CREB Signaling Mediates Dose-dependent Radiation Response in the Murine Hippocampus Two Years after Total Body Exposure
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 ABSTRACT

The impact of low-dose ionizing radiation (IR) on the human brain has recently attracted attention due to the increased use of IR for diagnostic purposes. The aim of this study was to investigate low-dose radiation response in hippocampus. Female B6C3F1 mice were exposed to total body irradiation with 0 (control), 0.063 Gy, 0.125 Gy or 0.5 Gy. Quantitative label-free proteomic analysis of hippocampus was performed after 24 months. CREB signaling and CREB-associated pathways were affected at all doses. The lower doses (0.063 Gy and 0.125 Gy) induced the CREB pathway, whereas the exposure to 0.5 Gy deactivated CREB. Similarly, the lowest dose (0.063 Gy) was anti-inflammatory, reducing the number of activated microglia. In contrast, induction of activated microglia and reactive astroglia was found at 0.5 Gy suggesting increased inflammation and astrogliosis, respectively. The apoptotic markers BAX and cleaved CASP-3 and oxidative stress markers were increased only at the highest dose. Since activated CREB pathway plays a central role in learning and memory, these data suggest neuroprotection at the lowest dose (0.063 Gy) but neurodegeneration at 0.5 Gy. The response to 0.5 Gy resembles alterations found in healthy aging and thus may represent radiation-induced accelerated aging of the brain.

INTRODUCTION

Technologies using low-dose ionizing radiation (IR) have become frequent and indispensable in medical diagnostics. In addition, during conventional radiation therapy regimens, large volumes of healthy tissue are exposed to low-dose IR exposures. Although the health benefits of radiation-based imaging and therapy are indisputable, the rising and repetitive use of computed tomography (CT) scanning may result in cumulative radiation doses well beyond 0.1 Gy.1
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 Justifiable concerns have been raised about adverse long-term health consequences, especially for exposures involving the brain.5


4

 In mice, cognitive impairment has been reported after total body irradiation already at 0.5 Gy.3

 Radiation doses of 0.5 Gy and higher may induce harmful pathological effects in the central nervous system., 6

Several studies have investigated radiation effects in the hippocampus as this brain area plays a central role in learning and memory.5
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 In the murine hippocampus, permanently increased inflammation, astrogliosis, enhanced oxidative stress and mitochondrial dysfunction were shown at doses around 1 Gy., 8
 Impaired neurogenesis, due to a depletion of neuronal stem and progenitor cell pools in the dentate gyrus, was observed 6 months after a single cranial 2 Gy dose and after a fractionated total body dose (20 x 0.1 Gy), especially if given to juvenile C57BL/6 mice.9
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The response to low doses of IR may differ substantially from that observed at high doses.
The aim of this study was to study potential long-term effects of a single total body exposure in the hippocampus. Female B6C3F1 mice were irradiated at the age of 10 weeks using doses of 0 (“control”), 0.063 (“low”), 0.125 (“medium”) or 0.5 Gy (“high”). Radiation-induced changes in the hippocampal proteome were measured 4 months, 12 months, 18 months, and 24 months after the exposure but significant alterations were only seen in the old mice 24 months post-exposure. At this time point, the two lower doses led to an activation of neuroprotective pathways, whereas the higher dose (0.5 Gy) resulted in an inactivation of the memory-related CREB pathway and increase of pro-inflammatory and apoptotic markers. 

EXPERIMENTAL SECTION
Animal Treatment

This study was approved by the Government of Upper Bavaria (Az. 55.2-1-54-2532-161-12). All experiments were done in strict accordance with the German Law of Animal Protection, the Declaration of Helsinki and the ARRIVE guidelines. The breeding schedule to produce female F1 B6C3F1 hybrids (C57BL/6JG x C3HeB/FeJ)F1 has been described before.
Tissue Collection

Four mice per dose group and time point were used for isolation of hippocampi that were microdissected from the right hemisphere, gently rinsed in cold PBS and snap frozen in liquid nitrogen. All samples were stored at - 80° C.

Protein Lysis and Measurement of Protein Concentration

Frozen tissues were pulverized and suspended in RIPA buffer (Thermo Fischer, Darmstadt, Germany) containing phosphatase and protease inhibitors (Sigma-Aldrich, Taufkirchen, Germany). After sonication, lysis, and centrifugation, protein concentrations were measured using BCA Protein Assay Kit (Thermo Fischer) according to the manufacturer’s instructions. The protein lysates were stored at -20 °C. 

Mass Spectrometry 

Ten µg of each protein lysate was digested enzymatically with a modified filter-aided sample preparation (FASP) protocol.18

 The digests were stored at -20 °C until MS measurement. This was performed in data-dependent acquisition (DDA) mode using a Q Exactive high field mass spectrometer (Thermo Fisher, Darmstadt, Germany). The digested lysates (0.5 μg) were injected automatically and loaded to the online-coupled RSLC (Ultimate 3000, Thermo Fisher) HPLC system including a nano trap column (300 μm inner diameter × 5 mm, packed with Acclaim PepMap100 C18, 5 μm, 100 Å; LC Packings, Sunnyvale, CA). The sample mixtures were resolved by reversed phase chromatography (Acquity UPLC M-Class HSS T3 Column 75 µm ID x 250 mm, 1.8 µm; Waters, Eschborn, Germany) at 40 °C using a 3 – 41 % acetonitrile gradient with 0.1% formic acid at 250 nl/min for 105 min. The high-resolution (60,000 full width at half-maximum) MS spectra were recorded with a maximum injection time of 50 ms from 300 to 1,500 m/z with automatic gain control target set to 3 x 106. The 10 most abundant peptide ions from the MS pre-scan were selected for fragmentation (MS-MS) if they were at least doubly charged, with a dynamic exclusion of 30 s. MS-MS spectra were recorded at 15,000 resolution with automatic gain control target set to 1 x 105 and a maximum of 100 ms injection time. Normalized collision energy was set to 28 and all spectra were recorded in profile type.

Protein Identification and Quantification

The acquired spectra were evaluated using Progenesis QI software (Version 3.0, Nonlinear Dynamics) for label-free quantification as previously described
Pathway Analysis

For the analysis of the canonical pathways predicted to be responding to irradiation, the list of significantly deregulated proteins with their accession numbers, fold changes and q-values were imported into Ingenuity Pathway Analysis (IPA) (QIAGEN Redwood City, www.qiagen.com/ingenuity). 

Immunoblot Analysis

For validation of key protein changes immunoblotting was performed as described previously.20


Protein Carbonyl Content
Quantification of protein carbonyl content was done according to the manufacturer’s instructions using the Protein Carbonyl Content Assay Kit from Biovision® (Milpitas, CA, USA). 

Statistical Analysis

For proteomic analysis, the following filtering criteria were used: Proteins identified and quantified with two UP, had a q-value of ≤ 0.05 and fold-changes of ≤ 0.77 or ≥ 1.3 were considered as significantly differentially expressed. For other experiments, statistical analysis was performed with Graph Pad prism software (GraphPad Software, San Diego, USA) using an unpaired Student’s t test. The data are presented as standard error of the mean (SEM); p-values < 0.05 were defined as significant. Four biological replicates were included in all experiments. Each treatment group was compared individually to the sham-irradiated control group.

Data Availability

The raw MS-data are available in http://dx.doi.org/doi:10.20348/STOREDB/1153/1213.

RESULTS

The Hippocampal Proteome Shows Changes 2 years after a Single Radiation Exposure 

The hippocampal proteome was analyzed at different time points (4, 12, 18, 24 months) after total body doses of either 0, 0.063, 0.125, or 0.05 Gy. Interestingly, when the mice were sacrificed at a younger age (4 m, 12 m, 18 m), very few radiation-induced changes in the hippocampal proteome were found (Table S1; http://dx.doi.org/doi:10.20348/STOREDB/1153/1213). In contrast, with the progressing age, the radiation effect became noticeable. Therefore, we investigated the 24-month time point in more detail.

In the hippocampus of aged mice (24 months after the irradiation) 3,588 proteins were identified in total, of which 2,336 were quantified with 2 UP. All identified proteins are listed in Table S2. All quantified proteins for each radiation dose group are shown in Tables S3 – S5. Principal component analysis (PCA) established that clusters of each biological replicate were separated depending on the radiation dose (Figure 1A). The corresponding Volcano plots of all quantified proteins are shown in Figure 1B. Applying the proteomics filtering criteria, the analysis showed the following numbers of significantly deregulated proteins in comparison to the control group: 448 in the 0.063 Gy group, 668 in the 0.125 Gy group, and 103 in the 0.5 Gy group (Tables S6 – S8). The total numbers of up- and down regulated proteins for each experimental group are presented in Figure 1C. Shared deregulated proteins between all experimental groups are shown in the Venn diagram in Figure 1D.

Irradiation Affects Biological Pathways Related to Synaptic Plasticity and Neuroprotection
The pathway analysis showed that irradiation affected CREB signaling and the pathways upstream or downstream of CREB (Figure 2A). The ephrin receptor, opioid, neuregulin and NGF signaling are all upstream regulators of CREB, each involving ligands that bind to corresponding receptors (ErbB, TRK, and G-coupled receptors) activating kinase cascades. 
Similarly, to investigate which biofunctions are affected by irradiation, all deregulated proteins were analyzed for neuronal functions and apoptosis using IPA (Figure 2B). An inhibition of apoptosis was predicted especially for the medium-dose group, in contrast to moderate activation in the high-dose group. In line with the canonical pathway analysis, LTP and related functions such as learning, conditioning, and cognition were activated by the two lowest dose groups but inhibited by the high-dose group.

Immunoblotting Confirms Long-Term Changes of the CREB Pathway

The levels of total and phosphorylated forms of CREB and its upstream regulators p38 and ERK1/2 were measured (Figure 3, Figure S1). The CREB phosphorylation (Ser133) was increased at the two lowest doses but markedly decreased at the highest dose (Figure 3A). No difference was seen in the total protein amount of CREB (Figure 3A). 

In the case of the upstream kinase p38, both the levels of total and the phosphorylated form (Thr180/Tyr182) were increased at the lowest doses but decreased at 0.5 Gy (Figure 3B). Similarly, the total and the phosphorylated levels of ERK1/2 (Thr202/Tyr204) were increased at 0.063 Gy and at 0.125 Gy but decreased at 0.5 Gy (Figure 3C). 

The expression of three target proteins of CREB, cFOS, ARC and PSD-95, were also measured to investigate the transcriptional activity of CREB (Figure S1, Figure S2). All three proteins showed significant upregulation at the medium dose, c-FOS also at the lowest dose. No changes were seen at the highest dose. 

Oxidative Stress, Inflammation, and Apoptosis show Dose-dependent Alteration

High-dose radiation as well as normal aging process lead to increase in oxidative stress in the brain.24
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 Protein carbonyl modifications, a major hallmark of oxidative stress, were measured in different dose groups to elucidate alterations in reactive oxygen species (ROS) levels. A dose-dependent increase in carbonylated proteins was observed in the medium- (0.125 Gy) and high-dose (0.5 Gy) group (Figure 4A, Table S9). The expression of nuclear factor erythroid 2-related factor 2 (NRF2), a central regulator of cellular antioxidant capacity, showed a significant 1.4-fold increase in the highest dose group (Figure 4A, Figure S1).

Chronic increase in oxidative stress is associated with activation of the innate immune system of the brain.
Since the dose of 0.5 Gy was predicted by the proteomics data to induce apoptosis (Figure 2B), we next measured changes in the expression of apoptotic markers. BCL-xL protein, a target of the transcription factor CREB, is an anti-apoptotic factor that is able to suppress pro-apoptotic proteins such as BAX and cleaved caspase 3 (CASP3). Immunoblot analysis showed that the dose of 0.5 Gy, but not the lower doses, had a significant effect on the expression of apoptotic markers (Figure 4C, Figure S1). The level of BCL-xL was decreased by 1.7-fold, whilst the expression of pro-apoptotic BAX and CASP3 was markedly increased, indicating the presence of cells undergoing apoptosis.

Taken together, these results show that a single total body dose of 0.5 Gy is able to induce oxidative stress, inflammation, and apoptosis in the hippocampus two years after the exposure, possibly due to inactivation of the CREB pathway.

DISCUSSION
In this study, we have shown that relatively low exposures to IR, comparable to those received by clinical diagnostics and therapy, have a marked impact on the murine hippocampal proteome two years later. Radiation-induced proteome changes indicated alterations especially in the CREB signaling and related neurocognitive pathways such as LTP and learning. Importantly, the highest dose used in this study (0.5 Gy) influenced these pathways in an opposite manner to the lower doses (0.063Gy, 0.125 Gy), namely by inhibition. In similarly treated B6C3F1 mice, significant behavioral defects were observed 18 m after the radiation exposure in the 0.5 Gy group, whereas no or even opposite effects (increased ASR and rearing) emerged at this age in the lowest-dose group.27

 

CREB-mediated transcription is essential for synaptic plasticity and neuroprotective response to pathophysiological stressors.28
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 The transcriptional activity of CREB is regulated by phosphorylation on Ser133 by several kinases, in the brain mainly by p38 and ERK1/2.30





21-23

 At the lower doses (0.063 Gy, 0.125 Gy) we showed an increase in the total and phosphorylated forms of both of these upstream kinases as well as increased phosphorylation (activation) of CREB itself. This was accompanied by upregulation of three downstream targets of CREB, c-FOS, ARC, and PSD-95. In contrast, after the highest exposure (0.5 Gy) the expression of these kinases as well as phospho-CREB was decreased. This, however, was not mirrored by changes in the expression of the three target proteins tested, probably due to other regulatory factors and processes that are known to be required for the transcriptional attenuation of CREB downstream targets. HYPERLINK \l "_ENREF_21" \o "Gonzalez, 1989 #759" 
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It is widely accepted that high-dose radiation, as used in the therapy of brain tumors, leads to an accumulation of long-lived free radicals in the brain.35





34

 In contrast, inhibition of CREB reduces neuronal plasticity and triggers neuronal cell death via pro-apoptotic processes.
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 have shown that active CREB is essential in the neuroprotective signaling against ROS-mediated cell toxicity. Consequently, artificial upregulation of CREB signaling could have neuroprotective effects.
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 or siRNA knockdown of CREB in human neuronal cells
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 This study shows that a much lower dose than used in radiation therapy (0.5 Gy) is associated with oxidative stress that is indicated by increased levels of oxidized proteins and NRF2. This could be related to the radiation-induced downregulation of active CREB observed here since experiments using a CREB transgenic mouse model, 36
 In line with this, our proteomics data also indicated ongoing apoptosis at 0.5 Gy that was confirmed using anti- and pro-apoptotic markers.

The low-dose radiation (0.063 Gy) resulted in an anti-inflammatory effect in the hippocampus. This result is in agreement with previous data using mice that were chronically irradiated with a very low dose rate (1 mGy/d) for 300 days resulting in a cumulative dose of 0.3 Gy.42

 This could partly explain the increase in oxidized protein level seen in this study.
41

 In this study, the group exposed to 0.5 Gy showed increased level of IBA1-positive microglia. In addition, an increase in the number of reactive astrocytes was seen in this group further suggesting enhanced inflammatory status of the hippocampus. Persistently activated microglia have been shown to produce ROS that may play a role in the progression of neurodegenerative diseases.
In conclusion, we show that a single exposure to a dose of 0.5 Gy leads to increased oxidative stress, inflammation, and apoptosis in the hippocampus (Figure 5). These impairments resemble those seen in normal brain aging. With increasing age, the ability to adequately respond to oxidative stress reduces.44


43

 Consequently, the accumulation of free radicals leads to a higher susceptibility to neurodegenerative diseases., 45
 Age-dependent CREB dysregulation has been correlated with neurodegenerative disorders like Alzheimer´s disease, Parkinson´s disease, and Huntington’s disease.49

 This indirectly suggests that moderate radiation doses, comparable to those received from repeated CT scans
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Figure Legends

Figure 1. Radiation effects on the hippocampal proteome 24 m post-exposure. (A) A principal component analysis (PCA) of hippocampal proteomes exposed to 0.063 Gy, 0.125 Gy or 0.5 Gy in comparison with the sham-irradiated control group. (B) Volcano plots representing the distribution of all quantified proteins (identification with at least 2 UP) in hippocampus exposed to a single radiation dose (0.063 Gy, 0.125 Gy, 0.5 Gy) in comparison to sham-irradiated controls. Upregulated proteins are shown in red and downregulated in green, fold change ± 1.3. (C) Total numbers of significantly upregulated (red) and downregulated (green) proteins are shown for all dose groups (q ≤ 0.05, fold change ± 1.3). (D) The Venn diagram showing the numbers of shared deregulated proteins between the three experimental groups and the proteins exclusively deregulated in only one dose. n = 4.

Figure 2. Radiation-induced changes in biological pathways related to normal neuronal functioning two years post-exposure. (A) The IPA analysis of associated signaling pathways based on all significantly deregulated hippocampal proteins for all three dose groups is shown. The canonical pathways are ranked by their z-score. The orange color represents a positive z-score indicating an activation of the pathway; the blue color represents a negative z-score predicting a deactivation. (B) Affected neuronal biofunctions for all three dose groups ranked by the z-score (IPA) are shown. The orange color represents a positive z-score indicating an activation of the pathway; the blue color represents a negative z-score predicting a deactivation.

Figure 3. Deregulation of the CREB signaling in hippocampus 24 m after radiation exposure. Immunoblot analysis of the relative expression of CREB and phospho-(Ser133) CREB (A), p38 and phospho- (Thr180/Tyr182) p38 (B) and ERK1/2 and phospho- (Thr202/Tyr204) ERK1/2 (C) for the four treatment groups normalized to the total amount of proteins is shown. Error bars represent the SEM, n = 4, *p < 0.05, **p < 0.01, ***p < 0.001 (Student´s t-test).

Figure 4. Radiation-induced changes in oxidative stress, inflammation and apoptosis in the hippocampus. (A) The levels of carbonylated (oxidized) proteins (colorimetric assay) and NRF2 (immunoblotting) assessed in the hippocampus of control and irradiated mice are shown. (B) The levels of activated microglia (IBA1) and reactive astrocytes (GFAP) using immunoblotting are shown. (C) The levels of BCL-xL (anti-apoptotic), BAX (pro-apoptotic), and cleaved CASP3 (pro-apoptotic) analyzed using immunoblotting are shown. Error bars represent the SEM, n = 4, *p < 0.05, **p < 0.01, ***p < 0.001 (Student´s t-test).

Figure 5. A proposed model for the role of CREB signaling in the long-term (24 m) radiation response in the hippocampus based on the study data. The lower doses (0.063 Gy, 0.125 Gy) (shown on the left) have activating effect on this pathway, whilst the higher dose (0.5 Gy) functions deactivating (shown on the right). The radiation-induced changes in expression of upstream regulators and downstream targets of this pathway are shown with red (upregulation) or blue (downregulation) arrows.
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