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Abstract

We used a custom-designed microarray and quantitative PCR to characterize the rapid 

transcriptional response to long-term sensitization training in the marine mollusk Aplysia 

californica. Aplysia were exposed to repeated noxious shocks to one side of the body, a procedure 

known to induce a longlasting, transcription-dependent increase in reflex responsiveness that is 

restricted to the side of training. One hour after training, pleural ganglia from the trained and 

untrained sides of the body were harvested; these ganglia contain the sensory nociceptors which 

help mediate the expression of longterm sensitization memory. Microarray analysis from 8 

biological replicates suggests that long-term sensitization training rapidly regulates at least 81 

transcripts. We used qPCR to test a subset of these transcripts and found that 83% were confirmed 

in the same samples, and 86% of these were again confirmed in an independent sample. Thus, our 

new microarray design shows strong convergent and predictive validity for analyzing the 

transcriptional correlates of memory in Aplysia. Fully validated transcripts include some 

previously identified as regulated in this paradigm (ApC/EBP and ApEgr) but also include novel 

findings. Specifically, we show that long-term sensitization training rapidly upregulates the 

expression of transcripts which may encode Aplysia homologs of a C/EBPγ transcription factor, a 

glycine transporter (GlyT2), and a vacuolar-protein-sorting-associated protein (VPS36).

1. Introduction

The encoding of new memories triggers rapid changes in neuronal gene expression (Bailey, 

Bartsch, & Kandel, 1996; Tischmeyer & Grimm, 1999). This early wave of transcriptional 

change seems to set the stage for long-term memory maintenance, as blocking transcription 

during encoding impairs retention across a wide range of species and learning contexts (e.g. 

Chew, Mello, Nottebohm, Jarvis, & Vicario, 1995; Esdin, Pearce, & Glanzman, 2010; 

Hermitte, Pedreira, Tomsic, & Maldonado, 1999; Sangha, 2003; Watanabe et al., 2005). 

Thus, characterizing the immediate transcriptional response to memory encoding is an 
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important step in understanding the long-term cellular and network changes that underlie 

long-term memory.

Here we use microarray and qPCR to characterize the rapid transcriptional response to long-

term sensitization in the marine mollusk Aplysia californica. Aplysia have long served as an 

attractive model organism for studying the molecular mechanisms of memory. One 

particular focus has been long-term sensitization (Pinsker, Hening, Carew, & Kandel, 1973), 

a learning paradigm in which repeated exposure to a noxious stimulus produces a long-

lasting, transcription-dependent increase in reflex responsiveness (Castellucci, Blumenfeld, 

Goelet, & Kandel, 1989). Sensitization of the tail-elicited siphon withdrawal reflex provides 

an especially attractive system for transcriptional analysis because 1) sensitization can be 

applied and expressed unilaterally (Scholz & Byrne, 1987), allowing for powerful within-

subjects comparisons, 2) sensitization memory is known to depend at least in part on 

physiological changes in the VC nociceptors of the pleural ganglia (Cleary, Lee, & Byrne, 

1998), providing a behaviorally-relevant target for transcriptional analysis, and 3) 

transcriptional and behavioral changes can be correlated at the level of individual animals, 

allowing exploration of individual differences in retention (Bonnick et al., 2012).

Previous research has shown that long-term sensitization training produces a rapid (within 1 

hour) increase in the expression of six different transcripts in the pleural ganglia: ApC/EBP 

(GenBank: U00994; Alberini, Ghirardi, Metz, & Kandel, 1994), ApCREB1 (GenBank: 

NM_001256437; Bartsch, Casadio, Karl, Serodio, & Kandel, 1998), ApEgr (GenBank: 

KC608221; Cyriac et al., 2013), ApTBL-1 (GenBank: U57369; Liu et al., 1997), 

ApCalmodulin (GenBank: NM_001204580; Zwartjes et al., 1998), and an reductase-related 

protein (GenBank: NM_001204605; Zwartjes et al., 1998). To date, however, there have 

been no comprehensive efforts to characterize the rapid transcriptional response to long-term 

sensitization training (though see Castellucci, Kennedy, Kandel, & Goelet, 1988; Liu et al., 

1997). Considerable effort, however, has gone into characterizing the transcriptional 

response of Aplysia neurons to exposure to serotonin (5-hydroxytryptamine, 5-HT), a 

neuromodulator released during sensitization training that is critical to its induction 

(Glanzman et al., 1989). For example, a microarray study in Aplysia kurodai has 

characterized the rapid transcriptional response to soaking whole animals in 200 μM 5-HT 

for 2 hours (Lee et al., 2008). Many others have examined changes in transcription or 

protein expression at different time points after 5-HT exposure in whole animals, ganglia, or 

cultured neurons (e.g. Barzilai, Kennedy, Sweatt, & Kandel, 1989; Monje et al., 2011). In a 

previous analysis of a small set of transcripts, however, we have shown that 5-HT and 

behavioral training do not always produce similar patterns of transcriptional change in 

Aplysia californica (Bonnick et al., 2012).

To facilitate characterization of learning-related transcriptional changes, we developed a 

new microarray design that leverages the entire known EST pool for Aplysia in a more 

compact format than previously available arrays. We find that this new platform has high 

convergent and predictive validity, and present 4 new transcripts which are strongly, 

consistently, and rapidly up-regulated by long-term sensitization training.

Herdegen et al. Page 2

Neurobiol Learn Mem. Author manuscript; available in PMC 2015 December 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



2. Materials and methods

We report how we determined our sample size, all data exclusions (if any), all 

manipulations, and all measures in these studies (Simmons, Nelson, & Simonsohn, 2012). 

All data for this project is posted to the Open Science Framework (https://osf.io/8pgfh/); the 

microarray data is also posted to GEO (Geo: GSE57458).

2.1 Animals

Animals (75–125g) were obtained from the RSMAS National Resource for Aplysia (Miami, 

FL) and maintained at 16°C in one of two 90-gallon aquariums with continuously 

circulating artificial sea water (Instant Ocean, Aquarium Systems Inc.). Animals were 

separately housed in rectangular colanders, fed dried seaweed twice a week, and maintained 

on a 12 hr light-dark cycle. 2 days prior to any experimental testing, animals were fed to 

satiation and then food deprived for the remainder of the experiment (Levenson, Byrne, & 

Eskin, 1999; Wainwright, Zhang, Byrne, & Cleary, 2002). To control for batch/shipment 

effects, animals from at least 2 different shipments were used for each experiment.

2.2 Long-term sensitization Training

A one-day long-term sensitization training protocol (Figure 1) was conducted similarly to 

Wainwright et al. (2002) but with two differences. First, we stimulated with a 60Hz biphasic 

square-wave pulse rather than true AC current, as this enabled the use of a constant-current 

stimulator (WPI High-Current Stimulus Isolation Unit, Model A385, Sarasota, FL) to 

provide more precise control over stimulus intensity. Second, we used a 90mA stimulus 

rather than a 60mA stimulus. We selected this intensity based on extensive pilot work for a 

previous set of experiments (Bonnick et al., 2012) where we observed that with our 

stimulator a 90mA stimulus produces more reliable elevations of both behavior and C/EBP 

expression.

Training consisted of 4 rounds of noxious shock applied at 30 minute intervals to one side of 

the body with a hand-held electrode. Each round of shock consisted of 10 pulses of 500ms 

duration at a rate of 1hz and an amplitude of 90mA. During the course of each shock, the 

stimulating electrode was slowly moved from anterior (just behind neck) to posterior (just in 

front of tail) and back to cover nearly the entire surface of that side of the body. Side of 

training was counterbalanced within each experiment (left- and right-side training equalized 

for each experiment). One of the advantages of this training protocol is that both the 

induction and expression of sensitization is restricted to one side of the body (Antzoulatos & 

Byrne, 2007; Antzoulatos, Wainwright, Cleary, & Byrne, 2006; Cleary et al., 1998; Scholz 

& Byrne, 1987; Wainwright et al., 2002), enabling each animal to serve as its own control 

(trained vs. untrained sides).

2.3 Sample Size Determination

We compared gene expression from pleural ganglia on the trained vs. untrained side of the 

animal. For the microarray analysis, samples from two animals trained on opposite sides 

were pooled. This was done to decrease variability due to differential expression across 
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sides. Pooling however was not used for the generalization experiment to ensure patterns of 

regulation were evident at the level of individual animals.

We collected 8 pairs of animals for microarray analysis. This enabled the entire experiment 

to be completed with a single microarray slide. This sample size is underpowered for subtly 

regulated transcripts (see discussion) but does meet the consensus recommendation of at 

least 5 biological replicates per group (Allison, Cui, Page, & Sabripour, 2006; Pavlidis, Li, 

& Noble, 2003; Tsai, Hsueh, & Chen, 2003).

We collected samples from an additional 12 animals to test for generalization to an 

independent sample with qPCR. However, RNA yields were very low in at least one sample 

from each of 3 animals, severely limiting the number of transcripts which could be measured 

in these animals. Thus, most results from this set are limited to the 9 high-yield animals. 

This sample size is sufficiently powered (>= 0.80) only for very large effects (d > 1.4). 

However, this is similar to effect size we have previously observed in this paradigm for 

strongly regulated transcripts such as ApC/EBP, ApCREB1, and ApEgr (Bonnick et al., 

2012; Cyriac et al., 2013). Moreover, we also conduct an integrated analysis of qPCR 

measures across both experiments, providing a sample size of at least 17 and adequate 

power for d >= 1.

2.4 Isolation and Processing of Pleural Ganglia RNA

Animals were harvested 1 hour after training, the time point at which protein levels of the 

immediate-early gene C/EBP are most strongly up-regulated after training (Lyons, Collado, 

Khabour, Green, & Eskin, 2006).

To analyze transcription, pleural ganglia RNA was isolated. Briefly, animals were 

anesthetized with an injection of isotonic MgCl2 (50% of body weight), and an incision was 

then made along the ventral midline to expose the CNS. As dissection can alter gene 

expression (Alberini et al., 1994), we extracted ganglia rapidly (< 5 minutes per animal) and 

transferred them immediately to Trizol (Invitrogen, Carlsbad CA) for homogenization.

Tissue was homogenized using the Bullet Blender (NextAdvance, Averill Park, NY) and 

RNA extracted using Direct-Zol Mini RNA Kit (Zymo, Irvine, CA). Quantity and quality of 

RNA was assessed using the NanoDrop 1000 (Thermo Scientific, Wilmington, DE).

2.5 Microarray Design

Kandel, Moroz and associates (Moroz et al., 2006) have previously designed two microarray 

platforms for Aplysia californica based on an EST library—the Aplysia Discovery Array 

(ADA, GEO:GPL3635) and the Aplysia Annotated Array (AAA, GEO:GPL3636). These 

arrays have been estimated to provide 50–60% coverage of neurally-expressed transcripts 

(Moroz et al., 2006). In 2011, the AAA array was updated (updated AAA; GEO: 

GPL13815/GPL17112) to include ~ 2000 additional probes identified from 454 sequencing 

for kinesin-transported transcripts (Puthanveettil et al., 2013). Since the time these arrays 

were designed, however, the published library of Aplysia ESTs has grown from ~56k to 

~215k. Thus, we developed a new microarray design to leverage this larger pool of ESTs. 

Because funding to develop and validate this array came in part from a grant from the 
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Tellabs Foundation, we have named this new platform the Aplysia Tellabs Array (ATA: 

GEO: GPL18666).

To minimize redundancy from ESTs representing the same mRNA, we used the UniGene 

clustering of Aplysia ESTs (build 9, July 2011, ftp://ftp.ncbi.nih.gov/repository/UniGene/

Aplysia_californica/). This build analyzed all 216,566 Aplysia californica ESTs and mRNAs 

which had been deposited with NCBI by July of 2011 and identified 24,709 distinct clusters. 

Of these, 7 consisted of short/repetitive sequences for which no suitable probes could be 

designed. For the remainder, we used the longest-length EST from each cluster as the target 

for probe design (Unigene targets). At the time of designing the array (January, 2012), an 

additional 35 mRNAs had been added to NCBI since the UniGene build. Of these, 15 did 

not have a strong match to any of the clusters in UniGene, so these were also included as 

targets for probe design (new mRNA targets). Agilent’s eArray platform was used to design 

a first- and second-best probe for each target (each Unigene cluster and each new mRNA 

target) with the complete target set used as the “genome” for determining probe specificity.

Because the UniGene clustering had included the ESTs used for the ADA and AAA designs, 

we expected that all the probes from these microarrays would be well-represented in our 

new design. Indeed, we found that the vast majority had perfect matches to elements within 

our target set. However, we found that 504 probes from the updated ADA design and 928 

probes from the updated AAA design had matches of less the 58 nucleotides out of 60. To 

ensure comprehensive coverage, we directly included these probes in our new array design.

We selected Agilent’s 8×60k microarray platform. Both first- and second-best probes were 

spotted for all 24,702 Unigene targets and all 15 new mRNA targets. The probes selected 

from the updated AAA and ADA designs were spotted once. The remaining features 

(~9000) were filled with replicates of a random subset of first-best probes from the Unigene 

and new mRNA targets. Thus, with the exception of the probes from the AAA and ADA 

design, all targets were measured by at least 2 probes and about 37% were measured by 3.

Overall, our new design incorporates all the available sources of Aplysia ESTs and mRNAs 

and should have even better CNS coverage than the combined ADA and AAA platforms. 

With clustering, however, we were able to distill down to a single-chip design.

We compiled annotations for our design from several sources. First, we collected the 

annotations for each UniGene cluster. Second, we included annotations to the EST or 

mRNA that serves as an exemplar for each cluster. Third, we blasted exemplars against the 

predicted gene models from the recently released third draft of the Aplysia Genome 

(GenBank: GCA_000002075.2) and included the automated annotations from these gene 

models wherever matches were very strong (>20% coverage an e < 1*10−10; 50% of targets 

had a strong match). For reporting results in text, we refer to each probe by the GenBank 

accession number for the EST or mRNA that served as the exemplar for designing the 

probe. These records are directly linked to their UniGene clusters. Supplemental Table 1 

provides the accession number for each target included on the array.
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2.6 Microarray Processing

Processing was completed by Mogene Inc. (St. Louis, MO). A two-color approach was used 

with each array hybridized to a trained (Cy5) or untrained (Cy3) sample. Sample integrity 

was determined by Bioanalyzer RNA 6000, Pico total RNA protocol. 300ng of total RNA 

was amplified and labeled with Cy3 or Cy5 using the Agilent Quick Amp Two-Color 

Labeling Kit. Dye incorporation and yield was determined by Nanodrop. Samples were 

hybridized to the microarray slide at 65C and 10rpm for 17 hours. Slides were scanned on an 

Agilent C scanner at 3um resolution. Data was extracted using Agilent Feature Extraction 

software, v. 11.5. All labeling and post-labeling processing was carried out in an ozone 

regulated environment, monitored at < 5ppb.

2.7 Microarray Data Analysis

Microarray data was analyzed using limma (Smyth, 2005) from the Bioconductor suite of 

tools (Gentleman et al., 2004) for R (Ihaka & Gentleman, 1996). Our processing script is 

posted on the Open Science Framework. Median expression values were analyzed (Zahurak 

et al., 2007). These were corrected for background using the normexp+offset algorithm 

recommended for Agilent microarrays by Ritchie et al. (2007). An offset of 30 was selected 

based on inspection of MA Plots (supplemental Figure 1) and based on maximizing 

correlations with qPCR measurements from the same material (a set of measurements for 10 

transcripts).

Expression was normalized within each array using the loess function (Smyth & Speed, 

2003). Where multiple probes were used to measure the same EST or mRNA, these were 

then averaged. Finally, trained and untrained expression were compared using an empirical 

Bayes-moderated t-test (Smyth, 2004). Statistical significance was calculated using 

Benjamini-Hochberg correction for multiple comparisons to maintain a 5% overall false-

discovery rate (Benjamini & Hochberg, 1995).

Rather than test for significant regulation and then use a fold-change threshold to evaluate 

practical significance, we used the treat function from limma (McCarthy & Smyth, 2009). 

This function allows testing of statistical significance against different null hypotheses. We 

tested against the standard null hypothesis of no regulation (Ho: Mean Fold Change <> 1; 

note that a ratio of 1 is produced when both trained and untrained samples have the same 

levels of gene expression). In addition, we tested against mean fold changes of 1.1, 1.25, and 

1.5-fold change in either direction, each representing progressively more stringent criteria 

for regulation.

2.8 Reverse-Transcription Quantitative PCR (qPCR)

RNA was reverse transcribed using oligo(dT) primes and RevertAid First Strand cDNA 

Synthesis Kit (Fermentas, Glen Burnie MD).

Quantitative PCR was conducted using Sybr Green and the MyIQ real time PCR system 

(Bio-Rad, Los Angeles CA). Primers were validated for correct PCR efficiency and are 

listed in Supplemental Table 2. qPCR samples were analyzed in duplicate and the relative 

amounts of each transcript were determined using the ddCT method and the Bio-rad IQ5 
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gene expression analysis (Bio-Rad, Los Angeles CA). All qPCR expression levels were 

normalized to levels of histone H4, a transcript which is stable during long-term 

sensitization training (Bonnick et al., 2012).

To determine the effects of sensitization training on gene expression, a fold-change score 

was calculated for each animal as the ratio of trained to untrained expression. For all 

analyses, fold change scores were log transformed (base 2). This ensures equal weight to 

both up- and down-regulated measures and maintains consistency with microarray analysis. 

Changes from control were tested using a one-sample t test against an expected value of 0 

for the null hypothesis (0 represents no change for log-transformed fold-change scores). 

Adjustments for multiple comparisons were not made for qPCR analyses.

For ease of interpretation, fold-change scores are plotted in raw format on a log scale and are 

reported in text in raw format as mean fold-change (MFC) with 95% confidence intervals in 

brackets. Cohen’s d is reported as an estimate of effect size, calculated so that positive 

values indicate increased expression on the trained side.

3. Results

3.1 Positive transcriptional controls confirm the efficacy of LTS training

To characterize the rapid transcriptional response to long-term sensitization training, we 

conducted a microarray analysis on 8 pairs of animals from pleural ganglia harvested 1 hour 

after long-term sensitization training (Figure 1). These ganglia were selected because they 

contain the cell bodies of the VC nociceptors (Illich & Walters, 1997; Walters, Byrne, 

Carew, & Kandel, 1983) which are thought to serve as an important site for the neural 

plasticity underlying behavioral sensitization (Cleary et al., 1998). In addition, the pleural 

ganglia contain a variety of other cell types. This includes a set of interneurons which inhibit 

the VCs (Buonomano, Cleary, & Byrne, 1992; Mackey et al., 1987), motor neurons 

controlling the opaline-gland (Tritt & Byrne, 1980) and mucus secretion (Rayport, Ambron, 

& Babiarz, 1983), and a number of additional cell clusters and types which have not been 

fully characterized (Fredman & Jahan-Parwar, 1979).

Although animals were sacrificed before long-term sensitization could be observed, we have 

previously shown (Bonnick et al., 2012) that this training protocol consistently results in 

unilateral long-term sensitization training, with 13 out of 13 animals showing an increase in 

T-SWR duration from before training to 24 hours after training on the side of training.

To further ensure the efficacy of the treatment, we used qPCR to measure the expression of 

three transcripts known to be rapidly up-regulated by long-term sensitization training: ApC/

EBP, ApEgr, and ApCREB1 (Figure 2, circles). We found significant up-regulation of 

ApC/EBP in the trained samples from 8 out of 8 pairs tested (Mean Fold Change (MFC) = 

4.5, 95% CI [2.5, 8.2], d = 2.1, t(7) = 5.9, p = 0.0006). The same pattern was observed for 

ApEgr (MFC = 2.0 [1.4, 3.0], d = 1.6, t(7) = 4.4, p = 0.003). For ApCREB1, 7 of 8 samples 

were responsive. Due to low power, however, this yielded a non-significant result (MFC = 

1.15 [0.7, 1.8], d = 0.27, t(7) = 0.75, p = 0.48). This one non-response is likely due to normal 
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variability in ApCREB1 expression as we observed strong regulation in a second sample 

(see below).

Despite the failure of ApCREB1 levels to reach statistical significance, we conclude that the 

samples collected show transcriptional changes indicative of successful LTS training.

3.2 Microarray analysis indicates 81 strongly regulated transcripts

Microarray analysis indicated statistically significant regulation for 1,494 transcripts, even 

with adjustment for multiple comparisons (Table 1). However, this standard (H0: MFC <> 

1) selects transcripts which are consistently regulated, but without regard to the magnitude 

of regulation. Testing for regulation that can be statistically distinguished from at least a 1.1 

fold change revealed only 81 transcripts—we consider these transcripts to be strongly 

regulated, both because the statistical evidence for regulation is more convincing and 

because their average fold change is likely to be meaningful (MFC in this group = 1.5). 

Adopting a more stringent null hypothesis further reduced this list, with only 10 transcripts 

showing regulation significantly greater than 1.25 in either direction. A clear bias towards 

up-regulation is evident. This may be because the time point examined (1 hour after 

training) is too short for down-regulation of mRNA production to substantially affect the 

pool of available transcript. A complete list of all transcripts and the highest-fold change 

exceeded with confidence is given in Supplementary Table 1.

As predicted based on our positive controls, probes for ApEgr and ApC/EBP were flagged 

as regulated by at least 1.25 fold (Figure 2, marked by X symbols). As expected based on 

the qPCR data, probes for ApCREB1 did not emerge as strongly regulated in this sample 

(though see below).

In contrast to Liu et al. (1997), we did not find that training increases the expression of 

ApTBL-1, a tolloid/BMP-1-like protein (MFC = 0.97). In addition, we did not replicate 

previous findings (Zwartjes et al., 1998) of up-regulation of a reductase-related protein 

(MFC = 1.02) nor ApCalmodulin (MFC = 1.08). This is not surprising, however, as we 

analyzed a different timepoint (immediate in prior work versus 1 hour after training in this 

study) and a different tissue (sensory neurons only in prior work versus entire pleural 

ganglia in this study).

3.3 qPCR confirms good convergent validity of microarray results

Does the microarray platform we designed provide valid measures of regulation? To find 

out, we used qPCR to measure the expression of 27 different transcripts in the exact same 

samples as used in the microarray analysis. We selected 6 transcripts predicted to be 

strongly regulated (> 1.1 fold change in either direction), 8 predicted to be at least somewhat 

regulated (> 1 fold change), and 13 predicted to be not at all regulated (we include in these 

totals the positive controls ApEgr, ApCREB1, and ApC/EBP already described).

We compared the mean fold change scores obtained from microarray with those obtained 

via qPCR (Figure 3). We observed fairly good convergent validity for an EST-based array 

(Figure 2), with a strong linear correlation between log fold change measures from qPCR 

and microarray (r = 0.77, 95% CI [0.56, 0.89], transcripts = 27, p = 0.000004). Note that the 
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slope of the regression line between these measures is less than 1 (m = 0.61), which 

indicates some regression to the mean.

We also assessed how well microarray and qPCR converged on the assessment of 

statistically significant regulation. Of 6 strongly regulated transcripts identified from 

microarray (> 1.1 fold), 5 showed statistically significant regulation in qPCR, a true-positive 

rate of 83%. Of the 7 predicted to be only somewhat regulated by microarray, 2 reached 

statistical significance, and the rest failed to validate (though 1 reached p < 0.1). Thus, as 

expected, adopting a lower standard for regulation produced a much lower true-positive rate 

(29%). It should be kept in mind, though, that this study is adequately powered only for 

large effects, so some transcripts which did not reach statistical significance may actually be 

regulated (e.g. ApCREB1; see below). Finally, we tested 13 transcripts which did not show 

statistically significant regulation with the microarray. Of these, 11 confirmed as not-

regulated, but 2 showed statistically significant up-regulation (data not shown). This gives a 

true-negative rate of 82%, but note than neither of these transcripts generalized to an 

independent sample (see below).

3.4 The majority of confirmed microarray results generalize to an independent sample

To confirm that results from this data set would generalize to an independent sample, we 

trained an additional 12 animals and harvested their pleural ganglia 1 hour after training. We 

used qPCR to examine convergent validity in this sample.

We again confirmed the efficacy of training by measuring transcripts known to be regulated 

(Figure 2, Squares). As expected, ApC/EBP was up-regulated in 12 out of 12 animals tested 

(MFC = 4.9 [2.9, 8.2], d = 1.9, t(11) = 6.7, p = 0.00003). However, 3 animals yielded 

insufficient RNA for further qPCR analysis, so only the remaining 9 were used to measure 

predictive validity. Our other positive controls showed significant regulation in this set. 

ApEgr was up-regulated on the trained side of 9 out of 9 animals (MFC = 4.0 [2.0, 7.9], d = 

1.6, t(8) = 4.75, p = 0.001). ApCREB1 was also up-regulated in all samples (MFC = 2.19 

[1.17, 4.13], d = 0.96, t(8) = 2.87, p = 0.02). Note that when integrating results from both 

sets of samples there is a clear overall regulation of ApCREB1, with 16 of 17 samples 

showing higher expression on the trained side (MFC = 1.6 [1.1, 2.4], d = 0.63, t(16) = 2.6, p 

=0.02).

We tested 5 additional transcripts which had shown significant regulation by both 

microarray and qPCR in the original sample (Figure 4). We found that 4 of these generalized 

to the new sample. EB339038, which is predicted to encode a vacuolar-protein-sorting-

associated-like protein, was strongly up-regulated in 9 of 9 samples (MFC = 3.1 [1.4, 6.8], d 

= 1.1, t(5) = 3.35, p = 0.01). EB289383, predicted to encode a glycine transporter2-like 

protein was also up-regulated in 9 of 9 samples tested (MFC = 2.5 [1.5, 4.1], d = 1.35, t(8) = 

4.1, p = 0.003). Similarly, GD219501.1, which maps to an uncharacterized protein, was up-

regulated in 7 of 9 samples tested (MFC = 2.0 [1.2, 3.2], d = 1.1, t(8) = 3.29, p = 0.01). 

Finally, EB233406, which is predicted to encode a C/EBPγ-like transcription factor, was up-

regulated in 6 of 8 samples tested (MFC = 2.8 [1.2, 6.6], d = 0.98, t(7) = 2.76, p = 0.03). The 

other transcript, 7.UF_CU.8090.C2, did not show statistically significant regulation in this 
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second sample. We also tested the two false-negative transcripts (not significant in 

microarray but significant in qPCR) but these did not generalize (data not shown).

Overall, our microarray results show strong predictive validity. Of the 7 transcripts which 

were significantly regulated in the original sample by both microarray and qPCR, 6 were 

confirmed in an independent sample, a true positive rate of 86% (this total includes ApEgr 

and ApC/EBP as well as the 5 novel transcripts tested). Moreover, these results nearly 

double the pool of known transcripts exhibiting a rapid change in expression after long-term 

sensitization training.

4. Discussion

We have used microarray and qPCR to characterize the rapid transcriptional response to 

long-term sensitization training in the pleural ganglia, a component of the Aplysia CNS 

which contains the VC nociceptors thought to play a critical role in the expression of 

sensitization memory.

We developed a new microarray design for this project to provide a more compact but 

comprehensive platform for characterizing changes in gene expression in Aplysia. For an 

EST-based array, we found strong convergent (83%) and predictive validity (86%) for this 

new design. By comparison, the EST-based array for Aplysia kurodai has shown only 38% 

(5 of 13) convergence with qPCR data from the same samples (Lee et al., 2008). This 

difference could be due to disparate design strategies. In addition, measures of convergent 

validity are likely to depend in part on the achieving reliable measurement through adequate 

sample size. We used 8 biological replicates rather than the 2–3 which have typically been 

used for microarray analysis in Aplysia (e.g. Kadakkuzha et al., 2013, analysis of age-related 

changes in isolated R15 neurons; Lee et al., 2008, analysis of serotonin-related changes in 

pleural ganglia). A strong consensus has now emerged that microarray analysis requires at 

least 5 biological replicates per group to produce reliable results (Allison et al., 2006; 

Pavlidis et al., 2003; Tsai et al., 2003).

To our knowledge, this is the first comprehensive examination of transcriptional changes 

immediately following long-term sensitization. Our findings suggest that the pool of 

regulated transcripts is much larger than the set of 6 previously identified transcripts. 

Specifically, our microarray analysis identifies 81 transcripts showing fairly strong 

regulation after training (statistically greater than a 1.1 fold change). If our convergent (83% 

true-positive rate) and predictive validity (86% true-positive rate) results are representative, 

the expected number of strongly and reliably regulated transcripts is predicted to be ~58. 

This number may be larger, however, given that the microarray is based on an EST library 

that may not have full coverage of all CNS-expressed transcripts. In addition, even with a 

sample size of 8 animals, only very strongly regulated transcripts could be reliably detected; 

many weakly regulated transcripts could have been missed. Thus, there may be considerable 

complexity in the transcriptional response to long-term sensitization memory. The reasons 

for this complexity are not clear—it could allow different responses in different cell types, 

provide parallel signaling pathways to implement different phases of memory, and/or 

provide redundancy to ensure proper encoding. It is notable that a similar number of 
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regulated transcripts (27) has been reported immediately following serotonin exposure in 

Aplysia kurodai, a treatment which mimics some aspects of long-term sensitization training 

(Lee et al., 2008, though note this report used a >2 fold change criterion).

We have specifically confirmed learning-related regulation in 4 novel ESTs, showing that 

they are consistently up-regulated not only in the original sample but also in a completely 

independent sample. Confirmation in an independent sample is an important follow-up for 

microarray analysis, as this is a primary predictor of generalizability to other contexts 

(Siontis, Patsopoulos, & Ioannidis, 2010).

One EST, EB233406 aligns to a gene model (GenBank: XM_005105406) predicted to 

encode a CCAAT/enhancer-binding protein gamma-like gene (C/EBPγ also known as Ig/

EBP). In other species, C/EBPγ is a ubiquitously expressed member of the C/EBP 

transcription factor family (Lekstrom-Himes & Xanthopoulos, 1998). C/EBPγ is 

distinguished within this family by lacking a transcriptional activation domain, and is thus 

thought to function as a transdominant negative inhibitor of other C/EBPs (Cooper, 

Henderson, Artandi, Avitahl, & Calame, 1995). It is expressed in the mammalian CNS 

(Roman, Platero, Shuman, & Calame, 1990) but to date, no nervous system role has been 

described for C/EBPγ. Through its ability to heterodimerize with C/EBP isoforms, an 

Aplysia C/EBPγ could act as a modulator of ApC/EBP (Alberini et al., 1994), which is 

known to play an essential role in the long-term synaptic facilitation thought to underlie the 

expression of LTS memory. Further exploration of this hypothesis is planned.

A second EST, EB289383 aligns to a gene model (GenBank: XM_005092349) predicted to 

encode a sodium- and chloride-dependent glycine transporter 2 -like protein (GlyT2). 

Glycine transporters 1 and 2 belong to the large family of Na+/Cl−-dependent transporters 

and mediate glycine uptake into glia and neurons, respectively (Kristensen et al., 2011). 

Interestingly, it has been reported that inhibition of GlyT2 in mice helps ameliorate 

increased pain sensitivity after nerve damage (Morita et al., 2008). This is consistent with 

the large body of work showing overlap in the mechanisms of long-term sensitization and 

hyperalgesia (e.g. Walters, 1987; Weragoda & Walters, 2007). We are now testing if 

pharmacological inhibition of GlyT2 can block the induction or maintenance of long-term 

sensitization memory.

A third EST, EB339038 aligns to a gene model (GenBank: XM_005112280) predicted to 

encode a vacuolar protein-sorting-associated 36-like protein (VPS36). In other species, 

VPS36 is a subunit of the endosomal sorting complexes required for transport-II (ESCRT-II) 

(Saksena & Emr, 2009). ESCRT complexes are known to regulate protein trafficking from 

endosomes to lysosomes and it is well established that aberrant endosomal trafficking in 

neurons can be linked to a number of neurodegenerative diseases (Lee & Gao, 2012).

Finally, the EST GD219501 aligns to a gene model (GenBank: XM_005113453) of an 

uncharacterized protein. We are currently exploring the function of this protein.

We have yet to further investigate the majority of the other transcripts identified as regulated 

in our microarray screen. In the set of 81 regulated significantly greater than 1.1-fold, 2 were 

already known and we have conducted qPCR validation on an additional 6, leaving 73 
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without further exploration at this point. Of these, 50 are annotated only as “transcribed 

locus” or “uncharacterized locus” (see Supplemental Table 1). Additional work will be 

required not only to validate these transcripts but to determine their function. Of the 23 with 

annotations, some are particularly notable. For example several transcripts encode proteins 

that may be related to transcription. These include EB344520 (Predicted: INO80 complex 

subunit E-like, important for chromatin remolding), EB325811 (Predicted: elongator 

complex protein 4-like), and GD232035 (Predicted: DNA-directed RNA polymerases I and 

III subunit RPAC2-like). Another group of transcripts encodes proteins that may be related 

to metabolism and growth. This includes EB248521 (Predicted: insulin-like growth factor-

binding protein), EB265745 (Predicted: 3-hydroxy-3-methylglutaryl-coenzyme A reductase-

like), GD224855 (Predicted: bifunctional purine biosynthesis protein PURH-like), and 

EB349048 (Predicted: Tob1-like). Finally, one transcript (FF065849, predicted: ubiquitin 

thioesterase) may have a role in protein degradation and turn-over. This is consistent with 

previous research in Aplysia (Hegde et al., 1997; Mohamed, Yao, Fioravante, Smolen, & 

Byrne, 2005) and other animals (Jarome & Helmstetter, 2013) which has implicated the 

ubiquitin-proteosome system in learning and memory.

One limitation of this work is that it was conducted with tissue harvested from the entire 

pleural ganglia. The VC nociceptors are a prominent landmark in these ganglia, but many 

other cell bodies are also located there, some of which may not contribute to the expression 

of long-term sensitization (e.g. the opaline-gland motor neurons described by Tritt & Byrne, 

1980). The inclusion of unrelated material decreases signal to noise and thus the sensitivity 

of transcriptional analysis. For that reason, we have recently begun to focus on the VC 

cluster and plan to perform experiments with this more specific cell population.
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Highlights

• We developed a new Aplysia microarray with high convergent and predictive 

validity.

• Long-term sensitization training rapidly regulates 81 transcripts in pleural 

ganglia.

• Regulated transcripts include putative homologs of C/EBPgamma, GLYT2, and 

VPS36.
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Figure 1. 
Long-term sensitization of the tail-elicited siphon withdrawal response. A) Noxious shocks 

to one side of the body alter the duration of the tail-elicited siphon withdrawal reflex (T-

SWR) in Aplysia. The T-SWR is a defensive withdrawal of the siphon that is triggered by 

weak electrical stimulation to one side of the tail. The reflex is mediated by a simple 3-layer 

network. Stimulation of the tail is relayed in part by the VC nociceptors with axons in the P9 

tail nerves and cell bodies in the pleural ganglia. The VCs excite a population of 

interneurons in the pedal ganglia with axons projecting to the abdominal ganglion. These 

interneurons activate motor neurons in the abdominal ganglia with axons in the siphon 

nerve, which cause contraction of the siphon. B) Experimental protocol. Long-term 

sensitization training consisted of 4 rounds of unilateral noxious shock every 30 minutes. 

This protocol reliably induces an increase in T-SWR duration lasting at least 24 hours on the 

side of training. One hour after training, pleural ganglia from the trained and untrained side 

were harvested separately for transcriptional analysis.
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Figure 2. 
Training-induced change in gene expression in positive controls: A) ApC/EBP, B) ApEgr, 

and C) ApCREB1. Each panel shows data from the microarray analysis (X symbols, n = 8 

pairs of animals), qPCR on the same samples (circles, n = 8 pairs of animals) and qPCR 

from a second, independent sample (squares, n = 9–12 animals). Bars represent means for 

each analysis. The black square shows the overall average across all qPCR samples, with the 

error bar representing the 95% confidence interval. Where the confidence interval does not 

include 0 the transcript is significantly regulated at p < 0.05. Every comparison for every 

transcript is statistically significant at p < 0.05 except for CREB-1 in both analyses of the 

original sample.
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Figure 3. 
Convergent validity of the new developed Aplysia Tellabs Array platform. Fold-change 

scores for 27 transcripts were compared when measured by microarray or qPCR. Each 

measurement is the average log-fold change (base 2) across 8 pairs of animals. Symbols 

indicate the degree of convergence in the assessment of statistical significance. Circles 

represent matches in assessment of statistical significance between microarray (> 1.1 fold 

change in either direction) and qPCR with both techniques indicating either non-significant 

(open circles) or significant (filled circles). False positives are marked with an + (significant 

in microarray but not in qPCR) and false negatives are marked with a – (significant in qPCR 

but not microarray).
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Figure 4. 
Training-induced changes in gene expression in novel transcripts. These are results from the 

transcripts which were significantly regulated according to both microarray and qPCR in the 

original sample. Each panel shows data from the microarray analysis (Xs, n = 8 pairs of 

animals), qPCR on the same samples (circles, n = 8 pairs of animals) and qPCR from a 

second, independent sample (squares, n = 9–12 animals). Bars represent means for each 

analysis. The black square shows the overall average across all qPCR samples, with the 

error bar representing the 95% confidence interval. Where the confidence interval does not 

include 0 the transcript is significantly regulated at p < 0.05. Every comparison for every 
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transcript is statistically significant at p < 0.05 except 7.UF_CU.8090.C2 in panel E which 

does not reach statistical significance in the second sample nor in the overall qPCR analysis.
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Table 1

Summary of microarray results. This table tallies the number of transcripts that show mean fold changes 

(MFC) that can be statistically differentiated from 1, 1.1, and 1.25 in either direction (a MFC of 1 represents 

no regulation as this is the ratio formed when trained and control tissues have the same level of expression for 

a transcript). Statistical significance was assessed with an empirical Bayes-moderated t-test with Benjamini-

Hochberg adjustment for multiple comparisons to maintain an overall 5% falsediscovery rate.

Criterion Total Up Down

Not significant 24597

MFC > 1 1494 974 520

 MFC > 1.1 81 81 0

 MFC > 1.25 10 10 0

Total 26091
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