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1  | INTRODUC TION

This paper describes increases in the excitability of mouse medial nucleus of the trapezoid body (MNTB) principal neurons when Group I 
metabotropic glutamate (mGlu) receptors are activated, explores specific channel mechanisms involved and the functional consequences for 
reliability of high‐frequency neurotransmission through this auditory relay synapse.
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Abstract
We examined effects of Group I metabotropic glutamate receptors on the excitabil‐
ity of mouse medial nucleus of the trapezoid body (MNTB) neurons. The selective 
agonist,	S‐3,5‐dihydroxyphenylglycine	(DHPG),	evoked	a	dose‐dependent	depolari‐
zation of the resting potential, increased membrane resistance, increased sag de‐
polarization,	 and	 promoted	 rebound	 action	 potential	 firing.	 Under	 voltage‐clamp,	
DHPG	evoked	an	inward	current,	referred	to	as	 IDHPG, which was developmentally 
stable	 through	 postnatal	 day	 P56.	 IDHPG had low temperature dependence in the 
range	25–34°C,	consistent	with	a	channel	mechanism.	However,	the	I‐V	relationship	
took	the	form	of	an	inverted	U	that	did	not	reverse	at	the	calculated	Nernst	potential	
for	K+	or	Cl−.	Thus,	it	is	likely	that	more	than	one	ion	type	contributes	to	IDHPG and 
the mix may be voltage dependent. IDHPG was resistant to the Na+	channel	blockers	
tetrodotoxin	and	amiloride,	and	to	inhibitors	of	iGluR	(CNQX	and	MK801).	IDHPG was 
inhibited 21% by Ba2+	(500	μM),	60%	by	ZD7288	(100	μM) and 73% when the two 
antagonists	were	applied	together,	suggesting	that	KIR	channels	and	HCN	channels	
contribute	to	the	current.	Voltage	clamp	measurements	of	IH	indicated	a	small	(6%)	
increase in Gmax by DHPG with no change in the voltage dependence. DHPG reduced 
action	potential	rheobase	and	reduced	the	number	of	post‐synaptic	AP	failures	dur‐
ing high frequency stimulation of the calyx of Held. Thus, activation of post‐synaptic 
Group I mGlu receptors modifies the excitability of MNTB neurons and contributes 
to the reliability of high frequency firing in this auditory relay nucleus.
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The MNTB is a group of glycinergic neurons localized in the auditory brainstem. Its principal neurons receive excitatory inputs from the 
contralateral	cochlear	nucleus	and	make	inhibitory	projections	to	several	auditory	nuclei	in	the	superior	olivary	complex	and	lateral	lemnis‐
cus (reviewed by Borst & Soria van Hoeve, 2012). MNTB neurons receive a strong excitatory input from a giant nerve terminal called the 
calyx	of	Held,	as	well	as	anatomically	conventional	excitatory	and	inhibitory	afferents	(Albrecht,	Dondzillo,	Mayer,	Thompson,	&	Klug,	2014;	
Awatramani,	Turecek,	&	Trussell,	2004,	2005;	Dondzillo,	Thompson,	&	Klug,	2016;	Guinan	&	Li,	1990;	Kuwabara	&	Zook,	1991;	Smith,	Joris,	
&	Yin,	1998).	Although	synaptic	inputs	are	required	to	generate	post‐synaptic	action	potentials,	an	equally	important	factor	is	the	state	of	
intrinsic excitability of the principal neuron, which directly affects the safety factor for neurotransmission and which, as we show in this study, 
is subject to modulation by Group I mGlu receptors.

mGlu receptors are expressed in both the MNTB principal neuron and in its major synaptic input, the calyx of Held (Barnes‐Davies & 
Forsythe,	1995;	Billups,	Graham,	Wong,	&	Forsythe,	2005;	von	Gersdorff,	Schneggenburger,	Weis,	&	Neher,	1997;	Kushmerick	et	al.,	2004;	
Renden	et	al.,	2005;	Takahashi,	Forsythe,	Tsujimoto,	Barnes‐Davies,	&	Onodera,	1996).	In	the	calyx,	Group	II/III	mGlu	autoreceptors	are	neg‐
atively	coupled	to	neurotransmitter	release	providing	short	loop	negative	feedback	(Billups	et	al.,	2005;	von	Gersdorff	et	al.,	1997).	The	calyx	
also	expresses	CB1	receptors	that	are	functionally	coupled	to	inhibition	of	glutamate	release	(Kushmerick	et	al.,	2004).	Activation	of	presyn‐
aptic	CB1R	by	endocannabinoids	released	from	the	principal	neuron	during	Group	I	mGlu	receptor	activation	provides	an	additional	possibility	
for	negative	feedback.	Together,	these	mechanisms	may	fine	tune	glutamate	release	from	the	calyx	of	Held	during	high	frequency	activity.

In	addition	to	its	role	in	endocannabinoid‐mediated	feedback	inhibition,	Group	I	mGlu	receptors	have	excitatory	effects	in	many	types	
of	neurons.	Although	primarily	associated	with	the	Gαq/11 G protein subunit, Group I mGlu receptors can also couple through pertussis toxin 
sensitive (presumably Gαi/o) G	proteins	(Bertaso	et	al.,	2010;	Holohean,	Hackman,	&	Davidoff,	1999;	Kreibich,	Chalasani,	&	Raper,	2004;	Linn,	
2000).	Furthermore,	some	actions	of	Group	I	mGlu	receptor	activation	appear	to	be	independent	of	G protein (Guérineau, Bossu, Gähwiler, 
&	Gerber,	1995).	Thus,	 in	any	given	cell	type,	there	are	multiple	possible	signaling	pathways	involved	with	a	correspondly	large	number	of	
possible effector molecules responsible for changes to membrane excitability, including ion channels and electrogenic transport proteins (see 
Correa,	Guimarães,	e	Alhadas,	&	Kushmerick,	2017,	for	review).	Understanding	Group	I	mGlu	changes	to	excitability	requires	the	identification	
of the effector proteins, which, as just described, may be highly variable across different cells types.

2  | METHODS

2.1 | Material

Salts and drugs were from Sigma.

2.2 | Animals

C57Bl/6	mice	of	either	sex	were	provided	by	the	CEBIO	facility	of	Universidade	Federal	de	Minas	Gerais.	All	animal	procedures	followed	were	
approved	by	the	local	animal	care	commission	(protocol	CEUA‐UFMG	159/2015),	following	institutional	guidelines.	Age	of	animals	varied	from	
post‐natal	day	P8	to	P90,	depending	on	the	experimental	group	(see	Section	3).

2.3 | Preparation of brain slices

On the day of the experiment, animals were removed from their home cage, anesthetized with isoflurane and decapitated. The brainstem was 
removed	and	mounted	with	cyanoacrylate	glue	onto	the	tray	of	a	vibrating	microtome	(Leica	VT1000S).	The	tray	was	immersed	in	ice‐cold	
low	Ca2+	artificial	CSF	(aCSF)	containing	(in	mM):	125	NaCl,	2.5	KCl,	3	MgCl2,	0.1	CaCl2,	25	glucose,	25	NaHCO3,	1.25	NaH2PO4, 0.4 ascor‐
bic	acid,	3	myo‐inositol,	2	Na‐pyruvate,	pH	7.4,	when	bubbled	with	carbogen	(95%	O2,	5%	CO2).	Coronal	slices	(170–200	μm) containing the 
MNTB	were	obtained	and	incubated	in	standard	aCSF	(as	described	above	except	with	2	mM	Ca2+ and 1 mM Mg2+)	at	37°C	for	45	min,	and	
subsequently maintained at room temperature (∼24°C)	for	no	more	than	an	additional	6	hr.

2.4 | Electrophysiology

Slices	were	transferred	to	chamber	on	the	stage	of	a	Modular	MRK100	microscope	(Siskiyou,	Oregon,	USA)	and	kept	in	place	with	a	platinum	
harp	strung	with	nylon	thread	where	they	were	continuously	perfused	with	standard	aCSF	at	a	 rate	of	2.1	ml/min.	 In	some	experiments,	
recordings	used	aCSF	with	1.2	mM	Ca2+. In these cases, Mg2+	was	 increased	 to	1.8	mM	to	maintain	constant	 the	concentration	of	diva‐
lent	cations.	Recordings	were	made	at	25	±	0.5°C	or	34	±	0.5°C	as	indicated	in	the	text	using	an	inline	heater	(Warner	Instruments	model	
TC‐324C).	Cells	were	visualized	with	a	40×	objective	using	infrared	illumination	through	a	video	camera	(IR‐1000,	DAGE‐MTI,	Indiana,	USA)	
and	video	frame	grabber	and	software	(ENLTV‐FM3,	Encore	Electronics,	USA)	in	a	PC.	Drugs	were	included	in	the	perfusing	solution	at	the	
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final	concentrations	listed.	S‐3,5‐dihydroxyphenylglycine	(DHPG)	was	maintained	as	10	mM	stock	in	water.	When	DMSO	was	used	as	a	drug	
vehicle, its concentration never exceeded 0.1%, and the same concentration of DMSO was always included in the control phase of the experi‐
ment.	Each	slice	was	used	for	only	a	single	recording.

Whole‐cell	current‐clamp	and	voltage‐clamp	recordings	were	obtained	using	an	Axopatch	200	amplifier	 (Axon	Instruments,	California,	
USA).	The	signals	were	filtered	(low	pass,	5	kHz)	before	being	sampled	every	24	µs	by	an	A/D	converter	(Digidata	1322A,	Axon	Instruments,	
California,	USA),	managed	by	Strathclyde	Eletrophysiology	Software	(kindly	provided	by	John	Dempster,	University	of	Strathclyde).	Pipettes	
were	fabricated	from	glass	capillaries	(Patch	Clamp	Glass,	PG52151‐4	Word	Precision	Instruments)	using	a	vertical	two‐stage	pipette	puller	
(PP830	Narishige,	Tokyo,	Japan).	Open	tip	resistance	was	2–3	MΩ.	Pipettes	were	coated	with	dental	wax	to	reduce	noise	and	pipette	capac‐
itance.	The	internal	solution	contained	(in	mM):	potassium	gluconate	125,	KCl	20,	Na2	phosphocreatine	10,	EGTA	0.5,	HEPES	10,	Mg2	ATP	4,	
Na2	GTP	0.3,	pH	7.2	(adjusted	with	KOH).	The	calculated	liquid	junction	potential	of	−9	mV	was	corrected	on‐line.	Series	resistance	was	<	20	
MOhm	(6.6	±	0.4	MOhm).	Series	resistance	was	not	compensated	during	recording.	However,	membrane	potential	was	corrected	off‐line	for	
series resistance errors as Vm = Vnom–IRs where Vm is the corrected membrane potential, Vnom is the nominal potential, either Vcmd in voltage 
clamp experiments or electrode potential in current clamp experiments, I is pipette current and Rs is the series resistance. In voltage clamp 
recordings, holding current in control conditions at Vm	=	−60	mV	was	+43	±	10	pA.

To	record	calyx	EPSPs	and	APs,	a	bipolar	stimulating	electrode	was	placed	at	the	midline	and	constant	voltage	pulses	were	applied	(<5	V,	
duration of 200 μs)	at	50%	above	threshold,	determined	individually	for	each	synapse	tested.	High	frequency	stimulation	consisted	of	trains	
of	101	stimuli	applied	at	100	Hz.	The	interval	between	stimulus	trains	was	60	s.

2.5 | Electrophysiological protocols, analysis and statistics

Input	resistance	was	measured	based	on	the	peak	hyperpolarization	achieved	during	a	hyperpolarizing	current	injection.	Depolarizing	sag	was	
the	difference	between	the	final	membrane	potential,	at	the	end	of	a	hyperpolarizing	pulse,	and	the	peak.	Rheobase	was	measured	during	
depolarizing	current	injections	at	a	resolution	of	10	pA.	Voltage	threshold	was	the	voltage	at	which	dVm/dt	passed	10	V/s	at	the	base	of	the	
action potential when the neuron was stimulated at rheobase.

IH	and	its	voltage	dependence	were	measured	and	analyzed	based	on	methods	described	previously	(Bayliss,	Viana,	Bellingham,	&	Berger,	
1994;	Funahashi,	Mitoh,	Kohjitani,	&	Matsuo,	2003).	To	determine	reversal	potential,	voltage	steps	from	−110	to	−40	mV	were	applied	from	a	
holding	potential	of	−60	mV	(activation	curves)	and	then	after	a	pre‐pulse	hyperpolarization	to	−110	mV	(deactivation	curves).	In	both	cases,	
current was measured immediately after the capacitive transient had settled. The intersection of these curves gives the reversal potential. IH at 
different test potentials was the difference between the final and initial current obtained from the activation curves. IH conductance was cal‐
culated by dividing current amplitude by driving force, where driving force was calculated using the reversal potential determined as described 
above.	A	Boltzmann	function	was	adjusted	to	the	G−V curves for each cell individually, yielding the midpoint of activation (V1/2), the steepness 
of the voltage dependence (K)	and	the	maximum	HCN	conductance	of	each	cell	in	control	and	during	treatment	with	DHPG.

Differences in mean values were evaluated using either paired or unpaired Student´s t test. Proportion of cells with rebound action poten‐
tials	was	evaluated	using	the	Chi‐squared	test.	Variations	in	IDHPG	in	MNTB	from	animals	of	different	ages	was	evaluated	by	One‐way	ANOVA.

3  | RESULTS

3.1 | Activation of Group I mGluR depolarizes MNTB principal neurons

To determine the effects of Group I mGlu receptor activation on the electrical excitability of MNTB principal neurons, we first measured 
changes	to	resting	potential	using	whole‐cell	current	clamp	(Figure	1).	In	MNTB	from	P20	animals	at	34°C,	under	control	conditions,	resting	po‐
tential	was	−69	±	2	mV	(N	=	11	cells	from	9	animals).	Activation	of	Group	I	mGlu	receptors	with	S‐3,5‐dihydroxyphenylglycine	(DHPG,	10	μM) 
caused	a	rapid	and	reversible	depolarization	of	the	membrane,	by	5.9	±	1	mV	(Figure	1a,b1,	N = 11 cells from 9 animals, p	<	10−3). Similar results 
were	obtained	in	MNTB	from	P8	mice	measured	at	25°C,	for	which	the	membrane	resting	potential	was	−72	±	1	mV	and	DHPG	provoked	a	
depolarization of ΔVm	=	7.5	±	0.6	mV	(Figure	1b2,	N	=	24	cells	from	15	animals,	p	<	10

–6). The effect of DHPG was dose‐dependent in the range 
10 nM to 100 μM	(Figure	1c),	with	an	IC50	of	~	0.8	μM	and	was	strongly	attenuated	by	5	min	pretreatment	with	a	combination	of	the	selective	
mGlu1	and	mGlu5	antagonists	LY367385	(240	μM)	and	MPEP	(10	μM)	(Figure	1c,	round	symbol).

3.2 | Depolarization by DHPG is accompanied by an increase in membrane resistance

The depolarization that DHPG causes could be generated by the activation of a depolarizing conductance or, alternatively, by inhibition of a 
standing hyperpolarizing conductance, or both. To test these possibilities, we measured membrane conductance using hyperpolarizing cur‐
rent injections in control and in the presence of DHPG (10 μM,	Figure	2).	We	observed	that	the	depolarization	caused	by	DHPG	(Figure	2a,	
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inset)	was	accompanied	by	an	increase	in	input	resistance,	evidenced	by	greater	peak	hyperpolarization	evoked	by	the	same	intensity	current	
injection.	In	cells	from	P20	MNTB	at	34ºC,	membrane	resistance	was	188	±	14	MΩ	in	control	conditions	and	increased	to	225	±	22	MΩ in the 
presence	of	DHPG	(Figure	2d1,	N = 11 cells from 9 animals, p	<	10−2), a reduction in membrane conductance of ΔGm	=	−0.8	±	0.18	nS.	Similar	
results	were	obtained	in	MNTB	from	P8	mice	measured	at	25ºC,	for	which	membrane	resistance	rose	from	345	±	27	MΩ	to	427	±	40	MΩ 
(Figure	2d2,	N = 14 cells from 10 animals, p	<	.02),	a	decrease	in	membrane	conductance	of	ΔGm	=	−0.52	±	0.12	nS.	This	result	suggests	that	
DHPG causes membrane depolarization, at least in part, by inhibiting a hyperpolarizing conductance active at rest.

F I G U R E  1  Activation	of	Group	I	mGlu	receptors	causes	a	dose‐dependent	membrane	depolarization	in	MNTB	neurons.	(a)	Time	course	
of	changes	to	membrane	resting	potential	in	a	representative	P20	MNTB	neuron	at	34°C	in	response	to	the	selective	Group	I	mGlu	agonist	
DHPG (10 μM,	indicated	by	the	bar).	During	the	brief	gap	in	the	recording	from	114–153	s,	current	injection	protocols	were	applied	which	
prevented measurement of resting potential. (b1)	All‐cell	plot	and	summary	of	effect	of	DHPG	on	membrane	resting	potential	in	MNTB	from	
P20	animals	recorded	at	34°C.	(b2)	As	for	b1,	except	that	recordings	were	made	in	MNTB	from	P8	animals	at	25°C	RT.	(c)	Dose‐response	
curve	for	the	effect	of	DHPG	on	membrane	potential.	Calculated	EC50	was	0.8	μM
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3.3 | DHPG increase sag depolarization during hyperpolarizing current injection

In	addition	to	increasing	membrane	resistance,	DHPG	also	increased	the	depolarizing	sag,	normally	attributable	to	activation	of	HCN	chan‐
nels	(Figure	2).	In	cells	from	P20	MNTB	at	34°C,	the	change	in	sag	(Vsag, DHPG−Vsag,	Ctrl)	was	3	±	0.8	mV	(Figure	2e1,	N = 11 cells from 9 animals, 
p	<	10−2).	Similar	results	were	observed	in	MNTB	from	P8	animals	at	25°C	(Figure	2e2,	Vsag,DHPG–Vsag,Ctrl	=	4	±	1.4	mV,	N = 14 cells from 10 
animals, p	<	.02).	For	the	example	shown	in	Figure	2a,	the	peak	hyperpolarization	was	more	negative	in	DHPG	than	in	control.	Evidently,	for	this	
cell the increase in input resistance more than compensated the membrane depolarization leading to greater hyperpolarization for the same 
current	injection.	However,	we	also	observed	several	examples	of	cells	for	which	the	peak	hyperpolarization	in	DHPG	was	less	than	or	equal	
to	control.	For	these	cells,	DHPG	still	increased	the	sag	(Figure	2b).	Could	membrane	depolarization	explain	the	increased	sag?	To	answer	this	
question	we	modified	our	current	injection	protocol,	adding	a	negative	DC	offset	current	to	restore	resting	potential	during	treatment	with	

F I G U R E  2  Activation	of	Group	I	mGlu	receptors	increases	membrane	resistance,	increases	the	amount	of	depolarizing	sag,	and	promotes	
the generation of rebound action potentials. (a)	Response	to	hyperpolarizing	current	injection	(−100	pA)	in	a	representative	P20	MNTB	
neuron	recorded	at	34°C	in	control	conditions	(black	trace)	and	in	the	presence	of	DHPG	(10	μM, red trace). Inset: time course of change 
to	membrane	potential	evoked	by	DHPG,	indicated	by	black	bar.	Black	arrowhead	indicates	increase	in	depolarizing	sag	during	treatment	
with	DHPG.	Red	arrowhead	indicates	rebound	action	potential	generated	in	the	presence	of	DHPG.	(b)	Examples	of	cells	for	which	DHPG	
produced	an	increase	in	depolarizing	sag	without	an	increase	in	peak	hyperpolarization.	(b1)	Cell	from	P8	MNTB	recorded	at	25°C.	(b2)	Cell	
from	P20	MNTB	recorded	at	34°C.	(c)	Example	of	experiment	in	which	current	injection	protocol	was	changed	during	treatment	with	DHPG	
to	restore	resting	potential	and	equalize	the	peak	hyperpolarization	(blue	trace).	P20,	34°C.	(d)	All	cell	plot	and	mean	effect	size	for	DHPG	on	
input	resistance	in	P8	MNTB	at	25ºC	(d1)	and	P20	MNTB	at	34ºC	(d2).	(e)	Effect	of	DHPG	on	the	depolarizing	sag	in	P8	MNTB	at	25ºC	(e1)	
and	P20	MNTB	at	34ºC	(e2).	(f)	Effect	of	DHPG	on	the	percent	of	cells	firing	rebound	action	potential
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DHPG	back	to	control	values.	We	also	reduced	the	amplitude	of	the	current	injection,	to	guarantee	the	same	peak	hyperpolarization	in	control	
and	DHPG.	Under	these	conditions,	we	still	observed	an	increase	in	sag	with	DHPG	(Figure	2c).	Therefore,	neither	membrane	depolarization	
nor	greater	peak	hyperpolarization	can	explain	the	increase	in	depolarizing	sag	caused	by	DHPG.

3.4 | DHPG promotes generation of rebound action potentials

Activation	of	Group	I	mGlu	receptors	also	promoted	rebound	firing	after	hyperpolarizing	(Figure	2,	red	arrows).	In	18	cells	(from	11	animals)	from	
MNTB	from	younger	mice	(P8),	3	cells	(16%,		from	3		animals)	exhibited	rebound	action	potentials	under	control	conditions.	Of	the	remaining	 
15	cells	(from	11	animals)	,	8	cells		(53%,	from	7	animals)	started	firing	rebound	action	potentials	in	the	presence	of	DHPG	(p = .03). Similar results 
were	obtained	in	more	mature	mice	(P20).	In	12	cells	from	8	animals	tested	in	this	group,	none	exhibited	rebound	firing	in	control	conditions	and	
33%	started	to	fire	rebound	action	potentials	in	the	presence	of	DHPG	(Figure	2f,	p = .03).

3.5 | Inward current activated by DHPG

Under	voltage	clamp	(Vm	=	−60	mV),	DHPG	(10	μM) activated an inward current, herein denominated IDHPG	(Figure	3;	Table	1).	Like	the	depolariza‐
tion induced by DHPG, IDHPG	showed	little	sign	of	desensitization	during	5	min	of	DHPG	application,	and	was	completely	reversible	upon	washout.

We	applied	slow	ramp	protocols	(−110	to	−30	mV,	45	mV/s)	to	determine	the	I−V relationship of IDHPG.	Ramps	were	applied	in	control	aCSF,	
during	treatment	with	DHPG	and	after	washout	of	DHPG	from	the	bath	(vertical	lines	in	Figure	3a1).	The	resulting	I−V relationship thus obtained 
from	five	cells	from	5	animals	are	shown	in	Figure	3a2.	DHPG	reversibly	shifted	the	zero‐current	potential	by	+8.1	±	1.5	mV.	To	calculate	the	I−V 
curve for IDHPG, we subtracted the I−V measurements during treatment with DHPG from control. The resulting difference current exhibited an 
inverted	U	shaped	I−V	curve	as	shown	in	Figure	3a3.	The	current	amplitude	reached	a	minimum	near	−80	mV,	and	did	not	reverse	at	the	Nernst	
potential	for	K+	(−104	mV)	or	Cl−	(−49	mV),	suggesting	that	multiple	ions	types	contribute	to	IDHPG, and that the mix is voltage dependent.

3.6 | Developmental stability of IDHPG

In	recordings	from	P8	MNTB	at	25°C,	the	amplitude	of	IDHPG	was	−38	±	3	pA	(N	=	54	cells	from	37	animals).	To	test	for	developmental	changes	
to IDHPG	at	more	physiological	temperature,	we	measured	the	current	at	34°C	in	MNTB	neurons	from	animals	of	different	ages,	P8,	P15,	P20,	
P30,	P42,	P56,	and	at	25°C	up	to	P90.	There	was	no	statistically	significant	difference	in	the	intensity	of	IDHPG over the age range studied (F(5,	
22)	=	1.385,	p	=	.26).	These	experiments	indicate	that	IDHPG	is	developmentally	stable	from	pre‐hearing	neonatal	mice	up	to	adult	(Figure	3b,	
Table 1).

3.7 | Ba2+‐sensitive and ZD7288‐sensitve components of IDHPG

IDHPG	was	not	significantly	altered	by	pretreatment	with	tetrodotoxin	(TTX,	1	μM),	CNQX	(10	μM),	MK801	(10	μM) or amiloride (100 μM), 
indicating	that	NaV	channels,	AMPA	and	NMDA	iGlu	receptors,	and	Acid	Sensing	Ion	Channels	are	not	required	to	generate	IDHPG	(Figure	3c).	
In contrast, Ba2+	(500	μM) inhibited IDHPG	by	30%,	ZD7288	(100	μM) inhibited IDHPG	by	60%	and	when	applied	together,	Ba

2+	and	ZD7288	
inhibited IDHPG	by	73%	(Figure	3c).	Taken	together,	these	data	suggest	that	Ba

2+‐sensitive	K+	channels	and	ZD7288‐sensitive	HCN	channels	
contribute to the current activated by DHPG.

To	test	directly	the	involvement	of	HCN	current	to	the	effects	described	above,	we	measured	changes	to	IH when Group I mGlu receptors were 
activated with DHPG (10 μM,	Figure	4).	The	reversal	potential	of	IH	was	measured	(−36	±	1.2	mV,	N	=	14	cells	from	4	animals,	Figure	4a,b)	and	used	
to convert IH current values to conductance and to generate GH–V	curves	(Figure	4c).	To	visualize	the	effect	of	DHPG	on	the	midpoint	of	activation	
(V1/2) and the steepness of voltage dependence (K), data were plotted as G/Gmax	(Figure	4c1).	DHPG	did	not	cause	a	significant	change	to	the	
midpoint of GH	activation	(Control,	V1/2	=	−91.6	±	1.9	mV	vs.	DHPG,	V1/2	=	−90.8	±	1.3	mV,	p = .3, N	=	8	cells	from	7	animals)	or	the	steepness	of	
the GH−V	curve	(Control,	K	=	6.5	±	0.6	mV	vs.	DHPG,	K	=	6.6	±	1.0	mV,	p	=	.8,	N	=	8	cells	from	7	animals).	However,	DHPG	did	cause	a	small	but	
statistically significant increase in the maximal conductance, GH‐max,	by	6	±	2%	(Figure	4c2,	N	=	16	cells	from	11	animals;	p = .02).

3.8 | DHPG reduces action potential rheobase but not threshold

We	next	measured	the	 impact	of	mGluR‐I	activation	on	action	potential	current	 threshold	 (Figure	5).	 In	control	conditions,	 rheobase	was	
101	±	9	pA.	In	the	presence	of	DHPG,	rheobase	fell	to	56	±	8	pA	(N = 14 cells from 9 animals, p	<	10−6),	and	recovered	to	79	±	7.7	pA	upon	
washout (p	<	10−4	compared	to	DHPG).	In	contrast,	DHPG	did	not	alter	the	voltage	threshold	for	AP	generation,	which	was	−45.1	±	1.8	mV	in	
control	and	−45.0	±	1.7	mV	during	treatment	with	DHPG	(N = 13 cells from 9 animals, p = .9).
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F I G U R E  3   Properties of the inward current generated by Group I mGlu receptors in MNTB. (a) Time course of current and I−V 
relationship. (a1) Membrane current was recorded under voltage clamp (Vm	=	−60	mV)	before,	during,	and	after	application	of	DHPG	(10	μM, 
gray	band).	Black	vertical	lines	are	currents	generated	by	ramp	protocols	(−110	mV	to	−30	mV,	45	mV/s)	and	used	to	determine	the	I−V 
relationship.	(a2)	Averaged	ramp	currents	obtained	in	control	(black)	during	DHPG	(red)	and	after	recovery	(blue).	(a3)	Inverted	U‐shaped 
I−V relationship of the DHPG sensitive current, determined by subtraction of the ramp current obtained during treatment with DHPG from 
control.	Black	line,	data	averaged	from	5	cells.	Gray	lines,	average	±	SEM.	(b)	Summary	of	DHPG	current	recorded	at	34°C	in	MNTB	from	
animals	ranging	in	age	from	P8	to	P56.	See	also	Table	1.	(c)	IDHPG amplitude, relative to respective controls, when recorded in the presence 
of amiloride (100 μM),	tetrodotoxin	(TTX,	1	μM),	CNQX	(10	μM)	+	MK801	(10	μM), Ba2+	(500	μM),	ZD7288	(100	μM) and Ba2+	+	ZD7288	(P8,	
25°C)

TA B L E  1  Effects	of	temperature	and	developmental	stage	on	IDHPG

Age (day) Temperature IDHPG (pA) N cells/animals

8 RT −38	±	2.6 54/37

PT −53	±	8 4/2

15 RT −45	±	12 5/3

PT −35	±	7 6/6

20 RT −46	±	16 2/1

PT −47	±	10 8/6

30 RT −49	±	9 9/4

PT −55	±	9 5/3

42 RT NT  

PT −47	±	7 5/2

56 RT NT  

PT −34	±	14 3/2

90 RT −41 1/1

PT NT  

Note: RT:	25°C;	PT:	34°C;	NT:	Not	tested.
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3.9 | DHPG increases the reliability of neurotransmission in the MNTB

To	test	the	functional	impact	of	Group	I	mGluR	activation	on	neurotransmission	in	the	MNTB,	whole‐cell	recordings	were	made	from	P18	
MNTB	neurons	at	25ºC	while	the	afferent	fibers	were	stimulated	at	the	midline.	The	Ca2+	concentration	in	the	aCSF	was	reduced	to	1.2	mM	
to lower release probability (divalent cation concentration was maintained by increasing the concentration of Mg2+	to	1.8	mM).	Neurons	were	
stimulated	with	trains	of	100	Hz	lasting	1	s,	with	60	s	intervals	between	successive	trains	(Figure	6).	The	first	few	stimuli	of	each	train	always	
generated	a	post‐synaptic	action	potential,	with	transmission	failures	appearing	for	later	stimuli.	Application	of	DHPG	(10	μM) reduced the 
number	of	failures	during	the	train.	Under	control	conditions,	failure	rate	was	32	±	8%	and	in	the	presence	of	DHPG	(10	μM), failure rate fell 

F I G U R E  4  Effect	of	Group	I	mGlu	receptor	activation	on	IH	in	MNTB	neurons.	(a)	Voltage	clamp	protocol	used	to	measure	IH.	Voltage	
steps	ranging	from	−110	mV	to	−40	mV	and	1	s	duration	were	applied	from	a	holding	potential	of	−60	mV	(refered	to	herein	as	activation	
curves)	or	after	2	s	prepulse	conditioning	at	−110	mV	(deactivation	curves).	(b)	Determination	of	reversal	potential	for	IH. The instantaneous 
current,	recorded	immediately	after	the	capacitive	transient	had	settled,	for	the	activation	curves	(black	circles)	or	deactivation	curves	(white	
circles) were plotted versus membrane potential. (b1) Data from one representative experiment. (b2) Mean reversal potential, obtained 
from the projected intersection of the I−V curves as shown in b1, across N	=	14	experiments.	(c)	Conductance‐voltage	relationship	for	IH in 
MNTB neurons. (c1) G/Gmax‐voltage relationship in MNTB neurons in control (white circles) or in the presence of DHPG (10 μM,	black	circles)	
indicates	no	significant	change	to	the	voltage	dependence	of	activation.	(c2)	Maximum	HCN	conductance	was	increased	during	treatment	
with	DHPG	(P20,	34°C)
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to	15	±	9%	(p	<	10−2, N	=	5	cells	from	5	animals).	Thus	activation	of	Group	I	mGlu	receptors	can	improve	the	safety	margin	for	high	frequency	
firing in the MNTB.

4  | DISCUSSION

We demonstrate that mouse MNTB neurons express mGluR receptors that are functionally coupled to the regulation of cellular excitability. 
Previous studies of Group I mGlu receptors in the MNTB have focused on the regulation of neurotransmitter release by the nerve terminals 
that form synapses onto MNTB principal neurons, namely the calyx of Held giant nerve terminal as well as conventional glycinergic, and 
GABAergic	nerve	terminals.	Activation	of	Group	I	mGlu	receptors	modulates	release	from	these	terminals,	an	effect	mediated	by	endocannab‐
inoids	(Curry,	Peng,	&	Lu,	2018;	Kushmerick	et	al.,	2004).	Here,	we	focus	on	changes	to	post‐synaptic	excitability	when	Group	I	mGlu	receptors	

F I G U R E  5  Activation	of	Group	I	mGlu	receptors	reduces	the	current	threshold	to	generate	action	potentials	in	MNTB	neurons.	(a)	
Membrane	potential	response	to	current	injection	in	control	(rheobase	=	90	pA)	in	the	presence	of	DHPG	(10	μM,	rheobase	=	50	pA)	and	
after	recovery	(rheobase	=	90	pA).	Inset:	time	course	of	membrane	depolarization	induced	by	DHPG	(10	μM). Red arrowhead indicates 
rebound	action	potential	following	hyperpolarizing	current	injection.	(b)	All‐cell	plot	and	mean	effect	size	of	DHPG	on	rheobase	(N	=	14,	P8,	
25°C)
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F I G U R E  6  Activation	of	Group	I	mGlu	receptors	increases	the	reliability	of	neurotransmission	during	100	Hz	afferent	fiber	stimulation.	
(a)	EPSP	and	action	potential	recorded	in	representative	P18	MNTB	neuron	during	100	Hz	afferent	fiber	stimulation	in	control	(black)	and	
in the presence of DHPG (10 μM, red). Inset:	detail	of	recording	showing	two	EPSP‐APs	flanking	an	isolated	EPSP	(post‐synaptic	AP	failure,	
black	arrowhead).	Small	downward	deflections	are	the	stimulation	artefacts.	(b)	Raster	plot	from	a	representative	experiment.	Cell	was	
treated	with	DHPG	during	the	times	indicated	by	the	gray	shading.	Black	symbols	represent	stimuli	that	were	followed	by	an	EPSP/AP	
and	red	lines	indicate	events	that	contained	an	EPSP	but	no	AP	(i.e.,	post‐synaptic	failures).	(c)	Time	course	of	the	effect	of	DHPG	on	the	
proportion	of	AP	Failures.	(d)	In	5	cells	tested,	DHPG	significantly	reduced	the	rate	of	AP	failures	(P18,	25°C)
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are activated by the agonist DHPG. The effects observed, which include membrane depolarization, increase in input resistance, reduction of 
rheobase,	and	increased	depolarizing	sag	likely	contribute	to	the	observed	increased	reliability	of	high‐frequency	neurotransmission.

4.1 | Nature of the conductance changes

Activation	of	Group	I	mGlu	receptors	caused	depolarization	of	the	MNTB	neuron	and	generated	an	inward	shift	in	membrane	current	under	
voltage clamp while reducing membrane conductance. These effects indicate that activation of these receptors inhibits a standing hyperpolar‐
izing conductance. This hypothesis is supported by the observation that Ba2+	ions,	which	block	inward	rectifier	channels,	partially	occluded	the	
effects	of	DHPG	in	the	MNTB,	and	by	the	fact	that	mRNA	for	KIR3.1	has	been	detected	in	mouse	MNTB	principal	neurons	(Lein	et	al.,	2007).	
This	KIR	isoform	plays	an	important	role	in	the	regulation	of	cellular	excitability	by	GPCRs	(reviewed	by	(Lüscher	&	Slesinger,	2010))	including	
Group	I	mGlu	receptors	(Kramer	&	Williams,	2016;	Sharon,	Vorobiov,	&	Dascal,	1997).

In	addition	to	the	effects	just	described,	DHPG	also	increased	the	depolarizing	sag,	generally	considered	to	be	a	hallmark	of	activation	
of	HCN	channels.	Previous	studies	have	shown	that	HCN	channels	contribute	to	the	excitability	of	auditory	brain	stem	neurons	(Shaikh	&	
Finlayson,	2003),	including	in	the	MNTB	(Kim	&	von	Gersdorff,	2012;	Kim,	Sizov,	Dobretsov,	&	von	Gersdorff,	2007;	Leao,	Svahn,	Berntson,	&	
Walmsley,	2005).	Moreover,	these	channels	can	be	regulated	by	Gαq‐coupled	receptors	(reviewed	by	He,	Chen,	Li,	&	Hu,	2014;	Wahl‐Schott	
&	Biel,	2009).	The	increase	in	sag	during	treatment	with	DHPG	suggested	an	increase	in	HCN	conductance.	Our	measurements	of	IH indicate 
an increase in GH‐max	of	6%,	which	was	much	smaller	than	the	observed	40%	increase	in	sag.	The	likely	explanation	for	this	discrepancy	is	that	
the	increase	of	membrane	resistance	caused	by	DHPG	amplifies	the	impact	of	HCN	conductance	on	membrane	potential.	A	similar	effect	of	
background	membrane	conductance	was	described	in	fusiform	neurons	of	the	dorsal	cochlear	nucleus,	for	which	the	impact	of	GH on mem‐
brane	potential	was	inversely	related	to	the	background	KIR	conductance	(Ceballos,	Li,	Roque,	Tzounopoulos,	&	Leão,	2016).	In	general,	the	
impact of a given change in conductance on membrane resistance depends on its amplitude relative to all other conductances present, and its 
impact	on	membrane	potential	is	described	by	the	chord	conductance	equation.	In	this	context,	our	working	model	is	that	activation	of	Group	
I mGluR by DHPG inhibits a standing Ba2+‐sensitive	hyperpolarizing	conductance,	likely	mediated	by	KIR	channels.	This	causes	membrane	
depolarization	and	increased	membrane	resistance.	Increased	membrane	resistance,	by	itself,	will	increase	the	sag	produced	for	a	given	HCN	
conductance,	and	will	amplify	the	impact	of	the	observed	increase	in	HCN	Gmax.

When	applied	together,	antagonists	of	KIR	channels	and	HCN	channels	(Ba2+	ion	and	ZD7288,	respectively)	inhibited	IDHPG by 70%. Thus, 
other mechanisms are probably also involved. Group I mGlu receptors can change membrane conductance and excitability by many different 
mechanisms	that	include	channels	and	electrogenic	transport	mechanisms	(see	Correa	et	al.,	2017,	for	review).	The	relatively	weak	tempera‐
ture sensitivity of IDHPG is suggestive of a channel mechanism, rather than a transporter, however its I−V relationship does not show a reversal 
potential in the range studied that allows the determination of its ionic basis. Regardless of the specific mechanisms, the actions of Group I 
mGluR on excitability are predicted to promote firing in MNTB neurons, as observed during afferent fiber stimulation.

4.2 | Impact on neurotransmission

The MNTB is a relay synapse in the ascending auditory pathway between the bushy cells of the contralateral cochlear nucleus and its sev‐
eral	projections	to	ipsilateral	auditory	nuclei	(Guinan	&	Li,	1990,	reviewed	by	Borst	&	Soria	van	Hoeve,	2012).	When	studied	under	standard	
brain	slice	conditions,	stimulation	of	the	calyx	of	Held	excitatory	input	generates	strong	synaptic	currents	that	generate	EPSPs	with	a	large	
safety	factor	for	neurotransmission.	However,	at	higher	frequency,	the	calyx	 input	exhibits	marked	short	term	depression	(for	review,	see	
von	Gersdorff	&	Borst,	2002;	Neher	&	Sakaba,	2008),	suggesting	that	the	MNTB	may	function	principally	as	a	phasic	synapse.	In	contrast,	in	
vivo	recordings	indicate	a	lower	release	probability	for	the	calyx,	resulting	in	calyx	EPSPs	that	are,	on	average,	only	modestly	above	threshold	
(Lorteije,	Rusu,	Kushmerick,	&	Borst,	2009).	One	consequence	of	this	is	lower	synaptic	depression	allowing	the	MNTB	to	function	as	a	tonic	
synapse.	A	second	consequence	are	neurotransmission	failures	due	to	stochastic	variability	of	the	quantal	content	of	EPSPs,	among	other	
causes.	In	this	context,	it	is	clear	that	changes	to	post‐synaptic	excitability	that	promote	AP	generation	are	likely	to	have	significant	impact	on	
the reliability of neurotransmission in the MNTB and therefore to auditory processing which requires high fidelity information transfer across 
multiple brainstem nuclei.

Our results indicate that activation of Group I mGluR increases the reliability of neurotransmission in the MNTB, seen as a decrease in the 
frequency	of	post‐synaptic	failures	during	100	Hz	stimulation.	The	aCSF	used	for	these	recordings	contained	1.2	mM	Ca2+ to reduce release 
probability.	The	rate	of	failures	we	observed	are	higher	than	previously	reported	by	Lujan,	Dagostin,	and	von	Gersdorff	(2019).	One	possible	
explanation	for	this	difference	is	that	we	used	1.8	mM	Mg2+,	higher	than	the	standard	1	mM,	in	order	to	counteract	the	reduction	in	Ca2+ and 
maintain the concentration of divalent cations constant. Increased Mg2+ concentration will reduce release probability further through inhibi‐
tion	of	Ca2+	current.	A	second	possible	explanation	for	the	difference	is	that	we	maintained	the	current	clamp	command	at	I = 0 and did not use 
pipette current to maintain the membrane potential at a predetermined value. This may have added extra variability to our data set, because of 
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differences in resting potential from cell to cell. However, since we measured relative effects in which each neuron served as its own control, 
it	is	unlikely	that	such	cell	to	cell	variability	will	affect	our	conclusions.

We have previously reported that activation of Group I mGlu receptors in MNTB principal neurons inhibits glutamate release from the rat 
Calyx	of	Held	nerve	terminal	through	liberation	of	endocannabinoids,	activation	of	presynaptic	CB1	receptors,	inhibition	of	pre‐synaptic	Ca2+ 
channels	and	culminating	in	a	reduction	in	vesicle	release	probability	(Kushmerick	et	al.,	2004).	It	is	unknown	if	the	same	mechanisms	operate	
in the mouse MNTB. However, our present results indicate the possibility of a dual mode of action of Group I receptors in the control of this 
synapse whereby presynaptic inhibition of transmitter release is compensated by changes to post‐synaptic excitability.

Unlike	the	Group	II	and	III	mGluR	and	α2‐adrenergic	receptors,	which	undergo	developmental	downregulation	in	the	MNTB	(Leão	&	Von	
Gersdorff,	2002;	Renden	et	al.,	2005;	Takahashi	et	al.,	1996),	 the	present	study	demonstrates	 that	 IDHPG is present in the MNTB in adult 
animals.	This	result,	together	with	a	recent	study	of	Group	I	mGlu	receptor	modulation	of	inhibitory	inputs	to	the	MNTB	(Curry	et	al.,	2018),	
indicate that these receptors modulate neurotransmission in the MNTB from around the onset of hearing up to and including developmentally 
mature animals.
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