However, nonsulfated
CCK immunoreactivitywas stronger than that of sulfated CCK in cell bodies andweaker in nerve terminals.We con-
clude that only a small fraction of neuronal CCK is nonsulfated. The intracellular distribution of nonsulfated CCK in
neurons suggests that they contribute only modestly to the CCK transmitter activity.

© 2016 Published by Elsevier Ltd.
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1. Introduction

Cholecystokinin (CCK) is a classic gut hormone, but also a wide-
spread peptide transmitter in the central and peripheral nervous
systems. In the digestive tract hormonal CCK has important effects on
gallbladder-contraction, satiety signaling, pancreatic growth and
enzyme secretion as well as on gastric emptying (for review, see
Rehfeld et al., 2007). In the brain CCK peptidesmodulate pain responses
and affect memory and emotions. Especially the anxiogenic effect of
CCK has been in focus (Rehfeld, 1992; Biró et al., 1997; Noble and
Roques, 2002).

Originally CCK was identified by its ability to stimulate gallbladder-
contraction in a bioassay (Mutt and Jorpes, 1968), hence the name.
Later this activity was shown to be due to binding to the CCK-A (or
CCK1) receptor expressed on gallbladder myocytes. O-sulfation of
Tyr77 in proCCK (Wank et al., 1992) is essential for CCK-A receptor acti-
vation and consequently, it has been assumed that bioactive CCK pep-
tides per definition would have to be O-sulfated.

The gastrin receptor, now termed CCK-B (or CCK2) receptor (Noble
and Roques, 1999; Dufresne et al., 2006), binds sulfated as well as
nonsulfated CCK peptides, in addition to gastrin (Saito et al., 1980;
Kopin et al., 1992). In otherwords, sulfation does not influence thebind-
ing to the CCK-B receptor. The CCK-B receptor is the predominant cere-
bral CCK receptor (the “brain receptor”). Moreover, reports on
occasional in vivo occurrence of nonsulfated CCK-8 peptides in the
brain and the thyroid gland as well as presence of nonsulfated CCK-58
in the gut have subsequently surfaced (Frey, 1983; Rehfeld and
Hansen, 1986; Laurberg and Rehfeld, 1987; Rehfeld et al., 1990;
Bonetto et al., 1999; Reeve et al., 2004).

In order to accurately quantitate the expression of nonsulfated CCK,
we have developed an assay that requires preanalytic tryptic cleavage of
the tissue extract followed by radioimmunoassay (RIA) measurement
using an antiserum (no. 94,179) that is entirely specific for unsulfated
CCK peptides (Agersnap and Rehfeld, 2014). The assay has shown that
the endocrine I-cells in the porcine and rat small intestinal mucosa
also synthetize nonsulfated CCK peptides with amino acid sequences
corresponding to those of the known sulfated peptides (CCK-58, CCK-
33, CCK-22 and CCK-8). The nonsulfated peptides constituted up to
20% of the α-amidated CCK-peptides in the gut (Agersnap and
Rehfeld, 2015). Since the brain expresses at least as much CCK as the
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gut (Rehfeld, 1978; Crawley, 1985), we have now examined the occur-
rence and molecular pattern of nonsulfated CCK peptides in extracts of
porcine and rat brain biopsies. Moreover, using immunohistochemistry
(IHC)we have compared the neuronal localization of CCK immunoreac-
tivity in the rat brain using antiserumno. 94,179 specific for nonsulfated
CCK and antiserum no. 18 recognizing both sulfated and nonsulfated
CCK (Frey, 1983).

2. Materials and methods

2.1. Tissues

Samples (0.15–2 g) of the cerebral cortex, the hypothalamus and the
cerebellum were obtained from six healthy 4-month old pigs (The
Panum Institute, University of Copenhagen, Denmark). The pigs had
regularly access to food and water, but were fasted overnight prior to
surgery. The animals were anesthetized and used for minor experi-
ments before termination. Immediately after termination, the brain
was removed and the dissected samples immersed in liquid nitrogen
until storage at −80 °C. Samples from nine additional porcine frontal
cortices were collected for further characterization of CCK by
chromatography.

Samples of the cerebral cortex, the hypothalamus and the cerebel-
lum (0.05–0.1 g) were acquired from six healthy 6-month-old wistar
rats (Rigshospitalet, The Panum Institute, University of Copenhagen,
Denmark) using the same methods for collection. The rats were kept
with free access to water and food until they were anesthetized and
sacrificed. For the extraction, neuronal tissue was preferably gathered
from the cortical mantle, excluding the underlying corpus callosum, in
order to maximize the concentration of CCK peptides (Rehfeld, 1978;
Marley et al., 1984; Rehfeld and Hansen, 1986).

2.2. Extraction

Samples of 0.05 to 0.5 g were collected into disposable tissueTUBEs
(Covaris, Woburn, MA), and stored on dry ice. The tissueTUBEs were
subsequently immersed in liquid nitrogen and pulverized by a cryoPREP
impactor (Covaris, Woburn, MA). This step was repeated in order to
maximize the pulverization. The pulverized tissues were transferred
to glass tubes, boiled in 10 mL distilled water/1 g tissue (or at least
1 mL) for 20min, and then homogenized. The tubes were subsequently
centrifuged at 10,000 rpm at 4 °C for 30 min and the supernatant col-
lected as “neutral extract”. The pellet was resuspended in 10 mL 0.5 M
acetic acid/g tissue (or at least 1 mL), homogenized, incubated for
20 min and subsequently centrifuged at 10,000 rpm at 4 °C for
30 min. The supernatant was assigned the “acid extract”.

2.3. Radioimmunoassays

Two sequence-specific radioimmunoassays (RIAs) were used to
measure sulfated and nonsulfated CCK separately in extracts and

chromatographic fractions (Rehfeld, 1998; Agersnap and Rehfeld,
2014). Antiserum no. 92,128 binds only CCK peptides that are both O-
sulfated and α-carboxyamidated (Fig. 1) and was used to measure all
sulfated CCKs (CCK-8, -22, -33, and -58) (Rehfeld, 1998). Antiserum
no. 94,179 is specifically directed against the N-terminal sequence of
nonsulfated CCK-8 (Fig. 1). Measurement of the longer, nonsulfated N-
terminally extended CCKs (CCK-22, -33 and -58), therefore required
tryptic cleavage of the binding between Arg9 and Asp8 (as numbered
from the C-terminus) and subsequently measurement by the RIA
(Agersnap and Rehfeld, 2014).

2.4. Chromatography

The neutral and acid extracts of nine porcine frontal cortices were
applied to calibrated Sephadex G50 superfine columns to examine the
molecular pattern of the sulfated versus nonsulfated CCK peptides. Elu-
tion was performed with 0.02 mol/L barbital buffer, pH 8.4, containing
1 g/L bovine albumin (Ortho) and 0.1 M NaCl at a flow rate of 4 mL/h.
The fractionswere collected in volumes of 1.3mLand subsequently sub-
jected to quantitation by the immunoassays.

2.5. Calculation of the tissue concentrations of α-amidated CCK peptides

The total amount of sulfated and nonsulfated CCK was calculated by
summing the concentrations in the neutral and acid extracts up. For the
determination of each molecular form of CCK the chromatographic elu-
tions were analysed. In the chromatographic elutions of both neutral
and acid tissue extracts, the Area Under the Curve (AUC) of eachmolec-
ular form was calculated in accordance with the known elution posi-
tions in calibrated columns. Subsequently the AUC of each form was
divided by the total AUC of all CCK immunoreactivity, and then multi-
plied with the total concentration of sulfated or nonsulfated concentra-
tion, respectively, in the extract. The concentration of each molecular
form of sulfated and nonsulfated CCK was hence measured separately
in the neutral and acidic extracts and subsequently summed up.

2.6. Immunohistochemistry and imaging

Sprague Dawley rats (adult males, 300–350 g) used for immunohis-
tochemistrywere obtained from SCANBURAB (Stockholm, Sweden). To
retain CCK peptides in neuronal cell bodies, some rats were treatedwith
an intracerebroventricular injection of an axoplasmic transport inhibi-
tor, colchicine, as previously described (Bergman et al., 2014). Colchi-
cine treated rats and controls were deeply anesthetized with sodium
pentobarbital and transcardially perfused with 4% paraformaldehyde
in 0.16 M phosphate buffer (PB) supplemented with picric acid (0.2%)
as described (Shi et al., 2012). Brains were dissected out, post-fixed in
the same fixative at 4 °C for 90 min, and rinsed with 10% sucrose in
0.1 M phosphate buffer containing 0.01% sodium azide (VWR Interna-
tional, Leuven, Belgium) and 0.02% bacitracin (Sigma, St. Louis, MO).
Brains were kept in 10% sucrose solution at 4 °C for at least 48 h, frozen

Fig. 1. Schematic illustration of the antibody binding epitopes on CCK-8: Abno. 94,179 binds theN-terminus of nonsulfated CCK-8 irrespective of C-terminal extention. Ab no. 92,128 binds
the alpha amidated C-terminus of all sulfated CCKs irrespective of N-terminal extention. Ab no. 18 (PF) binds all sulfated and nonsulfated alpha amidated CCK peptides irrespective of N-
terminal extention.
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