Accepted Manuscript x

Hearing Research

Effects of noise-induced hearing loss on parvalbumin and perineuronal net
expression in the mouse primary auditory cortex

Anna Nguyen, Haroun M. Khaleel, Khaleel A. Razak

PII: S0378-5955(17)30002-3
DOI: 10.1016/j.heares.2017.04.015
Reference: HEARES 7362

To appearin: Hearing Research

Received Date: 4 January 2017
Revised Date: 19 April 2017
Accepted Date: 24 April 2017

Please cite this article as: Nguyen, A., Khaleel, H.M., Razak, K.A., Effects of noise-induced hearing
loss on parvalbumin and perineuronal net expression in the mouse primary auditory cortex, Hearing
Research (2017), doi: 10.1016/j.heares.2017.04.015.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.heares.2017.04.015

H WN -

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Effects of noise-induced hearing loss on parvalbumin and perineuronal net expression in
the mouse primary auditory cortex

Anna Nguyef, Haroun M Khale&land Khaleel A. RazdK

@Bioengineering Program, University of Californidy&side

P Psychology Department and Graduate Neuroscienagdmy University of California,
Riverside

¢Corresponding author

Psychology Department

900 University Avenue

Riverside, CA — 92521

Email: khaleel@ucr.edu

Phone: 951-827-5060

Running title: Hearing loss and markers of cortioibition

Number of text pages: 27

Number of figures: 8

Number of tables: 0



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Abstract:

Noise induced hearing loss is associated with asaé excitability in the central auditory system
but the cellular correlates of such changes rened® characterized. Here we tested the
hypothesis that noise-induced hearing loss caustesiaration of perineuronal nets (PNNS) in
the auditory cortex of mice. PNNs are specializadagellular matrix components that
commonly enwrap cortical parvalbumin (PV) contaghn{BABAergic interneurons. Compared to
somatosensory and visual cortex, relatively lessiavn about PV/PNN expression patterns in
the primary auditory cortex (Al). Whether chantgesortical PNNs follow acoustic trauma
remains unclear. The first aim of this study wasttaracterize PV/PNN expression in Al of
adult mice. PNNs increase excitability of PV+ imitory neurons and confer protection to these
neurons against oxidative stress. Decreased PV/EXphession may therefore lead to a
reduction in cortical inhibition. The second aintles study was to examine PV/PNN
expression in superficial (I-1V) and deep cortileglers (V-VI) following noise trauma.

Exposing mice to loud noise caused an increaseang threshold that lasted at least 30 days.
PV and PNN expression in Al was analyzed at 1,nti03® days following the exposure. No
significant changes were observed in the densiB\6f, PNN+, or PV/PNN co-localized cells
following hearing loss. However, a significantéayand cell type-specific decrease in PNN
intensity was seen following hearing loss. Somenges were present even at 1 day following
noise exposure. Attenuation of PNN may contribateltanges in excitability in cortex following
noise trauma. The regulation of PNN may open tgmgporal window for altered excitability in
the adult brain that is then stabilized at a ned potentially pathological level such as in

tinnitus.
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1. Introduction:

Even relatively brief exposure to loud noise camseshearing loss or threshold shifts.
Such noise-induced threshold shifts remain a comimatpreventable, hearing disorder. Noise
exposure may also lead to the development of tisrahd hyperacusis (Roberts et al., 2010).
Several lines of evidence suggest that noise expasareases excitability in the central auditory
system perhaps as a consequence of damage toardchiecells and the resulting reduction in
afferent input. This compensatory increase in gaamifests across the auditory neuraxis and
occurs over multiple and overlapping temporal tegges suggesting complex underlying
mechanisms (Syka et al., 1994; Syka and Rybalka);20ang et al., 2011, 2012; Pilati et al.,
2012; Berger and Coomber, 2015; Luo et al., 20d@ewed in Wang et al., 2011 and
Eggermont 2015). The cellular correlates of théseges in excitability are not well
characterized.

One prominent hypothesis for noise-induced incr@as&citability in the primary
auditory cortex (Al) is reduced inhibition (SykadaRybaldo, 2000; Yang et al., 2011; Llano et
al., 2012). While physiological studies have chtazed synaptic inhibition and how inhibition
changes following noise exposure, the cellular sabes that are altered are only beginning to be
understood (Scholl and Wehr, 2008; Novak et all,620 Inhibitory interneurons in sensory
cortices can be classified based on co-expressiearimus markers and physiological response
properties. Novak et al. (2016) showed that caFrsomatostatin and parvalbumin-expressing

(PV+) interneurons show relatively fast and laygedfic changes in activity following noise
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trauma potentially leading to increased gain. \Weethanges in responses of these cells are
associated with circuit level or intrinsic facteesnain unclear.

The present study focused on perineuronal nets jPalbkllular structure commonly
found around GABAergic cells (reviewed in Takessua Hensch, 2013). PNNs are specialized
extracellular matrix components that consist ofrahroitin sulfate proteoglycans (CSPG). These
CSPGs are found throughout the extracellular maiik are highly dense around cortical PV+
inhibitory interneurons (McRae et al., 2007). WHM/PNN expression has been well studied in
somatosensory and visual cortex of rodents, fooualois relatively recent and sparse (Happel
et al., 2014; Fader et al., 2016; Brewton et &6 reviewed in Sonntag et al., 2015). PNNs are
involved with developmental and adult plasticityafipel et al., 2014; Nakamura et al., 2009;
Pizzorusso et al., 2002) and provide protectionmsg@axidative stress for PV+ cells (Cabungcal
et al., 2013). These data suggest that chandgelNhexpression following acoustic trauma may
contribute to cortical plasticity leading to incsea excitability. A loss of PNNs may decrease
excitability of PV+ interneurons and thus redudalbition in the cortical circuit (Balmer, 2016).
Therefore, the main aim of this study was to qugmrtical PNN expression following acoustic
trauma that induces persistent threshold shifte r&port here that noise exposure does not
change the density of PV+, PNN+ or PV/PNN co-laedi cells. However, PNN intensity is
reduced in a cortical layer-and cell-type spegti@nner. The effect of trauma on PNN intensity
appears to be relatively more severe on PNN dadiisdo not express PV. Some changes are
seen even at the earliest examined time pointyJpdat-exposure). These data suggest that
altered PNN properties may be at least one of¢llalar mechanisms involved in enhanced

excitability of cortical neurons following acousti@auma.
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2. Material and methods

2.1. Animals

All animal procedures were approved by the Universi California, Riverside Institution
Animal Use and Care Committee. Female CBA/CaJ maiceweeks old were received from
Jackson Laboratory and housed at a 12:12 light/cisle. Standard lab chow and water were
givenad libitum. All animals were housed in the same room exaapthle noise exposure and
auditory brainstem response (ABR) measurementd &aite four groups (control and 1, 10,

and 30 days post-exposure) consisted of n=5 mice.

2.2. Noise-Induced Hearing Loss Paradigm

Noise exposure was done in a sound-attenuatindhlfGuetch-Ken, OR). Mice were placed in a
standard cage and were able to freely move duhi@gltiration of the exposure to noise. A
Fostex 96 TX speaker was placed facing down on tolpeocage’s lid. The sound stimulus used
was a 102-104 dB SPL, narrowband noise (6-12 kétz8 fhours. No food or water was
provided during the duration of the exposure tsaoilrhe control mice spent the same amount

of time in the sound-attenuating booth, but didneative noise exposure.

2.3. Auditory Brainstem Response (ABR)

Animals were anesthetized with isoflurane inhalafior the duration of the ABR procedure at a
concentration of 0.5-0.75% in air. Three platinuvated electrodes were placed under the
dermis of the head: the recording electrode wahewertex, the ground electrode was in the
left cheek and the reference electrode was ini¢ie cheek. The sound stimuli were delivered

via a free field speaker (MR1 Multi-Field Magne8peakers, Tucker-Davis Technologies) that



118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

was placed 10 cm away from the left ear at 45 aegr€licks of alternating:1.4 volts (duration
0.1 ms) were generated and delivered using RZ6n@aed(Tucker-Davis Technologies, FL).
Intensity of the clicks ranged from 10-90 dB indB® steps. The goal of the ABR measurement
was to determine if threshold shifts occurred fwlltg noise exposure and to ensure that such
shifts lasted at least 30 days. The goal wasmiatentify precise frequency-specific hearing
levels over the course of the experiments. Theeefdicks with a sound level resolution of 10
dB steps were used for threshold measures. ThesAR&Re filtered and amplified (Grass
Technologies) and averaged (BioSigRZ, Tucker-Daeishnologies) before analysis. The ABR
measurements were made on all mice before exptsu@se and after the noise exposure at 1
day, 10 days and 30 days post-exposure (PE). ABIRscontrol mice were also measured at
the same four time points referenced to when thexgplaced in the sound booth without noise

exposure.

2.4. Immunohistochemistry and Image Analysis

Mice were overdosed with sodium pentobarbital (26 mg/kg) and perfused transcardially

with cold solutions of 0.1 M phosphate bufferedrea(PBS) (pH = 7.4) followed by 4%
paraformaldehyde (PFA) (pH=7.4). Mice were perfulsedeach time point (1, 10, and 30 days)
post-exposure (PE) to noise. The control mice weréused along with the 30-day PE mice.

The brains were extracted from the skull and postefat 20°C in 4% PFA for 2 hours before
storage in 0.1 M PBS with sodium azide. Brain &sswere sunk in 30% sucrose for 24-48 hours
and coronal sections of 40n thickness were cut with a cryostat (CM 1860, adstosystems).
Three to six sections containing A1 were stainetlaralyzed per mouse. The distance between

the sections was between 40-480 um. It is postibalethere is differential penetration of PV
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and WFA antibody in the 40 um thick sections. Hesrebecause our main aim was to
determine how noise exposure alters PV/PNN exmestie comparison across experimental
groups is unlikely to be influenced by differentaidtibody penetration. All
immunohistochemistry was done on a shaker at r@eonpérature unless stated otherwise. Free
floating sections were washed at room temperatitte@1M PBS 2x for 15 minutes then
guenched with 50mM of NiCI for 15 minutes and then washed with 0.1M PBSa8x.0
minutes. Next, the sections were permeablized Witho triton-x for 10 minutes. Sections
incubated in blocking solution consisting of 5% mat goat serum (NGS) and 1% bovine serum
albumin (BSA,; Fisher BioReagents Bovine Serum Albyriraction V, Cold-ethanol
Precipitated; BP1605-100) in 0.1M PBS for 1 houre Bections were then incubated overnight
at 20° C in 1% NGS, 0.5% BSA 0.1% Tween-20, 1:5¢gl&inin Wisteria floribunda
(fluorescein conjugated, FL-1351, Vector Laborasyiand 1:5000 rabbit anti-parvalbumin (PV-
25, Swant). Sections were washed with 0.5% Twee8x20r 10 minutes and incubated in
secondary antibody solution consisted of 1:500 dgrdati-rabbit 647 (A-31573, Life
Technologies) in 0.1M PBS. The sections were thashed with 0.5% Tween-20 2x for 10
minutes and with 0.1M PBS for 10 minutes, mounteclass slide and allowed to air dry. The
slides were cover-slipped with the mounting medivMectashield containing DAPI (Vector
Laboratories), and the edges of the coverslip weated (Cytoseal 60, Richard-Allan Scientific).
The location of A1 was identified as previouslyatésed by Martin del Campo, et al.,
(2012). In this previous study, electrophysiol@dimapping was used to identify tonotopy in
both A1 and anterior auditory field (AAF). The bwlary between A1 and AAF was identified
using the reversal of tonotopy (Trujillo et al.,14) and was marked with a dye. Coronal

sections with the identified boundary were compavé sections in Paxinos mouse brain atlas.
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This provided the landmarks (primarily hippocamglahpe) to identify A1 sections used in the
present study. One challenge is that the revefdahotopy from Al to AAF is not sharp.
Therefore, it is possible that some of the sectamayzed include AAF. However, identical
landmarks were used across experimental groupalbadalyses were done blind to the
experimental group.

Sections containing A1 were imaged using a confogatoscope (TCS SP5, Leica
Microsystems) at 20x. The number of PV and PNNsdetim summed z-stacks were counted in
Al from a 400 um wide area across layers I-VI. &tea from the pia to 50% of the cortical
depth was defined as layers I-IV and from 50% déptine white matter was defined as layer V-
VI (Anderson et al., 2009). We were unable to ddfeiate layers more specifically because the
layer boundary between layers Il and IV or betw®¥esnd VI cannot be distinguished with
accuracy using Nissl stains. Images of PV and RN encoded and an experimenter blinded
to the identity of the groups performed the cellrtts. PNN cells were manually identified by
discernible WFA staining that is circular with alloas center. PV cells were manually identified
based on the shape and size of staining. Theseverg little background PV staining with this
protocol, facilitating identification of cells. @ncell bodies that were fully within the borderfs o

the counting window were included in the tally.

2.5. Data Analysis

Three aspects of PV/PNN expression were comparegathe four groups (control, 1, 10 and
30 day post exposure): the density of PV/PNN exgioes the overall PNN intensity across the 6
layers and the PNN intensity around cells. Calinte and intensity measurements were

obtained with ImageJ software (NIH). The numbeP¥Wf, PNN+, and co-localized (PV/PNN)
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cells were counted across all 6 cortical layerse tal area of the cortex was then used to
calculate cell densities (cells/jof each cell type.

Deterioration of PNN intensity following enzymatd®N degradation can result in
reduced excitability of PV+ neurons (Balmer 201%he effects of PNN deterioration may occur
even without a loss of PNN+ cell density (Enwrightl., 2016). Therefore, we quantified PNN
intensity following acoustic trauma. To determthe PNN intensity, a rectangle (width of 400
pm and depth extending from pia to bottom of layBrwas first drawn on the image of the
cortical section (e.g., Figure 2A, B). The averBdN intensity within the rectangle was
determined as the average of all pixel intensitye&@n the PNN color channel. The background
intensity was subtracted from each image for PNiBnsity analysis. Background was defined as
the average pixel intensity of a 40 x 40 um ardayer 1 where there is very little PNN
(Brewton et al., 2016).

We also analyzed PNN intensity in the region aromdd/idual PNN cells. For this
cellular PNN intensity analysis, 30% of the PNN&ath imaged Al section were randomly
(random number generator) selected. If 30% wasthess12 PNN cells, then a minimum of 12
cells was analyzed. A 40n (66 pixels) horizontal line was drawn acrossrthiédle of the PNN
surrounding each analyzed cell. The pixel intgnsas plotted as a function of distance along
this line. This resulted in a bimodal peaked péog(, Figure 7) with the two peaks corresponding
to the locations where the line intersected thetimbsnse part of the PNN ring structure on both
sides of the cell. The area under the curve foln €¢N analyzed was averaged within each

image. The specific statistical tests used arertegan the results section below.
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Results:
3.1. Noise Exposure Causes Persistent Threshold Shift

ABR measurement before and after noise exposureigesto quantify hearing
threshold shifts. ABR measurements were made pores to clicks of 0.1 ms duration with
intensities of 10-90 dB in 10 dB steps. The thré$knas the lowest sound level at which at least
1 peak was discernible within 7 msec from soungbnb the example series of ABR plots
from a control mouse (Figure 1A), the threshold wasveen 30-40 dB SPL. The noise-exposed
mouse (Figure 1B) had a hearing threshold >90 dB (8f highest level tested in this study).
The thresholds before noise exposure across athibein this study were in the 30-50 dB SPL
range, consistent with previous ABR measurementiseénmouse (Zhou, 2006). Change in
threshold following noise exposure was quantified day (n=5 mice), 10 days (n=5 mice) and
30 days (n=5 mice) after exposure. The controkeniie5) also had their ABRs measured at
each of the same time points. The thresholds p#xoeone mouse, were fairly constant in the
control mice across multiple days (Figure 1C). rewethe mouse that showed increased
variability across days, the threshold never exedd) dB SPL. Noise exposure caused an
increase in threshold to >90 dB SPL at all thredifié points (Figure 1D-F) indicating that

hearing loss lasted at least 30 days PE in themoigosed mice.

FIGURE 1 AROUND HERE.
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3.2 Expression of PV and PNN in the Mouse A1

Parvalbumin and PNN expression in A1 was quantifiecbntrol and noise-exposed
mice. Figure 2A shows a photomicrograph of a cargection through Al from a control
mouse. The area within the white rectangle isaeépced in Figure 2B and shows the window
within which the various measurements were madkeisnimage. Figure 2C, D, E show
example PV+, PNN+ and PV/PNN co-localized neurespectively (arrows in Figure 2B).
Qualitative observations indicate that PV and Pihing was essentially absent in layer |
while layer Il contains PV cells, but very littldNR. Consistent with Brewton et al., (2016),
PNN was concentrated in layers IV-VI of Al, partasly in layer IV in which a band of cellular
and neuropil staining was seen (Figure 2B). Figusbows example photomicrographs obtained
from PE mouse cortex. Qualitatively the distribatof cell types in the PE mice was similar to
control Al.

Quantification of control and PE cell density data shown in Figure 4. In control A1,
there were more PNN+ cells than PV+ cells (paiveattail t-test, t(df) = 5.925 p < 0.0001,
R?=0.5563). This was true in both superficial (I-18d deep (V-VI) layers. A strong
association between PV and PNN cells has beentegpior several brain regions (Sonntag et al.,
2015). Therefore, the percentage of PV+ cellswes enwrapped by PNN was calculated in
Al. Approximately 46% (+ 0.0215 s.e.) of PV+ callso expressed PNN in control A1. There
was no difference in the percentage of PV/PNN oadiaed cells between the deep and
superficial layers in control Al (paired two-tatlest, t(df) = 0.31, p = 0.75,°R 0.003). These
data provide baseline quantification of PV/PNN esgsion in Al in the control adult CBA/CaJ

mice.
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FIGURE 2 AROUND HERE.

Persistent threshold shift does not alter theiden§PV+ and PNN+ cells in Al after
noise induced hearing los$here were no significant differences between gsaonpayers I-VI
for PV+ (1-way ANOVA, F(3,119) = 1.06, p=0.37), PMNL-way ANOVA, F(3,119) = 2.57, p
= 0.08) or PV/PNN co-localized (1-way ANOVA F(3,)190.59, p = 0.63) cell densities.
There were no differences in the density of PV4sdel either layers I-1V or V-VI (1-way
ANOVA, F(3,119) = 0.89, p = 0.45, F(3,119) = 0.87% 0.46, respectively). There were no
significant differences in PNN+ cell density in &g I-1V (1-way ANOVA,
F(3,119)=1.178,p=0.3211). A trend was seen for N8Il density to be reduced in layers V-
VI following noise exposure (1-way ANOVA, F(3,119#696, p=0.05). The decrease in PNN+
cells density in layers I-VI (p=0.08), and speaflyg in layers V-VI (p=0.05) approach statistical
significance. However, we interpret these datsseoratively as no significant difference with
the acknowledgement that a moderate risk for typerbr may be present in this interpretation.
There were no significant differences in PV/PNNl@calized cell density in layers I-1V or V-VI
(1-way ANOVA, F(3,119)=0.5178, p=0.6708, F(3,1195¥®6, p=0.6295, respectively). There
was also no significant differences in the perogataf PV+ cells that co-expressed PNN

between the different groups (1-way ANOVA, F(3,H2D63, p=0.1088) .

FIGURE 3 AROUND HERE.

FIGURE 4 AROUND HERE.
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Previous studies suggest that a decline in PNMsie may reflect changes in PNN
organization. This change in PNN intensity mayuwgéodependent of changes in PNN+ cell
density (Carulli et al., 2010; Balmer 2016; Enwtighal., 2016). Therefore, we compared Al
PNN intensity between control and PE mice. Exarppletomicrographs of PNN are shown in
Figure 5. First, the average pixel intensity actbgsentire rectangle (400 um wide, pia to
bottom of layer VI depth) was determined. A sigrdht decrease in the average pixel intensity
of PNN across Al was seen following acoustic traf@aay ANOVA, main effect of Layer
F(1,226)=10.18,p=0.0016, main effect of Group FZ8)29.9338, p<0.0001, interaction of
Group x Layers F(3,226)=2.168, p= 0.0927). Whamsaering all 6 layers together, a
significant decrease in PNN pixel intensity wasasbed at 1 and 10 day PE (1-way ANOVA,
F(3,230)=8.835, p<0.0001%R0.1033 with Bonferroni post-hoc Control vs 1 Ddy [#<0.001,
Control vs 10 Day PE p<0.001, 10 Days PE vs. 30s®ty, p<0.05; other pairs, p>0.05) (Figure
6A). This indicates a decrease in PNN intensityneatel day PE. Interestingly, at day 30 PE,
the intensity was similar to control levels suggest recovery. Layer-specific analysis shows
that layer I-IV shows a decline in PNN intensityeach PE time point with no recovery (1-way
ANOVA, p=0.0001, Bonferroni tests: Control vs. 1yTRE, p<0.001; Control vs. 10 Days PE,
p<0.01; Control vs. 30 Days PE; p<0.05, other paix9.05)). Layer V-VI shows a declining in
PNN intensity only at 10 day PE with recovery atda PE (1-way ANOVA, F(3,113) = 4.623,
p = 0.004, Bonferroni tests: Control vs. 10 Days PE 0.05; 10 Days PE vs. 30 Days PE; p <
0.05, other pairs, p > 0.05). Thus, the returRNN intensity to control levels may be carried by
changes in the deeper layers. Together theserdhtate a relatively rapid and layer-specific

decrease in PNN intensity in Al following noiseudd hearing loss.



301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

FIGURE 5 AROUND HERE.

FIGURE 6 AROUND HERE.

While the above analysis provides information alleNNs across the entire depth of Al,
studies of epileptogenesis and songbird brain dpveént (Dityatev et al., 2007; Balmer et al.,
2009) have suggested the integrity of PNN arouecc#il may provide additional markers of
changes to PNN with functional consequences. Thwrewe analyzed PNN intensity in the
region around individual cells. Figure 7 showsregkes of how such measurements were made.
A 40 um line was centered on the PNN and the pintehsity along this line was measured. The
two peaks correspond to the regions of maximunulkeglPNN intensity. The area under the
curve was measured for 30% of randomly selectedPbils, averaged across cells and
compared across treatment conditions.

The PNN intensity around cells in layers I-VI deeld significantly following noise
induced hearing loss (Figure 8A). The decline significant at 10 and 30 days PE exposure (1-
way ANOVA F(3,400)=8.753,p<0.0001%80.0616, Bonferroni post-hoc: Control vs 10 Days
PE, P<0.001, Control vs 30 Days PE P<0.05). Lapecific analysis indicates that there was a
decline in layers I-1V that was significant at BE days (1-way ANOVA
F(3,204)=6.402,p=0.0004%R0.08605 with Bonferroni post-hoc: Control vs 1 DRfy P<0.05,
Control vs 10 Days PE P<0.01, Control vs 30 Day$°R&.001) (Figure 8B). For layers V-VI
cells, PNN intensity showed a significant decliméyaat 30 days PE (1-way ANOVA
F(3,192)=3.778, p=0.001,%R0.078 with Bonferroni post-hoc: Control vs 30 D& p<0.05,
all other pairs p>0.05) (Figure 8B, C). There wassignificant interaction between groups and

layers (two-way ANOVA F(3,396)=2.18, p=0.09).
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FIGURE 7 AROUND HERE.

FIGURE 8 AROUND HERE.

The cellular analysis method also allows examimatibwhether PNN intensity changes
are cell-type specific. Here we examined if PV/PtiNlocalized cells were more or less
susceptible to noise exposure compared to PNNs$ ttel did not have PV (Figure 8C). For the
PV/PNN co-localized cells, a significant effectrmfise exposure was observed only at 30 day
PE (1-way ANOVA F(3,191)=3.778, p=0.0115-R.05601 with Bonferroni post-hoc: Control
vs 30 Days PE, p <0.05, all others p>0.05), whetlea®NN cells without PV showed
significantly attenuated intensity at both 10 afddays PE (1-way ANOVA F(3,205)=5.930,
p=0.0007,B=0.0799 with Bonferroni post-hoc: Control vs 1 CRfg, P>0.05, Control vs 10
Days PE, P<0.01, Control vs 30 Days PE, p<0.0her& was no significant interaction between

group and cell type (2-way ANOVA interaction of @px Cell Type F(3,396)=0.59, p=0.62).

3.3. Additional Analyses

The previous analyses used individual sectionsdependent samples because the
sections likely covered different isofrequency cams in A1l. A second analysis was performed
by averaging data from all sections from each mamskusing the animal number as sample
size. Although this analysis is underpowered (m#&e per group), the interpretation that PNN
intensity declines after noise exposure was supdorOne-way ANOVA showed a significant
decline in overall PNN intensity across layers I{Figure 6A) following noise exposure (F

(3,16) = 3.3, P<0.05) with post-hoc comparison shgva significant difference between control
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and 10 Days PE (P<0.05). Layer-specific analysesals superficial layers to be more impacted
than deep layers. In layer I-IV, overall PNN indép (Figure 6B) declined following noise
exposure (one-way ANOVA, F(3,16) = 3.24, P<0.05hwkost-hoc comparison showing all
three noise exposure groups significantly diffetban control. In layer V-VI, however, there
was no difference (one-way ANOVA, F(3,16)=1.63, B0 When cellular PNN intensities

were considered (Figure 8), there was a trend valiesix layers were considered (one-way
ANOVA, F(3,16=2.6, P=0.08)). Cellular PNN intenssiyowed a strong trend towards exposure-
related decline in both layers I-1V (one-way ANOVIA3,16)=2.87, P=0.06) and V-VI (one-way
ANOVA, F(3,16)=2.97, P=0.06) with the control midegferent than 10 and 30 days post
exposure mice (P<0.05). Taken together, thesestiata that PNN intensity in auditory cortex

declines following noise exposure.

3. Discussion:

This study quantified the distribution of PV/PNNiisiing in primary auditory cortex of
adult CBA strain mice, a commonly used strain talgtauditory processing. We quantified the
effects of persistent hearing threshold shiftstenexpression of PV/PNN in Al. Consistent
with previous studies of the auditory cortex (Bremet al., 2016; Happel et al., 2014),
approximately 45% of PV+ neurons in Al are wrappgd®NNs. We tested the hypothesis that
noise induced hearing loss will cause a deterimnati PNN. We show that the density of
PV/PNN expressing cells does not change up tcaat B0 days PE, but the intensity of PNN
staining across the cortical depth and in regioosrad individual cells shows a relatively rapid
decline following acoustic trauma. These data hay@ications for involvement of cell-type

specific changes in Al following acoustic traumattimay lead to increased gain.
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4.1. PV/IPNN Expression in the Primary Auditory @art

Although the expression of PNN and its associatith specific cell types have been
well characterized in rodent visual and somatosgnsartex (Pizzorusso et al., 2002; McRae et
al., 2007; Takesian and Hensch, 2013; Liu et 81,3 and subcortical auditory areas (Beebe et
al., 2016), the expression pattern in Al has oatently been studied (Happel et al., 2014;
Brewton et al., 2016, reviewed in Sontagg et &l1,5). There is a higher density of PNN cells in
layers IV-VI with a band like appearance of celiidad neuropil staining in layer IV. These
data are consistent with observations made in tgamary sensory cortices including Al
(Bruckner et al., 1994; Happel et al., 2014; Fade., 2016; Brewton et al., 2016). The density
of PNN reported here is larger than that reporte&dder et al., (2016) and Brewton et al.,
(2016), but is similar to that reported by Happedle (2014). These differences may arise due
to strain differences and/or thresholds used faontag PNN. The density of PV+ cells is
similar to previous reports of mouse Al (Martin @almpo et al., 2012). The relatively strong
association of PV and PNN (~45% of PV+ cells expieEIN) in Al is consistent with
observations made in other brain regions (KosakiaHeizmann, 1989; Celio et al., 1993;
Pantazopoulos et al., 2006; Liu et al., 2013; Yadaet al., 2014). The observation that a
significant percent of PV+ cells were not covergdPNN and that PNN covered many cells that
did not express PV indicate the need for futureistiof Al to identify the distribution of

various cells types with PNN.

4.2. Effect of Hearing Loss on PV/PNN Expression



392 The main aim of the study was to determine if aticitrauma that produces long lasting
393 increase in hearing threshold affected expresdié?VéPNN in Al. The noise exposure method
394  used in this study effectively increased hearimggholds from <50 dB SPL pre-exposure to >90
395 dB SPL post-exposure. This hearing loss lastedaat 130 days suggesting a relatively persistent
396 effect. The data did not support the hypothess tiis level of hearing loss will decrease the
397 density of PV, PNN and/or PV/PNN double-labeledscel A1. However, a significant layer-

398 and cell type-specific decrease in PNN intensitg a@en in the noise-exposed groups. In

399  superficial layers (I-1V), the decline was seenreael1 day PE. In the deep layers, a recovery of
400 PNN intensity was observed between 10 and 30 daysFNN cells with PV showed a decline
401  in intensity only 30 days PE, whereas, PNN celld thd not express PV showed significant

402 decline at 10 and 30 day PE. This suggests thah&yafford some degree of protection to

403  PNN expression. We interpret the changes in PN&hsity to be driven by hearing loss. This
404  interpretation has to be considered with the cathedtother areas in the cortex that are less

405 likely to be affected by the noise trauma wereex@mined for PNN changes.

406 Considerable focus has been allocated to idengfte contributions of PNNs to

407 developmental and adult plasticity. Strong evidesieggests that PNNs provide stability to the
408  excitation-inhibition balance and adult plastiaggn be promoted by breaking down PNNs

409 (Takesian and Hensch, 2013; Happel et al., 20Bé)wever, surprisingly little is known about
410 the contribution of PNNs to the response propedfesurons they cover (Balmer, 2016). Itis
411  clear that cortical PNNs surround mostly GABAengaurons with preference for PV+ neurons.
412  This suggests that PNNs influence inhibition geteetdy fast spiking interneurons within

413  cortical circuits. The differences between firingerties of cortical interneurons that are

414  covered with PNN compared with those that are eotains unclear (Dityatev et al., 2007). A



415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

recent study suggests that PNN increases exctitabilfast-spiking, PV+ cortical cells (Balmer,
2016). Because cortical PV+ cells are mostly iitbrly, these data indicate that deterioration of
PNNs may increase network excitability. A few séschave suggested that PNNs may provide
protection against oxidative stress related celtldéCabungcal et al., 2013) and also impact the
expression of PV in GABAergic cells. This is agaiainly relevant for fast spiking interneurons.
Integrating available data from the literature, pnesent study makes the suggestion that
acoustic trauma causes an attenuation of PNN iityethat opens up the circuitry for changes in
excitation-inhibition balance. Such acoustic exgpreece dependent changes in PNN intensity
without a change in the density of PNN expresseglts diave been previously reported in
songbird vocal learning circuits (Balmer et al.090) Mature PNNs contain several CSPGs in
addition to hyaluronan, tenascin-C and high amoahtenascin-R, hyaluronan synthase and link
proteins (Ctrl1). The reduction in PNN intensitayireflect changes in CSPG protein levels and
composition and/or hyaluronan synthase and/orghakein levels.

Changes in inhibition following noise exposure nbayone of the steps in causing an
increase in gain and potentially, pathologicahatti(e.g., tinnitus). Evidence for such
pathology correlated with changes in PNN comes fstudies of epileptogenesis (Dityatev et
al., 2010; McRae et al., 2012). Decline of PNNindity in superficial layers even within 1 day
PE suggests that this may be one of the first siepsrtical structural change. The recovery of
PNN intensity to control levels at 30 day PE suggyse presence of a window following trauma
during which circuit plasticity may occur and balstized at a new homeostatically adjusted
level. However, future experiments that look adiidnal time points are needed to determine if
there is a sustained recovery. The events leagirig the decline in PNN intensity may include

changes to matrix metalloproteases (MMP) and egeilink proteins (e.g., Ctrl1). MMP-9 is an
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endopeptidase that cleaves extracellular matrikidieg PNN. MMP-9 levels are regulated by
activity and high MMP-9 levels lead to increasedaikdown of PNN. This suggests the
hypothesis that MMP-9 levels increase within 1 dagioise exposure. This hypothesis remains
to be tested. Carulli et al. (2010) showed thatent@cking Ctrl1, a PNN component, show
attenuated PNNs including reduced intensity. Titenaated PNN promoted cortical plasticity
in adults. Thus future studies of Al following astic trauma should analyze expression levels

of MMP-9 and Ctrl1 at specific time points afteipesure.
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Figure Legends:

Figure 1. ABRs show that noise exposure causeddemable increase in hearing thresholds that
lasted at least 30 days. (A) Example waveformsfaocontrol mouse and (B) after 30 days
following noise exposure. ABR thresholds were dateed using sound level steps of 10 dB
SPL. The hearing threshold for the control mous@jnwas therefore noted to be between 30-
40 dB SPL. The noise-exposed mouse (B) did not slowABR up to 90 dB SPL (the highest
level tested). (C-F) The hearing threshold of eacdluse at specified time points is shown. The
symbols within a sound level bin (ordinate) areefied for visualization purposes. N=5 for each
group. (C) The thresholds in control mice remair%@ dB SPL throughout the course of 30
days. (D, E, F) Post exposure, the thresholds asex to >90 dB SPL (the highest level tested),

indicating threshold shifts that lasted at leastd@@s PE.

Figure 2. (A) Example photomicrograph of a corasedtion through Al stained for PV (red)
and PNN (green) in a control mouse. The white regi&aindicates the 40@m wide window in
Al within which PV, PNN and co-labeled cells werteqtified from this image. This rectangle
is reproduced in (B) which shows that PV and PN&ihetd cells are present at a higher density
in layers 1V-VI compared to layers I-lll. The higitedensity of PNN staining was seen in layer
IV in which a banded pattern of cellular and neilrsgaining was observed. Arrows point to
examples of different cell types that are then showC, D, E. (C) PV cell without PNN, (D)

PNN cell without PV, and (E) PV/PNN co-localizedlce
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Figure 3. Photomicrographs of PV and PNN expressidhe experimental groups. Arrows
indicate the cells shown at a higher magnificatiothe insets: (A) 1 day PE, (B) 10 days PE,
(C) 30 days PE. (A1, B1, C1) PV without PNN. (A2,EC2) PNN without PV and (A3, B3, C3)

PV/PNN co-localized cells.

Figure 4. PV+ and PNN+ cell density in (A) layes€l| (B) layers I-IV and (C) layers V-VI
before and 1, 10 and 30 day PE. There was notgtalig significant difference in the density of

stained cells following noise exposure.

Figure 5. Example photomicrographs from the cordral experimental groups from which PNN

intensity was measured. Control (A) and 1 (B)(@Pand 30 (D) days after noise exposure.

Figure 6. Decline in PNN intensity in Al followingpise exposure. (A) In all layers combined,
there is a decrease in PNN intensity at 1 day REL@days PE and a return to control levels at
30 day PE. (B) There is a decrease in PNN intensiayers I-1V at 1 day PE, 10 days PE and
30 days PE compared to controls (C) There is dfgignt decrease in PNN intensity in layers

V-VI at 10 days PE followed by a significant incseaby 30 days PE.

Figure 7. Examples to illustrate measurement diliNensity in the region around a cell. The
horizontal line centered on the PNN wag#®long. The bimodal graph shows the pixel
intensity along the horizontal line. The area urttle curve can be used to measure PNN

intensity around cells. (A) Cell with a strong PNel. (B) Cell with weak PNN staining.
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Figure 8: Noise exposure caused a decline in PXnhsity in the region around cells in Al. (A)
Average PNN intensity across all layers, (B) Aver&NN intensity in layers I-1V (stripe bars)
and layers V-VI (white bars) (*p<0.05, **p<0.01,*3<0.001 for layers I-VI and’p<0.05 for
layers V-VI). (C) PNN intensity in cells without Pilack bars) and with PV (gray bars)

(*p<0.05, **p<0.01 for non-colocalized PNN§<0.05 for co-localized PNNSs).
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Highlights:

Acoustic trauma causes deterioration of perineuronal nets in auditory cortex
These changes show layer-specific trajectories following hearing loss induction
Decline of perineuronal nets is seen even at 1 day following noise exposure

Perineuronal net deterioration may cause increased excitability of auditory cortex



