


Figure 4.1: Glycine receptors are expressed in all four auditory brainstem nuclei.
A. Low magnification confocal image of timing nuclei (NM, left and NL, right) neurons
labeled for GlyR (green) and neurofilament (red). B. GlyR staining in the NM is robust in the
somatic region. C. NL neurons are also immunopositive for GlyRs. D. Low magnification
image of NA shows many neurons with GlyR staining. E. Image of NM neurons shows no
GlyR staining when the primary antibody was omitted. F. Western blot analysis of GlyR
antibody specificity shows no band in the chicken lung tissue (negative control, F7) and bands
in both gerbil (positive control, Fii) and chick brainstem (Fiii) tissues. Scale bars: A,D = 200
um; B,C,E = 50 um.
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entirely abolished during bath application of strychnine (0.5-1uM), a GlyR antagonist.
Figure 2A shows the glycine response in control, strychnine, and washout conditions for
an E19 NM neuron. Similar responses were observed for all neurons tested in the three
nuclei (Fig. 2B) and were consistent across the age range (E18-P5). Kuo et al., (2009)
demonstrated similar results for NA. Taken together with the immunohistochemical
results, these data indicate that functional GlyRs exist in all four brainstem nuclei at ages

considered mature for the chick auditory system.

High frequency stimulation evokes glycine release in NM

A number of studies have indicated that inhibitory transmission in the NM and
NL are completely blocked by GABAAR antagonists (Funabiki et al., 1998; Yang et al.,
1999; Monsivais et al., 2000; Lu and Trussell, 2000). Indeed, I too saw little evidence of
glycinergic activity in spontaneous events or responses evoked by single-pulse stimuli in
current (Fig. 3A-B) or voltage clamp (not shown). However, few published studies of
NM have evoked inhibitory synaptic transmission at stimulation rates approaching the
highest acoustically driven rates observed in vivo for SON neurons. Previous work from
our group suggests that SON neurons can reach spike rates exceeding 200Hz during
intense acoustic stimulation (Coleman et al., 2011). Thus, I tested whether prolonged
high frequency stimulation could evoke glycine release in the NM. Our protocol
consisted of 50-pulse stimulus trains at 200 and 333Hz during whole cell recordings in
voltage or current clamp. Figure 3C shows averaged IPSP traces from a representative
NM neuron stimulated at 200Hz in each pharmacological condition. The GABAAR

antagonist SR95531 reduced but did not eliminate the evoked IPSP. The residual IPSP
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Figure 4.2: Exogenous glycine application evokes strychnine sensitive currents in the
SON, NM and NL. A. Representative traces from an E19 NM neuron show the current
response from a 100ms puff of glycine (ImM) onto the cell soma in control, strychnine and
recovery conditions. B. Population data from the 100ms glycine puff reveals a similar trend
during GlyR block and washout in the three brainstem nuclei tested.
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appeared to accumulate over the course of the stimulus and reached approximately 30%
of the control IPSP by pulse 50 (200Hz: 30.7 + 7.9%, n=4; 333Hz: 27.5 + 7.2%, n=4;
Fig. 3D). This component was eliminated with the addition of 0.5mM strychnine and
recovered after washout (Fig. 3C). IPSP amplitude recovered near control levels after
SR95531 washout.

Evoked IPSCs followed a similar response pattern in voltage clamp. Again,
application of SR95531 resulted in an incomplete suppression of the IPSC and the
residual component was nearly abolished after the addition of strychnine. The
glycinergic current was greatest at pulse 50 and represented ~15% of the control current
at both 200 and 333Hz stimulus frequencies (200Hz: 14.5 + 1.8%, n=7; 333Hz: 144 +
3.5%, n=7). These results suggest that glycine contributes to inhibition in NM under high
but physiologically relevant firing rates observed in vivo for SON neurons.

GlyR block reduces the efficacy of inhibition in NM

To test the functional efficacy of glycinergic input to NM, I used a protocol
similar to Monsivais et al., (2000) (see Methods) where 50 Hz suprathreshold current
pulse trains were injected into NM neurons to evoke spiking while inhibitory fibers were
simultaneously stimulated during a 200 ms window (40 pulses at 200Hz) (Fig 4A,B).
Representative traces are shown in Figure 4A for an NM neuron in each condition.
Activation of inhibitory inputs in the control condition generally reduced spiking by at
least 40% during the 250ms following the onset of evoked inhibition (see Methods).
Strychnine application lead to a significant increase in firing rate during inhibitory input

activation (control: 22.3 £ 5.9%; strychnine 53.9 + 13.3%; n=4, p = 0.036; Fig 4B).
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Figure 4.3: High frequency stimulation evokes glycinergic transmission in NM.
A. Traces show miniature IPSPs that are completely abolished during SR95531 application
confirming purely GABAergic events. B. Overlay of averaged IPSP traces again confirm
purely GABAergic events evoked during single pulse stimulation. C. Averaged traces of
IPSPs evoked using a 200Hz, 50-pulse stimulus in each pharmacological condition.
GABAAR block reduces the summed IPSP amplitude leaving a residual component that is
eliminated by GlyR block. Color code for pharmacological condition is the same for A-C. D.
Population data for the average magnitude of the glycinergic component analyzed pulse-by-
pulse during the high frequency train stimuli. The glycinergic component was calculated by

dividing the IPSP amplitude at pulse n in SR95531 by the IPSP amplitude at pulse # in
control.
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These results suggest that glycine release evoked under physiologically relevant stimulus
conditions contributes to the overall efficacy of the inhibition, and modulates the

excitability of NM neurons.
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Figure 4.4: Blocking GlyRs decreases the ability of evoked IPSPs to suppress action
potentials in NM. A. Representative current clamp traces from an E19 NM neuron in each
pharmacological condition. Application of strychnine resulted in an increase in the firing rate
during the inhibitory time window (asterisks in strychnine condition represent action
potentials suppressed in the control). B. Population data for the spike probability during the
inhibitory time window in control and strychnine conditions shows a significant increase in
spike probability during strychnine application (n=4, p=0.035). Grey lines connect the spike
probability at each condition for each cell tested.
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Discussion

GlyR immunohistochemistry and receptor function

In this report, I show for the first time robust expression of GlyRs and evidence of
synaptically evoked glycine release in nuclei specialized for temporal processing in the
avian auditory system. Physiological evidence of glycine transmission in this circuit has
only recently been documented (Kuo et al., 2009; Coleman et al., 2011). These studies
demonstrated synaptically evoked GABA/glycine co-release in SON and NA. Together,
these results indicate that anatomical pre- and postsynaptic hallmarks of glycinergic
transmission observed in these nuclei are confirmed by electrophysiological evidence of

glycinergic signaling in all nuclei of this circuit.

Glycinergic transmission in the brainstem

Previous studies suggested that glycinergic transmission accounts for
approximately 50% of the amplitude of single-pulse evoked IPSCs in the NA and SON
(Kuo et al., 2009; Coleman et al., 2011). In NM I confirmed previous results that glycine
transmission is not evident from recordings of spontaneous release or release evoked by
single-pulse stimuli. Rather, our results indicate that glycine transmission was only
induced during high frequency stimulation. The glycinergic component built over the
course of the response to comprise up to 30% of the total IPSP by the end of the train.
Our protocols simulated high but physiologically relevant input frequencies, comparable
to firing rates observed for SON neurons in response to intense acoustic stimuli in vivo
(Coleman et al., 2011).
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Role of glycine

Glycinergic transmission in NA and SON results from the co-release of GABA
and glycine from inhibitory terminals. One function of glycine was described in vivo for
SON where it aids in maintenance of phase-locking to acoustic stimuli (Coleman et al.,
2011). The role of glycine in NM and NL has not yet been investigated in vivo. Given the
results of the current study, I propose that glycinergic transmission would be recruited
during intense stimulation when GABA release may be subject to synaptic depression
(Lu et al., 2005). This hypothesis is plausible for several reasons. First, glycine and
GABA are trafficked by the same vesicular transport protein, vesicular amino acid
transporter (VIAAT also known as VGAT) (Wojcik et al., 2006). VIAAT has been
localized at both GABA- and glycinergic terminals (Chaudhry et al., 1998; Dumoulin et
al., 1999). Since terminals surrounding NM and NL neurons are immunopositive for
both GABA and glycine, co-release is likely as has been shown in NA and SON (Kuo et
al., 2009; Coleman et al., 2011). The fact that glycine is only released during high
frequency stimulation may suggest that glycine is only recruited into vesicles by VIAAT
when GABA is depleted in the terminal. Previous studies have demonstrated that
transmitter transport into vesicles is concentration dependent. The relative abundance of
GABA or glycine may suppress transport of the complimentary transmitter into vesicles
(Burger, 1991). It was recently shown that glycinergic transmission can be suppressed,
and GABA transmission potentiated via GLYT2 block or increase in GABA synthesis
(respectively) in cartwheel cells that co-release GABA and glycine (Apostolides and
Trussell, 2013). Thus, depletion of GABA during intense and prolonged inhibitory

stimulation in NM may lead to the recruitment of glycine into vesicles to maintain the
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inhibitory tone. Evidence for a similar mechanism has recently been observed in the
mammalian cochlear nucleus where GABAergic transmission is recruited during high
frequency stimulation of primarily glycinergic inputs to bushy cells (personal

communication, Jana Nerlich and Ivan Milenkovic).

Source of glycine

The source of glycinergic terminals in NM and NL is unknown, but there are
several candidates. The transmitter staining patterns of SON neuron somas suggests that
high levels of both GABA and glycine are present in populations of these cells (Coleman
et al.,, 2011). These neurons would seem to be the most likely glycine source, but it is
odd that spontaneous glycine release occurs in NA and SON but not NM and NL, as
these nuclei share SON collateral inputs (Burger et al., 2005). However, it is possible
that different subsets of SON fibers project to subsets of target nuclei. Whether the
GABA/glycine positive SON neurons are the population projecting to NM and NL is

unresolved and requires further investigation.

Several studies have described the existence of a small population of cells
between the NM and NL that are immunopositive for markers of GABA and glycine
transmission (Miiller, 1987; Carr et al., 1989; von Bartheld et al., 1989; Kuo et al. 2009).
Yamada et al., (2013) showed that these neurons receive excitatory input from NM and
provide inhibitory input to low frequency NL neurons. It is possible that glycine release
was evoked from these cells in the current study. This is speculative, however, since the

connectivity of these cells to areas other than NL is not fully characterized.
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Summary

Our study demonstrates that functional GlyRs are expressed in four principal
nuclei of the avian auditory brainstem and that glycinergic transmission is evoked in NM
by high frequency stimulation. Importantly, the glycine was recruited at stimulus
frequencies within the range of firing frequencies observed for SON neurons in vivo.
Additionally, glycinergic transmission contributes to the efficacy of inhibition for
suppression of spikes evoked by current injections into NM neurons. These findings
indicate that glycinergic inhibition is more ubiquitous in the avian brainstem than
previously understood, and that models of ITD processing in avian circuitry must

incorporate glycinergic components of inhibition.
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CHAPTER V

Glycinergic transmission modulates inhibition

in the avian brainstem
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Abstract

Co-transmission of several neurotransmitters from a single neuron is becoming
increasingly prevalent as the physiology of many neuronal circuits is finely dissected.
Recent studies have shown that glycine is co-released with GABA in avian auditory
brainstem nuclei involved in the computation of interaural time disparities (ITDs), a cue
used in sound localization processing (Kuo et al. 2009, Coleman et al. 2011). This circuit
relies on inhibitory input to maintain the temporal precision necessary for ITD encoding.
I utilize this circuit and perform in vitro whole-cell recordings to assess the consequences
of glycine receptor (GlyR) activation on inhibitory transmission. To this end, I evaluated
the effect of an exogenous glycine pre-pulse on synaptically evoked inhibitory currents in
the nucleus magnocellularis (NM) and the superior olivary nucleus (SON). Activation of
GlyRs reduced the amplitude of inhibitory postsynaptic currents evoked during a 100Hz
train stimulus in both nuclei. This modulatory effect was blocked during application of
strychnine and recovered after washout. Changes in the driving force of CI” ions was the
likely cause of the observed occlusion as activation of GlyRs was insufficient to cause the
occlusion and switching the direction of Cl- ion flux resulted in an enhanced evoked
IPSC amplitude. These results suggest that glycine transmission may provide a novel

modulatory mechanism for inhibition in the sound localization pathway of birds.
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Introduction

Inhibitory input plays an integral role in the maintenance of temporal precision in
the avian sound localization circuit (Funabiki et al. 1998, Yang et al. 1999, Monsivais et
al. 2000, Lu and Trussell 2000, Fukui et al. 2010). Recent work revealed a novel form of
inhibition in this circuit that results from the co-release of GABA and glycine from the
same vesicles (Kuo et al. 2009, Coleman et al. 2011). This mode of transmission occurs
in some synapses at the nucleus angularis (NA) and superior olivary nucleus (SON)
where GABA and glycine each account for approximately 50% of the total amplitude of
evoked inhibitory postsynaptic currents (IPSCs). Glycine transmission was also observed
in the nucleus magnocellularis (NM) where stimulation at high but physiologically
relevant rates evoked a slowly emerging glycinergic component of the inhibition. This
glycinergic component was functionally important as blocking glycine transmission
reduced the efficacy of inhibition in the NM. An in vivo study showed that GlyR block
reduced the ability of SON neurons to phase-lock to pure tone stimuli near best
frequency. Beyond these two studies, the role of glycine and its co-release with GABA is
not well understood in this circuit.

Co-release of GABA and glycine from the same vesicles is possible because they
share a vesicular transport molecule (vesicular inhibitory amino acid transporter, VIAAT
or VGAT) (Burger et al. 1991, Mclntire et al. 1997, Sagne et al. 1997, Wojcik et al.
2006). The transmitters are loaded into the vesicles based on their concentration in the

axon terminals, which is derived from the presence of synthesizing molecules and
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membrane transporters (Eulenburg et al. 2005). Co-release of GABA and glycine is
interesting from a postsynaptic point of view because both receptor channels transmit the
chloride (Cl-) ion upon ligand binding.

In other systems where each mode of transmission is present, GABA and glycine
receptors have been shown to interact. Several experiments indicate that there is a cross-
suppressive effect when both receptors are activated simultaneously. Studies in spinal
cord neurons of rat (Li et al. 2003) and frog (Kalinina et al. 2009) indicate an asymmetry
of occlusion where activation of glycine receptors prior to GABAergic transmission
yields a greater degree of suppression than the opposite condition (GABA preceding
glycine). Other labs have suggested that these results are an artifact of alteration in
driving force of Cl- ions caused by changes in Cl- ion concentration during receptor
activation and ion flux (Karlsson et al. 2011).

I use the avian sound localization circuit to investigate how inhibitory synaptic
transmission is affected by GlyR activation. I demonstrate that activation of GlyRs
occludes synaptically evoked IPSCs in both NM and SON. By manipulating the driving
force of ClI- ions using voltage clamp protocols, I show that ligand binding and activation
of GlyRs is not sufficient to induce suppression and that forcing Cl- into the neuron
during glycine application (thereby increasing the Cl- driving force) results in an
enhanced evoked response. These data indicate that activation of GlyRs during
inhibitory transmission provides an additional level of modulation and tuning at synapses

important in sound localization processing.
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Methods

All protocols and procedures were approved by the Lehigh University
Institutional Animal Care and Use Committee.
In vitro brain slice preparation:
Methods for slice preparation were identical to those in the previous two chapters (see
Chapter 3 & 4 Methods).
In vitro whole-cell recordings

Patch pipettes were pulled from thick walled borosilicate glass capillary tubes
(WPI 1B120F-4) to a resistance of 4-8 MQ using a two-stage puller (Narishige PC-10,
Tokyo, Japan) and back-filled with internal solution (containing in mM: 105 CsMeSO3,
35 CsCl, 5 EGTA, 10 HEPES, 1 MgCl2, 4 ATP-Mg, and 0.3 GTP-Na, pH 7.2 adjusted
with KOH). 5 mM QX314 was added to the internal solution to prevent antidromic
action potentials. In experiments where phosphatase 2B activity was blocked,
cyclosporin A (0.5 — 1.5uM) was added to the internal solution. In voltage clamp, series
resistance was compensated at 60-80%. Membrane voltage was clamped using a
Multiclamp 700B amplifier. The signal was digitized with a Digidata 1440 data
acquisition board and recorded using Clampex software (Molecular Devices, Sunnyvale,
CA).

Effect of GlyR activation on IPSCs

Inhibitory transmission was pharmacologically isolated by using a control bath

solution containing ACSF with 6,7-dinitroquinoxaline-2,3-dione (DNQX) (40uM) and
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D-2-amino-5-phosphonopentanoic acid (AP5) (50uM) to block AMPA and NMDA
glutamatergic transmission. Pipettes for pressure application of glycine were pulled to a
resistance of ~1MQ and were visually guided near (~50um) the surface of a patched cell.
Glycine (500uM in ACSF containing DNQX and APS5) was applied using ~2.5psi
pressure injection with a PLI 100A picoliter injector (Warner Instruments). Glycine was

applied for a 10-second duration.

Synaptically evoked IPSCs were evoked with 50 usec stimulus pulses with a
stimulus isolation unit (Isoflex, A.M.P.I. Inc., Israel) through a concentric bipolar
electrode with tungsten core (WPI TMS53CCINS, Sarasota, FL). For recordings in the
NM, the stimulator was placed adjacent to the nuclei in a ventrolateral location and for
the SON, a dorsomedial location was used. Presynaptic fibers were stimulated with pulse
trains consisting of 15 pulses at 100Hz. Stimulus magnitude (range 10-90 V) was
gradually increased until IPSC amplitudes stabilized at their maximum. The start of the
100Hz train began when the current response to the 10s glycine puff returned to baseline
(usually within 5-8s in the long protocol). Peak amplitude during the train was used to
compare treatment groups. In control, test (strychnine 1uM) and recovery, evoked
responses were compared between the no glycine condition and the glycine pre-pulse

condition using the equation:

1- (evoked amplitude with gly pre-pulse / evoked amplitude no gly) x 100% = % suppression

This protocol and analysis was performed while holding the membrane voltage at
three different potentials: -60mV, approximating Vrest (Figs 5.1 & 5.2); Eci., ranging

from -25mV to -35mV (average: -28.3 + 3.3mV, n=3; derived empirically during the
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experiment) (Fig 5.4A-E); and +20mV, to drive the flux of CI- ions into the neuron (Fig

5.4F-H).

The effect of GlyR activation on the amplitude of spontaneous IPSCs (sIPSCs)
was also examined. A baseline amplitude of sSIPSCs was acquired during a 15s interval
prior to the application of glycine. After a 10s glycine pulse, the current was allowed to
return to baseline and then the amplitude of sIPSCs was measured. sIPSC amplitude was
obtained for each event using a search template in Clampfit. sIPSC amplitudes were

averaged during 5s bins and compared to the pre-pulse average.
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Results

GlyR transmission suppresses IPSC amplitude

The effect of glycine receptor activation on evoked IPSCs in the brainstem was
evaluated by exogenous application of glycine paired with presynaptic fiber stimulation.
The protocol consisted of a 10s pulse of glycine followed by a 15 pulse, 100Hz train of
inhibitory presynaptic fiber stimulation via a bipolar tungsten electrode (Fig 5.1A depicts
the protocol). I first performed this protocol on neurons from the SON where glycinergic
transmission occurs at terminals that co-release GABA and glycine (Coleman et al.
2011). I compared the amplitude of the peak synaptically evoked IPSC with (Fig 5.1Bii)
and without (Fig 5.1Bi) the glycine pre-pulse in control, strychnine and recovery
conditions (example traces shown in Fig 5.1B). In the SON, a 10s glycine pre-pulse
resulted in suppression levels of ~70% in the control and recovery conditions (control:
79.5 + 2.1% suppression, n=4, p=0.18; recovery: 62.2 + 4.3% suppression, n=3, p=0.09).
The raw data averages for the evoked IPSC amplitudes are shown for each condition in
Figure 5.1C. Note that in the strychnine condition the amplitude of the evoked IPSC is
reduced due to the blockade of the glycinergic component present in the SON at this
stimulation frequency. In every neuron tested, bath application of strychnine reduced the
amount of suppression observed in the control condition (8.4 + 14.3% suppression, n=4,

p>0.05 vs. no glycine condition, p<0.01 vs. control; Fig 5.1D).

In the NM, the results obtained using this protocol matched that of the neurons in

the SON (Fig 5.2). The glycine pre-pulse significantly suppressed evoked IPSCs in the
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Figure 5.1: Pre-application of glycine suppresses evoked IPSC trains in the SON. A.
Representative trace from an E18 SON neuron during the 10s glycine application. B. Expanded
view of the dashed box in A showing evoked responses. Bi. Evoked responses in control,
strychnine and recovery with no glycine pre-pulse. Bii. Evoked IPSCs after the glycine pre-
pulse show amplitude suppression that is blocked by strychnine. C. Raw data values for the
IPSC amplitudes in each condition. D. Ratio of evoked amplitudes between glycine pre-pulse
and no glycine in each condition reveals a decrease in the suppression (ratio near 1) in
strychnine.
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NM, a result that was reduced by blockade of GlyRs with strychnine (control: 70.7 +
7.0% suppression, n=8, p<0.001; strychnine: 26.4 + 8.9% suppression, n=7, p<0.05 vs.
no glycine condition, p<0.001 vs. control; recovery: 69.8 £ 12.0% suppression, n=3,
p=0.11; Fig 5.2A & C). Representative traces are shown in Figure 5.2A. Raw data
averages for IPSC peak amplitudes are shown in Figure 5.2B. These results suggest that
activation of glycine receptors may occlude transmission through the GABA, receptor

channel.

We measured the effect of prolonged glycine application on sIPSC amplitude by
comparing events pre- and post- glycine application (10s pulse). In the control condition,
sIPSC amplitude was suppressed to 61.8 = 5.5% of pre-pulse levels at 10 seconds after
the pulse when the glycine currents had returned to baseline (Fig 5.3). sIPSC amplitude
recovered to pre-pulse amplitude after approximately 35s. In strychnine, sIPSC
amplitudes remained stable throughout the recording. After washout, sIPSC amplitude
suppression during recovery mirrored that of the control condition (64.0 + 6.0% of pre-

pulse levels).

Mechanism of suppression

In order to determine what mechanism was responsible for the observed
suppression, I tested the hypotheses relating to findings from other systems. I first looked
at the phosphorylation state of the receptors. Li et al. (2003) found that phosphatase 2B

activity was involved in the suppression of currents through GABAARs by GlyR
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Figure 5.2: Evoked IPSCs are suppressed by glycine pre-pulse in NM. A. Representative
traces from an E18 neuron showing evoked responses without glycine (Ai) and with glycine
pre-pulse (Aii) in control, strychnine and recovery. B. Population data of peak amplitude
comparing with vs. without glycine in each condition. C. Ratio of peak amplitude between
Gly/no Gly in each condition shows an increased ratio (less suppression) during strychnine
application. D. Same measurements as in C but with cyclosporin A included in the recording
pipette to block phosphatase 2B activity. This manipulation yielded the same results
indicating that phosphatase 2B activity does not play a role in the observed suppression.
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Figure 5.3: Suppression of mini IPSC amplitudes after glycine application is eliminated
by strychnine. A. Representative traces from an E20 NM neuron showing miniature events
recorded during a glycine puff protocol. Insets are expanded views of the minis in each dashed
box which show a decrease in mini amplitude after the glycine pulse. This effect was not
observed with strychnine application but recovered after washout. B. Histograms representing
the normalized population data for the mIPSC amplitude analysis. Each bin represents the
average mIPSC amplitude during a 5 second time window. In the control and recovery
condition mIPSC amplitude recovered to baseline values after approximately 35 seconds.
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activation in rat spinal cord neurons. Here, I included cyclosporin A in the recording
pipette to block phosphatase 2B activity. There was no significant difference between the
suppression observed with cyclosporin A when compared to the normal control (68.4 +
2.9%, n=5, p>0.05, Fig 5.2D). Next, | aimed to determine if the suppression was a true
biophysical interaction between the two receptors, or if the effect was a consequence of
manipulation of driving force caused by changes in Cl- ion concentration (as observed in
Karlsson et al 2011). I determined whether ligand binding and receptor activation was
sufficient to induce the suppression by stepping the voltage to the reversal potential of CI-
during the application of glycine (protocol, Fig 5.4A; representative traces, Fig 5.4B & C;
average IPSC amplitudes Fig 5.4D). I found that the suppression was greatly reduced
when the flux of Cl- was prevented (4.3+6.9% suppression, n=3, Fig 5.4E). Additionally,
I employed a protocol where Cl- ion flow would be in the inward direction to test
whether evoked responses would be enhanced. Indeed, when the membrane voltage was
held at +20mV during the glycine pulse, evoked IPSCs increased significantly (Fig 5.4F
& G). These results implicate changes in the driving force of Cl- ions as the mechanism

of modulation for our protocols.
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Figure 5.4: Manipulation of Cl- ion flux alters the suppression profile of glycine prepulse
in the NM. A. Schematic of recording protocol where Cl- ion flux is minimized by clamping
the membrane at the reversal potential for Cl- during the glycine pulse. B. Current response
from protocol in A without (Bi) and with (Bii) glycine pulse (red line). Note the similarity
between the traces in Bi ad Bii, suggesting minimal current due to glycine application. C.
Expanded view of evoked current responses from the boxed region above. D. Average peak
amplitude of the evoked current for the population of cells tested at Vrev CI-. E. Ratio of peak
amplitude between Gly/no Gly conditions in control and when glycine pre-pulse occurred at
Vrev Cl-. Results were similar to glycine block (no suppression observed). F. Protocol for
driving Cl- into the neuron during glycine application. The membrane was clamped at
+20mV. G. Current response from an NM cell during the protocol in F. H. Expanded view of
evoked responses from G. Hii shows the increase in evoked response after glycine application
while holding at +20mV.
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Discussion

Occlusion of GABA by GIyR activation

Our data show that preactivation of GlyRs suppressed the amplitude of
synaptically evoked IPSCs in the NM and in the SON. GABA and glycine receptors both
are permeable to Cl- ions and interactions between the two receptors have been
documented in areas where both receptor types are present and activated via presynaptic
transmitter release. Several studies detail an occlusive effect that shows the amplitude of
simultaneous application of GABA and glycine is less than the summed amplitude of the
transmitters applied individually. Further, in some cases, pre-application of glycine
occludes GABAergic currents to a greater degree than pre-application of GABA occludes
glycinergic currents (Li et al. 2003). The proposed mechanisms that lead to the occlusion
are diverse. A recent publication proposes that the occlusion is only an apparent cross-
desensitization and that the reduction in current is not a reduction in channel
conductance, but rather the result of changes in the CI- ionic concentration inside the cell
(Karlsson et al. 2011). In our system, the changes in Cl- ion concentration appeared to
underlie the observed occlusion. I saw no suppression when CI- ion flux was prevented
and driving Cl- ion flux into the cell resulted in increased evoked IPSC amplitudes
presumably due to increased driving force of CIl-. However, this does not adequately
explain asymmetric cross-inhibition seen in other studies where they attribute the
occlusion to the phosphorylation state of the receptors (Li et al. 2003). While I was
unable to test the symmetry of the occlusion directly, I found that the signaling cascade

involving phosphatase 2B was not the mechanism of the observed suppression.
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Role of glycine in the avian brainstem

While a direct interaction between glycine and GABA receptors was not a
conclusion of my study, the hypothesis that glycinergic activity in the brainstem shapes
inhibitory transmission is still a viable one. Many studies in the avian sound localization
circuit demonstrate modulatory mechanisms that dynamically alter inhibitory
transmission. These mechanisms include activation of GABAg receptors (Lu et al. 2005,
Tang et al. 2009), metabotropic glutamate receptors (Lu 2007, Okuda et al. 2013) and
cooperation of both tonic and phasic inhibition. Glycine receptor activation could have
similar modulatory effects and the aforementioned mechanisms could also modulate

glycine release.

Glycine transmission may impart changes in the kinetics of IPSCs. Postsynaptic
activation of GlyRs and CI- flux would likely affect Cl- concentration around the plasma
membrane. Local changes in Cl- ion concentration around GABA and glycine receptor
channel pores can modulate the timing and voltage gating of currents (Moroni et al.
2011). In our system, the nuclei that have both GABA- and glycinergic components have
IPSCs with faster kinetics. This may be relevant for providing phasic inhibition to targets,
as many SON neurons were observed to phase-lock to auditory stimuli in vivo (Coleman

etal. 2011).

Glycine activity will also affect neurons differently depending on the physiology
of the target cell. Physiological heterogeneity is a characteristic of neuron in both the NA
and SON. In the NA, the reversal potential for Cl- (Ec1.), is neuron specific such that

some neurons were found to have depolarized Ec;., and some hyperpolarized E¢. (Kuo et

127



al. 2009). This means that the polarity of glycinergic transmission will be opposite in
these groups and therefore the resulting effect will also be diverse. The E¢.. of SON
neurons has not been thoroughly characterized as yet. One study using gramicidin
perforated patch recordings observed an average Eci. of -61mV from data collected in
three neurons. Given the heterogeneity of response properties observed in the SON (Carr
et al. 1989, Lachica et al. 1994, Coleman et al. 2011) a more thorough examination of

Ec|.seems necessary.

Summary

In this report, the possible consequences of co-activation of GABA and glycine receptors
on inhibitory transmission was explored. Pre-activation of GlyRs occludes evoked
inhibitory transmission in the NM and SON in the avian brainstem. This occlusion was
blocked when GlyRs were antagonized during glycine application. The flow of Cl- ions
out of the neuron was required for occlusion suggesting that changes in CI- ion
concentration decreased the driving force for Cl- resulting in less evoked current. The
interplay between GABA and glycine receptors may provide an additional mechanism for

fine-tuning inhibition in the avian sound localization circuit.
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CHAPTER VI

Summary and Concluding Remarks
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This work compares modulatory mechanisms involved in inhibitory transmission
at several levels of sound localization circuits. In both the mammalian and avian circuit,
modulation of inputs is critically important for the computational tasks performed and
inhibition is integral.

In the mammalian system I showed that GABAg activation provides a mechanism
for gain control of inputs to coincidence-detecting neurons in the medial superior olive
(MSO). I described that both excitatory and inhibitory synaptic current amplitudes are
suppressed during GABAg receptor activation. This suppression leads to a decrease in
the short-term depression of these inputs as well. Also, the decay kinetics of inhibitory
currents are prolonged.

In a functional test that simulated the excitatory bilateral input to the MSO,
manipulation of GABAgRSs resulted in a bidirectional effect. MSO neurons had increased
sensitivity to simulated interaural time disparities (sITDs) during activation of GABAgRs
and decreased sensitivity during block, suggesting that there was some endogenous
GABA,R activity evoked during our protocols.

We used a computational model to observe each GABAgR related effect
individually and in combination and I found that each effect independently increased the
sensitivity of neurons to ITDs. Additionally several of the effects were cooperative. The
model also showed that GABAg dependent signaling functioned most optimally when it
was positively correlated to sound intensity such that it would not be active with very low

intensity inputs, but would be recruited during high intensity input.
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In the avian system I described the physiology of glycinergic transmission. I
demonstrated that glycine was a component of spontaneous and evoked inhibitory
currents in all of the superior olivary nucleus (SON) neurons tested. The analysis of the
frequency and kinetics of spontaneous events during pharmacology suggests an input
arrangement where SON neurons receive some purely GABAergic inputs and some
inputs that co-release GABA and glycine. Co-immunolabeling of the somas in some
SON neurons for GABA and glycine provides evidence that the SON is the likely source
of the co-labeled terminals seen in the avian brainstem.

The transmitter and receptor staining combined with the exogenous glycine
application experiments demonstrated that glycine transmitter and functional receptors
are found in each of the four avian brainstem nuclei. This result was perplexing given the
findings from previous studies, which describe inhibition at the nucleus magnocellularis
(NM) and nucleus laminaris (NL) as solely GABAergic. I therefore explore inhibitory
transmission at the NM using physiologically relevant stimulation frequencies near the
maxima of observed firing rates of the SON (= 200Hz, Coleman et al. 2011). At these
rates I documented for the first time that glycinergic transmission is evoked by strong
stimulation in the NM. The glycinergic response emerged over the duration of the
stimulus, peaking at the last (50™) pulse. I expanded on this finding by showing that the
glycinergic component was functionally relevant as the efficiency of inhibition was
reduced when glycine receptors were blocked.

In the last group of experiments I described how co-activation of the GABA and
glycine receptor systems could modify transmission. [ determined that prolonged

transmission through GlyRs suppressed the amplitude of evoked inhibition in the NM and
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SON. This observation presents yet another possible mechanism by which inhibitory

inputs can be regulated and fine tuned to optimize circuit function.

The research in this dissertation provides a comparative look at the role of
inhibition in sound localization. In the mammalian model I demonstrate that gain control
can be achieved by activation of GABAp receptors. Gain control has been described in
models and other systems (e.g. avians) as an integral part of maintaining ITD selectivity.
In the avian system I expand on the recent discovery of glycine in the ITD circuit. This
work shows for the first time that glycine transmission is an important feature of the
timing circuit in the avian brainstem. Expanding on the role of glycine in this network
necessitate substantial revision of the current models of inhibition in the avian brainstem
and will be an exciting new avenue for research.

This work has provided a revised view of these circuits. Although the strategies
for sound localization are different for these two model systems, there are many
similarities. Here, I support the idea that one mode of transmission dominates the activity
in each system, glycine in mammals, GABA in birds. But, interestingly the
complementary mode plays a role in maintaining the circuit, GABA via GABAgR
activation in mammals, and glycine via recruitment during intense input. This
complementary inhibitory activity is a remarkable consequence of the evolution
constraints brought on by the extreme temporal precision necessary for sound localization

processing.
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