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Abstract

Background: Despite being one of the safest, most effective treatments for severe

mood disorders, the therapeutic mechanisms of electroconvulsive therapy remain unknown.
Electroconvulsive seizure (ECS) induces rapid, high-level expression of immediate early genes
(IEGs) and brain-derived neurotrophic factor (BDNF), in addition to stimulation of neurogenesis
and dendritic remodeling of dentate gyrus (DG) neurons. We have previously shown that this
upregulation of BDNF fails to occur in the hippocampus of mice lacking the IEG Egr3. Since
BDNF influences neurogenesis and dendritic remodeling, we hypothesized that £gr3-/- mice will
exhibit deficits in neurogenesis and dendritic remodeling in response to ECS.

Obijective: To test this hypothesis, we examined dendritic remodeling and cellular proliferation
in the DG of Egr3-/- and wild-type mice following repeated ECS.
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Methods: Mice received 10 daily ECSs. Dendritic morphology was examined in Golgi-Cox-
stained tissue and cellular proliferation was analyzed through bromodeoxyuridine (BrdU)
immunohistochemistry and confocal imaging.

Results: Serial ECS in mice results in dendritic remodeling, increased spine density, and cellular
proliferation in the DG. Loss of Egr3alters the dendritic remodeling induced by serial ECS but
does not change the number of dendritic spines or cellular proliferation consequences of ECS.

Conclusion: Egr3influences the dendritic remodeling induced by ECS but is not required for
ECS-induced proliferation of hippocampal DG cells.

Keywords

Early growth response 3; Immediate early gene; Electroconvulsive seizure; Electroconvulsive
therapy; Repeated ECS; Neurogenesis

1. Introduction

Electroconvulsive therapy (ECT) remains one of the most effective treatments for severe
mood and psychotic disorders. However, the neurobiological mechanisms responsible

for its therapeutic benefits remain unclear. Electroconvulsive seizure (ECS) has been
used to investigate these potential mechanisms in rodents. ECS causes global neuronal
depolarization, which leads to the upregulation of immediate early gene expression [1-5],
increased levels of growth factors, including brain-derived neurotrophic factor (Ban# [6—
9], remodeling of dendritic architecture [10-13], and the proliferation of adult-generated
neurons (neurogenesis) [7,14-18]. One of the immediate early genes (IEGS) activated

by ECS is early growth response 3 (£gr3), a gene that has been implicated in risk for
neuropsychiatric illnesses including bipolar disorder [19,20] and schizophrenia [21-24].

Mice lacking functional £gr3have deficits in hippocampal long-term depression, a form

of synaptic plasticity, and abnormalities in social, stress-response, and spatial navigation
behaviors and memory [25,26]. As a transcription factor, EGR3 regulates downstream genes
that also influence synaptic plasticity, including activity regulated cytoskeleton associated
protein (Arc) [25,27-30], and EGR3 is required to maintain the prolonged expression of
Arcinduced in hippocampal dentate gyrus (DG) granule cells by exposure to a novel
environment [31]. We have recently shown that £gr3is required for the induction of Badnfin
DG granule cells of mice following ECS [32]. This finding is of particular interest as BDNF
serum levels positively correlate with symptom remission in patients treated with ECT [33].

In animal models, BDNF mediates hippocampal dendritic remodeling and neurogenesis
[34,35], neurobiological processes correlated with anti-depressive behaviors in rodents [36].
Because our prior work showed that £gr3is required for the hippocampal induction of Banf
expression following ECS [32], we hypothesized that dendritic remodeling and neurogenesis
would likewise require £gr3. Moreover, since £gr3is maximally induced in DG granule
cells following ECS, we sought to determine the role of £gr3following ECS on dendritic
structure of DG granule cells as well as on the first step of neurogenesis, the proliferation of
DG granule cells.
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For treatment of severe mood disorders and mixed mood and psychotic disorders, ECT is
administered three times a week to patients, which is eventually tapered to one treatment

per 3—4 weeks [37]. Following this regimen, serum concentrations of BDNF are significantly
increased [38]. The induction of an ECS in animals provides a model of this treatment

and allows for the investigation of candidate therapeutic mechanisms of action. However, a
limited number of studies have investigated the effects of serial ECS in mice, and few have
examined both dendritic morphology and cellular proliferation [13,39-42].

Here we investigated the requirement of the immediate early gene Egr3, a transcription
factor acting both upstream and downstream of BDNF, for dendritic remodeling and
cellular proliferation in the hippocampal formation following repeated ECS. The dorsal
hippocampus largely mediates the acquisition of visuospatial tasks [43] while the ventral
hippocampus encodes non-spatial representations, and plays an important role in motivation
as well as emotional processing [44-46]. Since the dorsal and ventral regions of the
hippocampal formation perform different functions, we analyzed these regional domains
independently to determine whether ECS and Egr3 affect these regions differently.

2. Materials and methods

2.1. Mice

C57BL/6 male wildtype (WT) and Egr3-/- littermate mice [47] were group housed with ad
libitum access to food and water on a 14:10 light cycle. Age matched experimental pairs of
WT and Egr3-/- mice were designated at the time of weaning and underwent all procedures
in parallel. Pairs assigned to ECS or no ECS conditions were age matched. The age of mice
was approximately 2 months old for dendritic morphology studies and 9-12 months for
cellular proliferation studies. All procedures were approved by the Institutional Animal Care
and Use Committee of the University of Arizona.

2.2. Electroconvulsive stimulation

ECS was administered via ocular electrodes in anesthetized mice (2% isoflurane) once
daily for 10 consecutive days using a Ugo Basile instrument (Varese, Italy); settings: pulse
frequency 260 Hz, pulse width 0.3 ms, duration 100 ms, and current 80 mA. ECS was
performed before mice fully recovered from anesthesia. Under these conditions, animals
displayed behaviors such as lip smacking, arching, stiffening, and running but did not
display tonic-clonic movements following delivery of current. Seizure effectiveness was
validated by antibody staining for the IEG Arc (1:1000 rabbit anti-ARC antibody, Synaptic
Systems, Cat. # 156 003), which was similar between anesthetized WT animals displaying
these behaviors and un-anesthetized WT animals exhibiting tonic-clonic seizure. Sham
control animals underwent the identical procedure without current administration.

2.3. Golgi-Cox staining/sectioning

Eleven days following the final ECS, mice were sacrificed under isoflurane anesthesia and
perfused with PBS. Hemisected brains were stained with Golgi-Cox solution as previously
described [48]. Briefly, hemisected brains were submerged in Golgi-Cox solution (5 vol
parts (VP) solution A (5% potassium dichromate in distilled H,0), 5 VVP solution B (5%
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mercuric chloride in distilled H,O), 4 VP solution C (5% potassium chromate in distilled
H,0) and 10 VP H,0). The Golgi-Cox solution was prepared 14 days prior to use and
dark-stored. Solution was refreshed after 2 days of staining. Tissue was transferred to 30%
sucrose prior to vibratome sectioning (200 pum) using 6% chilled sucrose, mounted on
subbed, gelatinized slides, and incubated in a humidified chamber for up to 4 days prior to
Kodak development. Tissue was rinsed with H,O for 1 min, treated with 30% ammonium
hydroxide for 30 min in the dark, rinsed again in H,O for 1 min, and was developed with
Kodak fix solution for 30 min in the dark. Tissue was then rinsed in distilled H,O for 1
min, followed by a series of alcohol dehydrations (1 min in 50% EtOH, 1 min in 70%
EtOH, 1 min in 95% EtOH, and 3 x 5 min in 100% EtOH). Slides were then treated with
(1:1:1 chloroform, xylene, EtOH) solution for 15 min, and were immediately cover-slipped
with Permount mounting media. Slides were stored in a dry and dark environment for
approximately 2 months prior to data analysis.

2.4. Dendrite analyses

Identified cells were imaged in a z-stack throughout the thickness of the section at ~10um
increments using a brightfield microscope equipped with a digital camera (AmScope, Irvine,
CA). Using ImageJ (NIH), the image stack was used for both Sholl and branch order
analyses. Eight fully impregnated cells were selected from the DG suprapyramidal (DGgp)
and infrapyramidal (DGjp) blades per animal, for a total of sixteen cells per animal. Each

of these cells was imaged in a z-stack throughout the thickness of the section using a
bright-field microscope (Leica Microsystems, Concord, ON) equipped with a digital camera
(Pixelink, Ottawa, ON). DG granule cells were randomly selected along the longitudinal
axis, from the dorsal (Bregma —1.34 mm to —2.35 mm) and ventral (Bregma —2.7 mm to
-3.4 mm) hippocampus and granule cell layer. The basis of being identifiable as granule
cells by morphology and having dendritic trees that were fully impregnated with the Golgi-
Cox solution [49].

Changes in the dendritic arbor were assessed using two measures — the Sholl technique

[50], and branch order analysis [51]. Briefly, the Sholl technique involves quantifying the
number of intersections between the dendrites of a cell and concentric circles centered at

the soma and placed at 20 um intervals using ImageJ (NIH, Bethesda, MD) or Metamorph
(Molecular Devices, Sunnyvale, CA) software. Branching order was also calculated for all
cells as previously described [48]. This involved assigning a branch order of one to the
primary dendrites originating from the soma. Any dendritic processes originating from that
dendrite are counted as second order branches, and each subsequent bifurcation is assigned a
progressively higher branch order [51].

These two analyses provide complementary measures of dendritic complexity. Sholl analysis
is sensitive to changes in the total amount of dendritic material, and is considered to provide
an estimate of the total complement of synapses contained on a cell. Branch order analysis,
on the other hand, provides a measure of the complexity of dendritic computation that may
be occurring. Moreover, these two measures may change independently — if the branches of
a dendritic arbor each grow in length without forming new branches, for instance, this is
expected to result in increasing the number of intersections without altering branch order.
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Dendritic spine density was analyzed at 100x under oil immersion. In each section, the inner,
middle, and outer molecular layers were defined by dividing the length of the molecular
layer into three equal parts. The total number of dendritic spines in each division of the
molecular layer were determined as well as the collective number of spines in all layers.

2.5. Bromodeoxyuridine (BrdU) staining

Mice received two injections of BrdU (100 mg/kg), 24 h apart, beginning 24 h after the
final ECS. Mice were returned to their home cage between procedures and sacrificed by
isoflurane overdose 24 h after the second BrdU injection. Tissue was flash frozen in —40
°C methylbutane. Brains from four conditions (WT no ECS, WT serial ECS, Egr3-/- no
ECS and Egr3-/- serial ECS) were arranged in a brain mold and sectioned (20 pm) and
mounted together, to control for slide-slide variation. Tissue was stored at —80 °C until
immunofluorescent staining.

Prior to staining, tissue was brought to —20 °C overnight and was placed at room
temperature for 1 h. Tissue was then fixed in 2% paraformaldehyde for 5 min at 4 °C. Tissue
was rinsed in tris buffer saline solution (TBS) 2 x 10 min, followed by protein delipidation
with a one-to-one mixture of acetone-methanol. Tissue was rinsed again in TBS solution 2 x
10 min prior to blocking. Tissue was incubated with the primary-antibody, rabbit polyclonal
a-Prox1 (Millipore rabbit polyclonal a-Prox1, Sigma AB575), a marker of dentate granule
cells, diluted in 1:1000 TSA blocking buffer. Tissue was cover-slipped and left in a humid
chamber overnight at 4 °C. The following day, coverslips were removed, and tissue was
washed in TBS prepared with Tween-20 for 10 min, followed by 2 x 10-min washes in TBS.
Anti-rabbit horseradish peroxidase (Cat. 12348, Sigma) diluted 1:500 in blocking buffer
was applied to each slide. Super glow green (1:75) was applied to the tissue for 20 min.
Tissue was then washed 3 x 10 min in TBS and quenched with 1% hydrogen peroxide in
TBS for 15 min. Tissue was washed again in TBS for 10 min and was taken through a

series of stringency washes (2x saline sodium citrate (SSC) (2 x 10 min), one-to-one ratio
of formamide:2x SSC (2 h at 65 °C), 2x SSC (10 min)). Tissue was incubated in 2 N HCI
for 30 min at 37 °C followed by rinsing in borate buffer (5 min at room temperature) and 8
x 5-min washes in TBS. Anti-BrdU antibody with peroxidase fragments (Cat. 11585860001,
Roche) was diluted 1:100 in blocking buffer and was applied to the tissue for 2 h at room
temperature. Tissue was washed 3 x 10 min in TBS prior to the application of the super glow
blue (1:100) (15-min incubation). Tissue was washed again (3 x 10 min in TBS) and was
cover-slipped with buffered glycerol prepared with fluorescent preservative.

Six tissue sections were analyzed per animal. The dentate gyrus DGip and DGsp blades,
including the subgranular zone (SGZ), of the left and right hemispheres were imaged using
a confocal microscope. The number of BrdU positive (recently divided) cell profiles were
counted and represented per mm? averaging the results from each of the 6 counted sections.

2.6. Statistical analysis

Poisson or negative binomial models with random effects were used to compare count
variables between different conditions (£gr3-/- vs. wildtype and ECS stimulation vs. sham)
with cell as the unit of analysis and with animal-level random effects to account for
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correlation among multiple cells of the same animal. All models were adjusted for blade
(superior vs. inferior). In any model where effects of loss of £Egr3and ECS were both
included, an interaction term was included first and, if it was not statistically significant, it
was removed and the main effects of loss of Egr3and ECS was reported; if the interaction
term was significant individual subgroups were compared with Bonferroni correction

for multiple comparisons. Bonferroni correction was also performed for comparisons of
number of dendritic intersections at individual distance levels, of dendritic spine number
at individual molecular layers, and of number of dendritic branches of each individual
order. The Ime4 package (version 1.1-28) of R (version 4.1.2) was used for this part of the
analysis.

3. Results

Studies to assess the effects of serial ECS in mice have been limited due to the high rates
of lethality from seizure in unanesthetized mice. Recent development of protocols using
isoflurane anesthesia prior to ECS have overcome this problem enabling serial ECS in
mice [40]. As anesthetics are commonly administered to patients prior to ECT [52], use of
isoflurane prior to ECS more closely models the clinical use of ECT. Using this approach,
we examined the effects of serial-ECS on dendritic remodeling and cellular proliferation to
determine the role of £gr3in these processes in mice.

We administered either ECS or sham stimulation to male mice for 10 consecutive days to
determine the effect of serial ECS on dendritic remodeling in mouse DG granule cells (Fig.
1A). We analyzed the effects of chronic ECS by examining three separate characteristics of
dendritic structure: dendritic intersections, dendritic branches, and dendritic spine density, in
Golgi Cox-stained neurons.

3.1. Dendritic remodeling

3.1.1. Dendritic intersections—A previous study showed that administration of a
single ECS in mice increases dendritic complexity, determined by the number of dendritic
intersections, in dentate gyrus granule cells [10]. In the current study we examined whether
serial ECS has a similar effect on dendritic complexity in mice, and whether this process
requires £gr3. We used Sholl analysis to count the number of dendritic intersections in
circumferential rings at distances ranging from 20 um to 340 pm from the soma in the DGsp
and DGip (Fig. 1B).

We first examined whether serial ECS alters the number of dendritic intersections in the
dorsal hippocampus of mice. Compared with sham treated controls, serial ECS did not
produce a statistically significant change in the numbers of dendritic intersections of DG
granule cells in WT mice (Fig. 1C) or in £gr3-/- mice (Fig. 1D). We then examined
whether Egr3influenced dendritic complexity. We found that there was no difference in

the number of dendritic intersections in £gr3-/- mice compared to WT mice under control
(sham) conditions (Fig. 1E). However, following serial ECS, £gr3-/- mice had significantly
fewer dendritic intersections than WT mice (Fig. 1F, p < 0.01). The greatest difference was
at distances 220 um and 240 um from the soma (Fig. 1F, post-hoc pairwise comparisons =
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p <0.01 and p < 0.05 respectively). Supplemental Figs. SIA-D presents graphs showing the
total number of intersections for each condition.

Next, we analyzed the effect of serial ECS on dendritic intersections in ventral hippocampal
DG granule cells (Fig. 2A). As in the dorsal hippocampus, ECS did not cause a significant
overall change in dendritic intersections in either WT (Fig. 2B), or £gr3-/- mice (Fig.

2C). However, when comparing genotypes, we found a similar effect as in the dorsal
hippocampus. While the number of dendritic intersections did not differ between WT and
Egr3-/- mice under unstimulated conditions (Fig. 2D), serial ECS induced significant
changes in dendritic intersections between the two genotypes (Fig. 2E, p < 0.05). These
differences occurred immediately adjacent to the soma, where £gr3-/— mice showed more
intersections than WT mice (20 um, p < 0.05), and at distances far from the soma, where
Egr3-/- mice showed significantly fewer dendritic intersections compared to WT mice (240
pm, p < 0.05; 280 pm, p < 0.01; 300 um, p < 0.01: 320 um, p < 0.01, Fig. 2E). Supplemental
Figs. S1E-H shows graphs of the total number of intersections for each condition in the
ventral hippocampus.

These results show that £gr3influences the dendritic complexity of hippocampal DG
granule cells in response to serial ECS. Although ECS did not result in a statistically
significant effect in either WT or Egr3-/- genotypes independently, the effects of the
stimulation trended toward increasing dendritic crossings in WT mice (more strongly in
the dorsal hippocampus Fig. 1C than in the ventral hippocampus 2B), while causing a
trend in the opposite direction in Egr3-/- mice. Together these effects resulted in the
significant difference between £gr3-/- and WT mice following ECS in the number of
dendritic intersections.

3.1.2. Dendritic branches—In rats, ECS enhances dendritic arborization (i.e. increases
numbers of dendritic branches) of hippocampal neurons [12] and repeated ECS prevents
stress-induced decreases in the number of dendritic branches [53]. To determine whether
ECS alters the number of dendritic branches in mice, and whether these effects require £gr3,
we counted the number of dendritic branches following serial ECS. The number of dendritic
branches was counted at each individual branch order, from the primary (or first order) to the
sixth branch order, in both DG;j, and DGy, blades of the dentate gyrus (Fig. S2A).

We first analyzed the total number of dendritic branches per cell across the whole
hippocampal formation (dorsal plus ventral) from each group. This revealed a significant
main effect of treatment, *p < 0.05 (Fig. 3A), showing that, like in rats, serial ECS increased
the number of dendritic branches in DG granule cells in mice. To determine if this effect
differed between hippocampal regions, we analyzed the total number of dendritic branches
separately in the dorsal and ventral hippocampal formation. While the effect of serial ECS
on the total number of dendritic branches in the dorsal hippocampus showed a trend effect
that did not reach statistical significance (Fig. 3B, p = 0.059), we observed a significant
increase in the ventral hippocampus (Fig. 3C, p < 0.05). No significant interaction between
genotype and ECS was observed in the hippocampal formation as a whole, or in either
dorsal or ventral regions separately.
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We then examined the number of branches at each branch order (first through sixth) in the
dorsal and ventral hippocampal formation (Fig. S2). This analysis revealed that, although
there was no main effect of serial ECS at any branch order in either region, a main effect of
genotype was identified at multiple branch orders in both hippocampal regions. In the dorsal
hippocampus E£gr3-/- mice showed significantly more dendritic branches in the third and
fourth branch order than did WT mice (Figs. S2D-E, p < 0.05), but not in the first, second,
fifth, or sixth (Figs. S2B, S2C, S2F, and S2G, respectively). In the ventral hippocampus,
ECS increased the numbers of dendritic branches significantly more in £gr3-/- mice at the
first (Fig. S2H, p < 0.01) second (Fig. S2I, p < 0.001), and third (Fig. S2J, p < 0.05) branch
orders, but not the fourth-sixth branch orders (Fig. S2K-S2M).

These results indicate that serial ECS increases the number of dendritic branches in mice

in the hippocampal formation. In addition, £gr3appears to influence where these changes
occur in the dendritic tree, and loss of E£gr3resulting in more branching at specific levels of
the DG granule cell dendritic arbor than in WT mice following ECS.

3.1.3. Dendritic spine density—\We then analyzed the number of dendritic spines
following ECS (Fig. 4A). The number of dendritic spines was quantified in both the dorsal
and ventral hippocampal formation by counting in the inner, middle, and outer molecular
layers, summing the counts from both the DGg, and DG;j,, (Fig. 4B). ECS produced
significant increases in the numbers of dendritic spines in both the dorsal (Fig. 4C, p <0.01)
and the ventral (Fig. 4D, p < 0.01) hippocampal formation.

In the dorsal hippocampal formation, analysis of dendritic spines by hippocampal layer
revealed that serial ECS significantly increased spine numbers in each of the three layers of
the dentate gyrus: inner, middle, and outer molecular layer (Fig. 4E-G, p < 0.01 for each).
In the ventral hippocampal formation, ECS also increased the number of dendritic spines in
each: inner molecular layer, (Fig. 4H, p < 0.01), middle molecular layer, (Fig. 41, p < 0.001),
and outer molecular layer, (Fig. 4J, p < 0.001). There was no interaction between ECS and
genotype and no main effect of genotype in any of the analyses of dendritic spine density.

These findings indicate that serial-ECS increases the number of dendritic spines in both
the dorsal and ventral hippocampal formation in all three molecular layers. There was no
evidence that loss of Egr3affected dendritic spine density in response to serial ECS.

3.2. Cellular proliferation

To determine whether E£gr3is necessary for the effect of serial ECS on proliferation of
hippocampal cells in adult mice, we injected WT and Egr3-/- mice with BrdU for two days
following ten days of daily ECS and sacrificed animals 24 h after the second injection (Fig.
5A). BrdU-labeled cells were counted to determine the average number of dividing (i.e.,
proliferating) cells per mm? in the dorsal and ventral hippocampal formation.

Fig. 5 (B-C) shows that serial ECS increased the number of BrdU-positive cells in the dorsal
hippocampal formation. This was seen in all three subregions of the dentate gyrus: the SGZ,
the DGgp, and the DGy, (Fig. 5Ci-Ciii, p < 0.0001 in each). A similar result was seen in

the ventral hippocampal formation (Fig. 5D-E), where serial ECS increased the number of
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proliferating cells in all three subregions of the dentate gyrus: the SGZ, the DGgp, and the
DG;jp (Fig. 5Ei-iii, p < 0.0001 in each). No significant interactions between genotype and
ECS, and no main effects of genotype, were seen for any of the analyses. Table S1 shows
the uniform age distribution of mice across experimental groups. There was no correlation
between number of BrdU + cells and animal age (across the 9-12-month range) for cells in
any hippocampal region or in any group.

We have previously reported that the number of DG granule cells does not differ in £gr3-/-
mice compared to their WT littermates [32]. In the current study we used an anti-Prox1
antibody to mark DG granule cells. The average number of Prox1+ cells/section for each
region of the hippocampal formation was DGgp = 5.6 x 10° cells/mm?, DGj, = 5.7 x 10°
cellssmm2, SGZ = 2.1 x 105 cells/mmZ. Fig. S3 shows representative images of Prox1
staining.

These results show that serial ECS produced a 2-fold increase in the number of proliferating
cells in the hippocampal formation of mice. These effects were seen in both the dorsal

and ventral hippocampal formation. However, we did not observe differences in the number
of proliferating cells between WT and Egr3-/- mice following serial ECS in either the
dorsal or ventral hippocampal formation. These results indicate that serial ECS stimulates
the proliferation of DG granule cells in mice, and that this effect does not appear to require
Egr3.

4. Discussion

4.1.

In this study, we aimed to address whether the immediate early gene £gr3, which we

have previously shown to be required for the induction of Banffollowing ECS [32],

plays a role in cellular proliferation and dendritic remodeling induced by repeated ECS.

In addition, our results from WT mice contribute to the small, but growing, literature on

the effects of repeated ECS in mice. We found that ten days of once daily ECS modified

the dendritic structure and synaptic spine density of hippocampal DG granule cells and
increased cellular proliferation. The ECS-induced morphological changes were disrupted in
the absence of £gr3, while the synaptic spine changes and hippocampal cellular proliferation
were unaffected by loss of Egr3.

Dendritic changes

In rats, chronic restraint stress produces depressive-like behaviors and induces dendritic
atrophy and reduced branching of hippocampal CA3 neurons [54]. The administration of
ECS prevents dendritic retraction in CA3 pyramidal neurons following chronic restraint
stress [53], enhances the numbers of hippocampal synapses [55], and increases spine density
in mature granule cells [11]. Recently, studies conducted in mice have shown changes in
dendritic structure following repeated ECS treatments including increases in the dendritic
length of immature granule cells [42], as well as the number of dendritic intersections

[56]. Because Egr3plays an important role in hippocampal synaptic plasticity [25], we
hypothesized that loss of £gr3would alter ECS-induced changes in dendritic structure.
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We assessed three aspects of dendritic changes following 10 daily administrations of ECS

in WT and Egr3-/- mice: dendritic intersections, dendritic branching, and dendritic spine
density. Our results show that repeated ECS increases the number of dendritic branches,

as well as dendritic spine density, of granule cells in the mouse hippocampal formation.
While ECS did not result in an overall increase in the number of dendritic intersections, ECS
produced the opposite effect on £gr3-/— mice than on WT mice. At points most distal to

the soma, the number of dendritic intersections /ncreasedin WT mice following ECS but
decreasedin Egr3-/- mice. Thus, after the course of ECS, WT mice showed significantly
more dendritic intersections than £gr3-/- mice, indicating a role for £gr3in ECS-induced
dendritic remodeling.

The effect of ECS on dendritic spines occurred to the same degree in both WT and Egr3-/-
mice, suggesting that this change in response to ECS does not require £gr3. The number

of dendritic branches also did not differ between WT and Egr3-/- mice. However, Egr3
does appear to influence wherein the dendritic tree new branching occurs. While these
differences were subtle, even slight differences in dendritic branching can alter the ability
of synaptic inputs to generate, propagate, and time action potentials, thereby affecting the
ability of the neuron to fire in response to stimuli [57]. These findings demonstrate that

in mice, serial ECS leads to synaptic plasticity of granule cells and suggests that £gr3
influences their dendritic complexity.

Where branching occurs in the dendritic tree has important implications for inputs to the
DG. The dendrites of DG granule cells can be divided into 3 equal sections, the inner (IML),
middle (MML), and outer (OML) molecular layers, each reflecting different input. The IML
(the third closest to the soma) contains predominantly commissural and associational fibers,
while the middle (MML) and outer (OML) thirds receive input from the medial and lateral
perforant path, respectively. Moreover, these inputs carry different kinds of information,
with the MML input, for instance, carrying much more spatial information relative to

the OML (e.g. Ref. [58]). Because of this unique lamination, knowing the location of
changes caused by ECS within the molecular layer may provide insight into the mechanism
underlying the unique physiological responses of these cells during behavior.

Following ECS, Egr3-/- mice increase dendritic material (intersections) more in IML,
indicating greater intra-hippocampal connections relative to WT mice. Conversely, Egr3-/-
mice show a reduction in dendritic material post-stimulation exclusively in the distal third
of the dendritic arbor. This suggests that the reorganization of the tri-synaptic circuitry that
occurs following stimulation takes a different trajectory in these 2 groups of animals, with
the hippocampus of WT mice increasing their input from the lateral perforant path, while
Egr3-/- mice increase their intra-hippocampal connectivity. The observation of increased
dendritic material in the OML is consistent with recent data, anatomical and physiological
studies indicate that adult-born neurons are preferentially innervated by the lateral perforant
path [59,60], and is particularly intriguing given observations that serotonin preferentially
modulates plasticity in the lateral perforant path [61]. These data suggest that the balance of
information coming in from cortical inputs is shifted in £gr3-/- mice, although it remains
difficult to predict how these differences may affect behavior.
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Our findings of ECS-induced dendritic remodeling are consistent with prior studies in rats
and add to the limited number of studies that have examined the effects of repeated ECS

on dendritic structure in mice [13,39,41,62]. The earliest report we identified examining

the effects of chronic ECS in mice investigated the requirement for BDNF. In this study,
Vaidya and colleagues found that 5-10 daily ECS treatments increased hippocampal DG cell
sprouting, which was significantly reduced in BDNF +/— mice [39]. Although BDNF was
required for this effect of ECS, exogenous administration of BDNF was not sufficient to
induce sprouting [39]. This result is consistent with our findings that £gr3-/- mice, which
we have shown fail to upregulate hippocampal BDNF expression following ECS [32], have
reduced dendritic complexity compared to WT mice following repeated ECS.

In more recent studies, Chang and colleagues found that 5 daily ECS increased the number
of dendritic intersections in the dentate gyrus molecular layer in WT mice, but not in mice
lacking another immediate early gene, Marp[41]. In contrast to £gr3, Narp is not required
for ECS-induced Banfexpression [41]. Maynard and colleagues examined the effects of 7
ECS, delivered three times per week, on dendritic structure of neurons in the mouse cortex.
They found that repeated ECS prevented the synaptic changes caused by glucocorticoid
administration, which they attributed to stabilization of existing synaptic spines, rather than
reversal of cortical spine loss [13].

4.2. Cellular proliferation

We also investigated the effect of repeated ECS on cellular proliferation in the hippocampal
dentate gyrus. The addition of newborn dentate granule neurons in the adult hippocampus
was originally shown to occur in the mammalian brain in the 1960s [63]. Both intrinsic
factors, including neurotrophic factors [34,64] and transcriptional regulators [65,66] have
been shown to influence proliferation, as well as the differentiation and integration of these
cells into the hippocampal network. Evidence of adult neurogenesis has been found in the
DG of the human hippocampus [67-69]. These studies have shown that the addition of
newborn neurons in the DG occurs throughout life.

However, a study published by Sorrells and colleagues raised questions about the
phenomenon. They showed that the number of proliferating progenitors and young neurons
in the DG decline rapidly in the first year of life, with negligible levels found in post-mortem
brains by 7 and 13 years of age [70]. Following that publication, Boldrini and colleagues
provided evidence for neurogenesis showing thousands of immature neurons in the DG,
with the numbers of proliferating neural progenitors, immature and mature granule neurons
remaining unchanged in human individuals ranging from 14 to 79 years of age [69].
Additional studies showed an extensive number of neural progenitors, neuroblasts, and
immature neurons in healthy individuals ranging in distinct maturation stages, from the
fourth to ninth decade of life [71,72]. Discrepancies in the findings published by Sorrels
and colleagues may be attributed to variation in histological methods, with differences
being introduced in the time the tissue was fixed following patient death, the fixative and
preservation of the tissue, and cell quantification techniques regarding the tissue section
thickness and the numbers of sections quantified, which can introduce significant variations.
Additionally, pathological conditions may have introduced drastic differences in these
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findings as patients suffering from a severe illness may have been treated with medication or
faced chronic systemic toxic conditions that inhibited neurogenesis. Thus, although there
remains controversy surrounding human adult neurogenesis, a number of studies have
provided strong evidence of the addition of newborn neurons in the DG throughout life

in healthy older individuals.

Approximately one-third of the neurons residing within the hippocampus are subject to
exchange, with approximately 700 new neurons being added daily. In patients diagnosed
with major depressive disorder (MDD), fewer, and smaller, DG neurons were found in the
hippocampus suggesting that proliferation of these cells may confer resilience against MDD
[73]. Moreover, antidepressant medications used to treat MDD have been shown to increase
human hippocampal neural progenitor cells [74].

Studies performed in rats have shown that repeated ECS induces a 2-fold increase in
proliferating cells in the hippocampus [14-16,75]. We found that serial ECS caused a 2-fold
increase in the numbers of BrdU-positive cells in the SGZ as well as in the DGgp, and

DG;jp of the hippocampal formation. The effect was present in both the dorsal and ventral
hippocampus and was similar in both WT and £gr3-/- mice, indicating that £gr3is not
required for the proliferation of hippocampal cells induced by repeated ECS. However, it

is possible that £gr3may play a role in survival of newborn neurons, which should be
investigated in future studies.

Studies have shown that adult-generated neurons can be differentiated based on their
location throughout the depth of the DG granule cell layer (i.e., from the inner subgranular
surface of the cell layer to the outer surface nearest the molecular layer) in both rats (e.g.
Ref. [76]) and mice (e.g. Ref. [77]). This makes it tempting to attempt to make similar
distinctions to further categorize Golgi-based data (which lacks BrdU labeling) into older
and more-recently generated cell populations. We hesitate to make this distinction in our
data because it would not be possible to “birthdate” adult-generated cells based on location
alone. Although data indicate that the majority (approx. 50-80%, depending on the timing of
BrdU injections) of adult-generated cells remain within the inner (closest to the SGZ) third
of the granule cell layer, this region contains granule cells of a wide range of ages, from

1 day to at least 11 months old [77]. This is problematic, as differentiating adult-generated
cells born post-stimulation from those born prior to stimulation would be a key basis for
comparison in the current study. This limits the value of separating these cell populations
based on their location within the granule cell layer.

Our results add to the recent studies showing that repeated ECS increases proliferation of
neuronal precursors in the dentate gyrus of mice [40-42,78]. Schloesser and colleagues
found that repeated ECS (7 ECS over 15 days) increased hippocampal cellular proliferation
in mice. Using a genetic method to ablate these newly-born cells, they found that the
neurogenesis was essential for the ECS-induced amelioration of mood and anxiety-like
behaviors in mice exposed to corticosterone, a model of stress-related depression [40]. Ueno
and colleagues examined the role of repeated ECS (11 every-other-day ECS over 3 weeks)
in distinct phases of neurogenesis. They found that ECS during early (differentiation) phase
of neurogenesis enhanced survival and neuronal differentiation, while repeated ECS during
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later maturation phase suppressed expression of mature neuronal markers [42]. In their study
examining the role of AMarp on the neurobiological and behavioral effects of repeated ECS,
Chang and colleagues found that Marp is required for the antidepressant-like effects, but not
the proliferation of DG cells, in response to five daily ECS treatments [41]. Kobayashi and
Segi-Nishida examined the effect of adrenocorticotropic hormone (ACTH) administration

on the cellular, molecular, and behavioral effects of ECS, and found that 11 daily ECS
upregulates Banfexpression and cellular proliferation in mice. While chronic ACTH
prevented the increase in Banfexpression, the treatment did not affect the ECS-induced
cellular proliferation [78].

In each of these studies, the intervention, whether ACTH or a genetic disruption (of BDNF
or another immediate early gene, Narp), was not sufficient to abrogate the pro-proliferative
effect of repeated ECS on hippocampal DG cells. Thus, our finding that £gr3is not
required for the serial ECS-induced hippocampal cellular proliferation is consistent with
the findings of other genes, including Badnf, and is also consistent with our prior finding that
ECS-induced Banfexpression is absent in Egr3-/- mice [32].

Because the dorsal and ventral hippocampus are involved in different functions, we
examined the effects of repeated ECS in both of these regions. The dorsal hippocampus
largely mediates the encoding of spatial representations [43] while the ventral hippocampus
encodes non-spatial representations, and plays an important role in motivation as well

as emotional processing [44-46]. Differences in neurogenesis along the dorsal-ventral,

or septo-temporal, axis of the hippocampus have likewise been reported, with increased
numbers of proliferating cells identified in the dorsal hippocampus following exposure to a
spatial-learning task [79]. In addition, the suprapyramidal and infrapyramidal blades of the
dentate gyrus have shown differences that contribute uniquely to hippocampal function and
behavior. As these blades demonstrate differential functions in response to activity, and as
the dorsal and ventral hippocampus play disparate roles, we examined the responses of these
subdivisions individually following multiple ECS.

For most of the measures we examined, we found identical results in both regions. However,
while ECS increased dendritic branching in the whole hippocampus (Fig. 3A), post-hoc
analyses examining each region independently showed a significant increase in the ventral
hippocampus, and only a trend effect in the dorsal hippocampus (p = 0.059). While it is
possible that this indicates a regional effect of serial ECS, the trend makes it difficult to
conclude that DG granule cells in the dorsal hippocampus are less sensitive to the dendritic
structural effects of ECS than cells in ventral hippocampus.

Implications

Egr3-/- mice are a conventional knockout line and thus lack expression of the gene
throughout pre- and post-natal development [47]. Although no major neuroanatomical
abnormalities have been identified in the central nervous system of the mice, we and

others have shown that they have deficits in synaptic plasticity that could share a common
mechanism with the altered neurobiological response to serial ECS [25,26]. These deficits in
synaptic plasticity, and our current findings of changes in dendritic remodeling in response
to ECS, demonstrate that loss of £gr3alters the way that neurons respond to activity
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and therefore likely also the response to environmental stimuli. These responses may
underlie the memory deficits and behavioral abnormalities we have reported in £gr3-/-
mice [25,26,80].

These findings have implications for mental illnesses that are characterized by deficits in
cognition and memory, including depression and psychotic disorders. Indeed, recent post-
mortem transcriptomic studies in brains from schizophrenia and bipolar disorder subjects
identified a module of activity-dependent IEGs that was associated with medication response
[81]. Their findings supported studies suggesting that IEGs modulation by antipsychotic
may underlie the therapeutic efficacy of these medications [82]. Expression of IEGs,
including Egr3, is also induced by psychedelic drugs that produce rapid and long-lasting
antidepressant effects [83,84]. Intriguingly, ECS maximally activates expression of IEGs.

As suggested by the rodent studies discussed above, the high-level stimulation provided by
ECS appears able to overcome the neurobiological and behavioral deficits caused by specific
genetic disruptions, paralleling the effectiveness of this therapy for the most severe cases of
mood and psychotic disorders in humans.

In summary, these results show that serial ECS causes dendritic remodeling and cellular
proliferation in mice, and that £gr3, an activity-induced IEG transcription factor, influences
the dendritic structural changes but is not required for ECS-induced cellular proliferation,
consistent with reports of other genes investigated to date. These processes may contribute
the clinical effectiveness of ECT, which has been shown to cause reorganization and
plasticity in neural networks in the human brain [85-87]. In addition, these results suggest
that £gr3may also mediate neuronal remodeling in response to environmental experience,
potentially influencing learning, memory, and cognition. This is consistent with known
requirements of £gr3in hippocampal synaptic plasticity and memory behaviors [25,26].
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Refer to Web version on PubMed Central for supplementary material.
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ECS Electroconvulsive seizure
ECT Electroconvulsive therapy
Egr3 early growth response 3
IEG immediate early gene
ip infrapyramidal
MDD major depressive disorder
Prox1 prospero homeobox 1
SGZ subgranular zone
sp suprapyramidal
WT wildtype
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Fig. 1. Serial ECS alters dorsal hippocampal dendritic complexity differently in Egr3—/- mice.
The numbers of dendritic intersections were analyzed using Golgi-Cox staining in WT and

Egr3-/- mice following 10 daily ECS (A). Sholl analysis was conducted in the dorsal
hippocampus (B). Compared to sham treatment, serial ECS did not increase the number of
dendritic intersections in WT (C) or Egr3-/- mice (D). Comparison of WT and Egr3-/-
mice showed no difference in the numbers of dendritic intersections between genotypes at
baseline (no ECS) (E). However, following ECS, fewer dendritic intersections are observed
in Egr3-/- mice than WT mice. Individual comparisons at specific distances revealed
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significantly fewer intersections at 200 and 220 pm from the soma (F). Values represent
means + SEM. P-values for pairwise comparisons, adjusted for multiple comparisons: *p <
0.05, **p < 0.01. n =7-8.
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Fig. 2. Serial ECS alters ventral hippocampal dendritic complexity differently in Egr3-/- mice.
Sholl analysis was conducted in the ventral hippocampus (A). Serial ECS did not change

the number of dendritic intersections in the ventral hippocampus of WT (B) or Egr3-/-

(C) mice. In the absence of stimulation, the number of dendritic intersections did not

differ between WT and Egr3-/- mice (D). Following ECS, Egr3-/- mice show more
intersections than WT mice at 20 pm from the soma, and WT mice show significantly more
dendritic intersections than £gr3-/- mice at 240 pm, 280 pm, 300 um, and 320 pm (E).
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Values represent means £ SEM. P-values for pairwise comparisons, adjusted for multiple
comparisons: *p < 0.05, **p <0.01. n = 7-8.
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Fig. 3. Serial ECS increases dendritic branching in mouse dentate granule cells.
Serial ECS significantly increases the number of dendritic branches in the whole

hippocampus, combining the dorsal and ventral hippocampus (A). Significant increases were
not observed individually in the dorsal hippocampus (B) but were observed in the ventral
hippocampus (C). Values represent means + SEM. Bars represents significant main effect of
treatment with both genotypes combined. P-values adjusted for multiple comparisons: *p <

0.05,n=7-8.

Brain Stimul. Author manuscript; available in PMC 2024 January 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Meyers et al.

Page 25
4A. Wild-type, no ECS Wild-type, serial ECS ~ 4B. Dentate Gyrus

b
. 3 “\%/}‘ Outer Molecular Layer
Superior Blade ;1 {y% | Middle Molecular Layer

(DG,) Inner Molecular Layer

. - " | 7
Egr3-/-,no ECS Egr3-/-, serial ECS 15 )
\ ) = Inner Molecular Layer
Middle Molecular Layer
NS¢ - Outer Molecular Layer
it

Dentate Gyrus
Inferior Blade

(DG,)
4C. Dorsal Hippocampus NN 4D. Ventral Hippocampus
>k @ \ *%x

wq | —L

1501 T
=1 Wild-type

- - )
1004 1004 B 3 Eer3--
50+ 50+
0= 0~ T T

No ECS Serial ECS No ECS Serial ECS

#Dendritic Spines
#Dendritic Spines

Dorsal Hippocampus
4E. Inner Molecular Layer 4F. Middle Molecular Layer 4G. Outer Molecular Layer

ek *k *%

8 — 8 e — [ g
i 40 o a 40 ° E 40 [} P
wn w w2
2 30 2 9 .2 30
§ 20 § 20 é 20
[ j) D
Qt 10 % 10 g 10
0: T T 0 T T 0: T T
No ECS Serial ECS No ECS Serial ECS No ECS Serial ECS
Ventral Hippocampus
4H. Inner Molecular Layer 41.  Middle Molecular Layer 4). Outer Molecular Layer
*k kK dkk
50 J_—_I_ 50 | —1— 50 J_——l—
@ 4] 3
240 o £ 40 8 £ 40 N
[=9 Q. (=%
2 30 db (; 30 ‘g 30 ofb
520 5 2 Z 2
5 5 5
2 10 2 10 [aET]
I+ 3+ B3
0 v r 0 r . 0 r .
No ECS Serial ECS No ECS Serial ECS No ECS Serial ECS

Fig. 4. Serial ECS increases dendritic spine numbers.
Representative examples of dentate granule cell dendritic spines for each condition (A).

Schematic showing dentate granule cell dendrites across the inner, middle, and outer
molecular layers of the hippocampus (B). ECS increases the number of dendritic spines

in both the dorsal (C) and ventral hippocampus (D) and in each layer: dorsal hippocampus
inner molecular layer (E), middle molecular layer (F), outer molecular layer (G), and
ventral hippocampus inner molecular layer (H), middle molecular layer (1), and outer
molecular layer (J). Values represent means + SEM. Bars represents significant main effect
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of treatment with both genotypes combined. P-values adjusted for multiple comparisons: *p
<0.05, **p < 0.01, ***p < 0.001. n = 7-8.

Brain Stimul. Author manuscript; available in PMC 2024 January 09.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Meyers et al. Page 27

5A. |Wild-type\ | Egﬂ/-‘
‘/}“ N L Sacrificed
%) (K \’ E @ Mice
—»
3

I !
IR [

|
[
345678910 11

[

1
Time (Days) g Immunofluorescence/
Injected BrdU Confocal Imaging
100 mg/kg
Daily ECS {100mgke)
5B. Dorsal Hippocampus ) 5C; i. Subgranular Zone
50000 |
Wild-type, No ECS  Wild-type, Serial ECS £ 40000 —
3 30000 £ Egrso-
%_ 20000
Q
~ 10000 m ﬁ
0
No ECS Serial ECS
Egr3-/-,No ECS Egr3-/-, Serial ECS Dentate Granule Superior Blade Dentate Granule Inferior Blade
ii. ([DG)) iii. (DG,)
o 50000 bl P 50000 il
E 40000 40000
:; 30000 3 30000 -
_;_, 20000{ — 20, 2 : 20004 | .
% 10000 é Fpﬁ o 3 10000 i‘
[ % No ECS Serial ECS NoECS  Serial ECS
hN \ \
5D. Ventral Hippocampus m ) / SE. i. Subgranular Zone
‘ !\ ‘/ Kkkk
Wild-type, No ECS  Wild-type, Serial ECS 50000 _l_
E 40000
2 soo00f 1 Wild-type
j 20000 0 g
£ 10000 ffi [%1
0
No ECS Serial ECS

Dentate Granule Superior Blade Dentate Granule Superior Blade
il. !D(ji) iii.  (DG))

Hkkk e
50000 50000

40000 40000
30000 R 30000
20000 o a 200004
8 o o ]
“leim FM ¢ -lef EP

No ECS Serial ECS No ECS Serial ECS

Egr3-/-,No ECS Egr3-/-, Serial ECS

Fig. 5. Serial ECS increases hippocampal cell proliferation.
Schematic of experimental design (A). ECS significantly increases dividing cells (BrdU-

positive, green-labeled) in each subregion of the dorsal hippocampus. (B): the subgranular
zone (SGZ) (Ci), dentate granule superior blade (DGsp) (Cii), and the dentate granule
inferior blade (DGjp) (Ciii). Similarly, ECS significantly increases BrdU-positive cells in
each ventral hippocampus subregion (D): SGZ (Ei), DGsp (Eii) and DGip (Eiii). Values
represent means + SEM. Bars represents significant main effect of treatment with both
genotypes combined. P-values adjusted for multiple comparisons: ****p < 0.0001, n = 8.
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(For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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