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    Abstract
Focal swelling or varicosity formation in dendrites and loss of dendritic spines are the earliest indications of glutamate-induced excitotoxicity. Although it is known that microtubule dynamics play a role in varicosity formation, very little is known about the proteins that directly impact microtubules during focal swelling and dendritic spine loss. Our laboratory has recently reported that the postsynaptic protein PSD-95 and its cytosolic interactor (cypin) regulate the patterning of dendrites in hippocampal neurons. Cypin promotes microtubule assembly, and PSD-95 disrupts microtubule organization. Thus, we hypothesized that cypin and PSD-95 may play a role in altering dendrite morphology and spine number in response to sublethal NMDA-induced excitotoxicity. Using an in vitro model of glutamate-induced toxicity in rat hippocampal cultures, we found that cypin overexpression or PSD-95 knockdown increases the percentage of neurons with varicosities and the number of varicosities along dendrites, decreases the size of varicosities after sublethal NMDA exposure, and protects neurons from NMDA-induced death. In contrast, cypin knockdown or PSD-95 overexpression results in opposite effects. We further show that cypin regulates the density of spines/filopodia: cypin overexpression decreases the number of protrusions per micrometer of dendrite while cypin knockdown results in an opposite effect. Cypin overexpression and PSD-95 knockdown attenuate NMDA-promoted decreases in protrusion density. Thus, we have identified a novel pathway by which the microtubule cytoskeleton is regulated during sublethal changes to dendrites.


Introduction

Early results of glutamate-induced neuronal injury observed in vivo and in vitro include focal swelling/varicosities in dendrites, spine loss, and cytoskeletal degradation (Hasbani et al., 1998, 2001; Ikegaya et al., 2001; Monnerie et al., 2003; Greenwood et al., 2007). Disintegrated and fragmented microtubules are found in swollen dendrites, inside of varicosities (Yamamoto et al., 1986; Tomimoto and Yanagihara, 1992; Greenwood et al., 2007). It is thought that microtubule integrity relates to varicosity formation and dendrite recovery (Faddis et al., 1997). Indeed, Taxol, the microtubule stabilizer, attenuates glutamate-induced varicosity formation (Emery and Lucas, 1995; Furukawa and Mattson, 1995; Park et al., 1996). In addition, spine retraction and reemergence are associated with modification of cytoskeletal organization. Stabilization of actin filaments reduces dendritic spine loss after ischemia (Gisselsson et al., 2005; Meller et al., 2008). However, actin polymerization does not contribute to spine recovery (Hasbani et al., 2001). Thus, the precise molecular mechanisms that regulate dendrite integrity and spine morphogenesis in ischemia remain largely unknown.

Although dendritic varicosity formation is seen in a number of conditions, including disease, traumatic brain injury, and ischemic stroke, a number of recent studies have focused on the timing and role of glutamate receptors in mediating these changes in the intact animal during ischemic stroke (Brown et al., 2007; Murphy et al., 2008). While these studies are of high importance, it is difficult to assess the roles of intracellular proteins in mediating dendritic changes in vivo, since viral infection or transfection to alter specific protein levels in neurons undergoing these changes is technically challenging.

We have chosen to use an in vitro model, primary cultures of hippocampal neurons exposed to sublethal concentrations of NMDA, to study the roles of two proteins, postsynaptic density-95 protein (PSD-95) and its cytosolic interactor (cypin), known to regulate cytoskeletal dynamics in dendrites. We previously reported that PSD-95 decreases dendrite branching by disrupting microtubule organization (Charych et al., 2006; Sweet et al., 2011a,b). Moreover, PSD-95 is in a complex with F-actin, and PSD-95 overexpression enhances dendritic spine formation and stabilization (Okabe et al., 1999; El-Husseini et al., 2000; Horne and Dell'Acqua, 2007). Cypin increases dendrite branching by promoting microtubule polymerization and negatively regulating PSD-95 clustering (Firestein et al., 1999; Akum et al., 2004; Charych et al., 2006). Accordingly, cypin and PSD-95 may be involved in the machinery that maintains dendrite integrity and promotes spine retraction and reemergence in response to sublethal glutamate exposure.

To elucidate the roles of PSD-95 and cypin in mediating changes in dendrite morphology, we applied a sublethal dose of NMDA to primary hippocampal neurons. We find that microtubules are disrupted in response to this treatment. Furthermore, overexpression of cypin and knockdown of PSD-95 result in decreased varicosity size but increased percentage of neurons with varicosities (beaded neurons) and number of varicosities per micrometer of dendrite after sublethal NMDA treatment. Furthermore, neuroprotection from NMDA-induced excitotoxicity is seen under these conditions. We see opposite effects when cypin is overexpressed and PSD-95 is knocked down. Moreover, overexpression of cypin and knockdown of PSD-95 result in a reduction in the loss of dendritic protrusions in response to NMDA treatment. Our results suggest that PSD-95 and cypin are part of a signaling pathway that regulates changes in the morphology of dendrites and dendritic protrusions after sublethal NMDA exposure.



Materials and Methods

All animal studies were approved by the Rutgers University Animal Care and Facilities Committee.




Antibodies.

Rabbit polyclonal anti-ribosomal protein L9 (Rpl9) was purchased from Sigma. Mouse monoclonal anti-PSD-95 was purchased from ThermoFisher Scientific. Rabbit polyclonal anti-microtubule-associated protein 2 (MAP2) and mouse monoclonal anti-glyceraldehyde 3-phophate dehydrogenase (GAPDH) were purchased from Millipore. Chicken polyclonal anti-GFP was purchased from Rockland Immunochemicals. Mouse monoclonal anti-neuronal class III β-tubulin (Tuj1) was from Covance. Mouse monoclonal anti-lactate dehydrogenase antibody and rabbit polyclonal anti-synapsin I were from Abcam. Rabbit polyclonal anti-PSD-95 and rabbit polyclonal anti-cypin were characterized previously (Firestein et al., 1999). Cyanine (Cy)2-, Cy3-, and Cy5-conjugated secondary antibodies were from Jackson ImmunoResearch. HRP-conjugated anti-rabbit and anti-mouse antibodies were purchased from VWR International.




Neuronal culture and transfection.

Neuronal cultures were prepared from hippocampi of rat embryos of both sexes at 18 d of gestation as described previously (Firestein et al., 1999). Hippocampi were dissociated, and cells were plated on glass coverslips (12 mm in diameter), 35 mm glass bottom Petri dishes, or 35 mm Petri dishes coated with poly-d-lysine at a density of 600–800 cells/mm2. Neurons were cultured in Neurobasal media supplemented with B27, penicillin, streptomycin, and GlutaMax (Invitrogen). For plasmid transfection, neurons were grown for 14 d in culture (DIV 14) and transfected with the appropriate constructs using Effectene (Qiagen) following the manufacturer's instructions, except for cell viability studies where neurons were transfected using the calcium phosphate method (Xia et al., 1996). The sequence for the PSD-95 shRNA used for our studies is 5′-GCCTTCGACAGAGCCACGA-3′ and 5′-GCCTTCGATCGTGCCACGA-3′ for the rescue mutant. We previously published the sequence for the cypin shRNA and rescue plasmid (Chen and Firestein, 2007). All overexpression plasmids have been previously published (Akum et al., 2004; Charych et al., 2006). Neurons were allowed to express the exogenous protein for 6 d and were then subjected to NMDA treatment as described below.




NMDA treatment, immunocytochemistry, and imaging.

Treatment with a sublethal dose of NMDA (Sigma) was performed as previously described (Hasbani et al., 1998) with some modification. All steps were performed at 37°C. NMDA was diluted in HEPES-buffered balanced salt solution (HBBSS; 200 mg/l CaCl2, 400 mg/l KCl, 77.3 mg/l MgCl2, 3 g/l NaCl, 2.2 g/l NaHCO3, 125 mg/l NaH2PO4 H2O, 4.5 g/l d-glucose, 2.6 g/l HEPES, pH 7.4). Briefly, on DIV 20, neurons expressing the appropriate constructs were exposed to 30 μm NMDA for 10 min. In parallel, sister cultures were treated only with HBBSS buffer to serve as controls. At the end of NMDA application, recovery groups were returned to HBBSS buffer containing 10 μm MK-801 (Sigma).

For fixed cell time-lapse imaging, exposures or recoveries were terminated by fixation in 4% paraformaldehyde in PBS for 10 min at the appropriate time points. Neurons were visualized by immunofluorescence under a 60× oil-immersion objective on an Olympus IX50 microscope with a Cooke Sensicam CCD-cooled camera, fluorescence, imaging system, and Image Pro software. The experimenter was blinded to the condition when taking images and analyzing dendrite and spine morphology. For cell viability experiments, fixed neurons were stained with rabbit anti-MAP2 (1:500) and chicken anti-GFP (1:500) followed by secondary antibodies conjugated to Cy2 or Cy5. Nuclei were stained using DAPI (Sigma) to determine cell survival. Stained neurons were visualized by immunofluorescence under a 10× objective. Thirty different objective views were randomly selected from three independent experiments. Only GFP-positive neurons with clear neuronal morphology were examined. The experimenter was blinded to the condition when taking images and counting. Neurons with negative MAP2 immunostaining and condensed DAPI staining were considered dead.

For live cell time-lapse imaging, culture medium was replaced with HBBSS buffer for 30 min before imaging, and neurons were placed onto a heated stage. Images were acquired using the same equipment as described above at 5 min intervals for up to 75 min. One picture was captured before adding NMDA, followed by three pictures during NMDA application, and finally, 13 pictures during the recovery stage. To modify microtubule organization, either 10 μg/ml Taxol (Sigma) or 10 μg/ml nocodazole (Sigma) was applied 30 min before NMDA treatment until the end of recording. Control sister cultures were exposed to vehicle conditions. For examination of presynaptic contacts for protrusions, neurons were fixed with 4% paraformaldehyde in PBS for 10 min immediately after the end of recovery. Neurons were stained with chicken anti-GFP (1:500) and rabbit anti-synapsin I (1:500) followed by secondary antibodies conjugated to Cy2 and Cy5. Dendrites at least 10 μm away from the soma were randomly chosen, and the percentage of protrusions that appose immunostained clusters of the presynaptic marker synapsin I was determined. In addition to fixed cells, at least three live cells, imaged over time, were examined.

For endogenous PSD-95 cluster immunostaining, neurons expressing the appropriate constructs were fixed on DIV 20. Neurons were stained with mouse anti-PSD-95 (1:500), anti-synapsin I (1:500), and chicken anti-GFP (1:500) followed by secondary antibodies conjugated with Cy2, Cy3, and Cy5. Dendrites at least 10 μm away from the soma were randomly chosen, and the percentage of PSD-95 clusters that appose synapsin I immunostaining versus total number of clusters was counted.

Statistical significance (p < 0.05) was determined using ANOVA followed by the appropriate post hoc test using GraphPad InStat or GraphPad Prism software.




Analysis of dendrite and protrusion morphology.

All images were analyzed using NIH ImageJ software. Quantitative analyses of dendrite and protrusion morphology are from fixed cell time-lapse imaging. A dendritic swelling is considered a varicosity when it is twice the width of the dendritic shaft. Neurons were considered beaded if they had three varicosities along the same dendrite. Thirty neurons from three independent experiments were counted at each time point of each group. Data were expressed as percentage beaded neurons (normalized to total neurons counted). In a beaded neuron, three dendrites at least 10 μm away from the soma were randomly chosen, and the number of beaded structures along the same 10 μm length of dendrite was counted. The data were expressed as the number of varicosities per micrometer of dendrite. In addition, the area of each varicosity on the same dendrite was examined, and the result was represented as varicosity size (μm2).

Both filopodia and spines were counted as protrusions in order not to rule out any alterations in spine morphology due to NMDA-induced excitotoxicity (Hasbani et al., 2001). Two dendrites per neuron were randomly chosen, and the number of protrusions from a particular length of dendrite (10 μm) was counted. The result was expressed as number of protrusions per μm of dendrite. Statistical differences (p < 0.05) were determined using ANOVA followed by the appropriate post hoc test using GraphPad InStat or GraphPad Prism software.




Western blotting.

Hippocampal cultures (DIV 20) were scraped into 150 μl of TEE (20 mm TrisHCl pH 7.4, 1 mm EDTA, 1 mm EGTA) with 1% Triton X-100 at the appropriate time points after NMDA application. Neurons were homogenized and lysed by passage through a 25.5 gauge needle 20 times. The homogenates were spun at 1000 × g for 10 min. For analysis of proteins released into the medium, HBBSS buffer (medium) was collected at the appropriate time points after NMDA application. Amicon Ultra-4 Centrifugal Filter Unit with Ultracel-10 membrane (Millipore) was used to concentrate the medium 20-fold. Bradford assays were used to determine the protein concentrations of the extracts. Proteins were resolved on a 10% SDS-polyacrylamide gel and transferred to a PVDF membrane. The blot was probed with the indicated antibodies. When extract was being analyzed, expression of Rpl9 was used to normalize the amount of total protein loaded into each well since it has been shown that Rpl9 does not change during ischemic conditions (Kobayashi et al., 2004). For analysis of proteins released into the medium, the SDS-polyacrylamide gel was stained using Coomassie Blue to confirm equal amounts of total protein loaded into each well. Experiments were repeated at least three times. Quantification of blots was performed as previously described with modification (Chen and Firestein, 2007). Briefly, the blots were scanned, and the total integrated density of bands was analyzed using ImageJ. An area with the same size of the selected region close to the bands was used to account for background intensity. The difference between integrated density of the background and the band was determined to be the absolute intensity of the band.







Results


The morphologies of dendrites and dendritic protrusions change in response to sublethal NMDA-induced excitotoxicity

We have chosen to use an in vitro model of glutamate-induced excitotoxicity since viral infection or transfection to alter specific protein levels in vivo is technically challenging. Previous reports show that glutamate-induced morphological changes in dendrites can be mimicked in culture by activating NMDA receptors (Hasbani et al., 1998; Hou et al., 2002; Monnerie et al., 2003; Zhang et al., 2007; Wahl et al., 2009). Moreover, application of sublethal NMDA receptor agonists successfully reproduces glutamate-induced excitotoxicity, which results in varicosity formation and loss of dendritic spines within minutes. In addition, dendrite and spine morphology are restored within 2 h after washout of the glutamate receptor activator (Park et al., 1996; Faddis et al., 1997; Hasbani et al., 1998, 2001; Wilson and Keith, 1998; Inoue and Okada, 2007).

Here, we first characterized sublethal NMDA-induced morphological changes in dendrites in primary hippocampal neurons since most studies have focused on cortical neurons (Hasbani et al., 1998, 2001; Inoue and Okada, 2007). We determined that treatment of our cultures with 30 μm NMDA for 10 min resulted in <50% neuronal death (data not shown). Using live cell time-lapse imaging, we found that varicosities formed along dendrites within minutes of NMDA exposure and that a number of protrusions retracted immediately after NMDA application (Fig. 1B). Although the GFP fluorescence appeared dimmer within 60 min after returning the cultures to recovery medium, possibly due to breakdown of neuronal membranes, a number of the NMDA-induced varicosities persisted, and a subset of protrusions reemerged. In addition, dendrite morphology remained unchanged and dendritic protrusions were stable in the vehicle condition (Fig. 1A). Therefore, our in vitro sublethal dose model successfully mimics glutamate-induced acute morphological changes in dendrites seen in cortical neurons in previous studies.
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Figure 1. Changes in dendrite morphology following sublethal excitotoxic exposure. Primary hippocampal neurons were transfected with cDNAs encoding GFP on DIV 14. Live cell time-lapse imaging was performed at DIV 20, and frames were collected at 5 min intervals for 75 min. Neurons were observed for 5 min before 30 μm NMDA or vehicle treatment, 10 min during 30 μm NMDA application (asterisk) or vehicle treatment, and 60 min after returning to recovery medium. Representative live cell time-lapse imaging is shown. A, Dendrite and protrusion morphology remains stable in the vehicle-treated condition. B, Varicosities form within minutes after application of 30 μm NMDA (plus symbol) and a number of them persist after recovery for 60 min. A number of protrusions retract during NMDA treatment. Some of the retracted protrusions reemerge when the neurons are returned to recovery medium (arrow) while some do not (arrowhead). Scale bars: 10 μm.







Organization of microtubules is disrupted after NMDA exposure

Microtubules have been reported to play a role in NMDA-induced alterations in dendrite morphology (Park et al., 1996; Faddis et al., 1997; Hasbani et al., 1998). Disintegrated microtubules have been found in swollen dendrites (Yamamoto et al., 1986; Tomimoto and Yanagihara, 1992), and disruptions of microtubules appear inside of varicosities (Greenwood et al., 2007). Accordingly, we asked whether changes in microtubule organization can be observed in our in vitro model of sublethal NMDA-induced excitotoxicity. To address the question, neurons were transfected with cDNA encoding GFP-tagged α-tubulin at DIV 14. Sublethal NMDA treatment and live cell time-lapse imaging was performed at DIV 20. We found that filamentous α-tubulin-GFP along the dendrites was discontinuous (Fig. 2E), and varicosity-like swelling structures (Fig. 2E, arrowhead) formed along the dendrites at the end of NMDA treatment. After recovery, swelling was ameliorated (Fig. 2F). Moreover, α-tubulin-GFP entered dendritic protrusions after NMDA application (Fig. 2E,F). A number of α-tubulin-GFP-positive protrusions were longer after recovery (Fig. 2E, F, arrow). In addition, filamentous distribution of α-tubulin-GFP along the dendrite remained unchanged during vehicle treatment (Fig. 2A–C).

[image: Figure 2.]
[image: Figure 2.]


	Download figure
	Open in new tab
	Download powerpoint


Figure 2. The organization of microtubules is disturbed after exposure to sublethal NMDA. Primary hippocampal neurons were transfected with cDNAs encoding α-tubulin-GFP on DIV 14. On DIV 20, neurons were treated with vehicle or 30 μm NMDA. A–L, Frames were captured at 0 min (before NMDA treatment; A, D, G, J), 15 min (end of NMDA treatment; B, E, H, K), and 75 min (end of recovery after NMDA treatment; C, F, I, L) from live cell time-lapse imaging. Nocodazole (10 μg/ml; G–I) or Taxol (10 μg/ml; J–L) was applied to the cultures 30 min before NMDA treatment until the end of recording. Arrowheads in E indicate regions of swelling. Arrows in E and F or H and I indicate that protrusions that contain α-tubulin-GFP that are longer after recovery. Scale bar, 10 μm.




We then asked whether pharmacological manipulations of the cytoskeleton could alter dendritic swelling after sublethal NMDA application in our in vitro model. Taxol, a microtubule stabilizer, has been shown to reduce dendritic swelling in response to sublethal stimulation of the NMDA receptor (Emery and Lucas, 1995; Furukawa and Mattson, 1995; Park et al., 1996). Taxol was applied to neurons 30 min before NMDA treatment until the end of recording. We found that filamentous α-tubulin-GFP along dendrites remained intact and stable during and after NMDA treatment (Fig. 2J–L). In addition, we treated neurons with nocodazole, a microtubule-depolymerizing agent. We observed that microtubules were disrupted before NMDA treatment (Fig. 2G). As expected, a more severe disorganization of microtubules was observed after NMDA receptor activation, which persisted throughout the recovery period (Fig. 2H,I). A number of α-tubulin-GFP-positive protrusions were longer after recovery (Fig. 2H, I, arrow). Moreover, α-tubulin-GFP fluorescence was dimmer in nocodazole-treated neurons than in control neurons. Together, our data suggest that the disruption of microtubule organization plays a role in varicosity formation in neurons exposed to sublethal concentrations of NMDA. Our data also show that tubulin enters into dendritic protrusions after NMDA application, elucidating the potential role of microtubules in NMDA-mediated changes in dendrite morphology.




PSD-95 and cypin protein decrease after exposure to a sublethal dose of NMDA

Because PSD-95 and cypin play a role in the modification of microtubule dynamics (Akum et al., 2004; Charych et al., 2006; Chen and Firestein, 2007; Sweet et al., 2011a,b), we next asked whether protein levels of PSD-95 and cypin may change in parallel with the alteration of microtubule organization after sublethal NMDA application. We performed Western blot analysis from cellular extracts to determine protein expression of PSD-95 and cypin with shock NMDA treatment, after 10 min of NMDA treatment, and after 10 min of NMDA treatment followed by 60 min recovery. Control neurons were exposed to vehicle treatment. There is no significant difference in the levels of Rpl9 protein, which should not change in response to treatment (Kobayashi et al., 2004), between control and NMDA-treated groups (data not shown). We found that PSD-95 protein significantly decreases after 10 min treatment followed by 60 min recovery in the NMDA-treated group (Fig. 3A,B), and cypin protein is significantly lower in the NMDA-treated than control cultures at all time points (Fig. 3A,C). It was surprising to us that cypin protein expression decreased within such a short time after exposure to NMDA. We asked whether cypin is released from the cells as a result of treatment. To address this question, we collected and concentrated the medium with shock NMDA treatment, after 10 min of NMDA treatment, and after 10 min of NMDA treatment followed by 60 min recovery and analyzed cypin protein levels by Western blot analysis. Control neurons were exposed to vehicle. Interestingly, we found that the medium contained ∼25% of cypin levels found in cellular extract under vehicle conditions; however, we detected no LDH, Tuj1, PSD-95, or GAPDH in the medium under these conditions, which would reflect general cell death (Fig. 3D,E). The amount of cypin found in the medium doubled at shorter exposures to NMDA (shock, 10 min) while neither LDH nor GAPDH was released (Fig. 3D,E), implying that cypin is specifically released into the medium as a result of NMDA exposure. It is important to note that all proteins examined increased in the medium after 10 min NMDA treatment followed by 60 min recovery. Since there was no increase in cypin found in the media in the vehicle group (Fig. 3D,E), the increases in release of all proteins most likely represent significant changes in membrane integrity in response to NMDA treatment. Thus, it appears that cypin is released from neurons at all time points and PSD-95 is released at the 60 min/recovery time point, suggesting that release of cypin occurs in response to NMDA treatment.
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Figure 3. Effects of sublethal NMDA exposure on cypin protein levels. At DIV 20, neurons were exposed to vehicle (V) or 30 μm NMDA (N) for 10 min followed by 60 min in recovery medium. A–E, Cell lysates (Extract; A–C) and HBBSS buffer (Media; D, E) were collected at indicated periods. The homogenized samples and concentrated medium were subjected to SDS-PAGE and Western blotting using antibodies to PSD-95, cypin, Rpl9, Tuj1, LDH, and GAPDH. To normalize for total protein from media loaded in media, SDS-polyacrylamide gels were stained with Coomassie Blue. For analysis of proteins in extract, PSD-95 and cypin band intensities were normalized to Rpl9 band intensity. A, Representative Western blot of extract from five independent experiments is shown. B, Quantitative analysis of PSD-95/Rpl9 band intensity shows a significant decrease in PSD-95 protein after recovery. C, Quantitative analysis of cypin/Rpl9 band intensity shows lower cypin protein levels at all time points with NMDA treatment. D, Representative Western blot of proteins in medium from four independent experiments is shown. E, Quantitative analysis of cypin band intensity shows an increase in cypin released into the medium after NMDA treatment. *p < 0.05, **p < 0.01, ***p < 0.001 by Friedman test (repeated-measures nonparametric ANOVA) followed by Dunn's multiple-comparisons test.







PSD-95 plays a role in NMDA-induced varicosity formation

As seen in Figures 2 and 3, the organization of microtubules is disrupted and PSD-95 protein levels are altered in response to sublethal NMDA exposure. Our previous findings show that overexpression of PSD-95 decreases dendrite branching by disrupting microtubule dynamics (Charych et al., 2006; Sweet et al., 2011a,b). Therefore, we hypothesized that alterations in PSD-95 protein expression would affect NMDA-induced varicosity formation. To test the hypothesis, PSD-95 protein was either increased (Fig. 4) or knocked down (Fig. 5) by transfecting neurons with the appropriate constructs at DIV 14. Sublethal NMDA exposure followed by live cell (Figs. 4A, 5A) or fixed cell (Figs. 4B–D, 5B–D) time-lapse imaging was performed at DIV 20. Live cell time-lapse imaging was used to monitor morphological changes in the same dendrites while fixed cell time-lapse imaging was used to avoid photobleaching and out-of-focus imaging. Quantitative analyses of dendrite and protrusion morphology are from fixed cell time-lapse imaging. We found that sublethal NMDA treatment resulted in a significant decrease in the number of neurons with varicosities when PSD-95 was overexpressed during NMDA treatment and at the beginning of recovery (Fig. 4D). In beaded neurons, neurons overexpressing PSD-95 showed a decrease in the number of varicosities per micrometer of dendrite (Fig. 4C) and an increase in the size of varicosities (Fig. 4B) when compared with control neurons. In addition, the size of varicosities remained elevated when neurons overexpressing PSD-95 were returned to recovery medium for 60 min (Fig. 4B).
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Figure 4. The effects of overexpression of PSD-95 on NMDA-induced changes in dendrite morphology. Primary hippocampal neurons were cotransfected with cDNAs encoding GFP and RFP (control) or PSD-95-RFP [PSD-95 overexpression (PSD-95 OE)] at DIV 14. At DIV 20, neurons were exposed to vehicle or 30 μm NMDA for 10 min followed by 60 min in recovery medium. A, Representative live cell time-lapse imaging was captured at 0 min (before treatment), 15 min (end of treatment), and 75 min (end of recovery). Scale bar, 5 μm. B–E, Quantitative analyses of time-lapse experiments from fixed cells imaging of sister neuronal cultures from three independent experiments. B, Varicosity size. Number of varicosities analyzed at each time point of each group is as follows: in control, n = 115 at shock (S) with NMDA treatment, n = 121 at 5 min with NMDA treatment, n = 265 at 10 min in NMDA treatment, n = 178 after NMDA treatment followed by 10 min recovery, n = 47 after NMDA treatment followed by 30 min recovery, and n = 43 after NMDA treatment followed by 60 min recovery; in PSD-95 OE, n = 24 at S with NMDA treatment, n = 63 at 5 min with NMDA treatment, n = 79 at 10 min with NMDA treatment, n = 42 after NMDA treatment followed by 10 min recovery, n = 37 after NMDA treatment followed by 30 min recovery, and n = 41 at after NMDA treatment followed by 10 min recovery. *p < 0.05, ***p < 0.001 by Kruskal–Wallis test followed by Dunn's multiple-comparisons test compared with control NMDA. C, Number of varicosities per micrometer of dendrite. Number of beaded dendrites analyzed at each time point of each group is as follows: for control, n = 27 at S with NMDA treatment, n = 27 at 5 min with NMDA treatment, n = 60 at 10 min with NMDA treatment, n = 39 after NMDA treatment followed by 10 min recovery, n = 12 after NMDA treatment followed by 30 min recovery, and n = 9 after NMDA treatment followed by 60 min recovery; for PSD-95 OE, n = 6 at S with NMDA treatment, n = 18 at 5 min with NMDA treatment, n = 27 at 10 min with NMDA treatment, n = 12 after NMDA treatment followed by 10 min recovery, n = 12 after NMDA treatment followed by 30 min recovery, and n = 12 after NMDA treatment followed by 60 min recovery. **p < 0.01, ***p < 0.001 by Kruskal–Wallis test followed by Dunn's multiple-comparisons test compared with control NMDA. D, Percentage beaded neurons. Thirty neurons were analyzed at each time point of each group. ***p < 0.001 by two-way ANOVA followed by Bonferroni multiple-comparisons test. The plot only shows the comparison between control NMDA and PSD-95 OE NMDA. Statistics not shown on graph: ***p < 0.001 at 0, 5, 10 min with NMDA treatment, and after NMDA treatment followed by 10 min recovery for control vehicle versus control NMDA; ***p < 0.001 at 10 min with NMDA treatment and *p < 0.05 at 5 min with NMDA treatment for PSD-95 OE vehicle versus PSD-95 OE NMDA. No significant difference for control vehicle versus PSD-95 OE vehicle at all time points. E, Number of protrusions per micrometer of dendrite. Sixty dendrites were analyzed at each time point of each group. *p < 0.05, **p < 0.01, ***p < 0.001 with two-way ANOVA followed by Bonferroni multiple-comparisons test.
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Figure 5. Effects of PSD-95 knockdown on NMDA-induced changes in dendrite morphology. Primary hippocampal neurons were transfected at DIV 14 with control shRNA (control), or PSD-95 shRNA without [PSD-95 knockdown (PSD-95 shRNA)] or with [PSD-95 knockdown plus rescue (PSD-95 shRNA+R)] cDNA encoding silent mutations in PSD-95 in the region targeted by our shRNA. At DIV 20, neurons were exposed to vehicle or 30 μm NMDA for 10 min followed by 60 min in recovery medium. A, Representative live cell time-lapse imaging were captured at 0 min (before treatment), 15 min (end of treatment), and 75 min (end of recovery). Scale bar, 5 μm. B–E, Quantitative analyses of time-lapse experiment from fixed cell imaging of sister neuronal cultures from three independent experiments in B–D and from two independent experiments in E. B, Varicosity size. Number of varicosities analyzed at each time point of each group is as follows: for control, n = 108 at shock (S) with NMDA treatment, n = 157 at 5 min with NMDA treatment, n = 197 at 10 min with NMDA treatment, n = 206 after NMDA treatment followed by 10 min recovery, n = 130 after NMDA treatment followed by 30 min recovery, and n = 36 after NMDA treatment followed by 60 min recovery; for PSD-95 shRNA, n = 172 at S with NMDA treatment, n = 224 at 5 min with NMDA treatment, n = 324 at 10 min with NMDA treatment, n = 177 after NMDA treatment followed by 10 min recovery, n = 225 after NMDA treatment followed by 30 min recovery, and n = 153 after NMDA treatment followed by 60 min recovery; for PSD-95 shRNA+R, n = 52 at S with NMDA treatment, n = 65 at 5 min with NMDA treatment, n = 154 at 10 min with NMDA treatment, n = 129 after NMDA treatment followed by 10 min recovery, n = 94 after NMDA treatment followed by 30 min recovery, and n = 83 after NMDA treatment followed by 60 min recovery. *p < 0.05, **p < 0.01, ***p < 0.001 by Kruskal–Wallis test followed by Dunn's multiple-comparisons test. The plot only shows the comparison of PSD-95 shRNA NMDA or PSD-95 shRNA+R NMDA to control NMDA. Statistics not shown on graph: ***p < 0.001 at all time points for PSD-95 shRNA NMDA versus PSD-95 shRNA+R NMDA. C, Number of varicosities per micrometer of dendrite. Number of beaded dendrites analyzed at each time point of each group is as follows: for control, n = 27 at S with NMDA treatment, n = 36 at 5 min with NMDA treatment, n = 48 at 10 min with NMDA treatment, n = 51 after NMDA treatment followed by 10 min recovery, n = 33 after NMDA treatment followed by 30 min recovery, and n = 9 after NMDA treatment followed by 60 min recovery; for PSD-95 shRNA, n = 33 at S with NMDA treatment, n = 48 at 5 min with NMDA treatment, n = 69 at 10 min with NMDA treatment, n = 36 after NMDA treatment followed by 10 min recovery, n = 45 after NMDA treatment followed by 30 min recovery, and n = 30 after NMDA treatment followed by 60 min recovery; for PSD-95 shRNA+R, n = 15 at S with NMDA treatment, n = 18 at 5 min with NMDA treatment, n = 39 at 10 min with NMDA treatment, n = 36 after NMDA treatment followed by 10 min recovery, n = 24 after NMDA treatment followed by 30 min recovery, and n = 24 after NMDA treatment followed by 60 min recovery. *p < 0.05, **p < 0.01, ***p < 0.001 by Kruskal–Wallis test followed by Dunn's multiple-comparisons test. The plot only shows the comparison of PSD-95 shRNA NMDA or PSD-95 shRNA+R NMDA with control NMDA. Statistics not shown on graph: not significant at 5 min, *p < 0.05 at 10 min with NMDA treatment and after NMDA treatment followed by 10 min recovery, and ***p < 0.001 at 0 min with NMDA treatment, after NMDA treatment followed by 10 and 60 min recovery for PSD-95 shRNA NMDA versus PSD-95 shRNA+R NMDA. D, Percentage beaded neurons. Thirty neurons were analyzed at each time point of each group. *p < 0.05, ***p < 0.001 with two-way ANOVA followed by Bonferroni multiple-comparisons test. The plot only shows the comparison of PSD-95 shRNA NMDA or PSD-95 shRNA+R NMDA with control NMDA. Statistics not shown on graph: not significant after NMDA treatment followed by 10 and 60 min recovery, *p < 0.05 at 0 min with NMDA treatment, and ***p < 0.001 at 5, 10 min with NMDA treatment, and after NMDA treatment followed by 10 min recovery for PSD-95 shRNA NMDA versus PSD-95 shRNA+R NMDA;***p < 0.001 for control vehicle versus control NMDA in all time points except after NMDA treatment followed by 60 min recovery (p > 0.05); ***p < 0.001 for PSD-95 shRNA vehicle versus PSD-95 shRNA NMDA in all time points. Not significant at 0 min with NMDA treatment, **p < 0.01 at 5 min with NMDA treatment, and ***p < 0.001 at 10 min with NMDA treatment, after NMDA treatment followed by 10, 30, and 60 min recovery for PSD-95 shRNA+R vehicle versus PSD-95 shRNA+R NMDA; not significant for control vehicle versus PSD-95 shRNA vehicle, control vehicle with PSD-95 shRNA+R vehicle, and PSD-95 shRNA vehicle with PSD-95 shRNA+R vehicle in all time points. E, Number of protrusions per micrometer of dendrite. Forty dendrites were analyzed at each time point of each group. *p < 0.05, **p < 0.01, ***p < 0.001 with two-way ANOVA followed by Bonferroni multiple-comparisons test.




In line with these data, knockdown of PSD-95 resulted in a significant increase in the number of neurons with varicosities at the end of sublethal NMDA treatment and at 60 min after returning the cultures to recovery medium (Fig. 5D). An increase in the number of varicosities per micrometer of dendrite (Fig. 5C) and a decrease in the size of varicosities (Fig. 5B) were observed in neurons with PSD-95 knocked down. To demonstrate the specificity of our PSD-95 shRNA, we coexpressed a cDNA encoding silent mutations in PSD-95 in the region targeted by our shRNA. As expected, the silent mutant PSD-95 rescued the effects of PSD-95 knockdown (Fig. 5B–D). The effects of PSD-95 rescue either returned varicosity characteristics to control levels or in between the levels of control and overexpression. This is expected as we cannot control for how much knocked down PSD-95 is replaced by the silent mutant. Together, these results indicate that PSD-95 plays a role in mediating sublethal NMDA-induced varicosity formation in dendrites.




Cypin plays a role in NMDA-induced varicosity formation

Previous data from our laboratory indicate that binding of cypin to PSD-95 results in a decrease in PSD-95 clustering and delocalization (Firestein et al., 1999; Charych et al., 2006). Moreover, cypin interacts with and acts upstream of PSD-95 in dendritogenesis (Charych et al., 2006). Cypin increases dendrite branching by promoting microtubule polymerization and negatively regulating the synaptic localization of PSD-95 (Akum et al., 2004; Charych et al., 2006; Chen and Firestein, 2007). In addition, cypin protein levels are altered in response to sublethal NMDA exposure (Fig. 3). Therefore, we asked whether cypin plays a role in mediating changes in dendrite morphology after sublethal NMDA exposure. To answer this question, cypin protein was either increased (Fig. 6) or knocked down (Fig. 7) by transfecting neurons with the appropriate constructs on DIV 14. Sublethal NMDA exposure followed by live cell (Figs. 6A, 7A) or fixed cell (Figs. 6B–D, 7B–D) time-lapse imaging was performed on DIV 20. We found that sublethal NMDA treatment resulted in an increase in the number of beaded neurons in neurons overexpressing cypin at the end of NMDA treatment and at the beginning of recovery (Fig. 6D). In beaded neurons, an increase in the number of varicosities per micrometer of dendrite (Fig. 6C) and a decrease in the size of varicosities (Fig. 6B) were found in neurons overexpressing cypin.
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Figure 6. Effects of cypin overexpression on NMDA-induced changes in dendrite morphology. Primary hippocampal neurons were transfected with cDNAs encoding GFP (control) or GFP-cypin (cypin OE) at DIV 14. At DIV 20, neurons were exposed to vehicle or 30 μm NMDA for 10 min followed by 60 min in recovery medium. A, Representative live cell time-lapse imaging were captured at 0 min (before treatment), 15 min (end of treatment), and 75 min (end of recovery). Scale bar, 5 μm. B–E, Quantitative analyses of time-lapse experiments from fixed cell imaging of sister neuronal cultures from three independent experiments. B, Varicosity size. Number of varicosities analyzed at each time point of each group is as follows: for control, n = 220 at shock (S) with NMDA treatment, n = 219 at 5 min with NMDA treatment, n = 230 at 10 min with NMDA treatment, n = 131 after NMDA treatment followed by 10 min recovery, n = 144 after NMDA treatment followed by 30 min recovery, and n = 103 after NMDA treatment followed by 60 min recovery; for cypin OE, n = 242 at S with NMDA treatment, n = 298 at 5 min with NMDA treatment, n = 370 at 10 min with NMDA treatment, n = 276 after NMDA treatment followed by 10 min recovery, n = 220 after NMDA treatment followed by 30 min recovery, and n = 210 after NMDA treatment followed by 60 min recovery. *p < 0.05; ***p < 0.001 by Kruskal–Wallis test followed by Dunn's multiple-comparisons test as compared with control NMDA. C, Number of varicosities per micrometer of dendrite. Number of beaded dendrites analyzed at each time point of each group is as follows: for control, n = 48 at S with NMDA treatment, n = 57 at 5 min with NMDA treatment, n = 57 at 10 min with NMDA treatment, n = 39 after NMDA treatment followed by 10 min recovery, n = 33 after NMDA treatment followed by 30 min recovery, and n = 27 after NMDA treatment followed by 60 min recovery; for cypin OE, n = 51 at S with NMDA treatment, n = 63 at 5 min with NMDA treatment, n = 75 at 10 min with NMDA treatment, n = 57 after NMDA treatment followed by 10 min recovery, n = 48 after NMDA treatment followed by 30 min recovery, and n = 42 after NMDA treatment followed by 60 min recovery. **p < 0.01; ***p < 0.001 by ANOVA with Kruskal–Wallis test followed by Dunn's multiple-comparisons test compared with control NMDA. D, Percentage beaded neurons. Thirty neurons were analyzed at each time point of each group. *p < 0.05 by two-way ANOVA followed by Bonferroni multiple-comparisons test. The plot only shows the comparison between control NMDA and cypin OE NMDA. Statistics not shown on graph: ***p < 0.001 for control vehicle versus control NMDA and cypin OE vehicle versus cypin OE NMDA at all time points; not significant for control vehicle versus cypin OE vehicle in all time points. E, Number of protrusions per micrometer of dendrite. Sixty dendrites were analyzed at each time point of each group. *p < 0.05; **p < 0.01 by two-way ANOVA followed by Bonferroni multiple-comparisons test.
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Figure 7. Effects of cypin knockdown on NMDA-induced changes in dendrite morphology. Primary hippocampal neurons were transfected at DIV 14 with control shRNA (control), or cypin shRNA without [cypin knockdown (cypin shRNA)] or with [cypin knockdown plus rescue (cypin shRNA+R)] cDNA encoding a single point mutation in the region of cypin specifically targeted by our shRNA. At DIV 20, neurons were exposed to vehicle or 30 μm NMDA for 10 min followed by 60 min in recovery medium. A, Representative live cell time-lapse imaging were captured at 0 min (before treatment), 15 min (end of treatment), and 75 min (end of recovery). Scale bar, 5 μm. B–E, Quantitative analyses of time-lapse experiments from fixed cell imaging of sister neuronal cultures from three independent experiments in B–D and from two independent experiments in E. B, Varicosity size. Number of varicosities analyzed at each time point of each group is as follows: for control, n = 100 at shock (S) with NMDA treatment, n = 209 at 5 min with NMDA treatment, n = 243 at 10 min with NMDA treatment, n = 230 after NMDA treatment followed by 10 min recovery, n = 115 after NMDA treatment followed by 30 min recovery, and n = 50 after NMDA treatment followed by 60 min recovery; for cypin shRNA, n = 47 at S with NMDA treatment, n = 60 at 5 min with NMDA treatment, n = 89 at 10 min with NMDA treatment, n = 65 after NMDA treatment followed by 10 min recovery, n = 71 after NMDA treatment followed by 30 min recovery, and n = 28 after NMDA treatment followed by 60 min recovery; for cypin shRNA+R, n = 88 at S with NMDA treatment, n = 164 at 5 min with NMDA treatment, n = 179 at 10 min with NMDA treatment, n = 177 after NMDA treatment followed by 10 min recovery, n = 167 after NMDA treatment followed by 30 min recovery, and n = 112 after NMDA treatment followed by 60 min recovery. **p < 0.01; ***p < 0.001 by Kruskal–Wallis test followed by Dunn's multiple-comparisons test. The plot only shows the comparison of cypin shRNA NMDA or cypin shRNA+R NMDA with control NMDA. Statistics not shown on graph: ***p < 0.001 at all time points for cypin shRNA NMDA versus cypin shRNA+R NMDA. C, Number of varicosities per micrometer of dendrite. Number of beaded dendrites analyzed at each time point of each group is as follows: for control, n = 24 at S with NMDA treatment, n = 45 at 5 min with NMDA treatment, n = 57 at 10 min with NMDA treatment, n = 54 after NMDA treatment followed by 10 min recovery, n = 27 after NMDA treatment followed by 30 min recovery, and n = 12 after NMDA treatment followed by 60 min recovery; for cypin shRNA, n = 12 at S with NMDA treatment, n = 18 at 5 min with NMDA treatment, n = 27 at 10 min with NMDA treatment, n = 21 after NMDA treatment followed by 10 min recovery, n = 18 after NMDA treatment followed by 30 min recovery, and n = 9 after NMDA treatment followed by 60 min recovery; for cypin shRNA+R, n = 18 at S with NMDA treatment, n = 33 at 5 min with NMDA treatment, n = 36 at 10 min with NMDA treatment, n = 33 after NMDA treatment followed by 10 min recovery, n = 33 after NMDA treatment followed by 30 min recovery, and n = 21 after NMDA treatment followed by 60 min recovery. *p < 0.05; **p < 0.01 by Kruskal–Wallis test followed by Dunn's multiple-comparisons test. The plot only shows the comparison of cypin shRNA NMDA or cypin shRNA+R NMDA with control NMDA. Statistics not shown on graph: not significant at 0 min with NMDA treatment, *p < 0.05 after NMDA treatment followed by 30 min recovery, **p < 0.01 after NMDA treatment followed by 60 min recovery, and ***p < 0.001 at 5 min with NMDA treatment, 10 min with NMDA treatment, and after NMDA treatment followed by 10 min recovery for cypin shRNA NMDA versus cypin shRNA+R NMDA. D, Percentage beaded neurons. Thirty neurons were analyzed at each time point of each group. ***p < 0.001 with two-way ANOVA followed by Bonferroni multiple-comparisons test. The plot only shows the comparison of cypin shRNA NMDA or cypin shRNA+R NMDA to control NMDA. Statistics not shown on graph: not significant at 0 min with NMDA treatment, 10 min with NMDA treatment, after NMDA treatment followed by 10 and 60 min recovery, and *p < 0.05 at 5 min with NMDA treatment and after NMDA treatment followed by 30 min recovery for cypin shRNA NMDA versus cypin shRNA+R NMDA; ***p < 0.001 for control vehicle versus control NMDA in all time points except after NMDA treatment followed by 60 min recovery (p > 0.05); not significant at 0, 5 min with NMDA treatment and after NMDA treatment followed by 60 min recovery, *p < 0.05 after NMDA treatment followed by 10 min recovery, **p < 0.01 after NMDA treatment followed by 30 min recovery, and ***p < 0.001 at 10 min with NMDA treatment for cypin shRNA vehicle versus cypin shRNA NMDA; ***p < 0.001 for cypin shRNA+R vehicle versus cypin shRNA+R NMDA at all time points except 0 min with NMDA treatment (**p < 0.01); not significant for control vehicle versus cypin shRNA vehicle, control vehicle versus cypin shRNA+R vehicle, and for cypin shRNA vehicle versus cypin shRNA+R vehicle at all time points. E, Number of protrusions per micrometer of dendrite. Forty dendrites were analyzed at each time point of each group. *p < 0.05; **p < 0.01 with two-way ANOVA followed by Bonferroni multiple-comparisons test.




Knockdown of cypin resulted in a significant decrease in the number of beaded neurons during sublethal NMDA treatment and at the beginning of recovery (Fig. 7D). Decreased number of varicosities per micrometer of dendrite (Fig. 7C) and increased size of varicosities (Fig. 7B) were found in neurons with cypin knocked down. In addition, the size of varicosities in neurons with cypin knocked down was elevated even when cultures were returned to recovery medium for 60 min. To demonstrate the specificity of our cypin shRNA, we coexpressed a cDNA encoding a single point mutation in the region of cypin specifically targeted by our shRNA. As expected, the silent mutant rescued the effects of knockdown (Fig. 7B–D), returning varicosity characteristics to control levels or in between the levels of control and overexpression. Thus, our data suggest that cypin regulates morphological changes in dendrites seen in response to sublethal NMDA exposure.




PSD-95 and cypin play a role in changes in dendritic protrusions in response to sublethal NMDA exposure

The regulation of PSD-95 expression and localization influences the morphological changes of dendritic protrusions, including stabilization of filopodia, maturation of spines, and density of spines (Okabe et al., 1999; El-Husseini et al., 2000; Prange and Murphy, 2001). In addition, overexpression of cypin in hippocampal neurons specifically attenuates the postsynaptic trafficking of PSD-95 (Firestein et al., 1999). Accordingly, we asked whether altering PSD-95 and cypin protein levels changes dendritic protrusion density since protrusions retracted and reemerged in response to sublethal NMDA exposure (Fig. 1). To address this question, we transfected neurons with appropriate constructs to modify PSD-95 and cypin protein expression on DIV 14. Sublethal NMDA exposure with live cell (Figs. 4⇑⇑–7A) or fixed cell (Figs. 4⇑⇑–7E) time-lapse imaging was performed on DIV 20. We then analyzed both spines and filopodia together as total protrusions to avoid excluding any changes in spine morphology as a result of the NMDA treatment (Hasbani et al., 2001). Overexpression of PSD-95 increased protrusion density (Fig. 4E) while knocking down PSD-95 decreased protrusion density (Fig. 5E). As expected, the silent mutant of PSD-95 rescued the effects of PSD-95 knockdown. Similarly, overexpression of cypin resulted in a significant decrease in protrusion density (Fig. 6E) while knockdown of cypin marginally increased protrusion density (Fig. 7E; p = 0.056 at start of treatment and p = 0.0578 at 60 min at recovery). As expected, coexpression of the silent mutation of cypin rescued the effects of knockdown.

We then assessed the effects of overexpression and knockdown of these proteins on changes in protrusion density in response to sublethal NMDA exposure. Overexpression of PSD-95 blocked the decrease in protrusion density seen in response to NMDA (Fig. 4E). Knockdown of PSD-95 occluded changes in protrusion density mediated by NMDA treatment (Fig. 5E). As expected, coexpression of the silent mutant of PSD-95 rescued the effects of PSD-95 knockdown. Similarly, overexpression of cypin occluded NMDA-mediated changes in protrusion density (Fig. 6E). In contrast, knockdown of cypin resulted in an attenuated decrease in protrusion density at the end of NMDA exposure (Fig. 7E). As expected, coexpression of the silent mutant of cypin rescued the effects of PSD-95 knockdown. Together, our data suggest that PSD-95 and cypin play a role in mediating changes in protrusion retraction and reemergence in response to sublethal NMDA exposure.




Presynaptic and postsynaptic elements remain in contact during dendritic changes in response to NMDA

The Goldberg laboratory has previously shown that presynaptic boutons remain associated with or near postsynaptic components during morphological changes in cortical neurons in response to NMDA treatment (Hasbani et al., 2001). Accordingly, we asked whether elimination of dendritic spines is associated with loss of synaptic contact using live cell time-lapse imaging in our in vitro model of sublethal NMDA-induced excitotoxicity, and whether altering cypin or PSD-95 protein expression influences synaptic contact during morphological change. It should be noted that regardless of PSD-95 or cypin protein levels, PSD-95 clusters are synaptic (Fig. 8G). We transfected neurons with the appropriate constructs to modify PSD-95 and cypin protein expression on DIV 14. Sublethal NMDA exposure and live cell time-lapse imaging was performed on DIV 20. After 60 min in recovery, neurons were fixed and immunostained with the presynaptic marker synapsin I followed by analysis of percentage of protrusions that appose synapsin I immunostaining. As shown in Figure 8A–C, the majority of protrusions remained associated with presynaptic elements regardless of whether cypin or PSD-95 was overexpressed or knocked down. There was no significant difference between synaptic contacts made in the control versus overexpression and knockdown cultures.
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Figure 8. Synaptic connections remain during morphological changes, and cypin promotes neuroprotection. A–C, Primary hippocampal neurons were transfected with indicated constructs to overexpress or knockdown cypin or PSD-95 at DIV 14. At DIV 20, neurons were exposed to vehicle or 30 μm NMDA for 10 min followed by 60 min in recovery medium. Representative live cell time-lapse imaging were captured at 0 min (before treatment), 15 min (end of treatment), and 75 min (end of recovery). At the end of recovery, neurons were fixed and stained with anti-GFP and anti-synapsin I (presynaptic marker). Arrows indicate protrusions that appose synapsin I-immunoreactive boutons and their corresponding position during live cell time-lapse imaging. Numbers below the images represent the percentage of protrusions that appose synapsin I clusters (%). At least three live cell time-lapse images were examined. There are no significant differences between groups in each panel as determined by two-way ANOVA followed by Bonferroni multiple-comparisons test. Scale bars: 5 μm. D–F, At DIV 20, transfected neurons were treated with vehicle or 30 μm NMDA for 10 min followed by 24 h in recovery medium. Neurons were fixed and stained with anti-GFP, anti-MAP2, and DAPI. GFP immunostaining was performed to determine the transfected cells. MAP2 and DAPI staining was performed to determine cell survival. Thirty objective views were chosen at random from three independent experiments. Overexpressing cypin and knocking down PSD-95 protects neurons from NMDA-induced excitotoxicity while knocking down cypin and overexpressing PSD-95 have opposite effects. Nonsignificant, *p < 0.05, **p < 0.01, ***p < 0.001 by Kruskal–Wallis test followed by Dunn's multiple-comparisons test. G, At DIV 20, transfected neurons were fixed and stained with anti-GFP, anti-synapsin I, and anti-PSD-95. Numbers below the images represent the percentage of PSD-95 clusters that appose synapsin I immunostaining versus total number of clusters (%). Outlines in bottom images represent dendrite as determined by GFP image. Arrows indicate PSD-95 clusters that appose to synapsin I-immunoreactive boutons and their corresponding position in protrusions. At least three live cell time-lapse images were examined. The majority of PSD-95 clusters appose synapsin I immunostaining, and this does not change when cypin or PSD-95 protein levels are altered, as determined by Kruskal–Wallis test followed by Dunn's multiple-comparisons test. Scale bars: 5 μm.







Overexpression of cypin and knockdown of PSD-95 protect neurons from NMDA-induced cytotoxicity

A number of studies have shown that increases in the number of beaded neurons or the formation of varicosities found in neurons after glutamate exposure indicates unhealthy or dying neurons (Inoue and Okada, 2007; Meller et al., 2008; Hou et al., 2009). Others have reported the opposite effects, that varicosity production is a self-protective response against excitotoxicity and that prevention of focal swelling increases the level of cell death (Ikegaya et al., 2001). Moreover, knocking down PSD-95 protein levels modulates NMDA-induced excitotoxicity (Fan et al., 2009). Thus, we asked whether NMDA-induced neurotoxicity is affected when PSD-95 or cypin protein levels are altered. We transfected neurons with the appropriate constructs on DIV 14. At DIV 20, neurons were treated with 30 μm NMDA and were returned to recovery medium for 24 h followed by GFP and MAP2 immunostaining and DAPI staining. MAP2 and DAPI staining was used to determine cell survival or death. Cell viability was analyzed in GFP-positive neurons with clear neuronal morphology in each condition. As shown in Figure 8D–F, overexpressing cypin or knocking down PSD-95 significantly protects neurons from NMDA-induced excitotoxicity, while knocking down cypin or overexpressing PSD-95 potentiates neuronal death. Furthermore, changes in cell viability are not due to aberrant subcellular localization of PSD-95 that may interfere with the NMDA receptor signaling, further influencing neuron survival rates (Sattler et al., 1999; Aarts et al., 2002; Cui et al., 2007). As shown in Figure 8G, the majority of PSD-95 clusters are synaptic in all conditions. Together, our data suggest that the promotion of smaller varicosities by increased cypin or decreased PSD-95 is neuroprotective.




Discussion

High levels of glutamate are found after traumatic brain injury (Nilsson et al., 1990; Hillered et al., 1992; Bullock et al., 1998), neurological disorders (Sloviter and Dempster, 1985; Olney et al., 1986; Rothstein, 1995), and stroke (Meldrum et al., 1985; Rothman and Olney, 1986; Lee et al., 2000). These high levels result in overstimulation of glutamate receptors, which leads to neurotoxicity. Focal swelling of dendrites and retraction of dendritic spines are early characteristics of glutamate-induced excitotoxicity (Hasbani et al., 1998, 2001; Inoue and Okada, 2007). Several in vivo and in vitro models of glutamate-induced excitotoxicity mimic varicosity formation and the loss of dendritic spines (Park et al., 1996; Faddis et al., 1997; Hasbani et al., 1998, 2001; Zhang et al., 2005; Brown et al., 2007; Durukan and Tatlisumak, 2007; Inoue and Okada, 2007; Brown and Murphy, 2008; Brown et al., 2008; Li and Murphy, 2008; Murphy et al., 2008). For example, in the Rose Bengal mouse cortical photothrombosis model, which produces severe ischemia in vivo, spines and dendrites are rapidly damaged within 10–30 min of stroke. However, after recovery, dendritic and spine structures are mostly restored within 20–60 min (Zhang et al., 2005; Brown et al., 2007; Durukan and Tatlisumak, 2007; Brown and Murphy, 2008; Brown et al., 2008; Li and Murphy, 2008; Murphy et al., 2008). In primary mouse cortical neuronal culture, sublethal oxygen-glucose deprivation or exposure to NMDA, glutamate, or kainate causes dendritic varicosity formation within minutes of treatment. Normal dendrite and spine morphology is restored within 2 h after washout of the glutamate receptor activator or upon returning to normal glucose-oxygen concentrations (Park et al., 1996; Faddis et al., 1997; Hasbani et al., 1998, 2001; Inoue and Okada, 2007). Thus, dendrites and spines are disrupted within minutes after the onset of hypoxia-ischemia, while dendritic structures are restored and spines reemerge immediately at the onset of reperfusion. Much of what we know about the dendritic changes that occur in response to glutamate exposure has been gained from stroke models. This does not imply that our results are solely relevant to stroke or that we are mimicking stroke in a cell culture model, since stroke, as well as other injuries and disorders, are complicated. However, recently, a number of groups have begun to focus on understanding the recoverable dendritic morphological changes that occur during ischemia, including varicosity formation and dendritic spine retraction in surviving neurons in the penumbra. These morphological changes are thought to protect the neurons and result in behavioral and functional improvements (Kolb and Gibb, 1993; Hasbani et al., 2001; Zhang et al., 2005; Brown et al., 2007, 2008; Durukan and Tatlisumak, 2007; Brown and Murphy, 2008; Li and Murphy, 2008). Here, we established and report an in vitro model of sublethal NMDA exposure in primary hippocampal cultures that mimics changes seen in vivo. We use this model to show that PSD-95 and cypin play a role in both dendritic varicosity formation and alterations in spine and filopodia density, with opposite effects. Furthermore, we show that the formation of smaller varicosities correlates with neuroprotection. A model summarizing our results is shown in Figure 9. Sublethal activation of the NMDA receptor results in microtubule fragmentation, which produces larger varicosities, worsening the outcome after ischemia (Davies et al., 2007; Inoue and Okada, 2007). PSD-95 disrupts microtubule organization (Charych et al., 2006; Sweet et al., 2011a,b), therefore producing large varicosities. Cypin negatively regulates synaptic PSD-95 localization and promotes microtubule polymerization (Firestein et al., 1999; Akum et al., 2004; Charych et al., 2006), resulting in smaller varicosities.
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Figure 9. Possible protective mechanism in mediating sublethal NMDA-induced dendrite morphological changes. Sublethal NMDA receptor (NMDAR) activation results in microtubule (MT) fragmentation. More severe MT fragmentation produces larger varicosities, which worsens outcome after ischemia (Davies et al., 2007; Inoue and Okada, 2007). PSD-95 disrupts microtubule organization (Charych et al., 2006; Sweet et al., 2011a,b), resulting in larger varicosities. Cypin negatively regulates synaptic PSD-95 localization and promotes microtubule polymerization (Firestein et al., 1999; Akum et al., 2004; Charych et al., 2006), producing smaller varicosities that were detected.




Fragmented microtubules and loss of microtubule-associated proteins, such as MAP2, have been found in dendrites after ischemic injury (Yamamoto et al., 1986; Tomimoto and Yanagihara, 1992; Emery and Lucas, 1995; Greenwood et al., 2007). We found that microtubule dynamics change with NMDA treatment (Fig. 2) and that nocodazole worsened and Taxol blocked NMDA-induced microtubule breakdown. The finding using Taxol is consistent with previous findings (Jacobs and Stevens, 1986; Emery and Lucas, 1995; Park et al., 1996). Until now, very little was known about the intracellular mediators of the changes in microtubules during stroke. PSD-95 disrupts microtubule organization (Charych et al., 2006; Sweet et al., 2011a,b), and this disruption translates into decreased number of beaded neurons with increased varicosity size. Cypin promotes microtubule assembly (Akum et al., 2004; Chen and Firestein, 2007), translating into a larger number of beaded neurons with smaller varicosities. Thus, by understanding how PSD-95 and cypin affect varicosity formation, we can now identify how microtubules change during this process.

Cypin contains a domain that has high homology to collapsin response mediator protein-2 (CRMP-2), and this domain is responsible for binding tubulin heterodimers for the promotion of microtubule assembly (Firestein et al., 1999; Akum et al., 2004). Interestingly, overexpression of CRMP-2 increases axonal resistance to glutamate-induced varicosity formation (Hou et al., 2009). Like cypin, CRMP-2 promotes microtubule assembly (Fukata et al., 2002), and, together, this report and our data suggest that promotion of microtubule assembly moderates dendritic swelling. What does varicosity formation mean for the neuron? A number of studies show that a reduction of beaded neurons or number of varicosities promotes functional recovery (Inoue and Okada, 2007; Meller et al., 2008; Hou et al., 2009). Others have reported the opposite and indicate that varicosity production is a self-protective response against excitotoxicity and that prevention of focal swelling increases the level of cell death (Ikegaya et al., 2001). We have found that cypin increases varicosity production (Fig. 6), which may be neuroprotective. Similar results, including the formation of smaller varicosities, were found when PSD-95 was knocked down (Fig. 5). Smaller varicosity size has been shown to indicate a metabolically healthier hippocampus in ischemic stroke (Davies et al., 2007), and indeed, our results support this idea (Figs. 4⇑⇑⇑–8). Previous findings have shown that swelling in distal dendrites occurs first, followed by swelling in proximal dendrites (Park et al., 1996; Oliva et al., 2002). The increased number of varicosities can be explained by the fact that cypin overexpression, which results in decreased PSD-95 clustering, results in increased number of distal dendrites (Firestein et al., 1999; Chen and Firestein, 2007). In line with these results, overexpression of PSD-95 and knockdown of cypin resulted in a smaller number of varicosities, which were larger in size (Figs. 4, 7). Moreover, persistent beading, as is seen with overexpression of PSD-95 and knockdown of cypin, implies an impaired regulation of dendritic volume after NMDA exposure (Inoue and Okada, 2007).

It is also interesting to note that cypin is released in response to NMDA exposure (Fig. 3). What is the significance of this finding? Release of cypin from the neuron during and after NMDA treatment may lead to cell death since intracellular cypin appears to confer neuroprotection from this treatment. However, exogenously added cypin (guanine deaminase) protects spinal motor neurons from glutamate-induced toxicity (Hedlund et al., 2010). We added exogenous cypin to our cultures and observed no protection from NMDA-induced toxicity (data not shown). This difference in the effect of cypin may be due to the distinct neuronal types or the fact that glutamate, as used in the spinal cord study, affects multiple receptor subtypes, which may contribute to injury.

What is the role of changes in dendritic spine density in response to NMDA? The collapse of spines as an early response to reduce NMDA receptor activity may serve to render neurons less vulnerable to excitotoxic stimulus (Halpain et al., 1998). In line with this theory, a decrease in the number of dendritic spines promoted by preconditioning ischemia protects against further spine loss resulting from NMDA-induced excitotoxicity (Meller et al., 2008). We have found that cypin decreases protrusion number on its own and occludes NMDA-mediated decreases in protrusion number. What mechanism might regulate this? The NMDA receptor interacts with small GTPases, and in specific RhoA, which are involved in regulation of spine number and morphology (Nakayama et al., 2000; Calabrese et al., 2005; Govek et al., 2005). We have previously reported that the activation of RhoA inhibits translation of cypin protein (Chen and Firestein, 2007) and that overexpression of cypin results in decreased PSD-95 clustering at the synapse (Firestein et al., 1999). Since it is believed that reducing the size of the postsynaptic density (i.e., reducing PSD-95), the number of synaptic NMDA receptor clusters is decreased, protecting the neurons from ischemic damage (Gisselsson et al., 2010).

We have identified a novel pathway by which neurons alter their dendritic morphology in response to sublethal concentrations of NMDA. We have shown that cypin and PSD-95, which have opposite effects on the microtubule cytoskeleton, also mediate opposite effects on the formation of NMDA-induced varicosities and dendritic protrusions. Last, we have provided evidence that alterations in cypin or PSD-95 protein levels that lead to smaller varicosities also confer neuroprotection from NMDA-induced toxicity.
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