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ABSTRACT

Central nervous system (CNS) insulin resistance is a condition in which the cells within the CNS do not respond to insulin appropriately and is often linked to aberrant
CNS insulin levels. CNS insulin is primarily derived from the periphery. Aberrant CNS insulin levels can arise due to various factors including i) decreased endogenous
insulin transport into the brain, across the blood-brain barrier (BBB), ii) reduced CNS sequestration of insulin, and iii) increased CNS degradation. While the sole
route of endogenous insulin transport into the brain is via the BBB, there are multiple therapeutic routes of administration that have been investigated to deliver
exogenous insulin to the CNS. These alternative administrative routes can be utilized to increase the amount of CNS insulin and aid in overcoming CNS insulin
resistance. This review focuses on the intravenous, intracerebroventricular, intranasal, ocular, and intrathecal routes of administration and compares the impact of

insulin delivery.

1. Introduction

Insulin in the central nervous system (CNS) has important reg-
ulatory effects on whole body metabolism and cognition. Specifically,
insulin has been shown to act on every cell type within the CNS in-
cluding neurons, astrocytes, oligodendrocytes, ependymal cells, brain
endothelial cells, and microglia. Indeed, all CNS cell types express the
insulin receptor (Arnold et al., 2018) suggesting the ability to respond
to insulin. These cells are not insulin-dependent but are in fact insulin-
responsive (Belfiore et al., 2009). The multi-functional action of insulin
in the CNS is different from the well-known peripheral effects of reg-
ulating plasma glucose in that CNS insulin can regulate peripheral
metabolism, food intake, and cognition through various signaling
pathways that have been reviewed elsewhere (Banks et al., 2012;
Stockhorst et al., 2004).

Whether insulin is synthesized locally within the CNS remains
controversial. However, it is known peripherally-produced circulating
insulin can enter the CNS via transport across the blood-brain barrier
(BBB) (Banks and Kastin, 1998; Schwartz et al., 1991). It is also known
that there are certain diseases and conditions in which CNS insulin
levels are decreased or that insulin receptor resistance ensues (Table 1).
Either resistance to or decreases in insulin in the CNS would result in a
deficiency in the actions of CNS insulin. Fasting can significantly alter
the amount of insulin present in the brain (Aime et al., 2012) and this
has been shown to be due to changes in insulin transport across the BBB
(Urayama and Banks, 2008). In addition, brain insulin levels are
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decreased with age and in people with Alzheimer's disease (Frolich
et al., 1998). This has also been shown for the level of insulin present in
the cerebrospinal fluid (CSF) versus the blood, with Alzheimer's disease
patients having decreased CSF/serum insulin ratios (Craft et al., 1998).
This latter point suggests three potential deficits in maintaining ade-
quate CNS insulin levels: 1) decreased BBB transport, 2) reduced CNS
sequestration, or 3) increased CNS degradation. A deficit at any of these
processes could ultimately result in a deficiency in CNS insulin actions.

Regardless of whether insulin is produced by the brain, in-
vestigating ways to increase insulin in the CNS in these conditions is of
great importance. This review will focus on various delivery routes that
have been utilized both in pre-clinical and clinical models to increase
CNS insulin (Fig. 1). We will first describe the pharmacokinetics of each
transit route, highlighting the maximal levels reached after delivery and
timing, discuss states in which transport is altered with the given
method, and lastly, point out the clinical or disease outcome with each
delivery method.

2. Delivery methods
2.1. Intravenous administration

Following intravenous (IV) administration, insulin must navigate
the BBB to enter the CNS just like endogenous insulin. The BBB is a

network of cells that strictly regulates the transport of substrates into
and out of the brain. This obstacle prevents insulin from freely diffusing
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Table 1

Overview of insulin accumulation in the CNS following various delivery routes.
Delivery Route Insulin concentration Region Time Reference
v 0.045%inj/g Whole brain 2min Banks et al., 1997b
cv 0.24mg/g Olfactory Bulb 60 min Aime et al., 2012
INL 0.265%inj/g Hypothalamus 30 min Rhea et al., 2017
Ocular 0.24 pg insulin/pug protein Thalamus 10 min Koevary et al., 2003

Intracerebroventricular (ICV)

Intranasal (INL)

Intrathecal (IT)

Intravenous (IV)

Fig. 1. Administrative routes for exogenous insulin delivery in the treatment of
overcoming CNS insulin resistance.

A. Intravenous

Pons/Mo

B. Intranasal

Low —> High

Fig. 2. Relative distribution of insulin after various routes of administration.
Black is the highest concentration and light gray the least.

and thus requires an intact transport system. The rate (Ki) of human
insulin transport across the mouse BBB is approximately
0.866 = 0.086puL/g-m (Banks et al, 1997a), but ranges from
0.2-1.7 yL/g-min based on previously published research (Banks et al.,
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2012). This transport was shown to be self-inhibited in a dose depen-
dent manner with 0.12pg insulin reducing the Ki for insulin to 50%
(Banks et al., 1997a). Serum glucose was unaffected with the addition
of 0.1 pg insulin per mouse suggesting the Ki for insulin is affected more
by insulin levels than serum glucose. This also suggests that most of the
blood-to-brain signaling mediated by insulin is unrelated to hypogly-
cemia. The peak amount of insulin present in the brain occurred 2 min
after IV injection with a value of 0.045% of the injected dose taken up
per gram of brain. The BBB transport rate of insulin is similar to other
peptides produced by the pancreas including amylin and pancreatic
polypeptide, while the percent accumulating in the brain is somewhat
less than these peptides. These discrepancies are important in instances
where insulin is injected as a bolus rather than when blood levels are
constant.

There is no change in the rate of insulin transport across the BBB
with loss of the insulin receptor, suggesting insulin transport can occur
independent of the insulin receptor (Rhea et al., 2018). It is likely
human insulin crosses the mouse BBB by the same transporter as the
endogenous mouse transporter as rat insulin was able to inhibit the
transport of human insulin and vice versa (Banks et al., 1997b). The
olfactory bulb has the fastest rate of transport, occurring about 2-6
times faster than the remaining brain (Banks et al., 1999). The rate for
BBB insulin transport is influenced by various factors. There is no effect
of verapamil (a P-glycoprotein inhibitor) and leptin on the Ki of insulin.
The lack of effect of verapamil and leptin demonstrates that the P-
glycoprotein and leptin transporter, respectively, is not involved in the
BBB transport of insulin. With 100 mg/kg intraperitoneal pretreatment
of aluminum, insulin Ki is reduced more than 70%. Indeed, this list of
factors is continually growing from aluminum and dexamethasone
pretreatment, strain of mouse, brain region, APP expression, hiberna-
tion, starvation, obesity, triglycerides, iron status, hyperglycemia, dia-
betic state, nitric oxide level, and activation of the innate immune
system to also include cholecystokinin (Banks et al., 2012; May et al.,
2016). A lack of effect of estrogen on insulin BBB transport has also
been observed (May et al., 2016).

Not only does insulin have a biological effect within the CNS, but
insulin also has several effects on brain endothelial cells as reviewed
previously (Banks et al., 2012). It can directly affect transport of amino
acids (Tagliamonte et al., 1976) and leptin (Kastin and Akerstrom,
2001) and increases the expression and function of P-glycoprotein (Liu
et al., 2009). However, insulin does not seem to be important for BBB
integrity (Kondo et al., 2004), although this lack of effect may not ex-
tend to diabetic animals in which insulin treatment combined with
idebenone (a drug developed for the treatment of Alzheimer's disease)
improved BBB integrity (Sun et al., 2015). Insulin can differentially
affect the distribution of amyloid [ (AB1-40) and AB(1-42)
(Swaminathan et al., 2018). Peripheral insulin administration can in-
crease plasma clearance of AB(1-40) and decrease the clearance of
AB(1-42). Brain elimination of AB(1-40) is decreased 3-fold when in-
sulin is present while elimination of AB(1-42) is increased nearly 2-
fold. Thus, the impact of insulin on brain endothelial cells and altera-
tion of other transport systems should be taken into consideration when
exploring ways to increase CNS insulin via the IV route.

In the SAMP8 mouse model of Alzheimer's disease, insulin BBB
transport is not different in the hippocampus between young and aged
mice (Banks et al., 2000). When permeability of insulin at the BBB was
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Diseases and conditions known to exhibit decreased CNS insulin or insulin receptor levels.

Decreased CNS insulin/receptor levels

Condition/disease Prevalence in US
Alzheimer's disease 5.7 million
Aging (65+) 46 million

Pregnancy 4 million live births per year
Fasting/Hibernation N/A
Obesity 160 million

Peripheral Insulin Resistance 100 million

Craft et al. Neurology 1998; Frolich 1998
Frolich et al., 1998

(Azar and Brooks, 2011; Daubert et al., 2007)
(Florant et al., 1991)

(Kaiyala et al., 2000; Stein et al., 1987)

Heni et al., 2014

investigated in the APP/PS1 mouse model of Alzheimer's disease, it was
found insulin BBB permeability was increased 1.7-fold in the hippo-
campus compared to adult B6SJL mice (Poduslo et al., 2001). Reports
on the permeability of the BBB in Alzheimer's disease vary in the lit-
erature which could explain the discrepancies in the differences in in-
sulin transport across the BBB in the various models.

The beneficial effects of IV insulin in the CNS have been extended to
human studies. IV application of insulin in humans was able to change
cerebrocortical activity in lean subjects (Tschritter et al., 2006). In
addition, it has been shown peripheral insulin sensitivity correlates
with CSF/serum ratios. That is, the lower the ratio, the more insulin-
resistant the subject was, independent of body weight (Heni et al.,
2014). Importantly, there is a tight correlation between CSF and serum
insulin levels in insulin-sensitive subjects while this correlation is di-
minished in insulin-resistant subjects suggesting impairment of trans-
port into the brain. A study by Suzanne Craft and colleagues was one of
the first to demonstrate that increasing plasma insulin levels improved
memory in aged subjects with dementia. In this study the authors
showed memory could be enhanced in people with dementia of the
Alzheimer's type by increasing plasma insulin levels via IV infusion
while keeping glucose at a fasting level (Craft et al., 1996). Un-
fortunately, insulin cannot readily be given IV to increase brain insulin
levels due to the risk for hypoglycemia unless blood glucose levels are
kept constant as done in this study. Therefore, it is important to explore
other ways in which to increase CNS insulin levels and limit peripheral
side effects. Insulin delivery via intracerebroventricular, intranasal,
ocular, and intrathecal routes will be discussed in the following sec-
tions.

2.2. Intracerebroventricular administration

Intracerebroventicular (ICV) injections take advantage of delivery
of insulin directly to the CSF for distribution of insulin throughout the
cranial CSF. Similar injections can be made into specific brain regions,
like the hypothalamus or hippocampus, rather than into the ventricle to
deliver insulin regionally. ICV insulin reduces food intake and decreases
body weight (Woods et al., 1979a). Central administration of insulin
antibodies increases body weight (McGowan et al., 1992). The rate of
diffusion for peptides in the CNS is extremely limited (Maness et al.,
1996). Likewise, substances administered into the CSF have limited
diffusion into brain beyond the periventricular region and do not dif-
fuse well into spinal cord regions.

Non-fasted CSF insulin levels in a rat are about 17 pU/mL (Ono
et al., 1983), approximately 3 pmol/L in normal, fasted aged humans
(Craft et al., 1998), and 3.8 pmol/L in aged humans of unknown fasting
state (Geijselaers et al., 2018). ICV infusion over 4.5 h of 2.5 mU insulin
led to over a 20-fold increase in insulin CSF levels (Ono et al., 1983).

Most substances after ICV injection enter the blood stream with the
reabsorption of CSF and some have an accelerated efflux because of
brain to blood transporters. In contrast to its saturable transport in the
blood-to-brain direction, insulin has no saturable component to its
brain-to-blood transport. There is no significant effect of excess insulin
(10 nM). The half-time disappearance for insulin when delivered ICV is
26.4 min (Cashion et al., 1996). Aluminum (17.8 mg) and starvation
(72h) increases retention while fasting (16 h) and refeeding (fasted
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56 h and fed 16 h) had no effect. The impact of starvation is consistent
with the role of insulin in the CNS on feeding behavior.

Rats fasted for 30 h have peak insulin signaling activity in the hy-
pothalamus shown by phosphorylation of the insulin receptor, insulin
receptor substrate 1 and 2, and AKT following 10 mU ICV insulin in-
jection, although the amount of insulin present in this region was not
measured in this study (Niswender et al., 2003). Aime et al. showed a
single 14mU ICV insulin treatment increased olfactory bulb insulin
levels in fasted rats from 0.10 = 0.01ng/g to 0.24 *= 0.05ng/g, a
level that is similar to satiated rats (0.21 * 0.03ng/g) (Aime et al.,
2012). While this dose was not enough to alter food intake, it did de-
crease sniffing behavior in response to food odor. It was estimated the
transport of insulin from the ventricle to the olfactory bulb is ap-
proximately 10X greater than the amount that reaches the olfactory
bulb after intranasal delivery, which will be discussed below in more
detail. In line with the impact of CNS insulin on metabolism, ICV insulin
decreases motivation for sucrose in rats on a low fat diet but this effect
is abolished when rats are fed a high fat diet (Figlewicz et al., 2006).
These results suggest insulin can decrease food reward in the CNS. The
effects are rapid and acute, occurring within minutes to hours and are
not persistent. These data highlight the metabolic effect of insulin in the
CNS and the pathways that could be disrupted in an insulin resistant
state.

As for the effect of CNS insulin on memory, ICV insulin has been
shown to improve consolidation of memory (Park et al., 2000). ICV
delivery of 4 mU insulin immediately following training of the passive-
avoidance task increased latency when tested 24 h after training. De-
spite this study being performed nearly two decades ago, there still
remain numerous unanswered questions including the time course of
the insulin effect and further characterizing the period during which
insulin enhances memory consolidation. Another study investigated the
memory effect of ICV insulin infusion and neurogenesis in aged rats
using the Morris water maze (Haas et al., 2016). While memory was not
altered following a 5-day daily ICV insulin infusion of 20 mU in aged
(24 mo) rats, insulin signaling and neurogenesis was enhanced. It
should be noted memory was improved in the young (4 mo) rats. The
discrepancies between these two studies could be due to the cognitive
task used or the age of the rats used (age not reported in the Park
study). It is interesting that chronic ICV insulin infusion was not able to
improve memory in the aged cohort whereas chronic treatment of in-
tranasal insulin does result in memory improvements as discussed next.

2.3. Intranasal administration

Intranasal (INL) administration provides a rapid and noninvasive
method for the delivery of insulin to the brain, circumventing the
problem of crossing blood-CNS barriers (Lalatsa et al., 2014; Salameh
and Banks, 2014) and altering peripheral insulin levels (Nedelcovych
et al., 2018; Salameh et al., 2015). This method of delivery occurs ra-
pidly as insulin is detected in the olfactory bulb and brain as early as
2.5 min post application in wildtype (Rhea et al., 2017; Salameh et al.,
2015) and SAMP8 mice (Rhea et al., 2017). INL insulin delivery is
dependent on the insulin receptor (Rhea et al., 2017) unlike transport
across the BBB (Rhea et al., 2018). Unlike IV delivery in SAMP8 mice,
where insulin is not transported into the hippocampus (Banks et al.,
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2000), INL delivery of radioactive insulin was detected in all of the
brain regions examined, including the hippocampus (Rhea et al., 2017;
Salameh et al., 2015). However, similar to IV studies in the Alzheimer's
disease model (Banks et al., 2000), the highest levels were detected in
the olfactory bulb. In the brains of wildtype mice, the hypothalamus
had the highest amount of insulin present 30 min post INL adminis-
tration (5.246 * 0.1184ng injected/g brain), which was 4x more
abundant than the cortex (1.436 + 0.0248 ng injected/g brain) (Rhea
et al., 2017). This is potentially because of the higher density of insulin
receptors in the hypothalamus compared to the cortex (Zahniser et al.,
1984; Zhao and Alkon, 2001). Also, the same phenomenon occurred in
young and aged SAMP8 mice, indicating that insulin transport is not
altered in disease states like Alzheimer's disease (Rhea et al., 2017).

Studies in both human and animal models have confirmed a link
between peripheral insulin resistance and cognitive impairment and
risks for Alzheimer's disease (Blazquez et al., 2014; Cholerton et al.,
2011; de la Monte and Tong, 2014). INL insulin, when administered to
patients with Alzheimer's disease, mild cognitive impairment, and even
those who are cognitively intact, has shown marked improvements in
numerous cognitive tests including the delayed story recall and De-
mentia Severity Rating Scale (Benedict et al., 2004; Craft et al., 2012;
Reger et al., 2008a; Reger et al., 2008b). While insulin has been suc-
cessful in improving cognition in individuals with Alzheimer's disease
and mild cognitive impairment, those who were APOE ¢4 positive or
female showed poorer recall following INL insulin administration
compared to those who did not possess this allele or male (Claxton
et al., 2013; Reger et al., 2006). These findings in regard to sex and
APOE genotype were also apparent with the use of rapid-acting insulin,
which is thought to have superior effects intranasally compared to
regular insulin (Rosenbloom et al., 2014). Positron emission tomo-
graphy (PET) studies of patients prior to and post INL insulin admin-
istration demonstrate an increase in '®F-fluorodeoxyglucose in the
parietotemporal, frontal, precuneus, and cuneus regions (part of the
occipital lobe) of the CNS compared to placebo controls, thus linking
the improvement in cognitive function to processes in these brain re-
gions (Craft et al., 2012). Cognitive enhancement has also been ob-
served in animal models of Alzheimer's disease following INL insulin
delivery (Kamei et al., 2017; Mao et al., 2016; Salameh et al., 2015).

Brain insulin sensitivity is an important link between metabolism
and cognitive dysfunction. In a recent study examining the acute effect
of INL insulin on resting-state brain functional connectivity in lean and
obese adults, the investigators found that INL insulin administration
resulted in increased functional connectivity in the prefrontal cortex,
the hippocampus, and the hypothalamus (Kullmann et al., 2017). In the
hippocampus they found that brain connectivity was significantly cor-
related with visceral adipose tissue, while in the hypothalamus, brain
connectivity was significantly correlated with peripheral insulin sensi-
tivity. This demonstrates that brain insulin action may regulate eating
behavior and facilitate weight loss through the modification of brain
functional connectivity in regions involved in cognition and homeo-
static function. Similar to the review on ICV insulin administration,
these studies highlight the dual benefit of administering insulin to the
insulin resistant CNS.

2.4. Ocular administration

The eye poses unique opportunities and challenges when it comes to
the delivery of pharmaceutics. Similar to INL administration, ocular
delivery is a noninvasive delivery method. Studies originally done on
the ocular delivery of insulin were performed as an alternative to in-
sulin injections to regulate blood glucose levels and so were targeting
delivery to the blood and not directly to the brain. For ocular absorp-
tion to occur, enhancers are required. Many agents such as saponin,
EDTA and hyaluronate, and even conventional preservative agents (i.e.
benzalkonium chloride and paraben), were shown to enhance insulin
absorption (Hoffman and Ziv, 1997). In the absence of enhancers,
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ocular administration of insulin to rabbits showed no change in blood
glucose levels (Srinivasan and Jain, 1998). Since the cornea is relatively
impermeable (Prausnitz and Noonan, 1998), the bioavailability of
ocular insulin is low (5-10%) compared to the availability following
subcutaneous insulin (65%) (Goeders et al., 1987; Lee, 1990; Pillion
et al., 1994). Therefore, even with enhancing agents, it was deemed the
bioavailability was too low to affect blood glucose and this method was
abandoned as a therapeutic alternative to insulin injections. However,
the impact on CNS insulin levels in these studies was not measured.

In a more recent study using female Lewis rats, the accessibility of
ocular applied insulin to the CSF and select brain regions was assessed.
Insulin was administered as an eye drop by reconstituting it at a con-
centration of 0.75% in an isotonic bicarbonate buffer containing 0.5%
of the permeation enhancer, polyoxyethylene 20 stearyl ether (Koevary
et al., 2003). In this study, insulin was detected in the CSF and serum by
10 min post ocular insulin administration, with CSF levels dropping by
20-30 min before increasing again at 45 min. The highest levels were
detected 10 min post application in the thalamus, specifically the
medial geniculate nucleus (0.24 = 0.06 pg insulin/ug protein) com-
pared to the lateral geniculate nucleus (0.13 * 0.03 pg insulin/pg
protein) and the cortex (0.13 = 0.04 pg insulin/pg protein). In com-
parison to subcutaneous insulin administration that would ultimately
enter these brain regions by crossing the BBB, more insulin reached the
lateral geniculate nucleus following ocular administration. Expectedly,
the same was not true in the serum where levels were greater post
subcutaneous administration (Koevary et al., 2003). Ten minutes fol-
lowing ocular administration, serum insulin levels increased nearly 6
fold over baseline. Due to the dual peak in CSF levels of insulin fol-
lowing ocular delivery, the authors theorize the first 10 min peak is
from direct uptake of insulin into the CSF via the optic nerve while the
second peak is from insulin transport across the BBB after entering the
circulation via drainage through the nasal mucosa.

Little work has been done on the ocular route for brain delivery, and
so it is noteworthy that this has route has been shown to be viable for at
least one other peptide. Ocular administration of the neuroprotective
peptide, PACAP-38, delivered in the enhancer benzalkonium chloride,
has been used to investigate the benefits in retinal ischemia (Werling
et al., 2016). In this study, radiolabeled PACAP-38 not only appeared in
the retina but also in the whole brain. PACAP-38 appeared in the brain
within 5min and remained present over 2h. While little has been
shown with ocular administration of peptides, this study provides in-
sight on the beneficial effect in diseased conditions.

Likely due to the poor penetration of insulin into the CNS and in-
creased systemic delivery following ocular delivery, this method has
not been explored further, especially in the context of memory or in the
use of Alzheimer's disease models. However, with the continued re-
search of enhancers in ocular delivery, this route could provide a pro-
mising avenue for increasing CNS insulin levels and overcoming CNS
insulin resistance.

2.5. Intrathecal administration

Intrathecal (IT) delivery involves a direct injection into the spinal
canal or into the subarachnoid space so that it reaches the CSF, similar
to ICV delivery. In general, the most common reasons for this particular
administration is for spinal anesthesia, chemotherapy, and pain man-
agement. This delivery method is often overlooked because of its in-
ability to deliver small, lipid-soluble drugs to the CNS. However, it has
been shown the anorexogenic hormone leptin reaches the hypotha-
lamus in baboons by 115 min following IT delivery (McCarthy et al.,
2002). The biologically active concentration is estimated to be 8 ng/mL,
which is 40 times greater than CSF levels of normal weight humans. In
regards to delivering substrates such as leptin, the IT route of admin-
istration can rapidly achieve therapeutic and long-lasting levels. IT
delivery has been quite successful in the transport of enzymes such as
therapeutics for lysosomal storage diseases (Calias et al., 2012; Xu
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et al., 2011), the delivery of trastuzumab to the CNS in patients with
meningeal carcinomatosis from breast cancer (Hofer et al., 2012; Mego
et al.,, 2011), antisense delivery for spinal muscular atrophy type 1
(Aragon-Gawinska et al., 2018), and cyclodextrin delivery for Niemann-
Pick disease (Calias, 2017). These large proteins, unlike small lipid
soluble molecules, do not enter the blood by transcellular diffusion and
so are “trapped” in the CSF space and can eventually make their way to
the cranial CSF.

An advantage of this technique that can be extended to the other
delivery methods includes that, while the CSF contains hundreds of
proteins, it may have decreased enzymatic activity than in the serum
leading to less degradation. Some disadvantages of using IT adminis-
tration that can also be extended to other delivery methods, especially
the ICV route, is the development of antibodies and the inability to
accurately determine dosing due to CSF reabsorption rate variability
among individuals. In addition, disease conditions such as obesity and
the rapid growth rate of children can complicate proper catheter in-
sertion (Follett et al., 2003).

While the distribution of insulin throughout the brain has not been
measured following IT delivery, there are studies showing a beneficial
effect with minimal side effects with this delivery method. IT insulin
administration has been shown to rescue and regenerate sural nerves
after crush injury. This indicates a direct neurotrophic effect of insulin
in peripheral nerves (Toth et al., 2006). Also, systemic insulin injection
enhances reinnervation of sciatic nerve transection (Xu et al., 2004). IT
insulin has been used in the treatment of diabetic neuropathy, a con-
dition with distal-to-proximal loss of nerve function (Grote and Wright,
2016).

While not direct delivery of insulin to the CNS via IT administration,
a recent paper showed intracranial grafting of pancreatic islets was able
to attenuate cognitive decline and peripheral metabolic dysfunction in
an Alzheimer's disease-like dementia animal model (ICV-STZ) (Bloch
et al., 2018). ICV-STZ is able to induce sporadic Alzheimer's disease-like
dementia (Chen et al., 2013). In the study by Bloch et al., a small
number of pancreatic islets were grafted into the cranial subarachnoid
space of male Lewis rats (Bloch et al., 2018). Spatial learning and
memory and long-term retention was assessed two months after islet
transplantation by the Morris water maze. Islets were still viable and
producing insulin two months later at the time of sacrifice leading to
significantly increased CNS insulin levels especially in the hippocampus
and frontal cortex (Bloch et al., 2015; Bloch et al., 2018). These im-
provements occurred without changes in peripheral fasting blood glu-
cose and expression levels of the insulin receptor, suggesting post-in-
sulin receptor alterations for memory enhancement.

3. Discussion

In this review, we have focused on administration techniques that
can increase CNS insulin to overcome CNS insulin resistance. Where
data was available, mostly in pre-clinical models, we reported how
much insulin was delivered to the brain, and in some cases brain re-
gions, following insulin administration to compare across the delivery
methods (Fig. 2, Table 2). While all delivery methods have advantages
and disadvantages, some routes are currently more translatable to
human investigations. For example, intranasal delivery of insulin has
shown benefit in both young, cognitively intact individuals and AD
patients.

The greatest difference among the methods, even if they were all
working optimally, is that they have different distribution patterns
throughout the brain and enter the blood at different rates. For ex-
ample, all those methods that deliver insulin to the CSF, most especially
ICV and IT, also deliver insulin to the blood stream as the CSF is re-
absorbed. The olfactory bulb is the area of greatest uptake after IV or
INL administration, whereas it is presumed that ocular will favor the
retina and IT the spinal cord.

Given these differences in CNS distribution as a function of route of
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administration, it may be that the optimal route for delivery of insulin
to the brain may depend on the underlying disease being addressed.
Would, for example, insulin with its mitogenic and vascular effects if
given by the ocular route to treat the cognitive effects of diabetes have a
positive or a negative effect on diabetic retinopathy?

Likewise, the different distributions will likely determine the “off
target” effects of a cognitive dose of insulin. CNS insulin has been im-
plicated in feeding (Woods et al., 1979b) and hepatic glucose produc-
tion (Obici et al., 2002). As INL delivery produces hypothalamic levels
that are relatively high in comparison to other brain regions, will this
route have a disproportionately high impact on metabolism compared
to other routes?

Much research is to be done to better understand the distribution
and sequestration of insulin in the brain. While touched on but not
thoroughly discussed, the transport paths of insulin that determine
brain distribution following the various routes of delivery have not
been well evaluated. The transport pathway for INL insulin has prob-
ably been most extensively studied and has been shown to occur
through at least three routes involving the olfactory and/or trigeminal
nerve, similar to the process of insulin-like growth factor 1 (Lochhead
and Thorne, 2012). In addition to better understanding the distribution
transport processes for insulin, finding ways to improve these processes
will be of great value to better increase the absolute levels and efficacy
of CNS insulin. This will ultimately allow us to more efficiently deliver
insulin to the CNS, especially in insulin resistant states.
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