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The feasibility of a computer-aided scoring system based on artificial intelligence to detect and classify morphological changes in neuroglial cells was assessed in this study. The system was applied to hippocampal organotypic slice cultures (OHC) from 5 to 7 day-old wild-type and TNF-overexpressing mice in order to analyze effects of a proinflammtory stimulus such as TNF. The area fraction of cells, cell number, number of cell processes and area of the cell nucleus were used as target variables. Immunfluorescence labeling was used to visualize neuronal processes (anti-neurofilaments), microglia (anti-Iba1) and astrocytes (anti-GFAP). The analytic system was able to reliably detect differences in the applied target variables such as the increase in neuronal processes over a period of 14 days in both mouse lines. The number of microglial projections and the microglial cell number provided reliable information about activation level. In addition, the area of microglial cell nuclei was suitable for classification of microglia into activity levels. This scoring system was supported by description of morphology, using the automatically created cell masks. Therefore, this scoring system is suitable for morphological description and linking the morphology with the respective cellular activity level employing analyses of large data sets in a short time.
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1 Introduction

Scoring systems are already used to characterize the morphology of neuroglial cells. Traditionally, a manual procedure was used to determine cell number, e.g., by counting cells using optical grids and a hand counter (Lovelace and Cahill, 2007). Due to the heterogeneity of neuroglial cell morphology, unambiguous cell identification is difficult. Computer-aided methods are one way of circumventing these difficulties. The addition of algorithms for automatic cell counting is often combined with programs that can recognize shapes (ZEISS software apeer, open source software ImageJ) (de Gracia et al., 2015). Cells can be labeled by respective specific expression of antigens that can be visualized by immunofluorescence microscopy, e.g., using Apo Tome (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) (Crews et al., 2004; Nixon et al., 2008; Oberheim et al., 2008; Yokose et al., 2011). The hippocampus represents an advantageous brain region because region-specific temporal changes can be documented in a reliable manner (Hailer et al., 1999; Zhao et al., 2003). By using organotypic hippocampal tissue cultures, it is possible to maintain three-dimensional tissue organization in vitro (De Paola et al., 2003; Gähwiler, 1981; Gähwiler et al., 1997; Galimberti et al., 2006; Stoppini et al., 1991) and terms of the 3R principle are addressed (Galimberti et al., 2006; Stoppini et al., 1991). The hippocampal formation consists of four cortical regions. These include the dentate gyrus as well as the cornu ammonis itself, which can be divided into three subunits (CA3, CA2, CA1) (Amaral, 1978). Even more, the hippocampus contains numerous conduction pathways, which are aligned in transverse and septotemporal axes (Caroni, 1997; De Paola et al., 2003; Feng et al., 2000; Galimberti et al., 2006). Conduction pathways formed by neuronal projections are predominantly composed of the intermediate neuronal filament neurofilament (Franke, 1987; Steinert et al., 1985). Accordingly, neurofilaments are components of the basic structure of axons as well as dendrites (Droz et al., 1973; Hoffman and Lasek, 1975; Schlaepfer, 1971) and are therefore widely used to mark these processes.

Astrocytes as another large neuroglial population can be labeled based on the expression of their cell specific marker GFAP (glial fibrillary acidic protein). This makes it possible to determine the diameter of the cell, the length and thickness of the astrocyte processes, and even their number. The diameter of the astrocyte is determined by the longest line running through the cell, which also crosses the nucleus whereas the length of a process is defined as the distance between the nucleus and the tip of the process, with the width of the process measured at two opposing GFAP mark points (Oberheim et al., 2008). For microglial cells a threshold method that correlates the cellular morphology to their activity state has already been established (Kozlowski and Weimer, 2012). In this method, the size of the soma, the cell circumference as well as length and the surface area of the cell were quantified. A method for the evaluation of the morphology of microglia, which was already used in previous studies of our group, is based on the principle of Hovens et al. (2014). The aim was to draw conclusions about the functionality status of the microglia based on the morphology. The evaluation was performed on digital images with the program “Fiji is just ImageJ”1 to set the threshold for the microglia (Onkels, data not shown). Results for cell size, cell body size (i.e., without processes), and number of microglia were correlated to assign microglial morphology to a state of activity (Hovens et al., 2014). Microglia are activated by proinflammatory mediators such as TNF (tumor necrosis factor) (Takeuchi et al., 2006; Verkhratsky and Kirchhoff, 2007), causing them to transition from an inactive ramified to an activated amoeboid state. Thus, the morphology of neuroglial tissue is influenced by the activity status of these cells (Faustmann et al., 2003; Hinkerohe et al., 2005). Inflammatory processes in the CNS are regularly accompanied by activation and proliferation of glial cells, which are activated by the biochemical environment (Kettenmann et al., 2011). These proinflammatory substances also include TNF (Merbl et al., 2014; Smeal et al., 2012). To visualize the neuroglial alteration triggered by the proinflammatory cytokine TNF, the use of mice with an altered TNF system has been proven suitable (Hirz, 2017; Kramer et al., 2012; Vienenkoetter et al., 2015; Osei et al., 2024). Here, the effect of proinflammatory preconditioning in TNF-overexpressing mice (TNF.MK.41.3) and respective morphological changes in neuroglial cells can be observed and compared to wild-type (wt) mice (Hirz, 2017; Kramer et al., 2012). Thus, this model system was chosen to establish and be applied for new AI-based scoring system for neuroglial cells employing the hippocampus as model region.

For this AI-based scoring system, the use of digital image data with Z-stacks and subsequent generation of maximum intensity projections of the selected planes allows to transform a 3D image into a 2D projection, which can be used for further segmentation of cells. Depending on the penetration depth of the immunofluorescence marker used and the slice width, a different slice depth can be used. It is possible to examine multiple partial Z-volumes from one slice (Kozlowski and Weimer, 2012) or, for example, to approximate the cell volume by scanning one plane after the next, which belong to a Z-stack, horizontally separately (Plog et al., 2014). However, if a 3-dimensional structure is intersected by a plane, its intersection is 2-dimensional (Elias et al., 1971). This results in the following problems for certain target sizes, e.g., the area of objects that can be determined in only one section plane is affected by the orientation of the objects in space. For non-symmetric objects, the areas can differ significantly depending on the section plane. Furthermore, the curvature of the surface is crucial for the acquisition of the volumes. If the spacing of the planes along the Z axis is chosen too large, minimal curvatures may be lost (Elias et al., 1971).

The goal of this study was to develop an unbiased AI-based scoring system for neuroglial cells enabling to relate the morphology of different neuroglial cells to their functionality. This was achieved by analyzing areas of neuronal processes, astrocytes and microglia as well as activity status of the microglia in the hippocampus of TNF overexpressing and wt mice as model system.



2 Materials and methods

Immunofluorescence images of the CA3 region were recorded on hippocampal slice cultures of 5–7 day old mice. The fixation time points of the OHCs were day 3, 7, and 14 after preparation of the mice hippocampi. The target cells were marked subsequently by using cell masks in order to develop an AI-supported scoring-system.


2.1 Mouse model

For method establishment and testing, two mouse strains were used at 5–7 days of age without considering sex distribution. The mouse strains are based on a C57BL/6J background. The breeding of these mouse strains was localized in the central animal laboratory of the Justus Liebig University Giessen. In accordance with the Animal Welfare Act and the principles of the 3Rs (Replacement, Reduction, Refinement), the animals were killed and the organs obtained (JLU number 756_M) to produce OHCs with which the experiments were carried out. The wild-type mice (C57BL/6JOlaHsd) were bred by Harlan Laboratories GmbH. The TNF.MK.41.3 mice (C57Bl/6-Tg(Grin2b-Tnf)41.3MK) were kindly provided by Prof. Dr. U.L.M. Eisel, Department of Molecular Neurobiology, University of Groningen, Netherlands. The transgenic status of the mice was determined using methods as previously reported (Kramer et al., 2012).



2.2 Organotypic hippocampal slices and immunofluorescence staining protocol

Organotypic hippocampal slice cultures (OHCs) were prepared based on the method reported by Stoppini et al. (1991). The brain was placed in a specific manner so that the medians pointed upward and the bulbus olfactorius pointed cranially. For further preparation of the midbrain, the original protocol (Galimberti et al., 2006) was modified.

A scalpel incision was made through the midbrain at the level of the third ventricle. The length of this cut was 2/3 of the vertical of the brain and ended at the level of the cerebral cortex (Figure 1). The fimbria hippocampi was also transected to facilitate the excision of the hippocampus. Once the midbrain was detached, the hippocampus was visible and detached laterally. Slices were now generated according to the previous protocol (Galimberti et al., 2006). The hippocampus cut by a tissue chopper (McIlwain Tissue Chopper model TC752) into 350 μm thick slices. The hippocampal tissue cultures (slices, OHC) were then placed into an incubator at 37°C, humidity of 90% and CO2 content of 5%.
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FIGURE 1
Hippocampus isolation using a scalpel. (A) Scalpel points to incision with intact cerebral hemisphere with a meadian view. (B) View of medians after detachment of the midbrain; red line: incision line at which the midbrain was detached.


To ensure survival of OHC, nutrient medium was changed on days 3 and 7 after dissection. OHCs maintained in culture until day 14 and were stained according to the principle of Galimberti et al. (2006). Fixation took place on days 3, 7, and 14 after hippocampal preparation. To achieve permeability of the tissue sections, 1 mL of 0.8% Triton X-100 in PBS was pipetted over and 1 ml next to the insert, in deviation from the initial protocol. This preparation incubated for 12–18 h at 4°C. Subsequently, the primary antibody was added in the designated dilution, which also contained 1% Triton X-100, in a volume of 90 μl on the OHC located in the well and was incubated overnight at 4°C. Neurofilament anti mouse antibody 1:500 (M0762 Dako, Hamburg, Germany) was used to label neuronal processes, GFAP anti guinea pig antibody 1:1,000 (173004 Synaptic Systems GmbH, Göttingen, Germany) was used for astrocyte labeling, and Iba1 anti rabbit antibody 1:1,000 (01919741 Fujifilm Wako Chemicals Europe GmbH, Ratingen, Germany) was used to visualize microglia. Nuclear labeling was classically performed with Dapi at a dilution of 1:400 (Carl Roth GmbH und Co., KG, Karlsruhe, Germany). Alexa 647 Donkey anti guineapig (1:200, Dianova GmbH, Hamburg, Germany), Alexa 488 Donkey anti rabbit (1:200, Thermo Fisher Scientific Inc., Waltham, MA, United States) and Alexa 594 Donkey anti mouse (1:100, Thermo Fisher Scientific Inc., Waltham, MA, United States) served as secondary antibodies. Also added to the dilution was 1% Triton-X-100. To reduce number of OHCs, staining of microglia and astrocytes was performed as double staining.


2.3 Evaluation of the immunofluorescence images

Immunofluorescence was evaluated on images acquired using the Zeiss-Axio Observer 7 ACR immunofluorescence microscope (Carl Zeiss Microscopy Deutschland GmbH, Oberkochen, Germany). The images were taken using reflected light fluorescence in combination with Colibri lights. OHCs were automatically detected on the slide using the “AI sample finder” module (Figure 2).
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FIGURE 2
Single images of a Z-stack consisting of 28 images, Wild-typ: red: GFAP-labeled astrocytes; green: Iba1-labeled microglia; blue: Dapi-labeled nuclei.


Computer-aided analysis was performed with the program ZEN 3.6. The measurement procedures were automated by the modules “Intellesis Segmentation” (ZEISS) and “Apeer” (ZEISS). The latter is based on a machine learning algorithm for object marking and automatic image segmentation. Object and background marking were performed under visual control. For this purpose, Z-stacks consisting of up to 30 single images were used and were merged to a maximum intensity projection. The individual planes were spaced 0.24 μm along the Z axis (Figure 2).

Subsequently, a quality control of the developed image masks was carried out, which were performed separately for neuronal processes, astrocytes and microglia. The quality control included comparison of immunofluorescence labeling with the image mask and the background error. Therefore, the evaluation of immunofluorescently labeled cells was performed under visual control. Only images of sufficient signal strength were included in the analysis.

To test the established and controlled method, a known TNF-based change in neuroglial cells was examined on wild-type and TNF.MK.41.3 mice. In an application, the algorithm was tested to see if significant differences of cell morphology could be detected. The effect of the mouse line was examined for each cell line. Data sets were divided according to the hippocampal region CA3 and additionally according to the time of fixation (days 3, 7, and 14) of OHCs (Figure 3).
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FIGURE 3
Marking of the regions of the hippocampus to be evaluated: yellow: dentate gyrus; green: CA3; pink: CA1-2 in the overview image of the AI-sample-finder.


The following main target variables were set to study the neuroglial network: The number of projections should be determined in addition to cell number and cell size. Here, the percentage area of neuronal projections, astrocytes and microglia was used. The basis of this area calculation was formed by five images, whereby object and background recognition were trained by means of “Intellesis Segmentation.” For this purpose, the objects (neuronal processes, astrocytes and microglia) and the background were marked manually (Figure 4). Therefore, the evaluation of immunofluorescently labeled cells was performed under visual control. The pixel colors were assigned to the two categories accordingly. To reduce the background error (false positive signal), a threshold was set, which consisted of a certain number of pixels. Thus, pixel groupings below the threshold were not included in the evaluation (Figure 5).
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FIGURE 4
Astrocytes (red) displayed by GFAP: red arrow: points to orange pixel for object marking; blue arrow: points to light blue pixel for background marking.
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FIGURE 5
AI training results. (A) Image basis: astrocytes visualized using GFAP. (B) Astrocytes visualized using GFAP outlined with light blue line for object representation: red arrow: object (astrocytes), blue arrow: background. (C) Astrocytes: red arrow: object orange (astrocytes), blue arrow: background light blue, black arrow: pixel groups below threshold (= 24).


The results of the training formed the basis for the evaluations. The following figures (Figure 5) show the image basis and the color-marked area calculations determined by the program exemplarily for astrocytes. The same cell mask was used for neuronal process and microglia. Thus, the correctness of the signal was checked while the measurement program was calculating the area fraction, without having to schedule time for this again.

In order to assess the functional changes and activity status of microglia more precisely, the software module “apeer” was used to develop a method that identifies the cell nuclei (Figure 6A). The criterion that a microglia nucleus had to fulfill was an Iba1 marked (green) border around the nucleus and the nucleus itself, which had blue pixels.


[image: image]

FIGURE 6
Computer software working together. (A) Cell nucleus labeling of microglia using apeer: red arrow: points to the labeling of the cell nuclei. (B) Allocation of image information to different categories using ZEISS ZEN Intellesis: Microglia displayed using Iba1: purple area: cell nucleus; yellow area: border area around the defined cell nucleus with defined number of pixels; red area: extensions defined by the program; blue area: background in the defined border area.


The cell nucleus labeling (apeer) in combination with the microglia area (Intellesis segmentation) became the basis of another evaluation procedure, with the aim to identify the number of microglia cell nuclei, the area of cell nuclei and the number of projections per cell. For this purpose, it was necessary to use the zone of influence measurement. Here, the cell nucleus (primary object) was surrounded by a ring in which the cell processes were seen (Figure 6B). The distance between the ring and the primary object (yellow) was 9 pixels. The width of the ring corresponds to 14 pixel. The microglial processes are defined as contiguous green pixels marked by anti-Iba1 antibody, which are counted in the ring. If the green pixels are separated by black ones, they are perceived as separate processes. Two different masks were used to represent the nuclei and the ring. On the one hand, the microglia and the zone of influence were outlined by lines, on the other hand, a mask could be chosen which marked the zones of influence.

These measurement procedures were quality controlled by describing the astrocytes, microglia and neuronal projections. This specially performed optical quality control compared the observed morphology of the neuroglial cells with the calculated parameters. The cell parameters are the area fraction of the neuronal processes, the astrocytes and the microglia and the number of microglia processes, the microglia cells, as well as the area fraction of the microglia cell nuclei. The aim was to determine whether the morphology detected by the algorithm adequately described the cell.




2.4 Statistical analysis

Statistical analysis was performed by the Biomathematics and Data Processing Group of the Department of Veterinary Medicine, Justus Liebig University Giessen, using SAS 9.4 (SAS® Institute Inc., 2013. Base SAS® 9.4 Procedures Guide: Statistical Procedures, 2nd edition ed. Statistical Analysis System Institute Inc., Cary, NC, United States). The results of immunofluorescence examination of the hippocampus region CA3 were used as the data basis. The time points 3, 7, and 14 after preparation were taken into consideration. Here, the mean value of each image to be evaluated was calculated for each mouse at each hippocampal region and at each time point. Up to 9 mice were evaluated per parameter composition. This was used for further analysis.

The data was first tested for normal distribution. If the data set was normally distributed, the mean values were used. In the case of a data set that achieved normal distribution only after logarithmization, the logarithmized values were added in brackets. Thus, OHCs were analyzed separately by region and days in culture for the effect of mouse line. Here, a pairwise comparison between the wild-type and TNF-overexpressing mice was subsequently performed. In addition, the time course was analyzed.




3 Results

The following main target variables were established to study the neuroglial network: the percentage area of neuronal projections, astrocytes and microglia. Additional parameters were established to characterize microglia more precisely such as cell number, number of microglial projections and nucleus size and activity status.


3.1 Neuronal processes: morphological characterization and percentage area

Qualitative assessment performed by the human observer revealed several structural abnormalities of the segmented maximum projections. It became clear that the arrangement of the neuronal projections by comparing the wild-type and the TNF-overexpressing mice in space changed. On the one hand, the neuronal projections traversed the pyramidal cell layer with parallel transverse struts. Orthogonal to these parallel projections, the pyramidal cell layer was framed by multiple projections along its course (Figure 7). This arrangement always found into the hippocampus of the wild-type mice. The arrangement of the neuronal processes of TNF-overexpressing mice differs in order of parallel and orthogonal ordered processes that are joined by transverse and additional processes, rather be described as irregular.
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FIGURE 7
Comparison of the CA3 region of wild type (column 1) and TNF.MK.41.3 (column 2) at defined time points: (A,B) neurofilaments visualized using Neurofilament, time point = day 3; (A) clearly recognizable parallelism of the cross struts through the pyramidal cell layer; (B) dense network of neuronal projections, heterogeneous arrangement and parallel course of the cross struts through the pyramidal cell layer; (C,D) visualization of astrocytes using GFAP, time point = day 7; (C) loose network of fine projections that sort into bundles to a small extent; (D) dense network of astrocytes consisting of fine projections with bundling of several projections and formation of broad streets; (E,F) visualization of microglia using Iba1, time point = day 14; (E) microglia with 3 or more projections, long branched projections; (F) reduced cell number, with broad short projections.


At all-time points, OHCs of TNF-overexpressing mice were found to have a dense neuronal network with broad neuronal projections and increased branches projecting into the pyramidal layer from the outside. The basic structure of the parallel framing neuronal projections was obscured by heterogeneous disorderly arranged projections (Figures 7A,B). This fits to the increased area fractions of neuronal projections per total image at day 7 and 14 (Table 1) in the TNFTg mice OHCs when comparing to the wt mice. Furthermore, an increase in the area fraction of axons and dendrites could be detected in this region and in both mouse lines compared days 7 to 3. The mouse line also had a significant effect on the area fraction of neuronal processes at day 14 after preparation in CA3 (p = 0.0032). A reduction in the area fraction of axons and dendrites was found at both mouse lines from days 7 to 14. Furthermore the TNF.MK.41.3-mice showed a significant larger percentage area of the neuronal projections on days 7 and 14 than the wild-type mice (p = 0.0053) (Table 1). From the comparisons of the area fractions of the neuronal processes, it was evident that the area fraction of the total image area in the TNF-overexpressing TNF.MK.41.3 mice was larger (43.78%) than that of the wild-types (31.09%) at day 7. On day 14 the area fraction of the total image area TNF-overexpressing TNFMK41.3 (36.57%) mice was larger than that of the wild-types (19.39%).


TABLE 1 Neuronal processes: percentage area.
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3.2 Astrocytes: morphological characterization and percentage area

The astrocytes within a maximum projection of a wild-type hippocampus formed a network of many thin processes, which ran as a fine-mesh or in parallel paths through the pyramidal cell layer at every time point (Figure 7C). Multiple long thin projections were arranged either as bundles or form isolated wide roads. Bundling increased from days 3 to 14. Thus, a heterogeneous network was present at day 14 after dissection, which seems to be composed of different morphological subpopulations of astrocytes (Emsley and Macklis, 2006). On the other hand, an increase in the number of processes or hyperplasia may also be responsible for the increase in area and thus the activation of astrocytes.

These broad roads were also observed in the TNF-overexpressing mice. The spatial arrangement of the projections remained the same as in the-wild types, but an increase in the area of the astrocytes was measured compared to the wild-types at day 7 (Figure 7D).

At day 3 after dissection, the mouse line had no significant effect (p = 0.1326) on the area fraction of astrocytes in region CA3. In contrast, at day 7 after preparation a significant effect of the mouse line was detected on the area percentage of astrocytes in the CA3 region (p = 0.0497) with TNF.MK.41.3 possessing twice the area percentage compared to wild-type. However, at day 14 after dissection the mouse line had no effect on the area percentage of astrocytes in the CA3 region from the total image area (p = 0.1396) (Table 2). An increase in the percentage area of astrocytes in the TNF.MK.41.3 mice on day 7 results from the observed increase in projections and cell body size of astrocytes in the TNF.MK.41.3 mice.


TABLE 2 Astrocytes: percentage area.
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3.3 Microglia: morphological characterization and percentage area

During the establishment of the algorithms, the heterogeneity of the microglia morphology was striking. For example, cells of different sizes, cell bodies, and projections were detected. Several differently shaped microglia were observed simultaneously on a maximum intensity projection. The differences in morphology were due to the length and width of the microglia processes, as well as the size of the cell nucleus. Due to the mostly isolated location of cell bodies, several parameters were established to classify the microglia. First, the parameter of percentage area measurement was applied similarly as for the neuronal processes and astrocytes. To assess the complexity of microglia and their activity state, several parameters were used additionally for their characterization.

By displaying the 3D image in a 2D intensity projection, stereology must be taken into account. Using microglia as an example, it was shown that the Z-planes can intersect the cells at different levels. Only the addition of these to a maximum projection minimizes the error of not fully capturing the structure of the cell. Thus, in this work, the section plane has been chosen using ZEN 3.6. and is a compromise between the complete representation of the cell and the amount of work. The latter is characterized by the duration of the acquisition, which in turn depends on the spacing of the Z-planes.

On the one hand the light blue outline of the objects (microglia) allowed the signal strength to be assessed as well and the background error to be minimized. On the other hand, with the complete object and background mask, the ratio of the area occupied by the microglia was determined by observation.

In the CA3 region of the hippocampus at days 3, 7, and 14 after preparation, the mouse line had no significant effect on the percentage of area of microglia from the total image area (Table 3) despite morphological differences were noted by the observer. Thus, optical differences in microglial morphology have rather to be determined based on the shape of the microglia. Thus, no differences occurred regarding the total areas measured despite different morphological appearance (Figures 7E,F). However, the number of microglia of the TNF.MK.413 mice was lower with fewer projections than in the wild-type mice.


TABLE 3 Microglia: percentage area.
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3.4 Microglia: cell count

To assess microglia more precisely, their number per total image area was also determined (Table 4). Thus, at day 14 a significant effect on the number of microglia per maximum intensity projection with p < 0.0001 was notable. At this time point, there were significantly more microglia per total image in the wild-type compared to the TNF.MK.41.3 mice with p = 0.0450.


TABLE 4 Microglia: cell count.
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3.5 Microglia: number of projections

To describe the morphology more precisely, a parameter was developed to determine the activity state of the microglia. Here, the number of projections per microglia was calculated using the program “apeer.” In region CA3 at day 3 the count of process of the microglia of the wild-types was twice as high as the number of projections of the TNF-overexpressing mice. Till day 14 the count of process of these mouse lines were reduced compared to day 7 at both mice lines (Table 5).


TABLE 5 Microglia: number of projections.
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3.6 Microglia: percentage of nucleus area

Immunofluorescence images were randomly selected to morphologically subdivide Iba1-labeled microglia into their 4 activity states under qualitative visual inspection of the observer. The morphological differences were based on the work of Crews and Vetreno (2016), where microglia were classified into their 4 activity states based on their morphology. To further assess morphology and activity state, the area fraction of microglia nuclei from the total image area was determined (Table 6). This relationship between activity state and nuclear morphology was already postulated in a previous study (Crews and Vetreno, 2016). Likewise, rod cells can be identified additionally. In the present study, 197 microglia from randomly selected images were categorized into the four activity groups. Fourteen microglia could be assigned to the ramified group, 102 to the hyper-ramified group, 68 to the bushy group and 13 to the amoeboid group (Figure 8).


TABLE 6 Analysis of the relative values of the nucleus area of microglia.
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FIGURE 8
Microglia activity states: (A) ramified = spherical cell body at rest; (B) hyper ramified = active microglia with long processes; (C) bushy = active microglia with short processes and broad cytoplasm; (D) amoeboid = active microglia with broad and extensive cytoplasm.


The aim of this dataset was to determine the morphology of microglia based on the area of the nucleus. A parametric analysis was performed with the data. The relative area of microglial nuclei was calculated for each of the four activity states. The associated 95% confidence intervals form the basis for subsequent upper and lower limits to classify microglia into their activity states based on the morphology of the nucleus. Table 6 shows the 95% confidence intervals of the four activity states:

This shows that microglia can be divided into 3 activity stages: ramified combined with hyper-ramified, bushy and amoeboid. The Kruskal-Whallis test with the subsequent pairwise comparisons of the four activity states with each other confirmed the result of the analysis of variance. All activity states were significantly different except for the microglia activity states ramified and hyper-ramified (p = 0.4581).

Applying this new algorithm, at days 3, 7, and 14 in region CA3, the mouse line had a significant effect on the area fraction of microglia nuclei (p = 0.0104, p = 0.0031, and p < 0.0001, respectively) (Table 7). This shows that the activity state of the microglia changes over time in the CA3 gene region in both mouse lines.


TABLE 7 Microglia: percentage of cell core area.
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4 Discussion

The aim of this study was to establish an unbiased AI-based scoring system for neuroglial cells that enables to assess changes in the morphology of neurons, astrocytes and microglia and to correlate this with their functionality. This was validated by analyzing areas of neuronal processes, astrocytes and microglia as well as the activity status of microglia in the hippocampus of TNF-overexpressing and wt mice as a model system. This scoring system was applied to TNFtg mice mimicking a proinflammatory status in the brain and can now be applied for a wide range of morphological changes, e.g. their spatial changes under epileptogenic influence (Cepeda et al., 2015; Sipe and Moore, 1976; Tani et al., 1973). The quality of an image depends on sample preparation, imaging and image processing. Sample preparation includes also preparation and immunofluorescence staining. By modifying the method for preparing organotypic hippocampal slice cultures (Galimberti et al., 2006; Stoppini et al., 1991), a shorter preparation time was during hippocampal isolation thereby achieving high quality slices. It is then possible to examine multiple Z subvolumes from one section (Kozlowski and Weimer, 2012). The smaller the spacing of the Z planes the more accurate the result values and the higher the time required, but this is negligible in case of an automated process (Plog et al., 2014). If the spacing of the Z-planes is chosen too large, minimal curvatures can be lost (Elias et al., 1971). In the present study, the choice of Z-plane spacing resulted in good distinction between object and background. By tiling the navigation image it was possible to get as many images as possible from one slice under visual control. This made it possible to reduce the number of mice while taking the 3-R principle into account. If one chooses a method that uses the intensity of the fluorescence for object recognition, a lack of structural information must be reduced by algorithms (Bjornsson et al., 2008). Thresholds can be used to reduce background error by assigning pixels that are in too small groups together (<150) to the background rather than counting them as objects (Kozlowski and Weimer, 2012; Plog et al., 2014). This was done in image processing considering pixel intensities, so that reliable IF measurements were guaranteed. One main advantage is the computerized procedure, equipped with artificial intelligence that reduced the subjective error by an observer and minimized the time factor. It should be noted that the evaluation was nevertheless carried out under personal control in order to train and assess the procedure. For this purpose, the mask of the evaluation program was used, which marked the object and background in its entirety (Figure 5) and was displayed for a few seconds during the measurement process.

When analyzing neuronal processes it must be taken into account that the highest density of neurofilament is found in long myelinated axons and long dendrites and can be most clearly visualized by immunofluorescence (Friede and Samorajski, 1970; Potter, 1971; Smith, 1973; Wuerker and Kirkpatrick, 1972; Wuerker and Palay, 1969). In contrast, signal strength is lower in short non-myelinated axons and perikarya because the density of neurofilament is lower (Peters, 1976; Wuerker and Kirkpatrick, 1972). Thus, the signal strength of immunofluorescence depends not only on the protocol and performance, but also on the nature of the tissue. Assuming that the hippocampi have the same origin, the tissue characteristics should be the same within the mouse lineage. The fact that the TNF-overexpressing mice had the largest area of the total image area should mean that the TNF levels must (at least indirectly) lead to an increase in the area of neuronal processes probably indicating higher excitability/functionality. However, this was reversible during the observed time course. Thus, it can be hypothesized that increased neuronal activity is related to changes in the neuronal network over the time. This was confirmed in functional studies of the hippocampus of the same mouse strain (Herkommer, 2023).

To examine astrocyte morphology, a system was developed to assess the morphological changes of the network of astrocytes based on the area fraction from the total image area. Nevertheless, it is important to note that although GFAP is cell specific for astrocytes compared to other neuroglial cells, its expression differs in different phenotypes (Cahoy et al., 2008). The protoplastic astrocyte for example is located in the gray matter and has finely branched projections in the neuropil. Another example, the fibrillar type, is found in the white matter and has many long filamentous projections. Thus, at all-time points and in both mouse lineages, a heterogeneous network was detected, which argues for different morphological subpopulations of astrocytes (Emsley and Macklis, 2006). The spatial organization of the projections remained the same, but an increase in the area of the astrocytes was measured at all-time points and in both mouse lineages. The increase in area has been observed previously in neurological diseases such as epilepsy, trauma and neurodegenerative diseases (Oberheim et al., 2008; Sofroniew, 2009; Wilhelmsson et al., 2006). Thus, on the one hand, this increase in area may be due to hypertrophy of the cell body and the projection thickness of astrocytes (Hirz, 2017); on the other hand, the number of astrocytes could have been increased or the ratios of the astrocyte subpopulation (Emsley and Macklis, 2006). However, based on the result without visual inspection, it was not possible to determine which point is true. When the area fraction of astrocytes is reduced cell death of astrocytes by apoptosis can be excluded because astrocytes appear to be rather resistant in this regard (Barkho et al., 2006; Hirz, 2017). Thus, a reduced area fraction must result from astrocyte projections becoming smaller or reproducing, or from a decrease in nucleus size. Since the area fraction of astrocytes of the TNF.MK.41.3-mice decreased again by day 14, it could be assumed that at least part of the changes in the astrocyte network were reversible (Wilhelmsson et al., 2006). Thus, the data indicate astrocyte activation, but which type of activation needs to assessed further. In the TNFtg mice it has already been shown that astrocyte activation appears as an unusual hypertrophy and hyperplasy of GFAP-positive astrocytes, especially after additional insults such as neurotropic virus infection (Hirz, 2017; Kramer et al., 2012).

For further analyses of the activation status, a system needs to be developed that separately record the individual characteristics of reactive astrocytes and those of the resting astrocytes and the possibility to merge the criteria. A system that could characterize the astrocytes more specifically by examining multiple cell parameters can complement the optical assessment. Thus, the cell parameters of microglia from this work could be applied to astrocytes in the future. However, due to their dense network, astrocytes could not yet be separated sufficiently with the available means to adopt the system of microglia. Reducing the layer thickness or the number of layers, might reduce the signal-positive pixels, but the 3D representation would also have been lost. Therefore, an algorithm needs to be developed that could distinguish between the process and the cell body, e.g., to detect the size of the cell bodies and then measure the processes individually and add the process width. In this way, the morphology of astrocytes could be exactly studied in the most accurate way and can be correlated to their activation status.

Since the area of microglia changes with their state of activity, it was hypothesized that the state of activity can be predicted based on the area fraction that microglia occupy in the maximum projection. Microglia are activated by many mediators (Kettenmann et al., 2011) and this was mimicked in this study by transgenic TNF overexpression (TNF.MK.41.3 mice). Accordingly, the area fraction of microglia was expected to be highest in TNF.MK.41.3 mice (Herkommer, 2023). In this study, there was no significant effect of the different mice strains on the area fraction of microglia. This means that the cell nucleus area and or the process number/size must have reached their maximum and indicate activation/hyperplasisa during culturing. Otherwise, one parameter could cancel out the other in their area. Thus, the area fraction as sole parameter of microglia cannot be enough to adequate characterize the morphology and activity state. Hovens et al. (2014) and further work based on Hovens uses a combination of microglia parameters like cell count, the size of process and the ratio of cell body to total cell size for assessment (Herkommer, 2023). It should also be noted that some of the microglia data published were gained from cell cultures and thus were not under the influence of the other neuroglial cells present in the brain/OHCs. Finally, regarding microglia area fraction, this parameter has the strongest significance when used in combination with the other parameters (see below).

For microglia cell count the new system by counting nuclei of microglia was proven useful. The nucleus detection step as the basis of nucleus counting was also applied in our group in a study on microglial cell cultures, but it based on more single steps (Hovens et al., 2014). Such additional steps were not necessary in this study due to the use of the artificial intelligence implemented in the measurement program. By this analysis, significant differences between the two mouse lines were observed which most likely indicate a different microglia cell number. If the number of microglia was combined with the number of microglial projections in the wild-type mice, on days 3 and 7 predominantly resting microglia were detected in the hippocampus. This is based on the fact that the microglia of the wild-types with an average number of 4.49 projections can be assigned to the resting microglia phenotype. The study by Onkels used the area of the projections in μm in combination with the ratio of the cell body to the cell size instead of the number of projections and reached the same conclusion. In the TNF.MK.41.3 mice, the activity state as determined by microglial process number was not significantly different, but the number of cells was significantly higher on day 7 than on day 3. Thus, the changes in microglia do account for their morphological changes and for their cell number. In conclusion, the parameter of microglial cell number is important to assess the microglia in their morphological changes, because the effect of the mouse line was highly significant at all three different fixation time points. The microglia cell count thus gives an indication of how many active or resting cells are present in an image.

It is well known that the resting “ramified” phenotype has many long, branched, and thin projections (Perry and Gordon, 1988; Rio-Hortega, 1932). The more active the microglia, the shorter and thicker the projections and the fewer the number of projections (Davis et al., 1994; Herkommer, 2023; Hovens et al., 2014; Ransohoff and Perry, 2009). Thus, the projections are a building block of the microglia phenotype that allows them to be classified in their activity state (Perry and Gordon, 1988; Rio-Hortega, 1932). However, in the previous study, the area of the projections was used instead of the number of projections, The area of projections did not show any significant differences between the TNF.MK.41.3- mouse line and the wild-type mice in the hippocampus. Relating these results to the associated activity state indicate that microglia with a low number of processes and thus high activity were obtained in mice that had higher TNF levels. The wild-type mice, on the other hand, with an average number of 4.49 projections could be assigned to the resting microglia phenotype (Rio-Hortega, 1932). In contrast to the microglia of wild-type mice, the microglia of TNF overexpressing mice possessed an overall lower number of projections. Here, it is also clear that TNF promotes the activity state of microglia. In this proinflammatory milieu, the likelihood of an epileptic seizure is significantly increased (Benson et al., 2015; De Simoni et al., 2000).

When evaluating the microglial processes located in the zone of influence around the nucleus not every process can be determined, because not every process was determined by the random Z-plane. The error is of course minimized by the addition of 30 levels. This might be reduced further by further reducing the Z-plane spacing, but this would increase the computation time of the algorithm. The problem of cell separation can be solved by defining the cell nuclei as black pixels with a green border as done in the present study. The AI-assisted evaluation system also allowed the detection of projections that had less intense staining. Especially, since the combination of the parameters of cell number, area fraction and area of nuclei with the number of projections can describe the microglia in their morphology. Furthermore, all the parameters can be determined in one calculation process, which reduces sources of error.

The morphological differences were based on the work of Crews and Vetreno (2016), where microglia were classified into their 4 activity states based on their morphology including also nuclear morphology (Crews and Vetreno, 2016). The aim was to create an algorithm, under optical control, which distinguishes as many activity states of the microglia as possible. The minimum would be the classification of the microglia into the two groups resting and activated. Each activity state could be assigned a mean value of the area of the cell nucleus in relation to the total area of the image. Because the groups ramified coupled with hyper-ramified, bushy and amoeboid differ significantly, it is possible to deduce 3 different activity states from the area of the microglial cell nuclei. The advantage of this classification is the possibility to develop a standardized procedure to determine the microglia activity states without visual inspection in a short time. However, when assessing the relative mean values of the nuclear area of each individual maximum projection, the values for both mouse lines were between 0.15 and 0.26% at each time point. However, this is not consistent with the observations and measurements of the previous microglial cell parameters. Thus, by calculating the mean value from the maximum projection, the activity state of the individual microglia may have been lost. Therefore, a system must be developed in the future that immediately assigns each individual microglia to one of the three groups without calculating an average value of a maximum projection per image. Thus, the percentage of microglia counted would have to be assigned to the activity state based on the nuclear area of each individual cell.

In summary, an AI-base scoring system for neuroglial cells was successfully established and applied in organotypic slice culture of TNF overexpressing and wild-type mice. Therefore, the reduction in the number of test animals and the short preparation time are resulting in good tissue quality. In addition, the basic tissue structure is preserved and a statement can be made about the 3-dimensional structural morphology of cells. Morphological differences were precisely analyzed but needs to be interpreted by the respective observer. The fact that the TNF-overexpressing mice had the largest area of total image area of neuronal process should mean that TNF levels (at least indirectly) indicate increased excitability/functionality. However, this was reversible during the observed time course. Therefore, it can be hypothesized that the changes in neuronal activity are associated with morphological changes of the neuronal process. Since the area of astrocytes in the total image area showed no clear changes over time and between mice, a system should be developed that uses several cell parameters to characterize the morphological changes of astrocytes. Thus, the cell parameters of microglia from this work could be applied to astrocytes in the future. In this way, the microglia parameters as a whole can provide information about the state of activity and how the cell count behaves. Regarding the evaluation, the ability to standardize the measurement by using the same algorithm is advantageous for large data sets. Furthermore, obtaining several measurement results of different cell parameters in one measurement process, additionally minimizes the time factor. Above all, by using this scoring system, the link between morphology and functionality of cells can be established.
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