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Paracrine Interleukin 6 Induces Cerebral Remodeling at Early Stages After Unilateral Common Carotid Artery Occlusion in Mice
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Aims: Carotid artery disease is frequent and can result in chronic modest hypoperfusion of the brain. If no transient ischemic attack or stroke occur, it is classified asymptomatic. In the long-term, though, it can lead to cognitive impairment. Fostering cerebral remodeling after carotid artery occlusion might be a new concept of treatment. Paracrine Interleukin 6 (IL-6) can induce such remodeling processes at early stages. However, it has neurodegenerative long-term effects. With this exploratory study, we investigated the effect of paracrine IL-6 on cerebral remodeling in early stages after asymptomatic carotid artery occlusion to identify new treatment targets.

Methods and Results: To mimic a human asymptomatic carotid artery disease, we used a mouse model of unilateral common carotid artery (CCA) occlusion. We developed a mouse model for inducible paracrine cerebral IL-6 expression (Cx30-Cre-ERT2;FLEX-IL6) and induced IL-6 2 days after CCA occlusion. We studied the effects of paracrine IL-6 after CCA occlusion on neuronal connectivity using diffusion tensor imaging and on local proteome regulations of the hypo-perfused striatum and contralateral motor cortex using mass spectrometry of laser capture micro-dissected tissues. Paracrine IL-6 induced cerebral remodeling leading to increased inter-hemispheric connectivity and changes in motor system connectivity. We identified changes in local protein abundance which might have adverse effects on functional outcome such as upregulation of Synuclein gamma (Sncg) or downregulation of Proline Dehydrogenase 1 (Prodh). However, we also identified changes in local protein abundance having potentially beneficial effects such as upregulation of Caprin1 or downregulation of GABA transporter 1 (Gat1).

Conclusions: Paracrine cerebral IL-6 at early stages induces changes in motor system connectivity and the proteome after asymptomatic CCA occlusion. Our results may help to distinguish unfavorable from beneficial IL-6 dependent protein regulations. Focusing on these targets might generate new treatments to improve long-term outcome in patients with carotid artery disease.
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INTRODUCTION

Carotid artery disease is highly prevalent in an aged population (1). It may lead to carotid artery stenosis or occlusion, causing chronic hypoperfusion of the brain and increasing the risk for cerebral infarction (2). In the long-term, carotid artery disease can cause white matter damage. When no transient ischemic attack or stroke occur it is classified asymptomatic. However, about 50% of these patients with asymptomatic carotid stenosis show signs of neuropsychological deficits such as reduced processing speed and learning (3).

Fostering cerebral remodeling after carotid artery occlusion might be a new concept of treatment to improve the long-term outcome. We have shown that the cytokine interleukin 6 (IL-6) is essential for post-ischemic angiogenesis and improves the outcome after stroke (4). Down-stream signaling of IL-6 in endothelial cells is needed to induce changes in the extracellular matrix and the molecular micro-environment fostering neuroplasticity and functional recovery (5). It has been shown that IL-6 improves repair after trauma (6). However, long-term elevated IL-6 is associated with cognitive decline (7). Indeed, the effects of IL-6 are complex and depend on its temporal (acute vs. long-term) and spatial (paracrine vs. systemic) expression.

We hypothesize that—comparable to its effects after stroke—paracrine IL-6 might induce beneficial remodeling processes in the acute phase after modest cerebral hypoperfusion induced by carotid artery disease while it might have detrimental effects in the long-term. Therefore, the aim of this exploratory study was to analyze early-stage cerebral remodeling mechanisms of paracrine brain-specific IL-6 within the first 3 weeks of modest chronic cerebral hypoperfusion. We used the mouse model of unilateral common carotid artery (CCA) occlusion to mimic an asymptomatic carotid artery stenosis in humans. In this mouse model, long-lasting modest hypoperfusion of the brain has been verified without the development of strokes or motor function deficits (8, 9). Comparable to humans, unilateral CCA stenosis induced neuropsychological deficits in mice primarily affecting learning. A prolonged increase of cerebral astrocytic IL-6 has been shown to cause neuroinflammation and neurodegeneration within a period of 3–24 month using a constitutive GFAP-IL6 mouse model and this effect depended on the heights of IL-6 expression (10–12). We developed a genetically modified mouse model for inducible brain-specific paracrine secretion of IL-6 to avoid this biasing effect before CCA occlusion. Using this mouse model, we studied the effects of a slight paracrine IL-6 increase on connectivity changes and local proteome changes.

With this study, we show that paracrine IL-6 induces adaptations in the motor system connectivity. In the proteome, we could differentiate proteins that might improve functional and cognitive outcome from proteins with unfavorable effects. By this, our results might help to identify molecular targets for new treatments of asymptomatic CCA occlusion.



METHODS


Animals

All experimental procedures were approved by the local authorities (Landesamt für Gesundheit und Soziales, LaGeSo), Berlin (Reg G0119/16) and were conducted following the German animal protection law and local animal welfare guidelines. Mice were group-housed with ad libitum access to water. Food was restricted as a motivator for functional testing. Housing conditions and details are described in Supplementary Material.

We genetically engineered a mouse model by inducing a flip and excision (FLEX) cassette into the ROSA26 locus using recombinase-mediated cassette exchange containing an inverted IL-6 followed by a T2A self-cleavage sequence and mKate2. IL-6 was fused to a C-terminal myc-tag (EQKLISEEDL) via a spacer (GGSGGTGGS). Mice were crossbred with astrocyte-specific Cx30-Cre-ERT2 mice. The mice are bred locally on a C57BL/6J background and were backcrossed for 10 generations. We used mice for experiments that were hemizygous for Cx30-Cre-ERT2 and hemizygous for FLEX-IL-6. Mice that were hemizygous for FLEX-IL-6 served as control animals. The mice were at an age of 10–12 weeks. In total, 66 mice were used for the experiments. Of these mice, 64 mice were analyzed according to the preset exclusion criteria (see methods to prevent bias and exclusion criteria), and further 2 mice were excluded for technical reasons as specified in the section Results. Mouse groups were age- and sex-matched for experimental and control groups.

For surgery, mice were anesthetized with 1.5–3.5% Isoflurane and maintained in 1.0–2.5% Isoflurane with ~75/25 N2O/O2 and for pain relief, bupivacain gel (1%) was topically applied to the wound. For MRI, anesthesia was induced with 2.5% and maintained with 2.0–1.5% isoflurane (Forene, Abbot, Wiesbaden, Germany) delivered in a O2/N2O mixture (0.3/0.7 l/min) via a facemask under constant ventilation monitoring (Small Animal Monitoring & Gating System, SA Instruments, Stony Brook, New York, USA). Mice were euthanized in deep anesthesia with 100 μl Ketamine/Xylazine [0.7% Ketamine (10%, cb pharma), 0.8% Xylazine (20 mg/ml Xylavet, cb pharma)] per 10 g body weight given i.p. and cardially perfused with 0.9% physiological NaCl solution.



Western Blot and Enzyme-Linked Immunosorbent Assay

IL-6 was semi-quantitatively analyzed by ELISA in serum samples and deep-frozen mouse brain sections as described in the Supplementary Material.



Cell Culture, Transfection, and Real-Time RT-PCR

HEK 293T cells were transfected with plasmids coding for FLEX-IL-6, Cre-GFP fusion or both. Brain microvascular endothelial cells were treated with conditioned medium of these cultures for 1 h prior quantification of IL-6 mRNA and a reference transcript as described in detail in Supplementary Material.



Mouse Surgery and Tamoxifen Injection

Mice were subjected to unilateral ligation of the left common carotid artery. Following the 3R principle of animal experiment reduction, mice with unilateral CCA occlusion served additionally as sham control for a transient occlusion of the middle cerebral artery (MCAO). In brief, surgery was performed analogously to the sham operation as established in our lab and described in detail in Supplementary Material, and tamoxifen was injected intraperitoneal on day two after surgery as a single dose or on three consecutive days (1 mg tamoxifen; Sigma, 10 mg/ml in 1:10 ethanol/corn oil).



Behavioral Tests

Sickness behavior was assessed by modified DeSimoni's neuroscore at days 2, 7, 14, and 21 following unilateral CCA occlusion. The maximum score is 43 points, where a higher score indicates more deficits. Rotarod test was performed with three runs per trial with a recovery time of 30 min between trials. Shown is the average performance. Tests were performed on days 2, 7, and 14 after unilateral CCAo. Staircase skilled pellet reaching test was performed daily for 21 days of training before and up to 21 days after ligation of the CCA for conditioning as described previously (13). Outcome was measured as relative performance compared to the individual performance before surgery for each forepaw.



Magnetic Resonance Imaging

Mice were examined 24 h after the onset of CCA using T2-weighted imaging. After 21 days, T2-weighted and diffusion tensor imaging (DTI) were performed as outlined in detail in Supplementary Material. Briefly, a custom brain atlas with 308 anatomical regions (154 right/154 left hemisphere) derived from the Allen mouse brain atlas was registered to the T2-weighted and diffusion MR images using ANTx2 (https://github.com/ChariteExpMri/antx2). DTI can measure the directionality of water diffusion in tissue, which is a proxy of the orientation of nerve fiber tracts in the respective voxel. Using computational models that take into account the orientation of water diffusion in all voxels in gray and white matter, long range fiber connections from one atlas region to another region can therefore be reconstructed. The number of reconstructed tracts is a measure of connectivity strength. From the DTI scan, a matrix of all possible combinations of those connections and their strength (termed DTI connectome) for each animal was calculated in mrtrix (https://www.mrtrix.org, shell scripts available at https://github.com/ChariteExpMri/rodentDtiConnectomics). Between group comparisons were carried out on the number of reconstructed streamlines between pairs of regions.



Proteomic Analysis of Laser Capture Microscopy Samples by Mass Spectrometry

Briefly, left hemispheric ipsilateral fiber tracts in the striatum or the contralateral motor cortex were laser-captured 5 days after CCA occlusion and 3 days after i.p. injection of tamoxifen from frozen tissue sections and subjected to mass spectrometry and analysis as described in Jochner et al. (14) and in detail in Supplementary Material.



Histology and Imaging Analysis

Briefly, mice were euthanized in deep anesthesia, blood was collected from the Vena cava after abdominal incision, and mice were cardially perfused with 0.9% physiological NaCl solution. For LCM/proteomics, protease inhibitor was added (1 tablet/50 ml saline solution) (cOmplete™, Roche). Brains were removed and snap-frozen in 2-methyl butane at −45°C using dry ice. Histological staining, imaging analysis, and antibodies used are described in Supplementary Material.



Methods to Prevent Bias and Exclusion Criteria

Reporting conforms to the ARRIVE guidelines. Mice were excluded determined by a priori criteria if they had a visible stroke in MRI imaging 24 h after surgery (2 mice, 1 per genotype, respectively). Experimenters were blinded during the behavioral assessment, tissue processing, and data analysis. We observed no mortality. All other mice were included. Two samples after microdissection did not result in enough protein for analysis and were not further processed.



Statistical Analyses

All data are presented as scatter dot plots with the mean ± standard deviation. Data were analyzed with GraphPad Prism version 8.2.0. A detailed description of the corresponding statistical analysis is provided in the figure legends or the respective proteomics and connectivity analysis methods.




RESULTS


Development of the Cx30-Cre-ERT2;FLEX-IL6 Mouse Model for Paracrine Cerebral IL-6 Expression

To evaluate the effects of paracrine cerebral IL-6 on cerebral remodeling mechanisms after unilateral CCA occlusion, we created a custom-made mouse model for brain-specific IL-6 secretion at a deliberately chosen time-point. In this model, a FLEX cassette is integrated into the R26-locus. The FLEX cassette contains murine IL-6 connected to a myc-tag via a linker and mKate2 via a T2A self-cleavage site (Figure 1A). This myc-tagged IL-6 was bioactive, which can be seen by the induction of IL-6 in endothelial cells in vitro (Figure 1B). We have previously shown that IL-6 induces the production of IL-6 in endothelial cells by a positive feedback loop (4). Crossbreeding of FLEX-IL6 mice with Cx30-Cre-ERT2 mice resulted in the Cx30-Cre-ERT2;FLEX-IL6 mouse model for tamoxifen dependent inducible activation of IL-6 secretion restricted to astrocytes and by this restricted to the brain. Upon tamoxifen administration, we observed a widespread IL-6 expression in the Cx30-Cre-ERT2;FLEX-IL6 mice using immunofluorescence staining for the myc-tag, which is fused to the ectopic IL-6. This expression was not present in the FLEX-IL6 control mice (Figure 1C). IL-6 immunoblots of brain homogenate showed a tamoxifen-dependent increase of IL-6 locally in the brain 5 days after a single administration of tamoxifen (Figures 1D,E). However, after higher tamoxifen dosing with administration on three consecutive days, we observed decreased IL-6 compared to 1-day administration. In FLEX-IL6 mice without Cx30-Cre-ERT2 we observed no induction of IL-6 compared to wild-type mice. Therefore, we used a single dose of tamoxifen for IL-6 induction in the following experiments. FLEX-IL6 mice without Cre but with tamoxifen treatment served as negative controls. To control for brain specificity of IL-6 induction in the setting of a CCA occlusion, we determined the serum IL-6 levels after tamoxifen administration after surgery (Figure 1F). We identified no increase of systemic serum IL-6 levels in Cx30-Cre-ERT2;FLEX-IL6 mice while there was a substantial increase of serum IL6-levels when using an endothelial Cre-driver mouse model (VeCdh-Cre-ERT2;FLEX-IL6). Therefore, using the Cx30-Cre-ERT2;FLEX-IL6 mouse model we can induce paracrine cerebral IL-6 without affecting systemic IL-6 levels.


[image: Figure 1]
FIGURE 1. Development of the Cx30-Cre-ERT2;FLEX-IL6 mouse model for brain-specific IL-6 expression. (A) Design of the custom-made mouse line for inducible and traceable secretion of IL-6 (FLEX-IL6). The murine Il6 sequence is linked to a myc-tag followed by the self-cleavage site T2A and mKate2. This construct is inverted and embedded in a flip and excision (FLEX) cassette in the silent R26 locus. To enable paracrine cerebral IL-6 secretion, we crossbred FLEX-IL6 mice with the astrocyte-specific inducible Cre-driver mouse line Cx30-Cre-ERT2. Upon tamoxifen administration, active Cre flips and excises one recombination site and thus permanently induces Il6 expression in astrocytes. (B) Endothelial bEnd.3 were incubated for 1 h with conditioned cell culture supernatants of HEK cells transfected with Cre and the FLEX-IL6 construct or Cre only as negative control and Il6 mRNA was determined by real-time RT-PCR. Ectopic IL-6 increases bEnd.3 IL-6 expression by almost 100x. n = 3 independent experiments. (C) Representative Myc-tag staining after tamoxifen administration. Upon induction with tamoxifen, myc-IL-6 is widely expressed in Cx30-CRE-ERT2;FLEX-IL6 mice, while there is no induction in FLEX-IL6 control mice. (D,E) Cerebral IL-6 protein levels were determined by immunoblot analysis of brain homogenates of Cx30-Cre-ERT2;FLEX-IL6 mice receiving one mg tamoxifen for 1 or 3 days from n = 4–6 mice per group as displayed in the scatter dot plots. FLEX-IL6 (n = 4) mice receiving 1 mg tamoxifen for 3 days and wild-type C57BL/6N (n = 4) served as negative controls. Immunoblot IL-6 intensities were normalized to GAPDH intensity (~37 kD). There is a moderate increase of IL-6 in Cx30-Cre-ERT2;FLEX-IL6 mice (n = 4) receiving a single tamoxifen dose compared to the control group (~25 kD, arrowhead closed). Mice that received three doses of tamoxifen (n = 6) showed increased but significantly lower brain IL-6 than after a single dose. (F) IL-6 serum levels were determined using ELISA measurement of mice with astrocytic IL-6 expression (Cx30-Cre-ERT2;FLEX-IL6, n = 5), mice with endothelial IL-6 expression (VeCdh-Cre-ERT2; FLEX-IL6, n = 37), and Cre-negative controls (n = 5). There was a marked increase in serum IL-6 upon endothelial expression. At the same time, IL-6 remained at baseline level comparable to Cre-negative controls upon astrocytic expression. Graphs show scatter dot plots of data from independent samples ± standard deviations. (B) Two-tailed unpaired Student's t-test. (E,F) One-way ANOVA with Tukey's multiple comparison test.




Paracrine IL-6 Production Does Not Induce Ischemic Tissue Damage or Worsen Functional Outcome After Unilateral CCA Occlusion

We used the mouse model of unilateral CCA occlusion for studying the effects of modest cerebral hypoperfusion to mimic human asymptomatic carotid artery disease. In this mouse model, no deficits in sensorimotor functions occur. We excluded mice (one Cx30-Cre-ERT2;FLEX-IL6 and one FLEX-IL6) that developed a stroke peri-interventional. Figure 2A shows the time-scale of the experimental setup. We verified that mice did not develop an ischemic lesion in the long term using MR-imaging on day 21 after surgery (Figure 2B). Additionally, we assessed sickness behavior and motor skills using behavioral testing in the 21-day follow-up period after CCA occlusion. Skilled pellet retrieval off a staircase gives a readout for front paw fine motor skills. We observed no effect on fine motor functions of the forepaw in the wild-type and experimental group (Figures 2C,D). In both groups and for both front paws, the performance was consistently similar to the average baseline performance before unilateral CCA occlusion. The overall sickness and neurological performance (DeSimoni neuroscore) did not differ significantly between groups and over time (Figure 2E). Gross motor skill assessed by RotaRod showed no impairment of motor function (Figure 2F). The average time to drop did not differ significantly for individual days in-between groups. Therefore, elevated paracrine cerebral IL-6 had no detectable adverse effect on motor functional outcome or general sickness in a model of asymptomatic CCA occlusion.


[image: Figure 2]
FIGURE 2. Paracrine IL-6 does not worsen functional outcome or induce strokes after unilateral asymptomatic CCA occlusion. (A) Time-scale: 8 Cx30-Cre-ERT2;FLEX-IL6 and 7 FLEX-IL6 mice were pre-trained in the staircase test for 21 days. On day 0, mice received a left-sided unilateral CCA occlusion and an MRI on day 1 after surgery. One Cx30-Cre-ERT2;FLEX-IL6 and one FLEX-IL6 was excluded due to developing a stroke immediately after surgery. On day 2 after surgery, paracrine IL6 was induced by a single tamoxifen administration. Motor function was evaluated on day 2, day 7, and 14 with the Rotarod test and day 21 with the DeSimoni Neuroscore. Forepaw function was evaluated daily with the staircase test from day 2 to day 21. (B) T2-weighted MRI scans showed no ischemic lesion or white matter damage 21 days after unilateral carotid occlusion in both genotypes. (C,D) Staircase test for the left (C) and right (D) forepaw. The performance was normalized to the individual performance before surgery. No change in performance was observed compared to the performance before surgery and between genotypes. (E) Overall sickness and neurological status were determined by DeSimoni Neuroscore. Cx30-Cre-ERT2;FLEX-IL6 mice (n = 6) showed a transient increase in sickness behavior immediately after IL6 induction, which reached no significance compared to FLEX-IL6 control mice (n = 7). (F) Gross motor performance was evaluated using the RotaRod test. After the intervention, the average time to drop on the moving Rotarod increases over time in the experimental and the control group. There is no significant difference between groups. Graphs show scatter dot plots of data from individual mice ± standard deviations. (C–F) Two-way ANOVA with Sidak's multiple comparison test.




Paracrine IL-6 Is a Driver of Neuronal Network Remodeling After Unilateral CCA Occlusion

We studied the changes in the brain's connectome by DTI 21 days after unilateral CCA occlusion in an unbiased exploratory approach using an atlas with 154 anatomical regions per hemisphere, resulting in 23,562 [(154*154) – 154] possible connections. Paracrine IL-6 production induced a significant change in connectivity in the context of CCA occlusion (Figures 3A,B). At a significance threshold of p < 0.001, 17 connections were significantly altered. The physiological feasibility of the connections was verified by cross-checking in the Allen brain connectivity atlas and Janelia Neuron Browser. In total, 3 out of 17 connections could not be verified and were therefore excluded. There was a gain in connectivity between 4 inter-hemispheric connections. In the hypoperfused hemisphere, 3 connections were strengthened, and in the contralateral hemisphere 2 connections. All 4 connections with lowered connectivity were intrahemispheric, with 2 connections reduced on each side. Qualitative assessment of connectivity hints at an overall gain in inter-hemispheric connectivity and, thus, a potential compensation by the contralateral non-affected hemisphere, though unilateral CCA occlusion was functionally asymptomatic.


[image: Figure 3]
FIGURE 3. Paracrine IL-6 is a driver of network remodeling after unilateral CCA occlusion. Connections with changes in diffusivity comparing the astrocytic IL-6 (n =6) to control animals (n = 7) at d21 after left CCA occlusion. Coordinates: A = anterior, R = right, S = superior. T-statistics were applied, and all values with p < 0.001 were chosen as relevant. Connections were verified by cross-checking to the Janelia Neuron Browser or Allen Brain Mouse Connectivity Explorer. (A) Nine connections showed an increase in connectivity. Of those, four were inter-hemispheric connections. Especially connections to the ipsilateral periaqueductal gray increased along with the axis from the contralateral secondary motor cortex to the ipsilateral pallidum and subsequently the thalamus. (B) Four connections showed decreased connectivity. On the ipsilateral side, the caudal pallidum and the reticular part of the substantia nigra as well as the connection between the retrosplenial area and the superior colliculus were reduced in strength. On the contralateral side, the connections between the culmen and lobule III and between the medial amygdalar nucleus and the ventral auditory area were decreased.


In the brainstem, the ipsilateral periaqueductal gray showed increased connectivity to several other nuclei of the ipsi- and contralateral brainstem. We identified increased connectivity of the periaqueductal gray to the ipsilateral caudal part of the pontine reticular nucleus, the pedunculopontine nucleus, and the contralateral substantia nigra, and the contralateral periaqueductal gray. The ipsilateral pallidum, part of the basal ganglia, had strengthened connectivity to the ipsilateral reticular nucleus of the thalamus and the contralateral secondary motor area. The connectivity between the ipsi- and the contralateral ventral group of the dorsal thalamus—the relay between the basal ganglia and the primary motor cortex—increased. There was a decrease in connection strength to the ipsilateral reticular substantia nigra. Notably, we identified mainly changes in connections related to motor functions.



Paracrine IL-6 Induces Changes in Protein Composition Within the Striatum

To evaluate the molecular adaptive mechanisms of paracrine cerebral IL-6 after CCA occlusion, we analyzed the effect on protein composition within the ipsilateral striatum. This anatomical region is subject to reduced perfusion. As particularly white matter is damaged in chronic cerebral hypoperfusion, we chose to analyze the striatal fiber tracts, including the capsula interna and the corticospinal tract. To isolate those regions, we used laser capture microdissection (LCM). In our experiment, we assessed proteome changes in the ipsilateral fiber tracts within the hypoperfused striatum on day 5 after occlusion of the CCA for early-stage effects (Figures 4A,B). In total, we identified 2,075 proteins in the striatal samples with a 1% FDR threshold. Within these, 16 proteins showed IL-6 dependent differential abundance (Figure 4C; Table 1). Surprisingly, IL-6 induced no angiogenesis-related proteins in this anatomical region. Mostly proteins related to neuronal functions and stress response such as Synuclein gamma (Sncg), Proenkephalin (Penk), ATP Synthase Inhibitory Factor Subunit 1 (Atpif1), Protein Phosphatase 1 Regulatory Inhibitor Subunit 1A (PP1R1a), and Caprin-1 were induced. STRING GO term analysis of downregulated proteins revealed that most downregulated proteins are membrane-bound organelle and Golgi apparatus related (Cstb, Atp6v0c, Jam3, Rab8b, Pitpnm1, Ptpn11, Zc3h14, Msn, Sik3, B3gnt9). We exemplarily confirmed the induction of Caprin-1 in the paracrine IL-6 expressing mice with immunofluorescence staining (Figures 4D–F). Caprin-1 was found in neurons of the striatum, and not in astrocytes (Figure 4G).


[image: Figure 4]
FIGURE 4. Paracrine IL−6 induces changes of the proteome in the striatum. (A) Schematic illustration of the laser capture microscopy (LCM) workflow. Five FLEX-IL6 and four Cx30-Cre-ERT2;FLEX-IL6 mice were used. Paracrine IL-6 secretion was induced 2 days after left-sided unilateral CCA occlusion. Brain tissue is sectioned into 40 μm thick coronal slices and mounted on PEN membrane slides. After methanol/acetone fixation, the tissue is processed with the laser capture microscope. Striatal fiber bundles on the hypoperfused side were isolated. The addition of 5 M guanidinium chloride dissolves the tissue and denatures the proteins. The sample was analyzed using mass spectrometry for proteome analysis. (B) Illustration (Allen mouse Brain Atlas) of the anatomical region used for LCM. (C) The volcano plot shows log ratio and p-value distribution of all quantified proteins. Proteins with significantly (p < 0.05, fold change >/ <2) altered expression are labeled in red. We identified 16 differentially regulated proteins listed in Table 1. (D) Comparison of caprin-1 staining in FLEX-IL6 and Cx30-Cre-ERT2;FLEX-IL6 mice confirms elevated caprin-1 expression in mice with increased paracrine IL-6. (E,F) Automated quantification of nuclei and co-detection of Caprin-1 intensity resulted in a significant increase of the edge nuclei intensity in the caprin−1 channel normalized to DAPI intensity. (G) Co-staining of caprin-1 and NeuN and GFAP showed that caprin-1 is localized exclusively in neurons and not detected in astrocytes. Graphs show scatter dot plots of data from individual mice ± standard deviations. (E,F) Two-tailed unpaired Student's t-test.



Table 1. IL-6 dependent protein regulations in the striatal fiber tracts*.

[image: Table 1]



Paracrine IL-6 Induces Changes in Protein Composition Within the Contralateral Motor Cortex

Analyzing the effects of paracrine IL-6 on the connectivity after CCA occlusion we identified increased connectivity of the contralateral motor cortex to the ipsilateral hypoperfused basal ganglia. We therefore evaluated the molecular changes in the contralateral motor cortex via LCM and subsequent proteome analysis (Figure 5A). We identified 2,578 proteins and 13 proteins in the cortical samples that showed differential abundance due to paracrine IL-6 (Figure 5B; Table 2). Here, STRING GO term analysis of altered proteins showed that high abundance proteins are almost all linked to the plasma membrane system or endomembrane system. Low abundance proteins are mostly part of protein complexes and membrane components (Coa3, Coro7, Dnaja4, Sdhaf2, Slc6a1, Vamp3) including Vamp3—a component of the SNARE complex—or mitochondrial proteins (Coa3, Dnaja4, Prodh, Sdhaf2). Amongst these, we exemplarily analyzed Slc6a1 (also known as Gat1) in histological stainings in a different set of mice than used for LCM-proteomics (Figure 5C). We confirmed Gat1 suppression in the contralateral motor cortex (Figure 5D). There was widespread suppression of Gat1 in the brain with a noticeable reduction of Gat1 in the caudate putamen in both hemispheres (Figures 5E,F).


[image: Figure 5]
FIGURE 5. Paracrine IL−6 induces changes of the proteome in the contralateral motor cortex. (A) Location of the dissected tissue and histological analysis (Allen mouse Brain Atlas). A part of the motor cortex was isolated on the contralateral hemisphere and the proteome changes were analyzed. (B) The volcano plot shows log ratio and p-value distribution of all quantified proteins. Proteins with significantly (p < 0.05, fold change >/ <2) altered expression are labeled in red. We identified 13 differentially regulated proteins listed in Table 2. (C) Representative multiple image alignment of Gat1 staining. (D) Gat1 staining and quantification in the contralateral motor cortex shows besides focal staining a diffuse signal. The number of focal Gat1 spots is reduced in Cx30-Cre-ERT2;FLEX-IL6 (FLEX-IL6 n = 6, Cx30-Cre-ERT2;FLEX-IL6 n = 5). In the contralateral (E) and ipsilateral (F) caudate putamen, Gat1 is strongly expressed with reduction of expression in Cx30-Cre-ERT2;FLEX-IL6 mice. Graphs show scatter dot plots of data from individual mice ± standard deviations. Two-tailed unpaired Student's t-test.



Table 2. IL-6 dependent protein regulations in the contralateral motor cortex*.
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DISCUSSION

In this study, we show for the first time that paracrine cerebral IL-6 induces cerebral remodeling at an early stage after asymptomatic unilateral carotid occlusion within the first 3 weeks leading to increased inter-hemispheric connectivity and changes in motor system connectivity. By studying the molecular mechanisms induced by paracrine IL-6 early after CCA occlusion, we identified proteins that might serve as targets for potential treatment strategies aimed at cerebral remodeling to improve long-term functional outcome after carotid occlusion while avoiding adverse effects.

We showed that paracrine IL-6 induces restructuring mechanisms of neuronal connectivity after unilateral CCA occlusion. The main alterations were seen in strengthened interhemispheric connections between the thalamus and a strengthened connection between the contralateral motor area to the ipsilateral pallidum and the thalamic reticular nucleus. Moreover, there were increases in several connections linked to the periaqueductal gray and the hindbrain in general. The periaqueductal gray is a component of motor systems as an interface between the forebrain and the lower brainstem (28). We assume that this finding represents a general strengthening of downstream motor signaling toward the spinal cord.

Proteome analysis of the hypoperfused striatal fiber tracts showed mainly regulations in proteins related to neuronal functions. The results were ambivalent regarding functional and cognitive effects. On the one hand, we observed protein regulations that would have unfavorable effects: upregulation of Sncg is associated with neurodegenerative diseases (29), and high circulating levels of Penk have been established as a marker for vascular dementia (30). We observed a reduction of Cstb, Jam3, Zc3h14, and Msn, which can cause neuroinflammation and epilepsy (Cstb) (31), blood-brain-barrier disruption (Jam3) (20), impairment of synaptic function (Zc3h14) (32) and long-term memory (Msn) (18). On the other hand, the observed increase in Atpif1 could rescue cells under hypoxic conditions (16). Induced Ppp1r1a can promote long-term potentiation by inhibiting protein phosphatase 1 (PP1), fostering memory and learning (15). Caprin-1 upregulation was verified by immunohistochemistry. This cell-proliferation regulating protein has an additional role in neurons (33). In the brain, Caprin-1—also known as RNG105—is linked to the formation of cytoplasmic stress granules (34). More importantly, it regulates mRNA localization in dendrites and is essential for long-term memory formation via homeostatic AMPA-receptor scaling (35). Interestingly, a recent preprint described STAT-1 and STAT-3—downstream targets of IL-6—as interacting proteins with Caprin-1 detected by immunoprecipitation and proteomics (36).

In the contralateral cortex, we observed ambivalent effects of protein regulations as well. Upregulated proteins almost exclusively have a link to the plasma membrane system or endomembrane system. Camk2n1 can prevent long-term memory loss (22). However, Camk2n1 is an inhibitor of CaMKII, which is necessary for motor learning and long-term potentiation (23). Interestingly, paracrine IL-6 upregulates Copb1 as part of the COPI complex. Bettayeb et al. showed that the COPI complex could significantly reduce amyloid plaques in Alzheimer's disease, which might prevent cognitive decline (25). Downregulated proteins were part of membrane complexes. Reduced activity of Prodh causes cognitive impairment (26). Albeit, Vamp3, and Gat1 were decreased by paracrine IL-6. Inhibition of Vamp3 reduces activation of microglia, potentially preventing cognitive impairments after surgery (27). Gat1 is a GABA transporter localized in axons, nerve terminals, and astrocytes, removing GABA from the synaptic cleft (37). We observed a widespread reduction of Gat1. Therefore, reduction of Gat1 would lead to induced GABAergic transmission. Gat1 heterozygous mice with reduced Gat1 expression showed enhanced learning (38), whereas Gat knockout mice had learning deficits and an ADHS like phenotype (39). This indicates that there is a dosing effect of Gat1 on cognitive functions. Treatment with the anti-epileptic drug tiagabine, a specific Gat1 inhibitor, does not lead to cognitive impairments in therapeutic dosages (40). Indeed, Gat1 inhibition improved cognitive functions in patients who have epilepsy (41). In the setting of cerebral ischemia, Gat1 inhibition was neuroprotective (42–44). and preserved hippocampal neurons (45).

In summary, paracrine IL-6 promotes cerebral remodeling in the early stage after asymptomatic CCA occlusion on a structural level with increased connectivity in motor systems. Changes in the proteome of the hypoperfused striatum and contralateral motor cortex showed ambivalent results. In terms of cognitive functions, some protein regulations we observed might be unfavorable. These regulations might explain the adverse effects of long-term elevated IL-6 on cognition. However, we identified protein targets that have been shown to reduce cognitive impairments in other pathological settings such as epilepsy or Alzheimer's disease or might improve neuronal resilience to hypoperfusion.

The major limitation of this study lies in its exploratory design. Further studies are needed to confirm the effects of the identified targets on the motor function and cognitive outcomes after CCA occlusion. We modeled the effect of paracrine IL-6 in early stages in a mouse model mimicking asymptomatic carotid artery stenosis. Cognitive decline or flexibility in learning tasks months after the onset of CCA occlusion was not investigated since our focus was exploring cerebral remodeling in the short term. Moreover, the effects should be confirmed in aged mice.

Focusing on the targets identified in our study—either by selectively inhibiting adverse regulations or by enhancing beneficial regulations—might establish a novel treatment strategy to improve long-term outcome in the setting of asymptomatic CCA occlusion by fostering cerebral remodeling. Preventing downregulations of for instance Jam3 or induction of Atpif1 might be challenging. More promising would be the development of a Vamp3 inhibitor. However, most promising would beGat1 inhibition using the FDA-proven anti-epileptic drug tiagabine, which should be evaluated in further studies.
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