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Abstract

Research on intranasal delivery of drugs, peptides, and proteins has grown over the past decade 

as an alternate way to deliver substrates to the brain. Recent work has shown intranasal (INL) 

delivery of insulin improves memory and cognition in healthy subjects as well as patients with 

Alzheimer’s disease (AD) and in AD mouse models. However, the molecular mechanism(s) for 

the beneficial effect of insulin on memory are still unclear. Using the SAMP8 mouse model of 

AD, we investigated the impact of INL insulin on protein and gene expression in brain regions 

including the olfactory bulb, hypothalamus, and hippocampus. We found genes and proteins in the 

insulin receptor signaling pathway were not activated by the doses tested. However, we did find 

the expression of genes present in the hippocampus involved in other pathways, especially those 

related to inflammation, were altered due to age and with a dose of INL insulin previously shown 

to improve cognition. These alternate pathways could be targets of insulin when delivered via the 

INL route to aid in memory improvement.
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INTRODUCTION

Insulin plays a vital role in memory and cognition in the brain, distinct from the recognized 

role that it plays in blood glucose regulation. Central nervous system (CNS) insulin levels 

tend to decline with age [1] and with the development of Alzheimer’s disease (AD) [2]. 

When peripheral insulin levels are increased through the use of a euglycemic clamp, 

cognition is improved in AD patients [3] and can impact brain activity [4]. However, in 
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those studies it was unclear if the memory improvements were due to increased CNS insulin 

levels.

The blood-brain barrier (BBB) limits the ability to deliver drugs and peptides to the brain. 

Intranasal (INL) delivery provides an alternative solution in accessing the brain [5, 6]. 

When delivered to the level of the cribriform plate, the substrate of interest, in this case 

insulin, is transported by various routes to distinct brain regions [7]. Some of the earlier 

studies reporting improvements in memory and cognition following INL insulin treatment 

[8–11] have been recapitulated by more recent independent studies [12–14]. These memory 

improvements in humans occur without affecting blood glucose and blood insulin levels [8].

Analogous mouse studies have shown that aged mice with an AD-like phenotype (SAMP8 

mice) demonstrate memory improvements within 24 hrs after being administered a low dose 

of INL insulin [15]. The impact on memory is even greater with repeated injections over a 

two-week period. Pharmacokinetic studies investigating radioactive insulin uptake following 

INL administration show that insulin levels are highest throughout the brain 30 min later 

[16]. This transport is not different between young SAMP8 mice and aged, cognitively 

impaired SAMP8 mice suggesting the development of AD-like characteristics does not alter 

the access to insulin. SAMP8 mice are a non-transgenic model of AD [17] and useful for 

investigating the role of insulin in the brain [18]. Whereas the memory benefit has been 

shown consistently with INL insulin treatment, we wanted to investigate the molecular 

impact following treatment. We utilized young and aged SAMP8 mice treated with INL 

vehicle or a dose of insulin previously shown to improve cognition to investigate not only 

targeted changes in regional insulin receptor signaling but also an unbiased impact on 

hippocampal gene expression.

METHODS

Animal Use

Male SAMP8 mice were bred in-house at St. Louis University and aged to 2–4 month 

(young) and 12–14 month (aged) prior to transfer to the VA Puget Sound Health Care 

System. Male CD-1 mice (2 months) were purchased from Charles River Laboratory 

(Seattle, WA). Mice had ad libitum access to food and water and were kept on a 12/12 

hour light/dark cycle. All animal protocols were approved by the local Institutional Animal 

Care and Use Committee (IACUC) and performed at an approved facility (Association for 

Assessment and Accreditation of Laboratory Animal Care International, AAALAC).

Administrations

a. INL: INL injections of a 1 μL volume directly at the cribriform plate were 

performed by using a 10 μL Multi-flex (Thermo Fisher Scientific, Waltham, MA) 

inserted 4 mm deep into the left nares. Mice were kept in the supine position for 

30 seconds before turning to their side. For repeated INL administration, mice 

were anesthetized with 3.5% isofluorane. Mice received an INL administration 

of vehicle or insulin every other day for a total of 7 administrations. For terminal 

studies, mice were anesthetized with an intraperitoneal injection of 40% urethane 
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solution (Sigma-Aldrich, St. Louis, MO). For dose response studies, mice were 

given vehicle, 0.1 μg, 1 μg, or 10 μg human insulin dissolved in 0.25 M 

phosphate buffer (PB).

b. ICV: Mice were anesthetized with an intraperitoneal injection of 40% urethane 

solution (Sigma-Aldrich, St. Louis, MO). ICV injections into the right lateral 

ventricle were performed by removing the scalp and drilling a hole 1 mm lateral 

and 0.5 mm posterior to the bregma, followed by injection of a 1 μL volume at a 

depth of 2.5 mm using a 26 g Hamilton syringe. For dose response studies, mice 

were given vehicle, 0.1 μg, 1 μg, or 10 μg human insulin dissolved in 0.25 M 

phosphate buffer (PB).

Sample collection and preparation

Brain regions were dissected on ice and snap frozen in liquid nitrogen. Briefly, tissue 

samples (olfactory bulb, hypothalamus, and hippocampus) were homogenized in RIPA 

buffer (150 mM NaCl, 0.5% deoxycholic acid, 0.1% SDS, 20 mM Tris HCl, 2 mM EDTA) 

plus freshly added 1/100 dilutions of protease inhibitor cocktail (Sigma-Aldrich, St. Louis, 

MO), 1mM sodium orthovanadate, and phosphatase inhibitor (1 tablet PhosSTOP per 10 

mL buffer) (Roche). Samples were sonicated at 40% amplitude prior to centrifugation at 

12,000 xg for 10 min at 4°C. Supernatants were collected and frozen at −80°C. Protein was 

measured using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL).

Measurement of immunoactive human insulin

Samples processed for protein extraction were used to measure human insulin levels. Total 

immunoactive levels of human insulin were measured from 75 μg total protein in the 

olfactory bulb, hypothalamus, and hippocampus using the singleplex Meso Scale Discovery 

human insulin kit (MSD, Rockville, MD) according to the manufacturer’s directions.

Measurement of insulin receptor signaling

Tissue lysates prepared as described above were solubilized in NuPAGE sample buffer, 

warmed for 10 min at 70°C, and resolved on a 4–12% Bis-Tris gel (Invitrogen, Grand Island, 

NY). Protein was then transferred to nitrocellulose membranes using the iBlot transfer 

system (Invitrogen). Membranes were blocked with 5% BSA dissolved in TBS-T for 1 

hour. Membranes were incubated in primary antibodies (see supplemental Table 1) specific 

to the phosphorylated form diluted in 5% BSA/TBS-T overnight at 4°C. Membranes were 

washed in TBS-T and then probed with respective secondary antibodies conjugated to 

horseradish peroxidase (Jackson Labs, West Grove, PA) for 1 hour at room temperature. 

Membranes were washed with TBS-T and then illuminated with chemiluminescent substrate 

(Amersham ECL Prime Western Blotting Detection Reagent, GE Life Sciences, Piscataway, 

NJ). Following band visualization on the ImageQuant LAS4000 CCD imaging system (GE 

Life Sciences, Piscataway, NJ), blots were stripped with Restore Western Blot Stripping 

Buffer (Thermo Scientific, Rockford, IL) and reprobed for total protein levels and β-actin. 

Densitometric analysis of bands was performed using IQTL software (GE Life Sciences, 

Piscataway, NJ). Band intensities of phosphorylated proteins were normalized to band 

intensities of corresponding total protein levels, and the ratios of phosphorylated/total 
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protein were normalized to the young vehicle group. SYPRO Ruby (Invitrogen, Grand 

Island, NY) was also used to verify uniformity of protein loading where indicated [19].

INL treatment for RNA-Sequencing

Mice were transferred to the study space at least one hour prior to the administration to 

minimize stress. Mice were placed under 3.5% isofluorane prior to INL administration. Mice 

received an INL administration of vehicle or insulin as described above. Once recovered, 

mice were returned to their home cage. For the single INL administration (acute) study, 

the hippocampus was collected 4 hours later. For mice receiving repeated INL injections 

(chronic), home cages were returned to the animal facility after each administration. Mice 

received INL injections every other day for 7 injections. There was no effect of chronic INL 

insulin administration on body weight (data not shown). After the last injection, hippocampi 

were collected 4 hours later. Mice were sacrificed by cervical dislocation, in which the brain 

was extracted and the hippocampus immediately dissected and placed in 500 μL RNA later 

prior to placement in a −80 °C freezer.

RNA Extraction and processing of samples for RNA-Sequencing

The RNA from each hippocampus sample was extracted using the Qiagen miRNeasy 

mini kit (Qiagen, Germantown, MD) following the manufacturer’s recommended protocol. 

Integrity of RNA samples was assessed with an Agilent 2100 Bioanalyzer (Agilent 

Technologies Inc., Santa Clara, CA). RNA integrity was judged by observing distinct 

and sharp 18S and 28S ribosomal RNA peaks that were baseline separated. RNA 

quantity was determined by measuring OD260 with a Thermo Scientific NanoDrop™ 

1000 Spectrophotometer (Thermo Fisher Scientific, Inc.; Wilmington, DE). The NanoDrop 

instrument was also used to determine purity of RNA samples by measuring OD260/280 

and OD260/230 ratios. Samples with both of these ratios >1.8 were considered pure. Only 

samples passing these stringent quality control criteria were used for RNA-Seq analysis. 

We pooled RNA from 2–3 hippocampi to generate a heterogeneous sample population 

within each experimental group (n=3/treatment). While each treatment group consists of 

three samples, 7–9 hippocampi are represented. cDNA libraries were prepared  from 1 

μg of total RNA in an automated, high-throughput format, following the manufacturer’s 

instructions for the TruSeq Stranded mRNA kit (Illumina, San Diego, CA) and the Sciclone 

NGSx Workstation (Perkin Elmer, Waltham, MA).  During cDNA library construction, 

ribosomal RNA is removed by means of poly-A enrichment. Each library is then 

uniquely barcoded and subsequently amplified using a total of 13 cycles of PCR.  Library 

concentrations are quantified using Qubit fluorometric quantitation (Life Technologies, 

Carlsbad, CA).  Average fragment size and overall quality are evaluated with the DNA1000 

assay on an Agilent 2100 Bioanalyzer.  Each library is sequenced with paired-end 75bp reads 

to a minimum depth of 30 million reads on an Illumina HiSeq.

RNA-Sequencing Analysis

The results were aligned to mm10 [20]. The counts per million (CPM) were computed and 

filtered on CPM. A gene was only retained if it was expressed at a CPM above 0.5 in at 

least three samples. Normalization factors were calculated using the weighted trimmed mean 

of M-values (to the reference) as previously proposed [21]. Two generalized linear model 
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functions [22], were used for the comparisons of the various experimental groups. Finally, 

multiple testing across genes and contrasts was performed. Genes that were significantly 

changed (p<0.05) from the comparison group and resulted in ≥ log 1.5 fold change (logFC) 

were used for pathway analysis. The data for all genes and contrasts that were computed is 

available in Supplemental Table 2.

Pathway Analysis

The genes that were significantly changed within each comparison (young vs aged, aged 

vehicle vs aged plus single INL insulin, aged vehicle vs aged plus repetitive INL insulin) 

were statistically analyzed for enrichment in functional categories such as Pathways using 

the online DAVID platform [23, 24]. Briefly, the Entrez Gene ID was entered into the 

database for each group comparison and the default criteria were used to generate the 

results. DAVID determines the p values of enrichment into pathways by Fisher exact test. 

A list of all pathways changed for each group comparison is presented in the Supplemental 

Data Table 3.

Statistical Analysis

Nonlinear regression analysis was performed using Prism 8.0 (GraphPad Inc, San Diego, 

CA). One-way ANOVAs were used to compare differences due to dose followed by 

Tukey’s multiple comparisons test post hoc analysis. Only p values ≤ 0.05 were considered 

significant. All data are reported as mean ± SEM. Sample sizes are listed in the figure 

legends.

RESULTS

Insulin levels in brain following INL and ICV delivery

We have already shown radioactive insulin is distributed throughout the brain following 

INL delivery in SAMP8 mice [16]. There is no difference in distribution between young 

CD-1 mice and young or aged SAMP8 mice following INL delivery. Here, we measured the 

amount of immunoactive human insulin levels in the hippocampus 30 min following INL 

delivery of human insulin in CD-1 mice (Fig. 1). A nonlinear relationship existed, r(16) = 

0.59, between the dose of insulin administered and the amount of insulin detected in the 

hippocampus, as expected, due to the saturable nature of insulin transport following INL 

delivery. We also measured human insulin levels in the olfactory bulb, hypothalamus, and 

hippocampus in young and aged SAMP8 male mice 10 min following ICV delivery (Fig. 

2). We were able to detect a significant dose dependent increase in the amount of insulin 

present in the regions following ICV delivery (Fig 1A-C). In the hippocampus, the “hook 

effect” (he) interfered with immunoassy for the 10 μg insulin dose administration. That is, 

the analyte concentration was too high to accurately measure the levels and likely interfered 

with the capture antibody [25]. The hippocampus is nearest to the delivery site with ICV 

administration and thus, the 10 μg dose would deliver the most insulin to this region.

Insulin Receptor Signaling

Changes in the phosphorylation of key insulin receptor signaling mediators were measured 

to determine changes in insulin receptor sensitivity in the young and SAMP8 mice. 
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We investigated changes within the olfactory bulb (first site of delivery following INL 

administration), hypothalamus (site of high insulin levels) and the hippocampus (site of 

action) 30 min following INL administration. There were no differences between young 

and aged, vehicle treated groups. There was no dose-dependent change in the level of 

phosphorylated protein compared to total protein levels of key canonical insulin signaling 

proteins including the insulin receptor (IR), insulin receptor substrate 1 (IRS1), or Akt 

(Figure 3). Therefore, we also investigated the non-canonical insulin signaling pathway by 

looking at changes in phosphorylation of p44/42 MAPK (Erk1/2) and p46/54 SAPK/JNK 

(Figure 4). Again, with acute INL insulin treatment, there was no change in the levels of 

phosphorylated MAPK or JNK.

In order to ensure insulin signaling was still intact in the young and aged SAMP8 mice, 

young and aged SAMP8 mice received increasing doses of insulin via ICV injection. We 

again measured changes in phosphorylation of IR, IRS1, and Akt 10 min following ICV 

administration (Figure 5). While we were not able to detect changes in phosphorylated IR 

or IRS1, we did see an insulin dose effect on phosphorylated Akt in the hypothalamus (Fig. 

5C). We have previously detected this increase in phosphorylated Akt in the hypothalamus 

of young, CD-1 mice following ICV insulin [26].

Due to the lack of protein expression changes in our targeted approach, we took an unbiased 

approach to investigate the effects of INL insulin on hippocampal gene regulation to 

determine what the molecular mechanisms of INL insulin might be. We used a dose of 

INL insulin previously shown to improve memory in the aged SAMP8 mouse [15].

Gene expression and pathway analysis

To investigate the genetic alterations taking place following INL delivery, we used multiple 

groups for comparison. We wanted to determine what hippocampal genes changed 1) with 

aging (Young vs Aged vehicle acute), 2) due to a single, acute INL insulin injection (Aged 

treated acute vs Aged vehicle acute) and 3) due to repeated, chronic injections of INL insulin 

(Aged treated chronic vs Aged vehicle chronic) (Table 1). Doses and regimens used were 

those that improve cognition in the aged SAMP8 mouse [15]. Repeated INL injections did 

not alter body weight or blood glucose in the current studies (data not shown).

There were many genes that were differentially expressed in the hippocampus between these 

group comparisons. Supplemental Table 2 reports the log2 fold change, log2 counts per 

million, and p-value for each gene within each comparison. Age alone in SAMP8 mice 

resulted in a significant change in 1037 genes in the hippocampus (Table 1). Of these, 

835 genes were increased with age while 202 genes were decreased. Acute INL insulin 

in aged SAMP8 mice resulted in a significant change in the expression of 316 genes: 

138 increased with treatment and 178 decreased compared to vehicle. Chronic INL insulin 

in aged SAMP8 mice altered 248 genes: 156 increased with treatment and 92 decreased. 

Pathway analysis revealed significant changes in a number of KEGG pathways for each 

comparison (Supplemental Table 3). There were a total of 52 KEGG Pathways impacted due 

to age in the SAMP8 mice. The top 10 pathways changed due to age are presented in Figure 

6 based on the minus log2(p value) along with the complete list of pathways impacted 

due to acute and chronic INL insulin treatment. There were a few pathways that were 

Rhea et al. Page 6

J Alzheimers Dis. Author manuscript; available in PMC 2021 August 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



similarly changed within the comparisons (Table 2): cytokine-cytokine receptor interaction, 

cell adhesion molecule, and T cell receptor signaling pathway. Genes altered within the T 

cell receptor signaling pathway are listed in Table 3.

Genes altered with age and reversed with INL insulin

The effect of a single, acute INL insulin administration altered 113 genes that were 

commonly changed due to age (Young vs Aged vehicle acute) (Figure 7). The heat map 

shown in Figure 8 depicts the directional change of the genes and shows a reversal of most 

gene expression log2 fold change values with acute INL insulin treatment compared to the 

aged vehicle samples.

DISCUSSION

This study focuses on the molecular impact of INL insulin in an aged model of AD. Using 

male SAMP8 mice, we found hippocampal genes that were altered due to age in addition 

to a single and repetitive 1 μg INL insulin administration. We were unable to observe 

differences in protein expression level of various insulin receptor signaling mediators. 

However, the genetic data suggests there are likely alternative targets of insulin when 

administered via the INL route that could help mediate the improvements in memory.

To validate the radioactive insulin transport studies following INL administration performed 

previously [16], we wanted to measure the level of immunoactive human insulin following 

INL administration and ICV administration. We selected times based on previous data 

showing when insulin levels peak following INL delivery [16] and when insulin receptor 

signaling is activated following ICV delivery [26]. We saw a saturable transport effect with 

INL delivery as expected. In addition, we were able to detect a dose dependent increase in 

the amount of insulin when delivered ICV.

Others have reported protein changes in the insulin signaling pathway following chronic 

high-dose INL insulin in female APP/PS1 mice [27] or the 3xTg-AD mice [28]. However, 

the doses used in these studies were over 3 fold greater than our highest dose of insulin 

(10 μg) we delivered. Our dose was chosen based on a functional effect on cognition 

[15], rather than a dose known to activate the insulin receptor [26]. In our dosing studies 

following INL and ICV administration, we detected a 10 times greater amount of insulin 

present in the brain regions following ICV delivery compared to INL. This higher amount 

of insulin was necessary to increase phosphorylation levels of the insulin receptor signaling 

protein, Akt, in our study. The studies reported above detected a greater change in the 

phosphorylation of Akt, compared to the insulin receptor or IRS1, suggesting greater 

sensitivity in detecting changes in pAkt in response to INL insulin [27, 28]. It is possible 

the physiological response to lower doses of INL insulin is not strong enough to detect 

differences in phosphorylation by the technique used here. Future studies could be designed 

fully probe changes in phosphorylation of insulin signaling proteins, such as utilizing 

phosphoproteomics, which has previously elucidated abberant phosphorylation of proteins 

in AD brain tissue [29]. In this study, cytoskeletal proteins and proteins involved in the 

synapse were most altered in mouse AD brain tissue. The insulin receptor is present on 

the pre- and post-synaptic membranes of neurons [30] and therefore, localized studies 
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investigating the phosphorylation of insulin receptor signaling proteins in this specific 

cellular location could reveal significant changes in the insulin receptor signaling pathway 

following INL insulin. Neurons expressing a mutant insulin receptor that cannot be activated 

have reduced synapse densities, further highlighting the role of the insulin receptor in this 

cellular location [31]. The direct role of the insulin receptor in memory and cognition has 

not been fully characterized as recently reviewed [32]. CNS-wide insulin receptor knock-out 

mice display intact cognition [33]. However, this is a life-long deficit in the insulin receptor 

so compensation could occur. In a hippocampal specific knock-down model, long-term 

memory is impaired [34]. The impact of INL insulin in CNS insulin receptor knock-out 

models remains to be determined. Further work as to the temporal and regional role of 

the insulin receptor in memory needs to be done. The goal of the current study was to 

investigate the molecular impact of a dose of insulin that elicits cognitive changes rather 

than a dose known to activate of the insulin receptor.

In order to investigate gene changes within the hippocampus due to age and due to INL 

insulin, we utilized an RNA-sequencing approach. We were able to detect multiple genes 

that changed due to age and due to INL insulin treatment. In an unbiased manner, we 

investigated these gene expression changes and the specific pathways impacted. With this 

approach, we determined unique pathways that INL insulin could act through in order to 

improve memory. A gene array profile has not been performed on the hippocampus in 

mice following INL insulin administration. However, other groups have investigated gene 

changes in the brain in aged SAMP8 mice compared to young SAMP8 mice using different 

methods [35–37]. Genes involved in long term potentiation, phosphatidylinositol signaling, 

and endocytosis pathways were significantly different in 12 month old mice compared 

to 4 month old mice [35, 37]. More specifically, in the frontal cortex, somatostatin is 

significantly decreased with age [36]. These results are similar to our findings and help 

validate our results in the young and aged SAMP8 mice in which we see a decrease in 

somatostatin with age and changes in MAPK signaling, PI3K/Akt signaling, and genes 

involved in long term potentiation.

To better investigate the impact of INL insulin, we focused on pathways similarly altered 

between the comparisons: effect of age and effect of INL insulin. Of importance, the T cell 

receptor signaling pathway was impacted not only due to age but also due to a single, acute 

INL injection of insulin. There is increasing interest in the role of inflammation in AD. 

Activation of the immune system is now thought to accompany AD pathology and contribute 

to the pathogenesis of this disease [38, 39]. Numerous anti-inflammatory agents have been 

successfully used to improve cognition in AD mouse models and improve AD pathology as 

recently reviewed [40]. T cells are able to enter the CNS by crossing the blood-CSF barrier, 

in addition to the blood-brain barrier (BBB) [41]. Indeed, there is increased infiltration of 

CD3+ cells into the cerebral cortex of the ArcAβ mouse model of AD [42]. In addition, 

T cells have been found in post-mortem brain tissues of patients with AD [43]. T cell 

infiltration can promote tau-triggered spatial memory deficits without a direct impact on tau 

protein deposition and phosphorylation [44]. In particular, it was found the chemoattractant, 

chemokine ligand 3 (CCL3), was increased in the hippocampus of mice overexpressing 

tau prior to T cell diapedesis. Our sequencing data detected an increase in the amount of 

CCL3 in the aged SAMP8 mice which could attract T cells to the hippocampus. T cells 
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can directly affect neuronal function and plasticity by inhibiting neurite outgrowth [45]. 

Cytokines released from activated T cells could also contribute to interrupting neuronal 

connections. Activation of MAPKs can lead to secretion of cytokines and chemokines, 

contributing to the inflammation observed in AD [46]. CD3 cells accumulate in the brain 

with age [47]. Indeed, many of the CD3 antigens were increased with age in the SAMP8 

mice in our study. Importantly, we found that acute INL insulin decreased these levels in the 

hippocampus of aged SAMP8 mice.

Previous studies have shown insulin can exert a vasodilatory effect of blood vessels and 

vasodilation reduces leukocyte adhesion to the endothelium and subsequent infiltration [48]. 

This neurovascular coupling role of insulin could be affecting the transport of various serum 

factors into the brain which can aid in the enhancement of memory due to INL insulin. 

Insulin can reduce activation of NFkB, downregulating soluble intercellular adhesion 

molecule 1 (ICAM1), which facilitates attachment of monocytes to endothelial cells [48]. 

The C-C chemokine receptor 4 (Ccr4) is increased with age and decreased with acute 

insulin in our sequencing data set. This protein is a receptor for monocyte chemoattractant 

protein 1 (MCP-1), which helps peripheral blood mononuclear cells transport into tissue. 

The cellular networks involved in the cognitively beneficial effect of INL insulin warrants 

further investigation.

Of note, there were no changes detected in the insulin signaling pathway with INL insulin, 

suggesting gene transcription of this pathway is not affected by INL insulin. The KEGG 

insulin signaling pathway involves 140 genes including the insulin receptor, IRS, and 

SHC, in addition to downstream mediators including Akt, MAPK, mTOR, and JNK [49]. 

Therefore, if insulin is affecting this pathway following INL insulin delivery, it would 

be in a post-translational manner (such as phosphorylation) or cellular localization that 

would require more sensitive techniques to observe changes in specific cell populations as 

discussed above.

The data presented here provides us with a better understanding of how INL insulin is 

acting within the hippocampus in aged SAMP8 mice and provides potential targets for AD. 

In addition, it suggests there is a low dose insulin-binding site with strong affinity in the 

CNS that could be responsible for eliciting a behavioral response without the activation of 

the insulin receptor signaling pathway. INL insulin can alter expression of genes involved 

in the cytokine-cytokine receptor interaction, cell adhesion molecules, and T cell receptor 

signaling pathways. Further investigations into the molecular impact of each of these 

pathways needs to be done to functionally characterize the impact of INL insulin.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Hippocampal insulin levels following INL insulin administration at increasing doses. Data 

are expressed as mean ± SEM; n=4–6/dose. Results were fitted to a nonlinear hyperbola 

model with r(16) = 0.59.

Rhea et al. Page 13

J Alzheimers Dis. Author manuscript; available in PMC 2021 August 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Brain insulin levels following ICV insulin administration. One-way ANOVA revealed 

statistically significant differences between the doses (p<0.001). Data are expressed as mean 

± SEM, n=4–5/group. “he” = hook effect
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Figure 3. 
Canonical insulin receptor signaling as measured by protein levels of phosphorylated IR, 

IRS1, and Akt is not affected by the tested doses of INL insulin administered 30 min after 

delivery in the olfactory bulb (A-C), hypothalamus (D-F), and hippocampus (G-I). Data are 

expressed as mean ± SEM, relative to vehicle. n=4–8/group
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Figure 4. 
Non-canonical insulin signaling as measured by phosphorylated MAPK and JNK following 

increasing doses of INL insulin administered 30 min after delivery in the olfactory bulb 

(A-D), hypothalamus (E-H), and hippocampus (I-L). Data are expressed as mean ± SEM, 

relative to vehicle, n=3–6/group.
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Figure 5. 
Canonical insulin receptor signaling following ICV insulin as measured by protein levels of 

phosphorylated IR, IRS1, and Akt in the hypothalamus (A-C) and hippocampus (D-F). Data 

are expressed as mean ± SEM, relative to vehicle, n=5–8/group; *p<0.05 vs Vehicle.
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Figure 6. 
KEGG pathway analysis of genes significantly altered within each comparison. Pathways 

are reported with the minus log(p value) values reported in response to A) age, a 

B) single (acute), or C) repeated (chronic) INL INS. Age resulted in a total of 52 

pathways significantly altered. Due to space restraints, only the top 10 are listed here. See 

supplemental table 3 for a full list of pathways.
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Figure 7. 
Number of genes changed due to age, a single INL insulin injection (Acute), or repeated 

INL insulin injections (Chronic). The Venn diagram depicts the genes that were changed in 

each group and the genes commonly altered between comparisons.
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Figure 8. 
Heat map of 113 genes altered due to age that were also altered by a single INL insulin 

injection. Colors represent the log2 fold change (log2FC). Red indicates a downregulation 

while blue indicates an upregulation of gene expression. Each row represents a separate 

pooled hippocampal sample (n=3/comparison).
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