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Plasma concentrations of cholecystokinin, CCK-8, and
CCK-33, 39 in rats, determined by a method based on

enzyme digestion of gastrin before HPLC and RIA
detection of CCK

A LINDEN, M CARLQUIST, S HANSEN, AND K UVNAS-MOBERG

From the Departments of Pharmacology and Biochemistry 11, Karolinska Institute, Stockholm, Sweden and
Department of Psychology, University of Gothenburg, Gothenburg, Sweden '

SUMMARY A new specific method for determination of cholecystokinin, CCK-8, and CCK-33, 39 in
rat plasma is described. Plasma CCK radioimmunoassay (RIA) is difficult, because of cross-
reactivity with gastrin. In the rat, problems because of difficulties in separating gastrin from CCK by
high performance liquid chromatography (HPLC) exist. These were solved by enzyme digestion
of gastrin before HPLC separation of molecular variants of CCK from gastrin fragments.
Cholecystokinin immunoreactive forms in the HPLC fractions were determined by an antibody,
which recognises the carboxyl terminus of CCK and gastrin. Fasting concentrations of small (CCK-
8) and large (CCK-33, 39) molecular forms of CCK averaged 1-9 (0-3) pM and were raised to 13-4
(3-8) pM in rats fed ad libitum. Cholecystokinin in lactating rats rose two-fold after suckling,
compared with 2-8 fold in response to feeding. The basal ratio between CCK-8 and CCK-33, 39 was
~1:1, but increased in favour of CCK-8 after feeding and in response to suckling. Gastrin like
immunoreactivity measured in unextracted plasma was found to rise after feeding, but was

unchanged in response to suckling.

Cholecystokinin (CCK) gives rise to well known
gastrointestinal effects, such as increased pancreatic
enzyme secretion, gall bladder contraction and
inhibition of gastric emptying.'* The control of the
release of CCK is less well described, however,
because of difficulties in measuring CCK in plasma.
The major problem with radioimmunoassay (RIA)

for CCK, is to obtain CCK specific antibodies that do.

not crossreact with gastrin, as the biologically active
C-terminal tetrapeptide sequence of CCK is
structurally identical to gastrin. The very low plasma
concentrations of CCK also demand a highly sensi-
tive RIA. Furthermore, the molecular heterogeneity
of CCK and gastrin, with structural dissimilarities
between species, cause difficulties in the measure-
ment of CCK. There are several studies of plasma
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CCK concentrations in dog and man,™* but only few
reports on plasma concentrations of CCK in rats as
yet.‘)-“

We have previously presented a method for
separate determination of CCK-8 and CCK-33, 39 in
dog plasma, based on separation of CCK peptides
from gastrin by high performance liquid chromato-
graphy (HPLC) before. RIA.” This method was
shown to be unsuitable for determination of both
CCK-8 and CCK-33, 39 in rat plasma, as rat gastrin
unlike dog gastrin, did not elute corresponding to
human gastrin standards in the HPLC system.
Instead, rat gastrin interfered with the determination
of CCK. We have therefore developed a specific
method for the determination of CCK-8 and CCK-
33, 39 in rat plasma, based on enzyme digestion of
gastrin before HPLC and consequent RIA detection.
In order to measure basal levels, the plasma samples
were concentrated 10-fold before radioimmuno-
assay.
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Plasma concentrations of CCK are known to
increase in response to feeding and various nutrients
in the intestine.** In previous studies we have
described raised concentrations of CCK not only in
response to feeding but also during pregnancy and
after suckling in lactating dogs.”?" In the present
study we have measured circulating concentrations of
CCK-8 and CCK-33, 39 in fasted, fed and lactating
rats. In addition, plasma concentrations of gastrin
like immunoreactivity were determined, since we
have previously measured increased plasma concen-
trations of gastrin in response to suckling in dogs."

Methods

HIGH PERFORMANCE LIQUID CHROMATOGRAPHY
Cholecystokinin and gastrin peptides were separated
on a TSK ODS-120 T column (4:6x250 mm, 5 pm
particle size, LKB Produkter, Bromma, Sweden)
using an isocratic system of 32% acetonitrile in 0-1%
trifiuoroacetic acid (TFA)+0-155 M NaCl with a flow
rate of 1 ml/min. This HPLC system resulted in a
good separation of CCK-8 and CCK-33, 39, non-
sulphated and sulphated gastrin-17 and gastrin-34
(Fig. 1). Standards used were sulphated (s) CCK-8,
human non-sulphated (ns) gastrin-34, and human
non-sulphated and sulphated gastrin-17 (Cambridge
Research Biochemicals, Harston, Cambridgeshire,
England) and porcine sulphated CCK-33 and
CCK-39 (gifts from Professor V Mutt, Stockholm,
Sweden).
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Fig. 1 Separation of CCK-8 (s), porcine CCK-33 (s),
CCK-39 (s), human gastrin-17 (ns and s), and human
gastrin-34 (ns) by reversed-phase HPLC. Column: TSK
ODS-120 T (4-:6%250 mm, 5 wm particle size). Solvent
system: 32% acetonitrile in 0-1% TFA+0-155 M NaCl. Flow
rate 1 ml/min.
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Fig.2 Human gastrin-17 (ns) before and after a 10 min, two
hours, and six hours long incubation period (pH 8-0, 37°)
with protease from S aureus, detected by HPLC. The
occurrence of the N-terminal (1-6) and C-terminal (11-17)
gastrin fragment are indicated. For details about column and
solvent system, see legend to Fig. 1.

ENZYME DIGESTION
Protease (Staphylococcus aureus V.8, Miles
Scientific, Naperville, IL, U.S.A.), an enzyme which
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under certain conditions specifically cleaves peptide
bonds on the COOH terminal side of glutamic acid,"
will cleave gastrin but not CCK, as CCK peptides do
not contain glutamic acid whereas gastrins do.
Enzyme digestion of gastrin-17 (ns) detected by
HPLC at 10 min, 1, 2, 4, 6, 8, 12, and 24 hours results
in the formation of two peaks which reach their
maximum size after a six hour incubation period (Fig.
2). Digestion was performed in 1% ammonium
bicarbonate (w/v), pH 8:0, at 37°C with an enzyme/
substrate ratio of 1:10 (w/w). High performance
liquid chromatography fractions corresponding to
peak 1 and 2 were collected, analysed after acid
hydrolysis and identified as the N-terminal (1-6) and
C-terminal (11-17) fragment of gastrin-17, respect-
ively (Table). Enzyme digestion of gastrin-34 (ns)
and gastrin-17 (s) resulted in N-terminal and C-
terminal fragments which coeluted with the respec-
tive fragments derived from gastrin-17 (ns), except
C-terminal fragments from gastrin-17 (s) which
eluted earlier. High performance liquid chromato-
graphy separation of CCK and gastrin standards after
enzyme digestion is shown in Figure 3.

GEL FILTRATION
Lyophilised tissue extracts with and without prior
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Fig. 3 Enzyme digestion of CCK-8 (s), porcine CCK-33
(s), CCK-39 (s), human gastrin-17 (ns and s), and human
gastrin-34 (ns) after six hours incubation (pH 8-0, 37°C) with
protease from S aureus. The figure shows the formation of the
N-terminal gastrin fragment and the nonsulphated and
sulphated C-terminal gastrin fragment, detected by HPLC.
For details about column and solvent system, see legend to
Fig.1.
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Table Amino acid compositions of fragments obtained
after cleavage of gastrin-17 with the protease from
Staphylococcus aureus V.8

Amino acid Peak 1 (1-6) Peak 2 (11-17)
Trp nd (1) nd (1)
Asp 1-:0(1)
Glu 19(2)

Pro 1:0(1)

Gly 12(1) ) 1-1(1)
Ala 1-0(1)
Met 0-9(1)
Leu 09(1)

Tyr 1-0(1)
Phe 1-0(1)
Total 6 7

Values are molar ratios without correction for destruction,
incomplete hydrolysis, or impurity. nd: not detected.

enzyme digestion were reconstituted in 2 ml Veronal
buffer (see below) and applied to a Sephadex G-50
superfine column (16X 1000 mm) eluted with 0-02 M
Veronal +0-1% BSA (w/v), pH 8-4, at 4°C at a flow
rate of 5 ml/h. The column was calibrated with Blue
Dextran (for indication of void volume, Vo),
Gastrin-34 (ns), CCK-39, CCK-33, gastrin-17 (ns),
CCK-8, and *I. Fractions of 1 ml were collected for
analysis by radioimmunoassay.

RADIOIMMUNOASSAYS
Cholecystokinin concentrations were determined by
gastrin radioimmunoassay,” with the modification of
using antiserum no 2609 (gift from Professor J F
Rehfeld, Copenhagen, Denmark), which reacts with
the biologically active C-terminal tetrapeptide
common to both gastrin and CCK" and by using
sulphated CCK-8 as standard. Antiserum no 2609
will be referred to as the carboxyl-terminal antiserum
in the following text. Standard curves were made in
the assay buffer (0-02 M Veronal) with the same salt
concentration as in the unknown samples after HPLC
fractionation. The intra-assay coefficient of variation
is 3-5%, the interassay coefficient is between 8-12%,
and the sensitivity of the assay if 5 pM. Molar
crossreactivity of CCK-8:33:39 is 1:0-75:0-75 at ID
50. No corrections for the differences in binding
activity between CCK peptides have been done.
Specific gastrin immunoreactivity was measured by
radioimmunoassay" using antiserum no 2604 (gift
from Professor J F Rehfeld). This antiserum binds
the C-terminal hexapeptide of gastrin-17 and recog-
nises both sulphated and non-sulphated forms of
gastrin as well as gastrin-17 and -34 with the same
potency. The sensitivity of the assay is 5 pM and this
antiserum is highly specific for gastrin because the
cross reactivity with CCK is negligible (ratio of ID 50
for gastrin-17 to ID 50 for CCK <0-001)."
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When plasma samples after HPLC fractionation
were determined by both the unspecific carboxyl-
terminal antiserum 2609 and the gastrin specific
antiserum 2604, no gastrin specific immunoreactivity
was found in fractions corresponding to standards
of CCK-8 and CCK-33, 39. Thus, in this study,
immunoreactivity found with the carboxyl-terminal
assay in fractions corresponding to CCK standards,
is considered as CCK. Furthermore, gastrin was
determined in unextracted plasma samples using
antiserum 2604.

TREATMENT OF TISSUE BIOPSIES

Tissue biopsies of the antrum and duodenum were
taken from two rats directly after decapitation. The
mucosa was stripped off, immediately put on dry ice
and kept frozen until extraction was carried out.
Antral mucosa (~0-40 g/rat) was pooled from the two
rats and boiled in water (10 ml/g of tissue, pH 6-6) for
10 minutes. Human serum albumin (HSA) 0-1% w/v,
was added and the suspension was centrifuged at
2000 rpm for 10 minutes. The supernatant was
decanted and divided into two samples before lyophi-
lisation. The duodenal mucosa (~0-2 g/rat) from the
two rats was pooled, and first extracted at neutral pH
(as described above) and then was 0-1 M HCI (10 ml/g
of tissue, pH 1-5) added 'to the insoluble material.”
The suspension was centrifuged and the supernatant
divided into two samples before lyophilisation. One
of the duplicate samples from antral and duodenal
mucosa, respectively, was enzyme treated with
protease from S aureus and then lyophilised before
gel filtration.

TREATMENT OF PLASMA SAMPLES

Plasma was purified on C18 SEP-PAK cartridges
(Waters Associates, Milford, MA, USA). The cart-
ridges were equilibrated with 10 ml 100% acetonitrile
(viv), followed by 10 ml 0-1% acetic acid (v/v) before
the application of 2 ml plasma samples. After wash-
ing with 5 ml 0-1% acetic acid, the samples were
eluted by 6 ml of acetonitrile and 0-1% acetic acid
(1:1, v/v) and then lyophilised.

The lyophilised samples were reconstituted in 200
ul of 1% ammonium bicarbonate (w/v, pH 8-0)
before a six hour incubation period (37°C) with
protease from S aureus (5 pg/sample). After the
enzyme digestion the samples were again lyophilised.

Enzyme-treated samples were dissolved (500 pl
'0-1% TFA and water, 1:1, v/v), filtrated through a
Millex-HV filter (Millipore Corporation, Bedford,
MA, USA) before loading onto the HPLC column
for peptide separation using the system described
above. Fractions (0-25 ml) were collected, frozen and
lyophilised before analysis by radioimmunoassay.

The lyophilised samples were reconstituted in
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Fig. 4 Gel chromatography of rat antral extract, (a)
nontreated extract (B) and (b) enzyme treated extract (O).
Column: Sephadex G-50 (superfine, 16x 1000 mm). Column
buffer: 0-02 M Veronal+0-1% BSA, pH 8-4. Flow rate
5 milh. Fractions of 1 ml were collected and assayed with a
gastrin specific radioimmunoassay using antiserum 2604.
The column was calibrated with Blue Dextran (for indication
of void volume, Vo), human gastrin-34 (ns), porcine
CCK-39 (s), and CCK-33 (s), human gastrin-17 (ns),
CCK-8 (s), and '*I.

200 pl of the assay buffer (0-02 M Veronal).
Cholecystokinin immunoreactivity was determined
by the carboxyl-terminal antiserum. Gastrin specific
immunoreactivity was also determined for detection
of C-terminal gastrin fragments and to control that no
gastrin was present in fractions corresponding to
CCK standards.

RAT EXPERIMENTS
Female virgin and lactating Wistar rats weighing
approximately 250 g were used in the experiments.

FASTING AND FEEDING

Control rats

One group of rats was deprived of food for 48 h
(water was freely available), before decapitation
when trunk blood was collected. Another group of
rats had ordinary food and water ad libitum before
decapitation.
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Vagotomised rats

Two groups of rats, anaesthetised with Ketalar,
underwent a bilateral truncal vagotomy 48 h before
use. One group of vagotomised rats was starved for
48 h (water was freely available) and the other group
had food and water ad libitum before decapitation.

SUCKLING EXPERIMENTS IN LACTATING RATS
Lactating rats with 10 pups each, were starved and
separated from their pups 13 h before the experiment
was performed.

In two groups of rats, pups were returned to their
mothers. In one of the groups, lactating rats were
decapitated two minutes after start of suckling and in
the other group after ~10 min of suckling when milk-
ejection occurred, as indicated by a characteristic
behaviour, the stretch reaction. A separate group of
rats was offered food pellets and was allowed to eat
for two minutes before decapitation. Control rats
were decapitated after the fasting and separation
period.

COLLECTION OF SAMPLES

Trunk blood (~5 ml) was collected in ice chilled
tubes containing 10 IU heparin/ml (Kabi AB,
Stockholm, Sweden) and 500 IU aprotinin/ml (Bayer
AB, Stockholm, Sweden). The samples were
immediately centrifuged and plasma stored at —20°C
until assayed for CCK and gastrin.

STATISTICAL ANALYSIS

Data are presented as mean (SEM). Comparisons
between groups were evaluated with the Kruskal-
Wallis one-way analysis of variance and subsequent
two group comparisons were made with the Mann-
Whitney U test, provided the analysis of variance first
showed a significant overall effect. The value of
p<<0-05 is considered as significant for a two-tailed
test. There were five to seven rats in each group.

Results

GASTRIN AND CCK IN RAT ANTRAL AND
DUODENAL MUCOSA
Gel chromatography of antral extract produced two
peaks of gastrin immunoreactivity. One peak eluted
in the same area as gastrin-34 and the other peak
eluted in correspondence with gastrin-17 (Fig. 4a).
The gel filtration pattern of duodenal extract
revealed the presence of two or three CCK immuno-
reactive peaks, which eluted in the same area as
CCK-39 and CCK-33 (which coelute) and corres-
ponding to CCK-8 (Fig. 5a).

Gel chromatography of enzyme treated antral
extract revealed a completely changed elution
pattern, whereas the gel filtration pattern of duo-
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Fig. 5 Gel chromatography of rat duodenal extract, (a)
non-treated extract (B) and (b). enzyme treated extract (0).
Fractions were assayed for CCK immunoreactivity with
carboxyl-terminal antiserum 2609. For details about column
and methods, see legend to Fig. 4.

denal extract was not changed by enzyme treatment
(Figs 4b and 5b).

When rat gastrin-17 and -34 obtained after gel
filtration of antral mucosa were applied to the HPLC
column, it was shown that the elution positions did
not correspond to the respective human gastrin
standards, since rat gastrin eluted considerably
earlier in fractions that also contain CCK (Fig. 6a).
Cholecystokinin immunoreactive material obtained
after gel filtration of rat duodenal extract correspond-
ing to standards of CCK-8 and CCK-33, 39, however,
was shown to coelute with the CCK standards on the
HPLC column (Fig. 6b). It is therefore likely that
CCK immunoreactive material obtained from the
rat, eluting in the same positions as CCK standards
(synthetic CCK-8, porcine CCK-33, 39) after HPLC
chromatography corresponds to rat CCK-8 and
CCK-33, 39.

CCK AND GASTRIN IN RAT PLASMA
A plasma sample from a fed rat was divided into two
samples and one of the duplicates was subjected to
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Fig. 6 Immunoreactivity of (a) rat gastrin and (b) rat CCK
(obtained following gel filtration of antral and duodenal
extract), detected in HPLC fractions assayed for gastrin and
CCK immunoreactivity with gastrin specific antiserum 2604
and carboxyl-terminal antiserum 2609, respectively. For
details about HPLC column and solvent system, see legend to
Fig. 1. Positions for CCK-8 (s), CCK-33 (s), CCK-39 (s),
gastrin-17 (ns and s), and gastrin-34 (ns) are indicated.

enzyme digestion of gastrin like peptides before
application to the HPLC system. The profile of
cholecystokinin and gastrin like immunoreactivity of
the non-treated and enzyme treated plasma sample is
shown in Figs 7a and 7b, respectively. In the enzyme-
treated plasma sample, immunoreactive material was
found with the carboxyl terminal assay, but not with
the gastrin specific assay in fractions corresponding to
exogenous CCK-8 (elution time 9-5-10-5 min) and
CCK-33 and -39 (which coelute, elution time 6-25—
7-25 min). These fractions are therefore considered
to contain rat CCK. This is in contrast with the non-
treated plasma sample, which contained gastrin
specific immunoreactivity in the fractions for CCK-8
and CCK-33, 39. Furthermore, in the enzyme-
treated plasma sample immunoreactivity was found
with the carboxyl-terminal assay and the gastrin
specific assay in fractions corresponding to C-
terminal fragments of non-sulphated and sulphated
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human gastrin-17 and -34 (9 and 7-5 min, respect-
ively).

Measurement of low concentrations of CCK was
made possible by a 10-fold concentration of the 2 ml
plasma sample, which was processed as described
above and then reconstituted in 200 pl of assay buffer
before radioimmunoassay. Recovery studies of

. CCK-8 and CCK-33 without and after enzyme diges-

tion, in amounts ranging from 0-02 to 0-2 pmol added
to 1 ml rat plasma and processed as above, revealed
that the CCK content was unaffected by enzyme
treatment and 50 +4% of the original material was
recovered.

RAT EXPERIMENTS: FASTING AND FEEDING

CCK

Total CCK concentrations (CCK-8+CCK-33,39) in
the group of fasted control rats were 1-9 (0-3) pM and
were significantly raised (p<0-05) to 13-4 (3-8) pM in
the group of freely fed rats. In the group of vagoto-
mised fasted rats, total CCK concentrations were 3-7
(0-3) pM, which is significantly higher (p<0-05) than
in fasted control rats. Cholecystokinin concentrations
in fed vagotomised rats averaged 1-1 (0-4) pM, which
is significantly lower (p<<0-05) than in fasted vagoto-
mised rats. When the CCK like immunoreactivity
appearing in fractions corresponding to CCK-8 and
CCK-33, 39 were calculated separately, it was found
that the ratio between small (CCK-8) and large
(CCK-33, 39) molecular types differed among the
groups. Thus, the ratio CCK-8/CCK-33, 39 in the
group of fasted control rats was ~1:1 but increased in
favour of CCK-8 in the group of fed control rats. In
the group of fed vagotomised rats, however, the ratio
CCK-8/CCK-33, 39 differed significantly (p<0-05) to
be in favour of CCK-33, 39. In the group of fasted
vagotomised rats, CCK-8 was the predominant form.
Fig. 8a.

Gastrin

-Gastrin concentrations averaged 51 (4:-1) pM in

fasted control rats and were significantly raised
(p<<0-01) to 120 (12-6) pM in fed control rats. Gastrin
concentrations in the group of fasted vagotomised
rats were 83 (7-3) pM, which is significantly higher
(p<0-05) than in the group of fasted control rats. In
the group of fed vagotomised rats, gastrin concen-
trations averaged 63 (4-5) pM. Fig. 8b.

SUCKLING EXPERIMENTS

CCK

Total CCK concentrations were 6-9 (1) pM in
lactating control rats, 13-5 (1-5) pM in the suckling
group, 10-2 (0-7) pM in the milk ejection group and
19-5 (3-8) pM in the fed group. The concentrations of
CCK were significantly raised (p<<0-05) in all experi-
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Fig. 7 Cholecystokinin and gastrin immunoreactivity in rat
plasma after feeding, (a) non-treated sample and (b) enzyme
treated sample, detected in HPLC fractions by carboxyl-
terminal antiserum 2609 and gastrin specific antiserum 2604.
Fractions containing immunoreactivity exclusively found by
the carboxyl-terminal assay (considered as CCK) is marked
by open bars, and fractions containing gastrin specific
immunoreactivity is marked by cross striped bars. For details
about HPLC column and solvent system, see legend to Fig. 1.
Positions for CCK-8 (s), CCK-33 (s), CCK-39 (s), and non-
sulphated and sulphated C-terminal gastrin fragments are
indicated.

mental groups compared with CCK concentrations in
the control group. The ratio CCK-8/CCK-33, 39 was
in favour of CCK-33, 39 in the control group but was
significantly changed (p<0-05) to be increased in
favour of CCK-8 in the fed group and with the same
tendency in the suckling group (p=0-06). Fig. 9a.

Gastrin

Gastrin concentrations averaged 49 (6-3) pM in the
control group, 68 (12-8) pM, 66 (11-1) pM, and 182
(31-1) pM in the suckling, milk ejection and fed
group, respectively. Only gastrin concentrations in
the fed group were significantly raised (p<0-05)
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Fig. 8 Average plasma concentrations of (a) CCK-8 (white
bars), CCK-33, 39 (black bars) (b) gastrin (SEM) in fasted
and fed control and vagotomised rats. Total CCK
concentrations (CCK-8+ CCK-33, 39) differed significantly
(p<0-05) between the fasted and fed control group (indicated
by %), the fasted and fed vagotomised group and between the
fasted control and fasted vagotomised group of rats. The
ratio CCK-8/CCK-33, 39 differed significantly (p<0-05)
between the fed control and fed vagotomised group and
between the fasted and fed vagotomised group of rats.
Gastrin concentrations were significantly (p<0-01) higher in
the fed control group (indicated by %) compared with the
fasted control group and in the fasted vagotomised group
compared with the fasted control group of rats (p<0-05).

Fasted Fed

compared with gastrin concentrations in the control
group. Fig. 9b.

Discussion

CCK DETERMINATION IN RAT PLASMA

We have previously developed a method for the
determination of CCK-8 and CCK-33, 39 in dog
plasma, based on HPLC separation of CCK from
gastrin before radioimmunoassay." This method was
not acceptable for CCK measurements in rat plasma,
as specific gastrin immunoreactivity appeared in
HPLC fractions for CCK-33, 39. Further investiga-
tions showed, that rat gastrin-17 and -34 (material
collected from gel filtration of rat antrum extract), in
contrast with dog gastrin, did not elute corresponding
to the respective human gastrin standards in our
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Fig. 9 Average plasma concentrations of (a) CCK-8 (white
bars), CCK-33, 39 (black bars) (b) gastrin (SEM) in a
lactating control group (C), suckling group (S), milk
ejection group (M), and in a group of fed lactating rats (F).
Total CCK concentrations were significantly (p<0-05) raised
in all experimental groups (indicated by %) compared with
the control group. The ratio CCK-8/CCK-33, 39 differed
significantly (p<0-05) between the fed and the control group.
In the suckling group there was a tendency of changed ratio
(p=0-06) compared with the control group. Gastrin
concentrations in the fed group were significantly (p<0-01)
raised compared with the control group (indicated by % ).

HPLC system. Instead, rat gastrin eluted much
earlier in fractions also containing CCK.

It has previously been shown that rat gastrin differs
from other mammalian gastrins in certain physical
and chemical properties.”* Thus, rat gastrin-17
elutes before human and porcine gastrin-17 from
Sephadex G 50 columns, and it elutes earlier than
human gastrin-17 from anion exchange columns.
Furthermore, rat gastrin-17 has poor immuno-
reactivity with antibodies specific for the N-terminal
region of human of porcine gastrin-17 but good
immunoreactivity with antibodies specific for the
C-terminal region of gastrin-17. The different
behaviours of rat gastrin as described above can be
explained by the amino acid sequence for rat gastrin,
which substantially differs from that of other species
at the amino terminus of gastrin-17. The sequence,
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GIn-Gly-Pro-Trp described for all other gastrins
sequenced” is Gln-Arg-Pro-Pro in rat gastrin.**
This variance is probably the reason for the different
elution positions of rat gastrin compared to human
gastrin standards in chromatographic systems.

We solved the problem of incomplete separation of
CCK from gastrin in our HPLC system by using an
enzyme which cleaves gastrin but not CCK, before
HPLC separation and RIA detection. The enzyme is
a protease from Staphylococcus aureus V.8, which
specifically cleaves peptide bonds on the COOH
terminal side of glutamic acid when digestion is
carried out in ammonium bicarbonate or ammonium
acetate buffer." Since in this study, the digestion was
done in ammonium bicarbonate buffer, and CCK
peptides do not contain glutamic acid, no cleavage of
CCK was seen. In contrast, gastrin which contains
glutamyl bonds was digested. By using enzymatic
cleavage of gastrin, we obtained a complete HPLC
separation of CCK peptides from all gastrin like
peptides. The method was controlled by using two
antibodies, a carboxyl-terminal ab (2609), which
detects both CCK and gastrin, and a gastrin specific
ab (2604). After enzyme digestion, no gastrin specific
immunoreactivity was found in fractions correspond-
ing to CCK standards. Thus, immunoreactivity found
by the carboxyl-terminal assay in those fractions, is
considered as CCK. Therefore, no substraction of
results obtained by ab 2609 from that of ab 2604 was
made.

MOLECULAR VARIANTS OF CCK IN THE RAT
There is a considerable molecular heterogeneity
described for intestinal CCK.*** Cholecystokinin-8
and CCK-33, 39, are, however, the intestinal
molecular variants that are common to most species.
Cholecystokinin-58 has recently been reported to be
the most abundant form in dog intestine.™ In the rat,
intestinal CCK-22 has been demonstrated.” It should
be mentioned that not only do the pattern of CCK
variants differ between species, the type of extraction
method used influences the pattern as well. Thus
smaller molecular forms of CCK are better extracted
at neutral pH, whereas larger forms of CCK are more
efficiently extracted at acidic pH." In order to obtain
maximal extraction of both small and large molecular
forms of CCK, we have in this study combined
neutral and acid extraction.

In the present study, Sephadex G-50 chromato-
graphy of rat duodenal extract showed CCK
immunoreactive peaks corresponding to porcine
CCK-33, 39 and synthetic CCK-8. Material from the
CCK immunoreactive peaks obtained from gel
chromatography of rat duodenal extract was applied
onto the HPLC column for separation. The CCK
immunoreactive peaks corresponding to porcine
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CCK-33, 39 and synthetic CCK-8 eluted in the same
positions as the CCK standards in our HPLC system.
Therefore, we suggest that the CCK immuno-
reactivity obtained from rat tissue and rat plasma that
elutes in HPLC fractions for standards of CCK-8 and
CCK-33, 39 may correspond to rat CCK-8 and rat
CCK-33, 39. As CCK-22 has been reported to occur
in rat intestine, however, we can not exclude that
CCK-22 is included in the immunoreactive peaks
corresponding to porcine CCK-33, 39.

CCK CONCENTRATIONS AND MOLECULAR
VARIANTS IN RAT PLASMA

With the present method, which made it possible to
determine CCK-8 and CCK-33, 39 separately, basal
levels of CCK (CCK-8+CCK-33, 39) in female virgin
rats were found to be low (1-9 pM). Measurement of
this low concentration of CCK was made possible by
a 10-fold concentration of the 2 ml plasma sample,
processed as described above and then reconstituted
in 200 pl before radioimmunoassay. In the group of
rats fed ad libitum, cholecystokinin concentrations
were many times increased to 13-4 pM. Low basal
and postprandial concentrations of CCK are in agree-
ment with most studies in dog and man**** and the
few reported in rat by radioimmunoassay and
bioassay." " In a previous study of ours, in which only
concentrations of CCK-8 were measured in rat
plasma, the levels were found to be in line with the
present ones.*

The different molecular forms of CCK in
plasma have been studied in dog and man.***
Cholecystokinin-8 and CCK-33, 39 have been
reported to be the most abundant forms in plasma
until recently, when CCK-58 has been claimed to be a
major type of CCK in dog and human plasma.”* In
the rat, two forms of circulating CCK have been
described (by gel filtration in combination with
bioassay), one peak of intermediate size between
CCK-33 and CCK-8 and another peak with the same
size as CCK-8." By the present method, two types of
CCK are detected, one corresponding to CCK-8 and
one to CCK-33, 39. We cannot, however, exclude
that the CCK immunoreactivity in HPLC fractions
for porcine CCK-33, 39 may also contain CCK-22.

EXPERIMENTAL RESULTS
Because 1-2 ml plasma is needed for CCK determi-
nation with the present method, the rats were
decapitated for collection of trunk blood. It is not
excluded that decapitation per se induces a stress
reaction which may influence the release of gastro-
intestinal hormones, but the basal gastrin concentra-
tions recorded in this study do not seem to be raised
when compared with other studies.*

Plasma concentrations of both CCK (CCK-8+
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CCK-33, 39) and gastrin were increased in freely fed
rats compared with fasted rats. Raised plasma con-
centrations of gastrin in response to feeding have
previously been shown in rats.” The ratio between
CCK-8 and CCK-33, 39 was ~1:1 in fasting samples,
but CCK-8 was in majority in samples from fed rats.
This finding may be explained by a relatively larger
release of CCK-8 compared to CCK-33, 39 in
response to feeding. We have previously shown that
CCK-8 is released in majority into plasma compared
to CCK-33, 39 immediately after feeding in dogs."

In the vagotomised rats, basal CCK concentrations
were significantly increased compared with control
rats, whereas plasma concentrations of CCK were
decreased in the group of fed vagotomised rats.
Interestingly, the ratio CCK/8-CCK-33, 39 was
inverted in samples of fed vagotomised rats com-
pared with fed control rats. Gastrin concentrations
were also raised in fasted vagotomised rats. The
reason for the changed concentrations of CCK and
gastrin in vagotomised rats is not fully known, but it is
likely that a diminished rate of acid secretion and a
changed gastrointestinal motility caused by the
operation are of importance.

Cholecystokinin was found to be released in
response to suckling in lactating rats, which is in
accordance with previous data in dogs.” The ratio
CCK-8/CCK-33, 39 was in favour of the larger forms
in control samples but was changed in favour of
CCK-8 in suckling samples. Thus, a tendency of
CCK-8 predominance is seen after both feeding and
suckling. Plasma concentrations of gastrin were not
significantly increased in response to suckling, which
is in contrast with previous findings in dogs.” We
have previously hypothesised that suckling induces a
reflex activation of the vagal nerve, which leads to a
release of several gastrointestinal hormones such as
insulin, gastrin, and CCK in lactating animals.”* As
CCK can be released in response to vagal stimula-
tion,* raised plasma concentrations of CCK after
suckling may be caused by such an activation of the
vagal nerve.

In conclusion, the present study shows a new and
specific method for determination of CCK-8 and
CCK-33, 39in rat plasma, based on enzyme digestion
of gastrin before HPLC separation and detection by a
carboxyl-terminal assay. By this method we have
measured raised plasma concentrations of CCK in
response to physiological stimuli such as feeding and
suckling in lactating rats.
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