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Handling (H) and cross-fostering (CF) rodent pups during postnatal development triggers changes in maternal behavior which in turn
trigger long-term physiological changes in the offspring. However, less is known about the short-term effects of H and CF on infant
development. In this study we hypothesized that manipulations of maternal care affect the onset of hearing in Wistar rats. To test this
hypothesis we obtained auditory brainstem responses (ABRs) and micro-CT x-ray scans to measure changes in the development of the
auditory periphery in H and CF pups manipulated at postnatal day (P)1, P5, or P9. We found evidence of changes in hearing development
in H and CF pups compared with naive pups, including changes in the percentage of animals with ABRs during development, a
decrease in ABR thresholds between P13 and P15, and anatomical results consistent with an accelerated formation of the middle
ear cavity and opening of the ear canal. Biochemical measurements showed elevated levels of thyroid hormone in plasma from
naive and CF pups. These results provide evidence that manipulations of maternal care accelerate hearing onset in Wistar rats.
Understanding the mechanisms by which maternal care affects hearing onset opens new opportunities to study experience-
dependent development of mammalian hearing.
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Introduction
The onset of auditory function in humans takes place in utero
(Ruben, 1992). In contrast, hearing development in altricial spe-
cies, such as rats, occurs after birth (Rubel, 1984). Such differ-
ences indicate that genetic mechanisms are involved in initiating
hearing function in different mammalian species. Whether expe-
rience also plays a role in timing the onset of mammalian hearing
remains unclear.

Previous studies used altricial rodents to study how maternal
care affects infant development. Licking and grooming (LG) and
arched-back nursing (ABN) are maternal care behaviors dis-
played by female rats and mice. Manipulations of maternal care
studies showed that when pups are handled (H), this changes the
mother’s behavior, increasing LG (Liu et al., 1997). Furthermore,
in cross-fostering (CF) experiments, in which adoptive mothers

raise pups, it was found that rodent dams have increased contact
time with pups, increased LG-ABN behaviors, and a decreased
retrieval response latency (Maccari et al., 1995). Pups reared by
high LG-ABN mothers have increased spatial learning and mem-
ory compared with pups of low LG-ABN mothers (Caldji et al.,
1998). A reduced stress response and decreased fearfulness has
been reported in the case of H pups (Caldji et al., 1998). In addi-
tion, Guzzetta et al. (2009) hypothesized that acceleration of
brain development in enriched environments is related to an
increased LG behavior in mother rats. To test this idea, they
showed that massaging pups before eye opening (to mimic in-
creased LG) accelerated the development of visually evoked po-
tentials (Guzzetta et al., 2009). It is not known whether changes in
maternal care affect auditory development.

Because rats are naturally born with fused ear canals and mes-
enchyme in the middle ear (Saunders et al., 1993; Mulder et al.,
1998), we reasoned that analysis of the functional and anatomical
changes in the auditory periphery during development should
provide insight on whether changes in experience affect the onset
of hearing in altricial rodents. We used H and CF to test the
hypothesis that maternal care affects hearing onset in Wistar rats
(Fig. 1).

Materials and Methods
Animals. Experimental procedures were reviewed and approved by the
Institutional Animal Care and Use Committee of the City College of New
York. Timed-pregnant first time Wistar dams were obtained at E15
(Charles River Laboratories; RRID: RGD:737929). The day of birth was
considered postnatal day (P)0. Pups of either sex were used in experi-
ments. Animals were housed in 38 �16 � 31 cm Plexiglas cages. Room
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temperature �24°C, humidity �40%, bedding change twice a week, 12 h
light/dark cycle (lights on at 6:00 A.M.) and ad libitum access to food
(5053-PicoLab Rodent Diet 20, LabDiet) and water were provided.

Manipulations of maternal care. We chose to study the effects of H and
CF)at P1, P5, or P9 (Fig. 1A). We refer to these animals as HP1, HP5,
HP9, CFP1, CFP5, and CFP9 pups. H or CF pups were taken from their
cages, weighed, and then placed back in a cage with their biological dam
or a foster one, respectively (handling duration 10 –15 min during the
light phase, between 1:00 and 5:00 P.M.). Dams that gave birth within 6 h
of each other were included in CF experiments. During weighing and
handling pups were covered in bedding from the foster cage to mask their
smell. Except for bedding change twice a week naive, H, and CF litters
were left undisturbed until testing day.

ABRs. We measured auditory brainstem responses (ABRs) in 319
pups. Different groups of naive, H, and CF pups were tested at every age
without repeated measures on any animal. Naive pups were tested at P11,
P12 (n � 8 each), P13, P14 (n � 10 each), P15 (n � 14), and P21 (n � 19).
CFP1 pups were tested at P11 (n � 4), P12, P13, P14, P15 (n � 8 each),
and P21 (n � 9). CFP5 pups were tested at P11, P12 (n � 8 each), P13,
P14 (n � 12 each), P15 (n � 14), and P21 (n � 11). CFP9 pups were
tested at P11, P12 (n � 4 each), P13 (n � 9), P14, P15, and P21 (n � 10
each). HP1 pups were tested at P11, P12 (n � 7 each), P13 (n � 7), P14
(n � 6), P15, and P21 (n � 5 each). HP5 pups were tested at P11, P12
(n � 5 each), P13 (n � 6), P14 (n � 8), P15 (n � 7), and P21 (n � 4). HP9
pups were tested at P11, P12, P13, P14, P15 (n � 3 each), and P21 (n � 6).

Briefly, rats were anesthetized with a mixture of medical oxygen and
3% isoflurane, followed by intraperitoneal injections of ketamine (41.7
mg/kg) and xylazine (2.3 mg/kg). Anesthetized pups were placed in the
prone position on a heating pad set to 37°C, inside a double wall sound-
attenuating chamber (IAC). ABRs were obtained using subdermal elec-
trodes (GRASS RA4LI), as described by Ping et al. (2007), or as described
by Bogaerts et al. (2009). Auditory stimuli consisted of 20 �s long broad-
band clicks (1–50 kHz) with intensities varying from 82 to 2 dB sound
pressure level, in 5 dB decrements through a free-field Kanetec MB-FX
speaker placed 34 mm horizontally from the right ear. Free-field auditory
stimuli were generated with TDT System 3 hardware (Tucker-Davis
Technologies) at 20 kHz and presented at a rate of 40 Hz. Click polarity
was alternated to minimize the presence of stimulus artifacts. Stimuli
were calibrated with a type 7012 1⁄2 inch ACO Pacific microphone. ABRs
were acquired with a Medusa preamplifier, saved to hard disk, and in-
spected at the end of every sound presentation. ABR waveforms were
analyzed more carefully offline using Igor Pro (Wavemetrics).

Threshold and wave 1 measurements. Thresholds were defined by the
lowest click intensity that produced a visually detectable ABR wave 1
(Ping et al., 2007). Pups with a single ABR wave 1 at 82 dB, the highest
click intensity used in this study, were considered hearing animals with
high ABR thresholds and were counted in the percentage of pups with an
ABR (Fig. 2). Wave 1 latency was measured at 82 dB in naive, H, and CF
pups at P15 and P21.

Hormone measurements. In separate experiments, we obtained serum
from 12 naive and 12 CFP5 pups for hormone control experiments.

Animals were killed rapidly by decapitation between 9:00 and 11:00 A.M.
at P6, P9, P12, and P15 (n � 3 pups per age). Blood samples were col-
lected in 1 ml Eppendorf tubes, left at room temperature for 20 min,
and centrifuged at 4000 � g for 15 min (Microcentrifuge 5424R, Eppen-
dorf). The supernatant was stored in 300 �l aliquots at �20°C until used.
Plasma Corticosterone (CORT; Enzo Life Sciences, catalog #EK377,
RRID: RRID:AB_2307314), Insulin-like growth factor 1 (IGF-1; Boster
Biological Technology, catalog #ADI-900-097, RRID:AB_2307315),
Leptin (Millipore, catalog #EZRL-83K, RRID:AB_2307316), and
Tri-iodothyronine (T3, CUSABIO, catalog #CSB-E05085r, RRID:
AB_2307317) were measured by ELISA using a multiplate reader (Spec-
traMax5, Molecular Devices) according to manufacturer’s instructions.
Due to insufficient amount of serum sample IGF-1 could not be mea-
sured in two naive and three CFP5 pups at P6.

High-resolution x-ray tomography, image processing, and 3D measure-
ments. In separate experiments, microcomputer tomography (micro-
CT) x-ray scans were conducted in 60 animals. All the samples were
scanned immediately after decapitation. Images were acquired using a
desktop micro-CT system equipped with10 MP digital detector, 10W
power energy (100 KV and 100 mA), and a 0.5 mm aluminum filter
(1172, Bruker SkyScan). X-Ray projections were generated around the
samples using 0.4° rotation steps with a resolution of 11.5 �m per pixel
(five exposures per projection).

A modified back-projection reconstruction algorithm (NRecon,
v1.6.1.2; Feldkamp et al., 1984) was used to generate cross-section images
from the planar x-ray projections. All reconstruction parameters were
applied identically to all scans, with the exception of the postalignment
compensation, which does not compromise comparative measurements
(Gu et al., 2012; Souzanchi et al., 2012).

Scans were loaded into MIMICS (v14.0, Materialise) for segmentation
and 3D reconstruction. Skull, soft tissues, and air were identified and
segmented using global thresholds and 3D region growing algorithms
(Palacio-Mancheno et al., 2014). The volume of air present in each ear
canal was measured directly from the segmented images. A 3D recon-
struction of the bone was performed to measure the middle ear cavity
(bulla) and cranium dimensions. Minimal diameter of the ear canal was
determined by identifying the narrowest section of the conduct, as well as
its surface area at the location of minimal diameter.

Analysis and statistics. Unless indicated, data represent mean � SD.
Curve fitting and statistical analysis were done with Prism 6 (GraphPad
Software). Goodness of fit was evaluated with the least-squares method.
ABR thresholds and micro-CT x-ray scan datasets were tested for nor-
mality using the D’Agostino and Pearson omnibus K2 test (D’Agostino,
1986). Functional and anatomical changes during postnatal age were
assessed with a two-way ANOVA Dunnett’s multiple-comparisons test.
Serum hormone levels were analyzed with two-way ANOVA Sidak’s
multiple-comparisons test. A50 values and ABR threshold rates (see be-
low) were compared with the extra sum of squares F test. Significance
criterion was p � 0.05.

Equation 1 was used to fit data in Figures 2 and 4:

Y � Y0 � (Ymax � Y0)/[1 � exp(A50 � X/k)]. (1)

Where Y0 is the minimum observed Y (i.e., percentage of pups with ABR,
air volume, or ear canal diameter), Ymax is the maximum observed Y, A50

is the age at which Y is half maximum, X is age (in days), and k is the rate
constant.

Data in Figure 2 D, E was fitted to Equation 2:

Y � (Y0 � plateau)exp[� (kX) � plateau], (2)

where Y0 is the ABR threshold at P0, plateau is the ABR threshold at P21,
k is the rate constant, and X is age (in days).

Results
Accelerated hearing onset in CFP5 and H pups: percentage of
pups with ABRs
We found that the percentage of naive pups with ABRs gradually
increased from zero at P11 and P12 to 40% at P13, 80% at P14,

Figure 1. Experiment design and hypothesis. A, Rat pups were CF or H at P1, P5, or P9
(indicated with black arrows). Developmental changes in the auditory periphery were analyzed
during the onset of hearing (pink bar) and at P21. B, Expected effects of manipulating maternal
care on hearing development. The hypothesis predicts developmental changes in H or CF pups
(dashed lines) compared with naives (solid line). A shift to the left would indicate accelerated
development. A shift to the right would indicate a developmental delay. The null hypothesis is
no change compared with naive pups (B, solid line).
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92% at P15, and 100% at P21 (Fig. 2A). In
comparison, at P13 CFP1 and CFP9
groups showed 38% and 44% of pups with
ABRs, respectively, whereas 100% of pups
showed ABRs in the CFP5 group (Fig.
2A). Although 25% of pups at P12 had
ABRs in the CFP1 group, we did not note
major differences between CFP1 and na-
ive pups at subsequent ages. The percent-
age of CFP9 pups with ABRs was almost
identical to the naive group profile. To ob-
tain a more quantitative assessment of
these observations, we used Equation 1 to
fit data in Figure 2 and obtained A50 values
that we compared between naive and CF
or H pups. We calculated an A50 value of
13.27 � 0.08 d in naive pups and found a
statistically significant difference with the
A50 value calculated for CFP5 pups, but
not with A50 values obtained for CFP1
or CFP9 pups (extra sum of squares F test;
CFP1: A50 � 13.04 � 0.18 d, p � 0.2345;
CFP5: A50 � 12.50 � 0.18 d, p � 0.0048;
and CFP9: A50 � 13.22 � 0.11 d, p �
0.5218; Fig. 2C).

We found that H groups had a higher
percentage of animals with ABRs com-
pared with naive pups (Fig. 2B). Fitting
data in Figure 2B to Equation 1 gave A50

values of 12.72 � 0.03 d in HP1 pups,
12.89 � 0.04 d in HP5 pups, and 12.81 �
0.05 d in HP9 pups, all of which were significantly different from
the naive A50 value (extra sum of squares F test; HP1, p � 0.0001;
HP5, p � 0.0003; HP9, p � 0.0004; Fig. 2C). Overall, these results
suggested an accelerated development of �0.2 d in H pups and
0.5 d in CFP5 pups compared with naive animals.

Lower ABR thresholds in CF pups during hearing onset but
not at P21
As shown in Figure 2D, ABR thresholds in naive, CFP1, and CFP5
animals decreased between P13 and P21 (two-way ANOVA,
Dunnett’s multiple-comparison test; age: F � 58.67, p � 0.0001;
maternal care condition: F � 10.07, p � 0.0001). Comparison of
ABR thresholds between naive pups and CF animals showed sig-
nificant differences at P13, and P15 in CFP1 pups; at P14 in CFP5
pups; and at P13 and P14 in CFP9 pups (orange, green, and blue
asterisks in Fig. 2D, respectively). We did not find statistically
significant differences between naive and CF pups at P21. These
results suggested that ABR thresholds could have a faster rate of
change in CF pups compared with naives. To check this interpre-
tation, we fitted data in Figure 2D to Equation 2 and obtained
estimates of the rate of ABR threshold change during postnatal
development (Fig. 2D, color lines). However we did not find any
statistically significant difference between naive and CF rates
(Fig. 2F; extra sum of squares F test; CFP1, p � 0.4326; CFP5, p �
0.0984; CFP9, p � 0.3387).

We performed a similar analysis of ABR thresholds between
naive and H pups. As shown in Figure 2E, ABR thresholds de-
creased between P13 and P21 (two-way ANOVA, Dunnett’s
multiple-comparison test; age, F � 62.49, p � 0.0001; maternal
care condition, F � 2.95, p � 0.0369). We did not find statistically
significant differences between naive and H pup ABR thresholds
at any age. Fitting data in Figure 2E to Equation 2, we obtained

estimates of the rate of ABR threshold change (Fig. 2E, color
lines). However, we did not find significant statistical differences
between the rates obtained for H pup data compared with the
naive pup rate (Fig. 2F; HP1, p � 0.4663; HP5, p � 0.0794; HP9,
p � 0.5).

We examined the latency of wave 1 at P15 and P21, and did
not find statistically significant differences between naive, H and
CF groups (data not shown). Overall, these results suggested that
ABR thresholds were lower in some CF pups during the onset of

Figure 2. Functional changes during the onset of hearing in naive, CF and H groups. A, Percentage of pups with ABRs in CF
groups during the onset of hearing. B, Percentage of pups with ABRs in H groups during the onset of hearing. Naive pup data are
plotted in black circles in A and B. Continuous lines are fits to equation 1 (see Materials and Methods). C, Summary of A50 values
obtained from fits to equation 1. Color indicates the age of manipulation: P1 (orange), P5 (green), and P9 (blue). Bright colors
indicate CF condition. Light colors indicate H condition. Dashed line represents naive A50 value, shown as a black bar (*p � 0.01;
**p � 0.001). Error bars in C represent SEM. D, ABR thresholds in CF pups at different postnatal ages. E, ABR thresholds in H pups
at different postnatal ages. Black circles represent naive pup data in A and B. Asterisks indicate statistically significant differences
between CF pup ABR thresholds and naive ABR thresholds at a particular age (two-way ANOVA Dunnett’s multiple-comparisons
test; p �0.0001). F, Rate of ABR threshold change obtained from fitting data in A and B to Equation 2 (see Materials and Methods).
Dashed line represents naive ABR threshold rate of change, also shown as a black bar. A, B, Data represent mean � SD. Error bars
in C represent SEM.

Figure 3. Plasma hormone levels in naive and CFP5 pups. Serum samples were obtained and
analyzed from three pups at P6, P9, P12 and P15. A, CORT concentration is low in P6 –P12 pups,
and increases in P15 pups. B, IGF-1 concentration did not change between P9 and P15. Note that
only one pup sample was measured at P6 due to limitations in available serum at that age.
Leptin (C) and T3 (D)concentrations did not change significantly between P6 and P15. Data
represent mean and SD. Bar labels in A apply to all panels.
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hearing, but that any differences observed were no longer present
at P21.

Plasma hormone levels in naive and CFP5 pups
To determine whether a modulation of hormone levels could be
involved in the effects of maternal care on auditory development,
we measured serum levels of four different hormones in naive
and CFP5 pups at different ages (Fig. 3). We obtained similar
plasma CORT levels in naive and CFP5 pups between P6 and P12,
and found a trend to increased levels at P15. We did not find
differences between CORT levels in naive and CFP5 pups (Fig.
3A; two-way ANOVA; maternal care condition, F � 0.0141, p �
0.9071; age, F � 4.352, p � 0.0201). We did not find differences in
the IGF-1 plasma levels between P9 and P15 in naive and CFP5
pups (Fig. 3B; two-way ANOVA; maternal care condition: F �
2.655, p � 0.1292; age: F � 1.555, p � 0.2510). We found that
Leptin levels showed a trend to increase between P6 and P12,
followed by decrease at P15. However, these changes were not
significant (Fig. 3C; two-way ANOVA; maternal care condition:
F � 0.1106, p � 0.7437; age: F � 2.012, p � 0.1529). Last, we
found that T3 levels did not change between P6 and P15, and
there were no differences between naive and CFP5 pups (Fig. 3D;
two-way ANOVA; maternal care condition: F � 0.5807, p �
0.4571; age: F � 7691, p � 0.5280). These results provide infor-
mation on the plasma hormone profile of rat pups in this study.

Anatomical changes in middle- and external-ear development
in naive and manipulated pups
Based on the above results, we chose to perform separate
micro-CT x-ray scanning experiments to examine the develop-
ment of the middle ear and auditory canal in naive, HP1, CFP1,
and CFP5 pups (Fig. 4). Middle-ear cavitation in naive pups
started as tiny air pockets that increased in size in older animals.
Air pockets increased in size from the medial wall of the middle
ear at P12 toward the tympanic membrane at P13. By P15, a fully

formed middle ear cavity and ear canal were present (Fig. 4A1).
Similar age-dependent changes were observed in HP1 and CFP1
pups, with the exception of CFP5 pups, in which air pockets
occurred as early as P11 (Fig. 4B1). 3D reconstructions of the
micro-CT x-ray scan data corroborated that air filled the middle
ear cavity before the auditory canal was fully formed in naive and
CF pups. This approach also demonstrated the earlier develop-
ment of the middle ear cavity and auditory canal in CFP5 pups
compared with naive pups (Fig. 4A2,B2; see 3D reconstructions).

We also found a gradual increase in middle ear air volume
with age in naive (Fig. 4C; one-way ANOVA, F � 10.73, p �
0.0001), HP1 (F � 58.98, p � 0.0001), CFP1 (F � 296.3, p �
0.0001), and CFP5 pups (F � 46.93, p � 0.0001). Furthermore,
we found significant differences in middle ear air volume of CFP5
pups with respect to naive pups at ages P12 and P13, and at age
P13 in CFP1 pups compared with naive pups (Fig. 4C, color
asterisks; Dunnett’s multiple-comparisons test). Next, we fitted
data in Figure 4C to Equation 1 and obtained an A50 value of 13 �
0.18 d in naive animals. We found statistically significant differ-
ences between the naive A50 value and A50 values for HP1 pups
(12.75 � 0.11 d; p � 0.0133), CFP1 pups (12.51 � 0.06 d; p �
0.0001), and CFP5 pups (11.88 � 0.13 d; p � 0.0032).

The results described above showed quantitative differences
in middle-ear cavitation between naive and manipulated pups.
Next, we measured ear canal diameter during development. We
found that there were significant differences in ear canal diameter
with respect to naive pups at P13 in HP1 and CFP1 pups, and at
ages P12 and P13 in CFP5 pups (Fig. 4E, color asterisks; Dun-
nett’s multiple-comparisons test). We fitted data in Figure 4E to
Equation 1 and obtained an A50 value of 13.18 � 0.25 d in naive
pups. We found statistically significant differences between the
naive A50 value and A50 values for HP1 pups (12.72 � 0.17 d; p �
0.0077), CFP1 pups (12.56 � 0.16 d; p � 0.0001), and CFP5 pups
(12.08 � 0.10 d; p � 0.0001). Altogether, these results showed

Figure 4. Anatomical changes in naive, HP1, CFP1, and CFP5 pups. A1, Micro-CT x-ray scans of naive pups from ages P11–P15. Gray represents soft tissue, white represents bone, and black
represents air in the middle ear and auditory canal (indicated by yellow arrowheads and asterisks). A2, 3D reconstructions of left and right ear scans of animals shown in A1. The presence of small
air pockets (purple) next to the medial wall of the middle ear cavity is noticeable at P12 (yellow arrowheads). At P13, middle-ear cavitation is complete, and at P15 air is observed in the ear canal
(yellow asterisks). B1, Micro-CT x-ray scans of CFP5 pups from ages P11–P14. B2, 3D reconstructions of scan data shown in B1. The presence of small air pockets (purple) next to the medial wall of
the middle ear cavity is noticeable at P11 (yellow arrowheads). At P12, middle-ear cavitation is complete, and at P14 air is observed in the ear canal (yellow asterisks). C, Measurements of air volume
in the middle ear obtained from the micro-CT x-ray scans such as those shown in A and B. D, Summary of A50 values obtained from fitting data in C to Equation 1 (see Materials and Methods). E,
Micro-CT x-ray scan data measurements of auditory canal diameter obtained from micro-CT x-ray scans such as those shown in A and B. F, Summary of A50 values obtained from fitting data in E to
Equation 1 (see Materials and Methods). Dashed line represents naive A50 value in D and F, which is also shown as a black bar. Asterisks indicate statistical differences compared with naive data (*p�
0.01; **p � 0.001). Error bars in C and E represent SD; error bars in D and F represent SEM.
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evidence of accelerated middle-ear cavitation and ear-canal
formation in H and CF pups.

Discussion
The onset of hearing in mammals is characterized by the forma-
tion of an air-filled middle ear cavity and clearance of the audi-
tory canal, in conjunction with rapid changes in auditory
thresholds and behavioral responses to sound (Rubel, 1984). The
mechanisms that control such coordinated developmental
changes are not entirely understood, although previous and re-
cent studies indicate that endocrine and autocrine signals are
involved (for review, see Ng et al., 2013). To our knowledge, the
results of this study showed for the first time that H and CF
manipulations in Wistar rats trigger physiological and anatomi-
cal changes in the auditory periphery that are consistent with an
acceleration of hearing onset (Fig. 1). Furthermore, our study
demonstrates for the first time that middle ear cavitation pre-
cedes ear canal opening in an inside-out formation pattern (Fig.
4A2,B2).

Analysis of the percentage of pups with ABRs showed differ-
ences between naive and manipulated pups. For example, using
ABRs we estimated that hearing onset was accelerated by �0.2
and 0.5 d in H and CFP5 pups, respectively (Fig. 2). It is intriguing
that only H pups showed evidence of accelerated development
when manipulated at P1 and P9, whereas both H and CF pups
showed evidence of accelerated development when manipulated
at P5 (Fig. 2C). Although we found some significant differences
in ABR thresholds between naive and CF pups (Fig. 2D), these
effects did not translate to differences in the rate of ABR threshold
change during development. Note that we did not detect statisti-
cally significant differences in ABR thresholds between naive and
H pups. This suggests that ABRs might not be a very sensitive tool
to detect functional differences in developing animals. In the case
of CF pups however, ABR threshold differences can be detected
only during the few days spanning the onset of hearing. Naive and
manipulated animals achieve a similar maturation state very rap-
idly, because no differences were detected at P21.

Opening of the ear canal is considered a limiting step for hear-
ing development in altricial mammals (Rubel, 1984; Moore and
Hine, 1992; Geal-Dor et al., 1993). Therefore, the results de-
scribed in Figure 2 predicted that HP1, CFP1, and CFP5 pups
should have noticeable changes in the structure of the auditory
periphery during development. We found support for this pre-
diction (Fig. 4). Interesting to us, middle-ear cavitation and
opening of the ear canal occurred almost a full day ahead in CFP5
pups compared with naive, HP1, and CFP1 pups. These func-
tional and anatomical observations are consistent with the pro-
posal that the first 2 weeks of postnatal life constitute a sensitive
period in auditory development (Knipper et al., 2000). We think
this interpretation is further supported by our hormone mea-
surements (Fig. 3).

First, CORT levels in naive and CFP5 pups were consistent
with previous reports (Guzzetta et al., 2009; Oomen et al., 2009),
suggesting that our results did not involve changes in pups’ stress
levels. Second, although T3 hormone levels were not different
between naive and CFP5 pups, our measurements at P6 showed
higher baseline levels with respect to data from previous studies
(Knipper et al., 1998). Because T3 deficiency is known to cause
irreversible damage to the auditory system during the sensitive
period outlined above (Knipper et al., 2000), it is possible that
higher baseline T3 plasma levels are important for the effects of H
and CF on auditory development described in this study. We also
found similar plasma Leptin levels to those reported previously

(Smith and Waddell, 2003). Although we did not find major
differences in plasma hormone concentrations in any of the hor-
mones measured in this study, we cannot rule out the participa-
tion of autocrine and paracrine signaling, or changes in receptor
expression in target tissues. Indeed, an increase in tissue-specific
IGF-1 is involved in enrichment effects on visual cortical devel-
opment and is important for normal cochlear development (for
IGF-1, see Ciucci et al., 2007; Guzzetta et al., 2009; Sanchez-
Calderon et al., 2010; for T3, see Ng et al., 2013). Similarly,
changes in receptor expression during development have been
described for Leptin (Smith and Waddell, 2003).

A pitfall of our study is that we did not monitor maternal care.
This is important because previous studies identified a significant
interaction between maternal care and housing conditions, par-
ticularly in offspring of low LG-ABN mothers (Francis et al.,
2002; Bredy et al., 2003; Champagne and Meaney, 2007). Given
the variability of maternal care behavior in rodents (Jensen Peña
and Champagne, 2013), it is surprising that we detected signifi-
cant functional and structural differences in H and CF pups. We
suspect that the magnitude of functional and anatomical changes
we observed could be related to natural variations in maternal
behavior. In future studies, tracking maternal care could help
control for important behavioral differences in mothers and pro-
vide a framework to evaluate the variability of pup’s measure-
ments. The results of this study should stimulate further research
concerning identification of the sensory cues that trigger behav-
ioral changes in lactating dams, and the signaling pathways that
are activated by such cues to change maternal behavior (Cham-
pagne et al., 2001). Last, we propose that our results also have
important implications for understanding how manipulations of
maternal care, housing, and rearing conditions affect develop-
mental responses to sensory stimulation in the peripheral and
central auditory system of mammalian infants (Froemke and
Jones, 2011).
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