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Insulin transport across the blood-brain barrier can occur
independently of the insulin receptor
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Key points

o Insulin enters the brain from the blood via a saturable transport system.

e It is unclear how insulin is transported across the blood—brain barrier (BBB).

e Using two models of the signalling-related insulin receptor loss or inhibition, we show insulin
transport can occur in vivo without the signalling-related insulin receptor.

e Insulin in the brain has multiple roles including acting as a metabolic regulator and improving
memory.

e Understanding how insulin is transported across the BBB will aid in developing therapeutics
to further increase CNS concentrations.

Abstract A saturable system transports insulin from blood across the blood—brain barrier (BBB)
and into the central nervous system. Whether or not the classic or signalling-related insulin
receptor plays a role in mediating this transport in vivois controversial. Here, we employed kinetics
methods that distinguish between transport across the brain endothelial cell and reversible luminal
surface receptor binding. Using a previously established line of mice with endothelial-specific loss
of the signalling-related insulin receptor (EndoIRKO) or inhibiting the insulin receptor with
the selective antagonist S961, we show insulin transport across the BBB is maintained. Rates of
insulin transport were similar in all groups and transport was still saturable. Unlike transport,
binding of insulin to the brain endothelial cell was decreased with the loss or inhibition of the
signalling-related insulin receptor. These findings demonstrate that the signalling-related insulin
receptor is not required for insulin transport across the BBB.
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Elizabeth M. Rhea’s current research interests focus on the role of insulin in the brain and ways to increase CNS insulin.
She believes this paper has a huge impact on fields in which CNS insulin is implicated: obesity, diabetes, Alzheimer’s. Many
programmes are targeting the insulin receptor to deliver drugs and therapies to the CNS with minimal success. We know
little about how substrates are actually transported across the BBB. Her ultimate research goal is to characterize this transport
mechanism in order to target the endogenous insulin transport system, treat CNS insulin resistance, and offer an alternative
route for drug delivery.
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Introduction

Insulin in the central nervous system (CNS) is primarily
derived from the blood (Schwartz et al. 1992; Banks,
2004). Thus, insulin must traverse the blood—brain barrier
(BBB) to access the CNS. Imbalances in CNS insulin levels
and sensitivity is implicated in many neurodegenerative
diseases such as Alzheimer’s and Parkinson’s disease
(Procaccini et al. 2016). In addition to influencing food
intake and serum glucose (Porte et al. 2005), insulin in
the CNS is neuroprotective, affecting synaptogenesis and
nerve growth (Nelson et al. 2008; Banks ef al. 2012) and has
recently proved beneficial in improving cognition (Craft
et al. 1996; Benedict et al. 2004; Reger et al. 2008; Salameh
et al. 2015). Indeed, investigations into ways in which
CNS insulin can be restored or increased in these CNS
insulin-resistant states are currently underway in clinical
trials (Novak et al. 2014; Claxton et al. 2015). Further
understanding the transport mechanism of insulin across
the BBB and into the CNS could prove useful in developing
therapeutics to overcome CNS insulin resistance.

The insulin binding sites present on brain endothelial
cells (BECs) serve two functions: transport of insulin
across the BBB and activation of classic receptors such
as the signalling-related insulin receptor and insulin-like
growth factor 1 (IGF-1) receptor (van Houten & Posner,
1979; Jialal et al. 1985; Pardridge et al. 1985). Transport
of insulin into the CNS has been investigated for over
half a century (Elgee et al. 1954; Haugaard et al. 1954)
and occurs in a saturable manner, demonstrating the
insulin transport-related protein is saturable (Baura et al.
1993; Banks et al. 1997a). Insulin transport across the
BBB is highly regulated and altered in a number of states,
including obesity, starvation, hyperglycaemia, Alzheimer’s
disease and diabetes (Banks, 2004). Insulin can be inter-
nalized by the signalling-related insulin receptor present
on endothelial cells (King & Johnson, 1985), a process
termed receptor-mediated endocytosis (Bar et al. 1983;
King & Johnson, 1985; Duffy & Pardridge, 1987).

It has been an untested assumption that the signalling-
related insulin receptor also serves as the BBB trans-
porter on BECs; that is, that insulin transport across
the BBB occurs by receptor-mediated transcytosis
via the signalling-related insulin receptor. Whereas
receptor-mediated endocytosis internalizes a vesicle that
canreturn to the luminal surface, transcytosis incorporates
the additional process of exocytosis at the abluminal
side, and so is a mechanism of transport across the
BBB. Transcytosis occurs in three major steps: (1)
receptor-mediated endocytosis at the luminal side of the
BEC, (2) vesicle transfer across the endothelial cell, and
(3) receptor-mediated exocytosis at the abluminal side of
the BEC.

With the recent advances in technology and accessibility
to various genetic mouse models and inhibitors, we can

E. M. Rhea and others

J Physiol 596.19

better investigate the role of the signalling-related insulin
receptor located on endothelial cells. First, genetic mouse
models lacking the signalling-related insulin receptor in
endothelial cells have been developed to study the role in
vivo. Loss of the signalling-related insulin receptor in the
vascular endothelium has recently been investigated not
only in the context of addressing the role of insulin action
in endothelial function (Vicent et al. 2003) but also in
determining the impact of the signalling-related insulin
receptor located in endothelial cells on downstream
signalling in various tissues, including brain (Konishi
et al. 2017; Wang et al. 2017). In describing the mouse
model with the endothelial cell insulin receptor knockout
used in this study (EndoIRKO mice) driven by Cdh5 Cre
(VE-Cadherin), Konishi et al. reported decreased levels
of the signalling-related insulin receptor in various end-
othelial populations, including aorta and lung (Konishi
et al. 2017). In addition, the amount of fluorescein iso-
thiocyanate (FITC)-insulin binding in the brain end-
othelium in EndoIRKO mice is significantly decreased
suggesting a significant loss of the signalling-related
insulin receptor. While the loss of the insulin receptor
in brain endothelium delayed insulin signalling in the
hypothalamus, hippocampus and prefrontal cortex, direct
transport of insulin across the BBB was not investigated.
Second, selective inhibitors of the signalling-related
insulin receptor have been generated to further study the
role of the insulin receptor in any cell type. The insulin
receptor antagonist S961 has been used both in vitro and
in vivo and has been shown to prevent insulin signalling
in many cell types (Schaffer et al. 2008; Chan et al. 2016)
and increase serum glucose levels (Vikram & Jena, 2010).

In order to determine if the signalling-related insulin
receptor is involved in BBB insulin transport, we used
these two separate genetic and pharmacological models.
We used EndoIRKO mice that have been previously
defined and described (Konishi et al. 2017; Wang et al.
2017). We also tested our hypothesis in CD-1 mice using
the selective insulin receptor inhibitor S961 (Schaffer et al.
2008). Here, we report that transport of insulin across
the BBB in vivo can occur independently of endothelial
cell signalling-related insulin receptors. We refer to this
unidentified protein as the insulin transport-related
protein.

Methods
Ethical approval

The Institutional Animal Care and Use Committee at
the Veterans Affairs Puget Sound (Seattle, WA, USA)
approved all animal experimental protocols (0909) and all
methods were carried out in accordance with the approved
guidelines and regulations. The VA Puget Sound is a facility
that is certified by the Association for Assessment and
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Accreditation of Laboratory Animal Care International.
The protocols are in accordance with The Journal of Physio-
logy’s guidelines on animal ethics.

Animals

The generation of EndoIRKO mice was described pre-
viously (Wang et al. 2017). Two-month-old EndoIRKO
and wild type mice were used for the transport kinetics.
Five-month-old mice were used for the remaining End-
oIRKO studies. For the S961 inhibitor studies, male CD-1
mice (2-3 months old) were purchased from Charles
River Laboratories (Seattle, WA, USA). CD-1 mice are
an established model for BBB transport studies (Banks
et al. 1997a,b; Banks & Kastin, 1998). Mice had ad libitum
access to food and water and were kept on a 12 h/12 h
light/dark cycle. For all studies, mice were anaesthetized
with an intraperitoneal injection of 0.1 ml 0of 40% urethane
to minimize pain and distress. At the end of each study,
mice were killed by decapitation while under anaesthesia.

Radioactive labelling of insulin, S961 and albumin

Ten micrograms of human insulin (Sigma-Aldrich, St
Louis, MO, USA) or S961 (Novo Nordisk, Copenhagen,
Denmark) diluted in 0.25 M chloride-free sodium
phosphate buffer (PB), pH 7.5, was radioactively labelled
with 0.5 mCi Na'?’I (Perkin Elmer, Waltham, MA, USA)
by the chloramine-T (Sigma-Aldrich) method. Addition
of 10 g chloramine-T in 0.25 M PB began the reaction.
The reaction was terminated 1 min later with the addition
of 100 pg sodium metabisulfite. The specific activity of
125]labelled insulin has previously been calculated to be
55 Ci/g (Banks et al. 1997a). Albumin (Sigma-Aldrich)
was radioactively labelled with *™Tc (GE Healthcare,
Seattle, WA, USA). Briefly, 1 mg albumin was combined
with 120 pg stannous tartrate and 20 ul 1 M HCI in
500 ml deionized water. One millicurie of *™Tc was
added for the 20 min reaction. '**I-insulin, '2°I-S961 and
9mMTcalbumin were purified on a column of Sephadex
G-10 (Sigma-Aldrich). Protein labelling by '*°T or by **™Tc
isotopes was characterized by 15% trichloroacetic acid
(TCA) precipitation. Greater than 90% radioactivity in the
precipitated fraction was consistently observed for insulin,
§961 and albumin.

Measurement of radioactive insulin transport across
the BBB

Multiple-time regression analysis was used as detailed
previously (Blasberg et al. 1983; Patlak et al. 1983) and
briefly described below to calculate the blood-to-brain
steady-state rate of unidirectional solute influx (K;) for
insulin. The right jugular vein and left carotid artery
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were exposed for all studies. Mice were given an injection
into the right jugular vein of 0.2 ml of lactated Ringer
solution (LR) containing 1 x 10° c.p.m. of '?*I-insulin
and 5 x 10° c.p.m. of *™Tc-albumin for all studies unless
specified. The amount of '**I-insulin injected equates to
approximately 8.26 ng of insulin, a dose that is about
15% of endogenous murine insulin serum levels (Banks
et al. 1997¢). **™Tc-labelled albumin was co-injected as a
marker for vascular space (Blasberg et al. 1983). For all
studies in the S961 group, mice received a co-injection
of PB (vehicle) or 1 pg S961/mouse with the intra-
venous radioactive injection. A separate group of mice
was measured following a 6 h fast. The hypothalamus was
dissected in this group to measure the influx of insulin
into this specific brain region. Blood from the left carotid
artery was collected between 1 and 10 min after intra-
venous injection. Mice were immediately decapitated and
the whole brain removed and weighed. The arterial blood
was centrifuged at 5400 g for 10 min at 4°C and serum
collected. The levels of radioactivity in serum (50 1) and
brain were counted in a y-counter. The brain/serum (B/S)
ratio (ul/g) of '*I-insulin and *™Tc-albumin in each
gram of brain is calculated separately. Each B/S ratio of
12°]-insulin is corrected for vascular space by subtracting
the paired B/S ratio of *™Tc-albumin and defined as
the delta. These values are plotted against the respective
exposure time which represents the level of plasma arterial
radioactivity integral divided by the final plasma radio-
activity. Exposure time is calculated from the formula:

/:Cp(t)dt

=0 (1)

Exposure time =
where C,(1) is the level of radioactivity (c.p.m.) in serum
at time (#). The influx of insulin is calculated from the
following formula as originally described in eqn (6) of
Blasberg et al. (1983):

t
C,(ndt
(LS

at = K Cp(t) + Vi (2)

where Am is level of radioactivity (c.p.m.) per gram of
brain tissue at time f, Cpt is level of radioactivity (c.p.m.)
per millilitre of arterial serum at time #, K; (ul/(g min)) is
the steady-state rate of unidirectional solute influx from
blood to brain divided by the plasma concentration, and
Vi (ul/g) is the level of rapid and reversible binding for
brain. The linear portion of the relation between the delta
B/S ratio vs. exposure time is used to calculate the K;
(ul/(g min)) and V; (ul/g) (Blasberg et al. 1983). The
slope of the linearity measures K; and is reported with its
standard error term. The current calculations have been
adapted to modern graphical applications by using Prism
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to calculate the linear regression. The y-intercept of the
linearity measures V;, the initial volume of distribution
in brain at ¢ = 0. Multiple-time linear regression analysis
was also used to measure transport of '2°1-5961 across the
BBB in the presence of either vehicle (PB), 1 ug S961 or
10 pug S961. The same methods and calculations were
used as described above except that the B/S ratio was
not corrected for levels of *™Tc-albumin as it was not
co-injected.

Measurement of immunoactive insulin transport
across the BBB

CD-1 male mice fasted for 6 h were anaesthetized as
described above and the right jugular vein exposed for
an L.v. injection of 0.2 ml containing 1 g human insulin
+ 1 pug S961 in 1% bovine serum albumin (BSA)-LR
and the solution allowed to circulate for a period of time
(1-5 min). At the end of the time, blood was collected
via the descending thoracic aorta. Brains were washed
out with 20 ml ice-cold LR to clear the vascular space,
which also removes any reversible binding at the brain
endothelium. Blood was centrifuged at 5400 g for 10 min
and serum collected and stored at —80°C. Brains were
snap frozen in liquid nitrogen and stored at —80°C.
Brains were processed in radioimmunoprecipitation assay
(RIPA) buffer (150 nm NaCl, 0.5% deoxycholic acid, 0.1%
sodium dodecyl sulfate, 20 mm Tris HCl, 0.5 M EDTA)
containing a protease inhibitor cocktail (Sigma). Protein
was measured and 5 g/ il stock samples were generated. A
human insulin Meso Scale Discovery (MSD) kit was used
to measure human insulin levels (MSD, Rockville, MD,
USA). A 125 pg quantity of protein from whole brain and
serum diluted 100-fold was measured for each sample.
The B/S ratio was calculated and plotted against exposure
time.

In vivo stability of insulin in serum

Blood was collected 10 min after the intravenous injection
of 1 x 10° c.p.m. of **I-insulin in 0.2 ml LR. Blood was
centrifuged at 5400 g for 10 min and 50 wl of the resulting
serum was added to 250 ul of LR-BSA and vortexed. A
300 pul volume of 30% TCA was added, vortexed and
centrifuged for 10 min at 5400 g The resulting super-
natant (S) and precipitate (P) were counted separately
and the percentage (%Precip) of counts in the precipitate
was calculated:

%Precip = 100 (P) /(S + P) (3)

To correct for any degradation that might have occurred
during the processing for acid precipitation, we added
12]-insulin to non-radioactive arterial whole blood and
processed as above. Sample values were made relative
to the processing controls. Since the degradation in
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serum was limited, there was no correction made for the
pharmacokinetic data.

Transport saturability determined by intravenous
injection

Blood was collected and the whole brain was removed and
weighed 1-10 min after intravenous injection of the radio-
labelled solution &£ 1 pug/mouse of S961 £ 1 pg/mouse of
non-radioactive insulin, a dose about 120x that of the
123]-insulin injected. Results were expressed as B/S ratio in
units of ul/g after correcting for vascular space as described
above. The influx for '*°I-insulin was calculated based on
the equations above.

Capillary depletion

To verify the insulin detected in the brain was '?*I-insulin
that had completely crossed through the brain endothelial
cells, the capillary depletion method was used to separate
cerebral capillaries and vascular components from brain
parenchyma (Triguero etal. 1990). This method is a quality
control to determine which fraction the radioactive insulin
is present in with a very low standard error and therefore
only requires an # = 2-3. Ten minutes after intravenous
injection of the radiolabelled solution blood was collected
from the carotid artery. The brains were removed, weighed
and homogenized with 10 strokes of a glass homogenizer
in 0.8 ml of physiological buffer (10 mm Hepes, 141 mm
NaCl, 4 mm KCl, 2.8 mm CaCly, 1 mm MgSO,, 1 mMm
NaH,PO, and 10 mm D-glucose adjusted topH 7.4). A 40%
dextran solution (1.6 ml) was added to the homogenate,
vortexed and further homogenized with three strokes.
Homogenates were centrifuged at 3200 g for 10 min at
4°C. The pellet, containing the capillaries, and the super-
natant, representing the brain parenchymal/interstitial
fluid space, were carefully separated. The ratio of radio-
activity of '*I-insulin in the supernatant (parenchyma)
was corrected for vascular space by subtracting the ratio
of ™Tc-albumin in the supernatant.

Regional distribution

Five minutes after intravenous injection of the radio-
labelled solution &+ 1 ug S961, blood was collected and
brains were removed. Brains were dissected on ice into 10
brain regions according to Glowinski & Iversen (1966).
Radioactive values were corrected for vascular space as
described above and made relative to the whole brain levels
(ul/g) for each sample.

Statistics

Regression analysis and other statistical analyses were
performed with the use of Prism 6.0 (GraphPad Software

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society
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Insulin transport across the BBB

Table 1. Pharmacokinetics of insulin transport into the whole
brain in fed mice

Group Ki (1l/(g min)) r Vi (ul/g)

Wild type 0.870 + 0.21 0.904 10.2 £ 1.02
EndolRKO 0.545 + 0.13 0.903 55 + 1.38*
Vehicle 0.738 + 0.21 0.715 8.3 + 1.39
S961 1.21 £ 0.17 0.903 —3.2 + 1.79*

Levels of '?5l-insulin present in whole brain were measured
1-10 min after injection and plotted in Fig. 1. Multiple-time
linear regression analysis was performed to determine the influx
of insulin (K;i) and vascular binding (Vi). Data are presented as
means + SEM. *P < 0.05 vs. respective control group (Wild type
or Vehicle).

Inc., San Diego, CA, USA). Means are reported with their
standard error terms and compared by one-way analysis of
variance (ANOVA) followed by Newman—Keuls post-test.
Two means were compared by Student’s ¢ test analysis.
Linear regression lines were compared statistically with the
Prism 6.0 software package (Zar, 1984). They are reported
with their correlation coefficients (r) and P values with
significance < 0.05.

Results

Insulin transport across the BBB attributable to loss
of the endothelial insulin receptor

The transport of '*I-insulin into the brain was measured
over time. The plasma concentration of '**I-insulin was
logarithmic over the 10 min study period, varying by
approximately 7% over this time (data not shown). The
linear regression analysis showed a statistically significant
relation between the delta B/S (brain/serum) ratio (y-axis)
of 1%I-insulin vs. exposure time (x-axis) for both the wild
type (r=0.904, P=0.013) and EndoIRKO mice (r=0.903,
P = 0.014; n = 6/group) (Table 1) and that these values
were significantly different from zero. Therefore, the linear

A EndolRKO
25+

20+

154 .-
o e
10 e.---"

-©- Wild type

-e - EndolRKO
5 10 15 20
Exposure Time (min)

Delta B/S Ratio (uL/g)

.54
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portion of the line was used to calculate the influx (K;)
for insulin in each group. The blood-to-brain influx is
0.870 % 0.21 p1/(g min) for '*°I-insulin in wild type mice
and 0.545 % 0.13 pl/(g min) in EndoIRKO mice (Fig. 1A4).
Although the calculated estimate of the insulin influx for
EndoIRKO mice is less than that for the wild type mice,
the difference is not statistically different (P = 0.34).

Similar results were observed with insulin receptor
inhibition (Fig. 1B). Linear regression analysis showed
a statistically significant relation between the delta B/S
ratio vs. exposure time regardless of vehicle (r = 0.715,
P = 0.004) or S961 co-injection (S961 r = 0.903,
P < 0.0001; n = 14/group). The K; in vehicle-treated
mice was 0.738 & 0.21 ul/(g min) for '*I-insulin and
1.214 £ 0.17 pl/(g min) for S961-treated mice (Fig. 1B).
In this case, S961 increased the influx but the estimated
influxes were not statistically different (P = 0.11). These
results suggest the signalling-related insulin receptor is not
completely necessary for insulin transport across the BBB.

In contrast to transport, the initial volumes of
distribution (V;, y-intercept) for the two groups in each
model were significantly different (Table 1). The V; reflects
the rapidly reversible component of the vasculature and
when corrected for vascular space, as we did here, reflects
primarily receptor binding. As expected, EndoIRKO had
a lower V; (5.5 £ 1.38 ul/g) compared to wild type mice
(10.2 £ 1.02 ul/g, P < 0.0001). The nearly 50% reduction
in V; indicates a decrease in the amount of insulin binding
to the endothelial surface in EndoIRKO mice and is similar
to recently published data showing decreased insulin
binding in the frontal cortex (Konishi et al. 2017). In
addition, the V; for radioactive insulin was inhibited by
§961 in CD-1 mice (Vehicle V; = 8.3 & 1.39 ul/g vs. S961
Vi=-3.241.79 ul/g, P < 0.0001), indicating a decrease
in the amount of insulin binding to the endothelial surface.

There was no correlation between the B/S ratio of
9mMTc-albumin and exposure time in any of the groups
as expected, suggesting lack of uptake, and no change in
the vascular space (data not shown).

B s961
25+

o °

3 201

= o 00 o -

2 154 o L-®

© o L

T 104 o ° /"’ ¢

g o .- )

T 54 o.-" o -©- Vehicle

5 .7 e -e- 5961

o 01 e=6— T T 1

L 5 10 15 20

-54

Exposure Time (min)

Figure 1. Transport of radioactive insulin across the BBB with loss or inhibition of the insulin receptor

A, level of '2|-insulin in whole brain was measured in wild type (n = 6, open circles) and EndolRKO (n = 6,
filled circles) mice. B, level of '23I-insulin in whole brain was measured in vehicle (n = 14, open circles) and mice
co-injected with 1 g S961 (n = 14, filled circles). Values are corrected for vascular space and expressed as the
Delta B/S ratio (ul/g). Linear regression analysis was included (straight or dashed line) to depict the influx.

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society
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Insulin BBB transport following fasting

To determine if fasting altered the level of BBB insulin
transport, we fasted CD-1 mice for 6 h before the radio-
active insulin transport study. Similar to the study in
Fig. 1B, we co-injected one cohort of mice with 1 ug
S961. As shown in Fig. 2, insulin transport occurs whether
the insulin receptor is inhibited or not under fasted
conditions (Vehicle K = 1.051 4 0.13 ul/(g min) vs. S961
K; = 0.782 £ 0.21 pl/(g min), P = 0.282). The amount
of reversible binding to the endothelium (y-intercept) is
significantly different between the two groups (Vehicle
Vi =44 £ 1.02 pl/g vs. S961 V; = 1.1 £ 1.68 ul/g,
P < 0.0001; Table 2) similar to the data shown in Fig. 1B,
suggestive of successful inhibition of the insulin receptor.
The half-life for the radiolabelled insulin in the fasted
mice was not different between the two groups and
was approximately 3—4 min. In addition, we included
a control group that had not been fasted (Fed). The
results suggest that a 6 h fast does not significantly change
insulin transport across the BBB compared to Fed animals
(Ki =1.048 £ 0.1 pl/(g min), P = 0.45).

Immunoactive insulin BBB transport following insulin
receptor inhibition

In order to corroborate our findings based on radio-
active insulin, we repeated the study in CD-1 mice using
exogenous human insulin and measured immunoactive
levels of insulin present in the brain and serum. We did
so using an immunoassay specific for human insulin, so
that any insulin detected in brain clearly crossed the BBB.
We saw a similar lack of effect of S961 on the transport of

204 -©- Vehicle
-®- S961
154 -8 Fed

Delta B/S Ratio (uL/g)
)

0 5 10 15
Exposure Time (min)

Figure 2. Effect of insulin receptor inhibition on the transport
of radioactive insulin across the BBB following fasting

Level of '2°I-insulin in whole brain was measured in mice co-injected
with vehicle (n = 12, open circles) or 1 g S961 (n = 12, filled
circles), and fed mice (n = 6, open squares). Values are corrected for
vascular space and expressed as the Delta B/S ratio (ul/g). Linear
regression analysis was included (straight or dashed line) to depict
the influx.
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Table 2. Pharmacokinetics of insulin transport into the whole
brain following a 6 h fast

Group Ki (ul/(g min)) r Vi (ul/g)

Vehicle 1.051 + 0.13 0.935 44 + 1.02
S961 0.782 + 0.21 0.766 1.1 + 1.68*
Fed 1.048 £+ 0.10 0.982 4.5 + 0.516

Levels of '?5l-insulin present in whole brain were measured
1-10 min after injection and plotted in Fig. 2. Multiple-time
linear regression analysis was performed to determine the influx
of insulin (K;) and vascular binding (V;). Data are presented as
means + SEM. *P < 0.05 vs. Vehicle.

human insulin across the BBB (Fig. 3) as our radioactive
study (Fig. 1B).

Transport of $961 across the BBB

To determine whether S961 only bound to BECs or
was also transported across the BBB, we studied its
brain pharmacokinetics as well. There was no correlation
between the B/S ratio of '*°I-S961 and exposure time
(r = 0.231, P = 0.62), indicative of lack of transport
(Fig. 4). However, the average level of '*>1-S961 present at
the brain endothelium was very high (68.3 &+ 5.17 ul/g).
Co-injection of unlabelled S961 at two doses, 1 and 10 ug,
significantly decreased this binding (P < 0.0001), with
no effect of dose (15.6 £ 0.95 vs. 11.2 + 0.71 ul/g,
respectively). These data suggest S961 binds to the BEC
but is not transported across the BBB.

150+
-
E (o]
g (o]
o 1004
o
P °
® 504
o o o o
% O -~ Insulin

0 -6 © -@ - Insulin + S961
0 5 10 15 20 25

Exposure Time (min)

Figure 3. Transport of immunoactive insulin across the BBB
with inhibition of the insulin receptor

Level of human insulin in whole brain was measured in mice
co-injected with 1 g insulin plus vehicle (n = 8, open circles) or

1 g S961 (n = 12, filled circles). Values are expressed as the Delta
B/S ratio (10~> pg/ml). Linear regression analysis was included
(straight or dashed line) to depict the influx.

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society
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Effect of loss of the endothelial insulin receptor on
insulin penetration of the BEC (capillary depletion)

Asa control in order to verify that the '*°I-insulin detected
in our studies was due to '*I-insulin present in the brain,
rather than sequestration by the BECs, the method of
capillary depletion was used to measure the distribution
of *°I-insulin between capillaries and brain parenchyma
after 10 min of circulation (Fig. 5). The majority of the
1251-insulin was present in the parenchyma compared
to the capillary fraction in all groups. The amount of
125L-insulin present in the parenchyma of wild type mice
was 77.4 £ 0.5% compared to only 22.6 £ 0.5% in the
capillary fraction (n = 2/group). The amount present
in the parenchyma of EndoIRKO mice was 83.3 & 0.1%
(n=2/group). When the receptor was inhibited with S961,
70.3 + 1.3% of '*°I-insulin was present in the parenchyma
while 77.4 & 2.3% was present in the vehicle treated group
(n=3/group). These data demonstrate that insulin trans-
port across the BEC is not affected by loss or inhibition of
the insulin endothelial receptor.

Effect of loss of the endothelial insulin receptor on
insulin stability in serum

To verify that the majority of the *I-insulin detected
in serum was still intact, protein was precipitated and
radioactivity measured in the pellet and supernatant.
Ten minutes after circulation, the majority of '*I pre-
cipitated with the protein pellet indicating that insulin
was intact. There was no significant difference in stability
of »I-insulin between wild type (73.7 + 8.8%) and
EndoIRKO mice (66.2 £ 2.9%) suggesting the loss of
the insulin receptor does not affect insulin degradation

100+ -9~ Vehicle
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Figure 4. Transport of S961 across the BBB

Levels of 2°1-5961 in whole brain were measured in mice co-injected
with vehicle (n = 7, open circles), 1 g S961 (n = 5, filled circles) or
10 ng S961 (n = 7, filled squares). Values are expressed as the B/S
ratio (ul/g). As slope of the linear regression was not significantly
different from zero, the average level of 2°1-5961 present in each
group was depicted by a straight, dotted or dashed line.
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(n=2/group). However, addition of S961 did increase the
stability of *°I-insulin in serum (70 =+ 3.8%) vs. vehicle
(51 & 2.6%, P=0.016, n = 3). These results suggest that
deletion of the insulin receptor on endothelial cells does
not affect stability of insulin in serum but that addition
of the inhibitor S961 does enhance the stability of serum
insulin.

Effect of loss of the endothelial insulin receptor
on saturability of insulin transport across the BBB

Addition of 1 pg unlabelled insulin inhibited the trans-
port of '*I-insulin into the brain in mice co-injected with
vehicle or 1 ug S961 (Fig. 6, Table 3). Saturability of a
transport system is defined by self-inhibition (Kastin &
Pan, 2008). These results are in line with previous reports
supporting blood-to-brain insulin transport as saturable
(Duffy & Pardridge, 1987; Schwartz et al. 1991; Baura
et al. 1993; Banks et al. 1997a), and the protein that is
responsible for insulin transport still acts as a saturable
transporter.

Effect of inhibition of the endothelial insulin receptor
on regional distribution of insulin

To determine if insulin distribution throughout the brain
was different with inhibition of the insulin receptor, we
co-injected vehicle or 1 g S961 with '*I-insulin and
9mTc-albumin and measured the amount of '?*I-insulin
present in the brain regions 5 min after intravenous
injection (Fig. 7A). There was no difference in the
1251-insulin level in any brain region except in the hypo-
thalamus, in which S961 resulted in a 56% reduction. The
regional difference in insulin levels suggests insulin trans-
port and/or insulin receptor binding in the hypothalamus
could occur via different mechanisms compared to other
brain regions. To investigate which contributing factor
(transport or binding) occurs in the hypothalamus, we
measured the kinetics of '**I-insulin transport into the
hypothalamus of CD-1 mice with or without 1 ug S961
(Fig. 7B). We found S961 decreased the binding (S961
Vi = —1.76 £ 5.4 ul/g vs. Vehicle V; = 11.42 + 3.8 ul/g,
P < 0.001) in this brain region rather than the
influx (5961 K; = 1.66 + 0.64 wl/(g min) vs. Vehicle
K = 1.27 & 0.46 ul/(g min), P = 0.62).

Discussion

The results presented here suggest that insulin trans-
port across the BBB can occur independently of the
signalling-related insulin receptor. By using two separate
approaches to inhibit signalling-related insulin receptor
binding at the BBB, a genetic model (EndoIRKO mice)
and a pharmacological inhibitor (S961), we investigated
the pharmacokinetics (radioactive and immunoactive) of
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insulin transport across the BBB. We report the influx (Kj)
of insulin is not significantly altered, although the amount
of insulin binding the endothelium (V;) is decreased, with
loss of the signalling receptor. Insulin stability in serum was
increased with the use of S961. In addition, inhibiting the
binding of insulin to the signalling-related insulin receptor
did not block the ability of insulin to fully cross the BBB
or affect saturability of insulin transport across the BBB.
BECs contain many insulin-binding sites (Frank et al.
1985; Miller et al. 1994), but which sites are transporters
vs. signalling receptors is unknown. To investigate whether
insulin transport into the brain in vivo was dependent on
the signalling-related insulin receptor, we first used mice
lacking this insulin receptor on endothelial cells through
Cre recombination driven by the Cdh5 (VE-cadherin)
promoter (EndoIRKO mice) (Konishi et al. 2017; Wang
et al. 2017). Our results, as well as others (Konishi
et al. 2017), suggest there is not complete loss of the
signalling-related insulin receptor in BECs. Since the
reported V; in our study for insulin in the EndoIRKO
mice is not zero, it is likely there is insulin binding to the
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Table 3. Saturability of insulin transport into the whole brain

Ki (ul/(g min)) P r Vi (ul/g)

Vehicle 1.149 £+ 0.35 0.83 6.41 =+ 2.20
Vehicle + 1 nginsulin 0.518 + 0.05* 0.043 0.97 3.45 + 0.42
5961 0.830 + 0.10 0.97 2.64 + 0.79
S961 + 1 g insulin 0.365 + 0.13* 0.018 0.78 2.65 £ 0.85

Group

Pharmacokinetics of insulin transport into the whole brain when
co-administered with or without unlabelled insulin. Levels of
125insulin present in whole brain were measured 1-10 min after
co-injection with either Vehicle or 1 ©g S961 + 1 g unlabelled
insulin and linear data plotted in Fig. 7. Multiple-time regression
analysis was performed to determine the influx of insulin (K;)
and vascular binding (V). Data are presented as means + SEM.
*P < 0.05 vs. respective control group (Vehicle or S961).

residual signalling-related insulin receptor. We compare
the results obtained from the genetic deletion of the
signalling-related insulin receptor in endothelial cells to
the use of the selective signalling-related insulin receptor
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Figure 5. Transfer of '2%Il-insulin across the brain endothelial cell

After separating the capillaries (filled circles) from the remaining brain parenchyma (open circles), the percentage
of '25I-insulin present in the parenchyma was significantly greater than in the capillary fraction in both wild type
and EndolRKO mice (A; n = 2) and in mice co-injected with vehicle or S961 (B; n = 3). All data are expressed as

means & SEM (*P < 0.05, t test).
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Figure 6. Saturability of insulin transport into the whole brain

A, levels of 12°|-insulin present in whole brain was measured after injection = 1 g unlabelled insulin. B, to
evaluate the impact of S961 on the saturability of '2°I-insulin transport, separate mice were co-injected with 1 ug
S961 + 1 g unlabelled insulin. Values are corrected for vascular space and expressed as the Delta B/S ratio (ul/g).
Linear regression analysis was included (straight or dashed line) to depict the influx.
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antagonist S961 (Schaffer et al. 2008). Our data using S961
show that it fully inhibits insulin binding yet does not affect
insulin transport across the BBB into whole brain.

Insulin stability in serum was increased with addition
of S961. Since the inhibitor is similar to the structure
of insulin, it is possible enzymes responsible for insulin
degradation targeted the inhibitor rather than the radio-
active insulin. In addition, since the inhibitor blocks the
ability of insulin to bind to the insulin receptor, there could
be a concurrent increase in the availability of '**I-labelled
insulin in the circulation. As our kinetic studies correct
for the amount of '*’I-insulin present in the circulation,
the increased level of intact radiolabelled insulin does not
alter our results.

Insulin is labelled by attaching the radioactive iodide
to tyrosine (Banks et al. 1997a). Radiolabelled insulin has
been used since at least the 1980s to investigate insulin
binding to the insulin receptor (Frank et al. 1985, 1986).
The only radioactive non-peptide fragments generated
could be iodide and iodotyrosine. Iodide transport across
the BBB is minimal (Banks et al. 1997a). In addition, there
is a brain-to-blood efflux transport system in place for
iodide (Cserr & Berman, 1978), while there is no efflux
system for insulin (Cashion et al. 1996). This combination
would limit any net accumulation of radioactive fragments
in the brain. Insulin that has been inactivated by freezing
and radioactively labelled is not transported across the
BBB. This suggests insulin must be in the biologically
active conformation for transport (Urayama & Banks,
2008).In addition, our current results and previous studies
have found immunoactive levels of human insulin after
peripheral administration in brain that align with the
radioactive studies (Banks et al. 1997¢). Also, in our
study, unlabelled insulin inhibited the radioactive insulin
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transport. These data support the idea that the radio-
activity recovered from the brain after intravenous
injection is intact '*I-insulin. Interestingly, the measures
of variance were much greater for the kinetics parameters
when determined with immunoactive than with radio-
active insulin. While the linear regression was not
significant for the insulin-only group (r = 0.459,
P = 0.252), the S961 group did have a significant linear
regression (r = 0.651, P = 0.0218). With the low levels
of insulin entry into the CNS, this experiment shows
how much more sensitive the radioactive studies can
be. This is presumably because of the greater sensitivity
and reproducibility that is achievable with radioactivity.
Similar to previous studies (Banks et al 1999), our
capillary depletion data showed '*I-insulin was not being
sequestered by BECs. These experiments allow us to better
interpret the data obtained from the kinetic experiments.

To determine the influx of insulin into the brain,
we used the highly sensitive multiple-time regression
analysis technique (Patlak et al. 1983) adapted to modern
graphical applications by using Prism to calculate the
linear regression. Multiple-time regression analysis shows
that the influx of insulin across the BBB in fed wild type
mice (0.870 £ 0.21 wul/(g min)) is similar to the mean
of previously reported influxes, 0.75 ul/(g min) (Banks
et al. 1997a). When we investigated insulin transport in
EndoIRKO mice or mice with S961, the influx was not
significantly affected compared to their controls despite
the slight variance. The correlation coefficients (r) for
each linear regression were very significant, suggesting
adequate power to detect significant differences. The S961
result is in contrast to published data stating the major
pathway for brain microvascular insulin uptake is via
insulin receptor-mediated transfer when also using a high

B Hypothalamus

401 —o- Vehicle
o5 -e - 5961
3 30- °¢
3
o)
"% 201 ° o .op
" o 8 __--;"%s
@ 104 ’__.—' °
g o _.-° °
S 0fa=" 1 o r )
a 5 10 15
-10- Time (min)

Figure 7. Brain distribution of insulin with inhibition of the insulin receptor

A, levels of 12°|-insulin were measured in brain regions collected after 5 min in mice co-injected with vehicle (n = 4,
open bars) or 1 g S961 (n = 6, filled bars). Each brain region is corrected for vascular space and expressed relative
to the whole brain Delta B/S ratio. All data are expressed as means & SEM (*P < 0.05, t test). B, level of '2°I-insulin
in hypothalamus was measured in mice co-injected with vehicle (n = 12, open circles) or 1 ug S961 (n = 11,
filled circles). Values are corrected for vascular space and expressed as the Delta B/S ratio (ul/g). Linear regression
analysis was included (straight or dashed line) to depict the influx. OB, olfactory bulb; Str, striatum; FCtx, frontal
cortex; Hypo, hypothalamus; Hippo, hippocampus; Thal, thalamus; PCtx, parietal cortex; OCtx, occipital cortex;

CB, cerebellum; Mid, midbrain.
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dose of S961 (Meijer et al. 2016). However, only a single
time point sampling of brain radioactive insulin levels was
taken and so transport vs. receptor binding could not be
distinguished. In addition, the dose of S961 used to define
insulin transport in Sprague—Dawley rats was about 60 x
greater than the highest dose used in the current study.
It may be at very high levels that S961 does interfere
with transport of insulin across the BBB. We also verified
pre-treating mice with S961 had no effect by administering
$961 30 min prior to measuring '*I-insulin BBB trans-
port. Even with pre-treatment, we saw no differences in the
influx and insulin binding was still significantly decreased
(data not shown). While a paper by the same group also
showed S961 prevented insulin uptake in an in vitro BEC
model (Gray ef al. 2017), a more recently published paper
investigating the role of S961 in an in vitro BEC model by
a separate group showed insulin transport across the BEC
can occur independently of the insulin receptor (Hersom
et al. 2018). These discrepancies should be taken into
consideration when working with in vitro models as the
culturing conditions (high levels of insulin in the media
required) and tightness of the BEC barrier can be quite
different.

In a seminal paper by King & Johnson (1985), it was
shown in vitro that insulin was transported across aortic
endothelial cells and transport was saturable, similar to our
invivoresults. Yet, using an antibody derived from patients
with insulin resistance, insulin binding to the endothelial
cell and transport across the endothelium was inhibited
in a dose-dependent manner. Perhaps it is possible the
antibody, being polyclonal, also recognized the protein
responsible for insulin transport. However, a recent paper
showed that insulin transport across the muscle end-
othelium was similarly independent of the insulin receptor
using S961 (Williams et al. 2018). Our results show for
the first time in vivo that insulin transport into the brain
still occurs with loss of the endothelial signalling-related
insulin receptor.

We show that differences in the amount of insulin
binding to the brain endothelium is significantly altered
with loss or inhibition of the signalling-related receptor.
This is expected as the receptor serves as a primary binding
site for insulin and it has been shown insulin can bind
to brain capillaries (Schwartz et al. 1990). Using the
EndoIRKO mice and S961 inhibitor, we experimentally
reduced or removed the main receptor binding site for
insulin on endothelial cells, as confirmed by the decrease
in V;. S961 inhibits the insulin receptor on any cell type.
However, EndoIRKO mice do not have complete insulin
receptor knockout in all BECs and, therefore, the binding
of insulin to residual endothelial cell insulin receptors
or on other cells types (such as epithelial cells in the
choroid plexus) likely contributes to the V; observed here.
The decrease in V; also serves as a control for successful
conditional knockout and inhibition of the receptor in
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endothelial cells. Together, these data indicate that the
signalling-related insulin receptor does bind circulating
insulin at the lumen of BECs, but is not the sole protein
responsible for transporting insulin across the BBB into
the CNS interstitium.

It has previously been reported that fed EndoIRKO
serum insulin levels are approximately two times greater
than their wild type littermates (Konishi et al. 2017). In
addition, when S961 is given Lv., serum insulin levels
increase approximately threefold (Vikram & Jena, 2010).
We observed the same increase in serum insulin level in fed
EndoIRKO mice and 6 h-fasted CD-1 mice 5 min after 1 ug
S961 L.v. injection (data not shown). However, if anything,
the increased level of serum insulin would decrease the
influx of insulin transport across the BBB since the system
is saturable. The transporter for insulin has been shown to
be totally saturable at serum concentrations of 10 ng/ml
in mice (Banks et al. 1997¢). In addition, the data from
our fed vs. fasted mice suggest the change in serum insulin
level that occurs with short-term fasting is not enough to
alter transport across the BBB.

Previous studies have shown the olfactory bulb,
pons—medulla and hypothalamus have the greatest levels
of insulin transport (Banks & Kastin, 1998; Banks et al.
1999). We observed similar regional findings in our study.
Interestingly, the level of insulin present in the hypo-
thalamus relative to whole brain levels was decreased
with S961. We followed up this study to measure the
pharmacokinetics of insulin transport into the hypo-
thalamus in the presence of S961. We found that while
the influx was not altered with insulin receptor inhibition,
receptor binding was significantly decreased.

A small percentage of insulin can be transported
by the separate transport system for IGF-1 (Yu et al
2006). Insulin can bind to the IGF-1 receptor but with
much lower affinity (Wilcox, 2005). However, there is
no compensation of the IGF-1 receptor protein levels in
the endothelium of EndoIRKO mice as measured in the
aorta (Konishi et al. 2017). In addition, it is not likely
the IGF-1 receptor compensates completely to transport
insulin with acute inhibition of the insulin receptor with
S961. The affinity of S961 for the insulin receptor is four
magnitudes greater than for IGF-1, and has an even greater
affinity for the insulin receptor than insulin itself (Schaffer
et al. 2008). Lastly, as the transport system for insulin has
a much higher capacity than that for IGF-1 (Yu et al.
2006), we would still expect to observe a decrease in
insulin transport with loss of the receptor if transport
were dependent on the signalling-related insulin receptor.
Therefore, it is not likely the IGF-1 receptor is responsible
for insulin transport across the BBB. Additionally, megalin
(or LRP-2) has been suggested to bind and internalize
insulin (Orlando et al. 1998), in addition to many other
hormones, including leptin and IGF-1. However, the
transport systems for leptin and insulin have been shown

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society
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to be independent of one another (Banks et al. 1996).
We did test whether an inhibitor for megalin using the
receptor-associated protein (RAP) inhibited insulin trans-
port across the BBB and found no difference (data not
shown).

The question of whether or not the signalling-related
insulin receptor is also the transporter for insulin has
prevailed for at least 30 years (Banks, 2004). The data
presented here show that the signalling-related insulin
receptor is not absolutely required for transport of
insulin across the BBB. To compare, there are sub-
stances that are transported across the BBB by their
receptor, such as tumour necrosis factor o (TNF«) (Pan
& Kastin, 2002). However, in most cases, the receptor
for a particular peptide is not also responsible for the
transport of the peptide across the BBB. For example, the
transporter for PACAP27, a pluripotent neuropeptide, is
peptide transport system-6, and differs from the canonical
signalling-related receptors PAC1, VPACI and VPAC2
(Dogrukol-Ak et al. 2009). In addition, epidermal growth
factor (Pan & Kastin, 1999) transporters differ from their
signalling-related receptor.

Determining that the signalling-related insulin receptor
is not the BBB insulin transport-related protein has
many important ramifications. It provides a mechanism
by which insulin resistance at peripheral tissues or in
the brain does not necessarily involve insulin transport.
By extension, discovering the protein(s) responsible for
transport of insulin may provide insight on the marked
variations in insulin BBB transport due to the physio-
logical state (Banks & Kastin, 1998). It is not surprising
there are multiple proteins involved in insulin signalling
and transport due to the many regulations it has within the
CNS. In addition, identifying the transporter for insulin
would contribute to understanding various diseases due to
a deficiency of insulin transport, including disruptions in
the CNS/periphery connection in the metabolic syndrome
and changes in cognition due to decreased levels of CNS
insulin. Regarding drug delivery, the insulin receptor
has long been targeted by Trojan horse approaches
because of the assumption that BBB insulin transport is
insulin receptor mediated. In retrospect, these approaches
are likely inducing adsorptive endocytosis/transcytosis
mechanisms, routing the cargo primarily to lysosomes.

As the role for insulin in various neurodegenerative
diseases is becoming more apparent, understanding the
regulation of insulin transport into the brain will aid
in treatments. Indeed, insulin levels and receptors in
the CNS are also decreased with Alzheimer’s disease
and age (Craft et al. 1998; Frolich et al. 1998) which
could be a result of transporter dysfunction. Of course,
the metabolic regulation of CNS insulin will be greatly
impacted by the discovery of the insulin transport-related
protein. Knowing how to enhance the transport of insulin
to the CNS will aid in many therapeutic conditions.
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In conclusion, this is the first in vivo evidence that
the signalling-related insulin receptor may not be solely
responsible for transport of insulin across the BEC and
into the brain.
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