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• Cholecystokinin (CCK) increases the transport of insulin into the CNS of rats.
• CCK-1 receptors are expressed by blood-brain barrier (BBB)-endothelial cells.
• CCK may promote satiation by enhancing insulin transport through the BBB.
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Food intake occurs in bouts ormeals, and numerousmeal-generated signals have been identified that act to limit
the size of ongoing meals. Hormones such as cholecystokinin (CCK) are secreted from the intestine as ingested
food is being processed, and in addition to aiding the digestive process, they provide a signal to the brain that con-
tributes to satiation, limiting the size of the meal. The potency of CCK to elicit satiation is enhanced by elevated
levels of adiposity signals such as insulin. In the present experiments we asked whether CCK and insulin interact
at the level of the blood-brain barrier (BBB). We first isolated rat brain capillary endothelial cells that comprise
the BBB and found that they express the mRNA for both the CCK1R and the insulin receptor, providing a basis
for a possible interaction. We then administered insulin intraperitoneally to another group of rats and 15 min
later administered CCK-8 intraperitoneally to half of those rats. After another 15 min, CSF and blood samples
were obtained and assayed for immunoreactive insulin. Plasma insulin was comparably elevated above baseline
in both the CCK-8 and control groups, indicating that the CCK had no effect on circulating insulin levels given
these parameters. In contrast, rats administered CCK had CSF-insulin levels that were more than twice as high
as those of control rats. We conclude that circulating CCK greatly facilitates the transport of insulin into the
brain, likely by acting directly at the BBB. These findings imply that in circumstances in which the plasma levels
of both CCK and insulin are elevated, such as during and soon after meals, satiation is likely to be due, in part, to
this newly-discovered synergy between CCK and insulin.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Energy intake is orchestrated by numerous signals including those
that provide information about the quantity and composition of
ingested food (satiation signals), those that report the amount of stored
energy (adiposity signals), and nutrients, themselves, that are present
in the circulation and extracellularfluid. All of these signals, in turn, con-
verge on circuits in the brain where they are integrated with cognitive,
social, hedonic and other situational factors. The calculus of all of this
, University of Cincinnati, 2170
information is complex and provides ample opportunity for synergy, in-
terference or other interactions among the various signals.

Satiation signals arise in the gastrointestinal tract and are secreted
acutely in proportion to the quantity and quality of food being con-
sumed; they signal to the brain neurally and hormonally and thereby
contribute to meal termination as ingested calories accumulate. Several
gastrointestinal peptides/hormones are included in this category in-
cluding cholecystokinin (CCK), glucagon-like peptide-1 (GLP-1), mem-
bers of the bombesin family of peptides, peptide YY (PYY), amylin,
apolipoprotein A-IV andmany others [1–4]. The exogenous administra-
tion of any of these just prior to ameal thus provides a false signal to the
brain, implying that more calories have been eaten than actually have
been consumed,with the result that a smaller-than-normalmeal is con-
sumed. CCK is the most-investigated satiation signal, and its isoforms,
such as CCK-8, reduce meal size dose-dependently in experimental
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animals [5–7]. Humans administered CCK-8 report feeling fuller or
more satiated, and they eat a smaller meal than occurs in the control
condition, without feeling ill [8,9]. The physiological relevance of CCK
during consumption of a normal meal is demonstrated by the observa-
tion that animals eat larger-than-normal meals when administered an-
tagonists of the CCK-1 receptor, implying that endogenous CCK
normally contributes to limiting meal size [10,11].

Adiposity signals, including insulin and leptin, are secreted in direct
proportion to the amount of fat stored in the body [12,13]. Each of these
hormones is transported from the blood into the brain, and the admin-
istration of either directly into the brain causes animals and humans to
eat less; if insulin or leptin is administered chronically into the brain,
body weight is also reduced [14–16]. The physiological relevance of in-
sulin and leptin in this regard is demonstrated when their respective
signals in the brain are blocked by pharmacological or genetic means.
In both instances, individuals become hyperphagic and carry more fat
than controls [17–19].

Satiation signals and adiposity signals are catabolic, eliciting a net
decrease of bodily energy reserves through combinations of reduced en-
ergy intake and increased energy expenditure, favoringweight loss [20].
An important question iswhether or how these various catabolic signals
interact to influence food intake. CCK secreted from the duodenum in
response to ingested food acts locally in thewall of the intestine to stim-
ulate CCK-1 receptors (CCK-1R) expressed on branches of the vagus
nerve that project to the nucleus of the solitary (NST) tract in the hind-
brain [21–24]. The vagal CCK signal then activates a complex circuit that
forwards the satiating signal to several brain areas including the hypo-
thalamus. Severing the vagus nerve proximal to the duodenum, or se-
lectively cutting vagal afferent fibers entering the hindbrain, greatly
reduces the ability of exogenous CCK to reduce meal size [24,25].

We and others have found that when insulin is elevated in the
brain of animals prior to a meal, the ability of exogenous CCK to
reduce meal size is dose-dependently increased [26,27]. Similarly,
an increased leptin signal also renders animals more sensitive to
satiation signals [28,29]. The implication is that there is normally a
cooperative catabolic action caused by combinations of satiation
and adiposity signals. Thus, when an individual has gained weight/
fat, this consequently leads to increased levels of circulating insulin,
leptin and other adiposity signals that then enter and stimulate the
brain. Homeostatic models of body weight regulation would suggest
that the individual should eat smaller meals in order to reduce
weight to normal. Consistent with this, the elevated adiposity signal
in the brain renders the individual more sensitive to meal-generated
satiation signals with the consequence that they do in fact consume
smaller meals [12,30]. In theory, adiposity signals could interact
with satiation signals at any point along the circuit from the vagal
afferent nerves to the NST to other brain areas.

While all of these examples imply that the interactions among dif-
ferent classes of catabolic signals occurs mainly in the brain, there are
other, not mutually exclusive, possibilities as well. Cano et al. reported
that exogenous CCK increases the transport of leptin into the CNS [31,
32]. In the present series of experiments, we demonstrate that CCK
also increases the transport of insulin into the CNS and we investigate
the mechanism mediating this effect.
2. Materials and methods

2.1. Animals

Adult male Long-Evans rats (12–14 wk. of age; Envigo, Indianapolis,
IN) were housed individually in tub cages andmaintained on a 12/12-h
light/dark cycle. Animals were provided ad-libitum access to water and
pelleted chow (LabDiet® # TD7012), except where otherwise specified.
All protocolswere approved by the University of Cincinnati Institutional
Animal Care and Use Committee.
2.2. Isolation of rat brain microvessels

The brain capillary endothelial cells that comprise the BBB express
insulin receptors [13,33,34]. Because insulin is too large to passively dif-
fuse through the BBB, the generally-acceptedmodel of insulin transport
involves insulin binding its receptors at the BBB [30,33,35], with the
bound insulin receptors then being endocytosed within the endothelial
cells [35]. Following receptor-mediated transport to the abluminal side
(brain-side) of the capillary, insulin is then released intact into the CNS
[35–37]. To determine the feasibility of an interaction of CCK and insulin
at the level of the BBB, we first asked whether brain capillary cells ex-
press CCK-1 receptors.

Brain microvessels were isolated as previously described [33]. Rats
were quickly and deeply anesthetized with isoflurane and were
sacrificed after rapid collection of the whole brain. After allowing the
brain to quickly cool to 4 °C in chilled M199 buffer (Gibco, #11150) on
ice for ~10–15 min, meninges were removed. Forebrains were isolated
and individually homogenized with 10 strokes in a Dounce homogeniz-
er in ~4 mL M199 buffer. Each homogenate was then resuspended in a
solution containing a final concentration of 20% dextran (40,000 M.W.,
Sigma, #31390). Samples were centrifuged at 3000 ×g for 10 min,
yielding a pure pellet of microvessels at the bottom of the tube. To
isolate microvessels with capillary diameters within a size range of
20–100 μm, pelleted vessels were isolated, resuspended in M199 buffer
with 1% BSA, and filtered through a 100-μm nylon mesh (Small Parts)
with flow-through then being collected in 20-μm nylon mesh
(Millipore). Microvessels that were retained in the filter were then
rinsed several times with 1% BSA and briefly vortexed in M199 buffer
until detached. After centrifuging the microvessels for 10 min at
1000 ×g and isolation of the pellets, qPCR and Western Blotting or
immunohistochemistry were conducted.

2.3. Analysis of brain microvessels

The relative purity of microvessel isolates was first verified with
qPCR (TaqMan) using a StepOne™ Plus device (Thermo Scientific),
by screening isolates for markers of microvessel mRNA and assessing
the extent of contamination from glia and neurons, as described [33].
β-actin was used as the reference housekeeping gene. Only samples
that were significantly enriched to a comparable extent with previous-
ly-defined cutoffs [33] were used for Western blotting (Fig. 1). Relative
purity of the brain microvessel isolates was further assessed by visual
inspection and by immunohistochemistry with a rat-BBB antibody, as
described [33]. Briefly, aliquots of the fresh microvessel samples were
directly spread onto glass slides. Samples were fixed in 4% paraformal-
dehyde/PBS for 10 min and then washed 5 times in PBS (30 min).
After permeabilization with 0.1% Triton in PBS (30 min), rinsing 3
times in PBS (30 min), and blocking in 2% serum (30 min, 26 °C),
microvessels were incubated in primary antibody for 24 h at 4 °C. Anti-
bodies used were targeted to the CCK-1R (Santa Cruz, sc-16172), insu-
lin-receptor- β (IR-β) subunit (Santa Cruz, sc-711) or the rat-BBB
antibody (abcam, #24764). After 5 washes with PBS, secondary fluores-
cent antibodies (Cy-3, AlexaFluor® 594 or AlexaFluor® 488, Molecular
Probes, Carlsbad, CA) were incubated with microvessel samples for
1 h in 1% BSA solution. Slides were then rinsed 5× in PBS and tamped
to remove excess liquid prior to mounting with SlowFade® Gold re-
agent (Molecular Probes). After curing for 24 h at 26 °C, microvessels
were examined with fluorescence microscopy (Olympus) (Fig. 1C–E).
For verification of specific binding in immunohistochemistry, we proc-
essed microvessels side-by-side with the other samples, except that
no primary antibodies were added to the incubation solution.
Microvessels were then incubated with secondary antibodies and
were visualized, as described (Fig. 1H–I).

Microvessel lysates were analyzed via Western blotting (Fig. 1E–G)
using previously-validated antibodies for CCK-1R (Santa Cruz,
sc-16172) and LS Biosciences (LS-C177096). The insulin-receptor- β



Fig. 1. CCK-1R is expressed in rat brainmicrovessels. CCK-1R immunoreactivity was detected in freshly-isolated brainmicrovessels via fluorescencemicroscopy (A-B, orange/Alexa Fluor®
594, 40× magnification), imaged with phase contrast (A) and without phase contrast (B). Nuclei were stained with DAPI (blue). No immunoreactivity was observed in control IHC
experiments that omitted primary antibody (C-D); images were taken with phase contrast (C) and without phase contrast (D), for comparison. Western blotting was performed with
protein lysates from brain microvessel isolates (E) and choroid plexuses (F) using the Santa Cruz CCK-1R antibody (47–50 kDa) and using the LS Biosciences (~90 kDa) antibody in
separate blots of brain microvessel isolates (G) and choroid plexuses (H). Insulin receptor protein expression was detected in brain microvessels (I) and vessels were co-
immunoblotted with a rat brain microvessel antibody (J, alone and K, together). CCK-1R mRNA expression (Cck1r) was also detected in rat brain microvessel isolates (L) at levels
comparable to that of the full leptin receptor transcript (Lepr). Other genes examined included the GLP-1 receptor (Glp1r) and insulin receptor (Insr). n = 6, ± SEM.
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(IR-β) subunit antibody (Santa Cruz, sc-711) was validated in a previ-
ous publication [33]. After running SDS-PAGE with protein lysates pre-
pared using T-PER extraction buffer (Pierce, #78510) and transferring
to an Immobilon PVDFmembrane (Millipore),Western Blotswere incu-
bated with primary antibody for 16–24 h at 4 °C. After rinsing and incu-
bating in horseradish peroxidase-conjugated goat anti-rabbit IgG
antibody for 1 h at room temperature (1:5000–1:10,000, Dako
#P0448) and rinsing again, membranes were incubated in Immobilon®
HRP substrate (Millipore Cat. #WBKLS) 5 min at room temperature and
blots were visualized with photolithography film (Denville Scientific,
#E3018). Interestingly, the Santa Cruz CCK-1R antibody detected
bands of the correct size only for freshly-prepared blots and these
bands were not apparent after gentle stripping and re-probing.

2.4. Assessing insulin transport into the CNS

Rats were fasted overnight for 16 h. The next day, they were admin-
istered intraperitoneal (ip) insulin (0.3 U/kg, NPH, NovoNordisk) or ve-
hicle (saline) 30 min prior to cerebrospinal fluid (CSF) collection.
Precisely 15 min after the insulin or vehicle injection, half of the rats
in each group received ip CCK-8 (10 μg/rat; Sigma) and the other half re-
ceived sterile saline. 10 min after the second injection, rats were
anesthetized with isoflurane (Isothesia, Henry Schein, Dublin, Ohio)
and positioned into a stereotaxic instrument, with the head maximally
ventroflexed. A modified 25-G needle, with a tip prepared at a 30°
angle [38], was connected to microrenethane tubing filled with sterile
saline and secured in an electrode holder. The scalp and neck were
shaved and sterilized. An incision was made to expose the atlanto-oc-
cipital membrane. Exactly 30 min after the initial insulin injection, the
needle was inserted into the cisternum magnum and CSF flow was ini-
tiated by applying slight negative pressurewith a 1-mL syringe attached
to the microrenathane tubing. CSF was then collected (approximately
200 μL CSF per rat) into a chilled 1.5-mL microcentrifuge tube within a
2-min period. Rats were then sacrificed, and blood was immediately
collected in chilled EDTA-coated tubes. Prior to analysis, the CSF sam-
ples were screened for blood contamination via spectrophotometric in-
spection. Only pure samples with b0.001% blood contamination were
analyzed. Insulin levels were then measured in plasma and pure CSF
samples using a previously-validated ultrasensitive rat insulin ELISA
kit (Crystal Chem, #90060, Downers Grove, IL) [13,39]. In order to de-
termine the absorbance of the human insulin used for this study, we
prepared a standard curve with insulin NPH; this was compared to the
absorbance of the reference rat insulin standard, as described [13]. As
previously found, the absorbance of insulin NPH is typically 80% that

Image of Fig. 1
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of rat insulin with the low-range assay. An exact correction was not
made in this instance, because we did not have basal CSF insulin read-
ings from the same cohort of rats. If a correctionweremade, itwould in-
crease the reported concentrations of insulin in the plasma and CSF, and
would only strengthen the observed effect in this instance [13].
2.5. Statistical analysis

All statistical analyses were conducted with GraphPad Prism 5 soft-
ware using a Student's t-test for comparisons between groups. Signifi-
cance was pre-defined as P ≤ 0.05.
Fig. 2. Acute CCK treatment increases insulin transport into the CNS. A) No difference in
plasma insulin was observed between groups treated with CCK (Ins + CCK) or saline
(Ins), following an ip injection of 0.3 U/kg insulin in all rats. For reference, in
comparably prepared rats injected with saline (0 U/kg insulin), the basal concentration
of insulin in the plasma is 1.11 ± 0.27 ng/mL (not depicted). B) Rats treated with CCK
had a significantly higher concentration of insulin in the CSF in comparison to rats
administered saline. For comparison, in rats injected with saline (0 U/kg insulin), the
basal concentration of CSF insulin is 0.53 ± 0.07 ng/mL n = 6, P b 0.05, ± SEM.
3. Results

3.1. CCK-1R is expressed at the BBB

CCK-1R protein expression was detected in microvessels via immu-
nohistochemistry (Fig. 1A,B, 40×magnification). Fluorescencewas spe-
cific to the binding of primary antibody, since samples processed
without primary antibody were devoid of nonspecific binding (Fig.
1C,D). Western blotting with the CCK-1R antibody revealed solitary
bands of the expected size for the truncated type 1 receptor (~47 kDa)
[40–42] in protein lysates from brain microvessels (Fig. 1E) and from
the choroid plexus (Fig. 1F), indicating that the immunoreactivity ob-
servedwith fluorescencemicroscopy in Fig. 1A,B is solely from the trun-
cated form of CCK-1R. For comparison, microvessel protein lysates were
blotted with the LS Biosciences CCK-1R antibody (which is solely vali-
dated for Western blotting, and not immunohistochemistry). In this
case, we detected a band at the ~90 kDa range in brain microvessels
(Fig. 1G) and choroid plexus samples (Fig. 1H), which is the expected
size for the full-length CCK-1R [40–42]. Due to this discrepancy between
antibodies, we verified expression of Cck1rmRNA in freshly-isolated rat
brainmicrovessels via qPCR and found that its expressionwas compara-
ble to that of the leptin receptor (Fig. 1L). The finding that CCK-1R is
expressed at the BBB is important because CCK-1R is the receptor in-
volved in the satiating effects of CCK-8 (21−23). As we and others
have seen before [33,34], insulin receptor protein was also expressed
throughout microvessels (Fig. 1I) in a pattern that was comparable to
that of truncated CCK-1R; it appears that both CCK-1R and insulin re-
ceptors are expressed in every endothelial cell. A rat-BBB-specific anti-
body was also used as validation of microvessel specificity in these
studies (Fig. 1J,K) and the relative purity ofmicrovessel isolateswas ver-
ified via qPCRusing our previously-published approach [33]. Thesefind-
ings provide an anatomical foundation for an interaction of CCK-8 with
insulin transport at the BBB.
3.2. Acute CCK treatment increases insulin transport into the CNS

Fasted rats receiving ip insulin 30 min earlier had comparable plas-
ma insulin whether they subsequently received ip CCK-8 or not, such
that CCK had no effect on circulating insulin (Fig. 2A). Nonetheless, ip
CCK resulted in CSF insulin levels being more than twice as high as oc-
curred in rats given insulin but no CCK (Fig. 2B). A separate experiment
was conducted to establish baseline insulin levels in a group of rats
injected ip with 0 U/kg insulin (saline, n = 6). Because this experiment
was conducted on a different day, these data are not incorporated into
the graph. As listed in the description for Fig. 2, insulin levels in the plas-
ma were 1.11 ± 0.27 ng/mL and baseline concentrations of insulin in
the CSF were comparable to those of the group injected with 0.3 U/kg
insulin. These values are comparable to previously-published results
from our lab [13]. Taken together, these results indicate that the low
dose of ip insulin did not significantly increase CSF insulin, whereas
the administration of CCK significantly increased insulin transport
under these conditions.
4. Discussion

Collectively, our findings indicate that the satiation signal, CCK-8, in-
creases the transport of insulin into the CNS and that these effects are
likely mediated by CCK-1Rs that are expressed throughout the BBB
and blood-CSF barrier. These observations are in agreement with previ-
ous reports that CCK-8 increases the appearance of the adiposity signal,
leptin, into the CSF of rats [31,32]. These intriguing observations suggest
that CCKmay also promote satiation by increasing the transport of other
catabolic signals into the CNS (although CCK itself does not cross the
BBB (43)) in addition to sending signals to the CNS via its action in the
peripheral nervous system.

One implication of these findings is that this cooperative process
would be active during meals when endogenous CCK and insulin are
both elevated; it would be anticipated to be greatly enhanced in animals
with higher andmore prolonged elevations of GI hormones, such as can
occur following successful bariatric surgeries [44]. In turn, increasing
the levels of these hormones is anticipated to lead to a pronounced sup-
pression of food intake and body weight, by increasing the levels of ad-
iposity signals in the brain [45].

Insulin was increased in the CSF within 15 min following ip CCK-8
administration. If CCK exerts its effects directly at the BBB as proposed
[31,32], then it must diffuse from the peritoneal cavity into the blood-
stream, circulate and bind to CCK-1R on endothelial cells of the BBB,
and consequently increase insulin's appearance in the CSF within a
very short time-frame (as CCK-8 does not cross the BBB). This process
involves the transport of insulin across the BBB and its subsequent re-
lease into the brain interstitial fluid [36]. Each molecule of insulin may
then bind to brain insulin receptors and/or may be degraded. The bulk
flow of unbound insulin will enter the CSF, where it then is transported
back into the bloodstream [36]. Given the many processes that need to
occur in this short time frame, it is unlikely that significant increases in
insulin receptor expression could have accounted for the increased CSF
insulin concentration. Instead, CCK may act to increase the rate of insu-
lin transport through the BBB by increasing the saturation threshold of
the insulin receptors already present at the outer cell membranes of en-
dothelial cells comprising the BBB. This could either involve increasing
the sensitivity of insulin receptors or increasing the insulin receptor-
recycling rate within endothelial cells as they are transported from the
abluminal side to the luminal side of BBB-endothelial cells, prior to
binding another insulin molecule [30]. Future experiments will have
to determine if this is the case.

An alternative explanation for our results is that CCK somehow pre-
vents the degradation of insulin (and presumably leptin, aswell) within
the brain. Since CCK does not cross the BBB [43] and is unlikely to affect

Image of Fig. 2
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the activity of the insulin-degrading enzyme (IDE) therein, CCK would
have to substantially reduce the activity of IDE expressed at the BBB in
order for such an interaction to take place [46]. Further, plasma insulin
levels were unaffected by CCK treatment, indicating that CCK does not
alter IDE activity acutely in other tissues that are important for insulin
degradation via IDE, such as the liver and kidney. Alternatively, CCK
might send signals to the CNS that acutely suppress IDE activity, but
such a mechanism has yet to be reported in the literature.

In conclusion, our findings support a model in which CCK increases
the appearance of insulin into the CNS by acting on CCK-1Rs expressed
in the BBB, although the exactmechanism(s) remains to bedemonstrat-
ed. These findings point to a direct role of CCK at the BBB in the media-
tion of satiation. Whether other GI hormones can similarly exert these
effects at the BBB is not known [45,47]. Further studies are warranted
to determine the mechanism by which the transport of insulin and lep-
tin are increased following CCK-8 administration.
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