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Abstract

Neurotrophins play a crucial role in mediating neuronal survival and synaptic plasticity. A lack of 

trophic factor support in the peripheral nervous system (PNS) is associated with a transcription-

dependent programmed cell death process in developing sympathetic neurons. While most of the 

attention has been upon events culminating in cell death in the PNS, the earliest events that occur 

after trophic factor withdrawal in the central nervous system (CNS) have not been investigated. In 

the CNS, brain-derived neurotrophic factor (BDNF) is widely expressed and is released in an 

activity-dependent manner to shape the structure and function of neuronal populations. Reduced 

neurotrophic factor support has been proposed as a mechanism to account for changes in synaptic 

plasticity during neurodevelopment to aging and neurodegenerative disorders. To this end, we 

performed transcriptional profiling in cultured rat hippocampal neurons. We used a TrkB ligand 

scavenger (TrkB-FC) to sequester endogenous neurotrophic factor activity from hippocampal 

neurons in culture. Using a high-density microarray platform, we identified a significant decrease 

in genes that are associated with vesicular trafficking and synaptic function, as well as selective 

increases in MAP kinase phosphatases. A comparison of these changes with recent studies of 

Alzheimer’s disease and cognitive impairment in post mortem brain tissue revealed striking 

similarities in gene expression changes for genes involved in synaptic function. These changes are 

relevant to a wide number of conditions in which levels of BDNF are compromised.
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INTRODUCTION

Mechanisms leading to neuronal apoptosis have been extensively studied following 

deprivation of nerve growth factor (NGF) in the peripheral nervous system (PNS) (Levi-

Montalcini and Booker, 1960; Gorin and Johnson, 1979; Oppenheim, 1991; Deckwerth and 

Johnson, 1993). A lack of trophic factor support in sympathetic neurons and PC12 cells 

results in a transcription-dependent programmed cell death process that could be prevented 

by inhibitors of gene transcription (Martin et al, 1988; Batistaou and Greene, 1991). 

Although PNS neurons have been extensively studied in the context of cell death 

mechanisms, the consequences of neurotrophic factor deprivation in the CNS have not been 

fully studied. An underlying hypothesis has been that the lack of neurotrophin expression 

and/or activity may underlie many neurodegenerative disorders (Appel, 1981; Chao et al, 

2003; Longo et al, 2007).

BDNF is reduced in several neurodegenerative diseases, including Alzheimer’s disease 

(AD) and Huntington’s diseases (HD) (Zuccato and Cattaneo, 2009). In particular, 

exogenous delivery of BDNF can rescue degenerating neurons in animal models of AD, HD 

and Parkinson’s disease (Nagahara et al, 2009; Murer et al, 2001; Zuccato and Cattaneo, 

2009). For instance, loss of cortical BDNF in animal models results in age-dependent 

degeneration of the striatum that closely resembles HD (Baquet et al, 2004; Strand et al, 

2007). Despite the overwhelming evidence that BDNF levels are reduced in 

neurodegeneration, it remains unclear whether low levels of BDNF are a cause, or an effect, 

of the progressive neuronal loss in vulnerable cell types. It is also likely that BDNF levels 

change during the early phases of disease onset, which then increases vulnerability of 

neuronal populations to degeneration.

In this study, we sought to determine whether transcriptional changes occurred as a result of 

depriving BDNF from primary hippocampal neurons. We were interested in investigating 

early transcriptional events that occur within 12 hrs following withdrawal of BDNF before 

the induction of proapoptotic genes. We found that apoptotic death results from BDNF 

withdrawal in hippocampal neurons, as assayed by caspase-3 activity (Supplementary 

Figure), in a similar time frame as NGF withdrawal in cultured sympathetic neurons 

(Deshmukh and Johnson, 1997). We anticipate that events prior to initiation of cell death 

could shed light on the cellular processes that are compromised before cells commit to a 

death program. This is an early time period that has not been examined before for a loss of 

trophic support. Therefore, we employed a high density microarray platform to enable 

extensive coverage of known transcriptional activity. In this paper, we report the results of a 

gene expression profiling experiment and discuss the significance of these findings in 

synaptic function.

METHODS

Animals

Timed pregnant Sprague Dawley rats (Charles River Laboratories) were used in all 

experiments. Animal handling was in compliance with the New York University Langone 

Medical Center guidelines for the care and use of laboratory animals.
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Hippocampal Neuronal Cultures

Hippocampal neuron cultures were prepared from embryonic day 18 (E18) embryos from 

timed-pregnant Sprague Dawley rats. Hippocampal tissue was dissected in Hanks Balanced 

Salt Solution and dissociated via trypsin treatment. Following dissociation, tissue was 

neutralized in DMEM/10% fetal bovine serum, then triturated in neurobasal medium using 

fire polished glass micropipettes. Cells were plated at a 1×106 cells/well in 6-well dishes 

pre-coated with poly-D-lysine. Neuronal cultures were then maintained in neurobasal 

medium supplemented with B27 for 7 days before BDNF deprivation. 5-fluorouracil was 

added to the medium to prevent glial proliferation. After 7 days, cultures were treated with a 

recombinant human TrkB fusion protein (TrkB-FC; 688-TK; R&D Systems, Minneapolis, 

MN; 100 ng/ml) to sequester endogenous BDNF, as described previously (Jeanneteau et al, 

2010); no prior treatment of neuronal cultures with exogenous BDNF had been performed. 

TrkB-FC was added to each well and incubated for the following timepoints: 1.5 hours (hr), 

3 hr, 6 hr, and 12 hr.

RNA extraction

For each timepoint, culture medium was removed and cells were washed with phosphate 

buffered saline (PBS). Following washing, Trizol reagent (Invitrogen) was added and cells 

were scraped, RNA extracted and precipitated with phenol and chloroform and stored at 

−80°C until use. Untreated wells of hippocampal neurons served as controls. RNA quality 

was assessed via bioanalysis (2100, Agilent Technologies, Santa Clara, CA). cRNA probes 

were synthesized and labeled using the GeneChip WT cDNA Synthesis and Amplification 

Kit (Affymetrix, Santa Clara, CA)

Microarray Hybridization and data analysis

Microarray analysis was carried out with cRNA probes synthesized and labeled using the 

GeneChip WT cDNA Synthesis and Amplification assay (Affymetrix), and subjected to 

hybridization with GeneChip® Rat Exon 1.0 ST array (Affymetrix) according to the 

manufacturer’s instructions. Microarrays were hybridized with cRNA derived from 

experimental duplicates (n=2) of each time point along with duplicate untreated control 

samples.

Analysis of microarray data was performed using GeneSpring v11 (Agilent Technologies). 

The expression value of each probe set was determined after standard normalization of the 

CEL files by Robust Multichip Average (RMA), which includes quantile normalization step 

for probe intensity level (Bolstad et al, 2003). Baseline normalization of every gene to the 

average of the control samples was performed. Analysis of variance (ANOVA), (P < 0.05, 

alpha setting, no corrections) was used to identify reproducible modulation of transcript 

abundance across all conditions for the entire timecourse. ANOVA compared all conditions 

against each other and assigned a p-value for any significant differences based on 

reproducible replicate measurements. A threshold of 20% fold-change at any given 

condition different from baseline (untreated control) was applied to further strengthen the 

lists identified by ANOVA. Probesets were considered for functional analysis if the probe 

set intensity in one or more of the timepoints was greater than the 20% threshold in the two 

biological replicates. Hierarchical cluster analysis was used to cluster gene groups defined 
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by the ANOVA statistical filtering. Functional annotation was performed with the Gene 

Ontology (GO) classification system using the web based DAVID software (Huang et al, 

2009). Genes were grouped into classes using the gene enrichment clustering tool in 

DAVID. Significant association of a gene with a specified functional class was determined 

by the EASE Score (cut off p-value≤0.1); a modified Fisher Exact statistical test used to 

measure gene enrichment based on functional annotation in the DAVID system (Huang et 

al, 2009). The EASE score for each class is shown as the gene enrichment p-value on the 

functional enrichment tables.

qPCR validation

Genes relevant to synaptic function were validated via qPCR. Samples were assayed on a 

real-time qPCR cycler (7900HT, Applied Biosystems) using Taqman probes for these genes: 

Vesicle-Associated Membrane Protein (VAMP4) assay ID:Rn01490252_m1, Dual 

Specificity Phosphatase 5 (DUSP5) assay ID:Rn00592122_m1, Golgin5 (Golga5) assay 

ID:Rn01517894_m1, Spry2 assay ID: (Rn02534289_s1), Acan assay ID:Rn00573424_m1 

Rab8b assay ID:Rn00596360_m1. qPCR assays were performed in triplicate per sample on 

a 96 well platform. The ddCT method was employed to determine relative gene level 

differences with glyceraldehyde-3 phosphate dehydrogenase (GAPDH) assay 

ID:Rn01775763_g1, Beta Actin (Actb) assay ID: Rn00667869_m1 or Ribophorin assay 

ID:Rn00565052_m1 as endogenous controls as described previously (Alldred et al, 2008; 

2009).

Statistical analysis for quantitative PCR

Statistical analysis for the qPCR data was performed with Graph Pad Prism® (version 6.0a). 

Data was analyzed using one-way ANOVA followed by Dunnett’s multiple comparisons 

test (p-value *p<0.05, **<0.01, and ***p<0.001; 95% Confidence Interval of difference.

RESULTS

Transcriptional profiling and gene clustering

To address early events following deprivation of BDNF, we performed transcriptional 

profiling in primary hippocampal cultures after BDNF deprivation at four early timepoints 

(1.5 hr, 3 hr, 6 hr and 12 hr) to capture different phases of transcriptional activity. A 

schematic diagram of the experimental approach is presented in [Fig. 1].

Microarray analysis of cultured hippocampal neurons following BDNF withdrawal 

identified 1467 genes with significant reproducibility between experimental replicates. Gene 

clustering (GeneSpring supervised clustering tool; Agilent Technologies) revealed several 

patterns or mosaics of altered gene expression [Fig. 2A]. Cluster 1 (Early up, late up) is 

comprised of genes that increased upon BDNF withdrawal and remained upregulated 

throughout the duration of the time course [Fig. 2(A), (B)]. However, a majority of these 

genes had Affymetrix probe IDs but no gene symbol, suggesting that they had not been 

functionally characterized. Only a few functionally annotated genes from this cluster had 

fold change expression levels above the +1.2 fold change cut off mentioned in the methods 

[Supplemental Table 1.]. Two striking transcriptional profiles displayed immediate 
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upregulation cluster 2; [Fig. 2(A), (C), Table 1] and down-regulation, cluster 3; [Fig. 2(A), 

(D), Table 2] at early timepoints (1.5 hrs, 3 hrs), which returned to baseline by 6–12 hrs. 

Genes were also uncovered that showed a marked decrease (cluster 4) [Fig. 2(A), (E), Table 

2 Supplemental] in the late phases of the time course. Among these were genes that have 

been implicated in ribosomal and golgi function as well as protein transport. These genes 

showed at least a 50% decrease in expression, which may point to a significant compromise 

in function. Other clusters that were also distinctly represented were genes that decreased 

throughout the entire timecourse [cluster 5, Table 3. Supplemental] and genes that increased 

at the end of the timecourse [cluster 6, Table 4. Supplemental]. Some of the genes in these 

clusters were overlapping with genes identified in clusters 2 and 3. Taken together, these 

results suggest that withdrawal of BDNF elicits distinct transcriptional events for different 

genes during the deprivation process.

Functional classification of the transcriptomic changes

Following microarray hybridization and gene clustering, we performed functional analysis 

of genes in the 1467 ANOVA dataset. Functional classification of the microarray data was 

conducted using a gene ontology module of the DAVID software, which maps genes to 

function. We identified distinct groups of genes that reflected a high degree of functional 

similarity using the gene enrichment EASE score (modified Fisher exact statistical test 

threshold p≤ 0.1) in the DAVID system. Enrichment in select classes of genes was present in 

cluster 2 and 3. Cluster 2 (early up, late down) had significant enrichment in genes coding 

for G-protein coupled receptor signaling as well as extracellular matrix components and cell 

adhesion [Table 3]. Cluster 3 (early down, late up) was enriched in genes coding for Golgi 

function, protein trafficking and localization, vesicle mediated transport and transcription 

regulators [Table 4]. These genes were characterized by an initial decrease in expression, 

which persisted even after 6hrs then gradually returned to baseline levels by 12hrs. A few 

genes seemed to increase by 12hrs, however the increases were small and very close to the 

untreated control. Genes such as syntaxin 18, Rab8b showed functional overlap for protein 

transport and localization.

Quantitative RT-PCR validation of potential candidates genes

We carried out validation of select candidate genes using quantitative RT-PCR (qPCR) to 

assess changes in levels of gene expression. We selected genes for qPCR validation based 

on high fold change increase or decrease (±1.2 and above), substantial characterization in 

previous literature as well as gene expression changes associated with cellular processes 

(synaptic function and vesicular trafficking) that were enriched in the gene clusters. We 

hypothesized that these processes could increase vulnerability of neurons to degeneration if 

impaired. We validated three representative genes from clusters showing significant 

downregulation of expression upon BDNF withdrawal and three genes from clusters that 

reflected significant upregulation [Table 5]. Validated gene targets showed expression 

patterns that were similar to the microarray expression profiles [Figures (3) and (4) left 

panel]. We found significant changes in the gene coding for the extracellular matrix 

component Acan (Aggrecan). In the microarray profiling, Acan increased by 0.5 fold after 

1.5hrs of BDNF withdrawal peaking to 2 fold by 3hrs [Figure (3A) left panel]. By 6hrs Acan 

expression was decreasing, returning to baseline by 12hrs. A similar profile of change was 
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seen in the qPCR validation [Figure (3A) right panel]; however Acan increased more than 

10-fold as early as 1.5hrs and by 3hrs its expression had already begun to decline although it 

was still more than 4 fold above control. At 6hrs, expression was still approximately 4 fold 

relative to control then declined to baseline by 12hrs.

Also from cluster 2, striking changes were observed in Dual-Specificity Phosphatases 5 

(DUSP5), a MAP kinase phosphatase which dephosphorylates Erk1/2. Following BDNF 

withdrawal, DUSP5 increased 2-fold as early as 1.5hrs, peaked at 3hrs to a 2.3-fold increase 

then returned to baseline by 6–12hrs [Fig. 3(B) left panel]. This trend was reproduced by 

qPCR validation where DUSP5 increased 4-fold at 1.5hrs, peaked to 6-fold increase at 3hrs 

then returned to the same levels as control by 12hrs [Fig. 3(B) right panel].

Another gene that had consistent changes for the microarray and qPCR validation was 

Sprouty homolog 2 (Spry2); an inhibitor of the MAP kinase pathway. Spry2 expression 

increased 0.6-fold after 1.5hrs of BDNF withdrawal then gradually declined throughout the 

timecourse, returning to baseline by 12hrs [Fig. 3(C) left panel]. qPCR validation also 

showed Spry2 reproducing a similar profile of change with a 0.6 fold increase at 1.5hrs and 

corresponding gradual decline from 3hrs to 12hrs [Fig. 3(C) right panel ].

Downregulated genes were selected from cluster 3 (early down, late up) for qPCR 

validation. Golga5, a gene coding for a protein that is important for golgi structure 

maintenance showed a reproducible decrease in expression both by microarray and qPCR. 

Upon BDNF withdrawal, Golga5 expression decreased 0.4-fold then remained below 

baseline with another significant decrease at 6–12hrs [Fig. 4(A) left panel]. In the qCR 

validation, the profile of change is similar, however expression returns to baseline by 12hrs 

[Fig. 4(A) right panel]. Rab8b, a Rab-GTPase transport regulator, also decreased 0.3-fold at 

3–6hrs following BDNF withdrawal in the microarray [Fig. 4(B) left panel] which was 

reliably reproducible by qPCR with a small but significant decrease of 0.3-fold at 3 and 6hrs 

[Fig. 4(B) right panel]. Vamp4 was also decreased in both microarray and qPCR although 

the 3hr timepoint had an opposite response to the treatment for qPCR compared to 

microarray. For the microarray, Vamp4 increased slightly above baseline by 3hrs then 

decreased at 6–12hrs. For qPCR Vamp4 maintained a gradual decrease; starting with a 0.4-

fold decrease at 1.5hrs which was sustained up to the 12hr timepoint. Since qPCR was a 

validation for at least 3 independent experiments, the trend for qPCR more likely portrays an 

accurate and consistent Vamp4 response to BDNF withdrawal. Given the well-established 

functions of these genes in golgi maintenance, and vesicle trafficking, our results could be 

suggesting a potential disassembly of the protein trafficking and secretory machinery upon 

BDNF withdrawal.

DISCUSSION

The experimental goal of this study was to determine whether there are changes in 

transcription following neurotrophin starvation in primary hippocampal neurons. We 

utilized a well-established method of TrkB-FC application to sequester BDNF and NT-4, 

which also binds TrkB (Ninkina et al, 1997; Soppet et al, 1991; Croll et al, 1998; Jia et al, 

2010). Four early timepoints (1.5 hr, 3 hr, 6 hr and 12 hr) were selected to capture different 
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phases of transcriptional activity. These time points were specifically chosen to identify 

signaling pathways that are activated prior to the process of cell death initiation based on 

previous reports that commitment to cell death following NGF deprivation occurs 

approximately 16–20 hours after removal of NGF from sympathetic and sensory neurons 

(Deshmukh and Johnson, 1997; Nikolaev et al, 2009).

We anticipated identifying individual genes and groups of transcripts in hippocampal 

neurons as BDNF withdrawal proceeds. Early timepoints were predicated to identify 

changes in immediate early genes, among others, whereas later time points would likely 

activate initiation mitochondrial changes associated with programmed cell death. During 

NGF withdrawal, cell death occurs in sympathetic neurons with increases in c-jun, c-myb 

mkp-1, cyclin D1 and the pro-apoptotic Bim transcripts (Estus et al, 1994; Freeman et al, 

1994; et al, 1995; Whitfield et al, 2001). However, due to the time course examined (1–12 

hours), the microarray screen would not be expected to detect genes involved in cell death. 

Indeed, instead of proapoptotic genes, we detected significant enrichment in genes involved 

in synaptic function.

Hippocampal neurons were selected for microarray analysis following BDNF withdrawal, as 

BDNF has profound effects upon long-term potentiation, synaptic plasticity and cell 

morphology in the hippocampus (Park and Poo, 2013), where its receptor, TrkB is highly 

expressed. The functional analysis with DAVID indicated that many relevant pathways were 

represented although changes in expression levels were within 20–30% range. It is worth 

noting that in neuronal populations, relatively small changes can be significant given the 

nature of neuronal signaling relative to heterologous cell lines or tissue with admixed cell 

types (Ginsberg et al, 2012). Most importantly, BDNF withdrawal resulted in a significant 

decrease in genes that are associated with vesicular trafficking and synaptic function as well 

as selective increases in phosphatases and extracellular matrix genes.

DUSP5, a stress inducible MAP kinase phosphatase that deactivates Erk1/2 in the MAP 

kinase pathway, (Keyse, 2008) was significantly upregulated upon BDNF withdrawal. 

Recently, the role of MAP kinase phosphatases in the development of CNS primary neurons 

was described in which expression of DUSPs is regulated by neurotrophins to modulate 

structural plasticity. The induction of MKP-1/DUSP1 by BDNF is influenced by activity-

dependent events that culminate in the regulation of JNK to promote axonal branching 

(Jeanneteau et al, 2010). MKP1/DUSP1 has also been implicated in depressive disorders 

(Duric et al, 2010), which are downstream of BDNF. Hence, changes in DUSP5 may reflect 

downstream effects of BDNF on structural plasticity, which could be relevant in disease.

Genes coding for extracellular matrix components, such as aggrecan (Acan), increased 

significantly (2-fold), 1.5–3 hrs after withdrawal of BDNF. Aggrecan is highly expressed 

and regulated by neuronal activity in hippocampal parvalbumin interneurons (McRae et al, 

2007; Morawski et al, 2012) and is a major component of extracellular perineuronal nets 

where it is involved in the onset of critical periods. It is highly enriched on presynaptic 

contacts where it enwraps synaptic compartments on postsynaptic dendrites and dendritic 

spines in human hippocampus (Lendivai et al, 2013). Elevated levels of Aggrecan have been 

reported in severe cases of Alzheimer disease (Lendivai et al, 2013); Aggrecan is enriched in 
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the vicinity of plaques around healthy neurons suggesting a role in preserving the structural 

integrity of the synapse. It is also known to be neuroprotective against oxidative stress in 

primary neuronal cultures (Suttkas et al, 2014). Thus, Aggrecan may function downstream 

of BDNF to preserve the integrity of synaptic contacts.

Spry2, a member of the Sprouty family of proteins that negatively regulate receptor tyrosine 

kinase signaling, was also increased shortly after BDNF withdrawal. In recent studies, 

BDNF has been shown to regulate Spry2 expression in immature primary neuronal cultures 

(Gross et al, 2007). Overexpression of Spry2 inhibited neurite outgrowth and increased 

neuronal apoptosis (Gross et al, 2007). Therefore, low BDNF may compromise structural 

plasticity and neuronal survival through increasing levels of Spry2.

Among the genes that changed with BDNF deprivation are small GTPases of the Rab family 

(Rab1A and Rab8B), intracellular membrane trafficking proteins that direct the 

identification and routing of vesicles and organelles, as wells as receptors and ion channels 

(Pfeffer, 2013). These changes are not isolated events, as other proteins, such as Vesicle 

Associated Membrane Protein 4 (VAMP4) and syntaxins were also identified. VAMP4 

showed a significant 50% decrease in expression post BDNF withdrawal. It is also 

intimately associated with Rab proteins (Simonson et al, 1999); endosomal and Golgi 

membrane trafficking of proteins depend upon Rab regulation of SNARE (Soluble N-

ethylmaleimide-sensitive-factor Attachment protein Receptor) proteins such as the VAMP4 

interacting partner, syntaxin 6. Also, neurotransmission is influenced by VAMP4, which is 

required with syntaxin proteins for neurotransmitter release (Raingo et al, 2012). VAMP4 is 

significant since BDNF is known to regulate pre-synaptic functions through enhanced 

neurotransmitter release (Lohof et al, 1993; Yano et al, 2006). VAMP4 is also required for 

maintenance of the ribbon structure of the Golgi apparatus (Shitara et al, 2013). In addition 

to VAMP4, another gene coding for Golga5-Golgin84; a protein involved in maintaining the 

Golgi membrane structure was also dramatically reduced by more than 60% after 3 hrs of 

BDNF deprivation. The decrease in expression of vesicular trafficking and Golgi 

maintenance genes suggests that components of the secretory machinery are changing 

following BDNF deprivation.

In the present study, we found that many transcriptional changes occur in hippocampal 

neurons at early time points after BDNF withdrawal. Our results indicate several distinct 

groups of genes that are markedly and simultaneously affected by BDNF deprivation. They 

include molecules involved with synaptic vesicle trafficking and connectivity and enzymes 

that are directly involved with major signal transduction pathways, such as MAP kinase 

phosphatases.

What is the relevance of these alterations in BDNF-regulated transcription? Neurotrophins, 

such as BDNF are critical in modulating synaptic plasticity, in addition to their well-

established roles in neuronal cell survival. Application of neurotrophins to peripheral and 

central neurons results in rapid increases in the frequency of spontaneous action potentials 

and excitatory synaptic activity (Park and Poo, 2013). The work we have presented suggest 

there are events that occur early following neurotrophin withdrawal that may have an impact 

upon later events leading to neurodegeneration. This is supported by previous studies that 
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demonstrated that NGF withdrawal is linked to changes in APP metabolism (Matrone et al 

2008; Nikolaev et al 2009). Synaptic defects are thought to represent early markers of aging 

and dementia. Our results suggest that loss of trophic factors may play a role in this process. 

A lack of BDNF will likely affect pre- and post-synaptic functions and may lead to 

morphological changes and synaptic failure. In fact, many studies have documented a 

decrease in BDNF levels in neurodegenerative diseases, most notably in Alzheimer’s 

disease (Narisawa-Saito et al, 1996; Connor et al, 1997; Nagahara et al, 2009), Huntington’s 

disease (Zuccato et al, 2008) and Spinocerebellar ataxia (Takahashi et al, 2012). 

Administration of BDNF has been shown to be neuroprotective against age-related 

hippocampal synaptic loss (Nagahara et al, 2009; 2013).

Our findings of dysregulation of select synaptic and vesicle trafficking genes, as well as 

MAP kinase phosphatases, are consistent with significant decreases in expression of genes 

encoding synaptic proteins that have been documented in microarray studies of post mortem 

Alzheimer’s disease cases (Callahan et al, 1999, Ginsberg et al, 2010, Gutala et al, 2010, 

Berchtold et al, 2013). Moreover, the changes were more pronounced in the hippocampus 

(Berchtold et al, 2013), which matched our findings in rat hippocampal cultures. More 

importantly, the changes we have observed in gene transcription are consistent with the 

hypothesis that early events in neurodegeneration may reflect changes in synaptic function 

(Selkoe, 2002; Arancio and Chao, 2007). Deficits in synaptic transmission have been 

observed well before the detected of plaques and tangles. Therefore, a decrease in BDNF 

may manifest in changes that have also been seen in age-related neurodegenerative diseases. 

Our studies establish an in vitro system model for understanding the interplay between low 

trophic factor support and early synaptic loss associated with neurodegeneration and aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Experimental design. Outline of the BDNF withdrawal assay and high-density microarray 

profiling experiments. Hippocampal neurons were generated from E18 rat embryos and 

cultured for 7 days. On DIV 7, endogenous BDNF activity was sequestered by adding TrkB-

Fc (100ng/mL) to the culture medium at different timepoints. Each timepoint was 

hypothesized to capture distinct transcriptional changes. The 1.5hr time point was 

anticipated to capture immediate early gene activity. This would activate a subsequent wave 

of early response genes spanning the 3–6hr timeframe. Late response gene expression would 

be captured from 6hrs up to the 12hr timepoint. After BDNF withdrawal, RNA was 

extracted from the samples followed by high density transcriptional profiling.
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Figure 2. 
Hierarchical clustering post BDNF deprivation. (A) Heat map illustrating profiles of change 

for normalized probe sets after the ANOVA statistical filtering. Red (upregulation), Blue 

(downregulation), Yellow (no change). Genes showing similar profiles of changes with time 

were grouped to identify profile subgroups in a semi-supervised manner in GeneSpring GX. 

(B–E) Representative gene expression profiles (∼50 genes per cluster) were used to 

generate line graph plots for trends of change over time for each cluster. The graphs show 

relative fold change (y-axis) with time (x-axis). Four clusters are shown; Early up-late up 

(B), Early up-late down (C), Early down-late up (D), Late down (E)
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Figure 3. 
Microarray expression profiles and qPCR validation of genes from select clusters that were 

upregulated upon BDNF withdrawal. A-C shows a comparison of the microarray (left panel) 

and qPCR (right panel) expression profiles for each gene (A) Acan (B) Dusp5 (C) Spry2. 

Microarray graphs are from the two hybridization experiments described in the methods and 

are meant to be a comparison to the qPCR results in terms of the pattern of gene expression 

changes over time. For qPCR validation, at least three independent BDNF withdrawal 

experiments were done to confirm the expression profiling. Values were normalized using 

the ddCT method; normalization to the endogenous control relative to untreated control. 
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Error Bars represent standard error of mean (SEM). *p≤0.05, **p≤0.01, ***p≤0.001, 

****p≤0.0001.

Mariga et al. Page 16

Dev Neurobiol. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. 
Microarray expression profiles and qPCR validation of select transcripts that were 

downregulated following BDNF deprivation. A-C shows a comparison of the microarray 

(left panel) and qPCR (right panel) expression profiles for each gene (A) Golga5 (B) Rab8b 

(C) Vamp4. Microarray graphs are from the two hybridization experiments described in the 

methods and are meant to be a comparison to the qPCR results in terms of the pattern of 

gene expression changes over time. For qPCR validation, at least three independent BDNF 

withdrawal experiments were done to confirm the expression profiling. Values were 

normalized using the ddCT method; normalization to the endogenous control relative to 
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untreated control. Error Bars represent standard error of mean (SEM). *p≤0.05, **p≤0.01, 

***p≤0.001, ****p≤0.0001.
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