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RELAZIONE:  
 
Introduction 

Until recently, neurons were considered to be the basic functional units of the central nervous system, 

while glia cells only to serve as supportive elements. This concept is rapidly changing; it is becoming more 

and more evident that the proper interplay of all the cells of the CNS is fundamental for the functional 

organization of the brain (Cerbai et al., 2012, Lana et al., 2014). 

The two major types of glial cells are astrocytes and microglia; each has distinct morphological structures 

and functional roles in the brain. In the literature concerning the mechanisms of neurodegeneration after 

cerebral ischemia or other insults, the role of astrocytes and microglia is controversial and is still a matter 

of debate. Indeed, the actions of astrocytes may represent either protective mechanisms to control 

inflammatory processes and the spread of further cellular damage to neighboring tissue, or they may 

contribute to neuronal damage in pathological conditions. Therefore, it is critical to better understand how 

the interplay among neurons, astrocytes and microglia may modify during pathological conditions such as 

chronic cerebral ischemia. 

The relation between astrocytes‐neurons and microglia‐neurons is currently under scrutiny, and it is 

reasonable to think that the interplay between the three type of cell may change during pathological 

conditions, as it has been demonstrated in recent articles (Cerbai et al., 2012; Lana et al., 2014; Re et al., 

2014). In Lana et al. 2014, for example, it is shown that in the hippocampal CA1 region of adult rat, after 

chronic cerebral ischemia, many clusters of neuron‐astrocyte‐microglia, defined as "triads", are present, it 

is also postulated that astrocytes and microglia, involved in these clusters of cells, may cooperate in the 

scavenging of dying neurons. 

The aim of this research is to investigate the cellular basis of the selective vulnerability of hippocampal CA1 

region to ischemia, focusing on the morpho‐functional alterations in neurons, astrocytes and microglia and 

on the presence of the above mentioned "triads". The study is conducted on organotypic hippocampal 

slices, taken from male Wistar rats, exposed to control and simil‐ischemic conditions. In particular simil‐

ischemic conditions are reproduced with the technique of oxygen‐glucose deprivation (OGD), an in vitro 

model of cerebral ischemia in use in our laboratory (Pellegrini‐Giampietro et al., 1999a). 

Organotypic hippocampal slices give the possibility to study in vitro all the properties of the mechanisms of 

cerebral ischemia. More generally organotypic hippocampal slices represent an extremely valuable strategy 

for the investigation of the long‐term properties of neuronal circuits under physiological and pathological 

conditions (Gähwiler et al., 1997). In particular, organotypic slices cultures from the hippocampus not only 

retain a tissue organization and a distribution of glutamate receptors that is very similar to that observed in 

situ (Bahr, 1995) but also exhibit synaptic plasticity mechanisms and responsiveness to pathological insults 
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(e.g., excitotoxicity, hypoxic, or ischemic conditions) that are comparable to what is obtained in vivo and in 

other in vitro models (such as acute slices or primary neuronal cell cultures). For example, ischemic‐like 

insults produce a selective damage in the CA1 pyramidal cell layer, whereas kainic acid damages 

predominantly the CA3 region. 

The evaluation of the morpho‐functional alteration in neurons, astrocytes and microglia, as well as the 

alteration in their interplay in ischemic‐like conditions is performed combining the in vitro organotypic 

hippocampal slices OGD technique with the new method of triple immunostaining of neurons, astrocytes, 

microglia and confocal microscopy (Cerbai et al., 2012; Lana et al., 2014). 

Materials and Methods 

Animals 

Male Wistar rats at postnatal day 8‐9 (P8‐P9), weighing approximately 15 g, (Harlan Nossan, Milano, Italy) 

were used. Experiments were performed in the Department of Health Science, Section of Clinical 

Pharmacology and Oncology, University of Florence, Italy and animal manipulations were carried out 

according to the Italian Guidelines for Animal Care (DL 2014/26) and approved by the local IACUC. All 

efforts were made to minimize animal sufferings and to use only the number of animals necessary to 

produce reliable scientific data. 

Oxygen‐Glucose Deprivation (OGD) 

Organotypic rat hippocampal slices were prepared in Professor Pellegrini‐Giampietro’s laboratory according 

to the methods described (Pellegrini‐Giampietro et al., 1999a,b). Briefly, Wistar rats at postnatal day 8‐9 

are killed and their fresh brain is collected. The two hippocampi are dissected and the whole length of both 

hippocampi is cut using a tissue chopper into slices of 400 µm. The slices are disposed gently into a Petri 

dish containing 5 ml of ice‐cold Dissecting Medium (45% of D‐(+)glucose in sterile water), thus releasing the 

slices into the medium. The best slices are selected and placed into wells with 1.2 ml of Normal Medium 

(for 100ml: 50 ml of Eagle’s Minimal Essential Medium, 25 ml of Hanks’ Balanced Salt Solution or HBSS, 25 

ml of Horse Serum, 1 ml of a 45% glucose solution, 1.50 ml of amphotericin B, and 0.50 ml of 200 mM 

glutamine), used to grow and maintain the hippocampal slice cultures. They are coltured in an incubator at 

37°C and 100% humidity in 95% air/5% CO2. The slices will be mature and ready in 12‐14 days in vitro (DIV).  

Hippocampal slices cultured for 14 DIV retain an organotypic organization in which the pyramidal and 

granule cell layers can be clearly defined when observed under phase‐contrast microscopy or following 

toluidine blue staining (Pellegrini‐Giampietro et al., 1999a,b). 

Ischemic‐like Conditions Experiments  

To mimic the conditions that occur following cerebral ischemia in vivo, 14 DIV organotypic hippocampal 

slices were exposed to OGD for 20 or 30 min as previously reported (Pellegrini‐Giampietro et al., 1999a,b). 
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Briefly, the slices were exposed to a serum‐ and glucose‐free medium saturated with 95% N2 and 5% CO2. 

Following 20 or 30 min of incubation at 37°C in an airtight anoxic chamber equipped with an oxygen gas 

controller (BioSpherix, New York, NY, USA), the cultures were transferred to oxygenated serum‐free 

medium (75% Eagle’s minimal essential medium, 25% Hank’s balanced salt solution; 2 mM l‐glutamine and 

3.75 mg⁄ml amphotericin B) containing 5 mg⁄ml glucose and returned to the incubator under normoxic 

conditions.  

Twenty‐four hours later neuronal injury was evaluated on representative slices of every experimental group 

with the technique of PI (Propidium Iodide) (Pellegrini‐Giampietro et al., 1999b). The other hippocampal 

slices were fixed in 4% cold paraformaldehyde over night and then maintained in a solution of sucrose 18% 

at 4°C for at least 48 h. They are stored in Eppendorf vials with 1 ml of anti‐freezer solution at ‐20°C until 

their usage for immunohistochemistry. 

Free‐Floating Immunohistochemistry 

First day 

Selected organotypic hippocampal slices were placed in multiwells plates (24 wells) containing 1 ml PBS at 

low molarity with 0,3% Triton X100 (PBS‐B‐TX). To prepare 500 ml of this solution 50 ml of 10X Normal 

Saline (90 g NaCl in 1 l of distilled H2O) plus 25 ml 2X PO4 Buffer (7,7 g NaOH + 29,25 g NaH2PO4 in 1 l of 

distilled H2O) were diluted with 425 ml of distilled H2O.  

Slices were then washed 3 times for 5 min with 500 µl PBS‐B‐TX under slight agitation at room temperature 

(RT), and then incubated in 500 µl of Blocking Buffer (BB) (10% Normal Goat Serum, NGS, 10% Normal 

Horse Serum, NHS and 0,05% NaN3 in PBS‐B‐TX) for 1 h under agitation at RT. Slices were then rinsed and 

washed with 500 µl PBS‐B‐TX as before. 

Samples were then incubated overnight at 4°C under agitation with 250 µl of solution made with the 

following two primary antibodies in BB: 

‐ a mouse monoclonal anti‐neuronal nuclei (NeuN, 1:200; Chemicon, Temecula, CA, USA) for neurons 

staining;  

‐ a rabbit polyclonal anti‐Ionized calcium Binding Adapter (IBA1, 1:300, WAKO Pure Chem Ind, Osaka, 

Japan) for total microglia staining. 

Second day 

Slices were washed 3 times with 500 µl PBS‐B‐TX. Then we added 250 µl of a solution of secondary 

antibody AlexaFluor 635 goat anti‐rabbit (fluorescence in far red, 1:400 in BB, Life Technologies, Carlsbad, 

CA, USA) and incubated for 2 h in the dark at RT under agitation. 

Slices were washed 3 times with 500 µl PBS‐B‐TX in the dark. 
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Then we added 250 µl of a solution of two secondary antibodies: AlexaFluor 635 goat anti‐rabbit (see 

above) + AlexaFluor 555 goat anti‐mouse (fluorescence in red, 1:400 in BB, Life Technologies, Carlsbad, CA, 

USA) and incubated for 2 h in the dark at RT under agitation. 

Slices were washed 3 times with 500 µl PBS‐B‐TX in the dark. 

Then we added 250 µl of a solution of primary antibody mouse monoclonal anti‐GFAP conjugated with 

AlexaFluor 488 (fluorescence in green, 1:500 in BB, Millipore, Billerica, MA, USA) and incubated for 3 h in 

the dark at RT under agitation.  

Slices were washed 3 times with 500 µl PBS‐B‐TX and then with 1 ml of distilled water in the dark. Slices 

were finally mounted onto gelatinized microscopy glass slides, left to dry and covered with coverslips using 

a proper mounting medium (Vectashield, Hard set mounting medium with DAPI, Vector, Peterborough, 

UK). Also this step is performed in the dark Microscopy glass slides were kept at 4°C in the dark until 

microscopy analysis. 

Confocal Laser Scanning Microscopy 

Slices were observed under a LEICA TCS SP5 confocal laser scanning microscope (Leica Microsystems CMS 

GmbH, Mannheim, Germany). Confocal scans were taken at 0.3 μm z‐step keeping all parameters (pinhole, 

contrast and brightness) constant. 

Image analysis 

We elaborated the stacks of images acquired with the confocal laser scanning microscope with ImageJ 

program (freeware provided by National Institute of Health, http://rsb.info.nih.gov/ij). Quantitative analysis 

are conducted on 2D images obtained with the "Z‐Project" comand, qualitative analysis are conducted on 

3D renderings obtained with the "3D Viewer" tool. Movies are obtained by recording a 360° rotation of the 

3D renderings. 

The qualitative analysis is based on evaluating the morphological differences in neurons, astrocytes and 

microglia and on detecting the presence of triads in the CA1 region of the hippocampus. We also perform 

the technique of digital subslicing on the 3D renderings to better evaluate the interrelationship among the 

three type of cell in the triads. 

The quantitative analysis was performed as follow: depending by the number of optical sections, from each 

stack acquired, we make in sequence four or five Z‐Projects of 10 planes through the depth of the 

organotypic slices (total thickness of each Z‐Projects: 3 µm), focusing on the hippocampal CA1 area. Then 

we use the "Threshold" comand to select the part of interest of the cell, that was for neurons the nucleus 

and the perinuclear cytoplasm, for astrocytes the branching (see Figure 1) and for microglia the entire body 

of the cell. With the "Histogram" comand  we quantified the number of pixels of the thresholded region of 

interest of each cell. Then we calculated the ratio between this number and the total number of pixels of 
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the field acquired: these values are reported on graphs as a measure of density of NeuN, GFAP or IBA1 

immunostaining.     

  

 

Figure 1. Example of thresholded image of astrocytes branches. 

 

Statistical Analysis 

All quantitative analysis were performed blind to the experimental conditions by two different 

experimenters and their data averaged. Statistical comparisons were performed using one way ANOVA 

followed by Newman‐Keuls multiple comparison test. All statistical analyses were performed using Graph 

Pad Prism (Graph Pad Software Inc, La Jolla, CA, USA). Significance was set at P<0.05.  

 

Results 

Analysis of Astrocytes 

Qualitative analysis of astrocytes 

The process of astrogliosis, fundamental in all the CNS pathologies, is demonstrated comparing the Control 

group with the OGD 20 min and OGD 30 min group. Differences were observed in the ischemic‐like groups: 

astrocytes were more numerous, with their branches shortened and twisted. already after OGD 20 min. 

These effects were most evident after 30 min of OGD (Figure 2).  
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Figure 2. Images of astrocytes immunolabelled for GFAP in CA1 of organotypic hippocampal slices on Control, OGD 20 
and OGD 30 min slices. 

 

Quantitative analysis of astrocytes 

 We found that GFAP immunostaining in OGD 20 min slices was significantly increased by 250% in 

comparison to control slices. On the other hand, GFAP immunostaining of OGD 30 min slices significantly 

increased by 150% in comparison to control slices (Figure 3).  

 

 

 

 

 

 

Figure 3. Density of GFAP immunostaining in CA1 Str. Pyramidalis. **P<0.01 and *P<0.05 vs Control, one way ANOVA 
followed by Newman Keuls multiple comparison test. 
 

Analysis of Neurons 

Qualitative analysis of neurons 

The studies suggest that ischemic‐like conditions trigger molecular cascades of energy failure, ion 

dyshomeostasis, excitotoxicity, mitochondrial impairment, oxidative stress, and inflammation, eventually 

leading to neuronal death (Cho et al., 2012). Although the mechanisms of basic cell death have been 

extensively studied, details regarding the pathogenesis of hypoxia‐ischemia are still lacking. 
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In images shown in Figure 4 we can clearly see that, after a 30 min ischemic‐like conditions treatment, 

neurons suffer an irreparable and complete damage. In particular, as shown in the image OGD 30 min we 

can only see the presence of picnotic nuclei in CA1.  

 

Figure 4. Images of neurons immunolabelled for NeuN in CA1 of organotypic hippocampal slices on Control, OGD 20 
min and OGD 30 min slices. 

 

Quantitative analysis of neurons 

The graph shown in Figure 5 indicates that there is a significant difference between the OGD 30 min group 

vs the Control group and vs the OGD 20 min group. A 30 min OGD treatment was sufficient to cause an 

acute injury in CA1 region of organotypic hippocampal slices which, in turn, induced neuronal death and 

thus a significant decrease in NeuN immunostaining density. 

 

 

 

 

 

 

Figure 5. Density of NeuN immunostaining in CA1 Str. Pyramidalis. *P<0.05 OGD 30 min vs Control and **P<0.01 OGD 
30 min vs OGD 20 min, one way ANOVA and Newman‐Keuls multiple comparison test. 

Analysis of Microglia  

Qualitative analysis of microglia 
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No obvious morphological changes were observed in microglia cells between the groups Control and OGD 

20 min (Figure 6). In the case of the images from the OGD 30 min group it seems there was a slight 

increment of the presence of microglia cells. Activation of microglia depends on the stage of inflammation. 

Therefore, on the basis of these results, we can hypothesize that the duration of OGD treatments, or the 

time of slice harvesting after OGD (24 h) have not been enough to overactivate these cells and produce a 

significant alterations. 

  

 

 

 

 

 

 

Figure 6. Images of microglia immunolabelled for IBA1 in CA1 of organotypic hippocampal slices on Control, OGD 20 
and OGD 30 min slices.  
 

Quantitative analysis of microglia 

As we can observe in Figure 7 there are no major differences among controls and OGD groups on the 

number of microglia cells. We had expected a significant increase in microglia in the groups treated with 

OGD but this hypothesis was not reflected by the data reported in Figure 7 (P>0.5196, One way ANOVA, not 

significant). These results do not confirm the hypothesis of microglia activation during inflammation, at 

least in these experimental conditions. 

 

 

 

 

 
 

Figure 7. Density of IBA1 immunostaining in CA1 Str. Pyramidalis. No significant differences among three experimental 
groups. 
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Analysis of the neuron‐astrocyte‐microglia triads 

To study the neuron‐astrocyte‐microglia triads involvement in the neurodegenerative process in this model 

of simil‐ischemia, we analyze confocal acquisitions in which neurons, microglia and astrocytes can be 

visualized at the same time (in red, blue and green, respectively) thanks to the triple fluorescence 

immunostaining and laser confocal microscopy analysis (see Methods). 

Control OGD 30 min

0° 30° 60° 90°

NeuN GFAP IBA1

NeuN GFAP IBA1

A B

C

10 µm

5 µm

Control OGD 30 min

0° 30° 60° 90°

NeuN GFAP IBA1

NeuN GFAP IBA1

A B

C

10 µm

5 µm

 

Figure 8. A‐B: Triple fluorescence immunostaining of astrocytes (green), neurons (red) and microglia (blue) in Control 
and OGD 30 min organotypic hippocampal slices. Confocal images are taken in the CA1 region of the hippocampus. C: 
Digital subslicing of the triad in the upper framed area in panel B. Astrocyte branches (white arrow) are infiltrating the 
neuronal body and a microglia cell (black arrow) is in direct contact with the neuron, that is undergoing phagocytosis. 

We expected that many neuron‐microglia‐astrocyte triads would be present, especially in OGD 30 min 

organotypic hippocampal slices. Indeed,  as can be observed in Figure 8B (upper and lower framed areas), 
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after OGD 30 min some microglia cells (blue) are phagocytosing dying neurons (red), possibly with the help 

of astrocytes (green), forming triads.  

Neuron‐astrocyte‐microglia triads are studied with the innovative technique of the digital subslicing of the 

renderings obtained with ImageJ 3D Viewer. With this technique it is possible to deeply investigate the 

close relationship between the three types of cells during the formation of a triad and, thanks to the 

rotation of the renderings, to subslice and visualize the inner part of the neuron involved in the phagocytic 

event. In Figure 8C is showed the subslicing and the rotation of the triad present in the upper framed area 

of Figure 8B. The first rotation angle is 30°, the second 60° and the third 90°. In Figure 8C is clearly shown 

the phenomenon of infiltration of an astrocyte branch (white arrow) inside the body of the neuron that is 

engulfed by a microglia cell (black arrow). We have reported this phenomenon, for the first time in the 

literature, in a model of normal brain aging and in a model of neuroinflammation (Cerbai et al., 2012). We 

have confirmed this phenomenon also in a recent paper in a different model of neurodegeneration, the 

brain chronic hypoperfusion (Lana et al., 2014). These data taken together let us to hypothesize that the 

mechanism of infiltration of astrocyte branches inside the body of damaged neurons that are undergoing 

phagocytosis could be a physiological phenomenon of cooperation between astrocytes and microglia cells 

during the clearance of dying neurons. 

Conclusions 

This work was aimed at understanding the pathophysiological mechanisms underlying brain ischemia, using 

the novel approach of in vitro organotypic hippocampal slices and triple immunostaining of neurons, 

astrocytes and microglia together with confocal laser microscopy. Our results demonstrated that astrocytes 

change their morphology under OGD conditions, while microglia seems to be unaffected at this time after 

OGD. On the other hand, neurons of the CA1 area of hippocampal organotypic slices die massively after 30 

min of OGD. It also appears that after 30 min OGD, astrocytes and microglia actively cooperate in the 

clearance of dying neurons, as we observed in our previous papers (Cerbai et al., 2012, Lana et al., 2014).  

There is evidence that suggests that systemic inflammation has deleterious consequences for the brain if 

the inflammation is sufficiently severe, or if the brain shows vulnerabilities due to genetic predisposition, 

ageing, or neurodegenerative disease. This connection between the brain and systemic inflammation 

heralds new ways in which microglia may contribute to brain pathology (Cunningham, 2013). 

Currently the term "neuroinflammation" is used to describe the inflammatory response originated in the 

CNS after an injury, where there is an accumulation of glial cells (Morales et al., 2014). That's because 

microglia act as regulator of neuronal survival and CNS development through the release of cytokines, 

chemokines, growth factors, and silence clearance of apoptotic cells. Furthermore, microglia participate in 

the active immune defense based on their ability to recognize and phagocytose invading bacteria and to 
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release reactive oxygen species (ROS) (Linnartz and Neumann, 2013), thus acting as microbicides. In the 

healthy brain, microglia are predominantly found in a so‐called ‘‘resting’’ state, displaying a small cell body 

that remains in a stable position (Wirenfeldt et al., 2011).  

Related to this, we found that in some relevant 3D images from the 30 min OGD treatment, a considerable 

number of microglia cells are engulfing damaged neurons (see framed areas in Figure 8B), as to control 

neurodegeneration. This fact could be interpreted as an elongation of the role of active microglia in 

inflammation process and related directly with the response to ischemic conditions. 

In the case of astrocytes, the change of morphology is more evident and this highly documented process of 

astrogliosis in CNS diseases of the brain is more than justified in both qualitative and quantitative analysis. 

Astrogliosis is generally considered a late‐emerging event in the hippocampus during chronic cerebral 

hypoperfusion (Farkas et al., 2007; Farkas et al., 2004; Schmidt‐Kastner et al., 2006). No sign of astrocyte 

proliferation was evident. Nevertheless, our results show that in CA1 of OGD organotypic hippocampal 

slices astrocytes were in a reactive state. Indeed, astrocytes exhibited hypertrophic, interdigitated and 

frequently overlapping processes. Increasing evidence indicates that dysfunctions of the process of reactive 

astrogliosis and scar formation potentially contributes to, or is the primary cause of, neurodegenerative 

mechanisms (Sofroniew, 2009). 

Finally we demonstrated the formation of a consistent number of neuron‐astrocyte‐microglia triads in the 

CA1 region of OGD organotypic hippocampal slice. This phenomenon is also associated in several cases to 

the infiltration of astrocyte branches inside the body of the neurons that are undergoing phagocytosis; the 

infiltration, helping the fragmentation of the neurons, may favour the phagocytosis operated by microglia 

cells. In conclusion, we hypothesize that the phenomena of altered interplay between neurons, astrocytes 

and microglia can be considered the pathophysiological basis of the neurodegenerative process in this 

model of brain ischemia on organotypic hippocampal slices. 
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