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Abstract

Intrinsic plasticity has emerged as an important mechanism regulating neuronal excitability and
output under physiological and pathological conditions. Here, we report a novel form of intrinsic
plasticity. Using perforated patch clamp recordings, we examined the modulatory effects of group
I1 metabotropic glutamate receptors (mGIuR 1) on voltage-gated potassium (Ky,) currents and the
firing properties of neurons in the chicken nucleus laminaris (NL), the first central auditory station
where interaural time cues are analyzed for sound localization. We found that activation of mGIuR
Il by synthetic agonists resulted in a selective increase of the high threshold Ky, currents. More
importantly, synaptically released glutamate (with reuptake blocked) also enhanced the high
threshold Ky, currents. The enhancement was frequency-coding region dependent, being more
pronounced in low frequency neurons compared to middle and high frequency neurons. The
intracellular mechanism involved the Gg,, signaling pathway associated with phospholipase C and
protein kinase C. The modulation strengthened membrane outward rectification, sharpened action
potentials, and improved the ability of NL neurons to follow high frequency inputs. These data
suggest that mGIuR 11 provides a feedforward modulatory mechanism that may regulate temporal
processing under the condition of heightened synaptic inputs.
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INTRODUCTION

Neuromodulation by G-protein coupled receptors (GPCRs) is an important component of
neuronal communication that regulates cellular properties and animal behaviors. Via
modulation of ion channels and vesicular release machinery, presynaptic GPCRs regulate
neurotransmission and are critically involved in synaptic integration and synaptic plasticity
(review in Starke et al., 1989; Wu and Saggau, 1997; Catterall and Few, 2008). Recently, a
growing body of research has begun to elaborate on the importance of postsynaptic GPCRs
and their role in intrinsic plasticity, a process through which postsynaptic neuronal
properties are dynamically regulated in response to sensory stimuli and behavioral training
(review in Zhang and Linden, 2003; Brown and Kaczmarek, 2011; Kourrich et al., 2015).

As the predominant excitatory neurotransmitter, glutamate acts on ionotropic receptors as
well as on G-protein-coupled metabotropic glutamate receptors (mGIuRSs). Presynaptic
mGlIuRs, functioning as autoreceptors at glutamatergic synapses, or as heteroreceptors at
non-glutamatergic synapses, modulate synaptic transmission and thus influence auditory
processing in each and every level of the auditory system (review in Lu, 2014). In timing-
coding neurons in the avian auditory brainstem, presynaptic mGIuRs induce short- and long-
term plasticity of the inhibitory inputs to the cochlear nucleus magnocellularis (NM) (Lu,
2007; Tang et al., 2013). In neurons of the nucleus laminaris (NL) where the sound
localization cue interaural time difference (ITD) is first computed by detecting converging
glutamatergic inputs from the NM, presynaptic mGIuRs have been shown to improve
coincidence detection via modulation of both the inhibitory (Tang et al., 2009; Tang and Lu,
2012) and excitatory inputs to NL (Okuda et al., 2013). However, very little is known about
whether and how postsynaptic mGIluRs modulate the intrinsic properties of these neurons.

One intrinsic postsynaptic property of great interest is voltage-gated potassium (Ky/)
channels, which are strongly expressed in auditory brainstem timing-coding neurons. The
low and high threshold Ky, (LTK and HTK) components are critical intrinsic determinants of
the generation and repolarization of action potentials (APs) (review in Bean, 2007), and both
are particularly important for neurons that encode temporal information of auditory stimuli
(Brew and Forsythe, 1995; Wang et al. 1998; review in Trussell, 1999; Johnston et al.,
2010). The LTK currents activate at membrane voltages near the resting membrane potential
(RMP), suppressing excitability and creating a narrow time window for spike generation
(review in Golding, 2012). In contrast, the HTK currents activate at membrane voltages near
the peak of an AP, narrowing spike width and fastening membrane repolarization and
allowing a cell to fire repetitively at high discharge rates (review in Rudy and McBain,
2001). These currents are largely produced by Ky,/3-subunit containing channels and are
prominent in cells that fire APs at high frequencies in the auditory brainstem, including NL
neurons (Parameshwaran et al., 2001; Parameshwaran-lyer et al., 2003; Lu et al., 2004).
Although multiple K* conductances, such as Ca2*-activated K* channels, K,4-containing
channels, and K,3-containing channels can contribute significantly to the fast repolarization
of neuronal membrane (review in Bean, 2007), in NL neurons, K,3-containing channels are
the primary player in AP repolarization (Gao and Lu, 2008). Here, we examined the
modulatory role of mGIuRs on postsynaptic Ky, currents of NL neurons, with a focus on
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group Il mGluRs (mGIuR 1), which have been shown to induce intrinsic plasticity via
modulating voltage-gated Ca%* channels (review in Zhang and Linden, 2003), and have
well-characterized presynaptic effects on synaptic transmission in the NL (Tang et al., 2009;
Tang and Lu, 2012; Okuda et al., 2013). We found that activation of mGIuR 1l either by
exogenously applied agonists or by synaptically released glutamate, selectively enhanced the
HTK currents in NL neurons and directly influenced their firing properties, leading to an
improved ability to follow high frequency inputs.

EXPERIMENTAL PROCEDURES

Slice preparation and in vitro conventional whole-cell recordings (WCR)

Brainstem slices (250-300 um in thickness) were prepared from chick embryos (E17-E18,
either sex) as described previously (Tang et al., 2009). Chickens are precocial animals, with
hearing onset (able to detect ambient sound) at embryonic day 16 (E16) (Jones et al., 2006).
The development of the chicken auditory system completes /n ovo (Rubel and Parks 1988),
and neuronal properties of auditory brainstem neurons are fairly mature by E18 (Gao and
Lu, 2008). Adult-like hearing occurs at hatching (Rubel and Parks, 1988; Manley et al.,
1991), and behavioral maturation in hearing responses is acquired in early hatchlings (Gray
and Rubel, 1985). Therefore, it is conceivable that the cellular data obtained in late embryos
in this study reflect approximately the properties at maturation. The ice-cold artificial
cerebrospinal fluid (ACSF) used for dissecting and slicing the brain tissue contained the
following (in mM): 250 glycerol, 3 KClI, 1.2 KH,PO4, 20 NaHCOg3, 3 HEPES, 1.2 CaCl,, 5
MgCl,, and 10 dextrose, pH 7.4, when gassed with 95% O, and 5% CO,. The procedures
have been approved by the Institutional Animal Care and Use Committee at Northeast Ohio
Medical University, and are in accordance with National Institutes of Health policies on
animal use. Slices were incubated at 34-36 °C for approximately 1 h in normal ACSF
containing the following (in mM): 130 NaCl, 26 NaHCOs, 3 KCl, 3 CaCl,, 1 MgCls, 1.25
NaH,PO,4, and 10 dextrose, pH 7.4. For recording, slices were transferred to a 0.5 mL
chamber mounted on an upright BX51 microscope (Olympus) with a 40X water-immersion
objective. The chamber was continuously superfused with ACSF (1-2 mL/min) driven by
gravity.

Patch pipettes were drawn on an Electrode Puller PP-830 (Narishige) to 1-2 um tip diameter
using borosilicate glass micropipettes (inner diameter of 0.86 mm; outer diameter of 1.60
mm) (VWR Scientific). Placement of recording electrodes was controlled by a
micromanipulator NMM-25 (Narishige). The electrodes had resistances between 2 and 4
MQ when filled with a solution containing the following (in mM): 105 K-gluconate, 35 KClI,
5 EGTA, 10 HEPES, 1 MgCl,, 4 ATP-Mg, and 0.3 GTP-Na, with pH of 7.2 (adjusted with
KOH) and osmolarity between 280 and 290 mOsm/L. The CI~ concentration (37 mM) in the
internal solution approximated the physiological CI~ concentration in NL neurons (Tang et
al., 2009). The liquid junction potential under conventional WCR was 10 mV, and data were
corrected accordingly. In voltage clamp WCR, series resistance (Rs) averaged at 6-8 MQ,
and was compensated by 65-75%. Cells were clamped at a membrane potential of —60 mV.
All experiments were conducted using an Axopatch 200B amplifier (Molecular Devices).
Data were low-pass filtered at 10 kHz and digitized with a Data Acquisition Interface
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ITC-18 (InstruTECH) at 50 kHz. Recording protocols were written and run using the
acquisition and analysis software AxoGraph X (AxoGraph Scientific).

Establishment of perforated patch clamp recordings (PPCR)

Dialysis of intracellular soluble signaling molecules has been well understood to be a
disadvantage of conventional WCR (Horn and Marty, 1988; Neher, 1988; Falke et al., 1989).
We performed PPCR, using antibiotics Nystatin (100 ug/mL) or Escin (40 uM) as the
perforating substance, in order to preserve the intracellular environment and prevent possible
intracellular dialysis of signaling molecules required for mGIuR effects. The tip (first 50—
100 pm) of the electrode was filled with normal internal solution and then backfilled with
the internal solution containing the perforating antibiotic. Internal solutions were discarded
after 2 hrs due to decay of perforating substance. Under PPCR, cells were clamped at a
membrane potential of -50 mV, without correction of junction potential, due to the
complication in the development and calculation of junction potential under perforated patch
configuration (Horn and Marty, 1988; Kim and Trussell, 2007). In fact, Kim and Trussell
(2007) found that in gramacidin perforated recordings, the junction potential was likely
negligible (approximately 1.4 mV in their study). In our voltage clamp PPCR experiments,
series resistance (Rg) averaged at 34.3 MQ, and was compensated by 60-70%. We did not
perform a correction for the uncompensated Rs. The high Rq is one intrinsic limitation of
perforated patch recordings. Correction for the uncompensated Rg would result in different
Vn, under different conditions (e.g. control versus drug application); this would make the
comparison of current amplitude at the same V,, impractical.

Given the nature of voltage clamp and space clamp errors in neurons with dendrites
(Hausser, 2003; Poleg-Polsky and Diamond, 2011), particularly in recording modes with
inevitable high R, such as perforated patch clamp (Rall and Segev, 1985; Bar-Yehuda and
Korngreen, 2008), establishment of a consistent and reliable PPCR configuration is critical
for comparisons of current measurements before and after an experimental manipulation
(e.g., drug application or electrical stimulation of presynaptic terminals). Maintenance of
PPCR without break-in into conventional WCR ensures that the composition of the cytosol
is intact (Chung and Schlichter, 1993; Yawo and Chuhma, 1993; Strauss et al., 2001).
Several steps were taken to obtain and maintain PPCR. First, we carefully monitored the
uncompensated current responses to a =5 mV test pulse. A gradual decrease in access
resistance (R,) indicated possible successful perforation, while a sudden reduction in R,
indicated WCR mode. Second, we included a non-membrane permeable dye Lucifer Yellow
(5 mM) in the recording electrodes. When the membrane ruptured during recording, the dye
would be visible inside the neuron (Fig. 1A). In this case, the data was discarded. Finally,
the Ky currents recorded in ACSF showed no differences compared to the Ky, currents
recorded after bath application of a cocktail of drugs to block Nay, channels,
hyperpolarization-activated cyclic nucleotide-gated channels (which mediate the Iy, current),
AMPA receptors, and GABA receptors, with tetrodotoxin (TTX, 1 uM), 4-
Ethylphenylamino-1,2-dimethyl-6-methylaminopyrimidinium chloride (ZD7288, 80 uM),
6,7-Dinitroquinoxaline-2,3-dione (DNQX, 50 pM), and 6-Imino-3-(4-

methoxyphenyl)-1(6 A)-pyridazinebutanoic acid hydrobromide (gabazine, 20 uM). This
indicated that time- and voltage-dependent changes in membrane conductance, if any, under
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the PPCR configuration, did not alter the Ky currents of interest (Fig. 1B, n = 8). Therefore,
in the subsequent PPCR experiments, the cocktail of blockers (TTX, ZD7288, DNQX, and
gabazine) was applied.

Recordings were performed at room temperature (23-25 °C). Although it was preferable to
perform the experiments under physiological temperature, we found that it was very difficult
to obtain stable long-lasting PPCR at high temperature. Indeed, performing PPCR under
room temperature is not an uncommon practice in similar studies (Shirasaki et al., 1994;
Song et al., 2005; Leao et al., 2010). Consistently, conventional WCR experiments were also
performed at room temperature.

All chemicals were purchased from Sigma-Aldrich except for ZD7288 and gabazine, which
were obtained from Tocris, DNQX, 3’,4",5”,6’-Tetrahydroxyspiro[isobenzofuran-1(34),9’-
(9H)xanthen]-3-one (Gallein), 3-[1-[3-(Dimethylamino)propyl]-5-methoxy-1A-indol-3-
yl]-4-(1H-indol-3-y1)-1 H-pyrrole-2,5-dione (G06983), and 1-[6-[[(17p)-3-
Methoxyestra-1,3,5(10)-trien-17-ylJamino]hexyl]-1H-pyrrole-2,5-dione (U73122), which
were obtained from Abcam, and Lucifer Yellow-Li salt, which was obtained from Biotium.

Identification of tonotopic characteristic frequency (CF) regions

Due to dramatic tonotopic differences of various intrinsic properties of neurons in the NL
(Wang et al., 2010), we identified the CF region from which each neuron was recorded.
However, it is not possible to precisely define the CF of NL neurons in an /n vitroslice
preparation. Therefore, to categorize neurons into low-, middle-, and high-frequency (LF,
MF, and HF) regions, we adapted an approach modified from Kuba et al. (2005), by using
the rostral-caudal and medial-lateral position as an indicator of CF. Generally, 5 slices of
brainstem tissue containing relevant nuclei were collected, where slice #1 was most caudal
and slice #5 was most rostral. Neurons in the lateral NL of slices #2 and #3 were considered
LF neurons. MF neurons were considered to be present in the medial NL of slice #2 and #3
and the lateral portion of slice #4. HF neurons were found in the medial portion of slice #4
and in entire slice #5 (Hamlet et al., 2014). MF and HF regions were also confirmed by the
presence of a monolayer of NL neurons (Rubel and Parks, 1975). Because boundaries
between the regions are subjective, we recorded from neurons clearly present in one of the
three CF regions.

Data processing and analysis

For K, current analysis, leak subtraction was implemented offline using a linear regression
to negative voltage steps (—80 to —65 mV) for all the experiments where I, channels were
blocked. The presence of Iy, created nonlinearities in the current measurement around RMP,
making linear regression-based leak subtraction difficult. Therefore, in one set of
experiments (Fig. 3) where I, was not blocked, leak subtraction was not performed. The
RMP was constantly monitored during experiments. The input resistance (Rjn) was
calculated from the voltage responses to a somatic current injection (=50 pA), using Ohm’s
Law. Current activation was measured by a single exponential function in which A stands for
current amplitude, ¢for time and < for time constant.
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F(H)=A 7t

Data were processed using custom written script for MATLAB (v13, MathWorks), analyzed
using PASW (v18, SPSS), and plotted using Igor Pro (v6.01, Wavemetrics). Mean and SEM
were reported. Correlations were determined using Pearson’s regression analysis. Statistical
differences were determined by either paired t-tests, one way Analysis of Variance
(ANQVA), or repeated measures Analysis of Variance (RM-ANOVA), using a Greenhouse-
Geisser correction. When significant differences were observed in an ANOVA a Tukey’s
HSD post hoc analysis was conducted to elucidate individual group differences, and when
significant differences were observed in an RM-ANOVA, a Bonferroni-corrected paired-
comparison was conducted for individual sample comparisons.

PPCR uncovers Ky modulation by mGIluR Il

After establishing stable perforated recordings (Fig. 1A, B), we sought to examine the
effects of mGIuR Il activation on Ky, currents in NL neurons. A robust increase in Ky
currents was observed following bath application of DCG-IV (2 puM), a selective mGIuR 11
agonist, in NL neurons across all CF regions in PPCR (n = 16) but not in conventional WCR
(n = 8) configuration (Fig. 1C, D). The DCG IV-sensitive Ky, current activated at relatively
positive voltage commands (about —30 mV), with little to no currents at voltage commands
close to RMP (about —60 mV for NL neurons; Fig. 1D insef). This strongly suggests that
DCG-1V caused an increase primarily in HTK currents.

The detection of mGIluR-mediated modulation of Ky, currents under PPCR but not WCR
may be interpreted by either of the two following scenarios. First, the relatively high Rg and
R, during PPCR might have led to voltage- and space-clamp errors that changed over the
course of our recordings. To confidently exclude this possibility, we compared Rj, and Rg
between control and DCG-1V conditions, because changes in Rj, and Rg can indicate
changes in R,, which was expected to be stable throughout the duration of PPCR. We
observed stable Rg (ctr: 34.3 £ 2.2 MQ, DCG-1V: 34.1 £ 2.1 MQ, p=0.73) and Ry, (ctr: 86.4
+ 7.6 MQ, DCG-1V: 83.4 £ 9.9 MQ, p=0.34) across recordings before and after DCG-1V
application (Fig. 1E, n = 16). To ensure the stability of Rg during PPCR, we continuously
monitored the current responses to a test pulse (=5 mV) in voltage clamp mode. Cells with a
change exceeding 15% in the decay time constant (ty) of the test-pulse evoked current
before and after DCG-IV were discarded. More importantly, we found no correlation
between changes in Tty and changes in Ky, currents (Fig. 1F; n = 16, r = 0.047, p=0.862).
This indicates that within the accepted level (<15%) for alteration in Rs, the modulation of
Ky was not attributed to voltage- or space-clamp errors due to changes in R,. Therefore, we
considered the second scenario, where one or multiple critical signaling molecules required
for the second messenger system is washed out during WCR (Trussell and Jackson, 1987;
Horn and Marty, 1988; Vargas et al., 1999). Supporting this notion, perforated but not
conventional WCR disclosed mGIuR-mediated modulation of other K* currents (Shirasaki et
al., 1994; Takeshita et al., 1996; Katayama et al., 2003). Therefore, it is likely that under our
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WCR configuration dialysis of one or more important components for mGIuR Il intracellular
signaling pathway occurred, resulting in the observation of no modulation of Ky, currents.

MGIuR Il enhancement of Ky currents is most prominent in LF neurons

There is a tonotopic distribution of mGIuR 11 in NL, with LF neurons having as much as a 5-
fold higher intensity of immunohistochemistry staining compared to MF and HF neurons
(Okuda et al., 2013). We observed similar Ky, current density as well as similar modulation
by mGIuR Il in MF and HF neurons, so we compared the amount of mGIuR l1-enhancement
of Ky currents between LF neurons and MF/HF neurons (Fig. 2). We observed increased Ky
currents following DCG-1V application in 16 out of 17 neurons (LF, n = 9 of 9; MF and HF,
n =7 of 8). A predominantly high threshold current was enhanced by DCG-IV (Fig. 2A-D).
Specifically, in LF neurons, a significant increase in Ky, currents was observed at Vommand
of -5 mV (ctr: 0.58 £ 0.12 nA, DCG-IV: 1.72 £ 0.22 nA, p=0.002) and +5 mV (ctr: 1.67
+0.24 nA, DCG-1V: 3.95 £ 0.28 nA, p < 0.001), but not at =30 mV (ctr: 0.13 £ 0.05 nA,
DCG-1V: 0.24 £ 0.08 nA, p=0.53; Fig. 2B). A similar but less dramatic enhancement of Ky,
currents was observed in MF and HF neurons. There was a significant increase in Ky
currents at Veommand Of =5 mV (ctr: 2.21 £ 0.34 nA, DCG-IV: 2.75 + 0.37 nA, p=0.034)
and +5 mV (ctr: 3.04 £ 0.50 nA, DCG-IV: 3.78 £ 0.58 nA, p=0.009), while no significant
differences were observed at =30 mV (ctr: 0.50 £ 0.19 nA, DCG-IV: 0.69 + 0.20 nA, p=
0.80; Fig. 2C, D).

To examine the properties of the DCG-1V-sensitive Ky, current, we subtracted the Ky,
currents recorded before DCG-1V from the Ky, currents recorded after DCG-IV application
in LF neurons (Fig. 2E). Similar to a delayed rectifier conductance, the DCG-IV-sensitive
current had slow kinetics, as shown by a large activation © (16.3 = 6.3 ms, n = 7) calculated
from the currents activated at =5 mV (Fig. 2F). It should be noted that the speed of
activation as well as the amplitude of the mGIuR-sensitive current would likely be increased
under physiological temperatures (Kiernan et al., 2001; Cao and Oertel, 2005). To assess to
what extent this modulation varied across the tonotopic axis, we compared the mGIuR-
enhancement of Ky, currents in LF neurons to the Ky, enhancement in MF/HF neurons.
Comparison of the percent change in Ky, currents revealed that there was a significantly
larger increase after DCG-1V application in LF compared to MF/HF neurons at =5 mV (LF:
64.0 £ 14.7%, MF/HF: 14.4 £ 6.7%, p=0.014) and +5 mV (LF: 82.7 £ 14.9%, MF: 17.7

+ 7.8%, p=0.003) but not at =30 mV (LF: 14.9 + 13.6%, MF/HF: 6.7 + 8.6%, p=0.77; Fig.
2G). These data show that mGluR-enhancement of HTK currents is most prominent in the
LF region.

Endogenous glutamate enhances Ky currents in NL neurons

The enhancement of Ky, currents by activation of mGIuR |1 is interesting, but it is more
important to know whether the modulation is physiologically relevant. To address this issue,
we electrically activated the glutamatergic input to NL from the contralateral NM by a
bipolar tungsten electrode placed at the midline of the slice where the contralateral NM
fibers travel, and examined the effects of synaptic activation on Ky, currents in LF neurons
under PPCR (Fig. 3A). mGIuR Il tends to be located distally from glutamate release sites in
a large variety of neurons (Tamaru et al., 2001), such as the hippocampus (Shigemoto et al.,
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1997), spinal cord (Tang and Sim, 1999), and cerebellar cortex (Ohishi et al., 1994),
indicating that these receptors are expressed extrasynaptically. Furthermore, work from our
lab has demonstrated that activation of mGIuR 1l by endogenous glutamate in the NL in
brain slice preparations is facilitated by blocking glutamate reuptake (Tang et al., 2009),
suggesting that mGIuR |1 are located distal from the active zone, thus being active when
glutamate spillover occurs. Therefore, we bath applied TFB-TBOA (1 pM), a blocker of
astrocyte glutamate reuptake, to reduce potential washout of synaptically released glutamate
during ACSF superfusion and to enhance the likelihood of detecting any effect the released
glutamate may have on Ky, currents. Gabazine (20 uM) was applied to block inhibitory
conductances.

Once we confirmed that stimulation of the contralateral fibers produced stable EPSCs in the
recorded neuron, we obtained voltage-gated ion channel currents under control and synaptic
activation conditions, and measured the steady state Ky, current at the end of the voltage step
protocol where contamination by Nay, currents was minimal. We did not block Nay, currents
because extracellular blockade with TTX would disable synaptic transmission and
intracellular blockade with QX314 may also affect Ky, currents. We did not block Iy, currents
in this experiment because it may disrupt the ability of the presynaptic terminal to follow
high rates of stimulation. To potentially maximize the release of endogenous glutamate, we
applied a train stimulation (500 Hz, 500 pulses, 5 repetitions, 10 s inter-stimulation interval),
to the contralateral NM fibers (Fig. 3B). Ky, currents were recorded immediately after the
stimulation, and again 5 mins later. Immediately after the stimulation we observed a
significant increase in steady state Ky, currents, and the currents recovered to baseline 5
mins later (Fig. 3C, D, n = 10). There was a significant difference in Ky, currents before,
immediately after stimulation, and 5 mins after stimulation at =5 mV (ctr: 0.752 £ 0.073 nA;
stimulation: 0.873 + 0.090 nA; recovery: 0.780 + 0.085 nA; p=0.003) and at +5 mV (ctr:
1.124 + 0.104 nA; stimulation: 1.358 + 0.132 nA; recovery: 1.164 + 0.119 nA, p < 0.001)
but not at =30 mV (ctr: 0.142 + 0.023 nA,; stimulation: 0.150 + 0.024 nA,; recovery: 0.151
+0.022 nA, p=0.07). Bonferroni-corrected pairwise comparisons revealed that there was a
significant increase in Ky at =5 mV and +5 mV (p = 0.006, p = 0.001, respectively) after
stimulation and recovery of Ky, currents at both holding potentials (o= 0.05, p= 0.003,
respectively) approximately 5 mins after stimulation (Fig. 3E). These data demonstrate that
endogenously released glutamate (with reuptake blocked) is sufficient to enhance steady
state Ky, currents. Moreover, the increased Ky, current is similar to that observed by
pharmacological mGIuR Il activation in that the enhancement was most pronounced for the
HTK currents. However, the results did not provide direct evidence supporting the
involvement of mGIuR Il in modulation of K\, currents under physiological condition.
Experiments using antagonist selective for mGIuR 11 turned out to be difficult because of the
small enhancement of K, currents by synaptically released glutamate. Therefore, we tested
the effect of mGIuUR Il antagonist in the next set of experiments in which bath application of
drugs was used.

Signaling molecules involved in mGIuR Il enhancement of Ky, currents

To further support the hypothesis that activation of mGIuR Il was responsible for the
increase in HTK currents, we applied an mGIuR 11 selective antagonist, LY 341495 (1 uM),
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prior to application of DCG-IV. LY 341495 eliminated the enhancement of Ky, currents by
DCG-1V (Fig. 4A, n = 4), with unchanged Ky, currents at V¢ommand 0f =30 mV (ctr: 0.26
+0.04 nA, DCG-1V: 0.27 £ 0.05 nA, p=0.77), -5 mV (ctr: 1.00 £ 0.22 nA, DCG-1V: 1.03
+0.23 nA, p=0.53), and +5 mV (ctr: 1.47 £ 0.41 nA, DCG-1V: 1.39 + 0.34 nA, p=0.06)
(Fig. 4B). GPCRs can modulate intrinsic currents via the G, subunit or Gg,, complex
(review in Hille, 1994; Dascal, 2001). Application of the cell permeable Gg,, blocker gallein
(5 UM) to brain slices for 30 mins is sufficient to block Gg,, complex activation (Lehmann et
al., 2008; Belkouch et al., 2011; Seneviratne et al., 2011). Therefore, we incubated slices in
gallein (5 uM) for >30 mins prior to recording Ky, currents. No changes in Ky, currents were
observed after DCG-IV application in the presence of gallein (Fig. 4C, D, n = 4), at
Vcommand ©f =30 mV (ctr: 0.40 £ 0.13 nA, DCG-1V: 0.46 £ 0.19 nA, p=0.54), -5 mV (ctr:
2.48 £ 0.79 nA, DCG-1V: 2.68 £ 0.97 nA, p=0.44), and +5 mV (ctr: 3.59 £ 1.15 nA, DCG-
IV:3.47 £1.12 nA, p=0.38).

The Gg,, complex can activate various signaling pathways including phospholipase C (PLC)
(review in Clapham and Neer, 1997; Smrcka, 2008). Therefore, we investigated whether
PLC activity was involved in the mGIluR-enhancement of Ky, currents by incubating slices in
cell permeable PLC blocker U73122 (10 pM), 10 mins before and during DCG-I1V
application. When DCG-IV was applied in the presence of U73122, there was no significant
change in Ky, currents (Fig. 4E, F; n =7) at —30 mV (ctr: 0.36 £ 0.07 nA, DCG-IV: 0.38
+0.07 nA, p=0.24), -5 mV (ctr: 0.90 £ 0.10 nA, DCG-IV: 0.93 + 0.11 nA, p=0.10), or
+5mV (ctr: 1.17 £ 0.12 nA, DCG-IV: 1.24 £ 0.17 nA, p= 0.18), suggesting that the Gg,,
complex may activate PLC to enhance HTK currents. One way PLC may influence Ky,
currents is via protein kinase C (PKC) because PLC is known to modulate PKC activity via
degradation of phosphatidylinositol 4,5-bisphosphate into diacyl glycerol and inositol 1,4,5-
trisphosphate. Previous work on Ky, modulation in the mammalian sound localization
circuit, as well as in many other brain regions, has shown that PKC can modulate HTK
currents (Atzori et al., 2000; Sun et al., 2003), including HTK currents mediated by Ky,/3.1
channels (Critz et al., 1993; Liu and Kaczmarek, 1998; Macica et al., 2003; Song et al.,
2005; Song and Kaczmarek, 2006). To test whether PKC was involved, slices were pre-
incubated for at least 30 mins in a cell permeable PKC blocker Go6983 (20 nM), which non-
selectively blocks all PKC subunits with the exception of PKC,, (Gschwendt et al., 1996;
Peterman et al., 2004). Application of Go6983 before and during DCG-IV exposure
prevented Ky, modulation (Fig. 4G, H, n = 7), with no significant changes observed at

V command Of =30 mV (ctr: 0.37 £ 0.08 nA, DCG-1V: 0.36 £ 0.10 nA, p=0.86), =5 mV (ctr:
1.05+0.17 nA, DCG-IV: 1.01 £ 0.13 nA, p=0.39), or +5 mV (ctr: 1.42 £ 0.23 nA, DCG-
IV: 1.37 £ 0.16 nA, p=0.56). These results suggest that mGIuR 11 enhancement of Ky,
currents requires the Gg,, complex pathway associated with PLC and PKC.

MGIuR Il affects the firing properties of LF neurons

To address the functional relevance of the mGIuR Il-enhanced Ky, current, it is critical to
determine how the increased Ky, currents modulate the output of NL neurons. Because
mGIuR 11 most prominently modulated Ky, currents in LF neurons, we examined the effects
of mGIuR Il on voltage deflections and APs in response to current injections in LF neurons.
Under current clamp in PPCR, we injected somatic currents using a prolonged pulse
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protocol (100 ms pulse duration, lipjection = —0.10 to + 0.40 nA) to evoke subthreshold as
well as suprathreshold voltage responses. DCG-1V (2 uM) resulted in little to no changes in
the RMP (ctr: =56.2 £ 1.2 mV, DCG-IV: -55.5 + 1.1 mV, p=0.30, n = 16) (Fig. 5A).
However, we revealed subtle but significant reductions in the outward rectification (the ratio
of the slope of voltage deflections to depolarized current injections divided by the slope of
voltage deflections to hyperpolarized current injections) (ctr: 0.41 £+ 0.05, DCG-1V: 0.32

+ 0.04, p=0.040), reflecting a reduction in membrane voltage in response to the positive
current injections (Fig. 5B). In line with an increase in HTK currents, the absolute maximum
rate of fall of APs was significantly increased (ctr: —=116.2 + 8.5 mV/ms, DCG-IV: -133.8
+9.7 mV/ms, p=0.017; Fig. 5C), without changing the maximum rate of rise (ctr: 162.9

+ 18.4 mV/ms; DCG-IV: 171.4 £ 21.4 mV/ms, p= 0.07). Spike threshold remained
unchanged, in either liresholg (ctr: 0.196 = 0.034 nA, DCG-1V: 0.201 + 0.033 nA, p=0.55)
or in Vinresholg (ctr: 26.9 £ 2.1 mV, DCG-1V: 27.0 +£ 1.9 mV, p= 0.34) in response to
prolonged current pulses. To further explore whether DCG-IV changed neuronal excitability,
we examined the variability in lireshold (Fheobase) to short pulse current injections (2 ms of
duration, linjection = +0.20 to +0.45 nA). No differences in the rheobase were observed after
DCG-1V application (ctr: 0.357 + 0.038 nA, DCG-IV: 0.347 £ 0.043 nA, p=0.76, n = 6;
data not shown). To examine how DCG-1V modulates individual APs, the AP height and
half width at threshold and at | = 0.25 nA were analyzed (Fig. 5D). No change in AP height
(measured from RMP) was observed (at threshold, ctr: 91.9 £ 4.5 mV, DCG-1V: 94.9 + 4.2
mV, p=0.10; at 0.25 nA, ctr: 102.1 £ 4.6 mV, DCG-1V: 102.0 £ 5.0 mV, p= 0.77; Fig. 5E),
while DCG-1V caused a significant reduction in spike half width at 0.25 nA (ctr: 1.15 + 0.08
ms, DCG-1V: 1.09 £ 0.09 ms, p=0.010) but not at threshold (ctr: 1.13 £ 0.08 ms, DCG-1V:
1.18 £ 0.13 ms, p= 0.38; Fig. 5F). In summary, DCG-IV produced subtle but significant
changes in membrane rectification, AP rate of fall, and AP half width of NL neurons,
without affecting RMP, AP rate of rise, or spike threshold. These results are consistent with
the selective enhancement of HTK but not LTK currents by mGIuR Il in NL neurons.

MGIuR Il enhances the high frequency following ability of LF neurons

The enhancement of HTK currents by mGIuRs presents a feedforward modulatory
mechanism to dynamically regulate the output of neurons, particularly when the neurons are
undergoing periods of high activity. One major role of HTK currents is to maintain high
frequency firing by allowing a neuron to repolarize rapidly, thus producing narrow APs
(review in Rudy et al., 1999; Rudy and McBain, 2001; Johnston et al., 2010). Therefore, we
predicted that enhancement of Ky, currents by mGIuR 11 in NL neurons would enable them
to fire at higher rates due to increased rate of membrane repolarization and reduced AP
width. To test this hypothesis, we injected trains of 50, 100, and 200 Hz square current
pulses (1 ms pulses, 500 ms train stimulation duration) to the recorded cells and examined
the effects of DCG-IV (2 uM) (Fig. 6A). Synaptic activation was not used to evoke spike
activity, because presynaptic mGIuRs including mGIuR 1l suppress glutamatergic
transmission especially in low frequency NL neurons (Okuda et al., 2013), in which we
observed the strongest mGIuR 11 modulatory effect on Ky, currents. Therefore, to evoke
spike activity using synaptic activation would complicate the interpretation. Current
injections avoided such complications. The amplitude of the current pulses was set to 10
times the current threshold measured with the long pulse current protocol. Because the HTK
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currents were increased during DCG-IV application, the relatively slowly activating HTK
currents should progressively decrease AP peaks during high frequency current injections.
Indeed, when we compared the height of the first and last AP evoked by the same train
stimulation protocol, we found that DCG-IV decreased AP height significantly at all
frequencies tested (Fig. 6B-D, /eft panels): 50 Hz (ctr: =3.7 £ 4.1%, DCG-IV: -12.1

+ 3.0%, p=0.012), 100 Hz (ctr: -=10.2 + 4.4%, DCG-1V: -22.4 + 2.6%, p = 0.005), and 200
Hz (ctr: —22.8 = 4.5%, DCG-1V: —-36.1 + 5.7%, p < 0.001). Additionally, with increased
HTK currents, neurons should fire APs more reliably in response to high frequency somatic
current injections. To assess this, we examined the number and rate of failures and the
variability of time between spikes. DCG-IV significantly decreased the percent of failures
(i.e., increased success rate for firing) at all frequencies tested (Fig. 6B-D, middle /ef?): 50
Hz (ctr: 42.8 + 10.0%, DCG-IV: 32.3 £ 9.8%, p=0.013), 100 Hz (ctr: 41.4 + 6.1%, DCG-
IV: 26.8 £ 5.7%, p=0.004), and 200 Hz (ctr: 65.8 = 7.7%, DCG-IV: 53.5 + 7.3%, p=
0.0228). Thus mGIuR Il activation increased the number of APs to all test frequencies (Fig.
6B-D, middle righi): 50 Hz (ctr: 14.3 £ 2.5, DCG-1V: 16.9 £ 2.5, p=0.013), 100 Hz (ctr:
29.2 £ 3.1, DCG-IV: 37.1 £ 2.8, p=0.004), and 200 Hz (ctr: 34.2 £ 7.7, DCG-IV: 46.5

+ 7.3, p=0.023). DCG-1V also significantly reduced the coefficient of variation of inter-
spike interval (1SI CV) during train stimulation at 50 Hz (ctr: 0.051 + 0.020, DCG-IV: 0.030
+ 0.015, p=0.004) and 100 Hz (ctr: 0.061 + 0.012, DCG-IV: 0.043 + 0.009, p=0.013). A
small but consistent reduction in ISI CV at 200 Hz was observed (ctr: 0.146 + 0.071, DCG-
1V: 0.062 £ 0.034, p=0.057) (Fig. 6B-D, right panels). Together, these data further confirm
the observation under voltage clamp that DCG-1V increases the HTK current in NL neurons.
The increased HTK current decreased AP height during the course of somatic train
stimulation and increased the reliability of an NL neuron to follow high frequency
stimulation. It is worth noting that the experiments in our study were done under room
temperature. At physiological temperature, repolarization of APs will be accelerated due to
faster activation of Ky, channels. The role of mGluR-enhanced Ky, conductance might not be
as prominent as at room temperature.

DISCUSSION

The results of this study reveal that mGIuR Il enhances the HTK currents in NL neurons,
providing a novel feedforward modulatory mechanism regulating postsynaptic neuronal
properties in the sound localization circuit. This modulation is most prominent in LF
neurons, in which the baseline Ky, currents are relatively weaker while the expression of
mGIuR 11 is stronger compared to MF/HF neurons. The modulation is dependent on activity
of the Gg,, complex, PLC, and PKC. The enhancement of the HTK currents improves NL
neurons’ ability to follow high frequency inputs. Our discussion below focuses on the
tonotopic nature of this modulation, the signaling pathway, and the functional implications.

The HTK but not the LTK component is subject to mGIuR 11 modulation. Several lines of
evidence lead us to believe this observation is unlikely the result of voltage clamp errors.
Due to relatively high Rg (34.3 + 2.2 MQ) in PPCR in addition to the presence of extensive
dendrites in LF neurons, space clamp and voltage clamp errors may have arisen (H&usser,
2003; Bar-Yehuda and Korngreen, 2008), leading to possible ambiguous determination of
activation voltages for LTK versus HTK currents. However, the LTK currents are strongly
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active near RMP in NL neurons (Hamlet et al., 2014), and are readily activated by small
membrane depolarizations. At V¢ommand 0f =30 mV, the LTK currents were expected to be
highly active, and no mGIuR Il modulation was observed. At =5 and +5 mV, the HTK
currents were active, and mGIuR 1l enhancement of the currents was significant (Fig. 2),
clearly indicating that the modulation was selective for the HTK component. The conclusion
that mGIuR 11 enhancement of Ky, currents is selective for the HTK component is further
supported by our current clamp recordings. Activation of mGIuR Il did not change the
neuronal properties (e.g., RMP, lihreshold: Vihreshold: and rheobase) that are regulated by the
LTK currents. In contrast, the neuronal properties that are regulated by the HTK currents
(e.g., membrane outward rectification, AP rate of fall, AP width, and high frequency
following ability) were significantly altered. Therefore, despite the limitations of voltage
control in voltage clamp recordings under PPCR configuration, our data strongly suggest
that the HTK channels are the primary modulatory targets of mGIuR Il in NL neurons.

Our results revealed a tonotopic distribution of mGIuR Il modulation of Ky, currents in NL
neurons. The protein expression of mGIuR 11 is the strongest in LF region (Okuda et al.,
2013), where the enhancement by mGIuR 11 is the most prominent, resulting in a highly
dynamic HTK current. Such a dynamic HTK current in LF neurons was also reported for the
mammalian medial nucleus of the trapezoid body (MNTB), a critical nucleus involved in the
sound localization circuit. In MNTB, while there is no gradient in the protein expression of
mGIuR 1l (Elezgarai et al., 2001), somatic Ky/3.1 channels are tonotopically arranged, with
LF neurons having weaker Ky, currents than HF neurons (Wang et al., 1998; Li et al., 2001;
Brew and Forsythe, 2005; Le#o et al., 2006). Interestingly, sound or electrical activation of
afferent fibers to MNTB induces an increase in HTK currents, and the increase is larger in
LF neurons (Ledo et al., 2010), suggesting that the HTK currents in LF neurons are more
dynamical (Song et al., 2005; Ledo et al., 2010). Why would LF NL neurons require highly
dynamic HTK currents? A plausible interpretation may reside in the patterns of their
synaptic inputs. MF and HF neurons may possess higher spontaneous synaptic activity than
LF neurons (Nishino et al., 2008). Thus, at rest (a “quiet” state) LF neurons receive fewer
synaptic inputs, and mGIuR Il activity is presumably low. During sound stimulation (an
“active” state), LF neurons receive strong excitatory inputs from NM (Nishino et al., 2008).
Therefore, a mechanism may be present to allow LF neurons to adapt to the dramatic change
in the amount of synaptic inputs. In contrast, MF and HF neurons constantly receive
relatively more numerous and stronger synaptic inputs, even at rest (Kuba et al., 2005;
Nishino et al., 2008; Sanchez et al., 2010; Hamlet et al., 2014), reducing the need for such a
dynamic HTK current for regulation of spiking activity. These data are in line with the idea
that the tonotopic distribution of synaptic inputs may be complemented by tonotopic
distribution of mGIuR modulation for auditory processing (review in Lu, 2014).

mMGIuR I can cause intracellular changes through the G4, Gg, complex, or a combination of
both (review in Niswender and Conn, 2010; Nicoletti et al., 2011). We show that blocking
the Gg,, complex prevented the DCG-1V enhancement of Ky, currents in NL neurons,
indicating signaling transduction via the Gg,, complex. Downstream to the Gg,, complex is
the activation of PLC, followed by the cleavage of phosphatidylinositol 4,5-bisphosphate
into diacyl glycerol and inositol 1,4,5-trisphosphate, which can change the activity of PKC
(review in Clapham and Neer, 1997; Smrcka, 2008). Our data support that PLC and PKC are
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critical factors for the modulation of Ky, currents by mGIuR 11 in NL. There is a large body
of literature showing how the HTK channels can be modulated by the phosphorylation state
of specific subunits (e.g. Augustine and Bezanilla, 1990; Atzori et al., 2000; Strumbos et al.,
2010). Much of the literature concerning phosphorylation-induced changes in Ky/3 currents
has shown that PKC is intimately involved (Liu and Kaczmarek, 1998; Macica et al., 2003;
Sun et al., 2003; Song et al., 2005; Song and Kaczmarek, 2006). However, exactly how
activation of mGIuR 11 leads to activation of the Gg,, complex, which changes PKC activity
via PLC, and ultimately causes an enhancement of HTK currents in NL neurons, awaits
more investigation. At the same time, we cannot completely rule out the involvement of G,
in mGIuR 1l enhancement of Ky, currents. One important issue to consider is the ability of
PKC to inhibit interactions between G, subunit and adenylate cyclase (Gordeladze et al.,
1989; Garcia-Sainz and Gutiérrez-Venegas, 1989), and the direct reduction of Ky, currents
due to increased rate of Ky, inactivation by cAMP (Chung and Kaczmarek, 1995).

Taken together, our results suggest that via mGIuR Il the glutamatergic input to the NL can
provide a feedforward modulatory mechanism to improve the high frequency following
ability of NL neurons. The increased ability to follow high frequency inputs due to enhanced
HTK conductance seems to be in contrast with the observation that suppression of HTK
conductance enhances the overall excitability and spike generation (Dong et al., 2005).
However, enhancement of HTK conductance could increase spike generation through
interaction with other ion channels. For example, the enhanced HTK currents may allow
faster recovery of Nay, channels from inactivation and promote activation of resurgent Nay
currents (Akemann and Knopfel., 2006), producing more and faster APs. Importantly,
mGIuRs reduced the temporal variability of NL spikes, suggesting that NL neurons can
dynamically regulate their ability to follow high frequency inputs depending on the history
of previous inputs. Song et al. (2005) proposed that in quiet environments neurons have
improved temporal precision but a reduced ability to follow high frequency stimulation,
while in noisy environments the ability to follow high frequency stimulation is improved at
the expense of temporal precision. This allows adaptive ion channel changes in response to
altered sensory stimuli (Song et al., 2005; Strumbos et al., 2010). It is not certain whether
there would be a loss of temporal fidelity after mGIuR Il induced Ky, enhancement in NL
neurons, because altered temporal processing is usually assessed with spike trains evoked by
presynaptic inputs but not postsynaptic current injection (Xie and Manis, 2013). It remains
to be determined whether the precision of temporal processing is necessarily compromised
under high frequency input in NL neurons. Finally, LF neurons have a large dynamic range
in their synaptic inputs from the NM, and enhancement of Ky, currents may allow these
neurons to adapt to the dramatic changes in the strength of inputs from resting to active
states, an intrinsic plasticity that may play a role in temporal processing.
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ABBREVIATIONS
ACSF artificial cerebrospinal fluid
AP action potential
CF characteristic frequency

GPCR G protein-coupled receptor

HF high frequency

HTK high-threshold potassium

ITD interaural time difference

Ky voltage-gated potassium channel
LF low frequency

LTK low-threshold potassium
mGIuR metabotropic glutamate receptor
MF middle frequency

MNTB medial nucleus of trapzoid body

Nay voltage-gated sodium channel
NM nucleus magnocellularis

NL nucleus laminaris

PKC protein kinase C

PLC phospholipase C

PPCR perforated patch clamp recording
RMP resting membrane potential
WCR whole-cell recording
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Highlights

Perforated patch clamp recordings revealed modulation of K, channel
currents in nucleus laminaris neurons

Group Il metabotropic glutamate receptors mediated the modulation via
signaling pathway involving PLC and PKC

The modulation was more pronounced in low frequency than in middle and
high frequency neurons

The modulation improved the ability of nucleus laminaris neurons to follow
high frequency inputs

Neuroscience. Author manuscript; available in PMC 2017 June 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hamlet and Lu

Page 20

A TTX, ZD7288,
Gabazine, DNQX
= )
O
2
Subtraction
| lim
‘ 20 ms
\
o ‘
O 4
& B ACSF
® TTX, ZD7288,
Gabazine, DNQX
<C
B
-5,0 -2‘5 _1J
mV
Control DCG-IV Wash 61
° . 2nA | m Control
e : : m DCG-V
e — ))}))»'J))yé
50\ 25 1
D _lim -
20 ms 7~ 15 5+
e [ ® DCG-V
[t [ 1 sensitive Kv
e = ! <
M eSS ———— 4 'SOM';
[=
+5mV (-5 mV)
-50 mvV T T
(60 mv) | | RV
-70 mV (-80 mV)
E F
60 150 3507 >
£ — E :
£ 40 £ 100 o 19
g = 2 = 1501
220 | = 5o I Rl e
[ o , . . .
0 0 -10 . 10
ctr DCG-IV ctr DCG-IV % & Teu

Figure 1.
Perforated patch clamp recordings (PPCR) but not conventional whole-cell recordings

(WCR) uncover Ky, modulation by mGIuR 1. A, fop: Sample cell that spontaneously
ruptured into WCR configuration. Note the sudden increase in the test pulse response (red
trace) and filling of the cell with a fluorescent dye Lucifer Yellow. botfom. Sample cell that
had perforated and maintained stable perforation configuration. Note the gradual increase in
the test pulse response (the red trace was obtained 7 mins after formation of a tight seal) and
absence of Lucifer Yellow inside the cell. The other traces were obtained at about 0, 0.5, 2.5,
3.5, 4.5, 5, and 5.5 mins. The soma of the recorded cell is delineated. B, Voltage clamp
recordings before (black) and after (red) bath application of a cocktail of blockers to isolate
Ky currents revealed that stable PPCR was attainable. The subtraction trace (grey) and
current-voltage (IV) curves show no changes in steady state Ky, currents (n = 8). C, Sample
conventional WCR of Ky, currents using the protocol shown on the left (Vg1g = =50 mV,
Veommand = —70 to +5 mV for PPCR and —-80 to -5 mV for WCR, 100 ms duration). Steady
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state IV curves before (black) and after mGIuR 11 agonist DCG-1V (2 uM, green) application
were not different (n = 8). D, Sample PPCR of Ky currents before, during, and after DCG-
IV (2 uM) application. IV curves show that DCG-IV increased Ky, currents. inset. IV curve
of DCG IV-sensitive Ky, currents (n = 16). E, DCG-1V application did not change series
resistance (Rg) or input resistance (Rjn) of perforated NL neurons (n = 16). F, The percent
change in membrane time constant () is not correlated to the percent increase in Ky
currents (n =16, r = 0.047, p=0.862). All the data in the rest of the study were obtained
with PPCR. In this and subsequent figures, Means = SEM are shown. *, **, and *** indicate
p<0.05, p<0.01, and p< 0.001, respectively.
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Figure 2.

mGIuR 11 enhancement of Ky, currents is most prominent in LF neurons. A, DCG-IV (2 uM)
increased Ky, currents in LF neurons (n = 9). B, The predominant change in Ky, currents was
observed at voltage commands more positive than —20 mV, indicating a high threshold Ky,
(HTK) current was affected by DCG-1V. C, DCG-1V produced a slight increase in Ky
currents in MF and HF neurons (n = 7). D, The change in Ky, currents in MF and HF NL
neurons was significantly increased at Vommang Of —5 and +5 mV but not at =30 mV. E, The
DCG-IV-sensitive current (DCG-IV Ky, currents minus control Ky, currents) has noticeable
activation at about —20 mV, further confirming it is the HTK component. F, Activation t at
Vcommand Of =5 mV reveals the DCG-IV-sensitive current is relatively slow (16.3 £ 6.3 ms, n
=7), indicating it is a delayed rectifying current. G, Percent change in Ky was significantly
larger for LF (open bars) compared to MF/HF (filled bars) neurons at V¢gmmand of =5 and
+5 mV but not at —30 mV.
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Figure 3.

Endogenous glutamate enhances Ky, currents in NL neurons. A, Schematic showing the
auditory circuit in the chicken brainstem, and the placement of the stimulating and recording
electrodes. NA: nucleus angularis; NM: nucleus magnocellularis; SON: superior olivary
nucleus. B, Sample voltage clamp recording (Vhoig = =50 mV) of EPSCs in response to train
stimulation (500 Hz, 500 pulses), with the response to the first 11 pulses shown at an
enlarged time scale. C, Sample recording from a neuron before (b/ack), immediately after
(blue), and 5 mins (grey) after 5 repetitions of the train stimulation (10 s inter-stimulation
interval). An overlay of the currents at Vommand Of +5 mV is shown on the right. D, IV
curves show an increase in the steady state Ky, currents immediately after the stimulation,
and recovery to baseline levels in 5 mins (n = 10). /nset. The stimulation-enhanced Ky,
current, obtained by subtracting the baseline recordings (black) from the post-stimulation
recordings (blue). E, There was a significant increase in the steady state Ky, currents
immediately after the stimulation at =5 mV and +5 mV, and the currents returned to the
baseline level 5 min after the stimulation was terminated.
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Figure 4.

mGIuR Il enhancement of Ky, currents is dependent on Gg.,, phosopholipase C (PLC), and
protein kinase C (PKC). A, mGIuR Il antagonist LY 341495 (1 uM) blocked DCG-IV
enhancement of Ky, currents (n = 4). B, No change in Ky, currents was observed at V¢ommand
of =30, -5, and +5mV in the presence of LY341495. C, D, Blockade of Gg,, subunits using
gallein (5 uM) prevented DCG-1V enhancement of Ky, currents (n = 4). E, F, Cell permeable
PLC blocker U73122 (10 uM) eliminated DCG-IV enhancement of Ky, currents (n = 7). G,
H, Blockade of PKC using Go6983 (20 nM) prevented the DCG-1V enhancement of Ky,
currents (n=7).
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Figure 5.
Effects of mGIuR Il activation on the intrinsic properties of LF NL neurons. A, Sample

membrane potential recordings using a protocol with prolonged somatic current injections
(200 ms pulse duration, lipjection = —0.1 to +0.4 nA). The voltage-current (\V/1) curves show
that DCG-1V reduced membrane potentials to the most positive current injections (n = 16).
No change in RMP was observed (ctr: —=56.2 £ 1.2 mV, DCG-IV: -55.5 £ 1.1 mV). B, DCG-
IV significantly reduced the rectification index (the ratio of the slope of voltage deflections
to depolarized current injections divided by the slope of voltage deflections to
hyperpolarized current injections). C, The absolute AP rate of fall was significantly
increased after DCG-1V application. D, Sample APs at threshold and at | = 0.25 nA. E, No
significant change in AP height was observed after DCG-IV application. F, DCG-IV
reduced AP half-width significantly at | = 0.25 nA (n = 16).
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Figure 6.

Activation of mGIuR Il enhances ability of LF NL neurons to follow high frequency inputs.
A, Sample membrane potential recordings in response to current injections (2 ms pulse
duration, 500 ms train duration) at 50 Hz (25 pulses), 100 Hz (50 pulses), and 200 Hz (100
pulses) before and after DCG-1V application. B, /eft: At 50 Hz, significant percent reduction
in peak AP amplitude (first versus last AP) was observed after DCG-IV application (n = 12).
Middle left: There was also a significant reduction in the percentage of failures after DCG-
IV application. Middle right: The number of APs evoked by train stimulation was increased.
Right: The coefficient of variation in inter-spike interval (1ISI CV) was significantly reduced
by DCG-IV. C, At 100 Hz, similar significant changes in peak AP amplitude, percentage of
failures, number of APs, and ISI CV were observed. D, At 200 Hz, there was a significant
reduction in peak AP amplitude, the percentage of failures, and the number of APs. The ISI
CV remained unchanged (p = 0.057), possibly due to the relatively large variability in
control conditions.
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