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Mild Traumatic Brain Injury-Induced Disruption of the Blood-Brain Barrier Triggers an Atypical Neuronal Response
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Mild TBI (mTBI), which affects 75% of TBI survivors or more than 50 million people worldwide each year, can lead to consequences including sleep disturbances, cognitive impairment, mood swings, and post-traumatic epilepsy in a subset of patients. To interrupt the progression of these comorbidities, identifying early pathological events is key. Recent studies have shown that microbleeds, caused by mechanical impact, persist for months after mTBI and are correlated to worse mTBI outcomes. However, the impact of mTBI-induced blood-brain barrier damage on neurons is yet to be revealed. We used a well-characterized mouse model of mTBI that presents with frequent and widespread but size-restricted damage to the blood-brain barrier to assess how neurons respond to exposure of blood-borne factors in this pathological context. We used immunohistochemistry and histology to assess the expression of neuronal proteins in excitatory and inhibitory neurons after mTBI. We observed that the expression of NeuN, Parvalbumin, and CamKII was lost within minutes in areas with blood-brain barrier disruption. Yet, the neurons remained alive and could be detected using a fluorescent Nissl staining even 6 months later. A similar phenotype was observed after exposure of neurons to blood-borne factors due to endothelial cell ablation in the absence of a mechanical impact, suggesting that entrance of blood-borne factors into the brain is sufficient to induce the neuronal atypical response. Changes in postsynaptic spines were observed indicative of functional changes. Thus, this study demonstrates That exposure of neurons to blood-borne factors causes a rapid and sustained loss of neuronal proteins and changes in spine morphology in the absence of neurodegeneration, a finding that is likely relevant to many neuropathologies.
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INTRODUCTION

Traumatic brain injury affects more than 69 million people worldwide every year (Dewan et al., 2018), leading to chronic comorbidities such as sleep disorders, neuroendocrine dysregulation, post-traumatic epilepsy, or psychiatric problems (Bramlett and Dietrich, 2015). Some of the candidate mechanisms to induce these comorbidities include edema, focal lesions with tissue loss and subdural hemorrhage (van Asch et al., 2010; Jha et al., 2019; Turtzo et al., 2021). Yet, these mechanisms are not present in mild TBI (mTBI), which affects 75% of TBI survivors. In contrast to moderate and severe TBI with focal injury characterized by primary tissue loss visible upon computed tomography imaging in humans, mTBI presents with diffuse damage due to tissue shearing in the absence of focal injury (Cifu et al., 2009). There is increasing evidence that even a mTBI can lead to severe consequences including sleep disturbances, cognitive impairment, mood swings, and post-traumatic epilepsy (reviewed in Shandra et al., 2019). Thus, to interrupt the progression of these comorbidities, identifying early pathological events is key. Recent studies have shown that microbleeds, which persist for months after TBI, are predictors of worse mTBI outcomes (Griffin et al., 2019). Microbleeds are defined as chronic accumulation of small blood products in the brain tissue due to disruption of the blood-brain barrier (BBB). Yet, the early cellular and molecular events triggered by microbleeds that may be at the root of long-term challenges after mTBI have not been fully identified.

BBB disruption is associated with several neurodegenerative disorders, including multiple sclerosis, Alzheimer’s disease, and early dementia (Petersen et al., 2018). It has been proposed that BBB disruption and the consequent leakage of blood-borne factors induce an increase in the oxidative stress that eventually causes neuronal cell death. Furthermore, many studies have analyzed the impact of blood proteins entering the brain. Fibrinogen (340 kDa) triggers inflammation (Adams et al., 2007), astrocyte boundary formation (Schachtrup et al., 2010), and spine elimination (Merlini et al., 2019). Albumin (66.5 kDa) reduces potassium buffering, favors neuronal hyperexcitability (Ivens et al., 2007), and induces the release of proinflammatory cytokines (Liu et al., 2011). Thrombin (72–263.75 kDa) is associated with cognitive decline (Festoff et al., 2016) and inflammation (Dittmeier et al., 2016). The extent of the vascular and BBB damage determines which factors enter the brain parenchyma. For example, after focal TBI, entire vessels are ruptured, allowing for entrance of all size plasma proteins, immune cells, and erythrocytes.

In a recent study, we assessed the extent and consequences of BBB damage in a mouse model of mTBI, which does not have primary tissue loss and focal lesions. There was frequent and widespread damage to the BBB, characterized by the leakage of the small polar tracer cadaverine (0.9 kDa), which was incorporated by neurons. Yet, the large size plasma protein fibrinogen was deposited rarely. In addition, vessel rupture and immune cell infiltration were sparse suggesting that BBB disruption associated with mTBI is smaller in extent compared to focal TBI (George et al., 2021).

In areas of BBB leakage, instead of the classic astroglial response characterized by astrocyte hypertrophy and the increase in GFAP expression, a subset of astrocytes in the cortical gray matter lost most astrocyte proteins including those involved in brain homeostasis, e.g., Glutamate transporter 1 (Glt1), the potassium channel Kir4.1, glutamine synthetase, connexin43, or S100β. However, these astrocytes remained alive, as demonstrated by the expression of several tdTomato reporters (Shandra et al., 2019). These cells are named “atypical astrocytes” because of the lack of typical reactive astrocyte markers. Exposure of astrocytes to blood plasma proteins in the absence of mechanical injury was sufficient to induce this response (George et al., 2021). Interestingly, microglia activation in areas with BBB damage was mild and transient (Shandra et al., 2019), possibly due to the limited extent of the damage. Yet, how small-size disruptions of the BBB affect neurons, especially early after mTBI, remains unknown.

Here, we assessed the response of neurons to BBB leakage after mTBI. We analyzed the expression of neuronal proteins including NeuN, parvalbumin (PV), and Ca2+/calmodulin-dependent protein kinase II (CamKII) in areas of mTBI-induced BBB disruption. We observed that the expression of these proteins was lost. Yet, neurons remained alive and could be detected using a fluorescent Nissl staining. These neurons had less Homer1 postsynaptic puncta, which suggests effects at the functional level in neuron-to-neuron communication. Golgi staining confirmed changes in synaptic spines compared to control animals. A similar phenotype was observed after exposure of neurons to blood-borne factors due to endothelial cell ablation in the absence of a mechanical impact, suggesting that entrance of blood-borne factors into the brain is sufficient to induce this atypical response. Finally, we found that these “atypical neurons” appear within 5 min after mTBI and remain present for up to 6 months. Surprisingly, we found no evidence of neuronal cell death in areas with BBB leakage even 6 months after mTBI. Thus, this study demonstrates that exposure of neurons to blood-borne factors caused a rapid and sustained loss of neuronal proteins and changes in spine morphology in the absence of neurodegeneration, a finding that is likely relevant to many neuropathologies.



MATERIALS AND METHODS


Animals

Ten to sixteen weeks old C57Bl/6 mice of both sexes were used for mTBI. Mice were bred in-house and breeders were purchased either from The Jackson Laboratory (JAX #000664) or Taconic Biosciences (Taconic C57BL/6NTac).

For endothelial cell-specific ablation, Gt(ROSA)26Sortm1 (DTA)Jpmb/J mice (JAX #006331) were crossed with Tg(Cdh5-cre/ERT2)1Rha (MGI:3848982). We refer to Gt(ROSA)26Sortm1(DTA)Jpmb/J mice that express the Diphtheria Toxin A (DTA) subunit heterozygously as DTAfl/wt mice and Tg(Cdh5-cre/ERT2)1Rha that express the transgene heterozygously as Cdh5(PAC)-CreERT2. To drive Cre expression in adult mice, tamoxifen (10 mg/mL in corn oil) was administered to adult mice via oral gavage at 8.3 g/μL.

Colonies were maintained in a standard pathogen restricted barrier animal facility in groups of five animals at maximum on a 12 h light/12 h dark cycle in the Fralin Biomedical Research Institute (Virginia Tech) animal facility. Humidity and temperature were constant (22°C), with food and water provided ad libitum. After all procedures, animals were housed either alone or with littermates that were a part of the same experimental condition until the desired endpoint was reached.

All animal procedures were approved and conducted according to the guidelines of the Institutional Animal Care and Use Committee of Virginia Polytechnic and State University and were done in compliance with the National Institute of Health’s Guide for the Care and Use of Laboratory Animals.



Mild Single Hit Weight-Drop TBI

We used an impact acceleration model that induced mTBI, which was extensively characterized previously with regard to injury severity, histology, and relevant biological variables, such as loss of consciousness time (Abd-Elfattah Foda and Marmarou, 1994; Marmarou et al., 1994; Nichols et al., 2016; Shandra et al., 2019). Mice 10–16 weeks of age were deeply anesthetized via intraperitoneal injection of ketamine (100 mg/kg)/xylazine (10 mg/kg). Once unconscious, the animal was placed on a foam pad and a flat steel disk was placed on top of the head to diffuse the injury impact throughout the brain. The mouse on the foam was placed under a plexiglass tube containing a 100 g weight, which was dropped from 50 cm height. After the impact, animals immediately underwent transcranial perfusion with Phospho-Buffered Saline (PBS) followed by 4% Paraformaldehyde (PFA). Shams underwent the same procedure except for the impact. The duration between injury and transcardial perfusion was equal to or less than 5 min (⋜5 mpi) for all single hit mTBI (1x TBI). To assess BBB disruption, we used cadaverine conjugated to AlexaFluor-555 (Thermo Fisher Scientific, A30677) which was injected retro-orbitally (0.33 mg/mouse in 100 μL sterile saline) 5 min after ketamine/xylazine injection. Five minutes after cadaverine injection animals underwent TBI/Sham procedure.



Mild Repetitive Weight-Drop TBI

We used the same impact acceleration model as described above to induce repeated mTBI (3x TBI). Mice 10–16 weeks old were anesthetized with 3.5% isoflurane gas for 5 min and then placed on a foam pad after a subcutaneous administration of the analgesic buprenorphine (0.05–0.1 mg/kg). Injuries were repeated two more times with 45-min intervals, resulting in a total of three injuries. After each injury the mouse was placed on its back on top of a heating pad until consciousness was recovered. Animals were monitored and perfused at either 7 days post-injury (dpi) or 6 months post-injury (mopi). To assess BBB disruptions, mice were retro-orbitally injected with cadaverine under 3% isoflurane anesthesia. Mice were then deeply anesthetized via intraperitoneal injection of ketamine (100 mg/kg)/xylazine (10 mg/kg) and transcardially perfused 30 min after cadaverine conjugated to AlexaFluor-555 (Thermo Fisher Scientific, A30677) was injected.



Immunohistochemistry

Mice were deeply anesthetized with ketamine (100 mg/kg)/ xylazine (10 mg/kg) and then transcardially perfused with Phospho-Buffered Saline (PBS) followed by 4% Paraformaldehyde (PFA). Tissue was collected and post-fixed overnight and tissue was cut coronally at 50 μm thickness. All primary and secondary antibodies as well as dyes used are all listed in Table 1. Immunochemistry was done according to standard immunohistochemistry protocols used in previous works (Shandra et al., 2019). Antigen retrieval was used for CaMKII and Homer1 before the primary antibody step using 1x Citrate pH 6.0 (Life Technologies) for 5 min at 95°C. Slices were then washed in H2O for 10 min and then washed two times in Triton-PBS for 10 min. Then slices were incubated in the primary antibody solution for 24–48 h at 4°C. Imaging of the mouse brain slices was done using a NikonA1R confocal microscope with Apo 40x and 60x oil immersion objectives. We imaged cortical layers II-VI throughout the entire cortex excluding the piriform cortex for all analysis. Layer I was excluded because of low neuronal densities in this area. Where diffuse injury/atypical astrocytes occur within the cortex is unpredictable (Shandra et al., 2019; George et al., 2021). Thus, areas of interest were selected based on reduced Glt1 staining (indicative of atypical astrocytes) and imaged an equivalent area in sham controls.


TABLE 1. List of antibodies and dyes.
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Golgi Staining

A sliceGolgi kit (Bioenno, Cat#003760) was used according to the manufacturer’s instructions. In short, 7 dpi mice were deeply anesthetized via intraperitoneal administration of ketamine (100 mg/kg)/xylazine (10 mg/kg) and then were transcardially perfused with 0.9% saline buffer followed by a mixture of dH2O (45%), solution A1 (25%), A2 (25%), and A3 (5%) for 25 min. Tissue was collected and post-fixed for 1 h in fixative. Brains were sliced at 50 μm in 0.1 M phosphate buffer (also used to store tissues at 4°C). After 1 h post-fixation, brain slices were impregnated in solution B for 72 h and then stained for 2 min with Solution C and post-stained for 1.5 min in solution D. Peroxidase blockage was induced by submerging slices in H2O2 (0.09% H2O2 in 10 mL PBS-T) for 20 min. Antigen retrieval used EDTA-HCl (10 mM Tris base, 1 mM EDTA solution, pH9.0) at 95°C for 10 min. After cooling and washing in PBS-T, slices were blocked in 5% FBS/ 1% BSA blocking solution for 20 min and were incubated in primary guinea pig anti-Glt1 antibody 1:500 in the blocking solution overnight. On the following day, after three washes in PBS-T, the slices were incubated in anti-guinea pig biotinylated secondary antibody (1:1,000) for 45 min. After three washes, slices were incubated in ABC reagent (VECTASTAIN Elite ABC-HRP Kit, Vector laboratories) for 30 min, washed and incubated in 3,3′ diaminobenzidine (DAB) substrate (DAB substrate Kit, Vector laboratories) until the color turned (approximately 5 min). Slices were then mounted using Depex (VectaMount Permanent Mounting Medium, Vector laboratories).



Image Analysis and Neuronal Quantifications

For analysis, all images were taken using a 40x oil immersion objective. Neuronal cell density for Nissl, NeuN, CamKII+ and PV+ neurons were quantified in cortical areas with reduced Glt1 expression (atypical areas) using ImageJ and the ImageJ cell counter. Image color and pixel parameters for image quantification were initially set using a sham image and stayed consistent throughout all images for both mTBI and sham mice. For mTBI images, a region of interest (ROI) was drawn around areas with reduced Glt1 expression and the total area of Glt1 loss in μm3 was calculated by multiplying the value of the ROI by the number of slices used in the image z-stack. This value was then converted into mm3 in order to calculate neuronal cell density. After the establishment of an ROI outline, the cell counter was used to count the number of neurons present only in the ROI, excluding the surrounding neurons outside of the ROI from the quantification. The number of cells counted were then divided by the total area of Glt1 loss in mm3 to give the total neuronal cell density within the ROI. Cell density for sham brain slices was calculated in a similar fashion, by using an ROI established in a corresponding mTBI brain slice. Separate counts were generated for NeuN+ cells classified as normal, faint, or mislocalized, where mislocalized cells did not show NeuN expression within the nucleus. Cell densities were determined as described above by either including all Nissl+ cells or by counting Nissl+ pyramidal cells based on morphology. For Nissl and NeuN quantifications, 10 shams/controls, 5 ⋜5 mpi, 7 7dpi, and 4 6mopi animals were analyzed. 3–8 ROIs across 3–7 slices were analyzed per animal For CamKII and PV quantification 5 shams/controls, 5 ⋜5 mpi, and 6 7 dpi animals were analyzed. 3–11 ROIs across 3–7 slices were analyzed per animal. In depth information is available in Supplementary Table 1.



Synapse Quantification

We used a modified protocol of Ippolito and Eroglu (2010) to quantify the synapses within atypical areas. We used vGlut1 as a presynaptic protein and Homer1 as a postsynaptic protein. Tissue was imaged using a 60x oil immersion objective in mTBI brain slices and the corresponding area of the brain was imaged in shams. We used an ImageJ plugin puncta analyzer tool for analysis of synapses. Briefly, we defined a ROI with a set size that was used to quantify areas of synapses in every image. This set ROI could capture 3–6 neurons at a time. Once the ROI was selected, we used the puncta analyzer tool to quantify the presynaptic puncta, postsynaptic puncta and the colocalization between the two. We converted the amount of puncta per area to volume in mm3. For vGlut and Homer1 quantification 5 shams/controls, 5 ⋜5 mpi, and 5 7 dpi animals were analyzed. 3–7 ROIs across 3–7 slices were analyzed per animal. In depth information is available in Supplementary Table 1.



Golgi Synapse Profile Quantification

After Golgi staining, tissue was imaged using an Olympus BX51 microscope equipped with a 60x oil immersion objective to capture pyramidal neuronal cells in the cortex layers II-IV. Pyramidal neurons were identified based on their location (layer III and V), their size and the triangular morphology of their soma. Only cells that presented consistent staining in soma and processes were analyzed. Images of a cell in different planes were taken using a manual z-controller, opened in ImageJ, combined into a single image, and saved as an image sequence file. The image sequence was opened in the program RECONSTRUCT.1 A segment of 10 μm of dendrite was selected in the plane in which the spines looked best defined, and the length and width of spines located in that segment were measured using the RECONSTRUCT series options. Spines were classified as described in Risher et al. (2014). Briefly, spines with length > 2 μm were considered filopodia, length < 2 μm were classified long thin, length < 1 μm as thin, length:width ratio < 1 as stubby, width > 0.6 as mushroom and spines with two or more heads, as branched. For Golgi quantification 3 shams and 3 7 dpi animals were analyzed. One to nine cells per slice were analyzed in 3–6 slices. In-depth information is available in Supplementary Table 1.



Statistical Analysis

Statistics were calculated and data graphed using GraphPad Prism 9 (GraphPad Software). All data was tested for Gaussian distribution using the Kolmogorov–Smirnov (KS) normality test. Before running ANOVA tests, homoscedasticity was tested using the Levene test. Statistical tests were chosen accordingly and are specified in the results section or figure legend. For all analyses excluding Golgi staining analysis statistics were run after averaging per animal. For Golgi staining analysis each point represents a cell. All graphs display standard error of the mean and statistical significance is indicated with ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001.




RESULTS


Cortex Areas With Atypical Astrocytes Correlate With a Downregulation of Key Neuronal Proteins but Not Neurodegeneration

To assess how neurons respond to leakage of blood-borne factors after mTBI, we used retro-orbital injections of cadaverine linked to AlexaFluor-555 to label areas with BBB damage (Armulik et al., 2010; Mizee et al., 2013). To assess if neurons responded immediately to blood-borne factors, brain tissue was harvested within 5 min post-injury (mpi). We used the pan-neuronal protein NeuN, which is widely used in the literature, to quantify neurons. In areas of the cortex where cadaverine labeled neurons indicated BBB disruption, Glt1 protein expression was reduced reproducing our previous findings (Figure 1A). These areas with atypical astrocytes and BBB leakage are from here on named “atypical areas.” In these areas, NeuN was also lost (Figure 2A).
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FIGURE 1. Blood-brain barrier leakage occurs after a single mTBI leading to an atypical NeuN response. (A) Cadaverine leakage occurs within 5 min of a single TBI hit and Cadaverine overlaps with regions of atypical neurons. Panels in the top row show Sham and panels on the bottom row are TBI ≤ 5 min (Blue: Cad-A555, Magenta: Glt1, B&W: NeuN, Green: NeuN). (B) NeuN expression in mature neurons was reduced in atypical areas within 5 min after a single hit and persisted up to 7 dpi. Nissl staining labeled all pyramidal neurons including neurons with Atypical NeuN expression throughout all time points. Panels in the top row show Sham, panels on the center row are TBI ≤ 5 min and panels on the bottom row are TBI 7 dpi (Blue: Nissl, Magenta: Glt1, B&W: NeuN, Green: NeuN). (C) All Nissl expressing cells were quantified as density (cell/mm3) in atypical areas and plotted per animal. (Sham: 64,188 ± 3,951, n = 7; ≤ 5 min: 61,929 ± 4,186, n = 5; 7 dpi: 69,927 ± 6,080, n = 7). One-way ANOVA: non-significant, p-value = 0.5287. Post-hoc analysis (Tukey HSD): Sham vs. ≤ 5 min: p = 0.9501; Sham vs. 7 dpi: p < 0.6789; ≤ 5 min vs. 7 dpi: p = 0.5395. Then only pyramidal Nissl expressing cells were quantified (Sham: 66,887 ± 5,302, n = 6; ≤ 5 min: 67,637 ± 10,843, n = 5; 7 dpi: 62,390 ± 6,998, n = 7) One-way ANOVA: non-significant, p-value = 0.8660. Post-hoc analysis (Tukey HSD): Sham vs. ≤ 5 min: p = 0.9976; Sham vs. 7 dpi: p = 0.9029; ≤ 5 min vs. 7 dpi: p = 0.8822. (D) All NeuN+ cells and NeuN+ nucleus were quantified as density (cell/mm3) in regions of atypical astrocytes and plotted per animal. Statistics for all NeuN+ cells (Sham: 68,063 ± 6,018, n = 6; ≤ 5 min: 38,112 ± 7,231, n = 5; 7 dpi: 39,727 ± 5,131, n = 7). One-way ANOVA: significant, p-value = 0.0047. Post-hoc analysis (Tukey HSD): Sham vs. ≤ 5 min: p < 0.0111; Sham vs. 7 dpi: p < 0.0091; ≤ 5 min vs. 7 dpi: p < 0.9808. Statistics for nuclear NeuN+ cells (Sham: 68,063 ± 6,018, n = 6; ≤ 5 min: 29,466 ± 8,146, n = 5; 7 dpi: 21,056 ± 2,864, n = 7). One-way ANOVA: significant, p-value ≤ 0.0001. Post-hoc analysis (Tukey HSD): Sham vs. ≤ 5 min: p < 0.0008; Sham vs. 7 dpi: p < 0.0001; ≤ 5 min vs. 7 dpi: p < 0.5527. (E) Three different patterns of NeuN expression were observed when quantifying NeuN. Normal expression of NeuN showed consistent bright and vibrant expression in the nucleus of the neuron. Faint expression of NeuN showed a decrease of expression in the Nucleus of the neuron. Mislocalized expression of NeuN show little to no expression of NeuN in the nucleus but expression within the cytoplasm of the cell. Cells were quantified in regions of atypical astrocytes and in neighboring healthy astrocytes and graphed. Inside ROI’s Sham’s cells were 100% normal neurons, in ≤ 5 min cells were 41% Normal, 35% faint, and 24% mislocalized. In 7 dpi cells were 24% Normal, 31% faint, and 45% mislocalized. Outside ROI’s Sham’s cells were 100% normal neurons. In ≤ 5 min cells were 66% Normal, 16% faint, and 18% mislocalized. In 7 dpi cells were 58% Normal, 17% faint, and 25% mislocalized. (F) Magnified image of “normal,” “faint,” and “mislocalized” NeuN expression and the corresponding Nissl images. Yellow arrowheads point to faint NeuN expressing neurons and white arrowheads point to mislocalized neurons. *p-value ≤ 0.05, **p-value ≤ 0.01, ***p-value ≤ 0.001, ****p-value ≤ 0.0001.
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FIGURE 2. Interneuron and glutamatergic densities changed in areas of atypical astrocytes. (A) In atypical areas, expression of the interneuron protein parvalbumin (PV) was reduced. Panel on the left show Sham, panel in the center show TBI ≤ 5 min and panel on the right show TBI 7 dpi (Magenta: Glt1, Green: PV). (B) Quantification of PV cell densities (cell/mm3) in atypical areas and was plotted per animal and showed on average a reduction of half on. (Sham: 10,956 ± 618.4, n = 5; ≤ 5 min: 5,578 ± 1,541, n = 5; 7 dpi: 5,716 ± 1,579, n = 6). One-way ANOVA: significant, p-value = 0.0269. Post-hoc analysis (TukeyHSD): Sham vs. ≤ 5 min: p < 0.05; Sham vs. 7 dpi p < 0.05; ≤ 5 min vs. 7 dpi p < 0.9971. (C) In atypical areas, expression of the glutamatergic protein CamKII was reduced. Panel on the left show Sham, panel in the center show TBI ≤ 5 min and panel on the right show TBI 7 dpi (Magenta: Glt1, Green: PV). (D) Quantification of CamKII cell densities (cell/mm3) in atypical areas was plotted per animal and showed on average a reduction of half. (Sham: 107,854 ± 5,644, n = 5; ≤ 5 min: 56,743 ± 13,383, n = 5; 7 dpi: 64,131 ± 11,321, n = 6). One-way ANOVA: significant, p-value = 0.0125. Post-hoc analysis (Tukey HSD): Sham vs. ≤ 5 min: p < 0.05; Sham vs. 7 dpi p < 0.05; ≤ 5 min vs. 7 dpi p < 0.8773. *p-value ≤ 0.05.


To assess if NeuN loss was due to neuronal death immediately after single or repeated mTBI, immunohistochemistry for Glt-1, NeuN, and the cell dye NeuroTracer (Nissl staining) was performed. Despite the loss of Glt1 and NeuN, there was no change in cell density (Figures 1B,C) (Sham: 64,188 cell/mm3 ± 3,951, n = 7; ≤ 5 min: 61,929 cell/mm3 ± 4,186, n = 5; 7 dpi: 69,927 cell/mm3 ± 6,080, n = 7. One-way ANOVA: non-significant, p-value = 0.5287. Post-hoc analysis (Tukey HSD): Sham vs. ≤ 5 min: p = 0.9501; Sham vs. 7 dpi: p < 0.6789; ≤ 5 min vs. 7 dpi: p = 0.5395) or pyramidal neuron density (Figures 1B,D) (Sham: 66,887 cell/mm3 ± 5,302, n = 6; ≤ 5 min: 67,637 cell/mm3 ± 10,843, n = 5; 7 dpi: 62,390 cell/mm3 ± 6,998, n = 7). One-way ANOVA: non-significant, p-value = 0.8660. Post-hoc analysis (Tukey HSD): Sham vs. ≤ 5 min: p = 0.9976; Sham vs. 7 dpi: p = 0.9029; ≤ 5 min vs. 7 dpi: p = 0.8822) suggesting that neurons remained alive after their contact with blood-borne factors. Yet, there was a reduction in the number of neurons expressing NeuN ⋜5 mpi but, we found no difference in NeuN+ cell density 7 days post-injury (dpi) (Figures 1B,D) (Sham: 68,063 cell/mm3 ± 6,018, n = 6; ≤ 5 min: 38,112 cell/mm3 ± 7,231, n = 5; 7 dpi: 39,727 cell/mm3 ± 5,131, n = 7. One-way ANOVA: significant, p-value = 0.0047. Post-hoc analysis (Tukey HSD): Sham vs. ≤ 5 min: p < 0.0111; Sham vs. 7 dpi: p < 0.0091; ≤ 5 min vs. 7 dpi: p < 0.9808). However, in atypical areas, more than 60% of NeuN+ neurons had a mislocalized staining of NeuN within the cytoplasm but not the nucleus or a faint staining both at ⋜5 mpi or 7 dpi (Figures 1E–F) (Sham: 68,063 cell/mm3 ± 6,018, n = 6; ≤ 5 min: 29,466 cell/mm3 ± 8,146, n = 5; 7 dpi: 21,056 cell/mm3 ± 2,864, n = 7. One-way ANOVA: significant, p-value ≤ 0.0001. Post-hoc analysis (Tukey HSD): Sham vs. ≤ 5 min: p < 0.0008; Sham vs. 7 dpi: p < 0.0001; ≤ 5 min vs. 7 dpi: p < 0.5527). This did not occur outside of areas with BBB leakage (Figure 1E). NeuN was normally localized inside the nucleus in 41% of all NeuN+ neurons at ⋜5 mpi and in 24% of the NeuN+ cells at 7 dpi (Figures 1D,E). NeuN is a splicing regulator factor that needs to be located in the nucleus to properly function and neurocognitive deficits have been observed when this function is disrupted. Thus, NeuN mislocalization after mTBI may have functional implications.

We next assessed the expression of other neuronal proteins in atypical areas. We stained for the interneuron protein parvalbumin (PV). In atypical areas, the density of PV+ neurons was decreased by half both at ⋜5 mpi and 7 dpi (Figures 2A,B) (Sham: 10,956 cells/mm3 ± 618.4, n = 5; ≤ 5 min: 5,578 cells/mm3 ± 1,541, n = 5; 7 dpi: 5,716 cells/mm3 ± 1,579, n = 6. One-way ANOVA: significant, p-value = 0.0269. Post-hoc analysis (TukeyHSD): Sham vs. ≤ 5 min: p < 0.05; Sham vs. 7 dpi p < 0.05; ≤ 5 min vs. 7 dpi p < 0.9971). Similarly, the density of CaMKII+ glutamatergic neurons was reduced by half at ⋜5 mpi and 7 dpi (Figures 2C,D) (Sham: 107,854 cells/mm3 ± 5,644, n = 5; ≤ 5 min: 56,743 cells/mm3 ± 13,383, n = 5; 7 dpi: 64,131 cells/mm3 ± 11,321, n = 6. One-way ANOVA: significant, p-value = 0.0125. Post-hoc analysis (Tukey HSD): Sham vs. ≤ 5 min: p < 0.05; Sham vs. 7 dpi p < 0.05; ≤ 5 min vs. 7 dpi p < 0.8773). These results indicate a loss of several neuronal proteins immediately after mTBI in areas of BBB disruption. Because of the striking similarities of this phenotype to atypical astrocytes, we named these neurons within areas with BBB leakage characterized by abnormal or reduced protein expression “atypical neurons.”



Synapses Are Altered in Atypical Neurons

Since synaptic contacts are essential to normal neuronal function, we next evaluated the synaptic density within atypical areas. We performed immunohistochemistry for the excitatory presynaptic protein vGlut1 and the postsynaptic protein Homer1. We then determined the number of presynaptic and postsynaptic puncta and colocalization between both, which is indicative of synapses. Presynaptic vGlut1+ puncta were unchanged in atypical areas after mTBI when compared to shams, ⋜5 mpi, and 7 dpi (Figures 3A,B) (Sham, 7,767,199 puncta/mm3 ± 500,109, n = 5; ≤ 5 min, 6,604,101 puncta/mm3 ± 1,297,827, n = 4; 7 dpi, 5,713,619 puncta/mm3 ± 843,873, n = 5). One-way ANOVA: non-significant, p-value = 0.2703. Post-hoc analysis (Tukey HSD): Sham vs. ≤ 5 min: p < 0.6422; Sham vs. 7 dpi: p < 0.2433; ≤ 5 min vs. 7 dpi: p < 0.7679). However, there was a decrease in the number of Homer1+ puncta at ⋜5 mpi and 7 dpi in atypical areas (Figures 3A,C) (Sham, 14,424,739 puncta/mm3 ± 835,170, n = 5; ≤ 5 min, 9,124,708 puncta/mm3 ± 2,214,359, n = 4; 7 dpi, 7,205,630 puncta/mm3 ± 1,414,819, n = 5. One-way ANOVA: significant, p-value = 0.0122. Post-hoc analysis (Tukey HSD): Sham vs. ≤ 5 min: p < 0.0742; Sham vs. 7 dpi: p < 0.05; ≤ 5 min vs. 7 dpi: p < 0.6554). Yet, we found that ⋜5 mpi and 7 dpi animals showed no changes in vGlut1+/Homer1+ colocalized puncta (Figures 3A,D) (Sham, 5,971,345 puncta/mm3 ± 324,190, n = 5; ≤ 5 min, 4,603,244 puncta/mm3 ± 1,127,077, n = 4; 7 dpi, 3,598,635 puncta/mm3 ± 758,416, n = 5. One-way ANOVA: non-significant, p-value = 0.1111. Post-hoc analysis (Tukey HSD): Sham vs. ≤ 5 min p < 0.4453; Sham vs. 7 dpi p < 0.0952; ≤ 5 min vs. 7 dpi p < 0.6367). This result may point to a decrease in the synaptic connections between the atypical neurons and other neurons or could be due to loss of Homer1 protein similar to the loss of other neuronal proteins in atypical areas while postsynaptic spines remain in place.
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FIGURE 3. Postsynaptic proteins are altered in atypical areas. (A) Neurons with atypical NeuN expression show a decrease in the postsynaptic Homer1 protein while the presynaptic protein vGlut1 expression remains constant. Each panel consisted of a large image of an area of interest and to the right side of the image shows 1 cell located in the area of interest. Panels on the top row show Sham, panel in the center row show TBI ≤ 5 min and panel on the bottom row show TBI 7 dpi (Magenta: vGlut1, Red: NeuN, Green: Homer1). (B) Number of vGlut1 puncta in a density of 3–5 cells (puncta/mm3) was quantified and plotted per animal. There was no change in densities among all timepoints (Sham, 7,767,199 ± 500,109, n = 5; ≤ 5 min, 6,604,101 ± 1,297,827, n = 4; 7 dpi, 5,713,619 ± 843,873, n = 5). One-way ANOVA: non-significant, p-value = 0.2703. Post-hoc analysis (Tukey HSD): Sham vs. ≤ 5 min: p < 0.6422; Sham vs. 7 dpi: p < 0.2433; ≤ 5 min vs. 7 dpi: p < 0.7679. (C) Number of Home1 puncta in a density of 3–5 cells(puncta/mm3) was quantified and plotted per animal. There was no significant change in densities between sham and ≤ 5 min, but there was a significant change between sham and 7 dpi. (Sham, 14,424,739 ± 835,170, n = 5; ≤ 5 min, 9,124,708 ± 2,214,359, n = 4; 7 dpi, 7,205,630 ± 1,414,819, n = 5) One-way ANOVA: significant, p-value = 0.0122. Post-hoc analysis (Tukey HSD): Sham vs. ≤ 5 min: p < 0.0742; Sham vs. 7 dpi: p < 0.05; ≤ 5 min vs. 7 dpi: p < 0.6554. (D) Number of colocalized puncta between homer1 and vGlut1 in a density of 3–5 cells (puncta/mm3) was quantified and plotted per animal. There was no change in densities among all timepoints (Sham, 5,971,345 ± 324,190, n = 5; ≤ 5 min, 4,603,244 ± 1,127,077, n = 4; 7 dpi, 3,598,635 ± 758,416, n = 5). One-way ANOVA: non-significant, p-value = 0.1111. Post-hoc analysis (Tukey HSD): Sham vs. ≤ 5 min p < 0.4453; Sham vs. 7 dpi p < 0.0952; ≤ 5 min vs. 7 dpi p < 0.6367. *p-value ≤ 0.05.


To distinguish between these possibilities, we next quantified spine number and morphology using a classic Golgi staining. Unfortunately, the fixation and impregnation process of the Golgi staining was incompatible with Glt1 DAB staining. We thus were not able to stratify atypical areas. Overall, the density of pyramidal neurons stained with Golgi was reduced in 7 dpi mTBI compared to shams. Within the Golgi+ pyramidal neurons, we observed some cells with no or almost no spines (Figures 4B,C). Yet, other mTBI pyramidal neurons had spines. When we analyzed this latter subset of pyramidal cells that did have spines, we found that synaptic density in cortical pyramidal cells was unchanged at 7 dpi when compared to shams (Figures 4A,D) (Sham: 0.9207 spine/μm ± 0.05819, n = 27 cells, 3 animals, 8–11 cells per animal; 7 dpi: 0.7677 spine/μm ± 0.05374, n = 21 cells, 3 animals, 5–13 cells per animal. Two-tailed t-test: non-significant, p-value = 0.0660). However, spine heads were wider (Figure 4E) (Sham: 0.5194 μm ± 0.01329, n = 27 cells, 3 animals, 8–11 cells per animal; 7 dpi: 0.5811 μm ± 0.06883, n = 21 cells, 3 animals. Two-tailed t-test: significant, p-value = 0.0035) while spine length was unchanged (Figure 4F) (Sham: 1.388 μm ± 0.05715, n = 27 cells, 3 animals; 7 dpi: 1.480 μm ± 0.07562, n = 21 cells, 3 animals, 5–13 cells per animal. Two-tailed t-test: non-significant, p-value = 0.3310).
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FIGURE 4. mTBI induces changes in pyramidal neurons’ synaptic spines. (A) Representative Golgi staining of synaptic spines in the pyramidal cell of a sham animal. (B) Representative Golgi staining of a dendrite of a pyramidal cell where only one spine can be visualized (black arrow) 7 dpi animal. (C) Representative Golgi staining of a pyramidal cell in a 7 dpi animal, in which dendritic spines cannot be visualized. (D) Golgi staining of dendritic spines of a pyramidal cell in which dendritic spines are visible 7 dpi. (E) Spine density (number of spine/μm) in dendrites where spines were visible. Each dot represents a cell (Sham: 0.9207 ± 0.05819, n = 27 cells, 3 animals; 7 dpi: 0.7677 ± 0.05374, n = 21 cells, 3 animals). Two-tailed t-test: non-significant, p-value = 0.0660. (F) Spine head width (μm) in dendrites where spines were visible. Each dot represents a cell (Sham: 0.5194 ± 0.01329, n = 27 cells, 3 animals; 7 dpi: 0.5811 ± 0.06883, n = 21 cells, 3 animals). Two-tailed t-test: significant, p-value = 0.0035 (**p-value ≤ 0.01). (G) Spine length (μm) in dendrites where spines were visible. Each dot represents a cell (Sham: 1.388 ± 0.05715, n = 27 cells, 3 animals; 7 dpi: 1.480 ± 0.07562, n = 21 cells, 3 animals). Two-tailed t-test: non-significant, p-value = 0.3310. (H) Descriptive graphic with the percentage of each spine type (red: branch, green: mush, yellow: stub, purple: thin, blue: long thin, orange: filo) in sham and 7 dpi animals.


Changes in the type of spine is indicative of synaptic plasticity with larger spine heads suggestive of increased synaptic strength. We classified the spine types based on their width/length ratio as previously described (Risher et al., 2014). In sham animals, the major spine type was long-thin (39% of the total of spines), followed by thin and mushroom (22% each), filopodia (15%), stubby and branched (1% each). Yet, after mTBI, the most frequent type of spine was mushroom (33%), followed by long-thin (29%), filopodia (20%), thin (15%), branched (2%) and stubby (1%) (Figure 4G). These results suggest that mTBI induces a heterogeneous response in different pyramidal neurons, in which some of them have little or no Golgi+ spines whereas others have no changes in density but alterations of the structure of the synaptic spines.



Atypical Neurons Are Induced by Blood-Borne Factors

To assess if the entrance of blood-borne factors into the brain is sufficient to cause the atypical neuronal phenotype in the absence of other mechanical injury caused by diffuse TBI, we induced BBB damage by sparse genetic ablation of endothelial cells. This was achieved by crossing mice expressing a conditional allele of the diphtheria subunit A (DTA(fl/wt)) and endothelial cell specific Cdh5(PAC)-CreERT2 mice. Adult progeny were injected with a single dose of tamoxifen, inducing the apoptosis of endothelial cells because DTA inhibits protein synthesis (this subunit alone is not toxic). Control animals had either an incomplete genotype (lacking one of the two alleles necessary to induce cell ablation) or corn oil was administered instead of tamoxifen. The apoptosis of endothelial cells in blood vessels led to leakage of blood-borne substances, which was assessed by the presence of cadaverine, conjugated with AlexaFluor-555, in the brain parenchyma (Figure 5). Due to the low dosage of the tamoxifen, the ablation was sparse (George et al., 2021).
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FIGURE 5. Cadaverine leakage induced by endothelial-cell ablation is sufficient to trigger atypical NeuN expression without a mTBI. Representative images of the control are located on the left and 6 h post Endothelial-cell ablation images are located on the right (Blue: Cad-A555, Magenta: Glt1, B&W: NeuN, Green: NeuN).


While assessing NeuN staining in the areas where cadaverine leakage was present, we observed the same neuronal phenotype that had been observed in areas with mTBI-induced atypical areas: mislocalization, decrease, or complete loss of NeuN (Figure 5). This result demonstrates that exposure to blood-borne factors is sufficient to cause atypical neurons in the absence of other mechanical injury such as diffuse axonal damage.



Atypical Neuron Phenotype Is Maintained Chronically

We next assessed if this phenotype was maintained or resolved with time and if it had long-term consequences for cell survival 6 months post injury (6 mopi). Neuronal densities were assessed using both Nissl and NeuN. Nissl+ neuronal density did not change in 6 mopi animals. (Sham, 151,096 cell/mm3 ± 9,742, n = 4; 6 mopi, 152,232 cell/mm3 ± 16,018, n = 4. Two-tailed t-test: non-significant, p ≤ 0.9537). However, mislocalization or loss of NeuN persisted in atypical areas (Figures 6A,B) (Sham, 112,677 cell/mm3 ± 14,024, n = 4; 6 mopi, 23,311 cell/mm3 ± 4,056, n = 4. Two-tailed t-test: significant, p ≤ 0.001). These results imply that the early atypical neuron phenotype is maintained up to 6 months after the injury, suggesting that this early event could have long term consequences.
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FIGURE 6. Atypical NeuN expression is maintained 6 months after injury. (A) The reduction in atypical NeuN expression in atypical areas persisted up to 6 mopi, while Nissl continues to stain all NeuN expressing subtypes. Panels in the top row show Sham, panels on and panels on the bottom row are TBI 6 mopi (Blue: Nissl, Magenta: Glt1, B&W: NeuN, Green: NeuN). (B) NeuN cell density (cell/mm3) was measured in atypical areas 6 mopi and plotted per animal (Sham, 112,677 ± 14,024, n = 4; 6 mopi, 23,311 ± 4,056, n = 4). Two-tailed t-test: significant, p ≤ 0.001. (C) Nissl cell density (cell/mm3) was measured in atypical areas 6 mopi and plotted per animal (Sham, 151,096 ± 9,742, n = 4; 6 mopi, 152,232 ± 16,018, n = 4). Two-tailed t-test: non-significant, p ≤ 0.9537. *p-value ≤ 0.05, **p-value ≤ 0.01, ***p-value ≤ 0.001, ****p-value ≤ 0.0001.





DISCUSSION

There is increasing evidence of the long-term consequences of cTBI in patients and animal models. Yet, the mechanisms underlying these brain changes are not fully understood. BBB disruption is a primary injury that has been reported at all injury severities—mild, moderate, and severe TBI (Wu et al., 2020). Several studies demonstrated a reduction in the entry of blood-borne factors 14 days after focal injury due to glial boundary formation (Bush et al., 1999). Yet, when BBB disruption was measured using IgG infiltration in the brain and microbleeds detected via MRI are sustained for months or even years after the injury in mouse models and patients (Tomkins et al., 2011; Doherty et al., 2016; O’Keeffe et al., 2020). Recent studies have linked microbleeds to worse outcomes after cTBI (Griffin et al., 2019). Yet, the cellular and molecular events triggered by exposure of the brain to blood-borne factors are only starting to be illuminated in this specific pathological context.

In previous studies, we identified blood plasma proteins as the cause of an atypical astrocytic response. Atypical astrocytes rapidly lost all tested astrocyte-typic proteins and lacked expression of classic astrogliosis markers (Shandra et al., 2019; George et al., 2021). Here, we assessed the response of neurons in areas with atypical astrocytes and BBB dysfunction.


Blood-Brain Barrier Disruption Results in Rapid Appearance of an Atypical Neuronal Phenotype Simultaneously With Atypical Astrocytes

To assess BBB dysfunction we used the polyamine cadaverine conjugated to a fluorophore (AlexaFluor 555), an established marker for BBB dysfunction that labels specifically neurons when it enters the brain parenchyma (Armulik et al., 2010; Mizee et al., 2013). While there are not studies in which the permeability of cadaverine has been assessed, the polar functional groups in its chemical structure and the studies in other polyamines (Gainetdinov et al., 2018) suggest that cadaverine might be impermeable, and therefore, be used as a marker of cell membrane integrity as others have done before (Witte et al., 2019). This is supported by the notion that most cell types (glial cells, endothelial, stromal cells) are not labeled when vessel damage occurs. It has previously been reported that TBI causes neuronal membrane disruption (Witte et al., 2019), which may be the cause for selective uptake of Cadaverine by this cell type upon disruption of the BBB.

The loss of the neuronal markers NeuN, PV and CamKII in areas of BBB disruption occurs within minutes after mTBI, while the cells remain alive. Similarly, atypical astrocytes lose expression of Glt1 and many other proteins within minutes (data here and George et al., 2021). After brain injury, tissue survival is dependent on the ability of cells to rapidly respond to changes in the environment. This likely is one of those responses. There are two aspects to this response: (1) the activation of genes or gene groups to respond to the new conditions (yet to be identified in the context of atypical astrocytes and neurons), and (2) the degradation of proteins that are unnecessary or harmful in the new context. Given that the median half-life of NeuN, parvalbumin, CaMKII and Homer1 is in the range of 2–14 days (Fornasiero et al., 2018) and loss of these proteins occurs within minutes, active degradation rather than protein decay is likely involved. Proteins can be individually and selectively degraded (Cooper, 2000). After mTBI, many proteins were lost simultaneously in both neurons and astrocytes, suggesting coordinated degradation. In other organisms and in cell culture, a coordinated degradation response occurs in response to new environmental conditions, but whether it exists in the mammalian brain and how it is regulated is unknown.



Blood-Brain Barrier Disruption Results in Rapid Appearance of an Atypical Neuronal Phenotype Simultaneously With Atypical Astrocytes

We also analyzed the expression of other neuronal markers to distinguish if this response is specific to NeuN or similar to the atypical astrocyte response that appears unspecific to a range of proteins. Because PV+ inhibitory interneurons are known to be more susceptible to injury (Campbell et al., 2015), we also wanted to assess whether specific neuronal types are susceptible to this protein loss. Reduced numbers of both, PV+ and CaMKII+ neurons, suggest that excitatory and inhibitory neurons respond atypically to mTBI-induced BBB leakage. Because astrocytes and neurons both respond to BBB leakage with a rapid loss of key proteins, we suggest that the trigger mechanism may be shared in both cell types.



Blood-Borne Factors Are Sufficient to Induce Atypical Neurons

To identify whether blood-borne factors were sufficient to cause atypical neurons in the absence of other mechanical injury induced by mTBI [e.g., diffuse axonal damage (Dunn-Meynell and Levin, 1997), tau mislocalization (Braun et al., 2020), and blood vessel rupture or shearing (Chen et al., 2003; Griffin et al., 2019)], we induced BBB leakage by using an endothelial cell ablation model that causes sparse endothelial cell apoptosis. As a result, entry of small size tracers such as cadaverine occurs but leakage of large blood plasma proteins such as fibrinogen is rare (George et al., 2021). Here, we demonstrate that this disruption of the BBB is sufficient to cause atypical neurons. Interestingly, cadaverine rapidly labels neurons in the absence of a mechanical insult (as early as 2 h after Tamoxifen induction (George et al., 2021), suggesting that blood-borne factors in the brain may be sufficient to induce plasma membrane disruption in neurons. These findings suggest that entry of blood-borne factors into the brain might serve as an underlying mechanism present in not only mTBI cases, but also in aging and neurological disorders in which the BBB is compromised, such as glioma, Alzheimer’s disease, and multiple sclerosis. Yet, the exact blood-borne factor(s) triggering this atypical response in astrocytes and neurons and the triggered pathways remain to be identified.



Loss of Proteins in Atypical Neurons May Cause Functional Impairments

NeuN is often used as a pan-neuronal marker to quantify neuronal densities, also after TBI. Yet NeuN, also known as RNA-binding Fox3 protein (Rbfox3), has highly relevant biological functions. NeuN/Rbfox3 is a pre-mRNA splicing regulator (Kim et al., 2009). Mutations in NeuN/Rbfox3 are implicated in neurodevelopmental delay (Utami et al., 2014), cognitive impairments (Lucas et al., 2014), symptoms indicative of autism spectrum disorder (Cooper et al., 2011), and seizures (Lal et al., 2013). Rbfox3 deletion is associated with increased synaptic transmission and plasticity and changes in genes implicated in synaptic function (Wang et al., 2015; Lin et al., 2016). After mTBI, we found that half of the neurons in areas with BBB leakage had lost their regular NeuN expression pattern within minutes. One week later 75% of all neurons were affected, likely impacting normal NeuN/Rbfox3 function. Similar changes to NeuN expression or localization had already been noted in other pathologies including stab wound TBI, axon damage, cerebral ischemia, and epilepsy (McPhail et al., 2004; Ünal-Çevik et al., 2004; Robel et al., 2011; Hernandez et al., 2019), yet the functional consequences of these changes are unknown. Also, there are resident NeuN-cortical neurons particularly susceptible to TBI that may be overlooked using NeuN as a neuronal marker. One recent report demonstrates that this NeuN-population is more susceptible to plasma membrane disruption after TBI (Hernandez et al., 2019). Yet, whether the mTBI-induced NeuN- population we have identified is more susceptible to successive damage, as in the case of repeated TBI, has to be evaluated. Based on these data, we caution the use of NeuN for quantification of neuronal densities in pathology, especially in TBI studies.

PV is a Ca+2 binding protein present in GABAergic interneurons. PV-dependent Ca+2 buffering regulates the amplitude and time course of intracellular Ca+2 transients in terminals after an action potential. Deletion of PV leads to an increase in neural facilitation, a type of short-term synaptic plasticity (Caillard et al., 2000). Furthermore, PV expression is reduced in autism spectrum disorder animal models (Wöhr et al., 2015; Filice et al., 2016). Thus, PV loss in half of the neurons in atypical areas might have a functional impact in the neural facilitation in atypical areas.

CaMKII is an abundant Ca+2-dependent postsynaptic kinase with a key role in long-term memory formation. CaMKII is critical for the induction of long-term potentiation (LTP) of synaptic transmission and for the formation of synaptic tags and metaplasticity (reviewed in Irvine et al., 2006; Lucchesi et al., 2011). Mutations in this protein are sufficient to induce deficits in spatial memory formation in mice (Elgersma et al., 2004). The reduction of neurons expressing CaMKII by a half after mTBI might therefore be implicated in neuron-neuron communication and have global behavioral consequences (Vigil et al., 2017). Yet, to determine the impact of the loss of these neuronal proteins in the atypical areas following mTBI, additional studies, beyond the scope of this manuscript, are needed.



Reduction of Postsynaptic Proteins and Changes in Spine Heads After mTBI Indicates Changes in Neuronal Synapses

Apart from assessing classic neuronal markers, we also quantified the changes in excitatory synapses. Whereas the postsynaptic synapse protein Homer1 was reduced, presynaptic terminals labeled with vGlut1 and total synapse numbers were unchanged. Postsynaptic Homer1 may be degraded by the mechanisms suggested above while presynaptic terminals may be unchanged because neurons projecting into atypical areas may not be affected by blood-borne factors. Homer1 is a scaffolding protein involved in the regulation of the spine morphogenesis and stability and the regulation of the glutamatergic synapses (Yoon et al., 2021). Lack of Homer1 expression reshapes the postsynaptic proteome and affects the spine head size (Yoon et al., 2021).

Because reduced Homer1 protein could affect spine structure, we used Golgi staining and assessed spine density and shape. While we were not able to unequivocally distinguish atypical neurons, Golgi staining revealed interesting differences between mTBI and shams. For unclear reasons, there were fewer neurons labeled after mTBI. Of those that could be identified as pyramidal neurons based on their morphology, some had dendrites that lacked spines while others had similar spine densities when compared to shams. It is conceivable that those neurons without spines may be located in atypical areas. If a subset of neurons in atypical areas lack spines, this may also account for reduced Homer1 puncta.

In those neurons that had spines, spine head width was increased 1 week after mTBI, while spine length was unchanged. This translated into changes in relative representations of spine types: mushroom spines with large spine heads were proportionally increased while long thin spines were decreased. Previous studies suggest that Homer1 expression and its interaction with its partner Ankyrin-G favors an enlargement in the spine head (Yoon et al., 2021). Yet, we found the opposite phenomenon after mTBI where reduced Homer1 coincided with enlarged spine heads. Whether other proteins in the Homer family might be compensating for reduced Homer1 levels or whether the increased proportion of enlarged spines is due to a preferential loss of other spine types is yet to be resolved.

There is a direct correlation between the size of the synaptic spine and synaptic strength (Hayashi and Majewska, 2005; Alvarez and Sabatini, 2007; Ebrahimi and Okabe, 2014). Spine morphology shapes the size and duration of Ca+2 transients, influencing plasticity at the synapse (Yuste and Denk, 1995). An increase in mushroom spines relative to long and thin spines may suggest more stable synapses and reduced plasticity after mTBI. However, functional experiments need to test this hypothesis.

Changes in spines may also be due to other mechanisms, e.g., fibrinogen deposition in the brain induces microglia-induced spine elimination in an Alzheimer’s disease model (Merlini et al., 2019). While fibrinogen deposition only occurs in very few areas with BBB dysfunction after mTBI (George et al., 2021), we can generally not rule out that parallel mechanisms may contribute to functional changes in neurons. It will be crucial to assess if protein degradation in atypical astrocytes drives changes in spine morphology or whether those may be a consequence of injury-induced synaptic pruning.



Atypical Neurons Persist for 6 Months After mTBI

Lastly, we investigated whether the atypical neuronal phenotype is resolved over time or may result in neurodegeneration. Given that our observations at 6 months after mTBI are similar to those early after injury, we conclude that the phenotype does not resolve. Unchanged neuronal cell densities point to a survival of these cells despite the long-term loss of proteins including NeuN, PV, CamKII, and Homer1. In George et al. (2021), we demonstrated that leakage of blood-borne factors and atypical astrocytes persist for several months after mTBI. Thus, continuous presence of blood-borne factors may sustain the phenotype. Why the relatively minor BBB damage is not repaired and if such repair would allow for recovery of protein expression remains unknown. In summary, our findings indicate that atypical neuron induction is one of the earliest events following mTBI and this phenotype is chronically maintained over time, with potential long-term consequences for neuronal function.




CONCLUSION

The work presented here sheds light on the consequences of mTBI-induced exposure to blood-borne factors on neurons. While BBB breakdown has been suggested to cause neuronal death, and indeed does so in some pathologies, mTBI caused rapid and sustained loss of neuronal proteins in both excitatory and inhibitory neurons, as well as changes in spine morphology and the post-synapse that may contribute to the cognitive symptoms in patients. Yet, neurons in contact with blood-borne factors remained alive for 6 months after the injury, potentially opening avenues for therapeutic intervention.
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