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Abstract

A large body of evidence has demonstrated that one mechanism by which cholecystokinin (CCK) 

inhibits food intake through activation of CCK1 receptors (CCK1R) on vagal afferent neurons that 

innervate the gastrointestinal tract and project to the hindbrain. OLETF rats, which carry a 

spontaneous null mutation of the CCK1R, are hyperphagic, obese, and predisposed to type 2 

diabetes. Recently, by introgressing the OLETF-derived, CCK1R-null gene onto a Fischer 344 

genetic background, we have been able to generate a CCK1R-deficient, congenic rat strain, 

F344.Cck1r−/−, that in contrast to OLETF rats, possesses a lean and normoglycemic phenotype. In 

the present study, the behavioral and neurobiological phenotype of this rat strain was characterized 

more fully. As expected, intraperitoneal injections of CCK-8 inhibited intake of chow and Ensure 

Plus and induced Fos responses in the area postrema and the gelatinosus, commissural and medial 

subdivisions of the nucleus tractus solitarius of F344.Cck1r+/+ rats, whereas CCK-8 was without 

effect on food intake or Fos induction in the F344.Cck1r−/− rats. F344.Cck1r−/− and F344.Cck1r+/+ 

rats did not differ in body weight and showed comparable weight gain when maintained on Ensure 

Plus for 2 weeks. Also, no difference was found in 24-h food intake, and dark-phase meal 

frequency or meal size between F344.Cck1r+/+ and F344.Cck1r−/− rats. As expected, blockade of 

endogenous CCK action at CCK1R increased food intake and blocked the effects of peripheral 

CCK-8 in control F344.Cck1r+/+ rats. These results confirm that in rats with a F344 background, 

CCK-1R mediates CCK-8-induced inhibition of food intake and Fos activation in the hindbrain 
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and demonstrate that selective genetic ablation of CCK1R is not associated with altered meal 

patterns, hyperphagia, or excessive weight gain on a palatable diet.
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1. Introduction

Postprandial release of the anorexigenic peptide, cholecystokinin (CCK), generates a well 

characterized neural signal from the gastrointestinal tract to the hindbrain. Increasing 

evidence indicates that CCK inhibits food intake by activating intestinal vagal afferent axons 

that project to the hindbrain nucleus tractus solitarius (NTS), which in turn, activates 

hindbrain mechanisms that control meal size [11,39,46,48,49,51,65]. Sulfated 

cholecystokinin octapeptide (CCK-8) binds with high affinity to both CCK1 and CCK2 

receptors (CCK1R/CCK2R) [20]. Peripheral administration of CCK-8 induces Fos (a marker 

of neuronal activation) in the commissural (cNTS), gelatinosus (gNTS), caudal-medial 

subdivisions of the NTS (cmNTS) [5,9,11,16,35,44,53,63] and the area postrema (AP) 

[11,35,44,52,63]. These hindbrain areas are important in the regulation of food intake 

because they receive vagal afferent information from the gut including signals from gastric 

distension, CCK, and other satiety peptides [55], and they integrate these meal-related cues 

to control feeding [16,44,55,67].

A large body of literature supports the hypothesis that CCK’s acute effects on neuronal 

activation in the hindbrain and inhibition of food intake are mediated through the CCK1R 

[39,51]. Peripheral administration of selective CCK1R agonists and CCK1R antagonists 

inhibit and stimulate food intake, respectively, [39,51,65] and peripheral administration of 

the selective CCK1R antagonist, devazepide, blocks CCK-8-induced stimulation of Fos 

[15,35,63] or elevation of c-fos mRNA [11] in the AP and NTS, as well as CCK-8-induced 

inhibition of food intake [39,50,65]. In addition, devazepide blocks the effects of food intake 

inhibition by intestinally infused nutrients [8,48,68]. Both devazepide and another CCK1R 

antagonist, lorglumide, block the effects of nutrient-induced Fos activation in the AP and 

NTS [19,28]. Together, these findings indicate that both endogenous and exogenous CCK 

acutely stimulate neuronal activity in the AP and NTS and inhibit feeding through activation 

of the CCK1R. Previous studies using the Otsuka Long-Evans Tokushima (OLETF) rats and 

transgenic mice have reconfirmed that both exogenous and endogenous CCK acts via 

CCK1R to inhibit food intake [24,34].

Whether chronic ablation of CCK1R signaling contributes to hyperphagia, obesity and 

impaired glycemic regulation, remains an unresolved issue, as illustrated by the divergent 

phenotypes of the OLETF rat and CCK1R null mice (CCK1R−/−). The OLETF rat is a well 

characterized genetic model of type 2 diabetes mellitus (Type 2 DM) [23] that lacks CCK1R 

[17] because of mutation in the region of the CCK1R gene [58], and this mutation is 

associated with an inability of CCK-8 to reduce food intake [40] and induce Fos in the 

hindbrain [19]. These animals also become both hyperphagic and obese relative to their 
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wild-type controls, the Long-Evans Tokushima Otsuka rats (LETO) [34,40]. The Long-

Evans strain is reported to be mildly obese with higher basal plasma glucose levels and 

impaired glucose tolerance to compared to Sprague-Dawley and Wistar strain rats [22,26]. 

The obesity and hyperphagia of the OLETF rat strain is thought to result from the lack of 

CCK1R signaling, overexpression of the orexigenic neuropeptide Y (NPY) in the 

dorsomedial hypothalamus (DMH) [3], as well as the presence of several quantitative trait 

loci (QTL’s) associated with obesity and type 2 diabetes mellitus (DM) that are intrinsic to 

the classical strain F344 and Brown Norway rats [21,37,42,43,64,66]. While several factors 

appear to contribute to the obesity, hyperphagia, and impaired glycemic regulation in the 

OLETF rat, the CCK1R−/− mouse model has been used as an alternative strategy to 

characterize the role of endogenous CCK in the control of food intake and body weight.

CCK1R−/− mice, a second rodent model with genetically ablated CCK1R signaling, similar 

to OLETF rats, show no reduction in food intake after CCK-8 administration, and have meal 

patterns characterized by increased meal size compared to wild-type control animals [6,25]. 

However, in contrast to OLETF rats, CCK1R−/− mice are normoglycemic [25], and do not 

develop hyperphagia and obesity when maintained on regular chow [4,24]. Both CCK1R−/− 

mice and wild-type mice lack CCK1R in the DMH [4] and recent studies suggest that the 

regulation of NPY in the DMH is independent of CCK1R signaling in CCK1R−/−mice 

[2,4], but not in OLETF rats [2,4]. Taken together, these findings indicate that the absence of 

CCK1R specifically increases meal size in chow fed CCK1R−/− mice, whereas 

dysregulation of NPY signaling in the DMH in the OLETF rat is one of multiple factors that 

may explain the obesity and hyperphagia of the OLETF rat.

In order to address if the QTL of the OLETF rats contribute, in part, to their obese 

phenotype, we recently generated a congenic Fischer 344 rat strain, F344.Cck1r−/−, in which 

the OLETF-derived CCK1R gene identified by the QTL (Niddm10/of) on chromosome 14 

was introgressed into the normoglycemic and nonobese Fischer 344 rat genetic background. 

As we reported earlier, F344.Cck1r−/− is a unique, CCK1R-deficient Fischer 344 rat strain 

with a lean and normoglycemic phenotype [36,37], that offers a new way to assess the 

behavioral and neurobiological consequences of selective CCK1R ablation.

The present study was conducted to further dissect the behavioral and neurobiological 

phenotype of the lean, normoglycemic F344.Cck1r−/− rat strain. We hypothesized that 

F344.Cck1r−/− rats, relative to their Fischer 344 wild-type counterparts, would not respond 

to the suppressive or stimulatory effects of CCK-8 on food intake and Fos induction in the 

hindbrain, respectively. Further, we hypothesized that the mutant F344.Cck1r−/− rats, relative 

to F344 wild-type counterparts would not show hyperphagia, excessive weight gain or 

altered meal patterns during exposure to a highly palatable diet. Specifically, we compared 

F344.Cck1r−/− rats with their Fischer 344 wild-type counterparts on the following behaviors: 

1) chow intake or intake of a palatable diet following CCK-8 vs. vehicle administration; 2) 

Fos induction in several hindbrain areas (AP, cNTS, cmNTS, and gNTS) that commonly 

respond to CCK-8 in wild-type rats; 3) meal patterns and body weight gain during a 2-week 

exposure to a palatable diet, Ensure Plus Vanilla.
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2. Results

Characteristics of the Congenic F344.Cck1r rat.

The congenic line was developed by K. Matsumoto from the University of Tokushima, 

Japan, as a collaborative project with D.H. Moralejo from the University of Washington, 

USA. The line has been maintained for sixteen inter-cross matings of sister-brother 

littermates at the University of Washington in Seattle. The OLETF DNA recombinant 

fragment has been kept as the original line that contains the locus Niddm10/of previously 

identified by quantitative trait loci (QTL’s) analyzes [25]. When new STS markers became 

available, we were able to define the DNA fragment introgressed within 37 Mb. The Cck1r 

gene is co-localized within the locus Niddm10 on rat chromosome 14 between D14Wox5 at 

42.60 Mb and D14Rat45 at 70.23 Mb, this critical interval from OLETF rat introgressed 

onto the F344 rat is shown in Figure 1.

CCK1R, CCK2R, and GAPDH Gene Expression in Mutant F344.CCK1r−/− and Wild-type 
F344.CCK1r+/+ rats.

Our aim was to confirm the presence and absence of CCK1R in pancreatic tissue because 

the pancreas is a known site of CCK1R expression [12], and this tissue was chosen in order 

to confirm the presence of the CCK1R deletion from F344.CCK1r+/+ and F344.CCK1r−/− 

rats, respectively. There was no significant difference in age (days) between groups at the 

start of the experiment: (F344.Cck1r−/− (92.2 ± 27.7 days) vs. F344.Cck1r+/+ (99.2 ± 32.6 

days)) (F(1,8)=0.027, p=NS). As expected, CCK1R expression was virtually absent in the 

pancreas of F344.CCK1r−/− rats (n=5/group), with a copy number of 0.02 ± 0.02. CCK1R 

was expressed in the pancreas of F344.CCK1r+/+ rats, with a copy number of 469.8 ± 104.9, 

and this was significantly different from CCK1R expression in pancreas in F344.CCK1r−/− 

rats (F(1,8)=20.06, P<0.01). CCK2R expression levels in pancreas were equal in both strains 

of rats, with a copy number of 0 ± 0 in the F344.CCK1r−/− and 0 ± 0 in the F344.CCK1r+/+ 

rats (p=NS). The housekeeping gene GAPDH was also expressed in equal amounts in the 

pancreas from the two strains of rats, with copy numbers of 0.22 ± 0.4 and 0.18 ± 0.02 in the 

F344.CCK1r−/− and F344.CCK1r+/+ rats, respectively (P=NS). As a positive control for 

CCK2R, brain tissue, known to contain CCK2R [41], was also collected and screened for 

CCK2R expression. There was also a significant difference in age (3.6 days) between groups 

(n=5/group) at the start of the experiment: (F344.Cck1r−/− (57.2 ± 0.7 days) vs. F344.Cck1r
+/+ (60.8 ± 0.7 days)) (F(1,8)=12.0, p<0.05). CCK2R levels were approximately equal in 

both strains of rats, with a copy number of 191.2 ± 19.4 in the F344.CCK1r−/− and 183.4 

± 22.9 in the F344.CCK1r+/+ rats (p=NS). The housekeeping gene GAPDH was expressed 

in equal amounts in the two strains of rats, with copy numbers of 1461±90.7 and 

1554.2±148.2 in the F344.CCK1r−/− and F344.CCK1r+/+ rats, respectively (P=NS).

Study 1: Effects of CCK-8 on Food Intake in Mutant F344.Cck1r−/− and Wild-type 
F344.Cck1r+/+ Rats.

Study 1A: Effects of CCK-8 on Chow Diet.—Our aim was to investigate the effects of 

CCK-8 on solid chow intake in F344.Cck1r−/− and F344.Cck1r+/+ rats (n=7/group) in a 

crossover design with each animal serving as its own control. There was no significant 

difference in body weight between groups at the start of the experiment: (F344.Cck1r
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−/− (347 ± 2.8 vs. F344.Cck1r+/+ (359 ± 6.1 g)) (F(1,12)=3.62, p=NS). There was also no 

significant difference in age (days) between groups at the start of the experiment: 

(F344.Cck1r−/− (135 ± 0 days) vs. F344.Cck1r+/+ (151 ± 8.3 days)) (F(1,12)=3.93, p=NS).

CCK-8 (2 nmol/kg) “Low Dose”: The effects of two doses of CCK-8 (2 and 8 nmol/kg) 

were examined in both in mutant F344.Cck1r−/− and wild-type F344.Cck1r+/+ rats in order 

determine the food intake response to different doses of CCK-8. There was no significant 

difference in body weight between groups at the start of the experiment: (F344.Cck1r
−/− (347 ± 2.8 g) vs. F344.Cck1r+/+ (359 ± 6.1 g)) (F(1,12)=3.62, p=NS).

CCK-8 (2 nmol/kg) alone had no effect in the F344.Cck1r−/− rats, but inhibited 30-minute 

intake in the F344.Cck1r+/+ rats by 87% (Figure 2A). There was a significant main effect of 

CCK-8 (F(1,12) = 10.49, p<0.01), strain (F(1,12) = 24.68, p<0.01), and a significant 

interaction of CCK-8 and strain (F (1,12) = 8.83, p<0.05), indicating that strain influenced 

the ability of CCK-8 to inhibit intake of chow.

CCK-8 (8 nmol/kg) “High Dose”: CCK-8 (8 nmol/kg) alone had no effect in the 

F344.Cck1r−/− rats, but inhibited 30-minute intake in the F344.Cck1r+/+ rats by 97% (Figure 

2B). There was a significant main effect of CCK-8 (F(1,12) = 10.58, p<0.01), strain (F(1,12) 

9.54, p<0.01), and a significant interaction of CCK-8 and strain (F (1,12) = 5.95, p<0.05), 

indicating that strain influenced the ability of CCK-8 to inhibit intake of chow.

Study 1B: Effects of CCK-8 on Palatable Diet (Ensure Plus Vanilla)—Our aim 

was to investigate the effects of CCK-8 on a palatable diet intake in F344.Cck1r−/− and 

F344.Cck1r+/+ rats (n=7/genotype) in a crossover design with each animal serving as its own 

control. There was no significant difference in body weight between groups at the start of 

the experiment: (F344.Cck1r−/− (339 ± 4.4 g) vs. F344.Cck1r+/+ (336 ± 4.3 g)) 

(F(1,14)=0.256, p=NS). There was a significant difference in age of approximately 5.5 

weeks between groups, also used in Study 3A, 3B, and 4 at the start of the experiment: 

(F344.Cck1r−/− (123 ± 1.7 days) vs. F344.Cck1r+/+ (162 ± 15.2 days)) (F(1,14)=5.165, 

p=0.04). CCK-8 (8 nmol/kg) alone had no effect on food intake in the F344.Cck1r−/− rats, 

but did inhibit 30-minute food intake by 87% in F344.Cck1r+/+ rats (Figure 3). There was no 

significant main effect of CCK-8 (F(1,14)=1.92, p=NS), strain (F(1,14) = 3.27, p=0.09), but 

there was a significant interaction of CCK-8 and strain (F (1,14) = 14.62, p<0.01), indicating 

that strain influenced the ability of CCK-8 to inhibit intake of Ensure Plus Vanilla.

Study 2. Effects of CCK-8 on Fos Induction in the Hindbrain in Mutant F344.Cck1r−/− and 
Wild-type F344.Cck1r+/+ Rats.

Our aim was to examine the effects of CCK-8 (8 nmol/kg) to induce Fos in the area 

postrema (AP) and nucleus tractus solitarius (NTS)) in F344.Cck1r−/− and F344.Cck1r+/+ 

rats. There was no significant difference in body weight between groups injected with saline 

at the start of the experiment: (F344.Cck1r−/− (355 ± 4.4 g) vs. F344.Cck1r+/+ (357 ± 8.7 g)) 

(F(1,12)=0.086, p=NS). There was no significant difference in age between groups injected 

with saline at the start of the experiment: (F344.Cck1r−/− (142 ± 6.6 days) vs. F344.Cck1r
+/+ (140 ± 8.6 days)) (F(1,12)=0.029, p=NS). In animals to be injected with CCK-8, there 
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was an average difference in age of 2 weeks, which also resulted in a difference in body 

weight between groups at the start of the experiment: (F344.Cck1r−/− (374 ± 2.6 g) vs. 

F344.Cck1r+/+ (347 ± 6.3 g)) (F(1,18)=15.652, p<0.05). There was no significant difference 

in age between groups injected with CCK-8 at the start of the experiment: (F344.Cck1r
−/− (165 ± 12.1 days) vs. F344.Cck1r+/+ (146 ± 8.4 days)) (F(1,18)=1.768, p=NS).

Area Postrema (AP)—CCK-8 alone had no effect in the F344.Cck1r−/− rats, but CCK-8 

stimulated Fos induction in the AP in the F344.Cck1r−/− rats by 5237% relative to vehicle-

injected animals (Figure 4A-D, Figure 4A-B). There was a significant main effect of CCK-8 

(F(1,29) = 78.3, p<0.01), strain (F(1,29) = 78.6, p<0.01), and a significant interaction of 

CCK-8 and strain (F (1,29) = 84.5, p<0.01), indicating that strain influenced the ability of 

CCK-8 to induce Fos in the AP.

Caudal-medial NTS (cmNTS)—CCK-8 alone had no effect in the F344.Cck1r−/− rats, 

but CCK-8 stimulated Fos induction in the cmNTS by 1931% relative to vehicle injected 

animals (Figure 4A-B, Figure 8A-D). There was a significant main effect of CCK (F(1,29) = 

79.0, p<0.01), strain (F(1,29) = 83.8, p<0.01), and a significant interaction of CCK-8 and 

strain (F (1,29) = 87.3, p<0.01), indicating that strain influenced the ability of CCK-8 to 

induce Fos in the cmNTS.

Commissural NTS (cNTS)—CCK-8 alone had no effect in the F344.Cck1r−/− rats, but 

CCK-8 stimulated Fos induction in the cNTS by 13757% relative to vehicle injected animals 

(Figure 7A-B). There was a significant main effect of CCK-8 (F(1,29) = 42.3, p<0.01), 

strain (F(1,29) = 40.9, p<0.01) and a significant interaction of CCK-8 and strain (F (1,29) = 

46.1, p<0.01), indicating that strain influenced the ability of CCK-8 to induce Fos in the 

cNTS.

Gelatinosus NTS (gNTS)—CCK-8 alone had no effect in the F344.Cck1r−/− rats, but 

CCK-8 stimulated Fos induction in the gNTS by 5471% relative to vehicle injected animals 

(Figure 7A-B). There was a significant main effect of CCK-8 (F(1,29) = 7.7, p<0.01), strain 

(F(1,29) = 8.6, p<0.01), and a significant interaction of CCK-8 and strain (F (1,29) = 31.3, 

p<0.01), indicating that strain influenced the ability of CCK-8 to induce Fos in the cNTS.

Study 3. Meal Patterns During Access to Palatable Diet in Mutant F344.Cck1r−/− and Wild-
type F344.Cck1r+/+ Rats.

There was no significant difference in body weight between groups used in Study 3A or 3B 

at the start of the experiment: (F344.Cck1r−/− (338 ± 4.6 g) vs. F344.Cck1r+/+ (336 ± 4.4 g)) 

(F(1,14)=0.124, p=NS). There was a significant difference in age of approximately 5.5 

weeks between groups in Study 3A, 3B, and 4 at the start of the experiment: (F344.Cck1r
−/− (123 ± 1.7 days) vs. F344.Cck1r+/+ (162 ± 15.2 days)) (F(1,14)=5.165, p=0.04).

Study 3A: Response to CCK-8 on Wild-type Meal Size in F344.Cck1r+/+ and 
Mutant F344.Cck1r−/− Rats.—Our aim was to investigate the effect of CCK-8 on 60-min 

meal patterns in F344.Cck1r−/− and F344.Cck1r+/+ rats (n=8/genotype) fed a liquid diet 

(Ensure Plus Vanilla) in a crossover design in which each animal served as its own control. 
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CCK-8 (8 nmol/kg) inhibited 60-min meal size in animals fed Ensure Plus Vanilla by 37% in 

F344.Cck1r+/+ rats (F(1,7)=11.372, p<0.05) (5.63 ± 0.82 g veh vs. 3.53 ± 0.55 g CCK-8), 

but was without effect in F344.Cck1r−/− rats (F(1,7)=0.563, p=NS) (5.66 ± 1.20 g veh vs. 

7.35 ± 1.67 g CCK-8). CCK-8, as expected, had no effect on 60-min meal frequency in 

either the F344.Cck1r+/+ (F(1,7)=0.636, p=NS) (1.88 ± 0.23 meals veh vs. 1.63 ± 0.26 meals 

CCK-8) or the F344.Cck1r−/− rats (F(1,7)=1.00, p=NS) (1.88 ± 0.23 meals veh vs. 1.88 

± 0.30 meals CCK-8).

Study 3B: Meal Number and Meal Size in Mutant F344.Cck1r−/− F344.Cck1r+/+ 

and Wild-type Rats.—Our aim was to investigate the meal patterns in F344.Cck1r−/− and 

F344.Cck1r+/+ rats (n=8/genotype) fed a palatable diet (Ensure Plus Vanilla) when fasted 6-h 

or ad libitum fed.

6-h Fasted Mutant F344.Cck1r−/− and Wild-type F344.Cck1r+/+ Rats.: Meal number 

was not different at 1, 4, or 12 h from the start of the dark cycle between F344.Cck1r+/+ and 

F344.Cck1r−/− rats (P=NS at all time points, Figure 7A). There was also no significant 

difference in meal size between F344.Cck1r+/+ and F344.Cck1r−/− rats at 1, 4, or 12 h from 

the start of the dark cycle (P=NS at all time points, Figure 7C). Cumulative 18-h intake was 

not different in F344.Cck1r+/+ (55.3±6.3 g) and F344.Cck1r−/− rats (52.1±1.8 g) (P=NS).

Ad Libitum Fed Mutant F344.Cck1r−/− and Wild-type F344.Cck1r+/+ Rats.: Meal 

number was not different at 1, 4, or 12 hours between F344.Cck1r+/+ and F344.Cck1r−/− rats 

(p=NS at all time points, Figure 7B). There was also no significant effect on meal size 

between F344.Cck1r+/+ and F344.Cck1r−/− rats at 1, 4, or 12 h (P=NS at all time points, 

Figure 7D). Cumulative 24-h intake was not different in F344.Cck1r+/+ (56.9±2.1 g) 

andF344.Cck1r−/− rats (58.8±1.8 g) (P=NS).

Study 3C: Food intake in Chow-fed Mutant F344.Cck1r−/− and Wild-type 
F344.Cck1r+/+ Rats.—There was a significant difference in body weight between groups 

at the start of the experiment: (F344.Cck1r−/− (336 ± 3.1 g) vs. F344.Cck1r+/+ (320 ± 3.1 g)) 

(F(1,19)=0.13.553, p<0.05). There was no significant difference in age between groups in 

Study 3C at the start of the experiment: (F344.Cck1r−/− (115.5 1.1 days) vs. F344.Cck1r
+/+ (115.4 ± 3.0 days)) (F(1,19)=0.000, p=NS). Our aim was to investigate the feeding 

effects of chow-fed F344.Cck1r−/− and F344.Cck1r+/+ rats. Food intake was measured at 0.5 

and 18 h after food access was restored, starting at the onset of the dark cycle. F344.Cck1r
−/− (n=11) and the F344.Cck1r+/+ (n=10) rats (each assessed on 3 separate days), which did 

not receive any injection, consumed similar amounts of chow at 0.5 h (2.1±0.3g F344.Cck1r
−/− vs. 2.0±0.3g F344.Cck1r+/+) (P=NS) and 18 h (17.8±0.7g F344.Cck1r−/− vs. 17.0±0.5g 

F344.Cck1r+/+) (P=NS).

Study 4. Body Weight Gain During 2-week Access to Palatable Diet (Ensure Plus Vanilla) in 
Mutant F344.Cck1r−/− and Wild-type F344.Cck1r+/+.

Our aim was to investigate the body weight gain in F344.Cck1r−/− and F344.Cck1r+/+ rats 

(n=8/genotype) fed a palatable diet (Ensure Plus Vanilla) after a 2-week exposure. Body 

weight was monitored before and after a 2-week exposure to Ensure Plus Vanilla. Both 
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genotypes gained a comparable amount of weight: (F344.Cck1r−/− (36 ± 4.7 g) vs. 

F344.Cck1r+/+ (42 ± 4.2 g)) (p=NS). There was a significant difference in age of 

approximately 5.5 weeks between groups at the start of the experiment: (F344.Cck1r−/− (123 

± 1.7 days) vs. F344.Cck1r+/+ (162 ± 15.2 days)) (F(1,14)=5.165, p=0.04). There also was 

no difference in body weights between groups at the start (F344.Cck1r−/− (338 ± 4.7 vs. 

F344.Cck1r+/+ (336 ± 4.4 g)) or completion of exposure (F344.Cck1r−/− (374 ± 7.8 g) vs. 

F344.Cck1r+/+ (378 ± 7.4 g)) to Ensure Plus Vanilla (p=NS) (Figure 8).

Study 5. Response of F344.Cck1r+/+ Rats to Endogenous CCK1R Blockade.

Our aim was to determine if blockade of endogenous CCK1R in Fischer 344 rats would 

result in a stimulation of food intake. Animals weighed approximately 285 ± 1.7 g and were 

110–123 days old at the start of the experiments. Devazepide (1 mg/kg) alone stimulated 2, 

3, and 4 h food intake in F344.Cck1r−/− rats by 47, 25 and 25% (Figure 9A). Devazepide 

also stimulated 24 h food intake by 20% (data not shown). Significant main effect of 

devazepide were obtained at 2 h (F(1,13) = 29.428, p<0.01), 3 h (F(1,13) = 10.364, p<0.01), 

4 h (F(1,13) = 14.250, p<0.01), and 24 h (F(1,13) = 32.587, p<0.01).

Study 6. Effect of Endogenous CCK1R Blockade on the Ability of F344.Cck1r+/+ Rats to 
Respond to CCK-8.

Our aim was to determine if blockade of endogenous CCK1R in Fischer 344 rats would 

impair the ability of CCK-8 to inhibit food intake. Animals weighed approximately 334 

± 2.6 g and were 126–139 days old at the start of the experiments. Devazepide (1 mg/kg) 

alone had no effect in 6-h fasted F344.Cck1r−/− rats, and CCK-8 (8 nmol/kg) alone inhibited 

30-minute intake in F344.Cck1r+/+ rats by 45% (Figure 9B). Devazepide blocked the ability 

of CCK-8 to inhibit 30-min food intake. There was a significant main effect of devazepide 

(F(1,39) = 20.173, p<0.01), CCK-8 (F(1,39) = 13.309, p<0.01), and a significant interaction 

of devazepide and CCK-8 (F (1,39) = 7.484, p<0.01).

3. Discussion.

In the present study, we dissected the feeding behavior and neurobiology of a novel, 

CCK1R-deficient rat strain (Fischer 344.Cck1r−/−), whose lean and normoglycemic 

phenotype contrasts sharply with that of the OLETF rat, a well-established model of 

CCK1R-deficiency. With this unique animal model, we hypothesized that F344.Cck1r−/− 

rats, relative to their Fischer 344 wild-type counterparts, would not respond to the 

suppressive or stimulatory effects of CCK-8 on food intake and Fos induction, respectively. 

As expected, CCK-8 inhibited chow and Ensure Plus intake and induced Fos in the 

hindbrain in F344.Cck1r+/+ rats but not in F344.Cck1r−/− rats. We further hypothesized that 

F344.Cck1r−/− rats would not show hyperphagia, excessive weight gain or altered meal 

patterns compared to F344.Cck1r+/+ rats, during exposure to a highly palatable diet. We 

found that there was no difference between the F344.Cck1r+/+ and F344.Cck1r−/− animals in 

meal size during the dark cycle or any differences in body weight gain between the 

F344.Cck1r−/− and F344.Cck1r+/+ animals, following 2 weeks on a highly palatable Ensure 

diet. We found that blockade of endogenous CCK at CCK1R stimulates food intake in ad 
libitum fed F344.Cck1r+/+ rats and blocks the effects of CCK-8 to inhibit food intake in 6-h 
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fasted F344.Cck1r+/+ rats confirming that control F344.Cck1r+/+ rats with intact CCK1R 

signaling maintain the ability to respond to endogenous CCK1R blockade. Together, these 

results confirm the CCK1R gene deletion, but we find that in rats with a F344 background, 

genetic ablation of CCK1R is not associated with obesity, hyperphagia, or altered meal 

patterning.

The present results are the first description of a rat model lacking CCK1Rs that is lean, non-

hyperphagic, and without obvious aberrations in meal frequency or meal size. Body weight 

development of the congenic F344.Cck1r−/− and F344.Cck1r+/+ animals were equivalent to 

one another on both regular chow diet or during a 2-week diet of highly palatable Ensure 

Vanilla diet. Aside from an inability to respond to CCK-8 [23,38], these findings contradict 

observations from OLETF rats, which show hyperphagia [40], increased meal size [40], 

decreased meal frequency [40], overconsumption on high-fat diets [2] and exacerbation of 

their obesity [2,54] compared to their LETO littermates.

The question remains why the OLETF rat is obesity prone and hyperglycemic whereas the 

congenic F344.Cck1r−/− is lean and normoglycemic. The congenic F344.Cck1r−/− rats may 

be resistant to the obesity and diabetes phenotype because it lacks the genes that favor type 2 

DM which are found in the OLETF animals, as demonstrated by QTL analyses 

[36,37,43,55,57,66]. Another possibility is that the Niddm10/of QTL may not cause type 2 

DM in rats on a Fischer 344 background because this genetic background might offer some 

protection against type 2 DM, and introgression of the Niddm10/of QTL alone might be 

insufficient to cause type 2 DM in the Fischer 344 rats [25].

It is not clear what common denominator if any that is shared between the CCK1R−/− mice, 

the CCK null (CCK−/−) mice, and the F344.Cck1r−/− rats which explains the lack the obesity 

and hyperphagia in all three animals models fed a chow diet [4,24,29]. It is possible that the 

lean phenotype in all three animal models may be explained by upregulation and increased 

activity of satiety signals other than CCK (ie glucagon-like peptide 1 [61], bombesin-related 

peptides [27,32], PYY [1], oxyntomodulin [10], or islet amyloid polypeptide [30,47]). 

Identifying any abnormalities in neuropeptide gene expression in these animal models 

certainly merits further investigation.

Differences between studies that have examined CCK1R−/− and CCK−/−mice have reported 

marked differences in hyperphagia based on diet. CCK1R−/−mice have been shown to be 

either hyperphagic and obese [13] or not hyperphagic [2,29] depending on diet. It would be 

useful for future studies to examine effects of identical diets on meal patterns in F344.Cck1r
−/− rats, CCK1R−/− and CCK−/− mice in order to further delineate the role of CCK1R in 

these animal models.

The present study demonstrates for the first time a rat model with selective genetic ablation 

of CCK1R is not associated with altered meal patterns, hyperphagia, or excessive weight 

gain on a palatable diet. As expected, CCK-8 requires CCK1R to inhibit food intake and to 

activate neurons in hindbrain satiety centers. In addition, control rats on a Fischer 344 

background were found to exhibit the expected increased food intake in response to the 

CCK1R antagonist devazepide and as expected, devazepide also blocked the effects of 
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CCK-8 to inhibit food intake. Together, these results confirm the CCK1R gene deletion, but 

we find that in rats with a F344 background that is not predisposed to Type 2 DM or obesity, 

genetic ablation of CCK1R is not associated with obesity, hyperphagia, or altered meal 

patterning.

4. Experimental Procedure

Experimental Animals.

Experimental protocols were approved by the Institutional Animal Care & Use Committee 

(IACUC) from the University of Washington and the Seattle VA Puget Sound Medical 

Center. Adult male Fischer rats (weight range 283–373 g) were used in all studies. The 

animals were housed individually in Plexiglass cages in a temperature-controlled room (21–

23 º under a 12/12 h light-dark cycle. Animals were adapted to lights-off at 1800 h and were 

fed a standard rat chow diet (Harlan Teklad, Madison, WI) with the exception of Study 1, in 

which Ensure Plus was substituted for chow diet. All animals used in all studies with the 

exception of Study 5 and 6 were obtained from a breeding colony at the University of 

Washington, originally derived from Charles River. Adult male Fischer 344 rats were 

purchased from Charles River for Study 5 and 6 due to the lack of availability of animals 

from the University of Washington. All animals were age-matched and weight-matched 

unless otherwise indicated. De-ionized water was freely available.

Development of congenic line F344.Cck1r−/−.

The congenic line was constructed by the speed congenic method [31,62]. The Fischer 

344.Cck1r−/− rats were developed by an initial cross between male OLETF and female 

Fischer 344 rats, followed by 5 back-crossings between male progenies and female Fischer 

344 rats [25], and we have subsequently bred over 16 generations by inter-crossings at the 

University of Washington. At each generation, microsatellite-based genotyping was 

performed to select the best male that harbored OLETF Cck1r gene donor genome segment. 

Heterozygous sisters and brothers were mated to obtain rats homozygous for the 

introgressed strain. To verify the purity of the strain, a genome-wide analysis with 100 

markers spaced at an average of 22 cM was performed. No DNA OLETF-derived alleles 

outside the target region were found [36]. All animals used in these studies are progeny of 

16 inter-crosses at the University of Washington.

Genotyping.

The congenic line F344.Cck1r−/− was genotyped to assure the integrity of the DNA fragment 

carrying the CCKR gene from OLETF rat onto the F344 rat. The DNA transferred fragment 

from OLETF included the locus F.O-Nidd10/of, as recently published [25]. Between 25–30 

days of age, 5-mm tail snips were obtained and DNA isolated using a phenol-chloroform 

extraction protocol. The tail snips were digested overnight with 12.5 µl Proteinase K 

(Promega, Corp., Madison, WI) in 500 µl SET (1% SDS in 150 mmol/L NaCl, 5 mmol/L 

EDTA and 50 mmol/L Tris, pH 8.0) and then diluted in 500 µl phenolchloroform. The 

samples were vortexed for 1 min and the mixture centrifuged at 20,800xg for 15 min; the 

aqueous layer was transferred to 500 µl cold isopropanol. The samples were again 

centrifuged at 20,800 x g for 5 min, the isopropanol discarded and the DNA pellet washed 
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by centrifugation in cold 70% EtOH. The pellet was air dried for 15 min and resuspended in 

TE (10 mmol/L Tris, 1 mmol/L EDTA, pH 7.4) at 55 oC for 2–4 hours and then at 4 oC 

overnight. The samples were diluted to 25 ng/µl in TE and 2 µl of this genomic DNA 

solution was used per one of the following 10 µL reactions.

Cck1r region primers:

1µLof 10X reaction buffer (Promega), 0.8µl MgCl (Promega), 0.2µl 10mmol/L dNTP’s 

(New England BioLabs), 0.5µLof 1µmol/L M13 labeled forward primer (Qiagen), 0.5µl of 

20 µmol/L unlabeled reverse primer (Qiagen), 0.1µl Taq DNA Polymerase (Promega), 1 µL 

M13–700 (LiCor Biosciences) and 3.9 µL ddH2O. All samples were then amplified using 

the following standard PCR protocol: 95 oC 5 min, 95 oC 20 sec, 60 oC 20 sec, 72 oC 30 sec, 

steps 2–4 repeated 30 times, 72 oC 3 min. Samples were kept at 4oC until use. PCR products 

were diluted to 25% with STOP solution (LiCor Biosciences) and analyzed using a NEN 

Global IR2 DNA Analyzer System (Model 4200S-2) with a 6.5% gel matrix (LiCor 

Biosciences). Simple sequence length polymorphism (SSLP’s) markers were found using 

the UCSC rat genome browser http://genome.ucsc.edu/index.html.

RNA Isolation.

Tissue was homogenized with a Kinematica Polytron PT 10/35 (Brinkmann, Westbury, NY) 

in RNA lysis solution (Stratagene, La Jolla, CA or Qiagen, Valencia, CA) immediately after 

dissection. Total RNA was isolated using a RNeasy (Qiagen) or Absolutely RNA Miniprep 

Kit (Stratagene) with DNAse treatment. PolyA+ RNA was isolated with Oligotex Direct 

mRNA Midi/Maxi Kit, (Qiagen). cDNA synthesis was performed using SuperScript II 

Reverse Transcriptase (Invitrogen) according to manufacturer’s recommendations.

Quantitative PCR.

Quantitative PCR was performed on an Mx4000® Multiplex Quantitative PCR System 

(Stratagene) in duplex reactions with rat glyceraldehyde phosphate dehydrogenase 

(GAPDH) (NM_017008) and samples loaded in triplicate using 80 ng of total RNA. 

Quantitative PCR was run in a 20 μL reaction using a Brilliant® Single-Step QRT-PCR Kit 

(2 μL of 10x core RT-PCR buffer, 5 mM MgCl2, 400 nM each primer, 200 nM each probe, 

800 µM of dNTP mix, 75 nM passive reference dye, 1 units of AffinityScript RT, 1 unit of 

SureStart TaqDNA-polymerase) with PCR cycling conditions of 45°C for 30 min, 95°C for 

10 min, and 40 cycles of 95°C for 30 sec, 60°C for 1 min. The positions of the probes in the 

genes are all in the 3’ regions of the transcripts, at the end of the coding regions, where the 

sequences are more variable. The primers and probes used for each gene are listed in Table 

1. Primers were from Integrated DNA Technologies (Skokie, IL) or Qiagen Operon 

(Valencia, CA). Fluorescent labeled probes were from Integrated DNA Technologies or 

Applied Biosystems, Inc. (Foster City, CA). The standard curves, multiplexed with GAPDH, 

showed reaction efficiencies as follows: Cck1r: 90.6 %, Cck2r: 86.9 %, and Gapdh: 96.7 To 

compare values from wild-type rats of different litters, common threshold values were 

chosen and the Cts were converted to copy number and normalized to the amount of RNA in 

each well as determined by RiboGreen quantitation (Molecular Probes, Inc.).
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Bioinformatics.

The following resources were used:

1. University of California Santa Cruz (UCSC) Rat Genome Browser: http://

genome.ucsc.edu/index.html

2. Rat Genome Database (RGD): http://rgd.mcw.edu/

3. National Center for Biotechnology Information (NCBI): http://

www.ncbi.nlm.nih.gov/

4. Primer3 (MIT): http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi.

CCK-8 and devazepide injections.

Intraperitoneal (IP) injections were administered to rats via a 1.0 ml syringe with a 25-gauge 

needle. CCK-8 (Bachem/Peninsula, Belmont, CA) was dissolved in saline with 0.1% BSA 

and given as an IP injection (1 ml/kg injection volume) immediately prior to the start of the 

dark cycle , i.e., at a time when the animals normally begin eating and when CCK-8 has a 

potent effect on reducing food intake. Devazepide (Tocris, Ellisville, MO) was dissolved in 

10% Tween 80, and 80% saline and given as an IP injection (1 mg/kg injection volume) 30-

min prior to the start of the dark cycle.

Feeding studies.

Study 1. Effects of CCK-8 on Chow Intake in Mutant F344.Cck1r−/− and Wild-type 
F344.Cck1r+/+ Rats.

Study 1A: Effects of CCK-8 on Chow Diet.—Our aim was to investigate the effects of 

CCK-8 on solid chow intake in F344.Cck1r−/− and F344.Cck1r+/+ rats (n=7/group) in a 

crossover design with each animal serving as its own control. Briefly, rats were adapted to 

handling and to a 6-h fast for 1 week prior to the experiment. After a 6-h fast, the two groups 

of rats received injections of a high dose of CCK-8 (8 nmol/kg) or saline in randomized 

order with injections separated by 48 h. Preweighed amounts of chow pellets were placed 

onto the top of each cage immediately after each animal received an injection of vehicle or 

CCK-8. Food intake was measured manually by collecting chow pellets placed at the top of 

each cage at 30 min. and 24 h after animals received injections of CCK-8 or vehicle. 

Differences in amount of food weighed at 30 min and 24 h from the preweighed amount of 

food reflected the amount of food consumed. This particular feeding paradigm has been 

used previously [5,7], and the results obtained from CCK-8 injections at doses used in these 

studies (2, 8 nmol/kg, IP) are similar to what we have reported previously (4.8 nmol/kg, IP) 

in a food intake model whereby spillage was minimized [6]. One week later, these studies 

were repeated in chow-fed animals using a crossover design in which each animal received 

injections of a lower dose of CCK-8 (2 nmol/kg) or saline over a 48 h interval. Visual 

examination of the cage bottom revealed negligible spillage in all chow-fed animals, and 

there were no apparent differences in spillage within or between treatment groups in the 

chow fed animals.
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Study 1B: Effects of CCK-8 on Palatable Diet (Ensure Plus Vanilla).—Our aim 

was to investigate the effects of CCK-8 on palatable diet intake in F344.Cck1r−/− and 

F344.Cck1r+/+ rats (n=7/group) in a crossover design with each animal serving as its own 

control. Briefly, rats were adapted to handling and to a 6-h fast for 1 week prior to the 

experiment. After a 6-h fast, the two groups of rats received injections of a high dose of 

CCK-8 (8 nmol/kg) or saline in randomized order with injections separated by 48 h. 

Preweighed volumetric flasks containing Ensure Plus Vanilla were placed in the front of 

each cage immediately after each animal received an injection of vehicle or CCK-8. Food 

intake was measured manually by weighing each volumetric flask at 30 min and 18 h after 

animals received injections of CCK-8 or vehicle.

Study 2. Effects of CCK-8 on Fos Induction in the Hindbrain in Mutant F344.Cck1r−/− and 
Wild-type F344.Cck1r+/+ Rats.

Our aim was to examine the effects of CCK-8 (8 nmol/kg) to induce Fos in the area 

postrema (AP) and nucleus tractus solitarius (NTS)) in F344.Cck1r−/− and F344.Cck1r+/+ 

rats. Briefly, rats were adapted to handling and to a 6-h fast for 1 week prior to the 

experiment. After 6-h food deprivation, rats received injections of saline or CCK-8 (8 

nmol/kg) (n= 8–10 per group). All animals were returned to their cages immediately 

following injections. Food was made unavailable to prevent feeding-induced stimulation of 

hindbrain neurons through gastric distension [14,60]. At the conclusion of each study (1.5 h 

following CCK-8 or vehicle injections and 1.5 h from the start of the dark cycle), rats were 

anesthetized with a lethal dose of pentobarbital (Nembutal) (50 mg/kg, IP) and transcardially 

exsanguinated by perfusion with saline followed by 4% paraformaldehyde in 10 mM 

phosphate buffer (PBS), pH 7.2. Brains were removed and stored overnight in fresh fixative 

at 4°C and then transferred to 10 mM phosphate buffer containing 25% sucrose for 48 h. 

Brains were frozen by submersion in chilled isopentane for 10–15 seconds and placed under 

crushed dry ice. Coronal cryostat sections (14 m) through the hindbrain were mounted on 

slides and stored at –80ºC.

Immunocytochemical staining.—Slides were washed with 10 mM PBS at room 

temperature followed by blocking buffer (5% normal goat serum in 10 mM PBS) for 90 min 

and additional buffer washes. The primary antibody was rabbit polyclonal anti-Fos, 1:5,000 

dilution (Ab-5, Oncogene, San Diego, CA ) [33,59]. The Fos antibody was diluted in 10 mM 

PBS. Following an overnight incubation in the primary antibody at 4° C, slides were washed 

in 10 mM PBS, and then incubated for 1 h in goat anti-rabbit IgG-Alexa 488 (Molecular 

Probes, Eugene, OR) diluted 1:200 in 10 mM PBS. Slides were washed in 10mM PBS and 

coverslipped using an anti-fading glycerol-based mounting media. The immunostaining 

specificity control included replacement of the primary antibody with normal rabbit serum at 

the same dilution as the primary antibody. Under conditions used in the 

immunocytochemical staining protocol, immunoreactive Fos protein was concentrated in the 

nuclei of labeled cells.

Immunocytochemical data analysis.—Slides were analyzed with a Zeiss Axioplan 

fluorescence microscope and all measurements were made with a 20X objective lens. 

Identification of anatomic landmarks was assisted by staining cell nuclei with Hoechst 
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33258 (Sigma, St. Louis, MO), which was added to the mounting medium and observed 

with a conventional DAPI filter set. Digital RGB images of the fluorescent preparations 

were acquired with a Nikon Eclipse E-800 (Melville, NY) with a QImaging Retiga 1300i 

Fast 1394 high performance digital CCD camera (Burnaby, B.C., Canada) plus the Image-

Pro Express imaging system (Media Cybernetics, Inc., Bethesda, MD) and were exported to 

Photoshop (Adobe, Tucson, AZ). Measurements of Fos expression in the cmNTS were made 

on four sections separated by 240 m between NTS levels 4.24 and 5.08 mm posterior to the 

interaural line [45]. In each NTS section analyzed, the number of neurons that had Fos-

positive immunofluorescence in the nucleus was recorded bilaterally. The total number of 

cmNTS Fos (+) neurons across the 4 anatomically matched sections was analyzed across the 

treatment groups. Unlike the cmNTS, the data for the AP were sampled and pooled from 

only two sections because the AP was found on only two of the four sections sampled for 

analysis of the cmNTS (4.8 and 5.08 mm posterior to interaural line) [45]. The number of 

Fos (+) cells in the cmNTS or the AP was derived from the cumulative number of Fos (+) 

cells between the treatments across 4 sections for the cmNTS or 2 sections for the AP, 

respectively.

Study 3. Meal patterns During Access to Palatable Diet in Mutant F344.Cck1r−/− and Wild-
type F344.Cck1r+/+ Rats.

Measurement of Meal Patterns: Briefly, an 8-channel lickometer (Dilog, Tallahassee, 

Fl) was used to record the number and timing of licks from the individual animals [18]. 

Custom-made software written in Visual Basic (Microsoft, Redmond, WA) was used off-line 

to convert raw lick data into meal-pattern parameters. Trains of more than 50 licks with > 

90% of the interlick intervals between 80–250 milliseconds [56] were considered as meals. 

The criterion for meal termination was an absence of ingestion for at least 10 min. The 

weight of food ingested during meals and 1, 4 and 12-h time intervals was estimated from 

the number of recorded licks. For each rat, the conversion factor used was equal to the 

quotient of the total number of licks and weight of the food ingested during the day of 

observation.

Study 3A: Response to CCK-8 on Meal Size in Mutant F344.Cck1r−/− and Wild-
type F344.Cck1r+/+ Rats.—Our aim was to investigate the effect of CCK-8 on 60-min 

meal patterns in F344.Cck1r−/− and F344.Cck1r+/+ rats (n=8/genotype) fed a liquid diet 

(Ensure Plus Vanilla) in addition to using a lickometer in a crossover design in which each 

animal served as its own control. F344.Cck1r−/−and F344.Cck1r+/+ rats were adapted to a 6-

h fast and to handling for 1 week prior to the experiment. After a 6-h fast, rats received 

injections of saline or CCK-8 (8 nmol/kg) in randomized order in a cross-over design with 

injections separated by 48 h. In animals injected with CCK-8 or vehicle, food intake was 

measured manually at 0.5 and 18 h coupled with computerized recordings of meal patterns 

for 1 h from the start of the dark cycle and access to food.

Study 3B: Meal Number and Meal Size in Mutant F344.Cck1r−/− and Wild-type 
F344.Cck1r+/+ Rats.—Our aim was to investigate the meal patterns in F344.Cck1r−/− and 

F344.Cck1r+/+ rats (n=8/genotype) fed a palatable diet (Ensure Plus Vanilla);In addition, 

meal size and meal frequency data were collected in these animals in the absence of any 
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injections and determined from data collected at 1, 4, 12, and 18 or 24 h from the start of the 

dark cycle and this data was averaged across 2 consecutive days in either 6-h food deprived 

animals or ad libitum fed animals.

Study 3C: Food Intake in Chow-fed Mutant F344.Cck1r−/− and Wild-type 
F344.Cck1r+/+ Rats.—Our aim was to investigate the feeding effects of chow-fed 

F344.Cck1r−/− and F344.Cck1r+/+ rats. Daily cumulative 0.5-h and 18-h chow intake was 

recorded in 6 h fasted F344.Cck1r−/− (n=11) and F344.Cck1r+/+ (n=10) rats that did not 

receive any injections and averaged over a 3 day period.

Study 4. Body Weight Gain During 2-week Access to Palatable Diet (Ensure Plus Vanilla) in 
Mutant F344.Cck1r−/− and Wild-type F344.Cck1r+/+ Rats.

Our aim was to investigate the body weight gain in F344.Cck1r−/− and F344.Cck1r+/+ rats 

(n=8/genotype) fed a palatable diet (Ensure Plus Vanilla) after a 2-week exposure. Body 

weight was monitored on a daily basis before and after a 2-week exposure to Ensure Plus 

Vanilla.

Study 5. Response of F344.Cck1r+/+ Rats to Endogenous CCK1R Blockade

Our aim was to determine if blockade of endogenous CCK1R in Fischer 344 rats would 

result in a stimulation of food intake. Briefly, rats were adapted to handling and to a 30-min 

fast for 1 week prior to the experiment. Devazepide (1 mg/kg, IP) or vehicle (1 ml/kg 

injection volume) was administered into 30-min. fasted animals (n=14) approximately 30 

min. prior to the start of the dark cycle and access to food. Food intake was measured at 0.5, 

1, 2, 3, 4, and 24 h following the start of the dark cycle and access to food.

Study 6. Effect of Endogenous CCK1R Blockade on the Ability of F344.Cck1r+/+ Rats to 
Respond to CCK-8.

Our aim was to determine if blockade of endogenous CCK1R in Fischer 344 rats would 

impair the ability of CCK-8 to inhibit food intake. Briefly, rats were adapted to handling and 

to a 6-h fast for 1 week prior to the experiment. Devazepide (1 mg/kg, IP) or vehicle (1 

ml/kg injection volume) was administered into 30-min. fasted animals (n=14) approximately 

30 min. prior to administration of CCK-8 (8 nmol/kg, IP) or vehicle (0.1% BSA, salilne). 

CCK-8 was administered immediately prior to the the start of the dark cycle and access to 

food. Food intake was measured at 0.5, 1, 2, 3, 4, and 24 h following the start of the dark 

cycle and access to food.

Statistical Analysis.

Mean values ± SE are shown as indicated. All results are expressed as means ± SEM. 

Comparisons in the responsiveness to CCK-8 on food intake between groups in a within-

subjects design were made using a two-way repeated-measures analysis of variance 

(ANOVA) followed by Tukey’s Honestly Significantly Different (HSD) test as a post hoc 
test. Comparisons in the responsiveness to CCK-8 on Fos induction between groups as a 

between-subjects design were made using a two-way ANOVA followed by Tukey’s HSD 

test as a post hoc test. Comparisons between groups (body weight, meal patterns) were made 
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using a one-tailed Student’s t-test. Analyses were performed using the statistical program 

SYSTAT version 11.0 (Systat Software Inc., San Jose, CA), and Statistica 4.1 (StatSoft Inc., 

Tulsa, OK). Differences were considered significant if P<0.05.
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Figure 1. Genotyping of Chromosome 14. STS/SSLP marker map of chromosome 14.
The new availability of high density markers from the Rat Genome Database expanding the 

size of chromosomes allow us to define more precisely the fragment introgressed onto F344 

rat to 37-Mb. The UCSC map marker location and the size of the polymorphic marker 

between the two parental strains OLETF and F344 are shown. The numerical color code is: 

yellow (1) OLETF, blue (2) F344, and yellow-blue (2–1-2) F344.Cck1r congenic line 

carrying a DNA fragment of 37 Mb from OLETF rat.
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Figure 2A-B. Effects of CCK-8 on Chow Intake in Mutant F344.CCK1r−/− and Wild-type 
F344.CCK1r+/+ Rats :
CCK-8 (2 nmol/kg), as expected, inhibited food intake at 30 min by 87% in F344.Cck1r+/+ 

(Figure 2A), whereas CCK-8 at this dose was ineffective at inhibiting food intake in 

F344.Cck1r−/− rats (Figure 2A). Similarly, the higher dose of CCK-8 (8 nmol/kg) inhibited 

food intake at 30 min by 97% in F344.Cck1r+/+ whereas in F344.Cck1r−/− rats, CCK-8 did 

not inhibit food intake (Figure 2B).
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Figure 3. Effects of CCK-8 on 30-minute intake of Ensure Plus Vanilla in Mutant F344.Cck1r−/− 

and Wild-type F344.Cck1r+/+ Rats.
CCK-8 (8 nmol/kg) inhibited Ensure intake at 30 min by 87% in F344.Cck1r+/+ rats, but 

failed to alter food intake F344.Cck1r−/− rats.
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Figure 4A-D. Effects of CCK-8 on Fos induction in the Area Postrema in Mutant F344.Cck1r−/− 

and Wild-type F344.Cck1r+/+ Rats.
Fos activation is revealed by concentration of immunoreactive Fos in cell nuclei (Fos (+) 

cells) in the AP. Fos-immunostaining was done by Cy3 fluorescence. Images were taken 

from the whole AP. Figure 4A: Peripheral injection of vehicle induced little or no Fos (+) 

neurons in the AP of F344.Cck1r+/+ rats. Figure 4B: Peripheral injection of CCK-8 (8 

nmol/kg) induced numerous Fos (+) neurons in the AP of F344.Cck1r+/+ rats. Figure 4C: 

Peripheral injection of vehicle induced little or no Fos (+) neurons in the AP of F344.Cck1r
−/− rats. Figure 4D: Peripheral injection of CCK-8 (8 nmol/kg) induced little or no Fos (+) 

neurons in the AP of F344.Cck1r−/− rats. A-D all visualized at 20X magnification.
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Figure 5A-B. Quantitative Effects of CCK-8 on Fos induction in the AP, cmNTS, cNTS, and 
gNTS in Mutant F344.Cck1r−/− and Wild-type F344.Cck1r+/+ Rats.
CCK-8 (8 nmol/kg), as expected, stimulated Fos induction in the AP, cmNTS, cNTS, and 

gNTS (AP, cmNTS, cNTS, and gNTS noted on Y axis labels) by 5237, 1931, 13757, and 

5471% in F344.Cck1r+/+ (Figure 4A), but was without effect in F344.Cck1r−/− (Figure 5B). 

As can be observed by the scale on the Y axis between Figures 5A-B, the absolute 

magnitude of CCK-8-elicited Fos induction in the hindbrain was nearly 20–50-fold greater 

in F344.Cck1r+/+ vs. F344.Cck1r−/− rats.
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Figure 6A-D. Effects of CCK-8 on Fos induction in the cmNTS in Mutant F344.Cck1r−/− and 
Wild-type F344.Cck1r+/+ Rats.
Fos activation is revealed by concentration of immunoreactive Fos in cell nuclei (Fos (+) 

cells) in the cmNTS. Fos-immunostaining was done by Cy3 fluorescence. Images were 

taken from the right side of the cmNTS with the AP shown in the upper left. Figure 6A: 

Peripheral injection of vehicle induced little or no Fos (+) neurons in the cmNTS of 

F344.Cck1r+/+ rats. Figure 6B: Peripheral injection of CCK-8 (8 nmol/kg) induced 

numerous Fos (+) neurons in the cmNTS of F344.Cck1r+/+ rats. Figure 6C: Peripheral 

injection of vehicle induced little or no Fos (+) neurons in the cmNTS of F344.Cck1r−/− rats. 

Figure 6D: Peripheral injection of CCK-8 (8 nmol/kg) induced little or no Fos (+) neurons in 

the cmNTS of F344.Cck1r−/− rats. A-C all visualized at 20X magnification.
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Figure 7A-B. Meal number and meal size in 6 h fasted and ad libitum fed Mutant F344.Cck1r−/− 

and Wild-type F344.Cck1r+/+ Rats.
Meal number was not different at 1, 4, or 12 hours after provision of food between 

F344.Cck1r+/+ and F344.Cck1r−/− rats following a 6-h fast or when fed Ensure Plus ad 

libitum (Figure 7A). Meal size was not different at 1, 4, or 12 hours after provision of food 

between F344.Cck1r+/+ and F344.Cck1r−/− rats following a 6-h fast or when fed Ensure Plus 

ad libitum (Figure 7B).
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Figure 8. Body weight gain following 2-week exposure to Ensure Plus Vanilla in Mutant 
F344.Cck1r−/− and Wild-type F344.Cck1r+/+ Rats.
Body weight in animals (n=8/genotype) was monitored before and after a 2-week exposure 

to Ensure Plus Vanilla. Both genotypes gained a comparable amount of weight: (F344.Cck1r
−/− (65.5 ± 2.6 g) vs. F344.Cck1r+/+ (61.8 ± 4.5 g)). There also was no difference in body 

weights between groups at the start or completion of exposure to Ensure Plus Vanilla.
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Figure 9. Response of Wild-type F344.Cck1r+/+ Rats to Endogenous CCK1R Blockade.
Figure 9A. Devazepide (1 mg/kg) or vehicle (10% DMSO, 10% Tween 80, 80% saline) was 

administered to 30-min. fasted animals at 30 min. prior to the start of the dark cycle and 

access to food. Figure 9B. Devazepide (1 mg/kg) or vehicle was administered to 6-h fasted 

animals 30 min. prior to CCK-8 (8 nmol/kg) or vehicle (0.1% BSA, saline). CCK-8 was 

administered immediately prior to the dark cycle and access to food. Food intake was 

Blevins et al. Page 28

Brain Res. Author manuscript; available in PMC 2018 October 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



measured at 0.5, 1, 2, 3, 4, and 24 h after access to food and the start of the dark cycle for 

studies described in Figure 9A and 9B.
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Table 1

– Probe and primers used in quantitative PCR

Primer name Accession Primer sequence 5′ to 3′

rCck1r-Qf NM_012688 TGCCAAGTGACGCTATGCA

rCck1r-Qr GCCACCACCATCACAATCC

rCck1r-Qp 6FAM-AGAAGAAAGAGGATGAGTAGCAGGAATGTTTGCC-BHQ1

rCck2r-Qf NM_013165 CATAGCCCTGGAGCGATACAG

rCck2r-Qr CGTGGGAGCGTGTTTGC

rCck2r-Qp 6FAM-ATCTGCCGACCACTGCAAGCACG-BHQ1

rGapdh-Qf NM_017008 CGGCCTCGTCTCATAGACAAG

rGapdh-Qr ACCAGGCGGCCAATACG

rGapdh-Qp HEX-AAATCCGTTGACACCGACCTTCACCA-BHQ1
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