Wang et al. Molecular Autism (2024) 15:50 Molecular Autism
https://doi.org/10.1186/513229-024-00629-x

) ) ) ) )]
Socio-affective communication e

in Tph2-deficient rat pups: communal
nesting aggravates growth retardation
despite ameliorating maternal affiliation deficits

Tianhua Wang'?®, Judith R. Homberg®®, Laura Boreggio*®, Marta C. F. Samina®®, Rogério C. R. Castro®®,
Sharon M. Kolk®®, Natalia Alenina*®®, Michael Bader*®’#®, Jinye Dai’® and Markus Wohr!>1011"

Abstract

Background A lack of serotonin (also known as 5-hydroxytryptamine, 5-HT) in the brain due to deficiency

of the rate-limiting enzyme in 5-HT synthesis, tryptophan hydroxylase 2 (TPH2), was recently reported to result

in impaired maternal affiliation across species, including mice, rats, and monkeys. In rodents, this was reflected

in a lack of preference for maternal odors and reduced levels of isolation-induced ultrasonic vocalizations (USV), pos-
sibly contributing to a severe growth retardation phenotype.

Methods Here, we tested whether growth retardation, maternal affiliation deficits, and/or impairments in socio-
affective communication caused by Tph2 deficiency can be rescued through early social enrichment in rats. To this
aim, we compared male and female Tph2™~ knockout and Tph2"~ heterozygous rat pups to Tph2"* wildtype litter-
mate controls, with litters being randomly assigned to standard nesting (SN; one mother with her litter) or communal
nesting (CN; two mothers with their two litters).

Results Our results show that Tph2 deficiency causes severe growth retardation, together with moderate impairments

in somatosensory reflexes and thermoregulatory capabilities, partially aggravated by CN. Tph2 deficiency further led to defi-
cits in socio-affective communication, as evidenced by reduced emission of isolation-induced USV, associated with changes
in acoustic features, clustering of subtypes, and temporal organization. Although CN did not rescue the impairments

in socio-affective communication, CN ameliorated the maternal affiliation deficit caused by Tph2 deficiency in the hom-
ing test. To close the communicative loop between mother and pup, we assessed maternal preference and showed

that mothers display a preference for Tph2"* controls over Tph2”~ pups, particularly under CN conditions. This is consistent
with the aggravated growth phenotype in Tph2™~ pups exposed to the more competitive CN environment.

Conclusion Together, this indicates that CN aggravates growth retardation despite ameliorating maternal affiliation
deficits in Tph2-deficient rat pups, possibly due to reduced and acoustically altered isolation-induced USV, hindering
efficient socio-affective communication between mother and pup.
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Introduction

Serotonin (also known as 5-hydroxytryptamine, 5-HT)
is a monoamine neurotransmitter with complex biolog-
ical functions. As neuromodulator it regulates neuronal
signaling involved in a broad variety of psychologi-
cal processes and functions, ranging from motor con-
trol and appetite to mood and social behavior [45].
Consequently, the 5-HT system is strongly involved in
mediating the effects of a diverse group of psychoac-
tive drugs with anxiolytic, antidepressant, neuroleptic,
empathogenic, and psychedelic properties [57]. How-
ever, 5-HT likewise plays a prominent role in regulat-
ing various aspects of neurodevelopment [31]. This
includes cell proliferation, differentiation, and migra-
tion as well as network formation, e.g. through con-
trolling synaptogenesis [26]. In line with its function
during development, the 5-HT system is one of the ear-
liest developing neurotransmitter systems. In fact, the
expression of 5-HT together with associated enzymes
and receptors peaks during early brain development
and alterations therein have been associated with neu-
rodevelopmental disorders [56], such as autism spec-
trum disorder (ASD; [10]).

A key element of the central 5-HT system is the
enzyme tryptophan hydroxylase 2 (TPH2), the ini-
tial and rate-limiting factor in 5-HT synthesis in the
brain [76]. Removing TPH2 from experimental ani-
mals through genetic engineering was found to result
in altered neurodevelopmental profiles in mice, rats,
pigs, and monkeys. One of the most prominent effects
of congenital lack of brain 5-HT is growth retardation
associated with low survival rates during early develop-
ment [2]. In mice, growth retardation was associated
with reduced brain growth and delayed cortical matu-
ration [59]. Growth retardation and low survival rates
were also reported in Tph2-deficient rats [37] and pigs
[44], while no prominent phenotype was reported in
monkeys [47].

At the behavioral level, Tph2 deficiency was found
to cause a multitude of behavioral alterations. In mice,
this includes decreased levels of anxiety-related behav-
ior [7, 55], while panic-like escape responses and fear
learning appear to be facilitated [74, 75]. Assessment of
depression-like behavior led to variable results [6, 50,
55, 65]. In rats, lower levels of anxiety-related behavior
were reported [52].

A behavioral domain particularly affected by Tph2
deficiency is social behavior. This includes maternal
caregiving behavior and evidence for maternal neglect
was repeatedly observed in independent mouse studies
[2, 8, 58]. Moreover, altered social interaction behavior
was seen in juvenile and adult mice [9], possibly due to
reduced social interest and social memory deficits [38].
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Particularly in adult mice, strongly enhanced levels of
aggressive behavior were evident, both in males and
females [2, 27, 39, 50, 55], possibly due to an increase in
impulsivity [7] and potentiated by social isolation [48].
This includes increased levels of mounting behavior
between males, which was interpreted as evidence for a
lack of sexual preference [46], also reported in females
[88],but see: [5, 9]. Increased aggressive behavior and
changes in sexual behavior were also seen in rats [4, 52,
62].

An important component of the rich social behavior
repertoire of rodents is socio-affective communication
through ultrasonic vocalizations (USV; [15, 63, 86]). Mice
and rats emit distinct types of USV. During the first two
weeks of life, mouse and rat pups emit isolation-induced
USV when separated from mother and littermates [3, 90].
Such isolation-induced USV serve important communi-
cative functions in regulating mother—pup interactions
and were shown to stimulate maternal caregiving behav-
ior [71, 85]. In juvenile and adult mice, ultrasonic calling
is prominent during affiliative social interactions [61].
High rates are also seen in adult males exposed to female
urine [64], presumably to attract females [28].

Across species, congenital deficiency in brain 5-HT due
to Tph2 deletion has been implicated in the regulation of
socio-affective communication. In mice, Tph2 deficiency
was found to result in a prominent deficit in the emis-
sion of pup isolation-induced USV, as reflected in lower
call emission rates, altered call clustering, and reduced
temporal organization [54]. Moreover, ultrasonic calling
in response to female urine was virtually absent in adult
Tph2-deficient male mice [9]. Importantly, socio-affec-
tive communication deficits in mouse pups were recently
linked to reduced maternal affiliation, as reflected in a
lack of preference for maternal odors [47]. Moreover,
similar deficits in socio-affective communication and
maternal affiliation were evident in rats and monkeys,
suggesting a conserved function of 5-HT in regulating
maternal preference and pup-driven interactions with the
mother [47].

A central element of the early environment shaping the
behavioral repertoire of the offspring is maternal care
and the interaction with littermates. In the laboratory,
communal rearing or nesting are often used to systemati-
cally study the impact of those early social environmen-
tal factors [12]. Communal rearing or nesting, e.g. two
mothers and their litters, as opposed to standard condi-
tions with one mother and her litter, was shown to pro-
mote the acquisition of social skills [13] and resilience to
stress [14].

Here, we tested whether growth retardation, maternal
affiliation deficits, and/or impairments in socio-affec-
tive communication caused by Tph2 deficiency can be
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rescued through early social enrichment in rats. To this
aim, we compared male and female Tph2~~ knockout
and Tph2*/~ heterozygous rat pups to Tph2™/* wildtype
littermate controls, with litters being randomly assigned
to standard nesting (SN; one mother with her litter) or
communal nesting (CN; two mothers with their two lit-
ters). This was followed by the assessment of socio-affec-
tive communication through isolation-induced USV and
the homing test as a proxy for maternal affiliation, in
combination with the assessment of developmental mile-
stones, somatosensory reflexes, and thermoregulatory
capabilities in the rat pups throughout the first two weeks
of life. Importantly, our approach included not only the
sender emitting isolation-induced USV but also the
receiver responding to isolation-induced USV through
including a maternal preference test, to truly model the
reciprocal nature of communication.

Methods

Animals and housing

Effects of early social enrichment on growth retarda-
tion, maternal affiliation deficits, and impairments in
socio-affective communication were assessed in Tph2™/~
knockout (KO) and Tph2*/~ heterozygous (HET) rat
pups and compared to Tph2*/* wildtype (WT) littermate
controls, with balanced representation of sexes. Tph2*/~
rats carrying a 10-base pair deletion in exon 7 were gen-
erated by means of zinc finger technology on a Dark
Agouti background [37]. Tph2*/~ founders were provided
by the Max-Delbriick-Centrum fiir Molekulare Medizin,
Germany [67], and backcrossed after arrival at Philipps-
Universitit Marburg, Germany, by pairing them with
Dark Agouti rats (DA/OlaHsd, Janvier, France).

For experiments, a heterozygous breeding strategy was
applied to obtain Tph2~~ and Tph2*/~ offspring and
Tph2*/* littermate controls (Fig. 1A). The day of birth
was defined as postnatal day (P) 0. Rats were housed in
standard Makrolon Type IV cages with high stainless-
steel covers (59%x33%x20 cm) under standard labora-
tory conditions. Cages were kept in temperature- and
humidity-controlled rooms (22+2 °C, 40-70%) with
a 12:12 h light/dark cycle (lights on at 7:00 am). Stand-
ard rodent chow (Altromin, Lage, Germany) and water
were available ad libitum. To mitigate for the low sur-
vival rates reported in Tph2~~ rats before [37], litter
size was reduced after genotyping on P2 by randomly
culling over-represented genotypes for large litters on
P3, typically aiming for N=1 rat pup per sex and geno-
type. Moreover, agar food (Solid Drink®-DeHyPrev Bio
75 gm, SDDHP-75, 3at-bio b.v., Tiel, The Netherlands)
was provided from P10 to increase survival rates. Health
monitoring was performed on P2, P4, P6, P8, P10, P12,
and P14. Heterozygous breeding resulted in N=33
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litters with a genotype distribution of approximately 30%
Tph2~/=, 50% Tph2*/~ offspring, and 20% Tph2*/* litter-
mate controls (Fig. 1B). Measures taken to increase sur-
vival rates were successful. As compared to a previously
reported survival rate of approximately 50% for Tph2™/~
rat pups [37], a much higher survival rate of approxi-
mately 90% was obtained for Tph2~/~ offspring, reaching
levels comparable to Tph2*/~ offspring and Tph2*'* lit-
termate controls (Fig. 1C). To avoid litter effects, only lit-
ters with Tph2*/* littermate controls and Tph2*/~ and/or
Tph2~'~ rat pups were included in the experiments, with
both sexes present. Of note, for CN litters this rule was
applied independently for the two litters housed together.
This resulted in the inclusion of N=15 out of N=33 lit-
ters in the experiments/analyses, of which N=9 litters
were used for SN and N =6 litters were used for CN. On
PO, average litter size was 7.67 +£0.41 pups for SN and
7.83+0.31 for CN. After culling on P3, average litter size
was 5.89+0.56 for SN and 7.00+0.58 for CN (Fig. 1D).
The total number of pups included was N =94, with bal-
anced sex and genotype representations (Fig. 1E).

All procedures were conducted in strict compliance
with the National Institutes of Health Guidelines for
the Care and Use of Laboratory Animals, the European
regulations for animal experiments (2010/63/EU), and
the legal requirements of Germany. Procedures were
approved by the local authorities (G14/2022).

Experimental design

To study the effects of early social enrichment on
growth retardation, maternal affiliation deficits, and
impairments in socio-affective communication in a
genotype- and sex-dependent manner, an experimen-
tal design with four independent variables was used,
namely sex, genotype, developmental stage, and nesting
condition, i.e. SN versus CN. To this aim, litters with
male and female Tph2~/", Tph2*/~, and Tph2*'* litter-
mates were randomly assigned to SN (one mother with
her litter) or CN (two mothers with their two litters)
from PO (a metal cage divider with holes was used from
PO to P2 to keep the pups from the two litters sepa-
rate before tattooing for identification was completed).
This was followed by the assessment of developmental
milestones, somatosensory reflexes, and thermoregula-
tory capabilities, together with the recording of isola-
tion-induced USV on P2, P4, P6, P8, P10, P12, and P14
during a 10-min social isolation period. In addition, a
maternal preference test was performed on P7 and the
homing test as a proxy for maternal affiliation was con-
ducted on P11. Of note, one Tph2*/* littermate con-
trol exposed to CN was injured while the two females
present in the cage were competing for it at P10. It was
excluded from all data analyses, except the maternal



Wang et al. Molecular Autism (2024) 15:50 Page 4 of 29

*Health monitoring was conducted every third day from P15 to P42, and
SN CN weekly thereafter, with daily checks if any parameter scored above 1.
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Fig. 1 Overview of experimental design, genotype distribution, and survival rates. (A) A heterozygous breeding strategy was applied to obtain
male and female Tph2~~ knockout and Tph2*/~ heterozygous rat pups, together with Tph2** wildtype littermate controls. Litters were randomly
assigned to standard nesting (SN; one mother with her litter) or communal nesting (CN; two mothers with their two litters). An intensive health
monitoring and care system was applied to mitigate for the low survival rates previously reported to be associated with Tph2 deficiency in mice
and rats. (B) Genotype distribution of rat pups obtained through applying a heterozygous breeding strategy, including all N=33 litters obtained.
(C) Survival rate of Tph2‘/‘ (KO) and Tph2+/' (HET) rat pups, as compared to TphZ”+ (WT) littermate controls; including all N=33 litters obtained,
with rat pups removed through culling from the litter to mitigate for the low survival rates not included in calculating survival rates as percentages.
(D) Litter sizes of the N=15 experimental litters from SN and CN included in the analyses on postnatal day 0 (P0) and postnatal day 3 (P3). (E)
Genotype distribution of experimental rat pups included in the analyses, split according to sex
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preference test conducted at P7. After completion of
behavioral experiments on P2, tail samples were taken
for genotyping. Pups were tattooed for their identifi-
cation using a non-toxic animal tattoo ink (Ketchum
permanent tattoo inks green paste, Ketchum Manufac-
turing Inc., Brockville, Canada). The ink was inserted
subcutaneously through a 27-gauge hypodermic needle
tip into the center of the paw. All behavioral tests were
conducted during the light phase of the 12:12 h light/
dark cycle. Experimenters were blind to genotypes dur-
ing data acquisition and analysis. Prior to each test, the
behavioral equipment was cleaned using a 0.1% acetic
acid solution and dried with paper towels.

Genotyping

Genotyping was performed using DNA obtained from
tail samples. After the behavioral experiments on
P2, approximately 0.3 cm of tails were collected and
digested using DirectPCR Lysis Reagent (Viagen, Can-
ada) and proteinase K (PanReac AppliChem, Germany)
to obtain crude DNA extracts. Then, 1 pl of the DNA
extract was amplified by PCR using the GE Healthcare
Ilustra™ PuReTaq RTG PCR Bead Kit (Little Chalfont,
UK), with the following primers: 5'-ACCTGAGCCCAA
GAGACTTCC-3' (forward) and 5'-GCTACGCTATCA
AAGGCCCG-3' (reverse). The thermocycler (MyCy-
cler, BioRad, Hercules, CA, USA) was programmed
for 1 cycle at 94 °C for 180 s, followed by 35 cycles of
94 °C for 30 s, 61 °C for 30 s, and 68 °C for 30 s, and a
final cycle at 68 °C for 300 s, to accomplish denaturing,
annealing, and extension steps for PCR products. 10 pl
of the PCR products were then digested by incuba-
tion at 37 °C for 90 min using restriction enzyme Mnl1l
and rCutSmart Buffer (NEW ENGLAND Biolabs, Ger-
many). Electrophoresis of the digested PCR products
was performed using the Sub-Cell GT system (BioRad,
Hercules, CA, USA) with a 3% agarose gel stained with
GelRed"™ 3X (Biotium, Hayward, CA, USA). Automated
gel documentation was conducted using the GelDoc™
imaging system with a UV tray (BioRad, Hercules, CA,
USA). Genotyping was completed by P3, after which
litter culling was conducted as necessary based on gen-
otyping results.

Developmental milestones, somatosensory reflexes,

and thermoregulatory capabilities

Developmental milestones, somatosensory reflexes,
and thermoregulatory capabilities were assessed by a
trained experimenter on P2, P4, P6, P8, P10, P12, and
P14. First, body temperature was assessed using a ther-
mal camera (testo 865 s, Testo SE & Co. KGaA, Lenz-
kirch). Body temperature was assessed twice under room
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temperature in individual rat pups placed on a flat sur-
face, i.e. immediately after removing them from the litter
(before isolation) and after the 10-min isolation period
(after isolation). Then, after the 10-min social isolation
period, body weight and length were measured. Body
weight was determined by a laboratory balance (IoT-
Line Compact Laboratory Balance PCB 2000-1; KERN &
SOHN GmbH, Germany). Next, physical landmarks and
somatosensory reflexes were determined, as described in
Wohr et al. [84]. The following physical landmarks were
scored: Pinnae detachment, eye opening, incisor erup-
tion, fur development, and milk spot. Somatosensory
reflexes were scored in the following order:

1. Grasping reflex: The pup’s forepaws were stroked
with a toothpick. Grasping the shaft of the toothpick
was recorded as present or absent.

2. Forelimb placing: The pup’s dorsa of the forepaws
were stroked with a toothpick. Raising and placing
the forepaw on the toothpick was recorded as present
or absent.

3. Righting reflex: The pup was gently held on its back
and released. Latency to flip over onto the abdomen
with four paws touching the surface was measured
with a stopwatch.

4. Level screen: The pup was gently dragged across
a square grid (811 cm) by the tail. Grasping was
recorded as present or absent.

5. Negative geotaxis: The pup was gently placed head
down on a square of grid (8 11 cm) at an angle of
45°. Latency to turn 180° to either side was measured
with a stopwatch.

6. Vertical screen: The pup was placed on a square grid
(811 cm) at 90° angle. Duration the pup was able to
stay on the grid was measured with a stopwatch.

7. Cliff avoidance: The pup was placed on a rectangular
object with flat surface and the pup’s snout and fore-
paws were gently pushed over its edge. Latency to
withdraw from the edge was measured with a stop-
watch.

8. Bar holding: The pup grasping a small elevated wire
bar by its forelimbs, while the hindlimbs were not
in contact with the surface. Duration the pup was
able to hold onto the bar (including assistance of
hindlimbs and tail) was measured with a stopwatch.

9. Auditory startle: The pup was exposed to an acous-
tic stimulus (hand clapping). Startle response was
recorded as present or absent.

Latencies or durations were measured in seconds for
righting reflex (maximum: 60 s), negative geotaxis (maxi-
mum: 60 s), vertical screen (maximum: 60 s), cliff avoid-
ance (maximum: 30 s), and bar holding (maximum: 60 s).
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Other somatic and behavioral variables were rated semi-
quantitatively: 0=absent, 1 =uncertain, 2=present, and
3=evident.

Isolation-induced ultrasonic vocalizations: recording

For eliciting isolation-induced USV, pups were separated
from mother and littermates and isolated for a period of
10 min under room temperature (ca. 20-23 °C), as pre-
viously described [85]. Pups were individually removed
from the nest at random and gently placed into an isola-
tion box (23 x28x 18 cm) made of white and transparent
plastic walls. The roof and one wall were made of trans-
parent plastic to allow video observation during the test.
The isolation box was placed in a sound attenuating iso-
lation cubicle (51 x71%x51 c¢cm, Coulbourn Instruments,
Allentown, PA) equipped with 2 white-light LED spots
(63 1x, Conrad Electronic GmbH, Hirschau, Germany)
and a black/white CCD camera (Conrad Electronic
GmbH) for video observation. For broad-band, high-
resolution ultrasound recording of isolation-induced
USV, an UltraSoundGate Condenser Microphone CM
16 (Avisoft Bioacoustics, Berlin, Germany) was placed in
the roof of the sound attenuating box, 12 cm above the
floor. The microphone was connected via an UltraSound-
Gate 416 USGH audio device (Avisoft Bioacoustics) to a
personal computer, where acoustic data were recorded
with a sampling rate of 250,000 Hz in 16-bit format by
Avisoft RECORDER (version 2.97; Avisoft Bioacoustics).
The microphone that was used for recording was sensi-
tive to frequencies of 15 to 180 kHz with a flat frequency
response (+ 6 dB) between 25 and 140 kHz.

Isolation-induced ultrasonic vocalizations: analysis

DeepSqueak (DS; version 3.1.0; [18]) with a convolutional
neural network (CNN) was used to analyze the isolation-
induced USV emitted during the 10-min social isola-
tion period. First, the DS object detector using a faster
regional CNN (FASTER-RCNN) was custom-trained
without default CNN using over 16,000 images of isola-
tion-induced USV obtained through broad-band, high-
resolution ultrasound recording of isolation-induced
USYV, including images from all developmental stages, i.e.
P2-P14. Then, all broad-band, high-resolution ultrasound
recordings were processed using the custom-trained
FASTER-RCNN, isolation-induced USV were detected,
and detection files were generated. The accuracy of call
detection by DS was verified manually by an experienced
user. When necessary, false positives were eliminated
and missed isolation-induced USV were included. False
positives were seen rarely, while missings occurred more
often, with an estimated number of about 5% of isolation-
induced USV on average being added manually. The total
number of isolation-induced USV was calculated for
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the entire 10-min isolation period for all developmen-
tal stages, i.e. P2-P14. Besides call number, total calling
time and various acoustic features were assessed. For
every single isolation-induced USV, the acoustic features
determined included call duration, peak frequency, peak
amplitude, and frequency modulation. They were calcu-
lated for each individual isolation-induced USV sepa-
rately, i.e. call length (s), principal frequency (kHz), mean
power (dB/Hz), and delta frequency (kHz), as measured
and defined by DS (for details, please see Fig. 4A). Total
calling time was defined as the sum of the lengths of all
individual isolation-induced USV. In addition, call sub-
types were determined by means of density blots using
more than 150,000 isolation-induced USV emitted on
P12, applying a data processing approach established
before [80]. Specifically, two types of density blots were
used, i.e. one depicting peak frequency versus call dura-
tion and another one depicting peak frequency versus
frequency modulation. Finally, to assess the temporal
organization of isolation-induced USV emission, sequen-
tial analyses were performed by correlating the call
durations of given isolation-induced USV with the call
durations of the previous ones (N-1), the ones two before
(N-2), and the ones three before (N-3), as applied repeat-
edly as a proxy for the level of randomness versus stereo-
typy in the temporal USV emission patterns [80].

Homing test as a proxy for maternal affiliation

As a proxy for maternal affiliation, the homing test
was performed on P11 under dim red-light conditions
(room temperature: ca. 20-21 °C). First, pups were indi-
vidually isolated in a standard Makrolon Type III cage
(43x27x15 cm) containing both soiled bedding from
the home cage and clean bedding. The soiled bedding
was evenly spread over 1/3 of the cage floor on one side,
while the rest was covered with clean bedding. The soiled
bedding zone was counter-balanced across tests to avoid
positional bias. At the beginning of the test, the pup was
placed in the center of the cage floor. Then, the pup was
allowed to freely explore the entire cage for 10 min. After
the homing test, the pup’s body temperature was meas-
ured using a thermal camera (testo 865 s, Testo SE & Co.
KGaA, Lenzkirch). For behavior scoring, video record-
ing was performed (IP camera RLC-410-5MP; Reolink,
Hong Kong, China). For broad-band, high-resolution
ultrasound recording of isolation-induced USV, an Ultra-
SoundGate Condenser Microphone CM 16 (Avisoft
Bioacoustics, Berlin, Germany) was positioned 24 cm
above the cage floor. The microphone was connected
via an UltraSoundGate 416 USGH audio device (Avisoft
Bioacoustics) to a personal computer, where acoustic
data were recorded with a sampling rate of 250,000 Hz
in 16-bit format by Avisoft RECORDER (version 2.97;
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Avisoft Bioacoustics). To synchronize video and ultra-
sound recordings for later analysis, a timer was beeped
under the camera and microphone. For behavior scoring
using The Observer XT 12 (Noldus, Wageningen, The
Netherlands), the cage floor was virtually divided into 3
zones: soiled bedding zone (1/3), center zone with clean
bedding (1/3), and clean bedding zone (1/3). The time the
pup spent in the soiled bedding zone (1/3) and clean bed-
ding zone (1/3), as well as the number of line crossings,
were analyzed. Isolation-induced USV were analyzed
using DS (version 3.1.0; [18]). First, the DS object detec-
tor using a faster regional convolutional neural network
(FASTER-RCNN) was custom-trained using the default
CNN Rat Detector YOLO R1 and over 3,000 images of
isolation-induced USV obtained through broad-band,
high-resolution ultrasound recording of isolation-
induced USV emitted during the homing test. Then, all
broad-band, high-resolution ultrasound recordings were
processed using the custom-trained FASTER-RCNN,
isolation-induced USV were detected, and detection
files were generated. The accuracy of call detection by
DS was verified manually by an experienced user. When
necessary, false positives were eliminated and missed
isolation-induced USV were included. The total number
of isolation-induced USV was calculated for the entire
10-min homing test period. Besides call number, total
calling time was assessed.

Maternal preference test

To assess the preference of Tph2*/~ heterozygous moth-
ers for their Tph2~~ knockout pups versus Tph2*'*
wildtype littermate controls, a maternal preference test
was conducted on P7 under dim red-light conditions
(room temperature: 20-21 °C). To this aim, one Tph2~/~
pup and one Tph2*’* pup from the same litter were
placed in separate wired cylinders (diameter: 10.5 cm;
height 12 c¢cm) with clean bedding at opposite corners
of an open field (60x60X60 cm). The positions of the
Tph2~'~ and Tph2*"* pups were counter-balanced across
tests to avoid positional bias. Immediately after placing
the pups, their own mother was placed in the center of
the open field, and her behavior was video recorded for
10 min (EQ150, EverFocus, Taipei, Taiwan). Mothers
were exposed to all Tph2~/~ versus Tph2*/* pairs pre-
sent in their litters, i.e. mothers were repeatedly tested
but no pup was used more than once. For behavior scor-
ing using The Observer XT 12 (Noldus, Wageningen,
The Netherlands), a 2 ¢cm radius around the wired cylin-
der was defined. The time the mother spent within this
radius around the cylinders with her nose was used to
evaluate her preference for Tph2~'~ versus Tph2*'* pups.
To acclimate the Tph2*/~ heterozygous mothers to the
experimental setup and procedure, they were individually
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placed in the open field with two empty cylinders for
10 min the day before the maternal preference test.

Statistical analysis

To analyze developmental milestones, somatosen-
sory reflexes, thermoregulatory capabilities, and isola-
tion-induced USV, including all acoustic call features,
ANOVAs for repeated measurements with the between-
subjects factors sex, genotype, and nesting condition,
and the within-subject factor development stage, were
used. Time spent in the homing test was analyzed using
ANOVAs for repeated measurements with the between-
subjects factors sex, genotype, and nesting condition, and
the within-subject zone. Line crossings and isolation-
induced USV emitted during the homing test were com-
pared using ANOVAs with the between-subjects factors
sex, genotype, and nesting condition. For the maternal
preference test, ANOVAs for repeated measurements
with the between-subjects factors sex and nesting condi-
tion, and the within-subject preference, were calculated.
In case of lack of sphericity, Greenhouse—Geisser cor-
rection was applied. ANOVAs were followed by post-
hoc analysis when appropriate. A p-value of<0.050 was
considered statistically significant. Statistical analyses
were performed using SPSS (version 29, IBM; Armonk,
NY, USA). Figures were created using Prism (GraphPad
Software, Boston, MA, USA) and BioRender (BioRender,
Toronto, Canada).

Results

Developmental milestones, somatosensory reflexes,

and thermoregulatory capabilities

Tph2 deficiency in rats caused severe growth retarda-
tion, together with moderate impairments in soma-
tosensory reflexes and thermoregulatory capabilities,
partially aggravated by CN, as compared to SN. Devel-
opmental milestones and somatosensory reflexes were
assessed every second day during the first two weeks
of life (Fig. 2A). This included the assessment of body
weight gain (Fig. 2B) and thermoregulatory capabili-
ties (Fig. 2C). Throughout the first two weeks of life,
body weight gain was strongly affected by genotype
(genotype: F,g,=101.743; p<0.001; ageXgenotype:
F) g65,117.462 = 157.843; p <0.001). Specifically, body weight
increased substantially in Tph2™/~ pups and Tph2*/* lit-
termate controls, while body weight gain was reduced in
Tph2~'~ pups. Whereas there was no genotype difference
on P2, differences in body weight started to emerge from
P4, resulting in body weight values of Tph2~~ pups being
20-40% lower by P14 than those observed in Tph2*/*
littermates (Fig. 2D,D’). Surprisingly, the growth retar-
dation phenotype displayed by Tph2~~ pups was aggra-
vated by CN, as reflected in even further reduced body
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weight gain in Tph2~~ pups exposed to CN, as com-
pared to SN (nesting X genotype: F,¢,=5.094; p=0.008;
age X nesting X genotype: F,ges117.46,=6.563; p<0.001).
Moreover, the aggravated growth retardation pheno-
type in Tph2~~ pups exposed to CN is in contrast to
the increased body weight gain seen in Tph2*/~ pups
and Tph2*'* littermates exposed to CN, possibly reflect-
ing higher levels of competition between pups under
CN, as compared to SN. Of note, a similar pattern was
obtained irrespective of whether body weight values
were expressed as percentages relative to all Tph2*/* lit-
termates or separately for Tph2*/* littermates exposed to
SN versus CN, respectively.

Growth retardation in Tph2™~ pups was associated
with impairments in thermoregulatory capabilities. Body
temperature was assessed before and after a 10-min
social isolation period under room temperature. When
measuring body temperature right after removal from
the nest before isolation, prominent genotype differences
were evident, with Tph2~/~ pups having lower body tem-
perature values than Tph2*/~ pups and Tph2*/* littermate
controls (genotype: F,g,=21.851; p<0.001; Fig. 2E). The
developmental pattern was similar to body weight gain
(age x genotype: F | 346 424,997 =1.906; p=0.040). While no
genotype differences were seen on P2, body temperature
differences were evident during later stages of develop-
ment. However, in contrast to growth retardation, effects
of Tph2 deficiency on thermoregulatory capabilities were
not aggravated by CN, as compared to SN (nesting X gen-
otype: F,4,=0.193; p=0.825; age X nestingX genotype:
F10.366424.997=0.894; p=0.542). A similar result pattern
was found after the 10-min isolation period, with promi-
nent genotype differences in body temperature starting
at P4 (genotype: F,4,=45.522; p<0.001; age X genotype:
Fy 315372605 =4-940; p<0.001), irrespective of CN (nest-
ingx genotype: F,4,=0.163; p=0.850; ageXnest-
ingx genotype: Fg 35370 605=0.794; p=0.626; Fig. 2F).
Comparing the body temperature before and after the

(See figure on next page.)
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10-min isolation period showed that rat pups typically
lost between 3 °C to 6 °C on P2, while the typical temper-
ature loss on P14 was less than 1 °C, reflecting improved
thermoregulatory capabilities with age. Improved ther-
moregulatory capabilities with age were seen irre-
spective of genotype and CN (genotype: F,g,=0.695;
p=0.502; ageXxgenotype: Fg;i5345587=1.150; p=0.327;
nesting X genotype: F,4,=0.397; p=0.673; ageXnest-
ing x genotype: Fg ;15 348 587=0.674; p=0.727), suggesting
that the genotype differences in body temperature evi-
dent before isolation were maintained but not exacer-
bated throughout isolation.

Growth retardation in Tph2~/~ pups was further asso-
ciated with delays in several developmental milestones
(Table 1). Firstly, growth retardation was not only
reflected in body weight but also body length (geno-
type: genotype: F, 4, =35.864; p <0.001; age X genotype:
F; 685,315.088 = 73.624; p <0.001). Moreover, eye opening
was delayed in Tph2~/~ pups (genotype: F) 4, =7.905;
p=0.001; age X genotype: Fy, ;,0,=6.579; p<0.001). The
visibility of a milk spot in the belly was likewise affected
by genotype, with less visible milk spots in Tph2~/~
pups, as compared to Tph2*~ pups and Tph2** lit-
termate controls, particularly during the first week of
life (genotype: F,g¢,=2.329; p=0.104; age X genotype:
Fg.171,335.031 =4-007; p<0.001). However, those pheno-
types were not modulated by CN (all p-values > 0.50).
Pinnae detachment, incisor eruption, and fur develop-
ment were not affected by genotype (all p-values > 0.50).

Finally, the developmental delay displayed by Tph2~/~
pups was associated with a broad variety of alterations
in somatosensory reflexes (Table 2). Firstly, the grasping
reflex was found to be more prominent in Tph2~/~ pups
than in Tph2™/~ pups and Tph2*/* littermate con-
trols (genotype: F,q,=8.046; p=0.001; age X genotype:
Fy.982.286.243=3.902; p<0.001). Secondly, forelimb placing
was reduced in Tph2~/~ pups (genotype: F,¢,=131.532;
p<0.001; ageXxgenotype: Fig137415624=4%.782; p<0.001;

Fig. 2 Tph2 deficiency in rats causes severe growth retardation, together with moderate impairments in somatosensory reflexes

and thermoregulatory capabilities, partially aggravated by communal nesting (CN), as compared to standard nesting (SN). (A) Overview

of the assessment of developmental milestones, somatosensory reflexes, and thermoregulatory capabilities in 7ph2”~ (KO) and Tph2"/~ (HET)
rat pups, as compared to Tph2"* (WT) littermate controls. (B) Exemplary image of WT and KO rat pups on P10. (C) Exemplary thermal image

of WT, HET, and KO across P2 to P14 obtained during body temperature measurements. (D) Absolute body weight of WT, HET, and KO rat

pups across P2 to P14, depending on nesting condition. (D’) Normalized body weight of HET and KO rat pups across P2 to P14 relative to WT
littermate controls, depending on nesting condition. (E) Body temperature before the 10-min isolation period for WT, HET, and KO rat pups
across P2 to P14, depending on nesting condition. (F) Body temperature after the 10-min isolation period for WT, HET, and KO rat pups across P2
to P14, depending on nesting condition. (G) Body temperature change during the 10-min isolation period for WT, HET, and KO across P2 to P14,
depending on nesting condition. (H) Upright latency in the negative geotaxis assay for WT, HET, and KO rat pups across P2 to P14, depending

on nesting condition. SN =standard nesting (blue), CN=communal nesting (orange). P =postnatal day. Data are expressed as mean + SEM. Effect
of genotype: **PERWT ys KO p < .001; *EERWT ys KO p<.01. **9) HET vs. KO p <.001; *9™) HET vs. KO p <.01; * HET vs. KO p < .05. Effect
of nesting:+ + +p <.001;+ +p <.01;+p <.05. Interaction nesting x genotype: @@ p<.01; @ p <.05. N(WT-SN) =16, N(HET-SN) =18, N(KO-SN) =19,
N(WT-CN)=12, N(HET-CN) =12, N(KO-CN)=17
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Table 1 Developmental milestones
Develomental Milestones  Nesting Genotype P2 P4 P6 P8 P10 P12 P14
Body Length (cm) SN WT 526+006 582+007 635+006 685+008 7.16+006 7.59+007 802+0.08
it ¥ 88§ HET 534+008 588+007 639£006 686+008 721+007 7.64+£008 8.06+0.09
KO 540+007 585+007 6.16+006 646+007 663+006 692+0.10 7.25+0.09
CN WT 516+006 582+£007 631£006 680+009 727+£0.08 758+£0.09 8.06+0.08
HET 526+007 583+006 627+004 6.88+008 729+007 7.58+007 800+0.05
KO 526+006 564+005 598+004 624+005 649+006 671+005 694+0.05
Pinnae Detachment (n) SN WT 113£026 200£000 1.88+0.09 200+£0.00 200£000 200+000 2.13+0.09
#it#,+,955 HET 061+020 1.89+£008 1.78+0.10 194+006 200+000 200+000 2.28+0.11
KO 084+0.22 168011 168011 1.79+0.10 200+£0.00 200£000 205%0.05
CN WT 025+0.18 200+000 192+008 200+0.00 200+000 200+0.00 200+0.00
HET 0.17+011 1924008 183+0.11 200+0.00 200+000 2.00+0.00 208+0.08
KO 0.06+0.06 1.88+008 188+£008 1.94+006 200+£0.00 200£000 2.00+0.00
Eye Opening (n) SN WT 1.00£0.00 1.00+000 1.00+£000 100+000 1.00+0.00 1.19+0.10 1.88+0.09
i, %, §8§ HET 1.00£0.00 1.00£000 1.00£000 1.06+006 1.06£0.06 1.11£008 1.83+0.09
KO 1.00+£0.00 1.00£000 1.00+£000 1.00£000 1.00+000 1.00£000 137%0.11
CN WT 1.00£0.00 1.00£000 1.00+0.00 1.00+0.00 1.00+£0.00 1.00£000 1.83%0.11
HET 1.00£0.00 1.00£000 1.00+0.00 1.00+0.00 1.00+£0.00 1.00+£000 1.92+0.08
KO 1.00+£0.00 1.00£000 1.00+000 1.00£000 1.00+000 1.00+£000 159+0.12
Incisor Eruption (n) SN WT 0.00+£0.00 000£000 0.00£000 0.19+£0.10 156020 200+£0.00 2.00+0.00
it HET 0.00+£0.00 000£000 0.00+000 022£0.13 139+020 200+£0.00 2.00+0.00
KO 0.00+£0.00 000£000 0.00+0.00 032+0.15 163£016 200+000 2.00+0.00
CN WT 0.00+£0.00 000£000 0.00+000 0.17+0.11 200£000 200+0.00 2.00+0.00
HET 0.00+0.00 000£000 000+000 000+£000 150+023 200+£000 2.00+0.00
KO 0.00+£0.00 0.00£000 0.00+0.00 0.00+£0.00 165£0.19 200£0.00 2.00+0.00
Fur Development (n) SN WT 000+000 034+006 072+0.10 1474010 225+0.11 281+006 3.00+£0.00
#it#, $SS HET 000+£0.00 039£005 069+£009 156+0.04 239+£0.09 294+£004 3.00+0.00
KO 000+£000 045+004 0.74+0.10 1.55+0.08 234+008 276+006 297+0.03
CN WT 004+004 042+006 092+0.14 154+004 250+000 283+£007 3.00+0.00
HET 0.00+0.00 046+004 1.00£0.14 167007 255+£005 288+007 3.00+0.00
KO 0.00+000 038+005 088+0.12 1.59+007 235+009 268+006 297+0.03
Milk Spot (n) SN WT 3.00+£0.00 281+£014 294+£006 250+0.13 200+£020 0.69£0.18 0.06+0.06
###, 888, S HET 289+0.11 294+006 300£000 272+0.11 211+£0.16 067£0.16 0.00+0.00
KO 289+0.11 279+0.14 289+007 258+0.14 216+019 121+£025 026+0.13
CN WT 3.00£0.00 292+008 283+0.11 200+037 125+037 067£0.14 0.00+0.00
HET 300+£000 3.00+£000 3.00+000 242+034 1584038 0.75+£0.18 0.00+0.00
KO 294+0.06 253+£021 276018 2.12+024 235017 147£026 024%0.11

Data are expressed as mean = SEM. P = postnatal day. (n) = Semi-quantitative rating (0= Absent, 1 =Uncertain, 2=Present and 3 =Evident). Effect of age: ###p <.001.
Effect of genotype: ***p <.001. Effect of nesting: + p <.05. Interaction age x genotype: §§§p <.001. Interaction age x nesting: $$$p <.001; $p <.05

Supplementary Fig. 1A). Thirdly, the righting reflex was
affected by genotype, with Tph2~~ pups being able to
flip over onto the abdomen faster, particularly during
the first week of life, possibly because of their lower body
weight (genotype: F, g, =3.082; p=0.051; age X genotype:
Fe86257.712=2-343; p=0.030; Supplementary Fig. 1B).
Fourthly, level screen was slightly impaired in Tph2~/~
pups during the first week of life (genotype: F, g, =0.160;
p=0.852; agexgenotype: Fg¢gy356550=3.765; p<0.001;
Supplementary Fig. 1C). Fifthly, negative geotaxis was

impaired in Tph2~/~ pups. While all genotypes started to
turn around on a 45° grid to reach an upright position in
the second week of life, there was evidence for a regression
in Tph2~~ pups on P12 and P14 (genotype: Fy g, =2.109;
p=0.128; age X genotype: F; 538916 =11.043; p<0.001;
Fig. 2H). Sixthly, an increase in vertical screen behavior
was observed in Tph2~~ pups (genotype: F,¢,=7.281;
p=0.001; ageXxgenotype: F;q6q326676=1.798; p=0.077;
Supplementary Fig. 1D). Seventhly, Tph2~~ pups
needed more time to withdraw from an elevated edge
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Table 2 Somatosensory reflexes
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Somatosensory Reflexes Nesting Genotype P2 P4 P6 P8 P10 P12 P14
Grasping Reflex (n) SN WT 2194031  213+024 238+022 256+0.16 294+006 3.00+£0.00 3.00+0.00
H##H#, 7%, 88§, €€ HET 267+018 228+0.16 206+025 267+0.16 294+006 3.00£0.00 3.00+0.00
KO 274£0.17  289+0.11  268+0.15 289+007 3.00+£000 295+005 295+005
CN WT 275£018 1.92+034 250+0.19 2.75+0.13 2924008 3.00+000 3.00+0.00
HET 2424023 233+028 233+£022 267+019 3.00+£000 3.00+000 3.00+0.00
KO 271£019  294+006 294+006 3.00+000 2944006 3.00+000 3.00+0.00
Forelimb Placing (n) SN WT 031+£0.15 1.06+£030 206+0.19 244+022 2754011 288+009 281+0.10
i %%,588,55,@,€€ HET 061£0.18 094+025 228+021 256+0.18 2944006 3.00+000 294+0.06
KO 005+£005 021+0.10 079+£024 1.26+£018 184+0.19 205+£025 1.74+0.21
CN WT 025+0.13 1924036 267+0.14 267+026 283+0.17 3.00+000 3.00+0.00
HET 058+0.23 208+029 258+0.19 3.00+0.00 275+0.18 3.00+£0.00  3.00+0.00
KO 000£000 006+006 076+£025 059+0.19 129+031 194+023 224+0.18
Righting Reflex (s) SN WT 2434+437 2177636 361+£086 1.17+0.11 222+084 083£008 0.74+0.09
###,5,0 HET 2563+452 1097+253 486325 221+1.06 089+£007 086+£008 065+0.06
KO 11.74£318 487+180 1.68+025 140+0.11 198+044 1.78+058 1.16+0.16
CN WT 1931+£447 23314732 202+026 7.56+493 459+351 528+462 068+0.10
HET 17.18+3.69 248+6.28 1.56+027 121+£022 315+179 082+008 0.57+0.08
KO 21344425 11.29+447 166+0.15 520+343 503+344 142+029 093+0.17
Level Screen (n) SN WT 031£0.12 1.31£015 213+£0.13 225+014 275+0.11 3.00£000 3.00+0.00
#i##,588,5 HET 028+0.14 1.28+0.16 183+0.15 244+015 267+0.11 294+006 3.00+0.00
KO 042+0.12 074+020 189+0.15 263011 2794010 3.00£000 3.00+0.00
CN WT 042+0.15 1.174£017 183+£0.11 200+012 2754013 292+008 3.00+0.00
HET 0.58+0.15 1254013 167014 242+0.15 242+0.15 292+008 3.00+0.00
KO 0.53+0.15 082+0.15 141£019 241+012 265+0.12 3.00+0.00 3.00+0.00
Negative Geotaxis (s) SN WT 60.00+£0.00 60.00+0.00 60.00+£0.00 4994+541 124+382 7794080 943+093
##H#,588 HET 60.00+0.00 60.00+0.00 60.00+0.00 2862+6.11 162+4.78 769+085 12.26+1.88
KO 57154285 60.00+£0.00 5084+426 23.75+4.14 17.09+1.89 2473+£390 4133+434
CN WT 60.00£0.00 60.00+£0.00 60.00+£0.00 4496+6.51 1461+470 7.16£155 1289+3.12
HET 60.00£0.00 60.00£0.00 60.00+0.00 43.56+7.13 12.18+463 884+1.72 1289+294
KO 60.00+£0.00 60.00+0.00 51.18+4.00 345+529 1947+326 19.06+£256 26.12+491
Vertical Screen (s) SN WT 1.03£040 1.74+032 879£197 1441+2.77 1851+£4.07 3558+559 4923+499
i HET 0.79+025 259+040 1271+343 1439£3.13 2038+3.74 3054+446 5147+444
KO 1.94+055 6324166 1507+359 1258+246 2723+580 3821+513 5807+172
CN WT 086+037 263+065 11154192 11.82+2.14 2404+592 2514635 60.00+0.00
HET 000+£0.00 573+235 988+189 21.97+412 1170+£256 239+548 5651+349
KO 032+0.15 415+1.24 11.06£273 2456+547 3094£579 4571+503 60.00+0.00
Cliff Avoidance (s) SN WT 2561+£239 3000+0.00 2822+166 1588+2.78 965+2.10 11.18£223 792+235
###S HET 2747175 2888+1.12 2709+162 203+256 1306215 900£1.73 10.05+2.63
KO 2849+£151 21634291 2236+272 2059+2.64 1124+255 1622+£381 1211+266
CN WT 21434366 30.00+000 27824218 17294337 1059+234 1152+148 825+28]1
HET 27624236 30.00+000 2809+1.69 2513+2.16 1343+3.06 891£192 7.10+194
KO 2345+261 2884+1.16 2533%+252 20.16+£301 1536%£292 1296+3.04 720+178
Bar Holding (s) SN WT 287+£045 1291+467 3548+461 3262+455 1468+257 1164+159 1475+3.07
#H#HE* S HET 286+032 1199+278 3215+497 4173+£462 19.73£297 1054+087 1562+246
KO 331£072 11584295 2581+£561 1945+2.77 8944126 7.14+145 7.09+136
CN WT 1.58+032  509+1.02 3767+588 2926+500 1601+£3.18 1067+1.51 1045+163
HET 1.88+026 8.10+206 2826+573 29.17+3.89 1429+£199 901+1.16 13.72+288
KO 573£341 1288+3.78 2130+£4.99 2266+448 1523+273 507+1.13 611+£1.14
Auditory Startle (s) SN WT 000£000 006+006 000+£000 0.00+000 0.00+£000 063+029 231+030
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Table 2 (continued)

Somatosensory Reflexes Nesting Genotype P2 P4 P6 P8 P10 P12 P14

#HH+.Q HET 006+£0.06  0.11+£0.11 0.11+£0.11 0.06+0.06  0.00+0.00 028+0.19 217+0.25
KO 0.00+000 005+005 005+005 005+005 000£0.00 026+0.18 247+0.22

CN WT 0.00£0.00 000£0.00 000+£0.00 000+£0.00 000+£000 000£000 200£0.35

HET 0.00+0.00 000+0.00 000+0.00 0.00+£0.00 000£0.00 000£000 2.17+0.34
KO 0.00+£0.00 000+£0.00 000+£0.00 000+£0.00 000£0.00 006006 218+032

Data are expressed as mean + SEM. P=postnatal day. (n) = Semi-quantitative rating (0=Absent, 1=Uncertain, 2=Present and 3 =Evident). Effect of age: ###p <.001.
Effect of genotype: ***p <.001; **p <.01. Effect of nesting: + p <.05. Effect of sex: %%p <.01. Interaction age x genotype: §§§p <.001; §p <.05. Interaction age x nesting:
$$p<.01; $p <.05. Interaction nesting x genotype: @p <.05. Interaction sex x genotype: €€p <.01. Interaction age x nesting x sex: Q p <.05.

in the cliff avoidance task during the second week of
life (genotype: F,gq,=0.681; p=0.509; ageXgenotype:
Flo505.430306=2-118; p=0.020). Finally, Tph2™~ pups
were less able to hold onto a bar resulting in a reduced
bar holding time, especially during the second week of
life (genotype: F,gq,=6.745; p=0.002; ageXgenotype:
F; 982298 548 =2-676; p=0.010). However, except for fore-
limb placing, alterations in somatosensory reflexes were
not modulated by CN (nesting X genotype: F, ¢, =4.830;
p=0.010; all other p-values >0.50). Sex had no prominent
modulatory effects on the alterations caused by Tph2
deficiency in developmental milestones, somatosen-
sory reflexes, or thermoregulatory capabilities, except
for grasping reflex and forelimb placing (not shown in
detail).

Taken together, Tph2 deficiency led to severe growth
retardation, as reflected in reduced body weight gain.
Moreover, Tph2 deficiency was associated with impair-
ments in thermoregulatory capabilities and a delay in
developmental milestones, most notably eye opening.
While CN aggravated the growth retardation phenotype,
it did not aggravate the impairments in thermoregulatory
capabilities nor the delay in developmental milestones
associated with Tph2 deficiency. The effects of Tph2 defi-
ciency on somatosensory reflexes were moderate and
mostly not modulated by CN.

Isolation-induced pup ultrasonic vocalizations

Tph2 deficiency in rats led to severe deficits in socio-
affective communication during the first two weeks of life,

(See figure on next page.)

as evidenced by reduced call emission rates, regardless of
CN. Socio-affective communication in pups was assessed
through isolation-induced USV during the 10-min iso-
lation period every second day (Fig. 3A; for exemplary
spectrograms, please see Fig. 3B). The average number of
calls emitted over the 7 test days was reduced in Tph2™~
pups, as compared Tph2*’~ pups and Tph2*™/* littermate
controls. This reduction was seen irrespective of CN
(genotype: F,4,=198.971; p<0.001; nestingX genotype:
F,4,=0.334; p=0.717; Fig. 3C). While Tph2*’~ pups
and Tph2** littermates emitted ~ 1500—-1600 isolation-
induced USV on average under SN conditions, Tph2™/~
pups emitted only~800-900 isolation-induced USV.
This strong reduction of ~50% in Tph2™~ pups was also
seen under CN conditions. Whereas isolation-induced
USV emission rates again ranged between ~1500-1600
in Tph2*/~ pups and Tph2*'* littermates, CN did not
ameliorate the socio-affective communication deficit dis-
played by Tph2~~ pups and their emission rate remained
at~800-900 isolation-induced USV.

When analyzing the developmental trajectories, it was
evident that this phenotype emerged around P2. While
isolation-induced USV emission rates increased sub-
stantially in Tph2*~ pups and Tph2*/* littermate con-
trols across development from~700-900 USV on P2
to~1700-2200 USV on P14, there was no such promi-
nent increase seen in Tph2~/~ pups. Isolation-induced
USV emission increased only slightly from~600-700
USV on P2 to~800-1100 USV on P14. This differ-
ence in the developmental trajectories resulted in very

Fig. 3 Tph2 deficiency in rats leads to severe deficits in socio-affective communication during the first two weeks of life, as evidenced by reduced
call emission rates. (A) Overview of the assessment of isolation-induced ultrasonic vocalizations in TphZ’/’ (KO) and Tph2*/~ (HET) rat pups,

as compared to Tph2"* (WT) littermate controls. (B) Exemplary spectrograms of isolation-induced ultrasonic vocalizations emitted by WT, HET,

and KO on P12, depending on nesting condition. (C) Average number of isolation-induced ultrasonic vocalizations emitted across P2 to P14. (D)
Average total calling time across P2 to P14. Developmental trajectories of (C') the number of isolation-induced ultrasonic vocalizations and (D) total
calling time across P2 to P14. SN =standard nesting (blue), CN=communal nesting (orange). P =postnatal day. Data are expressed as mean £ SEM.
Effect of genotype: **PXWT ys KO p<.001; **CBNWT vs KO p <.01. **9) HET vs KO p <.001; Effect of nesting:+p <.05. N(WT-SN) =16,
N(HET-SN) =18, N(KO-SN) =19, N(WT-CN) =12, N(HET-CN) =12, N(KO-CN) =17
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prominent genotype differences in isolation-induced
USV emission rates in the second week of life (age X gen-
otype: Fgo7g359913=10.869; p<0.001). CN did not affect
the strong effect of Tph2 deficiency on developmental
trajectories (age X nesting X genotype: Fg ;75359 913=1.112;
p=0.354; Fig. 3C’). In correspondence with the num-
ber of calls, total calling time showed a similar pattern.
Across the 7 test days, Tph2~/~ pups spent less time call-
ing than Tph2*~ pups and Tph2*/* littermates (genotype:
F, 6, =170.602; p <0.001; nesting X genotype: F, g, =0.113;
p=0.893; Fig. 3D). Starting from P4, total calling time
was lower in Tph2™/~ pups, as compared to Tph2*/~ pups
and Tph2*/* littermates. Similar to call numbers, most
prominent genotype differences were seen during the
second week of life (agexgenotype: Fg 9359 79,=6.318;
p<0.001; ageXnestingX genotype:
p=0.424; Fig. 3D’). Of note, CN did not affect isolation-
induced USV emission rates and total calling time (all
p-values>0.50). Sex had a mild modulatory effect on
the alterations caused by Tph2 deficiency in isolation-
induced USV emission rates and total calling time, with
stronger reductions in male than female Tph2~/~ pups
(not shown in detail).

The deficits in socio-affective communication driven
by Tph2 deficiency in rats were also reflected in altera-
tions of acoustic features of USV emitted by Tph2™/~
pups. This included all four main acoustic features,
i.e. call duration, peak frequency, peak amplitude, and
frequency modulation (Fig. 4A). Tph2~/~ pups emit-
ted slightly longer isolation-induced USV than Tph2*/~
pups and 7Tph2*/* littermate controls, irrespective
of CN (genotype: F,g,=3.209; p=0.046; agexgeno-
type:  Foi57375450=0.943; p=0.489; nestingXgeno-
type: F,g,=0.326; p=0.722; ageXnestingX genotype:
Fy157375450=0.763; p=0.653; Fig. 4B, B'). Moreover,
isolation-induced USV emitted by Tph2~/~ pups were
characterized by higher peak frequency under SN and
CN conditions (genotype: F,g,=18.358; p<0.001; nest-
ing X genotype: F,4,=0.895; p=0.413; Fig. 4C). This
genotype difference in peak frequency was driven by a
prominent alteration in the developmental trajectories.
While there was a continuous gradual decrease in peak

Fg 019,350.797=1.020;

(See figure on next page.)
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frequency seen across development in Tph2™/~ pups
and Tph2*'* littermates, a U-shaped developmental pat-
tern was evident in Tph2~/~ pups. In the latter, isolation-
induced USV with relatively low peak frequencies were
seen during the first week of life similar to Tph2*/~ pups
and Tph2*/* littermates, yet a rather abrupt increase in
peak frequency occurred around P10 in Tph2~/~ pups.
Due to a further increase in Tph2~~ pups on P12 and
P14, genotype differences in peak frequencies reached
up to 8 kHz on P14 (age X genotype: Fg g7 359724 =18.412;
p<0.001; ageXnestingX genotype:
p=0.887; Fig. 4C’). In contrast to peak frequency,
Tph2~'~ pups emitted isolation-induced USV character-
ized by lower peak amplitudes, as compared to Tph2*/~
pups and Tph2*'* littermates (genotype: F,g,=15.716;
p<0.001; nestingXgenotype: F,q,=0.557; p=0.575;
Fig. 4D). Genotype differences started to emerge from
around P6 and prominent differences were evident
throughout the second week of life (ageXxgenotype:
Fg565351.175=3-137; p=0.001; ageXnestingX genotype:
Fg 565,351,175 = 0.766; p=0.642; Fig. 4D"). Finally, frequency
modulation of isolation-induced USV emitted by
Tph2~'~ pups was reduced, regardless of CN (genotype:
F),=14.497; p<0.001; nestingx genotype: F,4,=1.179;
p=0.313; Fig. 4E). The phenotype started to emerge
around P4 and persisted until P14 (ageXxgenotype:
Fg 304262145 =4-389; p<0.001; ageXnestingX genotype:
Fy 304,262,145 = 1.158; p=0.329; Fig. 4E"). Of note, CN led to
genotype-independent alterations in the acoustic features
of isolation-induced USV. Specifically, reductions in peak
frequency (nesting: F, 4,=9.356; p=0.003; age X nesting:
Fy.403362724=0.757; p=0.566; Fig. 4C') and frequency
modulation (nesting: F;4,=8.002; p=0.006; age X nest-
ing: F3 197960145 =3.958; p=0.007; Fig. 4E") were seen in
the pups exposed to CN, particularly in the later phase
of development (all other p-values>0.50). Sex had a mild
modulatory effect on the alterations caused by Tph2 defi-
ciency in peak frequency, with more prominent genotype
differences in male than female Tph2~~ pups under CN
but not SN conditions (not shown in detail).

Moreover, Tph2 deficiency in rats affected call clus-
tering. Detailed spectrographic analyses of more than

Fg 847,362,704 =0.477;

Fig. 4 Tph2 deficiency in rats is results in changes in the acoustic features of isolation-induced ultrasonic vocalizations. (A) Overview of the acoustic
features of isolation-induced ultrasonic vocalizations assessed in TphZ’/’ (KO) and TphZ*/’ (HET) rat pups, as compared to TphZ*/* (WT) littermate
controls: call duration, peak frequency, peak amplitude, and frequency modulation. (B) Average call duration across P2 to P14. (C) Average peak
frequency across P2 to P14. (D) Average peak amplitude across P2 to P14. (E) Average frequency modulation across P2 to P14. Developmental
trajectories of (B') call duration, (C') peak frequency, (D') peak amplitude, and (E’) frequency modulation of isolation-induced ultrasonic vocalizations
emitted across P2 to P14. SN =standard nesting (blue), CN=communal nesting (orange). P=postnatal day. Data are expressed as means + SEM.
Effect of genotype: **PWT ys KO p<.001; **CNOWT vs KO p <.01; *PENWT vs. KO p <.05. **9) HET vs. KO p <.001; **9 HET vs. KO p < .07;
*(@r3) HET vs. KO p < .05. Effect of nesting: + + +p <.001;+p <.05. N(WT-SN) =16, N(HET-SN) = 18, N(KO-SN) = 19, N(WT-CN) = 12, N(HET-CN) =12,

N(KO-CN)=17
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150,000 individual isolation-induced USV on P12
revealed multiple clusters of call subtypes. In Tph2*/* lit-
termate controls, two call clusters were revealed by plot-
ting peak frequency against call duration. One prominent
cluster was characterized by relatively low peak frequen-
cies roughly between 40 and 50 kHz. A second cluster
was characterized by relatively high peak frequencies
roughly between 60 and 70 kHz. Call durations in the
low-frequency cluster were much longer than in the high-
frequency cluster. Although both clusters were present
in Tph2~/~ pups, the typical peak frequency associated
with each of the two clusters was shifted up by~5 kHz.
Moreover, the relative prevalence of the two call clusters
was affected by genotype. While the low-frequency clus-
ter was much more prominent than the high-frequency
cluster in Tph2*/* littermates, this difference in relative
prevalence was smaller in Tph2~~ pups due to a more
prominent high-frequency cluster, ranging roughly from
65 to 85 kHz. As in Tph2*/* littermates, call durations in
the low-frequency cluster were much longer than in the
high-frequency cluster. Call clustering in Tph2*/~ pups
was more similar to Tph2*/* littermates than Tph2~/~
pups. CN slightly reduced the prevalence of the high-fre-
quency cluster (Fig. 5A-F).

When plotting peak frequency against frequency mod-
ulation, four call clusters were revealed in Tph2*'* lit-
termate controls. For the low-frequency cluster, two call
subtypes were present, differing in frequency modula-
tion. Frequency modulation was either below~ 15 kHz
or above ~ 20 kHz, ranging up to ~ 35 kHz. For the high-
frequency cluster, another two call subtypes were pre-
sent, again differing in frequency modulation. Frequency
modulation was either below ~ 15 kHz or above ~ 25 kHz,
ranging up to~ 35 kHz. The low-frequency cluster char-
acterized by low levels of frequency modulation was
most prevalent. The high-frequency cluster character-
ized by high levels of frequency modulation was least
prevalent. While all four call clusters were present in
Tph2~'~ pups, the two call clusters characterized by high
levels of frequency modulation were less prevalent than
in Tph2*/* littermates. In particular, the high-frequency
cluster characterized by high levels of frequency modula-
tion was almost absent. This indicates that the increased
prevalence of the high-frequency cluster in Tph2~/~ pups

(See figure on next page.)
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compared to Tph2*/* littermates was exclusively driven
by isolation-induced USV characterized by low levels
of frequency modulation, i.e. below 15 kHz. Again, call
clustering in Tph2*/~ pups was more similar to Tph2*/*
littermates than 7Tph2~~ pups. CN slightly reduced
the prevalence of the high-frequency clusters, with the
high-frequency cluster characterized by high levels of
frequency modulation being virtually absent in Tph2~/~
pups exposed to CN (Fig. 5G-L).

Finally, Tph2 deficiency affected the temporal organiza-
tion of isolation-induced USV emission. This is suggested
by sequential analyses through correlating the call dura-
tions of given isolation-induced USV with the call dura-
tions of previous ones. In general, correlations between
a given isolation-induced USV were highest with the
previous one (N-1) and gradually declined when corre-
lating a given isolation-induced USV with the one two
before (N-2) or even three before (N-3). This pattern was
evident in all genotypes. In Tph2*/* littermate controls,
however, such correlations decreased across develop-
mental stages from P4 over P8 to P12, with higher vari-
ability at later stages possibly reflecting a higher level
of temporal organization or complexity. This was seen
for all three types of correlations (N-1, N-2, and N-3).
Interestingly, no such change was seen in Tph2~~ pups.
There, the correlations remained mostly unchanged from
P4 over P8 to P12, with evidence for a mild inverted
U-shaped pattern. This indicates that the temporal call
emission pattern remains highly stereotypic even at later
developmental stages, with values on P12 being similar
to P4, lacking of the increase in temporal organization
or complexity seen in Tph2*/* littermates. Tph2*'~ pups
displayed an intermediate phenotype for N-1 (age X gen-
otype: F3;51533=5.838; p<0.001; Fig. 6A), N-2
(agex genotype: Fj356137608=4.09; p=0.006; Fig. 6B),
and N-3 (agexgenotype: F3 7 1999990=4.133; p=0.007;
Fig. 6C). Importantly, the highly stereotypic temporal call
emission pattern displayed by Tph2~/~ pups was primar-
ily seen under conditions of close temporal proximity
(N-1 and N-2), while under conditions of low temporal
proximity (N-3) correlations were lower than in Tph2*/*
littermates (genotype: F,q,=6.81; p=0.002; Fig. 6C).
Of note, similar results were obtained for SN and CN

Fig. 5 Tph2 deficiency in rats is associated with changes in the clustering of subtypes of isolation-induced ultrasonic vocalizations. (A-L)

Density plots depicting the distribution of individual isolation-induced ultrasonic vocalizations in Tph2”~ (KO) and Tph2*/~ (HET) rat pups,

as compared to Tph2"* (WT) littermate controls, depending on nesting condition, i.e. WT-SN (A, G;~ 35,000 calls), WT-CN (D, J;~ 24,000 calls),
HET-SN (B, H; ~ 34,000 calls), HET-CN (E, K; ~ 25,000 calls), KO-SN (C, I;~ 20,000 calls), and KO-CN (F, L;~ 14,000 calls). SN =standard nesting (blue),
CN=communal nesting (orange). Color coding reflects frequencies as percentages. Individual isolation-induced ultrasonic vocalizations depicted

here were recorded on postnatal day 12
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conditions, with developmental changes being slightly
more prominent under SN conditions (not shown in
detail).

Taken together, Tph2 deficiency led to a prominent
reduction in the emission of isolation-induced USV.
Moreover, Tph2 deficiency was associated with acous-
tically-altered isolation-induced USV characterized by
untypically long call durations and high peak frequen-
cies but low peak amplitudes together with low levels of
frequency modulation. Call clustering and the temporal
organization of isolation-induced USV were also affected
by Tph2 deficiency, with differences in the relative
prevalence of call clusters being less prominent and the
sequential call emission pattern being more stereotypic
in Tph2-deficient rat pups. The effects of Tph2 deficiency
on isolation-induced USV were mostly not modulated by
CN.

Homing test as a proxy maternal affiliation

Tph2 deficiency in rats resulted in severely impaired
maternal affiliation, as assessed by the pup’s preference
for its mother’s odor in the homing test (Fig. 7A). This
impairment was ameliorated by CN. As expected, the
large majority of rat pups displayed a strong preference
for the one third of the test apparatus with soiled bed-
ding containing the mother’s odor over the one third
of the test apparatus with clean bedding without the
mother’s odor (zone: F, g =890.722; p<0.001; Fig. 7B).
This preference was modulated by Tph2 deficiency,
with Tph2*/~ pups and Tph2*/* littermate controls but
not Tph2~'~ pups displaying strong preferences for the
zone with soiled bedding containing the mother’s odor
(genotype: F,g,=72.631; p<0.001; zoneX genotype:
F,6,=130.372; p<0.001). Importantly, this prefer-
ence was affected by CN (zone X nesting: F, 3, =5.052;
p=0.027;  zoneXnestingX genotype:  F,g¢; =2.051;
p=0.135). Specifically, under SN conditions, Tph2*/~
pups and Tph2*’* littermates displayed a prominent
preference for soiled bedding, while no preference was
seen in Tph2~’~ pups. While Tph2*/~ pups and Tph2*/*
littermates spent~91% and ~88% of time on average,
respectively, in the one third of the test apparatus with
soiled bedding, Tph2~~ pups spent only ~39% of time
on average in soiled bedding, i.e. only slightly above

(See figure on next page.)
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chance level of 33%. CN exerted beneficial effects in
enhancing maternal affiliation, as reflected in a stronger
preference for soiled bedding. Beneficial effects of
CN were primarily evident in Tph2~/~ pups, leading
to~51% of time spent in soiled bedding, i.e. clearly
above chance level of 33%, reflecting a prominent
increase of ~12%, as compared to SN. In contrast, the
beneficial effects of CN on Tph2*/~ pups and Tph2**
littermates were mild, likely due to the strong prefer-
ence already shown under SN conditions. Tph2*/~ pups
and Tph2*/* littermates spent ~92% and ~93% of time
on average, respectively, in the one third of the test
apparatus with soiled bedding, reflecting an increase
of merely 1% and 5%, respectively, as compared to SN.
Of note, no evidence for genotype differences were
obtained for line crossing (genotype: F,gq,=1.544;
p =0.220; nesting: F; 4, =2.456; p=0.121; nesting X gen-
otype: F,4,=0.506; p=0.605), suggesting that the
maternal affiliation deficits displayed by Tph2~/~ pups
were not due to locomotor impairment (Fig. 7C).

Consistent with the reduction in isolation-induced
USV, USV emission rates during the homing test were
affected by genotype. Tph2~~ pups again displayed a
reduced rate of isolation-induced USV emission, as
compared to Tph2*/~ pups and Tph2*/* littermate con-
trols (genotype: F,g,=9.915; p<0.001; nesting X geno-
type: F,g,=1.334; p=0.269; Fig. 7D), suggesting a
robust phenotype independent of test context. How-
ever, total calling time was found to be comparable to
the levels seen in Tph2*/~ pups and Tph2*/* littermates
(genotype: F,g,=1.943; p=0.150; nestingX genotype:
F,¢,=1.297; p=0.279; Fig. 7E). This may indicate that
the homing test environment caused alterations in
acoustic features, as compared to the test environment
used for studying the developmental trajectories of iso-
lation-induced USV.

Taken together, Tph2 deficiency led to severely
impaired maternal affiliation, yet this impairment was
ameliorated by CN.

Maternal preference test

In order to close the communicative loop between
mother and pup, maternal preference was assessed
by exposing one Tph2™/* littermate control and one

Fig. 6 Tph2 deficiency in rats affects the temporal organization of the emission of isolation-induced ultrasonic vocalizations. (A-C) Correlation
coefficients (r) between call durations reflecting the sequential organization of isolation-induced ultrasonic vocalizations in Tph2”~ (KO) and Tph2*/~
(HET) rat pups, compared to TphZ*/* (WT) littermate controls. Correlation coefficients (r) indicate the level of correlations between the durations
of a given isolation-induced ultrasonic vocalizations with the call durations of the previous ones (A, N-1), the ones two before (B, N-2), and the ones
three before (C, N-3) on postnatal days (P) 4, 8, and 12. SN =standard nesting (blue), CN=communal nesting (orange). Data are presented

as mean £ SEM. Effect of age: *** p<.001;** p<.01: * p<.05
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Fig. 7 Tph2 deficiency in rats leads to maternal affiliation deficits, which can be rescued through communal nesting (CN), as compared to standard
nesting (SN). (A) Overview of the homing test as a proxy for maternal affiliation in in 7ph27~ (KO) and Tph2"~ (HET) rat pups, compared to Tph2"*
(WT) littermate controls. (B) Maternal affiliation as measured through the time spent in the clean bedding zone versus the soiled bedding zone
containing maternal odors, depending on nesting condition. (C) Total number of line crossings, depending on nesting condition. (D) Total number
of isolation-induced ultrasonic vocalizations, depending on nesting condition. (E) Total calling time, depending on nesting condition. SN = standard
nesting (blue), CN=communal nesting (orange). Data are expressed as mean + SEM. Effect of genotype: *** p <.001; Effect of zone: ### p <.001, ##
p <.01. N(WT-SN) =16, N(HET-SN) =18, N(KO-SN) =19, N(WT-CN) =12, N(HET-CN) =12, N(KO-CN) =17

Tph2~~ pup simultaneously to their mother (Fig. 8A). prominent modulatory effect (nesting: F,,,<0.001;
Maternal preference was depending on the genotype of  p=0.995; nesting x pup genotype: F, ,,=2.059; p=0.165),
the pup, with mothers showing a preference for Tph2*/* it is worth noting that the mothers displayed a more
littermate controls over Tph2~~ pups (pup geno- prominent preference for Tph2*/* littermates over
type: F, 5,=6.721; p=0.017; Fig. 8B). While CN had no
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Fig. 8 Tph2 deficiency in rats causes a reduction in maternal preference, which is emphasized through communal nesting (CN), as compared

to standard nesting (SN). (A) Overview of the maternal preference test to close the communicative loop between mother and pup and to compare
maternal preferences between Tph2~~ (KO) rat pups and Tph2** (WT) littermate controls. (B) Time spent by the mother in proximity to WT

versus KO rat pups. Of note, the individual data points of an individual WT rat pup and an individual KO rat pup are connected by a line in order

to indicate that the two connected rat pups were simultaneously exposed to their mother. Mothers were always exposed to their own pups.

SN =standard nesting (blue), CN=communal nesting (orange). Data are expressed as mean + SEM. Effect of pup genotype: *p <.05. N(SN)=12

WT-KO pairs, N(CN) =12 WT-KO pairs

Tph2~~ pups under CN conditions (t,, =2.239; p=0.047)
than under SN conditions (t;; =1.323; p=0.213).

Taken together, Tph2 deficiency led to a reduced ability
to attract the mother, particularly under CN.

Discussion

A lack of 5-HT in the brain due to deficiency of the rate-
limiting enzyme in 5-HT synthesis, TPH2, was recently
reported to result in impaired maternal affiliation
across species, including mice, rats, and monkeys [47].
In rodents, this was reflected in a lack of preference for
maternal odors and reduced levels of isolation-induced
USV, possibly contributing to a severe growth retarda-
tion phenotype. Here, we tested whether growth retar-
dation, maternal affiliation deficits, and/or impairments
in socio-affective communication caused by Tph2 defi-
ciency can be rescued through early social enrichment in
rats. To this aim, we compared male and female Tph2~/~
knockout and Tph2*/~ heterozygous rat pups to Tph2™*
wildtype littermate controls, with litters being randomly
assigned to SN (one mother with her litter) or CN (two
mothers with their two litters).

One of the most prominent effects of Tph2 deficiency
is growth retardation. Growth retardation is seen in mice
[2], rats [37], and pigs [44]. The growth retardation phe-
notype was evident during the first two weeks of life in
the present study. While body weight increased substan-
tially in Tph2*~ pups and Tph2*/* littermate controls,

body weight gain was reduced in Tph2™~ pups. The
measures obtained in the present study indicate that first
differences in body weight are detectable from postnatal
day 4. It is possible that the reduced body weight gain in
Tph2™~ pups was caused by reduced feeding behavior. In
fact, milk spots in the belly were less visible in Tph2™~
pups during the first week of life, as compared to Tph2*/~
pups and Tph2*'* littermates, possibly reflecting dys-/
hypophagia due to reduced suckling activity. Surprisingly,
the growth retardation phenotype displayed by Tph2™~
pups was aggravated by CN, as reflected in even further
reduced body weight gain in Tph2~~ pups exposed to
CN, as compared to SN. This is surprising because CN
was repeatedly shown to promote growth in mice [32],
even when the ratio of mothers to offspring was the
same as in SN [66], an effect also seen in Tph2™/~ pups
and Tph2™* littermates in the present study. However, in
rats there is also evidence suggesting that CN can result
in lower body weight gain [51], possibly due to increased
competition between pups, particularly when pups differ
in body size [49]. It thus appears possible that the pres-
ence of a second litter during CN conditions made it
even more difficult for Tph2~/~ pups to gain access to the
mother for milk. While previous studies suggested that
growth retardation is not linked to altered food intake in
Tph2-deficient mice because of filled milk pouches [59],
aggravation of the growth retardation phenotype might
be caused by the more competitive conditions of CN that
limit suckling behavior. Irrespective of CN, the growth
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retardation phenotype was associated with a delay in eye
opening, consistent with a previous study in mice [38].

Growth retardation in Tph2~/~ pups was further associ-
ated with impairments in thermoregulatory capabilities,
as reflected in lower body temperature values in Tph2~/~
pups than in Tph2*/~ pups and Tph2*/* littermate con-
trols. While the developmental pattern was similar to
body weight gain, effects of Tph2 deficiency on ther-
moregulatory capabilities were not aggravated by CN.
Improved thermoregulatory capabilities with age were
seen irrespective of genotype. As no delay in fur develop-
ment was detected, it appears likely that the impairments
in thermoregulatory capabilities are not the consequence
of a delay in development but associated with the lack of
5-HT in the brain. This is consistent with a prominent
role of the 5-HT system in regulating body temperature
[53]. In fact, Tph2 deficiency was repeatedly shown to
cause impairments in thermoregulatory capabilities in
mice [2] and rats [37]. However, impaired thermoregula-
tion does not appear to drive growth retardation in Tph2-
deficient mice, as increasing nest temperature did not
ameliorate the growth retardation phenotype [59].

Moreover, Tph2~’~ pups displayed a broad variety
of alterations in somatosensory reflexes, as compared
to Tph2*~ pups and Tph2*/* littermate controls, irre-
spective of CN. Interestingly, Tph2~/~ pups displayed
improved performance in a few of the assays used for
quantifying somatosensory reflexes. This includes grasp-
ing, righting, and vertical screen holding. Possibly, this
is due to their lower body weight. For example, lower
body weight might have made it easier for them to flip
over onto the abdomen during righting reflex assess-
ment. Likewise, lower body weight might have helped
them to stay longer on a square grid at 90° angle. How-
ever, reduced performance was seen in most of the
assays, including forelimb placing, level screen, nega-
tive geotaxis, cliff avoidance, and bar holding. In line
with a previous report in mice [38], the impairment in
negative geotaxis was particularly prominent, and could
amongst others reflect impairments in vestibular sen-
sation. Together, this indicates that CN aggravates the
growth retardation phenotype caused by Tph2 deficiency
but does not modulate its effects on developmental mile-
stones, somatosensory reflexes, and thermoregulatory
abilities in a prominent manner.

Tph2 deficiency in rats further led to severe deficits
in socio-affective communication during the first two
weeks of life, as evidenced by reduced emission rates of
isolation-induced USV. While Tph2*/~ pups and Tph2*/*
littermate controls emitted about 1500-1600 isolation-
induced USV on average, Tph2~/~ pups emitted only
about 800-900 isolation-induced USV. This strong reduc-
tion is in line with a rich variety of evidence supporting
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the notion that the 5-HT system plays a prominent role
in regulating socio-affective communication in mice and
rats [87].

Specifically, the present findings of reduced emission
rates in rat pups lacking 5-HT in the brain due to Tph2
deficiency are in line with a large body of research on
pup ultrasonic calling [60]. Notably, this includes the first
study on the role of 5-HT in regulating isolation-induced
USV in rat pups conducted by Hard et al. (1982). In this
study, they demonstrated that lesioning central 5-HT
neurons through administering the neurotoxin 5,7-dihy-
droxytryptamine (5,7-DHT) blocks pup ultrasonic call-
ing. Consistent with the present findings, they showed
that inhibiting 5-HT synthesis by para-chlorophenyla-
lanine (PCPA) led to a clear reduction in pup ultrasonic
calling; a finding recently replicated [47]. Importantly, the
effects of the partial and temporal 5-HT depletion caused
by PCPA were dose-dependently reversed by administer-
ing the precursor 5-hydroxytryptophan (5-HTP), indicat-
ing that the acute deficiency in 5-HT availability caused
the reduction in pup ultrasonic calling [30]. Following
the pioneering study by Hard et al. [30], specific compo-
nents of the complex 5-HT system were selectively tar-
geted to better understand their individual contributions
in regulating the emission of isolation-induced USV.
This included 5-HT synthesis, breakdown, and reuptake
mechanisms, together with the functions of autorecep-
tors and postsynaptic receptors. Together, they confirm
an important role of 5-HT in regulating the emission of
isolation-induced USV in rat pups. For example, inhib-
iting 5-HT function through the application of 8-OH-
DPAT, which works mostly through activation of the
5-HT1A autoreceptor, consistently decreased pup ultra-
sonic calling in a dose-dependent manner [29, 35, 36,
42, 77, 79]. Likewise, partial 5-HT1A agonists, such as
buspirone, consistently and dose-dependently decreased
isolation-induced USV in rat pups [16, 33, 34, 40-42, 77,
79]. Moreover, a wide range of selective 5-HT reuptake
inhibitors, such as escitalopram, fluoxetine, and parox-
etine, were found to reduce pup ultrasonic calling [33, 34,
43,72, 78, 89].

Importantly, the reduction in isolation-induced USV
observed in rat pups devoid of brain 5-HT due to Tph2
deficiency is also consistent with a study on Tph2-defi-
cient mouse pups [54]. In this study, Tph2-deficient
mouse pups displayed a clear deficit in the emission
of isolation-induced USV, particularly during the first
week of life; a finding recently replicated and shown to
be robust under room temperature [47]. While the emis-
sion rates in wildtype littermate controls were char-
acterized by the for mice typical inverted U-shaped
developmental emission pattern, this pattern was weaker
in Tph2-deficient mouse pups [54]. Evidence for altered
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developmental trajectories were also obtained in the pre-
sent study, yet strongest deficits were seen during the
second week of life. While isolation-induced USV emis-
sion rates were more than doubled in Tph2*/~ pups and
Tph2*/* littermates across development, there was no
such prominent increase seen in Tph2~~ pups. The fact
that the effects of Tph2 deficiency on pup ultrasonic call-
ing were seen later in rats than mice might be due to dif-
ferences in the developmental profiles of the two species.
Notably, reduced levels of isolation-induced USV were
recently also reported in a comparative study including
rats, where it was found that the deficits displayed by
Tph2-deficient rats cannot be rescued by oxytocin treat-
ment [47].

The deficits in socio-affective communication driven by
Tph2 deficiency in rats were also reflected in alterations
of acoustic features of USV emitted by Tph2~~ pups.
This included all four main acoustic features, i.e. call
duration, peak frequency, peak amplitude, and frequency
modulation. Alterations in acoustic features were often
particularly strong during the second week of life. As
compared to Tph2™/~ pups and Tph2*/* littermate con-
trols, Tph2~/~ pups emitted isolation-induced USV that
were slightly longer and characterized by higher peak fre-
quency but lower peak amplitude and frequency modu-
lation. In mice, Tph2 deficiency was associated with
isolation-induced USV characterized by lower peak fre-
quency and peak amplitude [54]. Moreover, call cluster-
ing was affected.

In the present study, density plots integrating the infor-
mation obtained through detailed spectrographic analy-
ses of more than 150,000 individual isolation-induced
USV revealed multiple clusters of call subtypes. When
plotting peak frequency against call duration two call
clusters were revealed in Tph2** littermate controls.
One prominent cluster was characterized by relatively
low peak frequencies roughly between 40 and 50 kHz.
A second cluster was characterized by relatively high
peak frequencies roughly between 60 and 70 kHz. For
both clusters, two call subtypes were present, differ-
ing in frequency modulation, i.e. weakly versus strongly
frequency-modulated. Evidence for similar call clustering
was obtained in a strain comparison study on isolation-
induced USV, where three call subtypes were identified
in Long-Evans, Sprague—Dawley, and Wistar rat pups
[68]. As in the present study using Dark Agouti rats, the
low-frequency cluster characterized by low levels of fre-
quency modulation was most prevalent. The high-fre-
quency cluster characterized by high levels of frequency
modulation that was least prevalent in the present study
was not detected in the strain comparison study, possi-
bly due to the lower number of isolation-induced USV
included in the analysis. The consistency in call clustering
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across strains is remarkable given the different analytical
approaches and the low level of relatedness between Dark
Agouti rats on the one side and Long-Evans, Sprague—
Dawley, and Wistar rats on the other side.

Although all four call clusters were present in Tph2~/~
pups, there were two prominent genotype differences
in prevalence. Firstly, in Tph2*/* littermate controls the
low-frequency cluster was much more prominent than
the high-frequency cluster and this difference in relative
prevalence was smaller in Tph2~~ pups due to a more
prominent high-frequency cluster. Secondly, the two
call clusters characterized by high levels of frequency
modulation were less prevalent in Tph2~~ pups than in
Tph2*™/* littermates. In particular, the high-frequency
cluster characterized by high levels of frequency modu-
lation was almost absent. Together, this indicates that
the increased prevalence of the high-frequency cluster
in Tph2~/~ pups compared to Tph2*/* littermates was
exclusively driven by isolation-induced USV charac-
terized by low levels of frequency modulation. Besides
prevalence, Tph2 deficiency affected the typical peak
frequency associated with each of the four clusters. For
all four clusters, peak frequency was shifted up by about
5 kHz. Alterations in call clustering were also reported in
Tph2-deficient mice, with less clearly segregated clusters
as the most prominent feature [54]. Interestingly, changes
in call clustering were observed in a number of genetic
mouse models displaying behavioral alterations with rel-
evance to neurodevelopmental disorders. This includes
the BTBR T +tf/] mouse model for ASD [81], Shankl-
deficient mice [73], Mytll-deficient mice [83], and mice
lacking the cannabinoid receptor 1 [24] or the cell adhe-
sion molecule protocadherinlO selectively in interneu-
rons [1].

Besides call clustering, Tph2 deficiency affected the
temporal organization of isolation-induced USV emis-
sion. This is suggested by sequential analyses through
correlating the call durations of given isolation-induced
USV with the call durations of previous ones, as a proxy
for the level of randomness versus stereotypy in the tem-
poral USV emission patterns [80]. In Tph2*/* littermate
controls, such correlations decreased across develop-
mental stages during the first weeks of life, with higher
variability at later stages possibly reflecting a higher level
of temporal organization or complexity. Interestingly,
no such change was seen in Tph2~~ pups. There, the
correlations remained unchanged across development.
This indicates that the temporal call emission pattern
remains highly stereotypic even at later developmental
stages, with values on postnatal day 12 being similar to
postnatal day 4, lacking the increase in temporal organi-
zation or complexity seen in Tph2*/* littermates. While
there is little known about the temporal organization of
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isolation-induced USV emission in rat pups, evidence
for a non-random temporal organization was obtained
in mice before, using call durations [80] or intervals
between calls [23] as a proxy. As in rat pups, the tempo-
ral organization is decreasing with development in mice
[73]. Interestingly, alterations in the temporal organiza-
tion were also found in Tph2~/~ mouse pups, yet changes
observed in mice were indicative of a more random emis-
sion pattern [54].

CN did not affect the emission of isolation-induced
USV in a prominent manner and no robust evidence
was obtained for a rescue of the socio-affective com-
munication deficits caused by Tph2 deficiency. In fact,
the strong reduction in isolation-induced USV of about
50% in Tph2~'~ pups was also seen under CN conditions.
Whereas isolation-induced USV emission rates ranged
between about 1500-1600 in Tph2*~ pups and Tph2*/*
littermate controls under SN and CN conditions, CN
did not ameliorate the socio-affective communication
deficit displayed by Tph2~/~ pups and their emission rate
remained around 800-900 isolation-induced USV. There
is little known about the effects of CN on pup ultrasonic
calling. A recent study in rats reported CN effects, yet
comparisons are difficult to make because rats selectively
bred for low or high rates of isolation-induced USV were
used [51]. In this study, it was reported that CN inhib-
its pup ultrasonic calling in the high but not the low rat
line. However, no unselected control line was included. A
modulatory effect of CN was also reported in mice [17].
To our knowledge, the present study is the first to reveal
effects of CN on acoustic features, call clustering, and
temporal organization. Irrespective of genotype, CN led
to minor alterations in the acoustic features, most nota-
bly reductions in peak frequency and frequency modu-
lation. Moreover, CN slightly reduced the prevalence of
the high-frequency cluster, with the high-frequency clus-
ter characterized by high levels of frequency modulation
being virtually absent in Tph2~~ pups exposed to CN. Of
note, similar temporal organization results were obtained
for SN and CN conditions, with developmental changes
being slightly more prominent under SN conditions.

Although CN did not rescue the impairments in
socio-affective communication, CN ameliorated the
maternal affiliation deficit caused by Tph2 deficiency.
Recently, it was reported that Tph2 deficiency results
in impaired maternal affiliation across species [47]. This
includes mice, rats, and monkeys. In mice and rats,
maternal affiliation deficits were reflected in a lack of
preference for maternal odors in the homing test. In
monkeys, reduced maternal affiliation was indicated
by longer approach latencies towards the anesthetized
mother and a lack of preference for pictures of their
own mother over another mother. Consistent with
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those observations [47] and previous ones in mice [38],
Tph2 deficiency in rats resulted in severely impaired
maternal affiliation in the present study. As in the other
studies, the pup’s preference for its mother’s odor in the
homing test was used as a proxy for maternal affiliation.
As expected, most rat pups displayed a strong prefer-
ence for the one third of the test apparatus with soiled
bedding containing the mother’s odor over the one
third of the test apparatus with clean bedding without
the mother’s odor. This preference was modulated by
Tph2 deficiency. Under SN conditions, Tph2*/~ pups
and Tph2*/* littermate controls but not Tph2~/~ pups
displayed strong preferences for the zone with soiled
bedding containing the mother’s odor. CN rescued this
phenotype and exerted beneficial effects in enhancing
maternal affiliation, as reflected in a stronger preference
for soiled bedding. While under SN condition Tph2~~
pups spent only about 39% of their time in soiled bed-
ding, they spent there about 51% of their time under
CN conditions, i.e. clearly above chance level of 33%.

Consistent with the reduction in isolation-induced
USV across developmental stages, pup ultrasonic calling
during the homing test was affected by genotype. Tph2™/~
pups again displayed reduced pup ultrasonic calling, as
compared to Tph2*/~ pups and Tph2*/* littermate con-
trols, suggesting a robust phenotype independent of test
context. This appears to be inconsistent with the findings
obtained by Liu et al. [47]. In their study, deficits in pup
ultrasonic calling were exclusively seen under clean bed-
ding conditions but not in mice or rats exposed to bed-
ding containing odor from the mother or an unfamiliar
male. While Liu et al. [47] recorded isolation-induced
USV in separate test contexts differing in the presence of
social cues, we recorded during the homing test. The dis-
crepancy may therefore be attributed to the complexity
of the homing test, which contains both clean and soiled
bedding containing maternal odor, a configuration likely
to affect pup ultrasonic calling. Notably, compared to
Tph2*~ pups and Tph2*/* littermates, which spent most
of their time in soiled bedding, Tph2~/~ pups might have
been affected more by the complexity of the environ-
ment, as they spent much less time in the soiled bedding.
It thus appears promising to perform an in-depth analysis
of pup ultrasonic calling time-synced to the behavioral
profile, i.e. to the position of the pup in the homing test,
comparing clean and soiled bedding time windows.

To our knowledge, this is the first study providing evi-
dence for a positive effect of CN on social affiliation dur-
ing early developmental stage in rodents. Liu et al. [47]
demonstrated that administering the precursor 5-HTP or
oxytocin can rescue the maternal affiliation phenotype in
Tph2-deficient rat pups, and it is interesting to note that
oxytocin treatment did rescue the maternal affiliation
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deficit but not the deficit in pup ultrasonic calling [47],
mirroring the present result pattern associated with CN.
It is thus tempting to speculate that CN exerts positive
effects through changes in the oxytocin system, which
was found to be altered in Tph2-deficient rats [52]. It was
previously shown that CN can enhance oxytocin recep-
tor levels in the amygdala in mice, potentially contribut-
ing to the beneficial effects of CN on social behavior [13,
14]. In fact, CN leads to prominent changes particularly
in the social domain. This is reflected in enhanced levels
of social interaction behavior, such as rough-and-tumble
play in rats [51], as well as increased social competence
in establishing social hierarchies in mice [19]. Moreover,
there is evidence for more efficient social recognition
processes in mice following CN, as indicated by the emis-
sion of affiliative USV [25].

The maternal affiliation deficit displayed by Tph2~~
pups might be associated with the growth retardation
phenotype. It seems plausible to assume that reduced
maternal affiliation behavior can result in reduced feed-
ing behavior not compensated by maternal care. Given
that CN ameliorates maternal affiliation deficits, how-
ever, one would expect the growth retardation pheno-
type to be ameliorated and not to be aggravated under
CN conditions. It therefore appears possible that the
impairment in socio-affective communication plays a
prominent role in the growth retardation phenotype.
This view is supported by previous observations suggest-
ing that genotype-dependent differences in body weight
cannot be detected during prenatal development but
only emerge slowly after birth [59]. In fact, in the present
study first evidence of a growth retardation phenotype
was obtained around the time when genotype differences
in the emission of isolation-induced USV were detected
the first time. A similar pattern was obtained in mice,
where Tph2-deficient mouse pups displayed the deficit in
isolation-induced USV exactly during growth retardation
onset [54]. It is thus possible that the deficits in isolation-
induced USV production displayed by Tph2~~ pups con-
tribute to their growth retardation phenotype.

In fact, pup ultrasonic calling serves important com-
municative functions in regulating mother—pup interac-
tions and was shown to stimulate maternal caregiving
behavior in mice [69, 70] and rats [71, 85]. It thus appears
likely that the few and acoustically-altered isolation-
induced USV emitted by Tph2~~ pups are less efficient
in attracting mothers. Impaired socio-affective com-
munication in Tph2~/~ pups might therefore explain the
growth retardation phenotype emerging during early
postnatal development. To test that idea, we decided to
close the communicative loop between mother and pup
and assessed maternal preferences by exposing mothers
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to one Tph2*/* littermate control and one Tph2~'~ pup
simultaneously. This showed that maternal preferences
were depending on the genotype of the pup, with moth-
ers showing a preference for Tph2*/* littermate controls
over Tph2~/~ pups. Interestingly, mothers displayed a
clear preference for Tph2™/* littermate controls over
Tph2~/~ pups primarily under CN conditions. Although
it is currently unclear why a stronger preference for
Tph2*/* littermate controls is seen under CN conditions,
this stronger preference is consistent with the aggravated
growth phenotype in Tph2~~ pups exposed to the more
competitive CN environment.

It was previously shown that acoustic features of isola-
tion-induced USV determine at least partially how effi-
cient they are in eliciting maternal search and retrieval
behavior. Through systematically manipulating acous-
tic features in mice, evidence for a categorical percep-
tion mechanism was obtained and it was shown that
isolation-induced USV falling into a specific frequency
range are more efficient than others [20-22]. Although
no systematic studies on the effects of acoustic features,
call clustering, and temporal organization on search and
retrieval behavior in rats are available to our knowledge,
it appears likely that not only the reduction in isolation-
induced USV emission rates but also those more subtle
changes contributed to the reduced preference mothers
displayed for Tph2~/~ pups. That maternal preferences
displayed during a maternal preference task similar to
the one applied in the present study can be related to
differences in pup ultrasonic calling was demonstrated
previously. For example, a study on two substrains of
mice, C57BL/6JOlaHsd and C57BL/6NCrl, reported that
C57BL/6JOlaHsd mouse pups emitting more isolation-
induced USV characterized by higher peak amplitude
were more efficient in attracting the mother [82]. This
finding aligns well with the present results where Tph2~/~
pups emitting isolation-induced USV with lower peak
amplitude starting from postnatal day 6 received less
attention of their mother on postnatal day 7. Of note,
however, there is also contradictory evidence where
mothers preferred mutant pups emitting fewer isola-
tion-induced USV over wildtype littermate controls, yet
detailed information about acoustic features is lacking
[11]. Together, this supports the view that impairments
in socio-affective communication between mother and
pup contribute to the growth retardation phenotype. This
is in line with a cross-fostering study in Tph2-deficient
mice, where it was shown that both, the genotype of the
pup and the genotype of the mother, determine at least
partially maternal caregiving behavior [8].
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Limitations

While our study has a number of strengths, such as a sys-
tematic and comprehensive comparison of CN effects,
detailed spectrographic analysis of isolation-induced
USV across development, testing of male and female rat
pups, and the inclusion of a maternal preference test to
truly model the reciprocal nature of communication,
our study has limitations as well. Firstly, we applied an
intensive health monitoring and care system. To miti-
gate for the low survival rates of only about 50% previ-
ously reported to be associated with Tph2 deficiency in
mice [2] and rats [37], we performed health monitoring,
provided agar food, and removed over-represented geno-
types to increase maternal care per pup through reduc-
ing litter size. These measures and the resulting very high
survival rate of about 90% make it more difficult to com-
pare our results with previous studies. That said, we wish
to emphasize that key aspects of the behavioral pheno-
type observed in the present study, such as the reduced
levels of isolation-induced USV and the deficit in mater-
nal affiliation behavior, are consistent with other reports,
even across species [47, 54]. Secondly, it remains unclear
how Tph2-deficiency leads to socio-affective communi-
cation deficits. One possibility is that Tph2-deficiency is
associated with impairments in muscular control of iso-
lation-induced USV production. Although the apparently
improved performance in some of the somatosensory
reflexes assessing muscular control, most notably vertical
screen holding, speaks against a general muscular impair-
ment, a study on muscular control of isolation-induced
USV production might provide new insights. Thirdly,
while the rescuing effect of CN is interesting, mechanis-
tic insight as to why maternal affiliation deficits but not
impairments in socio-affective communication can be
rescued is needed. The findings on the oxytocin system
by Liu et al. [47] provide an interesting entry point to rel-
evant neurobiological mechanisms.

Conclusion

Our findings show that CN aggravates growth retarda-
tion despite ameliorating maternal affiliation deficits in
Tph2-deficient rat pups, possibly due to fewer and acous-
tically-altered isolation-induced USV, hindering efficient
socio-affective communication between mother and pup.
Our study is highlighting the need of gaining a better
understanding of the complexity associated with socio-
affective communication regulating mother—pup interac-
tions through applying a truly communicative approach,
including both, sender and receiver.
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