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ABSTRACT 

 The efficacy of electroconvulsive therapy (ECT) as a treatment for psychiatric disorders, 

including major depressive disorder (MDD) is hypothesized to depend on induction of molecular 

and cellular events that trigger structural plasticity in neurons. Electroconvulsive seizures (ECS) 

in animal models can help to inform our understanding of how electroconvulsive therapy (ECT) 

impacts the brain. ECS induces structural plasticity in neuronal dendrites in many brain regions, 

including the piriform cortex, a highly epileptogenic region that has also been implicated in 

depression. ECS-induced structural plasticity is associated with differential expression of unique 

isoforms encoding the neurotrophin, brain-derived neurotrophic factor (BDNF), but the functional 

significance of these transcripts in dendritic plasticity is not clear. Here, we demonstrate that 

different Bdnf isoforms are expressed non-stochastically across neurons of the piriform cortex 

following ECS. Specifically, cells expressing Bdnf exon 1-containing transcripts show a unique 

spatial recruitment pattern in response to ECS. We further demonstrate that Bdnf Ex1 

expression in these cells is necessary for ECS-induced dendritic spine plasticity. 
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INTRODUCTION 

Electroconvulsive therapy (ECT) remains one of the most effective treatments for major 

depressive disorder (MDD), particularly for patients living with treatment resistant depression 

(Kho et al, 2003; Pagnin et al, 2004; UK ECT Review Group, 2003). However, despite its use as 

a treatment for over 80 years, the neurobiological mechanisms by which ECT improves 

symptoms of depression remain unclear. Some clinical evidence suggests that ECT normalizes 

hypothalamic-pituitary-adrenal (HPA) axis function in depression (McKay and Zakzanis, 2010; 

Yuuki et al, 2005), and in rodent models of chronic stress exposure HPA axis dysregulation 

increases levels of circulating glucocorticoids, which induces dendritic atrophy (Alfarez et al, 

2009; Goldwater et al, 2009; Morales-Medina et al, 2009). Exposure to chronic stress also 

decreases synaptic spine density (Duman and Duman, 2015) and alters dendritic spine 

morphology (Duman and Duman, 2015; Radley et al, 2008) in limbic brain areas that are 

implicated in MDD (Radley et al, 2008). The effects of ECT can be studied in rodent models 

using electroconvulsive seizures (ECS), administration of which reverses chronic stress-induced 

changes in neuronal and dendritic spine morphology (Chang et al, 2018; Kaastrup Müller et al, 

2015; Maynard et al, 2018; Schloesser et al, 2015). In addition to reversing these stress-

induced morphological changes, ECS also attenuates behaviors observed in rodent models of 

chronic stress exposure that are relevant for depression (Azis et al, 2019; Chang et al, 2018; 

Schloesser et al, 2015). 

Decreased brain-derived neurotrophic factor (BDNF) expression is documented in 

multiple brain regions in rodent models of chronic stress exposure (Duman and Monteggia, 

2006; Martinowich et al, 2007; Smith et al, 1995). Additional studies have correlated BDNF 

expression increases with effects of pharmacological antidepressant administration as well as 

ECS (Autry et al, 2011; Nibuya et al, 1995; Russo-Neustadt et al, 2000)). Consistent with these 

findings, BDNF levels are lower in postmortem human brain tissue from donors diagnosed with 

MDD compared to neurotypical donors (Dwivedi et al, 2003; Guilloux et al, 2012). This data, 
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together with the fact that multiple therapies for depression increase BDNF levels in the brain 

(Chen et al, 2001; Guilloux et al, 2012; Kraus et al, 2019; Lee and Kim, 2010; Schmidt et al, 

2011), contributed to the hypothesis that BDNF levels are a biomarker for antidepressant 

efficacy. In rodents, Bdnf transcription is controlled by 9 unique promoters, which generate at 

least 20 different Bdnf transcript isoforms, all of which encode the same BDNF protein (Aid et al, 

2007). Each isoform consists of a 5′ untranslated region (UTR) exon, which is alternatively 

spliced to a downstream common coding exon (exon 9) (Aid et al, 2007). These isoforms are 

differentially expressed across brain regions as well as during neurodevelopment (Aid et al, 

2007; Sathanoori et al, 2004; Timmusk et al, 1993). The exon 1- and exon 4-containing Bdnf 

variants (Ex1 and Ex4), which are generated from transcriptional activity at Bdnf promoter I and 

IV, respectively, are strongly induced by neural activity (Aid et al, 2007; Sathanoori et al, 2004; 

Timmusk et al, 1993). These activity-dependent isoforms also exhibit differential subcellular 

localization e.g., Bdnf Ex1 and Ex4 transcripts are localized to the cell body and proximal 

dendrites, while exon 2 (Ex2)- and exon 6 (Ex6)-containing transcripts are localized in distal 

dendrites (Baj et al, 2011; Chiaruttini et al, 2008; Pattabiraman et al, 2005). We previously 

demonstrated that both acute and repeated ECS upregulate activity-dependent Bdnf Ex1- and 

Ex4 isoforms (Maynard et al, 2018, 2020). We also showed that activated BDNF-expressing 

cells may preferentially utilize one of these activity-dependent isoforms over the other, 

contributing to the notion that Bdnf Ex1 and Ex4 expression may partially define sets of spatially 

and functionally discrete activity-induced neuronal ensembles (Maynard et al, 2020). This is 

important since BDNF production from different Bdnf transcripts has unique effects on neural 

plasticity and cell function (Hallock et al, 2019; Hill et al, 2016; Maynard et al, 2016, 2017; Savell 

et al, 2019).  

Following ECS, Bdnf Ex1 transcripts are strongly induced in the piriform cortex (Maynard 

et al, 2020), a highly epileptogenic brain region that may also be important in depression 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 4, 2021. ; https://doi.org/10.1101/2021.03.04.433962doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.04.433962
http://creativecommons.org/licenses/by-nc-nd/4.0/


(Ekstrand et al, 2001; Kohli et al, 2016; Soudry et al, 2011). To better understand the regulation 

of activity-induced Bdnf expression, we investigated spatial relationships between Bdnf Ex1 and 

Ex4-expressing cells in the piriform cortex following ECS. Identification of a unique pattern of 

spatial recruitment of Bdnf Ex1 cells prompted us to further investigate whether Bdnf Ex1 

isoforms are required for ECS-induced dendritic spine morphology. To genetically tag Bdnf Ex1- 

expressing cells for labeling and morphological analysis, we used previously generated mice 

that report GFP under control of Bdnf promoter I in combination with viral delivery of a GFP-

dependent split Cre-recombinase system (Maynard et al, 2016; Tang et al, 2015). This strategy 

allowed us to assess the necessity of Bdnf Ex-1 transcript expression for ECS-induced changes 

in spine density and morphology in BDNF-expressing cells within the piriform cortex. Together, 

these results demonstrate that cells expressing individual Bdnf splice isoforms have unique 

spatial recruitment patterns following ECS, and that Bdnf Ex1 transcripts contribute to structural 

plasticity in the piriform cortex following ECS. 

 

METHODS 

Animals  

We used Bdnf-e1 mice, which are engineered to disrupt BDNF production from promoter I, 

backcrossed to C57BL/6J > 12x (Maynard et al, 2016). In Bdnf-e1 mice an enhanced green 

fluorescent protein (eGFP)-STOP cassette is inserted upstream of the 5’UTR splice donor site 

of exon 1 such that transcription is initiated from promoter I to generate a 5’UTR-eGFP-STOP-

Bdnf IX transcript, which produces GFP in lieu of BDNF. Adult male Bdnf-e1 -/+ and Bdnf-e1 -/- 

mice were used for all experiments. Mice were housed in a temperature-controlled environment 

with a 12:12 light/dark cycle and ad libitum access to food and water. After weaning, mice were 

housed in divider caging at 5 weeks of age due to excessive aggression in Bdnf-e1 male 

animals (Maynard et al, 2016). All experimental animal procedures were approved by the 

Sobran Biosciences Institutional Animal Care and Use Committee. 
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Viral Vectors and Stereotaxic Surgery 

Adeno-associated viruses (AAVs): AAV2-CAG-FLEX-tdTomato (Cat #Av-1-PV2812, Penn 

Vector Core), AAV2-CMV-LacZ (Cell Biolabs, Catalog number AAV-342), AAV1/2-EF1a-N-

CretrcintG (Cat #B387Harvard Medical School Gene Vector Core), AAV1/2-EF1a-C-CreintG 

(Cat #B386, Harvard Medical School Gene Vector Core). Stereotaxic surgeries were performed 

on animals at 10 weeks of age. 800 nL of virus was injected bilaterally into the anterior and 

posterior piriform cortex at 150 nl/minute using a 10 μL Hamilton syringe targeted to AP -0.34, 

ML +/-3.13, DV -5 (from bregma and AP -1.7, ML +/-3.5, DV -5 from bregma). Mice were 

administered 100 μL of 0.5 mg/mL meloxicam injected intraperitoneally and 100 μL of 5 mg/mL 

bupivacaine at the incision site. Staples were removed after 2 weeks. Viruses were given 2 

weeks to express before initiating further experiments. 

 

Electroconvulsive seizures (ECS) and brain tissue collection 

Mice were administered either Sham or electroconvulsive seizures (ECS) as previously 

described (Maynard et al, 2018). Mice were anesthetized using inhaled isoflurane prior to and 

during treatment. ECS treatment consisted of either one ECS session (acute ECS) or 7 ECS 

sessions across a 15 d period (repeated ECS). ECS were delivered with an Ugo Basile pulse 

generator (model #57800-001, shock parameters: 100 pulse/s frequency, 3 ms pulse width, 1 s 

shock duration and 50 mA current) (Maynard et al, 2018; Schloesser et al, 2015). Seizures were 

confirmed by visualization of tonic-clonic convulsion. 48 h after the final treatment session, 

animals were anaesthetized with isoflurane and perfused transcardially with 4% 

paraformaldehyde. Brains were post-fixed for 24 h and transferred to 30% sucrose. 

Cryosections were cut coronally at 50 μm, mounted in consecutive order onto Superfrost Plus 

(VWR, 48311-703) glass slides and coverslipped using Fluoromount (VWR, 0100-01). 
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Confocal Imaging 

Higher-order apical dendrites of TdTomato-positive pyramidal neurons in the piriform cortex 

were imaged in z-series at 63x magnification with 3x digital zoom using a Zeiss LSM 780 

microscope (Carl Zeiss, Oberkochen, Germany) with the experimenter blinded to genotype and 

treatment. Pyramidal neurons were selected for imaging based on the following criteria: (1) 

adequate brightness and isolation to allow for clear reconstruction of spine density and 

morphology, (2) clear attachment of dendrite to cell body to allow for unambiguous identification 

of branch order (i.e., we did not image “floating” branches in which cell bodies were in another 

plane or different section), and (3) close proximity to the coverslip to allow for capture of all 

branches in the z-dimension. We imaged 44 dendrites from 4 brains for Bdnf-e1 -/- ECS, 35 

dendrites from 4 brains for Bdnf-e1 -/- Sham, 52 dendrites from 4 brains for Bdnf-e1 -/+ ECS, 

and 58 dendrites from 4 brains for Bdnf-e1 -/+ Sham.  Each dendrite was imaged from a 

different neuron.  

 

Dendrite Reconstruction 

Individual dendrites were manually traced from confocal z-stacks using Neurolucida 360 

(MicroBrightField Biosciences, Williston, VT, USA) with the experimenter blind to genotype and 

treatment. For quantification of spine density (spines per micrometer) and morphology, 

Neurolucida 360 Explorer (MicroBrightField Biosciences) was used to calculate the number, 

height, and width of spines on segments of dendrite branches. Student’s t tests were used to 

analyze spine density, and ordinary two-way ANOVAs followed by Bonferroni post hoc tests 

were used to examine differences between the percentage of differently sized spines on Bdnf-

e1 +/- and Bdnf-e1 -/- branches between ECS and Sham treatments. 

 

Spatial distribution of cells expressing Bdnf and Arc transcripts 
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We applied the centered, weighted Besag’s transformation of Ripley’s K function (akin to the 

centered L-function) to determine the relative distribution of nuclei weighted by transcript counts. 

Briefly, this allows us to ask whether nuclei with more transcript counts tend to be spaced at a 

particular distance away from each other compared to the given spacing of the present nuclei 

unweighted by Bdnf transcript counts. We also took a complementary approach to continuous 

transcript counts by binning nuclei into high-, medium, and low-expressors of Bdnf transcripts. 

Subsetting to just medium and high Bdnf expression categories, we applied the standard L-

function to ask whether med/high-expressing nuclei are spaced at a particular distance away 

from each other, ignoring low-expressors, and above a random spacing. Expression categories 

defined as previously described (Maynard et al, 2020) with Bdnf Ex1 expression based on 

number of transcripts (low: <11; medium: 11-25; high: >25) and average transcript size (low: 

<17; medium: <74; high: >0), and Bdnf Ex4 number of transcripts (low: <11; medium: 11-25; 

high: >25) and average transcript size (low: <21; medium: <59; high: >0 () ). Calculations were 

performed using the spatstat packing in R with the kmark function, which estimates the mark-

weighted K function of a marked point pattern and performs the Besag’s transform to the L 

function (or by using Lest to return the standard L function), and the marks were computed by 

the markcorr function on the density of puncta between pairs of nuclei. R documentation for this 

package can be found here: https://cran.r-project.org/web/packages/spatstat/spatstat.pdf 

 

RESULTS 

Bdnf Ex1-expressing neurons in the piriform cortex show a unique pattern of  spatial 

recruitment following ECS 

Using single-molecule fluorescence in situ hybridization (smFISH), we previously 

demonstrated that activity-regulated genes (ARGs), including Bdnf Ex1, Bdnf Ex4 and Arc 

transcripts are robustly elevated in the mouse piriform cortex following a single session of ECS 

(Maynard et al, 2020).  In that study, we grouped Bdnf Ex1, Bdnf Ex4, and Arc-expressing cells 
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into categories of “high”, “medium”, or “low” transcript expressors (Maynard et al, 2020). Here, 

we further analyzed that dataset, assessing patterns of recruitment, and defining spatial 

relationships between “high”, “medium”, and “low” Bdnf Ex1, Ex4, and Arc- expressing cells in 

response to ECS. Visual inspection of data that plotted the spatial distribution of “high”, 

“medium”, and “low” Bdnf Ex1, Ex4, and Arc expressing cells suggested that these groups of 

cells may have divergent patterns of spatial recruitment in response to ECS (Fig.1B). To 

quantify the extent to which ECS impacts spatial relationships between cells expressing these 

transcripts, we computed the Besag's transformation of Ripley's K-function (L-function). This 

summary statistic measures the degree of cell nuclei clustering, where positive values indicate  

greater difference from chance, and negative values indicate a negative difference from chance 

of finding pairs of nuclei which have a given distance (r) from each other; with a lower value 

suggesting more clustered nuclei. Following a single ECS session, all Bdnf Ex1-expressing cells 

had a lower L function than Sham treated mice as the distances increased (Fig.1C), suggesting 

that ECS recruits Bdnf Ex1-expressing cells that are closer together. Interestingly, if cells with 

low levels of Bdnf Ex1 transcripts (< 6 puncta) are excluded, the distribution of nuclei only 

modestly decreases after ECS (Fig.1F). This change in spatial distribution is unique to Bdnf Ex1 

isoforms, since Ex4-expressing nuclei only show a modest decrease in spatial distribution 

following ECS (Fig. 1D). Furthermore, the changes to spatial distribution are distinct for other 

ARGs, as Arc-expressing nuclei show a different change in distribution compared to Bdnf-

expressing nuclei with acute ECS compared to Sham (Fig.1E, H).  

 

Selective labeling of Bdnf Ex1-expressing neurons using Cre recombinase dependent on 

GFP technology 

 Our previous studies showed that ECS impacts dendritic spine morphology and 

increases Bdnf Ex1 expression (Maynard et al, 2018).  This finding, together with the unique 

spatial recruitment of Bdnf Ex1-expressing cells observed following ECS (Fig. 1), prompted the 
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hypothesis that Bdnf Ex1 transcription is required for ECS-induced structural plasticity in BDNF-

expressing neurons of the piriform cortex. To achieve robust labeling of Bdnf Ex1-expressing 

cells that would facilitate visualization of dendritic structures, we employed the Cre recombinase 

dependent on GFP (CRE-DOG) technology (Tang et al, 2015) in combination with a previously 

generated mouse line that reports GFP expression from Bdnf promoter I (Bdnf-e1) (Maynard et 

al, 2016). In these mice, an eGFP-STOP cassette inserted upstream of the 5’UTR splice donor 

site of exon 1 leads to GFP translation in lieu of BDNF (Fig. 2A). While GFP is selectively 

expressed in cells where there is active transcription from Bdnf promoter I, the fluorescent GFP 

signal is too weak to robustly label membrane structures such as dendritic spines for 

morphological analysis (Maynard et al, 2016). The CRE-DOG system combines two viral 

constructs that each encode one half of a split Cre recombinase fused with a GFP binding 

protein (GBP) (AAV1/2-EF1a-N-CretrcintG & AAV1/2-EF1a-C-CreintG) (Tang et al, 2015). We 

co-injected these vectors with a Cre-dependent TdTomato vector (AAV2-CAG-FLEX-tdTomato) 

to fluorescently label GFP-expressing cells in piriform cortex of Bdnf-e1 mice. Under these 

conditions, in a cell expressing GFP in lieu of Bdnf Ex1, the two GBP-split Cre fusion proteins 

complex with the GFP, which functions as a scaffold for expression of Cre-recombinase, which 

subsequently flips and excises the Cre-dependent tdTomato. (Fig. 2B-C). To demonstrate 

specificity, we executed two controls. First, when only one half of the split-Cre system (N or C 

terminus) is injected, TdTomato labeling is absent (Fig. 2D), and second, when CRE-DOG 

viruses are injected into wild-type mice along with a Cre-dependent tdTomato reporter and a 

constitutively expressed LacZ reporter, beta-gal staining is observed without tdTomato labeling 

(Fig. 2F-F’’). Together, these results validate the utility of CRE-DOG technology in Bdnf-e1 mice 

to selectively and robustly label the subpopulation of cells in the piriform cortex in which 

transcription is occurring at Bdnf promoter I.  
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Loss of promoter I-derived BDNF impacts ECS-induced spine density and morphology  in 

Bdnf Ex1-expressing neurons  

We next investigated whether Bdnf Ex1 transcripts are required for structural plasticity in 

dendritic spines. Using the CRE-DOG strategy with Bdnf-e1 mice, we labeled neurons reporting 

Bdnf Ex1 expression in heterozygous (+/-; intact BDNF production from Bdnf promoter I at one 

allele) and mutant mice (-/-; BDNF production from Bdnf promoter I blocked at both alleles). We 

note that in the mutant animals, the fluorescently labeled cell population is not actually 

expressing Bdnf Ex1 - these cells are only expressing GFP as a read-out of transcriptional 

activity at Bdnf promoter I. Two weeks following stereotaxic viral injection of CRE-DOG and 

AAV2-CAG-FLEX-tdTomato vectors into the piriform cortex to fluorescently label and fill Bdnf 

Ex1 cells, mice were administered Sham or repeated ECS (7 ECS sessions across 15d). Mice 

were perfused and brains collected 48 h after the final Sham or ECS session. Brains were then 

sectioned, and labeled neurons in the piriform cortex were imaged to quantify changes in 

dendritic spine morphology across these four groups: Bdnf-e1 +/-; Sham, Bdnf-e1 +/-; ECS, 

Bdnf-e1 -/-; Sham, Bdnf-e1 -/-; ECS.  Spine density was significantly decreased in piriform 

cortex neurons from Bdnf-e1 -/-; ECS compared to both Bdnf-e1 -/+; Sham and Bdnf-e1 -/+; 

ECS mice, highlighting the importance of promoter I-derived BDNF following ECS-induced 

neuronal activity in dendritic spine dynamics (Fig. 3B). No change in spine length was detected 

between Sham and ECS for either genotype (Fig. 4A), but a significant decrease in the 

percentage of smaller spines (diameter 0.2-0.4 μm) in Bdnf-e1 -/- ECS mice compared to Bdnf-

e1 -/+ Sham and Bdnf-e1;ECS mice was observed (Fig. 4B). These findings suggest that 

promoter I-derived BDNF is necessary for the maintenance of dendritic spines in Bdnf Ex1-

expressing neurons, particularly following repeated induction of neuronal activity.   

 

DISCUSSION 
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 BDNF signaling is strongly linked to changes in spine density and morphology (von 

Bohlen Und Halbach and von Bohlen Und Halbach, 2018; Song et al, 2017), which are known 

structural changes that can functionally impact synaptic plasticity (Arellano et al, 2007; Hering 

and Sheng, 2001). These BDNF-dependent signaling events have been hypothesized to 

contribute to mechanisms by which antidepressant therapies relieve symptoms of depression 

(Autry and Monteggia, 2012). Previous studies have shown that individual Bdnf isoforms are 

differentially associated with unique BDNF-dependent molecular, cellular and behavioral 

functions (Hallock et al, 2019; Maynard et al, 2016, 2017, 2018; Savell et al, 2019). For 

example, at the cellular level, depleting Bdnf Ex1 and Ex4 isoforms in cultured hippocampal 

neurons reduces the number of proximal neuronal dendrites, while depleting Bdnf Ex2 and Ex6 

isoforms decreases the number of distal neuronal dendrites (Baj et al, 2011). Constitutive 

disruption of BDNF production from specific isoforms using in vivo transgenic mouse models 

also causes divergent effects on dendritic morphology in the mouse hippocampus (Maynard et 

al, 2017). In addition, disrupting BDNF from distinct promoters results in divergent behavioral 

and circuit phenotypes in mice; specifically, disruption of BDNF production from promoter I 

results in hyperphagia and increased aggression (Maynard et al, 2016; McAllan et al, 2018), 

while BDNF disruption from promoter IV results in increased fear expression that is associated 

with disruptions in hippocampal-prefrontal cortical connectivity (Hallock et al, 2019, 2020; Hill et 

al, 2016). The data reported here demonstrate that the cell population expressing Bdnf Ex1 

exhibits a distinct spatial pattern of activation in response to ECS. Specifically, recruited Bdnf 

Ex1-expressing cells are more tightly clustered together, and show higher expression of Bdnf 

Ex1 transcript per individual cell. The functional significance of local neuronal networks 

expressing unique patterns of Bdnf splice variants is not entirely clear, but highlights a preferred 

recruitment of Bdnf Ex1-expressing cells in response to ECS. Given the differential effects of 

BDNF secretion and signaling in the pre- versus post-synaptic compartment and consequences 

for impacting local autocrine and paracrine signaling, these spatial relationships between Bdnf 
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Ex1-expressing cells may be functionally relevant for BDNF-dependent structural and synaptic 

plasticity (Harward et al, 2016; Hedrick et al, 2016; Song et al, 2017).  

We focused specifically on the piriform cortex because this region expresses high levels 

of BDNF, and is highly epileptogenic; hence, this brain region may be particularly responsive to 

ECS. The piriform cortex facilitates temporal seizure kindling and propagates generalized 

seizures that are induced by repeated electrical stimulations (Löscher and Ebert, 1996; 

Morimoto et al, 2004). In addition, the piriform cortex has been more recently linked to 

depression (Kohli et al, 2016; Sevelinges et al, 2011), and is functionally connected to to many 

regions relevant for MDD including the prefrontal cortex (Carmichael et al, 1994; Cohen et al, 

2015; Gottfried and Zelano, 2011; Johnson et al, 2000; Kringelbach and Rolls, 2004; Plailly et 

al, 2008), amygdala (Carmichael et al, 1994; Johnson et al, 2000; Kajiwara et al, 2007; Kjelvik 

et al, 2012; Krettek and Price, 1977; Royet et al, 2003; Winston et al, 2005), 

subiculum/hippocampus (Kjelvik et al, 2012; Krettek and Price, 1977), and the hypothalamus 

(Price et al, 1991). Further supporting a potential involvement in the response to stress, the 

expression of proteins implicated in structural plasticity, such as PSA-NCAM and doublecortin, 

are decreased in piriform cortex in rodent models of chronic stress (Nacher et al, 2004).  

We hypothesized that expression of Bdnf Ex1 is required for  spine remodeling following 

ECS in Bdnf Ex1-expressing neurons in the piriform cortex. However, studying cellular 

morphology in Bdnf Ex1-expressing cells required a strategy to genetically label this population. 

Unfortunately, molecular genetic tools for selectively tagging populations of cells based on 

transcript-specific expression of Bdnf are limited (Maynard et al, 2016, 2017). We took 

advantage of the Cre-recombinase dependent on GFP (CRE-DOG) system, which we used in 

combination with GFP-expressing Bdnf-e1 mice. These mice report transcriptional activity from 

Bdnf promoter I while simultaneously disrupting functional Bdnf expression from this promoter. 

Since CRE-DOG requires GFP for scaffolding, we were limited in that we could only compare 

dendritic morphology in heterozygous mice that expressed BDNF produced from promoter I at 
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one allele and homozygous mutant mice that fail to produce any BDNF from this promoter. It is 

possible that the ~50% reduction in promoter I-derived BDNF in heterozygous animals may 

have prevented the robust ECS-induced spine changes we previously observed in wild-type 

animals (Maynard et al, 2018). Conducting similar studies that would allow us to compare 

changes across wild-type, heterozygous and mutant mice would require development and 

optimization of novel tools. For example, we recently generated a Bdnf promoter IV tamoxifen-

inducible Cre system to selectively label the cell population expression BDNF from promoter IV 

in the hippocampus (Hallock et al, 2019), and it is possible that a similar strategy could be used 

with Bdnf promoter I .  

In this study, mutant Bdnf-e1 -/- mice showed no increase in spine density in Bdnf Ex1-

expressing neurons following repeated ECS - indeed, we actually observed a decrease in the 

percentage of smaller spine populations (widths 0.2-0.4 μm). It should be noted that while 

decreases in spine density and populations of smaller spines are observed in Bdnf-e1 -/- Sham 

mice, these effects are non-significant, suggesting that repeated stimulation may make 

dendrites more vulnerable to spine impairments. Given that smaller spine populations are 

reduced following ECS, Bdnf Ex1 transcripts may play a crucial role in stabilizing and 

maintaining newly formed spines, which are smaller in diameter than mature spines. This is 

consistent with our previous findings showing that ECS administration in a neuroendocrine 

model of chronic stress significantly impacts spine diameter in the 0.2 μm to 0.4 μm range 

(Maynard et al, 2018). The most robust changes we observed were in the population of spines 

with widths >0.2 μm, indicating that spine maintenance was affected by ECS. In summary, our 

results demonstrate that individual Bdnf splice isoforms are differentially regulated in response 

to ECS, and that cells expressing these transcripts show unique spatial patterns of activation 

and recruitment in response to ECS. Specifically, Bdnf Ex1-expressing cells are preferentially 

recruited in response to ECS, which may be functionally relevant since promoter I-derived Bdnf 

is required for ECS-induced structural plasticity in Bdnf Ex1-expressing neurons. 
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FIGURES 

Figure 1: Differential spatial clustering of Bdnf-expressing cells in piriform cortex in 
response to ECS 
ECS. A Representative images depicting expression of Arc (red), Bdnf Ex1 (white), and Bdnf 
Ex4 (green) transcripts in the piriform cortex of mice administered Sham or acute ECS; Scale 
bar = 20 um. B Point plot of representative images for nuclei. Circle diameter size represents 
low, medium, or high expression of indicated transcript in that nucleus as determined by k-
means clustering. C-E Centered weighted Besag's transformation of Ripley's K-function (L-
function) vs. radius from nuclei of all cells. Shaded areas are confidence intervals. F-H L-
function vs. radius from nuclei of cells in medium & high k-means clusters. Shaded areas are 
confidence intervals. 
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Figure 2: Selective targeting of Bdnf exon 1-expressing neurons in piriform cortex using 
Cre-dog technology. 
A  Genetic targeting strategy for Bdnf-e1 mice in which green fluorescent protein (GFP) is 
produced in lieu of BDNF from promoter I B Function of CRE-DOG construct in Bdnf-e1 mice. 
CRE-DOG is a split Cre recombinase delivered to the mouse in two separate viruses that 
scaffold onto GFP. Expression of Cre-dependent TdTomato occurs only in GFP-expressing 
cells. C Expression of TdTomato fluorescent protein in the piriform cortex is present when N and 
C cre are delivered together. D-E Expression of TdTomato is significantly reduced when only N 
(d) or only C (e) CRE-DOG constructs are delivered alone F-F’’ Expression of TdTomato is 
absent in wild-type mice compared to Bdnf-e1 mice given the absence of GFP in wild-type mice. 
Beta galactosidase staining for a co-injected control LacZ constructs confirms successful viral 
delivery. 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 4, 2021. ; https://doi.org/10.1101/2021.03.04.433962doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.04.433962
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 3: Loss of activity-induced promoter I-derived BDNF following ECS leads to 
reductions in dendritic spine density in Bdnf exon 1-expressing neurons 
A Schematic of experimental timeline in which surgery was performed at 10 weeks followed by 
administration of 7 sessions of Sham or ECS treatment over 2 weeks. Brains were collected 48 
hours after the final treatment session. B Comparison of spine density between groups. Bdnf-e1 
-/- mice show lower spine density compared to Bdnf +/- mice receiving Sham or ECS treatment. 
For each condition n = 4 mice, 6-18 branches per mouse, 35-55 total branches per condition.  
Student’s t test, data presented as mean ± SEM *p<0.05 C-F Representative confocal images of
dendrites and spines for each group. Scale bar is 5 um. 
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Figure 4: Altered spine morphology in Bdnf Ex expressing neurons following loss of 
ECS-induced promoter I-derived BDNF. 
A Neither genotype nor treatment has an effect on spine length. B ECS treatment causes 
increased number of 0.2-0.4 um diameter spines in Bdnf-e1 -/+ mice compared to Bdnf-e1 -/- 
mice. For each condition n = 4 mice, 6-18 branches per mouse, 35-55 total branches per 
condition. Data are analyzed using ordinary two-way ANOVA followed by Bonferroni post hoc 
tests and presented as mean ± SEM **p<0.01 
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