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LAY ABSTRACT

To precisely locate a sound in space, the brain compares intensity and timing
differences in sound between both ears. Interconnected structures in the brainstem
perform this task, and the connections between these structures must be precise to
accurately attend to sound. The process of developing this precision is called
refinement, and it occurs early in the development of the brain after birth. To
understand refinement and how to fix it when it goes awry, we need to understand the
mechanisms available to the brain during this period. In this study, | looked at the
development of NMDA receptors, which are implicated in refinement. | found that the
number and composition of NMDA receptors in these structures change throughout
refinement, suggesting that there are different types of NMDA receptors involved during
refinement.



ABSTRACT

For optimal function, neural circuits require precise connectivity. Neural circuits
achieve this precision through developmental refinement that typically takes place in
early postnatal life. N-methyl-D-aspartate receptors (NMDARs) are known mediators of
developmental refinement in many glutamatergic circuits and are hypothesized to
mediate refinement in glutamate-releasing immature inhibitory circuits of the superior
olivary complex (SOC). Physiological studies in the SOC have shown that NMDAR activity
is high at birth, occurs primarily through NMDARs that contain the GIuN2B subunit, and
decreases rapidly over the first two postnatal weeks. These studies did not distinguish
whether the decrease in GluN2B-mediated NMDAR activity could be due to a subunit
substitution or an overall reduction in NMDAR expression. Using fluorescent in
situ hybridization and immunohistochemistry, | assessed the expression of NMDAR
subunits during early postnatal development in the rat SOC’s primary and periolivary
nuclei: the lateral superior olive, the medial superior olive, the medial nucleus of the
trapezoid body, the ventral nucleus of the trapezoid body, the lateral nucleus of the
trapezoid body, and the superior periolivary nucleus. | found that all NMDAR subunit
transcripts decreased between postnatal days 0 and 28 in all nuclei. All subunits in the
GluN2 subunit family — GIuN2A, GIuN2B, GIuN2C, and GIuN2D — showed varying
expression patterns, which are consistent with a subunit substitution. These results
suggest the involvement of different NMDAR subtypes during circuit refinement in
glutamate-releasing immature inhibitory circuits and a decline in NMDARs when the
circuit reaches its mature state. The developmental profile of NMDARs might suggest
the events taking place during refinement.
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Introduction

For optimal function, neural circuits require precise connectivity (Goodman and
Shatz 1993). Neural circuits achieve this precision through developmental refinement
that typically occurs in early postnatal life. In general, immature neuronal circuits start
with excess synaptic connections, and these connections get refined via reorganization
and adjustment of synaptic strength (Goodman and Shatz 1993). Our understanding of
the rules and cellular mechanisms underlying inhibitory circuit refinement contains
many gaps (for review, see Katz and Shatz 1996 and Gamlin et al. 2018). Considering
that the optimal function of the nervous system rests on a balance of excitatory and
inhibitory activity and the shaping of neuronal responses through inhibitory inputs,
understanding inhibitory circuit refinement is crucial (Wehr and Zador 2003; Wilent and
Contreras 2005).

The auditory brainstem contains tonotopically organized inhibitory circuitry,
permitting experimental analysis of developing precise inhibitory connections (Kapfer et
al. 2002). Specifically, inhibitory projections from the medial nucleus of the trapezoid
body (MNTB) to the lateral superior olive (LSO), in the auditory brainstem, provide a
model system for characterizing the events of inhibitory circuit refinement (Sanes and
Friauf 2000). The LSO integrates excitatory inputs from the ipsilateral cochlear nucleus
and inhibitory inputs from the ipsilateral MNTB, driven by the contralateral cochlear
nucleus, to compute interaural level differences for azimuthal sound localization of high-
from the same source, both the excitation from excitatory inputs and inhibition from
inhibitory inputs must arrive in a precise temporal and tonotopic register at the LSO. As
in excitatory circuits, the developing MNTB-LSO pathway undergoes structural and
functional refinement via synapse elimination and strengthening (Sanes and Siverls
1991; Rietzel and Friauf 1998; Kim and Kandler 2003). During this period of synaptic
refinement, when GABA and glycine are depolarizing (Ehrlich et al. 1999; Kim and
Kandler 2003), the release of glutamate from the MNTB activates postsynaptic N-methyl
D-aspartate receptors (NMDARs) on the dendrites of LSO principal neurons, suggesting
that this inhibitory circuit may use NMDAR-mediated mechanisms in its refinement
(Gillespie et al. 2005).

NMDARs exist as heterotetramers consisting of two obligatory GluN1 subunits
and two GIluN2A-D and/or GIuN3A-B subunits (Monyer et al. 1992). Different NMDAR
subtypes confer specific kinetic, pharmacological, and signaling properties to a circuit
and may have differential effects on plasticity (Monyer et al. 1992; Liu et al. 2004).
Glutamate-releasing immature inhibitory pathways may use NMDAR-mediated
mechanisms during refinement, but the role of these receptors in inhibitory circuit
refinement remains unclear.

The subunit composition of NMDARs is plastic. As early postnatal development
progresses, NMDARs in the LSO show decreased sensitivity to a GluN2B-specific
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antagonist, a reduction in charge transfer, and the AMPAR:NMDAR-mediated current
ratio in the LSO increases (Case and Gillespie 2011). It is not clear to what extent that
these changes are due to a reduction in GluN2B-containing NMDARs or a reduction in
NMDARs in general. The developmental profile of NMDAR subtypes in the MNTB-LSO
pathway can inform us of the rules and mechanisms involved during inhibitory circuit
refinement.

Inhibitory Circuit Refinement in the Superior Olivary Complex

The superior olivary complex (SOC) exemplifies the importance of balanced
inhibitory and excitatory activity. It consists of nuclei in the vertebrate auditory
brainstem that are linchpins in binaural processing for sound localization. For precise
binaural processing to occur, these nuclei must be tuned through refinement. The
position, shape, and location of the nuclei differ between species, and the following
descriptions of these features describe the rat SOC, unless otherwise stated (Figure 1).
The nuclei of the SOC can receive input from both the ipsilateral and contralateral
cochlear nuclei, from descending projections of the inferior colliculus (IC), and other SOC
nuclei (Illing et al. 2000). The lateral lemniscus and IC receive projections from nuclei of
the SOC (Schwartz 1992). The MNTB, LSO, and medial superior olive (MSO) form the
three primary nuclei of the SOC for binaural sound processing for azimuthal sound
localization (Irving and Harrison 1967). Surrounding the primary nuclei of the SOC are
several periolivary nuclei, including the ventral nucleus of the trapezoid body (VNTB),
the lateral nucleus of the trapezoid body (LNTB), and the superior periolivary nucleus
(SPN).

Figure 1. Schematic diagram of a coronal section through the mature rat superior olivary
complex (SOC) with indicated inputs to and within SOC nuclei. Green lines indicate
depolarizing inputs. Magenta lines indicate hyperpolarizing inputs. Dashed lines indicate
input from the contralateral ventral cochlear nucleus. D: dorsal; L: lateral; AVCN:
anteroventral cochlear nucleus; LSO: lateral superior olive; LNTB: lateral nucleus of the
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trapezoid body; MSO: medial superior olive; SPN: superior periolivary nucleus; VNTB:
ventral nucleus of the trapezoid body; MNTB: medial nucleus of the trapezoid body.

MNTB

The MNTB is the medial-most nucleus of the SOC, located in the trapezoid body.
There are three neuron types in the MNTB: principal neurons, multipolar neurons, and
elongate neurons (Schwartz 1992). The MNTB receives tonotopically organized
depolarizing input from globular bushy cells of the contralateral anteroventral cochlear
nucleus (AVCN) onto its principal neurons, forming characteristically large synapses
called “Calyces of Held” (Morest 1968). The tonotopic organization of the MNTB along
the mediolateral axis follows a high-to-low frequency mapping (Sommer et al. 1993).
Mature MNTB principal cells provide hyperpolarizing, glycinergic input to the ipsilateral
LSO and the ipsilateral MSO. The MNTB is commonly referred to as a sign-inverting
nucleus because of this shift from depolarizing input to hyperpolarizing output. Other
projection targets include various periolivary nuclei and the lateral lemniscus (Sommer
et al. 1993).

LSO

The LSO is the lateral-most nucleus of the SOC. In rats, the LSO has a
characteristic S-shape and contains seven types of neurons: bipolar neurons, multipolar
neurons, small multipolar cells, banana-like cells, bushy cells, unipolar cells, and
marginal cells (Rietzel and Friauf 1998). The bipolar neurons are thought to compute
interaural level differences (ILD) for azimuthal sound localization of high-frequency
sounds. As studied in the cat SOC, bipolar neurons receive tonotopically organized
depolarizing input from spherical bushy cells of the ipsilateral AVCN and hyperpolarizing
input from principal cells of the ipsilateral MNTB (Cant and Casseday 1986). In cats,
chinchillas, and gerbils, the lateral limb of the LSO has been shown to correspond to low-
frequency sounds, and the medial limb of the LSO has been shown to correspond to
high-frequency sounds (Tsuchitani 1977; Caspary and Faingold 1989; Sanes et al. 1990).
In cats, the medial, or high-frequency, limb mainly projects to the contralateral inferior
central colliculus (ICC), and the lateral, or low-frequency, limb mainly projects to the
ipsilateral IC (Glendenning et al. 1992).

MSO

The MSO is between the MNTB and LSO. MSO neurons have bipolar morphology,
and their cell bodies align in a dorsoventral column, with their dendrites extending
mediolaterally (Stotler 1953). MSO neurons compute interaural time differences (ITD)
for azimuthal sound localization of low-frequency sounds. Along the dorsoventral axis,
MSO neurons receive tonotopically organized depolarizing input from the spherical
bushy cells of the ipsilateral and contralateral AVCN (Cant and Casseday 1986; Yin and
Chan 1990). Higher frequencies map onto the ventral end, and lower frequencies map
onto the dorsal end (Guinan et al. 1972; Miiller 1990). The MSO also receives
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hyperpolarizing, glycinergic input from the LNTB and MNTB (Kiss and Majorossy 1983;
Cant and Hyson 1992; Kuwabara and Zook 1992). The MSO provides glutamatergic input
to the ipsilateral and contralateral IC (Glendenning et al. 1992).

VNTB

The VNTB is ventromedial to the MSO and lateral to the MNTB. It contains
topographically organized cell types, including medial olivocochlear system neurons and
glycinergic neurons (Warr and Beck 1996). Projections from the ipsilateral inferior
central colliculus innervate the ventral half of the VNTB (Vetter et al. 1993). It also
receives input from the ipsilateral and contralateral VCN and the ipsilateral MNTB
(Kuwabara and Zook 1992). Neurons in the medial olivocochlear system of the VNTB
send projections to the ipsilateral and contralateral cochlear outer hair cells (Warr and
Beck 1996). Additional projection sites include the molecular layer of the contralateral
dorsal cochlear nucleus, the ipsilateral MNTB, the ipsilateral and contralateral LSO, and
the ipsilateral IC (Warr and Beck 1996; Albrecht et al. 2014).

LNTB

The LNTB is ventral to the primary nuclei, in the trapezoid body. It contains round
neurons, stellate cells, and fusiform cells (Weinrich et al. 2018). It receives depolarizing
input from globular bushy cells of the ipsilateral cochlear nucleus and spherical bushy
cells of the contralateral cochlear nucleus (Smith et al. 1993). The LNTB provides
glycinergic input to the ipsilateral MSO, the ipsilateral cochlear nucleus, and the IC
(Nordeen et al. 1983; Spangler et al. 1987).

SPN

The SPN is dorsal to the MNTB. It contains tonotopically organized GABAergic
neurons that receive depolarizing input from the contralateral ventral cochlear nucleus
and hyperpolarizing input from the ipsilateral MNTB (Banks and Smith 1992; Sommer et
al. 1993). The mediolateral axis maps onto high-to-low frequency sounds (Willard and
Ryugo). SPN neurons send topographically organized projections to the ipsilateral ICC
through the lateral lemniscus, where the medial SPN neurons project to the
ventromedial ICC and the lateral SPN neurons project to the dorsolateral ICC (Saldafia
and Merchan 1992).

Glutamate’s Role in the Refinement of the MNTB to LSO pathway

Before hearing onset, corresponding to postnatal day 12 in rats, during the first
postnatal week, the spontaneous activity generated from the immature cochlea drives
functional refinement and establishes the tonotopic organization of inputs to the LSO
(Tritsch et al. 2010; Clause et al. 2014). During this period, GABA and glycine release
from the MNTB onto the LSO is depolarizing (Ehrlich et al. 1999). Notably, in addition to
GABA and glycine release, the MNTB also releases glutamate onto the LSO (Gillespie et
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al. 2005). By genetically deleting VGLUT3 (vesicular glutamate transporter 3), which is
expressed at a number of non-glutamatergic synapses, researchers have shown that the
release of glutamate is crucial for refinement (Noh et al. 2010; Case et al. 2014).
Glutamate released in the immature MNTB to LSO pathway activates NMDA receptors
(Gillespie et al. 2005). The presence of both depolarizing GABA and glycine and
glutamate during a period of refinement suggests that the release of all three
neurotransmitters and NMDAR activity may be required for refinement (Case et al.
2011; Case et al. 2014).

NMDARs

Explanations of how neural circuits develop seldom occur without the mention of
NMDARs. These receptors are ionotropic glutamate receptors that are permeable to
Ca?* and Na*. They are typically found on the postsynaptic membrane, but they can be
found presynaptically as well (Banerjee et al. 2016). NMDARs differ from other
ionotropic glutamate receptors (i.e., alpha-amino-3-hydroxy-5-methyl-
isoxazolepropionic acid receptors (AMPARs) and kainate receptors) because of several
defining properties, including 1) sensitivity to membrane potential, as they are blocked
by Mg?* at resting membrane potential, 2) slow kinetics due to the slow unbinding of
glutamate, and 3) co-agonist (glycine or D-serine) binding for activation (Paoletti et al.
2013).

NMDAR Structure

NMDARs are heterotetramers (Mayer 2006). The C-terminal domain (CTD) is located
intracellularly and is responsible for receptor trafficking and associating the receptor
with signaling cascades. The extracellular region of the receptor contains the N-terminal
domain (NTD) and the agonist-binding domain (ABD). The NTD is involved in assembling
subunits and allosteric regulation of the receptor. There are three transmembrane
segments (M1, 3, and 4) and a pore loop (M2). The pore of the NMDAR is blocked by
Mg?* at resting membrane potential and can be blocked by different pharmacological
antagonists: MK-802, memantine, and ketamine.

The three NMDAR subunit families are based on sequence homology: GIuN1, GIuN2,
and GluN3. Conventional NMDARs contain subunits from the GluN1 and GluN2 families.
Each subunit in a subunit family is encoded by a separate gene. Different isoforms of a
subunit are produced via alternative splicing. Each NMDAR contains two obligatory
GIuN1 subunits and 2 GIuN2 and/or GIuN3 subunits. The subunit and splice variant
composition of an NMDAR determines the receptor’s kinetic, pharmacological, and
gating properties (Paoletti et al. 2013).

GluN1 family
The GIluN1 subunit has eight possible isoforms: GluN1-1a-4a and GIuN1-1b-4b
(Hollmann 1999). The expression of each isoform is heterogeneous across the nervous
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system, and a single NMDA receptor can have two different GIuN1 isoforms. The GluN1
isoform of the NMDAR influences the receptor’s ability to be inhibited by protons and
Zn?*, and to be potentiated by polyamines (Cull-Candy and Leszkiewicz 2004). The
GluN1-a isoforms have variable C-terminal domain lengths, which result in variable
receptor trafficking properties among isoforms (Paoletti et al. 2013). These isoforms also
have slower decay constants than their GIuN1-b counterparts. The GluN1-b isoforms
have an N1 cassette, which alters the receptor’s gating and pharmacological properties.
The ABD of the GIuN1 subunit binds glycine or D-serine.

GIluN2 family

The GluN2 family contains 4 subunits: GIuN2-A, -B, -C, and -D. The ABD of the
GIluN2 subunit binds glutamate. Depending on the type of GIuN2 subunit it contains, an
NMDAR can have variations in its kinetic, pharmacological, and gating properties: 1)
speed of decay (i.e., decay constant), 2) the magnitude of current decay, 3) sensitivity to
Zn?* and Mg?*, 4) permeability to Ca?*, 5) agonist, co-agonist, and antagonist sensitivity,
and 6) channel open probability. The characteristic properties conferred by each GIuN2
subunit result in NMDAR subtypes having characteristic responses to presynaptic
activity.

GluN2A-containing receptors have the fastest decay constant. GIuN2D-
containing receptors have the slowest decay constant. GIuN2B- and GluN2C-containing
receptors have similar decay constants (Cathala et al. 2000). In comparison to GIuN2-C-
or -D-containing NMDARs, GluN2-A- or -B-containing NMDARs have higher
conductances, higher Ca%* permeability, and higher Mg?* sensitivity (Momiyama et al.
1996). GluN2A-containing receptors have a higher open probability than GIluN2-B-, -C-,
or -D-containing receptors, with GIuN2-C- or -D-containing receptors showing the lowest
open probability.

The different GIuN2 subunits vary in their sensitivity to co-agonists and
antagonists. Zn?* acts as a stronger antagonist of GIuN2A-containing NMDARs (Paoletti
et al. 1997). Ifenprodil and Ro 25-6981 selectively inhibit GluN2B-containing NMDARs
(Williams 1993). Protons preferentially inhibit GIuN2B- or GIuN2D-containing receptors
(Paoletti et al. 2013). Extracellular polyamines enhance GluN2B-containing receptors.
Specific pharmacological antagonists to GIuN2A-, C-, or D-containing NMDARs do not
show high specificity and have not been studied as extensively (Cull-Candy and
Leszkiewicz 2004; Paoletti and Neyton 2007).

GluN3 family

The GIuN3 family of subunits contains two types: GIuN3-A and -B. These subunits
are typically in triheterotetrameric NMDARs with GIuUN2 subunits, where the NMDAR
displays decreased Ca2+ permeability and decreased conductance (Perez-Otano et al.
2001). GluN3-containing NMDARs show a decreased degree of Mg?* blockade and are
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not sensitive to glutamate (Chatterton et al. 2002). The agonist binding domain of these
subunits binds glycine or D-serine.

NMDAR function and its relevance to inhibitory circuits

Once activated through membrane depolarization, agonist binding, and co-agonist
binding, NMDARs can affect synaptic transmission and synapse strength. NMDARs shape
current decay in the depolarizing response of the postsynaptic neuron to pre-synaptic
activity due to the receptor’s slow kinetics resulting from slow glutamate unbinding.
Therefore, NMDARs affect the influx of cations into the postsynaptic cell (Forsythe and
Westbrook 1988). Accordingly, GABAergic interneurons with fast decay times, like fast-
spiking interneurons, tend to have a low AMPAR:NMDAR-mediated current ratio
(Angulo et al. 1999).

In addition to altering membrane kinetics, NMDARs trigger a host of intracellular
signalling pathways upon activation, through Ca?*-mediated pathways. One of these
pathways is the nitric oxide synthase pathway. An increase in intracellular Ca?* results in
the production of nitric oxide (Garthwaite et al. 1988; Bredt and Snyder 1989;
Christopherson et al. 1999). NMDARs and the machinery to produce nitric oxide are
physically linked: the GIuN2B subunit of GluN2B-containing NMDARs and neural nitric
oxide synthase form a complex via postsynaptic density protein 95 to link the complex to
the plasma membrane (Christopherson et al. 1999). Interestingly, proper refinement of
the retinotectal projection depends on NMDAR activity and blocking NMDAR activity in
the chick embryo tectum results in decreased nitric oxide synthase activity (Ernst et al.
1999). Blocking nitric oxide synthesis produced the same deficit. As a result, the
ipsilateral retinotectal projection, which is eliminated during normal refinement, fails to
be eliminated. This suggests that synapse elimination during the development of this
pathway is mediated by NMDAR activity that results in downstream production of nitric
oxide. Nitric oxide can activate presynaptic guanylate cyclase, which results in increased
cGMP levels, ultimately increasing GABA release (Castillo et al. 2011). NMDAR activity is
also necessary for GABAergic neuron development. For example, perturbing Ca?* influx
through NMDARs by genetically mutating the ion channel pore in immature GABAergic
hippocampal neurons reduces mIPSC frequency (Gu et al. 2016).

An influx of extracellular Ca?* through NMDARSs can trigger short-term (e.g.,
milliseconds to minutes) and long-term changes (e.g., hours to days) in the synapse’s
strength (Bliss and Collingridge 1993), which can ultimately affect how a circuit
synaptic strength is referred to as long-term potentiation (LTP), and a long-term
decrease in synaptic strength is referred to as long-term depression (LTD). Conversely, a
short-term increase in synaptic strength is referred to as short-term potentiation (STP),
and a short-term decrease in synaptic strength is referred to as short-term depression
(STD). Factors such as the magnitude and duration of presynaptic activity contribute to
which form of plasticity gets induced (Malenka and Nicoll 1993).
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NMDARs can be located at synapses and in extrasynaptic regions. Factors like the
location of the receptor on the postsynaptic membrane with respect to the presynaptic
terminal can also change the postsynaptic neuron’s response to extrasynaptic glutamate
release (i.e., spillover) (Kullmann and Asztely 1998). Extrasynaptic NMDARs modulate
the intrinsic excitability of GABAergic neurons in the prefrontal cortex slices of adult
mice (Yao et al. 2022). When NMDARs are blocked, intrinsic excitability of these neurons
was reduced, and when NMDARs are activated, intrinsic excitability was enhanced. This
modulatory capacity was specific to extrasynaptic GIuN2C- and GluN2D-containing
NMDARs. In the auditory brainstem, glutamate released from immature AVCN and the
immature MNTB can activate the LSO from either pathway (Alamilla and Gillespie 2011).
This spillover of glutamate from either immature pathway activates the same population
of NMDARs, which happen to be GIluN2B-containing NMDARs. The presence of different
NMDAR subtypes during development could reflect how they contribute to the needs of
the circuit at different stages of development. For example, GIuN2B- or GIluN2C-
containing NMDARs allow for more charge transfer than GIuN2A-containing subunits,
which can influence synaptic integration and plasticity (Monyer et al. 1992; Liu et al.
2004).

Changes in NMDAR subunit composition in circuit refinement

NMDARs change subunit composition throughout development, in addition to other
timescales. These changes in subunit composition can affect how a circuit integrates
neuronal signals during refinement. The differing degrees of conductances, degrees of
Mg?* blockade, and permeabilities conferred by GIuN2 subunits affect the contribution
of an NMDAR to synaptic integration and plasticity.

Several general trends in the GIuN2 and GluN3 subunit family have been observed in
the CNS (Monyer et al. 1994). GIuN2D is the primary subunit in the embryonic brain and
declines in the adult brain. From the embryonic stage to the first postnatal week,
GIuN2B expression prevails. GIuN2C expression occurs after the first postnatal week.
During the first two postnatal weeks, GIUN2A expression increases and becomes widely
expressed in the adult CNS.

In activity-dependent refinement, many circuits strengthen inputs using LTP, a
process that usually contains NMDAR activity (Cramer and Sur 1995). At hippocampal
CA1 synapses, blocking GIuN2A-containing NMDARs can bias a synapse towards LTD,
and blocking GIuN2B-containing NMDARs can bias a synapse towards LTP (Liu et al.
2004). GluN2B-containing NMDARs mediate a large proportion of charge transfer during
LTD (Paoletti et al. 2013). Throughout the CNS, a subunit substitution from
predominantly GIuN2B-containing NMDARs to predominantly GIuN2A-containing
NMDARs is often a proxy for circuit maturation (Philpot et al. 2001).

NMDARs in the immature MNTB-to-LSO pathway
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Many classic glutamatergic circuits and glutamate-releasing immature inhibitory
circuits in the auditory brainstem are suspected to refine through the involvement of
NMDARs. For example, in immature classic glutamatergic circuits in the thalamus,
genetic deletion of NMDARs impairs pruning and strengthening (Zhang et al. 2013).
Because subunit composition affects the kinetics and pharmacology of NMDARs, the
subunit composition in a circuit can be identified experimentally using targeted
pharmacology for specific subunits and by measuring changes in stimulus-response at
different time points in development.

In the MNTB to LSO pathway, researchers have shown that when the NMDAR-
mediated response is pharmacologically isolated, there is an increase in charger transfer
from PO to P8, followed by a sharp decline at P9 (Case and Gillespie 2011). The decrease
in charge transfer suggests that there was a reduction in NMDAR activity. This was
further supported by an observed increase in the AMPAR: NMDAR-mediated excitatory
postsynaptic currents (EPSC) ratio at P9. During this same period, the LSO also shows a
reduction in ifenprodil sensitivity, a GIluN2B-specific antagonist, suggesting a potential
subunit substitution. Similar properties have been shown in the mouse MNTB, where
the contribution of NMDARs to evoked EPSCs decreases and the contribution of AMPARs
to evoked EPSCs increases around a similar timeline (Joshi and Wang 2002). The
researchers additionally measured EPSCs in the MNTB in the presence of ifenprodil, Zn%*,
or TPEN (to remove endogenous Zn?*). They found that ifenprodil had an increasing
effect over the first two postnatal weeks, suggesting an increase in GIuUN2B expression
early in development. Zn?* and TPEN had little to no effect on the measured EPSCs,
suggesting a subunit substitution from GIuN2B- to GIuN2A-containing NMDARs is
unlikely, as Zn?* acts as an antagonist of GIuN2A-containing NMDARs and the absence of
Zn?*and TPEN sensitivity suggests a lack of GIuN2A-containing NMDARs. Despite
observing an overall reduction in NMDAR activity, the extent to which this reduction is
due to a reduction in GIuN2B-containing NMDARs is unclear (Case et al. 2011).

Objective

To address this question anatomically, | measured the expression of GIuN1 and
GIluN2 subunits in the described nuclei of the rat SOC from birth to circuit maturation. In
comparison to cats, chinchillas, and gerbils, other organisms used in auditory brainstem
research, rats can hear at higher frequencies, indicating that they are better specialized
at using their LSO (Gould and Morgan 1941). Although rats have similar hearing at higher
frequencies to mice, rats are better models for refinement in the MNTB-LSO pathway
because the development of MNTB-LSO pathway in rats is five days, vs. four days in mice
(Kandler and Friauf 1995; Kim and Kandler 2003). Further, glutamate release in the
MNTB-LSO pathway during refinement is a well-established phenomenon in rat
(Gillespie et al. 2005). Therefore, the rat LSO provides a stronger model to study the
refinement of inhibitory inputs. The composition of NMDARs may indicate the rules and
cellular mechanisms available to the immature inhibitory circuit during refinement.
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Methods

Animals

All animal procedures were performed per the Canadian Council on Animal Care
Guidelines and were approved by the Animal Research Ethics Board of McMaster
University. | collected brains from three litters of Sprague-Dawley rats, born on-site. The
first litter used for in-situ hybridization was born to an untimed pregnant female shipped
from Charles River Laboratories, Inc. (Hartford, CT, USA). The second litter for in-
situ hybridization and the litter for immunohistochemistry were born to two different
females bred on-site. In total, two litters were used for in-situ hybridization and one
litter was used for immunohistochemistry.

Collection Timepoints

The following collection timepoints were used in each litter: postnatal day (P) O,
P4, P8, P12, P16, P20, P24, and P28, with one pup used at each timepoint. Rats were
randomly selected from each litter to remove bias toward either sex (complete sex
characterization for each litter is not available - see Discussion).

RNAscope Fluorescent In-Situ Hybridization

Tissue Preparation

Tissue sections were prepared according to the following instructions provided
by Advanced Cell Diagnostic for fixed frozen sample preparation for the RNAscope
Fluorescent Multiplex assay(Wang et al. 2012). Each rat was anesthetized with an
intraperitoneal injection of sodium pentobarbital (120 mg/kg of body weight). They
were then perfused transcardially with room-temperature RNAse-free 0.1M phosphate-
buffered saline (PBS) (1 mL/g of body weight) and then with ice-cold 4%
paraformaldehyde (PFA) in RNAse-free PBS (1 mL/g of body weight) (16% PFA - Alfa
Aesar). The brains were rapidly removed and were postfixed in 4% PFA in RNAse-free
PBS for 24 hours at 4°C. The brains were then cryoprotected in 10%, 20%, and then 30%
RNAse-free sucrose in RNAse-free PBS. After cryoprotection, the brainstems were
removed by making a coronal cut 2mm rostral to lambda. The brainstem was
equilibrated to Optimal Cutting Temperature (OCT) Compound (Tissue-Tek) for 2-5
minutes and then embedded in an OCT-filled aluminum mould. The brains were then
frozen in isopentane cooled to -80°C in a dry-ice-100% ethanol (EtOH) slurry. The frozen
brains were kept at -80°C in an airtight container until sectioning.

10
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Sectioning

After equilibrating the frozen brains to the cryostat chamber’s temperature (-
16°C) for 1 hour, 10-micron serial sections of the SOC were sectioned at the cryostat and
mounted onto SuperFrost Plus slides (Fisher Scientific). Two sections were mounted per
slide for the in-situ hybridization assay. Two unilateral SOCs were analyzed per target
protein and one unilateral SOC was analyzed per control protein. To annotate SOC nuclei
in DAPI-counterstained sections, flanking sections to be stained with NeuroTrace
640/660 were collected onto SuperFrost Plus Slides. To ensure the mounted sections
contained SOC nuclei, | collected flanking sections onto subbed gelatin-coated slides and
performed a fast Nissl stain. For the fast Nissl staining, | immersed the mounted sections
in 0.5% (weight/volume) cresyl violet acetate in ddH20 (Alfa Aesar) for 3-5 minutes at
room temperature (RT) and then in 95% EtOH at RT for 1-2 minutes. | could then
determine whether the enclosed sections contained the nuclei of the SOC in real-time by
imaging the stained sections on a widefield microscope at 10x air magnification. After
collecting the sections, the slides for fluorescent in-situ hybridization were air-dried at -
20°C and then stored at -80°C until the RNAscope Assay was performed. The slides for
the NeuroTrace 640/660 stain were stored at -20°C until they were stained.

RNAscope Fluorescent Multiplex Assay

For each litter, slides for ages PO-P12 were processed in one assay, and slides for
ages P16-P28 were processed in another assay due to space constraints in the
hybridization oven. The slides were washed in RT RNAse-free PBS for 5 minutes to
remove residual OCT Compound and then were baked at 60°C for 30 minutes to dry the
sections. They were then postfixed in freshly prepared 4% PFA in RNAse-free PBS (16%
PFA - Alfa Aesar) for 15 minutes at 4°C. The slides were then dehydrated at RT in
increasing concentrations of EtOH: 50% EtOH in dH20, 70% EtOH in dH20, and 100%
EtOH. To pre-treat the tissue sections for mRNA detection, the slides were submerged in
boiling (98-102°C) Target Retrieval solution for 5 minutes. Immediately after the target
retrieval step, the slides were washed twice in RT distilled water to remove the Target
Retrieval solution, followed by a rinse in RT 100% EtOH to dehydrate the sections. A
hydrophobic barrier (ImmEDGE Pen, Vector Laboratories) was drawn on each slide to
encircle both tissue sections. After the barrier was set, Protease Ill solution was applied
to completely cover each tissue section. The sections were incubated with Protease |l
for 30 minutes at 40°C to expose RNA that would be blocked by RNA-protein crosslinks
from fixation(Nuovo et al. 2009), followed by two washes in RT distilled water. The slides
were then incubated in RNAscope mRNA probe solutions for 2 hours at 40°C to allow for
the mRNA probes to bind to their targets. Each section was completely covered in the
probe solution.

In each in-situ hybridization run, 4 slides were used for each age and each slide
was treated with 1 of 4 mRNA probe solutions: 1) GIluN1, GIuN2A, and GIuN2B, 2) GIuN1,
GIuN2C, and GIuN2D, 3) ubiquitin C (UBC), polymerase (RNA) Il (DNA directed)
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polypeptide A (Polr2A), and peptidylprolyl isomerase B (PPIB) (positive control probes),
and 4) 4-hydroxy-tetrahydrodipicolinate reductase (dapB) (negative control probe).

After probe incubation, the slides were incubated at 40°C in the following signal
amplification solutions: 1) AMP 1-FL for 30 minutes, 2) then AMP 2-FL for 15 minutes, 3)
then AMP 3-FL for 30 minutes, and 4) then AMP 4-FL ALT C for 15 minutes. After each
amplification step, the slides were washed twice for 2 minutes at RT in 1X Wash Buffer.
The last amplification step, the AMP 4-FL ALT C solution, labelled the mRNA probes with
the following fluorophores: GIuN2A, GIuN2C, and PPIB with Atto 647, GIuN2B, GIuN2D,
and POLR2A with Atto 550, and GluN1 and UBC with Alexa 488. DapB mRNA probes
were labelled with all three fluorophores.

Control Probes

The RNAscope assay provides one positive control target mRNA per fluorophore:
Polr2A, PPIB, and UBC. Polr2A, polymerase (RNA) Il (DNA directed) polypeptide A,
enables core promoter sequence-specific DNA binding activity(PubChem). PPIB,
peptidylprolyl isomerase B, enables RNA polymerase binding activity(PubChem). UBC,
ubiquitin C, enables protease binding activity(PubChem). These specific positive control
probes are recommended in the RNAscope assay to compare against target probes of
similar expression levels, measured by mRNA copies per cell. For example, UBC is to be
compared with target probes that have medium-high expression levels, PPIB is to be
compared with target probes with medium expression levels, and Polr2A is to be
compared with target probes with low expression levels. Because the expression levels
of the target probes used in this assay were unknown, | did not compare the expression
of specific positive control probes to the target probes. Instead, | used positive control
probe expression to ensure that the tissue preparation protocol | used yielded sections
with good RNA quality by assessing whether the measured expression levels in the
positive control probes were at the expected levels set by the assay guidelines. |
measured control probe expression at each timepoint to assess whether there were age-
related changes in control probe expression. To ensure low background staining and
that the tissue sections were correctly prepared, a probe for DapB, a bacterial gene, was
used as the negative control(PubChem).

DAPI Counterstain and NeuroTrace Flanking Sections

P0O-P12 slides from litter 1 were counterstained with DAPI. After the last 1X Wash
Buffer wash, excess liquid was removed from the slides and 4 drops of DAPI were
applied to each section. The sections were incubated in DAPI for 30 seconds at RT.
Immediately after removing excess DAPI from the slides, ProLong Gold Antifade
Mounting medium was applied to each slide. After the slides were coverslipped, the
slides were sealed with clear nail polish. The slides were stored in a dark slide box at 4°C
until they were imaged at least 24 hours later. The sections were imaged within two
weeks of the assay.
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The flanking sections were stained with NeuroTrace 640/660. Before applying
the NeuroTrace stain, the sections were rehydrated in PBS for at least 40 minutes. Then,
the sections were washed in 0.1% Triton X-100 in PBS for 10 minutes. After washing the
sections for 5 minutes, twice, in PBS, 200 uL of 0.4% (volume/volume) NeuroTrace
640/660 in PBS was applied to each slide. The slides were incubated in NeuroTrace for
20 minutes in a dark slide box at RT. The slides were washed 10 minutes, 3 times, in PBS,
and then ProLong Gold Antifade Mounting medium was applied to each slide. After the
slides were coverslipped, they were sealed with clear nail polish. The slides were stored
in a dark slide box at 4°C until they were imaged at least 24 hours later. The sections
were imaged within two weeks of the assay.

NeuroTrace Counterstain

P16-P28 slides from litter 1 and all slides from litter 2 were counterstained with
NeuroTrace 435/455, instead of DAPI, using an unvalidated protocol provided by
Advanced Cell Diagnostics that worked for other users of the assay. After the last 1X
Wash Buffer wash, the slides were rinsed twice with dH20. Then, 200uL of 20%
(volume/volume) NeuroTrace 435/455 in RNase-free PBS was applied to each section.
After incubating the slides for 20 minutes in a dark slide box at RT, the slides were
washed for 5 minutes, twice, in RNase-free PBS. ProLong Gold Antifade Mounting
medium was applied onto each slide. After the slides were coverslipped, they were
sealed with clear nail polish. The slides were stored in a dark slide box at 4°C until they
were imaged at least 24 hours later. The sections were imaged within two weeks of the
assay.

Imaging

All images were acquired on a confocal microscope (Zeiss LSM700). For target
probe slides, two unilateral SOCs were imaged with tile-scanning using a 40x oil
objective (NA = 1.4). For control probe slides, only a single unilateral SOC was imaged.
Acquisition settings were kept constant for all images acquired within a litter, except for
an adjustment of the laser power and gain for the NeuroTrace 435/455 counterstain
used in the P16-P28 slides in the first litter.

Image Analysis

GIluN1/2 Target Probes
Using Imagel, each czi image file was converted into a tiff image sequence, consisting of
raw, unaltered images of the 4 channels. The tiff images for the probe channels were
randomly assigned a new title using a MATLAB code from the Watanabe Lab (2020), and
the experimenter was kept blind to the real identity of the images for the entirety of the
image analysis. The randomized tiff images for the probes were combined with the
counterstain image in Imagel to make a 4-channel tiff stack for image analysis. The
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MNTB, VNTB, LNTB, SPN, LSO, and MSO of each image were manually annotated in
QuPath using flanking NeuroTrace 640/660 images or the NeuroTrace 435/455
counterstain(Bankhead et al. 2017) (Figure 2A). Cells in each annotated nucleus were
detected by running a CellPose script(Stringer et al. 2021) in QuPath with the ‘cyto’ path
model and a pixel size of 0.5 (Figure 2B). All other parameters were defaults in the
CellPose script. A count of the number of cells detected in each section is found under
each figure of mean expression levels in the Results section. To detect the probes, the
Subcellular Detection feature of QuPath was used with the following parameters:
Smooth before detection = TRUE, Split by intensity = TRUE, Split by shape = TRUE,
Expected spot size = 0.5 microns2, Min spot size = 0.05 microns2, Max spot size = 2
microns2, and Include clusters = TRUE (Figure 2C). The threshold values for probe
detection were adjusted for each channel to ensure that all probe signal was detected,
and that noise was not included. The probe signal was distinguishable from the noise
signal by eye due to the shape and size of the probe signal (see Figure 2C). The number
of detected probes in each randomized tiff image, in each cell of each annotation, was
extracted from QuPath for statistical analysis.

Control Probes

The probe detection workflow for the target probes was used for control images,
with the exception that the probe channels in the control images were not randomized.
Both litters met the positive and negative probe quality control guidelines stated by
Advanced Cell Diagnostics.

14



Master’s Thesis — S. Alageswaran; McMaster University - Neuroscience

Figure 2. RNAscope Image Analysis workflow in QuPath for a P12 rat SOC with probes for
GIluN1, GIuN2A, and GIuN2B mRNA. After annotating primary and periolivary nuclei (A),
a CellPose detection algorithm was used to detect neurons in each nucleus (B). Probes
were detected in each channel using the ‘Subcellular Detection’ feature in QuPath (C). A:
Scale bar =200 um. B and C: Scale bar = 20 um.

Statistical Analysis

The probe detection data were analyzed in R using custom scripts. For each age,
probe, and nucleus, the number of dots per cell was positively skewed. Therefore, | used
non-parametric statistical tests to conduct my analyses. For each nucleus and probe
combination, | used the Kruskal-Wallis test, a non-parametric version of a one-way
ANOVA, to determine whether the number of dots per cell changed significantly with
age. To determine whether there were significant differences between specific ages, |
used the pairwise Wilcox test with a Bonferroni correction for multiple comparisons. |
set statistical significance at p < 0.05 for both tests.

Immunohistochemistry
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Tissue Preparation

Tissue was prepared as described by Zhang et al (2018)(Zhang et al. 2018) and Liu
and Wong-Riley(Liu and Wong-Riley 2002) (2002). Each rat was anesthetized with an
intraperitoneal injection of sodium pentobarbital (120 mg/kg of bodyweight). They were
then perfused transcardially with PBS (RT) (1 mL/g of bodyweight) and then with ice-cold
freshly prepared 4% PFA in PBS for 5 minutes. The brains were rapidly removed, and the
brainstems were removed by making a coronal cut 2mm rostral to lambda. The
brainstems were postfixed by immersion in freshly prepared 4% PFA in PBS at 4°C for 1
hour. After fixation, the brainstems were cryoprotected in 10%, 20%, and then 30%
sucrose in PBS at 4°C. The brainstem was equilibrated to Optimal Cutting Temperature
(OCT) Compound (Tissue-Tek) for 2-5 minutes and then embedded in an OCT-filled
mould. The brainstems were frozen and sectioned using the same procedure for in-situ
hybridization. After collecting the sections, the slides were stored at -20°C until the
immunostaining was performed.

GluN1 Staining

Three sections per timepoint were stained for GIluN1. The sections were
counterstained with NeuroTrace 435/455 to visualize cell bodies and annotate SOC
nuclei during image analysis. A control without the primary antibody was run for each
timepoint. All sections were stained in the same run.

On-slide staining was performed as described by Zhang et al (2018)(Zhang et al.
2018) and Liu and Wong-Riley (2002)(Liu and Wong-Riley 2002). A hydrophobic barrier
(Immedge Pen) was drawn on each slide to enclose the sections. Once the barrier was
dry, the sections were rehydrated twice in RT PBS, and then they were washed three
times in RT freshly prepared 0.5% bovine serum albumin (BSA) in PBS (buffer). The
sections were blocked overnight at 4°C in a solution (blocking solution) containing 5%
normal donkey serum (NDS) and 1% Triton-X-100 in buffer. The sections were washed
five times in RT PBS and then incubated in the primary antibody (diluted in the blocking
solution) for 48 hours at 4°C (Table 1). The sections were then washed five times in RT
PBS and then incubated in the secondary antibody diluted in 5% NDS in buffer for 2
hours at RT in the dark (Table 1). The following steps were performed in the dark at RT.
The sections were washed five times in buffer and then 5 times in PBS. After
counterstaining the sections with 1:50 NeuroTrace 435/455 for 20 minutes, the sections
were washed three times in PBS. Fluoromount Gold mounting medium was applied to
the slides, and the slides were coverslipped and sealed with clear nail polish. The slides
were stored in a dark slide box at 4°C until they were imaged at least 24 hours later. The
sections were imaged within two weeks of the staining run.
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Table 1. Primary and secondary antibody information

Antigen Dilution Host Manufacturer, Antibody
Cat. # Characterization

GluN1 1:250 Mouse, mono- PhosphoSolutions, From

-clonal #1508-NR1 Manufacturer’s
From website:
Manufacturer’s “Western blot of
website: 10 pg of rat
“Fusion protein hippocampal
containing lysate [showed]

amino acids 1-
564 of the NR1
subunit of rat
NMDA
receptor”

specific
immunolabeling
of the ~120 kDa
NR1 subunit of
the NMDA
receptor.”

Fluorophore Dilution Host

Manufacturer, Catalogue #

Alexa 647

1:500

Donkey Mouse Jackson ImmunoResearch, 715-605-151

Imaging

All images were acquired on a confocal microscope (Zeiss LSM700). 3 unilateral
SOCs were imaged with tile-scanning using a 20x air objective (NA = 1.4). For primary
delete control slides, only a single unilateral SOC was imaged. Acquisition settings were
kept constant for all images.

Image Analysis
Raw, unaltered images were analyzed in QuPath. For each image, the MNTB,
MSO, and LSO of each SOC were annotated. Minimum and maximum pixel intensity,
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mean pixel intensity, standard error of the mean, and median pixel intensity for each
nucleus were computed.

Statistical Analysis

Pixel data were analyzed in R using custom scripts. For each age and nucleus,
pixel intensity values were positively skewed. Therefore, | used non-parametric
statistical tests to conduct my analyses. For each nucleus, | used the Kruskal-Wallis test
to determine whether the mean pixel intensity changed significantly with age. To
determine which ages were significantly different, | used the pairwise Wilcox test with a
Bonferroni correction for multiple comparisons. | set statistical significance at p < 0.05.

Results
Control probe analysis

Litter 1 positive control probe expression

In litter 1, there was a significant difference in median Polr2A expression across
ages in the MNTB, LSO, MSO, and SPN (Figure 3, Table 2, 3, 4, and 7). With PPIB
expression, there were significant differences across ages in all nuclei (Figure 3, Table 2-
7). With UBC expression, there were significant differences across ages in the MNTB,
LSO, MSO, VNTB, and SPN (Figure 3, Table 2, 3, 4, 5, and 7). There were statistically
significant differences in expression between most ages (Table 2-7).
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Figure 3: Mean mRNA/cell for positive control probes, Polr2A, PPIB, and UBC, in Litter 1
rat SOC nuclei from PO to P28. There was a statistically significant difference in median
Polr2A expression across ages in the MNTB, LSO, MSO, and SPN (p < 0.05 on Kruskal-
Wallis Test). With PPIB expression, there were statistically significant differences across
ages in all nuclei (p < 0.05 on Kruskal-Wallis Test). With UBC expression, there were
significant differences across ages in the MNTB, VNTB, LSO, MSO, and SPN (p < 0.05 on
Kruskal-Wallis Test). There were statistically significant differences in all three probes in
expression between most ages (p < 0.05 on Paired Wilcox Rank Sum Test) (Tables 2-7).
Error bars are mean +/- SEM. MNTB cell counts: PO = 230, P4 = 230, P8 = 278, P12 = 649,
P16 =111, P20 =47, P24 = 249, and P28 = 178. LSO cell counts: PO =392, P12 = 444, P16
=713,P20=157, P24 =690, and P28 = 436. MSO cell counts: P16 = 28, P24 = 37, and
P28 = 107. VNTB cell counts: P16 = 31 and P24 = 68. LNTB cell counts: P16 =59 and P24 =
34. SPN cell counts: P16 = 146, and P24 = 256.
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Table 2. Age-related changes in median positive control mRNA expression in the MNTB
of Litter 1 rats. The following symbols, + (Polr2A), o (PPIB), ¥V (UBC), indicate a
significant relationship between two ages (p < 0.05 on Paired Wilcox Rank Sum Test) for
the corresponding mRNA.

Age PO P4 P8 P12 P16 P20 P24
P4 +oV
P8 +oV +oV

P12 +oV +oV +oV
P16 +oV +oV +oV +oV

P20 +oV +oV +V \V4 +oV
P24 +oV +oV +oV +V oV o]
P28 +oV +oV +oV +oV o +oV +oV

Table 3. Age-related changes in median positive control mRNA expression in the LSO of
Litter 1 rats. The following symbols, + (Polr2A), o (PPIB), V (UBC), indicate a significant
relationship between two ages (p < 0.05 on Paired Wilcox Rank Sum Test) for the
corresponding mRNA.

Age PO P12 P16 P20 P24
P12 +oV

P16 +oV +oV

P20 +V oV +0

P24 +oV +oV o} +0

P28 +0 +oV +oV +oV +oV

Table 4. Age-related changes in median positive control mRNA expression in the MSO of
Litter 1 rats. The following symbols, + (Polr2A), o (PPIB), V (UBC), indicate a significant
relationship between two ages (p < 0.05 on Paired Wilcox Rank Sum Test) for the
corresponding mRNA.

Age P16 P24
P24
P28 +oV +oV

Table 5. Age-related changes in median positive control mRNA expression in the VNTB of
Litter 1 rats. The following symbols, + (Polr2A), o (PPIB), V (UBC), indicate a significant
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relationship between two ages (p < 0.05 on Paired Wilcox Rank Sum Test) for the
corresponding mRNA.

Age P16
P24 oV

Table 6. Age-related changes in median positive control mRNA expression in the LNTB of
Litter 1 rats. The following symbols, + (Polr2A), o (PPIB), V (UBC), indicate a significant
relationship between two ages (p < 0.05 on Paired Wilcox Rank Sum Test) for the
corresponding mRNA.

Age P16
P24 o

Table 7. Age-related changes in median positive control mRNA expression in the SPN of
Litter 1 rats. The following symbols, + (Polr2A), o (PPIB), V (UBC), indicate a significant
relationship between two ages (p < 0.05 on Paired Wilcox Rank Sum Test) for the
corresponding mRNA.

Age P16
P24 +oV

Litter 1 negative control probe expression

For negative control probe expression (dapB) in litter 1, there were also
significant differences across ages in the MNTB and the LSO in all 3 fluorophore
channels, in the VNTB in Alexa 488 and Atto 550, in the SPN in Atto 550 and Atto 647,
and the LNTB in Atto 550 (Figure 4). There were statistically significant differences in
median dapB expression between most ages (Tables 8-13).
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Figure 4: Mean mRNA/cell for negative control probes, dapB, in Litter 1 rat SOC nuclei
from PO to P28. There were significant differences across ages in the MNTB and the LSO
in all 3 fluorophore channels, in the VNTB in Alexa 488 (left) and Atto 550 (middle), in
the SPN in Atto 550 and Atto 647 (right), and the LNTB in Atto 550 (p < 0.05 on Kruskal-
Wallis Test). There were statistically significant differences in median dapB expression
between most ages (p < 0.05 on Paired Wilcox Rank Sum Test). Error bars are mean +/-
SEM. MNTB cell counts: PO: 212, P4 =290, P8 = 466, P12 =534, P16 = 118, P20 =100, P24
=152, and P28 = 87. LSO cell counts: PO =532, P8 =766, P12 = 1020, P16 = 522, P20 =
821, P24 =572, and P28 = 204. MSO cell counts: P16 = 28, P20 = 33, P24 = 26, and P28 =
20. VNTB cell counts: P16 =51, P20 = 40, and P24 = 84. LNTB cell counts: P16 = 34, P20 =
57, and P24 = 39. SPN cell counts: P16 = 196, P20 = 239, and P24 = 154,
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Table 8. Age-related changes in median negative control mRNA expression in the MNTB
of Litter 1 rats. The number of “+” indicates the number of channels that had a
significant difference in median dapB expression between 2 given ages (p < 0.05 on
Paired Wilcox Rank Sum Test).

Age PO P4 P8 P12 P16 P20 P24
P4

P8 +++ +++

P12 +++ +++ ++

P16 ++ +++ + ++

P20 ++ ++ ++

P24 + + +++ ++ +

P28 ++ ++ ++ ++

Table 9. Age-related changes in median negative control mRNA expression in the LSO of
Litter 1 rats. The number of “+” indicates the number of channels that had a significant
difference in median dapB expression between 2 given ages (p < 0.05 on Paired Wilcox
Rank Sum Test).

Age PO P8 P12 P16 P20 P24
P8 +++

P12 +++ ++

P16 +++ + ++

P20 + +++ +++ ++

P24 + +++ ++ ++ +

P28 ++ ++ ++ + ++ ++

Table 10. Age-related changes in median negative control mRNA expression in the MSO
of Litter 1 rats. The number of “+” indicates the number of channels that had a
significant difference in median dapB expression between 2 given ages (p < 0.05 on
Paired Wilcox Rank Sum Test).

Age P16 P20 P24
P20
P24
P28

Table 11. Age-related changes in median negative control mRNA expression in the VNTB
of Litter 1 rats. The number of “+” indicates the number of channels that had a
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significant difference in median dapB expression between 2 given ages (p < 0.05 on
Paired Wilcox Rank Sum Test).

Age P16 P20
P20
P24 +

Table 12. Age-related changes in median negative control mRNA expression in the LNTB
of Litter 1 rats.

Age P16 P20
P20 +
P24 +

Table 13. Age-related changes in median negative control mRNA expression in the SPN
of Litter 1 rats. The number of “+” indicates the number of channels that had a
significant difference in median dapB expression between 2 given ages (p < 0.05 on
Paired Wilcox Rank Sum Test).

Age P16 P20
P20 +
P24 +

Litter 2 positive control probe expression

With the positive control probe expression in litter 2, there was a significant
difference in median Polr2A, PPIB, and UBC expression across ages, in all nuclei (Figure
5). There were statistically significant differences in expression between most ages
(Tables 14-19).

MNTB
Polr2A PPIB UBC
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Figure 5: Mean mRNA/cell for positive control probes, Polr2A, PPIB, and UBC, in Litter 2
rat SOC nuclei from PO to P28. There was a significant difference in median Polr2A, PPIB,
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and UBC expression across ages, in all nuclei (p < 0.05 on Kruskal-Wallis Test). There
were statistically significant differences in expression between most ages (p < 0.05 on
Paired Wilcox Rank Sum Test). Error bars are mean +/- SEM. MNTB cell counts: PO: 166,
P4 =354, P8 =542, P12 =553, P16 =517, P20 =528, P24 = 360, and P28 = 539. LSO cell
counts: PO =211, P4 =438, P8 =507, P12 =795, P16 =981, P20 = 935, P24 = 882, and
P28 = 879. MSO cell counts: PO =29, P4 =61, P8 =55, P12 =22,P16 =79, P20 =47, P24 =
78, and P28 = 60. VNTB cell counts: PO =91, P4 =44, P8 =37, P12 =43, P16 =48, P20 =
100, P24 =119, and P28 =93. LNTB cell counts: PO =37, P4 =27,P8 =61, P12=77,P16 =
67, P20 = 105, P24 = 69, and P28 = 90. SPN cell counts: PO = 126, P4 = 249, P8 = 185, P12
=254, P16 =323, P20 = 244, P24 = 167, and P28 = 218.

Table 14. Age-related changes in median positive control mRNA expression in the MNTB
of Litter 2 rats. The following symbols, + (Polr2A), o (PPIB), V (UBC), indicate a
significant relationship between two ages (p < 0.05 on Paired Wilcox Rank Sum Test) for
the corresponding mRNA.

Age PO P4 P8 P12 P16 P20 P24
P4 oV

P8 oV oV

P12 oV \Y oV

P16 o} +oV +V +oV

P20 +V +oV +oV +0 +oV

P24 +oV +V +oV +V +oV +oV

P28 o} +oV +oV +oV oV +oV +oV

Table 15. Age-related changes in median positive control mRNA expression in the LSO of
Litter 2 rats. The following symbols, + (Polr2A), o (PPIB), V (UBC), indicate a significant
relationship between two ages (p < 0.05 on Paired Wilcox Rank Sum Test) for the
corresponding mRNA.

Age PO P4 P8 P12 P16 P20 P24
P4 +oV

P8 oV +0

P12 o +oV oV

P16 o +V +V +oV

P20 +oV +oV +oV +oV +oV

P24 +oV oV +oV +V +oV +oV

P28 oV +oV oV oV +0 +oV +oV
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Table 16. Age-related changes in median positive control mRNA expression in the MSO
of Litter 2 rats. The following symbols, + (Polr2A), o (PPIB), ¥V (UBC), indicate a
significant relationship between two ages (p < 0.05 on Paired Wilcox Rank Sum Test) for
the corresponding mRNA.

Age PO P4 P8 P12 P16 P20 P24
P4 \V4

P8 oV o)

P12 +0 +oV \V4

P16 o) oV v +

P20 +oV +V +oV +0 +oV

P24 +V +oV +V + oV o

P28 o oV \Y + +oV oV

Table 17. Age-related changes in median positive control mRNA expression in the VNTB
of Litter 2 rats. The following symbols, + (Polr2A), o (PPIB), V (UBC), indicate a
significant relationship between two ages (p < 0.05 on Paired Wilcox Rank Sum Test) for
the corresponding mRNA.

Age PO P4 P8 P12 P16 P20 P24
P4 \V4

P8 \V4

P12 +0 + +

P16 \V4

P20 +V \Y4 \Y4 +oV \Y4

P24 o oV oV +V o +oV

P28 oV +0 +0 o +oV +oV +oV

Table 18. Age-related changes in median positive control mRNA expression in the LNTB
of Litter 2 rats. The following symbols, + (Polr2A), o (PPIB), V (UBC), indicate a
significant relationship between two ages (p < 0.05 on Paired Wilcox Rank Sum Test) for
the corresponding mRNA.

Age PO P4 P8 P12 P16 P20 P24
P4 +

P8 o] +0

P12 o] +0 o]

P16 o] +0
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P20 +oV \V4 +oV +V +oV
P24 +0 o +V +V + +oV
P28 o +0 \V4 o +o0V +o0V

Table 19. Age-related changes in median positive control mRNA expression in the SPN of
Litter 2 rats. The following symbols, + (Polr2A), o (PPIB), V (UBC), indicate a significant
relationship between two ages (p < 0.05 on Paired Wilcox Rank Sum Test) for the
corresponding mRNA.

Age PO P4 P8 P12 P16 P20 P24
P4 \V4

P8 oV oV

P12 o oV oV

P16 +0 +oV +V +oV

P20 +V +V +oV +0 +oV

P24 +oV +oV +V +oV +oV o

P28 o +oV +V +0 +oV +oV

Litter 2 negative control probe expression

In litter 2, there were significant differences across ages in dapB expression in the
MNTB and the LSO in all 3 fluorophore channels, and in the VNTB, LNTB, MSO, and SPN
in Alexa 488 and Atto 550 (Figure 6). There were statistically significant differences in
median dapB expression between most ages (Tables 20-25).
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Figure 6: Negative Control (dapB) mRNA expression in Litter 2 rat SOC nuclei. There were
statistically significant differences across ages in dapB expression in the MNTB and the
LSO in all 3 fluorophore channels, and in the VNTB, LNTB, MSO, and SPN in Alexa 488
(left) and Atto 550 (middle) (p < 0.05 on Kruskal-Wallis Test). There were statistically
significant differences in median dapB expression between most ages (p < 0.05 on Paired
Wilcox Rank Sum Test). Error bars are mean +/- SEM. MNTB cell counts: PO: 230, P4 =
149, P8 =586, P12 =412, P16 = 291, P20 = 405, P24 =514, and P28 = 461. LSO cell
counts: PO =296, P4 =387, P8 =594, P12 = 234, P16 = 889, P20 = 694, P24 =702, and
P28 = 409. MSO cell counts: PO =36, P4 =23,P8=54,P12=11,P16=73,P20=42, P24 =
60, and P28 = 47. VNTB cell counts: PO =49, P4 = 28, P8 =38, P12 =57, P16 =61, P20 =
120, P24 = 80, and P28 = 99. LNTB cell counts: PO = 44, P4 = 26, P8 = 114, P12 = 35, P16 =
63, P20 = 68, P24 = 67, and P28 = 105. SPN cell counts: PO =102, P4 =121, P8 = 182, P12
=104, P16 =222, P20 =202, P24 = 326, and P28 = 187.

Table 20. Age-related changes in median negative control mRNA expression in the
MNTB of Litter 2 rats. The number of “+” indicates the number of channels that had a
significant difference in median dapB expression between 2 given ages (p < 0.05 on
Paired Wilcox Rank Sum Test).

Age PO P4 P8 P12 P16 P20 P24
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P4

P8 + +

P12 + + +

P16 + + + +

P20 + + +

P24 + + + + +
P28 + + + +

Table 21. Age-related changes in median negative control mRNA expression in the LSO
of Litter 2 rats. The number of “+” indicates the number of channels that had a
significant difference in median dapB expression between 2 given ages (p < 0.05 on
Paired Wilcox Rank Sum Test).

Age PO P4 P8 P12 P16 P20 P24
P4

P8 + ++

P12 ++

P16 ++ +++ + ++

P20 +++ ++ ++ ++ +++

P24 ++ ++ ++ ++ + +

P28 ++ ++ + ++ + +

Table 22. Age-related changes in median negative control mRNA expression in the MSO
of Litter 2 rats. The number of “+” indicates the number of channels that had a
significant difference in median dapB expression between 2 given ages (p < 0.05 on
Paired Wilcox Rank Sum Test).

Age PO P4 P8 P12 P16 P20 P24
P4

P8

P12 ++ + +

P16 ++ +

P20 ++ + + +

P24 ++ + + +

P28 ++ +

Table 23. Age-related changes in median negative control mRNA expression in the VNTB
of Litter 2 rats. The number of “+” indicates the number of channels that had a
significant difference in median dapB expression between 2 given ages (p < 0.05 on
Paired Wilcox Rank Sum Test).
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Age PO P4 P8 P12 P16 P20 P24
P4

P8

P12 ++ +

P16 +

P20 + +

P24 + + +

P28 +

Table 24. Age-related changes in median negative control mRNA expression in the LNTB
of Litter 2 rats. The number of “+” indicates the number of channels that had a
significant difference in median dapB expression between 2 given ages (p < 0.05 on
Paired Wilcox Rank Sum Test).

Age PO P4 P8 P12 P16 P20 P24
P4

P8

P12

P16

P20

P24 + +

P28 +

Table 25. Age-related changes in median negative control mRNA expression in the SPN
of Litter 2 rats. The number of “+” indicates the number of channels that had a
significant difference in median dapB expression between 2 given ages (p < 0.05 on
Paired Wilcox Rank Sum Test).

Age PO P4 P8 P12 P16 P20 P24
P4

P8 + ++

P12 + + +

P16 ++ ++ +

P20 + ++ + +

P24 ++ ++ + +

P28 + ++ + + + +

Development of NMDAR subunits in immature auditory brainstem nuclei

The differences in subunit mRNA expression from PO to P28 for GIuN1, GIuN2-A, -
B, -C, and -D in each nucleus are summarized in table and graph form for each litter. The
GluN1 immunohistochemistry data are summarized in graph form.
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MNTB

GluN1 mRNA

In litter 1, the mean GIluN1 mRNA/cell was highest at PO and decreased towards
P28 (Figure 7). There was a statistically significant difference in median GIuN1 mRNA/cell
in the MNTB at different ages: x(6) = 1598.85, p = 0, with statistically significant
differences between all ages (Table 26)

In litter 2, the mean GIuN1 mRNA/cell peaked at P16 (Figure 8). There was a
statistically significant difference in median GluN1 mRNA/cell in the MNTB at different
ages x*(7) = 1440.907, p = 5.43e3%, with significant differences between most ages
(Table 27)

GIuN2A mRNA

In litter 1, the mean GIuN2A mRNA/cell peaked at P12 (Figure 7). There was a
statistically significant difference in median GIuUN2A mRNA/cell in the MNTB at different
ages: x2(6) = 786.64, p = 1.18e1%¢, with statistically significant differences between most
ages (Table 26).

In litter 2, the mean GIuUN2A mRNA levels were relatively low from PO to P28
(Figure 8). There was a statistically significant difference in median GIuUN2A mRNA/cell in
the MNTB at different ages x%(7) = 1035.60, p = 2.44e21°, with statistically significant
differences between most ages (Table 27).

GluN2B mRNA

In litter 1, the mean GIuN2B mRNA/cell appeared relatively constant from PO to
P28 (Figure 7). There was a statistically significant difference in median GIuN2B
mRNA/cell in the MNTB at different ages: x?(6) = 682.28, p = 4.09e 144, with statistically
significant differences between most of the ages (Table 26).

In litter 2, the mean GIuN2B mRNA/cell levels were relatively moderate from PO
to P28 (Figure 8). There was a statistically significant difference in median GIuN2B
mRNA/cell in the MNTB at different ages x%(7) = 99.03, p = 1.71e!8, with statistically
significant differences between approximately half of the ages (Table 27).

GluN2C mRNA

In litter 1, the mean GIuN2C mRNA/cell peaked at PO (Figure 7). There was a
statistically significant difference in median GluN2C mRNA/cell in the MNTB at different
ages: x%(6) = 543.96, p = 2.83e 14 with statistically significant differences between most
of the ages (Table 26).

In litter 2, the mean GIuUN2C mRNA levels were relatively low from PO to P28
(Figure 8). There was a statistically significant difference in median GIuN2C mRNA/cell in
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the MNTB at different ages x%(7) = 421.00, p = 7.44e®’, with statistically significant
differences between most ages (Table 27).

GIluN2D mRNA

In litter 1, the mean GIuN2D mRNA/cell peaked at P8 (Figure 7). There was a
statistically significant difference in median GluN2D mRNA/cell in the MNTB at different
ages: x2(6) = 549.08, p = 2.23e’11°, with statistically significant differences between most
of the ages (Table 26).

In litter 2, the mean GIuN2D mRNA/cell peaked at P16 (Figure 8). There was a
statistically significant difference in median GluN2D mRNA/cell in the MNTB at different

ages x*(7) = 1547.243, p = 0, with statistically significant differences between most ages
(Table 27).
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Figure 7: Mean NMDAR subunit mRNA molecules/cell in the MNTB of Litter 1 rats. Error
bars are mean +/- SEM. Mean GluN1 mRNA/cell was highest at PO and decreased
towards P28. Mean GIuN2A mRNA/cell peaked at P12. Mean GIuN2B mRNA/cell
appeared relatively constant from PO to P28. Mean GIuN2C mRNA/cell peaked at PO.
Mean GIuN2D mRNA/cell peaked at P8. Number of MNTB cells in SOC sections with
GIuN1/GIuN2A/GIuN2B probe solution: PO = 85 in section 1 and 205 in section 2, P4 =
451 in section 1 and 344 in section 2, P8 = 521 in section 1 and 296 in section 2, P12 =
529 in section 1 and 884 in section 2, P16 = 107 in section 1 and 125 in section 2, P20 =
150 in section 1 and 153 in section 2, P24 =378, P28 = 159 in section 1 and 106 in
section 2. Number of MNTB cells in SOC sections with GIuN1/GIuN2C/GIuN2D probe
solution: PO = 78 in section 1 and 131 in section 2, P4 = 386 in section 1 and 284 in
section 2, P8 =628 in section 1 and 533 in section 2, P12 =309, P16 = 172 in section 1
and 224 in section 2, P24 = 189 in section 1 and 218 in section 2, P28 = 136.

Table 26. Age-related changes in median NMDAR subunit mRNA expression in the MNTB
of Litter 1 rats. The following symbols, 1 (GIuN1), A (GIuN2A), B (GIuN2B), C (GIuN2C),
and D (GIuN2D) indicate a significant relationship between the two ages (p < 0.05 on
Paired Wilcox Rank Sum Test) for the corresponding subunit mRNA. Note: No data for
GIuN1, GIuN2A and GIuN2B mRNA for P24, and no data for GIuN2C and GIuN2D mRNA
for P20.
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Mean mRNA molecules/cell

Age PO P4 P8 P12 P16 P20 P24
P4 1ABCD
P8 1ABCD 1ABCD
P12 1ABCD 1ABD 1ABCD
P16 1ACD 1ABCD 1ABD 1ABCD
P20 1AB 1AB 1AB 1AB 1AB
P24 CD CD CD CD CD
P28 1ACD 1ABC 1ABCD 1ABCD 1C 1AB CD
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Figure 8: Mean NMDAR subunit mRNA expression/cell in the MNTB of Litter 2 rats. Error
bars are mean +/- SEM. Mean GluN1 mRNA/cell peaked at P16. Mean GIuN2A mRNA
levels were relatively low from PO to P28. Mean GIuN2B mRNA/cell levels were relatively
moderate from PO to P28. Mean GIuN2C mRNA levels were relatively low from PO to
P28. Mean GIuN2D mRNA/cell peaked at P16. Number of MNTB cells in SOC sections
with GIuN1/GluN2A/GIuN2B probe solution: PO = 142 in section 1 and 70 in section 2, P4
=225 in section 1 and 284 in section 2, P8 =411 in section 1 and 310 in section 2, P12 =
522 in section 1 and 535 in section 2, P16 = 490 in section 1 and 344 in section 2, P20 =
713 in section 1 and 469 in section 2, P24 = 501 in section 1 and 569 in section 2, P28 =
415 in section 1 and 601 in section 2. Number of MNTB cells in SOC sections with
GIuN1/GIuN2C/GIuN2D probe solution: PO = 257 in section 1 and 98 in section 2, P4 =
140 in section 1 and 256 in section 2, P8 = 425 in section 1 and 338 in section 2, P12 =
408 in section 1 and 482 in section 2, P16 = 502 in section 1 and 370 in section 2, P24 =
469 in section 1 and 827 in section 2, P28 = 394 in section 1 and 484 in section 2.

Table 27. Age-related changes in median NMDAR subunit mRNA expression in the MNTB
of Litter 2 rats. The following symbols, 1 (GIuN1), A (GIuN2A), B (GIuN2B), C (GIuN2C),
and D (GIuN2D) indicate a significant relationship between the two ages (p < 0.05 on
Paired Wilcox Rank Sum Test) for the corresponding subunit mRNA.

Age PO P4 P8 P12 P16 P20 P24
P4 Ccb

P8 1BCD 1ABD

P12 1D 1D ABCD

P16 1ACD 1ACD 1ABCD 1ACD

P20 1ACD 1AD 1ABD 1ABCD  1ABC

P24 1ACD 1ABD ABD AC 1ACD 1BD

P28 1ACD 1AC 1ABCD 1ACD 1ACD 1ABCD 1ACD

LSO

GluN1 mRNA

In litter 1, the mean GIluN1 mRNA/cell peaked at PO (Figure 9). There was a
statistically significant difference in median GIuN1 mRNA/cell in the LSO at different ages
x%(6) = 4780.342, p = 0, with statistically significant differences between most ages
(Table 28).

In litter 2, the mean GIuN1 mRNA/cell at PO was low, increased from P4 to P24,
and fell back to low levels at P28 (Figure 10). There was a statistically significant
difference in median GIluN1 mRNA/cell in the LSO at different ages x*(7) = 1695.95, p =0,
with statistically significant differences between most ages (Table 29).
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GluN2A mRNA

In litter 1, the mean GIuN2A mRNA/cell peaked at PO (Figure 9). There was a
statistically significant difference in median GIuN2A mRNA/cell in the LSO at different
ages x(6) = 2485.25, p = 0, with statistically significant differences between most ages
(Table 28).

In litter 2, the mean GIuN2A mRNA levels peaked at P8 (Figure 10). There was a
statistically significant difference in median GIuN2A mRNA/cell in the LSO at different
ages x%(7) = 1040.77, p = 1.86e 2%, with statistically significant differences between most
ages (Table 29).

GIuN2B mRNA

In litter 1, the mean GIuN2B mRNA/cell was relatively constant from PO to P28
(Figure 9). There was a statistically significant difference in median GIluN2B mRNA/cell in
the LSO at different ages x?(6) = 1230.38, p = 1.27e%%2, with statistically significant
differences between most ages (Table 28).

In litter 2, the mean GIuN2B mRNA levels peaked at P8 (Figure 10). There was a
statistically significant difference in median GluN2B mRNA/cell in the LSO at different
ages x*(7) = 616.53, p = 6.70e12%, with statistically significant differences between most
ages (Table 29).

GluN2C mRNA

In litter 1, the mean GIuN2C mRNA/cell was relatively constant from PO to P28
(Figure 9). There was a statistically significant difference in median GIuN2C mRNA/cell in
the LSO at different ages x?(6) = 1395.193, p = 2.66e 2%, Median GIuN2C mRNA/cell was
significantly different between all ages except for P4 and P8 (p = 1.00), P4 and P16 (p =
1.00), and P8 and P16 (p = .48) (Table 28)

In litter 2, the mean GIuN2C levels peaked from P8 and P16 (Figure 10). There
was a statistically significant difference in median GIuN2C mRNA/cell in the LSO at
different ages x%(7) = 357.54, p = 3.00e73, with statistically significant differences
between most ages (Table 29).

GIluN2D mRNA

In litter 1, the mean GIuN2D mRNA/cell was relatively constant from PO to P28
(Figure 9). There was a statistically significant difference in median GIuN2D mRNA/cell in
the LSO at different ages x?(6) = 1235.12, p = 1.20e %3, with statistically significant
differences between most ages (Table 28).

In litter 2, the mean GIuN2D levels peaked at P16 (Figure 10). There was a
statistically significant difference in median GluN2D mRNA/cell in the LSO at different
ages x3(7) = 1294.22, p = 2.96e %75, with statistically significant differences between most
ages (Table 29).

41



Master’s Thesis — S. Alageswaran; McMaster University - Neuroscience

GluN1 GIuN2A
204 7 20 -
15 151
104 10
5- 5- D
3 0 12 16 20 28 12 16 20 28
(8]
5 GIuN2B GluN2C
3 201 20
2
o 151 151
€
< 10 - 10
2
°E‘ 5 5
= O_DE:DD_E O_DE:AI]:__
é’ 0 4 8 12 16 20 28 0 4 8 12 16 24 28
GIluN2D
20+
15-
101
5-
0. :I :l E] D [

0 4 8 12 16 24 28

Age (Postnatal Day)

Figure 9: Mean NMDAR subunit mRNA expression/cell in the LSO of Litter 1 rats. Error
bars are mean +/- SEM. Mean GluN1 mRNA/cell peaked at PO. Mean GIuN2A mRNA/cell
peaked at PO. Mean GIuN2B mRNA/cell was relatively constant from PO to P28. Mean
GIuN2C mRNA/cell was relatively constant from PO to P28. Mean GIuN2D mRNA/cell was
relatively constant from PO to P28. Number of LSO cells in SOC sections with
GIuN1/GIuN2A/GIuN2B probe solution: PO = 344, P4 = 419, P8 = 482 in section 1 and 434
in section 2, P12 =813, P16 =434 in section 1 and 721 in section 2, P20 = 825 in section
1and 917 in section 2, P24 = 273, P28 = 446 in section 1 and 442 in section 2. Number of
LSO cells in SOC sections with GIuN1/GIuN2C/GIuN2D probe solution: PO = 375 in section
1 and 607 in section 2, P4 = 411in section 1 and 307 in section 2, P8 = 555, P12 = 442,
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P16 =172 in section 1 and 224 in section 2, P24 = 466 in section 1 and 550 in section 2,

P28 = 366.

Table 28. Age-related changes in median NMDAR subunit mRNA expression in the LSO of
Litter 1 rats. The following symbols, 1 (GIuN1), A (GIuN2A), B (GIuN2B), C (GluN2C), and
D (GIuN2D) indicate a significant relationship between the two ages (p < 0.05 on Paired
Wilcox Rank Sum Test) for the corresponding subunit mRNA. Note: No data for GIuN1,
GIuN2A, and GIuN2B for P24, and no data for GIuN2C and GIuN2D for P20.

Age PO P4 P8 P12 P16 P20 P24
P4 1ABCD

P8 1ABC AD

P12 1ABCD 1AD 1CD

P16 1ABCD 1ABD 1ABD 1ABCD

P20 1AB 1AB 1AB 1AB 1AB

P24 CcD CcD CcD CcD C

P28 1ACD 1ABCD 1ABCD 1ABCD 1ABC 1AB C
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Figure 10: Mean NMDAR subunit mRNA expression/cell in the LSO of Litter 2 rats. Error
bars are mean +/- SEM. Mean GluN1 mRNA/cell at PO was low, increased from P4 to
P24, and fell back to low levels at P28. Mean GIuN2A mRNA levels peaked at P8. Mean
GIuN2B mRNA levels peaked at P8. Mean GIuN2C levels peaked from P8 and P16. Mean
GluN2D levels peaked at P16. Number of LSO cells in SOC sections with
GIuN1/GIuN2A/GIuN2B probe solution: PO = 169 in section 1 and 130 in section 2, P4 =
448 in section 1 and 213 in section 2, P8 = 594 in section 1 and 436 in section 2, P12 =
478 in section 1 and 347 in section 2, P16 = 980 in section 1 and 607 in section 2, P20 =
834 in section 1 and 809 in section 2, P24 = 849 in section 1 and 769 in section 2, P28 =
666 in section 1 and 413 in section 2. Number of LSO cells in SOC sections with
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GIuN1/GIuN2C/GIuN2D probe solution: PO = 274 in section 1 and 185 in section 2, P4 =
322 in section 1 and 354 in section 2, P8 = 665 in section 1 and 413 in section 2, P12 =
468 in section 1 and 358 in section 2, P16 = 980 in section 1 and 607 in section 2, P24 =
809 in section 1 and 587 in section 2, P28 = 383 in section 1 and 490 in section 2.

Table 29. Age-related changes in median GIuN1 mRNA expression in the LSO of Litter 2
rats (+ indicates a significant relationship between two ages). The following symbols, 1
(GluN1), A (GIuN2A), B (GIuN2B), C (GIuN2C), and D (GIuN2D) indicate a significant
relationship between the two ages (p < 0.05 on Paired Wilcox Rank Sum Test) for the
corresponding subunit mRNA.

Age PO P4 P8 P12 P16 P20 P24
P4 1ABC
P8 AD 1ABCD

P12 1BD 1ABCD 1ABCD

P16 1ABD 1BCD 1ABD ABCD

P20 1ABD 1ABCD 1ABD 1ABCD 1AD

P24 1ABD 1ABCD 1ABD 1AB 1ABCD BC

P28 1ABC 1ABC 1ABCD 1ABCD 1ACD 1ACD 1ABCD

MSO

GluN1 mRNA

In litter 1, the mean GIuN1 mRNA/cell peaked at P4 (Figure 11). There was a
statistically significant difference in median GluN1 mRNA/cell at different ages x?(4) =
56.81, p = 1.36e!! (Table 30)

In litter 2, the mean GIuN1 mRNA/cell in the MSO stayed constant from birth to
P24, with a slight increase from P8 to P20, before decreasing at P28 (Figure 12). There
was a statistically significant difference in median GIuN1 mRNA/cell in the MSO at
different ages x2(7) = 93.20, p = 2.72e’Y, with statistically significant differences between
approximately half of the ages (Table 31).

GluN2A mRNA

In litter 1, the mean GIuN2A mRNA/cell peaked from P4-P12 (Figure 11). There
was a statistically significant difference in median GIuN2A mRNA/cell at different ages
x%(4) = 129.80, p = 4.29e%’, with statistically significant differences between most ages
(Table 30).

In litter 2, the mean GIuUN2A mRNA levels were relatively low from PO to P28
(Figure 12). There was a statistically significant difference in median GIuN2A mRNA/cell
at different ages x?(7) = 180.03, p = 1.92e3, with statistically significant differences
between most ages (Table 31).
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GluN2B mRNA

In litter 1, the mean GIuN2B mRNA/cell peaked at P4 (Figure 11). There was a
statistically significant difference in median GIuN2B mRNA/cell in the MSO at different
ages x*(4) = 69.04, p = 3.62e4, with statistically significant differences between most
ages (Table 30).

In litter 2, the mean GIuN2B mRNA levels peaked at P24 (Figure 12). There was a
statistically significant difference in median GIuN2B mRNA/cell in the MSO at different
ages x2(7) =30.62, p = 7.30e>, with statistically significant differences between a small
proportion of ages (Table 31).

GIuN2C mRNA

In litter 1, the mean GIuN2C mRNA/cell was relatively constant from PO to P28
(Figure 11). There was a statistically significant difference in median GIuN2C mRNA/cell
in the MSO at different ages x%(3) = 52.52, p = 2.32e!!, with statistically significant
differences between only a few ages (Table 30).

In litter 2, the mean GIuN2C mRNA levels were low from PO to P28 (Figure 12).
There was a statistically significant difference in median GIuN2C mRNA/cell in the MSO
at different ages x?(7) = 68.35, p = 3.17e12, with statistically significant differences
between approximately half of the ages (Table 31).

GluN2D mRNA

In litter 1, the mean GIuN2D mRNA/cell was relatively constant from PO to P28
(Figure 11). There was not a statistically significant difference in median GIuN2D
mRNA/cell in the MSO at different ages x%(3) = 3.76, p = .29 (Table 30).

In litter 2, the mean GIuN2D mRNA levels peaked at P16 (Figure 12). There was a
statistically significant difference in median GluN2D mRNA/cell in the MSO at different
ages x%(7) = 161.19, p = 1.80e3, with statistically significant differences between most
ages (Table 31).
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Figure 11: Mean NMDAR subunit mRNA expression/cell in the MSO of Litter 1 rats. Error
bars are mean +/- SEM. In litter 1, the mean GIuN1 mRNA/cell peaked at P4. Mean
GIuN2A mRNA/cell peaked from P4-P12. Mean GIuN2B mRNA/cell peaked at P4. Mean
GIuN2C mRNA/cell was relatively constant from PO to P28. Mean GIuN2D mRNA/cell was
relatively constant from PO to P28. Number of MSO cells in SOC sections with
GIuN1/GIuN2A/GIuN2B probe solution: P4 =32, P12 = 24, P16 = 43 in section 1 and 31 in
section 2, P20 = 29 in section 1 and 39 in section 2, P28 = 31 in section 1 and 38 in
section 2. Number of MSO cells in SOC sections with GIuN1/GIuN2C/GIuN2D probe
solution: P4 = 18, P16 = 46 in section 1 and 16 in section 2, P24 = 25 in section 1 and 37
in section 2, P28 = 29.
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Table 30. Age-related changes in median NMDAR subunit mRNA expression in the MSO
of Litter 1 rats. The following symbols, 1 (GIuN1), A (GIuN2A), B (GIuN2B), C (GIuN2C),
and D (GIuN2D) indicate a significant relationship between the two ages (p < 0.05 on
Paired Wilcox Rank Sum Test) for the corresponding subunit mRNA. Note: No data for
GIuN1, GIuN2A, and GIuN2B for P24, and no data for GIuN2C and GIluN2D for P12 and
P20.

Age P4 P12 P16 P20
P12 AB

P16 1ABC A

P20 1AB 1A 1B

P24 C

P28 1A AB BC 1B
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Figure 12: Mean NMDAR subunit mRNA expression/cell in the MSO of Litter 2 rats. Error
bars are mean +/- SEM. Mean GluN1 mRNA/cell in the MSO stayed constant from birth
to P24, with a slight increase from P8 to P20, before decreasing at P28. Mean GIuN2A
MRNA levels were relatively low from PO to P28. Mean GluN2B mRNA levels peaked at
P24. Mean GluN2C mRNA levels were low from PO to P28. Mean GIuN2D mRNA levels
peaked at P16. Number of MSO cells in SOC sections with GIuN1/GIuN2A/GIuN2B probe
solution: PO = 31 in section 1 and 27 in section 2, P4 = 24 in section 1 and 23 in section 2,
P8 =54 in section 1 and 46 in section 2, P12 = 48 in section 1 and 45 in section 2, P16 =
62 in section 1 and 49 in section 2, P20 =57 in section 1 and 65 in section 2, P24 =94 in
section 1 and 73 in section 2, P28 = 45 in section 1 and 53 in section 2. Number of MSO
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cells in SOC sections with GIuN1/GluN2C/GluN2D probe solution: PO = 52 in section 1
and 17 in section 2, P4 = 46 in section 1 and 46 in section 2, P8 = 71 in section 1 and 49
in section 2, P12 = 44 in section 1 and 36 in section 2, P16 = 60 in section 1 and 71 in
section 2, P20 =57 in section 1 and 65 in section 2, P24 = 44 in section 1 and 46 in
section 2, P28 = 61 in section 1 and 29 in section 2.

Table 31. Age-related changes in median GIuN1 mRNA expression in the MSO of Litter 2
rats (+ indicates a significant relationship between two ages). The following symbols, 1
(GluN1), A (GIuN2A), B (GIuN2B), C (GIuN2C), and D (GIuN2D) indicate a significant
relationship between the two ages (p < 0.05 on Paired Wilcox Rank Sum Test) for the
corresponding subunit mRNA.

Age PO P4 P8 P12 P16 P20 P24
P4 1A

P8 D

P12 CD 1BC C

P16 AD 1D D D

P20 ACD 1ACD ACD AD A

P24 ACD ABCD ABCD A 1A BD

P28 1ACD AC 1AC 1AC 1ACD 1CD 1ACD

VNTB
GIluN1 mRNA

In litter 1, the mean GIluN1 mRNA/cell stayed relatively low from PO to P28
(Figure 13). There was a statistically significant difference in median GIuN1 mRNA/cell in
the LNTB at different ages x?(2) = 10.89, p = .004, with statistically significant differences
between a few ages (Table 32).

In litter 2, the mean GluN1 mRNA/cell peaked at P20 (Figure 14). There was a
statistically significant difference in median GIuNImRNA/cell in the LNTB at different
ages x%(7) = 289.69, p = 9.62e9, with significant differences between most ages (Table
33).

GluN2A mRNA

In litter 1, the mean GIuN2A mRNA/cell was relatively low (Figure 13). There was
a statistically significant difference in median GIUN2A mRNA/cell in the VNTB at different
ages x*(2) = 19.33, p = 6.35e™, with statistically significant differences between
approximately half of the ages (Table 32).

In litter 2, the mean GIuN2A mRNA/cell was relatively low from PO to P28 (Figure
14). There was a statistically significant difference in median GIluN2A mRNA/cell in the
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VNTB at different ages x%(7) = 194.55, p = 1.64e 38, with statistically significant
differences between approximately half of the ages (Table 33).

GluN2B mRNA

In litter 1, the mean GIuN2B mRNA/cell was relatively low (Figure 13). There was
a statistically significant difference in median GIuUN2B mRNA/cell in the VNTB at different
ages x%(2) = 24.19, p = 5.60e®, with statistically significant differences between most
ages (Table 32).

In litter 2, the mean GIuN2B mRNA levels peaked at P20 (Figure 14). There was a
statistically significant difference in median GIuN2B mRNA/cell in the VNTB at different
ages x*(7) = 108.40, p = 1.97e%%, with statistically significant differences between
approximately half of the ages (Table 33).

GluN2C mRNA

In litter 1, the mean GIuN2C mRNA/cell was relatively low (Figure 13). There was
a statistically significant difference in median GluN2C mRNA/cell in the VNTB at different
ages: x2(2) = 41.77, p = 8.49e10, with statistically significant differences between most
ages (Table 32).

In litter 2, the mean GIuUN2C mRNA levels were relatively low from PO to P28
(Figure 14). There was a statistically significant difference in median GIuN2C mRNA/cell
in the VNTB at different ages x%(7) = 74.47, p = 1.84e 13, with statistically significant
differences between only a few ages (Table 33).

GluN2D mRNA

In litter 1, the mean GIuN2D mRNA/cell was relatively low (Figure 13). There was
a statistically significant difference in median GluN2D mRNA/cell in the VNTB at different
ages x*(2) = 6.09, p = .048, with the only statistically significant difference being between
P16 and P24 (p = 0.040) (Table 32).

In litter 2, the mean GIuN2D mRNA/cell peaked from P16 to P20 (Figure 14).
There was a statistically significant difference in median GIuN2D mRNA/cell in the VNTB
at different ages x*(7) = 328.853, p = 4.13e"®’, with statistically significant differences
between most ages (Table 33).
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Figure 13: Mean NMDAR subunit mRNA expression/cell in the VNTB of Litter 1 rats. Error
bars are mean +/- SEM. All mean NMDAR subunit mRNA/cell in the VNTB was relatively
low. Number of VNTB cells in SOC sections with GIuN1/GIuN2A/GIuN2B probe solution:
P16 = 69 in section 1 and 28 in section 2, P20 = 37 in section 1 and 28 in section 2, and
P28 =50 in section 1 and 48 in section 2. Number of VNTB cells in SOC sections with
GIuN1/GIuN2C/GIuN2D probe solution: P16 = 50, P24 = 43 in section 1 and 26 in section
2, P28 =33.
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Table 32. Age-related changes in median NMDAR subunit mRNA expression in the VNTB
of Litter 1 rats. The following symbols, 1 (GIuN1), A (GIuN2A), B (GIuN2B), C (GIuN2C),
and D (GIuN2D) indicate a significant relationship between the two ages (p < 0.05 on
Paired Wilcox Rank Sum Test) for the corresponding subunit mRNA. Note: No data for
GIuN1, GIuN2A, and GIuN2B for P24, and no data for GIuN2C and GluN2D for P20.

Age P16 P20
P20 1A

P24 CcD

P28 ABC 1B
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Age (Postnatal Day)

Figure 14: Mean NMDAR subunit mRNA expression/cell in the VNTB of Litter 2 rats. Error
bars are mean +/- SEM. Mean GluN1 mRNA/cell peaked at P20. Mean GIuN2A
mRNA/cell was relatively low from PO to P28. Mean GIuN2B mRNA levels peaked at P20.
Mean GIuN2C mRNA levels were relatively low from PO to P28. Mean GIluN2D mRNA/cell
peaked from P16 to P20. Number of VNTB cells in SOC sections with
GIuN1/GIuN2A/GIuN2B probe solution: PO = 25 in section 1 and 43 in section 2, P4 = 20
in section 1 and 21 in section 2, P8 = 38 in section 1 and 20 in section 2, P12 =56 in
section 1 and 66 in section 2, P16 =97 in section 1 and 75 in section 2, P20 =94 in
section 1 and 108 in section 2, P24 = 155 in section 1 and 108 in section 2, P28 =117 in
section 1 and 149 in section 2. Number of VNTB cells in SOC sections with
GIuN1/GIuN2C/GIuN2D probe solution: PO = 19 in section 1 and 71 in section 2, P4 = 50
in section 1 and 40 in section 2, P8 = 25 in section 1 and 35 in section 2, P12 = 84 in
section 1 and 64 in section 2, P16 = 85 in section 1 and 1 in section 2, P20 =108 in
section 1 and 185 in section 2, P24 = 76 in section 1 and 85 in section 2, P28 =88 in
section 1 and 80 in section 2.

Table 33. Age-related changes in median NMDAR subunit mRNA expression in the VNTB
of Litter 2 rats. The following symbols, 1 (GIuN1), A (GIuN2A), B (GIuN2B), C (GIuN2C),
and D (GIuN2D) indicate a significant relationship between the two ages (p < 0.05 on
Paired Wilcox Rank Sum Test) for the corresponding subunit mRNA.

Age PO P4 P8 P12 P16 P20 P24
P4 1ACD
P8 1ACD D

P12 D 1AD 1CD

P16 1ABCD 1ABCD  1BCD 1BCD

P20 1ABCD 1BD 1BD 1ABCD AC

P24 1ABCD 1BD 1BD 1ABC ACD D

P28 ABCD 1C 1ACD ACD 1ABCD 1ABCD 1ABCD

LNTB

GluN1 mRNA

In litter 1, the mean GIuN1 mRNA/cell stayed relatively low from PO to P28
(Figure 15). There was a statistically significant difference in median GIuN1 mRNA/cell in
the LNTB at different ages x?(2) = 35.07, p = 2.43e®, with statistically significant
differences between most ages (Table 34).

In litter 2, the mean GIuN1 mRNA/cell peaked at P20 (Figure 16). There was a
statistically significant difference in median GIuNImRNA/cell in the LNTB at different
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ages x%(7) = 205.27, p = 8.80e™!, with significant differences between most ages (Table
35),

GluN2A mRNA

In litter 1, the mean GIluN1 mRNA/cell stayed relatively low from PO to P28
(Figure 15). There was not a statistically significant difference in median GIUN2A
mRNA/cell in the LNTB at different ages x?(2) = 4.35, p = .114 (Table 34).

In litter 2, the mean GIuUN2A mRNA/cell stayed relatively low from PO to P28
(Figure 16). There was a statistically significant difference in median GIuN2A mRNA/cell
in the LNTB at different ages x?(7) = 132.87, p = 1.58e?°, with statistically significant
differences between half of the ages (Table 35).

GIluN2B mRNA

In litter 1, the mean GIuN2B mRNA/cell stayed relatively low (Figure 15). There
was a statistically significant difference in median GIuN2B mRNA/cell in the LNTB at
different ages x%(2) = 99.31, p = 2.73e%2, with statistically significant differences between
all ages (Table 34).

In litter 2, the mean GIuN2B mRNA levels peaked at P12 (Figure 16). There was a
statistically significant difference in median GluN2B mRNA/cell in the LNTB at different
ages x%(7) = 76.70, p = 6.47e14, with statistically significant differences between only a
small proportion of ages (Table 35).

GluN2C mRNA

In litter 1, the mean GIuN2C mRNA/cell stayed relatively low (Figure 15). There
was a statistically significant difference in median GIuN2C mRNA/cell in the LNTB at
different ages x%(2) = 37.65, p = 6.69e®, with statistically significant differences between
all ages (Table 34).

In litter 2, the mean GIuN2C mRNA levels were relatively low from PO to P28
(Figure 16). There was a statistically significant difference in median GIuN2C mRNA/cell
in the LNTB at different ages x*(7) = 24.28, p = .001, with statistically significant
differences between only a small proportion of ages (Table 35).

GIluN2D mRNA

In litter 1, the mean GIuN2C mRNA/cell stayed relatively low (Figure 15). There
was a statistically significant difference in median GIuN2D mRNA/cell in the LNTB at
different ages x%(2) = 18.51, p = 9.54e>. Median GIuN2D mRNA/cell was only significantly
different between P16 and P28 (p =.0002) (Table 34).

In litter 2, the mean GIuN2D mRNA levels peaked from P16 to P24 (Figure 16).
There was a statistically significant difference in median GIuN2D mRNA/cell in the LNTB
at different ages x(7) = 255.95, p = 1.50e?, with statistically significant differences
between most ages (Table 35).
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Figure 15: Mean NMDAR subunit mRNA expression/cell in the LNTB of Litter 1 rats. Error
bars are mean +/- SEM. Mean GluN1 mRNA/cell stayed relatively low from PO to P28.
Mean GIuN1 mRNA/cell stayed relatively low from PO to P28. Mean GIuN2B mRNA/cell
stayed relatively low. Mean GIuN2C mRNA/cell stayed relatively low. Mean GIuN2D
mRNA/cell stayed relatively low. Number of LNTB cells in SOC sections with
GIuN1/GIuN2A/GIuN2B probe solution: P16 = 87 in section 1 and 42 in section 2, P20 =
59 in section 1 and 71 in section 2, and P28 = 122 in section 1 and 114 in section 2.
Number of LNTB cells in SOC sections with GIuN1/GIuN2C/GIuN2D probe solution: P16 =
67, P24 =55, and P28 = 80.
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Table 34. Age-related changes in median NMDAR subunit mRNA expression in the LNTB
of Litter 1 rats. The following symbols, 1 (GIuN1), A (GIuN2A), B (GIuN2B), C (GIuN2C),
and D (GIuN2D) indicate a significant relationship between the two ages (p < 0.05 on
Paired Wilcox Rank Sum Test) for the corresponding subunit mRNA. Note: No data for
GIuN1, GIuN2A, and GIuN2B for P24, and no data for GIuN2C and GluN2D for P20.
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Figure 16: Mean NMDAR subunit mRNA expression/cell in the LNTB of Litter 2 rats. Error
bars are mean +/- SEM. Mean GluN1 mRNA/cell peaked at P20. Mean GIuN2A
mRNA/cell stayed relatively low from PO to P28. Mean GIluN2B mRNA levels peaked at
P12. Mean GIuN2C mRNA levels were relatively low from PO to P28. Mean GluN2D
MRNA levels peaked from P16 to P24. Number of LNTB cells in SOC sections with
GIuN1/GIuN2A/GIuN2B probe solution: PO = 36 in section 1 and 40 in section 2, P4 = 29
in section 1 and 6 in section 2, P8 = 28 in section 1 and 114 in section 2, P12 =50 in
section 1 and 96 in section 2, P16 = 82 in section 1 and 81 in section 2, P20 =99 in
section 1 and 98 in section 2, P24 =95 in section 1 and 89 in section 2, P28 = 65 in
section 1 and 40 in section 2. Number of LNTB cells in SOC sections with
GIuN1/GIuN2C/GIuN2D probe solution: PO = 33 in section 1 and 12 in section 2, P4 = 29
in section 1 and 44 in section 2, P8 = 50 in section 1 and 36 in section 2, P12 =60 in
section 1 and 74 in section 2, P16 = 72 in section 1 and 67 in section 2, P20 = 153 in
section 1 and 99 in section 2, P24 = 83 in section 1 and 78 in section 2, P28 =23 in
section 1 and 54 in section 2.

Table 35. Age-related changes in median NMDAR subunit mRNA expression in the LNTB
of Litter 2 rats. The following symbols, 1 (GIuN1), A (GIuN2A), B (GIuN2B), C (GIuN2C),
and D (GIuN2D) indicate a significant relationship between the two ages (p < 0.05 on
Paired Wilcox Rank Sum Test) for the corresponding subunit mRNA.

Age PO P4 P8 P12 P16 P20 P24

P4 A

P8 A

P12 1D 1D 1BD

P16 AD 1D 1D 1AD

P20 1AD 1BD 1BD 1AD 1B

P24 1ABD 1BD 1BD A CB 1D

P28 AC C A 1ACD 1CD 1BCD 1ABCD
SPN

GIluN1 mRNA

In litter 1, the mean GIuN1 mRNA/cell peaked at P4 (Figure 17). There was a
statistically significant difference in median GIuN1 mRNA/cell in the SPN at different
ages x%(2) = 365.612, p = 4.06e®° (Table 36).

In litter 2, the mean GIuN1 mRNA expression in the SPN peaked at around P16
(Figure 18). There was a statistically significant difference in median GIuN1 mRNA/cell in
the SPN at different ages x?(7) = 825.42, p = 6.05e"174, with statistically significant
differences between most ages (Table 37).
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GIuN2A mRNA

In litter 1, the mean GIuN1 mRNA/cell peaked at P4 (Figure 17). There was a
statistically significant difference in median GIuN2A mRNA/cell in the SPN at different
ages x*(2) = 64.77, p = 8.60e 1, with statistically significant differences between most of
the ages (Table 36).

In litter 2, the mean GIuN2A mRNA levels slightly peaked from P12 to P20 (Figure
18). There was a statistically significant difference in median GIluN2A mRNA/cell in the
SPN at different ages x%(7) = 246.27 p = 1.72e™*, with statistically significant differences
between most of the ages (Table 37).

GIuN2B mRNA

In litter 1, the mean GIuN2B mRNA/cell peaked at P4 (Figure 17). There was a
statistically significant difference in median GluN2B mRNA/cell in the SPN at different
ages x%(2) = 336.68, p = 7.79e74. Median GIuN2B mRNA/cell was significantly different
between all ages (Table 36).

In litter 2, the mean GIuN2B mRNA peaked at P16 to P20 (Figure 18). There was a
statistically significant difference in median GluN2B mRNA/cell in the SPN at different
ages x%(7) = 206.70, p = 4.37e*, with statistically significant differences in median
GIuN2B mRNA/cell in approximately half of the ages (Table 37).

GluN2C mRNA

In litter 1, the mean GIuN2C mRNA/cell was relatively low (Figure 17). There was
a statistically significant difference in median GIuUN2C mRNA/cell in the SPN at different
ages x%(2) = 167.52, p = 4.20e’. Median GIuN2C mRNA/cell was significantly different
between all ages (Table 36).

In litter 2, the mean GIuUN2C mRNA expression was relatively constant, with a
slight increase from P4 to P16 (Figure 18). There was a statistically significant difference
in median GIuN2C mRNA/cell in the SPN at different ages x?(7) = 231.59, p = 2.28e™°,
with statistically significant differences between approximately half of the ages (Table
37).

GluN2D mRNA

In litter 1, the mean GIuN2D mRNA/cell was relatively low (Figure 17). There was
not a statistically significant difference in median GIluN2D mRNA/cell in the SPN at
different ages x?(2) = 1.83, p = .40 (Table 36).

In litter 2, the mean GIuN2D mRNA expression in the SPN peaked at around P16
(Figure 18). There was a statistically significant difference in median GIluN2D mRNA/cell
in the SPN at different ages x?(7) = 550.67, p = 1.01e14, with statistically significant
differences between most ages (Table 37).
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Figure 17: Mean NMDAR subunit mRNA expression/cell in the SPN of Litter 1 rats. Error
bars are mean +/- SEM. Mean GluN1 mRNA/cell peaked at P4. Mean GluN1 mRNA/cell
peaked at P4. Mean GIuN2B mRNA/cell peaked at P4. Mean GIuN2C mRNA/cell was
relatively low. Mean GIuN2D mRNA/cell was relatively low. Number of SPN cells in SOC
sections with GIuN1/GIuN2A/GIuN2B probe solution: P16 = 143 in section 1 and 137 in
section 2, P20 = 216 in section 1 and 275 in section 2, and P28 = 172 in section 1 and 179
in section 2. Number of SPN cells in SOC sections with GIuN1/GluN2C/GIuN2D probe
solution: P16 =330 in section 1 and 193 in section 2, P24 = 171 in section 1 and 122 in
section 2, and P28 = 186.
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Table 36. Age-related changes in median NMDAR subunit mRNA expression in the SPN
of Litter 1 rats. The following symbols, 1 (GIuN1), A (GIuN2A), B (GIuN2B), C (GIuN2C),
and D (GIuN2D) indicate a significant relationship between the two ages (p < 0.05 on
Paired Wilcox Rank Sum Test) for the corresponding subunit mRNA. Note: No data for
GIuN1, GIuN2A, and GIuN2B for P24, and no data for GIuN2C and GluN2D for P20.
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Figure 18: Mean NMDAR subunit mRNA expression/cell in the SPN of Litter 2 rats. Error
bars are mean +/- SEM. Mean GIuN1 mRNA expression in the SPN peaked at around P16.
Mean GIuN2A mRNA levels slightly peaked from P12 to P20. Mean GIuN2B mRNA
peaked at P16 to P20. Mean GIuN2C mRNA expression was relatively constant, with a
slight increase from P4 to P16. Mean GIuN2D mRNA expression in the SPN peaked at
around P16. Number of SPN cells in SOC sections with GIuN1/GIuN2A/GIuN2B probe
solution: PO = 145 in section 1 and 165 in section 2, P4 = 85 in section 1 and 85 in section
2, P8 =157 in section 1 and 182 in section 2, P12 = 195 in section 1 and 157 in section 2,
P16 = 249 in section 1 and 377 in section 2, P20 = 269, P24 = 308 in section 1 and 241 in
section 2, P28 = 252 in section 1 and 229 in section 2. Number of SPN cells in SOC
sections with GIuN1/GIluN2C/GluN2D probe solution: PO = 117 in section 1 and 130 in
section 2, P4 = 123 in section 1 and 183 in section 2, P8 = 211 in section 1 and 126 in
section 2, P12 = 187 in section 1 and 123 in section 2, P16 = 213 in section 1 and 352 in
section 2, P20 = 408 in section 1 and 269 in section 2, P24 = 239 in section 1 and 191 in
section 2, P28 =213 in section 1 and 151 in section 2.

Table 37. Age-related changes in median NMDAR subunit mRNA expression in the SPN
of Litter 2 rats. The following symbols, 1 (GIuN1), A (GIuN2A), B (GIuN2B), C (GIuN2C),
and D (GIuN2D) indicate a significant relationship between the two ages (p < 0.05 on
Paired Wilcox Rank Sum Test) for the corresponding subunit mRNA.

Age PO P4 P8 P12 P16 P20 P24
P4 1ACD
P8 CD 1A

P12 1ABD 1ABD 1ABD

P16 1ABD 1ABD 1ABD 1AD

P20 1ABD 1ABCD 1ABCD 1ACD 1AC

P24 1ABD 1ABCD 1ABC C 1ACD 1AD

P28 BCD BCD 1ABCD 1ABCD 1ACD 1ABCD 1ACD
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GluN1 Protein in the MNTB, LSO, and MSO

Mean and median GIuN1 immunoreactivity appeared to decrease in the MNTB,
LSO, and MSO from PO to P28 (Figures 19 and 20). Median GIluN1 immunoreactivity was
only statistically significantly different across ages in the MNTB (MNTB: x%(7) = 16.47, p
=.02; LSO: xX(7) = 12.31, p = .09; MSO: x*(6) = 10.68, p = .10).

Median Pixel Intensity (a.u.) Median Pixel Intensity (a.u.)

Median Pixel Intensity (a.u.)

MNTB
20 A
151 L
101 I l l
|
5- | f I
e N e
0 4 8 12 16 20 24 28
Age (postnatal day)
LSO
20 -
15 -
1
10 - I I
l
5 l
0- £ [ 1]
0 4 8 12 16 20 24 28
Age (postnatal day)
MSO
20 1
15 A I
101 [ 1
1] ;
0-
O 4 8 16 20 24 28

Age (postnatal day)

63



Master’s Thesis — S. Alageswaran; McMaster University - Neuroscience

Figure 19: Median GluN1 protein expression in the MNTB, LSO, and MSO of 1 litter of
rats. Error bars are interquartile range. Mean and median GIuN1 immunoreactivity
appeared to decrease in the MNTB, LSO, and MSO from PO to P28. Median GluN1
immunoreactivity was only statistically significantly different across ages in the MNTB
(MNTB: x%(7) = 16.47, p = .02; LSO: x3(7) = 12.31, p = .09; MSO: x*(6) = 10.68, p = .10).
a.u. = Arbitrary Units.
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Figure 20: Representative images of GIuN1 protein expression in primary nuclei, MNTB,
LSO, and MSO, of the rat SOC from PO to P28. Right column: raw, unaltered
representative image. Left column: minimum and maximum look-up table display-
adjusted version (reversible) of representative images for visualization purposes; all
images were altered using the same parameters. Magenta: GIuN1 staining; Cyan:
NeuroTrace 435/455 staining. Scale bars = 200 um for all ages. Median and mean GIuN1
expression appears to decline from PO to P28 in all three nuclei.
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Discussion

NMDARs in the immature MNTB to LSO pathway might be involved in its
refinement. The heterogeneity in NMDAR subunit composition equips the receptor with
an array of possible kinetic, pharmacological, and signalling properties. To gain insight
into which of these properties could potentially be involved in the refinement of the
MNTB to LSO pathway, | measured the expression of NMDAR subunit mRNA for subunits
in the GIuN1 and GIuN2 family from PO to P28. | found that the expression levels of
subunit mRNA from PO to P28 in the GIuN2 family varied in most nuclei, suggesting a
subunit substitution occurring during circuit refinement. However, the peak in GIuN1
expression in each nucleus also suggests that the overall number of NMDARs rises and
falls in the SOC throughout the refinement of its many circuits.

Changes in NMDAR mRNA expression in primary and periolivary SOC nuclei

In Litter 1, GluN1 mRNA expression peaked between PO to P4 in all primary
nuclei (Figure 7, 8 and 9). GIuUN2A mRNA expression was highest at birth in the LSO
(Figure 8) and was highest from P4-P12 in the MSO (Figure 9). In the MSO, GIuN2B levels
peaked at similar times as GIUN2A expression, around P4. | did not observe a clear
GIuN2B to GIuN2A switch in the two litters. GIuUN2B expression in all other nuclei was
relatively constant and low. In all primary nuclei, GIuN2D levels were low from PO to
P28. VNTB, LNTB, and SPN data for litter 1 do not contain the full set of ages due to the
tissue sectioning angle of the sections that were used for the assay.

In Litter 2, GluN1 mRNA peaked from a timepoint between P8 to P20 in all nuclei.
The three primary nuclei of the SOC and the VNTB showed the same rise and fall time
course of GIuN1 expression. In the LSO, both GIuN2A and GIuN2B mRNA levels peaked at
the same age (P8), suggesting that the commonly suggested GIuN2B-to-GIuN2A
substitution is unlikely in the MNTB-to-LSO-pathway during refinement. The LSO was the
only nucleus to show an increase in GIUN2A expression from PO to P28, suggesting a
smaller role of GIuN2A in the refinement of the SOC altogether. The MNTB in litter 2 was
the only nucleus in both litters that showed a peak, at PO, in GIuN2C expression. All
other nuclei showed the same expression pattern for GIuN2C, where levels were low
from PO to P28, suggesting that most NMDARs in the SOC do not contain the GIuN2C
subunit during a period of major circuit refinement. All nuclei showed a peak in GIuN2D
expression from P16 to P20, suggesting that if a subunit substitution were to underlie
the decrease in ifenprodil sensitivity in the LSO, it could be due to an increase in
GluN2D-containing NMDARs. The mechanism of how levels of all NMDAR subunits
decrease in the SOC throughout this period is unknown.

Changes in control probe expression
Most nuclei in both litters exhibited fluctuations in control probe expression
across ages. As a result of this observation and several factors including potential
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biological variability, noise, and a small sample size prevent me from making meaningful
conclusions about the age-related changes in gene expression. A potential solution for
future experiments using this technique would be to use control probes that are more
relevant to my main purpose of using the control probes: | need to ensure that any age-
related changes | observe in my target probes are a result of true biological change, and
not noise. Notably, researchers who conducted a genome-wide microarray analysis of
approximately 41 000 genes in the rat showed that differences in gene expression in the
SOC varied the most between P4 to P25 (Ehmann et al. 2013). They also found that
several transcription factors were upregulated prior to hearing onset. Therefore, genes
that are expressed at known levels during early postnatal development in the SOC
should be used as controls, in lieu of those provided in the RNAscope assay. This
approach would allow for correction of general developmental expression trends in
probes. Potential control probes could be for genes that have differential expression
before and after hearing onset (P10-P12) in rats. For example, the genes for myelin-
associated oligodendrocyte basic protein, Mobp, and myelin-oligodendrocyte
glycoprotein, Mog, increase in expression after hearing onset in rats (Ehmann et al.
2013). The genes for potassium voltage-gated channel subfamily B member 1, Kcnb1,
and H member 1, Kcnh1, decrease in expression after hearing onset in rats (Ehmann et
al. 2013). Validation of control probes in specific circuits should be considered for future
RNAscope assays.

GluN1 protein expression

To calibrate the changes in mRNA expression to protein expression, | ran a pilot
immunostaining run for the GIuN1 subunit using one litter. Synaptic receptors are
notoriously challenging to raise specific antibodies against, and there are few validated
NMDAR subunit antibodies available for immunohistochemistry (see Limitations). The
GluN1 antibody | used in this study was one of few available NMDAR subunit antibodies
validated in rats for immunohistochemistry (Zhang et al. 2018). | found that median and
mean GIuN1 staining appeared to decrease from PO to P28 in the primary nuclei of the
SOC. However, only the MNTB appeared to have a statistically significant difference in
staining intensity across ages. Previous electrophysiological studies of NMDAR activity in
the MNTB to LSO pathway show that NMDAR-mediated charge transfer and peak
current amplitude decrease after P9 (Case and Gillespie 2011). The expression of GIuN1
protein in the LSO is likely to be decreasing and should be reassessed in additional
litters.

Differentiating subunit substitution from a decrease in NMDAR expression

If subunits in the GIuN1 and GIuN2 families are decreasing towards P28, how
might we determine if there is a subunit substitution occurring as well, rather than just
an overall reduction in NMDARs? Despite the reductions in NMDAR subunit levels across
all the subunits measured, the differing peaks in expression suggest that the levels of
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each subunit at any given stage in refinement vary. For this to occur, the subunit
composition of the NMDARs at a given stage of refinement must change. In all subunits
that were measured, expression levels did not change drastically from PO to P28, which
suggests that changes in subunit composition are likely to be subtle. For example, a
diheterotetrameric receptor with only GIuN1 and GIuN2B subunits may become a
triheterotetrameric receptor containing GIuN2B and GIuN2A/C/D subunits during
development. With the current method used to quantify each subunit, it would be
challenging to distinguish between di- and tri-heteromeric receptors.

Temporal order of subunit changes between nuclei

A subunit substitution from GIuN2B to GIuN2A-containing NMDARs is often used
as a proxy for circuit maturation. It may be the case that the temporal order of subunit
substitutions between different nuclei could indicate a guidance process for refinement,
where nuclei with GIuN2A-containing NMDARs guide the refinement of nuclei that
contain GIuN2B-containing NMDARs. This guidance could potentially occur through
different signalling properties or biasing a synapse towards different forms of synaptic
plasticity. This was not the case in the findings of this study, as there was no GIuN2B to
GIuN2A switch in any nucleus in either litter.

Limitations

Cell type-specific expression

Differential expression of NMDAR subtypes extends into neuronal types. Within a
given neuron, differential expression further extends to synapse type. With in-situ
hybridization, it is not possible to know the receptor subtype that a given synapse
contains. Within a given nucleus, it may be possible to identify the NMDAR subtypes
present in specific neuron types. However, this would require a cell detection technique
that can identify the subtle characteristics that define different neuron types in each
nucleus. A potential technique could be to counterstain neurons using a neuronal
marker, like NeuN, and then to train a cell segmentation algorithm, like CellPose, to
classify the stained neurons based on their morphology (Stringer et al. 2021). This
counterstaining technique also removes the issue that occurs with NeuroTrace
counterstaining, as NeuroTrace also stains glia, in addition to neurons. To further modify
this potential counterstaining technique, additional markers that are specific to
astrocytes, oligodendrocytes, and microglia should be used as well. However, age-
dependent expression of these markers may be a caveat. This is the case with several
astrocyte markers like GFAP and S100b, which tend to work for mature, but not
immature astrocytes (Preston et al. 2019).
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Maximizing mRNA signal captured in each section

To image mRNA probe signals for all six nuclei, | had to take a tile-scan of each
unilateral SOC at 40x magnification, using a single optical section. This resulted in an
extensive time requirement to image each SOC. Due to this approach, it is likely that
MRNA probe signal was missed because the signal was outside of the imaged optical
section. A proposed solution to this issue is to restrict the tile-scanning area to a more
manageable portion of a given nucleus and take images of several adjacent optical
sections to assess the changes in probe signal over a greater depth.

Developmental changes in transcription and translation at each age

Levels of detected mRNA in each age could be altered by the age-dependent
changes in transcriptional and translational machinery and regulation. Several factors
can modify ribosomes and translation factors, including environmental factors (Sauert et
al. 2015). The development of transcriptional and translational machinery throughout
circuit refinement should be assessed to allow a more in-depth interpretation of the
changes in mRNA levels seen in this study. Furthermore, comparing transcript
expression to protein expression necessitates considering how transcript levels correlate
with protein levels in the cell. An analysis of correlations in mRNA vs. protein expression
for several genes suggests that there is a time-delay between mRNA and protein
expression (Wang et al. 2010), which should be taken into account when comparing
expression levels.

Sources of error in immunohistochemistry staining

The images presented of the GIuN1 protein staining run reveal inconsistent
staining patterns in the NeuroTrace counterstain (see Figure 20). The tissue preparation
protocol and/or imaging techniques that | used did not produce images that were of
sufficient quality to draw meaningful conclusions about GIuN1 protein levels in the SOC.
There are several potential sources of error, including: 1) a discrepancy in the actual
laser output vs. the set laser output of the confocal microscope that was used, 2) the
sensitivity and specificity of the antibody, and 3) the tissue processing method.

The ability to quantify protein expression from immunofluorescence is
challenging due to the confounding factors that can influence the output of
immunoassays (see Jensen et al., 2017 for review). To obtain a more reliable dataset,
this staining run should be replicated in at least two more litters to increase confidence
that the observed differences in immunofluorescence across ages reflect age-related
changes in the number of GIuN1 subunit protein present in each nucleus.

Variability in expression levels

The mean and median NMDAR subunit mRNA expression levels vary across ages,
subunits, and nuclei. How does this influence my ability to make conclusions about
expression levels of each subunit? Because of the small sample sizes in these
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experiments, it is not possible to make meaningful conclusions about changes in
expression levels because | cannot be confident that the variability in the values reflects
biological variability. The distribution of the data (i.e., spread) can indicate how closely
the values fall with respect to the mean/median. For example, a large distribution of
expression values taken from a small sample size of rats, not cells, is likely
representative of experimental noise, rather than biological variability.

Troubleshooting

Inter-litter differences, Sex differences, and Sample Size

There are several differences in the expression levels obtained for the two in-
situ hybridization litters. Aside from actual differences in expression between the two
litters, the expression levels could have been different due to several confounding
factors: 1) the sections collected for the second litter differed in that all ages were
processed the same way, whereas ages PO to P12 in litter one were counterstained
according to the DAPI protocol provided in the RNAscope instructions, 2) my ability to
obtain sections with all six nuclei at all ages improved by the time | began sectioning the
second litter, and 3) a few of the P16-P28 sections in the first litter exhibited hazy
NeuroTrace staining, which made it challenging to detect neurons and probes in those
sections. Therefore, the results of the second litter are likely closer to the actual NMDAR
subunit levels throughout circuit refinement. Although the RNAscope assay used in this
study has relatively specific probe binding, the expression patterns observed in the
second litter should be replicated in at least two more litters. With the current sample of
two litters, comparing sex differences in NMDAR subunit expression is challenging
because each animal for each age was selected randomly from its litter, it is not possible
to ensure that there are both male and female rat data for each time point. A solution to
this would be to collect more than two litters to increase the chance of having both
sexes for a given age’s data. We could also collect a male and female rat for each age in
each litter, but this solution assumes that the litter is large enough to have two rats per
time point and that there is a balance between male and female rats in the litter. To
increase confidence in identifying the sex of younger ages (P0O-P8), where both sexes
possess similar dimorphic features, at the time of perfusion, a section of the tail tip of
the rat could be taken for polymerase chain reaction test to assess for the Kdm5c gene
on the X chromosome for female rats and for the Kdm5d gene on the Y chromosome for
male rats (Dhakal and Soares 2017). It is important to note, however, that researchers
who conducted a whole-genome microarray analysis of the P16 rat SOC found that very
few genes had sex differences in their expression, in comparison to the rest of the brain
(Ehmann et al. 2008). Similar whole-genome analyses should be conducted on a larger
age-group to assess the presence of sex differences before or after P16.
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RNAscope: Annotating SOC nuclei

Advanced Cell Diagnostic’s guidelines for the RNAscope Fluorescent Multiplex
suggest using DAPI as a counterstain in the assay. DAPI does not facilitate the
identification of SOC nuclei as it does not exclusively stain neurons and glia, as
NeuroTrace does. Therefore, to identify SOC nuclei in the sections, | stained sections
that flanked the RNAscope sections with NeuroTrace 640/660. After imaging the
NeuroTrace-stained sections, | could then annotate the SOC nuclei and transfer those
annotations onto my RNAscope images. However, staining the flanking sections with
NeuroTrace 640/660 did not facilitate identifying the SOC nuclei because it was not
possible to precisely align the annotations from the NeuroTrace images onto the DAPI
stain from the RNAscope images as there were no landmarks to use. To troubleshoot
this issue, | used NeuroTrace 435/455 instead of DAPI in the RNAscope assay;
Counterstaining with NeuroTrace 435/455 appropriately stained neurons and glia and
made it possible to annotate each nucleus without having to use annotations from a
flanking section. Therefore, | decided to use NeuroTrace 435/455 instead of DAPI for the
remaining assay in litter 1 and all the assays in litter 2.

Conclusion

NMDARs are involved in the refinement of classical glutamatergic circuits and are
hypothesized to be involved in the refinement of glutamate-releasing immature
inhibitory circuits. In the immature inhibitory MNTB to LSO pathway, in the SOC, the
functional heterogeneity among NMDAR subtypes may be available to the circuit during
refinement. In this study, | show that in the SOC, NMDAR subunits in the GIluN1 and
GluN2 family follow different expression patterns from PO to P28 between ages and
nuclei. In addition, all subunits show a decline in expression towards P28. These findings
are consistent with changes in the levels of different NMDAR subunits and a decline in
NMDARs. A future direction would be to replicate these findings using a larger sample
size, with markers for specific cell types.
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