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Reduced Synapse and Axon Numbers in the Prefrontal Cortex of Rats Subjected to a Chronic Stress Model for Depression
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Stressful experiences can induce structural changes in neurons of the limbic system. These cellular changes contribute to the development of stress-induced psychopathologies like depressive disorders. In the prefrontal cortex of chronically stressed animals, reduced dendritic length and spine loss have been reported. This loss of dendritic material should consequently result in synapse loss as well, because of the reduced dendritic surface. But so far, no one studied synapse numbers in the prefrontal cortex of chronically stressed animals. Here, we examined synaptic contacts in rats subjected to an animal model for depression, where animals are exposed to a chronic stress protocol. Our hypothesis was that long term stress should reduce the number of axo-spinous synapses in the medial prefrontal cortex. Adult male rats were exposed to daily stress for 9 weeks and afterward we did a post mortem quantitative electron microscopic analysis to quantify the number and morphology of synapses in the infralimbic cortex. We analyzed asymmetric (Type I) and symmetric (Type II) synapses in all cortical layers in control and stressed rats. We also quantified axon numbers and measured the volume of the infralimbic cortex. In our systematic unbiased analysis, we examined 21,000 axon terminals in total. We found the following numbers in the infralimbic cortex of control rats: 1.15 × 109 asymmetric synapses, 1.06 × 108 symmetric synapses and 1.00 × 108 myelinated axons. The density of asymmetric synapses was 5.5/μm3 and the density of symmetric synapses was 0.5/μm3. Average synapse membrane length was 207 nm and the average axon terminal membrane length was 489 nm. Stress reduced the number of synapses and myelinated axons in the deeper cortical layers, while synapse membrane lengths were increased. These stress-induced ultrastructural changes indicate that neurons of the infralimbic cortex have reduced cortical network connectivity. Such reduced network connectivity is likely to form the anatomical basis for the impaired functioning of this brain area. Indeed, impaired functioning of the prefrontal cortex, such as cognitive deficits are common in stressed individuals as well as in depressed patients.
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INTRODUCTION

The medial prefrontal cortex (mPFC) coordinates several higher-order cognitive functions and controls the neuroendocrine, autonomic and behavioral response to stress (Dalley et al., 2004; McKlveen et al., 2013, 2015; Riga et al., 2014). Stress affects the functioning and cellular integrity of mPFC neurons (Holmes and Wellman, 2009; McEwen and Morrison, 2013; Lucassen et al., 2014; Arnsten, 2015). The best described stressed-induced cellular changes are the reduction of apical dendritic length and complexity of layer II–III pyramidal neurons, which is typically accompanied by reduced spine density (Cook and Wellman, 2004; Radley et al., 2004, 2006; Liston et al., 2006; Liu and Aghajanian, 2008). Furthermore, it has been shown that NMDA receptor activation is crucial for the stress-induced dendritic atrophy (Martin and Wellman, 2011). Finally, these stress-induced cellular changes in the mPFC correlate with executive dysfunctions (Holmes and Wellman, 2009).

The infralimbic (IL) cortex is the most ventral part of the mPFC and it is known to contribute to the coordination of the chronic stress response (Flak et al., 2012). Neurons of the IL cortex are particularly sensitive to chronic stressors (Hinwood et al., 2011) and it is well documented that stress disrupts the functioning of this cortical area (Izquierdo et al., 2006; Wilber et al., 2011; Koot et al., 2014; Moench et al., 2015). Stress-induced dendritic atrophy of layer III pyramidal neurons has been repeatedly demonstrated in the IL cortex together with the stress-induced loss of dendritic spines (Radley et al., 2004; Izquierdo et al., 2006; Perez-Cruz et al., 2007, 2009; Dias-Ferreira et al., 2009; Goldwater et al., 2009; Shansky et al., 2009). Because of the obvious regressive structural changes of the pyramidal neurons, synapse loss is also taken for granted in the mPFC of stressed rats. For example, Radley et al. (2006) estimated that repeated stress should produce a 33% reduction in the total number of axo-spinous synapses on the apical dendrites of pyramidal neurons. However, so far there is no experimental evidence confirming such expectations on fronto-cortical synapse loss. There are very few studies in the literature that focused directly on stress-induced synaptic changes in the mPFC. A recent report, which investigated the influence of acute stress on excitatory synapses, actually found increased synapse numbers within an hour after stress (Nava et al., 2014). Yet another study, which investigated inhibitory neurotransmission in the IL of chronically stressed rats, also found an increased number of inhibitory synaptic contacts onto glutamatergic cells (McKlveen et al., 2016). A developmental study documented synaptic rearrangements (higher spine synapses and fewer dendritic shaft synapses) in the anterior cingulate cortex of Octodon degus which were maternally deprived and reared in social isolation (Helmeke et al., 2001). The same experimental paradigm resulted in significantly higher synaptic densities in layer II of the IL cortex (Ovtscharoff and Braun, 2001).

Numerous scientists suggested that synaptic changes in the prefrontal cortex are key factors contributing to the pathophysiology of depressive disorders (Moghaddam, 2002; Popoli et al., 2011; Duman and Aghajanian, 2012; Duman, 2014; Thompson et al., 2015; Duman et al., 2016). Indeed, a recent post-mortem electron microscopic study demonstrated lower number of synapses in the dorsolateral prefrontal cortex of patients with major depressive disorder (Kang et al., 2012). Animal models based on chronic-stress paradigms are valuable tools to investigate the neurobiology of depressive disorders (Czéh et al., 2016). Here, we used the chronic mild stress (CMS) model, which is one of the best validated animal models for depression (Willner et al., 1992; Willner, 1997, 2005, 2016a,b; Wiborg, 2013) and studied the number and morphology of asymmetric (Type I, excitatory) synapses and symmetric (Type II, inhibitory) synapses in the ventral mPFC of rats. We did a detailed, systematic, quantitative electron microscopic (EM) analysis to examine the effect of long-term stress on synaptic numbers and morphology in all cortical layers of the IL cortex. Our hypothesis was that stress should reduce the number of axo-spinous excitatory synapses and probably also alter synaptic morphology. We also analyzed the number of myelinated axons, because recent studies documented stress-induced white matter changes (Miyata et al., 2016; Gao et al., 2017; Xiao et al., 2018).

MATERIALS AND METHODS

Ethics Statement

Animal procedures and experiments were carried out in accordance with Aarhus University (Aarhus, Denmark) guidelines, Danish and European legislation regarding laboratory animals and approved by Danish National Committee for Ethics in Animal Experimentation (2008/561-447).

Animals

Adult male Wistar rats (5–6 weeks old, with a body weight of about 120 g) were obtained from Taconic (Denmark). Eight rats were used in the present study: n = 4 controls and n = 4 chronically stressed. These eight animals were selected from a much larger cohort of animals that were all subjected to the same experimental procedures. We selected the four stressed animals based on their pronounced anhedonic behaviors (the behavioral phenotyping of the animals is described below). All animals were singly housed, except when grouping was applied as a stress parameter. We used single housing because we wanted to measure the sucrose intake of each individual rat. Food and water was available ad libitum except when food and/or water deprivation was applied as a stress parameter. The standard 12-h light/dark cycle was only changed in course of the stress regime. Results from these animals have been presented earlier in Csabai et al. (2017).

Behavioral Phenotyping

Animals were behaviorally phenotyped with the use of the sucrose consumption test to detect their anhedonic behavior in response to stress. Stress-induced reduction of sucrose consumption indicates depressive-like anhedonic behavior. Before the real testing started all rats were trained to consume a palatable sucrose solution (1.5%). This training lasted for 5 weeks, with testing twice a week during the first 2 weeks and one test per week during the last 3 weeks. Animals were food and water deprived 14 h before the test. During the test the rats had free access to a bottle with 1.5% sucrose solution for 1 h. During the entire stress period, the sucrose consumption test was performed once a week. Baseline sucrose consumption was defined as the mean sucrose consumption during three sucrose tests conducted before starting the stress procedures.

Chronic Mild Stress (CMS) Procedures

The CMS is one of the best described and most thoroughly validated animal models for depression (Willner et al., 1992; Willner, 1997, 2005, 2016a,b; Wiborg, 2013). The CMS procedure of our laboratory has been described in detail in our previous publications (see e.g., Henningsen et al., 2009, 2012; Wiborg, 2013; Csabai et al., 2017). Briefly, rats were divided into two matched groups on the basis of their baseline sucrose intake, and housed in separate rooms. One group of rats was exposed to 9 weeks of mild stressors. A second group of rats (controls) was left undisturbed. The schedule of the CMS was: a period of intermittent illumination, stroboscopic light, grouping, food or water deprivation; two periods of soiled cage and no stress; and three periods of 45° cage tilting. During grouping, rats were housed in pairs with different partners, with the individual rat alternately being a resident or an intruder. All the stressors lasted from 10 to 14 h. Based on the sucrose consumption, the hedonic state of the animals was evaluated and stressed rats were then further divided into stress sensitive rats (anhedonic animals) and stress-resilient rats (Henningsen et al., 2012). Anhedonic animals are the ones that reduce their sucrose solution intake by more than 30% in response to stress.

Perfusion and Brain Tissue Preparation for the Electron Microscopic Analysis

We prepared the brain tissues for the ultrastructural analysis as described in detail before (Csabai et al., 2017). After an overdose of sodium pentobarbital (200 mg/ml dissolved in 10% ethanol) animals were transcardially perfused with ice cold 0.9% physiological saline followed by 4% paraformaldehyde containing 0.2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were removed and postfixed overnight in the same solution at 4°C, but without glutaraldehyde. Serial, 80 μm thick, coronal sections were cut using a Vibratome (Leica VT1200 S) throughout the entire prefrontal cortex from Bregma level 4.70–2.20 (Paxinos and Watson, 1998). Two sections that included the IL cortex were selected from these section series and osmicated (1% OsO4 in PB for 30 min) and then, dehydrated in graded ethanol (the 70% ethanol contained 1% uranyl acetate). After complete dehydration in ascending ethanol series, the sections were immersed in propylene-oxide and then, into a mixture of propylene-oxide and Durcupan resin. Finally, they were flat-embedded in Durcupan resin (Fluka-Sigma–Aldrich, Hungary). After polymerization at 56°C for 48 h, the sections were viewed under a light microscope, and areas of interest were chosen for re-embedding and electron microscopic sectioning. To select the appropriate region of the IL cortex for ultrathin sectioning, semithin (500 nm) sections were stained with toluidine blue. The ultrathin (60 nm) sections were cut with a Leica Ultracut UCT microtome and collected on Formvar-coated single slot copper grids, stained with uranyl-acetate and lead citrate.

Quantitative Analysis of the Synapses

All samples were coded before the quantification. The investigator analyzing the data was blind to the identity of the animals throughout the entire data analysis. We used the size-frequency method to quantify the numerical density of synapses per cortical unit volume (μm3). We applied this method because DeFelipe et al. (1999) demonstrated that this method is a solid method to quantify synapses in the neocortex and in fact it is more efficient and easier to apply than the disector method. First, we did a systematic random sampling protocol when cutting the brains and making the EM micrographs (Figure 1). We selected two 80 μm thick coronal sections between Bregma levels of 3.20–2.20 (Paxinos and Watson, 1998). These two sections were flat-embedded in Durcupan resin and then, they were cut further serially into ultrathin (60 nm) sections. From each of these two series of ultrathin sections we selected minimum 5–5 evenly distributed sample sections from each animal (Figure 1A). The selected ultrathin sections had approximately 5–6 μm distances between them. From each animal, we examined 10 ultrathin sections with a JEOL 1200 EX-II electron microscope. In every section, in each cortical layer, we made at least 10 non-overlapping EM photomicrographs using a sampling line with a random starting point. We analyzed 65–80 EM images in each cortical layer from each animal. In other words, we examined 400–500 EM pictures in the entire IL cortex of each animal (Table 1). The six cortical layers of the IL cortex were identified based on the description given by Gabbott et al. (1997). Synapses were counted and measured with 40,000× magnification. Synapses were counted within an unbiased counting frame (Gundersen, 1977), which covered ∼15 μm2 (3.87 μm × 3.87 μm) cortical area (Figure 1B). Synaptic profiles touching the exclusion lines were not counted. The quantitative analysis of the EM images was done under the visual control of a single experimenter (DC) who used the Neurolucida software (Version 11.08.2, MicroBrightField, Williston, VT, United States) for this work. We quantified and measured asymmetric (Type I) and symmetric (Type II) synapses separately (Figure 2). Symmetric synapses were identified based on the morphology of the postsynaptic density and the shape of synaptic vesicles (Figure 2). Furthermore, we measured synaptic junction length (the length of paired membrane densities at each junction) and the associated axon terminal membrane length (Figures 1C, 2E,F). We also counted the number of myelinated axons (Figures 2G,H). The results of our quantitative data are reported here as synaptic densities as well as total synapse numbers. Similarly, the quantitative data on the number of myelinated axons are reported here as myelinated axon densities as well as total number of myelinated axons. Total synapse and axon numbers were calculated by multiplying the densities with the volume of the IL cortex (volume × density = total number).
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FIGURE 1. Systematic quantitative analysis of synapses in the IL cortex. (A) First, we selected two 80 μm thick coronal sections between Bregma levels of 3.20–2.20 mm. Then, we cut out the IL cortex from these sections and re-embedded them in durcupan resin and processed them further for ultra-sectioning. Semi-thin sections were cut from the durcupan embedded blocks and stained with toluidine blue dye to determine the exact area for ultra-sectioning. The six cortical layers were clearly identifiable in the toluidine blue stained sections. After orientation in the blocks, serial 60 nm ultrathin sections were cut and every fifth sections were collected on single slot copper grids (red sections). From each animal, we examined 10 ultrathin sections with the electron microscope. (B) In every ultrathin section, in each cortical layer, we made at least 10 non-overlapping photomicrographs using a sampling line with a random starting point. We analyzed 65–80 photomicrographs in each cortical layer of each animal. Synapses were counted and measured in these pictures with 40,000× magnification. All synapses were counted within an unbiased counting frame which had an area of ∼15 μm2 (3.87 μm × 3.87 μm). Synaptic profiles touching the exclusion (red) lines were not counted. Perforated synapses were also quantified, but these were few (5–10%) and their presence showed high individual variations. Therefore, we did not present data on them. (C) The quantitative analysis was done under the visual control of a single experimenter who used the Neurolucida software for this work. We quantified and measured asymmetric (Type I) and symmetric (Type II) synapses separately. Symmetric synapses were identified based on the morphology of the postsynaptic density and the shape of synaptic vesicles. (D) We measured synaptic junction lengths and the associated axon terminal membrane length (Figures 2E,F). Scale bar: 500 nm.



TABLE 1. Results of quantitative EM analysis: Individual values.
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FIGURE 2. Representative EM images from control (A,B) and stressed rats (C,D) showing different types of synapses in cortical layers II–III. (E) Two axon terminals make synaptic contacts with one dendritic spine. (F) Simplified drawing of the EM image shown in (E). The drawing illustrates how we measured synapse and axon terminal membrane lengths. Green lines represent the axon-terminal membrane and red lines indicate the synaptic membrane. (G) Myelinated axons are clearly visible in this low magnification EM image. Magnification: 5,000×, scale bar: 2 μm. (H) Higher resolution images of myelinated axons displaying the exact shape and electron density of the myelin sheats. White arrows point to asymmetric (Type I) synapses and black arrows indicate symmetric (Type II) synapses. The white arrowhead (on A) points to a perforated asymmetric synapse. Arrow nocks (G,H) show myelinated axons. MT, mitochondrium; NtV, neurotransmitter vesicles. The magnification was 40,000× for all images except of (G). Scale bars: 500 nm on all images except of (G).



In our EM analysis, we also looked for evidences of neuronal degeneration or cell death in the samples from the stressed rats. Apoptotic cell death is indicated by the condensation of chromatin (electron-dense, black structure along the nuclear membrane) and fragmentation of the cell nucleus. Apoptotic cell bodies are densely packed with cellular organelles and nuclear fragments that are engulfed by phagocytosis of surrounding cells. The typical signs of neurodegeneration include swollen mitochondria with disorganized structure and disrupted cristae, or the presence of autophagic vacuole and electron dense degenerating (shrunken) neurites. Such cellular malformations are obvious and easy to recognize on the EM pictures.

Volume Measurement

We measured the volume of the IL cortex based on Cavalieri’s principle (Gundersen et al., 1988). From each animal, we collected a series of 80 μm thick coronal sections covering the entire IL cortex starting from 3.5 mm to 2.0 mm relative to Bregma (Paxinos and Watson, 1998). We used every third serial section for the volume measurement, i.e., 5–6 sections/animal. These sections were Nissl stained and analyzed with a Nikon Eclipse Ti-U microscope, using a 4× objective. In each section, we measured the cross-sectional areas of cortical layer I, II, and III–VI within the IL. The borders between the different cortical layers were identified based on the description given by Gabbott et al. (1997). We also measured the cross-sectional area of the entire IL cortex. Cortical volumes were calculated by multiplying the cross-sectional areas with the thickness of the sections.

Statistical Analysis

Results are presented here as the mean ± SEM. Since we expected that stress should reduce the number of synapses and the volume of the IL cortex, thus, these data were compared with a one-tailed unpaired Student t-test. Group values of axon numbers were compared with two-tailed unpaired Student t-test. The laminar distributions of the synaptic parameters were analyzed with a two-way ANOVA (stress × cortical layer) followed by Sidak post hoc test. Results of the sucrose consumption behavioral test were analyzed with a two-way ANOVA (stress × time) followed by Bonferroni’s post hoc test. We used parametric tests for our data analysis because of the following reasons: (1) Other studies quantifying stress-induced synaptic changes also use parametric tests (e.g., Hajszan et al., 2009; Nava et al., 2014; Baka et al., 2017); (2) We had only four animals/group, but in each animal we did 400–500 measurements and the results of these measurements showed normal distribution; (3) Non-parametric tests have very low statistical power when the number of individuals is low.

RESULTS

Rats Subjected to Chronic Mild Stress Developed Depressive-Like Anhedonic Behavior

We used the sucrose consumption test to assess the hedonic-anhedonic behavior of the animals. Nine weeks of CMS significantly decreased sucrose intake. In Figure 3, we present the sucrose intake data of the rats that were used here for the subsequent quantitative EM analysis. Two-way ANOVA (stress × time) revealed significant main effect of stress [F(1,9) = 51.81, P < 0.0001] and significant interaction with time [F(1,9) = 24.17, P < 0.0001]. Bonferroni’s post hoc comparisons demonstrated that the stressed rats consumed significantly less sucrose from the stress week 4 onward compared to control rats (Figure 3). The results of the statistical comparisons were the following: week 4 (t = 3.53, P < 0.01), week 5 (t = 4.18, P < 0.001), week 6 (t = 6.94, P < 0.001), week 7 (t = 5.71, P < 0.001), week 8 (t = 7.46, P < 0.001), and week 9 (t = 8.22, P < 0.001). These data indicate that CMS stress had significant consequences on the hedonic behavior of the animals and that the stressed rats gradually developed an anhedonic depressive-like behavioral phenotype.
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FIGURE 3. In response to chronic stress, the animals gradually developed depressive-like anhedonic behavior. The graph shows the sucrose consumption of the animals that were later used for the EM analysis. Baseline sucrose consumption was defined as the mean sucrose consumption during three sucrose tests conducted before stress initiation. Control rats gradually increased their sucrose intake indicating a healthy hedonic behavior. Stressed animals progressively reduced their sucrose intake which indicates anhedonic behavior. Two-way ANOVA (stress × time) revealed significant main effect of stress (P < 0.0001) and significant interaction with time (P < 0.0001). Bonferroni’s post hoc comparisons demonstrated that stressed rats consumed significantly less sucrose on week 4–9 compared to controls (∗P < 0.05).



Quantitative EM Analysis

Examples of representative electron micrographs from the present experiment are shown in Figure 2. We analyzed 1,859 EM images and 11,755 terminals in four control rats and 1,672 EM images and 8,897 terminals in four stressed rats (Tables 1, 2). On average, we analyzed 65–80 EM images in each cortical layer in each animal (Table 1). We quantified the following parameters: the total number and density of asymmetric and symmetric synaptic terminals (n/μm3); the average axon terminal membrane length (nm); average synapse membrane length (nm) and the total number and density of myelinated axons (n/μm3). We measured these values in the six cortical layers separately. Values obtained from the individual rats are shown in Table 1.

TABLE 2. Results of quantitative EM analysis: Group values.
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Synapse Numbers in the IL Cortex of Control Rats

The summary of our data is shown in Tables 1, 2. In control rats, we observed the following values: the density of all synaptic terminals was 5.97 ± 0.27/μm3. The total number of asymmetric synapses was 1.15 × 109 and the density of asymmetric synaptic terminals was 5.46 ± 0.22/μm3. The total number of symmetric synapses was 1.06 × 108 and the density of symmetric synaptic terminals was 0.50 ± 0.06/μm3. Synaptic densities of asymmetric synapses were always higher in cortical layers I–IV compared to the deeper layers (Figure 4A). In contrast, the distribution of inhibitory synapses was equal within the six layers (Figure 4B). The average synaptic membrane length was 207.2 ± 1.8 nm and the average axon terminal length was 488.7 ± 11.2 nm. Synapse and axon terminal lengths showed a minimal (5–8%) variation within the six cortical layers (Figures 4E,F). The synapse/terminal ratio was 52.7 ± 0.9% and we found 116.3 ± 2.0 synapses in 100 axon terminals. We also quantified the density of myelinated axons in the neuropil and on average this number was 0.47 ± 0.05/μm3. The number of myelinated axons in the IL was and 1.00 × 108. The number of myelinated axons varied greatly within the cortical layers, being highest in layer VI (Figure 4D).
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FIGURE 4. Cortical layer specific distribution of synaptic contacts in the IL cortex. All data shown in this figure were analyzed with two-way ANOVA (stress × cortical layer). (A) The density of Type I synapses was always higher in the upper cortical layers (I–III) but stress had no effect on this. (B) The distribution of Type II synapses was equal in all cortical layers. Stress had no effect on this parameter. (C) Synaptic densities (Type I and Type II) were always higher in the upper cortical layers (I–III), and stress had no effect on this. (D) The density of myelinated axons was higher in the lower cortical layers, especially in layer VI, and stress had no effect on this parameter. (E) Synaptic lengths were different in the various cortical layers. In the stressed rats synaptic lengths were longer compared to controls. (F) Axon terminal lengths were similar in all cortical layers and stress had no effect on this parameter.



Synaptic Parameters in the Different Cortical Layers

Theoretically, it may happen that stress has a layer specific effect and alters synapse numbers only in specific cortical layers. Therefore, we compared the cortical layer specific distribution of synaptic contacts in the control and stressed rats with two-way ANOVA (stress × cortical layer, see Figure 4). The density of Type I synapses was always higher in the upper cortical layers [two-way ANOVA showed significant main effect of cortical layers F(4,30) = 5.29, P < 0.005]. Stress exposure had no effect on the cortical distribution of Type I synaptic densities (Figure 4A). The distribution of Type II synapses was equal in all cortical layers and stress had no effect on this parameter (Figure 4A). The density of all synapses (Type I and Type II) was always higher in the upper cortical layers [significant main effect of cortical layers F(4,30) = 5.38, P < 0.005] and stress had no effect on that (Figure 4C). The density of myelinated axons was higher in the lower cortical layers, especially in layer VI [significant main effect of cortical layers F(4,30) = 97.14, P < 0.0001], but again stress had no effect on this parameter (Figure 4D). Synaptic lengths were different in the six cortical layers and stress also had a significant effect on synaptic length. Two-way ANOVA showed significant main effect of cortical layers [F(4,30) = 3.51, P < 0.05] and significant main effect of stress [F(1,30) = 4.32, P < 0.05] and no interaction. This finding indicates that in the stressed rats, synaptic lengths were always longer in each cortical layer compared to the controls (Figure 4E). Axon terminal lengths were similar in all cortical layers and stress had no effect on this parameter (Figure 4F).

Stress Reduced the Volume of the IL Cortex

In control rats, the volume of the IL cortex was 0.211 ± 0.002 mm3 (Figure 5). In the stressed animals, the volume of the IL cortex was reduced to 0.184 ± 0.007 mm3 (t-test: t = 3.61, P < 0.01, Figure 5A). Comparison of the volumes of the different cortical layers with two-way ANOVA (stress × cortical layer) revealed significant main effect of stress [F(1,18) = 17.75, P < 0.001] and significant main effect of cortical layers [F(2,18) = 575.6, P < 0.001] as well as significant interaction between the two factors [F(2,18) = 4.15, P < 0.05]. Post hoc analysis with Sidak’s multiple comparison revealed that stress reduced the volume of layers III–VI (t = 4.78, P < 0.001, Figure 5B).
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FIGURE 5. Stress reduced the volume of the IL cortex. Cavalieri’s principle was used for volume measurements. (A) The total volume of the IL was significantly reduced in the stressed animals (∗∗P < 0.01). (B) Layer specific analysis revealed that this volume shrinkage was mainly due to the volume reduction of the deeper cortical layers (III–VI). Two-way ANOVA (stress × cortical layer) revealed significant main effect of stress (P < 0.001) and Sidak’s post hoc analysis found significant difference between the control and stress groups in cortical layers III–VI (∗P < 0.001).



Stress Reduced the Number of Synapses in the IL Cortex

Total synapse numbers were calculated by multiplying synapse densities with the volume of the IL cortex (volume × density = total synapse number). The individual and group values of the total synapse numbers are displayed in Tables 1, 2 and Figure 6.
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FIGURE 6. The number of Type I and Type II synapses in the IL cortex. Synapse numbers were calculated by multiplying synapse densities with the volume of the IL cortex. (A) Stress significantly reduced the number of asymmetric synapses (t-test, ∗P < 0.05). (B) Symmetric synapse numbers were also reduced in the stressed rats and the difference approached the level of significance (t-test, P = 0.06). (C) Comparison of Type I synapse numbers in the different cortical layers with two-way ANOVA (stress × cortical layer) revealed significant main effect of stress (P < 0.01), and significant main effect of cortical layers (P < 0.0001). Sidak’s post hoc analysis yielded that stress reduced Type I synapse numbers in layers III–VI (∗P < 0.05). (D) Comparison of Type II synapse numbers in the different cortical layers with two-way ANOVA (stress × cortical layer) revealed significant main effect of stress (P < 0.05), and significant main effect of cortical layers (P < 0.0001). But the post hoc analysis found no difference between the groups.



In control rats, the number of asymmetric synapses was (1.15 ± 0.04) × 109 and stress reduced this number to (0.98 ± 0.04) × 109 (t-test: t = 2.84, P < 0.05, Figure 6A). The number of symmetric synapses was (1.06 ± 0.11) × 108 in the control rats and stress reduced this number to (0.83 ± 0.06) × 108 (t-test: t = 1.77, P = 0.06, Figure 6B).

Comparison of the asymmetric synapse numbers in the different cortical layers with two-way ANOVA (stress × cortical layer) revealed significant main effect of stress [F(1,18) = 11.63, P < 0.01], and significant main effect of cortical layers [F(2,18) = 252.6, P < 0.0001], but no interaction between the two factors. Post hoc analysis with Sidak’s multiple comparison revealed that stress reduced Type I synapse numbers in the deeper cortical layers III–VI (t = 3.37, P < 0.05, Figure 6C).

Comparison of the symmetric synapse numbers in the different cortical layers with two-way ANOVA (stress × cortical layer) revealed significant main effect of stress [F(1,18) = 5.82, P < 0.05], and significant main effect of cortical layers [F(2,18) = 49.5, P < 0.0001], but no interaction between the two factors. Post hoc analysis with Sidak’s multiple comparison found no significant difference between the two groups (Figure 6D).

We should add here that we did not find any indication of neuronal degeneration or cell death in the IL cortex of the stressed animals.

Stress Reduced the Number of Myelinated Axons in the IL Cortex

The number of myelinated axons were calculated by multiplying axon densities with the volume of the IL cortex (volume × density = total myelinated axon number).

In control rats, the number of myelinated axons was (1.00 ± 0.10) × 108 and stress significantly reduced this number to (0.68 ± 0.04) × 108 (t-test: t = 2.63, P < 0.05, Figure 7A).
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FIGURE 7. The number of myelinated axons in the IL cortex. (A) Stress significantly reduced the number of myelinated axons (t-test, ∗P < 0.05). (B) Comparison of axon numbers in the different cortical layers with two-way ANOVA (stress × cortical layer) revealed significant main effect of stress and of cortical layers as well as significant interaction between the two factors. Sidak’s post hoc analysis found that stress reduced axon numbers in cortical layers III–VI (∗P < 0.01).



Comparison of the myelinated axon numbers in the different cortical layers with two-way ANOVA (stress × cortical layer) revealed significant main effect of stress [F(1,18) = 6.71, P = 0.01], significant main effect of cortical layers [F(2,18) = 147.6, P < 0.0001] and significant interaction between the two factors [F(2,18) = 4.53, P < 0.05]. Sidak’s post hoc analysis revealed that stress reduced myelinated axon numbers in cortical layers III–VI (t = 3.95, P < 0.01, Figure 7B).

DISCUSSION

To our best of knowledge this is the first detailed EM analysis of synapse numbers in the mPFC of rats subjected to long term stress. We focused on the IL cortex since this sub-area of the mPFC appears to be the most susceptible to the effect of stress. Stress significantly reduced the number of synapses and myelinated axons in the deeper cortical layers. Notably, stress had no effect on synaptic and axonal densities, but when we calculated their total numbers in the IL, then, a significant difference emerged between the control and stressed animals. Furthermore, we found that synaptic membrane lengths were increased in the stressed rats, probably to compensate the loss of synapse numbers. In sum, our present report is the first to provide ultrastructural evidence for stress-induced synapse loss in the mPFC.

Numerous studies have demonstrated that stress can induce dendritic atrophy of layer II–III pyramidal neurons in the IL cortex (Radley et al., 2004; Izquierdo et al., 2006; Perez-Cruz et al., 2007, 2009; Dias-Ferreira et al., 2009; Goldwater et al., 2009; Shansky et al., 2009). Our present data complement and extend these findings by providing ultrastructural evidences on reduced axon numbers and loss of axo-spinous excitatory synapses. This data demonstrates that the intra- and inter-cortical connectivity of neurons in the IL cortex is reduced (Figure 8). This finding is in harmony with the recent evidences that stress can affect white matter integrity and myelinated fibers (Miyata et al., 2016; Gao et al., 2017; Xiao et al., 2018). Reduced network connectivity of neurons may form the anatomical basis for impaired functioning of this brain area (Menon, 2011). It is known that synapse loss is present in several brain areas of patients with neurodegenerative disorders like Alzheimer’s dementia and the synapse loss correlates well with the cognitive decline (e.g., Minger et al., 2001; Clare et al., 2010; Robinson et al., 2014). Loss of asymmetric synapses has also been found in the prefrontal cortex of cognitively impaired monkeys in a primate model for Parkinson’s disease (Elsworth et al., 2013), suggesting that the synapse loss in the PFC was responsible for the cognitive deficits. Cognitive deficits are common in depressed patients (Lam et al., 2014) as well as in stressed individuals (Jonsdottir et al., 2013) and synapse loss in the prefrontal cortex is likely to contribute to these cognitive impairments.


[image: image]

FIGURE 8. Schematic drawing illustrating the present findings. Pyramidal neurons of the neocortex communicate with each other via synapses. In stressed animals, neurons have reduced dendritic tree and some connections between the neurons are lost. Our present ultrastructural data on stress-induced loss of axons and synapses indicate that stressed neurons have reduced intra- and inter-cortical connectivity with other neurons.



Synaptic contacts are key functional and structural elements of the central nervous system, since proper synaptic transmission is essential for normal nervous system function. Synapse numbers and morphology are important neuroanatomical data both in the healthy and diseased brain. Numerous studies documented pronounced remodeling of excitatory spine synapses in the hippocampi of stressed animals (e.g., Magariños et al., 1997; Sandi et al., 2003; Stewart et al., 2005; Donohue et al., 2006; Hajszan et al., 2009). Similar structural changes are expected to take place in the prefrontal cortex (Musazzi et al., 2015), but only few studies investigated that. For example, a recent EM study investigated morphological remodeling of asymmetric synapses in the anterior cingulate cortex of rats subjected to chronic unpredictable mild stress (Li et al., 2015). They found a considerable remodeling of synapses including changes in width of the synaptic cleft, length of the active zones and postsynaptic density thickness (Li et al., 2015), but they did not report on synapse numbers. Another study investigated synapses in the IL cortex of rats bred for learned helplessness (Seese et al., 2013), which is a rat model for congenital depression. They found that synapses immunolabeled for the postsynaptic density marker PSD-95 had the same numerical density, but lower immunolabeling intensities (Seese et al., 2013).

The above described neuroanatomical changes are complemented by functional studies which reveal altered or disturbed excitatory neurotransmission in the mPFC of stressed animals. For example reduced AMPA and NMDA receptor-mediated synaptic transmission and reduced glutamate receptor expression were found in the mPFC of stressed animals (Yuen et al., 2012). Reduced activity of glutamatergic and GABAergic neurons were observed in stressed mice having a depressive-like phenotype (Veeraiah et al., 2014). Others found diminished responses to apically targeted excitatory inputs in layer V pyramidal neurons (Liu and Aghajanian, 2008) and impaired LTP formation in the IL cortex (Goldwater et al., 2009). Wilber et al. (2011) found altered neuronal activity in the stressed mPFC during fear conditioning and extinction. Yet another group reported that excitatory synaptic potentiation in the mPFC was linked to learned helplessness (a depressive-like behavior) whereas, synaptic weakening was associated with resilience to stress (Wang et al., 2014).

Recent theories emphasize the importance of disturbed neuroplasticity in the pathophysiology of depressive disorders (e.g., Pittenger and Duman, 2008; Castrén, 2013). These theories are based on the clinical findings documenting functional abnormalities in the prefrontal cortex of depressed patients (e.g., Baxter et al., 1989; Drevets et al., 1997; Mayberg et al., 1999), as well as volume shrinkage of various fronto-cortical areas (Drevets et al., 1998, 2008; Rajkowska et al., 1999; Price and Drevets, 2010). This neuroplasticity-theory of depression argues that at the synaptic level, the stress-induced structural and functional changes of excitatory synapses are the key contributors to the pathophysiology (Popoli et al., 2011; Duman and Aghajanian, 2012; Licznerski and Duman, 2013; Timmermans et al., 2013; Duman, 2014; Thompson et al., 2015; Duman et al., 2016). Supporting this theory, a recent post-mortem EM study demonstrated lower number of synapses in the dorsolateral prefrontal cortex of patients with major depressive disorder (Kang et al., 2012). It has been argued that the disturbed synaptic communication results in disrupted circuitry within and between specific cortico-limbic structures and these are the key contributors to the disturbed emotional behavior of depressive syndromes. Furthermore, such stress-induced structural abnormalities of cortical networks are likely to contribute also to the cognitive deficits commonly observed in depressed patients (Austin et al., 2001; Lam et al., 2014), stressed individuals (Soares et al., 2012; Jonsdottir et al., 2013; Arnsten, 2015) and in other psychiatric disorders, like schizophrenia (Arnsten, 2011). Our present finding on reduced synapse numbers in the mPFC of rats clearly supports these theories. Obviously, it is very difficult – if not impossible – to identify the exact human analogy of the rodent IL cortex, but most likely similar structural changes take place in the stressed human frontal cortex.

There are different methods to quantify the number and morphology of synaptic contacts in the CNS. One can do immunolabeling of synaptic proteins and then, do quantitative light microscopic analysis (e.g., Seese et al., 2013; Drzewiecki et al., 2016). However, because of the small size of the synapses, EM examination is still regarded as the gold standard for investigating synaptic contacts (DeFelipe et al., 1999). DeFelipe et al. (1999) compared the two most commonly used synapse quantification methods, the size-frequency versus the disector method. Because the disector method is considered to be an unbiased method, thus, typically this method is recommended for the quantification of synapses in the neocortex. DeFelipe et al. (1999) demonstrated that in fact the two methods yield similar estimates for the numerical density of synapses and they also proved that the size-frequency method is more efficient and easier to apply than the disector method. Therefore, we applied the size-frequency method in our present study. First, we quantified synaptic densities in the six cortical layers and we found very similar values both in the control and stressed rats. The stress-induced difference emerged only when we measured the volume of the IL cortex and combined the volumetric data with the synaptic densities. Stress-induced volume loss of the mPFC has been documented by other groups as well (e.g., Cerqueira et al., 2007; Dias-Ferreira et al., 2009). We also found an increased length of synapses which may indicate a compensatory rearrangement of synaptic contacts. Notably, similar synaptic changes – loss of number, but increased length – have been observed in frontal brain samples from patients with Alzheimer’s disease (DeKosky and Scheff, 1990).

Here, we quantified the number of synapses and axons in the six cortical layers separately. The density of asymmetric synapses was always higher in the upper cortical layers (I–III) while the distribution of inhibitory synapses was equal within the six cortical layers (Figure 4). In contrast, axon numbers were high in the deep cortical layers (V–VI). These data are in harmony with the findings of other cortical areas (see e.g., DeFelipe et al., 1999, 2002; Douglas et al., 2004; DeFelipe, 2011; Anton-Sanchez et al., 2014). Stress had no effect on these density parameters. However, a different picture emerged when we combined the density data with the volume measurements. We measured the volume of the IL cortex which enabled us to report on the total number of axons and synapses in the IL cortex. During the volume measurements, we aimed to differentiate between the six cortical layers using the description of Gabbott et al. (1997). It was easy to differentiate cortical layer I, because this layer contains only a few scattered neurons. It was also easy to define layer II, because this layer has higher density of cell bodies compared to the deeper layers. However, in the IL cortex, it is not easy to see the borders between layers III–VI, therefore, we decided to group them together (Figure 5B). Collectively, these four layers made up about two-third (65%) of the entire cortical volume. In the stressed rats, every cortical layer became thinner, but the volume shrinkage was the largest in the combined layers of III–VI (Figure 5B). The post hoc analysis of the two-way ANOVA found a significant difference between the groups only in these deeper layers. The two-way ANOVA (stress × cortical layer) also found a significant interaction between the two factors because the effect of the two factors were pointing into an opposite directions. Stress reduced the volume of the cortical layers while volume in the deeper layers was increasing because there we grouped four layers together. When we multiplied the cortical volume data with the synapse and axon density values the volumetric changes determined the changes in the total number of synapses and axons (Figures 5–7). For this reason, we found significant reductions in axon and synapse numbers only in the deeper layers (III–VI). Two-way ANOVA analysis (stress × cortical layer) found also significant interaction between the two factors in case of the axon number data. The reason for this interaction was that the effect of stress treatment was the greatest in the deeper cortical layers, where axons were also much more numerous compared to the higher cortical layers.

Our present finding on stress-induced loss of synapses in the deep layers of the PFC is in harmony with the light microscopy data, which documents loss of dendritic material in the same region. The light microscopy studies, investigating the effect of stress on dendritic architecture, typically focus on pyramidal neurons of layer III. In the IL cortex, stress-induced loss of dendritic length has been found, either in the proximal apical dendritic region (10–100 μm from soma) (Perez-Cruz et al., 2007), or in the intermediate apical dendritic region (120–180 μm from soma) (Shansky et al., 2009). Furthermore, it has been shown that stress can also reduce the length of basilar dendrites of layer III pyramidal neurons (Perez-Cruz et al., 2009). The same study also documented that the stress-induced loss of dendritic spines was present only in the proximal region of the apical dendritic tree (0–30 μm from the soma) (Perez-Cruz et al., 2009). In sum, these studies documented stress-induced loss of dendritic material in the deeper cortical layers (layer III–VI) where we also found a significant loss of synaptic contacts (Figure 8) and reduction of cortical volume.

Finally, we should state that in our ultrastructural analysis, we found no evidence of neuronal degeneration or cell death in the IL cortex of the stressed animals. We should add, however, that our histopathological analysis was done only once, at the end of the 9-weeks of the stress protocol and cells could have been lost without trace at earlier stages of the stress procedure, since apoptosis is a rapid cellular process.

In summary, we report here that experimentally induced long term stress can reduce the number of asymmetric synapses and myelinated axons in the mPFC of rats. Similar loss of synaptic contacts may occur in humans and could contribute to the cognitive deficits frequently observed in stressed individuals and depressed patients.
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