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Abstract

Sensory information comprises the substrate from which memories are created. Memories of spatial sensory experience
are encoded by means of synaptic plasticity in the hippocampus. Hippocampal dependency on sensory information is
highlighted by the fact that sudden and complete loss of a sensory modality results in an impairment of hippocampal
function that persists for months. Effects are accompanied by extensive changes in the expression of neurotransmitter
receptors in cortex and hippocampus, consistent with a substantial adaptive reorganization of cortical function. Whether
gradual sensory loss affects hippocampal function is unclear. Progressive age-dependent hearing loss (presbycusis) is a risk
factor for cognitive decline. Here, we scrutinized C57BL/6 mice that experience hereditary and cumulative deafness starting
in young adulthood. We observed that 2-4 months postnatally, increases in the cortical and hippocampal expression of
GluN2A and GluN2B subunits of the N-methyl-D-aspartate receptor occurred compared to control mice that lack sensory
deficits. Furthermore, GABA and metabotropic glutamate receptor expression were significantly altered. Hippocampal
synaptic plasticity was profoundly impaired and mice exhibited significant deficits in spatial memory. These data show
that during cortical adaptation to cumulative loss of hearing, plasticity-related neurotransmitter expression is extensively
altered in the cortex and hippocampus. Furthermore, cumulative sensory loss compromises hippocampal function.
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Introduction

Sensory information processing is a fundamental component
of learning, memory, and cognition. Brain structures that
are essential for the acquisition and encoding of complex
associative memories, such as the hippocampus, use spatial
sensory information both to generate metric representation
of navigable space (Save et al. 2000; Zhang and Manahan-
Vaughan 2015; Draht et al. 2017; Jeffery 2018) and to create
robust and long-lasting records of spatial experience (Kemp

and Manahan-Vaughan 2007, 2012). The latter is enabled
by hippocampal synaptic plasticity (Manahan-Vaughan and
Braunewell 1999; Kemp and Manahan-Vaughan 2004; Goh
and Manahan-Vaughan 2013), and it has been shown that
visuospatial, olfactospatial, and audiospatial experience can
be used by the hippocampus to create spatial memories that are
recorded by this phenomenon (Kemp and Manahan-Vaughan
2008; André and Manahan-Vaughan 2014; Dietz and Manahan-
Vaughan 2017). The mammalian brain is highly adaptable, and
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there are multiple descriptions of how both humans (Réder
et al. 1999; van Boven et al. 2000; Fortin et al. 2008; Fiehler and
Rosler 2010) and animals (Lindner et al. 1997; Tura and Udo 2014;
Norimoto and Ikegaya 2015) adapt effectively to profound and
perpetual sensory loss. Studies of the consequences of loss of
visual input and blindness have shown that this adaptation
occurs as a consequence of extensive reorganization of the
cortex that reflects both changes in the affected primary sensory
cortex (Eysel et al. 1999; Goel and Lee 2007) and in other primary
and associative sensory areas (Kujala et al. 1995; Sadato et al.
1996; Cohen et al. 1999; Weeks et al. 2000; Merabet et al. 2009;
Petrus et al. 2015).

One aspect of this that has received little attention is how
the cortex and hippocampus functionally adjust to initial loss
of input from a specific sensory modality. Recently, we reported
that hereditary blindness that becomes manifest in mice within
weeks after birth results in massive and progressive reorgani-
zation of neurotransmitter receptor expression in the cortex
and hippocampus that persists for months after the onset of
blindness (Feldmann et al. 2019). This reorganization is accom-
panied by a profound impairment of hippocampal long-term
potentiation (LTP) and debilitation of hippocampus-dependent
spatial learning (Feldmann et al. 2019). These results suggest
that cortical and cognitive adaptation to the loss of a sensory
modality impacts on the information processing ability of cor-
tical structures, and this compromises, in turn, the ability of
the hippocampus to reliably and effectively encode and store
sensory experience.

Ultimately, both humans and animals recover from this
transitional phase (Roder et al. 1999; van Boven et al. 2000; Fortin
et al. 2008; Fiehler and Rosler 2010; Iura and Udo 2014; Norimoto
and Ikegaya 2015), and adaptation is ostensibly so effective in
rodents that chronically blind mice cannot be distinguished
from their “seeing” counterparts on the basis of cued learning
behavior (Lindner et al. 1997). Recent studies in human
individuals have suggested, however, that the consequences for
cognition of gradual sensory loss are insidious. Age-dependent
sensorineural hearing loss (presbycusis) comprises a gradual
and cumulative loss of hearing sensitivity that first affects
high frequencies and slowly extends to mid-frequency ranges
(Morton 1991; Gorlin et al. 1995). It is closely associated with
cognitive decline (Fortunato et al. 2016; Deal et al. 2017; Golub
2017) and is considered a risk factor for dementia (Teipel
et al. 2015; Deal et al. 2017; Lin and Black 2017; Su et al. 2017;
Thomson et al. 2017). This risk is not exclusive to the auditory
domain (Attems et al. 2015; Fischer et al. 2016) and increases
according to the relative number of sensory modalities showing
age-related impairments (Brenowitz et al. 2018).

A causal link between cumulative hearing loss and cog-
nitive decline is currently lacking. In the present study, our
goal, therefore, was to explore to what extent a gradual loss
of hearing sensitivity can result in cortical reorganization and
changes in hippocampal function. The C57BL/6 mouse strain
develops cumulative deafness that first becomes manifest at
the age of 4 weeks with the loss of very high hearing fre-
quencies (Park et al. 2010). With accumulating age, even more
frequencies are lost: At 5 months, mice lose their ability to hear
socially relevant vocalizations (>32 kHz) (Park et al. 2010), and
24 months postnatally, this mouse strain is completely deaf
(Mikaelian 1979). Loss of the ability to discriminate speech is a
major debilitatory aspect of presbycusis in human individuals
(Morton 1991; Gorlin et al. 1995) and may serve to accelerate
cognitive decline. Rodents rely heavily on auditory information
in the form of vocalizations for both their social structures and

integration, as well as the localization of salient proximal events
and features (Brudzynski 2015). Rodent vocalizations predomi-
nantly occur outside the range of human hearing and extend
into the ultrasound spectrum (Brudzynski 2001, 2015; Brudzyn-
ski and Pniak 2002). Thus, the cumulative loss of hearing sensi-
tivity to 32 kHz and higher in adult rodents emulates cumulative
loss of speech discrimination in presbycusis in humans. Given
the parallels in age-dependent cellular, sensorineural, and per-
ceptual changes in the C57BL/6 mouse strain and presbycusis,
the C57BL/6 mouse is therefore considered an effective animal
model of age-dependent hearing loss (Kazee et al. 1995; Spongr
et al. 1997; Del Campo et al. 2012; Osumi et al. 2012).

We show here that widespread changes in plasticity-related
neurotransmitter expression become manifest as early as at
2 months of age in C57BL/6 mice. At 4 months of age, neu-
rotransmitter receptor changes, including GABA, metabotropic
glutamate (mGlu) receptors, and GluN2A and GluN2B subunits
of the N-methyl-D-aspartate (NMDA) receptor, occur in both
primary sensory and association cortices and also extend to
the hippocampus. At this time-point, potent impairments in
hippocampal LTP and spatial memory become evident. The data
indicate that gradual hearing loss is accompanied by extensive
adaptive changes in the cortex and hippocampus that hinder
effective hippocampal information processing and suggest that
progressive hearing loss may be causally linked to cognitive
decline.

Materials and Methods
Animals

The present study was carried out in accordance with the
European Communities Council Directive of 22 September
2010 (2010/63/EEC) for care of laboratory animals and the
requirements of the animal ethics committee of the local gov-
ernment authority (Landesamt fur Arbeitsschutz, Naturschutz,
Umweltschutz und Verbraucherschutz [LANUV]). Male C57BL/6
(Charles River) and CBA/CaOlaHsd mice (Harlan [Envigo] Labo-
ratories) were group-housed in a temperature- and humidity-
controlled vivarium with a constant 12-h light-dark cycle (lights
on from 6 AM to 6 PM) with ad libitum food and water access.
The C57BL/6 mouse develops hereditary hearing loss (Mikaelian
1979). It exhibits normal hearing at 1 month of age (Shnerson
and Pujol 1983). From this time-point onward, the cochlea begins
to degenerate commencing at the cochlear base resulting in
high frequencies, being affected first (Mikaelian 1979; Henry
and Chole 1980; Park et al. 2010). At 2 years of age, mice are
completely deaf (Mikaelian 1979). The CBA/CaOlaHsd mouse
strain has no reported deficits in its sensory modalities (Brooks
et al. 2004; Walton et al. 2008; Heckman et al. 2017).

Tissue Preparation

Brains were removed when mice were 2 or 4 months old, using
isoflurane for inhalational anesthesia, followed by an intraperi-
toneal injection with sodium pentobarbital. Transcardial per-
fusion was conducted with cooled, 0.2% heparinized Ringer
solution (10 min), followed by 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) (10 min). Brains immersed in
PFA for 24 h at 4 °C and subsequently stored in 30% sucrose
in PBS. Frozen sections of 30 pm were prepared with a cryostat
microtome (Leica) for Nissl staining and immunohistochem-
istry. Slices from C57BL/6 and CBA/CaOlaHsd mice were pro-
cessed together to minimize interarray variations between dif-
ferent staining cohorts. Nissl stainings were conducted to verify
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tissue quality and to choose slices with the correct anatomical
features.

Immunohistochemistry

GABA,, GABAg, and GluN2B immunostainings were conducted
using an avidin-biotin complex (ABC) method as described pre-
viously (Heras et al. 1995; Feldmann et al. 2019). To evaluate
the expression of mGlul, mGlu2/3, and GluN2A, we included
streptavidin enhancement (Feldmann et al. 2019). Negative con-
trols comprising tissue incubations with separate primary and
secondary antibodies were performed in order to verify that
specific binding had occurred.

For the ABC approach, free-floating sections were rinsed in
PBS thrice for 10 min. Sections were then placed in 0.3% H,0,
for 20 min to remove endogenous peroxidase activity, thereby
ensuring that background staining could be kept to a minimum.
Then, they were preincubated with blocking solution containing
20% avidin (avidin-biotin blocking kit, Vector Laboratories), 10%
normal serum (Vector Laboratories), and 0.2% Triton X-100 (Tx)
for 90 min to reduce nonspecific binding. Sections were sub-
sequently incubated overnight at room temperature with the
primary antibody solution, containing 20% biotin (avidin-biotin
blocking kit, Vector Laboratories), 1% normal serum, 0.2% Tx,
and the relevant primary antibody—GABA4 (1:400, monoclonal
mouse antibody [AB], MAB341, Merck Millipore), GABAg (1:500,
monoclonal mouse AB, ab55051, Abcam), or GIuN2B (polyclonal
goat AB, sc-1469, Santa Cruz Biotechnology). The secondary
antibody was applied for 90 min. A biotinylated horse anti-
mouse antibody was used for GABAp and GABAg (1:500, BA-
2001, Vector Laboratories) and a biotinylated horse anti-goat
antibody was used for GluN2B (1:500, BA-9500, Vector Laborato-
ries). Sections were then immersed in 1:1000 ABC-Elite detection
system (Vector Laboratories), 1% normal serum, and 0.1% Tx
for 90 min. The staining reaction was then performed using
3,3’-diaminobenzidin (DAB, Sigma-Aldrich) in 0.01% hydrogen
peroxide PBS for 10 min.

GluN2A subunits, as well as mGlul and mGlu2/3 receptor
expression, were detected by means of streptavidin enhance-
ment. Tris-(hydroxymethyl)-aminomethane-buffered saline
was used instead of PBS. The initial protocol elements were
the same as those described above. Incubation with the primary
antibody specific to mGlu1 (1:200, polyclonal rabbit AB, ab82211,
Abcam), mGlu2/3 (1:250, polyclonal rabbit AB, ab5675, Merck
Millipore), or GluN2A (1:250, polyclonal rabbit AB, sc-9056, Santa
Cruz Biotechnology) lasted for 24 h at room temperature and was
followed by secondary antibody incubation with biotinylated
goat anti-rabbit antibody (1:500, BA-1000, Vector Laboratories).
The sections were then incubated with 1:1000 streptavidin
(Cy™3-conjugated Streptavidin, Jackson Laboratories) for
30 min. Anti-streptavidin antibody (1:500, biotinylated goat
anti-streptavidin, BA-0500, Vector Laboratories) was applied for
another 30 min, followed by DAB staining.

Electrophysiology

Two- or 4-month-old mice were deeply anesthetized with isoflu-
rane and then decapitated. Brains were dissected in cold (4 °C),
oxygenated artificial cerebrospinal fluid (aCSF) using 87 mM
NaCl, 2.4 mM KCl, 1.3 mM MgS0O4, 0.5 mM CaCl,, 26 mM NaHCOs,
1.25 mM NaH;,POq4, and 2 mM d-glucose. Following brain dissec-
tion, slices (400 pm) were cut using a vibratome and stored on
a nylon net in a holding chamber filled with aCSF and glucose
(30 °C) for 30 min. The slices were subsequently transferred to
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an interface recording chamber (Scientific Systems Design Inc)
that was continuously percolated with oxygenated aCSF (95%
07, 5% CO,, 125 mM NaCl, 3 mM KCl, 2.5 mM CaCly, 1.3 mM
MgS0y, 1.25 mM NaH,POy4, 13 mM d-glucose, 26 mM NaHCOs3)
at the rate of 1.5 mL/min. The temperature in the chambers was
maintained at 30+ 2 °C by an automatic temperature controller
(PTCO3, Scientific Systems Design Inc). The slices acclimatized
for 1 h in the recording chamber before recordings were com-
menced. A bipolar stimulation electrode (Fredrick Haer) was
positioned in stratum radiatum of CA1. The recording electrode,
which comprised a borosilicate glass-micropipette (1-2 Ms2)
filled with aCSF, was placed in the CA1 dendritic area. Biphasic
test pulse stimuli (0.025 Hz, duration: 0.2 ms) were applied,
and for each time-point, five evoked responses (sample rate:
16000 Hz) were averaged. An input/output relationship (I/O-
curve) was determined by stimulating in a range of 60-600 pA.
For experiments, a stimulation intensity that evoked 50% of the
I[/O maximum was used. Basal synaptic transmission (“base-
line”) was recorded for 60 min and then, without changing the
stimulus intensity, LTP was induced via high-frequency stimula-
tion (HFS, 3 trains of 100 pulses at 100 Hz, delivered 5 min apart).
Evoked responses were followed for 2 h after HFS.

Behavioral Tests

Mice that were 4-5 months of age underwent object recognition
(OR) and item-place (IP) tests. In each case, on the day before
the acquisition trial, habituation of the mice to the test arena
occurred for 10 min. The OR and IP tests corresponded to pre-
viously reported paradigms (Goh and Manahan-Vaughan 2013).
In brief, for the OR test, mice were presented with two novel
objects (in the test arena) for 10 min (acquisition trial). After 24
h, animals were exposed to one of the now familiar objects in
its old location and a novel object in the location of the previous
object.

In the IP experiment, mice were presented with two novel
objects (in the test arena) for 10 min (acquisition trial). After 24 h,
animals were re-exposed to the now familiar objects in the same
locations as previously. A further 24 h after this, animals were
presented with the two objects in a reconfigured spatial location.
Each test trial lasted 10 min, during which the total exploration
time and the exploration time of the familiar and the novel
(or moved) object were measured. Objects and test arenas were
cleaned thoroughly between trials to remove olfactory stimuli.
The trials were recorded by a camera that was positioned above
the test arena to allow offline analysis.

Data Analysis

For the analysis of neurotransmitter receptor distribution,
optical density measurements were conducted for selected
brain regions using an image-based analysis system (Neurolu-
cida, MBF Bioscience). Protein quantification was conducted by
means of a standardized immunoassay (Grube 2004; Feldmann
et al. 2019). Cortical and hippocampal areas were examined
at the following distances from bregma: 2.2 mm (Fig. 1C,
piriform cortex), 0.5 mm (Fig. 1C, somatosensory cortex),
—1.8 mm (Fig. 1C, posterior parietal cortex), and —2.5 mm
(Fig. 1C, auditory cortex, visual cortex, dentate gyrus, CA1-3).
Tissue sections were scrutinized with 2.5-fold magnification
using a Leitz Wetzlar Dialux 20 brightfield microscope (Leica).
Whole slide images were acquired with a digital camera (QIC-
F-CLR-12, QImaging), using the virtual tissue 2D module of
Neurolucida. Immunohistochemical background staining was
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Figure 1. Diagram of areas selected for immunohistochemical analysis. The areas assessed in the mouse cerebral cortex and hippocampus are shown in the histological
sections (left side of each example). The specific regions examined are indicated in the schemas on the right side of each example (based on Franklin and Paxinos
2008). Markings in dark gray represent the following areas: Top left: PiC; top right: SC; bottom left: PPC; bottom right: VC (1), AuC (2), and hippocampus (3), including

the DG and cornus ammonis subregions (CA1-CA3).

corrected by subtracting density values obtained in the corpus
callosum to minimize interarray differences (Dubovyk and
Manahan-Vaughan 2018). Luminance information ranging from
0 to 255 was determined for the whole area.

Immunohistochemical data were tested for between-group
effects by means of multifactorial analysis of variance (ANOVA)
followed by a post hoc Duncan’s test. Between-group factors
comprised strain (C57BL/6 vs. CBA/CaOlaHsd) and brain areas
(piriform cortex [PiC], somatosensory cortex [SC], posterior pari-
etal cortex [PPC], visual cortex [VC], auditory cortex [AuC], den-
tate gyrus [DG], CA1, CA2/3, and CA4) and were assessed 2 and
4 months postnatally. Imnmunohistochemical data from control
(CBA/CaOlaHsd) mice were used as a reference in a previous
study (Feldmann et al. 2019), in compliance with requirements of
the ethics committee of the local government authority (LANUV)
to minimize the number of animals used in the experimenta-
tion. P values and the mean optical densities determined for the
neurotransmitter receptors (region studied at 2 and 4 months)
are shown in Table 1 (for significant effects all comparisons).

Between-group effects in electrophysiological data were
assessed by means of a two-way ANOVA with repeated
measures. A post hoc Fisher’s test was used to discriminate
significant effects at specific time-points/conditions. In the
subsequent text sections, the number of animals is signified
by an upper case “N” and the number of slices used is signified
by a lower case “n.” All data were shown as mean =+ standard
error of the mean. All statistical tests were performed using
STATISTICA 13 (Statsoft). The level of significance was set at
P <0.05.

Behavioral data were analyzed by determining the explo-
ration time spent at each object within the different trials. Object
exploration was determined as touching or sniffing the object
or close proximity (<2 cm) of the snout to the object when the
snout was pointed directly at the object in question. OR data
were expressed as a percentage of the total exploration time
for each object per experiment. A discrimination ratio was also

calculated, as the difference between the time spent exploring
the novel and the familiar objects divided by the total time spent
exploring both objects (Goh and Manahan-Vaughan 2013). The
IP data were expressed as a percentage of the total exploration
time during novel exploration of the objects. The behavioral data
were analyzed using ANOVA for assessment of the IP data.

Results
Immunohistochemistry

Brain sections from C57BL/6 and CBA/CaOlaHsd mice were scru-
tinized for changes in the expression of GABAy and GABAg
receptors, mGlul and mGlu2/3 receptors, and the GluN2A and
GluN2B subunits of the NMDA receptor. The following cortical
regions were examined: PiC, SC, PPC, VC, and AuC. In addition
the following regions of the dorsal hippocampus were exam-
ined: DG, CA1 region, CA3 region, and CA4 region (Fig. 1). Optical
density and P values for all receptors, age groups, and brain
regions are shown in Table 1, whereas significant values are
reported in Table 1.

Expression of the GluN2A subunit of the NMDA
receptor is increased in the paoterior parietal cortex,
visual cortex and auditory cortex of C57BL/6 mice

2 months postnatally. Four months postnatally,
increases are evident in the piriform cortex and
somatosensory cortex

In 2-month-old C57BL/6 mice (N=6), the GluN2A subunit of
the NMDA receptor was significantly increased in the cortex
compared to control CBA/CaOlaHsd mice (N =6). This effect was
specific to the PPC, VC, and AuC (Fig. 2A; Table 1). Four months
postnatally, the levels of GluN2A are significantly increased in
C57BL/6 mice (N=6) in the PiC and SC compared to CBA/CaO-
laHsd (N =6), respectively (Fig. 2B; Table 1).
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Table 1 Statistical comparison of receptor expression in 2- and 4-month-old C57BL6 and CBA/CaOlaHsd mice

Receptor Area C57BL/6 CBA/CaOlaHsd P N
2 months
GluN2A PPC 2111+ 1.74 17.28 £1.01 <0.001 6
VvC 19.77 £1.31 13.66 £ 1.05 <0.01 6
AuC 19.66 £ 1.73 13.84 £ 0.87 <0.01 6
mGlu2/3 PPC 33.10 +£ 2.51 26.09 &+ 2.35 <0.05 6
VvC 33.68 +£2.79 2444 +1.77 <0.01 6
mGlu5 CA4 97.97 +£2.43 83.71+6.17 <0.05 5
GABA-B AuC 28.40 + 1.74 20.42 + 1.55 <0.05 6
CA1l 31.34 +£2.04 20.72 + 1.40 <0.01 6
4 months
GluN2A PiC 21.57 £ 1.15 16.75 £ 1.52 <0.05 6
SC 22.52 +1.08 17.49 +£1.36 <0.05 6
GluN2B PiC 3278 £2.71 12.27 £1.82 <0.001 5
SC 43.31+2.15 20.08 +1.76 <0.001 5
PPC 46.81 + 4.27 26.93 + 1.94 <0.001 5
vC 39.56 + 3.58 23.86 + 1.35 <0.001 5
AuC 37.38 £3.17 20.03+1.71 <0.001 5
DG 23.12 +£2.19 11.97 £ 1.30 <0.01 5
CA1l 3256 £2.73 23.28 +1.28 <0.05 5
CA3 31.64 + 1.98 19.81 +1.80 <0.01 5
CA4 21.89 + 2.52 10.25 £ 1.48 <0.01 5
mGlul SC 39.68 + 1.52 31.84 +1.47 <0.01 5
AuC 41.96 + 1.62 34.44 +2.25 <0.05
mGlu2/3 PiC 30.96 + 1.57 2472 £ 1.24 <0.01 5
AuC 36.74 + 1.68 31.07 £1.51 <0.05 5
DG 40.21 + 2.22 34.68 £ 1.41 <0.05 5
CAl 16.54 £1.73 10.20 £+ 0.47 <0.01 5
CA3 19.87 £1.91 12.31 £ 0.98 <0.01 5
CA4 29.46 £+ 3.61 21.52 +£0.86 <0.001 5
GABA-A PiC 64.34 £+ 4.59 84.58 &+ 6.06 <0.05 6
SsC 76.59 £ 5.44 104.76 + 6.06 <0.01 6
AuC 78.95 £+ 7.88 101.36 &+ 5.63 <0.05 6
DG 79.36 +£2.87 99.29 +4.72 <0.05 6
GABA-B DG 28.86 + 1.76 44.06 +3.17 <0.001 6
CA3 31.80 + 1.15 43.85 + 3.68 <0.001 6
CA4 3250+ 1.64 49.87 £+ 3.85 <0.001 6

Note: The following regions were examined: AuC, PiC, SC, PPC, VC, DG, CA1 region, CA3 region, and CA4 region. Values shown correspond to the mean optical
density + standard error of the mean. “P” indicates the P values obtained in statistical comparisons between C57BL/6 and CBA/CaOlaHsd mice at 2 months (N=6
each) and 4 months (N =6 for C57BL/6, N=5 for CBA/CaOlaHsd mice). “N” indicates the number of animals used in the comparisons.

Four months postnatally, the expression of the GluN2B
subunit of the NMDA receptor in C57BL/6 mice is
increased in all primary sensory cortices and the
parietal cortex, as well as in all subfields of the
hippocampus

Two months postnatally, no significant differences were evident
in the expression of the GluN2B subunit of the NMDA receptor
between the two mouse strains (N =6, each, Table 1).

At the age of 4 months, however, the expression of the
GluN2B subunit was increased in C57BL/6 mice (N =6) compared
to controls (N=6). The increase in GluN2B expression occurred
in all cortical areas investigated, as well as in all hippocampal
subfields (Fig. 2C; Table 1).

mGlul Receptor Expression Is Unchanged at 2 Months
and Is Increased in the somatosensory cortex and
auditory cortex at 4 Months

In 2-month-old C57BL/6 mice (N=6), no significant differences
in the expression of the metabotropic glutamate receptor

mGlul were evident compared to CBA/CaOlaHsd mice (N=6,
Table 1).

At the age of 4 months, mGlul receptor density was
significantly higher in C57BL/6 mice (N=6) compared to
CBA/CaOlaHsd controls (N=5) in the SC and AuC (Fig. 3A;
Table 1).

mGlu2/3 Receptor Expression Is Increased in the VC
and posterior parietal cortex at 2 Months and in the
piriform cortex and auditory cortex of 4-Month-Old
C57BL/6 Mice

Two months postnatally, a significant increase in the expression
of the mGlu2/3 receptor in the PPC and VC (Fig. 3B; Table 1) of
C57BL/6 mice was evident (N =6) in comparison with CBA/CaO-
laHsd mice (N=6).

Four-month-old C57BL/6 mice (N=6) showed increased
mGlu2/3 levels in both cortical and hippocampal areas com-
pared to CBA/CaOlaHsd (N =5). This was specific to the PiC and
AuC and the hippocampal subfields CA1-4 and the DG (Fig. 3C;
Table 1).
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Figure 2. Expression of the GluN2A and GluN2B subunits of the NMDA receptor 2 and 4 months postnatally. Bar charts represent mean optical density of NMDA receptor
subunit expression in C57BL/6 and CBA/CaOlaHsd mice 2 and 4 months postnatally. Photomicrographs highlight significantly affected areas as shown in the graphs
above. (A) GluN2A expression is significantly increased in the PPC, VC, and AuC of C57Bl/6 mice at the age of 2 months. (B) GluN2A expression is significantly increased
in 4-month-old C57BL/6 mice in the PiC and SC. (C) GluN2B expression is globally increased in C57BL/6 mice 4 months postnatally. Data are means + SEM. *P < 0.05;
**P <0.01; ***P <0.001. 1: PiC, 2: SC, 3: PPC, 4: VC, 5: AuC, 6: DG, 7: CA1, 8: CA3, and 9: CA4.
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GABA, Expression Is Unchanged at 2 Months But Is
Increased in the piriform cortex, somatosensory cortex,
auditory cortex and dentate gyrus of 4-Month-Old
C57BL/6 Mice

In 2-month-old C57BL/6 mice (N=6), no significant changes of
GABA, expression occurred compared to control mice (N=6,
Table 1).

At the age of 4 months, inhibitory GABAA receptors were
decreased in the cortex and in the hippocampus of C57BL/6 mice
(N=6) compared to CBA/CaOlaHsd controls (N=5). This effect
was significant in the PiC, SC, and AuC as well as in the DG
(Fig. 4A; Table 1).

GABAg Expression Is Increased in the auditory cortex
and CA1 Region at 2 Months and in the Hippocampus
at 4 Months

At the age of 2 months, expression levels of GABAp receptors
in C57BL/6 mice (N =6) were significantly higher in the AuC and
in the CA1 region compared with expression levels in CBA/CaO-
laHsd mice (N =5) (Fig. 4B; Table 1).

Four months postnatally, no differences in cortical expres-
sion of GABAg were evident. However, C57BL/6 mice (N =5) show
a significantly decreased expression in the hippocampus in
the CA3 and CA4 regions as well as in the DG compared to
CBA/CaOlaHsd controls (N =5) (Fig. 4C; Table 1).

The Stimulus-Response Relationship of Hippocampal
Field Potentials Is Unaffected in C57BL/6 Mice

The changes in the expression of the plasticity-related recep-
tors described above in the brains of C57Bl/6 mice may have
been accompanied by functional alterations at the levels of
neural transmission or synaptic plasticity. Given the fact that
the hippocampus serves as an integrator of sensory informa-
tion and a hub for the encoding of associative memory, we
explored whether this structure exhibits changes in its stim-
ulus-response relationship in 2- and 4-month-old mice. Here,
we observed that the relationship of the fEPSP to stepwise
increases in afferent stimulation strength was unaffected in the
CA1 region of 2-month-old C57BL/6 mice (N =6, n=12) and CBA/-
CaOlaHsd mice (Fig. SA; ANOVA: F=(9, 216)=0.58092, P=0.81207,
N=6, n=12.) Similarly, in 4-month-old mice, responses were
also equivalent (Fig. 5B; ANOVA: F = (9, 405) =0.56927, P=0.82317,
N=10,n=21).

Hippocampal LTP in 4-Month-Old, But Not
2-Month-0ld, C57BL/6 Mice Is Significantly Impaired

We then went on to compare LTP in the two mouse strains at the
ages of 2 and 4 months. HFS applied to the Schaffer collaterals
resulted in robust LTP in C57BL/6 mice that did not differ in its
profile from LTP induced in control mice (Fig. 5C,D; ANOVA: F(23,
437)=0.92878, P=0.55954, N=6, n=9 for each cohort).

At 4 months of age, however, C57BL/6 mice exhibited a very
potent debilitation of LTP in comparison with LTP induced
in CBA/CaOlaHsd mice (Fig. 5E,F; ANOVA: F(23, 598)=6.8307,
P=0.0000, N=10, n=13).

Item-place Memory Is Impaired, But Object Recognition
Memory Is Intact in C57BL/6 Mice

To assess whether the deficits in hippocampal synaptic
plasticity that we observed in C57BL/6 mice have functional

consequences, we assessed OR memory and IP memory in
C57BL/6 (n=12) and CBA/CaOlaHsd mice (n=11). OR was
calculated as a percentage of the total exploration time of both
objects. During the first 10-min exposure to the two test objects,
exploration was equally distributed across the objects in both
mouse strains (Fig. 6A,B) (A: ANOVA, F(1,20)=0.66, P=0.4256;
B: ANOVA, F(1,22)=0.09, P=0.7607). When the animals were
exposed to a familiar object and a novel object (on the same
location of the previous object), exploration of the novel object
was significantly higher in both CBA/CaOlaHsd (Fig. 6A; ANOVA,
F(1,20)=9.95, P=0.0049) and C57BL/6 mice (Fig. 6B; ANOVA,
F(1,22)=45.61, P <0.0001). Assessment of the discrimination
ratio for CBA/CaOlaHsd mice (Fig.6C) and C57BL/6 (Fig. 6D)
confirmed that the animals demonstrated effective OR memory
(CBA/CaOlaHsd: ANOVA, F(1,20)=7.60, P=0.0129; C57BL/6:
ANOVA, F(1,22) =7.51, P=0.0125).

We then assessed IP memory in the mouse strains. Here,
24 h after the initial exposure to the objects, the animals
explored the same objects again (in the same locations, i.e., re-
exposure). Both groups explored the objects significantly less
(Fig. 6E,F) (CBA/CaOlaHsd: F(1,20)=35.43, P <0.0001; C57BL/6:
F(1,22)=44.93, P <0.0001). This reflects an habituation effect,
consistent with the animals having generated a memory of the
prior exposure to the objects.

A further 24 h later, the same objects underwent a reconfigu-
ration of their location. The CBA/CaOlaHsd exhibited increased
exploration behavior that is consistent with their recognition
of the novelty of the spatial configuration (Fig. 6E; ANOVA,
F(1,20)=6.79, P=0.0178). By contrast, the C57BL/6 failed to
generate IP memory (Fig. 6F) (ANOVA, F(1,22) =0.52, P=0.4754).

Taken together, these data indicate that the C57BL/6 mice
were able to engage in OR memory—a low cognitive demand
task. By contrast, when the cognitive demands of the task were
higher (IP learning), this mouse strain showed impairments
compared to CBA/CaOlaHsd mice.

Discussion

The results of this study show that gradual hearing loss in
adult mice is accompanied by extensive reorganization of
plasticity-related neurotransmitter expression in the cortex
and hippocampus, and is accompanied by a potent debilitation
of hippocampal synaptic plasticity, as well as memory impair-
ments. Effects are progressive: whereas at 2 months of age mice
show no ostensible functional changes in the hippocampus,
by 4 months hippocampal LTP is profoundly impaired. In line
with this change, spatial memory was also debilitated. Receptor
expression changes in the cortex and hippocampus also become
more extensive with time. Our data suggest that even at the
early stages of progressive hearing loss, the sensory deficit is
sufficient to trigger cortical reorganization and to compromise
hippocampal function. This finding offers novel insights into the
putative causal basis of cognitive decline in age-related hearing
loss in humans.

C57BL/6 mice possess the age-related hearing loss (AHL)
gene (Johnson et al. 1997). Audiometric studies of C57BL/6 mice
revealed that although the sound intensity thresholds required
for perception of sound frequencies <10 kHz remain largely
unchanged in the first year of life, the thresholds for perception
of higher frequencies become progressively higher (Willott 1986;
Walton et al. 1995). Deficits begin at 2 months of age (Walton
et al. 2008). At 3-5 months of age, sensitivity to acoustic stimuli
from 32 to 40 kHz is significantly reduced (Ohlemiller et al. 2000;
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Figure 5. Synaptic plasticity is impaired in C57BL/6 mice. (A) Comparison of
input-output relationship in 2-month-old C57BL/6 mice and control (CBA/CaO-
laHsd) mice shows no significant differences in fEPSP evoked in the stimulus
intensity range of 60-600 pA. (B) Comparison of input-output responses in 4-
month-old C57BL/6 and control mice found no significant differences in fEPSP
evoked in the stimulus intensity range of 60-600 pA (C) HFS elicits LTP in 2-
month-old C57B/6 and control mice, which is not significantly different. (D)
Analog examples show fEPSP recorded from 2-month-old C57BL/6 and control
mice at the time points indicated in the graph shown in “C.” Vertical scale
bar: 1 mV; horizontal scale bar: 10 ms. (E) HFS results in robust LTP in 4-
month-old control mice. By contrast, C57BL/6 mice show a significantly impaired
response to HFS. The induction and maintenance phases are significantly
smaller in magnitude than that elicited in control mice. By 100 min post-
HFS, evoked potentials returned to pre-HFS levels. (F) Analog examples show
fEPSP recorded from 4-month-old C57BL/6 and control mice at the time points
indicated in the graph shown in “E.” Vertical scale bar: 1 mV; horizontal scale bar:
10 ms.

Park et al. 2010); at 6 months, they exhibit mid-to-high frequency
hearing deficits (>16 kHz) (Park et al. 2010). This progressive loss
of sensitivity to high frequencies and increase of perceptual
intensity thresholds are considered to effectively reflect age-
related hearing loss that occurs in mature human individuals
(Kazee et al. 1995; Johnson et al. 1997; Park et al. 2010; Bowl and
Dawson 2015).

Loss of the ability to discriminate speech is a major debilita-
tory aspect of presbycusis in human individuals (Morton 1991,
Gorlin et al. 1995). Rodents rely heavily on auditory information
in the form of vocalizations for both their social structures and
integration, as well as the localization of salient proximal events
and features (Brudzynski 2015). Rodent vocalizations predomi-
nantly occur outside the range of human hearing and extend
into the ultrasound spectrum (Brudzynski 2001, 2015; Brudzyn-
ski and Pniak 2002). Given the importance of the ultrasonic
and high sonic frequency ranges for rodent communication
(Brudzynski and Pniak 2002), and previous studies describing
cortical and subcortical reorganization following loss of vision
(Feldmann et al. 2019), we suggest that the cumulative loss of
hearing in C57BL/6 mice may mirror functional changes that
occur during presbycusis in the human brain.

The range of human hearing extends from 20 Hz to 20 kHz,
with the ear being highly tuned to speech frequencies (ca., 300-
3000 Hz). Rodents hear sound frequencies in the range of 200 Hz-
90 kHz (Fay 1988; Heffner et al. 2001), but their behaviorally most
relevant frequencies occur in the ultrasonic (>20 kHz) range.
The loss in perception of sound frequencies in the range of 32-
40 kHz that has been reported in 3-month-old C57BL/6 mice was
detected at sound pressure levels of 55-65 dB (Park et al. 2010).
This is highly relevant on a functional level. Sound frequencies
above 20 kHz are vocalized by rodents to communicate and have
a sound pressure level of 65-85 dB (van der Poel et al. 1989;
Brudzynski 2001; Brudzynski and Pniak 2002; Borta et al. 2005;
Wohr et al. 2005). Thus, a loss of ability to hear frequencies
around 32 kHz at a sound pressure of 55-65 dB indicates that
the mice can no longer perceive ultrasound vocalizations in this
frequency range or higher. Rodent pups vocalize at an aver-
age frequency of ca. 40 kHz when isolated from their mothers
(Schwarting and Wohr 2012), 50 kHz vocalizations are emitted
during play and tickling (Wohr et al. 2009; Lukas and Wohr
2015), as well as social exploration and interactions (Brudzynski
and Pniak 2002) and reflect a positive affective state in rodents
(Panksepp and Burgdorf 2003; Brudzynski 2015). A loss of ability
of the C57BL/6 mice to perceive ultrasonic vocalizations in this
range effectively means that they lose their ability to accurately
interpret the social behavior of mice they encounter. This may
contribute to the more restricted exploration that has been
documented in adult C57BL/6 mice (Ohl et al. 2003). It could
also explain why a variety of behaviors that are consistent with
elevated anxiety are evident in this mouse strain, even though
basal levels of corticosterone and its exploration behavior in
bright light suggest that this strain is not intrinsically anxious
(Trullas and Skolnick 1993).

We detected a significant increase in the expression of
GABAg receptors in the auditory cortex in 2-month-old C57BL/6
mice. This change is consistent with a disinhibition of neural
circuitry (Chalifoux and Carter 2011), as has been described
in neurophysiological studies of the adaptive response of the
auditory cortex to loss of sensorineural input strength (Kotak
et al. 2005; Mowery et al. 2015). GluN2A subunit expression
was increased in the auditory cortex, suggesting a shift in
GluN2A/GluN2B ratio that would subserve a reduction in the
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Figure 6. Item-place memory, but not Object Recognition memory, is impaired in C57BL/6 mice. (A and B) Behavioral analysis revealed that CBA/CaOlaHsd mice (n=11)
and C57BL/6 mice (n=12) performed the OR task successfully with a delay period of 24 h between phases. The mice explored both objects A and B equally during
the training phase but explored the novel object C to a significantly greater extent during the test phase (CBA/CaOlaHsd: ANOVA, F(1,20)=9.99, P=0.4256; C57BL/6:
ANOVA, F(1,22) =45.61, P < 0.0001). (C, D) Analysis of the discrimination ratios revealed that the mice showed no preference for either object during the training phase
but a strong preference for the novel object during the test phase (C: CBA/CaOlaHsd: ANOVA, F(1,20)=7.60, P=0.0129; D: C57BL/6: ANOVA, F(1,22) =7.51, P=0.0125). (E)
CBA/CaOlaHsd mice acquired significant IP memory. Compared to novel exposure, the animals exhibited an habituation effect 24 h later when they were re-exposed
to the same objects in the same places F(1,20)=35.43, P <0.0001). A further 24 h later, reconfiguration of the objects triggered an increase in exploration (ANOVA,
F(1,20)=6.79, P=0.0178). By contrast, although C57BL/6 mice (F) exhibited an habituation effect upon object re-exposure (F(1,22) =44.93, P < 0.0001), they exhibited no
significant change in exploration behavior exposure to a spatial reconfiguration of the objects (ANOVA, F(1,22)=0.52, P=0.4754). Thus, the C57BL/6 mice failed to
generate long-term IP memory.
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threshold for induction of synaptic plasticity in this structure.
GluN2A and mGlu2/3 receptor expression were increased in
the visual and parietal cortex, suggesting that functional
reorganization is already underway (Sammons and Keck 2015)
at this early and initial states of sensory loss.

At 4 months of age, a time-point where significant deficits
in detection of behaviorally salient auditory frequencies are
evident (Park et al. 2010); further changes in receptor expression
had developed throughout the cortex. Here, elevations in
GluN2A were evident in the piriform and somatosensory
cortices, whereas the elevations seen in the posterior parietal,
auditory, and visual cortices at 2 months were no longer
present. In addition, we detected an elevation of mGlu1l receptor
expression in the auditory and somatosensory cortices and
of mGlu2/3 expression in the piriform and auditory cortices.
Strikingly, GIuN2B expression was now significantly elevated
in all cortical structures. The changes in the primary and
parietal cortices are likely to reflect adaptive reorganization:
A prolongation of the critical period results in a sustainment
of the high expression of GluN2B subunits in the visual cortex
(Quinlan et al. 1999), which is a typical characteristic of this
period of cortical development (Lee et al. 2015; Isoo et al. 2016).
Treatment of rat pups with white noise results in a similar
effect (Hogsden and Dringenberg 2009a). Elevations in GluN2B
expression or functions in primary visual or auditory cortices
in early postnatal development are a characteristic of increased
propensity toward synaptic plasticity (Speechley et al. 2007;
Hogsden and Dringenberg 2009b) that declines once ocular
dominance or tonotopy has become established (Hubel and
Wiesel 1970; Kato et al. 1991; Kirkwood et al. 1995; Lehmann
and Lowel 2008; Hogsden and Dringenberg 2009a, 2009b; Jang
et al. 2009). The elevations of mGlul and mGlu2/3 expression
in the auditory cortex can be expected to result in changes
in excitability: mGlul receptors are expressed on neurons and
interneurons and modulate both GABA and glutamate release
(Cozzi et al. 2002) and mGlu2/3 receptors are autoreceptors
for glutamate that negatively modulate its presynaptic release
(Mukherjee and Manahan-Vaughan 2013). Thus, the net effect
of the changes we detected in the expression of these receptors
in the auditory cortex is likely to amount to altered excitatory
tonus. Taken together, the changes in receptor expression and
in particular the elevation of GluN2B expression throughout
the cortex indicate that massive functional reorganization
is already underway in 4-month-old C57BL/6 mice. Cortical
disinhibition impairs cognitive flexibility in human subjects
(Gruber et al. 2010) and is likely to have contributed to the
behavioral impairments we detected in hearing-impaired mice.

Receptor expression in the hippocampus was only weakly
affected at the 2-month time-point hippocampus, and perhaps
unsurprisingly from this perspective, LTP was unaffected. A
hint that the hippocampus is already becoming affected by
the loss of sensitivity to high auditory frequencies is reflected
in the elevation of mGlu5 receptor expression in the CA4
region/hilus, a neural compartment that receives ipsilateral
and contralateral synaptic input from the dentate gyrus and
extrahippocampal structures such as the septum and is a key
beneficiary of hippocampal neurogenesis (Toni and Schinder
2015). Furthermore, GABAg expression is reduced in the CA1l
region, although changes in excitation-inhibition balance were
not detected during electrophysiological recordings from this
subregion.

By the time animals are 4 months old, GIluN2B expression
is increased in all subfields of the hippocampus and decreased

GABAg expression was now evident in the dentate gyrus and
CA3 and CA4 regions. At this time-point, very potent deficits in
hippocampal synaptic plasticity also became evident. The mag-
nitude and duration of hippocampal LTP are determined by the
GluN2A and GluN2B subunits of the NMDA receptor (Ballesteros
et al. 2016; Dubovyk and Manahan-Vaughan 2018). Weaker and
less persistent forms of LTP are enabled by GluN2A-containing
NMDA receptors, whereas stronger and more persistent forms
are enabled by GluN2B-containing NMDA receptors (Ballesteros
et al. 2016). The mGlu receptors, mGlul and mGlu5, are
extremely important for the stability and maintenance of
multiple forms of hippocampal synaptic plasticity (Mukherjee
and Manahan-Vaughan 2013), whereas mGlu2/3 plays an
important role in the maintenance of long-term depres-
sion (Manahan-Vaughan 1997; Poschel et al. 2005) and in
autoreceptor-mediated regulation of presynaptic glutamate
release (Mukherjee and Manahan-Vaughan 2013).

GABAp and GABAp receptors contribute importantly to
the regulation of excitation-inhibition balance (Fritschy 2008),
information transfer by means of neuronal oscillations (Pelkey
etal. 2017), and the dynamic control of the magnitude and direc-
tion of change of synaptic strength (Lehmann et al. 2012). The
decrease in GABAg expression, at 4 months postnatally, is likely
to cause a decrease in basal excitatory tonus through disinhibi-
tion of GABAergic terminals (Cozzi et al. 2002). But the voltage-
dependent Mg?t-block of GluN2B-containing NMDA receptors
requires a strong membrane depolarization (Erreger et al. 2005;
Clarke et al. 2013) and correspondingly, the threshold for induc-
ing GluN2B-dependent LTP is higher (Berberich et al. 2005, 2007;
Kohr et al. 2003; Ballesteros et al. 2016). The decrease in GABAg
expression may thus explain why LTP is impaired in 4-month-
old C57BL/6 mice despite elevations in expression of GIluN2B.

Spatial learning deficits have been reported in C57BL/6 mice
(Ohl et al. 2003; Park et al. 2016). The deficits in hippocampal
synaptic plasticity that we observed in the present study
can be expected to contribute to these deficits, given the
tight interconnection between hippocampal synaptic plasticity
and hippocampus-dependent learning (Kemp and Mana-
han-Vaughan 2007, 2008). Although learning about spatially
configured auditory information supported hippocampal
encoding of spatial experience through synaptic plasticity (Dietz
and Manahan-Vaughan 2017), the hippocampus can use the
visual and olfactory modalities to encode space (Kemp and
Manahan-Vaughan 2008; André and Manahan-Vaughan 2014).
Thus, the loss of auditory input per se is not likely to be the
primary reason why hippocampal synaptic plasticity or spatial
learning is impaired in the C57BL/6 mice. It seems more likely
that cortical reorganization and the associated changes in
neurotransmitter receptor expression drive the deficits. Here,
C57BL/6 mice were capable of learning the cognitively demand-
ing task (object recognition) but were impaired at 4 months in
acquiring item-place memory, a task that is cognitively more
challenging.

Presbycusis is associated with cognitive impairment and
dementia (Fortunato et al. 2016; Golub 2017; Thomson et al.
2017). To what extent effects are causal is unclear, although
studies of spatial learning in noise-challenged C57BL/6 mice
indicate that hearing loss may lead to cognitive impairments
(Park et al. 2016). Our data indicate that cortical adaptation
to the loss of the ability of the C57BL/6 mice to perceive high
sound frequencies even at a relatively young age is massively
disruptive to hippocampal function. We propose that an
impoverishment of functional encoding of learning experience
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by means of synaptic plasticity that is brought about by hearing
loss serves to amplify or indeed accelerate emerging deficits in
cognition that are triggered by neurodegeneration or age-related
cognitive decline.

Digressing briefly from the topic of presbycusis and its
functional basis, one important point that one should mention
here, is that this issue is not only highly pertinent to our
understanding of how the brain copes with and adapts to
sensory loss but also highly pertinent for studies of the
mechanisms underlying memory and cognition, given the
widespread establishment of the C57BL/6 mouse as the
“substrain” for transgenic mouse lines and the inbred strain
for studies of the cellular and behavioral basis of memory
encoding in mice. This mouse strain is not alone in developing
cumulative hearing deficits: 129/] (Zheng et al. 1999), A/] (Zheng
et al. 1999), BALB/c (Erway et al. 1993; Willott et al. 1998),
CBA/CaJ (May et al. 2006), DBA/2] (Erway et al. 1993; Liu et
al. 2019), and LP/] (Steel et al. 1987) mice all exhibit age-
dependent loss of hearing, and the CBA/] mouse that has been
used for decades in multiple studies as a health control for
scrutiny of hearing loss (Henry and McGinn 1992; Henry et
al. 2004) is blind (Feldmann et al. 2019). This hereditary form
of blindness, which becomes manifest soon after birth, also
results in massive changes in receptor expression across the
brain and impairs hippocampal synaptic plasticity (Feldmann
et al. 2019). CBA/] mice also become deaf in old age (Henry et al.
2004; Sha et al. 2008). The results of the present study indicate
that studies of hippocampal synaptic plasticity in C57BL/6
and other strains of hearing-impaired mice may generate an
outcome that is confounded by impoverished hippocampal
function.

In conclusion, this study shows that progressive hearing loss
triggers extensive reorganization of both sensory and associ-
ation cortices at the level of expression of plasticity-related
neurotransmitter receptors and demonstrates that, in parallel,
hippocampal function is compromised. This finding is in line
with previous reports that the first months of adaptation to
blindness profoundly affect hippocampal synaptic plasticity and
hippocampus-dependent learning ability (Feldmann et al. 2019).
This study offers three very important take-home messages:
Firstly, our results, taken together with the results of the above-
mentioned study (Feldmann et al. 2019), indicate how vulner-
able the hippocampus is to changes in function or in sensory
information processing at the cortical level. Secondly, from the
perspective of basic research, the C57BL/6 mouse, or indeed any
mouse strain that exhibits cumulative deafness or another kind
of sensory deficit, is not an ideal subject for long-term studies of
brain function, given that deafness-related changes in sensory
and hippocampal information processing can be expected to
confound the interpretation of results. Thirdly, given that cumu-
lative loss of hearing is a typical feature of aging in humans
(Morton 1991; Gorlin et al. 1995), our results suggest that age-
related hearing loss may be a contributor to loss of function of
the hippocampus that occurs with age.
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