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Abstract

The BBB prevents the unrestricted exchange of substances between the central nervous system (CNS)
and the blood. The blood-brain barrier (BBB) also conveys information between the CNS and the
gastrointestinal (GI) tract through several mechanisms. Here, we review three of those mechanisms.
First, the BBB selectively transports some peptides and regulatory proteins in the blood-to-brain or
the brain-to-blood direction. The ability of GI hormones to affect functions of the BBB, as illustrated
by the ability of insulin to alter the BBB transport of amino acids and drugs, represents a second
mechanism. A third mechanism is the ability of GI hormones to affect the secretion by the BBB of
substances that themselves affect feeding and appetite, such as nitric oxide and cytokines. By these
and other mechanisms, the BBB-regulates communications between the CNS and Gl tract.

Introduction

It has long been appreciated that the gastrointestinal (GI) tract and the central nervous system
(CNS) interact. For example, Charles Darwin wrote in his classic The Expression of the
Emotions in Man and Animals (1872): “The manner in which the secretions of the alimentary
canal and of certain other organs....are affected by strong emotions, is another excellent
instance of the direct action of the sensorium on these organs, independently of the will or of
any serviceable associated habit.”

In contrast to the long-standing appreciation of the phenomenon, evidence for the mechanisms
underlying gut-brain interactions have only begun to be elucidated in the last few decades.
Claude Bernard noted that the brain and the heart interacted through the pneumo-gastric nerve
“...s0 that”, as Darwin wrote, “under any excitement there will be much mutual action and
reaction between these...” But for many of us, the modern era elucidating how the Gl tract and
CNS interacted can be traced to the work of Gibbs and Smith [1]. These authors clearly showed
that the satiety effect of peripherally administered cholecystokinin was mediated through the
vagus nerve. This work not only illustrated a physical connection facilitating gut-brain
communication, but emphasized that this communication traveled in the gut-to-brain direction
as well as in the brain-to-gut direction. This route has been extended to other substances, such
as the cytokines, which can induce sickness behavior through vagal pathways and to other
nerves, such as the palatine nerve, which can also relay cytokine-induced signals to the brain
[2-4].
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Mechanisms other than vagal afferents were slow to be elucidated. The other most obvious
route, that of substances being secreted into the circulation by the brain or the brain reacting
to substances secreted into the circulation by the peripheral tissues, was thought by most
workers to be precluded because of the blood-brain barrier (BBB). The BBB consists of several
parallel barriers, the most studied being the vascular barrier and the choroid plexus [5]. The
vascular barrier is modified by the presence of intercellular tight junctions, a decrease in
pinocytotic activity, and a near absence of intracellular fenestrea (Figure 1). In total, these
modifications prevent the production of an ultrafiltrate, the mechanism by which serum
proteins ordinarily leak into interstitial tissue beds [6]. Because the BBB is so effective at
keeping large serum proteins such as albumin out of the brain, it was assumed by many that
the BBB would also exclude peptides and regulatory proteins.

Although direct transport across the BBB was prematurely ruled out, other mechanisms were
added to the list of ways in which the CNS and Gl tract can communicate. Substances can
reach parts of the brain where the blood vessels do not form barriers, but are leaky as is typical
of peripheral capillary beds. These circumventricular organs act as emetic centers and
regulators of thirst[7;8]. Additionally, amylin exerts its anorectic effects [9] through one of the
circumventricular organs, the area postrema [10]. Other GI peptide hormones, such as CCK
ghrelin, and adiponectin, may also act in part through circumventricular organs. However, most
work in this area agrees that a layer of cells forms a barrier between the circumventricular
organs and the adjacent brain parenchyma, thus preventing substances entering the
circumventricular organs from leaking into other brain regions. Circulating substances can also
affect brain function indirectly by altering the blood level of a second substance which could
cross the BBB. For example, insulin by lowering blood glucose levels and ACTH by elevating
serum glucocorticoids can each affect a variety of CNS functions.

More recently, direct roles of the BBB in mediating communication between the CNS and Gl
tract have found renewed interest. Our laboratory has been very involved for over two decades
in investigating the ability of peptides and regulatory proteins to cross the BBB in both the
brain-to-blood and the blood-to-brain direction. The ability of brain endothelial cells
themselves to directly respond to substances in the blood and in brain interstitial fluid is also
an important mechanism in understanding potential gut-brain interactions. Finally, the brain
endothelial cell is also now know to be capable of secreting substances, such as cytokines and
nitric oxide, which have effects on appetite. It is these three direct roles of the BBB (Figure 2)
in mediating brain-gut connections that the rest of this review will emphasize.

Direct Permeability of the BBB to Gl-related Peptides and Proteins

In 1979 Mutt et al showed that secretin when injected directly into the brain could induce
pancreatic secretions at a fraction of its peripherally effective dose [11]. Thus, secretin joined
the ranks of a growing number of substances originally identified in the periphery but with
effects within the brain. Currently, this rank includes a long list of substances, including insulin,
leptin, ghrelin, amylin, and pancreatic polypeptide. To exert their actions at receptors deep
within the brain, these substances must cross the BBB. Many of these substances in this class,
not surprising, have been shown to have saturable transporters located at the BBB, whereas
some of the others can cross by non-saturable mechanisms. What these substances do within
the brain once they have occupied their CNS receptors is not always clear. Some, such as leptin,
exert what is currently thought to be their main actions within the CNS. Others, such as insulin,
can have effects opposite to those that they exert in the periphery [12;13]. For example,
peripheral administration of insulin will raise blood levels of insulin, reduce levels of glucose
in the blood, and stimulate feeding, whereas administration of insulin into the brain has been
reported by several laboratories to reduce blood levels of insulin, increase levels of glucose in
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the blood, and inhibit feeding. Therefore, substances like insulin which oppose through the
CNS their peripheral actions may act as their own counterregulatory hormones [14].

Some substances produced in both the brain and the periphery are able to cross the BBB. Why
a peptide or protein that is produced in the brain is also transported into the brain is not clear.
It may be that the transported material accesses a different set of receptors than material
endogenous to the CNS, reinforces only selected concentrations of endogenous material, or
can form different concentration gradients in combination with endogenous material across a
network of receptors.

Transport patterns across the BBB can provide hints at what are some of the actions of these
substances within the CNS. For example, whereas most of the work on the CNS actions of
leptin, ghrelin, and to a lesser extent insulin have concentrated almost exclusively on the
hypothalamus, these substances have BBB transporters and CNS receptors located throughout
the CNS [15-17]. Evidence shows that in each case these extra-hypothalamic brain receptors
are operational and affect CNS functions [18-20]. Furthermore, each of these substances have
BBB transporters and neuronal receptors located at the hypothalamus and can exert profound
effects on cognitive functions. Therefore, it is likely that gastrointestinal hormones have
multiple roles within the CNS.

Another example of BBB transport patterns providing insight into function is the finding that
the majority of insulin entering the brain from the periphery does so at concentrations lower
than those needed to induce hypoglycemia [21;22]. Therefore, it is unlikely that CNS insulin
acts primarily to inform the brain about potential hypoglycemia. Instead, it is likely that most
of the information the brain gathers from the transport of insulin relates to physiological events.
However, insulin transport is likely also to be involved in certain pathological reactions.
Animals treated with lipopolysaccharide, a derivative of the cell walls of gram negative bacteria
and a potent inducer of the innate immune system, increases insulin transport 2-3 fold [23]. To
the extent that CNS insulin acts in a counterregulatory fashion to blood insulin, an increase in
CNS insulin would induce resistance to the peripheral actions of insulin. Release of
lipopolysaccharide by gram negative bacteria could increase transport of insulin across the
BBB and so induce the insulin resistance seen in sepsis [24;25].

Leptin transport patterns provide several clues to the function, role, and evolution of leptin.
Inhibition of leptin transport in obese animals is consistent with the development of leptin
resistance at the level of the BBB [26]. The studies also show that the blood-to-brain signal of
leptin to the brain is most robust at leptin levels below those considered to represent ideal body
weight [27]. This, in turn, suggests that leptin evolved to be most effective at what in Western
societies are low to low-normal levels. Interestingly, wild baboons living in normal, non-
famine conditions also have low levels of leptin, suggesting that during most of evolution,
lower levels of body fat and much lower levels of leptin were the norms [28]. We have found
that part of the inhibition in leptin transport associated with obesity is caused by circulatory
factors in addition to leptin itself and part of the inhibition is not explained by the immediate
effects of circulatory substances [29]. Triglycerides inhibit leptin transport across the BBB
and, since triglycerides tend to be high in obesity, are likely one cause of leptin resistance
[30]. However, triglycerides are also high in starvation. Blockade of the anorectic leptin during
starvation would convey survival value. Since animals and humans have more often been faced
with starvation than obesity, it is likely that triglycerides came to represent to the CNS
starvation, not obesity. In this sense, the leptin resistance of obesity as caused by
hypertriglyceridemia may be a metabolic case of mistaken identity because of an unfortunate
coincidence that hypertriglyceridemia occurs in both obesity and starvation.
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Effects of BBB Functions

The brain endothelial cells which comprise the BBB have true receptors; that is, they have
binding sites coupled to intracellular machinery that modulates their functions. Thus, brain
endothelial cells not only transport insulin, they also are affected by it.

Insulin is a particularly well studied example of how a GI hormone can influence the BBB.
Insulin alters the transport rate across the BBB of a number of substances, including the amino
acid tryptophan [31] (and so brain levels of serotonin), the anti-HIV drug AZT [32], and leptin
[33]. Insulin also inhibits alkaline phosphatase activity by the brain endothelial cell [34].

Effects on BBB Secretions

Brain endothelial cells secrete a number of substances which can affect CNS functions,
including feeding behaviors, such as nitric oxide and cytokines [35-37]. Some cytokines, such
as interleukin-6, are constitutively secreted, whereas others are secreted in response to stimuli.
Lipopolysaccharide and the human immunodeficiency virus are examples of stimuli that
increase the endothelial cell secretion of cytokines [38;39]. Additionally, cytokine secretions
by the BBB are polarized; that is a cytokine can be secreted either from the brain side or the
blood side of the capillary wall [40]. A more complex situation is when an endothelial cell
receives stimuli from one side and secretes cytokine into the other; for example,
lipopolysaccharide applied to the abluminal surface of a brain endothelial cell can induce the
release of interleukin-6 from the luminal surface. As no brain cell is more than 40-50 microns
distant from a brain endothelial cell, secretion of cytokines or other substances affecting
appetite could be a major mechanism by which peripheral signals affect brain function.

Release of cytokines from brain endothelial cells can also be modulated by Gl peptides.
Adiponectin is an adipokine that is regulated by interleukin-6 and has several effects on
vasculature [41-44]. It does not cross the BBB well, yet some of its effects are mediated through
the CNS [45]. One way that it may do this is by its ability to inhibit the release of interleukin-6
from brain endothelial cells [46]. However, inhibition of interleukin-6 would be expected to
have the opposite effects on body weight, as interleukin-6 is usually associated with decreased
appetite and loss of body weight, which is the opposite effect ascribed to adiponectin. It may
be that inhibition of interleukin-6 is a mechanism by which adiponectin courterregulates its
main actions, much as insulin in the CNS may counteract its actions in the periphery.

Conclusion

The BBB and the cells which form it are vitally active in communications between the CNS
and Gl tract. By first forming a barrier, the BBB is able to restrict and control the transfer of
informational molecules between the blood and the interstitial fluid of the brain. Besides having
transport systems for some peptides and regulatory proteins, the BBB is also able to secrete
substances that themselves have effects on feeding behavior. Additionally, Gl hormones can
modulate the functions of brain endothelial cells, including modulating their ability to secret
behaviorally active substances.
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A Schematic of the Blood-Brain Barrier
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Figure 1.

A schematic of the vascular blood-brain barrier. The physical barrier and transporters reside
at the brain endothelial cell. However induction, maintenance, and modulation of barrier and
transporter function is influenced by other cells types with and outside the central nervous
system. Chief among these regulatory cells are the astrocytes and pericytes. The astrocytes
project endfeet that form a mesh- or net-like structure surrounding the brain capillaries.
Pericytes lie within the basement membrane next to the brain endothelial cells. Microglia within
the brain and circulating immune cells, hormones and cytokines also likely influence BBB
function.
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Figure 2.

The three mechanism discussed here by which the blood-brain barrier (BBB) participates in
gut-brain communication. Number 1 is by direct transfer of peptides and regulatory proteins
across the BBB; number 2 is the ability of gastrointestinal (GI) hormones to alter the
functioning of the brain endothelial cells which comprise the BBB; number 3 is the ability of
GI hormones to alter the secretion from the BBB of substances which have effects on feeding.
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