
UCSF
UC San Francisco Electronic Theses and Dissertations

Title
Altered Ultrasonic Vocalizations in a Tuberous Sclerosis Mouse Model of Autism

Permalink
https://escholarship.org/uc/item/65m6881t

Author
Young, David Matthew

Publication Date
2010
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/65m6881t
https://escholarship.org
http://www.cdlib.org/




Copyright 2010

by

David Matthew Young

ii



Acknowledgments

No matter how my project directions shifted throughout these years as a graduate 

student, one thing remained consistent: the unwavering support of Lily and my labmates. 

I would like to gratefully acknowledge a few of the key players from the lab and life.

I am very thankful for the mentorship that Hee Jung Chung provided as my 

rotation advisor and an unforgettable proverb: “Pick a project that keeps you up at night. 

Only projects that exciting will keep you going.” Robin Shaw also took the time to send 

me sage advice on the various competing challenges of basic science and clinical 

responsibilities, and his positive spirit has infused enthusiasm for the continued trek 

down the sometimes dim and dusty track toward becoming a physician-scientist.

Kim Raab-Graham and Patrick Haddick initially launched me on this project. 

Patrick patiently guided me through many techniques in molecular biology, and he 

imparted another memorable proverb: “Have a hobby, so that if nothing else in life is 

going right, at least you’ll have one thing that’s going well.” There were certainly times 

when only my hobbies were going well, and, to my surprise and delight, there were even 

moments when my project was the only thing going well.

I have always enjoyed the camaraderie from the lab’s grad student contingent. 

Wendy Huang’s many questions about computer science gave me the impetus to engage 

in new languages, and I’ll never forget Friederike Haass' reply on how to acquire the gene 

hKv1.1: “just clone it.” Friederike's spirit of positive ambition is remarkable. David 

Gorczyca and I share a unique experience with the darker side of science, and for him I 

iii



have one word: “Survivors.” I will one day grant Xiu Ming Wong one of my excellent 

sandwiches to try for herself. Alex Fay, whose desk I am most grateful for, has always 

given me an honest perspective on the pathway through lab and then medical school. Ye 

Zhang, Jason Tsien, and Josh Bagley have always made for invigorating conversation.

Shi-Bing Yang taught me everything I know about mouse husbandry. I owe it to 

him for honing my scientific skills through our many hours toiling together and countless 

discussions. Wei Zhou, Shaohua Xiao, Fen Huang, Désirée Thayer, and Andrew Kim 

were always approachable. Fen somehow managed to find a positive and yet realistic 

perspective on my many questions and concerns and provided a constant source of 

friendship.

Ashley Rowson-Baldwin and YuYu Shu were the most competent mouse 

technicians I know. Sandy Barbel and Elaine Carlson expedited animal protocol approval 

and identified many key resources, from lighting equipment to personnel.

John Rubenstein gave me to the courage to pursue my interests in autism and 

behavioral neuroscience. He first alerted Lily of the possible connection between autism 

and the mTOR-Kv1.1 findings of Kim and Patrick. John and Ben Cheyette encouraged 

me to explore the gender-dependence of the vocalization findings and have been my 

scientific coaches since day one. Larry Tecott was very generous with his mouse 

behavioral space and jump-started my understanding of conducting behavioral 

experiments. Chuck McCulloch provided very helpful statistical consultation. Shaowen 

Bao graciously served as an outside thesis committee member.

I am privileged to say that I am Katrin Schenk’s “first grad student.” Throughout 

iv



our collaboration, I always felt that I could speak frankly with her and that together we 

could constantly hack away at problems until we found fully and mutually satisfying 

solutions. My dream since high school has been to find a way to integrate computer 

science with biology in a clinically relevant way, and through our collaboration I have for 

the first time experienced this multidisciplinary synergy first hand.

To say that none of this would be possible without Lily and Yuh Nung Jan would 

be an understatement. When I first stepped into Lily’s office and expressed my interest in 

clinically relevant projects in an ion channel lab, she without hesitation initiated 

collaborations on a channelopathy project. Later, she directed me to the tuberous sclerosis 

project that eventually became the subject of this dissertation. And as I realized that what 

“keeps me up at night” was the behavioral, autism-related phenotype of the mouse line, 

she set in motion the collaborations that I so gratefully acknowledge here. Together, Lily 

and Yuh Nung have served as mentors in the first right—role models who have and will 

always guide my scientific career.

Most importantly, I would like to specially thank my family. I never would have 

considered the MSTP route without Arthur’s encouragement, and while many have come 

and gone along my long path, I can always rely on the kind and unwavering support of 

Andrew & Miyon, Arthur & Evelyn, Priscilla & Paul, and, of course, Mom & Dad.

v



david
Text Box
vi



Abstract

Tuberous sclerosis (TSC) is an autosomal dominant neurocutaneous disease notable for 

its high co-morbidity with autism in human patients. Studies of mouse models of 

tuberous sclerosis have found defects in cognition and learning, but thus far have not 

uncovered deficits in social behaviors relevant to autism. To explore social 

communication and interaction in TSC2 heterozygous mice, we recorded ultrasonic 

vocalizations (USV) and found that although both wild-type (WT) and heterozygous pups 

born to WT dams showed similar call rates and patterns, baseline vocalization rates were 

elevated in pups born to heterozygous dams. Further analysis revealed several robust 

features of maternal potentiation in all but WT pups born to heterozygous dams. This lack 

of potentiation is suggestive of defects in mother-pup social interaction during or prior to 

the reunion period between WT pups and heterozygous dams. Intriguingly, male pups of 

both genotypes born to heterozygous dams showed particularly heightened call rates and 

burst patterns. Because our maternal retrieval experiments revealed that TSC2+/- dams 

exhibited improved defensive reactions against intruders and highly efficient pup 

retrieval performance, the alterations in their pups’ USVs and maternal potentiation do 

not appear to result from poor maternal care. These findings suggest that a pup’s 

interaction with its mother strongly influences its vocal communication, revealing an 

intriguing dependence of this social behavior on TSC2 gene dosage of both parties 

involved. Our study of this mouse model thus uncovers social abnormalities that arise 

from TSC haploinsufficiency and are suggestive of autism.

vii



Table of Contents

Title page..............................................................................................................................i

Acknowledgments..............................................................................................................iii

Abstract..............................................................................................................................vii

Altered Ultrasonic Vocalizations in a Tuberous Sclerosis Mouse Model of Autism...........1

Introduction.....................................................................................................................2

The mTOR-TSC Pathway..........................................................................................2

TS and Susceptibility to Autism.................................................................................6

Ultrasonic Vocalizations As a Tool for Studying Autism in TSC2+/- Mice...............8

Materials and Methods..................................................................................................12

Results...........................................................................................................................17

Discussion.....................................................................................................................23

Figures...........................................................................................................................31

Appendices.........................................................................................................................49

Appendix 1: Molecular map of the TSC-mTOR pathway............................................50

Appendix 2: Awe-Song, a vocalization analysis database............................................53

Appendix 3: On The Mark custom-built event scoring software..................................57

Appendix 4: Spreadshift, a tool for aggregating online spreadsheet data.....................63

Appendix 5: Serial time course of TSC2 vocalizations................................................66

References..........................................................................................................................70

viii



ix



Altered Ultrasonic Vocalizations in a Tuberous Sclerosis 

Mouse Model of Autism
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Introduction

Autism afflicts roughly 0.2% of people worldwide, often for unknown reasons 

and almost always without definitive or curative treatment (1). Although many cases are 

of completely unknown etiology, certain environmental or genetic factors are thought to 

dramatically increase the risk for autism. Tuberous sclerosis (TS) is an autosomal 

dominant neurocutaneous disorder that exhibits a high co-morbidity with autism. 

Roughly 20% of tuberous sclerosis patients fall ill to autism, posing anywhere from a 50- 

to a 100-fold increased risk of autism compared with the normal population (2).

The mTOR-TSC Pathway

TS was first discovered by dermatologists in the 19th century based on the 

characteristic pattern of facial angiofibromas, which resembled potatoes, or tubers, thus 

coining the name tuberous sclerosis (3). These skin abnormalities were soon found to be 

only the tip of a much larger iceberg, a multi-system disorder that includes numerous but 

benign tumor-like nodules of the heart and brain as well as neuropsychiatric involvement, 

leading to a classic diagnostic triad of seizures, mental retardation, and facial 

angiofibromas (4). Although benign, tubers develop in the kidneys, with risk for 

catastrophic hemorrhage or polycystic kidney disease; in the heart, frequently leading to 

arrhythmias or obstruction; and in the eyes, increasing risk for calcification. Most 

notably, tubers appear in wide variety and with high prevalence in the brain and are 

thought to contribute to the telltale neuropsychiatric signs of TSC: epilepsy, mental 

retardation, and autism. However, the presence of brain tubers is not necessary for 
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neuropsychiatric involvement, and no clear correlation has been found between tuber 

placement and cognitive dysfunction, pointing instead to profound defects in the 

underlying molecular pathways and neural connectivity (2, 3, 5, 6).

The genetic etiology of TSC has been traced to two molecules that form a 

complex to regulate the mammalian target of rapamycin (mTOR) pathway, a major player 

in transcriptional and translational regulation (Appendix 1). Normally, mTOR 

phosphorylates critical regulators of protein synthesis and promotes translation of a wide 

variety of proteins involved in cell growth and proliferation, including neuronal proteins 

that play key roles in axon pathfinding and synaptic plasticity (7). Two proteins, TSC1 

and TSC2, combine to form a complex known as the tuberous sclerosis complex, a 

GTPase activating protein (GAP) that negatively regulates mTOR (8). TSC1/2 keeps 

mTOR in check by inhibiting the small G protein Rheb (Ras homolog enriched in the 

brain) from activating mTOR (9). The complex, however, is prone to mutation, and 

mutations in either TSC1 or TSC2 inactivate the complex, resulting in unchecked cellular 

proliferation and, eventually, tuber or tumor formation (3).

The target of rapamycin (TOR) and its mammalian homologue (mTOR) are major 

integrators of nutrient and hormonal signals that generally lead to increased protein 

translation and cellular growth. Perturbations along the mTOR pathway are implicated in 

a number of human clinical disorders in addition to TS, ranging from familial cardiac 

hypertrophy to Huntington disease to VHL disease (10). The surprising recent discovery 

that mTOR downregulates the protein expression of Kv1.1 in rat hippocampal neurons 

has opened new doors to our understanding of the mTOR pathway as a regulator of 
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protein synthesis (11). The finding that mTOR not only promotes protein synthesis but 

also inhibits expression of the neuronal ion channel protein Kv1.1 have functional 

implications that help explain the diverse clinical phenotypes of mTOR pathway diseases 

(11).

As its name implies, mTOR was originally discovered through use of the drug 

rapamycin. Rapamycin is a naturally occurring antifungal metabolite produced by the 

bacteria Streptomyces hygroscopicus found natively in the island Rapa Nui. Rapamycin 

complexed with FK506-binding-protein 12 (FKBP12) was found to bind TOR family 

proteins at a conserved 100 amino acid stretch and to prevent them from promoting cell 

growth (12). TOR proteins have been found to exhibit differential sensitivity to 

rapamycin. Biochemical purification in yeast revealed two distinct complexes of TOR, 

TOR complex 1 and TOR complex 2 (TORC1 and TORC2, respectively, and their 

mammalian counterparts, mTORC1 and mTORC2). TORC1 is selectively sensitive to 

rapamycin and is also responsive to growth factors, whereas TORC2 plays a major role in 

cystoskeletal dynamics (13). First approved as an immunosuppressant to prevent renal 

allograft rejection by preventing division of T cells (12), rapamycin has increasingly 

entered the spotlight as an anticancer agent. Franz and colleagues administered oral doses 

of rapamycin to TS patients with subependymal giant cell astrocytoma brain tumors, with 

significant regression of tumor size after several months of treatment (14).

Although both TSC1 and TSC2 are necessary for a functional tuberous sclerosis 

complex, the two proteins are not equal in pathophysiology. TSC2 has been shown to be 

prone to a wider variety of mutations, leading to a higher prevalence of TS patients with 
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TSC2 mutations. Moreover, patients with mutations in TSC2 show a more severe 

phenotype than those with TSC1 mutations (3). The reason for the increased severity is 

unclear, as both proteins are necessary for a functioning complex, but it should be noted 

that TSC2 bears the GAP domain responsible for inhibiting Rheb and its downstream 

effector.

As an autosomal dominant disorder, TS is completely penetrant even though it 

displays a wide range of expressivity. An ongoing debate has been whether TS functions 

along the two-hit or loss-of-heterozygosity (LOH) hypothesis, which postulates that 

whereas patients carry a single mutation, many patients only begin to express clear 

clinical signs of TS after a “second hit,” a mutation in the remaining allele in cells that 

then proliferate to generate tubers, or along the haploinsufficiency hypothesis, in which 

loss of just one copy is enough to develop TS. In support of LOH, loss of function in both 

copies of either TSC1 or TSC2 have been found in high percentages of human samples of 

kidney (angiomyolipomas and renal cell carcinomas) and heart (rhabdomyomas) lesions 

(15). By contrast, LOH has not been demonstrated in human cortical tubers and has been 

difficult to find in other brain malformations, such as subependymal giant cell 

astrocytomas (15, 16), and TSC happloinsufficiency was found to be sufficient for renal 

cyst and tumor formation in rodents (17, 18). Although TSC most visibly manifests itself 

in the formation of nodules and tubers in the brain, previous studies of acute disruption of 

TSC1/2 in neuronal cultures reveal marked enlargement in soma and dendritic spines. 

TSC1C/+
 heterozygous neurons have reduced spine density and neuronal morphological 

defects (19). The cellular and molecular defects evident in these models of TSC 
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heterozygosity may thus provide a pathophysiological basis for the clinical disease seen 

in heterozygous patients.

TS and Susceptibility to Autism

The greatly increased risk for autism in TS patients positions this disease as a 

superb candidate for understanding the genetic basis and pathophysiology of autism. 

Verification of mouse models bearing mutations in the tuberous sclerosis complex as 

models for autism could yield important insights into the molecular pathway defects 

rendering increased susceptibility to autism and provide a testbed for exploring 

therapeutic options (20).

In particular, mouse models of TSC2 have been used to model the more severe 

mutations of the human disease and the impact of TSC2 gene dosage on mental 

retardation, epilepsy, and signs and symptoms reminiscent of autism. Previous studies of 

TSC2+/- mice revealed hippocampal-dependent learning deficits and alterations in late-

phase long-term potentiation (L-LTP) (21) as well as abnormal retinogeniculate 

projections and inhibited growth cone collapse suggestive of defects in axon guidance 

(22). Remarkably, these impairments were not accompanied by brain tubers or epilepsy, 

providing further evidence that perturbations in the underlying neural networks are 

responsible for behavioral phenotypic changes in TSC2+/- heterozygous mutant mice. 

Studies of these mouse models thus raise the possibility that subtle defects in synaptic 

plasticity and neural network connectivity underlie the mental retardation and autism 

seen in TS patients.

Although the establishment of an “autistic mouse” may be difficult because of 
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limitations in the mouse social apparatus, behavioral assays have been designed to detect 

in mutant mice features of the three domains of autism in humans: sociability, 

communication, and repetitive behavior (23-25). Sociability assays are based on the 

finding that wild-type (WT) mice preferentially spend time with other mice rather than 

with inanimate objects (26). One standard sociability assay is the 3-chambered social 

preference test, in which a subject mouse is placed in a central chamber and allowed to 

roam freely two separate chambers on either side, one of which contains another mouse, 

while the other side contains either no mouse or an already familiar mouse. Typically, 

WT mice prefer the side containing a mouse rather than the side with no mouse, or a 

novel mouse rather than a familiar mouse, whereas mouse models of autism often show a 

diminished or absent preference (23, 27).

In communication, defects are often seen in olfactory and ultrasonic vocalizations 

(USV). To test for communication by olfactory means, olfactory cues from soiled cage 

wipes are often presented to mice to evaluate the level of responsiveness to social odors 

(24). USVs are the key vocal method by which male mice conduct mating routines and 

mouse pups incite their moms upon separation (28, 29). Neonatal pups are typically 

tested for vocalizations by removing pups from their nest to induce cries, which are 

recorded using a USV microphone for measurement of call rates (20) In repetitive 

behavior, autism mouse models repeatedly groom themselves and often spend an 

abnormally high percentage of time in a holeboard assay poking their noses in a single 

hole rather than exploring a wide range of holes (30, 31). Other assays test for autism-

related symptoms, of which anxiety has been particularly well-characterized. Standard 
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assays of anxiety include the elevated plus maze, in which mice must choose between the 

closed and open arms of a plus-shaped maze, and an open field assay. Open spaces are 

thought to provoke anxiety in mice, resulting in less time in the open than in the closed 

arm of the maze, whereas anxiolytics have been shown to increase the amount of time 

mice spend in the open arm (32).

The mouse model of TSC2 heterozygosity leading to cognitive impairments in 

learning and memory tests and L-LTP is consistent with the mental retardation evident in 

tuberous sclerosis patients, but no defects were found in several behavioral assays 

designed to identify behaviors consistent with autism (21). In the 3-chambered sociability 

test, both WT and TSC2+/- mice demonstrated a preference for time spent exploring 

another mouse rather than an empty cup, although numbers of entries into each side were 

not reported. No differences between genotype were detected in both the open field and 

elevated plus maze; both WT and TSC2+/- mice showed similar levels of anxiety based on 

time spent in open areas. The absence of social phenotypes in TSC2+/- mice could either 

imply the lack of such autistic features in this mouse model, or simply reflect limitations 

in detecting mouse behavioral abnormalities.

Ultrasonic Vocalizations As a Tool for Studying Autism in TSC2+/- Mice

Crucial to the diagnosis of autism are impairments in communication, including 

delays in verbal language and stereotyped, repetitive language patterns (1). Hidden from 

normal human detection, mouse communicative strategies include numerous olfactory 

cues as well as ultrasonic vocalizations with frequencies that reach up to almost 10-fold 

above the upper limit for human hearing. Ultrasonic communication has been well-
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documented in rats and more recently in mice, first through the use of modified bat 

detectors for transposition of ultrasonic to audible frequencies and later through 

sophisticated microphones that could record ultrasonic frequencies for signal processing 

and analysis via spectrograms on computers (33, 34). Mice begin vocalizing shortly after 

birth, peak in vocalization rates around postnatal day 8 (P8), and continue vocalizing 

albeit at reduced rates throughout adulthood (35). Two of the most characterized 

vocalization patterns are courtship calls, in which male mice vocalize to potential female 

mates (36), and isolation-induced calls, in which mouse pups vocalize in response to 

separation from their dams (35). The communicative role of USVs in mice has been 

highly debated over the years, but the demonstration that courtship calls are equivalent to 

songs and the ability of pup calls to induce maternal retrievals show that USVs play a key 

role in mouse-to-mouse communication (37).

As a key mediator of communication starting at birth, USVs provide insight into 

mouse social behavior. Many potential mouse models of autism bearing mutations in 

autism susceptibility genes have been reported to exhibit deficits in USVs. FOXP2 

(Forkhead box 2), OXT (oxytocin neuropeptide), OXTR (oxytocin neuropeptide 

receptor), RELN (reelin), 5-HT1A/B (serotonin receptor subtypes HTR1A/B), and NLGN4 

(neuroligin 4) (20, 38) vocalize at reduced rates compared with WT mice as pups, while 

MECP2 (methyl-CpG-binding protein 2) mice, a model of Rett syndrome, actually 

vocalize at higher rates (39). Thus either higher or lower vocalization rates compared 

with that of WT mice may reflect communication impairments. Recent advances in 

computational analysis of vocalizations in BTBR mice, an inbred mouse strain and 
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mouse model of autism that also emitted higher vocalizations rates, enabled classification 

of calls into ten distinct call types and revealed an alteration in the distribution of call 

types in BTBR mice, as well as changes in mean durations of individual call (40).

A particularly robust social feature of USVs is a phenomenon known as maternal 

potentiation (35, 38), in which pups vocalize when separated from their dam, become 

quiet after reunion with their dam, and vocalize at even higher rates when re-isolated. 

This effect is independent of factors such as temperature or pup gender and specific to 

reunion with the dam rather than with virgin females, siblings, or home cage materials, 

suggesting that the potentiation is dependent on the social interaction taking place during 

reunion. Maternal potentiation was originally discovered in the rat and, with slight 

modification to the paradigm, found to be robust in the mouse as well (38). Mice lacking 

the μ opioid receptor (Orpm), thought to be a mediator of natural rewards and infant 

attachment behavior, displayed deficits in maternal potentiation (41), as do mice lacking 

fibroblast growth factor 17 (Fgf17), implicated in rodent frontal cortex development and 

neural patterning (42). Vasopressin 1b receptor (Avpr1b) has been shown to be a key 

player in social and affiliative behaviors, and while knock-out mice display normal 

baseline vocalization rates, they do not express maternal potentiation (43). Together, 

these mutant mouse lines strongly suggest that deficits in USVs serve as a behavioral 

biomarker for social communication impairments.

TSC2+/- mice have thus far failed to show any detectable deficits in sociability by 

standard assays of social behavior. However, here we show that changes in ultrasonic 

vocalizations of mouse pups upon separation from their mothers is dependent on the 
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genotypes of not only the pup, but the mom as well. Thus we reveal for the first time 

abnormalities in the social communication of TSC2+/- mice.

11



Materials and Methods

Animals. TSC2+/- mice that were generated as described previously (22) were back-

crossed for 10 generations to C57BL/6J background. Matings were set up with one WT 

and one heterozygous mouse to achieve approximately equal numbers of offspring by 

genotype (half +/+, half +/-) with either the mother or the father bearing the TSC2 

mutation so as to compare TSC2+/- and WT dams. Breeding cages were left undisturbed 

except for gentle daily checks, removal of sires one week after breeding pairs were set 

up, and tattooing on P3 by an AIMS tattoo machine, where P1 is counted as the day of 

birth. Mouse tails were collected for genotyping after all experiments had been 

completed, and weaned mice were group-housed 3-5 per cage prior to future experiments. 

All mice were housed in a room set to a 12:12 h light:dark cycle, with lights on at 6 am, 

environmental temperature maintained at 22°C (+/-2°C), and humidity ranging from 32-

68%. All experiments were conducted in accordance to protocols approved by the 

Institutional Animal Care and Use Committee of the University of California, San 

Francisco.

Isolation-induced vocalizations and maternal potentiation. Pups were isolated one-by-

one from their home cage and placed in a cardboard recording box situated in an 

anechoic chamber. During a 5-minute isolation period, vocalizations were recorded from 

an Avisoft UltraSoundGate CM16/CMPA microphone capable of accurately recording 

calls up to 180 kHz, digitized using a National Instruments PCI data acquisition board 

(PCI NIDAQ 6251) at a sampling rate of 366 kHz, and collected and written to disk using 

custom-built Matlab software. Each pup was next reunited with its dam and littermates, 
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placed at the end farthest from the nest to allow the dam to retrieve the pup. After a 5-

minute reunion, that pup was re-isolated and recorded for an additional 5 minutes. 

Following recordings, pups were weighed and measured for body temperature. All 

maternal potentiation experiments were performed on P10 pups.

Signal processing and analysis of pup calls: To detect pup vocalizations in the recorded 

sound files, we followed a denoising-peak tracking-thresholding approach outlined in 

detail in Liu (2003) (44). The denoising algorithm entailed estimating the background 

noise and then “subtracting out” this noise from the original signal in the frequency 

domain. We obtained our noise estimates by visually examining the spectrogram (short-

time Fourier transform) and identifying, for each 5 minute sound recording, two-second 

intervals that contained only background acoustic noise (i.e. no calls, scratches, or other 

short-time artifacts). Before implementing the spectral subtraction algorithm, all sounds 

were high-pass filtered [45kHz cut-off using a 512 pole Finite Impulse Response (FIR) 

filter]. After denoising we extracted calls by thresholding the sound file’s amplitude 

envelope, calculated using a peak-tracing (with delay) algorithm (44). We observed that 

there were several call types that exhibited very short (< 40 ms) “gaps” between two or 

more frequency components. Following Liu (2003) we ensured that these calls were not 

erroneously broken apart by grouping together any above threshold components that were 

separated by less than 40 ms. All files were automatically segmented using this 

algorithm, and identified calls were verified manually by a trained observer viewing the 

spectrogram to remove any misidentified calls (1.5%, for a total of 46,497 verified calls). 

Call duration was determined as the time between the start and end of each call, and inter-
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call-intervals were defined as the time between the end of one call and the start of the 

next. Inter-burst-intervals were determined by log transforming the distribution of inter-

call-intervals and identifying the largest peak as within-burst intervals and the next 

smallest peak as inter-burst-intervals. Bursts detected in this way were also verified by a 

trained observer. Since an absolute voltage to sound pressure calibration was unavailable 

for our recording set-up, we used the log of the voltage level output by the microphone as 

a proxy for relative call volume. To represent each call by a single frequency we 

determined the median frequency of each segmented call by calculating, and then 

histogramming, the instantaneous frequency. In detail, the procedure was as follows. 

Calculate the spectrogram for a specific call and compare, for each time-slice, the relative 

loudness in each frequency bin with that of the mean noise level in those bins. For that 

time-slice, define the instantaneous frequencies as all frequencies where the relative 

loudness rose 3 standard deviations above the relative loudness of the mean noise for that 

recording. Then pool all of these frequencies over all time-slices for that call. Finally, 

define the median frequency as the median of the distribution of these pooled 

frequencies. 

To classify calls, each call was outputted to an image file for viewing in event 

scoring software and classification by a trained observer. All calls in the first and last five 

bursts from each pup were classified to provide a sampling of call types both within and 

across bursts (14% of all calls, for a total of 6673 classified calls). The classification 

scheme employed is very similar to that proposed by Scattoni et al. (28), with a few key 

differences. The “shorts” call type was not used because zooming into each call allowed 
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classification of the call as one of the other simple call types. For clarity, the “composite” 

call type by Scattoni et al. was renamed “harmonic” to emphasize the harmonic 

relationship of the two components, while “composite” was used for calls with stacked 

components that were not in a harmonic relationship. “Two-syllable” calls are any calls 

with two syllabic components but no stacking, while “frequency steps” as used in this 

study are similar to two-syllable calls but with three or more syllables. To prevent 

confusion, “harmonics” was renamed to “harmonic steps” and defined by the inclusion of 

components in both syllabic and stacked relationship to one another.

To check for litter effects, we averaged pups within a litter by genotype. Seeing no 

differences between these values and those from individual pups, we continued our 

analysis by individual pup (Fig. 9). All processing was conducted through custom-

designed MATLAB 7.7 programs, and call data was stored in a SQLite 3 database and 

extracted through custom Python 2.5 scripts (Appendix 2). Calls were classified using 

custom built scoring software (On The Mark 1.0; Appendix 3).

Pup retrievals. On P6, pups were removed from their nest, and three pups were returned, 

one to each corner of the cage away from the nest. The dam was then returned to the nest 

area facing away from the pups and allowed to retrieve pups under video recording. The 

first time that the dam picks up each pup was marked as the latency to retrieve that pup. 

These experiments were performed on a separate cohort from that used for vocalization 

experiments to avoid potential complications due to prior experience of isolation.

Resident intruder. On P10, a male C57BL/6J adult (3-4 mo. old) intruder mouse was 

introduced into the home cage while recorded by video camera. The intruder was left in 
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the cage for 15 minutes before removal, after which video files were analyzed for 

maternal defense of her nest and home cage. The durations and number of events over 

which the dam spent above her nest and sniffing or attacking the intruder were measured 

and compared across dam genotype. The same litters and dams used in pup retrieval 

experiments were recorded here. All videos were scored using our On The Mark 1.0 

event scoring software.

Statistics. All effects are reported as significant at p < 0.05. Statistics were performed by 

PASW 18.0 (SPSS, Inc.) using general linear model (GLM) repeated measures analyses. 

Isolation periods were treated as within-subject effects, while dam genotype, pup 

genotype, and pup gender were between-subject effects. For USV experiments, n=26 

(WT dam, WT pup; 11 female, 15 male), n=28 (WT dam, het pup; 13 female, 15 male), n 

=17 (het dam, het pup; 9 female, 8 male), n=25 (het dam, het pup; 17 female, 8 male); 

n=6 WT dam litters, n=5 heterozygous dam litters. 46,498 calls were segmented and 

analyzed from USV experiments. For maternal care assays and resident intruder assays, 

n=9 dams per genotype. To compare median sound frequency distributions, a 

bootstrapping algorithm was applied in which pups were randomly resampled (with 

replacement ) within each genotype group for 100 repetitions. The fraction of the total 

number of calls above 75 kHz was computed for each bootstrap, yielding a data set of 

these measures for each group. These fractions were then compared by GLM repeated 

measures analyses.
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Results

Maternal Potentiation in TSC2+/- Pups. Pups were individually removed from the nest 

and placed directly in an isolation chamber, then returned directly to the nest before 

undergoing a second isolation period identical to the first (Fig. 1A). As expected, WT 

pups from WT dams underwent robustly potentiated vocalization responses following 

reunion with dam, with vocalization rates during the second isolation period double that 

of the first [F(1, 92) = 13.95, p < 0.001] (Fig. 1B). Similarly, heterozygous pups from 

both WT and heterozygous dams also potentiated [F(1, 92) = 10.04, p = 0.002 and F(1, 

92) = 16.34, p < 0.001, respectively]. Only one group, WT pups born to heterozygous 

dams, failed to potentiate [F(1, 92) = 0.11, p = 0.745], with a correspondingly significant 

3-way statistical interaction of the isolation period, dam genotype, and pup genotype 

[F(1, 88) = 6.107, p = 0.015]. Whereas heterozygous pups from heterozygous dams 

underwent the expected potentiation, all pups born to heterozygous dams exhibited 

dramatic increases (up to 2-fold more calls at baseline) in USV call rates both before and 

after reunion with their mothers. This increase yielded a significant main effect (the effect 

across all other independent variables) of dam genotype on call rate [F(1, 88) = 13.899, p 

< 0.001]. Thus the rate of pup vocalizations upon isolation varied with the genotype of 

the mother, whereas the extent of maternal potentiation seemed to be governed by the 

interaction between maternal and pup genotypes. 

Maternal potentiation is usually quantified by call counts, typified by higher call 

rates in the re-isolation period. However, examination of additional parameters may 
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reveal other call features relevant to communication and maternal potentiation. To 

explore these features, we measured the impact of reunion on call duration, latency to 

call, and median sound frequency. Calls were segmented from noise by measuring and 

thresholding the intensity envelope. Call durations could then be precisely calculated 

from the identification of the start and end point of the segmented call.(Fig. 2A). Across 

all genotype groups, the mean call durations were found to be significantly higher in the 

second isolation period [F(1, 86) = 40.344, p < 0.001], indicating that potentiation is a 

matter not merely of increased call rate, but also increased average call duration (Fig. 

2B). Although duration increased on average across all groups, there was a main effect of 

dam genotype, in which calls emitted by pups from heterozygous dams were longer on 

average [F(1, 86) = 6.645, p = 0.012]. WT pups from these heterozygous dams were also 

the only group that failed to significantly increase call duration during re-isolation. Thus 

the same group that did not undergo potentiation in terms of call rate also did not 

potentiate in call duration. Pups from heterozygous dams exhibited both higher call rates 

and longer call durations, meaning that these pups spent a longer total amount of time 

vocalizing than did pups born to WT dams.

Latency to call was measured as the time from the start of recording until the first 

call. Latencies decreased dramatically on average across all groups during the second 

isolation period [F(1, 86) = 24.703, p < 0.001], thus revealing yet another measure of 

maternal potentiation (Fig. 2C). No main effect of dam or pup genotype in latency was 

found; however, the WT pups from heterozygous dam were again notable as the only 

group that did not exhibit a decrease in call latency at a statistically significant level.
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Changes in the pitch of crying babies have been shown to alter human adults’ 

perception of distress (45). To assess individual sound frequencies and call type 

classification of pup USVs, we developed a technique for extracting calls by identifying 

instantaneous frequencies within a call throughout the ultrasonic range of 40-180 kHz 

This call extraction allowed us to accurately measure median frequencies even in calls 

with many different frequency components in the same time window. Median frequency 

probability density plots revealed a bimodal distribution of calls, with a population above 

and below 75 kHz. During the first isolation period, calls with median frequencies above 

75kHz were predominant for pups born to both heterozygous and WT dams. However, 

during the second isolation period, pups born to heterozygous dams tended to equalize 

the number of calls with frequencies above and below 75kHz (Fig. 3). This selective 

increase in proportion of lower frequency calls by pups from heterozygous dams may 

convey a different level of pups’ distress to their parents.

Increased Emission of Multi-Component Calls. Informed by Scattoni et al. (40), who 

classified individual pup calls into one of ten types, we categorized pup vocalizations 

based on properties of their sub-calls. At the broadest level, our categorization identifies 

simple calls, containing a single component, and multi-component calls. We further 

subdivided multi-component calls into multi-syllabic calls, where components are 

separated in time, and stacked calls, where components are separated in frequency space 

(Fig. 4A).

When we examined rates of simple calls alone, we saw no differences across 

isolation period or dam genotype [F(1, 73)iso = 0.831, p = 0.370; F(1, 73)dam = 0.054, p = 
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0.817], suggesting that any increase in calls mostly derived from an increase in multi-

component calls (Fig. 4B). Indeed, the fraction of emitted multi-component calls 

increased (potentiated) after reunion in pups from WT dams [F(1, 77)WT dam/WT pup = 26.04, 

p < 0.001; F(1, 77)WT dam/het pup = 6.28, p = 0.014] (Fig. 4C). TSC2+/- pups from TSC2+/- 

dams also potentiated in terms of multi-component calls [F(1, 77) = 12.14, p = 0.001]. 

Again, WT pups from TSC2+/- dams were the only group that failed to potentiate in terms 

of this call type [F(1, 77) = 1.39, p = 0.242]. Interestingly, all pups born to heterozygous 

dams demonstrated a strong preferences for multi-component calls [F(1, 73) = 7.751, p = 

0.007], indicating that the higher vocalization rate in pups born to heterozygous dams 

also results from a selective preference for multi-component calls.

USV Burst Patterns. Having seen changes in individual call parameters, we were 

curious whether TSC2 heterozygosity altered the temporal organization of calls. 

Inspection of inter-call-interval (ICI) distributions revealed two peaks: a larger peak at 

shorter ICIs corresponding to intra-burst calls, followed by a much smaller peak at longer 

ICIs that corresponded to inter-burst-intervals (Fig. 5A). To automatically detect bursts in 

the record of call times we set a burst threshold by finding the minimum of the ICI 

distribution between these two peaks. We were then able to measure mean burst durations 

as well as call counts per burst and burst rates. Similar to call potentiation, bursts showed 

potentiation (increases) in duration and burst rate as well as an increased number of calls 

per burst following reunion (Fig. 5B-D). Again, there was a main effect of dam genotype, 

where pups born to heterozygous dams emitted longer bursts at faster rates and with more 

calls per burst [F(1, 73) = 5.526, p = 0.021 for duration; F(1, 73) = 8.737, p = 0.004 for 
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rate; and F(1, 73) = 5.913, p = 0.017 for note counts].

Influence of Gender on USV Call Intensity. To examine possible gender-dependent 

vocalization differences in TSC2+/- mutant mice, all groups were split along dam 

genotype and pup gender (pooling across pup genotype), revealing a 3-way statistical 

interaction of isolation period, dam genotype, and pup gender for call rates [F(1, 88) = 

8.267, p = 0.005] (Fig. 5A). Males from heterozygous dams were found to express 

particularly heightened rates of both individual calls as well as call bursts, regardless of 

pup genotype (Fig. 5B-D). This response is suggestive of heightened anxiety that is 

specific to male pups from heterozygous dams. Though not statistically different from 

other groups by post-hoc analysis, WT females from heterozygous dams were the only 

pups to actually decrease in absolute value of call rates, mean call duration, mean burst 

note count, and burst rate (Fig. 7). Thus pup vocalization patterns vary not only with dam 

genotype, but also with dam genotype combined with pup genotype or gender.

Measures of Maternal Care. Dam genotype exhibits a strong main effect on maternal 

potentiation in both call rates and call duration, raising the question of whether 

differences in maternal care during development, the reunion, or both impact pups’ 

behavior. To further dissect the impact of maternal care on pup behavior, we measured 

latency to retrieve pups from a scattered nest (Fig. 8A). Both WT and TSC2+/- dams 

retrieved their first pup with no trouble and at equal latencies. Retrieval latency was 

similar for the second pup but differed dramatically during retrieval of the third and final 

pup (Fig. 8B). While WT dams often deposited pups away from the nest or even “de-

retrieved” pups by taking them out of the nest, heterozygous dams methodically and 
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consistently retrieved and returned all three pups back to their nest (p = 0.012 for mis-

retrievals; Fig. 8D). Overall, heterozygous dams responded to pups more quickly [F(1, 

16) = 10.094, p = 0.006].

As another measure of maternal care, male intruders were placed into dams’ 

otherwise undisturbed home cages. Dams typically defend their nest by sniffing and 

nipping at the intruder and spending time hovering over the nest. While both WT and 

heterozygous dams sniffed and bit intruders equally well (p = 0.528 for sniff duration, p = 

0.912 for sniff count), heterozygous dams showed a trend toward increased duration 

above their nest and a significantly higher number of entries into their nest (p = 0.003; 

Fig. 8E-F). The increased number of nest entries as well as the shorter pup retrieval 

latencies suggest that heterozygous dams show greater attentiveness to caring for and 

protecting their pups.
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Discussion

TSC2 heterozygosity has been shown to impact learning and memory, but 

previously no changes in social behavior have been reported. Here we show that TSC2 

heterozygosity is sufficient to alter ultrasonic vocalizations in a behavioral assay of social 

interaction between mother and pup. Advances in computational analysis of these 

vocalizations have allowed us to explore a wide variety of parameters of maternal 

potentiation and show the impact of maternal genotype as well as the interaction of 

maternal and pup genotype on pup vocalizations. To explore possible effects of TSC2 

mutation on dams’ ability to care for their pups, we examined their reactions to an 

intruder and ability to retrieve pups, revealing an improvement rather than a deficit in 

maternal behavior.

USV recordings in TSC2+/- pups and their WT siblings from both TSC2+/- and WT 

dams show that TSC2 heterozygosity is sufficient to induce changes in social 

communication. Isolation-induced vocalizations have long been thought to serve a 

communicative role by eliciting search-and-retrieval behavior in lactating dams. Indeed, 

vocalizations produced from isolated speakers induce similar maternal retrieval behaviors 

as do isolated vocalizing pups (46). The baseline rate of isolation-induced vocalizations 

in pups may serve as an early biomarker of communicative function in mice, and a large 

number of mouse lines with mutations in autism candidate genes show changes in 

baseline vocalization rates (47). Although both WT and TSC2+/- pups born to WT dams 

expressed no difference in baseline rates compared with each other or C57BL/6J mice in 

other studies (40, 43), pups born to TSC2+/- dams showed baseline rates roughly 3-fold 
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that of their WT-dam counterparts. This dramatic increase in overall vocalizations may 

reflect a particularly heightened anxiety state, as vocalization rates are known to be 

susceptible to anxiolytic drugs, while anxiogenics increase call number and amplitude 

(48).

 Although some autistic infants make unusually few sounds, others are 

characterized by atypical vocalizations and crying for protracted periods of time, 

humming, grunting, or squealing instead of calmly cooing or babbling (49). Consistent 

with this observation, several mouse models of autism with known vocalization defects 

express decreased vocalization rates, which may mimic the decrease in verbosity and 

social gestures in human autistic patients. Others, however, vocalize at higher than 

normal rates, which may correspond to an increase in anxiety or disturbances in the use 

of language. The MECP2 autism candidate mice, for example, emit over 2-fold more 

vocalizations compared to WT siblings (39), as does an autism mouse model of human 

15q11-13 duplication (50). The BTBR inbred line and mouse model of autism 

simultaneously demonstrate an increase in baseline vocalizations and a restriction in 

vocalization call types, hinting at the stereotyped or idiosyncratic language patterns of 

autistic patients (40). The almost 2-fold increase in baseline vocalization rates we 

observed in pups born to TSC2+/- dams is similar to the increased rates in MECP2 and 

BTBR mice. Interestingly, there was no difference in baseline rates between WT and 

heterozygous pups born to heterozygous dam, suggesting that maternal genotype plays a 

dominant role in influencing baseline call rates in the TSC2 mouse line. Environmental 

stimuli are known to influence vocalization rates, including changes in handling, litter 
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size, and fostering (51, 52), and differences in maternal care might impact the 

environment in which pups are raised and subsequently influence their vocalization rates. 

For example, mice born to dams known for exceptional maternal responsiveness vocalize 

at reduced rates (53), and rat pups licked more frequently by their dams likewise 

vocalized less (54). As vocalization experiments are typically set up with solely 

heterozygous mating pairs or solely WT dams, it would be intriguing to compare baseline 

vocalization rates in these lines from WT, heterozygous, and homozygous mutant dam 

genotypes, when available.

While baseline vocalizations provide insight into the pups’ immediate response to 

isolation, maternal potentiation highlights the influence of mother-pup interaction on 

vocalization as social communication. Baseline vocalizations have typically been 

interpreted as distress calls, susceptible to changes in temperature and other 

environmental cues, whereas maternal potentiation is robust in rats and mice, 

independent of temperature and specific to reunion with a familiar parent (43). During the 

reunion period, the pup may associate maternal retrieval as a reward for cries, and thus on 

a subsequent isolation, the pup cries out even more vehemently. Indeed, mice lacking the 

μ-opioid receptor gene, which has been shown to mediate reward pathways, are deficient 

in maternal potentiation (41), suggesting that potentiation is dependent on a learning 

process by which the pup realizes that its cries communicate a message to its dam (27). 

TSC2+/- mice were recently shown to exhibit cognitive and learning deficits in spatial 

memory tasks (21), which may also impinge on social learning and communication.

In our experiments, pups of both genotypes born to WT dams expressed robust 
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potentiation, indicating that TSC2 haploinsufficiency of the pup does not by itself 

preclude potentiation. Heterozygous pups born to heterozygous dams likewise expressed 

potentiation, and called at higher rates in both periods compared with their WT dam 

counterparts. One group, however, failed to undergo potentiation: WT pups born to 

heterozygous dams. Although pups born to heterozygous dams vocalized at similar rates 

at baseline regardless of pup genotype, WT pup vocalization rates did not rise during the 

second isolation period. This failure to potentiate could arise from a deficit in reward 

pathways in the pup, the reward itself as provided by the dam, or both—the mother and 

pup’s mutual response to one another. An inborn deficit of the pup is an unlikely 

explanation because those pups that show no potentiation have no TSC2 mutation, and 

WT pups from WT dams potentiate normally. Maternal care per se also cannot account 

for our findings given the faster pup retrieval times and improved defense against 

resident intruders by TSC2+/- dams. It thus appears more likely that the USV phenotypes 

reflect differences in mother-pup interaction. In the theory of co-adaptation, offspring 

who can best solicit parental investment, and parents who best respond to those offspring, 

are most likely to survive and carry on the family lineage. Thus offspring solicitation and 

parental provisioning become genetically correlated—in other words, the offspring trait 

becomes co-adapted with the maternal response for the trait (55-57). Maternal 

potentiation may reflect a positive maternal provisioning to pups’ vocal solicitation, in 

which the genetic correlation between TSC2+/- dams and TSC2+/- pups enhances the 

potentiation response, whereas the genetic dichotomy between TSC2+/- dams and WT 

pups diminishes the response.
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Typically, maternal potentiation is measured as an increase in rates of call. In 

addition to rates of call, we found that maternal potentiation is also expressed as an 

increase in call duration and decrease in latency to call. Together, the increased call rate, 

increased duration of individual calls, and reduced latency to begin calling constitute a 

dramatic increase in total time of calling during maternal potentiation as well as a much 

earlier vocalization response. Intriguingly, the only genotype combination that did not 

increase in rate of call also failed to undergo a statistically significant alteration in mean 

call duration or latency to call. Thus these three parameters appear to correlate strongly 

with one another, and WT pups born to heterozygous dams appear to be robustly deficient 

in maternal potentiation by all criteria.

The pitch of infants’ cries has been shown to alter adults’ perception of distress. 

Esposito & Venuti (45, 58) showed that when cries were artificially manipulated to 

change their pitch, inter-call-interval, or speed, both higher and lower pitched cries as 

well as cries with shorter pauses increased the perception of distress in both parents and 

non-parents. Subjects who were later diagnosed to have autism emitted higher pitched 

cries than those subjects with typical or delayed development, and autistic children’s cries 

elicited greater negative states in their listeners. When we examined the sound 

frequencies emitted by TSC2+/- mice, we found an altered distribution of high- versus 

low-frequency calls after reunion in pups born to heterozygous dams, which may 

correspond to the altered pitch of cries in autistic children. The altered pitch may have 

conveyed a heightened level of distress to the dams and contributed to the increased 

maternal response rates during retrievals and defense against intruders.
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While total time of calling reflects the total quantity of calls, we also explored the 

organizational structure of USVs into call patterns and types. Burst analysis revealed that 

calls were not a series of isolated events, but rather clustered into discrete bouts. 

Consistent with the individual call parameters, the burst durations, note counts, and rates 

were all increased in pups born to heterozygous dams. The increase in call and burst 

durations as well as notes per burst during the second isolation may convey a different 

message from the pup to the dam, perhaps one of greater anxiety or urgency. It would be 

interesting to see whether speaker playback of preferentially longer calls or bursts solicits 

faster retrieval times by dams. 

Preverbal autistic children have been shown to produce a higher proportion of 

atypical vocalizations, which include squeals, growls, and yells (59). The BTBR mouse 

model of autism likewise emits a higher proportion of multi-component calls. When we 

examined the numbers of simple and multi-component calls separately, we found that at 

baseline, pups born to WT dams emitted an approximately 2:1 ratio of simple calls to 

multi-component calls, suggesting that multi-component calls are “atypical” 

vocalizations. Both the increased calls during potentiation and the higher rates of calls 

from pups born to heterozygous dams are due to a selective increase in multi-component 

calls. Thus pups from heterozygous dams exhibit a higher proportion of multi-component 

or atypical vocalizations consistent with that seen in autistic infants, and the higher 

baseline calls may reflect a chronically potentiated, anxious state. Further acoustical 

analysis of infants’ crying may identify prognosticators of language development and 

early biomarkers of communication impairments.
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Autism shows a strong genetic preference for males, exhibiting a 4:1 ratio of male 

to female in the human population, although autism in TS is closer to 1:1 and has been 

reported to show no differences in behavioral features between genders (60). Males from 

heterozygous dams vocalized at much higher rates both at baseline and following reunion 

compared with WT dam groups at either period, both in individual calls and several burst 

parameters, suggestive of a particularly heightened anxiety in males and consistent with 

the higher incidence of autism seen in males. Independently of pup genotype, male 

gender thus appears to lend susceptibility to autistic-like features in pups from 

heterozygous dams. The differences seen here based on pup gender raise the question of 

whether—despite the report that autism in human TS patients are closer to parity between 

males and females—different genders may display features of autism in different ways. 

While the end diagnoses might be the same, it may be worthwhile to look for gender-

dependent qualitative differences in expression of autism and other co-morbid behavioral 

disorders with TS to see whether this approach might help improve treatment plans for 

TS patients of different genders.

The possible maternal impacts on vocalization may be broadly classified into 

prenatal versus postnatal effects. Prenatal effects include possibilities as diverse as 

imprinting of genes inherited maternally, metabolic defects that affect gestational 

development, or immune responses to the pups during pregnancy (61). To explore the 

impact of postnatal effects, we assayed pup retrieval performance and maternal defense 

against a resident intruder as a measure of responsivity to both internal and external cues. 

Remarkably, TSC2+/- dams demonstrated striking improvements in pup retrieval 
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performance and entries to their nest. While WT dams more often failed to drop off their 

pups in the proper location or even withdrew pups from the protection of their nests, 

heterozygous dams completed each retrieval as quickly as the one before. Similarly, 

heterozygous dams paid extra attention to their pups in the presence of a male intruder by 

entering the nest more often than did their WT dam counterparts. These behaviors may be 

reminiscent of the repetitive, idiosyncratic behavior evident in autistic patients, who are 

often extremely focused on and perhaps extremely capable of performing a particular 

task.

Taken together, our findings reveal that TSC2 haploinsufficiency impinges on 

social communication in a manner dependent on the interaction of genotype of both dam 

and pup. Further experiments to dissect the molecular underpinnings of this complex 

relationship may identify new targets for intervention in TS patients, whether 

pharmaceutical or behavioral.
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Figures

Figure 1. (a) Offspring from both wild type (WT) and heterozygous (het) dams (blue and 

red, respectively) were isolated, reunited, and re-isolated for 5 minutes per session. 

Although WT and heterozygous pups from WT dams did not differ significantly in call 

rate or temporal pattern, pups from heterozygous dams were more vocal than pups from 

WT dams. (b) All groups but WT pups born from heterozygous dams exhibited maternal 

potentiation. Note the overall increase in calls from the heterozygous dam group (p < 

0.001), and a three-way statistical interaction among isolation period x dam genotype x 

pup genotype (p = 0.015). * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 2. (a) Representative spectrogram of a multi-component call and its segmentation. 

The left panel shows the call with segment lines, calculated from the amplitude envelope 

shown in overlay. The extracted instantaneous frequencies are shown in the middle panel, 

with a histogram of frequency counts in the right panel. (b) Mean duration of each call 

rose on average from isolation 1 to isolation 2 (p < 0.001), and call durations were longer 

on average across isolation periods from pups born to heterozygous dams (p=0.012). One 

group—TSC2+/- dam, WT pup—stood out as the only group whose post-reunion calls 

were not statistically significantly longer in duration. (d) Call latency strongly decreased 

following reunion on average across all genotypes (p<0.001). Only the WT pup, 

heterozygous dam group did not statistically significantly decrease in latency, owing to 

shorter pre-reunion and longer post-reunion latencies.
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Figure 3. (a) Probability density plots of median sound frequencies of individual calls 

overlaid from before and after reunion (purple and green, respectively) reveal a bimodal 

distribution of call frequencies. (b) The fraction of calls above and below 75 kHz became 

almost equal to one another in pups from heterozygous dams after reunion. These pups’ 

fraction of high frequency calls was significantly lower than that of pups from WT dams 

across isolation period (p < 0.001).
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Figure 4. (a) Calls can be classified based on the number of components within a call as 

well as the relationship of these components to one another. (b) There were no significant 

differences in rates of simple calls across isolation period or genotype group. (c) Multi-

component call rates increased after reunion in both WT (p < 0.001) and TSC2+/- (p = 

0.014) pups from WT dams as well as TSC2+/- pups from TSC2+/- dams (p = 0.001), but 

not from WT pups born to TSC2+/- dams (p = 0.242). Pups from heterozygous dam 

emitted a significantly higher fraction of multi-component calls across both periods (p = 

0.007). (c) The higher rates of multi-component calls in pups from TSC2+/- dams is 

partially explained by the higher rates of multi-syllabic calls (p = 0.012 for dam effect). 

(d) The higher rates of multi-component calls is more predominant in the stacked subset 

of calls (p = 0.001 for dam effect).
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Figure 5. (a) Histograms of the natural log of the inter-call-intervals reveal a larger peak 

followed by a smaller peak. The larger peak corresponds to intra-burst-intervals, whereas 

the smaller peak corresponds to inter-burst-intervals, (the period between the last call of 

one burst and the first call of the next burst). Calls from isolation 2 (green) are overlaid 

on calls from isolation 1 (blue) to show the potentiation in call numbers as well as the 

shift in inter-burst-interval in pups born to heterozygous dams. The asterisks marked by 

red boxes mark the calculated IBI. (b-d) The mean burst duration (b), note count (c), and 

rate (d) mimicked individual call parameters by increasing following reunion and 

showing significantly higher rates in pups born to heterozygous dams.
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Figure 6. (a) Male pups born to heterozygous dams were found to vocalize at 

significantly higher rates than either male (p = 0.002) or female pups (p = 0.003) born to 

WT dams. (b-d) Burst analysis revealed that this same group, male pups from 

heterozygous dams, vocalized in longer burst duration (b), higher note counts (c), and 

higher rates than did males pups from WT dams (p = 0.035, p = 0.022, p = 0.023, 

respectively) and higher rates than did female pups from WT dams (p = 0.021) (d).
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Figure 7. (a) When split by pup gender, male and female WT pups from the TSC2+/- dam 

group showed vocalizations at opposite extremes, where males vocalized at an increased 

rate, and neither males nor females showed maternal potentiation. The interaction of iso x 

dam genotype x pup gender was significant (p=0.005), reflecting the particularly high 

rates of calls in heterozygous dam, male pup groups and lack of maternal potentiation in 

both male and female groups specific to this genotype group. (b) WT females born to 

heterozygous dams exhibited a number of other failures to potentiate (before reunion in 

blue, after reunion in green) when most other groups did potentiate, including mean call 

duration, where this group was the only group to undergo a decrease on average. (c) 

Similarly, this group was the only group to exhibit a decrease on average in mean burst 

note counts. (d) Again, the group was the only one to decrease in burst rate. (e) This 

group stands out for its high baseline fraction of stacked calls and negligible increase 

after reunion.
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Figure 8. (a) Pup retrievals were measured by the latency to contact each pup situated in 

a corner of the home cage. (b) Heterozygous dams demonstrated more efficient retrieval 

scores, bringing all three pups back to the nest in less than half the time as WT dams (p = 

0.006 for dam effect). (c) The total time for final collection of all pups back to the nest 

was significantly lower for TSC2+/- dams (p = 0.011). (d) The non-linearity of retrieval 

latencies by WT dams is partially explained by a significantly higher failure rate to 

deposit the pup in the nest or to keep the pup there (p = 0.012). (d) Resident intruder tests 

showed no significant difference in total duration of sniffs or attacks and time over the 

nest. (e) While numbers of sniffs or attacks did not differ between dam groups, 

heterozygous dams entered the nest significantly more often (p = 0.003).
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Figure 9. (a) USV maternal potentiation averaged across litters reveals no litter effects. 

Comparison of call rate (b), mean duration (c), and latency (d) by litter and by individual 

pups (Fig. 2) reveal similar trends. Groups from left to right: het dam, het pups; het dam, 

WT pups; WT dam, het pups; WT dam, WT pups.
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Appendices
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Appendix 1: Molecular map of the TSC-mTOR pathway

mTOR is at the crossroads of signaling pathways both upstream and downstream 

(Figure A1). Upstream of mTOR, insulin and growth factors bind receptors that activate 

the PI3K-Akt pathway. Akt inhibits the tuberous sclerosis complex, which consists of two 

molecules, hamartin (TSC1) and tuberin (TSC2), that assemble to form a complex that 

inhibits mTOR. TSC2 is a GTPase-activating protein (GAP) that targets Rheb, a small 

GTPase. When bound to GTP, Rheb binds and antagonizes FKBP38, an endogenous 

inhibitor of mTOR that binds mTOR at a region overlapping with the rapamycin-

FKBP12 binding site. TSC prevents mTOR activation and cell growth by promoting 

hydrolysis of GTP in Rheb, thereby reducing its binding affinity for FKBP38 (9). Growth 

factors activate Akt, which inhibits TSC and permits mTOR-mediated cell growth. Also 

upstream of mTOR, AMPK acts as an energy sensor feeding into the TSC-mTOR 

pathway. Low energy stores increases the ratio of AMP to ATP, thus activating AMP 

kinase (AMPK), which in turn activates TSC to inhibit mTOR (62). Nutrients such as 

amino acids promote binding of Rheb to mTOR independently of TSC (63).

Downstream of mTORC1 are multiple pathways leading to cell growth through 

regulation of both protein transcription and translation. mTOR-mediated transcriptional 

regulation remains poorly understood but is thought to act through phosphorylation of 

unconventional prefoldin RPB5 interactor (URI), which interacts with all three RNA 

polymerases. mTOR also regulates rDNA transcription for ribosome biogenesis through 

the transcription factors UBF and TIF1A (8).

mTOR-mediated translational regulation is better understood and involves both 
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initiation and elongation of translation. eIF4E cooperates with the scaffold protein eIF4G 

to bind mRNA 5' caps and recruit 40S subunits to mRNA to initiate translation (63). 

eIF4E-binding proteins (4E-BPs) normally bind and prevent eIF4E from forming this 

initiation complex, but mTORC1 phosphorylates 4E-BP1 to prevent its binding with 

eIF4E (8, 64). mTOR and mitogen-activated protein kinase (MAPK) signaling pathways, 

both activated by NMDA receptors, merge and cooperate to activate eIF4E-mediated 

protein translation (64). mTORC1 also promotes translation elongation by activating 

eukaryotic elongation factor 2 (eEF2). eEF2 is normally phosphorylated and inhibited by 

eEF2 kinase, but mTORC1 phosphorylates at least three inhibitory sites on eEF2 kinase, 

freeing eEF2 to facilitate translocation of ribosomes from one codon to the next. 

mTORC1 also activates S6K1, an AGC family protein kinase. Phosphorylation at Thr389 

in S6K1 by mTORC1 leads to activation of S6K1, which in turn phosphorylates the 40S 

ribosomal protein S6. S6 was thought to increase translation of 5' tract of oligopyrimidine 

(TOP) mRNA, but recent studies have shown 5' TOP mRNA translation to be 

independent of S6K or S6 phosphorylation. S6K does promote elongation through eEF2 

by phosphorylating one of the inhibitory sites on eEF2 kinase (65, 63), but it remains 

unclear how else S6K controls translation (8).
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Figure A1.
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Appendix 2: Awe-Song, a vocalization analysis database

Mouse songs have many moving parts that can be difficult to keep track of. To 

organize dams, pups, and the many features of their calls, the Awe-Song vocalization 

analysis database was born. Awe-Song is built as a web application, with a browser-based 

graphical interface connected to a SQLite database back-end through Python scripts, 

AJAX, and Javascript technologies. Users can view database contents through a browser, 

selecting calls from individual pups or groups that match selected criteria, or extract 

database information directly to file through the command-line for further processing. 

Individual calls along as well as burst groupings were stored in the database, allowing for 

aggregation and comparison spanning a wide variety of data parameters. Both maternal 

potentiation and developmental recordings were accommodated in the database.

At the heart of Awe-Song is the SQLite database. The schema was initially 

designed during a bioinformatics course to fit both birdsong and mouse vocalizations and 

subsequently tailored to the current mouse experimental specifications. Animal data is 

stored for comparison across genotypes and to control for housing conditions, body 

weight, temperature, or other indicators of animal health and physiology. Vocalizations 

are organized by experiment, and each vocalization contains a number of parameters, 

such as call duration and latency. Sub-calls for each vocalization can also be stored in the 

database should the need arise.

The database can be accessed either by exporting the data to spreadsheets or 

through a browser. To aggregate vocalization parameters for statistical processing in 
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software packages such as PASW, command-line-based Python scripts were generated to 

access data, organize it into variables readable by PASW, and write to plain text file. For 

example, export scripts were used to convert data from individual calls into means per 

pup, including total calls for each minute based on call onset. Browser-based access 

allows the user to quickly check vocalizations for individual pups or those grouped by 

selected criteria, whether to ensure that the data was properly loaded into the database or 

as a way a way to double-check statistics (Figure A2). Although animal and experimental 

data, individual calls, and call bursts were all stored and processed separately, they were 

aggregated and reconnected for statistical analysis through Awe-Song.
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Figure A2. (a) Vocalization data can be imported through the Upload tab or searched 

through the Query fields. The Simple Query option allows for quick access based on 

specific information such as the animal ID, while the Advanced Query allows for 

selection based on a number of additional criteria. In this example, only those 

vocalizations from isolation 2 of animal 02251 have been selected. (b) The findings from 

the query populate a table displayed under the results section. Currently, a default set of 

parameters are displayed, while further development will focus on allowing the user to 

customize the display of those parameters through the Format option.
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Appendix 3: On The Mark custom-built event scoring software

To score videos and images, event scoring software such as Noldus Observer must 

often be used to track animal behavioral activities. Few if any open-source event scoring 

software exists. As an alternative to Noldus Observer, I developed On The Mark as an 

open-source, web-based tool for tracking mouse behavioral movements as well as 

classifying vocalization images. On The Mark is designed to be a user-friendly, cross-

platform, freely available tool that can be used for behavioral analysis, scientific or 

otherwise. The software is written in the JavaFX language and runs via Java Web Start 

for launching through a web browser.

On The Mark in video mode displays the video alongside clickable scoring units 

(Figure A3-1A). The video can be expanded or contracted by adjusting the size of the 

application window, and playback is controlled through the various rate, volume, and 

position sliders as well as fast-forward and rewind buttons. Scoring units can be added or 

removed through the plus and minus bars, respectively. Each scoring unit contains a field 

for entering the name of the event and another field for the user-defined shortcut. During 

video playback, the user can press on the appropriate scoring unit to mark the start of the 

event, and then again to mark its end. Different events can overlap one another, such as a 

sniff that occurs while the animal is over the nest. Alternatively, the user can press the 

appropriate shortcut to control the scoring units. The arrow keys and page up/down 

buttons can also be used to fast-forward and reverse the video without leaving the 

keyboard.
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To score static images, On The Mark automatically switches to image mode 

whenever image media are loaded (Figure A3-1B). Images can either be loaded from a 

directory or through a .csv file that contains the names of the files to be scored, such as a 

listing of all vocalizations in the first bursts of each isolation period. During call 

classification, numbers were used as shortcuts to allow efficient scoring with one hand on 

the numeric keypad and the other hand on the arrow buttons.

On The Mark can be switched to compact view using the arrow in the upper right 

corner, in which the video fits above the playback and scoring controls (Figure A3-2A). 

This “vertical integration” allows multiple instances of On The Mark showing various 

videos (or even different positions of the same video) to be viewed and compared. 

Compact view works for both video and image modes and can be used anytime desktop 

space is at a premium.

Scored events are stored in a table underneath the scoring units. The entire set of 

events can be copy-and-pasted into a spreadsheet program or text editor through standard 

select all (ctrl-a), copy (ctrl-c), and paste (ctrl-p) functions. Alternatively, data can be 

exported directly to online Google spreadsheets through the Google Data API (Figure A3-

2B). By plugging into Google spreadsheets, On The Mark can seamlessly transfer data 

“to the cloud” for ubiquitous access from any computer with connected to Google Docs. 

Data export also uploads scoring unit configuration data to the given spreadsheet. When 

the user re-opens the program, the user can select the exported worksheet to re-import all 

configuration content (Figure A3-2C).
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Figure A3-1. (a) In video mode, On The Mark displays the video alongside playback 

controls and scoring units. Underneath the score units is the event table. (b) In image 

mode, On The Mark playback buttons and sliders double as image browsing controls. 

While scoring units act as on-off switches in video mode to record event durations, a 

single click on a scoring unit in image mode records the event.
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Figure A3-2. (a) Compact mode allows for side-by-side viewing of multiple videos 

simultaneously. Controls and the event table remain accessible below the video. (b) 

Through the Google Data API, event and configuration data can be exported to online 

spreadsheets. (c) Rather than re-entering scoring unit configurations each time the 

program is launched, users can export configuration data into Google spreadsheets and 

then re-import them after the next program launch.
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Appendix 4: Spreadshift, a tool for aggregating online  

spreadsheet data

The typical experiment workflow involves recording pups to file while storing 

animal and experiment parameters in online spreadsheets, processing the recording files, 

integrating data from the online and processed files for importation into a database, and 

exporting complete data sets for analysis in statistical software packages. The 

experimenter can take advantage of the graphical interfaces provided by the online 

spreadsheet and On The Mark (Appendix 3) to enter data, while the analyst can use Awe-

Song (Appendix 2) to retrieve complete data sets from the database. The connector to 

integrate the various data sources into the database is provided by Spreadshift, a tool for 

sorting, selecting, and shifting online spreadsheets.

Online spreadsheets are often organized for ease of data entry, but their structure 

may preclude straightforward entry entry into a relational database. Typically, each 

experiment has its own spreadsheet, which is subdivided into a separate worksheet for 

each trial. Each worksheet consists of a set of columns corresponding to experimental 

parameters, while each row contains a separate animal. To aggregate the data into a 

database, select columns from each worksheet would need to be copy-and-pasted into a 

separate spreadsheet for importation, a potentially tedious and error-prone task. 

Alternatively, Spreadshift can be used to select the worksheets and columns for 

immediate aggregation (Figure A4). Selected data columns across all chosen worksheets 

are integrated into a single, new worksheet for import into a database and statistical 
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processing. New variables can also be computed from several current variables.

Statistical software packages often require data to be given as one row per subject, 

where all parameters for a given subject are stored in separate columns, or one row per 

parameter, where one column specifies the parameter, and another column holds the 

value for that parameter, depending on the type of analysis. In Spreadshift, data can be 

output in either format by specifying the parameters for grouping. For example, each pup 

can be given a separate line that includes separate columns for rate of calls during 

isolation 1, rate of calls during isolation 2, call duration during isolation 1, and call 

duration during isolation 2 for subsequent analysis by general linear models in PASW. 

For linear mixed models analysis, each pup can be given a separate line for each isolation 

period, with separate columns for the period number, the call rate for that period, and the 

call duration for that same period.

As with On The Mark, Spreadshift is cross-platform and open-source, meaning 

that it can run on Windows, MacOS, and Linux while also remaining free of charge and 

open for development. Spreadshift and On The Mark share a similar code base and are 

hosted together in the same open-source code repository.
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Figure A4.
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Appendix 5: Serial time course of TSC2 vocalizations

Pups were recorded repeatedly on each of developmental days P04, P07, P10, and 

P13. During each recording, pups were isolated one-by-one for two minutes and returned 

to their home cage as soon as the recording was complete. Pups were picked in random 

order each day to reduce the possibility of order effects on vocalization rates. By 

employing the same tools for vocalization analysis as for the maternal potentiation 

experiments, we could compare the vocalization rates against known rates across 

development of C57BL6/J mice from other studies and determine when the vocalization 

abnormalities involving TSC2 heterozygosity became apparent.

Developmental day had a strong overall effect on vocalization rate [F(3, 80) = 

29.705, p < 0.001], consistent with serial recordings from C57BL6/J mice in a previous 

study (Figure A5A) (40). While rates were similar across genotype groups for most days, 

one group on one day stands out for a particularly low vocalization rate: WT pups born to 

heterozygous dams on P07. These pups vocalized at less than half the rate of the other 

groups and showed a significant simple effect of genotype group on that day [F(3, 86) = 

4.47, p = 0.006 by multiple imputations because of missing values from pups that did not 

survive throughout recording days]. Thus the same group that failed to potentiate also 

failed to increase in call rate between successive developmental days of recording.

Development day also had a significant effect on duration of calls [F(3, 80) = 

22.262, p < 0.001 by multiple imputations], revealing an overall decrease in duration 

during development or through habituation (Figure A5B). Again, the WT pups born to 
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heterozygous dams stand out for particularly short duration of calls on one specific day, 

P07 [F(3, 86) = 3.58, p = 0.017 by multiple imputations]. Thus the decreased call rate is 

accompanied by a shorter duration of calls, similar to the failure to potentiate 

accompanied by the failure to increase call duration for this same genotype group during 

potentiation experiments. Although median sound frequencies did not differ within 

developmental days across genotypes, the overall frequencies rose across developmental 

day [F(3, 26) = 11.747, p < 0.001] (Figure A5C). There were various significant statistical 

interactions among day, dam genotype, pup genotype, and pup gender, but no clear 

interpretation for individual genotype groups emerged. Latency to call showed complex 

trends in which latencies tended to decrease on P07, jump up on P10, and then, for all but 

one group, retreat again on P13. Developmental day had a significant effect on latencies 

[F(3, 26) = 4.987, p = 0.007], and various small statistical interactions emerged but 

without clear interpretation for particular genotype groups (Figure A5D).

The lack of dam effect on vocalization rate on the first day of recording suggests 

that the dam effect on baseline rates in the maternal potentiation experiments might not 

be seen until sometime between P04 and P10, the day when potentiation experiments 

were conducted. Although we did not see this effect on day P10 of these serial 

vocalization measurements, it is possible that the pups habituated to the isolation through 

the course of repeated recordings. It would be interesting to see the effect of 

developmental day on recording from separate batches of pups recording only once, on 

the given day of development.
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Figure A5. (a) Vocalization rates across developmental days for each genotype group 

revealed a strong overall effect of developmental day (p < 0.001), with a peak in call rates 

for most groups at P07, followed by a decline by P10. WT pups born to heterozygous 

dams stood out as the only group to differ from this pattern, instead exhibiting a 

significantly depressed call rate on day P07 (p = 0.006). (b) Mean duration of calls 

likewise showed an effect of developmental day (p < 0.001). WT pups from heterozygous 

dams underwent a particularly strong depression in call duration, again on day P07 (p = 

0.017). (c) Although increasing developmental day also correlated with median frequency 

(p < 0.001), no clear differences emerged among genotype group. (d) Similarly, latencies 

showed a strong effect of developmental day (p = 0.007), but no clear differences by 

genotype group. The original data (non-imputed) are shown for all graphs.
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