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Type I spiral ganglion neurons (SGN) are the auditory afferents that transmit sound
information from cochlear inner hair cells (IHCs) to the brainstem. These afferents con-
sist of physiological subtypes that differ in their spontaneous firing rate (SR), activation
threshold, and dynamic range and have been described as low, medium, and high SR
fibers. Lately, single-cell RNA sequencing experiments have revealed three molecularly
defined type I SGN subtypes. The extent to which physiological type I SGN subtypes
correspond to molecularly defined subtypes is unclear. To address this question, we have
generated mouse lines expressing CreERT2 in SGN subtypes that allow for a physi-
ological assessment of molecular subtypes. We show that Lypd1-CreERT2 expressing
SGNs represent a well-defined group of neurons that preferentially innervate the IHC
modiolar side and exhibit a narrow range of low SRs. In contrast, Calb2-CreERT2
expressing SGN's preferentially innervate the IHC pillar side and exhibit a wider range
of SRs, thus suggesting that a strict stratification of all SGNs into three molecular
subclasses is not obvious, at least not with the CreERT2 tools used here. Genetically
marked neuronal subtypes refine their innervation specificity onto IHCs postnatally
during the time when activity is required to refine their molecular phenotype. Type I
SGNis thus consist of genetically defined subtypes with distinct physiological properties
and innervation patterns. The molecular subtype-specific lines characterized here will
provide important tools for investigating the role of the physiologically distinct type I
SGNis in encoding sound signals.
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The perception of sensory stimuli, such as light, smell, taste, touch, and sound, depends
on specialized sensory neurons that transmit stimulus-evoked electrical signals to the
central nervous system. These sensory afferents show variability in their properties even
within a single sense organ. For example, in the mammalian retina, at least 30 different
types of retinal ganglion cells have been observed (1, 2), suggesting that these afferent
neurons contribute to the encoding of distinct visual features. In the mammalian inner
ear, spiral ganglion neurons (SGNs) with different response properties and innervation
patterns are thought to be important for the encoding of sound features such as intensity
and pitch, as well as for pain and damage signaling (3—5). However, the extent to which
afferent neurons within the inner ear are specialized to encode distinct features of auditory
signals needs to be studied further.

Hair cells in the cochlear sensory epithelium of the inner ear are the primary sensory
cells for the perception of sound. Two types of hair cells can be distinguished that are
named inner hair cells (IHCs) and outer hair cells (OHCs) (Fig. 14). OHCs are
innervated by type II SGNs and have important functions in the amplification of
sound signals. IHCs are innervated by type I SGNs that transmit sound information
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to the CNS and make up >95% of all SGNs. Each IHC is innervated monosynaptically
by 5 to 30 type I SGNs that show striking variability in threshold, dynamic range,
and spontaneous firing rates (SRs) (3, 5, 6). In several species, the distribution of type
I SGNs with different SRs appears to be somewhat bimodal with a peak at low rates
(<1 spike/s) and higher rates (60 to 70 spikes/s) (7—12). Based originally on studies (CC BY-NC.ND).

in cats, a subdivision of SGNs into three classes has been proposed: high-SR (>18 15 b cyy. r78, and s.s. contributed equally to this
spikes/s), medium-SR (0.5 to 18 spikes/s), and low-SR (<0.5 spikes/s) fibers. This work.

classification takes into account SRs and relative thresholds for activation by sensory
input to encode sound over a wide intensity range (9). In cats, low- and high-SR fibers
preferentially contact the modiolar and pillar sides of IHCs, respectively (Fig. 15)
(13). Morphological analysis in cats has also revealed that the largest synaptic ribbons
face the modiolar side of IHCs (14), and intracellular labeling has demonstrated that
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these large ribbons oppose low-SR fibers (15). Similar obser-
vations have been made in guinea pigs (16). Studies in mice
and rats support the view that single IHCs in rodents are inner-
vated by fibers with different SRs (17-19). Furthermore, syn-
apses on the pillar versus modiolar side of rodent IHCs differ
in the sizes of presynaptic ribbons, postsynaptic AMPA receptor
fields, and in their synaptic response properties to hair cell
depolarization, specifically the IHC calcium channel properties
that set the basic release rates (15, 17, 20—27). However, it has
remained unclear whether rodent SGNs can be classified
according to the scheme suggested in cats or whether the neu-
rons show a more gradual difference in SRs along a continuum
(19, 28-31). Notably, recent single-cell RNA sequencing (scR-
NAseq) studies in mice have demonstrated that type I SGNs
can be classified into three subtypes that have been named type
IA, IB, and IC (32-34). Based on these studies, it has been
suggested that the three molecular subtypes in mice might cor-
respond to physiological subtypes, similar to the physiological
subtypes described in cats, although this has not been demon-
strated experimentally. Transcriptional differences between type
IA, IB, and IC neurons are for most genes not all or nothing
but defined by gradual changes in a large set of genes (32-34).
Thus, subdivision of afferent neurons into type I SGN subtype
depends on the definition of threshold values for gene expres-
sion but might not capture graded functional differences
between these neurons. The scRNAseq studies in mice open
the door for a molecular exploration of the properties and func-
tions of type I SGN subtypes.

To further define the diversity and function of type I SGNs in
rodents, we have taken advantage of our published scRNAseq data
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label type IA and type IC SGNs using CreERT2 knock-in
% CALB2 mouse lines. (D) Sections through the spiral ganglion of

aas Lypd1-CreERT2,Ai14 mice and Calb2-CreERT2;Ai14 mice
showing tdTomato expression (magenta) and stained
with antibodies against TUJ1, POU4F1, or CALB2 (green).
(F) Quantification of data in (D), % of tdTomato® SGNs
in Lypd1-CreERT2 (Top) and Calb2-CreERT2 (Bottom) mice
that express POU4F1 or CALB2 (n = number of neurons
assessed). (Scale bars: 20 um.)

(34) to identify genes that are suitable for the expression of
CreERT?2 in molecularly defined type I SGN subtypes. This has
allowed us to genetically mark subgroups of SGNs with fluorescent
reporters. Here, we show that molecularly defined type I SGN
subtypes have distinct developmental trajectories and innervation
patterns onto IHCs and distinct SRs. By recording from the bouton
endings of SGN dendrites to preserve spatial innervation informa-
tion, we demonstrate that one group of type I SGNis that expresses
Lypd1-CreERT? preferentially innervates the modiolar side of IHCs
and has low SRs. A distinct group of SGNs that is labeled by the
expression of Calb2-CreERT2 preferentially innervates the pillar
side of THCs and shows a range of higher SRs. We also show that
LypdI-CreERT2 and Calb2-CreERT2 expressing neurons refine
their innervation pattern onto IHCs in the postnatal phase coin-
cident with the time frame when synaptic connections mature.

Opverall, we conclude that molecularly defined type I SGN sub-
classes broadly correspond to anatomically and electrophysiolog-
ical defined subclasses. However, unlike expectations, only the
Lypd1-CreERT2-labeled neurons are a physiologically clearly
defined group, while Calb2-CreERT2-labeled neurons have diverse
physiological properties. The distinct gene expression patterns of
these type I SGN subtypes might provide clues to the mechanisms
that define differences in their innervation specificity and func-
tional properties. The fact that the molecular and synaptic matu-
ration of type I SGNs progresses during the time window when
spontaneous and sensory-driven activity patterns are observed in
the auditory system also suggests that activity-dependent mecha-
nisms are perhaps of pivotal importance for regulating transcrip-
tional programs and synaptic connectivity patterns in the auditory
periphery.
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Results

Characterization of Calb2-CreERT2 and Lypd1-CreERT2 Mice. In
order to analyze the projection patterns, electrophysiological
properties, and functions of type I SGN subtypes, we aimed
to obtain mouse lines suitable for the genetic manipulation of
these neurons. We examined scRNAseq data for genes that are
differentially expressed between type IA, IB, and IC SGNs. Type |
SGN subtypes can be distinguished by expression levels of specific
marker genes, but expression differences are in most instances not
all or nothing. One exception is the LypdI gene, which is expressed
at high levels in mature type IC SGNs only (32-35). A second gene
that we explored is the Ca/b2 gene, which is expressed at high levels
in type IA SGNs, less in type IB SGN, and little if at all in type IC
SGNs (32-35). We did not identify a gene that is only expressed in
mature type IB SGNs without significant expression in other SGN
subtypes. We therefore focused our studies on LypdI and Calb2.
To characterize type IA SGNs, we obtained Calb2-CreERT2 mice
that have been described previously (36). These mice contain a
knock-in of CreERT2 into the genomic locus of the Calb2 gene
simultaneously leading to the inactivation of Ca/b2. For type IC
SGNs, we used CRISPR gene targeting to insert CreERT2 just
before the stop codon of the last Lypd1 coding exon. The LypdI and
CreERT2 coding regions were separated by a viral 2A-like peptide
(T2A), which, during translation, forces the ribosome to skip with-
out forming a peptide bond (37). Thus, an independent CreERT?2
protein is generated while also maintaining LYPD1 expression.
To characterize Calb2-CreERT2 and Lypd1-CreERT2 mice, we
crossed them to A79 and Ai 14 mice, which contain a Cre-inducible
tdTomato transgene (Fig. 1C) (38). Both fluorescence reporter lines
gave similar results and were used interchangeably. To analyze
CreERT2-mediated recombination patterns in differentiated neu-
rons, we intraperitoneally injected mice heterozygous for the
CreERT?2 transgene and for tdTomato at P21 with tamoxifen (0.1
mg/g body weight) and analyzed sections of the spiral ganglion at
P30 for tdTomato expression. Sections were also stained for known
molecular markers for type I SGNs using immunohistochemistry.
As molecular markers, we used TUJ1, which is expressed in all
adult type I SGNs (39, 40), as well as CALB2 and POU4F1,
which are prominently expressed in type IA and type IC SGN,
respectively (34). In Calb2-CreERT2;Ai9/14 mice, td Tomato was
expressed in TUJ1" type I SGNs that also expressed CALB2 but
little if any POU4F1 (Fig. 1 D and E). In Lypd1-CreERT2;A19/14
mice, tdTomato was expressed in TUJ1" type I SGNs that also
expressed POU4F1, but minimally expressed CALB2 (Fig. 1 D
and E). We conclude that at P21, the Calb2-CreERT2 and
Lypd1-CreERT2 mouse lines largely exhibit nonoverlapping
expression patterns in distinct subtypes of mature type I SGNs.
To exclude that the tamoxifen dose that we used only led to
partial activation of Cre recombination, we injected mice intra-
peritoneally between P21 and P28 with several doses of tamoxifen
or its more potent metabolite 4-hydroxy-tamoxifen. Following
4-hydroxy-tamoxifen injection at P21/P22 in Calb2-CreERT2;
Ail4 mice, we obtained similar results as with a single injection
of tamoxifen at P21 (P21 tamoxifen: 50.89% SGNs; P21/22
4-hydroxy-tamoxifen: 50.78% SGNs). We also attempted to char-
acterize Cre expression by immunohistochemistry with several
Cre antibodies, but in each instance, nonspecific background
staining was too prevalent to draw firm conclusion. Overall, our
findings suggest that one dose of tamoxifen injection fully cap-
tured all type I SGNs that express CreERT2 at sufficiently high
levels to induce Cre recombination. Calb2-CreERT2 might be
expressed at lower levels in additional neurons, but expression
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levels are likely below the levels that are necessary to induce recom-
bination of target genomic loci.

Developmental Refinement of Calb2-CreERT2 and Lypd1-CreERT2
Expression. It has previously been shown that the expression of
Calb2 and Lypd] is refined between PO and P28 to subgroups
of neurons within the entire SGN population. Ca/b2 is initially
broadly expressed at lower levels in most SGNs but is at P21
expressed at high levels in type IA neurons, at intermediate
levels in type IB neurons, and not at all or at very low levels in
type IC neurons (32-34). Lypdl is by PO already confined to
approximately 70% of all type I SGNs and by P21 is restricted to
the ~34% of type IC SGNs (32-34). To further characterize our
CreERT2 mice, we analyzed the extent to which they recapitulated
this developmental change in the expression patterns of the
endogenous genes.

First, we injected different cohorts of Calb2-CreERT2;Ai9 mice
at P1 or P21 with tamoxifen (0.1 mg/g body weight). We then
analyzed in both cohorts sections of the spiral ganglion at P28 for
tdTomato expression (Fig. 2 A and B). We used TUJ1 as a generic
marker for all type I SGNs (39, 40). In Calb2-CreERT2;Ai9 mice
injected at P1 with tamoxifen, 55% of TUJ1" neurons expressed
tdTomato at P28, while in those injected with tamoxifen at P21,
51% of TUJ1" neurons expressed tdTomato at P28. The vast
majority (297%) of Calb2-CreERT2-labeled SGNs did not express
the SGN type IC marker POU4F1 regardless of the time point
of tamoxifen injection, indicating that transgene expression was
excluded from type IC SGNs (Fig. 2 C and D). Twenty-seven
percent of the neurons labeled in Calb2-CreERT2;Ai9 mice by
injection of tamoxifen at P1 expressed at P28 the SGN type IB
marker CALB1. This number was reduced to 15% when tamox-
ifen was injected at P21 (Fig. 2 E'and F). These findings are con-
sistent with recent scRNAseq studies that have shown that the
segregation of type I SGNs into molecular subclasses is already
observed at birth with a further refinement of gene expression at
subsequent ages (32, 33, 35, 41). To rule out incomplete
tamoxifen-mediated activation, we also treated Calb2-CreERT2;
Ail4 mice with 2 doses of 4-hydroxy-tamoxifen at P1/2 and found
a minor increase in tdTomato” SGNs at P28 (62% of the total
TUJ1" population) versus single injection of tamoxifen at P1
(55%). Thus, while low levels of CALB2 expression are observed
in nearly all type I SGNs at birth (34), Calb2-CreERT2 was likely
expressed at sufficiently high levels only in the type IA SGNs with
the highest CALB2 expression levels, as well as some expression
in type IB neurons that express lower levels of CALB2. In contrast,
Calb2-CreERT?2 expression was excluded from type IC SGNGs.

Following tamoxifen injection into Lypd1-CreERT2;Ai14 mice
at P1, tdTomato expression at P28 was confined to 60% of TUJ1"
type I SGNs (Fig. 3 A and B). These neurons did not express
significant levels of CALB2 (Fig. 3 Cand D), suggesting that they
were distinct from type IA neurons. However, the neurons
expressed CALB1 (Fig. 3 E and F), suggesting that they repre-
sented both type IB and IC neurons (Fig. 3C). Type I SGNs in
Lypd1-CreERT2 mice labeled by tamoxifen injection at P21
became restricted to 28% of the total pool of type I SGNs and
did not express CALB1 or CALB2, confirming a postnatal refine-
ment of Lypd1 expression leading to its maintenance in type IC

SGNs only.

Analysis of SGN Projection Patterns Using Calb2-CreERT2 and
Lypd1-CreERT2 Mice. Previous studies suggest that type IA SGNs
might preferentially target the pillar side of IHCs, while type IC
SGNs might preferentially target the modiolar side, with type IB

https://doi.org/10.1073/pnas.2217033120 3 of 11



tdTomato TUJ1 tdTomato TUJ1
A\—‘ B TMX at P1
3 Roe Ry > 1004
%’ o0 ke o2 9 Q
& ¥ P 807 5566%
~ g ’ @ Mouse 1
he i o A Mouse 2
w g 60 ST M + Mouse 3
2 "é A Mouse 4
0 -o(g 40_
N £
2 2 20
© 2
L & 0 n=1277
. TMX at P21
> 100
:
N 804 50.89%
E % L4 ° ® Mouse 1
. A A Mouse 2
% g 60 2° + Mouse 3
G 13 + 4 Mouse 4
& % 404
Q 5
© = 204
S =
X
— 0 n =957
C tdTomato POU4f1 tdTomato POU4f1 D TMX at P1
N Z 100+
> 3
< + 80+
N [N
E 3 60+ ©® Mouse 1
5 8 A Mouse 2
o 5 + Mouse 3
@) 9 404 Mouse 4
N g 2.86%
2 S 204
© 2 o
© ® ol-mdst  n=501
] TMX at P21
b3 Z 100q
=)
< 3
N * 80+
~ i
=
lilt.l 8 60+ ® Mouse 1
9 o A Mouse 2
(&) ¥ 404 + Mouse 3
& % Mouse 4
Q £ Mouse 5
8 S 204 1.05%
2
7 X oA —Mi— n =534
E tdTomato CALB1 tdTomato CALB1 F TMX at P1
« —~ 100
> :
< + 80
N &
E < 60 L4 Mouse;
[®) A Mouse
o ¥ 26.63% + Mouse 3
(@) % 40 Mouse 4
& £ i
% % 204 "_'f‘
© 2 |
s oA n =796
TMX at P21
N 100
& )
< @
-fj + 80+
m
lil.:.l Z;' 60+ @ Mouse 1
g g 14.73% ::\\A/Iouseg
+ . ouse
Q 2 40+ ° ? Mouse 4
g E 204 ¢
[ T A
O o !—:EI-
= oLlfl  n=462

Fig. 2. Developmental refinement of Calb2-CreERT2 expression. Sections through the spiral ganglions of P28 Calb2-CreERT2;Ai9 animals injected with tamoxifen
(TMX) at either P1 or P21, stained with the indicated antibodies. Upper panels show sections from animals injected with TMX at P1, and Lower panels show sections
from animals injected with TMX at P21. (A) Sections stained with antibodies against tdTomato (magenta) and TUJ1 (green). (B) Percentage of TUJ1" cells colabeled
with tdTomato after TMX injection at P1 versus P21. (C) Sections stained with antibodies against tdTomato (magenta) and POUF4F1 (green). (D) Percentage of
tdTomato" cells colabeled with POU4F1 after TMX injection at P1 versus P21. (E) Sections stained with antibodies against tdTomato (magenta) and CALB1 (green).
(F) Percentage of tdTomato” cells colabeled with CALB1 after TMX injection at P1 versus P21. (n = number of neurons assessed). (Scale bars: 20 pm.)

fibers terminating more medially (Fig. 1B) (32-34). To test this marker genes. We used different strategies to characterize SGN
model, we analyzed the projection patterns of SGN fibers that were  projection patterns in Calb2-CreERT2 and Lypd1-CreERT2 mice.
labeled in our CreERT2 mice by the expression of fluorescence  For projection tracing in Calb2-CreERT2 animals, we had to
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Fig. 3. Developmental refinement of Lypd7-CreERT2 expression. Sections through the spiral ganglions of P28 Lypd1-CreERT2;Ai14 animals injected with tamoxifen
(TMX) at either P1 or P21, stained with the indicated antibodies. Upper panels show sections from animals injected with TMX at P1, and Lower panels show sections
from animals injected with TMX at P21. (4) Sections stained with antibodies against tdTomato (magenta) and TUJ1 (green). (B) Percentage of TUJ1" cells colabeled with
tdTomato after TMX injection at P1 versus P21. (C) Sections stained with antibodies against tdTomato (magenta) and CALB2 (green). (D) Percentage of tdTomato+ cells
colabeled with CALB2 after TMX injection at P1 versus P21. (E) Sections stained with antibodies against tdTomato (magenta) and CALB1 (green) after TMX injection at
P1 or P21. (F) Percentage of tdTomato" cells colabeled with CALB1 after TMX injection at P1 versus P21 (n = number of neurons assessed). (Scale bars: 20 ym.)

take into consideration that IHCs express CALB2 (42), which vector containing a Cre-inducible fluorescence reporter that is
would mask the fluorescence signal from the thin dendrites of = expressed from the neuron-specific synapsin promoter (AAV9-
SGNis innervating IHCs. We therefore took advantage of an AAV  hSyn-DIO-EGFP). Following injection of this AAV vector into
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Calb2-CreERT?2 mice and tamoxifen administration, expression
of the EGFP fluorescence marker is expected to be confined to
SGNs. We injected AAV9-hSyn-DIO-EGFP into the semicircular
canal of Calb2-CreERT2 mice at P2 followed by intraperitoneal
injection of a low dose of tamoxifen (50 pg/animal) at P21 and
tissue harvest at P28 (Fig. 4A). For projection tracing in LypdI-
CreERT2 mice, we crossed these mice to A714 reporter mice and
injected the offspring at P21 intraperitoneally with tamoxifen (50
pg/animal) followed by tissue harvest at P28 (Fig. 4E).

Using confocal fluorescence microscopy, we imaged cochlear
whole mounts and analyzed optical sections for the expression of
fluorescence markers. Hair cells were visualized by staining with
antibodies to CALB1 or MYO7A (Fig. 4 C and F). To quantify
the position at which peripheral SGN projections innervated
IHCs, we determined for each innervating fiber the “Normalized
Basal Position” (NBP) as described (18) (Fig. 4B). For this pur-
pose, we analyzed consecutive optical sections through the cell
body of hair cells to draw an imaginary axis aligned through the
cuticular plate and nucleus to divide IHCs into pillar and modi-
olar sides (Fig. 4B, dotted lines). The position of innervation was
then determined relative to this imaginary axis. NBP is positive
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for modiolar-side terminals and negative for pillar-side terminals
(set by S which is +1; the 0 position defines fibers innervating hair
cells medially). In Calb2-CreERT2 mice, the vast majority of
EGFP-labeled neurons innervated the basal aspect of IHCs toward
the pillar side (Fig. 4 C and D), while in Lypd1-CreERT2 mice,
the vast majority of tdTomato-labeled neurons innervated the
basal aspect of IHCs toward the modiolar side (Fig. 4 Fand G).
In Calb2-CreERT2 mice, significant numbers of labeled nerve
fibers also contacted the middle and modiolar side of hair cells
(Fig. 4D, which is likely explained by the expression of the
CreERT2 transgene in type IB neurons (Fig. 2).

Postnatal Refinement of the Innervation Specificity of Lypd1-
CreERT2 and Calb2-CreERT2-Labeled Neurons. The mechanisms
that determine how type I SGNs establish their innervation
specificity along the modiolar to pillar axis of IHCs are not known.
To address this issue, we carried out additional experiments. We
focused on the postnatal refinement process in LypdI-CreERT2
and Calb2-CreERT?2 mice because at prenatal ages, expression of
Lypdl and Calb2 is not yet refined to type I A and type I B/C
SGN:s, respectively (35, 43). To sparsely label neurons, we injected
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Fig. 4. Peripheral projection patterns of type | SGNs labeled by Calb2-CreERT2 and Lypd1-CreERT2 expression. (A) Diagram of experimental strategy to label
nerve fibers in Calb2-CreERT2 animals. (B) Diagram of SGN type | innervation location assessment at the IHC using the method by Markowitz and Kalluri (18),
NBP: normalized basal position; L: length of hair cell; c: distance between fiber ending position and basal pole of hair cell; S: set at +1 or -1 to define modiolar
versus pillar, with a value of 0 for medial basal pole. (C) Representative example of P28 midcochlear section in a Calb2-CreERT2 animal; hair cells stained with
CALB1 (white); a GFP-labeled fiber (green, arrow) innervates an IHC on the pillar side (P), nuclei are stained with DAPI (blue). (D) Quantification of innervation
in P28 Calb2-CreERT2 animals; Left: NBP assessed across 110 virally labeled neurons from 3 animals; Right: modiolar versus pillar innervation assessed for 110
neurons from 3 animals. The fractional distance of the contact position from the basal pole of the hair cell was determined by dividing c by L and multiplying the
resulting number by S (+1 or =1, for innervations on the modiolar or pillar sides of the bisecting plane, respectively; values for middle were at 0). (£) Diagram of
experimental strategy to label nerve fibers in Lypd1-CreERT2;Ai14 animals. (F) Representative example of P28 midcochlear section in Lypd1-CreERT2;Ai14 animal;
hair cells stained with MYO7A (white); a tdTomato-labeled fiber (magenta, arrow) innervates an IHC on the modiolar side (M), nuclei are stained with DAPI (blue).
(G) Quantification of innervation in P28 Lypd1-CreERT2;Ai14 animals; Left: NBP assessed across 138 labeled fibers from 3 animals; Right: modiolar versus pillar
innervation assessed across 138 labeled fibers from 3 animals. (Scale bar: 5 pm.)
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observed at P28. Nerve fibers at P7 frequently formed several
branches onto hair cells or even projected away from hair cells, but
these excess projections were no longer detectable at P28 (Fig. 5
E and F). Similar observations were made in Lypdl-CreERT2
mice, although in this case, the labeled nerve fibers at P7 showed
already a clear preference for the modiolar side of hair cells and
projections to the pillar side were very rare (Fig. 6 B—D). Similar
to Calb2-CreERT2-labeled fibers, Lypd1-CreERT2-labeled fibers
underwent a refinement process. Nerve fibers frequently formed
branches near their final tips and contacted more than one IHC
toward the modiolar side (Fig. 6 £and F). In contrast, SGNs for
animals killed at P28 very rarely exhibited any branching (Fig. 6F).

Spontaneous Firing Rates of SGN Subtypes. Based on studies in
cats, SGNs have been grouped into low, medium, and high SR
fibers based on the profile and local maxima of the SR distribution
(9). Recordings in several other species including rodents suggest
that type I SGNs also have a similarly wide range of SRs, but they
cannot easily be classified into groups due to lack of local maxima
in the distribution (19, 28-31). To analyze type I SGNs further, we
recorded SRs of nerve fibers innervating THCs along the modiolar
to pillar axis in Calb2-CreERT2 and LypdI1-CreERT2 mice. Since
CALB?2 is also expressed in IHCs, type IA/B fibers in Calb2-
CreERT2 mice were labeled by injection of AAV9-hSyn-DIO-eGFP
at P2, followed by tamoxifen (50 pg/animal) treatment at P21.
To label type IC fibers in LypdI-CreERT2 mice, these mice were
crossed with 4774 mice and treated with tamoxifen (50 pg/animal)
at P21. Recordings were performed in apical turns of 3 to 4-wk-old
acutely excised tissue focusing on mice with sparsely labeled nerve
projections that allowed us to observe individual nerve endings.

Extracellular loose-patch recordings reporting spike timing were
performed from SGN bouton endings close to where they contact
IHC:s (Fig. 6 A-C) (19). Recordings were performed at room tem-
perature with extracellular 1.3 mM Ca®* and 5.8 mM K, condi-
tions defined as resulting in a range of SRs in vitro with “low” to
“high” SR fibers. This SR distribution, when scaled to body tem-
perature conditions, reflects the SR range found in vivo (19). By
focusing through differential interference contrast (DIC) images,
IHCs were divided into pillar and modiolar sides by an imaginary
axis aligned through the cuticular plate and nucleus (Fig. 6 A and
B, dotted lines). SRs were monitored for 3 min, and SR was deter-
mined over the last 2 min and linked to the SGN ending position
on the IHC. We recorded from unlabeled and labeled fibers to
capture the full range of SRs of all fibers. Fluorescently labeled
fibers were identified by the labeled boutons at the tip of the patch
pipette and the labeled SGN membrane invaginating into the
pipette ([nsess, Fig. 7 A and B, arrowheads).

We first analyzed SRs of type I SGN fibers in Calb2-CreERT2
mice (Fig. 7 A, C, D, and F). As expected, imaging of excised live
tissue from 4-wk-old Calb2-CreERT2 mice showed that nearly all
GFP-labeled fibers contacted the basal aspect of IHCs toward the
pillar side with very few fibers innervating the modiolar side (Fig. 74,
white arrows). When analyzing both unlabeled and labeled nerve
fibers in Calb2-CreERT2 mice, we observed a wide range of SRs
that defied easy classification into distinct groups (Fig. 7 D and F).
During recordings, CALB2-positive fibers could not be unambig-
uously identified as pillar or modiolar due to the more basal contact
locations. However, for unlabeled fibers with identified pillar/modi-
olar contact location, there was a clear modiolar to pillar gradient
in SRs (Fig. 7D). Unlabeled fibers that innervated the modiolar side
(modiolar no-fluo) of IHCs had SRs ranging from 0.042 to 31.13
spikes/s, while fibers innervating the pillar side of IHCs (pillar
no-fluo) had SRs ranging from 0.59 to 47.94 spikes/s. Mean values
were 7.62 + 9.45 spikes/s and 21.91 + 16.36 spikes/s, respectively.

https://doi.org/10.1073/pnas.2217033120

SRs of modiolar fibers were thus significantly lower than those of
pillar fibers (Fig. 7D) (P = 0.038, Kruskal-Wallis test). Next, we
compared SRs of GFP-labeled nerve fibers to SRs in pillar or modi-
olar nerve fibers without fluorescence. Fibers labeled with GFP
displayed a range of SRs from 0.48 to 19.74 spikes/s with a mean
value of 8.59 + 6.31 spikes/s (Fig.7 D and £ green dots,
n = 9). Mean SRs of GFP-labeled fibers in Ca/b2-CreERT2 mice
were not statistically different from either unlabeled modiolar “No
Fluo” fibers (7.62 + 9.45 spikes/s, n = 12, P> 0.99, Kruskal-Wallis
test) and unlabeled pillar No Fluo fibers (21.91 + 16.36 spikes/s, n
=12, P =0.29, Kruskal-Wallis test).

We conclude that Calb2-CreERT2 labels a population of type
IA/IB SGNs with a broad range of SRs that tend to innervate the
basal aspect of [HCs toward the pillar side. Notably, Ca/b2-CreERT2
failed to label fibers with the highest SRs, indicating that
Calb2-CreERT2 may not label all type IA SGNs equally.

Next, we analyzed SRs of tdTomato" and td Tomato™ SGN fibers
in Lypd1-CreERT2:Ai14 mice. As expected, imaging of the excised
live tissue from 4-wk-old Lypd1-CreERT2;Ai14 mice showed that
nearly all td Tomato-labeled fibers contacted the basal aspect of THCs
toward the modiolar side (Fig. 7B). When considering all nerve fibers
irrespective of td Tomato expression, we observed that type I SGNs
had a large range of SRs (Fig. 7G). We noted a similar modiolar to
pillar gradient in SRs as for Ca/b2-CreERT2 mice, indicating that SR
is not influenced by the CreERT2 transgene in the two mouse lines
under study (Fig. 7 Fand G). Fibers labeled with tdTomato had low
SRs with a mean value of 0.47 + 0.73 spikes/s (Fig. 7E; magenta dots;
n = 8) and had significantly slower SRs compared to the unlabeled
No Fluo pillar fibers (21.49 + 15.45 spikes/s, n = 12, P < 0.001,
Kruskal-Wallis test) but were not significantly different from the
unlabeled No Fluo modiolar fibers (6.91 + 8.89 spikes/s, n = 10,
P = 0.30, Kruskal-Wallis test). We conclude that Lypd1-CreERT2
labels a population of type IC SGNs with low SRs that tend to
innervate the basal pole of IHCs toward the modiolar side.

Discussion

‘The auditory system has an extraordinary signaling capability rep-
resenting sounds over a wide range of frequencies and intensities
by mechanisms that are not fully understood. Frequency discrimi-
nation is achieved at least in part by using the information provided
by the tonotopic organization of the auditory system. Intensity
coding depends on nonlinear amplification of sound signals by
OHC:s that is modulated by efferent feedback (44). Differences in
the properties of auditory afferent neurons are also thought to play
crucial roles in the encoding of sound features. However, the extent
to which genetically hardwired and activity-dependent mechanisms
contribute to the functional diversification of type I SGNs still
needs to be explored. To begin addressing these questions, we have
taken advantage of our previously described scRNAseq data to gen-
erate genetic tools that allow us to access molecular subclasses of
type I SGNis to define their developmental trajectories, circuit dia-
grams, electrophysiological properties, and functions.

Using mouse lines expressing CreERT2 from endogenous genetic
loci, we provide here further evidence that type I SGNs are a diverse
group of neurons and that their diversity can be captured at least in
part by differences in their gene expression program. Our data also
show that molecularly defined type I SGN subtype and physiological
subtype correspond at first approximation to each other. Accordingly,
mouse lines expressing Calb2-CreERT2 and LypdI-CreERT2 are
expressed in different sets of SGNs with minimal coexpression in a
small subset of neurons. Calb2-CreERT2 labels type IA/B SGNs
with a wider range of SRs compared to Lypd1-CreERT2-labeled type
IC SGNs with low SRs. Calb2-CreERT2-labeled neurons innervate

pnas.org



A

P31 - Calb2°ER™ injected

Pillar
IHCs

Modiolar No Fluo

b ———

SR: 0.7 spikes/s

C Pillar No Fluo
\ i ‘

SR: 30.6 spikes/s

CALB2 positive SR: 10.5 spikes/s

st

D E

LYPD1 positive

4 week-old Calb2crER™
n.s.

P32 - Lypd 1°eERT2; Aj14

trz.'w J
8 ) ’ i
AY ,
',M 4 \"\"  Modiolar
» \
\

\

\
A
\

4 week-old Lypd1°rERT2; Aj14
*kk

Fig.7. Recording of spontaneous firing rates from SGN
bouton endings in CALB2-CreERT2 and Lypd1-CreERT2
and mice. (A and B) Confocal z-stack reconstructions
captured from live tissue of acutely excised apical turns
of the organ of Corti at ~4 wk of age. Left, two side views
at different angles showing OHCs and IHCs (gray). IHCs
are contacted by fluorescing fibers, preferentially (A) on
the pillar side in Calb2-CreERT2 mice that were injected
with AAV9-hSyn-DIO-EGFP at P2 (green) and (B) on the
modiolar side in Lypd7-CreERT2;Ai14 mice (magenta),
followed by tamoxifen injection at P21. A few labeled
nerve fibers in Calb2-CreERT2 mice can be observed
contacting IHCs on the modiolar side (white arrows).
Right, two-dimensional confocal snapshots of DIC view
(Top), 488 nm (green) or 568 nm (magenta) fluorescence
(Middle), and DIC and fluorescence overlayed (Bottom).
The overlay shows a fluorescent bouton ending
(asterisk) slightly invaginated into a pipette tip (arrow
head) for loose-patch recording, thereby confirming
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IHCs preferentially but not exclusively on the pillar side, while
almost all LypdI-CreERT2-labeled neurons innervate IHCs on the
modiolar side. This is consistent with previous studies in cats, which
have shown that high SR fibers tend to innervate IHCs on the pillar
side and low SR fibers on the modiolar side, respectively (13).
Notably, Calb2-CreERT2 does not label nerve fibers with the highest
SRs. This could indicate additional genetic variability in the pool of
type IA SGNis or reveal a limitation in our Cre tool that might only
reveal a subset of type IA SGNs or does not label all fine processes
well enough to visualize them in live tissue for recordings. Alter-
natively, it could indicate a bias in the selection of fibers captured
for recordings.

Calb2-CreERT2 and Lypd1-CreERT2 label already at P1 non-

overlapping sets of neurons, which is consistent with recent data

PNAS 2023 Vol.120 No.31 2217033120
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recordings were performed from 34 animals, 17 animals
per mouse line. The number above each bar represents
the number of recorded fibers.
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from scRNAseq studies that have provided evidence that type IA
(high CALB2, low CALBI, and no LYPDI1) and type IC (high
LYPDI, low CALB2, and low CALB1) neurons belong to distinct
developmental lineages that are established at birth (35, 43). In
addition, both Calb2-CreERT2 and Lypd1-CreERT2 are expressed
at birth in type IB SGNs (high CALBI, low CALB2, and no
LYPD1), but their expression is subsequently refined. At P21,
Calb2-CreERT?2 labels a smaller population of type IB SGNs com-
pared to P1, while Lypd1-CreERT2 no longer labels type IB SGNis
by P21. The CreERT2 mice thus recapitulate the postnatal refine-
ment in the gene expression pattern of type I SGNs previously
observed by scRNAseq studies and immunohistochemistry (33,
34). The findings also suggest that lineage relationships between
type IB neurons with type IA and type IC neurons may not be

https://doi.org/10.1073/pnas.2217033120 9 of 11
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fully resolved at birth. Alternatively, it might be difficult to deci-
pher the full complement of lineage relationships with our genetic
marking studies that rely on single transgenes.

Our data provide insights into the timeline when type I SGN
subtypes refine their innervation specificity onto IHCs. Previous
studies had already provided evidence that type I SGNs form initially
exuberant projections that are subsequently refined to achieve mon-
osynaptic innervation of IHCs (45, 46). Here, we could trace the
developmental progression of the SGN projections labeled by the
expression of Calb2-CreERT2 and Lypd1-CreERT2 in the postnatal
phase when the expression of these markers has been refined to sub-
sets of SGN's with distinct innervation patterns onto IHCs. Both
neuronal subtypes show by P7 preferences in their innervation spec-
ificity such that Ca/b2-CreERT2 projections are rarely found on the
modiolar side of IHCs, and LypdI-CreERT2 projections rarely on
the pillar side of IHCs. However, the vast majority of labeled neurons
in both mouse lines still form several branches that are consolidated
to monosynaptic innervation by P28. It is remarkable that the time
window for the refinement of nerve projections coincides with the
time window when these neurons also refine their gene expression
program to form mature type IA, IB, and IC neurons. Further studies
are necessary to establish whether there is a causal link between
molecular and synaptic refinement.

Previous studies in several species have demonstrated that type |
SGNis have a wide range of SRs and that neurons with higher SRs
have a lower threshold for activation compared to neurons with
lower SRs (3, 31, 47-49). All studies have consistently identified a
population of type I SGNs with very low SRs. Our findings now
suggest that a subset of neurons in this population constitutes a
distinct genetically defined cell population that can be captured by
the expression of Lypd1-CreERT2. The properties of the remaining
type I SGNs are more complex. In some species such as cats, SR
distributions are bimodal, with a tail, that have been grouped as
low, medium, and high SRs (7—12). In other species, a bimodal
distribution is less obvious, and neurons seem to have a broad range
of SRs along a continuum (19, 28-31). The pool of type I SGNs
that are labeled by Calb2-CreERT2 have a broader range of SRs
indicative of more diverse features and suggest that a strict stratifi-
cation of all SGNs into three molecular subclasses is not obvious,
at least not with the CreERT2 tools used here.

How this diversity is established within this pool of neurons is
currently unclear. It has to be noted that besides intrinsic genetic
differences in SGNG, diversity in other pre- and postsynaptic
mechanisms including calcium channel activation, ribbon size and
the specifics of the glutamate receptor field, and postsynaptic mod-
ulation by lateral efferent fibers also likely contribute to shaping
the afferent physiological responses (15, 17, 20-27, 50-52). For
example, a basic SR may be set by the number and properties of
calcium channels presynaptically and could be further modulated
postsynaptically. It is not clear, but a possibility, that the interac-
tion between the hair cell presynapse and the SGN endings con-
tributes to setting presynaptic properties; therefore, hypothetically,
SGN diversity could also contribute to diverse presynaptic prop-
erties. Notably, olivocochlear efferent projections could play a role
as they arrive in the IHC region shortly after birth (53) prior to
the establishment of the SRs of cochlear afferents that occurs
between P7 and P20 (54). In addition, efferent bundles have been
observed close to the basal pole of IHCs (55), and the distance
from the developing efferent innervation might be related to the
size of AMPAR patches. Regardless of the mechanism, the variable
response properties of SGNs are an important feature to allow for
graded responses of these neurons to gradually increasing sound

levels thus providing greater signaling capability (49, 56).

https://doi.org/10.1073/pnas.2217033120

The availability of genetic tools as described here will allow one
to test the functional contribution of molecularly and physiologically
distinct SGN subgroups, for example, by analyzing response prop-
erties of neurons following their labeling with Cre-dependent genet-
ically encoded fluorescence sensors that indicate neuronal activity in
response to sound stimulation. In addition, it will be important to
test the extent to which the expression of specific genes, for example,
the expression levels of voltage-gated ion channels that are differen-
tially expressed between type IA, IB, and IC SGNs (32-35) vary
systematically with SRs. Since type I SGN subtypes show differential
sensitivity to noise and aging (57), the genetic tools that we describe
here will also be useful to further probe the mechanisms by which

these neurons are affected in pathophysiological conditions and dur-

ing aging.

Materials and Methods
Methods details are described in S/ Appendix.

Mouse Lines. Calb2-CreERT2 mice were obtained from JAX[B6(Cg) Calb2tm2. 1(cre/
ERT2)Zjh/J, Stock No: 013730]. These mice have a CreERT2 knock-in allele at the
Calb2locus. Lypd1-CreERT2 mice were generated by CRISPR/Cas9 genomic editing
to insert a 2TA cleavage peptide followed by CreERT2 in front of the endogenous
Lypd1 stop codon. For experiments, only mice heterozygous for CreERT2 were used.

Labeling of Nerve Fibers Using Ai9/Ai14 Reporter Mice and AAV Vectors.
Tamoxifen induction in Calb2-CreERT2;4i9/Ai14 and Lypd1-CreERT2;Ai9/Ai14
mice was performed by single intraperitoneal injection of tamoxifen (Sigma,
T5648-1G) (0.1 mg per 1 g body weight). Alternatively, two doses of 4-hydroxy-
tamoxifen (Sigma, H6278-50MG) (0.05 mg per 1 g body weight) were used. To
achieve sparse labeling, animals were injected with lower doses of tamoxifen
(50 pg/animal).

To produce very sparse labeling, we combined injection of Cre-dependent
reporter viruses (pAAV.synP.DIO.EGFPWPRE.hGH (AAV9-Addgene 100043
Lot: v25058, Titer: 4.3*10" GC/mL) with tamoxifen induction as detailed in
Sl Appendix.

Immunofluorescence. For immunohistochemistry, cochleas were dissected
from perfused mice, decalcified, stained with antibodies, and analyzed by flu-
orescence immunohistochemistry as described in SI Appendix.

Imaging and Image Analysis. Sections were imaged using a Zeiss 800 Confocal
Laser Microscope. Images were processed using Imaris (version 9.6-9.7.1).

Loose-Patch Recordings in Acutely Excised Cochlear Coils. Loose-patch
recordings from SGN bouton endings were performed to monitor SRs (19) as
described in detail in S/ Appendix. To achieve sparse labeling of SGN projec-
tions in Calb2-CreERT2 and Lypd1-CreERT2 mice, we injected them with low
doses of tamoxifen (50 pg/animal) at P21 as described above. Recordings
were performed at P28. Recordings were sampled between 20 and 50 kHz
and low pass filtered at 10 kHz. Spike detection was performed in MiniAnalysis
software (Synaptosoft; RRID:SCR_014441) and double-checked by eye. The
SGN bouton endings chosen for recording were judged to be contacting the
IHC on the pillar or the modiolar side before forming a loose-patch seal as
described in S/ Appendix.

The Shapiro-Wilk test was used to determine that SRs from electrophysiological
recordings were not normally distributed. Therefore, the SRs between groups were
compared using a Kruskal-Wallis test followed by a Dunn’s multiple comparison.
Results are reported as mean = SD. Statistical tests are named in Results or Figure
Legends with the statistical significance (P) and the number of cells (n). In the figures,
the whiskers represent the minimum and maximum values, and Pis defined as n.s.
(not significant) P > 0.05; *P < 0.05; **P < 0.01; and ***P < 0.001. Graphs of
results were made in Prism 9 for MacOS and windows (version 9.1.2).

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix. Mouse lines will be made available following
processing of simple MTA forms.
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