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Introduction
Insulin blood-brain barrier (BBB) transport is critical for 
delivering insulin to the brain. Insulin has multiple roles 
in the brain, regulating metabolism and cognition [1]. 
In conditions, including obesity and Alzheimer’s disease 
(AD), where there is a dysfunction in brain insulin action, 
known as insulin resistance, insulin BBB transport is also 
impaired [2]. Therefore, it is clear there is a relationship 
between insulin BBB transport and brain insulin resis-
tance. Understanding more about the regulation of insu-
lin transport into the brain will help us understand how 
brain insulin resistance arises and suggest therapeutic 
targets for prevention.
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Abstract
Background Insulin transport across the blood-brain barrier (BBB) is a highly regulated, saturable process, known to 
be affected by many peripheral substrates including insulin itself and triglycerides. This is in contrast to insulin leakage 
into peripheral tissues. Whether the central nervous system (CNS) can control the rate of insulin uptake by brain 
remains to be determined. Insulin BBB interactions are impaired in Alzheimer’s disease (AD) and CNS insulin resistance 
is widely prevalent in AD. Therefore, if CNS insulin controls the rate of insulin transport across the BBB, then the 
defective transport of insulin seen in AD could be one manifestation of the resistance to CNS insulin observed in AD.

Methods We investigated whether enhancing CNS insulin levels or induction of CNS insulin resistance using an 
inhibitor of the insulin receptor altered the blood-to-brain transport of radioactively labeled insulin in young, healthy 
mice.

Results We found that insulin injected directly into the brain decreased insulin transport across the BBB for whole 
brain and the olfactory bulb in male mice, whereas insulin receptor blockade decreased transport in female mice 
for whole brain and hypothalamus. Intranasal insulin, currently being investigated as a treatment in AD patients, 
decreased transport across the BBB of the hypothalamus.

Conclusions These results suggest CNS insulin can control the rate of insulin brain uptake, connecting CNS insulin 
resistance to the rate of insulin transport across the BBB.
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Insulin levels in the cerebrospinal fluid (CSF) are 
approximately 1/10th that in the blood under baseline 
conditions [3–5]. Insulin can be detected in the intersti-
tial fluid and is similar to levels in the CSF [3]. Histori-
cal radioactive binding assays suggest insulin is present 
throughout the entirety of the brain [6] and immuno-
active measurements of insulin have been assessed in 
the rat brain [7]. The olfactory bulb and hypothalamus 
contain some of the highest levels of insulin, while the 
amygdala and midbrain have much less [7]. Insulin is pre-
dominantly made in the pancreatic β cells and released 
into the circulation. Recent evidence suggests insulin 
may be synthesized and released in small amounts within 
the choroid plexus [8]. However, BBB transport is still 
considered the primary regulator of insulin availability 
within the brain and therefore, must have appropriate 
mechanisms in place to transport insulin into the brain. 
This contrasts with tissues in the periphery, which lack 
the unique structure of the BBB, and have greater access 
to the availability of insulin due to more porous endo-
thelial barriers, including the liver and kidney. Muscle 
delivery of insulin does require navigating a tighter endo-
thelial barrier than other peripheral tissues and this pro-
cess is still under active investigation [9].

Insulin BBB transport has been investigated for mul-
tiple decades [6, 10]. Insulin transport is known to be 
saturable [11, 12], unidirectional from blood-to-brain 
[13], selective for insulin [14] although the degree of 
specificity is currently unknown, conserved across spe-
cies [11, 12, 15, 16], has a varying rate of transport among 
brain regions [6, 17], and requires intact insulin [18, 19]. 
Additionally, insulin BBB transport occurs independent 
of the endothelial insulin receptor as recently shown by 
our group [20] and confirmed by others [21–23]. Lastly, 
insulin BBB transport is modified by many serum factors 
[11, 19] and in various diseases and conditions, including 
obesity, diabetes, AD, aging, and exercise [2, 6, 10, 24]. 
However, whether the brain can control its own rate of 
insulin BBB transport has not been directly tested.

Intranasal (IN) insulin therapy is currently being inves-
tigated in the treatment of cognitive impairment in AD 
[25]. This route of delivery is known to bypass the BBB 
and delivers insulin directly to the brain via the cribri-
form plate, without affecting peripheral glucose levels 
[26]. In the current study we wanted to identify whether 
the therapeutic delivery of IN insulin could affect the 
endogenous insulin transport system across the BBB. The 
distribution of insulin following IN delivery differs com-
pared to the endogenous route for insulin to access the 
brain and from distribution after intracerebroventricular 
(ICV) injection [26]. Therefore, it is important to under-
stand whether IN insulin therapy could alter the BBB 
transport of insulin.

Using young, healthy male and female CD-1 mice, we 
investigated radioactive insulin blood-to-brain transport 
following brain manipulation of insulin signaling. We uti-
lized various methods involving IN and ICV administra-
tion to compare and contrast the two routes of delivery 
[26]. We also investigated whether activation of brain 
insulin signaling or inhibition of insulin receptor signal-
ing, as occurs in brain insulin resistance, could impact 
insulin BBB transport by delivering insulin or the selec-
tive insulin receptor antagonist S961 [27], directly to the 
brain.

Methods
Animals
Two-month-old male and female CD-1 mice (Charles 
River Laboratory, Seattle, WA) were kept on twelve-hour 
light/dark cycles (lights on at 6:00 AM) and provided ad 
libitum access to food and water. CD-1 mice are an estab-
lished model for BBB transport studies. To minimize pain 
and distress, all mice were anesthetized with an intraperi-
toneal injection of 0.15 mL of 40% urethane before each 
study and kept on a heating pad to maintain normal body 
temperature. All animal procedures were approved by the 
VA Puget Sound Health Care System Institutional Ani-
mal Care and Use Committee and implemented under 
guidelines and regulations at a facility certified by the 
Association for Assessment and Accreditation of Labora-
tory Animal Care International (AAALAC).

Radioactive labeling
The use of radioactive tracers allows quantifying BBB 
pharmacokinetics without the need to administer high 
doses of insulin necessary for immunoactive measure-
ments. One millicurie (mCi) of 125I (Perkin Elmer, 
Waltham, MA, USA) was added to 10 µg of human insu-
lin (Sigma-Aldrich St Louis, MO, USA) or S961 (gift from 
Novo Nordisk, Denmark) diluted in 0.25  M chloride-
free sodium phosphate buffer (PB, pH 7.5). The first step 
involved adding 10  µg chloramine-T (Sigma-Aldrich) 
diluted in 0.25  M PB to initiate the radioactive labeling 
reaction for a final reaction volume of 60 µl. After 60 s, 
100 µg of sodium metabisulfite (Sigma-Aldrich) in 10 µl 
was added to terminate the reaction. Albumin (Sigma-
Aldrich) was labeled with Technetium-99  m (99mTc, 
Radioisotope Life Sciences, Tampa, FL, USA) by combin-
ing 1 mCi of 99mTc, 1  mg bovine serum albumin (BSA) 
with 0.5 ml deionized water, 120  µg stannous tartrate, 
and 20 µl 1 M HCl for 20 min. To purify both 125I-insulin 
and 99mTc-albumin, a column of Sephadex G-10 (Sigma-
Aldrich) was used, and 100  µl fractions were collected 
in 100  µl 1% BSA/lactated Ringers (BSA/LR). Protein 
binding to the respective isotope was characterized by 
30% trichloroacetic acid (TCA) precipitation. The radio-
actively labeled substrates used were quality-controlled, 
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negating the overestimation of free radioactivity. The 
estimated specific activity for 125I-insulin has been previ-
ously calculated to be 55 Ci/g [11].

ICV delivery and distribution
To measure the distribution of 125I-insulin and 125I-S961 
following ICV delivery, we used methods previously 
described for other regulatory peptides [28, 29]. The 
scalp was reflected in anesthetized mice and a hole was 
drilled 1 mm lateral and 0.2 mm posterior to the Bregma. 
A 26 G Hamilton syringe was used to inject 1  µl of 
125I-insulin or 125I-S961 (25,000 CPM in 1% BSA/LR) at 
a depth of 2.5  mm into the right ventricle of the brain. 
Brains were removed between 2 and 60  min later and 
dissected into regions. Blood was collected from the left 
carotid artery and spun at 3,200xg for 10 min. Weighed 
brain regions and serum were counted in a gamma coun-
ter (Wizard2, Perkin Elmer, Waltham, MA, USA). The 
amount of radioactivity detected in each region (CPM/
region) or serum (CPM/ul serum) was divided by the 
amount injected (CPM/Inj) and multiplied by 100 to cal-
culate the %Inj. The %Inj was divided by the weight of 
the region (g/region) or the volume serum measured (ul/
serum) to calculate the %Inj/g and %Inj/ml. Pilot studies 
were performed to identify ventricular injection using 
this method.

BBB pharmacokinetics - multiple-time regression analysis 
(MTRA)
For all radioactive studies, the right jugular vein and 
left carotid artery were exposed. A radioactive intra-
venous (IV) injection of 0.2 ml of 1% BSA/LR con-
taining 1 × 106 CPM of 125I-insulin and 5 × 105 CPM of 
99mTc-albumin was injected into the right jugular vein, 
with 99Tc-albumin acting as a marker for vascular space. 
For studies involving ICV injections (method described 
above), mice first received a 1 µl ICV injection of vehicle 
(PB), human insulin (1 µg in PB), or the insulin receptor 
antagonist, S961 (1 µg in PB). Mice were injected IV with 
the radioactive tracer 10 min later. For studies involving 
IN injections, mice received a 1  µl injection of vehicle 
(1% BSA/LR) or insulin (1 µg in 1% BSA/LR) at the level 
of the cribriform plate as previously described [30]. At a 
time when insulin levels are highest in the brain follow-
ing IN insulin injection (30 min later) [30], mice received 
an IV injection containing the radioactive tracer. Blood 
was collected from the left carotid artery between 0.5 and 
10 min after IV injection, followed by immediate decapi-
tation. The whole brain, olfactory bulb, and in some 
cases the hypothalamus were removed and weighed. 
Serum was collected by centrifuging the arterial blood at 
3,200xg for 10  min. Each mouse yielded a single serum 
sample and time-matched brain sample. Exposure time 
was calculated from the formula:

 
Exposure time =

∫ t

0Cp (t) dt

Cp (t)
 (1)

,where Cp is the level of radioactivity (CPM) in serum at 
time (t). This value corrects for the clearance of insulin 
from the blood. Insulin influx was calculated by MTRA:

 

Am

Cpt
= Ki

(∫ t

0Cp (t) dt

Cp (t)

)
+ V i  (2)

,where Am is the level of radioactivity (CPM) per gram 
of brain tissue at time (t), Cpt is the level of radioactiv-
ity (CPM) per ml arterial serum at time t, Ki (µl/g-min) is 
the steady-state rate of unidirectional solute influx from 
blood to brain. Vi (µl/g) is the level of solute in rapid, 
reversible equilibrium between plasma and brain. Sub-
tracting ratios for 99mTc-albumin from the correspond-
ing 125I-insulin brain/serum (B/S) ratio yielded a delta 
B/S ratio, which corrects the B/S ratio for 125I-insulin for 
vascular space. The linear portion of the relation between 
the delta B/S ratio versus exposure time is represented 
in the figures and was used to calculate the Ki (µl/g-min) 
with its standard error term, and the y-intercept deter-
mined representing the Vi(µl/g).

Regional distribution
For the regional studies, brain and serum were col-
lected at a single time point post central nervous system 
(CNS) manipulation. For IN studies following ICV deliv-
ery, S961 (1 µg in PB) or vehicle was given ICV, and IN 
125I-insulin was immediately administered. 30 min later, 
brain and serum were collected. For IV studies following 
IN delivery, insulin (1 µg in PB) or vehicle was given IN, 
and IV 125I-insulin was administered 30 min later. For IV 
studies following ICV delivery, S961 (1 µg in PB) or vehi-
cle was given ICV and 10  min later, IV 125I-insulin and 
99mTc-albumin was injected. For the IV studies, brain and 
serum were collected 5  min later. Olfactory bulb (OB) 
and the whole brain dissected into 10 regions [31] were 
weighed: striatum (St), frontal cortex (FC), hypothala-
mus (Hy), hippocampus (HC), thalamus (Th), parietal 
cortex (PC), occipital cortex (OC), cerebellum (CB), mid-
brain (MB), and pons-medulla (PM). Whole brain (WB) 
is the summed value from individual regions. The levels 
of radioactivity in serum (50 µl) and brain samples were 
counted in a gamma counter (Wizard2, Perkin Elmer, 
Waltham, MA, USA). %Inj/g for IN distribution and 
Delta B/S ratios following IV administration were calcu-
lated as described above. 99mTc-albumin B/S ratios are 
also presented to identify changes in regional vascular 
space following CNS manipulation.
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Immunoactive insulin measurement
Blood was collected from the descending aorta in anes-
thetized mice 30 min following ICV insulin (1 µg) or ICV 
S961 (1  µg). Whole blood was centrifuged at 3,200xg 
for 10  min. Serum was collected, aliquoted, and frozen 
at -80  °C until measurement. Mouse insulin was mea-
sured in 1:3 diluted serum using the single-plex Meso 
Scale Discovery mouse insulin kit (MSD, Rockville, MD) 
according to the manufacturer’s directions. This kit cross 
reacts with human insulin.

Statistical analysis
Regression analyses and other statistical analyses were 
performed with Prism 9.0 (GraphPad Softward Inc., San 
Diego, CA, USA). For all MTRA pharmacokinetic stud-
ies, the slope of the linear regression lines (Ki), reported 
with their correlation coefficients (r), and y-intercepts 
(Vi) were compared statistically using Prism equivalent 
to an analysis of covariance (ANCOVA) [32]. For these 
studies, the individual data points are presented in the 
representative Figures. The linear regression data, cor-
relation coefficients, and statistical results are presented 
in the Tables. For the regional studies, the regional B/S 
levels for each sex were reported with their standard 
error terms and analyzed by a two-way analysis of vari-
ance (ANOVA) followed by Tukey’s post hoc test when 
appropriate. A student’s t test was used when immunoac-
tive levels of insulin were compared between two groups.

Results
Distribution of 125I-insulin and 125I-S961
First, we identified distribution and possible site of action 
for human insulin and S961. We have shown following IN 
administration that 125I-insulin distributes throughout 
the brain over time to all regions and peaks after about 
30 min in male CD-1 mice [30]. We show here that fol-
lowing ICV delivery into the lateral ventricle of the brain, 
125I-insulin and 125I-S961 also distribute throughout the 
brain. Within 5  min 125I-insulin appears in the serum 
and significantly increases with time, to about 2%Inj/

ml by the 30  min time point (Fig.  1A). As this is about 
1/10th of the level of insulin seen after IV injection, we 
can conclude that most of the insulin administered ICV 
does not enter the blood stream. 125I-insulin rapidly 
spreads to regions of the brain including the hypothala-
mus, cerebellum, and olfactory bulb (Fig.  1B). Levels in 
the hypothalamus remain high up until 60 min and levels 
in other regions plateau after 15 min. Within 2 min after 
ICV injection, 125I-S961 has rapidly spread to regions of 
the brain, including the hypothalamus (Fig. 1C). Levels in 
the hypothalamus continue to increase up until 10  min 
and levels in other regions remain at a plateau after 
2 min. These data and our previous data [30] suggest that 
125I-insulin is distributed throughout the brain following 
IN or ICV delivery within 5  min. ICV 125I-S961 is also 
distributed throughout the brain within 2 min.

Effect of CNS treatment on 125I-insulin serum clearance
In order to investigate insulin brain uptake, we first 
needed to identify whether CNS treatment with insulin 
or S961 could affect 125I-insulin serum clearance. To do 
these studies, we assessed the effects of administering 
1 µg IN or ICV of human insulin or 1 µg ICV of S961 on 
the clearance of intravenously administered 125I-insulin. 
The blood level of 125I-insulin was assessed within 5 min 
after its IV injection and 30 min after the IN administra-
tion or 10 min after the ICV administration of insulin or 
S961, a time when we have shown these substances are 
distributed throughout the CNS. We identified there was 
no effect of IN or ICV insulin on serum clearance in male 
mice (Fig. 2A, B). Additionally, there was no effect of ICV 
S961 on 125I-insulin serum clearance in male or female 
mice (Fig. 2C, D). These data suggest there was no direct 
effect on 125I-insulin serum clearance following CNS 
treatment with the doses of insulin or S961 used in the 
time frame investigated.

Fig. 1 Distribution of 125I-insulin and 125I-S961 following ICV delivery. Distribution of (A)125I-insulin in serum and (B)125I-insulin or (C)125I-S961 throughout 
the brain was measured over time. There were significant differences over time for serum (one-way ANOVA *p < 0.05) and between brain regions (two-
way ANOVA: time and region p < 0.05; post hoc analysis as marked: ap<0.05 hypothalamus vs. all other regions; bp<0.05 hypothalamus vs. hippocampus; 
cp<0.05 hypothalamus vs. olfactory bulb, frontal cortex, and cerebellum; dp<0.05 olfactory bulb vs. hippocampus, ep<0.05 hippocampus vs. olfactory 
bulb and frontal cortex; n = 2–4 /time point)
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Effect of CNS treatment on BBB permeability and brain 
vascular space
We then determined that ICV or IN insulin or ICV S961 
had no effect on whole brain vascular space or BBB 
leakage as measured with 99mTc-albumin (Fig.  3). The 
whole brain B/S ratios are typical for what we normally 
observe [20] in these types of transport studies (range of 
8–12  µl/g). Additionally, there was no significant linear 
uptake of 99mTc-albumin into the olfactory bulb or hypo-
thalamus over time (data not shown). These data show 
there is no BBB disruption to albumin and the whole 
brain vascular space is not impacted by CNS treatment 
with the doses of insulin or S961 used in the time frame 
investigated.

Effect of CNS treatment on 125I-insulin BBB transport
Next, we investigated the impact of administering insu-
lin or S961 into brain on 125I-insulin blood-to-brain 
transport. There was no effect of IN insulin (30  min) 

on 125I-insulin blood-to-brain transport in the whole 
brain (IN Vehicle Ki = 1.49 ± 0.24 vs. IN Insulin Ki = 
2.05 ± 0.31 µl/g-min, p = 0.193) or olfactory bulb (IN Vehi-
cle Ki = 2.14 ± 0.41 vs. IN Insulin Ki = 2.74 ± 0.52 µl/g-min, 
p = 0.366) (Fig.  4A, B; Table  1). However, in a follow up 
study, IN insulin slowed the blood-to-brain transport rate 
of 125I-insulin into the hypothalamus by about 85% (IN 
Vehicle Ki = 3.76 ± 0.76 vs. IN Insulin Ki = 0.57 ± 0.88 (ns) 
µl/g-min, p = 0.037) (Fig. 4C; Table 1). These data suggest 
IN insulin delivery regionally regulates the blood-to-
brain transport system for insulin.

When we investigated the impact of delivering insu-
lin to the CNS via ICV delivery (10 min), we found the 
rate of transport of 125I-insulin across the BBB from 
blood-to-brain was decreased by about 57% in the whole 
brain (ICV Vehicle Ki = 0.71 ± 0.14 vs. ICV Insulin Ki = 
0.30 ± 0.11  µl/g-min, p = 0.037) and by about 82% in the 
olfactory bulb (ICV Vehicle Ki = 1.93 ± 0.25 vs. ICV Insu-
lin Ki = 0.35 ± 0.16 µl/g-min, p < 0.0001) (Fig. 5; Table 2). 

Fig. 2 125I-insulin serum kinetics following CNS treatment. There was no difference in 125I-insulin kinetics following (A) IN insulin in males, (B) ICV insulin 
in males, (C) ICV S961 in males, or (D) ICV S961 in females. Each data point represents a single mouse
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These data suggest higher insulin levels in the brain can 
slow the blood-to-brain transport system for insulin.

We then blocked CNS insulin action as a model of 
CNS insulin resistance by injecting S961 ICV. We found 

ICV S961 slows the rate of transport of 125I-insulin from 
blood-to-brain by about 55% in the whole brain only in 
females (ICV Vehicle Ki = 2.15 ± 0.36 vs. ICV S961 Ki = 
0.96 ± 0.17  µl/g-min, p = 0.007) (Fig.  6B; Table  3). ICV 

Fig. 4 125I-insulin blood-to-brain transport following intranasal insulin. 125I-insulin BBB pharmacokinetics were assessed 30 min after 1 µl IN injection of 
vehicle (1% BSA/LR) or insulin (1 µg) in the (A) whole brain, (B) olfactory bulb, and (C) hypothalamus. See Table 1 for pharmacokinetic calculations. Each 
data point represents a single mouse. Ki *p < 0.05 as marked

 

Fig. 3 Permeability of the whole brain BBB to 99mTc-albumin following CNS treatment. There was no significant multiple-time linear regression in 
99mTc-albumin Brain/Serum (B/S) ratios following (A) IN insulin in males, (B) ICV insulin in males, (C) ICV S961 in males, or (D) ICV S961 in females, indica-
tive of no transport of this vascular marker within the time frame investigated. Each data point represents a single mouse
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S961 reduced the amount of vascular binding (Vi) for 
125I-insulin to about 44% in male whole brain (ICV Vehi-
cle Vi = 3.2 ± 1.3 vs. ICV S961 Vi = 2.1 ± 0.6 µl/g, p = 0.002) 
(Fig.  6A; Table  3). There was no impact of ICV S961 of 
the rate of 125I-insulin blood-to-brain transport in the 
olfactory bulb or hypothalamus in males or females 
(Fig. 6C-F; Table 3), although there was a trend towards a 
decrease in the transport rate to 40% into the hypothala-
mus in males (p = 0.084). Vascular binding of 125I-insulin 
was decreased in the olfactory bulb in males (ICV Vehicle 
Vi = 5.8 ± 3.7 vs. ICV S961 Vi = 5.5 ± 3.0 µl/g, p = 0.040). 
These data suggest CNS insulin resistance can regulate 
the blood-to-brain transport system and interactions for 
insulin at the BBB in a sex-specific manner and may be 
regionally regulated.

Effect of CNS treatment on serum insulin levels
As CNS insulin signaling is known to affect peripheral 
insulin levels, we wanted to identify whether CNS insu-
lin or S961 was altering endogenous mouse serum insulin 
levels. Insulin transport is saturable [11, 12] so changes 
in serum insulin levels could impact 125I-insulin BBB 

transport. Thirty minutes following ICV vehicle, human 
insulin (1 µg), or S961 (1 µg) delivery in male mice, serum 
was collected and assayed for mouse insulin. However, 
upon further correspondence with the kit manufacturer, 
it was noted this kit cross reacts with human insulin. 
CNS insulin delivery nearly doubled the amount of insu-
lin present in the serum (Fig.  7A). We cannot conclude 
from this data whether CNS insulin affects endogenous 
peripheral insulin levels or enters the circulation follow-
ing ICV injection, as shown in Fig. 1A. CNS S961 had no 
effect on serum insulin levels 30 min following treatment 
(Fig. 7B). These data suggest CNS insulin receptor inhibi-
tion does not impact peripheral insulin levels in the time 
frame investigated.

Effect of CNS insulin resistance on IN 125I-insulin 
distribution
IN insulin is currently being investigated in the clinic 
as a therapy to delay cognitive decline [25] in patients 
that likely have CNS insulin resistance [33]. We wanted 
to verify CNS insulin resistance, via CNS insulin recep-
tor blockade using S961, did not affect distribution of 
125I-insulin following IN delivery. Immediately follow-
ing ICV administration of vehicle or S961 (1  µg), we 
measured regional distribution of 125I-insulin following 

Table 1 125I-insulin blood-to-brain pharmacokinetics following 
intranasal insulin
Brain Group Ki 

(µl/g-min)
p r Vi (µl/g)

Whole 
Brain

Vehicle 1.49 ± 0.24 0.193 0.89 4.6 ± 0.9

Insulin 2.05 ± 0.31 0.93 3.8 ± 0.9

Olfactory 
Bulb

Vehicle 2.14 ± 0.41 0.366 0.76 11.7 ± 2.9

Insulin 2.74 ± 0.52 0.79 9.7 ± 3.9

Hypothalamus Vehicle 3.76 ± 0.76 0.037 0.93 3.9 ± 3.8

Insulin 0.57 ± 0.88 
(ns)

0.35 4.9 ± 2.9

Data in this table are generated from the analysis of the graphs in Fig. 4

Table 2 125I-insulin blood-to-brain pharmacokinetics following 
ICV insulin
Brain Group Ki (µl/g-min) p r Vi (µl/g)
Whole 
Brain

Vehicle 0.71 ± 0.14 0.037 0.72 5.9 ± 1.5

Insulin 0.30 ± 0.11 0.50 7.9 ± 1.5

Olfactory 
Bulb

Vehicle 1.93 ± 0.25 < 0.0001 0.86 5.5 ± 2.5

Insulin 0.35 ± 0.16 0.45 14.6 ± 2.2
Data in this table are generated from the analysis of the graphs in Fig. 5

Fig. 5 125I-insulin blood-to-brain transport following ICV insulin. 125I-insulin BBB pharmacokinetics were assessed 10 min after 1 µl ICV injection of vehicle 
(PB) or insulin (1 µg) in the (A) whole brain and (B) olfactory bulb. See Table 2 for pharmacokinetic calculations. Each data point represents a single mouse. 
Ki *p < 0.05 as marked
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Fig. 6 125I-insulin blood-to-brain transport following ICV S961. 125I-insulin BBB pharmacokinetics were assessed 10 min after 1 µl ICV injection of vehicle 
(PB) or S961 (1 µg) in the A/B) whole brain, C/D) olfactory bulb, and E/F) hypothalamus in males (A, C, E) and females (B, D, F). See Table 3 for pharmaco-
kinetic calculations. Each data point represents a single mouse. Ki *p < 0.05 as marked
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IN administration. We found ICV S961 did not impact 
125I-insulin brain distribution after 30 min (Fig. 8), simi-
lar to previous findings in a mouse model of sporadic AD 
[30]. This data suggests CNS insulin resistance does not 
affect transport and distribution of 125I-insulin following 
IN delivery.

Effect of CNS treatment on regional vascular space
Due to a potential regional regulation of IN insulin or 
ICV S961 on 125I-insulin BBB transport, we performed 
follow-up studies on various regions throughout the 
brain. We correct for vascular space using 99mTc-albumin 
when measuring 125I-insulin brain uptake. 99mTc-albumin 
does not cross the BBB in the time frame investigated 
(Fig. 3). Therefore, any changes in 99mTc-albumin B/S lev-
els would be attributed to changes in the vascular space. 
When we calculated the B/S levels of 99mTc-albumin, 
we found treatment differences in select regions both 

following IN insulin and ICV S961 administration. Thirty 
min following IN insulin (1  µg) in male mice, we saw a 
43% increase in the amount of 99mTc-albumin in the 
olfactory bulb (IN Vehicle B/S ratio = 12.3 ± 1.0 vs. IN 
Insulin B/S ratio = 17.7 ± 1.8 µL/g, p = 0.023) (Fig. 9A). Ten 
min following ICV S961 (1 µg), we observed no difference 
in male mice (Fig. 9B). However, we saw a 34% increase 
in the amount of 99mTc-albumin in the female olfactory 
bulb (ICV Vehicle B/S ratio = 18.6 ± 1.5 vs. ICV S961 B/S 
ratio = 25.1 ± 2.9 µL/g, p = 0.008) and a 76% increase in the 
striatum (ICV Vehicle B/S ratio = 7.8 ± 1.2 µL/g vs. ICV 
S961 B/S ratio = 13.7 ± 2.4 µL/g, p = 0.024) following ICV 
S961 administration (Fig.  9C). These data suggest CNS 
insulin signaling can impact regional vascular space, par-
ticularly in the olfactory bulb.

Table 3 125I-insulin blood-to-brain pharmacokinetics following ICV S961
Brain Region Sex Group Ki (µl/g-min) Ki p r Vi (µl/g) Vi p
Whole 
Brain

Male Vehicle 1.01 ± 0.26 0.143 0.80 3.2 ± 1.3 0.002

S961 0.66 ± 0.07 0.94 2.1 ± 0.6

Female Vehicle 2.15 ± 0.36 0.007 0.88 1.5 ± 1.7 -

S961 0.96 ± 0.17 0.87 2.2 ± 0.92

Olfactory 
Bulb

Male Vehicle 2.72 ± 0.78 0.111 0.74 5.8 ± 3.7 0.040

S961 1.32 ± 0.41 0.70 5.5 ± 3.0

Female Vehicle 2.28 ± 0.48 0.418 0.85 4.9 ± 2.3 0.131

S961 1.73 ± 0.46 0.78 4.0 ± 2.3

Hypothalamus Male Vehicle 2.50 ± 0.71 0.084 0.74 2.7 ± 3.4 0.455

S961 1.00 ± 0.43 0.59 7.2 ± 3.4

Female Vehicle 6.42 ± 2.08 0.200 0.76 1.2 ± 4.8 0.036

S961 3.21 ± 0.91 0.78 -0.6 ± 4.4
Data in this table are generated from the analysis of the graphs in Fig. 6

Fig. 7 Serum insulin levels following CNS treatment. 30 min following (A) ICV insulin, there was a significant increase in the levels of serum insulin but 
not following (B) ICV S961. Each data point represents a single mouse. Student’s t-test *p < 0.01 as marked
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Effect of CNS treatment on regional 125I-insulin brain 
uptake
Lastly, we identified whether IN insulin or ICV S961 
regulates 125I-insulin brain uptake regionally. Thirty 
min following IN insulin in male mice, we found over-
all differences in 125I-insulin regional uptake (two-way 
ANOVA, interaction p = 0.0157), after correction for 
vascular space (Delta B/S ratios). Specifically, there was 
an increase in the amount of 125I-insulin present in the 
olfactory bulb (IN vehicle delta B/S ratio 36.1 ± 3.3 µL/g 
vs. IN insulin delta B/S ratio = 51.2 ± 3.7 µL/g, p = 0.0025) 
(Fig.  10A). Ten min following ICV S961 in male mice, 
there were no regional differences in 125I-insulin brain 
uptake (Fig. 10B). However, following ICV S961 in female 
mice (Fig.  10C), we found decreases in the amount of 
insulin uptake (two-way ANOVA, treatment p = 0.0101) 
with no post hoc differences, consistent with our data 
showing decreased insulin BBB transport in female mice 
following ICV S961. These data suggest CNS insulin sig-
naling can broadly impact 125I-insulin brain uptake.

Discussion
We have previously shown genetic knock-down of the 
endothelial insulin receptor or pharmacological inhi-
bition of the endothelial receptor using S961 did not 
affect the transport of insulin across the BBB [20]. We 
wanted to extend these findings to the CNS to deter-
mine whether the insulin receptor present in CNS cell 

types could regulate insulin BBB transport. In this study, 
we investigated whether the brain could control its own 
rate of insulin entry from the periphery, across the BBB. 
Specifically, we investigated whether brain insulin con-
centrations or insulin receptor signaling inhibition could 
regulate insulin BBB transport. In time frames where 
we know our CNS manipulations (insulin or the insu-
lin receptor antagonist, S961) can distribute through-
out the brain, we investigated radioactive insulin BBB 
interactions. We found IN insulin did not have an effect 
on insulin whole brain or olfactory bulb BBB transport 
but did decrease transport into the hypothalamus. ICV 
insulin significantly decreased whole brain and olfac-
tory bulb insulin BBB transport. Lastly, we found CNS 
insulin resistance, as defined by impaired insulin signal-
ing through administration of ICV S961, decreased insu-
lin BBB interactions in both male (binding) and female 
(transport) mice and that these effects may be regionally 
regulated. These data support a central feedback mecha-
nism to the BBB in regulating insulin entry into the brain.

We found following ICV delivery of 125I-insulin, a small 
amount enters the blood (< 3%Inj/ml). We found both 
insulin and S961 (a 43-amino acid single chain peptide) 
distribute throughout the brain following ICV delivery. 
We found differing effects on insulin blood-to-brain 
transport following IN insulin compared to ICV insulin. 
We believe these differing effects are due to discrepan-
cies in the amounts of insulin reaching critical brain 

Fig. 8 IN 125I-insulin brain distribution following ICV S961. There were no statistical differences (two-way ANOVA) in regional 125I-insulin levels (%Inj/g) 
following ICV S961 (n = 4/group)
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Fig. 9 99mTc-albumin blood-to-brain regional levels following CNS treatment. (A) IN insulin in males significantly affects 99mTc-albumin regional levels 
(two-way ANOVA: treatment p < 0.05; post hoc *p < 0.05 as marked, n = 5–6/group). (B) ICV S961 in males does not affect 99mTc-albumin regional levels 
(two-way ANOVA: treatment p = 0.673; n = 4–6/group). (C) ICV S961 in females significantly affects 99mTc-albumin levels(two-way ANOVA: interaction 
p < 0.05; treatment p = 0.056; Tukey’s post hoc *p < 0.05 as marked, n = 5–6/group)
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Fig. 10 125I-insulin blood-to-brain regional uptake following CNS treatment. 125I-insulin regional uptake was (A) significantly affected by IN insulin in 
males (two-way ANOVA: interaction p < 0.05; Tukey’s post hoc *p < 0.05 as marked, n = 5–6/group) and (B) ICV S961 in males (two-way ANOVA: treatment 
p = 0.476; n = 4–6/group) but was significantly affected by (C) ICV S961 in females (two-way ANOVA: treatment p < 0.05, n = 5–6/group)
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regions. We know from our previous study that approxi-
mately 0.13%Inj/g of 125I-insulin is present in the whole 
brain 30  min after IN delivery in CD-1 male mice [30]. 
Therefore, when we give a 1  µg IN administration, we 
would expect approximately 1.3 ng per gram of brain 
tissue to be present. As the brain weighs approximately 
0.5  g, there is approximately 0.65 ng insulin present in 
the entire brain following IN administration. In compari-
son, due to the direct delivery to the brain, following ICV 
delivery, we observed approximately 60.5%Inj/g insulin 
and 92.6%Inj/g S961 in the whole brain at 10 min. There-
fore, when we give a 1 µg ICV administration, we would 
expect approximately 605 ng insulin and 926 ng S961 per 
gram of brain tissue to be present. To summarize, ICV 
delivery results in a much greater amount of insulin in 
the brain compared to IN delivery. These calculations are 
important for the interpretation of the insulin BBB trans-
port findings as described next.

We found IN insulin was unable to affect 125I-insulin 
BBB transport or binding in whole brain and the olfac-
tory bulb. However, we found this regulation was region-
ally mediated. Transport into the hypothalamus was 
decreased nearly 7-fold in response to 1  µg IN insulin. 
Our previous study showed that by 30  min, the hypo-
thalamus had the third highest (only olfactory bulb and 
midbrain had higher levels) amount of insulin present 
(0.23%Inj/g) following IN insulin delivery in male CD-1 
mice [30]. Since the transport rate into the olfactory bulb 
was not affected, our data suggest the hypothalamus is 
much more sensitive to small changes in insulin concen-
tration and may be a region of the brain where very little 
insulin needs to be present to induce a large downstream 
effect.

In comparison, high levels of insulin delivered into 
the brain via ICV administration significantly decreased 
125I-insulin BBB transport. In both the whole brain and 
olfactory bulb, transport rates were decreased to nearly 
the same rate, regardless of the initial rate (i.e., the vehicle 
group). These data not only support a negative feedback 
loop for CNS levels on BBB function but also suggest 
there could be a floor effect in this loop, since both the 
whole brain and olfactory bulb were reduced to the same 
Ki (~ 0.3 µl/g-min).

Most importantly, we wanted to investigate whether 
deficiencies in CNS insulin signaling, as occurs in CNS 
insulin resistance, regulated insulin BBB transport. In 
these studies, we observed sex differences in the response 
to ICV S961. Females were more sensitive to CNS insulin 
receptor inhibition and significantly decreased the whole 
brain 125I-insulin BBB transport rate. While males did not 
exhibit a decrease in the transport rate, there were sig-
nificant decreases in the level of reversible vascular bind-
ing (Vi) in the whole brain. We did not perform 125I-S961 
brain distribution studies in females. It is possible S961 

is able to spread more throughout the female brain com-
pared to males, affecting a greater number of CNS insulin 
receptors. However, it is more likely there are differences 
in the insulin receptor signaling pathways due to sex, as 
has been shown numerous times in response to insulin 
administration [34–37]. Additionally, as females are more 
at risk for developing AD, the sensitivity to CNS insu-
lin resistance, a feature of AD, in relation to insulin BBB 
transport could be a reason why females are at a greater 
risk. While a direct link between insulin BBB transport 
and CNS insulin resistance has not been established, this 
data points to a connection between insulin BBB trans-
port and the development of CNS insulin resistance. In 
the olfactory bulb, there were significant decreases in 
125I-insulin BBB binding in males only and the hypo-
thalamus was too variable to observe any significant 
differences.

Since there was no effect on whole brain insulin BBB 
transport following IN insulin delivery but there was a 
significant decrease in insulin BBB transport following 
ICV insulin delivery, we attribute these differences due to 
the amount of insulin acting within the brain. There are 
two important observations from these findings. First, 
therapeutic delivery of IN insulin is likely not impact-
ing endogenous whole brain insulin BBB transport. Sec-
ond, if insulin concentrations get high enough within the 
brain, there is a negative feedback loop on BBB trans-
port. Follow-up studies will need to be performed to 
test varying doses of ICV insulin and identify the lowest 
concentration of insulin in the CSF that is necessary to 
negatively impact insulin BBB transport.

One way the insulin BBB transport rate for 125I-insulin 
can be decreased is by an increase in endogenous serum 
insulin level since this transport system is saturable 
[11], and the endogenous insulin would compete with 
the 125I-insulin for transport. We observe about a 50% 
decrease in 125I-insulin BBB transport rates in whole 
brain following ICV insulin, while also observing a two-
fold increase in serum insulin levels. While we are not 
able to discriminate between mouse and human insulin 
using this kit, our data from the ICV 125I-insulin distribu-
tion study shows us approximately 2% of what is injected 
ICV enters per ml of serum.

Previous studies by our group have shown an IV bolus 
of 121 ng unlabeled insulin per mouse is necessary to 
reduce the 125I-insulin BBB Ki by 50% [11]. The average 
blood volume of a mouse is about 77–80 ml/kg [38, 39]. 
Given that our male CD-1 mice are approximately 30  g 
at the time of study, these mice have around 2.4 ml of 
blood. A 121 ng injection of insulin would result in a 50.4 
ng/ml blood concentration. In our study, following 1 µg 
human insulin ICV delivery in males, serum insulin lev-
els rise 5 ng/ml, likely due to the appearance of human 
insulin in the blood. Therefore, while the increase in 
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serum insulin is significant compared to vehicle treated 
animals, it is about 10-fold too little to account for the 
decreased 125I-insulin BBB transport rates. It should also 
be noted previous studies show acute ICV insulin injec-
tions can increase plasma insulin levels within 5-120 min 
after injection [40, 41]. However, to confirm whether the 
increased levels of serum insulin we detected are due 
to exogenous human insulin or endogenous pancreatic 
release of mouse insulin, further studies would need 
to be performed with more sensitive assays. ICV S961 
does not impact serum insulin levels, suggesting inhibi-
tion of brain insulin signaling does not conversely impact 
serum insulin levels within the 30  min time frame and 
the decrease observed in insulin blood-to-brain transport 
was not due to serum insulin changes. IN insulin also 
does not significantly impact serum insulin levels [42, 
43].

Next, we wanted to identify whether impairments in 
CNS insulin receptor signaling would affect the ability 
of the brain to take up 125I-insulin following IN delivery. 
This is important as IN insulin is being pursued in the 
clinic for the prevention of cognitive decline [25]. CNS 
insulin resistance negatively correlates with cognition 
[33]. Therefore, we wanted to verify the presence of CNS 
insulin resistance, via ICV delivery of S961, did not affect 
the distribution of IN insulin. The results were positive, 
with no significant changes in the brain distribution of 
125I-insulin following S961 treatment. These data suggest 
CNS insulin resistance, as occurs in AD [33], is not likely 
to impact the therapeutic delivery of IN insulin, similar 
to what we have previously shown in the SAMP8 mouse 
model of AD [30].

Due to the potential regional regulation of insulin BBB 
transport following CNS treatment with insulin or S961, 
we wanted to identify whether there were, in fact, dif-
ferences in the regional uptake of 125I-insulin. We first 
measured the vascular space in each region using the 
99mTc-albumin B/S ratios. 99mTc-albumin does not cross 
the BBB in this time frame under normal conditions. 
However, we found similar increases in the olfactory 
bulb following IN insulin in male mice and following ICV 
S961 in female mice. This is the first report we are aware 
of showing increased vascular space in the olfactory bulb 
following CNS activation or inhibition of insulin signal-
ing. This was surprising to us as we have not observed 
differences in vascular space in previous studies investi-
gating insulin BBB transport in various models [20, 44, 
45], despite evidence showing the olfactory bulb has the 
fastest rate of insulin BBB transport [17]. Possible expla-
nations for the increased level of 99mTc-albumin could be 
(1) increased 99mTc-albumin leakage across the BBB, (2) 
vasodilation in the brain regions, or (3) a decrease in the 
brain capillary hematocrit [46]. The middle explanation 
is the most plausible, as previous studies have shown a 

role for insulin signaling in regulating vascular reactivity, 
due to the involvement in nitric oxide signaling [47]. CNS 
insulin can increase sympathetic nerve activity which 
could affect vasodilation in the periphery [48, 49]. There 
is also a cerebrovascular response to insulin [50]. In iso-
lated rat cerebral arteries, 10  min exposure to a range 
of insulin concentrations resulted in a dose response 
change in vasodilation. These findings were translated to 
increased cortical blood flow in vivo following exposure 
to insulin. Pericytes can regulate brain capillary diameter 
[51]. Therefore, it is possible insulin signaling is critical in 
this region and manipulations in this pathway has conse-
quences, particularly on vascular space.

Finally, we identified regional differences in 125I-insulin 
uptake in response to CNS insulin and S961. Instead 
of looking at transport rate as in our earlier studies, we 
measured 125I-insulin delta B/S ratios (i.e., brain/serum 
ratios corrected for brain vascular space) at a single 
time point, 5  min, a time when 125I-insulin BBB trans-
port is in its linear phase. Following IN insulin deliv-
ery, there is a significant treatment effect in the delta 
B/S ratio of 125I-insulin. The olfactory bulb had signifi-
cantly increased delta B/S values following IN insulin. 
This suggests there is either increased 125I-insulin BBB 
binding or increased transport. In our pharmacokinetic 
studies (Fig. 4), we showed there was no significant dif-
ference in the whole brain transport rate. However, at a 
single time point in the middle of the transport curve, 
IN insulin delta B/S ratios are greater than the IN vehicle 
values. This suggests there is more likely an increase in 
the amount of 125I-insulin binding in this region which 
could translate to an increase in insulin BBB signaling. 
Similar to our pharmacokinetic data showing a decreased 
125I-insulin BBB transport rate in response to ICV S961 
in females, our regional data showed a significant treat-
ment effect, with mostly decreased 125I-insulin levels 
across all regions (no post hoc differences). These data 
suggest global brain insulin resistance does, in fact, affect 
global insulin BBB transport. We are working on follow-
up studies to identify whether CNS insulin resistance in 
select brain regions impacts regional or global insulin 
BBB transport.

There are some limitations of our studies we would 
like to address. First, we investigated the impact of ICV 
insulin on BBB transport. We do not know what impact 
perivascular levels or even parenchymal levels of insu-
lin would have on BBB transport. Another limitation is 
that all of our studies were acute (< 30 min). We are not 
able to address from our study what impact chronically 
high CNS levels of insulin would have on BBB transport. 
We predict chronically elevated levels would show more 
robust changes. Lastly, we only used one concentration 
of insulin or S961 delivered to the brain. As disruption of 
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brain insulin signaling in AD is likely a spectrum, further 
dose-response studies are warranted.

Conclusion
Overall, our findings show high concentrations of brain 
insulin can slow the BBB transport system for insulin 
while loss of signaling altogether impairs the ability for 
insulin to cross the BBB. IN insulin does not affect whole 
brain insulin uptake but may impair hypothalamic insu-
lin transport and enhance olfactory bulb insulin uptake. 
ICV insulin has a much greater impairment on whole 
brain and olfactory bulb insulin transport, likely because 
ICV administration of insulin increases brain levels much 
more than does IN administration. CNS insulin resis-
tance appears to negatively influence whole brain insu-
lin transport and overall regional uptake more greatly in 
females. These data for the first time show the brain can 
influence the rate of insulin transport across the BBB in 
the blood-to-brain direction. As brain insulin resistance 
is a common feature of those with dementia, including 
AD, it further supports the role of the BBB in brain insu-
lin resistance.
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