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Epigenetic mechanisms that modulate gene expression are key to regulating long-term 

memory (LTM) formation, and are known to exert control on memory formation in 

multiple systems of the adult brain, including the sensory cortex. Chromatin 

modifications have been shown to have powerful effects on experience-dependent 

transcription for neuroplasticity underlying memory processes. One mechanism for 

chromatin modification is histone acetylation. Histone acetyltransferases (HATs) 

generally facilitate LTM formation by promoting gene expression, while histone 

deacetylases (HDACs) tend to have gene silencing effects, and negatively regulate LTM. 

Thus, blocking the action of HDACs has been shown to facilitate LTM formation. 

Because sensory cortex undergoes learning-induced remodeling over a lifetime, here we 

aimed to identify the ways in which HDAC-inhibition acts to facilitate LTM using a 

standard model of auditory memory and cortical plasticity. Auditory cortical plasticity in 
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particular has been extensively studied in learning and memory processes. 

Representational plasticity in primary auditory cortex (A1) is known to reflect the 

formation of strong and sound-selective associative memory for behaviorally relevant 

sound features. In this present study, we used RGFP966, a class I HDAC inhibitor with 

selectivity for HDAC3 that has been shown to modulate associative learning-induced A1 

plasticity (Bieszczad et al., 2015), to facilitate memory consolidation in rats learning a 2-

tone sound frequency discrimination (2TD) task. We found that systemic treatments of 

the HDAC3-inhibitor early in 2TD task training facilitated associative learning for both 

excitatory (CS+) and inhibitory (CS-) sound signals, and altered the LTM formed in two 

ways that were independent of the final performance level achieved, which was 

equivalent between groups. We found that HDAC3-inhibition enhanced memory 

specificity for the sound-frequency of the two pure-tone CS cues, and strengthened 

memory for the excitatory and inhibitory sound-specific associations. Moreover, the 

behavioral effects of an initial, limited bout of HDAC3-inhibitor were long-lasting, 

enduring for at least weeks following the last administration of RGFP966. The present 

results support a role for HDAC3 during auditory memory consolidation by regulating 

the specificity and strength of newly learned sound-signal associations. This conclusion 

complements existing research on the effects of HDAC-inhibitors by providing a 

potential behavioral explanation for long-term memory enhancements.  

 

 

 

 

 



 

iv 

 

Acknowledgement 

I would like to thank my adviser, Dr. Kasia Bieszczad, for her guidance and support, and 

my committee members, Dr. John McGann and Dr. Tim Otto, for their contributions. I 

would also like to thank Sooraz Bylipudi for assisting with data collection, as well as the 

rest of the CLEF lab.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

v 

 

Table of Contents 

I. Title Page……………………………………………………..…………....…i 

II. Abstract…………………………………………………………...……….....ii 

III. Acknowledgement……………………………………………...……………iv 

IV. Table of Contents…………………………………………………….…..…..v 

V. List of Figures………………………………………………………...…...…vi 

VI. Introduction……………………………………………………........…..……1 

VII. Methods and Materials……………………………………………….....……6 

VIII. Results…………………………………………………….…………………12 

IX. Discussion…………………………………………………...………………24 

X. References…………………………………………………………...………34 

 

 

 

 

 

 

 

 

 

 

 

 



 

vi 

 

List of Figures 

Figure 1. Schematic for sound frequency representation in A1 with associative 

learning..............................................................................................................................37 

Figure 2. Protocol for auditory learning and behavioral memory testing……………….38 

Figure 3. Two-tone discrimination task acquisition over sessions 1-9……………….…40 

Figure 4. Bar-pressing under sound control across tasks……………………..................41 

Figure 5. CS specific learning over 2TD training sessions 1-9……………………...….42 

Figure 6. Bar-presses to SGT test tones…………………………………………………43 

Figure 7. Behavioral stimulus generalization gradients for number of bar-presses…….44 

Figure 8. Frequency generalization gradients for bar-press latency……………….........45 

Figure 9. Frequency-specificity of memory assessed by comparing behavioral 

gradients to test tones neighboring the CS frequency........................................................46 

Figure 10. Bar-presses to new CS- and CS+ on the reversal test……………………….47 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 1 

 

Introduction 

 Behavioral psychology has largely focused on learning and memory processes 

since they are essential to adapting behavior in a changing environment across a lifetime. 

The neural substrates of memory are thought to rely on experience-dependent 

neuroplasticity. Therefore, a key open question is to link learning-induced neuroplasticity 

and its neurobiological mechanisms to its behavioral functions.  

In the adult brain, the sensory cortex undergoes continual remodeling as we 

experience and learn throughout a lifetime. The most widely-studied sensory system in 

the adult brain for associative learning-induced neuroplasticity is the auditory cortex, and 

in particular the primary auditory cortex (A1), which is a known neural substrate of the 

learned significance of sound. Since the initial discovery for learning-induced plasticity 

in primary auditory cortex (A1) by Galambos et al. (1956), neurophysiological studies 

have demonstrated a role for primary sensory cortices as more than just stimulus 

analyzers. Rather, learning-induced plasticity in A1 functions to instruct behavior 

associated with sound.   

Extensive research in the auditory domain has shown that associative learning, in 

which an animal learns to associate a sensory stimulus with a behaviorally meaningful 

stimulus e.g., a reward in appetitive learning paradigms or a mild footshock in aversive 

learning paradigms (e.g. Bakin & Weinberger, 1990), is accompanied by representational 

plasticity (RP) in A1 (reviewed in Weinberger & Diamond, 1987; Weinberger, 2007). 

Auditory cortical learning-induced RP is selective for the specific acoustic features of 

meaningful sounds (e.g. frequency, Recanzone et al., 1993; sound level, Schreiner & 

Malone, 2015; repetition rate, Bao et al., 2004; sound level or acoustic frequency, Polley 
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et al., 2006), especially when that feature is learned and remembered to be relevant for 

predicting a significant outcome. Therefore, A1-RP tracks both learned acoustic features 

and their learned associative significance. 

Primary sensory cortices are particularly well-suited for representing the specific 

sensory “content” of cues in associative memory. Furthermore, sensory cortical 

organization is a useful experimental tool to investigate this kind of content in memory 

since the sensory receptive fields of cells and cortical columns are organized in a 

topographic manner (Fig. 1A). This spatial organization—like for acoustic frequency in 

the tonotopy of A1—allows access to the neural representation of the particular stimulus 

that is being associated with a significant behavioral outcome, as well as to the neural 

representation of the frequency dimension as a whole.  Thus, the investigation of 

representational plasticity in A1 is to determine the relative sound-specificity of learning-

induced effects for one acoustic frequency versus another by revealing changes in 

tonotopic organization (Fig. 1B). RP is known to induce lasting changes in neural activity 

that remodel the representation of sound in A1(reviewed in Weinberger, 2005; 2015). 

Frequency-specific auditory cortical remodeling is related to the formation of memory for 

specific sounds (e.g. Bieszczad & Weinberger, 2010; 2012). Indeed, accumulating 

evidence suggests that RP in A1 is a likely neural substrate of specific and long-lasting 

auditory memory (Scheich & Ohl 2005; Weinberger 2015; McGann 2015) (Fig. 1C).  

Learning and memory research has long been focused on investigations of the 

mechanisms controlling the strength of memory formation over time and interference. In 

this domain, research findings support that gene expression is necessary for the formation 

of long-term memory (LTM) defined as that which lasts beyond ~24 hours (Alberini, 
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2009). Thus, molecular mechanisms that control gene expression have been investigated 

as a molecular-level requisite for successful gene expression underlying experience-

dependent plasticity, memory consolidation and LTM.  

Recent research in the neurobiology of learning and memory has highlighted 

epigenetic control on gene expression in the adult brain. Chromatin remodeling occurs by 

various mechanisms including, but not limited to, DNA methylation, histone acetylation 

and nucleosome remodeling (Sweatt, 2013). Here the focus is on histone acetylation, 

which regulates gene expression via enzymes called histone acetyltransferases (HATs) 

and histone deacetylases (HDACs) that together regulate the epigenetic control on gene 

expression required for LTM (reviewed in Barrett & Wood, 2008). HATs tend to relax 

chromatin structure, enabling gene expression, whereas HDAC enzymes that oppose 

acetylation restrict chromatin. Therefore, promoting HAT function while blocking the 

action of HDACs will remodel chromatin to permit an “open” state of euchromatin that is 

permissive to transcription and subsequent LTM formation.  

In this respect, HDACs have been shown to be powerful negative regulators of 

LTM formation. In particular, the inhibition of HDACs is known to facilitate memory 

processes for leaning events that would otherwise not have been later remembered. 

Strikingly, LTM enabled by HDAC inhibition persists beyond the time point at which 

normal memory fails (Stefanko et al., 2009).  This suggests that LTM enabled by HDAC 

inhibition (subsequently referred to as LTM*) is different to long-term memory formed 

under normal learning conditions – the memories that form outlast LTM that forms 

naturally. Initial interpretations of the surprising discovery of LTM* was that the memory 

formed was stronger than normal, with strength defined as an increased durability to the 
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passage of time. An alternative, but complementary interpretation of LTM* is that HDAC-

inhibition enables memory that is not only longer-lasting, but also stronger due to the 

amount of sensory information encoded. Thus, LTM*s might contain more detailed cues 

that could later be used for recall. This implies that LTM* formed with HDAC-inhibition 

contains more sensory information from the learning experience in a way that alters the 

contents of the memory. This potential explanation is formally proposed as the 

“informational capture” hypothesis (Phan & Bieszczad, 2016). The idea is based on the 

“molecular brake pad hypothesis” set forth by McQuown & Wood (2011), which states 

that HDACs usually act as molecular “brakes” on gene expression required for memory 

formation. Together these hypotheses propose that HDAC-inhibition releases the brakes in 

cells within systems-level representation that have recently become active during learning 

events to subsequently enable plasticity in these cells and representations that might not 

otherwise have formed. Indeed, not all experiences induce plasticity, and not all learning 

becomes LTM, as is the case for non-salient or behaviorally insignificant experiences. 

Thus, HDAC-inhibition may permit LTM and enable LTM* by increasing the amount and 

detail of sensory features that are encoded from a learning experience into memory.  

Whether epigenetic mechanisms regulate memory processes that enable more and 

more detailed sensory information about learning experiences to be encoded in LTM (and 

LTM*) remains an open question. Studies in the auditory system are uniquely positioned 

to address this potential role of epigenetic mechanisms in regulating not only the strength 

of memory, but also the specific contents of memory, and neurobiological correlates in 

auditory cortical RP. Prior work in the auditory cortex has implicated HDAC3 as a critical 

negative regulator of auditory memory formation (Bieszczad et al., 2015). Rats treated with 
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RGFP966 (a class I HDAC-inhibitor with selectivity for HDAC3) while learning a sound-

reward association formed a more specific memory for the behaviorally-significant sound 

signals. Moreover, RP in A1 was unusually "tuned-in" to the specific sound cues and their 

acoustic features could be associated with reward (compared to vehicle-treated rats). This 

supports a strong link between HDACs, A1-RP and auditory memory. Additionally, 

recently published findings using the same RGFP966 inhibition of HDAC3 in an avian 

model confirmed the importance of HDAC3 for neurophysiologically encoding complex 

auditory stimuli with exceptionally detailed acoustic features (Phan et al., 2017). That 

auditory memory in both mammals and birds is susceptible to HDAC-inhibition suggests 

an evolutionarily conserved role for HDAC3 in learning and memory processes.  

The goal of this study was to identify the behaviorally functional roles that HDAC3 

plays in a standard model of auditory associative learning and memory known to induce 

A1-RP. In order to determine the influence of HDAC3 on memory processes, we designed 

a behavioral instrumental conditioning and discrimination task that challenged rats to learn 

and remember two sound-frequency associations for reward outcome. We used systemic 

injections of RGFP966 to manipulate levels of HDAC3-inhibtion during consolidation 

(immediate post-training injections) in early phases of learning. If HDAC3-inhibition 

enhances the LTM formed by so-called informational capture, then behavioral evidence of 

memory for sound-signal associations will show increased strength (i.e. resistance to 

interference), as well as increased sound-specificity for the behaviorally relevant acoustic-

frequencies in rats treated with the RGFP966 (compared to vehicle-treated controls). We 

found behavioral evidence for both of these enhancements.  The results support a role for 
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HDAC3 during auditory memory consolidation by regulating both the specificity and the 

strength of newly learned sound-signal associations.  

 

Methods and Materials 

Subjects 

 A total of 24 adult male Sprague-Dawley rats (275-300g on arrival; Charles 

River) were used for this experiment. All animals were individually housed in a 

temperature-controlled (24°C) colony room on a 12-hour light/dark cycle. Subjects had 

ad libitum access to food and water prior to behavioral training. Animals weights were 

monitored daily when access to water was restricted (see Water Restriction), with 

supplements and ad libitum access on weekends given as necessary to maintain weight. 

All procedures were approved and conducted according to guidelines by the Institutional 

Animal Care and Use Committee (IACUC) at Rutgers University.  

Water Restriction 

The behavioral experiments used operant conditioning paradigms to train rats to 

associate new information about auditory stimuli with water reward. To motivate animals 

to perform the instrumental tasks, rats were placed on a schedule of restricted water to 

reach 85-90% of their ad libitum water access body weight. Prior to the start of water 

restriction, rats are weighed daily for at least 3 days to establish individual baseline 

weights. While on a schedule of restricted water access, rats were weighed daily and were 

given water supplements in their home cage as needed to maintain 85-90% of their 

baseline weight.  
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Behavioral Apparatus and Stimuli 

All behavioral sessions were conducted in two identical instrumental conditioning 

chambers (H10-11R-TC; Colbourn Instruments, Holliston, MA) within a sound-

attenuated box. Daily training sessions were counterbalanced to ensure equal exposure to 

both chambers. Each chamber (12” W x 10” D x 12” H; wire mesh floor, H10-11R-TC-

NSF) was fitted with a response lever (H21-03R), house light (H11-01R), infrared lights 

(H27-91R), a speaker (H12-01R), and a water delivery system (H14-05R). During 

training phases, depressing the response lever (“bar-pressing”) triggered the presentation 

of a water cup (~0.02cc) in the reward port (1.25” W x1.625” H). In early bar-press (BP) 

shaping sessions, a hand switch (H21-01) was also used to trigger presentations of the 

water cup. Behavioral responses were recorded using Graphic State 4 software (Colbourn 

Instruments) for offline analysis.  

All auditory stimuli were generated using Tucker-Davis Technologies (TDT, 

Alachua, FL) and RPvdsEx software, and presented via the operant chamber’s wall-

mounted speaker. Sound levels were calibrated daily (Larson Davis SoundTrack LxT1). 

White noise (during early instrumental training only) was presented for 7 or 9 seconds in 

duration (75 dB SPL). Pure tones were always presented for 8 seconds (70 dB SPL). All 

tone frequencies were cosine-squared gated with rise/fall (10-90%) of 20ms.  

Behavioral Training  

Initial handling and bar-press shaping. After 1 day of acclimating to the 

vivarium, rats were handled daily for a minimum of 3 days to familiarize them to the 

transportation to the laboratory and the weighing process. Several days prior to beginning 
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behavioral training, rats were placed on a schedule of restricted water until they reached 

85% of their non-deprived weight.  

Water-restricted rats were trained to manipulate the wall-mounted lever for water 

reward. Bar-presses (BPs) resulted in the availability of water reward on a 1:1 ratio. 

Rewards were available for 5 days for 5 seconds (first two sessions, which were always 

consecutive), then for 3 seconds. The first BP shaping session lasted ~90 minutes or until 

the animal reached satiety. Remaining sessions were limited to 45 minutes each. Rats 

were weighed before and after each session. All subjects learned to bar-press for water 

reward within 1-2 sessions, as indicated by a substantial increase in pre- vs. post-training 

weight.  

Noise training. After 5 days of BP shaping, bar-pressing behavior was placed 

under sound control. Animals learned to bar-press only during presentations of an 

auditory stimulus (CS) for water reward. BPs made in the presence of the CS (white 

noise; 75 dB SPL) resulted in the availability of water reward; Bar-presses made during 

the silent inter-trial intervals (ITI; 5-25s, randomized) resulted in an error signal (flashing 

house light) and a “time-out” (an additional 6s lengthening of the ITI). To prevent the 

animal from making associations between the duration of the CS and reward, the 

presentation of sound varied (either 7 or 9s, randomized). Animals could receive a 

maximum of 2 or 3 rewards per trial (Fig. 2B).  

 Performance was monitored on a daily basis, and calculated for each session as 

follows: performance = (# BPs to white noise/ Total # BPs). Criterion for moving onto 

the next stage of training was defined as 2 consecutive days of performance >90% or 

asymptotic performance (cv <0.1) for 3 consecutive days. Subjects were “noise trained” 
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daily (5 days a week) for 45 minute sessions until performance criterion was attained. On 

average, 9 training sessions were required (M = 8.67, SD = 1.99). All animals (n=24) 

successfully learned to associate sound with reward.  

2 Tone frequency discrimination task (2TD). To examine the overarching 

question of whether HDAC3 inhibition during consolidation of associative learning for 

behaviorally-relevant acoustic information enhances the specificity of memory formed, 

we trained rats on a two-tone frequency discrimination task (2TD). Water-restricted rats 

were trained to discriminate between two spectrally distinct sound-frequencies. Bar-

presses to the CS+ (5.0 kHz pure tone) in the presentation of water reward, while bar-

presses to the CS- (11.5 kHz pure tone) were unreinforced and triggered an error signal 

(flashing house light) and a “time-out” (an extended interval until the start of the next 

trial). CS+ and CS- trials were randomized, and all tones were presented at 70 dB SPL for 

8 seconds. Inter-trial intervals (ITIs) were 5-25 seconds (randomized). Bar-presses to the 

CS- had a 70% change of causing a time-out, a 6 second extension of the ITI. Sessions 

were on average 50 minutes in length (Fig. 2C).  

All animals (n = 24) acquired similar levels of task performance. Daily 2TD 

performance was calculated as: number of bar-presses to the CS+ divided by the number 

of bar-presses to both the CS+ and CS- (#BPCS+/(#BPCS+ + #BPCS-)]. Performance 

criterion was defined as 2 consecutive days of performance 90% or 3 days of asymptotic 

performance (c.v. 0.1; coefficient of variation = standard deviation/mean). Upon 

reaching performance criterion, rats were trained for several additional days to insure 

stable performance.  
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Behavioral assays for associative memory. Following successful 2TD task 

acquisition (24 hours after the last training session), all rats underwent behavioral 

memory testing to determine effects of HDAC3 inhibition on sound frequency learning. 

Memory for the associative sound-signals was assessed through a stimulus generalization 

test (SGT) or a reversal test (reverse 2TD). 

Stimulus Generalization Test (SGT). To determine memory specificity from the 

2TD task, animals (n = 18) were presented with a range of sound frequencies, including 

the CS+ and CS- frequencies. 10 different tones were tested: 3.6, 4.2, 5.0 (CS+), 5.9, 7.0, 

8.3, 9.7, 11.5 (CS-), 13.6, and 16.0 kHz (all pure tones at 70 dB SPL). Test tones 

neighbored the CS+ or CS- at a distance of~1/4 octave. The SGT session began with 15 

2TD trials (BP to the CS+ are rewarded; BPs to the CS- are not) to confirm stable 

performance. Test frequencies were then presented in pseudorandom order over 120 

unrewarded trials (to yield 12 presentations of each test frequency) (Fig. 2E). Behavioral 

responses to test tones are used to determine frequency generalization gradients.  

The number of BPs and the latency to the first BP for each of the frequencies 

were used to determine behavioral frequency generalization gradients. The number of 

BPs were expressed as a proportion of the total number of BPs for individual animals, 

and averaged for HDAC3i and VEH groups. Latency was measured as the seconds to 

first BP after tone onset. Analysis for memory specificity was assessed separately for the 

CS+ and CS- frequencies.  

Reverse 2TD test. A subset of animals (n=6) underwent a “reversal” test to assess 

the strength of frequency-specific memory from the 2TD task. Tone-reward pairings were 

reversed: 11.5 kHz became the new CS+, and 5.0 kHz became the new CS-. With the 
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exception of the tone-reversal, all other conditions were identical to the 2TD task (Fig. 

2D). Behavioral responses (number of BPs) was assessed for the first 45 minutes of the 

test session, a duration comparable to the average length of the SGT.  

Pharmacological Inhibition of HDAC3 

A pharmacological class I HDAC inhibitor with enhanced selectivity for HDAC3, 

RGFP966 (10 mg/kg; s.c.), was used to manipulate levels of gene expression. Systemic 

injections of RGFP966 have been shown to penetrate the blood-brain barrier in rodents and 

are effective in promoting histone acetylation linked to gene expression in the rat A1 

(Malvaez et al., 2013; Bieszczad et al., 2015, Phan et al., 2017).  RGPF966 reaches Cmax 

30 to 80 minutes post-injection, and remains high for at least 4 hours (Bieszczad et al., 

2015). Therefore, RGFP966 delivery immediately post-training can reveal effects of 

HDAC3-inhibition on memory formation processes in A1.  

The pharmacological manipulation began concurrently with 2TD training. Within 

each performance-matched pair (based on Noise training acquisition), rats were assigned 

to receive either RGPF966 (n=12) or vehicle (n=12).  Treatment was counterbalanced 

across performance: in half the pairs, the higher performing animal received RGFP966 and 

the lower performing animal received vehicle (VEH), and vice versa.  

Injections were given immediately after the end of each 2TD training session. 

Animals received 3 days of RGFP966/VEH treatment, and saline injections after the 

subsequent training sessions.  

Statistical Analysis 

 Differences between HDAC3i and VEH groups were analyzed using ANOVA ( 

= 0.05) and independent samples t-tests. Analyses across training sessions (for noise 
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training and the 2TD task acquisition) were performed using 2-way repeated measures 

ANOVAs, with treatment and session as the between-subjects factors. Data from the single 

reversal test session (rev2TD) was analyzed similarly, but across time bins (referring the 

first 15 minute blocks within the single session). The Bonferroni procedure was used to 

correct for multiple comparisons. SGT data were analyzed separately for the CS+ and CS- 

frequencies (also using ANOVA). One-sample t-tests were used to compare responses 

frequency-specific responding to generalized responding. One-way ANOVA were used to 

analyze differences between HDAC3i and VEH groups in responding to frequencies 

neighboring the CS.  

 

Results 

HDAC3-inhibition by RGFP966 facilitates associative sound discrimination 

learning.  

To test the hypothesis that HDAC3 inhibition has a key function in specific 

information encoding, we used the class I HDAC inhibitor RGFP966 in rats learning a 

sound discrimination task. A total of 24 animals (HDAC3i, N = 12; VEH, N = 12) were 

trained to asymptotic, high performance on a 2-tone discrimination (2TD) task. 

Successful performance on the 2TD task requires the animal to learn and remember two 

sound-frequency associations and instrumental responses: barpresses (BPs) to the CS+ 

(5.0 kHz, 70 dB SPL) result in reward, while BPs to the CS- (11.5 kHz; 70 dB SPL) do 

not result in reward delivery and instead trigger an error signal (flashing house light) and 

a time-out period that extends the time until the next trial. Sound discrimination 

performance was calculated using the proportion of BPs to the CS+ tone relative to BPs 
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to either tone. Bar-presses during the silent ITIs are excluded from this performance 

metric to attribute high performance values to successful sound-frequency 

discriminations. Thus, the daily performance value is a metric of the animal’s ability to 

discriminate between the CS+ and CS- to instruct the appropriate associated behavior. 

Performance (%) was calculated as: 

 

𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 =
𝐵𝑃𝐶𝑆+

𝐵𝑃𝐶𝑆+ + 𝐵𝑃𝐶𝑆−
× 100% 

 

To assess differences between HDAC3i- and Vehicle-treated groups of animals on early 

acquisition of the 2TD task (i.e. before reaching asymptotic levels of performance), we 

compared performance over the first 8 daily training sessions after the first injection of 

either RGFP966 (in the HDAC3i group) or vehicle (in the VEH group). Post-training 

injections of RGFP966 or vehicle only occurred after the first three daily sessions; 

animals received saline injections of similar volume following all other sessions.  

 Overall, all animals were able to acquire the task, regardless of treatment. 

Performance increased significantly over training sessions (F(7,154) = 59.65, p<0.001). 

However, the HDAC3i group’s overall performance was higher (F(1,22) = 6.89, p = 0.015). 

Though the interaction between session and treatment was not statistically significant 

(F(7,154) = 1.424, p = 0.199), multiple comparisons across training sessions show that a 

significant difference between groups emerges on day 3, after the second RGFP966 (or 

vehicle) treatment (HDA3i, 81.06%; VEH, 62.55%; t(176) = 3.755, p = 0.002). Thereafter, 

all animals reach asymptotic levels of performance by the eighth session. Performance 

was not different between groups on all other days (p>0.05) (Fig. 3A).  



 14 

 

These findings are interpreted to indicate that the effects of HDAC3-inhibition by 

RGFP966 is to enable frequency-specific associative learning per se, rather than simply 

associative learning about the task rules or instrumental response. Prior to 2TD training, 

all animals were trained in a noise-dependent instrumental task that required them to only 

bar-press in the presence of a simple auditory stimulus (white noise burst; 7-9 seconds in 

duration; 75 dB SPL) for the same water reward. All animals achieved the performance 

criterion (for Noise Training, this was defined as 2 consecutive days of performance 

90% [performance = number of BPs to sound/total number of BPs] or 3 consecutive 

days of asymptotic performance [c.v. 0.10]). All subjects reached criterion for sound 

control with 5 to 15 days of noise training (M = 9.67  0.44 days) (Fig. 4A). Thus, all 

animals were equally well-learned in the instrumental response of bar-pressing and also 

in placing their bar-pressing behavior under sound (i.e. noise) control.   

 Since the effect of HDAC3-inhibition appears to dictate frequency-specific 

learning, we next examined more closely the pattern of responses to the rewarded (CS+) 

and unrewarded (CS- or silent ITI) periods that may have accounted for overall 

difference in 2TD performance between the HDAC3i and VEH groups. Successful 

performance in the 2TD task also requires animals to inhibit instrumental responses (i.e. 

bar-presses, BPs) during silent ITI periods. Importantly, BPs made during the ITI triggers 

an error signal and a “time-out” period that extends the time before the next trial. 

Therefore, fewer ITI BPs will increase the number of available trials (and opportunities 

for reward) in a 50-minute training session (average session time:  = 49.12  1.51 min). 

Thus, to determine whether the better performance in the HDAC3i group might be 

explained by fewer ITI barpresses that generated more opportunities for CS+ or CS- 
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trials, a new performance measure for maintained “Sound Control” in 2TD was 

calculated to include ITI BPs. Sound Control on the 2TD task was calculated as: 

 

Sound Control = 
𝐵𝑃𝐶𝑆++𝐵𝑃𝐶𝑆−

𝐵𝑃𝐶𝑆++𝐵𝑃𝐶𝑆−+𝐵𝑃𝐼𝑇𝐼 × 100% 

 

All animals retained a high level of sound control from the Noise Training into 2TD task 

(session 1: HDAC3i, 62.98  4.92%; VEH, 63.80  4.59%). Sound Control in the 2TD 

task increased across sessions for both groups (2-Way RM ANOVA: Session, F(7,154) = 

16.67, p<0.0001), however there was neither a main effect of treatment (F(1,22) = 0.123, p 

= 0.729), nor an interaction between treatment and session (F(7,154) = 0.443, p = 0.874) 

were significant (Fig. 4B). Thus, the groups were equally able to limit their responding to 

the CS sounds during 2TD and difference in performance between HDAC3i and VEH 

groups are likely due to frequency-specific associative learning. 

HDAC3-inhibition by RGFP966 facilitates both excitatory and inhibitory associative 

learning specific to sound frequency cues.  

If HDAC3-inhibition effects are driven by frequency-specific learning alone, then 

the effects should be similar between learning to respond to the CS+ (i.e., by increasing 

BPs) and learning to not respond to the CS- (i.e., by decreasing BPs). Thus, group 

differences in learning about each of the two frequencies (CS+, 5.0 kHz; CS-, 11.5 kHz) 

were determined separately as the tones signal two different outcomes (reward vs. no 

reward). To determine CS+ learning in 2TD, performance was assessed using a ratio of 

CS+ BPs to all CS BPs, and to determine CS- learning in 2TD, performance was assessed 

using a ratio of CS- BPs to all CS BPs. Both learning for the CS+ and CS- frequencies 
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were compared between groups. Frequency-specific learning (i.e. CS+ and CS- 

associations) was calculated independently for the CS+ and CS- as: 

 

𝐶𝑆 𝐿𝑒𝑎𝑟𝑛𝑖𝑛𝑔 =  
𝐵𝑃𝐶𝑆+/−

𝑇𝑜𝑡𝑎𝑙 𝐵𝑃
 

 

Over daily training sessions, bar-pressing to the CS+ increased significantly in 

both HDAC3i and VEH groups, from an initial performance value of 33.44  3.78% 

(HDAC3i) and 27.58  4.36% (VEH) on session 1 (2-Way ANOVA: Sessions, F(7,154) = 

47.17, p<0.001; Fig. 5A) which is consistent with the initial reported overall performance 

measure (Fig 3A). There was no difference between group performance (Treatment, 

F(1,22) = 2.29, p = 0.144), and no significant interaction between session and 

treatment(Session x Treatment, F(7,154) = 1.026, p = 0.415).   

Over daily training sessions, bar-pressing to the CS- decreased, which also 

corresponds to overall 2TD performance improvements reported in Figure 1 (2-Way RM 

ANOVA: Sessions, F(7,154) = 54.97, p<0.001) (Fig 5B). Furthermore, consistent with 

overall 2TD performance, this CS- focused analysis revealed that BP decreases to the CS- 

across session differed significantly between HDAC3i and VEH groups (Treatment, 

F(1,22) = 12.91, p = 0.002), though the interaction between treatment and session was not 

significant (Treatment x Session, F(7,154) = 1.678, p = 0.118). However, further analysis of 

daily sessions (Bonferroni-corrected pairwise comparisons) showed that HDAC3i-treated 

rats bar-pressed significantly less to CS- tones on session 3, which is the training session 

immediately following two sessions with post-training RGFP966 treatment (HDAC3i, 

13.35  1.78%; VEH, 26.57  3.00%; t(176) = 2.343, p<0.001; all other sessions: p>0.05).  
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Thus, after just 2 bouts of HDCA3i-inhibition during 2TD consolidation, early 

learning about associative outcome of frequencies is enhanced (relative to vehicle 

treatment). Over additional training sessions, however, both groups of animals are able to 

reach equivalent levels of 2TD task performance. HDAC3i does not affect overall 

acquisition or level of performance. Together these findings indicate that HDAC3i 

operates at the level of enabling rapid (sound-frequency) stimulus specific associative 

memory during new learning.  

HDAC3-inhibition by RGFP966 Facilitates Frequency-Specific Memory for 

Associative Sound Signals  

Behavioral frequency generalization gradients reveal differences in the 

frequency-specificity of memory for the learned sound signals between the HDAC3i and 

VEH groups. To further test the hypothesis that HDAC3 inhibition regulates the stimulus-

specificity of memory encoded for learned associative signals, we tested animals on a 

stimulus generalization test (SGT) 24 hours after the last 2TD training session. The SGT 

determined the stimulus-specificity of memory for sound frequencies to within 

approximately ¼ octave. Over a single test session, animals were presented with ten test 

tone frequencies, including the CS+ and CS- frequencies: 3.6, 4.2, 5.0 (CS+), 5.9, 7.0, 8.3, 

9.7, 11.5 (CS-), 13.6, and 16.0 kHz (each tone played for 8 seconds; 70 dB SPL). The order 

of tone presentations was pseudorandomized for a total of 120 test trials (12 presentations 

of each frequency). Barpresses to the CS+ and CS- tones were not reinforced and all other 

test tone trials are likewise unrewarded. Behavioral responses to each tone (number of BPs 

and the latency to BP from each tone onset) were recorded and used to construct behavioral 
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generalization gradients to reveal the degree of memory specificity for the learned sound-

signals.  

As the SGT was conducted under extinction conditions the number of barpresses 

itself may not be indicative of behavioral specificity (e.g. the number of BPs decrease over 

the course of a test administered without rewards so barpress number also reflects the 

general extinction process to respond to tones in general; Bieszczad & Weinberger, 2010). 

Therefore, barpresses for each test frequency were calculated as the proportion of each 

individual animal’s total number of BPs to tones during the SGT session. The CS+ and CS- 

frequencies were associated with two opposite instrumental response (go vs. no-go, 

respectively) and outcomes (i.e. for reward vs. to avoid time-outs, respectively) that are 

differently susceptible to extinction processes. Therefore, since an analysis across all ten 

test tones may not be accurate to quantify memory specificity and strength for the two 

signal tones together, memory specificity for the CS+ and CS- was determined separately. 

Responses to the CS tone and its immediate neighboring frequencies determined the CS-

specific SGT gradient (i.e. for CS+: 3.6, 4.2, 5.0 (CS+), 5.9, 7.0 kHz; and for CS-: 8.3, 9.7, 

11.5 (CS-), 13.6, 16.0 kHz).  

 If animals did not have specific memory for the stimulus frequencies, bar-press 

responses would be equally distributed across all test frequencies (i.e. 10% of Total BPs 

for ten test tones; grey dashed line, Fig. 6A and 6B). Behavioral frequency generalization 

gradients show that all animals tested (N = 18 out of the 24 trained; 6 animals underwent 

a reverse 2TD test to assess for memory strength) learned about frequency (2-Way 

ANOVA: Frequency, F(9,160) = 31.74, p < 0.001). Responses to the CS+ and neighboring 

tones were all significantly higher than a generalized response (i.e. 10%; independent-
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samples t-test: p =0.006 for 5.9 and 7.0 kHz; p < 0.0001 for all other frequencies; Holm-

Bonferroni corrected) (Fig. 6A). The generalization gradient for CS- also indicates memory 

for associative sound-signals: bar-pressing to 11.5 kHz and the neighboring frequencies 

are all below 10%. Multiple comparisons at each tone to a generalized response show that 

responses to 9.7, 11.5, 13.6 and 16.0 kHz are all significantly below a generalized response 

(Fig. 6B). Overall, this initial analysis supports the 2TD performance findings that all 

animals learned to discriminate between the two sounds and perform the appropriate 

instrumental responses associated with each CS. 

To examine the effects of HDAC3 inhibition on the specificity of memory for 

stimulus frequency, behavioral responses between HDAC3i and VEH groups to each of 

the test tones were compared. If HDAC3 inhibition by RGFP966 facilitates the specificity 

of information encoded, animals treated with the HDAC3i should exhibit responses that 

indicate enhanced memory for the CS+ and CS- tones (5.0 and 11.5 kHz respectively) 

relative to vehicle-treated animals. That is, difference gradients (HDAC3i gradient – VEH 

gradient) should peak at 5.0 kHz and reverse-peak (dip) at 11.5 kHz. We first examined 

frequency-specificity for the CS+. As all trials on the SGT were unreinforced, bar-pressing 

behavior directed at the remembered CS+ was sensitive to the effects of extinction over 

repeated trials. Both HDAC3i and VEH groups bar-pressed significantly less to tones 

during the second half of the SGT session (1-Way RM ANOVA: Time, F(1,16) = 17.05, p = 

0.001; Treatment, F(1,16) = 0.795, p = 0.386; Time x Treatment, F(1,16) = 0.795, p = 0.386). 

To reduce confounding effects of general behavioral extinction, analysis of CS+ memory 

was restricted to the first 60 SGT trials. More barpresses to the 5.0 kHz tone relative to the 

neighboring frequencies (4.2 and 5.9 kHz) reflects specific memory for the CS+ tone. 
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Frequency generalization gradients for the HDAC3i group (Fig. 7B; red) show a peak in 

bar-presses to 5.0 kHz (21.13  2.70%). Although VEH also bar-pressed more to 5.0 kHz 

(19.35 1.82%), the two lower test frequencies (4.2 and 3.6 kHz) both also received similar 

numbers of BPs (4.2 kHz: 20.52 1.64%; 3.6 kHz: 19.42  3.32%) (Fig. 7B; blue). This 

suggested a generalization effect in vehicle-treated animals across all lower test 

frequencies. However, while there was an effect of frequency (F(4,80) = 3.76, p = 0.007), 

there was no difference between HDAC3i and VEH groups (F(1,80) = 1.078, p = 0.302) and 

no significant interaction between treatment and frequency (F(4,80) = 0.626, p = 0.645) (Fig. 

7A and 7B).  

We next examined frequency-specificity for the CS- tone. Again, if HDAC3 

inhibition acts as a regulator on the specificity of any signal information encoded, then 

memory for the CS- tone (11.5 kHz) might also be encoded with more frequency 

specificity. Because bar-presses to the CS- frequency were never rewarded in any of the 

prior training, the number of BPs to the 11.5 kHz (relative to neighboring tones) is not 

sensitive to the same effects of overall behavioral extinction as was the CS+ tone described 

above since lack of reward does not violate prior expectations. Rather, strong and specific 

memory for the CS- would manifest as a nadir (i.e., reversed peak) in generalization 

gradients. All 120 SGT trials were included in this analysis since we aimed to observe 

failures to bar-press to the 11.5 kHz. Indeed, the frequency generalization gradient for the 

HDAC3i group show that animals bar-pressed least to the 11.5 kHz tone (1.53  0.60%), 

and more to neighboring test frequencies (9.7 kHz: 2.64  0.74%; 13.6: 3.29  1.19%) (Fig. 

7D; red). Consistent with the frequency generalization gradients for the CS+ frequency, 

VEH animals also showed signal-specific memory to the CS- tone, with decreased BPs to 
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11.5 kHz (3.65  1.72%), but extended this to behavior across several high-frequency test 

tones (13.6 kHz: 2.239  0.74%; 16.0 kHz: 1.44  0.74%) (Fig .7D; blue). There was a 

significant main effect for frequency (2-Way ANOVA: F(4,80) = 7.219, p < 0.0001), but 

neither the effects of treatment (F(1,80) = 2.46, p = 0.1207), nor the interaction between 

frequency and treatment were significant (Treatment x Frequency, F(4,80) = 1.857, p = 

0.126).  

The lack of absolute differences between the mean frequency generalization 

gradients by bar-pressing to the CS+ and CS- frequencies provide some support that 

frequency-specific memory for the two signal tones are similar between HDAC3i and VEH 

groups. However, the VEH group exhibited more generalized behavioral responses to 

low/high test tones and a lack of CS-specific “peaks’ in behavioral gradients, which 

indicates differences in the specificity of sound frequency memory. 

Latency to bar-press reveals effects of HDAC3 inhibition on forming robust and 

highly specific associative memory. We next compared bar-press latency to test tones 

between HDCA3i and VEH groups. Using barpress latency to presentations of the test 

frequencies as a metric for the specificity of sound frequency signals is complementary to 

the analyses using number of barpresses. Behavioral frequency generalization gradients 

using latency measures show whether animals respond faster (or slower) to certain test 

tones relative to their neighbors. Thus, if HDAC3i exerts its influence on the specificity of 

information encoded, this normalized latency to barpress to the CS+ tone (5.0 kHz) should 

be shorter (i.e., faster) than BPs to nearby test frequencies. As with the analyses for number 

of BPs, examination of the CS+ signal memory was confined to the first 60 SGT trials, and 

all 120 SGT trials were included for the CS- signal memory assessment.  
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Analysis of barpress latency for CS+ signal-specificity did not reveal differences 

between HDAC3i and VEH groups in frequency-specific memory (2-Way ANOVA: 

Frequency, (F(4,80) = 0.889, p = 0.475; Treatment, F(1,80) = 0.096, p = 0.758; Frequency x 

Treatment, F(4,80) = 0.957, p = 0.436). BP latency was similar across test frequencies for 

both groups (Fig. 8A). In contrast, analysis of BP latency for CS- signal-specificity 

revealed a significant interaction between treatment and frequency (2-Way ANOVA: 

Interaction, F(4,52) = 3.579, p = 0.0119) (Fig. 8B). However, multiple comparisons showed 

that HDAC3i and VEH groups had similar latencies at each of the CS- relevant frequencies 

(p>0.05). 

Behavioral gradients were next assessed for peaks. A “peak” was defined as a 

response to a test tone at least one standard error (across all test frequencies) away from its 

neighbors (Bieszczad et al., 2015). Frequency generalization gradients for the HDAC3i 

group show a specific “peak” in BP latency at 11.5 kHz. Consistent with prior associative 

training (i.e. bar-presses to the CS- were unrewarded), HDAC3i-treated rats were slower 

to bar-press to the 11.5 kHz test tone. Analysis for peaks in the VEH-group gradient also 

reveal a “peak” in latency to the CS- tone, however animals were in fact faster to bar-press 

to the 11.5 kHz frequency. This was an unexpected finding that may indicate other 

cognitive processes that may have been present in VEH vs. HDAC3i animals and will be 

discussed below. 

For memory to be highly specific, it needs to also be precise. If an animal acquired 

a highly frequency-specific memory for the CS- tone, we would expect to see a similar 

latency to bar-press to all neighboring test tones (Fig. 9A). That is, only the specific test 

tone corresponding to the associative memory (i.e. 11.5 kHz) should elicit a change in 
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response. To examine this, we compared BP latency to “near neighbors” (i.e. test tones 

directly flanking the CS- frequency; 9.7 and 13.6 kHz) to “far neighbors” (i.e. 8.3 kHz and 

16.0 kHz). The HDAC3i group responded similarly to both near and far neighbors (t-test: 

t(27) = 0.17, p>0.99) (Fig. 9B). The VEH group was significantly slower to bar-press to 

near-neighbor tones than far-neighbor tones (t(27) = 3.714) = 0.0056) (Fig. 9C).  

Taken together, these analyses of bar-press latency provide some support for 

differences in frequency-specific memory for learned sound-signals between HDAC3i and 

VEH animals. More strikingly, differences in the accuracy of associative memory for the 

CS- frequency combined with the lack of frequency-specificity for the CS+ sound-signal 

suggest the effects of HDAC3 inhibition by RGFP966 on memory encoding are modulated 

by associative memory for behaviorally relevant outcomes.  

HDAC3 inhibition by RGFP966 facilitates robust memory for sound-signal outcome 

contingencies  

 If HDAC3 inhibition enhances memory specificity for associative sound frequency 

signals, memory for stimulus-specific outcomes should also be stronger in the HDAC3i 

treated animals. A subset of animals (HDAC3, n = 3; VEH, n = 3) were tested on a reversal 

test after 2TD acquisition (same time-point in training as animals tested on the SGT). This 

assessment is conducted under conditions identical to the 2TD task, except that the tone-

outcome contingencies were reversed: bar-presses to 11.5 kHz were rewarded (new CS+), 

while bar-presses to 5.0 kHz resulted in an error signal and time-out (new CS-). The number 

of bar-presses to each tone were compared across 3 fifteen-minute blocks (for a total of 45 

minutes) to examine differences between treatment groups. Bar-presses were calculated as 
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a ratio of BPs to CS trials. A score of 100% (grey dashed line, Fig. 10A and 10B) indicates 

that animals bar-pressed once per trial.  

HDAC3i rats showed a marked decrease to bar-press to 5.0 kHz (Fig. 10A) over 

the 45-minute session, whereas the VEH group does not show the same effects of 

behavioral extinction. Bar-presses to the 11.5 kHz (now reinforced) also reveals differences 

between HDAC3i and VEH groups. Rats that had previously been treated with the 

HDAC3i perseverate in inhibiting responses to 11.5 kHz, and eventually stop responding 

to the new CS+ tone altogether (block 3, Fig. 10B). In comparison, VEH animals 

generalize their responses to both tones, and bar-press in similar proportions to both the 

5.0 kHz and 11.5 kHz in similar proportions (blocks 2-3). Together, these behavioral results 

further support the long-lasting effects (>2 weeks later) of a limited, early bout of RGFP966 

on enduring memory specificity for associative sound frequency signals.  

 

Discussion 

Summary of Findings 

 There were three main findings. First, HDAC3-inhibition facilitates associative 

auditory discrimination learning for both excitatory (CS+) and inhibitory (CS-) sound 

associations. Second, memory tests conducted after all animals reached equivalent levels 

of asymptotic performance on the 2TD task show differences between HDAC3i and VEH 

groups in the specificity of memory for sound-frequency, which was especially evident 

for the CS- sound frequency. Third, memory tests also revealed that sound-specific 

associations were stronger in animals that had received the HDAC3 inhibitor than in 

vehicle-treated animals, which was evident in perseverating behavioral responses to 
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previously learned CS contingencies despite a reversal test that would have rewarded a 

response to the former CS- sound. Finally, it is important to note the long-lasting effect of 

the HDAC3-inhibitor to facilitate learning and alter memory strength and specificity 

weeks after only a limited treatment schedule (after just the first three 2TD sessions). 

Taken together, these results support a role for HDAC3 during memory consolidation for 

modulating the strength and specificity of newly learned auditory associations.  

Validity of Findings 

Vehicle-treated animals are an appropriate control to reveal HDAC3i effects. 

HDAC3i and VEH groups were treated identically, with the exception of drug treatment 

itself (i.e. RGFP966 or Vehicle solution during the first 3 days of 2TD task training). In 

particular, the training and testing chambers were shared between the two groups, who 

had equal exposure to the chambers, handling, weighing, and water. Consistent with 

identical experiences prior to drug (or vehicle) treatment, the groups performed the 2TD 

task identically on the first day of training, which was immediately prior to RGFP966 or 

vehicle injections. Therefore, differences in 2TD performance and subsequent memory 

between HDAC3i and VEH groups could not have resulted from baseline differences in 

learning abilities or overall levels of sound-control induced by noise training. 

Furthermore, individual acquisition curves for the noise training task were used to 

establish performance-matched pairs of animals, one of which was randomly assigned to 

be treated with the HDAC3 inhibitor, and the other with vehicle in the 2TD task. 

Moreover, treatment groups did not differ in the level of absolute performance attained 

by the end of 2TD training. Therefore, it is unlikely that the 2TD task acquisition and 
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memory effects are due to differences between individual animals in their procedural 

experiences or their prior learning abilities.   

Performance differences are not due to motivation or state-dependent effects. 

Motivational level is a known factor in modulating performance on instrumental 

conditioning paradigms that can impact the level of absolute task performance (Bieszczad 

& Weinberger, 2010) as well as the degree of associative neural plasticity (Rutkowski & 

Weinberger, 2005).  

Differences in behavioral memory between treatment groups in this experiment 

are predicated on the effects of HDCA3-inhibition by RGFP966 to facilitate specific 

representational A1 plasticity for the behaviorally relevant sound-signal frequencies. 

Though water-restriction was used to motivate animals to perform the appetitive 

instrumental response (to “bar-press for water reward”), all animals were under the same 

degree of water restriction, which was monitored daily (85-90% of their ad lib weight), a 

level of water deprivation consistent with research using similar appetitive paradigms 

(e.g. Berlau & Weinberger, 2008; Elias et al., 2015). Therefore, differences in 2TD task 

acquisition and behavioral memory cannot be explained by motivational differences 

between individual animals and/or treatment groups.  

Furthermore, HDAC3i/VEH treatment occurs post-training. Injections of 

RGFP966 or vehicle are given immediately after 2TD training (sessions 1-3). Effects of 

HDAC3i are, thus, during memory consolidation, which excludes the possibility of the 

effect to be attributed to acute attentional, motivational, perceptual, or motor processes 

because the agent is not present during learning or behavioral testing.  
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Magnitude of HDAC3i effects on discrimination performance and subsequent 

memory are subtle but significant. A potential explanation for the subtle effects of 

HDAC3-inhibition on facilitating learning on a discrimination task (and subsequent 

memory) is that the task could be acquired too easily. Effects of HDAC3 inhibition on 

associative sound frequency learning may have been constrained by a ceiling effect – that 

is, vehicle-treated animals acquired the discrimination quickly. Indeed, there was no 

difference between HDAC3i and VEH groups in the number of training sessions needed 

to reach performance criterion.  

Future studies utilizing a 2TD paradigm can be modified to delay task acquisition 

by increasing task difficulty. This strategy may increase sensitivity to the effects of 

HDAC3i on sound-frequency learning and associative memory. One approach would be 

to increase the difficulty of the discrimination by using sound signals that are more 

spectrally similar. This would challenge animals to quickly develop a highly frequency-

specific memory (above requirements for the current task version of 1.20 octaves 

between the CS+ and CS-) in order to achieve high levels of performance. A previous 

study found that associative plasticity (receptive field tuning shifts) occurred with easy 

and difficult frequency discrimination training, although animals were not able to 

behaviorally perform the difficult discrimination (Edeline & Weinberger, 1993). 

Therefore, performance differences in animals treated with the HDAC3-inhibitor (relative 

to vehicle-treatment) on a difficult frequency-discrimination task would provide further 

behavioral-level evidence of HDAC3-inhibition on enhancing the specificity of 

information encoding.  
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An alternative strategy would be to modify the 2TD task difficulty along a non-

acoustic dimension. This strategy would also provide opportunities to assess the influence 

of HDAC3-inhibtion on encoding the associative value of sound-signals for both CS+ 

and CS- signals. This approach might involve limiting the “reward window” after tone 

onset in which animals must BP for reward so that animals must learn to respond quickly 

after tone onset in order to achieve high levels of performance. Shortening the reward 

window for a response from tone onset has been shown to increase task difficulty in 

instrumental auditory associative learning in a way that places greater demands on 

behavioral performance and also on auditory system plasticity. Interestingly, instead of 

gains in A1 area, some individual animals that are not able to acquire a “short reward 

window” task because they fail to respond in time for reward actually lose A1 

representational area for the tone-cue frequency (Bieszczad & Weinberger, 2010).  

In the current study, evidence for the HDAC3-inhibitor enhancements on memory 

specificity was only seen for the CS- tone. A preliminary interpretation might be that 

HDAC3i had no effect on frequency-specificity for reinforced CS+ sound signals. 

However, this interpretation is inconsistent with previous findings on a single-tone 

associative learning task. Animals treated with the HDAC3i showed enhanced memory, 

specifically for the sound-cues that had previously been associated with reward 

(Bieszczad et al., 2015). More likely is the alternative explanation that the two-phase 

training methods used in the present study (first noise-training, and second the 2TD task) 

produced more profound group differences for the CS- sound. This is explained by 

considering the new information being learned by animals in 2TD. Prior to 2TD, all 

animals learn to respond broadly to “noise,” which is a broad-band stimulus containing 
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power across a range of frequencies that span all sound frequencies used in this study 

(CS+, CS-, and all test tones). Therefore, animals that enter into the 2TD are challenged 

to mostly learn when to inhibit bar-press responses, namely to the CS- tone frequency. 

Responses to all other frequencies can apply the same strategy learned in the noise-

training phase: respond to all sounds. This new CS- association is the basis of the 2TD 

task challenge, for which learning was presumably enabled by treatment with the 

HDAC3-inhibitor. Future studies using a modified version of the 2TD task, could omit 

the preceding noise-training phase. Overall, these protocol modifications may both slow 

the rate of acquisition and challenge animals with new learning for both the CS+ and CS- 

associations that could potentially reveal larger magnitude effects of HDAC3i on learning 

rate in 2TD and subsequent memory for the CS+ and CS- sound signals.  

Memory enhancements from HDAC3i are long-lasting. It is significant to note 

that memory testing was conducted at remote time-point (up to 10 days) from the last 

bout of HDAC3i/VEH, at which point concentrations of RGFP966 in the brain from 

systemic injections would have returned to a zero baseline (Bowers et al., 2015; Malvaez 

et al., 2013, Bieszczad et al., 2015). The findings from this study therefore demonstrate 

that the effects of HDAC3-inhibition administered during early phases of associative 

learning for sound-frequency are long-lasting. These results also establish that just three 

bouts of immediate post-training treatment via systemic injections of RGFP966 

(10mg/kg) is sufficient to induce behaviorally detectable and long-lasting differences in 

long-term auditory associative memory.  
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A1 Representational Plasticity is Predicted to Underlie the Behavioral Effects of 

HDAC3-inhibition on Frequency-Specific Memory  

A1 Representational Plasticity is Predicted to Underlie the Behavioral Effects of 

HDAC3-inhibition on Frequency-Specific Memory  

 Experience-dependent A1 remodeling has been extensively studied as a neural 

substrate of learning and memory. The current behavioral results provide a framework for 

guiding predictions as to how HDAC3-inhibtion operates at a systems level in adult 

sensory cortices to facilitate learning and memory. Previous work found that auditory 

memory for signal-specific cues was exceptionally larger and more specific in animals 

treated with HDAC3i, compared to those treated with vehicle. HDAC3i enabled larger 

A1 map expansion for two sound signals associated with reward in (at least) two acoustic 

dimensions (frequency and sound level) for those acoustic cues. Additionally, HDCA3i-

treatment also enabled an increase in the specificity (by reduction of bandwidth) in the 

individual receptive fields recorded from A1 that were tuned to the behaviorally relevant 

frequency (Bieszczad et al., 2015). By an extension of prior findings, we here might also 

expect similar frequency-specific changes in A1 tonotopy. Namely, prior findings support 

the prediction that HDAC3i animals would show expanded map representation for the CS 

tones and narrower frequency tuning. However, it is also important consider ways in 

which this present study differed from prior work, which will impact our predictions.  

HDAC3i enhances memory specificity for the CS- sound signal. An unexpected 

finding from this study was the frequency-specific memory to the CS- tone. That is, 

behavioral responses showed that memory formed with HDAC3i treatment was more 

specific for the inhibitory sound signal. The ability to detect this inhibitory behavioral 
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gradient is unusual, especially since the memory tests are conducted under extinction 

conditions, which further reduce the likelihood of behavioral responses. Nevertheless, the 

tactic used here to test memory using frequency generalization gradients for bar-press 

number and latency across 10 distinguishable tone cues permitted detection of inhibitory 

behavioral differences to reveal memory for a non-reinforced CS- tone. Thus, the 

findings were able to show increased specificity in an inhibitory behavioral gradient 

peaked at the CS- frequency.  

One possible explanation for the surprising evidence of inhibitory stimulus 

generalization gradients is from research that combines auditory representational 

plasticity with Pavlovian conditioning and instrumental extinction processes to explain 

the effect of HDAC3i on memory specificity. Learning for the CS- on the 2TD requires 

animals to learn an inhibitory association (i.e. “do not bar-press”). One form of inihibtory 

learning is habituation that occurs as the CS- tone is presented repeatedly (over training 

trials). Habituation is a form of non-associative learning that, like associative learning, 

has been shown to induce frequency-specific receptive field plasticity (Condon & 

Weinberger, 1991) in A1. This provides feasibility for frequency-specific inhibitory 

processes in the auditory system. Thus, HDAC3i may act to alter A1 representations of 

the CS- tone and thereby, enhance frequency-specific inhibitory associative memory 

(evidenced by behavioral gradients on the Stimulus Generalization Test).  One form of 

inhibitory A1 representational plasticity that HDAC3i could control might be narrow 

tuning bandwidth at the CS- frequency (here, 11.5 kHz). This effect was shown to occur 

by RGFP966 administration in Bieszczad et al. (2015) for tones associated with reward; 

the same could occur of tones specifically not associated with reward. This is a 
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particularly important potential finding because it would imply that this form of plasticity 

for tuning bandwidth in A1 is inconsequent to the direction of the contingency between 

sound and reward. Rather, the change in bandwidth could be a neural trace of the 

frequency-specificity of memory per se. 

 Additionally, the current data can also be explained by a “below zero” extinction 

(Pavlov, 1927) approach to understanding the effects of HDAC3i on CS- memory. 

Extinction training that does not result in spontaneous recovery is known to occur with a 

decrease in representational area of the extinguished signal-sound in A1. Moreover, the 

size of the reduction in A1 area (or the failure to reduce A1 area at all after extinction 

training) corresponds to the altered strength of the original memory (Bieszczad & 

Weinberger, 2012). Behavioral data from animals in this experiment on the reversal test 

provide two compelling pieces of preliminary support for a potential “sub-zero” effect. 

First, HDAC3i-treated rats show an inhibitory behavioral generalization gradient around 

the CS- frequency. Second, HDAC3i-treated rats fail to initiate responding to the former 

CS- frequency (11.5 kHz) despite the fact that responses would have been rewarded in 

the reversal test when the former CS+ is no longer rewarded. Together, these findings 

provide evidencing for a frequency-specific and robust inhibitory memory revealed by 

inflexible CS- behavior that would delay the formation of new excitatory associations for 

the frequency of the CS-.  Therefore, HDAC3-inhibition appears to control the ability to 

form highly robust and frequency-specific excitatory and also inhibitory sound-reward 

associations. 
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Conclusion 

An overarching goal of this research has been to address the effects of epigenetic 

control by HDAC3 inhibition on memory specificity and strength by examining its role in 

an auditory discrimination paradigm. Collectively, these findings show that that 

inhibition of HDAC3 by systemic injections of RGFP966 early in learning is sufficient to 

facilitate acquisition of a sound frequency discrimination task, and alter memory strength 

and sound-specificity. These results provide additional support for the growing body of 

work that HDAC3 is a key negative regulator of long-term memory formation. Critical 

future investigations to examine HDAC3-inhibition function to modulate associative 

auditory memory on a neural systems level will be to understand how the behavioral 

effects are linked to representational plasticity for sound in A1, and further to identify the 

molecular links between HDAC3 modulation and cortical plasticity. 
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Figure 1. Schematic for sound frequency representation in A1 with associative 

learning. (A) Exemplar map of A1 shows topographic organization for sound 

frequency. Auditory cortical cells are organized in a tonotopic manner. (B) Remodeling 

with associative learning. Representation for the learned sound-frequency signal 

(outlined) increases with learning. (C) Representational plasticity in A1 a likely neural 

substrate of learning and memory (from Bieszczad & Weinberger, 2010; 2012). 

Remodeling of A1 is strongly correlated with learning experiences. Signal-specific area 

gains in A1 with acquisition of a tone-reward association (left); signal-specific area loss 

in A1 following behavioral extinction of the tone-reward signal (right).  
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Figure 2. Protocol for associative auditory learning and behavioral memory testing.  

(A) Timeline for behavioral procedures. Animals are bar-press shaped for 5 days, 

followed by Noise Training to performance criterion. Animals are performance-matched 

based on acquisition curves (1). Performance-matched pairs of animals then proceed onto 

2TD task training, and are trained daily to performance criterion (7-12 days), with an 

additional 2-3 days to insure stable performance (9-15 days total). Animals received 

immediate post-training injections of RGFP966/Vehicle after sessions 1-3 (pink arrows), 

and saline injections after subsequent training sessions (blue arrows). Pairs of animals are 

trained until both animals reach asymptotic performance; memory tests occur on the same 

day for both animals (2). 24 hours after the last 2TD training session, memory for the 

associative sound-signals is tested on a Stimulus Generalization Test (SGT; n = 18) or a 

reversal test (rev2TD; n = 6). (B) Protocol for Noise Training. All animals were trained 

to BP to a simple auditory stimulus (white noise, 75 dB) for water reward. Each noise 

presentation lasted 7 or 9 seconds. Up to 3 rewards (water cup presented for 3 seconds 

each) could be attained per trial. Bar-presses during the silent inter-trial periods resulted 

in an error signal/time-out. (C) Protocol for 2TD Training. Bar-presses to the CS+ (5.0 

kHz pure tone, 70 dB SPL) are rewarded (3 second presentation of water reward). Bar-

presses to the CS- (11.5 kHz pure tone, 70 dB SPL) or silent ITIs result in an error signal 
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(flashing house light) and a time-out. Trials are randomized; all tones are presented for 8 

seconds. A maximum of 3 rewards/trial can be attained. (D) Stimulus Generalization 

Test. Ten test tones (including the CS+ and CS- frequencies) are presented in a 

pseudorandom order over 120 trials. All trials are unrewarded. (E) Reversal Test. All 

parameters are identical to the 2TD, except for the reversal of the tone-outcome 

contingencies. BPs to the 11.5 kHz tones are rewarded, while BPs to the 5.0 kHz trigger 

an error signal/time-out.   
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Figure 3. Two-tone discrimination task acquisition over days 1-9. (A) Acquisition 

was calculated as the number of BPs to the CS+ tone divided by the total number of BPs 

to the CS+ or CS-tone (#CS+ BPs/[#CS+ BPs & #CS- BPs]). Performance increased for 

both groups over daily training sessions (p<0.001). The HDAC3i group’s overall 

performance higher than the VEH group (p = 0.015). Groups were significantly different 

on session 3: HDAC3i, 81.06  4.22%; VEH, 62.55  5.96%, p = 0.002 (corrected for 

multiple comparisons; all other days, p > 0.05). (B) Days to reach performance criterion. 

HDAC3i: M = 5.33  0.40 sessions, min = 4, max = 8; VEH: M = 5.58  0.34, min = 3, 

max = 7. Data for (A) show mean  SEM. ***p<0.001; *p<0.05; (B) show mean, range, 

and individual animal’s days to criterion.  
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Figure 4. Bar-pressing under sound control across tasks. (A) Animals (learn to bar-

press only to sound for reward. Performance = #BP to sound/#Total BP. Performance 

criterion (is achieved after 5 to 15 training sessions (session 1-10 shown; M = 9.67  0.44 

sessions; session 1-5, n=24; session 6-7, n=23; session 8, n=20; session 9, n=10; session 

10, n=5). (B) Sound controlled bar-pressing behavior on the 2TD (sessions 1-8). Sound 

control = (#BPs to the CS+ and CS-)/#Total BPs. Both HDAC3i (red; n=12) and VEH 

(blue; n=12) groups selectively bar-press to tones (note: y-axis starts at 50%). Sound 

control significantly increased over sessions (p<0.001). There is no effect of treatment or 

an interaction between treatment and session on sound control. All data represent mean  

sem. *** p<0.001. 
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Figure 5. CS specific learning over 2TD training sessions 1-9. (A) CS+ barpresses 

significantly increased over daily training sessions (p<0.001). Session 1: HDAC3i, 33.44 

2.78%; VEH, 27.58  4.36%. Day 8: HDAC3i, 88.72  2.91%; VEH, 79.01  4.56%. 

There was no difference between treatment groups (p = 0.144). (B) CS- barpresses 

significantly decreased over sessions (p<0.001). Session 1: HDAC3i, 28.54  1.75%; 

VEH, 36.21  3.89%. Day 8: HDAC3i, 3.84  0.87%; VEH, 8.73  2.34%. The HDAC3i 

group bar-pressed significantly less to the CS- on session 3 than the VEH group 

(p<0.001). N=12 for both HDAC3i and VEH groups across all sessions. Data represent 

mean  SEM. *** p<0.001. 
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Figure 6. Bar-presses to SGT test tones. (A). Barpresses to the CS+ frequency (5.0 

kHz) and neighboring tones. BPs peak at 5.0 kHz, the CS+ (18.39  1.73%). Responses 

to tones are all significantly higher than a generalized response distribution (10%; grey 

dashed line): 3.6 kHz, p<0.0001; 4.2 kHz, p<0.0001; 5.0 kHz, p<0.0001; 5.9 kHz, p = 

0.006; 7.0 kHz p = 0.006. (B) Barpresses to the CS- frequency and neighboring tones. 

Rats barpress the least to 11.5 kHz (M = 2.59  0.92%). Responses to 9.7 (p <0.0001), 

11.5 (p<0.0001), 13.6 (p = 0.012), and 16.0 kHz (p = 0.036) are significantly lower than a 

generalized response. Barpresses to 8.3 kHz are not significantly different (p = 0.890).  

***p<0.0001, **p<0.01 * p<0.05 relative to generalized response, Holm-Bonferroni 

corrected for multiple comparisons. 
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Figure 7. Behavioral stimulus generalization gradients for number of bar-presses. 

(A) Differences between performance-matched pairs of HDAC3i and VEH treated 

animals on the SGT. Data show number of barpresses to CS+ and neighboring test 

frequencies over the first 60 SGT trials. Dashed line indicates no difference between 

HDAC3i and VEH pairs.  (B). Barpresses at the CS+ and neighboring test frequencies on 

the SGT (trials 1-60). Data show unpaired mean BPs for the HDAC3i and VEH group. 

The number of BPs differs significantly across test frequencies (p = 0.007), but HDAC3i 

and VEH groups did not statistically differ in their BP 4responses (p>0.05). (C) 

Differences between performance-matched pairs of HDAC3i and VEH treated animals on 

the SGT. Data show number of BPs to the CS- and neighboring test frequencies over all 

SGT trials (120 trials). Dashed line indicates no differences between HDAC3i and VEH 

groups. (D) Barpresses to the CS- (11.5 kHz) and neighboring frequencies. Data show 

unpaired group means. Barpresses to test tones was significantly different across 

frequencies (p <0.0001), but behavioral response gradients for HDAC3i and VEH groups 

were not statistically different (p>0.05). **p<0.01, ***p<0.0001.  
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Figure 8. Frequency generalization gradients for bar-press latency. (A) Latency to 

bar-press to CS+ and neighboring frequencies. Latency to bar-press is similar across 

frequencies for HDAC3i and VEH groups (p>0.05). (B) Latencies to bar-press to CS- and 

neighboring frequencies. ANOVA reveled a significant interaction between treatment and 

frequency (p = 0.0119), however, multiple-comparisons at each of the test frequencies 

showed no difference between the two groups.  
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Figure 9. Frequency-specificity of memory assessed by comparing behavioral 

gradients to test tones neighboring the CS frequency. (A) Model for specific vs. 

generalized memory for the CS- frequency (11.5 kHz). Left: Behavioral response peaks 

(here, latency to bar-press) occur only to the CS- test tone when memory for acoustic 

frequency is highly specific. Responses to stimuli that are near and far neighbors (i.e. 

closer and farther from the CS in sound frequency) of the CS are similar. Right: Near and 

far neighbor tones elicit different behavioral responses. Failure to generalize responses to 

non-CS signals indicate less precise frequency-specific memory.  (B) HDAC3i group 

means for bar-press latency are similar for near and far neighbor test tones around the 

CS- frequency. (C). VEH group means show that animals are slower to bar-press to tones 

close to the CS- frequency than to more distance neighbors (p<0.001).   
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Figure 10. Bar-presses to new CS- and CS+ on the reversal test. Bar-presses are 

calculated as: number of bar-presses to tone/number of CS tone trials. A score of 100% 

indicates an average of 1 BP per CS- trial. (A) Bar-presses to 5.0 kHz, the new CS-, are 

not rewarded. (B) Responses to the 11.5 kHz tone.   
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