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Abstract

Traumatic stress patients showed significant improvement in behavior after a prolonged exposure 

to an unrelated stimulus. This treatment method attempts to promote extinction of the fear memory 

associated with the initial traumatic experience. However, the subsequent prolonged exposure to 

such stimulus creates an additional layer of neural stress. Although the mechanism remains 

unclear, prolonged exposure therapy (PET) likely involve changes in synaptic plasticity, 

neurotransmitter function and inflammation; especially in parts of the brain concerned with the 

formation and retrieval of fear memory (Hippocampus and Prefrontal Cortex: PFC). Since certain 

synaptic proteins are also involved in danger associated molecular pattern signaling (DAMP), we 

identified the significance of IGF-1/IGF-1R/CaMKIIα expression as a potential link between the 

concurrent progression of synaptic and inflammatory changes in stress. Thus, a comparison 

between IGF-1/IGF-1R/CaMKIIα, synaptic and DAMP proteins in stress and PET may highlight 

the significance of PET on synaptic morphology and neuronal inflammatory response.

In behaviorally characterized Sprague Dawley rats, there was a significant decline in neural IGF-1 

(p<0.001), hippocampal (p<0.001) and cortical (p<0.05) IGF-1R expression. These animals 

showed a significant loss of presynaptic markers (synaptophysin; p<0.001), and changes in 

neurotransmitters (VGLUT2, Tyrosine hydroxylase, GABA, ChAT). Furthermore, naïve stressed 

rats recorded a significant decrease in post-synaptic marker (PSD-95; p<0.01) and synaptic 

regulator (CaMKIIα; p<0.001). As part of the synaptic response to a decrease in brain CaMKIIα, 

small ion conductance channel (KCa2.2) was upregulated in the brain of naïve stressed rats 

(p<0.01). After a PET, an increase in IGF-1 (p<0.05) and IGF-1R was recorded in the Stress-PET 

group (p<0.001). As such, hippocampal (p<0.001), but not cortical (ns) synaptophysin expression 

increased in Stress-PET. Although PSD-95 was relatively unchanged in the hippocampus and PFC, 

CaMKIIα (p<0.001) and KCa2.2 (p<0.01) were upregulated in Stress-PET, and may be involved 

in extinction of fear memory-related synaptic potentials. These changes were also associated with 

a normalized neurotransmitter function, and a significant reduction in open space avoidance; when 

the animals were assessed in elevated plus maze (EPM). In addition to a decrease in IGF-1/
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IGF-1R, an increase in activated hippocampal and cortical microglia was seen in stress (p<0.05) 

and after a PET (Stress-PET; p<0.001). Furthermore, this was linked with a significant increase in 

HMGB1 (Hippocampus: p<0.001, PFC: p<0.05) and TLR4 expression (Hippocampus: p<0.01; 

PFC: ns) in the neurons.

Taken together, this study showed that traumatic stress and subsequent PET involves an event 

dependent alteration of IGF1/IGF-1R/CaMKIIα. Firstly, we showed a direct relationship between 

IGF-1/IGF-1R expression, presynaptic function (synaptophysin) and neurotransmitter activity in 

stress and PET. Secondly, we identified the possible role of CaMKIIα in post-synaptic function 

and regulation of small ion conductance channels. Lastly, we highlighted some of the possible 

links between IGF1/IGF-1R/CaMKIIα, the expression of DAMP proteins, Microglia activation, 

and its implication on synaptic plasticity during stress and PET.
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Introduction

Prolonged exposure therapy (PET) has been described as an effective method in the 

management of traumatic stress symptoms, which has led to enhanced quality of life in some 

patients (Yehuda et al., 2014; Castillo et al., 2016). PET and other traumatic stress 

interventions, are aimed at improving emotional, social and stress-related behaviors through 

fear-extinction learning (Jerud et al., 2016; Larsen et al., 2016; Furini et al., 2014; Fiorenza 

et al., 2012). Traumatic stress is associated with altered structural and functional 

connectivity in parts of the brain involved in fear memory processing, notably, the 

hippocampus, prefrontal cortex (PFC) and amygdala. The brains of traumatic stress patients 

are often characterized by abnormal white matter structure, reduced brain volume and 

hippocampal activity (Hayes et al., 2016; Pang, 2015). In this respect, the goal of fear 

extinction learning is to retrain the brain to prevent the retrieval of aversive memories 

associated with the post-traumatic stress condition. However, the effectiveness of PET 

depends on multiple cellular mechanisms such as inflammation, neurotransmitter systems, 

and synaptic modifications in neural circuits associated with fear memory retrieval 

(Abraham et al., 2016; Novick et al., 2016).

Interestingly, in traumatic stress, synaptic IGF-1R signaling has been identified as a major 

player in the regulation of neurotransmitter activity and prevention of inflammation (Zhao et 

al., 2012; Rubovitch et al., 2010). Neurotrophic factors, such as insulin-like growth factor 1 

and its type 1 receptor (IGF-1R), are known to modulate the synaptic activity of dopamine 

and glutamate in the developing and adult nervous systems (Guevara-Aguirre, 1996; 

Mattson, 2008; Mattson, 1990; Pehar et al., 2010). Moreover, alterations in neural IGF-1 

have been described in the cause and progression of several neuropsychiatric disorders 

associated with development, aging, degeneration and malformation of cytoskeletal proteins 

in neurons (Guevara-Aguirre, 1996; Hwa et al., 2013; Pehar et al., 2010). Additionally, other 

reports have shown that loss of neurotrophins, and associated receptors are pivotal to a 
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compromised synaptic integrity, abnormal neurotransmitter signaling events and activation 

of inflammatory pathways in traumatic stress (Su et al., 2015; Finsterwald et al., 2015).

Generally, IGF-1R activation involves multiple signaling pathways. Notably, Akt/mTOR 

signaling facilitates an increase in the nuclear transcription of NF-κB. In a separate – but 

related – mechanism, Ras signaling promotes the activation of MAPK/ErK (Rubovitch et al., 

2010; Chetty et al., 2006). In support of this proposition, a decrease in IGF-1R signaling has 

been shown to attenuates danger associated molecular pattern (DAMP) signaling by 

blocking the activation of pro-inflammatory molecules such as MAPK/ErK, Akt/mTOR, 

NF-κB (Zhao et al., 2012; Yu et al., 2012). Additionally, IGF-1/IGF-1R signaling is known 

to regulate the nuclear translocation of HMGB1, while attenuating a significant part of 

DAMP signaling in the HMGB1-TLR4 pathway (Gontier et al., 2015). Several other 

divergent pathways, such as Wnt/β-Catenin signaling, involves IGF-1R and CaMKIIα 
alterations in synaptogenesis. Aside from its role in the regulation of long-term potentiation 

(LTP), CaMKIIα holds the ability to block some of the inflammatory and synaptic activities 

of MAPK/ErK (Rosso and Inestrosa, 2013; Bouallegue et al., 2009). Although previous 

studies have shown that IGF-1R signaling is involved in the regulation of inflammation and 

synaptic function, the significance of an event-dependent change in IGF-1R expression - as a 

response mechanism - in traumatic stress and PET remains unclear.

During stress events – such as predator exposure – a commensurate neural and psychological 

stress is induced. Since exposure therapy involves recreating the traumatic experience, an 

additional layer of neural stress is induced in the hippocampus-PFC axis during the retrieval 

of the associative memory. Thus, since IGF-1/IGF-1R directly modulate the activity of 

CaMKIIα in inflammation and synaptic function, this study sought to determine whether a 

change in IGF-1/IGF-1R/CaMKIIα expression may represent specific changes in neural 

morphology and DAMP signaling in stress, and modifications that may occur in PET.

Materials and Methods

Animal Strain

Adult male Sprague-Dawley rats (Charles River Lab, Wilmington, MA) weighing between 

250–300gms was used for this study. The animals were kept under standard laboratory 

conditions of 12h alternating dark and light cycle, and fed ad libitum. All animals handling 

procedures were in accordance with approved protocols by the Institutional Animal Care and 

Use Committee (IACUC) of the Louisiana State University School of Veterinary Medicine.

Experimental model of traumatic stress

To induce traumatic stress, we adopted the model previously described by Zoladz et al. 

(2008). This method involves a combination of acute predator exposure events, with chronic 
psychosocial stress events (Fig. 1A). Rats (n=30) were randomly assigned to traumatic stress 

(n=20) or control (n=10) groups. All animals were maintained in the animal holding facility 

for the duration of the experiment. Rats were kept in cylindrical holdings (Plexiglas 

containers) covered with cat chow and were placed in a separate metal cage (76 cm × 76 cm 

× 60 cm) with an adult cat (7 years old). This allowed for the free movement of the cat 
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around the cylinder (food) but prevented the cat from touching the rat. Predator exposure 

duration of 1h was adopted for each exposure event as previously described (Wilson et al., 

2014). The first exposure was done on (Day 1) during the daylight cycle (07:00–19:00). 

After 10 days, a second exposure was done during the dark cycle (Day 11; 19:00–07:00). 

Between Day 1 to Day 31, rats were subjected to a random daily cohort cage rotation to 

eliminate any form of social support, and induce chronic psychosocial stress during the 

period of the experiment. It is important to note that no Cat or Cat material was allowed near 

the cage rotation cohort. Additionally, the last cage for a rotation was also the first cage, and 

represents the actual group of the rat (home cage). The control rats (n=10) were kept in the 

same cages from Day 1– Day 31 and were not subjected to cage rotation or predator 

exposure events (Fig. 1A).

Prolonged exposure therapy (unrelated stimulus)

The underlying principle employs the re-exposure of naïve traumatic stress rats to an 

unrelated causative stimulus (Cat meow tone). The tone was played from a pre-recorded 

audio file through speakers positioned in the conditioning chamber. This is aimed at training 

the animal to facilitate the extinction of associative fear memory. While traumatic stress was 

induced through predator exposure and psychosocial stress, for the PET, we used a fear 

conditioning chamber, and pulses of cat meow tone in the dark for 5 minutes. As from Day 

40, a group of n=10 stressed rats were subjected to the therapy (daily) for a total duration of 

20 days. On Day 51, the animals were re-examined for anxiety-linked behavior in EPM (Fig. 

1B).

Elevated Plus Maze (EPM; behavioral test for anxiety)

This was used to assess anxiety-linked behavioral change in naïve stressed rats, and stressed 

rats treated with PET. As such, we evaluated open space avoidance behavior (anxiety) as a 

function of percentage index time in the arm of the maze. The setup is composed of raised 

platform (55cm high) with a cross shaped maze; with each arm of the maze measuring 

10×50×30cm (WxLxH). Two opposite arms of the maze are enclosed while the other two 

are open. To determine anxiety-linked behavior in stressed rats, we measured the threshold 

at which a rat avoided the open arms of the maze. The threshold was derived as an estimate 

of the duration spent in the open and closed arms, and the frequency of entry into both arms. 

A score of entry or time spent was allotted only when the four paws of the animal was 

present in an arm. The EPM was set up in a soundproof room, equipped with adequate 

lighting and digital high-definition Camera to avoid sound distractions during the test. 

Twenty-four hours before the test, the animals were gently moved into the testing room for 

acclimatization to the testing area. At the commencement of the trial (Day 1), rats were 

placed in the center square of the EPM in the testing room. The movement of the animal 

within the maze was recorded on a computer outside the testing area (Fig. 1C). At the end of 

the test, we used Any Maze 5.1 (Wood Dale, IL, USA) to determine the score of arm entries, 

and arm duration for a 5-minute test. Percentage time in the Open arm was calculated as:

(Eq. 1)
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Likewise, percentage of Open Arm entries was determined as:

(Eq. 2)

Western blotting and protein quantification

For western blot analyses, 10μl brain tissue lysate containing 10μg of protein was processed 

for SDS-PAGE electrophoresis. After subsequent western blotting (wet transfer), 

Polyvinylidene fluoride membrane (PVDF) was incubated in Tris-buffered saline (with 

0.01% Tween 20) for 15 minutes (TBST) at room temperature. Subsequently, the membrane 

was blocked in 3% Bovine serum albumin (prepared in TBST) for 50 minutes at room 

temperature. The protein of interest, and control (GAPDH) were detected using the 

following primary antibodies; mouse anti-CaMKIIα (Cell Signaling-#50049), mouse anti 

IGF-1 (abcam-#ab176523) and rabbit anti GAPDH (abcam-#ab37168). All primary 

antibodies were diluted in the blocking solution at 1:1,000. Subsequently, the primary 

antibodies were detected using HRP-conjugated secondary antibodies (goat anti-rabbit-

#65-6120 and goat anti-mouse-#65-6520; Invitrogen; dilution of 1:10,000 or 1:20,000) 

following which the reaction was developed using a chemiluminescence substrate (Thermo 

Fisher-#34579).

Immunofluorescence

Animals were deeply anaesthetized via inhalation of isoflurane in an enclosed chamber, then 

perfused transcardially through the left ventricle using 10mM phosphate buffered saline. 

Subsequently, 4% phosphate buffered paraformaldehyde (PB-PFA) was introduced for 

perfusion fixation. The whole brain was harvested through cranial dissection and fixed in 4% 

PB-PFA overnight following which it was transferred to 4% PB-PFA containing 30% 

sucrose for cryopreservation. Free floating cryostat sections (40μm) were obtained using a 

Leica Cryostat and stored in 10mM PBS at 4°C. The sections were washed three times (5 

minutes each) in 10 mM PBS (pH 7.4) on a tissue rocker. Subsequently, blocking was 

performed in normal goat serum (Vector Labs), prepared in 10mMPBS+0.03% Triton-X 

100, for 2 hours at room temperature. The sections were incubated in primary antibody 

solution overnight at 4°C [Rabbit anti-IGF-1R (1:100; ThermoScientific-MA5-15148), 

Rabbit anti-HMGB1 (1:300; abcam-#ab79823), Rabbit anti-Tyrosine Hydroxylase (1:500; 

abcam-#ab6211), Rabbit anti-GABA (1:200; abcam-#ab8891), Rabbit anti-Synaptophysin 

(1:100; Cell Signaling-#5461), Rabbit anti-PSD-95 (1:100; Cell Signaling-#2507), Goat anti 

ChAT (EMD Millipore-#AB144P), Mouse monoclonal antibody to Rat CD11b/c (abcam-

#1211), Mouse anti-CaMKIIα (Cell Signaling-#50049), Guinea pig anti-VGLUT2 (1:250; 

EMD Millipore-#AB2251), Mouse anti-SK2 (1:250; EMD Millipore-MABN1832), Mouse 

anti-TLR4 (1:250; abcam-#ab22048), Rabbit anti NeuN-Alexa 488 Conjugate (EMD 

Millipore-#MAB377X; 1:300)] diluted in 10mM PBS, 0.03% Triton-X 100 and normal goat 

serum]. Subsequently, the sections were washed as previously described and incubated in 

secondary antibody solution [Goat anti Mouse 568, Goat anti Rabbit 594 and Goat anti 

Guinea Pig 568 (diluted at 1:1000) prepared in 10 mM PBS, 0.03% Triton X-100 and 

Normal Goat Serum] at room temperature (1h). Immunolabeled sections (Table 1) were 
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washed and mounted on gelatin-coated slides using a plain or DAPI containing anti-fade 

mounting medium (Vector Labs).

Confocal microscopy and cell counting

The distribution of immunolabeling in the hippocampus and PFC were imaged using an 

Olympus FluoView 10i confocal microscope (Olympus America, Center Valley, PA). Triple-

labeling immunofluorescence was done in four steps. This involved acquisition of DAPI 

(405nm), NeuN-Alexa 488 (488nm), Alexa 568 or 594 (568 or 594nm), followed by 

merging all the color channels. Laser intensity was normalized by using a preset 

configuration for all slides irrespective of the treatment. Protein and neurotransmitter 

expression was determined from the confocal PFC and hippocampal images (n=7 per group 

per protein) using Image J (NIH, USA). For each section, the count was determined per μm2 

for n=12 different field of views. This was done for n=5 successive sections taken at 50μm 

apart – 2.2mm behind the bregma (Franklin and Paxinos, 1997). We determined the borders 

of each region using cellular morphology or layer dependent cell densities.

Statistics (immunoblotting and confocal cell count)

Protein expression (western blotting) was quantified using Image Lab Version 5.0 (BioRad, 

USA). After estimating the intensity of an immunolabeled protein band, the relative density 

of the protein was determined through normalization with the corresponding control protein 

band intensity (GAPDH). The relative densities were analyzed in one-way ANOVA (with 

Tukey Post-hoc test). The outcome was presented as bar chart with error bars representing 

the mean ± SEM. The average values for cell counting (confocal) and EPM parameters were 

compared for Control versus Stress, and Stress versus Stress-PET using One-Way ANOVA 

with Tukey post-hoc test. All statistical comparisons were done in GraphPad Prism Version 

5, and presented in bar graph showing the mean±SEM.

Results

Anxiety-linked response in traumatic stress and PET was linked with a depletion of IGF-1

Anxiety—Naïve stressed rats showed a significant increase in anxiety-linked behavior. This 

was seen as a decrease in OAD (p<0.001), and an increase in CAD (p<0.001) when 

compared with the control (open space avoidance). In a normalized index, the naïve stressed 

group recorded a significantly low percentage time spent in the open arm of the maze; when 

compared with the control (p<0.001; Fig. 2A). Similarly, the naïve stressed rats recorded 

lower scores (percentage index) of entry into the open arm when compared with the control 

(p<0.01). After PET, naïve stressed rats, generally, showed a reduction in open space 

avoidance (anxiety). This was characterized by an increase in percentage time in the open 

arm when compared with the naïve stress group (p<0.001). In support of this outcome, the 

Stress-PET group also recorded an increase in percentage OA entries when compared with 

the naïve stressed rats (Fig. 2B; p<0.05).

IGF-1—Protein quantification analysis showed that the expression of IGF-1 decreased 

significantly in the brain of behaviorally characterized traumatic stress rats (Fig. 2C–D) 

when the Stress group was compared with the control (p<0.001). After a prolonged exposure 
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therapy, the expression of IGF-1 increased (p<0.05) versus the Stress group. However, 

neural IGF-1 remained relatively low when compared with the control value (p<0.001). This 

suggests a significant loss of IGF-1 during the stress and the PET phase.

Stress signaling was associated with a depletion in brain IGF-1/IGF-1R, and 
Synaptophysin

Similar to IGF-1, our results showed that IGF-1R expression was reduced significantly in 

the hippocampus (p<0.001; Fig. 3A–B) and PFC (p<0.05; Fig. 3C–D) of behaviorally 

characterized naïve traumatic stress rats. Interestingly, in Stress-PET rats – with reduced 

anxiety-linked behavior - an increase in hippocampal (p<0.001), but not cortical (ns) IGF-1R 

was observed. Since the role of IGF-1R signaling has been described extensively in the 

regulation of presynaptic calcium release, we examined the relationship between the change 

in IGF-1R, and synaptophysin in naïve stressed and Stress-PET rats. Down-regulation of 

IGF-1R in the hippocampus and PFC of naïve stressed rats was associated with a 

corresponding decrease in synaptophysin (p<0.001 and p<0.001; Fig. 3E–H). Interestingly, 

after a PET, the Stress-PET group showed an increase in hippocampal synaptophysin 

(p<0.01; Fig. 3E–F). By contrast, like cortical IGF-1R, cortical synaptophysin did not 

change significantly in the Stress-PET group; when compared with the control (Fig. 3G–H; 

ns). In subsequent analysis, using high resolution confocal imaging, we co-localized IGF-1R 

and Synaptophysin in typical control neurons (Fig. 3I). Interestingly, in the Stress and 

Stress-PET groups, there was a displacement of the overlap when compared with the 

control. This ranged from an increase in the relative distance between IGF-1R and 

Synaptophysin, to a significant loss of both Synaptophysin and IGF-1R (Fig. 3J–L).

Post-synaptic changes were linked with a loss of CaMKIIα, and increased KCa2.2

Aside from its role in the modulation of presynaptic calcium release and synaptophysin, 

IGF-1R may affect synaptic function through its effect on CaMKIIα. Since alterations in 

IGF-1 and IGF-1R was associated with an increase in open space avoidance behavior, we 

probed further to determine the expression pattern of CaMKIIα, which is involved in the 

regulation of LTP, synaptic morphology and neurotransmitter function. In addition to a 

decrease in brain IGF-1(Fig. 2C–D), behaviorally characterized stressed rats recorded a 

significant reduction in hippocampal and cortical CaMKIIα when compared with the control 

(p<0.001, p<0.001; Fig. 4A–G). This was also evident as a decrease in total brain CaMKIIα; 

as shown in immunoblotting (Fig. 4E–G; p<0.001). Together, a decrease in IGF-1, IGF-1R 

and CaMKIIα expression was linked with a reduction in post-synaptic marker (PSD-95) in 

the hippocampus (p<0.01; Fig. 5A–B) and PFC (p<0.01; Fig. 5C–D) of behaviorally 

characterized stressed rats.

CaMKIIα is involved in the regulation of LTP and glutamatergic neurotransmission. As 

such, calcium movement during an LTP event activates calcium-dependent potassium 

channels; which are co-localized with CaMKIIα at post-synaptic densities. Since CaMKIIα, 

through calmodulin, regulates KCa2.2 activation, an overall decline in brain CaMKIIα may 

be associated with an increase in KCa2.2 activity; which is known to block LTP. In naïve 

stressed rats, we recorded a significant increase in hippocampal (p<0.01) and cortical 

(p<0.01) expression of KCa2.2; when compared with the control (Fig. 5E–H). After a 
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prolonged exposure therapy, we observed an increase in hippocampal and cortical CaMKIIα 
(p<0.001, p<0.001; Fig. 4A–D). Also, there was a significant increase in brain CaMKIIα 
expression when the Stress-PET group was compared with the naïve stressed group (p<0.01; 

Fig. 4E–F). Consequently, when assessed in EPM, the Stress-PET group showed a 

significant improvement in open space avoidance behavior (Fig. 1B–C, Fig. 2A–B). 

Although IGF-1, IGF-1R and CaMKIIα increased in Stress-PET, no significant change in 

cortical or hippocampal PSD-95 was seen in this group when compared with the Stress 

group (Fig. 5A–D). Despite an increase in neuronal KCa2.2 in naïve stressed brains, after a 

PET, KCa2.2 increased further in the hippocampus and PFC of the Stress-PET group 

(p<0.01 and p<0.05). This may represent a significant response mechanism involved in the 

inhibition of fear memory LTP (Fig. 1–2) by increasing intraneuronal K+ (Fig. 4G).

Neurotransmitter Synthesis and Transport

As noted above, we found that changes in hippocampal and cortical IGF-1R expression was 

proportionate with alterations in synaptic morphology, which affected presynaptic vesicle 

release and post-synaptic morphology. In subsequent analysis, we further characterized the 

implication of the observed synaptic changes on neurotransmitter systems involved in 

hippocampal and cortical LTP formation, i.e. glutamate, tyrosine hydroxylase, GABA and 

acetylcholine.

VGLUT2—Since IGF-1R directly affects the presynaptic release of calcium, and vesicles 

(synaptophysin), we compared IGF-1R with the expression pattern of VGLUT2 in the 

hippocampus and PFC of naïve stressed rats, and stressed rats treated through a PET. Like 

the observations for synaptophysin (Fig. 3E–F), we found a significant decrease in in 

hippocampal and cortical VGLUT2 expression when the naïve stressed group was compared 

with the control (p<0.001 and p<0.001; Fig. 6A–D). Interestingly, after a PET, the Stress-

PET group showed normalized VGLUT2 in the hippocampus and PFC when compared with 

the naïve stressed group (p<0.001 and p<0.001).

Tyrosine hydroxylase—Like VGLUT2, the count of tyrosine hydroxylase (TH) positive 

terminals was reduced significantly in the hippocampus of naïve stressed rats when 

compared with the control (Fig. 6E–H; p<0.001). Subsequent analysis of the Stress-PET 

hippocampus showed a significant increase in TH positive terminals when compared with 

the naïve stressed group (p<0.001; Fig. 6E–F). By contrast, the distribution of TH terminals 

increased in the PFC of naïve stressed rats (p<0.001; Fig. 6G–H) when compared with the 

control. In subsequent analysis of the Stress-PET group, we observed a significant reduction 

in cortical TH positive terminals when compared with the naïve stressed group (p<0.001; 

Fig. 6G–H).

GABA—Naïve stressed, and Stress-PET groups, showed a differential change in 

hippocampal and cortical GABA expression. The distribution of hippocampal GABA 

reduced significantly in naïve stressed rats when compared with the control (p<0.001; Fig. 

7A–B). However, in the PFC, the expression of GABA increased (p<0.05; Fig. 7C–D); 

versus the control. After a PET, the Stress-PET group recorded a significant increase in 
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hippocampal GABA (p<0.01). Similarly, cortical GABA increased (p<0.01; Fig. 7C–D); 

when compared with the Stress group.

ChAT—The expression of choline acetyl transferase (ChAT) decreased in the hippocampus 

of naïve stressed rats when compared with the control (p<0.001; Fig. 7E–F). Also, a 

significant reduction in cortical ChAT was seen in the Stress group (p<0.05; Fig. 7G–H). 

After a PET, hippocampal (p<0.01) and cortical (p<0.05) ChAT expression increased when 

compared with the naïve stressed group.

Phasic IGF-1/IGF-1R expression and a differential inflammatory response

A decline in brain IGF-1/IGF-1R expression was linked with an increase in hippocampal 

and cortical microglia activation (CD11b/c count) when comparing the Stress and Stress-

PET groups with the control. Interestingly, while microglia activation increased after the 

stress period (p<0.05), a further increase was seen after a PET (p<0.001) for both 

hippocampus (Fig. 8A–B) and PFC (Fig. 8C–D)

In addition to a general increase in brain inflammation (microglia), the distribution of 

neuronal pro-inflammatory cytokines (HMGB1), and associated receptor (TLR4) – known 

to affect synaptic function and neurotransmitters - changed considerably in traumatic stress 

and after PET. As such, hippocampal HMGB1 expression increased considerably in naïve 

stressed rats when compared with the control (p<0.001; Fig. 9A–B). By contrast, cortical 

neurons of the Stress group were characterized by a decrease in HMGB1 (p<0.05) versus the 

control (Fig. 9C–D). After a PET, no significant change was seen in hippocampal HMGB1 

(ns) when compared with the naïve stressed group. On the other hand, a significant increase 

in HMGB1 was recorded in the PFC of the Stress-PET group (p<0.05); versus the Stress 

group. As part of the inflammatory response, naïve stressed rats also showed an increase in 

hippocampal neuronal TLR4 expression when compared with the control (p<0.01; Fig. 9E–

F). In subsequent analysis, we observed no significant change in cortical TLR4 expression 

(ns; Fig. 9G–H).

Discussion

Taken together, the outcomes of this study showed that cortical and hippocampal IGF-1R 

expression were altered in response to traumatic stress, and after a prolonged exposure 

therapy. This was also accompanied by varying synaptic and inflammatory changes in naïve 

stressed rats, and stressed rats treated with PET. IGF-1/IGF-1R signaling has been 

implicated in aging, neuroprotection and inflammation (Dong and Zhang, 2015; Gontier et 

al., 2015; Rubovitch et al., 2010). Additionally, CaMKIIα, in the IGF-1/IGF-1R signaling 

pathway, have been found to be involved in synaptic regulation and inflammation (Rosso 

and Inestrosa, 2013; Bouallegue et al., 2009). Thus, IGF-1R-mediated inflammation and 

synaptic response are not mutually exclusive. MAPK/ErK, which acts downstream of the 

IGF-1R-Ras pathway, is known to increase the release of vesicular glutamate (Sheng and 

Kim, 2001; Doyle et al., 2010a, 2010b), and phosphorylate CaMKIIα (Atkins et al., 1998; 

Soderling and Derkach, 2000). While the role of CaMKIIα has been extensively described 

in synaptic maturation, recent studies have highlighted its significance in long-term synaptic 

potentiation (LTP) during memory formation, and translocation of receptors at excitatory 
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and inhibitory synaptic terminals (Yamasaki et al., 2008; Atkins et al., 1998; Barria et al., 

1997). Additionally, CaMKIIα has been shown to attenuate the inflammatory signaling 

mechanism of Akt/TOR and MAPK/ErK (Bouallegue et al., 2009; Ma et al., 2012).

Similar to our results (Fig. 2C–D), previous studies have shown that a decrease in neural 

IGF-1 is associated with traumatic brain injury and stress. As such, post-stress 

administration of exogenous IGF-1 reduced the observed stress response (Kazanie et al., 

2003). Although the mechanism of neural stress has been elaborated in aging and 

development, an important question yet to be addressed is the role of IGF-1/IGF-1R 

expression in the regulation of synaptic morphology, and the inflammatory response in 

traumatic stress, and a subsequent PET. Since there is a direct relationship between the 

depletion of IGF-1/IGF-1R, and the expression of CaMKIIα, we examined the significance 

of this change in synaptic function and neuronal inflammatory response after Stress and PET 

(Fig. 10).

Expression of IGF-1R proportionate with pre-synaptic function

The role of IGF-1R signaling has been described extensively in the control of synaptic 

activity in various brain areas. Thus, variations in IGF-1R may be attributable to synaptic 

modifications implicated in the pathophysiology of memory formation and retrieval in stress 

(Zhao et al., 1999; Freude et al., 2009). Additionally, IGF-1R governs neurotransmitter 

interactions involved in mood, emotion, addiction, reward, memory, and anxiety (Hu et al., 

2016; Gontier et al., 2015; Takeuchi et al., 2002; Zhang et al., 2014; Kleinridders et al., 

2014; Sun and Goodkin, 2016; Pan et al., 2013). Previous studies have shown that the 

activation IGF-1R promotes the presynaptic release of glutamate and the cellular synthesis 

of tyrosine hydroxylase; which favor dopaminergic neurotransmission (Duan et al., 2014; 

Dall’Igna et al., 2013). Furthermore, IGF-1R is known to directly regulate the activity of 

dopamine and glutamate at post-synaptic terminals by directly altering the activity of N-

methyl-D-aspartate receptor (NMDAR R) and dopaminergic D2R (la Cour et al., 2011; 

Quesada et al., 2011; Kelinridders et al., 2014). Thus, some of the effect on IGF-1/IGF-1R 

on complex behaviors may be linked to its role in the combined regulation of dopaminergic 

and glutamatergic neurotransmission (Bouallegue et al., 2009; Hu et al., 2016; Gao et al., 

2014; Davis et al., 2000; Dong and Zhang, 2015; Rusch et al., 2015).

Our results showed that a relationship exists between cortical and hippocampal IGF-1R 

expression, and the profile of presynaptic activity in traumatic stress, and after a PET. As 

such, a decrease in hippocampal and cortical synaptophysin in traumatic stress was 

associated with a decrease in IGF-1R expression. Furthermore, after a PET, an increase in 

IGF-1R was accompanied by a restoration of presynaptic (synaptophysin) function. 

Although our study addressed basic relationship between synaptophysin and IGF-1R 

expression (Fig. 3I–L), a recent study elaborately showed the role of hippocampal IGF-1R in 

real-time regulation of synaptic function and presynaptic vesicle release (Gazit et al., 2016). 

Their results demonstrate that pharmacological inhibition or a genetic knock down of 

IGF-1R reduced synaptophysin expression, and significantly reduced presynaptic activity. 

Furthermore, a blockade of IGF-1 reduced the activity of IGF-1R. This implied that a basal 

IGF-1R activity exist and is activated by intrinsic IGF-1 concentration during hippocampal 
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synaptic function (Adams et al., 2000; Yamaguchi et al., 1990 as cited by Gazit et al., 2016). 

Since IGF-1R directly mediates the activity of synaptophysin, we investigated the 

significance of a change in IGF-1R on other presynaptic proteins involved in 

neurotransmitter synthesis and function. The outcome of this study showed that alterations 

in IGF-1R with response to stress, and subsequent PET created synaptic changes that were 

linked to modifications in cortical and hippocampal neurotransmitter synthesis. As such, the 

expression of markers for various neurotransmitter pathways varied between the 

hippocampus and PFC after traumatic stress, and PET events.

Interestingly, in the traumatic stress rats, a decrease in IGF-1R/Synaptophysin was 

associated with a significant decrease in hippocampal VGLUT2, Tyrosine hydroxylase, 

ChAT and GABA. While cortical VGLUT2 and ChAT showed a direct relationship with a 

reduction in IGF-1R, the distribution of tyrosine hydroxylase positive terminals and GABA 

showed an inverse relationship. As such, cortical tyrosine hydroxylase (p<0.001; Fig. 6G–H) 

and GABA (p<0.05; Gig. 7G–H) expression increased significantly in traumatic stress. After 

PET, an increase in IGF-1R was associated with a significant restoration of hippocampal 

presynaptic function. In support of this outcome, hippocampal synaptophysin (Fig. 3E–F), 

VGLUT2, Tyrosine hydroxylase, ChAT and GABA increased above naïve stress values (Fig. 

6–7). On the other hand, cortical IGF-1R showed no significant change after PET, as such no 

significant change was seen in synaptophysin. Surprisingly, the expression of cortical 

VGLUT2 and ChAT were rescued in PET, while GABA and tyrosine hydroxylase were 

restored to initial levels. Together we deduced that hippocampal, but not cortical IGF-1R 

showed the strongest association with presynaptic function in traumatic stress and PET.

In traumatic stress, the hippocampus and PFC recorded a decrease in ChAT expression. 

While the origin of hippocampal cholinergic neurons is relatively unclear, it is known that 

certain long axons expressing ChAT terminates in the hippocampus, and are involved in the 

modulation of hippocampal synaptic plasticity (Melander et al., 1985; Kaufer et al., 1998; 

Huang et al., 2013). Like the observations in other presynaptic excitatory system (VGLUT 

2), hippocampal and cortical ChAT expression decreased significantly in naïve stressed rats, 

and was reversed after PET (increased). In support of this outcome, studies by other groups 

have shown cholinergic synaptic activity is decreased in stress. Furthermore, a change in 

cholinergic-glutamatergic response have been shown to alter anxiety-linked behavior in mice 

(Pavlovsky et al., 2012).

While hippocampal GABA expression was like the observations for IGF-1R, and 

synaptophysin (decrease in stress, and upregulated after PET), we recorded a significant 

increase in cortical GABA expression in the naïve stressed group. Owing to the role of 

hippocampal GABA in attenuation of fear memory, an increase in cortical GABA may 

represent a feedback mechanism preventing the formation of new memory associated with 

the fear stimulus (Makkar et al., 2010; Saxe et al., 2006.

Change in IGF-1/IGF-1R may affect post-synaptic morphology though CaMKIIα

Since IGF-1R signaling holds a regulatory role balancing MAPK/ErK and CaMKIIα (Zhao 

et al., 1999; Soderling and Derkach, 2000), and both proteins are required for the regulation 

of LTP (Atkins et al., 1998), it is logical to assume that a change in IGF-1R may entail 
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alterations in LTP during traumatic stress, and PET. Mechanistically, down-regulation of 

IGF-1R during traumatic stress may imply the loss of its (IGF-1R-CaMKIIα) 

neuroprotective effect on cortical and hippocampal synaptic LTP. As such a significant 

depletion of brain CaMKIIα and MAPK/ErK signaling, creates a premise to suggest a loss 

of IGF-1R, in traumatic stress, creates a dysfunctional LTP (reduced synaptophysin and 

CaMKIIα), while permitting an alternative mechanism associated with the attenuation of 

pro-inflammatory response.

Physiologically, CaMKIIα regulates calcium-calmodulin - known to inhibit small ion 

conductance channels - in LTP (Grunnet et al., 2010; Mpari et al., 2010; Kuiper et al., 2012; 

Stackmam et al., 2008). Together, CaMKIIα, and these small channels occupy postsynaptic 

densities in the hippocampus (González et al., 2012; Trimmer, 2015). In stressed rats, a 

decrease in CaMKIIα was associated with the loss of post-synaptic scaffolding protein 

(PSD-95). Although CaMKIIα increased after PET, PSD-95 was relatively unchanged. 

Interestingly, a decrease in CaMKIIα was also linked with an increase in the expression of 

KCa2.2 during traumatic stress response. Thus, tis outcome suggest that CaMKIIα-

dependent regulation of KCa2.2, and post-synaptic function are targets of chronic stress 

exposure in the hippocampus.

Surprisingly, after PET, we recorded a further increase in KCa2.2. Since an increase in 

KCa2.2 is associated with elevated intraneuronal K+, it facilitates a reduction in long-term 

potentiation and glutamatergic neurotransmission associated with contextual fear memory 

(Stackman et al., 2008; Lam et al., 2013; Murthy et al., 2015). This may represent an activity 

dependent change owing to the effect of KCa2.2 in glutamatergic excitatory post-synaptic 

currents (EPSCs) (Lin et al., 2008). Additionally, studies by other groups have shown that 

glutamate receptors, CaMKIIα and KCa2.2 are co-localized on the post-synaptic densities 

and extra-synaptic sites (Lin et al., 2008; Benke et al., 1998; Kohler et al., 1996), and are 

preferentially co-expressed in brain areas concerned with memory formation (Hammond et 

al., 2006; Ishii et al., 1997; Murthy et al., 2015). In this study, our results demonstrate that an 

over expression of KCa2.2 in the PFC/hippocampus, coupled with a depletion of CaMKIIα 
and PSD-95, may represent a significant post-synaptic effect of fear-related traumatic stress. 

This outcome is further supported by the results of Murthy et al. (2015), which suggests the 

involvement of KCa2.2 in specific aspects of fear memory formation, and the 

pathophysiology of hippocampal synaptic dysfunction. Interestingly, studies by other groups 

have shown that KCa2.2 expression in the hippocampus may be directly linked to contextual 

fear, and associative learning (McKay et al., 2006; Hammond et al., 2006; Ishii et al., 1997).

The significance of this outcome suggests a regulatory neural response to attenuate the 

formation or retrieval of fear memory when the animals were exposed to an unrelated 

stimulus. Since a loss of CaMKIIα represent a state of over-activated (unregulated) KCa2.2, 

an increased expression of KCa2.2 during stress and PET suggests its involvement in 

dampening of LTP associated with the fear memory formation, and retrieval. Ultimately, we 

deduced that an increase in KCa2.2, during the prolonged exposure period facilitates the 

inhibition of calcium-mediated action potentials governed through presynaptic glutamate 

release and CaMKIIα-mediated LTP. In support of these findings, other studies have shown 

that a direct activation of KCa2.2 may prevent fear memory retrieval by preventing 
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hyperactivity in the neural circuits associated with fear memory. (Kleinridders et al., 2014; 

Yu et al., 2012).

Differential Inflammatory response in stress and PET was linked with IGF-1R expression

Aside from its role in the modulation of synaptic changes relative to fear memory extinction, 

alterations in IGF-1R was reflective of neuroinflammatory changes relative to stress and 

PET. This was associated with an increase in hippocampal and cortical microglia activation 

after the stress phase (p<0.05; Fig. 8). Interestingly, the distribution of microglia was further 

increased in the stress-PET PFC and hippocampus. Aside an increase in microglia, stress 

and PET caused an increase in inflammatory response associated with the distribution of 

HMGB1 and TLR4 in neurons. Extra-neuronal HMGB1 has also been reported in advanced 

stages of neuroinflammation (Yu et al., 2012; Tsung et al., 2007). Importantly, HMGB1 is a 

ligand for TLR4. Through the TLR4–MyD88 pathway, HMGB1 activates the release of pro-

inflammatory cytokines such as IL-1β, and drives a downstream increase in mTOR and 

MAPK/ErK. Interestingly, quantification showed that the neuronal distribution of HMGB1 

and TLR4 varied regionally. Although we have focused on the expression of TLR4 and 

HMGB1 in neurons, the distribution of these proteins in astrocytes and microglia are equally 

important and may contribute to the overall stress response mechanism as it relates to 

IGF-1R/CaMKIIα loss. To justify the interdependence of pro-inflammatory signaling and 

synaptic function, a study by Liu et al. (2008) suggests that CaMKIIα may be required for 

TLR4 activation in macrophages. Furthermore, an increase in TLR4 (and HMGB1) 

signaling has been shown to contribute to the recruitment of brain macrophages and 

production of inflammatory proteins in the brain in hypoxic (stress) conditions (Yao et al., 

2013). A general increase in neuronal HMGB1 and TLR4, in the hippocampus of naïve 

stressed rats, caused significant changes in association with decreased IGF-1R expression 

(also IGF-1 and CaMKIIα). Furthermore, there was a significant increase in microglia 

activation in the hippocampus and cortex of the experimental groups (Stress and Stress-PET) 

when compared with the control (Fig. 8). After PET, the distribution of HMGB1 and TLR4 

remained relatively high; thus, suggesting a persistent inflammatory response in the 

hippocampus during the PET phase (Fig. 9). Evidently, microglia activation was sustained in 

the hippocampus and cortex of the Stress-PET group when compared with the control and 

stress group (Fig. 8).

The significance of these outcomes cannot be overemphasized. Together we have shown that 

a prolonged exposure therapy did not only alter neurotransmitter function, but prompted an 

additional layer of stress; associated with a sustained inflammation. Furthermore, the trend 

in synaptic and inflammatory changes are not mutually exclusive through the IGF-1R/

CaMKIIα signaling pathway. While PET slightly improved behavior – when assessed in 

EPM – there is a need for a stronger consideration of the underlying neurochemical changes 

and how this may influence long-term changes in brain inflammation and synaptic plasticity.

Summary

Taken together, this study showed that traumatic stress response and subsequent PET 

involved an event dependent alterations of IGF-1/IGF-1R/CaMKIIα. Since these proteins 
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are involved in the regulation of inflammation and synaptic function, we showed that a 

change in the expression of these proteins was associated with both synaptic and 

inflammatory changes. We conclude that a phasic change in IGF-1/IGF-1R, in traumatic 

stress and subsequent PET, may represent a complex array of mechanisms required for 

synaptic modification, and regulation of inflammation in the hippocampus and PFC.
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TLR4 Toll-like Receptor 4

KCa2.2 Calcium dependent Potassium Channel (SK2 or KCNN2 Family)

References

1. Abraham AD, Neve KA, Lattal KM. Activation of D1/5 Dopamine Receptors: A Common 
Mechanism for Enhancing Extinction of Fear and Reward-Seeking Behaviors. 
Neuropsychopharmacology. 2016 Jan 14. Epub ahead of print. doi: 10.1038/npp.2016.5

2. Adams TE, Epa VC, Garrett TPJ, Ward CW. Structure and function of the type 1 insulin-like growth 
factor receptor. Cell Mol Life Sci. 2000; 57:1050–1093. [PubMed: 10961344] 

3. Atkins CM, Selcher JC, Petraitis JJ, Trzaskos JM, Sweatt JD. The MAPK cascade is required for 
mammalian associative learning. Nature neuroscience. 1998; 1(7):602–609. [PubMed: 10196568] 

4. Barria A, Muller D, Derkach V, Griffith LC, Soderling TR. Regulatory phosphorylation of AMPA-
type glutamate receptors by CaM-KII during long-term potentiation. Science. 1997; 276(5321):
2042–2045. [PubMed: 9197267] 

5. Benke TA, Luthi A, Isaac JT, Collingridge GL. Modulation of AMPA receptor unitary conductance 
by synaptic activity. Nature. 1998; 393:793–797. [PubMed: 9655394] 

6. Bouallegue A, Pandey NR, Srivastava AK. CaMKII knockdown attenuates H2O2-induced 
phosphorylation of ERK1/2, PKB/Akt, and IGF-1R in vascular smooth muscle cells. Free Radic 
Biol Med. 2009 Sep 15; 47(6):858–66. [PubMed: 19545622] 

7. Castillo DT, Chee CL, Nason E, Keller J, C’de Baca J, Qualls C, Fallon SK, Haaland KY, Miller 
MW, Keane TM. Group-Delivered Cognitive/Exposure Therapy for PTSD in Women Veterans: A 
Randomized Controlled Trial. Psychol Trauma. 2006 Feb 8. 2016. Epub ahead of print. 

8. Chetty A, Cao GJ, Nielsen HC. Insulin-like Growth Factor-I signaling mechanisms, type I collagen 
and alpha smooth muscle actin in human fetal lung fibroblasts. Pediatric reseairch. 2006; 60(4):
389–394.

9. Dall’Igna OP, Bobermin LD, Souza DO, Quincozes-Santos A. Riluzole increases glutamate uptake 
by cultured C6 astroglial cells. Int J Dev Neurosci. 2013 Nov; 31(7):482–6. [PubMed: 23777615] 

Ogundele et al. Page 14

Neuroscience. Author manuscript; available in PMC 2018 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



10. Davis S, Vanhoutte P, Pages C, Caboche J, Laroche S. The MAPK/ERK cascade targets both Elk-1 
and cAMP response element-binding protein to control long-term potentiation-dependent gene 
expression in the dentate gyrus in vivo. J Neurosci. 2000 Jun 15; 20(12):4563–72. [PubMed: 
10844026] 

11. Dong Y, Zhang G. Does Increased IGF-1 Concentration Have a Clear Positive Significance in 
Reducing Depression and Posttraumatic Arousal Symptoms? J Clin Sleep Med. 2015 Oct 
15.11(10):1243. No abstract available. doi: 10.5664/jcsm.5106 [PubMed: 26414981] 

12. Doyle S, Pyndiah S, De Gois S, Erickson JD. Excitation-transcription coupling via calcium/
calmodulin-dependent protein kinase/ERK1/2 signaling mediates the coordinate induction of 
VGLUT2 and Narp triggered by a prolonged increase in glutamatergic synaptic activity. Journal of 
Biological Chemistry. 2010a; 285(19):14366–14376. [PubMed: 20212045] 

13. Doyle S, Pyndiah S, De Gois S, Erickson JD. Excitation-transcription coupling via CaMK/ERK 
signaling mediates the coordinate induction of VGLUT2 and Narp triggered by a prolonged 
increase in glutamatergic synaptic activity. Journal of Biological Chemistry. 2010b jbc-M109. 

14. Duan Y, Wang Z, Zhang H, He Y, Fan R, Cheng Y, Sun G, Sun X. Extremely low frequency 
electromagnetic field exposure causes cognitive impairment associated with alteration of the 
glutamate level, MAPK pathway activation and decreased CREB phosphorylation in mice 
hippocampus: reversal by procyanidins extracted from the lotus seedpod. Food Funct. 2014 Sep; 
5(9):2289–97. [PubMed: 25066354] 

15. Finsterwald C, Steinmetz AB, Travaglia A, Alberini CM. From Memory Impairment to 
Posttraumatic Stress Disorder-Like Phenotypes: The Critical Role of an Unpredictable Second 
Traumatic Experience. J Neurosci. 2015 Dec 2; 35(48):15903–15. [PubMed: 26631471] 

16. Fiorenza NG, Rosa J, Izquierdo I, Myskiw JC. Modulation of the extinction of two different fear-
motivated tasks in three distinct brain areas. Behav Brain Res. 2012 Jun 15; 232(1):210–6. 
[PubMed: 22525015] Franklin, K., Paxinos, G. The mouse brain in stereotaxic coordinates. San 
Diego: Academic Press; 1997. p. 45-56.

17. Franklin, K., Paxinos, G. The mouse brain in stereotaxic coordinates. San Diego: Academic Press; 
1997. p. 45-56.

18. Freude S, Schilbach K, Schubert M. The role of IGF-1 receptor and insulin receptor signaling for 
the pathogenesis of Alzheimer’s disease: from model organisms to human disease. Current 
Alzheimer Research. 2009; 6(3):213–223. [PubMed: 19519303] 

19. Furini C, Myskiw J, Izquierdo I. The learning of fear extinction. Neurosci Biobehav Rev. 2014 
Nov.47:670–83. [PubMed: 25452113] 

20. Gao L, Wang X, Wang X, Zhang L, Qiang C, Chang S, Ren W, Li S, Yang Y, Tong D, Chen C, Li 
Z, Song T, Zhi K, Huang C. IGF-1R, a target of let-7b, mediates crosstalk between IRS-2/Akt and 
MAPK pathways to promote proliferation of oral squamous cell carcinoma. Oncotarget. 2014 May 
15; 5(9):2562–74. [PubMed: 24810113] 

21. Gazit N, Vertkin I, Shapira I, Helm M, Slomowitz E, Sheiba M, Mor Y, Rizzoli S, Slutsky I. 
IGF-1R differentially regulates spontaneous and evoked transmission via mitochondria at 
hippocampal synapse. Neuron. 2016 Feb 3; 89(3):583–97. Epub 2016 Jan 21. DOI: 10.1016/
j.neuron.2015.12.034 [PubMed: 26804996] 

22. Gontier G, George C, Chaker Z, Holzenberger M, Aïd S. Blocking IGF Signaling in Adult Neurons 
Alleviates Alzheimer’s Disease Pathology through Amyloid-β Clearance. J Neurosci. 2015 Aug 
19; 35(33):11500–13. [PubMed: 26290229] 

23. González C, Baez-Nieto D, Valencia I, Oyarzún I, Rojas P, Naranjo D, Latorre R. K+ Channels: 
Function-Structural Overview. Comprehensive Physiology. 2012

24. Grunnet, M., Strøbæk, D., Olesen, SP., Christophersen, P. KCa1-KCa5 families. In: Kew, JNC., 
Davies, CH., editors. Ion Channels From Structure to Function. 2010. p. 403-423.

25. Guevara-Aguirre J. Insulin-like growth factor I--an important intrauterine growth factor. N Engl J 
Med. 1996 Oct 31; 335(18):1389–91. [PubMed: 8857025] 

26. Hammond RS, Bond CT, Strassmaier T, Ngo-Anh TJ, Adelman JP, Maylie J, Stackman RW. 
Small-conductance Ca2+-activated K+ channel type 2 (SK2) modulates hippocampal learning, 
memory, and synaptic plasticity. J Neurosci. 2006 Feb 8; 26(6):1844–53. [PubMed: 16467533] 

Ogundele et al. Page 15

Neuroscience. Author manuscript; available in PMC 2018 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



27. Hayes JP, Bigler ED, Verfaellie M. Traumatic Brain Injury as a Disorder of Brain Connectivity. J 
Int Neuropsychol Soc. 2016 Feb; 22(2):120–37. [PubMed: 26888612] 

28. Hu A, Yuan H, Wu L, Chen R, Chen Q, Zhang T, Wang Z, Liu P, Zhu X. The effect of constitutive 
over-expression of insulin-like growth factor 1 on the cognitive function in aged mice. Brain Res. 
2016 Jan 15.1631:204–13. [PubMed: 26581336] 

29. Huang GB, Zhao T, Muna SS, Bagalkot TR, Jin HM, Chae HJ, Chung YC. Effects of chronic 
social defeat stress on behaviour, endoplasmic reticulum proteins and choline acetyltransferase in 
adolescent mice. International Journal of Neuropsychopharmacology. 2013; 16(7):1635–1647. 
[PubMed: 23442729] 

30. Hwa V, Fang P, Derr MA, Fiegerlova E, Rosenfeld RG. IGF-I in human growth: lessons from 
defects in the GH-IGF-I axis. Nestle Nutr Inst Workshop Ser. 2013; 71:43–55. DOI: 
10.1159/000342548 [PubMed: 23502138] 

31. Ishii TM, Maylie J, Adelman JP. Determinants of apamin and d-tubocurarine block in SK 
potassium channels. J Biol Chem. 1997 Sep 12; 272(37):23195–200. [PubMed: 9287325] 

32. Jerud AB, Pruitt LD, Zoellner LA, Feeny NC. The effects of prolonged exposure and sertraline on 
emotion regulation in individuals with posttraumatic stress disorder. Behav Res Ther. 2016 Feb.
77:62–7. [PubMed: 26723004] 

33. Kaufer D, Friedman A, Seidman S, Soreq H. Acute stress facilitates long-lasting changes in 
cholinergic gene expression. Nature. 1998; 393(6683):373–377. [PubMed: 9620801] 

34. Kazanis I, Bozas E, Philippidis H, Stylianopoulou F. Neuroprotective effects of insulin-like growth 
factor-I (IGF-I) following a penetrating brain injury in rats. Brain research. 2003; 991(1):34–45. 
[PubMed: 14575874] 

35. Kim JY, Kim N, Zheng Z, Lee JE, Yenari MA. The 70 kDa heat shock protein protects against 
experimental traumatic brain injury. Neurobiology of disease. 2013; 58:289–295. [PubMed: 
23816752] 

36. Kleinridders A, Ferris HA, Cai W, Kahn CR. Insulin action in brain regulates systemic metabolism 
and brain function. Diabetes. 2014 Jul; 63(7):2232–43. [PubMed: 24931034] 

37. Köhler M, et al. Small-conductance, calcium-activated potassium channels from mammalian brain. 
Science. 1996; 273:1709–1714. [PubMed: 8781233] 

38. Kuiper EF, Nelemans A, Luiten PG, Nijholt IM, Dolga AM, Eisel UL. KCa2 and KCa3 channels in 
learning and memory processes, and neurodegeneration. Frontiers in pharmacology. 2012; 3:107. 
[PubMed: 22701424] 

39. la Cour CM, Salles MJ, Pasteau V, Millan MJ. Signaling pathways leading to phosphorylation of 
Akt and GSK-3β by activation of cloned human and rat cerebral D2 and D3 receptors. Molecular 
pharmacology. 2011; 79(1):91–105. [PubMed: 20952497] 

40. Lam J, Coleman N, Garing ALA, Wulff H. The therapeutic potential of small-conductance KCa2 
channels in neurodegenerative and psychiatric diseases. Expert opinion on therapeutic targets. 
2013; 17(10):1203–1220. [PubMed: 23883298] 

41. Larsen SE, Wiltsey Stirman S, Smith BN, Resick PA. Symptom exacerbations in trauma-focused 
treatments: Associations with treatment outcome and non-completion. Behav Res Ther. 2016 Feb.
77:68–77. [PubMed: 26731171] 

42. Lin TM, Luján R, Watanabe M, Adelman JP, Maylie J. SK2 channel plasticity contributes to LTP at 
Schaffer collateral-CA1 synapses. Nat Neurosci. 2008 Feb; 11(2):170–177. [PubMed: 18204442] 

43. Liu X, Yao M, Li N, Wang C, Zheng Y, Cao X. CaMKII promotes TLR-triggered proinflammatory 
cytokine and type I interferon production by directly binding and activating TAK1 and IRF3 in 
macrophages. Blood. 2008; 112(13):4961–4970. [PubMed: 18818394] 

44. Ma L, Kim SJ, Oh KI. Calcium/Calmodulin-Dependent Protein Kinase is involved in the Release 
of High Mobility Group Box 1 Via the Interferon-β Signaling Pathway. Immune Netw. 2012 Aug; 
12(4):148–54. Epub 2012 Aug 31. DOI: 10.4110/in.2012.12.4.148 [PubMed: 23091438] 

45. Makkar SR, Zhang SQ, Cranney J. Behavioral and neural analysis of GABA in the acquisition, 
consolidation, reconsolidation, and extinction of fear memory. Neuropsychopharmacology. 2010; 
35(8):1625–1652. [PubMed: 20410874] 

46. Mattson MP. Excitatory amino acids, growth factors, and calcium: a teeter-totter model for neural 
plasticity and degeneration. Adv Exp Med Biol. 1990; 268:211–20. [PubMed: 2075858] 

Ogundele et al. Page 16

Neuroscience. Author manuscript; available in PMC 2018 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



47. Mattson MP. Glutamate and neurotrophic factors in neuronal plasticity and disease. Ann N Y Acad 
Sci. 2008 Nov.1144:97–112. [PubMed: 19076369] 

48. McKay BM, Oh MM, Galvez R, Burgdorf J, Kroes RA, Weiss C, Adelman JP, Moskal JR, 
Disterhoft JF. Increasing SK2 channel activity impairs associative learning. J Neurophysiol. 2012 
Aug 1; 108(3):863–70. [PubMed: 22552186] 

49. Melander T, Staines WA, Hökfelt T, Rökaeus Å, Eckenstein F, Salvaterra PM, Wainer BH. 
Galanin-like immunoreactivity in cholinergic neurons of the septum-basal forebrain complex 
projecting to the hippocampus of the rat. Brain research. 1985; 360(1):130–138. [PubMed: 
2416401] 

50. Mpari B, Sreng L, Manrique C, Mourre C. KCa2 channels transiently downregulated during spatial 
learning and memory in rats. Hippocampus. 2010; 20(3):352–363. [PubMed: 19437421] 

51. Murthy SR, Sherrin T, Jansen C, Nijholt I4, Robles M, Dolga AM, Andreotti N, Sabatier JM, 
Knaus HG, Penner R, Todorovic C, Blank T. Small-conductance Ca2+-activated potassium type 2 
channels regulate the formation of contextual fear memory. PLoS One. 2015 May 
4.10(5):e0127264. [PubMed: 25938421] 

52. Murthy SR, Sherrin T, Jansen C, Nijholt I, Robles M, Dolga AM, … Todorovic C. Small-
Conductance Ca 2+-Activated Potassium Type 2 Channels Regulate the Formation of Contextual 
Fear Memory. PloS one. 2015; 10(5):e0127264. [PubMed: 25938421] 

53. Novick AM, Mears M, Forster GL, Lei Y, Tejani-Butt SM, Watt MJ. Adolescent social defeat alters 
N-methyl-d-aspartic acid receptor expression and impairs fear learning in adulthood. Behav Brain 
Res. 2016 Feb 10.304:51–59. [PubMed: 26876136] 

54. Pan YW, Storm DR, Xia Z. Role of adult neurogenesis in hippocampus-dependent memory, 
contextual fear extinction and remote contextual memory: new insights from ERK5 MAP kinase. 
Neurobiol Learn Mem. 2013 Oct.105:81–92. [PubMed: 23871742] 

55. Pang EW. Different Neural Mechanisms Underlie Deficits in Mental Flexibility in Post-Traumatic 
Stress Disorder Compared to Mild Traumatic Brain Injury. Front Psychiatry. 2015 Dec 3.6:170. 
eCollection 2015. doi: 10.3389/fpsyt.2015.00170 [PubMed: 26696907] 

56. Pavlovsky L, Bitan Y, Shalev H, Serlin Y, Friedman A. Stress-induced altered cholinergic–
glutamatergic interactions in the mouse hippocampus. Brain research. 2012; 1472:99–106. 
[PubMed: 22796599] 

57. Pehar M, O’Riordan KJ, Burns-Cusato M, Andrzejewski ME, del Alcazar CG, Burger C, Scrable 
H, Puglielli L. Altered longevity-assurance activity of p53:p44 in the mouse causes memory loss, 
neurodegeneration and premature death. Aging Cell. 2010 Apr; 9(2):174–90. DOI: 10.1111/j.
1474-9726.2010.00547.x [PubMed: 20409077] 

58. Quesada A, Lee BY, Micevych PE. PI3 kinase/Akt activation mediates estrogen and IGF-1 nigral 
DA neuronal neuroprotection against a unilateral rat model of Parkinson’s disease. Developmental 
neurobiology. 2008; 68(5):632–644. [PubMed: 18278798] 

59. Rosso SB, Inestrosa NC. WNT signaling in neuronal maturation and synaptogenesis. Frontiers in 
cellular neuroscience. 2013; 7:103. [PubMed: 23847469] 

60. Rubovitch V, Edut S, Sarfstein R, Werner H, Pick CG. The intricate involvement of the Insulin-like 
growth factor receptor signaling in mild traumatic brain injury in mice. Neurobiology of disease. 
2010; 38(2):299–303. [PubMed: 20138993] 

61. Rusch HL, Guardado P, Baxter T, Mysliwiec V, Gill JM. Improved Sleep Quality is Associated 
with Reductions in Depression and PTSD Arousal Symptoms and Increases in IGF-1 
Concentrations. J Clin Sleep Med. 2015 Jun 15; 11(6):615–23. [PubMed: 25766717] 

62. Saxe MD, Battaglia F, Wang JW, Malleret G, David DJ, Monckton JE, … Hen R. Ablation of 
hippocampal neurogenesis impairs contextual fear conditioning and synaptic plasticity in the 
dentate gyrus. Proceedings of the National Academy of Sciences. 2006; 103(46):17501–17506.

63. Sheng M, Kim MJ. Postsynaptic signaling and plasticity mechanisms. Science. 2002; 298(5594):
776–780. [PubMed: 12399578] 

64. Soderling TR, Derkach VA. Postsynaptic protein phosphorylation and LTP. Trends in 
neurosciences. 2000; 23(2):75–80. [PubMed: 10652548] 

Ogundele et al. Page 17

Neuroscience. Author manuscript; available in PMC 2018 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



65. Stackman RW, Bond CT, Adelman JP. Contextual memory deficits observed in mice 
overexpressing small conductance Ca2+-activated K+ type 2 (KCa2. 2, SK2) channels are caused 
by an encoding deficit. Learning & Memory. 2008; 15(4):208–213. [PubMed: 18385475] 

66. Su S, Xiao Z, Lin Z, Qiu Y, Jin Y, Wang Z. Plasma brain-derived neurotrophic factor levels in 
patients suffering from post-traumatic stress disorder. Psychiatry Res. 2015 Sep 30; 229(1–2):365–
9. [PubMed: 26160204] 

67. Sun HY, Goodkin HP. The pervasive reduction of GABA-mediated synaptic inhibition of principal 
neurons in the hippocampus during status epilepticus. Epilepsy Res. 2016 Jan.119:30–3. [PubMed: 
26656782] 

68. Takeuchi Y, Fukunaga K, Miyamoto E. Activation of nuclear Ca(2+)/calmodulin-dependent protein 
kinase II and brain-derived neurotrophic factor gene expression by stimulation of dopamine D2 
receptor in transfected NG108-15 cells. J Neurochem. 2002 Jul; 82(2):316–28. [PubMed: 
12124432] 

69. Trimmer JS. Subcellular localization of K+ channels in mammalian brain neurons: remarkable 
precision in the midst of extraordinary complexity. Neuron. 2015; 85(2):238–256. [PubMed: 
25611506] 

70. Tsung A, Klune JR, Zhang X, Jeyabalan G, Cao Z, Peng X, … Billiar TR. HMGB1 release 
induced by liver ischemia involves Toll-like receptor 4–dependent reactive oxygen species 
production and calcium-mediated signaling. The Journal of experimental medicine. 2007; 204(12):
2913–2923. [PubMed: 17984303] 

71. Wilson CB, Ebenezer PJ, McLaughlin LD, Francis J. Predator exposure/psychosocial stress animal 
model of post-traumatic stress disorder modulates neurotransmitters in the rat hippocampus and 
prefrontal cortex. PLoS One. 2014 Feb 14.9(2):e89104. [PubMed: 24551226] 

72. Yamaguchi F, Itano T, Mizobuchi M, Miyamoto O, Janjua NA, Matsui H, Tokuda M, Ohmoto T, 
Hosokawa K, Hatase O. Insulin-like growth factor I (IGF-I) distribution in the tissue and 
extracellular compartment in different regions of rat brain. Brain Res. 1990; 533:344–347. 
[PubMed: 2289149] 

73. Yamasaki N, Maekawa M, Kobayashi K, Kajii Y, Maeda J, Soma M, … Kanzaki K. Alpha-
CaMKII deficiency causes immature dentate gyrus, a novel candidate endophenotype of 
psychiatric disorders. Molecular brain. 2008; 1(1):1. [PubMed: 18803854] 

74. Yao L, Kan EM, Lu J, Hao A, Dheen ST, Kaur C, Ling EA. Toll-like receptor 4 mediates 
microglial activation and production of inflammatory mediators in neonatal rat brain following 
hypoxia: role of TLR4 in hypoxic microglia. Journal of neuroinflammation. 2013; 10(1):23. 
[PubMed: 23388509] 

75. Yehuda R, Pratchett LC, Elmes MW, Lehrner A, Daskalakis NP, Koch E, Makotkine I, Flory JD, 
Bierer LM. Glucocorticoid-related predictors and correlates of post-traumatic stress disorder 
treatment response in combat veterans. Interface Focus. 2014 Oct 6.4(5):20140048.doi: 10.1098/
rsfs.2014.0048 [PubMed: 25285201] 

76. Yu X, Xing C, Pan Y, Ma H, Zhang J, Li W. IGF-1 alleviates ox-LDL-induced inflammation via 
reducing HMGB1 release in HAECs. Acta Biochim Biophys Sin (Shanghai). 2012 Sep; 44(9):
746–51. [PubMed: 22782142] 

77. Zhang S, Xie C, Wang Q, Liu Z. Interactions of CaMKII with dopamine D2 receptors: roles in 
levodopa-induced dyskinesia in 6-hydroxydopamine lesioned Parkinson’s rats. Sci Rep. 2014 Oct 
29.4:6811. [PubMed: 25351365] 

78. Zhao H, Zhao X, Cao X, Wu G. Age-Dependent Neuroimmune Modulation of IGF-1R in the 
Traumatic Mice. Immun Ageing. 2012 May 28.9(1):12.doi: 10.1186/1742-4933-9-12 [PubMed: 
22640633] 

79. Zhao W, Chen H, Xu H, Moore E, Meiri N, Quon MJ, Alkon DL. Brain insulin receptors and 
spatial memory correlated changes in gene expression, tyrosine phosphorylation, and signaling 
molecules in the hippocampus of water maze trained rats. Journal of Biological Chemistry. 1999; 
274(49):34893–34902. [PubMed: 10574963] 

80. Zoladz PR, Conrad CD, Fleshner M, Diamond DM. Acute episodes of predator exposure in 
conjunction with chronic social instability as an animal model of post-traumatic stress disorder. 
Stress. 2008; 11:259–281. [PubMed: 18574787] 

Ogundele et al. Page 18

Neuroscience. Author manuscript; available in PMC 2018 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
A, Schematic illustration of a combined acute predator (cat) exposure and chronic 

psychosocial stress (random cohort cage rotation) in a mice model of traumatic stress.

B, Schematic illustration of prolonged exposure therapy (PET). This involved the use of an 

unfamiliar stress stimulus (audio cat meow tone) spaced at 50 seconds for a maximum 

duration of 5 minutes. This was done for a total of 20 days after the final predator exposure 

(traumatic stress) event.

C, Graphic illustration of the typical outcome of an elevated plus maze (EPM) behavioral 

test for the Control, Stress and Stress-PET groups. Anxiety-linked behavioral changes in the 

stress mice involved an increase in avoidance of the open arm (OA), while spending more 

time in the closed arm (CA). After PET, the Stress-PET animals showed an improvement by 

exploring the OA to a significant level over the CA of the maze. CS depicts the center square 

and the starting point for each test event.
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Figure 2. 
A, Percentage index for open arm duration (OAD) under each condition.

B, Percentage index for open arm entries (OAE). The Stress-PET group recorded an increase 

in OAD and OAE index when compared with the naïve stressed rats (p<0.001 and p<0.05).

C, Western blot quantification showing a decrease in the expression of IGF-1 reduced 

significantly in naïve stressed brain (p<0.001), and increased (p<0.05) after a prolonged 

exposure therapy.

D, Bar chart showing a significant change in IGF-1 in the Stress and Stress-PET groups w. 

The relative expression was normalized by the expression of GAPDH.
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Figure 3. 
A, IGF-1R expression decreased significantly in the hippocampus of naïve stressed animals 

when compared with the control (p<0.001). After prolonged exposure therapy (PET), a 

significant increase in IGF-1R was observed when the Stress-PET group was compared with 

the Stress group (p<0.001; scale bar=20μm).

B, Bar chart (mean±SEM) representing the statistical changes observed in the DG.

C, Like the observations in the hippocampus, IGF-1R expression reduced significantly in the 

PFC of naïve stressed rats (p<0.05) when compared with the control (scale bar=20μm; 

inset=10μm). However, no significant change was seen when the Stress group was compared 

with the Stress-PET.

D, Statistical analysis (One-Way ANOVA) depicting the change in IGF-1R expression in the 

PFC neurons.

E, Presynaptic vesicular trafficking protein (synaptophysin) was reduced in the hippocampus 

of naïve stressed rats; when compared with the control (p<0.001). After a prolonged 

exposure therapy (Stress-PET), we observed an increase in synaptophysin expression; when 

compared with the Stress group (p<0.01; scale bar=20μm; inset=20μm).

F, Bar chart depicting the change in synaptophysin for Stress and Stress-PET groups.

G, Like the observation in the hippocampus, synaptophysin decreased significantly in the 

PFC of traumatic stress rats when compared with the control (p<0.001; scale bar=10μm). 

However, no significant change was recorded when the Stress-PET was compared with the 

Stress group.

H, Expression of synaptophysin in the PFC under each condition
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Figure 4. 
A, Representative confocal images showing the expression of hippocampal CaMKIIα (scale 

bar=20μm, inset=10μm).

B, Confocal images showing a decrease in the expression of CaMKIIα in the PFC of naïve 

stressed rats (p<0.001). CaMKIIα expression was rescued after a prolonged exposure 

therapy (p<0.001).

C, Hippocampal CaMKIIα levels during stress (p<0.001) was rescued after a prolonged 

exposure therapy (Stress vs Stress-PET; p<0.001).

D, Bar chart depicting a change in PFC CaMKIIα.

E, Protein immunoblotting and quantification of CaMKIIα in brain tissue lysate.

F, Bar chart depicting the significant reduction in CaMKIIα (relative density) in traumatic 

stress rats (p<0.001 vs the control). Like the observation in confocal imaging, an increase 

was seen in the Stress-PET group (p<0.01); after normalization with GAPDH.

G, Schematic summary of the interaction between CaMKIIα and IGF-1R at synaptic sites.

Ogundele et al. Page 23

Neuroscience. Author manuscript; available in PMC 2018 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
A, Significant reduction in postsynaptic densities (PSD-95) was observed in the 

hippocampus of Stress, and Stress-PET rats (p<0.01 and p<0.01; scale bar=20μm).

B, Bar chart depicting a statistical loss of PSD-95 in the hippocampus of naïve stressed rats, 

and after PET.

C, Similarly, the expression of PSD-95 was reduced in the prefrontal cortex of Stress and 

Stress-PET groups when compared with the control (p<0.01; scale bar=20μm; inset=5μm). 

No significant difference was seen in PSD-95 expression in the Stress-PET group was 

compared with the Stress group.

D, Statistical analysis of change in PSD-95 distribution in the PFC.

E, Distribution of calcium dependent potassium channels (KCa2.2) increased c in the 

hippocampus of naïve stressed rats when compared with the control (p<0.01; scale 

bar=20μm, inset=5μm). Furthermore, a significant increase in KCa2.2 expression was 

recorded after PET was implemented (when the Stress-PET was compared with the Stress 

group) (p<0.01).
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F, Bar chart representing the statistical analysis for KCa2.2 re-distribution in the 

hippocampus of naïve stressed rats, and after PET (Stress-PET).

G, KCa2.2 expression increased in the PFC of stressed rats when compared with the control 

(p<0.01). Like the observations in hippocampus, KCa2.2 expression increased when Stress-

PET was compared with the Stress group (p<0.05; scale bar=20μm).

H, Bar chart showing the differential expression of KCa2.2 in the PFC.
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Figure 6. 
A, Vesicular glutamate transporter (VGLUT 2) expression decreased in the hippocampus of 

stressed rats when compared with the control (p<0.001). VGLUT2 expression was rescued 

in the hippocampus of Stress-PET rats when compared with the stressed group (p<0.001; 

scale bar=20μm; inset=5μm).

B, Hippocampal VGLUT 2 expression quantified in traumatic stress and PET.

C, VGLUT2 expression decreased in the PFC of stressed rats (p<0.001) when compared 

with the control. A normalized cortical VGLUT2 expression was observed in stressed rats 

subjected to PET; when compared to naïve stressed rats (p<0.001; scale bar=20μm).

D, Graphical representation of change in cortical VGLUT2 distribution.

E, Tyrosine hydroxylase (TH) expression decreased in the hippocampus of naïve stressed 

rats when compared with the control (p<0.001). After the prolonged exposure therapy in the 

Stress group, the expression of tyrosine hydroxylase increased; when compared with the 

Stress group (p<0.001; scale bar=10μm; inset=10μm).

F, Bar chart depicting a statistical change in hippocampal tyrosine hydroxylase expression 

for Stress and Stress-PET rats.

G, TH expression increased significantly in the PFC of naïve stressed rats when compared 

with the control (p<0.001). After a phase of PET, the expression of tyrosine hydroxylase 
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reduced significantly in the Stress group (p<0.001); when compared with the naïve stressed 

group (scale bar=20μm).

H, Graphical representation of statistical change in cortical tyrosine hydroxylase in 

traumatic stress and PET.
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Figure 7. 
A, a decrease in GABA (inhibitory neurotransmitter) was observed in the hippocampus 

when the Stress group was compared with the control (p<0.001). However, after the PE 

therapy, the distribution of GABA increased significantly in the hippocampus of Stress-PET 

rats (p<0.01; scale bar=20μm).

B, Bar chart depicting the statistical change in hippocampal GABA expression.

C, an increase in GABA was recorded in the PFC of naïve stressed rats; when compared 

with the control (p<0.05). Furthermore, in the Stress-PET group, the distribution of GABA 

increased significantly when compared with the naïve stressed group (p<0.01; scale 

bar=20μm).

D, Bar chart depicting a statistical change in cortical GABA distribution in stress rats, and 

after a prolonged exposure therapy.

E, Expression of ChAT decreased in the hippocampus of naïve stressed rats when compared 

with the control (p<0.001). Subsequent analysis showed that ChAT increased in the 

hippocampus of Stress-PET rats; when compared with the naïve stressed group (p<0.01; 

scale bar=20μm; inset=5μm).

F, Statistical representation of a change in hippocampal ChAT expression.
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G, ChAT expression reduced in the PFC of naïve stressed group; when compared with the 

control (p<0.05). After a PET (Stress-PET), cortical expression of ChAT was upregulated 

versus the Stress group (p<0.05; scale bar=20μm).

H, Bar chart showing the statistical change in cortical ChAT expression.
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Figure 8. 
A, Representative confocal images showing the activation of microglia (CD11b/c) in the 

hippocampus of Stress and Stress-PET rats. Microglia activation increased in the Stress 

group when compared with the control (p<0.05). Further increase in microglia was recorded 

in the Stress-PET group when compared with the Stress group (p<0.001; scale bar=20μm, 

inset=5μm).

B, Bar chart showing statistical comparison of hippocampal microglia (CD11b/c) count in 

Control, Stress and Stress-PET groups.

C, Confocal images of activated microglia in the PFC. Like the hippocampus, an increase 

was observed in the Stress group (p<0.05), while the Stress-PET showed a significant 

increase (p<0.001; scale bar=20μm).

D, Bar chart depicting a statistical increase in cortical activated microglia in the Stress and 

Stress-PET group.
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Figure 9. 
A, Expression of HMGB1 increased significantly in the hippocampal neurons of naïve 

stressed rats when compared with the control (p<0.001; scale bar=15μm). For the Stress-

PET group, no significant change in HMGB1 was observed when compared with the naïve 

stressed group (ns).

B, Bar chart representing the change in hippocampal HMGB1 expression in naïve stressed 

rats, and after prolonged exposure therapy.

C, Decline in cortical HMGB1 expression was observed in naïve stressed rats when 

compared with the control (p<0.05). However, for the Stress-PET group, the expression of 

HMGB1 increased in the cortex when compared with the naïve stressed group (p<0.05; scale 

bar=20μm, 10μm).

D, Quantification of changes in HMGB1 expression in the PFC.

E, Hippocampal TLR4 expression increased in naïve stressed rats (p<0.01; versus the 

control). A significant increase was also observed after the PE therapy (Stress-PET), when 

compared with the naïve stressed group (p<0.01; scale bar=20μm).

F, Statistical changes in TLR4 expression in hippocampus of stressed rats, and after a PET.
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G, no significant change in TLR4 was seen in the PFC of naïve stressed, and Stress-PET 

groups when compared with the control (scale bar=5μm).

H, Statistical analysis for the expression of TLR4 in the PFC of Stress and Stress-PET 

animals.
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Figure 10. 
Schematic summary of the possible link between IGF-1R signaling, synaptic changes, 

neurotransmitter function and inflammatory response. This represents multiple complex 

interacting pathways and potential areas for future investigation regarding the role of 

IGF-1R in neural stress response.IGF-1R has three major signaling pathways (Ras, Wnt/
GSK3 and Akt/mTOR). While IGF-1R directly modulates synaptic activity (Synaptophysin, 

CaMKIIα and IGF-1), through its other signaling mechanisms, IGF-1R may regulate the 

pattern of inflammatory response (Microglia, HMGB1 and TLR4). Importantly, CaMKIIα, 

in the Wnt/GSK3 signaling pathway, can attenuate Ras and Akt/mTOR pathways. 

Furthermore, CaMKIIα has been shown to be directly linked to the regulation of LTP. 

Ultimately, through multiple interacting downstream pathways, a change in IGF-1R - as a 

response to stress - may modulate phasic synaptic and inflammatory response in the brain.
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Table 1

Supplemental table showing the combination of antibodies for immunofluorescence staining and confocal 

microscopy.

Protein Combination Primary antibody Secondary antibody

IGF-1R
NeuN
DAPI

Rabbit anti IGF-1R
Anti NeuN-Alexa 488

DAPI

Goat anti Rabbit Alexa 594

Synaptophysin
NeuN
DAPI

Rabbit anti Synaptophysin
Anti NeuN-Alexa 488

DAPI

Goat anti Rabbit Alexa 568

CaMKIIα Mouse anti CaMKIIα Goat anti Mouse Alexa 647

PSD-95
NeuN
DAPI

Rabbit anti PSD-95
Anti NeuN-Alexa 488

DAPI

Goat anti Rabbit 568

KCa2.2
NeuN

Mouse anti KCa2.2
Anti NeuN-Alexa 488

Goat anti Mouse 568

VGLUT2
NeuN
DAPI

Guinea pig anti VGLUT2
Anti NeuN-Alexa 488

DAPI

Goat anti Guinea pig 568

Tyrosine hydroxylase
NeuN
DAPI

Rabbit anti Tyrosine hydroxylase
Anti NeuN-Alexa 488

DAPI

Goat anti Rabbit Alexa 594

GABA
NeuN
DAPI

Rabbit anti GABA
Anti NeuN-Alexa 488

DAPI

Goat anti Rabbit 594

ChAT
NeuN
DAPI

Goat anti ChAT
Anti NeuN-Alexa 488

DAPI

Rabbit anti Goat 568

CD11b/c Mouse anti Cd11b/c Goat anti Mouse 647

HMGB1
NeuN
DAPI

Rabbit anti HMGB1
Anti NeuN-Alexa 488

DAPI

Goat anti Rabbit 594

TLR4
NeuN
DAPI

Mouse anti TLR4
Anti NeuN-Alexa 488

DAPI

Goat anti Mouse 568
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