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Immediate-early genes (IEGs) are rapidly and transiently induced following excitatory neuronal activity including maximal electroconvulsive shock treatment (ECT). The rapid RNA response can be blocked by the sodium channel antagonist tetrodotoxin (TTX), without blocking seizures, indicating a role for electrical stimulation in electroconvulsive shock-induced mRNA responses. In behaving animals, Arc mRNA is selectively transcribed following patterned neuronal activity and rapidly trafficked to dendrites where it preferentially accumulates at active synapses for local translation. Here we examined whether there is a relationship between the current intensities that elicit seizures and the threshold for Arc mRNA transcription in the rat hippocampus and perirhinal cortex (PRC). Animals received ECT of varying current intensities (0, 20, 40 65, 77 and 85 mA) and were sacrificed 5 min later. While significantly more CA1, CA3 and perirhinal pyramidal cells expressed Arc at the lowest stimulus intensity compared to granule cells, there was an abrupt threshold transition that occurred in all four regions at 77 mA. This precise threshold for Arc expression in all temporal lobe neurons examined may involve regulation of the calcium-dependent mechanisms that are upstream to activity-dependent IEG transcription.
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INTRODUCTION

Electroconvulsive shock treatment (ECT) has been used in the treatment of psychiatric depression or mood disorders where pharmacotherapy has failed. Although the mechanisms by which ECT has its therapeutic effects are largely unknown, it is clear that inducing local seizure-like activity in the brain can alter brain chemistry, connectivity and physiology enough to reverse symptoms of certain mental illnesses (Singh and Kar, 2017). Among its many effects on the nervous system, ECT has been shown to increase the expression of several neurotrophic factors critical to synaptic plasticity, nerve growth, cell repair and survival (Zhang et al., 2009; Hu et al., 2010; Brunoni et al., 2014). In rodents, for example, ECT increases the expression of BDNF and its primary receptor (tropomyosin-related kinase B). Both proteins are known to be critical for short- and long-term potentiation (Nibuya et al., 2002; Altar et al., 2003; Lu et al., 2014; Leal et al., 2017).

Neurotrophic factors like BDNF are known to exert many of their intracellular effects through interactions with a number of the immediate early genes that are transiently expressed following synaptic activity, including ECT (Lyford et al., 1995; Bramham et al., 2008). Arc/Arg3.1 is an immediate early gene that has been shown to create postsynaptic trafficking endosomes through which AMPA receptor densities at the synapse are regulated, and is consequently considered a cellular marker of synaptic plasticity (Guzowski et al., 2001; Chowdhury et al., 2006; Shepherd et al., 2006; Bramham et al., 2008; Okuno et al., 2012). Arc/Arg3.1 is strongly induced in the rodent hippocampus and cortex within 5 min following ECT and remains elevated for 8 h, prior to returning to baseline levels within 24 h (Lyford et al., 1995; Wallace et al., 1998). During spatial navigation, location-specific firing during theta oscillations provide the necessary stimulation to drive Arc/Arg3.1 expression in the hippocampus, and there are numerous reports that demonstrate increased Arc/Arg3.1 expression following periods of behavioral exploration (Guzowski et al., 1999; Bramham et al., 2008; Hartzell et al., 2013; Chawla et al., 2018).

Many of the neurotrophic factors that elicit immediate-early genes (IEGs) transcriptional responses are regulated by calcium levels, particularly from influxes through L-type calcium channels and NMDA receptors (Tabuchi et al., 2000). It has been shown that different levels of physiological activity result in different calcium dynamics within the cell and also distinct patterns of immediate early gene responses (Dolmetsch et al., 2001; Takasu et al., 2002; Park and Poo, 2013). For example, dendritic calcium plateau potentials in CA1 pyramidal cells result from a certain level of depolarization elicited by temporally precise coincident input from CA3 and entorhinal cortical afferents. These potentials have been shown to precede the development of place-specific firing in mice that traverse a track in virtual reality (Kamondi et al., 1998; Jarsky et al., 2005; Sjöström and Häusser, 2006; Tsay et al., 2007; Takahashi and Magee, 2009; Bittner et al., 2015). Because Arc/Arg3.1 transcription is known to be calcium-dependent, these plateau potentials may contribute to the regulation of Arc/Arg3.1 behavior-driven gene expression. This suggestion predicts that Arc gene expression may show a physiological induction threshold since plateau potentials emerge only following specific stimulation patterns. The present study was undertaken to systematically investigate the question of whether there is an amplitude threshold for Arc expression following ECS treatment.

MATERIALS AND METHODS

Young F344 rats (5–6 months old, Harlan Sprague-Dawley, Indianapolis, IN, USA) were used in accordance with NIH guidelines and Animal Care and Use Committee at the University of Arizona. Animals were individually caged with free access to food and water. Rats (n = 21) were assigned to one of the six groups. Five groups received ECT of varying intensity (20, 40 65, 77 and 85 mA) using a UGO Basile ECT unit (Via Giuseppe Di Vittorio 2-21036, Gemonio-Varese, Italy). A sixth group did not receive any shock and were sacrificed directly from their home cages. This group will be referred to as caged controls. Briefly, rats were brought from the colony room in a flower pot wrapped in a towel, two leads equipped with ear clips from the ECT unit were soaked in saline and were attached to the animal’s ears prior to giving them the shock. Animals were not restrained during the application of current but an experimenter was ready to hold the rat if he jumped out of the pot following shock treatment. The duration of shock was 1 s, at 100 Hz with a 0.5 ms square wave pulse. All animals exhibited signs of behavioral seizures. We conducted a more detailed seizure assessment using seven additional animals that received different current intensities. An ECT sham was implemented by applying the saline-soaked ear clips to the ears without passing any current. This animal did not exhibit any noticeable behavioral change and moved around the pot freely, exploring and grooming. At the 10-mA current intensity the rat showed an abrupt movement of the head at the onset of ECT. Once the shock ended, the animal appeared to be slightly dazed; however, returned to normal after 2 min. At the 20-mA current intensity the rat exhibited an abrupt movement of the head, a rapid respiratory rate increase and remained motionless in the pot for 1 min before moving again. At the 40-mA current intensity, the animal experienced head movement and forelimb clonus during ECT. This was followed by an increase in 144 respiratory rate, ear twitching, and remained motionless for 2 min. At the 65-mA current intensity there was head movement and rearing with forelimb clonus for approximately 1 min, followed by clenching of the hind limbs for another minute. Subsequently the rat fell to his side. At the 77- and 85-mA current intensity, rats experienced rearing and falling with forelimb clonus and hind limb extension with convulsion for ~2 min.

Brain Extraction and Dissection

Five minutes following treatment, rats were anesthetized with 5% isoflurane and decapitated with a rodent guillotine. Brains were rapidly removed, hemisected with the right hemisphere quickly frozen in isopentane cooled over an ethanol/dry ice bath and stored at −80°C until sectioning for in situ hybridization. Twenty micron thick sections were cut after blocking the hemi-brains in optimal cutting temperature (OCT) compound such that all the experimental groups and negative controls (caged) were included on the same slide to minimize technical variability. The sections were cut and thaw-mounted onto frosted slides and stored at −80°C until fluorescence in situ hybridization was performed.

Fluorescence in situ Hybridization

Riboprobes were generated from the full length Arc cDNA (~3 K bp in length, described in Lyford et al. (1995) using a commercial RNA transcription kit (Maxiscript; Ambion, Austin, TX, USA) and RNA labeling nucleotide mix containing digoxigenin-tagged UTP (Roche Molecular Biochemicals, Nutley, NJ, USA). Fluorescence in situ hybridization was performed as described previously (Chawla et al., 2005). Briefly, slides containing the sections were thawed to room temperature, fixed with freshly prepared buffered paraformaldehyde (4%) and treated with 0.5% acetic anhydride/1.5% triethanolamine for 10 min. Incubated in methanol and acetone (1:1) for 5 min and equilibrated in 2× SSC. Sections were incubated with 100 μl 1× prehybridization buffer (Sigma, St. Louis, MS, USA) for 30 min at room temperature. Approximately 100 ng of riboprobe was diluted in 1× hybridization buffer (Amersham, Piscataway, NJ, USA), heat denatured at 90°C, chilled on ice and applied to each section. A coverslip was placed on each slide and incubated overnight at 56°C. Post hybridization washes started with 2× SSC, increased in stringency to 0.5× SSC at 56°C. RNase A (10 μg/ml) at 37°C was used to dissociate any single stranded RNA. After quenching the endogenous peroxidases with 2% H2O2, slides were blocked with NEN blocking agent (Perkin Elmer, Boston, MA, USA) and incubated with an anti-digoxigenin Ab conjugated with HRP (Roche Molecular Biochemicals, Nutley, NJ, USA) overnight at 4°C. Slides were washed with Tris-buffered saline containing 0.05% Tween-20 and the HRP-antibody conjugate was detected using a Cyanine-3 (CY3) tyramide signal amplification kit (Perkin Elmer, Boston, MA, USA). Coverslips were applied to the slides after counterstaining with DAPI contained in a small amount of Vectashield antifade media (Vector Labs, Burlingame, CA, USA) and sealed with nail polish.

Confocal Microscopy and Cellular Analysis

Confocal images were acquired using a Leica SP5 microscope equipped with 405 nm and 543 nm lasers, with a 10× dry lens or a 40× oil immersion lens. Laser settings, detector gain and offsets were kept constant after initial optimization for each slide. Overlapping images were obtained of entire dentate gyrus (DG), and Arc mRNA-positive granule cells were counted. Since animals were sacrificed after 5 min Arc mRNA was present in the nucleus as foci only. An estimate of total number of granule cells was used to obtain the percentage of total Arc-positive cells in the 0, 20 and 40 and 65 mA stimulus conditions. For the 77 and 85 mA condition, negative cells were counted to derive the percentage of Arc expression. For the CA1 subregion, images were obtained of proximal, distal and medial CA1 and for the CA3 subregion all the pyramidal cells were imaged. Areas of analysis from the CA1, CA3 or area 35 of the perirhinal cortex (PRC) were optically sectioned at ~0.75 μm in the z-plane. Three different CA1or CA3 subregions per animal were imaged in triplicate. For area 35 of the PRC, all layers were imaged in triplicate. Arc mRNA-positive cells were counted by an experimenter blind to the conditions using Fiji app in ImageJ. The entire DG was imaged from two to three slides per animal using the 10× objective. The area of the granule cell layer and the total number of neurons was assessed in each reconstructed flat image. The area was used to estimate the total number of neurons using a correction factor that represented the total neurons per square micron. This factor was derived from 92 Z-stacks from 10 different rats collected at 40× magnification for the dorsal hippocampus. The total number of neurons/stack was counted and the area of the granule cell layer (in μm2) from the middle plane was calculated (Chawla et al., 2005; Ramírez-Amaya et al., 2005). Utilizing this factor, the percent of neurons with Arc mRNA in the DG of each rat was calculated according to the following formula:
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where:


    p = the number of Arc (+) neurons in a given reconstructed flat image,

    Ap = the area (in μm2) of the DG, as measured from the reconstructed flat image,

    N = the total number of cells from all 40× Z-stacks,

    A = the total area (in μm2) of the DG from the middle planes of all 40× Z-stacks.



Experimental Design and Statistical Analysis

This study is a between-subject design with respect to the current intensity used to induce seizures. Individual animals were randomly assigned to one of six current intensity treatment conditions (0, 20, 40, 65, 77 and 85 mA). Four brain regions were analyzed for each animal (DG granule cell expression, CA3 and CA1 pyramidal cell expression within the hippocampus, and pyramidal cell expression in area 35 of PRC). The main effect of differences in Arc expression as a result of ECT intensity for each hippocampal subregion was evaluated using either a one-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc tests to evaluate Arc expression at varying current conditions within a region, or a two-way ANOVA to evaluate Arc expression at varying current conditions between brain regions. Alpha levels were all set at <0.05.

RESULTS

Behavioral seizures were induced by all current intensities, resulting in hind-limb extension and tonic clonic motor responses. The 20, 40 or 65 mA conditions resulted in very low Arc mRNA expression in the DG (Figure 1). Excitation at 77 and 85 mA resulted in Arc mRNA expression in ~85 ± 1.0 and 92 ± 0.8% of granule cells. A one-way ANOVA showed a significant effect of current (F(5,12) = 3327, p ≤ 0.001).
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FIGURE 1. (A) Arc mRNA-positive cells in the dentate gyrus (DG) of animals that were given electroconvulsive shock at 20, 40, 65, 77 and 85 mA conditions. The proportion of Arc+ cells found in the caged-control condition was subtracted from the data in all current-intensity conditions. (B) Representative confocal images of DG from animals that were given electroconvulsive shock at 0, 20, 40, 65, 77 and 85 mA. Scale bar = 40 μm. Insets in each panel show high magnification of granule cells showing Arc labeling. Note that at intensities of 77 and 85 mA, most cells show transcriptional foci. Because of the cell packing density, there are many Arc-expressing cells within this higher magnification field of view.



We analyzed three different parts of CA1, Proximal CA1, Middle CA1 and Distal CA1, Arc mRNA positive pyramidal cells are shown in Figure 2. A two-way ANOVA revealed a significant effect of region (F(2,42) = 3.9; p = 0.028) a significant effect of current (F(5,42) = 305; p ≤ 0.001; df = 5), but no region by current interaction (F(10,42) = 1.53; p = 0.16; df = 10). A repeated measures ANOVA showed an effect of region (F(2,36) = 4.29; p = 0.025), but not a region by current interaction (F(2,36) = 1.11; p = 0.40).
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FIGURE 2. (A) Arc mRNA-positive CA1 pyramidal cells in the animals that were given electroconvulsive shock at 20, 40, 65, 77 and 85 mA conditions (proximal, middle and distal) are shown. The proportion of Arc+ cells found in the caged-control condition was subtracted from the data in all current-intensity conditions. (B) Representative confocal images of hippocampal CA1 sub-region from animals that were given electroconvulsive shock at 0, 20, 40, 65, 77 and 85 mA. Scale bar = 40 μm. Insets in each panel show high magnification of CA1 pyramidal cells showing Arc labeling.



The Arc mRNA positive CA3 pyramidal cells are shown in Figure 3. A one-way ANOVA revealed a significant effect of current (F(5,14) = 445.8, p ≤ 0.001). The Arc mRNA positive PRC principle cells are shown in Figure 4. A one-way ANOVA showed a significant effect of current (F(5,12) = 34.06, p ≤ 0.001).
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FIGURE 3. (A) Arc mRNA-positive pyramidal cells in the CA3 subregion of animals that were given electroconvulsive shock at 20, 40, 65, 77 and 85 mA. The proportion of Arc+ cells found in the caged-control condition was subtracted from the data in all current-intensity conditions. (B) Representative confocal images of hippocampal CA3 sub-region from animals that were given electroconvulsive shock at 0, 20, 40, 65, 77 and 85 mA. Scale bar = 40 μm. Insets in each panel show high magnification of CA3 pyramidal cells showing Arc labeling.
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FIGURE 4. Panel (A) shows a graph of Arc mRNA positive principle cells in the perirhinal cortex (PRC) cortical region of animals that were given electroconvulsive shock at 20, 40, 65, 77 and 85 mA. The proportion of Arc+ cells found in the caged-control condition was subtracted from the data in all current-intensity conditions. (B) Representative confocal images of cortical PRC region from animals that were given electroconvulsive shock at 0, 20, 40, 65, 77 and 85 mA. Scale bar = 40 μm. Insets in each panel show high magnification of perirhinal cortical cells showing Arc labeling.



Interestingly, when we compared the proportions of cells that showed Arc expression in each cell type across the four regions examined, separated by current intensities below and above the apparent threshold current of  77 mA, we noted that the regions with the fewest Arc-expressing cells below the apparent threshold had more Arc-expressing cells above this threshold (two-way ANOVA, Region: F(3,54) = 17.61, p < 0.001; Threshold: F(1,54) = 2269, p < 0.001; Region * Threshold Interaction: F(3,54) = 73.81, p < 0.001; Figure 5). Also see Table 1 for the caged control Arc mRNA positive cells in all the subregions examined.
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FIGURE 5. Proportions of Arc mRNA-positive cells in each of the four regions were examined (DG, CA1, CA3 and PRC). In green are the % Arc-positive cells in rats given electroconvulsive shock treatment (ECT) at stimulus intensities between 20 mA and 65 mA. In purple are the % Arc-positive cells in rats given ECT at stimulus intensities of 77–85 mA. All data were normalized by subtracting the % Arc-positive cells from caged control rats. Note that at the lowest current amplitudes, the DG showed the fewest Arc-positive cells, followed by CA3, then CA1 and finally PRC. At the higher current intensities, however, the opposite pattern of activation was observed.



TABLE 1. Arc mRNA expression in cage controls.
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DISCUSSION

These results provide evidence for the first time that there is a threshold level of depolarization that must be crossed before Arc mRNA transcription occurs following ECT. Even at the lowest ECT current (20 mA), all rats exhibited the behavioral manifestation of seizures, yet the sharp intensity threshold for the cellular expression of Arc did not follow the behavioral pattern. Rather, cells in the DG, CA1, CA3 and PRC required higher intensities for the full transcriptional response to be triggered. Even though there were regional differences in the absolute proportion of cells that expressed Arc at both lower (20, 40 and 65 mA), and higher (77 and 85 mA), current intensities, all regions showed the same pattern of abrupt, near maximal expression at 77 mA.

Regional Differences in the Numbers of Arc mRNA-Positive Cells Following Seizure Stimulation

An interesting interregional difference noted in the present experiment was that the areas that were most responsive to the lowest stimulus intensities were also the areas that showed the greatest proportion of Arc-positive cells at stimulus currents above the 77 mA threshold (Figure 5). Specifically, the DG had the most Arc-positive neurons activated at the higher current conditions, followed by CA3, and then CA1. The exact opposite pattern was observed following the lowest stimulus currents—CA1 showed the greatest numbers of Arc-expressing cells, followed by CA3 and then DG. One possible explanation for the observation that DG granule cells are the least responsive to the lower stimulus intensities is that these cells tend to be under greater inhibitory control than are hippocampal pyramidal cells (e.g., Acsády and Káli, 2007). The fact that the granule cells show the greatest proportion of Arc-expressing cells following delivery of the highest stimulus intensities may be understood in terms of the recurrent excitatory nature of the CA3-DG network (Ribak et al., 1985; Claiborne et al., 1986; Ishizuka et al., 1990; Li et al., 1994; Acsády et al., 1998). These excitatory connections may serve to amplify local network responses to ECT once a certain stimulation intensity is surpassed, resulting in more activated neurons in this region.

Implications for Therapeutics Involving Electroconvulsive Shock Treatment

Many therapeutic effects that result from ECT are thought to arise from the altered expression of various activity-dependent target genes that encode transcription factors, structural proteins, and neuropeptides. The present observation that the full IEG response is not activated below a specific stimulation strength suggests that some of the therapeutic benefits of ECT treatment cannot be achieved without the appropriate stimulation intensity. If different genes do have particular activation thresholds, then it is possible that ECT delivered at different intensity settings could result in unique gene-activation profiles that may result in distinct therapeutic effects. Whether other ECT target genes show similar induction thresholds as Arc remains to be investigated systematically, and this is an important question for understanding the mechanisms giving rise to the therapeutic benefits of ECT.

Dendritic Ca2+ Potentials, Burst-Firing and the Threshold for Arc Activation

It is well-established that IEG mRNA transcription is initiated following electrical stimulation that results in seizures (Morgan et al., 1987). Focal, unilateral injections of tetrodotoxin (TTX) into the hippocampus prior to seizure induction results in reduced mRNA expression only in the TTX-injected side, suggesting a role for spiking activity in the ECT-induced mRNA response. Convergent afferent stimulation can result in dendritic Ca2+ potentials in hippocampal CA1 neurons that summate supralinearly to create relatively large dendritic Ca2+ plateau potentials (Takahashi and Magee, 2009; Bittner et al., 2015). For example coincident stimulation of Schaffer collateral and perforant path inputs onto CA1 pyramidal cells results in these large potentials, whereas the stimulation of either projection in isolation does not (Takahashi and Magee, 2009). These plateau potentials appear to drive burst firing in vivo (Apostolides et al., 2016), which is a physiological pattern of activity thought to be critical for mechanisms of behavior-driven place field expression (O’Keefe, 1976), and spike timing-dependent plasticity (Bi and Poo, 1998). Moreover, in vivo intracellular recordings from CA1 pyramidal neurons suggest that a number of voltage-gated Ca2+ channels (e.g., Grienberger et al., 2014) are likely to participate in the initiation of these dendritic potentials.

Whether Ca2+ plateau potentials can directly regulate Arc mRNA expression in vivo has not been shown directly. During exploratory behavior, however, place-specific burst firing is known to arise in the hippocampus only after these potentials emerge—as though the plateau potentials serve to prime different neurons within an ensemble to develop feature-specific firing patterns (Bittner et al., 2015). Remarkably, experimentally-induced dendritic plateau potentials result in place cell activity at that particular stimulation location on subsequent traversals of a virtual reality track (Bittner et al., 2015). Hippocampal Arc transcription is induced in a context-specific manner that quantitatively and qualitatively resembles ensemble activity recorded in electrophysiological studies (Guzowski et al., 2004, 2006; Kubik et al., 2007), and its expression is known to be Ca2+-dependent (Bramham et al., 2008; Nikolaienko et al., 2018). These studies suggest that the recruitment of Arc transcriptional responses could similarly require a threshold level of depolarization, which is clearly reflected in all regions examined in the present study. Whether mechanisms involved in producing these Ca2+ plateau potentials are the only explanation for the findings in the present study remains to be investigated.

What Is Responsible for the Transcriptional Regulation of the Arc Gene?

Given the strong evidence that the Arc gene requires a specific level of depolarization in any given cell before transcription can be initiated, a number of possible mechanisms can be suggested. For example, epigenetic processes are known to be involved in regulating transcription in an activity-dependent manner (e.g., Miller and Sweatt, 2007; Nagy et al., 2007). In aging rats, fewer granule cells express Arc mRNA following behavior (using catFISH methodology) while in the same animals the numbers of pyramidal cells in CA3 and CA1 that express Arc do not differ (Small et al., 2004). Penner et al. (2011) replicated this finding, and showed that, in fact, old DG granule cells show reduced exploration-induced Arc transcription as measured by qPCR (about half as much as do adult granule cells). Furthermore, there was increased methylation of the Arc gene in old granule cells, suggesting that these cells are held in a state less conducive to transcription. This raises the possibility that regulation of the methylation state of the Arc gene could be one mechanism by which transcriptional thresholds are implemented. It remains to be determined, however, if methylation levels are reduced in parallel with Arc transcription thresholds, or potentially by other epigenetic processes.
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