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Abstract

Background—Electroconvulsive therapy (ECT) is a rapid and effective treatment for major 

depressive disorder. Chronic stress-induced depression causes dendrite atrophy and deficiencies in 

brain-derived neurotrophic factor (BDNF), which are reversed by anti-depressant drugs. 

Electroconvulsive seizures (ECS), an animal model of ECT, robustly increase BDNF expression 

and stimulate dendritic outgrowth.

Objective—The present study aims to understand cellular and molecular plasticity mechanisms 

contributing to the efficacy of ECS following chronic stress-induced depression.

Methods—We quantify Bdnf transcript levels and dendritic spine density and morphology on 

cortical pyramidal neurons in mice exposed to vehicle or corticosterone and receiving either Sham 

or ECS treatment.

Results—ECS rescues corticosterone-induced defects in spine morphology and elevates Bdnf 
exon 1 and exon 4-containing transcripts in cortex.

Conclusions—Dendritic spine remodeling and induction of activity-induced BDNF in the 

cortex represent important cellular and molecular plasticity mechanisms underlying the efficacy of 

ECS for treatment of chronic stress-induced depression.
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Introduction

Electroconvulsive therapy (ECT) is one of the most rapid and effective treatments for major 

depressive disorder (1, 2) and is associated with normalization of hypothalamic-pituitary-

adrenal (HPA) axis abnormalities (3, 4). In rodent models, elevated glucocorticoids resulting 

from HPA axis dysregulation during stress cause dendritic atrophy and decreased spine 

density in the hippocampus and cortex (5–10), which can be reversed with anti-depressant 

drugs (11–13). This reorganization of morphology is associated with improved behavioral 

outcomes (14). While ECS can also prevent stress-induced dendrite retraction in the 

hippocampus (15, 16), its effects on cortical neurons, which are key players in mediating the 

antidepressant response (17), has not yet been determined.

Successful ECT treatment is linked to increases in the activity-dependent neurotrophin, 

brain-derived neurotrophic factor (BDNF) (18–21), which is a robust modulator of neuronal 

morphology, especially dendritic spine density and structure (22–24). Indeed, a large body 

of literature suggests that BDNF and glucocorticoid activities are calibrated such that BDNF 

levels influence susceptibility and recovery from chronic stress-induced depression (25, 26). 

Furthermore, a genetic variation G196A (Val66Met polymorphism) that alters levels of 

activity-dependent BDNF (27) may influence responsiveness to ECT and cognitive outcome 

(28), further suggesting that BDNF may be a potential biomarker for ECT efficacy. 

Importantly, Bdnf has a unique genomic structure with nine promoters that drive expression 

of multiple transcripts encoding an identical protein (29, 30). Methylation studies suggest 

that patients remitting under ECT have lower methylation at specific Bdnf promoters (31).

Here we investigate the ability of ECS to remodel cortical dendritic spines and induce 

activity-dependent BDNF from specific promoters in a neuroendocrine model of depression. 

This model employs chronic administration of corticosterone (Cort) in the drinking water, 

which recapitulates the HPA axis dysfunction and dendritic atrophy observed in chronic 

stress-induced depression (14, 32–34).

Materials and Methods

Treatment conditions

Adult male mice expressing yellow fluorescent protein (YFP) in cortical layer 5 pyramidal 

neurons under control of the Thy1 promoter (Thy1 “H” line; Jackson Laboratory Stock 

#003782(35)) were administered either vehicle (0.45% hydrox-ypropyl-β-cyclodextrin, β –
CD, Sigma-Aldrich) or corticosterone (35 μg/ml/d, Sigma) dissolved in vehicle via the 

animal’s drinking water. Seven sessions of Sham or ECS were administered as previously 

described (34). Briefly, ECS was delivered with an Ugo Basile pulse generator using a 

corneal electrode fork placed over the frontal cortex (model #57800-001, shock parameters: 

100 pulse/s frequency, 0.3 ms pulse width, 1s shock duration and 50 mA current). The 

stimulation parameters were chosen because they reliably induced tonic-clonic convulsions. 

Mice were administered inhaled isoflurane anesthesia prior to ECS sessions, and remained 

anesthetized for the procedure. Figure 1A displays a timeline of the study and conditions. 

All animal experiments were approved by the SoBran Institutional Animal Care and Use 

Committee.
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Confocal Imaging and Neuronal reconstruction

Animals were anesthetized with isoflurane and perfused transcardially with 4% 

paraformaldehyde (PFA) in phosphate-buffered saline. Brains were extracted, post-fixed in 

4% PFA, cryoprotected in 30% sucrose, cut coronally at 50μm on a microtome, and stained 

in 0.05% Sudan Black (Sigma) to decrease autofluorescence. Isolated oblique apical 

dendrites (between 100 and 400um from the cell body) on layer 5 cortical neurons in 

somatosensory cortex were imaged on a Zeiss LSM 510 confocal microscope according to 

previously described criteria with experimenter blinded to genotype (23). Dendritic spine 

structure was reconstructed using Neurolucida (MicroBrightField Biosciences). Spine 

number, width, and height were quantified and statistically analyzed in GraphPad Prism 

using one- or two-way ANOVA and Bonferroni post hoc tests where appropriate (*p<0.05, 

**p<0.01, ***p<0.001, #p<0.0001).

Quantitative PCR (qPCR)

Following cervical dislocation, cingulate cortex was collected and RNA was extracted, 

quantified, normalized in concentration, and reverse-transcribed into cDNA as previously 

described (36). qPCR was performed using a Realplex thermocycler (Eppendorf) using 

GEMM mastermix (Life Technologies) with 40ng of synthesized DNA as previously 

described(36). Individual mRNA levels were normalized for each well to Gapdh mRNA 

levels.

Results

To investigate cellular plasticity associated with the anti-depressant response mediated by 

ECS, we quantified spine density and morphology on cortical pyramidal neurons of mice 

treated with vehicle or Cort and receiving either Sham or ECS treatment (Fig. 1A). Cort 

significantly reduced spine density, which was not effectively rescued by ECS (one-way 

ANOVA, F2, 189 = 6.829, p=0.0014, Fig. 1B and 1C). We next measured both the height and 

width of spine heads on cortical oblique apical dendritic branches, and spines were classified 

by size and binned to generate frequency histograms depicting the percentage of differently 

sized spine populations along a defined branch (37). Cort-Sham branches showed a 

significant increase in the percentage of shorter spines (<0.5μm) compared to Veh-Sham 

branches, which was reversed following ECS (two-way ANOVA, treatment x bin interaction, 

F8, 945 = 8.302, p<0.0001, Fig. 1D). Similarly, Cort-Sham branches showed a significant 

increase in the percentage of smaller spine heads (0.4 – 0.6μm in diameter) compared to 

Veh-Sham branches, which was rescued following ECS (two-way ANOVA, treatment x bin 

interaction, F8, 945 = 3.277, p=0.0011, Fig. 1E). To investigate molecular pathways 

potentially contributing to this plasticity, we examined expression of Bdnf transcripts 

derived from promoters I, II, IV and VI (Bdnf exon 1, 2, 4, and 6-containing transcripts, 

respectively; Fig. 1F) using qPCR. While Cort exposure did not alter expression of distinct 

Bdnf transcripts, ECS treatment significantly elevated Bdnf exon 1 and 4-containing 

transcripts in cingulate cortex (one-way ANOVAs; F2, 11 = 6.953, p=0.0112 and F2, 11 = 

22.95, p=0.0001, respectively; Fig. 1G). Taken together, these results provide novel insights 

into cellular and molecular mechanisms underlying the efficacy of ECS for treatment of 

chronic stress-induced depression.
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Discussion

In the present study, we demonstrate that ECS reverses glucocorticoid-induced defects in 

spine morphology on cortical pyramidal neurons and augments BDNF expression. Extensive 

work has linked spine size and shape to synapse stability and function where larger spine 

heads represent more mature spines likely to contain postsynaptic densities and glutamate 

receptors (38, 39). Chronic stress and glucocorticoid administration has been shown to 

impair spine density and morphology with detectable effects after 10 to 21 days (40, 41). 

Previous studies show that ECS is able to prevent dendritic atrophy in the hippocampus 

following chronic stress (15, 16); however, these studies did not explore other brain regions 

associated with the anti-depressant response, including the cerebral cortex (17). 

Furthermore, the impact of ECS on dendritic spine morphology and BDNF levels was not 

investigated. Here we provide evidence that remodeling of cortical dendritic spines and 

induction of Bdnf from promoters I and IV, which are highly regulated by neural activity 

(29), may represent critical plasticity mechanisms underlying the anti-depressant efficacy of 

ECS.

Our data show that ECS does not reverse cortical spine loss, but may instead stabilize 

existing spines to promote network connectivity (42). As Cort-induced changes in spine 

density and morphology are likely underway before administration of ECS (40), our results 

suggest that ECS can reverse these changes to baseline levels. This is consistent with other 

reports showing that ECS directly modulates spine density and morphology (43). However, 

because Cort treatment is continued during ECS administration as a more realistic model of 

stress-induced depression, it is also possible that ECS has a protective effect to block further 

Cort-induced changes in spine morphology. Future studies should parse out the contribution 

of ECS to these distinct aspects of the anti-depressant response.

Our results demonstrate that Cort does not decrease Bdnf transcripts, suggesting that loss of 

BDNF may not drive stress-induced changes in spine density and morphology. However, our 

findings are consistent with previous reports showing that ECS induces BDNF and extensive 

work implicating BDNF in the antidepressant response (19, 44, 45). Acute elevations in 

Bdnf Ex1 and Ex4 transcripts support the notion of activity-induced BDNF as a potential 

biomarker to predict and monitor response to ECT. Increases in promoter I-derived BDNF 

following ECS are consistent with studies in patients showing reduced methylation at BDNF 
promoter I for ECT remitters (31). Importantly, we measure Bdnf transcript levels acutely 

after 7 sessions of ECS, but experiments in the hippocampus suggest that promoter I-derived 

BDNF is dynamically elevated after each ECS session and that this elevation persists for up 

to 24 hours following the final ECS session (data not shown).

Future studies should directly address the relationship between ECS, BDNF, and spine 

remodeling by examining spine morphology in BDNF deficient mice subjected to the same 

paradigm. While construct validity of rodent models of the antidepressant response to ECS 

may be limited (46), such experiments could help establish a stronger direct link between 

BDNF-dependent molecular plasticity mechanisms and the antidepressant action of ECT. 

These experiments can be used to inform further studies in humans exploring BDNF 

induction and the relationship between brain structure and function in the context of ECT.
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Highlights

• Stress-induced depression causes dendritic spine atrophy in the cortex.

• We hypothesize that electroconvulsive seizures (ECS) reverse spine defects.

• The hypothesis is tested in a neuroendocrine model of depression in mice.

• ECS rescues stress-induced spine morphology changes on pyramidal neurons.

• ECS elevates specific isoforms of brain-derived neurotrophic factor (BDNF).
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Figure 1. 
ECS rescues corticosterone-induced defects in dendritic spine morphology and modulates 

BDNF expression through distinct promoters. (A) Schematic of experimental timeline in 

which mice received vehicle (Veh) or corticosterone (Cort) in the drinking water for 3 weeks 

followed by administration of 7 sessions of Sham or ECS over 2 weeks (Veh or Cort 

treatment continued during ECS weeks). Brains were collected 48 hours after the last ECS 

session. (B) Representative confocal micrographs of cortical layer 5 oblique apical dendrites 

from mice exposed to Veh-Sham, Cort-Sham, and Cort-ECS. While corticosterone treatment 

decreases spine density and size compared to vehicle, chronic administration of ECS 

partially rescues spine morphology, but not spine density. (C) Quantification of spine density 

(spines per μm) on cortical layer 5 oblique apical dendrites of mice treated with Veh-Sham, 

Cort-Sham, and Cort-ECS (n= 61 to 67 branches per group; n = 4 mice per group). 

Corticosterone decreases spine density and is not rescued by ECS. (D) Frequency histogram 

of spine height size on cortical layer 5 oblique apical dendrites of mice treated with Veh-

Sham, Cort-Sham, and Cort-ECS. Corticosterone causes a decrease in spine length that is 

rescued by ECS. (E) Frequency histogram of spine head width on cortical layer 5 oblique 

apical dendrites of mice treated with Veh-Sham, Cort-Sham, and Cort-ECS. Corticosterone 

causes a decrease in spine diameter that is reversed by ECS. (F) Schematic of Bdnf gene 

transcription. Transcription is initiated from promoters upstream of unique 5′-untranslated 

regions (UTRs) and spliced to the common coding exon IX. Each transcript produces the 

same BDNF protein. (G) Quantitative PCR for Bdnf exon 1, exon 2c, exon 4, and exon 6-

containing transcripts in cingulate cortex of mice exposed to Veh-Sham, Cort-Sham, and 

Cort-ECS (n = 4 to 5 mice per group; brains collected 90 min after final ECS session). ECS 

robustly increases expression of Bdnf exon 1 and 4-containing transcripts. Data are 

presented as the mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, #p<0.0001. Scale bar 5μm.
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