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a b s t r a c t

Cholecystokinin (CCK) activates the myenteric neurons of adult rats. The goal of this work is to determine
the ontogeny of this activation by CCK-8 in the myenteric plexus of the duodenum (2 cm immediately
following the pyloric sphincter aborally) and compare it with that of the dorsal vagal complex (DVC) –
which occurs in 1-day old pups. Despite the existence of both of the CCK receptors, CCK1 and CCK2, in
4, 14, 21 and 35 day old rats, CCK-8 (0, 5, 10, 20 and 40 �g/kg, i.p.) increased Fos-like immunoreactivity
vailable online xxx

ey words:
os
ups
CK1 receptor

(Fos-LI, a marker for neuronal activation) in the myenteric neurons of 21- and 35-day old rats but in the
DVC of all age groups. As such, this belated activation of myenteric neurons by CCK-8 compared to the
DVC may reflect a delayed role for these neurons in CCK-related functions.

© 2010 Published by Elsevier Inc.
CK2 receptor
yenteric neurons

. Introduction

Cholecystokinin (CCK) is a gut-brain peptide secreted by the I
ells of the small intestine and evokes physiological responses such
s gallbladder contraction, increased exocrine pancreatic secre-
ion and inhibition of gastric emptying. These, as well as other
esponses by CCK, occur through activation of two G-protein cou-
led receptors, CCK1 and CCK2, which are distributed centrally and
eripherally (reviewed in ref. [54]).

In 1973, Gibbs et al. initially reported that CCK-8 reduces food
ntake in rats [19]. This reduction requires an intact vagus nerve
31], activation of CCK1 receptor [10,62] and activation of the sati-
ty nuclei in the dorsal vagal complex (DVC), which include area
ostrema (AP), nucleus tractus solitarius (NTS) and dorsal motor
ucleus of the vagus (DMV) [9,12,14].

Because CCK is a gut-brain peptide, we hypothesized that CCK
ay act first on the enteric nervous system (ENS; myenteric and

ubmucosal plexuses [15]) of the gut, which then activates the
Please cite this article in press as: Washington MC, et al. Cholecystoki
4- and 14-day old rats. Peptides (2010), doi:10.1016/j.peptides.2010.1

VC through vagal and/or sympathetic-spinal afferents. During
he course of evaluating this hypothesis, we have shown that
ndogenous CCK – released by the non-nutrient trypsin inhibitor
amostat [45,64] as well as the long chained fatty acid oleate [20,53]

∗ Corresponding author. Tel.: +1 334 727 8149; fax: +1 334 727 8177.
E-mail address: sayeghai@tuskegee.edu (A.I. Sayegh).

196-9781/$ – see front matter © 2010 Published by Elsevier Inc.
oi:10.1016/j.peptides.2010.11.010
and exogenous CCK-8 [22,55,67] increase Fos-like immunoreac-
tivity (Fos-LI; a marker for neuronal activation) in one or both
plexuses in adult rats. The order of this activation was duode-
num > jejunum > ileum [20,21,55,58,66]. In addition, we have also
shown that oleate and CCK-8 activated nitric oxide synthase-
containing neurons in the myenteric plexus (a marker for inhibitory
motor neurons) and calbindin and calretinin-containing neurons (a
marker for sensory neurons) in the submucosal plexus [53,56,57].

The goal of the current study is to determine the ontogeny of
myenteric neuronal activation by CCK-8 and compare it with acti-
vation of the dorsal vagal complex by the same peptide. Here, we
quantified this activation by counting myenteric and DVC neurons
that express Fos-LI in response to supraphysiological doses of CCK-
8 (5, 10, 20 and 40 �g/kg) in four age groups of rats, 4-, 14-, 21-
and 35-day old. These ages represent early neonatal (4 days), late
neonatal (14 days), weaning/young (21 days) and prepubertal (35
days). In addition, it is known that CCK-secreting cells are present
at prenatal day 16 in rats [35].

The non-physiological doses of CCK-8 were selected, as oth-
ers and we have utilized previously [21,22,48,67,68], to insure
activation of the neurons in all age groups, and not to evaluate
nin-8 activates myenteric neurons in 21- and 35-day old but not
1.010

a physiological function. Furthermore, to minimize the discrep-
ancy in tissue sampling between all age groups, we chose the first
2 cm segments of the duodenum immediately following the pyloric
sphincter and two levels of the brainstem according to our previ-
ous work and the rat brain atlas [38]. This intestinal level contains

dx.doi.org/10.1016/j.peptides.2010.11.010
dx.doi.org/10.1016/j.peptides.2010.11.010
http://www.sciencedirect.com/science/journal/01969781
http://www.elsevier.com/locate/peptides
mailto:sayeghai@tuskegee.edu
dx.doi.org/10.1016/j.peptides.2010.11.010
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he highest level of CCK1 receptors [7,29,55,66] and vagal afferents
36,37], which are responsible for carrying the satiety signal to the
rain.

Finally, in anticipation of detecting differences in myenteric
os-LI between the previous age groups, we have also determined
ensity and sizes of myenteric neurons and expressions of CCK1 and
CK2 receptors in those age groups. Although, the density of these
eurons was evaluated prior to this work, this is the first study that
eports expression of CCK receptors in these age groups of rats.

To compare density and sizes of myenteric neurons in a stan-
ardized area in the duodenum of these rats, we used a cuprolinic
lue staining method. Cuprolinic blue is the Alcian blue analogue
opper phthalocyanine dye known as quinolinic phthalocyanine
24,61]. When dissolved in MgCl2, cuprolinic blue binds only to
ingle-stranded RNA and stains neuronal Nissl substance in the
yenteric neurons. Therefore, it is a sensitive, selective, specific,

nd reliable pan-neuronal stain, which has been used frequently in
uantitative analysis of myenteric neurons [24,25,40–42].

Finally, we also determined expression of CCK receptors in
n area located immediately following the pyloric sphincter
2 cm segments) in all age groups utilizing a real time poly-

erase chain reaction (rt-PCR) test. This area, contains the
ighest density of I cells that secrete CCK as well as the major-

ty of the CCK receptors in the gut, particularly CCK1 receptor
4,6,7,20,27,29,30,33,50,55,66], which mediates activation of the
nteric neurons by CCK [20,22,55,66,67]. However, the jejunum
as not chosen in this study because developmentally it will

e less consistent in structure compared to the duodenum in
he different age groups. In addition, it contains significantly
ewer CCK receptors and less activation by CCK compared to the
uodenum.

. Materials and methods

The Tuskegee University Animal Care and Use Committee
pproved the protocols for these studies. Male Sprague–Dawley
ats (9–180 g, Harlan, PA) housed individually in wire-mesh cages
n a controlled environment (lights on from 0600 to 1800 h and
emperature maintained at 21.5 ◦C) and given free access to water
nd pelleted rodent chow (Teklad, WI) were used in this study. The
ups were chosen randomly from an in house breeding colony of
prague–Dawley rats (eight females and three males).

To adapt the adult rats (21- and 35-day old) to our laboratory
nvironment and experimental procedures each rat was handled
0 min daily for a total of 5–7days prior to the experiment and
iven a saline injection intraperitoneally (i.p.). All injections were
ade in a volume of 0.1–0.5 ml of saline depending on the age of

he rat.

.1. Experiment 1

Activation of myenteric and DVC neurons by CCK-8:
Twenty rats representing each age were divided into five groups

n = 4 rats each) were used in this study. Based on previous exper-
ments for maximum Fos expression in neonatal [48,68,69] and
dult [20,21,45,66] rats the 4 and 14-day old pups were separated
rom dams and fasted for 3 h prior to the experiment, while the 21-
nd 35-day old rats were fasted from food but not water overnight.
hese periods do not affect gastric emptying or endogenous lev-
ls of CCK in these ages. Following fasting, all rats received CCK-8
Please cite this article in press as: Washington MC, et al. Cholecystoki
4- and 14-day old rats. Peptides (2010), doi:10.1016/j.peptides.2010.1

Bachem, CA, 5, 10, 20 and 40 �g/kg) or saline vehicle i.p. The choice
f doses was based on previous work for producing maximum Fos
xpression in the brain and intestine [20,21,45,48,66,68].

Ninety minutes following the injections, which is the opti-
um time for maximum Fos expression based on previous work
 PRESS
des xxx (2010) xxx–xxx

[20,21,45,48,66,68], all rats were sacrificed with an overdose of
sodium pentobarbital (10 mg/kg, i.p.). The rats were then perfused
transcardially in two stages: first, with 35–500 ml of Krebs solu-
tion, depending on the size of the rat, to collect the intestine and
second, with 35–500 ml of 4% formaldehyde solution dissolved in
0.1 M phosphate buffered saline (PBS) to collect and fix the brains
in situ.

Duodenal wholemounts, 1–2 cm intestinal segments collected
immediately caudal to the pyloric sphincter, were peeled under
a dissecting microscope and prepared for detection of Fos-LI as
described previously [44,66]. Due to their soft consistency, the
brainstems of the 4- and 14-day old rats were collected and post-
fixed with 4% formaldehyde for 24 h at 4 ◦C [48,68], while the
brainstems of the 21- and 35-day old rats were collected and post-
fixed with 4% formaldehyde for 2 h at 4 ◦C [21,55,67]. Following this
step, all brainstems were placed in a 25% sucrose solution overnight
at room temperature, sectioned (40 �m thickness) on a cryostat at
−20 ◦C to collect the DVC, blocked with 50% ethyl alcohol for 30 min
to reduce the production of free radicals and improve background
staining, and processed for detection of Fos-LI.

The wholemounts and DVC sections were incubated in a primary
antiserum (Oncogene, Ab-5, San Diego, CA, USA [1:12,500 dilu-
tion]) raised in rabbit against the representing amino acids 4–17
of human Fos. After overnight incubation in biotintylated donkey
anti-rabbit serum (1:500 dilution, Jackson ImmunoResearch Lab-
oratories, West Grove, PA, USA) the tissues were incubated for
3 h in avidin conjugated to horseradish peroxidase (HRP), after
which they were washed and processed to reveal HRP activity using
diaminobenzidine (DAB, Sigma, St. Louis, MO, USA) intensified with
nickel [44,66].

Consistent with our previous work [44,66], the areas of the DVC
included area postrema (AP, −4.5 mm caudal to interaural plane),
nucleus tractus solitarius (NTS, −4.5 and −4.8 mm caudal to inter-
aural plane), and the dorsal motor nucleus of the vagus (DMV, −4.5
and −4.8 mm caudal to interaural plane) according to the Rat Brain
Atlas [38]. The sections were taken from multiple levels of the NTS
to ensure sampling from sites receiving both gastric and intestinal
vagal afferent innervation.

Two examiners, blinded to the treatments of the experiment,
counted and averaged the counts of Fos-positive neurons in the
myenteric neurons in a total area of 0.8 mm2 (40 ganglia/animal)
using Q-Imaging software and a 40× lens. The criteria included only
black, rounded, regular nuclei. All large, irregular, faintly stained
shapes were considered cell bodies and were not counted. The
agreement rate between the two examiners exceeded 98%. In the
DVC, Fos positive neurons were counted by an automated com-
puter software (ImagePro Plus, Media Cybernetics) in the AP, NTS,
and DMV bilaterally by selecting the areas based on the rat rain
atlas [38] and counting Fos.

The counts of Fos-positive neurons in the different age groups
were compared using a two-way Analysis of Variance (ANOVA)
(dose and age are the two independent variables) followed by the
Holm-Sidak test for multiple comparisons. Results are displayed as
mean ± SEM and counts were considered significant if p < 0.05.

2.2. Experiment 2

2.2.1. Density and sizes of myenteric neurons
Sixteen rats ages 4-, 14-, 21- and 35-days (n = 4 per group) were

deeply anesthetized and perfused transcardially with 35–500 ml
each of Krebs saline solution depending on the size of the rat. Due
nin-8 activates myenteric neurons in 21- and 35-day old but not
1.010

to the variable length of the gastrointestinal tract in the different
age groups, we collected 1–2 cm of the small intestine immediately
caudal to the pyloric sphincter from all rats. The intestinal whole-
mounts of these segments containing the myenteric plexus were
prepared as described previously [44,66] and processed for cupro-

dx.doi.org/10.1016/j.peptides.2010.11.010
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inic blue staining according to a previously published protocol
24,25,40] (provided by Dr. Robert Phillips, Purdue University).

Cuprolinic blue (Quinolinic phthalocyanine, www.polysciences.
Please cite this article in press as: Washington MC, et al. Cholecystoki
4- and 14-day old rats. Peptides (2010), doi:10.1016/j.peptides.2010.1

om, catalog number 17052) stain solution (50 mg cuprolinic blue
dded to 10 ml 0.05 M sodium acetate buffer containing 1.0 M
gCl2·6H2O) was prepared and filtered through a 50 �m syringe

lter. The wholemounts were rinsed five times, 5 min each, with
istilled water, submerged in 200 �l of the stain solution, placed

ig. 1. Photomicrographs of myenteric plexuses activated by cholecystokinin-8 Intestina
1- and 35-day old rats injected with cholecystokinin-8 (CCK-8; 40 �g/kg, A, B, C and D
yenteric plexus underwent immunohistochemical detection of Fos-like immunoreact

uantification. CCK-8 increased Fos-LI (arrow) in 21- and 35-day old rats (C and D) more
 PRESS
des xxx (2010) xxx–xxx 3

on a warmer (40 ◦C) for 6 h, rinsed with distilled water three times,
5 min each, washed for 1 min with a sodium acetate buffer solution
(20.3 g MgCl2·6H2O added to 100 ml 0.05 M CH3COONa), mounted
nin-8 activates myenteric neurons in 21- and 35-day old but not
1.010

on positively charged slides, dehydrated and covered for counting.
Two examiners, blinded to the conditions of the experiment,

counted myenteric neurons and measured their diameter in a total
area of 0.8 mm2 using Q-Imaging software and a 40× lens (40 gan-
glia). The agreement rate between the examiners exceeded 98%.

l sections were collected immediately caudal to the pyloric sphincter from 4-, 14-,
) or saline (A′ , B′ , C′ and D′). Wholemounts of these sections that contained the

ivity (Fos-LI; a marker for neuronal activation) 90 min following the injection for
than saline (C′ and D′). Scale bar = 200 �m.

dx.doi.org/10.1016/j.peptides.2010.11.010
http://www.polysciences.com/
http://www.polysciences.com/
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Fig. 2. Activation of myenteric neurons by cholecystokinin-8 Cholecystokinin-8
(CCK-8; 5, 10, 20 and 40 �g/kg,) or saline was given intraperitoneally to 4-, 14-, 21-
and 35-day old, rats. Ninety minutes post injection, intestinal sections from each rat
were collected immediately caudal to the pyloric sphincter, and the wholemounts
of these sections were processed for detection of Fos-like immunoreactivity (Fos-
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ata were analyzed by a one-way analysis of variance (ANOVA)
age or size as independent variables) followed by the Holm-Sidak
est for multiple comparisons.

.3. Experiment 3

.3.1. Expression of CCK1 and CCK2 receptors in the duodenum of
our age groups of rats
.3.1.1. RNA isolation and reverse transcription. Sixteen rats ages
-, 14-, 21- and 35-days (n = 4 per group) were sacrificed with
n overdose of sodium pentobarbital (100 mg/kg, i.p.). From each
at, a 200 mg intestinal segment immediately following the pyloric
phincter was collected and homogenized. Total RNA was isolated
sing the TRIZOL method (Invitrogen-Life Technologies, Inc., Carls-
ad, CA) according to the manufacturer’s protocol, and the total
NA concentration was determined by ultraviolet absorbance at
60 nm (DU640, Beckman Coulter, Fullerton, CA). RNA from each
ample was assessed for purity by determining the A260/280 ratios
ratios of 1.5–2 were used) and the integrity of each sample was
ssessed by running samples on 2% agarose gels stained with ethid-
um bromide. All RNA samples were treated with RNase-free DNase
Ambion Inc, CA) to remove residual DNA. Samples were selected
ased on bright staining of the 18 and 28 s ribosomal bands, with
he latter showing twice the concentration. First-strand cDNA was
ynthesized from 2 �g total RNA using Reaction ReadyTM First
trand cDNA Synthesis (Super Array Bioscience Corporation, Fred-
ric, MD).

.3.2. Quantitative real-time PCR for CCK1 and CCK2 receptors
mRNA level was measured in 25 �l reaction mixture contain-

ng 12.5 �l RT2 Real-Time SYBR/Fluorescein Green PCR master
ix, 1 �l first strand cDNA, 1 �l RT2 validated PCR primer sets

or CCK1, CCK2 (Super Array Bioscience Corporation), and 10.5 �l
CR-grade water (Ambion Inc., CA). Samples were run in 96-well
CR plates (Bio-Rad, Hercules, CA) in duplicates, and the results
ere normalized to glyceraldehyde-3-phosphate dehydrogenase

GAPD) housekeeping gene. The amplification protocol was set at
5 ◦C for 15 min, and 40 cycles each at 95 ◦C for 30 s, 55 ◦C for 30 s,
nd 72 ◦C for 30 s followed by the melting curve determination
etween 55 and 95 ◦C to ensure detection of a single PCR prod-
ct.

Relative difference in receptor expression was compared
etween the groups using a modification of the delta delta
T method (��CT) as described previously using a t-test [65].
eceptor gene expression was considered significant if the

ncrease/decrease in the expression was equal to or more than two-
old from the baseline expression (control). This method has also
een used previously [21].

. Results

.1. Activation of myenteric and DVC neurons by CCK-8

Fig. 1 shows Fos-LI in the myenteric plexuses in 4-, 14-, 21- and
5-day rats in response to CCK-8. CCK-8 increased Fos-LI relative
o saline (p < 0.001, F = 10.4, DF = 4), and there was an effect of age
p < 0.001, F = 15.3, DF = 3) (Fig. 2). CCK-8 (40 �g/kg) increased Fos-
I in 21- and 35-day old (p < 0.05) and 20 �g/kg increased it in only
5-day old rats (p < 0.05) (Fig. 2).

Fig. 3 depicts Fos-LI in the DVC in four different age groups
f rats, 4-, 14-, 21- and 35-day old. In the area postrema, CCK-8
Please cite this article in press as: Washington MC, et al. Cholecystoki
4- and 14-day old rats. Peptides (2010), doi:10.1016/j.peptides.2010.1

ncreased Fos-LI (p < 0.001, F = 47.7, DF = 4) (Fig. 4) but there was no
verall effect of age (p = 0.4, F = 0.8, DF = 3). In 4-day old pups, CCK-
(20 and 40 �g/kg) increased Fos-LI (p < 0.05) and 40 �g increased

t more than 20 �g. In 14- and 35-day old rats, CCK-8 (10, 20 and
0 �g /kg) increased Fos-LI significantly relative to saline (p < 0.05
LI). CCK-8 (40 �g/kg) increased Fos-LI in 21- and 35-day old rats (*) and 20 �g/kg
increased it in 35-day old rats (*) compared to saline. Lower doses of CCK-8 (5 and
10 �g/kg) failed to increase Fos-LI. Each bar represents four rats.

for each dose) and 40 �g increased it significantly more than 20 �g
in 35-day old rats. In 21-day old rats all doses of CCK-8 increased
Fos-LI relative to saline (p < 0.05).

In the nucleus tractus solitarius (−4.5 mm caudal to the interau-
ral plane), CCK-8 increased Fos-LI (p < 0.001, F = 56.7, DF = 4) (Fig. 5),
and there was no overall effect of age on this response (p = 0.5,
F = 0.6, DF = 3). All ages, except 4-day old rats, expressed Fos-LI in
response to all doses of CCK-8. In 4-day old rats CCK-8 (10, 20 and
40 �g/kg) increased Fos-LI.

In the nucleus tractus solitarius (−4.8 mm caudal to the inter-
aural plane), CCK-8 increased Fos-LI (p < 0.001, F = 42.4, DF = 4), and
there was no overall effect of age on this response (p = 0.1, F = 1.6,
DF = 3) (Fig. 5). In 4-day old pups, CCK-8 (20 and 40 �g/kg) increased
Fos-LI (p < 0.05), in 14- and 35-day old rats, 10, 20 and 40 �g/kg
increased Fos-LI (p < 0.05); and, in 21-day old rats all doses of CCK-
8 increased Fos-LI (p < 0.05). CCK-8 (40 �g/kg) increased Fos-LI in
the 35-day old rats more than in 14-day old rats.

In the dorsal motor nucleus of the vagus (−4.5 mm caudal to
the interaural plane), CCK-8 increased Fos-LI (p < 0.001, F = 26.1,
DF = 4), and there was no overall effect of age on this response
(p = 0.2, F = 1.4, DF = 3) (Fig. 6). In 4-day old rats, CCK-8 (20 and
40 �g/kg) increased Fos-LI (p < 0.05), in 14-day old rats CCK-8 (10
and 40 �g/kg) increased Fos-LI (p < 0.05), in 21 day old rats CCK-8
(5, 20 and 40 �g/kg) increased Fos-LI (p < 0.05) and in 35-day old
rats CCK-8 (10, 20 and 40 �g/kg) increased Fos-LI (p < 0.05).

In the dorsal motor nucleus of the vagus (−4.8 mm caudal to the
interaural plane), CCK-8 increased Fos-LI (p < 0.001, F = 23.7, DF = 4),
and there was an age effect on this response (p < 0.001, F = 11.4,
DF = 3) (Fig. 6). In 4-day old rats, CCK-8 (20 and 40 �g/kg) increased
Fos-LI (p < 0.05); in 14-day old rats, only 10 �g/kg increased it
(p < 0.05); in 21-day old rats only 40 �g/kg increased it (p < 0.05);
and, in 35-day old rats, all doses of CCK-8 increased Fos-LI (p < 0.05).
In addition, in 35-day old rats, CCK-8 (40 �g/kg) increased Fos-LI
more than in 4-day old and 21-day old rats.

3.2. Density and sizes of myenteric neurons

Fig. 7 depicts the myenteric plexuses in 4, 14, 21 and 35-day
old rats stained with cuprolinic blue. According to their shape,
these neurons are most probably Dogiel type II, with large, rounded
nin-8 activates myenteric neurons in 21- and 35-day old but not
1.010

cell bodies and generally sensory in function [56,57]. With age,
there was a gradual decrease in the number of myenteric neu-
rons (per area, density) (p < 0.001, F = 89.8, DF = 3, and p < 0.05
for each individual comparison) (Fig. 8) and the order of this
decrease was 4 > 14 > 21 > 35-day old rats. However, there was a

dx.doi.org/10.1016/j.peptides.2010.11.010
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ig. 3. Photomicrographs of dorsal vagal complex activation by cholecystokinin-8 C
f rats (4, 14, 21 and 35-day old) and the dorsal vagal complexes were processed
njection. CCK-8 (A, B, C and D) increased Fos-LI (dark dots in A, B, C and D) in all a
ucleus tractus solitarius, DMV: dorsal motor nucleus of the vagus. Scale Bar: 100 �

radual increase in the size of the myenteric neurons with age and
he order of increase was 35 > 21 > 14 > 4-day old rats (p < 0.001,
= 208.9, DF = 3, p < 0.05 for each individual comparison) (Fig. 9).

.3. Expression of CCK1 and CCK2 receptors
Please cite this article in press as: Washington MC, et al. Cholecystoki
4- and 14-day old rats. Peptides (2010), doi:10.1016/j.peptides.2010.1

CCK1 and CCK2 receptors were present in the tested area in all
ge groups. CCK1 receptors increased approximately two-fold in 4-
nd 14-day old rats and ten-fold in 21- and 35-day old rats (Fig. 10),
hile CCK2 receptors increased one to two fold in 14- and 35-day

ld rats (Fig. 10).
stokinin-8 (CCK-8, 40 �g/kg) or saline was injected intraperitoneally in four groups
munohistochemical detection of Fos-like immunoreactivity (Fos-LI) 90 min post
ups compared to saline (A′ , B′ , C′ and D′). (Abbreviations: AP: area postrema, NTS:

4. Discussion

The current work found that CCK-8 activates the myenteric neu-
rons in 21- and 35-day old rats, but not 4- and 14-day old rats.
This delayed activation of myenteric neurons by CCK-8 compared
to the DVC [48,68], despite using high, non-physiological, doses of
the peptide and the existence of both receptors in all age groups,
nin-8 activates myenteric neurons in 21- and 35-day old but not
1.010

may reflect a delayed role for the myenteric neurons in CCK-related
functions compared to the DVC.

In general, the inability of CCK-8 to activate the myenteric neu-
rons in younger rats compared to older rats is related to one or more
of the following factors e.g. c-fos gene expression, CCK receptors

dx.doi.org/10.1016/j.peptides.2010.11.010
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Fig. 4. Activation of the area postrema by cholecystokinin-8 Cholecystokinin-8 (5,
10, 20, 40 �g/kg) or saline were injected in 4-, 14-, 21-, 35-day old rats and Fos
expression was quantified in the area postrema (−4.5 mm caudal to the interaural
plane) 90 min following the injection. CCK-8 (10 �g/kg) increased Fos-LI more than
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Fig. 6. Activation of the dorsal motor nucleus of the vagus by cholecystokinin-8
Cholecystokinin-8 (5, 10, 20,40 �g/kg) or saline were injected to overnight food
deprived 4-, 14-, 21-, 35-day old rats and Fos-like immunoreactivity (Fos-LI) was
quantified in the dorsal motor nucleus of the vagus (−4.5 and −4.8 mm caudal to
the interaural plane) 90 min following the injection. In the −4.5 mm level, CCK-
8 (40 �g/kg) increased Fos-LI in all age groups, 20 �g/kg increased it in all age
groups except 14-day old, 10 �g/kg increased it in 14- and 35-day olds and 5 �g/kg
increased it only in 21-day old rats (*). In the −4.8 mm level, CCK-8 (40 �g/kg)
increased Fos-LI in all age groups except 14-day old rats. 20 �g/kg increased Fos-LI
in 4- and 35-day old rats. 10 �g/kg increased Fos-LI in 14- and 35-day old rats and
aline in 14-, 21-, 35-day old rats, 5 �g/kg increased it in 21-day old rats, 20 and
0 �g/kg increased it in all age groups (*). CCK-8 (40 �g/kg) increased Fos-LI in the
-day old rats more than 14-day old rats, and in the 35-day old rats more than 21-day
ld rats (†). Each bar represents four rats.

r myenteric neurons. First, activation of the myenteric neurons
y CCK-8 in 4 and 14-day old pups may involve activating imme-
iate early genes other than c-fos. However, other stimuli, e.g.
eurotrophin-3, increased this protein in similar age groups [8].
herefore, c-fos can be stimulated in the myenteric neurons of
ounger rats, but not in response to CCK-8. As such, this possibility
annot explain our findings.

Second, CCK receptors in the gut of 4- and 14-day old rats may be
mmature, not functional, or located on mucosal or smooth mus-
le cells rather than on myenteric neurons. However, this study
ound that both receptors existed in the duodenum of rats from all
ge groups. In addition, many studies have shown that CCK recep-
ors mediate multiple functions in the digestive system of rats as
Please cite this article in press as: Washington MC, et al. Cholecystoki
4- and 14-day old rats. Peptides (2010), doi:10.1016/j.peptides.2010.1

oung as 1-day old, e.g., increased amylase secretion and smooth
uscle contraction [23,26,49]. Therefore, since CCK receptors were

resent, fully developed and fully functional in all ages of rats, this
ossibility also does not explain our results.

ig. 5. Activation of the nucleus tractus solitarius by cholecystokinin-8
holecystokinin-8 (5, 10, 20, 40 �g/kg) or saline were injected to food deprived
-, 14-, 21-, 35-day old rats and Fos-like immunoreactivity (Fos-LI) was quantified

n the nucleus tractus solitarius (−4.5 and −4.8 mm caudal to the interaural
lane) 90 min following the injection. In −4.5 mm, all doses of CCK-8 except
�g/kg increased Fos-LI in all age groups more than saline. 5 �g/kg increased Fos
xpression in all age groups except 4-day old rats groups (*). In −4.8 mm, CCK-8
40 and 20 �g/kg) increased Fos-LI in all age groups, 10 �g/kg increased it in all age
roups except 4-day old rats and 5 �g/kg increased it in 21-day old rats (*). CCK-8
40 �g/kg) increased Fos expression in 35-day old rats more than 14- and 21-day
ld rats (†). Each bar represents four rats.
5 �g/kg increased it in 35-day old rats (*). CCK-8 (40 �g/kg) increased Fos-LI in 35-
day old rats more than in 21-, 4- (†) and 14-day old rats (‡). Each bar represents four
rats.

Although there are many sporadic studies that reported expres-
sion of one or both of the CCK receptors in whole tissue or enteric
neurons in adult rats [34,46,47,49,60,63,64,66], this work repre-
sents the first demonstration of expression of both receptors in
the duodenum of four different age groups of rats. In addition,
due to incompatibility between the wholemount preparation pro-
cess and the rt-PCR test it is not possible to test the expression of
CCK receptors on the enteric neurons in wholemount preparations.
Localization of CCK1 receptor in this area follows the natural distri-
bution of the endocrine I cells that secrete CCK and the majority of
activation that we reported previously [1,2,36]. In comparison, the
presence of CCK2 receptor in the stomach parallels its role in medi-
ating regulation of gastric acid secretion and pancreatic and gastric
epithelial cell proliferation. The presence of both receptors in the
gastrointestinal tract of rats as young as 4-days of age indicates
relevance for these receptors.

Third, the myenteric neurons may be immature in young pups,
which may explain why CCK-8 failed to activate them in the two
younger ages. However, this also is not the case here. The ENS
is well-developed and fully functional starting at 1-day of age
[5,18,39]. Therefore, similar to the above two explanations, this
possibility also cannot explain the inability of CCK-8 to activate
the myenteric neurons of the younger rats in our study.

On the other hand, because the ENS consists of two plexuses,
myenteric and submucosal, the role of the submucosal plexus in
CCK-related functions requires testing. In fact, because the sub-
mucosal plexus resides closer to the lumen of the intestine, and
therefore in more direct contact with the internal environment of
the gut than the myenteric plexus [16], it is possible that submu-
cosal neurons may have role in CCK-related functions at an earlier
stage in life more than the myenteric neurons.

Finally, this study found that with age there is increase in the size
of myenteric neurons and decrease in their density (number of cell
bodies/area). This result is consistent with previous reports which
demonstrated an age-dependent decrease in myenteric neuronal
nin-8 activates myenteric neurons in 21- and 35-day old but not
1.010

numbers in the duodenum of rats (1-, 7- and 14-day old [59]) and
other species [17,32,43,51]. This age-related neuronal loss can be
explained by two possibilities, method of staining and diet restric-
tion.

dx.doi.org/10.1016/j.peptides.2010.11.010
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Fig. 7. Photomicrographs of myenteric neurons stained with cuprolinic blue The
wholemounts of intestinal sections (1–2 cm each) from 4-, 14-, 21- and 35-day old
rats (n = 4 rats per group) were collected immediately following the pyloric sphincter
and the whole mounts were stained with cuprolinic blue to reveal the cell bodies
of the myenteric neurons. With age, the average number of myenteric neurons was
decreased, while the average size increased. Sections were counted in 0.8 mm2 area
under 40× magnification.

Fig. 8. Density of myenteric neurons Intestinal sections (1–2 cm each) from 4-, 14-,
21- and 35-day old rats (n = 4 rats per group) were collected immediately following
the pyloric sphincter, and the wholemounts were stained with cuprolinic blue and
the myenteric neurons were counted in a 0.8 mm2 area by two independent exam-
iners using 40× magnification. Counts in 4-day old rats were more than in 14-day
old rats (*), 21-day old rats (†) and 35-day old rats (‡). There were more neurons
in 14-day old rats compared to 21-day old rats ($) and 35-day old rats (@). There
were more neurons in 21-day old rats compared to 35-day old rats (∧). Each bar
represents 4 rats.

Fig. 9. Size of myenteric neurons Intestinal sections (1–2 cm each) from 4-, 14-,
21- and 35-day old rats were collected immediately following the pyloric sphinc-
ter, the wholemounts were stained with cuprolinic blue and the myenteric neurons
were measured in a 0.8 mm2 area by two independent examiners using 40× mag-
nification. The size of myenteric neurons in 35-day old rats was larger than their

counterparts in 21-day old (*), 14-day old rats (†) and 4-day old rats (‡), and the
myenteric neurons of the 21-day old rats were larger than those in the 14-day old
($) and 4-day old rats (@), and the myenteric neurons in the 14-day old rats were
larger than those in the 4-day old rats (∧). Each bar represents 4 rats.

There are three current methods used to stain myenteric neu-
nin-8 activates myenteric neurons in 21- and 35-day old but not
1.010

ronal cell bodies; immunohistochemical detection of the neuron
specific enolase (NSE) [3], PGP 9.5 protein (a neuronal form of
ubiquitin) [13,70] and visualization of single stranded nucleic acid
with cuprolinic blue [24]. Many studies compared these techniques
and found that staining neuronal cell bodies with cuprolinic blue

Fig. 10. CCK receptors expression in the duodenum of the rat Intestinal tissue
(200 mg) was collected immediately following the pyloric sphincter from 4-, 14-,
21- and 35-day old rats and processed by real time polymerase chain reaction test
for detection of CCK1 and CCK2 receptors. Both receptors existed in all age groups.
The expression of CCK1 receptors increased approximately two-fold in 4-and 14-day
old rats and more than 10-fold in 21-and 35-day old rats. CCK2 receptors increased
approximately two-fold in 14-and 35-day old rats compared to the other age groups.
Each bar represents 4 rats.

dx.doi.org/10.1016/j.peptides.2010.11.010
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s a preferred technique [25,28,40–42]. The previous studies have
hown that PGP 9.5 and NSE failed to label 20% or more of the myen-
eric neurons and they had low staining intensity of the myenteric
eurons compared to cuprolinic blue.

The other possibility that explains age-related neuronal loss is
iet restriction. Santer et al. reported that malnutrition in pregnant
ats causes decrease in the numbers of myenteric neurons [52].
owever, Cowen and colleagues found that nutrient restriction,
.g., fat, rescues this loss [11]. The rats in the current work received
d libitum food and water. As such, reduction of myenteric neuronal
ensity in the older rats is most probably due to normal aging.

In summary, despite using high doses of CCK-8 and the existence
f both receptors in all age groups, unlike in the DVC, CCK-8 was
nly able to activate the myenteric neurons in the older rats. This
elayed activation compared to the DVC may reflect a delayed role
or these neurons in CCK-related functions.
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