
fncel-18-1396387 May 7, 2024 Time: 15:41 # 1

TYPE Original Research
PUBLISHED 01 May 2024
DOI 10.3389/fncel.2024.1396387

OPEN ACCESS

EDITED BY

Christian Keine,
University of Oldenburg, Germany

REVIEWED BY

Tara Sankar Roy,
North DMC Medical College and Hindu Rao
Hospital, India
Aaron Benson Wong,
Erasmus University Medical Center,
Netherlands

*CORRESPONDENCE

Jeffrey G. Mellott
jmellott@neomed.edu

RECEIVED 05 March 2024
ACCEPTED 11 April 2024
PUBLISHED 01 May 2024

CITATION

Mellott JG, Duncan S, Busby J, Almassri LS,
Wawrzyniak A, Iafrate MC, Ohl AP,
Slabinski EA, Beaver AM, Albaba D, Vega B,
Mafi AM, Buerke M, Tokar NJ and Young JW
(2024) Age-related upregulation of dense
core vesicles in the central inferior
colliculus.
Front. Cell. Neurosci. 18:1396387.
doi: 10.3389/fncel.2024.1396387

COPYRIGHT

© 2024 Mellott, Duncan, Busby, Almassri,
Wawrzyniak, Iafrate, Ohl, Slabinski, Beaver,
Albaba, Vega, Mafi, Buerke, Tokar and Young.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums
is permitted, provided the original author(s)
and the copyright owner(s) are credited and
that the original publication in this journal is
cited, in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Age-related upregulation of
dense core vesicles in the central
inferior colliculus
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Andrew P. Ohl1, Elizabeth A. Slabinski1, Abigail M. Beaver1,
Diana Albaba1, Brenda Vega1, Amir M. Mafi3, Morgan Buerke4,
Nick J. Tokar1 and Jesse W. Young1

1Department of Anatomy and Neurobiology, Northeast Ohio Medical University, Rootstown, OH,
United States, 2University Hospitals Hearing Research Center, Northeast Ohio Medical University,
Rootstown, OH, United States, 3The Ohio State University College of Medicine, Columbus, OH,
United States, 4Department of Psychology, Louisiana State University, Baton Rouge, LA, United States

Presbycusis is one of the most prevalent disabilities in aged populations of

industrialized countries. As we age less excitation reaches the central auditory

system from the periphery. To compensate, the central auditory system [e.g.,

the inferior colliculus (IC)], downregulates GABAergic inhibition to maintain

homeostatic balance. However, the continued downregulation of GABA in

the IC causes a disruption in temporal precision related to presbycusis. Many

studies of age-related changes to neurotransmission in the IC have therefore

focused on GABAergic systems. However, we have discovered that dense

core vesicles (DCVs) are significantly upregulated with age in the IC. DCVs

can carry neuropeptides, co-transmitters, neurotrophic factors, and proteins

destined for the presynaptic zone to participate in synaptogenesis. We used

immuno transmission electron microscopy across four age groups (3-month;

19-month; 24-month; and 28-month) of Fisher Brown Norway rats to examine

the ultrastructure of DCVs in the IC. Tissue was stained post-embedding for

GABA immunoreactivity. DCVs were characterized by diameter and by the

neurochemical profile (GABAergic/non-GABAergic) of their location (bouton,

axon, soma, and dendrite). Our data was collected across the dorsolateral to

ventromedial axis of the central IC. After quantification, we had three primary

findings. First, the age-related increase of DCVs occurred most robustly in

non-GABAergic dendrites in the middle and low frequency regions of the

central IC during middle age. Second, the likelihood of a bouton having

more than one DCV increased with age. Lastly, although there was an age-

related loss of terminals throughout the IC, the proportion of terminals that

contained at least one DCV did not decline. We interpret this finding to

mean that terminals carrying proteins packaged in DCVs are spared with age.

Several recent studies have demonstrated a role for neuropeptides in the IC in

defining cell types and regulating inhibitory and excitatory neurotransmission.
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Given the age-related increase of DCVs in the IC, it will be critical that future

studies determine whether (1) specific neuropeptides are altered with age in

the IC and (2) if these neuropeptides contribute to the loss of inhibition and/or

increase of excitability that occurs during presbycusis and tinnitus.
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1 Introduction

The auditory system plays a crucial role in our everyday lives
by enabling communication, sound localization, and information
processing. Conversely, auditory system dysfunction leads to
impaired communication, difficulty participating in noisy social
environments, and an overall decrease in quality of life. As the
aging population continues to grow, there is an increased demand
for understanding the mechanisms underlying hearing loss, which
affects nearly three-quarters of individuals aged 70 years or older
(Goman and Lin, 2016). The functional decline of the auditory
system with age often begins with the degradation of the peripheral
auditory system, which leads to a decrease in excitation sent to
the central auditory system (Knipper et al., 2022; Rumschlag et al.,
2022). The central auditory system compensates for this decreased
excitation by downregulating GABAergic inhibition; this is believed
to be an attempt at restoring homeostatic levels of activity (Caspary
et al., 2008; Richardson et al., 2012; Caspary and Llano, 2018).
Unfortunately the gradual loss of GABA into old age leads to
functional deficits and increased central neural gain (Caspary et al.,
2008; Auerbach et al., 2014, 2019). Age-related downregulation of
GABAergic inhibition is well documented in the inferior colliculus
(IC), an auditory midbrain structure that serves as the hub of
the central auditory system (Wenstrup, 2005; Caspary et al., 2008;
Syka, 2020). The IC is organized into three subdivisions [central
(ICc), lateral cortex (IClc), and dorsal cortex (ICd)] and processes
information from multiple ascending and descending auditory
projections (see reviews: Oliver, 2005; Syka, 2020). Neurons and
inputs within the lemniscal ICc are arranged into isofrequency
lamina, which are organized tonotopically along the ventromedial
(high frequencies) to dorsolateral (low frequencies) axis (Oliver and
Morest, 1984; Oliver, 2005; Malmierca et al., 2008; Syka, 2020).

Considering that mammalian presbycusis is frequency
specific, it is important to understand age-related molecular and
ultrastructural changes in relation to the tonotopic axis (Walton
et al., 1998; Cai et al., 2018; Parthasarathy et al., 2018; Koehler
et al., 2023). In our ongoing investigations of the aging synaptic
ultrastructure in the IC, we observed a dramatic increase of
dense core vesicles (DCVs) in the aged IC. In the current study,
we quantify and characterize this increase in DCVs. DCVs are
membrane-bound organelles that contain dense granular cores;

Abbreviations: DCV, dense core vesicle; FBN, Fischer Brown Norway; GABA,
gamma-aminobutyric acid; GAD, glutamic acid decarboxylase; IC, inferior
colliculus; ICc, central nucleus of the inferior colliculus; ICd, dorsal cortex
of the inferior colliculus; IClc, lateral cortex of the inferior colliculus; LD,
large dendrite; MD, medium dendrite; SD, small dendrite.

they are one of two types of organelles that secrete chemical signals
throughout the nervous system, with classic clear synaptic vesicles
being the other (Sorra et al., 2006; Persoon et al., 2018). Unlike
synaptic vesicles which are found in large pools at active zones
and carry classic neurotransmitters, DCVs are rarer, and they
tend to package biogenic amines, neuromodulators, presynaptic
machinery, neuropeptides, neurotrophic factors, and hormones
(Peters et al., 1991; Michael et al., 2006; Sorra et al., 2006; Merighi,
2018). A number of important neuromodulators involved in
auditory midbrain function are transported by DCVs, including
serotonin, neuropeptide Y (NPY), vasoactive intestinal peptide
(VIP), brain-derived neurotrophic factor (BDNF), and fibroblast
growth factors (Pelletier et al., 1981; Sato et al., 2001; Dieni et al.,
2012; Schofield and Hurley, 2018; Goyer et al., 2019; Silveira
et al., 2020, 2023). DCVs are transported via both dendritic and
axonal trafficking, where microtubule dependent kinesin-1 motors
(KIF1) and motor dynein mediate trafficking into dendrites and
axons (Zheng et al., 2008; Lipka et al., 2016). It is unclear whether
DCVs are preferentially released at axons or dendrites (Kennedy
and Ehlers, 2011; Persoon et al., 2018). To our knowledge,
very little is understood about the populations of DCVs in the
auditory midbrain, including what proteins they contain and their
trafficking patterns.

The goal of the present study is to determine whether DCVs
are upregulated in the aging ICc. Specifically, we examined three
tissue blocks taken across the ventromedial-dorsolateral ICc axis.
For the sake of conciseness, alignment with our previous studies,
and convention as the tonotopic axis is well established, we refer
to the ventromedial-most ICc block as representing the high
frequency region, the middle block as representing the middle
frequency region, and dorsolateral-most block as representing
lower frequencies. We used immuno transmission electron
microscopy to analyze DCVs in GABAergic and non-GABAergic
boutons, axons, and dendrites of Fischer Brown Norway (FBN) rats
across four (3–4 months “young”; 19–20 months “early middle-
age”; 24 months “late middle-age”; and 28–29 months “old”) age
groups. We discovered that: (1) DCVs were markedly increased
in non-GABAergic dendrites during middle age. Many of these
DCVs were located near postsynaptic densities. (2) The probability
of a GABAergic or non-GABAergic bouton having more than
one DCV increased with age. (3) Despite the age-related loss of
boutons throughout the IC, the percentage of non-GABAergic and
GABAergic boutons that had at least one DCV did not decline with
age. We conclude that synapses lost in the IC in aging may not
be synapses that co-release neuropeptides. Ultimately, it appears
that the many possible proteins packaged by DCVs may have a
significant role in the processing of acoustic signals in the aging IC.
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TABLE 1 Summary of ICc DCV in GABA-negative profiles.

# of
animals

Area analyzed
(µm2)

# of
DCV

Average
diameter

(nm)

# of DCV in
bouton

# of DCV
in axon

# of DCV
in dendrite

3–4 month

High frequency 5 16,000 (3,200/animal) 175 69.2 75 16 84

Middle frequency 5 16,000 (3,200/animal) 184 66.2 89 11 83

Low frequency 5 16,000 (3,200/animal) 194 69.2 100 13 81

19–20 month

High frequency 5 16,000 (3,200/animal) 356 65.3 162 9 185

Middle frequency 5 16,000 (3,200/animal) 311 69.7 113 20 188

Low frequency 5 16,000 (3,200/animal) 267 70.5 110 23 142

24 month

High frequency 5 16,000 (3,200/animal) 438 68.8 162 27 244

Middle frequency 5 16,000 (3,200/animal) 428 71.1 160 39 225

Low frequency 5 16,000 (3,200/animal) 382 70.9 133 23 226

28 month

High frequency 5 16,000 (3,200/animal) 399 62.4 147 24 222

Middle frequency 5 16,000 (3,200/animal) 351 65.2 146 14 190

Low frequency 5 16,000 (3,200/animal) 326 64.7 133 26 165

Summary of ICc DCV in GABAergic profiles

3–4 month

High frequency 5 16,000 (3,200/animal) 85 69.8 49 9 24

Middle frequency 5 16,000 (3,200/animal) 110 70.9 42 18 44

Low frequency 5 16,000 (3,200/animal) 97 74.2 62 10 24

19–20 month

High frequency 5 16,000 (3,200/animal) 110 65.3 64 7 39

Middle frequency 5 16,000 (3,200/animal) 116 71.6 65 9 34

Low frequency 5 16,000 (3,200/animal) 102 67.4 50 12 34

24 month

High frequency 5 16,000 (3,200/animal) 163 71 68 9 82

Middle frequency 5 16,000 (3,200/animal) 165 73.8 86 14 61

Low frequency 5 16,000 (3,200/animal) 148 69.3 86 9 50

28 month

High frequency 5 16,000 (3,200/animal) 188 61.2 76 18 84

Middle frequency 5 16,000 (3,200/animal) 158 68.2 89 9 51

Low frequency 5 16,000 (3,200/animal) 125 65.1 53 19 39

2 Materials and methods

2.1 Animals

All procedures were conducted in accordance with the
Northeast Ohio Medical University Institutional Animal Care and
Use Committee and NIH guidelines. Results are described from
20 male FBN rats [National Institute of Aging; Bethesda, MD,
USA; RRID:SCR_007317 (housed by Charles River Laboratories,
Wilmington, MA, USA)] across four age groups (5 animals per age
group): 3–4 months “young”; 19–20 months “early middle-age”;

24 months “late middle-age”; and 28–29 months “old” (Tables 1–
3). For a details regarding ambient sound levels, please see Cai et al.
(2018). Efforts were made to minimize the number of animals and
their suffering.

2.2 Perfusion and sectioning

Each animal was deeply anesthetized with isoflurane and
perfused transcardially with Tyrode’s solution, followed by 250 ml
of 2% glutaraldehyde and 2% paraformaldehyde [with one
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TABLE 2 Excitatory bouton breakdown.

Total
boutons

Bouton
loss from
3 months

Total
DCVs

# of
boutons
w/1 DCV

# of
boutons
w/2 DCV

# of
boutons
w/3 DCV

# of
boutons
w/4 DCV

# of
boutons
w/5 DCV

# of
boutons

w/>5
DCV

# of
boutons

w/at least
1 DCV

%
boutons

w/at least
1 DCV

3–4 months

High frequency

B72; R23 224 13 8 1 1 – – – 10

B96; R41 207 9 5 2 – – – – 7

B123; R42 202 10 7 – 1 – – – 8

B129; R116 194 22 12 3 – 1 – – 16

B132; R117 240 21 10 4 1 – – – 15

Total 1,067 N/A 75 42 10 3 1 0 0 56 5.24%

Middle frequency

B73; R23 208 13 4 3 1 – – – 8

B97; R41 215 12 10 2 – – – – 12

B124; R42 219 19 11 1 2 – – – 14

B130; R116 185 25 13 3 2 – – – 18

B133; R117 204 20 14 1 – 1 – – 16

Total 1,031 N/A 89 52 10 5 1 0 0 68 6.60%

Low frequency

B74; R23 217 17 13 – – 1 – – 14

B98; R41 225 8 6 1 – – – – 7

B125; R42 192 21 10 1 3 – – – 14

B131; R116 231 36 21 3 3 – – – 27

B134; R117 237 18 7 4 1 – – – 12

Total 1,096 N/A 100 57 9 7 1 0 0 74 6.80%

19–20 months

High frequency

B78; R63 184 41 15 5 4 1 – – 25

B81; R98 197 24 15 1 1 1 – – 18

B84; R99 204 33 14 3 3 1 – – 21

B105; R84 187 35 16 4 2 – 1 – 23

B142; R96 209 29 14 3 3 – – – 23

Total 981 9.10% 162 74 16 13 3 1 0 110 11.20%
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TABLE 2 (Continued)

Total
boutons

Bouton
loss from
3 months

Total
DCVs

# of
boutons
w/1 DCV

# of
boutons
w/2 DCV

# of
boutons
w/3 DCV

# of
boutons
w/4 DCV

# of
boutons
w/5 DCV

# of
boutons

w/>5
DCV

# of
boutons

w/at least
1 DCV

%
boutons

w/at least
1 DCV

Middle frequency

B79; R63 186 23 5 6 2 – – – 13

B82; R98 196 19 7 2 1 – 1 – 11

B103; R83 218 39 8 5 2 3 – – 18

B106; R84 154 5 5 – – – – – 5

B141; R96 201 27 15 6 – – – – 21

Total 955 7.40% 113 40 19 5 3 1 0 68 7.12%

Low frequency

B80; R63 202 36 9 4 4 1 1 – 19

B86; R99 207 27 5 4 2 2 – – 13

B104; R83 179 20 10 5 – – – – 15

B107; R84 200 11 6 1 1 – – – 8

B143; R96 221 16 9 2 1 – – – 12

Total 1,009 8% 110 39 16 8 3 1 0 67 6.60%

24 months

High frequency

B111; R101 158 23 5 3 – 3 – – 11

B114; R102 156 28 9 4 2 – 1 – 16

B117; R100 170 27 11 4 – 2 – – 17

B135; R109 143 25 6 2 5 – – – 13

B138; R110 187 59 16 6 4 3 – 1 (7) 29

Total 814 23.80% 162 47 19 11 8 1 1 86 11%

Middle frequency

B112; R101 202 25 4 5 2 – 1 – 12

B115; R102 179 53 25 2 2 2 2 – 33

B118; R100 132 31 5 2 2 4 – – 13

B121; R108 166 19 10 – 3 – – – 13

B136; R109 137 32 7 2 5 – – 1 (6) 15

Total 816 20.90% 160 51 11 14 6 3 1 86 10.50%
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TABLE 2 (Continued)

Total
boutons

Bouton
loss from
3 months

Total
DCVs

# of
boutons
w/1 DCV

# of
boutons
w/2 DCV

# of
boutons
w/3 DCV

# of
boutons
w/4 DCV

# of
boutons
w/5 DCV

# of
boutons

w/>5
DCV

# of
boutons

w/at least
1 DCV

%
boutons

w/at least
1 DCV

Low frequency

B113; R101 167 19 9 1 1 – 1 – 12

B116; R102 217 47 10 8 3 3 – – 24

B119; R100 176 7 5 1 – – – – 6

B122; R108 203 36 4 4 5 1 1 – 15

B137; R109 160 24 12 3 2 – – – 17

Total 923 15.80% 133 40 17 11 4 2 0 74 8.02%

28–29 months

High frequency

B87; R29 134 12 6 1 – 1 – – 8

B90; R46 154 48 5 6 7 – 2 – 20

B93; R79 147 11 8 – 1 – – – 9

B99; R45 134 33 7 7 4 – – – 18

B126; R47 181 43 9 9 1 2 1 – 22

Total 750 29.70% 147 35 23 13 3 3 0 77 10.30%

Middle frequency

B88; R99 156 10 6 2 – – – – 8

B91; R46 173 29 5 3 4 – – 1 (6) 13

B94; R79 150 36 13 4 2 1 1 – 21

B100; R45 158 42 4 4 5 2 – 1 (7) 16

B127; R47 138 29 15 5 – 1 – – 21

Total 775 24.80% 146 43 18 11 4 1 2 79 10.20%

Low frequency

B89; R99 167 12 5 2 1 – – – 8

B92; R46 190 44 11 1 2 5 1 20

B95; R79 189 34 12 4 2 2 – 20

B101; R45 180 27 7 6 3 – 1 – 17

B128; R47 177 16 14 1 – – – – 15

Total 903 17.60% 133 49 14 8 7 2 0 80 8.70%

“BXX” designates the block number. “RXX” designates the animal.
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TABLE 3 GABAergic bouton breakdown.

Total
boutons

Bouton
loss from
3 months

Total
DCVs

# of
boutons
w/1 DCV

# of
boutons
w/2 DCV

# of
boutons
w/3 DCV

# of
boutons
w/4 DCV

# of
boutons
w/5 DCV

# of
boutons

w/>5
DCV

# of
boutons

w/at least
1 DCV

% of
boutons

w/at least
1 DCV

3–4 months

High frequency

B72; R23 188 8 6 2 – – – – 8

B96; R41 216 6 3 – 1 – – – 4

B123; R42 180 7 4 – 1 – – – 5

B129; R116 212 14 3 4 1 – – – 8

B132; R117 219 14 7 2 1 – – – 10

Total 1,015 N/A 49 23 8 4 0 0 0 35 3.50%

Middle frequency

B73; R23 187 4 4 – – – – – 4

B97; R41 170 7 5 1 – – – – 6

B124; R42 159 13 5 – 1 – – – 6

B130; R116 208 14 3 2 1 1 – – 7

B133; R117 193 4 4 – – – – – 4

Total 917 N/A 42 21 3 2 1 0 0 27 2.90%

Low frequency

B74; R23 238 10 8 1 – – – – 9

B98; R41 204 8 7 1 – – – – 8

B125; R42 164 15 10 1 1 – – – 12

B131; R116 172 21 11 5 – – – – 16

B134; R117 209 8 6 1 – – – – 7

Total 987 N/A 62 42 9 1 0 0 0 52 5.30%

19–20 months

High frequency

B78; R63 155 25 8 4 3 – – – 15

B81; R98 171 13 6 – 1 1 – – 8

B84; R99 201 14 5 3 1 – – – 9

B105; R84 196 7 7 – – – – – 7

B142; R96 222 5 – 1 1 – – – 2

Total 945 6.90% 64 26 8 6 1 0 0 41 4.30%

(Continued)
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TABLE 3 (Continued)

Total
boutons

Bouton
loss from
3 months

Total
DCVs

# of
boutons
w/1 DCV

# of
boutons
w/2 DCV

# of
boutons
w/3 DCV

# of
boutons
w/4 DCV

# of
boutons
w/5 DCV

# of
boutons

w/>5
DCV

# of
boutons

w/at least
1 DCV

% of
boutons

w/at least
1 DCV

Middle frequency

B79; R63 217 13 8 1 1 – – – 10

B82; R98 187 8 6 1 – – – – 7

B103; R83 154 18 10 2 – 1 – – 13

B106; R84 159 11 8 – 1 – – – 9

B141; R96 133 15 5 2 2 – – – 9

Total 850 7.30% 65 37 6 4 1 0 0 48 5.60%

Low frequency

B80; R63 140 10 8 1 – – – – 9

B86; R99 168 17 7 1 3 – – – 11

B104; R83 174 7 3 2 – – – – 5

B107; R84 203 12 8 – – 1 – 9

B143; R96 210 4 4 – – – – – 4

Total 895 9.30% 50 30 4 3 1 0 0 38 4.20%

24 months

High frequency

B111; R101 199 13 10 – 1 – – – 11

B114; R102 162 5 3 1 – – – – 4

B117; R100 129 7 6 1 – – – – 7

B135; R109 170 8 5 1 – – – 6

B138; R110 172 35 8 4 5 1 – – 18

Total 832 18% 68 32 6 7 1 0 0 46 5.50%

Middle frequency

B112; R101 124 16 5 4 2 11

B115; R102 187 24 8 4 1 1 14

B118; R100 144 19 9 2 2 13

B121; R108 127 11 5 3 8

B136; R109 142 16 10 1 1 12

Total 724 21% 86 37 14 5 1 1 0 58 8.01%

(Continued)
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TABLE 3 (Continued)

Total
boutons

Bouton
loss from
3 months

Total
DCVs

# of
boutons
w/1 DCV

# of
boutons
w/2 DCV

# of
boutons
w/3 DCV

# of
boutons
w/4 DCV

# of
boutons
w/5 DCV

# of
boutons

w/>5
DCV

# of
boutons

w/at least
1 DCV

% of
boutons

w/at least
1 DCV

Low frequency

B113; R101 170 16 11 1 1 – – – 13

B116; R102 139 15 9 3 – – – – 12

B119; R100 155 16 4 3 2 – – – 9

B122; R108 181 15 5 5 – – – – 10

B137; R109 156 24 12 4 – 1 – – 17

Total 801 18.90% 86 41 16 3 1 0 0 61 7.60%

28–29 months

High frequency

B87; R29 135 8 6 1 – – – – 7

B90; R46 172 18 7 4 1 – – – 12

B93; R79 136 9 6 – 1 – – – 7

B99; R45 159 15 8 2 1 – – – 11

B126; R47 165 26 11 2 1 2 – – 16

Total 767 24.40% 76 38 9 4 2 0 0 53 6.90%

Middle frequency

B88; R99 138 5 5 – – – – – 5

B91; R46 130 22 7 2 2 – 1 – 12

B94; R79 129 11 7 – – 1 – – 8

B100; R45 130 22 13 1 1 1 – – 16

B127; R47 153 29 8 6 3 – – 1 (6) 18

Total 680 25.80% 89 40 9 6 2 1 1 59 8.70%

Low frequency

B89; R99 168 9 3 3 – – – – 6

B92; R46 142 7 4 – 1 – – – 5

B95; R79 144 3 3 – – – – – 3

B101; R45 159 7 7 – – – – – 7

B128; R47 182 27 4 8 1 1 – – 14

Total 795 19.50% 53 21 11 2 1 0 0 35 4.40%

“BXX” designates the block number. “RXX” designates the animal.
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exception; case R79, Blocks 93,94, and 95 (Tables 1, 2) was perfused
and stored with 3% glutaraldehyde and 1% paraformaldehyde] in
0.1 M phosphate buffer at a pH 7.4. The brain was removed and
stored at 4◦C in 2% glutaraldehyde and 2% paraformaldehyde in
0.1 M phosphate buffer. The following day the brain was prepared
for processing by removing the cerebellum and cortex and blocking
the remaining piece with transverse cuts posterior to the cochlear
nucleus and anterior to the thalamus. The tissue was then cut into
50 µm thick transverse section with a Vibratome (VT1000S, Leica
Microsystems, Buffalo Grove, IL, USA). The tissue was collected
in six series. Series were processed as described below or stored in
freezing buffer for future processing.

2.3 Tissue processing for EM

A series of tissue was post-fixed in 1% osmium tetroxide
for 30 min, dehydrated in a series of alcohols (50%, 70%, 95%,
100% and 2× propylene oxide; each run was 10 min), embedded
in Durcupan resin (Sigma-Aldrich; Millipore Sigma, Burlington,
MA, USA) and flat-mounted between sheets of Aclar Embedding
Film (Ted Pella, Inc., Redding, CA, USA) at 60◦C for 48–
72 h. Mid-rostrocaudal IC sections (between interaural levels
0.24 and 0.36 mm; Paxinos and Watson, 1998) were examined
with brightfield stereomicroscopy. Trapezoidal blocks, with a
0.75 mm base and 0.5–0.6 mm height, were extracted across the
ventromedial-dorsolateral axis of the ICc (Figure 1). Three “blocks”
of tissue were taken from each animal processed in the study.
The ventromedial-dorsomedial axis of the rat ICc, after fixation,
is approximately 2 mm. To better avoid our dorsolateral-most
block including lateral or dorsal cortex of the IC, the total length
of tissue taken across the axis was ∼1.8 mm (0.6 mm height
per block). Initial borders of the ICc were delineated according
to the rat anatomical atlas of the brain (Paxinos and Watson,
1998). Osmium fixation revealing the conspicuous lateral lemniscal
fibers, libraries of decarboxylase (GAD) immunoreactivity in EM
prepared tissue, adjacent sections reacted for Nissl, and our
experience with EM in the IC further guided our block trimming
to best ensure tissue was from ICc (Nakamoto et al., 2013; Mellott
et al., 2014; Mafi et al., 2022). More specific details on the trimming
process can be found in Mafi et al. (2022). Tissue blocks were
glued to a cylindric resin base with cyanoacrylate (Krazy Glue,
Columbus, OH, USA). IC sections with removed tissue blocks were
then imaged for record keeping and representative comparison
between cases. We refer to the ventromedial-most ICc block as
representing the high frequency region, the middle-most block
representing the middle frequency region, and dorsolateral-most
block representing lower frequencies (Figure 1). We did not record
from the ICc; however we adopt this naming convention for the
sake of conciseness, brevity, and convention as the tonotopic axis is
well established.

Ultrathin sections were taken at a thickness of 50 nm with
an ultramicrotome (UC6 Ultramicrotome, Leica Microsystems,
Buffalo Grove, IL, USA). For each block of tissue, every twelfth
section was collected onto a 200 or 300-mesh Formvar coated nickel
mesh grid (Electron Microscopy Science, Hatfield, PA, USA) to
ensure a singular synapse was not collected across two grids and
analyzed twice. A total of eight grids, each with a single ultrathin

FIGURE 1

Schematic illustrating three subdivisions of the inferior colliculus in
the coronal plane. The black trapezoids indicate the regions of ICc
across the ventromedial-dorsolateral axis where tissue was
extracted from in each case. Dashed lines demonstrate the
approximate borders between the three layers of the lateral cortex
of the inferior colliculus (IClc). Green ovals indicate the approximate
locations of the GABAergic modules that are often found and define
anatomical features of the second IClc layer. D, dorsal; L, lateral; HF,
high frequency region; ICc, central inferior colliculus; ICd, dorsal
cortex of the IC; IClc layer I, the first layer of the lateral cortex of the
IC; IClc layer II, the second layer of the IClc; IClc layer III, the third
layer of the IClc; LF, low frequency region; MF, middle frequency
region.

section of layer of the ICc, were collected per block of tissue. Briefly,
see Nakamoto et al. (2013) and Mellott et al. (2014), sections dried
for 3 h and were then placed overnight into anti-GABA antibody
(rabbit anti-GABA, Sigma, St. Louis, MO, USA) diluted 1:500 in
0.05 M Tris-buffered saline with 0.1% Triton X-100, pH 7.6 (TBST),
washed in TBST pH 7.6, then washed in TBST pH 8.2, and placed
into a secondary antibody conjugated to 15 nm gold particles (goat
anti-rabbit, diluted 1:25 in TBST pH 8.2; Ted Pella Inc., Redding,
CA, USA). Lastly, sections were washed in TBST pH 7.6, washed
in Nanopure water, stained with uranyl acetate (2% aqueous) and
Reynold’s lead citrate (Reynolds, 1963), and dried.

2.4 EM imaging

Sixty blocks of tissue from 20 male FBN rats with superior
ultrastructure were chosen for imaging and quantification. We use
a 5-point scale to grade the intactness and quality of ultrastructure
in each case. Only tissue with a score of 4 or 5 was quantified.
Our 5-point scale reflects a combination of successful fixation,
immunogold processing and absence of electron dense artifacts.
Nine of the 15 cases were scored as a “5” and the remaining
six cases were a “4.” Scores of 4 and 5 yield clear ultrastructure
with easily identifiable profiles that are readily resolved. The
distinction between a 4 and a 5 is commonly due to a fold in
the tissue or excess precipitate, which we avoid when imaging.
Tissue scored as a 3 yields ultrastructure that can be qualitatively
analyzed; however membrane integrity is not preserved such
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that quantitative data can be consistently extracted. All images
presented are from a case scored as a 4/5. Tissue scored as a 1
or 2 has severe defects in the pre- and postsynaptic membranes
such that synaptic profiles are difficult to interpret. Ultrastructure
of the ICc was imaged with a transmission electron microscope
(JEM-1400Plus, JEOL, Peabody, MA, USA) at an accelerating
voltage of 80 kV and at a magnification of 50,000. Based on
experience, a magnification of 50,000 ensures that all inhibitory
synapses in the inferior colliculus are visible. Tissue was digitally
imaged and rendered with an Orius 100 keV or Rio9 side mount
camera (Gatan, Pleasanton, CA, USA). Images of ultrastructure
were taken with Gatan Microscopy Suite Software (GMS3, Gatan,
Pleasanton, CA, USA) integrated and calibrated with SerialEM
Tomography software (Mastronarde, 2003). SerialEM is a gold
standard for analytical applications in biological TEM and allowed
us to image and analyze and add data at higher rate of efficiency.
For each tissue block, we collected 400 µm2 (22,214 × 22,214
pixels) montages across 8 grids for a total of 3,200 µm2. All
attempts were made such that each montage was collected from
the center of each ultrathin section. Montages were analyzed
by individuals blind to the age and ICc region imaged. Adobe
Photoshop (Adobe Systems, Inc., San Jose, CA, USA) was used
to add scale bars, crop images, adjust intensity levels and colorize
monochrome images.

2.5 Analysis of inhibitory and excitatory
profiles

We recorded each DCV that was present in a bouton,
axon, and dendrite. Our classification of ultrastructure is largely
based on the criteria defined by Peters et al. (1991) and our
previous work (Mellott et al., 2014; Nakamoto et al., 2014; Mafi
et al., 2022). Briefly, boutons have a “pool” of vesicles with
clear centers and generally an absence of a cytoskeleton. We
never observed a bouton with a DCV without clear vesicles.
Dendrites were identified through a combination of criteria
(irregular contours, spines, presence of synaptic inputs, and free
ribosomes). Axons were commonly myelinated, and axons do not
commonly contain free ribosomes in their cytoplasm. Identifying
small unmyelinated axons from small dendrites provides some
difficulty (Peters et al., 1991). Generally speaking, small axons
in the IC travel as bundles through the neuropil while dendrites
travel in irregular patterns and are not typically in bundles.
Additionally, the presence of ribosomes can help identify dendrites.
When identifying a presynaptic terminal with a DCV we first
note if the postsynaptic density is symmetric or asymmetric. We
then classified each profile (bouton, axon, and dendrite) as non-
GABAergic or GABAergic based on the accumulation of gold
particles as compared to background (Nakamoto et al., 2013;
Mellott et al., 2014; Mafi et al., 2022). In our previous report on
the aging ultrastructure of the IC, we found that immunogold
labeling was reduced in the aged tissue (Mafi et al., 2022).
To maintain consistency between studies, older structures that
were characterized as GABAergic had to have a density of gold
particles that was at least three times greater than background.
Although the goal of the current study was not synaptic analysis,
when a DCV was identified in a bouton forming a synapse, we

characterized the synapse as either excitatory or GABAergic for
qualitative analysis. Synapses were classified by: (1) vesicle shape
[pleomorphic vesicles (inhibitory) or round vesicles (excitatory)]
and, (2) postsynaptic densities forming symmetric (pre- and
postsynaptic membranes were of similar thickness; inhibitory)
or asymmetric (postsynaptic densities were conspicuously thicker
than the presynaptic densities; excitatory) junctions (Rockel and
Jones, 1973; Paloff and Usunoff, 1992; Helfert et al., 1999;
Nakamoto et al., 2013). Detailed descriptions characterizing IC
ultrastructure with post-embedding immunogold techniques to
label GABAergic profiles can be found in Nakamoto et al. (2013)
and Mafi et al. (2022).

2.6 Data analysis

We examined 48,000 µm2 of ICc across five blocks of 3–4-
month-old tissue, 48,000 µm2 of ICc across five blocks of 19–
20-month-old tissue, 48,000 µm2 of ICc across five blocks of
24-month-old tissue, and 48,000 µm2 of ICc across five blocks
of 28–29-month-old tissue with ImageJ (Schneider et al., 2012;
Table 1). As boutons and synapses are known to be reduced in the
aging IC, we quantified each bouton in each tissue block of each
case to better understand age-related changes to the presence of
DCVs in boutons (Helfert et al., 1999; Mafi et al., 2022).

Variation in number of DCVs by ultrastructural location
according to age group, was analyzed using one-way analysis
of variance (ANOVA) models for each region. Six separate
ANOVAs were run with age as the independent variable and
number of DCVs as the outcome. Tukey’s Honest Significant
Difference (HSD) was run for pairwise post-hoc tests of differences
between consecutive age groups (i.e., 3–4 months versus 19–
20 months, 19–20 months versus 24 months, 24 months versus
28–29 months) and pairwise values were adjusted using the false
discovery rate procedure (Benjamini and Hochberg, 1995), a
method that simultaneously limits experiment-wise alpha inflation
and minimizes the correlated loss of statistical power. All statistical
tests were performed in R (version 3.6.3 for Mac OS X; R
Core Team, 2020), supplemented by the add-on packages nlme
compareGroups (Subirana et al., 2014).

3 Results

We examined the ultrastructural location of DCVs in non-
GABAergic and GABAergic terminals, axons, and dendrites across
four age groups (3–4 months, 19–20 months, 24 months, and 28–
29 months) in the central inferior colliculus (ICc). We analyzed
3,811 DCVs in excitatory profiles and 1,567 DCVs in inhibitory
profiles across 192,000 µm2 of tissue (Table 1). DCVs were most
commonly located in non-GABAergic profiles at each age (Table 1).
The most robust age-related increases of DCVs also occurred
in non-GABAergic profiles (Table 1). We first describe DCV
ultrastructure across the ventromedial-dorsolateral axis of the ICc.
We then present data regarding age-related increases of DCVs
in the dendrites of IC cells. Lastly, we qualitatively describe the
frequency of DCVs in non-GABAergic and GABAergic boutons
in the aging IC.
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3.1 DCVs can be found across the ICc,
regardless of age

Regardless of age and ventromedial-dorsolateral location,
DCVs were found in dendrites, terminals, and axons in the ICc
(Figure 2). We observed DCVs in both GABAergic and non-
GABAergic presynaptic terminals in the ICc (Figures 2A, C, H,
J–L). DCVs were also found in GABAergic and non-GABAergic
dendrites (Figures 2D–G, I). Often, DCVs located in dendrites
were near the postsynaptic density (Figures 2D, F, G, I). We
did not observe DCVs at dendrodendritic synapses; it appears
that dendrodendritic synapses in the rat IC are rare. At 28–
29 months DCVs were found in presynaptic terminals forming
non-prototypical synapses [e.g., GABAergic synapse forming
an apparent asymmetric synapse (Figure 2J), non-GABAergic
synapse with a subsynaptic body (Figure 2L)]. However, it was
rare to observe a DCV bound to the pre- or postsynaptic
membrane (Figure 2).

3.2 DCVs increase with age in
non-GABAergic dendrites in low- and
middle-frequency areas of the ICc

The total number of DCVs in non-GABAergic dendrites at
3–4 months across the high (ventromedial), middle and low
(dorsolateral) frequency regions was 84, 83, and 81, respectively
(Table 1). By 19–20 months these values doubled across the
IC and increased further at 24 months (Table 1). When DCVs
were observed in dendrites, they were typically singular and
not near other DCVs. However at older ages in the low and
middle frequency regions, while still uncommon, we observed
DCVs near each other (Figure 3). In the low frequency region,
the number of DCVs significantly increased from 83 to 226 at
24 months (∗p = 0.004; Figure 4A). In the middle frequency
region, the number of DCVs significantly increased from 83 to 255
at 24 months (∗p = 0.025; Figure 4A). However the age-related
increase of DCVs was not found to be significant at 19–20 months
and 28–29 months (Figure 4A). In the high frequency region,
despite an increase in the number of DCVs with age, our models
did not detect a significant increase with age (Figure 4A).

3.3 DCVs do not significantly increase
with age in GABAergic dendrites in the
ICc

Although the total raw number of DCVs increased at older ages
in the GABAergic dendrites, we found no significant change from 3
to 4 months in the high frequency region, middle frequency region
and low frequency region (Figure 4B). A contributing factor to the
non-significant findings appears to be the variability of DCV pools
in the aging GABAergic dendrites. During aging we observed a few
aged GABAergic dendrites in cross-section with dozens of DCVs
(Figure 5). Thus, it appears that a few select neurons in the ICc
may retrogradely transport neurotrophins and/or neuropeptides at
great quantities during aging.

FIGURE 2

Electron micrographs across four age groups showing dense core
vesicle (DCV) ultrastructure across the ventromedial-dorsolateral
axis of the central inferior colliculus (ICc). GABAergic presynaptic
(Pre G+) terminals are pseudocolored green. GABAergic
postsynaptic targets are pseudocolored red. GABA-negative
presynaptic (Pre G–) terminals are pseudocolored yellow.
GABA-negative postsynaptic targets are pseudocolored blue. Black
dots demonstrate immunogold labeling of GABA. Synapses are
indicated by pairs of white arrows. (A–C) Electron micrographs
showing examples of DCVs in 3–4 month old tissue across the
ventromedial-dorsolateral axis of the ICc. (D–F) Electron
micrographs showing examples DCVs in 19–20 month old tissue
across the ventromedial-dorsolateral axis of the ICc. (G–I) Electron
micrographs showing examples DCVs in 24 month old tissue across
the ventromedial-dorsolateral axis of the ICc. (J–L) Electron
micrographs showing examples DCVs in 28 month old tissue across
the ventromedial-dorsolateral axis of the ICc. DCVs are circled in
red. LD, large dendrite; MD, medium dendrite; SD, small dendrite.
Scale bars, 500 nm.

3.4 Non-GABAergic boutons with DCVs
are more likely to be spared in aging

Approximately 6% of non-GABAergic boutons had one or
more DCVs at 3–4 months of age (Table 2). The majority
of these boutons had just one DCV, regardless of location
in the ICc (Figure 6 and Table 2). At later ages, it became
more common to find non-GABAergic boutons with at least
one DCV, and boutons with multiple DCVs also increased
(Figures 6, 7 and Table 2). These boutons with multiple DCVs
commonly made synapses onto non-GABAergic dendrites (Figure
7). The most conspicuous increase of DCVs occurred in the
high frequency ICc at 19–20 months, and the high and middle
frequency regions at 24 months (Figure 6 and Table 2). At 3–
4 months of age, the low frequency ICc had the greatest raw
number (100) of DCVs (Table 2). However, by 19–20 months
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FIGURE 3

Electron micrographs at 24 months showing dense core vesicle (DCV) ultrastructure in the middle and low frequency regions of the central inferior
colliculus (ICc). GABA-negative dendrites are pseudocolored blue. A GABA-negative presynaptic (Pre G–) terminal is pseudocolored yellow. Black
dots demonstrate immunogold labeling of GABA. Synapses are indicated by pairs of white arrows. (A) Electron micrograph showing a group of DCVs
in a non-GABAergic dendrite at 24 months in the middle frequency region of the ICc. (B) Electron micrograph showing a group of DCVs in a
non-GABAergic dendrite at 24 months in the low frequency region of the ICc. DCVs are circled in red. MD, medium dendrite. Scale bars, 500 nm.

the number of DCVs in the high frequency/ventromedial region
had more than doubled (75–162), and the percentage of non-
GABAergic boutons with at least one DCV increased from 5.24%
to 11.2% (Table 2). At 24 months, the number of DCVs in
the middle frequency region of the ICc doubled (68–160), and
the percentage of boutons with at least one DCV increased
from 6.6% to 10.5% (Table 2). Increases in the number of
DCVs in the low frequency region were less robust between 3–
4 months and 24/28–29 months (100–133), and the percentage
of boutons having at least one DCV between 3–4 months and
28 months increased slightly (6.8%–8.7%; Table 2). Overall, these
increases were largely driven by an increasing population of non-
GABAergic boutons having four or more DCVs (Figure 7 and
Table 2).

As boutons and synapses are known to be downregulated
in the aging IC, we quantified each non-GABAergic bouton
in our experiments to better understand what proportion of
boutons contain DCVs during aging. At 3–4 months we found a
consistent number of boutons across the ventromedial-dorsolateral
axis of the ICc (high-1,067; middle-1,031; low-1,096: Table 2).
In the high frequency region at 19–20 month, 24 months, and
28–29 months there was a 9.1%, 23.8%, and 29.7% reduction
of non-GABAergic boutons, respectively (Table 2). In the
middle frequency region at 19–20 months, 24 months, and 28–
29 months there was a 7.4%, 20.9%, and 24.8% reduction of
non-GABAergic boutons, respectively (Table 2). Lastly, in the
low frequency region at 19–20 months, 24 months, and 28–
29 months there was a 8.0%, 15.8%, and 17.6% reduction of
non-GABAergic boutons, respectively (Table 2). Taken together
with the data mentioned above, our findings suggest that non-
GABAergic cells/boutons that package DCVs are more likely to

be spared during aging than non-GABAergic cells/boutons that do
not package DCVs.

3.5 GABAergic boutons with DCVs are
more likely to be spared in aging

Similar to non-GABAergic boutons, at any age and/or ICc
location GABAergic boutons that contained DCVs typically
had just one (Figure 8). GABAergic boutons with multiple
DCVs occurred more routinely during aging in the middle and
low frequency regions (Figure 8). However, at older ages, the
proportion of GABAergic boutons with just one DCV increased
in the high frequency ICc (Figure 8). As with the non-GABAergic
population, during aging there was a greater raw number of DCVs
in GABAergic boutons and a higher number of GABAergic boutons
with at least one DCV in the high and middle frequency regions
of the ICc (Figure 8 and Table 3). The raw number of DCVs in
GABAergic boutons and number of GABAergic boutons with at
least one DCV peaked at 24 months, but was lowest at 28 months
(Figure 8 and Table 3).

We also quantified each GABAergic bouton in our experiments.
Unsurprisingly, there was an overall reduction of GABAergic
boutons at each age and at each ICc region (Table 3). The
percentage of GABAergic boutons across the ICc with a DCV was
only ∼4% at 3–4 months and increased during aging, with greater
variability in the low frequency ICc (Table 3). Taken together we
come to the same conclusion as we have with the non-GABAergic
population: GABAergic cells/boutons that package DCVs are more
likely to be spared during aging than GABAergic cells/boutons that
do not package DCVs.
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FIGURE 4

Bar graphs summarizing the number of DCVs found in
non-GABAergic and GABAergic dendrites. (A) Pairwise differences
demonstrated a significant increase of DCVs in non-GABAergic
dendrites in the middle frequency region between 3–4 and
24 months (*p = 0.025). Pairwise differences also revealed a
significant increase of DCVs in non-GABAergic dendrites in the low
frequency region at 24 months (*p = 0.004). (B) Pairwise differences
demonstrated no significant age-related differences in the number
of DCVs from 3 to 4 months across GABAergic dendrites in the high
frequency region (19–20 months, p = 0.98; 24 months, p = 0.96;
28–29 months, p = 0.79), middle frequency region (19–20 months,
p = 0.87; 24 months, p = 0.233; 28–29 months, p = 0.65), and low
frequency region (19–20 months, p = 0.97; 24 months, p = 0.76;
28–29 months, [p = 0.71]). Each age group had five cases.

4 Discussion

The current study describes populations of DCVs in the
aging ICc. Our findings demonstrate that DCVs are infrequent
in the young rat ICc. This agrees with studies conducted in cat
(Paloff and Usunoff, 1992). However, our data demonstrate that
DCVs increase with aging in the rat ICc. Specifically we found
the greatest increase of DCVs at 24 months in non-GABAergic
dendrites throughout the middle and dorsolateral portions of the
ICc’s ventromedial-dorsolateral tonotopic axis (corresponding to
mid- and low-frequency representation). This is interesting as the
FBN rat has been shown to lose low frequency hearing around
24 months of age (Keithley et al., 1992; Caspary et al., 2005; Cai
et al., 2018). While the raw number of DCVs in boutons did not
significantly change during aging, there was (1) an increase in the
number of boutons with multiple DCVs, and (2) the percentage of

FIGURE 5

Electron micrograph of a medium sized GABAergic dendrite at
24-months from the ventromedial (high frequency region) of the
central IC with over 40 DCVs. Although rare, GABAergic dendrites
packed with DCVs could be found in the aged IC. Black dots
demonstrate immunogold labeling of GABA. mito, mitochondria; ?,
likely DCV. Scale bar, 500 nm.

all boutons that had at least one DCV increased with age. Given
that we broadly found a ∼25% loss of boutons across the ICc,
which reflects findings by Helfert et al. (1999), we interpret our data
to imply that presynaptic boutons in the ICc which are lost with
age are not likely releasing contents that would be packaged by a
DCV. As this is the first report of age-related changes to DCVs in
the IC, future studies will hopefully determine what neuropeptides,
neurotrophins and/or presynaptic proteins are undergoing age-
related changes in the IC.

4.1 Technical considerations

The FBN rat is a recommended aging model by the National
Institute on Aging as it has a longer median lifespan than other
strains of mice and rats (Lipman et al., 1996; Lipman, 1997).
Of note, the FBN rat is routinely used as a characterized model
for aging, in particular for studies of the central auditory system
(Caspary et al., 2008; Cai et al., 2018; Caspary and Llano, 2018;
Robinson et al., 2019; Mafi et al., 2020, 2021, 2022; Kommajosyula
et al., 2021). We have chosen to use four age groups in this study.
Our 3–4 month and 28–29 month groups are standard ages for
“young” and “old,” when there are no hearing deficits and very
well characterized hearing loss, respectively. The use of two middle
ages, a 19–20 month group and 24 month group, reflect ages when
hearing deficits are not commonly reported and when hearing
thresholds are significantly elevated, respectively (Cai et al., 2018).
However, we acknowledge that the hearing thresholds of the FBN
rats in the current study were not measured and we do not know
if a 19 month old rat had perfect hearing or if a 24 month old rat
had poor hearing.

In the current study we equate parts of the ICc with tonotopic
regions (e.g., low-frequency region). We did not characterize IC
cells with electrophysiological techniques in the current study.
We took the ventromedial-dorsomedial axis of the ICc tissue and
divided it into thirds. While we do not know the characteristic
frequencies represented in each tissue block, as the tonotopic axis
of the IC is well established, we have no reason to believe that
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FIGURE 6

Pie charts showing the distribution of non-GABAergic boutons that had at least one DCV across four age groups from tissue representing the high,
middle, and low frequency regions of the ICc. Regardless of ICc region, when a bouton had a DCV at 3–4 months, having just one was the most
common (blue). We did not observe a 3–4 month non-GABAergic bouton with five or more. At the three later ages it became more common for
non-GABAergic boutons that had a DCV to have three (green), four (yellow), five (orange), or more (red). The n’s represent the number of boutons
that had at least one DCV. HF, high frequency; MF, middle frequency; LF, low frequency.

our ventromedial most block does not represent higher frequencies
compared to the other two blocks; and the dorsolateral most block
would represent the lowest frequencies. Another consideration in
the interpretation of our data is that, although a common view of
the IC’s tonotopic map is one of a continuous gradient, the rat IC
tonotopic map may be organized in a stepwise manner (Malmierca
et al., 2008). Thus, our middle-most ICc blocks may represent
frequencies closer to one end of the tonotopic map than the other.

We only immunolabeled for GABA, thus we cannot know the
neurochemical profile of boutons that were not GABAergic. In
terms of non-GABAergic boutons that formed symmetric synapses,
we presume these are in part glycinergic. That said, the IC receives
input from many neuromodulators, and the morphology of their
postsynaptic densities are not well classified (Schofield and Hurley,
2018). We hope that this study will serve as a foundation to examine
the ultrastructure of neuromodulators and neurotransmitters that
are packaged by DCVs in the aging IC.

4.2 DCVs in the inferior colliculus

The first ultrastructural description of DCVs in the IC was
in cat (Jones and Rockel, 1973; Rockel and Jones, 1973; Paloff
et al., 1989). Decades later, boutons containing DCVs were
characterized in greater detail and defined a unique type of ICc
bouton (Paloff and Usunoff, 1992). The current study broadly
agrees with the findings from these original studies: (1) DCVs
occurred in boutons with pools of smaller clear vesicles, (2)
DCVs were not clustered toward the synapse or membrane,
(3) boutons with DCVs commonly had 0–1 mitochondria, (4)
DCVs are not uniformly found throughout the ICc, and (5)
DCVs are generally uncommon in the ICc (Paloff and Usunoff,
1992). Our findings are further in line with Paloff and Usunoff
(1992) in that we found presynaptic terminals with a DCV(s)
terminating on a soma to be exceedingly rare (observed only
once in our analysis of 192,000 µm2 of tissue). However,

Frontiers in Cellular Neuroscience 15 frontiersin.org

https://doi.org/10.3389/fncel.2024.1396387
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-18-1396387 May 7, 2024 Time: 15:41 # 16

Mellott et al. 10.3389/fncel.2024.1396387

FIGURE 7

Electron micrograph of a non-GABAergic terminal from the
dorsolateral (low frequency region) of the ICc at 28–29 months
with at least four DCVs forming an asymmetric synapse onto a
non-GABAergic medium dendrite. DCVs are circled in red. Scale
bar, 500 nm.

Rockel and Jones (1973) found that boutons carrying DCVs more
routinely terminate on cell bodies.

The current study (in rat) differs from the previous studies (in
cat) in two ways. First, work in the cat has demonstrated that when
DCVs are present in presynaptic boutons, there may be over one to
two dozen (Rockel and Jones, 1973; Paloff and Usunoff, 1992). The
current study in rats, and mice (unpublished observations), rarely
revealed more than three DCVs in a single bouton. Previous reports
of the rat IC ultrastructure also imply that DCVs, let alone pools
of them, are rare (Ribak and Roberts, 1986; Roberts and Ribak,
1987). Even though Roberts and Ribak revealed and described the
rat IC ultrastructure in considerable detail, only one DCV is visible
throughout their images (Ribak and Roberts, 1986; Roberts and
Ribak, 1987). Our data also appears to be in agreement with prior
studies in rat hippocampus that quantified DCVs, as presynaptic
terminals containing DCVs commonly had only a few (Sorra et al.,
2006; Tao et al., 2018). Taken together, we believe that the pool size
of DCVs in presynaptic terminals is likely species dependent.

Second, we found that the number of DCVs found in dendrites
was nearly equal to the number of DCVs found in axons/boutons at
young age (Table 1). Furthermore, specifically during middle-age in
the dorsolateral half of the ICc, there was a significant age-related
increase of DCVs in the ICc dendrites. Previous reports focus on
DCVs pools in the IC do not describe a consistent population of
DCVs throughout the dendrites of the ICc (Rockel and Jones, 1973;
Paloff and Usunoff, 1992). It is unknown if these reports simply did

not analyze dendrites for DCVs or if there is a species difference
between cats and the current studies that largely utilize rodent
and cell culture. However, in the mammalian central nervous
system, DCVs pools can be found equally distributed between the
dendrites and axons/terminals of a given cell (Persoon et al., 2018).
However, DCVs in the axons and boutons are often focused on
as their release probability is much higher than the ones in the
dendrites (Persoon, et al., 2018). It is important to note DCV fusion
events in dendrites are not as tightly time locked to a cell firing
and require sustained Ca2+ (Xia et al., 2009). Fusion mechanism
aside, dendritic exocytosis is a critical function for retrograde
signaling, synapse growth and plasticity, and cellular morphology
and DCVs play a prominent role in the dendritic release of many
neuropeptides and neurotrophins (Regehr et al., 2009; Kennedy
and Ehlers, 2011; Ramamoorthy et al., 2011).

A major finding of the current study was that while there was
a loss (∼25%) of boutons at old age, the percentage of boutons
with DCVs did not change with age. Similar to the dendritic
population, the more robust increases occurred in the GABA-
negative boutons. We found that non-GABAergic and GABAergic
boutons with DCVs made synapses onto both GABAergic and
excitatory dendrites (we presume non-GABAergic dendrites in the
IC are excitatory as only GABAergic and glutamatergic cells have
been demonstrated in the IC, Merchán et al., 2005; Oliver, 2005)
at any age. Thus, the contents of DCVs in the aging IC are likely
affecting both inhibitory and excitatory circuits.

4.3 Functional implications

Broadly, DCVs are divided into small (∼40–80 nm) and large
(∼90–200 nm) groups (Peters et al., 1991; Paloff and Usunoff, 1992;
Edwards, 1998; Sorra et al., 2006; Trueta and De-Miguel, 2012;
Merighi, 2018; Tao et al., 2018). Smaller DCVs tend to package
biogenic amines, neuromodulators, and presynaptic machinery,
while larger DCVs tend to package neuropeptides, hormones and
neurotrophic factors (Peters et al., 1991; Michael et al., 2006; Sorra
et al., 2006; Merighi, 2018). The exact diameter that defines a
small versus a large DCV appears to be a sliding scale based on
location (peripheral or central nervous system) and species, and
what ultimately determines the size of a DCV is not well known
(Merighi, 2018; Lin et al., 2022). Regardless of diameter, there
appears to be considerable differences in the locations, releasing
mechanisms, stimulation rates for release, and packaged content of
DCVs between the peripheral and central nervous systems, nuclei
within in the central nervous system, and between cultured and
in vivo studies (Hökfelt, 2010; Kennedy and Ehlers, 2011; Persoon
et al., 2018). In the central nervous system, much of our knowledge
regarding DCVs is obtained from the hippocampus, hypothalamus,
and neuromodulatory nuclei (e.g. Raphe and Locus Coeruleus:
Sorra et al., 2006; Trueta and De-Miguel, 2012). As this is the first
report on the aging DCV population in the IC, further studies are
needed to reveal the functional relevance of our data. That said,
we would like to comment on a few functions that an age-related
increase of DCVs may reflect.

4.3.1 Hearing loss and neuromodulation
GABAergic inhibition is reduced in the aging IC (Caspary

et al., 2008; Syka, 2020). This downregulation of GABA
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FIGURE 8

Pie charts showing the distribution of GABAergic boutons that had at least one DCV across four age groups from tissue representing the high,
middle, and low frequency regions of the ICc. Regardless of ICc region, when a bouton had a DCV at 3–4 months, having just one was the most
common (blue). We did not observe a 3–4 month GABAergic bouton with five or more. At the three later ages there was a slight increase in the
number of GABAergic boutons with four (yellow) or more (orange and red) DCVs. The n’s represent the number of boutons that had at least one
DCV. HF, high frequency; MF, middle frequency; LF, low frequency.

may be a compensatory homeostatic response to the loss of
peripheral excitation (Caspary et al., 2008; Richardson et al.,
2012; Caspary and Llano, 2018). Later in life the ongoing decline
in GABAergic neurotransmission likely contributes to disrupted
temporal precision and increases in central gain that underlie
conditions such as presbycusis, tinnitus, and hyperacusis (Palombi
and Caspary, 1996; Frisina, 2001; Brozoski et al., 2002; Walton et al.,
2002; Norena, 2011; Parthasarathy and Bartlett, 2011; Auerbach
et al., 2019).

Although a number of neuromodulators are released in the
IC (e.g., serotonin, dopamine, acetylcholine, and noradrenaline),
their roles in the aging IC across middle and old ages have not
been thoroughly explored (Klepper and Herbert, 1991; Paloff and
Usunoff, 2000; Hurley and Pollak, 2005a; Motts and Schofield,
2009; Hurley and Sullivan, 2012; Schofield and Hurley, 2018; Noftz
et al., 2020, 2021). In the context of the current study, serotonin
neurotransmission may be a promising avenue to pursue in future

studies. First, serotonin is known to be packaged in DCVs in the
central nervous system (Bruns et al., 2000; Trueta and De-Miguel,
2012; Kim et al., 2021). Second, serotonin has a myriad of functions
in the IC (Hurley and Pollak, 1999, 2001, 2005b; Hurley et al., 2002).
Third, it is known that aging and hearing loss affects serotonergic
neurotransmission (Tadros et al., 2007; Hall et al., 2012; Shim et al.,
2012). It is notable that in each of these studies, serotonin and its
receptors increased in the aging IC and during hearing loss. Perhaps
the increase of DCVs is correlated with increases of serotonin
neurotransmission in the aging IC.

Recent studies in the IC have identified a novel class of
GABAergic cells that express the neuropeptide/neuromodulator
NPY (Silveira et al., 2020, 2023; Anair et al., 2022). Generally
speaking, NPY in the brain provides neuroprotective effects during
healthy and pathological aging (Chen et al., 2019; Pain et al.,
2022). Interestingly, NPY can be trafficked down dendrites, released
postsynaptically, and act on presynaptic and postsynaptic receptors
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(Ramamoorthy et al., 2011; Yi et al., 2018). Future studies will use
immunoEM to determine if NPY is also trafficked by DCVs in
the dendrites of GABAergic IC cells. Given that NPY significantly
regulates local excitation in the IC, it will be critical to determine
how the balance of excitation and inhibition is affected by NPY
neurotransmission in the aging IC. Our data show increased DCVs
in middle and low frequency IC in a model of presbycusis, so it
will be interesting to determine whether serotonin or NPY effects
change across the tonotopic axis.

4.3.2 Brain-derived growth factor and plasticity
Another potential peptide contained in IC DCVs is BDNF, a

neurotrophin released by DCVs throughout the brain to regulate
functions such as synaptic transmission, plasticity, neurite growth,
and gene regulation (Kennedy and Ehlers, 2011; Dieni et al.,
2012). In the auditory system, BDNF is critical for development
and normal acoustic function (Wissel et al., 2006; Singer et al.,
2014; Chumak et al., 2016). In the IC, BDNF has been tied to
development, acoustic trauma, and dendritic integrity (Hafidi et al.,
1996; Sato et al., 2001; Sharma et al., 2009; Meltser and Canlon,
2010). Further studies will need to determine if BDNF DCVs are
trafficked to IC axons, dendrites or both as the cellular location of
BDNF DCVs differ across reports (Dean et al., 2009; Matsuda et al.,
2009; Kennedy and Ehlers, 2011; Dieni et al., 2012; Persoon et al.,
2018).

Fibroblast growth factors are another likely protein packaged by
IC DCVs. Compellingly, levels of fibroblast growth factor receptor
2 (FGF-2) spike during middle age when hearing deficits are not
common, and while there is a decrease at old age, FGF-2 levels
are still elevated compared to young brains (Sato et al., 2001). This
pattern is very similar to trends in the current study, where DCVs
in excitatory dendrites maximally increase at middle age and then
decline into old age, yet are still more numerous than at young
age. Given that (1) FGF-2 contributes to dendritic arborization
and synaptic plasticity, (2) DCVs often carry contents such growth
factors that play a role in synaptogenesis, and (3) the aged IC
has a loss of dendrites and synapses, the IC may undergo a
number of plastic events during middle age (Helfert et al., 1999;
Sorra et al., 2006; Li et al., 2020). Further supporting the theory
of increased plasticity with aging in the IC, perineuronal nets
(organized extracellular matrix that have substantial roles in neural
plasticity) increase with aging in the IC (Fader et al., 2016; Bosiacki
et al., 2019; Mafi et al., 2020, 2021; Almassri et al., 2023). Taken
altogether, the increase of DCVs in the aging IC may contribute
to elements of dendritic and synaptic plasticity.
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