
Insulin in the Brain: There and Back Again

William A. Banks1, Joshua B. Owen2, and Michelle A Erickson3

1, 2, 3Geriatrics Research Education and Clinical Center, Veterans Affairs Puget Sound Health
Care Center, Seattle, WA USA

1Division of Gerontology and Geriatric Medicine, Department of Medicine, University of
Washington School of Medicine, Seattle, WA, USA

3Saint Louis University School of Medicine, Department of Pharmacology and Physiology, St.
Louis, MO, USA

Abstract

Insulin performs unique functions within the CNS. Produced nearly exclusively by the pancreas,

insulin crosses the blood-brain barrier (BBB) using a saturable transporter, affecting feeding and

cognition through CNS mechanisms largely independent of glucose utilization. Whereas

peripheral insulin acts primarily as a metabolic regulatory hormone, CNS insulin has an array of

effects on brain that may more closely resemble the actions of the ancestral insulin molecule.

Brain endothelial cells (BEC), the cells that form the vascular BBB and contain the transporter

that translocates insulin from blood to brain, is itself regulated by insulin. The insulin transporter

is altered by physiological and pathological factors including hyperglycemia and the diabetic state.

The latter can lead to BBB disruption. Pericytes, pluripotent cells in intimate contact with the

BEC, protect the integrity of the BBB and its ability to transport insulin. Most of insulin’s known

actions within the CNS are mediated through two canonical pathways, the phosphoinositide-3

kinase (PI3)/Akt and Ras/mitogen activated kinase (MAPK) cascades. Resistance to insulin action

within the CNS, sometimes referred to as diabetes mellitus type III, is associated with peripheral

insulin resistance, but it is possible that variable hormonal resistance syndromes exist so that

resistance at one tissue bed may be independent of that at others. CNS insulin resistance is

associated with Alzheimer’s disease, depression, and impaired baroreceptor gain in pregnancy.

These aspects of CNS insulin action and the control of its entry by the BBB are likely only a small

part of the story of insulin within the brain.
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1. Introduction

Insulin has emerged as a major regulatory substance within the central nervous system. This

is evidenced by the rate of increase in publications relating insulin to the CNS and to the

blood-brain barrier (BBB) that was slow to start but is now growing exponentially (Figure

1). First isolated by Banting and Best nearly a century ago (Banting & Best, 1922), insulin is

well known as the major, immediate regulator of blood glucose levels, stimulating the

uptake of glucose by liver, muscle, and adipose tissue. In contrast, glucose transport into the

brain and the use of glucose by the majority of cells within the brain are independent of

insulin. Furthermore, insulin is made almost exclusively by the pancreatic beta cell and,

being a protein, it is logical to assume that insulin could not cross the BBB. Glucose use

independent of insulin stimulation, lack of insulin production, and the presence of the BBB

all supported the view that the CNS should be an insulin-insensitive tissue.

Yet insulin receptors are distributed throughout the brain, insulin is transported across the

BBB by a saturable transport system, and an increasing number of non-metabolic functions

for insulin within the CNS and at the BBB are being discovered. This suggests that whereas

insulin acts largely as a metabolic regulator in the periphery, its actions within the CNS are

largely unrelated to facilitating glucose utilization. Insulin and insulin-like growth factor-1

(IGF1) are descended from a common ancestral protein that acted as a mitogenic growth

factor and metabolic regulatory hormone. It seems, then, that the evolution of insulin

function has taken a divergent course in the periphery and in the CNS. This review will

explore important aspects of insulin and the CNS, including the relation between CNS

insulin and CNS glucose, the evolutionary history of insulin and its receptors, the effects of

insulin on the BBB, the characteristics of insulin transport across the BBB, the actions of

insulin in the brain, and what happens when insulin BBB transport or insulin function within

the CNS goes awry. This review reveals insulin to be a major signal between the peripheral

tissues and the CNS, having a regulated transport across the BBB, and controlling important

events in the CNS that are related to metabolism, neural plasticity, and cognition.

2. The Relation Between Glucose and Insulin: The Periphery

Despite its various effects on many tissues and organs, a single cell type located in a single

tissue determines the level of insulin in blood: the beta cell in the pancreas. It is this cell that

secretes insulin, packaged and co-secreted with amylin, and does so in response to the blood

glucose level that it perceives through GLUT-2. It is important to note that GLUT-2 is one

of the glucose transporters that is not stimulated or regulated by insulin. Loss of pancreatic

beta cells as in diabetes mellitus type I (DM1) or in animals treated with streptozotocin

results in no or deficient insulin secretion and loss of blood glucose control

(hypoinsulinemic hyperglycemia). Insulin levels are also indirectly affected when resistance

to the actions of insulin occur as in diabetes mellitus type II (DM2) or obesity. In these

scenarios, insulin is inefficient in activating its receptors that control the uptake of glucose

by muscle and other insulin sensitive tissues. Blood glucose levels rise, stimulating the

pancreatic beta cell to release more insulin until either glucose levels return to normal or

pancreatic secretion reaches its maximum. The former condition of hyperinsulinemic

euglycemia is termed the insulin resistance syndrome (IRS) (Anonymous, 2003) and the

Banks et al. Page 2

Pharmacol Ther. Author manuscript; available in PMC 2014 August 16.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



latter condition of hyperinsulinemic hyperglycemia has had many terms suggested for it

over the decades and will be referred to here as DM2.

Thus, a classic negative feedback loop is formed from the intimate links that occur among

insulin receptor sensitivity, pancreatic beta cell activity, blood glucose levels, and glucose

use by insulin-sensitive tissues (Figure 2). In brief, insulin secreted by pancreatic beta cells

drives glucose uptake by those tissues possessing the insulin-sensitive glucose transporter

GLUT-4, this glucose uptake lowers blood glucose levels, and the detection of lower levels

of glucose by the beta cells through insulin-insensitive GLUT-2 results in a decreased

secretion of insulin.

3. The Relation Between Glucose and Insulin: The CNS

In contrast to the peripheral tissues, glucose acquisition by the most metabolically active

organ, the CNS, is independent of insulin. Furthermore, the CNS does not depend on an

ultrafiltrate produced at the capillary bed as its source of glucose; rather its capillary bed

transports glucose from blood into the brain. The capillary bed of the brain is specially

modified to prevent the unregulated leakage of substances from blood to brain, thus forming

the BBB. Hence, no ultrafiltrate is produced at the capillary bed. Instead, GLUT-1, an

insulin-insensitive glucose transporter, conveys about 50 times more glucose into the CNS

than would otherwise enter (Oldendorf, 1971). Glucose transport is saturable, but not active;

that is, it does not use energy in its transfer of glucose from blood into brain. Instead,

GLUT-1 is a facilitated diffusion system, conveying glucose from the compartment of

higher concentration to that of lower concentration.

In most cases, glucose levels are about twice as high in blood as in brain interstitial and

cerebrospinal fluids, thus driving by mass action glucose in the blood-to-brain direction. In

studies in which glucose levels are raised in the CNS or isotopes of glucose are introduced

into the CNS, the brain-to-blood movement (efflux) of glucose can be demonstrated.

Glucose that is transported into but not used by the CNS is also returned to the blood. Thus,

uptake, retention, and metabolism of glucose are nearly synonymous measures; this allows

the metabolic rate of the CNS to be inferred from the rate at which glucose probes such as 2-

fluoro-2-deoxy-d-glucose are taken up by brain.

Although the CNS can use ketones during starvation, glucose is the main fuel of the CNS

and is required for its normal function (White & Venkatesh, 2011). Reduction in blood

glucose levels below that for which GLUT-1 can compensate results immediately in the

signs and symptoms of hypoglycemia. The brain responds by increasing sympathetic

outflow and releasing hypothalamic regulatory factors, all of which directly or indirectly

result in the release of counter-regulatory hormones that oppose the action of insulin

(Frizzell, et al., 1993).

Just as acquisition (i.e., transport) of glucose across the BBB is not affected by insulin, so

the usage of glucose by the cells within the CNS is largely unaffected by insulin. The non-

insulin sensitive glucose transporters GLUT-1 (astrocytes), GLUT-3 (neurons), and GLUT-5

(microglia) account for the majority of glucose uptake by the CNS (McEwen & Reagan,

2004). Interestingly, insulin-insensitive GLUT-2, the glucose transporter used by the
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pancreas to sense blood glucose levels, is located on some cells in the hypothalamus, raising

the possibility that this transporter is critical to the CNS reaction to hypoglycemia. It has

long been known that CNS sensing of hypoglycemia induces a profound, CNS-based,

vagally-mediated counter regulatory response to restore blood glucose levels (Clark, 1925).

Some cells in the cerebellum, hypothalamus, and hippocampus do possess the insulin-

sensitive GLUT-4 (C.A. Grillo, Piroli, Hendry, & Reagan, 2009). Another insulin-sensitive

insulin transporter, GLUT-8, has an intracellular location and seems to be involved in

protein glycosylation at the rough endoplasmic reticulum rather than in glucose

internalization (McEwen & Reagan, 2004). Although GLUT-4 likely plays an important role

in the CNS cells possessing it, its presence in the CNS does not alter the conclusion that

glucose acquisition and use is largely independent of insulin. Thus, insulin must have other

actions in the brain.

4. Evolution of Insulin and Its Major Receptors

Clues to what functions insulin has within the CNS and how those functions arose can be

informed by considering the evolutionary history of insulin and its actions. Insulin belongs

to a superfamily that immediately includes insulin-like growth factor (IGF)-I and IGF-II;

more distant relatives include relaxin and the invertebrate hormones bombyxin, locust

insulin-related peptide, and molluscan insulin-like peptide (Chan, Nagamatsu, Cao, &

Steiner, 1992). All members share a common insulin-like tertiary structure. Insulin has had a

separate gene lineage from the IGF’s throughout chordate evolution, whereas the

invertebrate amphioxus has a single insulin-like peptide (ILP) with hybrid characteristics of

insulin and the IGF’s. The amphioxi, or lancelets, are fish-like marine proto-chordates

considered the archetypal vertebrate form, splitting from vertebrates about 520 million years

ago. Although the predicted amino acid sequence of ILP shows a hybrid insulin/IGF

molecule, the structure of the ILP gene is more homologous to the structure of the vertebrate

insulin gene than that of the IGF gene. Similar work on molluscan insulin-like peptide

further suggests that the ancestral gene giving rise to the various members of the insulin

superfamily was organized much like the vetebrate insulin gene.

Minor mutations in the amphioxus ILP gene could have easily given rise to the insulin and

the IGF lineages. Human insulin is 51 amino acids in length and forms two polypeptide

chains linked together by disulfide bonds, whereas human IGF-I and IGF-II are single

polypeptide chains of 70 and 67 amino acids each.

In humans, the two IGF’s share a 66% homology with each other and share a 50% sequence

homology in their A and B domains with insulin. In humans, insulin is primarily secreted

from the pancreas when blood glucose levels are perceived to be high, whereas IGF-I is

secreted primarily from the liver under the influence of growth hormone. In the tunicates,

mRNA for insulin and IGF are expressed in the digestive tract as well as the heart and

nervous system (McRory & Sherwood, 1997); insulin is expressed by the pancreas, brain,

pituitary, gastrointestinal tract, and adipose tissue of fish (Caruso & Sheridan, 2011). Hence,

the evolution of the insulin superfamily involves interesting, largely unexplored divergences

Banks et al. Page 4

Pharmacol Ther. Author manuscript; available in PMC 2014 August 16.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



in the hormonal controls of secretion, tissues of secretion, targeted tissues, and biological

actions.

The ancestral insulin-like peptide is postulated to have functioned as a mitogenic growth

factor. In mammals, the IGF’s have assumed the role of mitogenic growth factors while

insulin evolved to be a metabolic regulatory hormone (Chan & Steiner, 2000). However, this

distinction may not be so clear in the CNS where the major function of insulin is not that of

stimulating uptake of glucose.

The human insulin and IGF-I receptors are also similar, sharing a 55% identity according to

cDNA analysis (Navarro, et al., 1999). Amphioxus contains a single insulin-like receptor

with approximately equal homology to human insulin and IGF-I receptors. Separation of

insulin and IGF receptors may have occurred in sponges prior to the Cambrian explosion

(Skorokhod, et al., 1999). IGF-II binds to the cation-independent mannose-6-phosphate

receptor (Castonguay, Olson, & Dahms, 2011). The mannose-6-phosphate receptor has

recently been found to be expressed by the BBB early in development where it transports

lysosomal enzymes (Urayama, Grubb, Sly, & Banks, 2004) and is used by the AIDS virus to

cross the BBB (Dohgu, Ryerse, Robinson, & Banks, 2012). As a net result of homologies

among insulin and IGF receptors and proteins, insulin can bind to the IGF-I receptor but

much less well to the IGF-II receptor. In comparison, the IGF’s bind less well to the insulin

receptor.

Evolutionary pressures have induced a differential distribution of IGF and insulin receptors

to arise, but that pattern has not been pushed to its extreme conclusion. IGF and insulin

receptors are found throughout the CNS and their relative distributions vary, but overlap.

Werther et al. (Werther, et al., 1987) reported several regions of brain including the

amygdala, cerebellum, and entorhinal cortex where the insulin receptor level was much

lower than the receptor level of IGF-1; in comparison, insulin receptor levels were higher

than those for IGF-1 in the CA1 hippocampal field and arcuate nucleus.

Thus, it may be that insulin in the CNS is more closely related to ancestral insulin in terms

of function than is insulin in the periphery. Likewise, the anatomical separation of insulin

and IGF-I receptors in the CNS is less distinct than in the peripheral tissues.

5. Effects of Insulin on BECs and BBB Function

The cells that form the BBB are unique in that they have cell membranes that face into the

blood stream and into the CNS. Indeed, the BEC is a sort of cellular portmanteau, residing

simultaneously in both the peripheral and CNS compartments. For this reason, BECs are

exposed to both peripheral and CNS signals. The BECs and ependymal cells that comprise

the BBB and blood-CSF barrier possess insulin-binding sites (Baskin, et al., 1986; Frank,

Jankovic-Vokes, Pardridge, & Morris, 1985; Frank & Pardridge, 1981; Miller & Borchardt,

1991). Those binding sites at the BBB and probably those at the blood-CSF barrier perform

two distinct functions: some of them act as transporters of insulin across the BBB and others

act as classic receptor sites, affecting the function of the barrier cell by activating

intracellular machinery (Figure 2). As previously reviewed (Banks, 2004), the question of

whether insulin transporters and insulin receptors are derived from the same gene product or
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represent unique proteins has not been addressed experimentally (see below for further

discussion).

Insulin has several effects on barrier cell function. Insulin enhances transport of the amino

acids tyrosine and tryptophan (Cangiano, et al., 1983; Daniel, Love, Moorhouse, & Pratt,

1981; Tagliamonte, DeMontis, Olianas, Onali, & Gessa, 1976), increases the blood-to-brain

transport of leptin (Kastin & Akerstrom, 2001), increases expression and function of the

efflux transporter P-glycoprotein, but decreases expression and function of another efflux

transporter, breast cancer resistance protein (H. Liu, Yang, Wang, Liu, Li, et al., 2009; X.

Liu, et al., 2011). Insulin’s effects on tryptophan transport are indirect, acting by reducing in

the circulating levels of other amino acids competing for the same transporter, whereas the

effects on P-glycoprotein are direct, acting at the BEC insulin receptor, initiating a PKC/

NFkB dependent pathway (H. Liu, Yang, Wang, Liu, Li, et al., 2009). Insulin increases

transport of azidothymidine (Ayre, Skaletski, & Mosnaim, 1989), a drug used to treat AIDS,

and a ligand for a probenecid-sensitive transporter (Takasawa, Terasaki, Suzuki, Ooie, &

Sugiyama, 1997). Insulin does not seem to be important in maintaining tight junction

proteins or BBB integrity (Kondo, Hafezi-Moghadam, Thomas, Wagner, & Kahn, 2004).

Insulin is a noncompetitive inhibitor of alkaline phosphatase (Catalan, Martinez, Aragones,

Miguel, & Robles, 1988) and can increase expression of the glutamate cysteine ligase

catalytic subunit, the latter important in maintaining cellular levels of glutathione (Langston,

Li, Harrison, & Aw, 2011). At the choroid plexus, insulin may affect CSF production

through its inhibition of serotonin receptor 5-HT2c activity through a MAP kinasedependent

pathway (Hurley, et al., 2003) and its stimulation of sodium uptake from blood (Johanson &

Murphy, 1990). From this, it is clear that insulin affects many barrier cell functions and

exerts those effects through various cellular pathways.

Insulin degrading enzyme is present on BEC (Keller & Borchardt, 1987; Miller &

Borchardt, 1991). Its location is primarily on the abluminal, or brain-side, membrane (Lynch

& Banks, 2006), consistent with a role in the degradation of amyloid beta peptide and other

substances (Kurochkin & Goto, 1994). However, it is still possible that insulin degrading

enzyme limits insulin’s action at the BEC, affects its transport across the BBB, or degrades

insulin that is within the CNS.

6. A History of the Hunt for Insulin in the CNS: Is It There and What’s It’s

Origin?

The question of whether insulin could cross the BBB was considered as early as 1954. In

that year, two studies examined the ability of peripherally injected radioactively labeled

insulin to enter the CNS (Elgee, Williams, & Lee, 1954; Haugaard, Vaughan, Haugaard, &

Stadie, 1954), one study injecting the radioactive insulin into the blood stream of agonal

patients, obtaining brain samples at autopsy. Both studies concluded that insulin did not

cross the BBB. Several other authors revisiting this issue well into the mid 1980’s similarly

concluded that insulin did not cross the BBB (Havrankova, Brownstein, & Roth, 1981;

Havrankova, Roth, & Brownstein, 1979).
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In contrast, studies by Margolis and Altszuler, Greco et al, and Woods and Porte (Greco,

Ghirlanda, Fedeli, & Gambassi, 1970; Margolis & Altszuler, 1967; Woods & Porte, 1977)

found insulin in the CSF, noting a correlation between the levels of insulin in CSF and

serum. These authors noted that the CSF versus serum relation began to flatten as insulin

levels increased out of the physiologic range and concluded that insulin was crossing the

BBB by a saturable mechanism. The counterargument made by several authors to this

interpretation was that CSF insulin was derived from CNS sources, not from the blood

(Havrankova, et al., 1981; Havrankova, et al., 1979; Reiser, Lenz, Bernstein, & Dorn, 1985).

The question of whether insulin is made in the brain of mammals is supported by the

expression in the brains of so called lower species. For example, insulin mRNA is expressed

in the nervous system of tunicates and insulin protein is found in the brains of fish (Caruso

& Sheridan, 2011; McRory & Sherwood, 1997). However, in mammals, the only extra-

pancreatic source of insulin to be clearly demonstrated is by a small group of cells in the

olfactory mucosa (Lacroix, et al., 2008). With no source of insulin production in the CNS,

its presence in the CSF is clear evidence that insulin crosses the BBB. Later, studies using

exogenous or radioactively labeled insulin confirmed that insulin crossed the BBB by a

saturable mechanism (Banks, Jaspan, Huang, & Kastin, 1997; Banks, Jaspan, & Kastin,

1997b; Baura, et al., 1993; Poduslo, Curran, & Berg, 1994; Schwartz, et al., 1991).

In contrast to the saturable blood-to-brain influx, no evidence for a saturable component to

the brain-to-blood efflux of insulin has been found (Cashion, Banks, & Kastin, 1996).

Instead, the best evidence suggests that CNS insulin enters the bloodstream with the

reabsorption of CSF.

7. Characteristics of Insulin Transport Across the BBB

Insulin crosses the BBB by a saturable mechanism, the rate averaging about 0.5–0.6

microl/g-min but ranging from 0.2 to 1.7 microl/g-min among the various studies, the rate

being influenced by a host of factors that include aluminum treatment (Banks & Kastin,

1985), dexamethasone treatment (Baura, et al., 1996), strain of mouse (Banks, Farr, &

Morley, 2000), brain region (Banks & Kastin, 1998; Banks, Kastin, & Pan, 1999),

overexpression of APP (Poduslo, Curran, Wengenack, Malester, & Duff, 2001), hibernation

(Florant, Richardson, Mahan, Singer, & Woods, 1991), starvation (Urayama & Banks,

2008), obesity (Israel, et al., 1993; Kaiyala, Prigeon, Kahn, Woods, & Schwartz, 2000),

triglycerides (Urayama & Banks, 2008), iron staus (Ben-Shachar, Yehuda, Finberg, Spanier,

& Youdim, 1988), hyperglycemia (Banks, Jaspan, & Kastin, 1997a; Nakaoke, Verma, Niwa,

Dohgu, & Banks, 2007), the diabetic state independently of insulin or glucose levels (Banks,

Jaspan, et al., 1997a), nitric oxide levels (Banks, Dohgu, et al., 2008; Xaio, Banks, Niehoff,

& Morley, 2001), and activation of the innate immune system (Banks, Dohgu, et al., 2008;

Xaio, et al., 2001). About 0.05% of an intravenously injected dose of insulin is taken up per

gram of whole brain by the mouse (Banks, Jaspan, Huang, et al., 1997; Banks & Kastin,

1998).

The insulin transporter is not known to transport other hormones with the exception of small

amounts of IGF-I (Yu, Kastin, & Pan, 2006); it has been formally demonstrated that it does

not transport leptin or amylin (Banks & Kastin, 1998; Banks, Kastin, Huang, Jaspan, &
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Maness, 1996). The insulin transport protein is assumed to be the same protein as that which

functions as the receptor (Duffy & Pardridge, 1987; Frank, et al., 1985). However, no direct

evidence supports or refutes this untested assumption. As for other peptide and regulatory

proteins, in some cases BBB transport is lost when the receptor(s) are knocked-out as

exemplified by tumor necrosis alpha (Pan & Kastin, 2002), whereas in other cases the BBB

transporter is not the same protein as the receptor as exemplified by epidermal growth factor

and leptin (Banks, Niehoff, Martin, & Farrell, 2002; Pan & Kastin, 1999).

A saturable mechanism for insulin transport across the BBB means that at some point,

increasing serum insulin will not result in meaningful increases in brain insulin. A critical

question is whether significant levels of insulin enter the brain at serum levels that are above

or below those needed to produce hypoglycemia. If on the one hand brain levels of insulin

are significant only when serum levels of insulin are so high that they produce

hypoglycemia, then this could be taken as evidence that CNS insulin acts to counter

hypoglycemia. Consistent with this, CNS insulin in several studies does have opposite

effects to those of serum insulin on serum glucose and feeding, increasing glucose rather

than decreasing it and decreasing serum insulin and feeding rather than increasing them

(Ajaya & Haranath, 1982; Brief & Davis, 1984; Bruning, et al., 2000a; Debons, Krimsky, &

From, 1970; D. P. Figlewicz, et al., 1995; Florant, Singer, et al., 1991; Hatfield, Millard, &

Smith, 1974; Schwartz, Figlewicz, Baskin, Woods, & Porte, 1992; Strubbe & Mein, 1977;

Woods & Porte, 1983). Such paradoxical effects have been noted for several peptides and

proteins, suggesting a form of brain-body communication in which the substance within the

CNS acts in counter-regulatory fashion to its functions at peripheral tissues (Banks &

Kastin, 1993). Furthermore, rats given antibody to insulin into the brain have increased

feeding and gain weight and mice with the brain insulin receptor knocked out have increased

serum insulin and can develop diet-sensitive obesity (Bruning, et al., 2000a; McGowan,

Andrews, & Grossman, 1992; Strubbe & Mein, 1977). As hypoglycemia is not a physiologic

event, it could be concluded that CNS insulin acts as a counterregulatory hormone to serum

insulin, helping to curb hypoglycemia. If on the other hand brain levels of insulin are

significant when serum levels are in the physiologic, euglycemic range, then this could be

taken as evidence that CNS insulin has physiologic effects. The evidence seems to support

this latter physiologic role for CNS insulin. A linear relation exists between serum and CSF

levels of insulin, demonstrating that insulin is crossing the BBB under physiologic

conditions (Greco, et al., 1970; Margolis & Altszuler, 1967; Woods & Porte, 1977). Studies

with exogenous and radioactively labeled insulin suggest that at least 50% of maximal

transport capacity is reached at euglycemic levels of serum insulin (Banks, Jaspan, Huang,

et al., 1997; Banks, Jaspan, et al., 1997b). Insulin has multiple effects in the CNS, so it could

be that CNS insulin functions at both physiologic, euglycemic levels and as a counter-

regulatory hormone during hypoglycemia.

Insulin transport varies among brain regions. The olfactory bulb tends to have the fastest rate

of transport, being about 2–6 times faster than the rate of uptake in the remaining brain. The

olfactory bulb also has the highest concentration of insulin protein (Baskin, Porte, Guest, &

Dorsa, 1983), the highest concentration of insulin receptors (Gupta, Azam, & Baquer, 1992;

Hill, Lesniak, Pert, & Roth, 1998), and the highest rate of insulin degradation. Uptake into

spinal cord is usually faster than into whole brain (Banks, et al., 1999). Not all regions of the
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brain transport insulin. In ICR mice from Charles River laboratories, the BBB does not

transport insulin into at the midbrain, thalamus, or occipital cortex (Banks & Kastin, 1998).

In contrast, amylin is transported into all regions of the brain. In the SAMP8 mouse, insulin

is not transported into the occipital cortex, pons-medulla, hippocampus, or hypothalamus

(Banks, et al., 2000).

Treating mice with lipopolysaccharide (LPS), a derivative of the bacterial coat from gram

negative bacteria and an activator of the innate immune system, enhances the saturable

component of insulin uptake by brain by about 3–5 fold (Xaio, et al., 2001). This uptake is

dependent on nitric oxide but is not affected by indomethacin, an inhibitor of prostaglandin

synthesis. LPS has complex effects on nitric oxide synthases (NOSs), increasing mRNA or

protein levels for inducible (iNOS) and endothelial (eNOS) NOS, but decreasing those for

neuronal NOS (nNOS). The source of nitric oxide is important, that generated from nNOS

inhibiting insulin transport and that generated from eNOS and iNOS stimulating transport

(Banks, Dohgu, et al., 2008). Since nitric oxide is the same compound regardless of the

isoenzyme which generates it, this suggests that some of the effects of nitric oxide are

indirect, exerted through other cells of the neurovascular unit (NVU) that then affect BBB

transport. This is confirmed in that LPS incubated with brain endothelial cells in vitro does

not increase insulin transport unless another cell type is also present (Banks, Dohgu, et al.,

2008). This is not because brain endothelial cells in culture are unable to respond to LPS;

indeed, they robustly release cytokines in the presence of LPS (Reyes, Fabry, & Coe, 1999;

Verma, Nakaoke, Dohgu, & Banks, 2006). Instead, LPS likely releases nitric oxide from

other cells of the NVU, these cells in turn releasing substances that act on the transport of

insulin across the BBB. Evidence suggests that the insulin resistance induced by LPS is

mediated through NOS (Sugita, et al., 2002). As discussed elsewhere, CNS insulin may act

in a counter-regulatory fashion to insulin in the periphery. Hence, one mechanism by which

LPS and NOS could induce insulin resistance is by increasing the influx of insulin into the

brain.

The above considerations have a therapeutic importance, suggesting that an enhanced BBB-

penetrating synthetic insulin might produce less hypoglycemia and less weight gain. This

mechanism has been suggested to explain why insulin detemir, the synthetic long-acting

insulin analogue, produces less hypoglycemia and weight gain than many other insulins

(Davies, Derezinski, Pedersen, & Clauson, 2008; Fajardo Montanana, Hernandex Herrero,

& Rivas Fernandez, 2008; Rossetti, et al., 2008). However, insulin detemir does not cross

the BBB (Banks, Morley, Lynch, Lynch, & Mooradian, 2010), suggesting than some other

mechanism is protecting against hypoglycemia.

Although there is no saturable efflux on insulin administered directly into the CNS, retention

by brain of insulin given as an intracerebroventricular (ICV) injection is altered by certain

events. Mice that are starved, given intraperitoneal injections of tumor necrosis factor-alpha

(TNF), or treated with aluminum all have increased retention of ICV administered insulin,

whereas mice given ICV TNF, fasted, or starved and refed do not have an altered retention

of insulin (Cashion, et al., 1996). Starvation increased retention of ICV insulin in TNF

double receptor knockout mice and infusions of TNF for 48 hours decreased body weight
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but did not alter insulin retention; these results show that the effect of starvation on insulin

retention are not mediated through TNF.

8. Insulin Action in the Brain: Behavioral Effects

CNS Insulin is emerging as a substance with widespread effects on brain. Broadly speaking,

two major areas of behavior affected by insulin are those related to feeding and to cognition.

These are areas of intensive research and only a brief overview of some of the significant

findings can be presented here. In some, but not all, cases, work was performed by delivery

to brain of small doses of insulin, making it unlikely that insulin was acting through

peripheral mechanisms such as lowering blood glucose or stimulating vagal afferents.

Insulin thus belongs to a category of peptides that have effects both on feeding and

cognition, that category including leptin, ghrelin, glucagonlike peptide/exendin, melanocyte

stimulating hormone, vasoactive intestinal peptide, pituitary adenylate cyclase activating

polypeptide, secretion, cholecystokinin, substance P, and orexin A. The evolutionary

underpinnings of this relation have been explored elsewhere (Banks, in press).

One of the earliest actions found for CNS insulin is its effects on feeding and serum glucose.

In general, CNS insulin has the opposite effects of peripheral insulin, increasing blood

glucose levels, decreasing feeding and body weight, and even decreasing blood levels of

insulin (Ajaya & Haranath, 1982; Brief & Davis, 1984; Bruning, et al., 2000a; Debons, et

al., 1970; D. P. Figlewicz, et al., 1995; Florant, Singer, et al., 1991; Hatfield, et al., 1974;

Schwartz, et al., 1992; Strubbe & Mein, 1977; Woods & Porte, 1983). Insulin is intimately

connected with other brain peptides and circuits, including those related to reward such as

that of the opiates (D.P. Figlewicz & Sipols, 2010), another system long known to be

involved in feeding and reward (Gosnell, Levine, & Morley, 1986). Consistent with this

model of interactive, overlapping neuronal circuitries, insulin given by ICV administration

enhances the meal-suppressive efficacy of ICV cholecystokinin octapeptide in the baboon

(D. P. Figlewicz, et al., 1995) and short-term or long-term ICV infusion of insulin exhibits a

discrete anabolic effect on cerebral energy metabolism in the rat (Henneberg & Hoyer,

1994).

The effects of CNS insulin on aspects related to cognition are well documented in vivo and

in vitro, in animals and man, in disease states and in health. Although peripheral increases in

insulin, insulin resistance, and other aspects of the metabolic syndrome are risk factors for

AD (Luschsinger, Tang, Shea, & Mayeux, 2004), it seems that in brain it is a deficiency in

insulin and insulin action that occurs in AD. Insulin, insulin receptor, and C peptide

concentrations in brain correlate with and decrease with aging and in patients with AD

(Frolich, et al., 1998a). Intranasal insulin administration dose-dependently modulates verbal

memory and plasma amyloid beta peptide in memory-impaired adults (Reger, et al., 2008),

normal volunteers (Benedict, et al., 2004), and in patients with AD (Craft, et al., 1999). In

rats, ICV administered insulin reverses place preference conditioning with high-fat diet (D.

P. Figlewicz, 2004).

Many mechanisms have been suggested that could explain the link between AD and insulin.

As noted in the section on evolution, insulin in the CNS seems to have retained its role as a
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growth factor, including effects on synaptogenesis and nerve growth (T.J. Nelson, M.K.

Sun, J. Hongpaisan, & D.L. Alkon, 2008). Thus, a resistance to insulin or its actions could

lead to cognitive decline (Hoyer, 1998, 2004). Consistent with this modeling, diet-induced

insulin resistance promotes amyloidosis in a transgenic mouse model of AD (Ho, et al.,

2004), suggesting that insulin and amyloid beta peptide production are closely related. Both

peptides are substrates for insulin degrading enzyme (Qui, et al., 1998) and amyloid beta

peptide may be able to bind to the insulin receptor (Xie, et al., 2002). Furthermore, insulin

transport across the BBB is increased in the majority of brain regions examined in

transgenic mice overexpressing APP (Poduslo, et al., 2001). This is consistent with a report

showing that insulin increases CSF amyloid-beta 42 levels in normal older adults (Watson,

et al., 2003).

Low-density lipoprotein receptor related protein-1 (LRP-1), a multifunctional receptor

expressed in a variety of tissues (Lillis, Van Duyn, Murphy-Ullrich, & Strickland, 2008),

also connects insulin and amyloid beta protein on a number of levels. In the periphery,

insulin facilitates the hepatic clearance of plasma amyloid beta peptide (Banks, Maness,

Banks, & Kastin) by intracellular translocation of low-density lipoprotein receptor-related

protein 1 (LRP1) to the plasma membrane in hepatocytes (Tamaki, Ohtsuki, & Terasaki,

2007). LRP is also responsible for the brain-to-blood clearance of amyloid beta peptide

(Deane, Sagare, & Zlokovic, 2008; Deane, et al., 2004b), raising the possibility that CNS

insulin may affect efflux in the brain. Insulin deficiency induced by streptozotocin also

downregulates LRP-1 at the BBB (Hong, et al., 2009) and the insulin-sensitizing drug

rosiglitazone upregulates LRP-1 expression in cultured human brain endothelial cells

(Moon, et al., 2011).

Neuronal LRP-1 is also involved in insulin signaling and AD. LRP-1, either alone or in

conjunction with adaptor proteins such as heparin sulfate proteoglycan facilitates the

intraneuronal internalization of amyloid beta peptide (Deane, et al., 2004a; Fuentealba, et

al., 2010; Kanekiyo, et al., 2011). LRP-1 also enhances neuronal production of amyloid beta

peptide by routing APP to endosomal compartments where β-secretase is most active

(Kinoshita, et al., 2001; Kounnas, et al., 1995; Pietrzik, et al., 2004; Waldron, et al., 2008;

Yoon, Pietrzik, Kang, & Koo, 2005). Increased neuronal expression of LRP-1 has been

observed both in the SAMP8 model of AD as well as in human AD hippocampus (Donahue,

et al., 2006; Erickson, et al., 2012), suggesting a potential cause for increased neuronal

uptake of amyloid beta peptide. LRP-1 also regulates insulin signaling in the CNS, as

neuron-specific knockout or knockdown of LRP-1 results in decreased neuronal expression

of the insulin receptor and decreased insulin signaling (Fuentealba, Liu, Kanekiyo, Zhang, &

Bu, 2009). Decreases in LRP-1 are also associated with increased neuronal susceptibility to

apoptosis (Fuentealba, et al., 2009). This indicates that the neuroprotective effects of insulin

signaling are dependent on LRP-1 expression. Although increased expression of neuronal

LRP-1 is observed in AD hippocampus compared to age-matched controls (Donahue, et al.,

2006), decreases in LRP-1 expression in the brain occur with aging (Kang, et al., 2000).

Therefore, increases or decreases in neuronal LRP-1 can cause neuronal dysfunction. It has

yet to be determined whether increased LRP-1 expression in AD is related to aberrant

insulin signaling. Also unclear is whether insulin levels in the CNS or periphery affect

neuronal LRP-1 expression.
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Insulin has been proposed to have other effects on brain function. Down regulation of

hypothalamic insulin receptor expression elicits depressive-like behavior in rats (C. A.

Grillo, et al., 2011). Brain insulin modulates baroreceptors and insulin-baroreceptor

regulatory dysfunction may underlie the increased risk for hypotension in pregnancy as well

as preeclampsia, the hypertensive emergency of pregnancy (Azar & Brooks, 2011). Future

work is likely to find additional roles for insulin in the CNS.

9. Insulin Action in the Brain: Receptors and Signal Transduction Pathways

The discovery of the presence of receptors for insulin and the insulin-like growth factors in

the brain (Baskin, et al., 1986; Havrankova, Roth, & Brownstein, 1978; J. L. Marks, Porte,

Stahl, & Baskin, 1990; Unger, et al., 1989) led to studies that recognized the importance of

insulin and IGF signaling in non-metabolic functions including neuronal survival

(Valenciano, Corrochano, de Pablo, de la Villa, & de la Rosa, 2006), synaptic and dendritic

plasticity (Beattie, et al., 2000; Chiu, Chen, & Cline, 2008; Dou, Chen, Dufour, Alkon, &

Zhao, 2005; Man, et al., 2000; Passafaro, Piech, & Sheng, 2001; Skeberdis, Lan, Zheng,

Zukin, & Bennett, 2001; Valenciano, et al., 2006; Wan, et al., 1997; Zhao, et al., 1999),

learning and memory (Dou, et al., 2005; Zhao, et al., 1999), and neuronal circuitry formation

(Chiu, et al., 2008).

Insulin receptor (IR) signaling is well defined in the periphery and the mechanism of insulin

signal transduction through the IR is mediated by the action of insulin receptor substrate

(IRS) molecules on two canonical pathways, the phosphoinositide-3 kinase (PI3)/Akt and

Ras/mitogen activated kinase (MAPK) cascades. These pathways are essential for glucose,

lipid, and protein metabolism in the liver, muscle and adipose tissue and are the subject of

many excellent reviews (Bell, Pilkis, Weber, & Polonsky, 1996; Saltiel, 2001; Saltiel &

Kahn, 2001; Withers & White, 2000). These canonical pathways are also involved in

mediating insulin signaling in the CNS (Niswender, et al., 2003), but the task of

understanding the role of IR signaling in the brain has only recently been undertaken.

The IR is distributed throughout the brain, but has the highest concentration in the olfactory

bulb, cerebral cortex, hypothalamus, hippocampus, and cerebellum (Havrankova, et al.,

1978; Unger, et al., 1989; Wozniak, Rydzewski, Baker, & Raizada, 1993). The IR levels are

also higher in neurons compared to glial cells (Unger, et al., 1989) and levels decrease with

age, suggesting that insulin signaling and IR levels are involved in the aging process (Bosco,

Fava, Plastino, Montalcini, & Pujia, 2011; Chung, Shin, Joo, Kim, & Cha, 2002; Frolich, et

al., 1998b). Recent studies have shown that IR signaling is important for synaptic function

and dendritic morphology.

Neuronal Survival

Studies conducted in rat hippocampal cell culture have shown that IR signaling promotes

cell survival under oxygen and glucose deprivation (OGD) (Mielke, Taghibiglou, & Wang,

2006). A potential mechanism of insulin action to protect neurons from OGD-induced cell

death was proposed by the authors involving increased γ-aminobutyric acid (GABA)

signaling, but an exact mechanism remains to be elucidated. In addition to OGD-induced

cell death, insulin protects embryonic retinal cells during development from caspase and
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cathepsin-mediated apoptosis by reducing the levels of these pro-apoptotic proteins

(Valenciano, et al., 2006).

Synaptic Maintenance

Insulin modifies post-synaptic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

(AMPA) receptor levels. Insulin accelerates the clatharin-dependent endocytosis of AMPA

receptors containing the glutamate GluR2 subunit, which is critical for the process of long-

term depression in rat hippocampal cell culture (Beattie, et al., 2000; Lin, et al., 2000; Man,

et al., 2000; Zhou, Xiao, & Nicoll, 2001). However, cell culture studies have also shown that

insulin leads to the insertion of GluR1 subunit containing AMPA receptors (Passafaro, et al.,

2001). IR signaling also promotes the addition of GABA receptors to the post-synaptic

membrane (Wan, et al., 1997). These findings support the role of insulin signaling in

recruiting the machinery necessary for both excitatory and inhibitory neurotransmission.

Dendritic Arbor Development

The canonical insulin signaling PI3/Akt and Ras/MAPK cascades include components that

have been implicated in dynamics of dendritic arbor formation. IRSp53, a novel insulin

receptor substrate found in the brain, has been shown to localize to the post-synaptic density

(Abbott, Wells, & Fallon, 1999) and has been hypothesized to interact and stabilize the

scaffolding proteins of the cytoskeleton in the post-synaptic density region (Chiu & Cline,

2010). In addition, cell culture studies have shown that increased expression of IRSp53

promotes dendritic arbor development (Govind, Kozma, Monfries, Lim, & Ahmed, 2001),

whereas cells treated with RNA interference against IRSp53 exhibits the converse effect

(Choi, et al., 2005). These studies show that a key component in IR signaling pathways

plays a key role in the dynamics of dendrite formation.

Learning and Memory

Behavioral studies have shown that IR levels are affected by both short and long-term

memory consolidation in rat hippocampus (Dou, et al., 2005; Zhao, et al., 1999). These

behavioral studies show that rats that have been trained in water maze tests have altered IR

patterns in both the CA1 and CA3 regions of the hippocampus. Interestingly, the authors

showed that IR levels change while other neurotransmitter receptors levels, including the

NMDA and AMPA receptors, do not (Dou, et al., 2005). These findings suggest that IR

signaling modulates the activity of known synaptic maintenance receptors.

A study examining the effects of intranasal insulin delivery over the course of 1 week in

mice showed an increased expression of potassium ion channel Kv1.3 in the olfactory bulb

(D. R. Marks, Tucker, Cavallin, Mast, & Fadool, 2009). The olfactory bulb has the highest

level of IR in the brain and the effects of insulin in glucose responsive (i.e., neuronal action

potentials stimulated by glucose binding to IR) and glucose sensitive neurons (i.e., neuron

action potentials are inhibited by glucose binding to IR) have been hypothesized to be

mediated by the action of Kv1.3 activity (Plum, Schubert, & Bruning, 2005). Mice that

received intranasal insulin have improved cognition, as shown by short and long-term object

recognition. These findings suggest that insulin delivered to the CNS via an intranasal route
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increases neuronal activity and improves memory by mechanisms involving changes in

Kv1.3 levels.

Neuronal circuitry formation

Experiments conducted in Xenopus tadpoles have shown that IR signaling is critical for the

optic neuronal circuit formation (Chiu, et al., 2008). The authors showed that IR knockout in

the tectal neurons led to decreased electrophysiological responses to light stimulation. In

addition, studies have shown that IR signaling is important for controlling body weight and

reproduction (Bruning, et al., 2000b). The authors used neuron specific disruption of the IR

gene mice to show that the absence of insulin receptors leads to an increase in body fat and

plasma leptin levels. Also, male and female mice with the neuron specific diruption of the

IR gene showed decreased spermatogenesis and ovarian follicle formation, respectively;

these effects were associated with impaired hypothalamic luteinizing hormone signaling.

These findings show that brain IR signaling is necessary for the CNS response to both

environmental and peripheral tissue stimuli.

Non-canonical IR signaling

The effects of insulin have traditionally been thought to occur through the action of the

PI3/Akt and Ras/MAPK signaling cascades. However, studies elucidating insulin effects

transduced through the protein kinase C (PKC)/NF-κB pathway have started to surface. One

such study showed that insulin regulates pglycoprotein in rat brain microvessel endothethial

cells via the PKC/NF-κB cascade and not through the PI3/Akt pathway (H. Liu, Yang,

Wang, Liu, Liu, et al., 2009). The authors showed that using pharmacological inhibitors of

PKC/NK-κB lead to decreased p-glycoprotein levels and activity. Conversely, P-

glycoprotein levels and activity were not affected by PI3/Akt inhibition. The PKC/NF-κB

pathway has been overlooked as a potential effector of insulin activity. Potential reasons for

this oversight include the overlap in the mechanisms of PKC and PI3 activity, including

PKC activity leading to increased levels of PI3 directly (T. J. Nelson, M. K. Sun, J.

Hongpaisan, & D. L. Alkon, 2008). Many PKC signaling pathways, such as the activation of

PKC by inositol triphosphate and diacyl glycerol directly, are integrally linked to PI3

signaling pathways making the resolution of PKC pathways independent of PKC/Akt

signaling difficult (T. J. Nelson, et al., 2008). However, the availability of specific

pharmacological inhibitors of the components of PI3/Akt and PKC/NF-κB machinery will

make elucidating the specific pathways of insulin action possible in future studies.

10. When Things Go Wrong Part I: Altered BBB Transport of Insulin

Obese animals have a decreased transport of insulin into brain (Israel, et al., 1993; Kaiyala,

et al., 2000; Stein, et al., 1987; Urayama & Banks, 2008) as well as resistance to the ability

of CNS insulin to reduce food intake (Bruning, et al., 2000a; Clegg, et al., 2005). The obese

Zucker rat has reduced levels of insulin in the brain, especially in the olfactory bulb and

hypothalamus (Baskin, et al., 1985). Starvation for 48 hours reversed the inhibition in

insulin transport in obese mice, even though the obese mice only lost about 10% of body

weight and still weighed almost twice as much as the thin mice (Urayama & Banks, 2008).

When mice were studied by the brain perfusion method, a technique that removes the
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immediate influence of circulating factors on BBB activity, the thin, obese, and obese-

starved mice all transported insulin at the same rate (Urayama & Banks, 2008). This shows

that circulating factors influence insulin transport across the BBB. One such factor known to

influence ghrelin and leptin transport is triglycerides (Banks, Burney, & Robinson, 2008;

Banks, et al., 2004). Triglycerides are elevated in both starvation and obesity and

hypertriglyceridemia is the dyslipidemia most associated with the metabolic syndrome

(Morley, 2004). When included in the brain perfusion, triglycerides stimulated insulin

transport across the BBB (Urayama & Banks, 2008).

Diabetic animals have increased transport of insulin into the brain even when studied by the

brain perfusion method, a technique that removes the immediate influence of serum glucose,

serum insulin, and other circulating factors on BBB transporters (Banks, Jaspan, et al.,

1997a). In fact, both in vivo and in vitro evidence suggests that glucose can have an

inhibitory influence on insulin transport across the BBB. In vivo, mice treated with glucose

have a decreased transport rate of insulin across the BBB. Dexamethasone also inhibits

insulin transport (Baura, et al., 1996); whether this is mediated through dexamethasone’s

ability to increase serum glucose is unclear.

Diabetes mellitus, hyperglycemia in vivo, or altered glycemic concentrations in vitro have

been associated with other alterations in insulin-BEC interactions. For example, insulin’s

ability to enhance leptin transport across the BBB is lost in diabetic mice (Kastin &

Akerstrom, 2001), and insulin-enhanced expression of the glutamate-cysteine ligase

catalytic subunit is dependent on glucose concentration (Langston, et al., 2011). Huber et al

(Huber, VanGilder, & Houser, 2006) and Bendayan (Bouchard, Ghitescu, & Bendayan,

2002) have shown that the BBB is disrupted in diabetic mice. This disruption varies among

brain regions, is molecular weight dependent, and progresses over time. Shah et al. (Price,

Eranki, Banks, Ercal, & Shah, 2012) have presented evidence that vascular pericytes protect

the BBB from the disruption of diabetes, but that pericytes eventually succumb to the

oxidative stress of hyperglycemia, leaving the brain endothelial cells susceptible to the

diabetic state.

As noted above, pericytes may play a crucial role in maintaining the ability of BECs to

transport insulin (Nakaoke, et al., 2007). We examined in vitro the ability of monolayers of

BECs to transport insulin by a saturable mechanism at various concentrations of glucose

(figure 3). We found that endothelial cells grown alone or co-cultured with astrocytes

demonstrated minimal saturable transport of insulin at most concentrations of glucose

(Nakaoke, et al., 2007). When grown with pericytes, however, BECs transported insulin at

all concentrations of glucose. Tricultures of pericytes and astrocytes with the BECs did not

seem to improve transport of insulin in comparison to co-cultures of pericytes with BECs

(Nakaoke, et al., 2007).

Altered transport across the BBB has been suggested in other CNS insulin-mediated

behaviors. For example, lower CSF levels in both pregnancy (Azar & Brooks, 2011;

Daubert, Chung, & Brooks, 2007) and AD suggest decreased transport of insulin across the

BBB in these conditions. Increased levels of fasting plasma insulin, lower levels of insulin
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in CSF, and decreased CSF/serum ratios for insulin in AD are consistent with impaired

transport of insulin at the BBB (Craft, et al., 1998).

11. When Things Go Wrong Part II: CNS Insulin Receptor Resistance/

Diabetes Mellitus Type III

The introduction discussed DM1 and DM2 as conditions of insulin deficiency and insulin

resistance, respectively (Figure 2). More specifically, DM2 is a resistance at insulin

receptors in the peripheral tissues. By extension, then, diabetes mellitus type III (DM3) is a

resistance at the insulin receptors in the CNS. Several studies have reported resistance to

insulin at CNS receptors; basically, these studies have shown less activation of cellular

machinery when the cells or tissues are exposed to insulin. It is becoming increasingly clear

that DM2 involves dysfunction of the CNS circuitries that help to control appetite and

hepatic glucose production (Sandoval, Obici, & Seeley, 2009). An important question is

whether animals that have DM2 automatically have DM3.

The reason that DM2 (insulin resistance at peripheral tissues) and DM3 (insulin resistance at

the CNS) should not be assumed to occur together can be explained if one considers other

resistance states such as that to thyroid hormones. Like insulin, thyroid hormones have a

largely metabolic role in peripheral tissues, being secreted largely by a single tissue, having

that secretion controlled by way of a negative feedback loop, and crossing the BBB by a

saturable transporter to affect feeding and cognition through CNS receptors. Like insulin,

resistance syndromes to the thyroid hormones exist. In the generalized resistance syndrome,

the level of thyroid hormones is elevated to maintain the euthyroid state, just as in the

insulin resistance syndrome (IRS), the level of insulin is elevated to maintain the euglycemic

state. Variable tissue resistance occurs when the degree of tissue sensitivity to thyroid

hormone varies among tissues (Refetoff, 1982). The degree of elevation in thyroid hormone

is dictated by the degree to which thyroid hormone resistance is sensed at the pituitary, just

as the degree of elevation in insulin is dictated by the degree to which insulin resistance is

sensed by the pancreas. Thus, a tissue with more resistance than the pituitary is in a relative

state of hypothyroidism, while a tissue with less resistance than the pituitary is in a relative

state of hyperthyroidism. An animal with variable tissue resistance to thyroid hormone can

present with a mixed clinical state with, for example, impaired cognition but normal bone

growth.

Can variable tissue resistance exist for insulin? If so, DM2 (i.e., resistance at peripheral

tissue receptors) and DM3 (i.e., resistance at CNS receptors) may occur together to varying

degrees, as well as independently. Such an interdependent relation is a prerequisite to the

extent that DM3 is synonymous with AD as DM2 is both a risk factor for AD and yet is

absent in many AD patients. Variable tissue resistance provides a mechanism by which the

CNS can have a functional excess or deficiency in insulin relative to peripheral tissues,

explaining why administration of insulin to the brain by the intranasal route can improve

cognition in AD, and how impaired insulin action in the brain can contribute to orthostastis

in pregnancy (Azar & Brooks, 2011; Daubert, et al., 2007).
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The counterregulatory mechanisms for CNS insulin resistance are dramatically different

from those for peripheral resistance. CNS resistance does not reduce blood glucose;

therefore, it would not result in a compensatory elevation in insulin through any known

mechanism. In comparison, elevations in serum insulin resulting from IRS and DM2 have an

attenuated impact on CNS levels of insulin because transport of insulin across the BBB is

saturable.

These considerations raise the question of whether the functional consequences of DM2 and

DM3 on cognition are similar. Although cognitive impairment is common to DM2 and

Alzheimer’s disease, the domains affected are dissimilar with, for example, executive

function being more affected in DM2 (Yau, et al., 2010). Magnetic resonance imaging in

either disease shows white matter changes and cerebral atrophy (Manschot, et al., 2006), but

infarcts are more common in diabetics with cognitive decline than nondiabetics with

cognitive decline (Biessels, Koffeman, & Scheltens, 2006). Cognitive changes in DM2

occur at earlier ages than does that of Alzheimer’s disease, being detectable in middle age or

even in adolescence (Hassenstab, Sweat, Bruehl, & Convit, 2010; Yau, et al., 2010). Other

than the common feature of “insulin resistance”, DM2 and DM3 differ greatly in

accompanying conditions and so likely have very different mechanisms leading to cognitive

impairment; for example, DM2 by definition has hyperglycemia and is often accompanied

by hypertension, obesity, and even iatrogenic hypoglycemia.

In summary, compartmentalization of CNS versus peripheral insulin resistance has

important implications for how we view and investigate the relations among AD, DM2, and

the metabolic syndrome. First, it suggests that measures of peripheral insulin resistance are

imperfect reflections of the CNS state. Second, it advocates that direct measures of CNS

status are needed in evaluation of insulin’s role in neurodegenerative diseases. Third, it

provides a rationale for considering that causes or mechanisms of CNS resistance could be

different from those of peripheral resistance. Fourth, it underscores the importance and

rationale for directly treating the CNS with insulin or insulin-like drugs.

12. Conclusions

Insulin leads parallel lives, performing one set of actions among the peripheral tissues and

another within the CNS. The evolution of insulin and its receptors from their ancestral forms

gives clues to how this dichotomy may have arisen. It remains unclear, however, why a

hormone once produced and acting within the CNS and peripheral tissues has retained

functions in both compartments but production only by a single peripheral tissue. This

makes insulin action with the CNS dependent on insulin production by the pancreas and on

transport across the BBB. Whether resistance to insulin within the CNS is also immediately

a result of insulin resistance at peripheral tissues is unclear. What is clear is that insulin is of

major importance to the health of the CNS and that this importance may explain its

therapeutic effects in neurodegenerative disease.
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Abbreviations

AD Alzheimer’s disease

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

APP Amyloid precursor protein

BBB Blood-brain barrier

BEC Brain endothelial cell

CNS Central nervous system

CSF Cerebrospinal fluid

DM1 Diabetes mellitus type I

DM2 Diabetes mellitus type II

DM3 Diabetes mellitus type III

GABA gamma-aminobutyric acid

GLUT Glucose transporter

ICV Intracerebroventricular

IGF Insulin-like growth factor

ILP Insulin-like peptide

IR Insulin receptor

IRS Insulin resistance syndrome

LPS Lipopolysaccharide

LRP-1 Low-density lipoprotein receptor related protein-1

eNOS Endothelial nitric oxide synthase

iNOS Inducible nitric oxide synthase

nNOS Neuronal nitric oxide synthase

MAPK Mitogen activated kinase

NVU Neurovascular unit

OGD Oxygen and glucose deprivation

PI3 Phosphoinositide-3 kinase

PKC Protein kinase C

TNF Tumor necrosis factor-alpha
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Figure 1.
Relative growth of the fields reviewed here as evidenced by publications per 5 year period.

Publications on insulin greatly increased in the later half of the 1940’s and publications on

insulin and the brain surged in the early 1960’s. Insulin and the BBB remains a little

explored topic, but publications in all three fields are growing exponentially.
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Figure 2.
Schematic of relation among concepts of peripheral and central insulin receptors, forms of

diabetes, and major actions of insulin. In the blood, insulin, the insulin receptor, and the

GLUT-2 receptor are engaged in a negative feedback loop with glucose. At the BBB, the

insulin receptor and the insulin transporter are both present with the receptor affecting

several aspects of brain endothelial cell function and the transporter involved in the blood-

to-brain translocation of insulin. Within the brain, the insulin receptor rarely induces glucose

uptake by brain cells. Instead, it has effects on feeding that are largely opposite to those

produced by insulin in the periphery. CNS insulin also has effects on cognition. Lack of

insulin production by the pancreas induces diabetes mellitus (DM) type I. Resistance to

peripheral insulin is well recognized in DM type II and resistance to CNS insulin is often

referred to as DM type III. The relation between DM type II and type III requires further

investigation.
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Figure 3.
Effect of Glucose on Insulin Transport Across Brain Endothelial Cells: Protective Effect of

Pericytes. Primary monolayer cultures of mouse (CD-1 strain) brain endothelial cells were

cultured alone (MBEC), in co-culture with astrocytes (MBEC + A) or with pericytes

(MBEC + P), or in triculture with pericytes and astrocytes (MBEC + P + A). Cultures were

incubated for 2 h at various concentrations of glucose ranging from 0 to 10 mg/ml. After the

two hours, the glucose concentration was returned to 4.5 mg/ml, adioactive insulin with our

without unlabeled insulin added to the luminal chamber, and abluminal contents sampled at

5, 10, 20, and 30 min. The permeability coefficient was calculated and expressed relative to

the (0 mg/ml glucose radioactive insulin only group). A difference between the radioactive

and the + unlabeled insulin group demonstrates the presence of saturable insulin transport.

The results indicate that pericytes are important to the saturable transport of insulin across

brain endothelial cells. *p<0.05 and **p<0.01 between indicated comparisons; + p<0.05

incomparison to the panel’s “0 mg/ml unlabeled insulin” group.
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