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 ABSTRACT 

 

Effects of Intranasal Insulin on CCI in a Rat Model: 

 

John R. Reed, Doctor of Philosophy, 2019 

 

Thesis directed by:  Kimberly R. Byrnes, PhD 

         Department of Anatomy, Physiology and Genetics 

         Professor, Program Director, Neuroscience Program 

 

 Traumatic brain injury (TBI) is a serious health problem that affects 

approximately 2.5 million people in the United States each year and causes serious 

cognitive and physical deficits lasting long after the acute injury.  Physical and cognitive 

limitations, as well as anxiety, have been identified as common and critical issues after 

TBI.  One of the subcortical structures that is often damaged and is classically linked to 

memory and anxiety is the hippocampus.   TBI results in a marked reduction in glucose 

uptake in the brain, including in the hippocampus, which can last for years after injury.  

Currently, there is no effective treatment devised for the deficits that develop after TBI.  

An additional complication is gaining access of the treatment to the central nervous 

system (CNS) because of the protection from the blood-brain barrier (BBB).  Research 

has demonstrated that some drugs, such as insulin, can reach the CNS by intranasal 

administration through the olfactory and trigeminal pathways.  Intranasal insulin 

administration has been shown to increase cerebral glucose uptake and improve memory 
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function in normal subjects and patients with Alzheimer’s disease, without affecting 

systemic blood glucose or insulin levels.  Our previous work demonstrated that after a 

moderate TBI in rats, intranasal insulin administered within 4 hours after injury 

significantly increased glucose uptake in the hippocampus, improved cognitive function, 

and reduced inflammation. However, the mechanism by which insulin has these effects 

and the temporal course of these effects is currently unclear.  The goal of this study was 

to determine if intranasal insulin administration would reduce inflammation and neuronal 

loss in the hippocampus and reduce measures of anxiety in rats exposed to moderate TBI.  

We also wanted to evaluate the mechanism by which intranasal insulin administration 

affects the hippocampus.  To accomplish these goals, adult male Sprague Dawley rats 

were exposed to a moderate controlled cortical impact (CCI) injury.  Intranasal insulin 

treatments were administered 4 hours after injury and then daily for 14 days.  Multiple 

behavior tests, including open field, elevated zero maze and light-dark box, were used to 

assess anxiety.  Histological analysis with NeuN was used to assess total number of 

neurons in the hippocampus.  In order to assess inflammation, microglial/macrophage 

number and activation in the hippocampus was measured as well as the production of 

cytokines.  We found that intranasal insulin did not have a significant effect on neuronal 

(NeuN) or microglial/macrophage (Iba1) density, but did decrease expression of CD86, 

iNOS, and TNFα within the hippocampus at specific time points post injury.  Cellular 

signaling demonstrated that intranasal insulin increased the phosphorylated MEK to total 

MEK ratio in the cortex 4 days post injury.  With this model, TBI did not increase 

anxiety-like behavior when compared to sham, negating the ability to evaluate treatment.  

This is possibly due to the neuroprotective properties of isoflurane provided to both 
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groups during surgery and treatment.  These data indicate that there is an effect on pro-

inflammatory factors and the MAPK pathway that may play a role in intranasal insulin’s 

effect after TBI.   

 These data add to the body of knowledge as to the mechanism of the effect of 

intranasal insulin after TBI.  And though it falls short on giving any therapeutic insight 

for the treatment of anxiety, it does bring up some ideas for how to change the research 

paradigm in order to better evaluate this potential therapy in future experiments.  

Intranasal insulin clearly decreases pro-inflammatory molecules that have been shown to 

be causes of pathogenesis.  
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CHAPTER 1: Introduction 

TRAUMATIC BRAIN INJURY 

Traumatic brain injury (TBI) is a serious health problem that accounts for over 2.5 

million emergency room visits, hospitalizations, and deaths in the United States each year 

and causing serious cognitive and physical deficits lasting long after the initial injury (13; 

78).  The Centers for Disease Control and Prevention (CDC) defines traumatic brain 

injury (TBI) as an injury that disrupts the normal function of the brain that negatively 

affects the quality of life cognitively, emotionally, behaviorally, physically, socially, and 

occupationally (78).  In the general population, falls (35%), motor vehicle-related 

accidents (17%) and blows to the head (17%) are the most common causes (77).  Though 

the young (0-4 years), adolescent (15-19 years) and elderly (75+ years) are the most 

likely, to sustain a TBI in civilians, a critical need is also seen where, from 2000 to 2011, 

over 4% of the total armed forces have been diagnosed with a TBI.  These numbers do 

not account for the many other injuries that go unreported. 

TBI results in damage through direct contact with the skull, shearing forces, or an 

object penetrating the skull (4; 13; 98).  The primary injury can be categorized as focal 

(localized) or diffuse (widespread), although clinicians recognize this distinction is 

arbitrary, and refers to morphological observations (3).  A focal injury, like the one used 

in this dissertation, is an injury that is specific in its area of impact (87).  This can be seen 

in bleeding or bruising as in a coup, contra coup injury where the brain strikes the interior 

of the skull(3).  Another example of a focal injury is a penetrating injury where an object 

has actually penetrated the skull and entered into or through the brain (61).  A diffuse 

injury is one that disperses the area of injury (AOI) throughout the brain and is more 

likely in a blast injury if the subject does not strike the head after a fall (87). This is also 
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described as non-penetrating or closed head injury where there is no direct impact with 

the brain tissue (74).   

TBI is also characterized by the pathological changes in diverse cortical areas, 

subcortical nuclei, and white matter tracts that follow traumatic injury (44).  The 

pathological changes include the primary effects, focal and diffuse, described above as 

well as secondary damage such as vasogenic edema, cytotoxic edema and fluctuations in 

metabolic and immune processes (13; 61; 100).  The fluctuation in metabolic processes 

includes an initial hypermetabolic state and then a significant reduction in cerebral 

glucose uptake that slowly increases over time back to normal glucose uptake values 

(11).  Research shows that both the initial hypermetabolic state (47) and the chronic state 

of reduced glucose uptake correlate with negative long term outcomes (11; 34; 36; 54).  

Beyond the basic cellular demands (i.e. ATP production), glucose is essential for 

maintenance of the membrane potential, information processing, neural computation, and 

neurotransmitter production (11; 38; 65).  Because it plays a critical role in brain 

function, and disruption of normal glucose metabolism is a basis for many neurologic 

disorders, there is need for tight regulation of glucose in the brain (65).  Though the 

human brain accounts for only 2% of the total body weight, it is estimated that it requires 

at least 20% of the body’s glucose (65). 

CONTROLLED CORTICAL IMPACT  

In order to investigate TBI, a number of animal models have been developed, 

such as the controlled cortical impact (CCI) model.  CCI is an effective tool that has 

become one of the most commonly used mechanical models for TBI since it was 

developed in the late 1980’s (27; 74).  It gives the opportunity to investigate many 
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aspects of TBI that include derangements of microanatomy, disruption of the blood-brain 

barrier, hematomas, edema, inflammation and alterations in blood flow (27; 74).   The 

injury can be inflicted with a high level of control and reproducibility with measurable 

specified impact parameters (velocity, depth, duration, and impact site) (27).  In addition 

to the noted injury to the brain tissue, functional deficits have been noted and used for 

behavioral testing like MWM, EZM and beam walk (11; 27; 74).  However, CCI is not 

without limitations that need to be accounted for when using this model.  There are 

arguments that the injury is not clinically relevant as most TBIs do not come with a 

craniotomy or craniectomy, a direct impact focal injury, and use of anesthesia (27).   

GLUCOSE USE BY THE BRAIN 

In order for glucose to reach the brain, it must first cross the blood brain barrier 

(BBB) (29; 65).  In a healthy state, the unique structure of the BBB results in minimal 

permeability to large non-lipophilic molecules from blood to the central nervous system 

(CNS) parenchyma (75).  The BBB is a specialized vascular structure tightly regulating 

CNS homeostasis (2).  It consists of endothelial cells, astrocytes, pericytes, a variety of 

basement membranes, and smooth muscle (2; 29).   

Glucose transporters (GLUTs) are transmembrane proteins that are used for 

facilitated transport of glucose across the BBB as well as into cells (65; 85).  Increasing 

cerebral glucose uptake has been shown to significantly improve outcome after TBI (11; 

103).  There are 5 members of the GLUT family.  GLUT1 transporters are described as 

ubiquitous as they are located in tissues throughout the body (85).  They are located in 

the BBB and the plasma membrane of the oligodendrocytes, astroglia, and microglia that 

support the neurons within the CNS (65; 85).  GLUT3 transporters are located within the 
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plasma membranes of CNS neurons and have a higher rate of glucose transport to try to 

keep up with the increased energy needs (65).  GLUT4 are insulin sensitive transporters 

located within the CNS on neurons, microglia and astrocytes (42; 45; 66).  GLUT4 

transporters are unique in that they start intracellularly in the absence of insulin, and then 

through endo and exocytosis, decrease or increase expression within the cell membrane 

with insulin stimulation (85).  

INSULIN EFFECTS ON GLUCOSE IN THE BRAIN 

Insulin is an anabolic hormone that is secreted by the pancreas and causes cells to 

take up energy substrates in times of excess.  Insulin’s action on the cell is mediated by 

the insulin receptor (IR) (77; 81; 84).  The IR is a large, heterodimeric transmembrane 

glycoprotein, consisting of 719 or 731 amino acids, and belonging to the receptor 

tyrosine kinase (RTK) family (77; 81; 84).  IR has been shown to be reduced in patients 

suffering from Alzheimer’s disease (37), and its expression following TBI is currently 

unclear, though insulin resistance has been noted as an exacerbating factor in TBI (46), 

and it has been reported that IRs can be phosphorylated and inactivated as a result of TBI 

(46).   

It has also been reported that IRs are not evenly distributed throughout the brain 

(105).  Instead, they are concentrated in discrete regions, including the hippocampus 

(105).  Insulin has been noted to increase glucose uptake in the rat hippocampus (12) and 

improve neuronal survival in vitro, through the IR signaling pathway, when cells are 

stressed by glucose deprivation (101). 

Insulin binds to a portion of the IR known as the insulin-binding domain (84) (Fig. 1).  
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The binding of insulin to the IR leads to rapid auto phosphorylation of the receptor (77; 

81; 84).  This, in turn, is followed by tyrosine phosphorylation of insulin receptor 

substrate (IRS) proteins and activation of signaling pathways such as the PI3K and the 

mitogen-activated protein kinase (MAPK) cascades (77; 81; 84).   

Insulin can directly affect a number of neuronal functions, including neurite 

outgrowth, survival, differentiation, migration, energy metabolism, gene expression, 

protein synthesis, cytoskeletal assembly, synapse formation, neurotransmitter function, 

and plasticity (30; 56; 80).  This can be achieved through either activation of the 

PI3K/AKT pathway and glucose transporter (GLUT) activation (92), or through 

 
Fig. 1 – Insulin receptor signaling pathway.  When stimulated, the insulin receptor 

(IR), a receptor tyrosine kinase (RTK) dimerizes and leads to rapid auto 
phosphorylation of the receptor, followed by tyrosine phosphorylation of 
insulin receptor substrate (IRS) proteins and then activating downstream 
pathways such as the PI3K and the mitogen-activated protein kinase 
(MAPK) cascades.  The PI3K pathway is associated with metabolic and 
survival (anti-apoptotic) processes, while the MAPK pathway is associated 
with growth and proliferation. 

'..A,. Growth 
■ Proliferat ion 

RAS 

ERK 

IR 

Gluco se uptake 
• Protein synthesis 

■ Lypogene sis 
Glycogen Product ion 



 

22 

alternative mechanisms such as the MAPK signal transduction pathway (102) (Fig. 1).   

Our previously published data demonstrates that intranasal insulin increases glucose 

uptake in the brain after moderate TBI in a rat model, and improves cognitive function 

(11).  However, it is not clear if these actions are through the IR, if these effects are 

region specific, or if these effects are mediated by neurons or microglial cells.  

INTRANASAL INSULIN 

The intranasal route of medication administration has gained a lot of interest over the 

past decade (19).  It gives the ability to non-invasively and directly access the CNS (19).  

Due to the large size and polarity, the insulin molecule cannot cross directly into the 

bloodstream from the nasal cavity (67).  Because it is not absorbed into the mucus 

membranes, it is able to pass into the upper portion of the nasal cavity and access the 

CNS (19). 

  When given intranasally, insulin accesses the CNS by following the olfactory and 

trigeminal cranial nerves to the rostral and caudal brain, respectively, through 

intracellular and extracellular means (19).  Because intracellular transport would take 

hours to days and the onset of extracellular transport is very rapid it is thought that the 

extracellular pathway through paracellular diffusion is responsible for the therapeutic 

effect (19; 60).  Once reaching the CNS, research has shown that insulin permeates the 

entire brain and has no effect on blood glucose or weight (11; 37).  

IMPACT OF TBI - HIPPOCAMPUS 

One of the subcortical structures that is often damaged and is classically linked to 

memory and anxiety is the hippocampus (12; 25; 43; 50).  This damage to the 

hippocampus is reflected by hippocampal lesion formation (50), atrophy (5), and 
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neuronal loss (12).  The effects of TBI on the hippocampus have been shown via 

increased edema and reduced glucose uptake starting just hours to days after injury and 

continuing for several months (11; 15; 20; 57).  Our previous studies demonstrated an 

increase in edema volume within the hippocampus after TBI at both 3 and 9 days post 

injury (11).   

The hippocampus is an important part of the limbic system and one of the most 

studied areas of the brain (33).  It is a seahorse-shaped structure involved in learning, 

memory, and emotion (33).  The association of the hippocampus and memory was 

established in the 1950s with a patient known as “HM” (33; 88).  HM suffered from 

seizures that were eventually treated with surgery that removed his medial temporal lobes 

that included his hippocampi, and subsequently he experienced profound memory 

impairments  (33; 88).  This association is key to our research as we are looking into the 

mechanism of increased memory, as well as the potential for impact on TBI-induced 

anxiety (11).  The injury site is located directly over the CA1 (CA derived from cornu 

ammonis) region of the hippocampus for our CCI model (Chapter 2).  The CA1 region 

was chosen for this research as it is most closely associated with memory (70). 

IMPACT OF TBI - ANXIETY 

In addition to physical and cognitive limitations, anxiety has also been identified 

as a common and critical issue (73; 83).  As described in the previous section, the 

hippocampus is subcortical structure often damaged in TBI.  Damage to the hippocampus 

is associated with increased anxiety in humans (50).  Injury to the hippocampus is also 

associated with increased anxiety-like behavior in rats (7).  The hippocampus is also 

involved in the regulation of the hypothalamic-pituitary-adrenal (HPA) axis (9; 39; 64).  
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The HPA axis is vital for the proper regulation of energy during times of stress (9).  

Disturbances in the HPA axis constitute a leading cause of long-term sequela after TBI 

(58) and are also associated with anxiety and stress (28; 97; 98).  This can be seen 

through the elevation of stress-related hormones including cortisol in humans or 

corticosterone (CORT) in rodents (82).  The impact the hippocampus has on anxiety is 

derived from a direct link between the hippocampus and the hypothalamus (43).   

Intranasal insulin has also been used in rats to reverse anxiety-like responses and 

hippocampal neuroinflammation that were induced through methamphetamine 

administration (7).  Further, research from our laboratory has shown that intranasal 

insulin increases glucose uptake, and has a significant impact on edema in the 

hippocampus (11), which might impact anxiety in the same way we observed impacts on 

memory.   

IMPACT OF TBI - INFLAMMATION 

Microglia are distributed throughout the CNS and are the resident macrophage-like 

cells of the CNS (21).  Microglia comprise approximately 15% of the cell population of 

the CNS and share many similarities to peripheral macrophages (16). Microglia maintain 

homeostasis in the CNS through actively sensing the surrounding environment (51; 69; 

90).  Though described as “resting”, microglia are very mobile and active in the 

surveillance of the surrounding environment, making use of their very long, thin 

processes that cover the entire brain parenchyma (21).  The processes contain pattern 

recognition receptors that respond to pathogen-associated molecular patterns (PAMPs) or 

damage-associated molecular patterns (DAMPs) that indicate a potential infection or 

injury (21; 53; 59).  The alterations in immune response induced by TBI include a 
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significant elevation in microglial activation that begins at about 24 hours post-injury and 

peaks at 4–7 days post-injury (59).  This response is supplemented by the entry of 

peripheral neutrophils, macrophages, and lymphocytes with the rupture of the blood brain 

barrier (53).  The neutrophils have an early onset and peak during the initial 24 hours (6).  

But as the neutrophil numbers decrease during the first couple of days, the macrophages 

follow a similar timeline to that of microglia, peaking at 4-7 days (6).  Microglial 

activation is when the microglia go from a ramified, resting state with a dendritic 

morphology to an ameboid morphology resembling blood borne macrophages in response 

to injury (59).  This morphological change is combined with behavior in that the 

microglia goes from monitoring to an active state where it proliferates and migrates to the 

site of injury (59).   

It has been shown that microglia are activated in response to TBI with both pro-

inflammatory (M1, classical activation) and anti-inflammatory (M2, alternative 

activation) effects (11; 13; 21; 22; 36; 59; 68).  Pro-inflammatory microglia display M1 

phenotypic markers (i.e. CD86, iNOS) and are associated with phagocytosis, release of 

reactive oxygen species (ROS), nitric oxide (NO), and production of pro-inflammatory 

cytokines (i.e. TNFα, IL1B, IL6).  Pro-inflammatory activation of microglia has been 

shown to have neurotoxic effects (22; 59; 68) as well as promote insulin resistance, 

further promoting secondary injury and blocking cellular protective pathways (46).  The 

anti-inflammatory microglia display M2 phenotypic markers (i.e. CD206) and release 

anti-inflammatory cytokines that are neuroprotective (i.e. IL10) (21). 

TBI – INSULIN AS A THERAPEUTIC 

To date, there are no clinically available therapeutics that address either the initial 
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or secondary injury associated with TBI.  A multi-pronged therapeutic that can directly 

access the brain may be optimal for treatment of TBI.  In 2008, Dr. William Frey II’s 

group at the University of Minnesota reported that intranasal insulin was effective in 

improving memory for patients suffering from Alzheimer’s disease, and the patients 

suffered no adverse effects of decreased blood sugar (37).   

  When given intranasally, insulin accesses the CNS by following the olfactory and 

trigeminal cranial nerves to the rostral and caudal brain, respectively, through 

intracellular and extracellular means (19).  Because intracellular transport would take 

hours to days and the onset of extracellular transport is very rapid it is thought that the 

extracellular pathway is responsible for the therapeutic effect (19).  Once reaching the 

CNS, our lab has shown that it permeates the entire brain and has no effect on blood 

glucose or weight (11).  Intranasal insulin has been shown to be a promising method for 

decreasing microglial-induced inflammation in the CNS (7; 11).  With the decrease in 

inflammation, this therapy has also shown potential to decrease anxiety (7) and improve 

memory in both rats (11) and humans (19).  

With this background in mind, the purpose of this study was to evaluate the 

mechanism by which intranasal insulin administration affects the hippocampus and 

broaden its therapeutic potential for treatment of TBI in a rat model.  We hypothesized 

that intranasal insulin administration will reduce inflammation and neuronal loss in 

the hippocampus and reduce measures of anxiety in rats exposed to moderate TBI.  

To test this hypothesis, we proposed the following three specific aims: 

Aim 1: To demonstrate that intranasal insulin administration will reduce 

anxiety-like symptoms associated with TBI.  We hypothesized that intranasal insulin 
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administration would reduce anxiety-like behavior.  TBI results in an increase in anxiety-

like behavior in rats (55; 57); this function is correlated with hippocampal damage (12; 

25; 43; 50).  We proposed to test this hypothesis utilizing behavioral testing via the light-

dark box, elevated zero maze, and open field test following moderate TBI and insulin 

administration.   

Aim 2: To determine the effects of intranasal insulin on hippocampal 

neuronal viability.  We hypothesized that intranasal insulin would reduce neuronal 

damage in the hippocampus after moderate TBI.  Our preliminary data indicated that 

intranasal insulin had significant effects in the injured hippocampus and hippocampal 

related function to include improvements of memory and decreased edema volume in this 

area(11).  However, it was unclear if these benefits were mediated by insulin-mediated 

metabolic or non-metabolic signal transduction pathway activation leading to elevated 

neuronal survival.  Therefore, we investigated IR signaling pathways by assessing 

phosphorylation of AKT and MAPK.  We performed histological analysis with the 

marker, NeuN to evaluate the total number of neurons in the hippocampus. 

Aim 3: To assess microglial changes in the hippocampus after intranasal 

insulin administration.  We hypothesized that the addition of intranasal insulin would 

decrease microglial-related inflammation after TBI.  Microglia are the resident 

macrophage-like cells of the brain and serve an important purpose in the acute stages 

following TBI that include clearing cellular debris. However, it has been shown that 

prolonged activation can be detrimental due to the release of pro-inflammatory cytokines, 

nitric oxide, and reactive oxygen species that can result in neuronal cell death22.  In order 
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to assess inflammation, we used commercially available antibodies to assess microglial 

number and activation in the hippocampus 

Previous research has demonstrated that intranasal insulin improves outcomes after 

TBI.  This proposal will help to clarify the mechanism of these effects and provide more 

information on therapeutic targets.  These data will be essential for the development of a 

future clinical trial. 
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CHAPTER 2: Methods 

CONTROLLED CORTICAL IMPACT INJURY (CCI) 

Adult male Sprague–Dawley rats (250–350 g; Taconic, Germantown, NY) were 

housed in the animal facility on a 12 h light/12 h dark cycle with free access to food and 

water with two rats per cage.  All animal procedures were approved by the Uniformed 

Services University IACUC and complied fully with the principles set forth in the “Guide 

for the Care and Use of Laboratory Animals” prepared by the Committee on Care and 

Use of Laboratory Animals of the Institute of Laboratory Resources, National Research 

Council (DHEW pub. No. (NIH) 85-23, 2985).   

Rats were exposed to a moderate controlled cortical impact (CCI) injury over the 

left parietal cortex as previously described (11).  Briefly, rats were anesthetized with 

isoflurane (4% induction, 2.5% maintenance).  Body temperature was maintained at 

36.5–37.5oC by a heating pad that was regulated by a rectal temperature sensor. The 

animal was placed in a standard rodent stereotaxic frame and positioned using ear and 

incisor bars. The dorsal scalp was shaved and a mid-sagittal incision was performed 

under sterile conditions to expose the skull.  A 5-mm circular craniectomy was performed 

over the left parietal cortex at 3.0 mm lateral and 2.0 mm posterior from Bregma. 

Following the craniectomy, the CCI device (Impact OneTM, Leica Microsystems, 

Buffalo Grove, IL) with a 3-mm flat impactor tip was placed in the center of the 

craniectomy site and a moderate injury was induced with 5 m/s speed, 200 ms dwell time, 

and 2 mm deformation depth.  Table 1 summarizes the number of rats in each treatment 

cohort.  The skull flap was not replaced after injury and the incision site was closed with 

surgical staples.  Animals were placed in a heated chamber and monitored after injury 
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until recovery from anesthesia effects and the animal was then returned to their home 

cage.  Sham animals that were used for behavior testing only, received a craniectomy but 

no CCI intervention and the scalp incision was closed with sutures or staples.  For three 

days post-injury, rats received acetaminophen in the drinking water (200 mg/kg). Table 1 

summarizes the number of rats in each treatment cohort, which were utilized for 

obtaining biosamples for evaluation of insulin treatment after brain injury (left half of 

table) and behavioral effects (right half of table). 

Table 1 – Total numbers of all cohorts -  

 

INTRANASAL INSULIN TREATMENT 

Under isoflurane anesthesia (4% for induction, 2.5% for maintenance), animals 

were treated as previously described (11) with intranasal insulin (R-100, Eli Lilly, 

Indianapolis, IN, 6 IU) or saline (60 µL) beginning 4 h post-injury and continuing with 

daily administration for 14 days (Fig. 2).  They were positioned supine in an anesthesia 

induction chamber and the treatments were administered by micropipetter into the nasal 

cavity using 10 µL doses, alternating nares in one minute increments for six doses.  After 

the last dose, the animals remained under anesthesia in the induction chamber for an 

additional two minutes before being returned to their home cages for recovery.  The first 

treatment was given 4 h after the injury was inflicted (or sham surgery) and then 

Saline Perfused Fixed Behavior Totals 

saline insulin saline insulin saline insulin sham saline sham insulin 

6hr 5 5 5 5 XXX XXX XXX XXX 20 

24hr 5 

I 
6 5 

l 
4* XXX XXX XXX XXX 21 

4D 5 (4) 6 (4) 5 5 XXX XXX XXX XXX 29 

10D 5 5 S** S** 6 6 3 3 44 

28D XXX XXX XXX XXX 10 10 5 5 30 

144 

* one animal died in surgy - not replaced 

**first group (n=3/group) samples destroyed in processing 

() = specifically processed for PCR 
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continued daily through day 14 or until the day of sacrifice, with the exception of the 10-

day behavior groups where treatment stopped at day 7.  If treatment was administered on 

the day of sacrifice, it was done two hours prior to tissue collection.  For all cohorts, the 

treatment groups were randomized and each cohort had representatives for all treatment 

groups.  With four or six animals in a surgical cohort, two or three, respectively, would 

be in each treatment group, selected randomly.  For the behavior cohorts, there were six 

animals per surgical group and they were randomly separated into three groups of two, 

where two animals were treated with saline, two treated with the insulin, and two sham 

(one treated with saline and one with saline).  The selection of all treatment groups was 

random and the investigator was blinded to treatment.  

TISSUE COLLECTION AND PROCESSING 

The animals received an intraperitoneal (IP) injection of Euthasol (pentobarbital 

sodium and phenytoin sodium, Virbac AH, Inc, 0.3 mg/Kg) for deep anesthesia.  Fifty 

 
 
Figure 2. Timeline – visual depiction for timing of treatments, tissue collection, and 

behavior analysis. 
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subjects (Table 1) were perfused with saline only and the brains were removed and the 

cortex surrounding the lesion and the hippocampal area just below it was dissected, 

immediately frozen, and stored for western blot (WB), enzyme-linked immunosorbent 

assay (ELISA), and polymerase chain reaction (PCR) procedures as described below.  

Thirty-nine subjects (Table 1) were perfused with 10% formalin following the 

saline perfusion.  These brains were removed and sectioned into 20 µm thick slices for 

histological analysis described below.  The sectioning area included a 5 mm tissue block 

centered on the middle of the lesion after the brain was removed.  This 5 mm brain block 

was frozen in OCT Compound Clear, Optimal Cutting Temperature Embedding Medium 

for Frozen Tissue Specimens (OCT, Tissue Plus®, Fisher HealthCare, #4585, Scigen 

Scientific, Gardena, CA) then mounted in the cryostat with the rostral side forward.  

Every 3rd section was mounted on slides (4 sections per slide) in groups of 10 slides, in a 

predetermined pattern for Cavalieri method analysis, giving a total of 30 slides (120 

mounted slices).  

WESTERN BLOT (WB) ANALYSIS  

Samples were removed from -80oC, thawed in ice, and processed as previously 

described (96) with modifications made for brain tissue.  The samples (cortex and 

hippocampus) were separately processed for protein lysate with RIPA buffer (PierceTM, 

#89900, Thermo Scientific, Rockford, IL) and protease inhibitors (HaltTM, Protease and 

Phosphatase Inhibitor Single-Use Cocktail, #1861280, Thermo Scientific, Rockford, IL), 

by adding homogenate solution (RIPA buffer with protease inhibitor) to the tissue based 

on weight.  The resulting solution was then sonicated with 3 second pulses x 3 and then 

centrifuged at 15000 RPM, 4oC, for 10 min.  The lysate was then pipetted from the 
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solution and the pellet stored in -80oC.  WBs were conducted with 8-12 µg samples per 

well in Bio-Rad stain-free 15 well (15 µL) gels per factory recommendations.  

Commercially available antibodies were used to assess signal transduction markers 

through the MAPK pathway (pMEK1/2, cell signaling #4169, Rabbit, 1:250; MEK1/2, 

cell signaling #D1A5, Rabbit, 1:500) and the PI3K pathway (pAKT, cell signaling 

#4060s, Rabbit, 1:250; AKTpan, cell signaling #4691s, Rabbit, 1:500).   

ELISA (ENZYME-LINKED IMMUNOSORBENT ASSAY) 

ELISA testing used kits purchased from R&D Systems (Minneapolis, MN) for 

specific cytokines with sample protein concentrations of approximately 25µg/µL. The 

ELISA kits IL1ß (Rat IL-1 beta/IL-1F2 Quantikine ELISA Kit, RLB00); IL6 (Rat IL-6 

Quantikine ELISA Kit, R6000B) and TNFα (Rat TNF-alpha Quantikine ELISA Kit, 

RTA00) were used to quantitatively assess pro-inflammatory cytokines per 

manufacturer’s instructions. 

IMMUNOFLUORESCENCE 

The cortex and the CA1 region of the hippocampus (Fig. 3) were assessed for 

immunohistochemical detection and quantitation of microglia (Iba1, Wako, #019-19741, 

Rabbit, 1:500) and CD 86 (Cd86, Abcam, #ab53004, Rabbit, 1:200).  Neuronal number 

(NeuN, Millipore, #ABN78, Rabbit, 1:500) and iNOS (iNOS, Abcam, #ab3523, 1:100) 

were evaluated in the CA1 region of the hippocampus.  Samples not stained with primary 

antibody (negative controls) were used to confirm specificity of secondary used.  

Quantitation of immunolabeling of was completed using Image J.  Two to four images 

(20x) per subject were captured, converted to 8-bit grayscale images, and the threshold 

adjusted to where red immunofluorescence on the software’s clipboard matched what 
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was fluorescent in the original image.  The new settings were applied and the area of 

immunolabeling was measured with the recorded averaged for the individual subject.  

These averages were then used for data analysis. 

LESION VOLUME 

The sections were stained with Haematoxylin and Eosin (H&E) and images of the 

sections were recorded using Zeiss Axio Scan (5x, Fig. 3).  For the lesion analysis, we 

used slides from three subjects per treatment group, with 3-4 sections averaged per 

subject as previously described (96).  The lesion area of each image was outlined and 

quantified by an investigator blinded to treatment group with use of ImageJ software.  

For this analysis, the whole section image (5x) was transferred to the Image J clipboard 

where the AOI was outlined using the "freehand selection” function.  After completing 

the outline of the AOI, the area of each section was measured and recorded.  The 

Cavalieri method was then used to assess volume for analysis. 

 
Figure 3. Areas used for analysis in histology.  The area of injury (red blast) was the area 

analyzed with imageJ software to obtain lesion size.  The green outlined area was 
imaged and quantified to analyze cortex for immunofluorescence.  The blue outlined 
area was imaged and quantified for CA1 of hippocampus. 
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BEAM WALKING ASSAY 

Animals were trained for three days prior to surgery on a 1 meter beam as previously 

described (11) with minor modifications.  Briefly, rats were trained to walk across a 

single 2cm thick beam to return to their home cage.  For testing, time to cross the beam 

and number of footfalls were measured at baseline, and at 1, 7, 14 and 21 days post injury 

by an investigator blinded to treatment group.  The animals were tested immediately 

before treatment as to avoid residual effects of isoflurane exposure. 

OPEN FIELD TEST (OFT) 

The open field test (OFT) is a measure of general activity levels, gross locomotor 

activity, exploration, and anxiety (79).  Testing for the 28 D cohorts was started after the 

entire fourteen-day treatment with insulin or saline was completed (Fig. 2 & Table 2).  

The 10D cohorts started with elevated zero maze two hours after treatment on day seven 

with no further treatments administered thereafter.  The subjects were brought to testing 

area in home cages for acclimation 30 minutes prior to initiation of testing.  A white 

noise machine (Dohm classic, Marcpac) provided background noise throughout 

acclimation and testing.  The OFT apparatus is an open top, square box (100cm x 100cm 

x 50cm height) made of gray PVC material. Dimmable track lights mounted on the 

ceiling illuminated the box to 380 lux.  When testing began, the animals were 

individually placed in the center of the box and allowed to explore for 10 min. At the 

conclusion, the animal was removed and returned to its cage and the apparatus was 

cleaned with 70% ethanol before testing the following animal.  A ceiling mounted camera 

connected to a computer recorded the animal’s movement using CaptureStar (CleverSys 

Inc, Reston, VA) and total moving distance, average velocity, center time, center moving 
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distance and center area entries were analyzed and recorded by the TopScan video 

tracking software (CleverSys, Inc.). 

Table 2 – Behavior testing 

 

ELEVATED ZERO MAZE (EZM) 

The elevated zero maze is used to assess anxiety-related behaviors in rodents (86). 

The apparatus for this test consists of two closed (with walls) and two open (lacking 

walls) quadrants on a round maze (diameter 100 cm), elevated 50 cm off the floor 

(Stoelting Co.).  Lighting in the open quadrants was set to 100 lux and 50 lux in the 

closed quadrants. Time frame for testing is as described in OFT section and (Fig. 2 & 

Table 2).  Each rat was placed in the middle of an open quadrant and allowed to freely 

explore for 5 min.  Between each animal testing, the maze was cleaned with 70% ethanol. 

The rat’s performance was recorded by an overhead camera connected to a computer 

using the CaptureStar software (CleverSys Inc.).  Total moving distance and velocity, 

time spent in each quadrant, and the number of open quadrant entries was measured using 

the TopScan video tracking software (CleverSys, Inc.).  

LIGHT-DARK BOX (LDB) 

The light-dark box test is another behavioral task for evaluating anxiety in 

rodents(18). The apparatus for this test consists of two compartments, one of which is 

open and brightly illuminated (800 lux; 40 x 20 x 40 cm) and one which is smaller, dark 

28D ,_ 15-17 dpi DPI 17-19 DPI 19-21 DPI 28 -+-OFT -+-EZM LDB sacrifice 
10D + 7 dpi + 8 dpi --t 9 dpi ~ lOdpi 

EZM OFT + LDB sacrifice 
* OFT - open field test, EZM - elevated zero maze, LDB - light-dark 

box 
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and enclosed (0 lux, 40 x 20 x 20 cm), connected through a small opening (10 x 6 cm). 

Each arena is equipped with photobeam arrays that track the animal in the horizontal and 

vertical plane. These sensors are connected to the PC with the Fusion 6.4M software 

(Omnitech Inc.). The software records the number of entries into each box, horizontal and 

vertical activity, and time spent in both compartments. Time frame for testing is as 

described in OFT section and (Fig. 2 & Table 2).  Animals were placed in the light box 

and allowed to freely explore for 5 min. The maze was cleaned with 70% ethanol 

between each animal. 

STATISTICAL ANALYSIS 

 All data were collected by an investigator blinded to treatment group.  Lesion 

volume and ELISA data evaluated using 2-way ANOVA with Tukey’s multiple 

comparisons test.  Immunofluorescence and western blot data evaluated using unpaired t-

tests using multiple t-test function with correction for multiple comparisons using the 

Holm-Sidak method with trends over time analyzed via 2-way ANOVA with Tukey’s 

multiple comparisons test.  All behavior testing for anxiety evaluated by 2-way ANOVA 

with Tukey’s multiple comparisons test. Beam walk assay not analyzed statistically.  All 

data evaluated and presented via GraphPad Prism 8. 
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CHAPTER 3: Results - Cellular and Inflammatory Response 
 

 Our research design involved adult male Sprague Dawley rats that were exposed 

to a moderate CCI injury as described in Chapter 2.  At 4 hours post-injury, rats received 

6IU of Humalog R, or an equivalent volume of saline, based on our previous study (11).  

Insulin or saline was administered by a pipette in 10µl increments to the rat nasum while 

the animals were anesthetized with isoflurane.  Treatment continued daily for up to 14 

days.  Brain tissue was extracted for analysis at 6 hours, 24 hours, 4 days, or 10 days 

post-injury.  A total of 90 rats were required for this analysis in immunofluorescence and 

ELISA (Table 1).  Rats were euthanized and brain tissue dissected for 

immunohistochemical detection and quantitation as well as protein extraction for ELISA 

analysis (Chapter 2 Methods).   

LESION VOLUME IS NOT AFFECTED BY INSULIN TREATMENT  

 Lesion volume was measured in the affected cortex at 6 hours, 24 hours, 4 days, 

and 10 days post-injury.  Overall, the volume of the lesion appears to start small and then 

peak at 24hr (Fig. 4).  This demonstrates that the injury is not limited to the initial injury 

but to a progression of continued cell death well after the initial impact.  The lesion then 

gradually resolves over time with the volume returning at 10D to a level similar to that of 

the 6hr group.  With this analysis, it was shown that there is no significant difference in 

lesion volume between treatment groups at any time point (Fig. 4).  This reinforces 

previous findings and speculation that the decreased IR density in the cortex may have a 

role in the lack of effect in this area (11).  
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NEUN IN CA1 OF THE HIPPOCAMPUS   

The hippocampus is of chief interest when investigating the mechanism of an 

improvement in memory with any treatment as the CA1 region of the dorsal 

hippocampus is directly related to memory (43).  Immunofluorescence of the CA1 region 

with NeuN showed no difference between the treatment groups at any time point but that 

there is a significant temporal effect (p=0.0136, 2-way ANOVA) and the pixel density 

appears to be at the lowest point at the 24hr time point.  This is in direct contrast to the 

progression of the lesion volume analysis above (Fig. 4) indicating the injury within the 

hippocampus is following a similar progression as in the cortex and primarily impacted 

by secondary injury.  Also of note, though there is no difference in pixel density, we do 

see a difference in morphology within the 4D cohorts (Fig. 5).  The 4D control group 

shows a dispersed arrangement as compared to the compact pattern seen in the insulin 

 
Figure 4.  Lesion Volume is not affected by insulin treatment – The lesion starts small and then spikes in 

volume at 24hrs before gradually declining over time.  There is no significant difference between 
intranasal insulin treated and control at any time point.  Representative images of H&E stained cortex 
at the site of injury.  Saline and insulin treated subjects as well as time of sacrifice noted above.  The 
images above were taken from whole section images (Axio Scan, 5x, scale bar = 2.5mm).  Lesion 
volume assessed with ImageJ software by researcher blinded to treatment.  n=3/group; bars represent 
mean +/- SEM. 
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group.  This time point coincides with the increased edema volume shown in this area 

that was significantly decreased by intranasal insulin treatment (11).  Though the pixel 

density does not show a difference, this dispersed pattern might be indicative of increased 

edema that could have a negative effect on neuronal communication. 

IBA1 IS A MARKER OF MICROGLIA/MACROPHAGES 

Research has shown that microglia become activated and mobilize to the site of 

injury after TBI (59).  It also shows that at the time of injury, macrophages gain entry 

into the area and add to the inflammatory process (6; 53).  With the methods we are using 

it is impossible to differentiate between microglia and macrophages as they are both 

identified by Iba1(59).  After probing and evaluating both the cortex and the 

hippocampus at all time points with Iba1, we can see an expected increase in Iba1 at 4D, 

in the cortex near the site of injury that is independent of treatment (Fig. 6B, p=0.0005, 2-

way ANOVA).  It is expected because this finding corresponds with what is seen in the 

literature (59).  But we do not see any effect of treatment at any time point. 

INTRANASAL INSULIN INDUCES A SIGNIFICANT DECREASE IN PRO-INFLAMMATORY 
MARKERS  

As discussed earlier, microglia, once activated, can take on a pro-inflammatory or 

anti-inflammatory phenotype.  We attempted staining of both phenotypes with use of 

CD206 (anti-inflammatory), CD86 (pro-inflammatory), and iNOS (pro-inflammatory).  

We were unable to attain any results from our CD206 immunofluorescence staining 

(technical difficulties) but did get results with the two pro-inflammatory markers.  CD86 

is a membrane receptor protein that acts as a co-stimulatory ligand for CD28 that is 

important for optimal T-cell activation and identifies an antigen presenting cell (in this 
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case a macrophage or microglia) as M1 phenotype (63).  Our research shows that when 

comparing insulin treated to saline treated control after moderate CCI, there is a 

significant decrease in the insulin treated groups CD86 in both the cortex (p=0.0278) and 

the hippocampus (p=0.0280) at the acute time point of 6 hours (Fig. 7). 

 

 
Figure 5.  NeuN in CA1 of hippocampus – A) Representative images of CA1 region of hippocampus stained 

with NeuN.  B) Pixel density analysis quantification, bars represent mean +/- SEM and individual data 
points shown.  n = 5-6 per group.  X axis = time points, Y axis = pixel density; insulin treated (red 
bars), control/saline (blue bars).  Comparing insulin treated to saline treated control, we see no 
treatment effect at any time point.  After an initial drop at 24hrs, there is a trend to increasing pixel 
density in both treatment groups.  At 4D there is no difference in pixel density quantification but we 
see a disruption within the neuronal network of the CA1 of the hippocampus in the saline treatment 
group; a phenomenon we have seen in past studies related to the impact of secondary injury (edema) 
demonstrated in this area (11).  
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iNOS, also a pro-inflammatory marker of microglial polarization, was also 

impacted by intranasal insulin (Fig. 8).  We show a significant decrease in iNOS at the 

4D time point (6hr p=0.3829, 24hr p=0.4683, 4D p=0.0016, and 10D p=0.4683) with 

intranasal insulin treatment.  Of note, this is also the time of peak microglial activation 

(Fig. 6).  The 10D samples look to suffer from increased variability that might have 

attributed to the lack of significance therein.  

 

 

 

 
Figure 6.  Iba1 a marker of microglia and macrophages, A) Representative images 

stained with Iba1 of perilesional cortex and CA1 hippocampus treated with 
either saline or insulin. B-C) Pixel density analysis quantification, bars represent 
mean +/- SEM and individual data points shown.  n = 5-6 per group.  X axis = 
time points, Y axis = pixel density; insulin treated (red bars), control/saline (blue 
bars).  We see no treatment effect at any individual time point.  There is a 
significant increase in overall density in the cortex for insulin treated group from 
6hrs and 24hr to 4 days after injury that is independent of treatment.  * p<0.05, 
multiple t-tests with Holm-Sidak correction for multiple t-tests, GraphPad Prism 
8). 
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TNFΑ IS REDUCED WITH INTRANASAL INSULIN TREATMENT 

Cytokines are communication proteins that have different effects on different cells 

depending on the cell type (23).  They have a baseline level of activity associated with 

normal physiology (23).   There are pro-inflammatory and anti-inflammatory cytokines 

that are both active during TBI (21).  It is the pro-inflammatory effects that are linked to 

increased damage after the primary injury and linked with possible options for treatment 

(13; 21; 46; 53; 68).  Our research indicated a significant reduction 24hrs post injury with 

intranasal insulin treatment (Fig. 9).  

TNFα, IL1ß, and IL6 are all pro-inflammatory cytokines associated with TBI.  

Hippocampal tissue was analyzed and TNFα is significantly reduced at 24hrs post injury 

 

 
Figure 7.  Insulin reduces CD 86 expression at 6 hours.  A) Representative images 

stained with CD86, DAPI, and combined of perilesional cortex and CA1 
hippocampus treated with either saline or insulin. B-C) Pixel density analysis 
quantification, bars represent mean +/- SEM and individual data points shown.  n 
= 5-6 per group.  X axis = time points, Y axis = pixel density; insulin treated (red 
bars), control/saline (blue bars).  When comparing insulin treated to saline 
control, CD86 significantly decreased in the cortex and the hippocampus at 6hrs 
post injury with intranasal insulin treatment, * p<0.05, unpaired t-test. 
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with intranasal insulin treatment (24hr p= 0.0336, 4D p=0.9293, 10D p=0.7331 unpaired 

t-tests for individual time points) while IL1ß (6hr p=0.9048, 24hr p=0.6232, 4D 

p=0.9048, 10D p=0.9048) and IL6 (24hr p= 0.8798, 4D p=0.08798, 10D p=0.8798) did 

not change with treatment.  TNFα has been identified as a potentiator of insulin resistance 

(46) as it blocks insulin receptor signaling via the JNK and NF-B pathway that 

inactivate insulin receptor substrate (46).   Our research shows that IL6 stays elevated 

through all three time points tested with no effect of treatment.  IL1ß has an initial spike 

at 6hrs and then drops off to very low levels for the subsequent time points, also showing 

no effect of treatment.   

SUMMARY CHAPTER 3 

The data from this chapter follows on the knowledge that TBI causes 

inflammation in the brain and that insulin decreases that inflammation.  We knew that 

insulin decreased inflammation caused by methamphetamine exposure (7) and that it did 

 
Figure 8.  iNOS - a pro-inflammatory marker of microglial polarization, A) 

Representative images of CA1 region of hippocampus stained with iNOS.  B) 
Pixel density analysis quantification, bars represent mean +/- SEM and individual 
data points shown.  n = 5-6 per group.  X axis = time points, Y axis = pixel 
density; insulin treated (red bars), control/saline (blue bars).  When comparing 
treatment groups in the hippocampus at individual time points iNOS is 
significantly decreased in the hippocampus at 4D with intranasal insulin 
treatment. ** p<0.01, multiple t-tests with Holm-Sidak correction for multiple t-
tests, GraphPad Prism 8). 
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affect microglia directly in vitro (10).  These data indicate that the decrease in 

inflammation is not due to a decrease in microglia or macrophages at the site of injury (or 

on the hippocampus).  Instead, it indicates that the effects we see are due to a decrease in 

pro-inflammatory molecules (i.e. M1 phenotype microglia/macrophages, inflammatory 

cytokines).  Though we were not able to get a direct measurement of the anti-

inflammatory players, because there was no change in the number of microglia, it would 

be a logical deduction that there is an increase in anti-inflammatory agents with insulin 

treatment.  Further testing should be pursued to get direct evidence of this possibility. 

 
 

 
 
 
 
 
 
 
 
 
 

 
 

 

 
Figure 9.  Cytokines -  TNFα, IL1ß, and IL6 are all pro-inflammatory cytokines associated 

with TBI.  Hippocampal tissue was analyzed and IL1ß and IL6 show no effects of 
treatment.  TNFα is significantly reduced at 24hrs post injury with intranasal insulin 
treatment.  (SEM, n = 3 per group TNFα & IL6, n = 5 IL1ß, *p<0.05, TNFα 
evaluated with unpaired t-tests for individual time points; IL1ß and IL6 multiple t-
tests with Holm-Sidak correction for multiple t-tests, GraphPad Prism 8). 
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Chapter 4 – Results - Molecular Response 
 

Our previous work indicated that intranasal insulin induced significant effects in 

the injured hippocampus and on hippocampal related function (11).  We attributed the 

improvement in hippocampal function to high IR concentrations in the hippocampus 

(105), which can contribute to insulin mediated neuronal survival via PI3K/AKT signal 

transduction and increased glucose uptake (8; 46).  The hippocampus has been directly 

linked to anxiety (see behavior chapter) (43) and the CA1 region, directly beneath the 

lesion site, is the most superficial portion of the rat hippocampus (48).  The cortex is the 

actual site of injury but has a reported lower IR density than that of the hippocampus 

(94).  We therefore hypothesized that intranasal insulin would increase intracellular 

signaling with greater efficacy in the hippocampus than in the cortex through the insulin 

receptor pathway. 

 Adult male Sprague Dawley rats were exposed to a moderate CCI injury as 

described previously (95).  At 4 hours post-injury, the rats received 6IU of Humalog R, or 

an equivalent volume of saline.  Insulin or saline was administered by a pipette in 10µl 

increments to the rat nasum while animals were anesthetized with isoflurane.  Treatment 

continued daily for up to 14 days.  Brain tissue was extracted for western blot analysis at 

6 hours, 24 hours, 4 days, or 10 days post-injury.  A total of 42 rats were required for this 

analysis (Table 1).  Commercially available antibodies were used to assess IR signaling 

pathways in the cortex and hippocampus.  The mechanism was assessed by testing for 

signal transduction markers through the MAPK pathway and the PI3K pathway.  

Specifically, we looked for increases or decreases in the phosphorylation of AKT and 

MAPK.  
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AKT PHOSPHORYLATION IS NOT AFFECTED BY INSULIN TREATMENT 

 AKT, also known as protein kinase B, plays a major role in the PI3K/AKT 

pathway.  This pathway is referred to as metabolic and anti-apoptotic because of the 

major endpoints that include increasing glucose uptake, protein synthesis, lipogenesis, 

glycogen formation, and blocking apoptosis (Fig. 1).  Phosphorylated AKT (pAKT), total 

AKT (AKTpan), and the ratio of the two (pAKT/AKTpan) was compared between 

intranasal insulin treated and control (saline) treated groups at each of the 4 time points in 

the cortex and hippocampus. 

 In the cortex, when directly comparing insulin treated to control, there was no 

effect of treatment on pAKT at any time point (Fig. 10B; 6hr p=0.9434, 24hr p=0.9434, 

4D p=0.9434, 10D 0; multiple t-tests with Holm-Sidak correction for multiple t-tests).  

There was also no significant effect on AKTpan was observed between treatment groups 

(Fig. 10C; 6hr p=0.9776, 24hr p=0.3841, 4D p=0.9776, 10D p=0.9176; multiple t-tests 

with Holm-Sidak correction for multiple t-tests).  As a result, there was no significant 

effect of treatment was observed on the pAKT/AKTpan ratio (Fig. 10D; 6hr p=0.1250, 

24hr p=0.3444, 4D p=0.6696, 10D 0; multiple t-tests with Holm-Sidak correction for 

multiple t-tests). 

Over time in the injured cortex, there is a significant increase in pAKT and 

pAKT/AKTpan (Fig. 10B) at 4D in the insulin treated groups (6hr to 4D p=0.0086, 24hr 

to 4D p=0.0003, 2-way ANOVA multiple comparison with Tukey multiple comparison 

correction).  This increase was also seen in the saline treated groups (24hr to 4D 

p=0.0190, 2-way ANOVA multiple comparison with Tukey multiple comparison 

correction).  There was a spike in expression of AKTpan at 10D that is also independent 
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of treatment (Fig. 10C).  Within the pAKT/AKTpan ratio (Fig. 10D) analysis, the trend of 

an increase at 4D returned in the insulin treated groups (6hr to 4D p=0.0196, 24hr to 4D 

0.0051, 2-way ANOVA multiple comparison with Tukey multiple comparison 

correction) and in the saline treated groups (6hr to 4D p=0.1316, 24hr to 4D p=0.3209, 2-

way ANOVA multiple comparison with Tukey multiple comparison correction).    

 

 
Figure 10 – Insulin has no treatment effect on PI3K/AKT pathway in cortical tissue.  A) Scanned 

images of blots for each time point and treatment (+ insulin, - saline).  B) Quantification of 
pAKT normalized to B-actin.  C) Quantification of AKTpan normalized to B-actin.  D) 
Quantification of ratio pAKT/AKTpan after normalization of each.  This WB analysis of all 
four time points shows a temporal effect of TBI with an increase in pAKT/AKTpan at 4D, 
but there is no difference between the treatment groups at any time point.  Bars represent 
mean +/- SEM and individual data points shown.  n = 5-6 per group.  pAKT=phosphorylated 
AKT; AKTpan=total AKT; ratio=pAKT/AKTpan, + insulin treated (red bars), - 
control/saline (blue bars). 
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In the hippocampus, pAKT (Fig. 11B) shows no significant difference between 

treatment groups (Fig. 11B; 6hr p=0.6136, 24hr p=0.5820, 4D p=0.6136, 10D p=0.5820; 

multiple t-tests with Holm-Sidak correction for multiple t-tests).  When the time course is 

compared via 2-way ANOVA, we see a significant drop after 6hrs in the insulin treated 

groups (Fig 11B; 6hr to 24hr p=0.0331, 6hr to 4D p=0.0094, 6hr to 10D p=0.01112-way 

ANOVA multiple comparison with Tukey multiple comparison correction) that was not 

present in the saline treated groups (Fig. 11B; 6hr to 24hr p=0.4053, 6hr to 4D NS 

p=0.5219, 6hr to 10D NS p=0.1104; 2-way ANOVA multiple comparison with Tukey 

multiple comparison correction). 

AKT pan (Fig. 11C) did not show any significant differences between treatment 

groups either (Fig. 11C; 6hr p=0.9653, 24hr p=0.9653, 4D p=0.9653, 10D p=0.9653; 

multiple t-tests with Holm-Sidak correction for multiple t-tests), and showed a similar 

trend to the pAKT above in that the saline treated groups (6hr to 24hr p=0.3755, 6hr to 

4D p=0.0403, 6hr to 10D p=0.9594; 2-way ANOVA multiple comparison with Tukey 

multiple comparison correction) showed less impact of treatment than the insulin treated 

(6hr to 24hr p=0.0478, 6hr to 4D p=0.0063, 6hr to 10D p=0.2536, 2-way ANOVA 

multiple comparison with Tukey multiple comparison correction) before leveling out at 

10D. 

The ratio of pAKT/AKTpan (Fig. 11D) again gave no significant data for any 

time point (6hr p=0.7113, 24hr p=0.2680, 4D p=0.2223, 10D p=0.2680; multiple t-tests 

with Holm-Sidak correction for multiple t-tests) but showed a bimodal trend with an 

initial drop after 6hr and then a resurgence at 4D.  This rendered significant data at 

different time points but only within the saline treated group (6hr to 10D p=0.0149, 4D to 
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10D p=0.0024, 2-way ANOVA multiple comparison with Tukey multiple comparison 

correction).   

MEK SHOWS INSULIN TREATMENT EFFECTS 

MEK is a kinase involved in the MAPK pathway that is associated with growth 

and proliferation.  As with AKT, phosphorylated MEK (pMEK), total MEK (MEKtot), 

and the ratio between the two (pMEK/MEKtot) were assessed in both the cortex (Fig. 12) 

and hippocampus (Fig. 13).  pMEK and MEKtot were normalized to vinculin at each 

time point (SEM, n = 4-5 per group, individual time points evaluated with multiple t-tests 

with Holm-Sidak correction for multiple t-tests, trends over time done with 2-way 
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ANOVA multiple comparison with Tukey multiple comparison correction).  Here, as 

with AKT, we see a dramatic increase (p<0.0001) in phosphorylation of MEK at 4D in 

the cortex but not in the hippocampus (Fig. 12 & 13).  Once again, this corresponds 

qualitatively with the dramatic increase in Iba1 microglial proliferation (Fig. 6) that was 

 

 
Figure 11.  Insulin has potential treatment effect on PI3K/AKT pathway in hippocampal 

tissue.  Intranasal insulin treated vs. control (saline) in each of the 4 time points and 
considered pAKT, AKTpan and the ratio of the two.  A) Scanned images of blots for 
each time point.  B) Quantification of pAKT normalized to B-actin.  C) Quantification 
of AKTpan normalized to B-actin.  D) Quantification of ratio pAKT/AKTpan after 
normalization of each.  This WB analysis shows no difference between the treatment 
groups at any time point. pAKT and AKTpan were normalized to B-actin and each time 
point.  Bars represent mean +/- SEM and individual data points shown.  n = 5-6 per 
group.  pAKT=phosphorylated AKT; AKTpan=total AKT; ratio=pAKT/AKTpan, + 
insulin treated (red bars), - control/saline (blue bars). 
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limited to the cortex.  We also see a significant effect of treatment in the cortex at 4D 

where intranasal insulin appears to increase pMEK/MEKtot compared to saline control.      

  In the cortex, MEK phosphorylation (Fig. 12B) increases significantly with the 

4D treatment groups and continues into the 10D groups.  Since this is seen in both the 

control and insulin treated groups it indicates that the increase in signaling is not 

dependent on treatment but a factor of time after the injury coinciding with the 

proliferation of microglia (Fig. 3) in this area.  Analysis shows the significant increases in 

MEK phosphorylation at 4D (saline p=0.0083, insulin p=0.0004) continued at 10D in the 

insulin group only (saline p=0.0680, insulin p=0.0009) when compared to both 6hr and 

24hr time points.  MEKtot (Fig. 12C) demonstrates no significant differences between 

treatment groups at any time point (6hr p=0.6813, 24hr p=0.8841, 4D p=0.8846, 10D 

p=0.8846) but a dramatic spike at 10D that is seen in both saline (6hr to 10D p=0.0002, 

24hr to 10D p<0.0001, 4D to 10D p<0.0001) and insulin (6hr to 10D p=0.0006, 24hr to 

10D p<0.0001, 4D to 10D p<0.0001) with very little variation.  We have no explanation 

for this dramatic increase in MEKtot except that it corresponds with the same 

phenomenon in AKTpan (Fig. 10C).  
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 pMEK/MEKtot (Fig. 12D) shows a significant increase (p=0.0203) at 4D with 

insulin treatment when compared to control in both multiple t-test analysis.  The 

significant emergence of activity at 4D was seen in both groups (p<0.0001) as well as a 

 
Figure 12.  Insulin has a treatment effect on MAPK pathway in cortex tissue.  A) 

Scanned images of blots for each time point.  B) Quantification of pMEK 
normalized to vinculin, 2-way ANOVA analysis shows a significant increase at 4D 
treatment groups and continues into the 10D groups.    C) Quantification of MEKtot 
normalized to vinculin, demonstrates no significant differences between treatment 
groups at any time point but a dramatic spike at 10D that is seen in both treatment 
groups.  D) Quantification of ratio pMEK/MEKtot after normalized to vinculin, 
shows a significant increase at 4D with insulin treatment when compared to control 
in multiple t-test analysis.  2-way ANOVA shows the significant emergence of 
activity at 4D in both groups and a significant drop from 4D saline and insulin to the 
10D time point.  Bars represent mean +/- SEM and individual data points shown 
(*p<0.05).  n = 5-6 per group.  pMEK=phosphorylated MEK; MEKtot=total MEK; 
ratio=pMEK/MEKpan, + insulin treated (red bars), - control/saline (blue bars). 
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significant drop from 4D saline and insulin (p<0.0001) to the 10D time point.  This drop 

is undoubtedly influenced by the unexplained spike in total MEK in the 10D groups.   

 
In the hippocampus, pMEK (Fig. 13B) shows no difference between treatment 

groups at any time point (6hr p=0.3072, 24hr p=0.9150, 4D p=0.9150, 10D p=0.3755; 

multiple t-tests with Holm-Sidak correction for multiple t-tests).  Analysis with a 2-way 

ANOVA shows some differences in the significance of changes between the treatment 

groups as saline treated groups (6hr to 4D p=0.0836, 24hr to 4D p=0.0003; 2-way 

ANOVA multiple comparison with Tukey multiple comparison correction) did not show 

the same increase at 4D as insulin treated groups (6hr to 4D p<0.0001, 24hr to 4D 

p<0.0001; 2-way ANOVA multiple comparison with Tukey multiple comparison 

correction).  Nor did it have as drastic a drop after the 4D time point (saline 4D to 10D 

p=0.0061, insulin 4D to 10D p<0.0001; 2-way ANOVA multiple comparison with Tukey 

multiple comparison correction).  This shows a higher level of impact, specifically at the 

4D time point, that might be influenced by insulin treatment. 

MEKtot (Fig. 13C) shows similar comparison numbers as pMEK in individual 

time points (6hr p=0.2550, 24hr p=0.9948, 4D p=0.6482, 10D p=0.2550; multiple t-tests 

with Holm-Sidak correction for multiple t-tests).  2-way ANOVA analysis differs from 

the pMEK trends where now saline treated (6hr to 4D p>0.9999, 24hr to 10D p=0.5902) 

shows no changes, while insulin treated (6hr to 4D p=0.0373, 24h to 10D p=0.0451) has 

significant changes followed by a drop at 10D with saline (4D to 10D p=0.3131) and 

insulin (4D to 10D p=0.0007) that is more dramatic in the insulin treated group.   
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The pMEK/MEKtot (Fig. 13D) in the hippocampus, when viewed on the same 

scale as the other components analyzed, is so small it is difficult to see.  For this reason, 

the scale was altered on this figure only.  Here again, there are no differences between 

treatment groups at any time point (6hr p=0.4511, 24hr p=0.9323, 4D p=0.9323, 10D 

p=0.6093, multiple t-tests with Holm-Sidak correction for multiple t-tests).  The effect 

over time of saline treated (6hr to 4D p=0.3960, 24hr to 4D p=0.0080) vs insulin treated 

 
Fig. 13 – Insulin has no treatment effect on MAPK pathway in the hippocampus. A) 

Scanned images of blots for each time point.  B) Quantification of pMEK 
normalized to vinculin.  C) Quantification of MEKtot normalized to vinculin.  
D) Quantification of ratio normalized to vinculin.  This WB analysis of all four 
time points shows a temporal effect of TBI with an increase in pMEK/MEKtot 
at 4D, but there is no difference between the treatment groups at any time point.  
Bars represent mean +/- SEM and individual data points shown.  n = 5-6 per 
group.  pMEK=phosphorylated MEK; MEKtot=total MEK; 
ratio=pMEK/MEKtot, + insulin treated (red bars), - control/saline (blue bars). 
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(6hr to 4D p=0.0028, 24hr to 4D p=0.0116) shows a greater change within the insulin 

treated groups.  

CONTROLS FOR MEK CONFIRM LACK OF SIGNAL 

 Two time points in the cortex (6hr and 24hr) showed a lack of signal for pAKT 

that suddenly appeared at 4D and 10D.  In order to confirm this was not due to antibody 

error, wild type mouse embryonic fibroblasts (MEF) stimulated with epidermal growth 

factor (EGF) for 5 min (positive control) was processed alongside representative samples 

from each time point for each treatment group in the cortex and the hippocampus (Fig. 

14).  The corresponding blot was treated the same as the previous blots for each specific 

 
Figure 14.  Controls for pMEK.  This WB performed to give visual confirmation for the 

absence of pMEK at time points noted in Figure 11.  Bands noted to be absent in 
the cortex (top) samples for the acute time points (6hr & 24hr) and very light in 
the hippocampus (bottom) for the same time periods.  + control = wild type 
mouse embryonic fibroblasts (MEF) stimulated with epidermal growth factor 
(EGF) for 5 min, – control sample buffer only. 
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time point and confirm that there was no signal at the two acute time points and that the 

signal appeared and strengthened at 4D and 10D (Fig. 14). 

 In summary, though these samples were taken from the same animals, the cortex 

and the hippocampus show distinctly different patterns as to how they respond to CCI 

injury and intranasal insulin treatment.  The cortex shows a dramatic increase in signaling 

through both PI3K and MAPK pathways at 4D.  This phenomenon correlates with the 

timing of peak accumulation of microglia in this area as seen in chapter 3 (Fig. 6).  It is 

also not reciprocated in the hippocampus where we expected to see a greater impact.  

Neither the cortex nor the hippocampus show an impact of treatment for AKT at any time 

point.  This is interesting as it is the metabolic pathway and the pathway we expected to 

be impacted with this treatment.  Research has shown that AKT phosphorylation in 

microglia is increased significantly with insulin treatment when at rest (10).  This 

increase, compared to control, disappears when stimulated by lipopolysaccharide (LPS), 

found on the outer membrane of gram-negative bacteria.  In this model, we are 

stimulating both treatment groups with TBI and therefore might be negating the effects.  

MEK does show an impact of treatment at the 4D time point in the cortex.  The increase 

in MEK phosphorylation at 4D with injury makes sense as it is associated with increased 

growth and proliferation and this time point corresponds with the increase in Iba1 in this 

area.  But the increase in phosphorylated MEK does not correlate with an increase in Iba1 

begging the question as to what this increase is influencing.  There is research that 

indicates that MEK might have an impact in microglial/macrophage polarization, an area 

we did see significant changes, that will be discussed in chapter 6. 
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Chapter 5 – Results – Behavior 
 

TBI affects the limbic system with evidence of impact from injury to the 

hippocampus (11) and psychiatric impairments including anxiety (62; 91).  Intranasal 

insulin has shown a significant effect on the progression of injury and memory, which is 

also associated with this area of the brain (11; 37).  Intranasal insulin has also been 

shown to alleviate methamphetamine induced anxiety and neuroinflammation (7) but to 

this point, behavioral analyses for TBI have not included anxiety.   

We hypothesized that intranasal insulin administration following moderate TBI 

would reduce anxiety-like symptoms. We proposed to test this hypothesis utilizing the 

open field test (OFT), elevated zero maze (EZM), and light-dark box (LDB) following 

moderate TBI and insulin administration.   

 Adult male Sprague Dawley rats (see Table 1 for numbers) were exposed to a 

moderate controlled cortical impact (CCI) injury as described previously (95) for two 

experimental designs (28D and 10D).  At 4 hours post-injury, all rats received 6IU of 

Humalog R, or an equivalent volume of saline.  Insulin or saline was administered by a 

pipette in 10µl increments to the rat nasum while animals are anesthetized with 

isoflurane.  Treatment was continued daily through day 14 for 28D groups and through 

day 7 for the 10D groups.  Treatments done on day of testing were performed >2 hours 

prior to testing to decrease the influence of anesthesia on behavior.   

 A total of 48 rats were used (Table 1) and testing occurred between 0900 and 

1100.  When testing began, the animals were placed in the middle of the light/open 

chamber facing away from safety and then released.  The animals were undisturbed and 

videotaped for 5-10 minutes based on individual protocol.   
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Open field (OFT):  Although the OFT is primarily used to measure locomotor 

activity, it can also evaluate anxiety and in some cases, depression (1; 17; 49).  Anxiety is 

measured by the amount of time the animal explores the center area (17; 49).  Typically, 

the animal will initially stay near the walls until it becomes familiar with the chamber.  

As it acclimates, a normal animal will begin to explore the center area, but an anxious 

animal will continue to hug the sides of the chamber (17).  

Elevated zero maze (EZM):  The zero maze was created as a modification of the 

elevated plus maze (EPM) (14; 62).  Similar to the EPM, the EZM has been used for 

antianxiety drug effectiveness testing and therefore demonstrated face and predictive 

validity (17; 97).  The maze is constructed of a circular track elevated approximately a 

meter from the floor.  The track is divided into four quadrants of equal length. Opposing 

quadrants have sides that are closed and the two others are open.  The animal will feel 

safer within the closed areas as the sides provide “protection”.  So, like in the EPM when 

the researcher places the animal in the middle of an open area, the animal will initially 

find its way into one of the closed quadrants (17).  Once it has explored both of the 

closed arms, animals will normally explore the open arms.  Increased open arm activity 

(duration and/or entries) reflects decreased anxiety-like behavior (97).  

Light-dark box (LDB):  The LDB is another test that is employed for measuring 

anxiety-like behavior in rodents (31).  The apparatus has two compartments and an 

opening (door) connecting them.  The “light” side consists of a larger portion of the 

overall space and is a transparent, well illuminated structure.  The “dark” side is 

completely enclosed to include a non-transparent lid.  Normal animals will prefer the 

dark area but will have a tendency to explore when placed in a novel environment.  The 
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anxious animal will remain in the dark protected area with no significant presence in the 

light (31). 

INSULIN REDUCES TIME TO CROSS BUT NOT FOOT FALLS ON BEAM WALK 

The beam walk assay was performed to test both motor and cognitive symptoms.  

The simple task of walking across the beam gives an indicator that the animal can 

perform behavior assessments without motor dysfunction being a confounding factor.  

This data replicates previous results from the same injury/treatment paradigm (11).  For 

this reason, we limited the data collection to one cohort.  Footfall assessment confirmed 

that animal motor function is intact and that the impact of injury impacted the right hind 

limb with transient impairment (Fig. 15A).  The impact of injury resolves prior to the 

time of behavior testing independent of injury or treatment group.   Though the sample 

size is too small to quantify, the time taken to cross shows a similar pattern as our 

previous research (11), where it was shown that there was a difference between treatment 

groups at 24hours that resolved prior to one week (Fig.15B). 

 
 
Figure 15 - Beam Walk – Data replicates previous results from same injury/treatment 

paradigm(11).  (A) Footfall assessment confirms animals motor function is intact and 
that impact of injury limited to right hind limb with transient dysfunction.  The impact 
of injury resolves prior to time of behavior testing independent of injury or treatment 
group.   (B) Crossing time shows insulin treated animals performing better than both 
injured control and sham.  SEM, n=2/group. 

A 

20 

15 
• 'ii 

IL 10 

I 
5 

Beam Walk - Foot Falls 

-+- Saline 

-+ lnsuln 

--- SHAM 

TniePoints 

B Beam Walk - Time to Cross 

-+- Saline 

-+ lnsuln 

--- SHAM 

TniePoiints 



 

61 

NO INJURY OR TREATMENT EFFECT ON ANXIETY-LIKE BEHAVIOR FOR 28 DAY COHORTS 

 The 30 animals used for the 28-day study were broken into cohorts of 6 and all 

subjects were randomized within all groups.  These cohorts were further broken down to 

represent all of the treatment and injury options (i.e. 2 CCI with saline treatment, 2 CCI 

with insulin treatment, 1 sham with saline treatment, and 1 sham with insulin treatment).  

The animals were selected and labeled randomly and prior to initiation of any surgical 

procedures.  After 14 days of treatment, OFT (Fig. 16A; Total distance p=0.1587, 

velocity p=0.1587, center time p=0.9182, center entries p=0.1490; 2-way ANOVA 

multiple comparison with Tukey multiple comparison correction), EZM (Fig. 16B; 

distance p=0.9413, velocity p=0.7508, open area time p=0.9779, open area entries 

p=0.7888; 2-way ANOVA multiple comparison with Tukey multiple comparison 

correction), and LDB (Fig. 16C; time in light area p= 0.5223, entries into light area p= 

0.3585; 2-way ANOVA multiple comparison with Tukey multiple comparison 

correction) show no significant statistical interaction.  They also show no visual patterns 

of an increase in anxiety-like behavior after CCI compared to sham.  This is interesting as 

we know that anxiety is a common result of TBI in humans (62; 91).   We speculate that 

the lack of injury effect might be associated with the fact that both treatment groups 

(saline vs insulin) also received isoflurane for anesthesia.  Isoflurane is both 

neuroprotective and even being investigated as a potential treatment for depression (99).  
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NO INJURY OR TREATMENT EFFECT ON ANXIETY-LIKE BEHAVIOR AT 7, 8, OR 9 DAYS 
POST-INJURY 

Because our preliminary results (not shown) showed an impact of injury and 

treatment on hyperactivity (seen as an indicator of anxiety (62)) with the EZM, we chose 

to construct a new study around the parameters of those preliminary results.  The 

preliminary testing was done on a cohort of one of the 10D groups and was done on day 

7, greater than 2hrs after that day’s treatment.  This shorter timeline would also decrease 

the amount of time the animals were receiving isoflurane.  Therefore, this new study was 

started with the same CCI procedure as all other cohorts with the same treatment 

protocol.  The 18 animals used for this study were again broken into groups of 6 with 

representatives of all injury and treatment options (i.e. 2 CCI with saline treatment, 2 CCI 

with insulin treatment, 1 sham with saline treatment, and 1 sham with insulin treatment).  

 
Figure 16 - No injury effect after 14 days of treatment - With the 28D cohorts, the animals received all 

14 days of treatment prior to the initiation of testing (table 2 & 4).  OFT (A) – total distance, 
velocity, center time, center entries showed no difference of injury or treatment.  EZM (B) total 
distance, velocity, open area time, open area entries showed no difference of injury or treatment.  
LDB (C) time in light area, entries into light area showed no difference of injury or treatment.  
Bars represent mean +/- SEM, n = 5 sham saline, 5 sham insulin, 10 CCI saline, 10 sham insulin. 
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At day 7, treatment was performed and the behavior testing (EZM) performed greater 

than two hours later.  There were no further treatments and the subsequent tests were 

administered over the next two days (OFT day 8, LDB day 9).  The results from this new 

study showed no significant effect of injury or treatment on any measure of anxiety-like 

behavior (OFT: Fig. 17A, total distance p=0.5346, velocity p=0.2875, center time 

p=0.0.0365, center entries p=0.2983; EZM: Fig. 17B, open area time p=0.8435, open area 

entries p=0.5314; and LDB: Fig. 17C, time in light area p= 0.4373, entries into light area 

p= 0.0162; 2-way ANOVA multiple comparison with Tukey multiple comparison 

correction).  

Though we were looking for an impact of intranasal insulin on anxiety, this was 

predicated on the previous research that showed TBI and CCI induce anxiety.  

 
Figure 17 - No injury or treatment effect after 7 days of treatment - With the 10D cohorts, the animals 

received 7 days of treatment prior to the initiation of testing (table 4).  (A) OFT total distance, 
velocity, center entries showed no significant treatment or injury effect.  (B) EZM open area time, 
open area entries showed no significant treatment or injury effect.  (C) LDB time in light area 
showed no significant treatment or injury effect.  Bars represent mean +/- SEM, n = 3 sham saline, 
3 sham insulin, 6 CCI saline, 6 sham insulin.  *p<0.05, 2-way ANOVA.  
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Unfortunately, this study did not show that there was an increase in anxiety-like behavior 

after CCI and therefore, could not evaluate intranasal insulin as a treatment.   
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Chapter 6 – Discussion 
 

 This study provides important information about how intranasal insulin affects the 

brain after TBI.  These data contribute to the body of knowledge elaborating on the 

efficacy of intranasal insulin as a therapy for TBI, as well as the mechanism for how it 

achieves that efficacy.  Currently, there is no effective treatment for the deficits that 

develop after TBI.  Establishing an effective treatment is complicated by gaining access 

to the central nervous system (CNS) because of the protection from the blood-brain 

barrier (BBB).   Our previous work demonstrated that after a moderate TBI in rats, 

intranasal insulin administered within 4 hours after injury significantly increased glucose 

uptake in the hippocampus, improved cognitive function, and reduced inflammation (11).  

However, the mechanism by which insulin has these effects and the temporal course of 

these effects was currently unclear.  The goal of this study was to determine if intranasal 

insulin administration would reduce inflammation and neuronal loss in the hippocampus 

and reduce measures of anxiety in rats exposed to moderate TBI.  We also wanted to 

evaluate the mechanism by which intranasal insulin administration affects the 

hippocampus and potentially improves memory function to broaden its therapeutic 

potential for treatment of TBI in a rat model.  To accomplish these goals, adult male 

Sprague Dawley rats were exposed to a moderate controlled cortical impact (CCI) injury.  

Intranasal insulin treatments were administered 4 hours after injury and then daily for 14 

days.  Histological analysis with NeuN was used to assess total number of neurons in the 

hippocampus.  In order to assess inflammation, microglial/macrophage density and 

activation in the hippocampus were measured as well as the production of cytokines.  

Also, multiple behavior tests, including open field, elevated zero maze and light-dark 
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box, were used to assess anxiety.  Overall, we found that intranasal insulin did not have a 

significant effect on neuronal (NeuN, Fig. 5) or microglial/macrophage (Iba1, Fig. 6) 

density, but did decrease expression of CD86 (Fig. 7), iNOS (Fig. 8), and TNFα (Fig. 9) 

within the hippocampus.  Cellular signaling demonstrated that intranasal insulin 

increased the phosphorylation of MEK in the cortex (Fig. 12), but no signal transduction 

pathway alterations were noted in the hippocampus (Fig. 13).  With this model, TBI did 

not increase anxiety-like behavior when compared to sham-treated animals (Fig. 16, 17), 

negating the ability to evaluate treatment.  Therefore, overall these data are inconclusive, 

but do suggest a transient suppression of pro-inflammatory molecules in the acute post-

injury period through an undetermined mechanism of action. 

Chapter 3 emphasized the role that inflammation plays in the secondary process 

of TBI and replicates the progress of microglial/macrophage response to the point of 

injury that has been shown in the literature (59).  This chapter also shows that intranasal 

insulin has an effect on pro-inflammatory signals as it decreases CD86, iNOS, and TNFα.  

Chapter 4 looked at the cell signaling involved after the administration of intranasal 

insulin.  It was found that there was a treatment effect of insulin via the MAPK pathway 

(pMEK/MEKtot) at the 4D time point and not at all through the PI3K pathway (AKT).  

Chapter 5 demonstrated that with this model, TBI did not alter anxiety-like behavior after 

TBI.  

INTRANASAL INSULIN HAD LITTLE EFFECT AT CELLULAR LEVEL 

Our previous data indicated that intranasal insulin had significant effects on the 

injured hippocampus and hippocampal related function (11).  We attributed the 

improvement in hippocampal function to high IR concentrations in the hippocampus 
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(105), which contributes to insulin mediated neuronal survival via increased glucose 

uptake and PI3K/AKT or MAPK signal transduction (signaling discussed in chapter 4).  

Based on this, we hypothesized that intranasal insulin would reduce neuronal damage in 

the CA1 region of the hippocampus (Fig. 3), which is directly beneath the lesion site, is 

the most superficial portion of the rat hippocampus (48) and is associated with memory 

(43).  

We also hypothesized that treatment with intranasal insulin would decrease 

inflammation after TBI.  Microglia are the resident macrophage-like cells of the brain and 

serve an important purpose in the acute stages following TBI that include clearing 

cellular debris (21; 35; 59; 82).  However, it has been shown that prolonged classical 

activation (M1) can be detrimental due to the release of pro-inflammatory cytokines, 

nitric oxide, and reactive oxygen species that can result in neuronal cell death (59).  We 

have demonstrated that insulin reduces microglial number at 21 days after a moderate 

TBI (11).  Also, insulin has been shown to significantly reduce pro-inflammatory 

cytokines and iNOS expression in vitro (10).  However, it is unclear if the observed 

improvements in hippocampal related function is occurring as a result of neuronal 

changes, inflammatory changes, or if one leads to the other.  Therefore, we hypothesized 

that intranasal insulin treatment would decrease inflammation after TBI and reduce 

neuronal damage in the CA1 region of the hippocampus. 

The time points for evaluation were derived from the cascade of events that 

proceed over time following moderate TBI.  There are different dynamic changes going 

on throughout the acute, subacute, and chronic time points after injury, all of which may 

play into secondary injury.  These changes include the initial spike, then decrease 
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followed by general resurgence of glucose uptake (11).  At the same time, there is the 

initial spike of pro-inflammatory mediators, then the surge of anti-inflammatory 

cytokines, followed by the peak of microglial accumulation (59).  Because of all these 

dynamic changes over time, we chose to perform histological evaluation at acute (6, 24 

hours), sub-acute (4, 10 days) and chronic (28 days) time points.  The 28 day cohorts are 

the animals that participated in the first of the anxiety experiments discussed in Chapter 

5.  These animals were sacrificed and the tissue was collected but not processed or 

evaluated as part of this dissertation due to time constraints.  It will be evaluated as part 

of a future project.   

 First, we looked to the area of impact in the brain and the volume of the resultant 

lesion.  To evaluate the effect of intranasal insulin on lesion volume in the cortex after 

CCI, we performed H&E stains on tissue from each time point with representatives from 

animals treated with insulin or saline.  Previous research did not show a significant 

impact of intranasal insulin on the area of impact (11).  The speculation is that this might 

have to do with a lower IR density in the cortex compared to some other parts of the brain 

(i.e. the hippocampus) (11).  Then neuronal (NeuN) and microglial (Iba1) number in the 

cortex and CA1 region of the hippocampus (Fig. 5 & 6) were assessed using pixel density 

analysis.  Because of difficulty locating a consistent area for analysis, neuronal density 

was only assessed in the hippocampus (Fig. 5).  But Iba1 was imaged and quantified in 

both the cortex and CA1 of the hippocampus (Fig. 6).  In addition to these cellular 

assessments, commercially available antibodies against the M2/anti-inflammatory 

markers CD206, and M1/pro-inflammatory markers CD86, and iNOS were used to assess 

pro- and anti-inflammatory activation of microglia in the same regions.  CD206 was not 
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completed due to technical problems.  CD86 was used to assess both the cortex and the 

hippocampus, but due to discontinuation of the antibody, we were only able to assess the 

6hr cohort.  We ran into the same issues with iNOS that we had with NeuN and again 

were limited to just the hippocampus.  Tissue was also harvested and protein extracted 

for ELISA (Chapter 2).  The ELISA was performed on hippocampal tissue only and per 

manufacturers direction to quantitatively assess the pro- and anti-inflammatory cytokines 

IL1ß, IL6, TNFα, and IL10 within the hippocampal region.  For TNFα, 6hr samples were 

not evaluated due to lack of sample at the time the test was run.  IL1ß and IL6 were run at 

a later time and 6 hour tissue was available.  The IL10 ELISA was scrapped due to error 

during processing.  

Lesion volume showed no effect of insulin treatment at any time point.  The slope 

of increase and then subsequent decrease in lesion volume mirrors the slope we see of 

NeuN immunofluorescence in the hippocampus giving credence to the progression of the 

injury in both the cortex and the hippocampus.  Decrease in NeuN immunofluresence 

should not be seen as a loss of neurons, but can be interpreted as an impact of injury that 

can return as neurons recover (93).  NeuN in the hippocampus did not show a quantitative 

difference between treatment groups at any time point, but there is a qualitative 

observation in the 4D groups.  We see in the control group that there is a dispersed 

pattern that is not present in any of the other images.  This could be caused by the 

increased edema we have shown through previous MR imaging (10).  It is possible that 

this organizational disruption is having an effect on the neuronal transmission within the 

area.   
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Ionized calcium binding adaptor molecule 1 (Iba1) is a protein that is specifically 

expressed in microglia and macrophages (41; 71).  It peaks, independent of treatment, in 

the cortex at 4D in our studies which matches what is demonstrated in the literature (59).  

This was expected as it is the time where not only the microglia converge on the site of 

injury, but also the peak of macrophage entry with the disruption of the BBB (40; 59).  It 

is interesting that though there was a significant increase in Iba1 density in the cortex 

over time, we did not see any effect of treatment in this area.  It was thought that 

decreasing inflammation would induce a decrease in microglial/macrophage density.  

This does not appear to be the case.  

PRO-INFLAMMATORY AGENTS APPEAR SUSCEPTIBLE TO INTRANASAL INSULIN 
TREATMENT 

Though the density of Iba1 was not affected by insulin treatment, it would appear 

that the phenotype of macrophages/microglia in the area is.  CD86 and iNOS are 

associated with classically activated microglia (M1 polarization).  Our data show that 

there is a significant decrease in CD86 and iNOS expression with insulin administration.  

The decrease in CD86 with treatment was seen in both the cortex and the hippocampus at 

6 hours.  This is earlier than expected as the peak of microglial activity is closer to 4D.   

Inducible nitric oxide synthase (iNOS) belongs to the nitric oxide synthase (NOS) 

family of enzymes that catalyzes the production of nitric oxide (NO), which plays a key 

role in the pathogenesis of inflammation (52).  iNOS was also affected by insulin 

treatment, showing a significant decrease in immunofluorescence in the 4D time points in 

the hippocampus.  Though it does coincide with the time point where we saw the most 

microglial activity, that significant increase in activity was in the cortex only.  There was 

no increase in Iba1 density in the hippocampus, suggesting that insulin has an effect on 
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polarization that is independent of proliferation.  It has been previously shown in vitro 

that insulin has a direct effect on microglia by decreasing NO, ROS, and cytokines (10).  

These data demonstrate a similar effect of insulin in vivo. 

Tumor necrosis factor alpha (TNFα) is a pro-inflammatory cytokine produced by 

macrophages, microglia, and astrocytes and a key player in neuroinflammation (26; 76).  

It is associated with the acute phase of inflammation and has also been reported as having 

a link to insulin resistance through JNK and NF-kB pathways (46).  Neuroinflammation 

and insulin resistance have been linked to increased morbidity in TBI as well as other 

disease processes like rheumatoid arthritis, bowel disease, and Alzheimer’s disease (26; 

76; 89).  Insulin has been shown to decrease TNFα release from BV2 microglia in vitro 

after being stimulated by lipopolysaccharide (LPS) (10).  This data suggests an in vivo 

translation and a potential implication for this potential therapy.     

INTRANASAL INSULIN ADMINISTRATION HAD A GREATER EFFECT ON THE GROWTH 
PATHWAY THAN METABOLIC 

Our previous work indicated that intranasal insulin induced significant effects in 

the injured hippocampus and on hippocampal-related function (11).  We attributed the 

improvement in hippocampal function to high IR concentrations in the hippocampus 

(105), which can contribute to insulin mediated neuronal survival via PI3K/AKT signal 

transduction and increased glucose uptake (8; 46).  We therefore hypothesized that 

intranasal insulin would increase intracellular signaling with greater efficacy in the 

hippocampus than in the cortex through the insulin receptor pathway. 

Our data show that there is a greater level of phosphorylation of both pathways 

within the cortex at the 4D time point that is independent of treatment.  Further, only the 

phosphorylation of MEK in the 4D cohorts shows an effect of treatment, with a 
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significant increase in phosphorylation of MEK in the insulin group (Fig. 12).  This 

would indicate that this model shows a greater impact on growth and proliferation via 

MAPK than metabolism or anti-apoptosis via the PI3K/AKT pathway.  Previous research 

in BV2 microglia demonstrated that the addition of insulin increased AKT 

phosphorylation in unstimulated microglia indicating that the PI3K pathway is the 

pathway activated by insulin treatment (10).  But this study went on to also show that this 

increase in AKT phosphorylation was present in both treatment groups, independent of 

the addition of insulin, when stimulated by LPS (10).  These previous results, combined 

with this current research, would suggest that the PI3K pathway is not the primary 

signaling pathway when microglia are stimulated with insulin.  It would also suggest that 

if these results reflect changes to the microglia, as they only constitute 15% of the cellular 

makeup, are quite diluted in their presentation.  The contrast might be much stronger if 

separated out from other cell types for further examination. 

There is also some discussion as to the effect of MEK on the polarization of 

microglia.  A recent study does indicate that inhibition of the MAPK pathway inhibits 

M1 polarization and promotes the M2 phenotype (104).  This is interesting in that our 

data indicates that intranasal insulin treatment causes a decrease in iNOS (pro-

inflammatory marker) at the same time point that the treatment stimulates an increase in 

MEK (MAPK pathway) phosphorylation.  It would seem that these are in contradiction, 

but we must consider that with the protein extraction process we used there is no way to 

ascertain what cells are showing this increased activity. 
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ISOFLURANE COULD BE A CONFOUNDING FACTOR IN ANXIETY TESTING 

TBI can induce anxiety in both humans and in rodents (7; 50) but the evaluation 

of anxiety-like behavior has been questioned (91).  Though there are questions as to the 

validity of anxiety testing rodents and the translation to actual human emotion (31; 62), 

testing for anxiety-like behavior has proven useful in the investigation of the effects of 

medication for anxiety (32).  Based on this knowledge, we planned behavior testing for 

anxiety-like behavior to compare insulin to saline treated animals. 

First, we started with the beam walk assay to confirm there were no changes in 

motor skills.  Injury to the motor cortex in the injury could impair the animal’s 

performance.  We did note that all the animals were able to perform the task at least one 

week after injury (Fig. 15).  The anxiety testing was predicated on preliminary data that 

showed a lot of promise.  We found that there was a significant difference between the 

treatment groups showing an increase in hyperactivity (sign of anxiety) without the 

treatment (data not shown).  We performed a power analysis based on these data and 

what was in the literature and planned the testing to follow the full two weeks of 

treatment as outlined in our previous studies (11).  What we found was that there was a 

large amount of variability within each of the groups in all of the time points.   

After completing the planned study with 30 animals it was seen that there was no 

effect of injury.  This is to say that our data was not showing that TBI increase anxiety-

like behavior in these subjects.  We then paused and reviewed the design, making note 

that isoflurane is neuroprotective and was being investigated as a treatment for 

depression.  It is possible that since both treatment groups were receiving isoflurane that 

it could be negating the effects of TBI and therefore negating our study into the treatment 

of TBI induced anxiety.  So, to minimize the exposure to isoflurane and follow up on the 
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positive data we had previously collected, we decided to attempt to mirror the 

preliminary experiment more closely.  We therefore moved the testing times back to day 

7 and ran another study.  Unfortunately, again, we did not get any significant results. 

As mentioned above, the numbers for these experiments was assessed to be low 

after a more specific power analysis could be done.  This was especially true in the sham 

group as there were half as many sham animals in each of the treatment groups.  Also, the 

literature does point out that the testing of anxiety in rodents is difficult and ambiguous as 

it is testing anxiety-like behavior and might be the reason for the large variability (31; 62; 

91).   

There is a need to consider what constitutes a “sham” when it comes to 

comparison for behavioral analysis.  In some forms of TBI research, simply exposing an 

animal to anesthesia is considered sham.  This is really all that can be done for things like 

CHIMERA (closed-head impact model of engineered rotational acceleration) which 

involves a closed head injury and therefore no surgery to expose to.  But contrast this 

with what is done for CCI.  For CCI sham, we not only exposed the animal to anesthesia 

and a surgical incision to the scalp, we performed an actual craniectomy.  The literature is 

clear that the performance of a craniotomy/craniectomy cannot be done without causing 

some damage to the underlying tissue (24; 72).  Efforts can and are made and precautions 

taken to minimize the damage, but it cannot be totally eliminated.  That being said, it is 

necessary for the use of as specific of a sham as possible to minimize the factors that can 

be considered when evaluating the data.  For this reason, it may be advisable to include 

different levels of sham into the equation.  For our study, this might include naïve, naïve 

with anesthesia only, anesthesia with ear pins and scalp incision, as well as craniectomy.  
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With some of these other options, we cannot only look at the injury itself, but also if the 

surgical injury from craniectomy is playing a role in the results.  

STUDY LIMITATIONS 

In all of our studies the goal was to analyze both the cortex and the hippocampus.  

But tissue processing proved to cause some problems with this goal for some of the 

experiments, especially with the immunofluorescence.  NeuN was not analyzed in the 

cortex related to difficulty determining a specific site to evaluate consistently with issues 

like lesion volume size changes over time and tissue easily damaged and/or folded in the 

injured area.  Pixel density was used to compare insulin treated to control due to limited 

time of the investigator, but for more detailed results to assess neuronal viability, 

counting neurons with stereology would be more effective.   

One of our key objectives was to evaluate pro-inflammatory and anti-

inflammatory molecules (polarization markers, cytokines).  We did attempt evaluation of 

CD86, CD206, YM1, Arg1, iNOS, IL1ß, IL6, IL10, and TNFα.  For various reasons 

discussed below, we were not able to assess all of these markers/cytokines, in both the 

cortex and hippocampus, in all time points with the modalities we were using (WB, 

immunofluorescence, ELISA).  

CD86 showed significant differences between treatment groups in the first time 

point tested (6hr) in both the cortex and the hippocampus.  Unfortunately, we are unable 

to see if this significance plays out in any other time point (Fig. 7).  The reason for the 

limited testing was a discontinuation of the antibody by the distributor prior to the 

completion of our study.  This does show a promising area of research and should be 

continued when the antibody becomes available again. 
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We did try to test the anti-apoptotic possibility through cleaved caspase 3 testing 

via western blot and immunofluorescence but were unsuccessful in getting an antibody 

response to either the treated or the control animal.  It would be beneficial in a future 

study to separate out the independent cell types.  This has been done in cell culture and 

could be done in vivo using flow cytometry to examine which cell types are being 

affected by the treatment. 

One of the complications we noted with the testing we performed for cell 

signaling was that the samples were a mix of cells and we cannot differentiate which cells 

were demonstrating the signaling we were seeing.  It was clear that we did see a clear 

increase in the phosphorylation of both PI3K (AKT) and MAPK (MEK) pathways at 4D 

that was independent of treatment.  We also saw an increase in Iba1 at that same time 

point.  But this could lead to many different possible conclusions.  It could be that the 

increase in MAPK pathway reflects an increase in growth and proliferation of the 

microglial cells that are mobilizing to the area of injury.  With this same theory, the 

increase in PI3K (metabolic pathway) could indicate that these same microglial cells are 

very metabolically active.  Another possibility is that the PI3K pathway (also known as 

anti-apoptotic) is more active in cells trying to survive the secondary cascade and 

inflammatory response they are being exposed to.  This attempt at survival could be 

through the increased metabolic needs of a threatened and/or damaged cell, or it could be 

through direct action of anti-apoptosis.  

 

CONCLUSIONS AND FUTURE DIRECTIONS 
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 The data adds to the body of knowledge as to the mechanism of the effect of 

intranasal insulin after TBI.  And though it falls short on giving therapeutic insight for the 

treatment of anxiety, it does bring up ideas for how to change the research paradigm in 

order to better evaluate this potential therapy in future experiments.  Intranasal insulin 

clearly decreases pro-inflammatory molecules that have been shown to cause 

pathogenesis.  This has been demonstrated in both in vitro and in vivo work and could be 

the cause of the positive results that are being seen with this therapy.  This study also 

gives more insight into the therapeutic window for the treatment.  Our lab has considered 

and evaluated, in conjunction with this study, different timing and dosing to add to the 

body of knowledge of when is the best time to treat.     

As noted above, we did attempt to test other pro-inflammatory markers, as well as 

several anti-inflammatory markers, but many were unsuccessful.  We postulated that this 

might be due to low protein expression or post-translational modifications so our lab is 

using quantitative PCR to determine alteration in mRNA transcript levels as a function of 

injury and insulin treatment. 

 We also note that with this model, intranasal insulin has an effect on the MAPK 

pathway through increased phosphorylation of MEK.  As this coincides with the increase 

in growth and proliferation of microglia, future investigation should be done in individual 

(i.e. neurons, microglia, astrocytes, etc.).  As noted above, insulin treatment of stimulated 

microglia has been performed in vitro with BV2 (an immortalized microglial cell line) 

cells (10). 

 Anxiety continues to be a huge problem after TBI in humans, and though this 

testing did not reveal any new information into a potential treatment, it should continue to 
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be investigated.  As noted above, we suspect that isoflurane plays a role in the ineffectual 

data we have collected so far and have been working out a plan to eliminate it as a 

variable in this research.  Our lab has started performing intranasal insulin treatments 

without isoflurane to remove that variable from the equation.  With several days of 

training to include gentle contact and intranasal saline, the animals have become tolerant 

of the therapy and can then receive either intranasal insulin or saline control after CNS 

injury without anesthesia.  We should also consider the inclusion of additional control 

groups, including a treatment group that does not receive a craniectomy.  This will 

increase the numbers required for testing but will give more validity to the results. 

 Insulin has been around for decades to treat diabetes, a manageable disease that 

people died of not that long ago.  This research suggests that, when given intranasally to 

rodents after moderate CCI, it decreases some pro-inflammatory molecules at specific 

time points.  And previous research has shown that it improves memory after moderate 

CCI without the negative side effects of decreased blood sugar or body weight.  As this is 

a simple and adaptable treatment model that could be implemented at the point of injury, 

continued research is needed to evaluate its benefits in the treatment of TBI. 
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