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Chronic spinal cord compression is the most common cause of spinal cord impairment worldwide. Objective of this study is to assess the ultrastructural features of the neurovascular unit (NVU) in a rat model of chronic compressive spinal cord injury, 24 SD rats were divided into two groups: the control group (n = 12), and the compression group (n = 12). A C6 semi-laminectomy was performed in the control group, whereas a water-absorbent polyurethane polymer was implanted into the C6 epidural space in the compression group. The Basso Beattie Bresnahan (BBB) scores and the somatosensory evoked potentials (SEP) were used to evaluate neurological functions. Transmission Electron Microscopy (TEM) was performed to investigate the change of NVU at the 28th day after modeling. Compared with the control group, the compression group shows a significant reduction (P < 0.05) of BBB score and a significant severity (P < 0.05) of abnormal SEP. TEM results of the compression group showed a striking increase in endothelial caveolae and vacuoles; a number of small spaces in tight junctions; a significant increase in pericyte processing area and vessel coverage; an expansion of the basement membrane region; swollen astrocyte endfeet and mitochondria; and the degeneration of neurons and axons. Our study revealed that damage to NVU components occurred followed by chronic compressive spinal cord injury. Several compensatory changes characterized by thicker endothelium, expansive BM, increased pericyte processing area and vessel coverage were also observed.
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INTRODUCTION

Chronic spinal cord compression is the most common cause of spinal cord impairment worldwide. Cervical spondylosis myelopathy is characterized by progressive stenosis of the cervical canal and compression of the spinal cord due to the herniated cervical discs and degenerative changes. Diseases such as ossification of the posterior longitudinal ligament (OPLL), spinal tuberculosis, extramedullary tumor and other degenerative deformities also cause spinal cord compression (Fehlings et al., 2013; Kalsi-Ryan et al., 2013; Karadimas et al., 2013a). Previous studies suggest that mechanical compression of the spinal cord could cause ischemia, inflammation (Song et al., 2015), neuronal apoptosis and disruption of the blood-spinal cord barrier (Karadimas et al., 2015). However, most ultrastructural evidence of NVU is from acute spinal cord injury (Kaptanoglu et al., 2002; Smith and Jeffery, 2006; Ramadan et al., 2017) or brain ischemia (Nahirney et al., 2016). In chronic spinal cord compression, the ultrastructural changes of neurovascular units (NVU), which include BSCB, neurons and some related cells have not been investigated thoroughly until now (Frascarelli et al., 1990).

The neurovascular unit (NVU) is a specialized structure comprised of vascular endothelium, pericytes, astrocytes, neurons, and, in a broader context, the extracellular matrix (Muoio et al., 2014). This structure plays a crucial role in maintaining normal homeostasis in the spinal parenchyma, and serves as an important defense during chronic compression and other pathologies (Muoio et al., 2014). Abnormal alteration within the NVU has implications for co-existing diseases such as hypertension or diabetes that have a negative effect on spinal microcirculation. The concept of the NVU highlights the importance of interactions between blood vessels and other spinal parenchymal cells. Therefore, assessing the ultrastructure features of NVU in the chronic compressive segment of the cervical cord could help to clarify interactions among various components of the unit and to determine which structural change is responsible for the high permeability and functional neural deficits, and could possibly shed light on new and inclusive therapies for chronic spinal cord injury diseases.

Currently, investigations regarding the chronic compression of the cervical spinal cord focus more commonly on ischaemic-hypoxic injury, inflammation, neuronal apoptosis and disruption of the blood-spinal cord barrier (BSCB). Evidence supporting the disruption of NVU mainly come from functional tests, light microscopic or biochemical experiments showing changes in neurological function, EB penetrability (Evans blue assay for visualizing BSCB permeability), protein immunofluorescence or protein/mRNA levels after chronic injury (Karadimas et al., 2015). Meanwhile, to our knowledge, little evidence of NVU disruption in this condition as evidenced by TEM has been reported (Karadimas et al., 2013b). Over the past few decades, most of the TEM attention has focused on blood brain barrier (BBB) (Frontczak-Baniewicz et al., 2011) and acute spinal cord injury (Kaptanoglu et al., 2002).

Our previous study using a rat model indicated that the most serious neurological damage occurred at the 28th day after chronic compression (Cheng et al., 2015) and was accompanied by reduction of micro vessels in the dorsal gray matter of cervical cord (Long et al., 2014; Cheng et al., 2015). Simultaneously, high permeability along with flattening and widening of the compressive zone/segment was found (Long et al., 2014). All evidence showed that the worst lesion of neurons was observed at the 28th day after compression.

Collectively, one important and unresolved knowledge gap in the existing literature is how the ultrastructure is altered after chronic spinal cord compression. Chronic compression is known to produce subtle morphological and functional changes to the NVU, and TEM has been used as a powerful tool to explore ultrastructure in many specimens (Herrera, 1992; Hernandez-Chavarria, 2002; Kubota, 2015). Therefore, in the present study, electron microscopy (TEM) was used to assess the ultrastructure of the neurovascular unit (NVU) in the compression cervical cord segment on the 28th day after compression. Taking advantage of the clarity of electron micrographs, we may directly observe the interactions among various components of the NVU in a rat model of chronic cervical spinal cord compression. Thus, these data may provide further NVU morphological evidence and help clarify the pathophysiology of spinal cord chronic compression.

MATERIALS AND METHODS

Animal Model

The experiment procedure was approved by the Research Ethics Committee of the authors' institute. A total of 24 adult male Sprague-Dawley (SD) rats (300–350 g, Experimental Animals Centre of Southern Medical University) were allocated to two groups: the control group (n = 12) and the compression group (n = 12).

In the compression group, all rats were anesthetized with 2% isoflurane with oxygen and N2O. The C5 lamina was exposed, then the ligamentum flavum and partial lamina were removed to access the epidural space. A water-absorbent and expandable polyurethane polymer compression sheet was implanted into the C6 epidural space on the posterolateral side to induce compression to the spinal cord. The sustained-release membrane was made of polyurethane synthesized in the laboratory from isocyanates and polyols (Guangzhou Fischer Chemical Co., Ltd., Guangzhou, China). In previous studies this compression material showed no inflammatory reaction or tissue granulation after implantation (Long et al., 2013). After complete haemostasis, the incision was closed in layers in the usual manner. For rats in the control group, the C5 lamina was exposed, then the ligamentum flavum and partial lamina were removed to access the epidural space, without inserting the compression sheet into the C6 epidural space. All animals were given an intramuscular injection of Penicillin G (8,000 U/100 g, intramuscular injection) to prevent infection post-surgery. After surgery, animals were individually housed in cages and allowed free access to food and water. Post-operative analgesia was administered as subcutaneous injection of buprenorphine (0.01 mg/kg) every 12 h for 3 days. In this study, rats needed no analgesia after 3 days.

Motor Function and Neurophysiological Monitoring

The Basso Beattie Bresnahan (BBB) score was used to assess the severity of paralysis due to spinal cord compression in terms of motor function. For the three groups, BBB scores were evaluated each day from 3 days pre-surgery to the 28th day post-surgery. The evaluation process was double-blinded, and the average scores in each group were calculated. In addition, all rats received the Somatosensory Evoked Potential (SEP) test before euthanasia on the 28th day (Long et al., 2013).

Euthanasia and Tissue Preparation

All the rats were anesthetized with chloral hydrate (400 mg kg−1) prior to phrenic nerve surgery. A 3–4 cm midline incision was made on the anterior aspect of the neck from the larynx to the manubrium of the sternum. The left sternoclavicular joint was incised and the clavicle was retracted laterally to expose the phrenic nerve lying anterior to the brachial plexus. The nerve was freed from its membranous sheath and transected with microscissors. Dry horseradish peroxidase (HRP) crystals (0.5 mg, Sigma, type VI) were applied directly to the end of the transected central stump of the nerve. Care was taken to avoid injury to any other nerve in the surgical field. After 10–15 min, the wound was closed with silk sutures and the animals were allowed to survive for 48 h.

Euthanasia of all rats was achieved with deep isoflurane anesthesia and perfusion was not performed to avoid mechanical disruption of blood capillaries. The cervical spinal cords were removed and fixed by immersion in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), pH 7.2, for 16–24 h at 4°C.

Next, the cords in cervical (C5–C6) spine Were separated, and 1 mm slices fixed overnight in 2% glutaraldehyde in 0.1 M PB (Electron Microscopy Sciences, Inc., Hatfield, PA) at 4°C. On the following day, the above buffer was changed, and the tissues were post-fixed in 1% osmium tetroxide for 1.5 h, dehydrated in ethanol solutions and embedded in Epon overnight, ready for further processing.

Electron Microscopy

Ultra-thin sections of spinal cord tissue from C5-6 (The sample lays within the left gray matter in the dorsal horn under C6) measuring 70 nm to 90 nm thick were cut with an ultramicrotome (Reichert E, Co., Vienna, Austria) and stained with uranyl acetate for 10 min, followed by staining with lead citrate for 6 min. Sections were examined under a TEM (Philips CM 10, Eindhoven, Holland). Images were obtained with a Gatan SC-1000 digital camera. Calibration of images was performed by imaging a carbon replica grid (0.463 mm intervals) at the same magnifications. All chemicals used for electron microscopy processing were obtained from Electron Microscopy Sciences.

Ultra-thin sections were obtained from Epon blocks of the two groups. Three sections per block, per animal, was photographed at the EM, covering an area of 5.544 × 3.603 square micro-meters. Each image was examined for morphometric evaluation (Figure 1).
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FIGURE 1. (A,B), Histological sections photographed at the light microscope. Rectangles in the insets illustrate position and size of the sample examined at the TEM (pictures above), located in the dorsal horn under C6.



HRP-labeled phrenic motor neurons and their processes were identified under a light microscope, trimmed from their surrounding tissue, osmicated, dehydrated, and embedded in Araldite. One micrometer thick sections were cut from the plastic blocks and stained with toluidine blue for light microscopic examination. Ultrathin sections were obtained from those blocks which yielded heavily labeled neurons in the 1 μm thick sections. In order to confirm the presence of HRP reaction product in phrenic motor neurons, unstained ultrathin sections from each animal were first examined with the electron microscope. Adjacent sections were stained with lead citrate and uranyl acetate only when the presence of HRP was confirmed on the unstained sections.

Data Analysis

For quantitative analysis, electron micrographs (3,696 × 2,420 pixels, 5.544 × 3.603 μm,1.5 nm/pixel,) of capillaries from three groups were analyzed using Image pro plus software.

Inclusion criteria for microvessel analysis were as follows: the diameter was <8 mm, the lumen was not occluded by blood cells or plasma, and the vessel was in gray matter and within 300 mm of the compression site. Images with an endothelial or pericyte nucleus were excluded from the analysis because they generate extreme measurements (e.g., for endothelial or pericyte area/coverage) and are too infrequent to represent samples adequately. Endothelium, pericyte, and astrocytes around the microvessel were manually traced by an experimenter blind to conditions and threshold to calculate area and perimeter. Vacuolation of the endothelium was quantified by normalizing the number of vacuoles to the circumference of the vascular endothelium. Pericyte coverage of endothelial cells (reported as percentage) was calculated based on the total length of the inner pericyte processes around each vessel relative to the perimeter of the endothelium. The diameter of the capillary lumen, vacuoles, or caveolae, as well as basement membrane thickness, was measured in straight line segments at four cardinal points in the microvessel or organelle. Any endothelial tight junctions (TJ) with a fluid space >50 nm wide was classified as an intercellular space.

Statistical comparisons were conducted with a two-way ANOVA followed by post-hoc Bonferroni corrected t-tests to compare dependent measurements. All statistical tests were calculated based on means generated from the number of animals in each group. P < 0.05 were considered to be statistically significant. The results are expressed as the mean ± standard error of the mean.

RESULTS

BBB Score

Based on the analysis of BBB scores, neurological function in the compression group showed a significant decline after surgery (Figure 2). On the 28th day, BBB scores averaged 21.0 ± 0.0 in the control group, and 15.5 ± 0.224 in the compression group. There was significant difference between two groups (P < 0.05).
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FIGURE 2. Plot of BBB score averages from the normal, control and compression groups.



SEP

In addition to BBB assessment, SEP tests were performed in the two groups to evaluate functional changes after surgery. Amplitude in the compression group were significantly reduced, while latencies increased compared to the control group (Figure 3, Table 1, P < 0.05).
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FIGURE 3. Sample of latency prolongation and amplitude reduction of somatosensory evoked potentials (SEP) from normal status (A), control status (B), and compression status (C).




Table 1. Average amplitude and latency of the three groups (*P < 0.05).
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Transmission Electron Microscope Examination

Endothelium and TJ

In non-compression control micro-vessels, the endothelium was relatively thin (140 ± 50 nm thick in nonnuclear regions). Endothelial cells contained scattered small vesicles as well as electron dense TJs where the two endothelial cells interdigitated (Figures 4A,A′). Twenty-eight days after compression, the endothelium was packed with small caveolae-like vesicles (diameter: 55 ± 17.5 nm) that lined with both the luminal and abluminal sides of the endothelium (arrowheads in Figure 4B″). The endothelium was filled with caveolae-like vesicles and appeared quite swollen, as revealed by the significant increase in cross-sectional area of the endothelium (Figure 4C). In both groups, larger fluid-filled organelles (>100 nm diameter) which we refer to as vacuoles formed in the endothelium (e.g., see Figure 4B″). After compression, the number of vacuoles per 10 mm of vascular endothelium increased significantly (Figure 4D). The location of a vacuole could occur at any site within the endothelial TJs (Figure 4B′), and the shape appeared intact in the two groups (Figures 4A′,B′, 5A). However, in a few instances, we observed a small fluid-filled space within the junction (Figure 5B), which tended to increase after compression (Figure 5C).
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FIGURE 4. Electron micrographs (EMs) of capillaries in the control group (A). Endothelium is lightly shaded as green (A,B). Insets (A′, A″) below the image shows a relatively thin endothelial layer (A″) and intact TJs (white arrow in A′). EMs of capillaries in the compression group (B). Insets (B′,B″) show that the slightly swollen endothelium was densely packed with putative caveolae-like vesicles (arrowheads) on the luminal and abluminal sides. Several TJs in the compression group (white arrows in B′) were still intact. Histograms show that endothelial thickness (C) and vacuole formation (D) were significantly increased in the compression group. Vacuoles are expressed as vacuoles per 10 mm of the vascular endothelium circumference. The number of capillaries analyzed per group was 30, sampled from 12 rats per group. ***P < 0.001 relative to controls.
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FIGURE 5. EMs of TJs in ECs from control (A), and compression group (B). Structurally abnormal TJs that contain large gaps (black arrows) within compressed regions (B). Histogram shows the percentage of intact TJs in the two groups (C). Percentages were based on the analysis of 30 TJs from 12 rats per group. Tj, tight junction.



Pericytes

Endothelial cells were enwrapped by a discontinuous layer of pericytes which are mostly ensheathed on basement membranes (Figure 6A). Pericyte processes could be distinguished by the granulated appearance of the cytoplasm (Figure 6A′). Pericyte swelling increased along with its coverage of the endothelium in the compression group. The pericytes covered 22.5–30% of the outer perimeter of the endothelium in the control group, and the percentage increased to 30.5–40.1% (Figure 6C). Pericyte area was also significantly increased in the compression group (Figure 6D). Additionally, in some examples, the vessel wall adjacent to the pericyte soma appeared constricted (Figure 6A) and was accompanied by a corrugated basement membrane (Figure 6A′), which is opposite with pericytes in the compression group that possessed a smooth vessel lumen (Figure 6B) without a corrugated appearance (Figure 6B′).
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FIGURE 6. EMs of microvessels in the control group (A,A′), and corrugated BM (A′). Pericytes are highlighted in blue (A,B). Pericyte processes appeared slightly swollen (B,B′), and smooth BM were detected in the compression group. Quantitative analysis indicated that pericyte coverage of the endothelium (C) and cross-sectional area (D) increased significantly in the compression group. The number of capillaries analyzed per group was 30, sampled from 12 rats per group. ***P < 0.001 relative to controls.



Astrocytes

Astrocytes could be distinguished by the relative sparseness of electron-dense material in the cytoplasm (Figures 7A,B). Their mitochondrial membranes appear less electron-dense than those found in neurons, endothelium, and pericytes (Figure 7A′). Following compression, perivascular astrocytes underwent large-scale changes in area and remained swollen at the 28th day post-surgery (red shaded area in Figure 7B). Quantitatively, the cross-sectional area of astrocyte endfeet increased significantly after compression (Figure 7C). Mitochondria in astrocytes were also disrupted after compression, appearing swollen with partially intact cristae (arrows in Figure 7B′). Electron-dense glycogen granules (15–25 nm diameter) and rosettes (40–60 nm diameter) became abundant in the cytoplasm of astrocytes after compression (arrowheads in Figure 7B′).
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FIGURE 7. EMs of perivascular astrocytes (shaded in red) in the control group (A) and compression group (B). Mitochondria (arrow) with normal appearance in control astrocytes (A′) or swollen mitochondria with disorganized or absent cristae in the compression group (B′). Notably, astrocytes in the compression group were conspicuously packed with glycogen granules (see arrowheads in B′,D). Astrocyte endfoot area increased considerably after compression (C). The number of glycogen granules per μm2 in the astrocytes increased significantly (D). The number of capillaries analyzed per group was 30, sampled from 12 rats per group. M, Mitochondria; ***P < 0.001 relative to controls.



Axons

In the control group, tightly packed myelinated axons filled the neuropil surrounding the capillaries (Figure 8A). At the same time, mitochondria with well-preserved cristae were seen in the neuronal cytoplasm. Compared with the control group, loose myelin sheaths and mitochondria with swollen cristae were seen in myelinated axons near capillaries (Figure 8B).
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FIGURE 8. Myelin sheath of axon in control group was intact and homogeneous (A,A′,A″), mitochondria in myelinated axons were normal. Loose myelin sheath and damaged mitochondria were observed in the compression group (B,B′,B″). The numbers of mitochondria cristaes in 1 mitochondrion declined significantly after compression (C), the number of mitochondria analyzed per group was 30, sampled from 12 rats per group. MS, Myelin Sheath; Cri, Mitochondria Cristae; A, Axons. ***P < 0.001 relative to controls.



Neurons

Ultrastructural changes were also seen in the neurons contributing to the neurovascular unit. In the control group, Nissl bodies (Nb) and lysosomes (Lys) were equally distributed in the neuronal cytoplasm (Figures 9A,A′). After compression, these neurons showed morphological changes consistent with neurodegeneration, and often showed ultrastructural features of cellular death. Numerous phagolysosomes and autophagic vacuoles were seen in the cytoplasm of many neurons in the compressive group (Figure 9B′). In addition, certain neurons contained electron dense cytoplasm with nuclei separated by a lucid rim from the remainder of the cell. These cells are so-called pre-apoptotic neurons (Figure 9B). In addition to pre-apoptotic neurons and neurons undergoing autophagy, the analyzed specimens contained neurons with necrotic features, characterized by electron-lucent cytoplasm with a distinct nucleus containing loose, electron-lucent chromatin Figure 9B′.
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FIGURE 9. Normal nucleolus (Nuc), Nissl bodies (Nb), and lysosomes (Lys) were shown in the neuronal cytoplasm in the control group (A,A′). Corresponding neurons in the compression group showed morphological signs of neurodegeneration, numerous phagolysosomes and autophagic vacuoles (Ap) were seen in the cytoplasm of neurons (B,B′). The yellow arrowheads stand for “lysosomes (Lys)”; and the orange arrowheads for “autophagic vacuoles.”



Basement Membrane (BM)

In the control group, the capillaries consisted of a single layer of endothelial cells forming a lumen and a single layer of basement membrane surrounded by astrocytes (Figure 10A). However, the thickness of the basement membrane was greater in the compression group (Figures 10B,C). In some samples the capillaries consist of severely vacuolated endothelial cells surrounded by several layers of thickened basement membrane.
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FIGURE 10. In the control group, microvessels were encapsulated with a thin BM (A). In the compression group, the BM was thickened considerably, but with lower electron density (B). Histograms show that BM thickness significantly increased in the compression group (C). The number of capillaries analyzed per group was 30, sampled from 12 rats per group. ***P < 0.001 relative to controls.



DISCUSSION

Focusing on neurovascular units is becoming a prerequisite for investigating the physiology and pathology of the central nervous system (CNS), contributing to discovery of therapeutic targets and drug candidates (Muoio et al., 2014). The normal physiological function of the spinal cord depends on the integrity of NVU and the regular interactions among various CNS cells. Neurons and astrocytes depend on the functional integrity of the vascular system to provide oxygen and energy (Deli et al., 2005). Meanwhile, the ultrastructure of the NVU has advantage in representing the integrity of spinal function and reflecting the intercellular communications of neurons with other type of cells under both physiological or pathological conditions, which may be more meaningful in the investigation of spinal cord diseases (such as CSM) and therapeutic drug screening. Our previous studies have proposed a chronic compressive cervical spinal cord injury rat model using a water-absorbent polymer that can provide controlled spinal cord compression (Long et al., 2013). The simplicity of operation, the high success rate, the high correlation with clinical characteristics, and the relative low cost make it an appropriate model for spinal cord injury studies. As we need to expose the phrenic nerve before tissue preparation, which may affect the forelimb behavior, we choose the BBB locomotor rating scale to test behavioral consequences of spinal cord injury (SCI) to the rat. Moreover, we found that some rats bit their own forelimb, which was supposed to the sign of paresthesia.

To our knowledge, NVU been analyzed in models of cerebral ischemia or ASL. Miyazaki et al. (2011) found that the damage in the NVU was more prominent in the outer side and preferentially in the anterior horn of ALS model mice. Nahirney PC (Nahirney et al., 2016) and his colleagues' results suggested that blood-brain barrier permeability in young and aged animals was mediated by transcellular pathways (caveolae/vacuoles), rather than tight junction loss. The blood-spinal cord barrier (BSCB), one NVU key players, may be affected during the development of SCI (Bartanusz et al., 2011).

Based on our survey of the literature, there is a paucity of data comparing changes in NVU ultrastructure after chronic cervical cord compression. Given this limitation, our discussion will focus primarily on showing the differences of our data with previous electron microscopy studies that subjected young adult animals to spinal cord injury or stroke. In general, ultrastructural studies have indicated that vessel permeability induced by ischaemia, hypoxia or other forms of injury is mediated primarily by a transcellular conduit system (Garbuzova-Davis et al., 2007; Kwon et al., 2009; Bauer et al., 2014; Figley et al., 2014). It should be noted that BSCB permeability could also be reliant on paracellular transport through TJ that normally binds endothelial cells together (Bartanusz et al., 2011). Ischaemia was first reported as one of the crucial pathophysiological mechanisms in CSM (Brain et al., 1948). Ischaemia-induced disruption of TJ has been reported by several studies which show a loss of TJ protein levels or a signal reduction in immunofluorescence assays of ischaemic tissues. Reconciling these competing views, a recent study by Knowland et al. (2014) suggested that the initial phases of BBB permeability following ischaemia and reperfusion in young animals are dependent on a caveolin-based transcytosis in the first 24 h which is accompanied by a disruption of TJs 2–3 days post-stroke. In our study, the ultrastructural analysis of young adult rats provided strong evidence that BSCB permeability on the 28th day after compression was associated with an increase in caveolae and vacuoles in the endothelium. While we are assuming the direction of vesicular movement (and hence permeability) based on static images, previous nanogold tracer experiments, as well as others (Shinnou et al., 1998; Chen et al., 2009; Krueger et al., 2013; Knowland et al., 2014; Reeson et al., 2015), have suggested that vesicles/vacuoles were likely moving blood-borne constituents from the luminal to abluminal side of the vascular endothelium (Ben-Zvi et al., 2014). Our data indicate that subtle TJ fluctuations can occur, as we did see small spaces at these interfaces which is also consistent with previous studies (Pluta et al., 1994; Bauer et al., 2014; Knowland et al., 2014), and may help explain previous reports about the loss of TJ protein. Pooling of fluid-filled spaces at the TJ seem to support the constant movement of vesicles/ vacuoles through the endothelium (Figure 4B′). However, the incidence of these partial disruptions was relatively low (20%) as most TJs were contiguous. It should be noted that complete uncoupling of the TJ from the luminal to abluminal side of the endothelium was never observed in the compressive vessels we sampled. Given the paucity of even partial TJ disruption and the near ubiquitous increase in vesicles and vacuoles in the endothelium, our data suggest that BSCB permeability (at the level of the endothelium) in the rat compressed spinal cord is likely based on transcellular mechanisms. The functional consequences of increased transcytotic activity are not entirely clear. One prediction is that increased transport of proteins and ions into endothelial cells, astrocytes, and pericytes may disrupt osmotic gradients and promote water influx and perivascular swelling.

Once the endothelial barrier has been broken, the basement membrane and pericytes can serve as another protective layer between blood and nervous tissue. Expansion of the basement membrane has been frequently described in cerebral ischaemia and aging (Nahirney et al., 2016). In our study, the expansion of the basement membrane region was strongly related to compression, since the basement membrane region in compromised vessels in the compressed core appeared much thicker than that found in the control group (Figure 10C). However, the electron density of BM was much lower. The cause or functional significance of this expansion is unclear, and the secretion of MMP-9 is highly correlated with the electron density of BM (Kwon et al., 2009).

Pericytes have been implicated as important players in the maintenance of BBB/BSCB integrity, given that pericyte loss in mutant mice leads to micro-aneurysms and increased vascular permeability (Armulik et al., 2010; Bell et al., 2010). Furthermore, pericytes can secrete enzymes, such as matrix metalloproteinase (Machida et al., 2015), that degrade the basement membrane and thus regulate BBB/BSCB permeability. One of the primary compression-induced effects in our study was swelling of pericytes and resulting increases in their coverage of the vascular endothelium was distinct from that in the control group. It is possible that the progressive increase in pericyte area and coverage after compression represents a compensatory mechanism to limit further BSCB permeability. Another interesting finding of our study was the increased presence of vesicles/vacuoles in pericytes. Transcellular movement of blood-borne protein through pericytes has been reported in non-ischaemic vessels (Broadwell et al., 1988). Our study extends this observation and suggests that chronic compression can upregulate constitutive activity of this transcellular pathway in pericytes.

Astrocyte endfeet are known to undergo significant swelling under ischaemic conditions (Shinnou et al., 1998; Ito et al., 2011). Our data corroborate this effect and confirm its persistence after compression. Mitochondria in astrocytes were also severely swollen and disrupted, and exhibited disorganized cristae (Ito et al., 2011). Interestingly, these enlarged astrocytes became highly enriched with glycogen granules after 28 days of compression. This observation is consistent with previous electron microscopic studies showing that glycogen granules are present after ischaemia (Kajihara et al., 2001). While the functional significance of these glycogen granules is unknown to date, they may reflect a reduction of enzymes that degrade glycogen, or increased synthesis of glycogen due to lower blood flow and elevated levels of glucose uptake/utilization in compression areas (Nedergaard et al., 1988).

We observed an increase of pre-apoptotic neurons in the gray matter beneath the compression site on the 28th day after compression. Pre-apoptotic neurons have been previously reported in response to mechanical trauma (Dietrich et al., 1994; Creeley et al., 2004; Lu et al., 2012). The pre-apoptotic neurons we observed typically had irregularly shaped nuclei, disorganized dendritic microtubule filaments, extensive phagolysosomes, and autophagic vacuoles, and swollen mitochondrial organelles. Some neurons also demonstrated increased levels of polyribosomes, indicating an increase in protein synthesis. Our data suggest that gray matter is susceptible to damage after 28 days of compression, which showed more prominent neuroglial cell changes at this time point after compression. The reason for this vulnerability may lie in the viscoelastic and cellular organization of these different cervical cord regions. Blood vessels are closely linked to neuronal activity. Thus, blood flow increases in response to local neuronal activation. However, the cellular mechanisms of this process are not completely understood. The breakdown of NVU is often followed by pathological changes in blood flow and perfusion pressure, but the mechanism of this process is not completely understood.

The number of degenerated axons was significantly increased in the compression group vs. the control group without any appreciable change in axonal density. These degenerative features were characterized by multifocal axonal injuries located around small blood vessels, and the loss of myelin and axons ranged from mild to moderate (Figure 8B). The mechanisms underlying axonal injury have been extensively reviewed (Buki and Povlishock, 2006; Smith et al., 2013; Kou and VandeVord, 2014). Axons are highly susceptible to mechanical stretching and shearing produced by rotational or linear rapid acceleration and deceleration forces during a direct impact at the point of compression. This susceptibility to injury is attributed to the viscoelastic properties of axon fibers and their high membrane-to-cytoplasm ratio, which makes them vulnerable to high rate of deformation damage. The total extent and magnitude of these axonal deformations after compression are unknown. We consider that the compromised axonal integrity in the cervical cord may therefore be one of the main causes for the impairment in neurobehavioral tasks seen in our rat model.

In summary, our imaging data reveal that NVU disruption in the compressive zone is associated with (1) a striking increase of putative transcytotic vesicles and vacuoles in the endothelium of the compression group, (2) sparse evidence for disruption of interendothelial TJs, (3) progressive swelling of pericytes with increased endothelial coverage, (4) expansion of the basement membrane region, (5) astrocyte swelling and mitochondrial disorganization, (6) progressive accumulation of glycogen granules in astrocytes at 28 d, and (7) degeneration of neuron and axon. These observations at the ultrastructural level should help guide future investigations attempting to ameliorate NVU dysfunction after chronic compression.
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