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Neuronal inhibition can occur via synaptic mechanisms or through
tonic activation of extrasynaptic receptors. In spinal cord, glycine
mediates synaptic inhibition through the activation of heteromeric
glycine receptors (GlyRs) composed primarily of a1 and § subunits.
Inhibitory GlyRs are also found throughout the brain, where GlyR
a2 and a3 subunit expression exceeds that of a1, particularly in
forebrain structures, and coassembly of these a subunits with the
B subunit appears to occur to a lesser extent than in spinal cord.
Here, we analyzed GlyR currents in several regions of the adolescent
mouse forebrain (striatum, prefrontal cortex, hippocampus, amyg-
dala, and bed nucleus of the stria terminalis). Our results show ubig-
uitous expression of GlyRs that mediate large-amplitude currents in
response to exogenously applied glycine in these forebrain struc-
tures. Additionally, tonic inward currents were also detected, but
only in the striatum, hippocampus, and prefrontal cortex (PFC). These
tonic currents were sensitive to both strychnine and picrotoxin, in-
dicating that they are mediated by extrasynaptic homomeric GlyRs.
Recordings from mice deficient in the GlyR a3 subunit (Glra3~'")
revealed a lack of tonic GlyR currents in the striatum and the PFC.
In Glra2~'¥ animals, GlyR tonic currents were preserved; however,
the amplitudes of current responses to exogenous glycine were sig-
nificantly reduced. We conclude that functional a2 and a3 GlyRs are
present in various regions of the forebrain and that a3 GlyRs specif-
ically participate in tonic inhibition in the striatum and PFC. Our
findings suggest roles for glycine in regulating neuronal excitability
in the forebrain.
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ABA and glycine are the major inhibitory neurotransmitters
in the mammalian CNS. The classical form of neuronal in-
hibition results from the brief release of these transmitters at syn-
apses, resulting in a transient hyperpolarization and/or conductance
increase that serves to decrease action potential generation. Syn-
aptic inhibition is essential to the function of local circuits and is
involved in both the timing and synchronization of oscillations
within neuronal networks (1, 2). Tonic inhibition is a second form
that results from continuous activation of extrasynaptic receptors
(3). Tonic inhibition serves to regulate the excitability of individual
neurons and can alter both threshold and gain in response to ex-
citatory inputs (4, 5). GABAergic tonic inhibition in the brain has
been well documented and is mediated by a distinct class of
GABA receptors (GABAARS) in regions such as the striatum (6—
8), hippocampus (9, 10), thalamus (11, 12), and cerebellum (13).
In the spinal cord, both GABA and glycine mediate synaptic in-
hibition. Glycine was first identified as the inhibitory transmitter at
the Renshaw cell-motoneuron synapse, where it produces inhibition
via strychnine-sensitive glycine receptors (GlyRs) (14-17). GlyRs
also mediate synaptic inhibition in the auditory brainstem (18-20)
and extrasynaptic inhibition in the dorsal raphé (21). There have
been a number of reports of glycine responses and expression of
strychnine-sensitive GlyRs in higher brain regions (22-27). However,
the nature and function of these receptors have remained obscure.
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Synaptic GlyRs are heteropentamers consisting of different a
subunits (al-a4) coassembled with the p subunit (28), which is
obligatory for synaptic localization due to its tight interaction
with the anchoring protein gephyrin (29). GlyR « subunits exist
in many higher brain regions (30) and may include populations
of homopentameric GlyRs expressed in the absence of p subunits
(31, 32).

Although the physiology of the glycinergic system is not thor-
oughly defined in the mammalian brain, several studies have
linked alterations in GlyR genes to human diseases. For example,
polymorphisms resulting in single amino acid mutations in both
GlyR a and p subunits have been identified in human hyper-
ekplexia (startle disease) (33). In addition, differential splicing of
the human GlyR a3 subunit gene (Glra3) and changes in the ex-
pression of high-affinity (RNA-edited) GlyR o2 and o3 subunits
have been observed in cases of intractable temporal lobe epilepsy
(32, 34). More recently, the Glra3 gene has been genetically linked
to alcoholism (35), and Glra3™~ mice have been found to show
increased ethanol preference in a two-bottle choice model, while
Glra2™Y animals display the opposite behavior (36). Together
these findings highlight the importance of better understanding
the in vivo functions of inhibitory GlyRs in the brain to unravel
their roles in pathophysiological and behavioral processes.

Given the widespread distribution of GlyR o2 and a3 mRNAs
in the forebrain (37), we tested the hypothesis that these subunits
form functional GlyRs that might be responsible for inhibitory
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tonic currents. We show that functional strychnine-sensitive
GlyRs are widely expressed in the adolescent and young adult
mouse brain and that they mediate both large-amplitude re-
sponses to exogenous glycine and tonic currents of 10-20 pA
amplitude that are similar to tonic GABA currents. The use of
Glra2™Y and Glra3™~ strains of mice allowed us to identify the
involvement of these particular o subunits in endogenous and
exogenous responses to glycine in the forebrain. Our findings
suggest roles for distinct GlyR isoforms in mediating the effects
of glycine on neuronal excitability in higher brain regions.

Results

Demonstration of Exogenously Activated GlyR Currents in Various Brain
Regions. To confirm the presence of functional GlyRs in brain, we
measured whole-cell glycine-activated currents in vitro in various
regions of the forebrain in adolescent and young adult mice be-
tween postnatal days 21 and 50 (P21-P50) using an intracellular
solution with increased chloride concentration to facilitate the de-
tection of chloride currents. While the expression of GlyR subunits
is known to change, especially during the early postnatal period (28,
37), we observed no significant differences in glycine responses over
the age range studied. Fig. 14 shows the currents elicited by a series
of glycine applications (30 pM-10 mM) in medium spiny neurons
(MSNG) in the nucleus accumbens (NAc), and Fig. 1B demonstrates
that these glycine-activated currents are concentration-dependent.
In addition, we confirmed that the currents were mediated by
strychnine-sensitive GlyRs and not by activation of other neuro-
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Fig. 1.

transmitter receptors. Fig. 1C shows that the currents elicited by
300 pM glycine were reduced by 100 nM strychnine, which is a GlyR-
specific antagonist with little or no known effects at other receptors
at this concentration (38). Furthermore, neither 20 pM gabazine nor
50 pM D~(-)-2-amino-5-phosphonopentanoic acid (APS) affected the
amplitude of currents elicited by either 300 pM or 1 mM glycine,
eliminating the possibility that the currents measured were due to
glycine action at either GABA, or NMDA receptors (Fig. S1).
Notably, the effects of both glycine and low concentrations of
strychnine were completely reversible in these experiments.

We also investigated GlyR currents in a number of other brain
regions, including the dorsal striatum, hippocampus, prefrontal
cortex (PFC), amygdala, and bed nucleus of the stria terminalis
(BNST). Whole-cell currents were first measured in response to
an application of 1 mM glycine. Fig. 1D shows that, in addition to
the NAc, large-amplitude (1-2 nA) GIyR currents were detected
in all the other brain regions studied. Glycine concentration—
response curves were generated for each region, and values for the
maximal glycine-activated currents (Imax) and glycine ECs, are
shown in Table 1. It should be noted here that the glycine ECs,
values presented in Table 1 are larger than those determined for
recombinant GlyRs in heterologous expression systems, such as
Xenopus oocytes. We attribute this to the presence of diffusional
barriers and the expression of functional glycine transporters
(GlyTs) in slice preparations. Hence the glycine concentrations
actually present at the receptor sites are likely to be much lower
than those applied with the perfusion medium. Consistent with
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Exogenous glycine-activated GlyR currents in the forebrain. (A and B) Whole-cell currents elicited by exogenous glycine applications (30 pM-10 mM)

were recorded from MSNs in vitro in the NAc (A), and glycine concentration-response curves were generated (B), confirming the presence of measurable
glycine-activated currents. (C) To demonstrate that the currents measured in A and B were due to glycine action at strychnine-sensitive GlyRs and not other
neurotransmitter receptors, whole-cell currents elicited by glycine were first measured in the absence and then in the presence of a concurrent application of
the GlyR-specific antagonist strychnine (100 nM). The amplitude of current produced by applications of 300 pM glycine was reduced in the presence of
strychnine. (D) Currents elicited by 1 mM glycine were measured in several brain regions. Glycine-activated currents were present in the dorsolateral striatum
(DS), NAc, hippocampus (CA1), layer II/lll of the medial PFC, basolateral amygdala (BLA), central nucleus of the amygdala (CeA), and the BNST. Data represent
means + SEM (n = 8-26 neurons from 7-11 mice).
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Table 1. Glycine EC5o and maximal currents shifts in the holding current in response to strychnine were due to
Brain region Glycine ECso, M Imax, pA the I?l'ockade of extrasynaptic QlyRs. In contrast, strychpine had no

significant effect on the holding current of neurons in the baso-
Amygdala 892 + 24 706 + 181 Jateral amygdala or central nucleus of the amygdala or in the BNST
Hippocampus 418 + 81 1,126 £ 274 (Fig. 2D), indicating the absence of tonic GlyR currents in these
BNST 1,011 + 91 2,264 + 503

regions despite robust responses to applied glycine (Fig. 1D). In-

Dorsal striatum 598 + 21 1,050 £ 155 terestingly, the amplitude of the tonic currents observed in different
NAc 748 + 32 1334 £326  pbrain regions had a significant negative correlation with the ECs
PFC 674 + 32 1,063 £102  yalyes estimated for applied glycine [(4) = —0.96, P = 0.0028],

Glycine responses in different regions of the mouse forebrain. Imax and ~ Which suggests that a common mechanism may contribute to re-
ECso values were determined from concentration-response curves obtained  gional differences in agonist potency and tonic activation of GlyRs.
by neuronal recordings in each of the brain regions indicated. Data repre- Although strychnine has been reported to inhibit a7 nicotinic
sent mean + SEM (n = 5-12 neurons from three to five mice). acetylcholine receptors (nAChRs) at micromolar concentrations
(39), 1 uM strychnine produced significantly larger shifts in the
holding current of NAc neurons than 10 or 100 nM concentra-
tions of the a7 nAChR-specific inhibitor methyllycaconitine; this
is consistent with the strychnine-induced shifts in the holding
current being due to the block of a GlyR-mediated conductance
(Fig. S3). Furthermore, preapplication of the glycine transporter
inhibitor sarcosine (500 pM) enhanced the strychnine-sensitive
Identification of Endogenously Activated Tonic GlyR Currents. To  Curtent, supporting our conclusion that these strychnine-induced
identify tonic GlyR currents in brain, we measured the shift from  shifts in the holding current are mediated by glycine acting at
baseline holding current in response to the GlyR antagonist GlyRs (Fig. S4).
strychnine. In the dorsal striatum, NAc (Fig. 2 4 and C), PFC To determine if the tonic currents were due to activation of
(layer II/IIT), and hippocampus (CA1) 1 uM strychnine produced homo- or heteromeric GlyRs, we measured the effects of pic-
significant shifts in the holding current (Fig. 2D). In contrast to the ~ rotoxin on the whole-cell baseline holding currents of MSNs in
GABA, and AMPA receptor antagonists gabazine and 2,3-dioxo- the NAc. Picrotoxin is ineffective as a channel blocker at GlyR
6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX),  af heteromers at concentrations <100 pM (40) but is a non-
strychnine did not affect the mean amplitude or frequency of  competitive antagonist at GABA sRs and homomeric GlyRs. To
postsynaptic potentials (Fig. S2). We therefore conclude that these  isolate the effects of picrotoxin at GlyRs, picrotoxin was applied

this view, our recordings in the presence of the GlyT inhibitor
sarcosine demonstrate that, in the absence of externally applied
glycine, GlyT inhibition results in quite large “tonic” currents,
presumably by allowing local glycine concentrations to rise to
levels sufficient for receptor activation (see Fig. S4).
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Fig. 2. Endogenous tonically activated GlyR currents in brain. (A) To identify tonic GlyR currents in MSNs in the nucleus accumbens, the effects of 1 pM
strychnine on baseline holding currents were measured. (B) To determine whether tonic GlyR currents are due to activation of « homomers, the effects of 100 pM
picrotoxin (in the presence of gabazine) on baseline holding currents were determined. (C) Strychnine induced significant shifts in the holding current of
MSNs [t(42) = 6.872, P < 0.0001], indicating the presence of a tonic GlyR conductance. Similarly, picrotoxin applications induced significant shifts in
holding currents [t(5) = 5.52, P = 0.003]. The amplitudes of the current shifts induced by strychnine and picrotoxin were not significantly different from
each other [t(47) = 0.39, P = 0.70)]; n = 6-43 neurons from 3-18 mice. (D) To identify tonic GlyR currents in each of the brain regions in which exogenous
glycine-activated currents were detected, the effects of 1 uM strychnine on baseline holding currents were measured. Significant strychnine-induced shifts
in holding current were detected in the dorsolateral striatum (DS) [t(17) = 4.59, P = 0.0003], NAc [t(42) = 6.87, P < 0.0001], hippocampus (CA1) [t(6) = 5.12,
P =0.0022], and PFC (layer I/Ill) [t(11) = 4.97, P = 0.0004], indicating the presence of tonic GlyR currents in these regions. In contrast, there was no effect of
strychnine on the holding current of neurons recorded from the basolateral amygdala (BLA) [t(9) = 1.00, P = 0.34], central nucleus of the amygdala (CeA)
[t(6) = 1.82, P = 0.12], or BNST [t(10) = 2.15, P = 0.06], indicating the absence of tonic GlyR currents in these regions. Data are presented as means + SEM
(n = 7-43 neurons from 5-18 mice); *P < 0.05.
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concurrently with the GABAAR-specific antagonist gabazine, as
has been done previously (41). While it has been suggested that
gabazine is unable to unmask tonic GABA R-mediated currents,
we have previously used this concentration to reveal tonic
GABAAR conductance in the thalamus (42). Here, we found that
applications of picrotoxin in combination with gabazine produced
significant shifts in the holding currents of MSNs (Fig. 2B). Sig-
nificant shifts in the holding currents of MSNs were detected in
response to applications of 100 pM picrotoxin, and the ampli-
tudes of the picrotoxin- and strychnine-induced shifts in holding
current were not significantly different (Fig. 2 B and C), sug-
gesting that these tonic GlyR currents are mediated by homo-
meric receptors composed of a subunits. Thus, it appears that
tonic currents in MSNs can be generated by both GABAARs (6)
and homomeric GlyRs.

The endogenous tonic GlyR currents we identified may con-
tribute to the regulation of neuronal excitability. To investigate the
role of these tonic currents, we performed current-clamp excit-
ability experiments on MSNs in the NAc before and after the
administration of 1 pM strychnine. Because the equilibrium po-
tential for chloride, Eq, is depolarized relative to the resting
membrane potential (RMP) in MSNs, our high internal [Cl7] in-
tracellular solution to some extent mimics the normal physiolog-
ical condition in these neurons. While the input resistance did not
significantly change with the application of strychnine, strychnine
hyperpolarized the RMP and increased the rheobase of neurons
(Fig. S5), both changes being consistent with a decrease in excit-
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ability upon addition of strychnine. These results suggest that tonic
activation of GlyRs can regulate the excitability of neurons and
show that a tonic glycine conductance can actually enhance MSN
excitability at membrane potentials close to the RMP.

Glra3™'~ Mice Lack Tonic GlyR Currents in the Forebrain. Following
the identification of tonic GlyR currents in the forebrain, a major
goal of our study was to ascertain the « subunit composition of
the GlyRs involved. To accomplish this, whole-cell recordings
were performed in brain slices from two lines of GlyR « subunit-
deficient mice, Glra2™Y and Glra3~'~, and their WT littermates.
Striatum. In both Glra2*"Y and Glra2™" mice, MSNs in the NAc
exhibited tonic GlyR currents, and the amplitude of these cur-
rents was not significantly different between genotypes. In con-
trast, applications of strychnine produced shifts in holding current
in MSNs from Glra3*"* mice, but this effect was nearly abolished
in MSNs from Glra3™~ mice, indicating that o3, but not a2,
subunits are necessary for tonic GlyR currents in the NAc (Fig. 3
A and B). Whole-cell recordings in dorsal striatum revealed the
presence of tonic GlyR currents in both Glra2*¥ and Glra2™~
mice, and the amplitude of the currents was not significantly
different between WT and KO mice (Fig. 3C). In contrast,
strychnine had no effect on the holding current of MSNs in the
dorsal striatum from Glra3™~ mice but produced shifts in the
holding current of MSNs from Glra3** mice (Fig. 3C), indicating
that tonic GlyR currents in dorsal striatum are mediated by
a3 subunit-containing GlyRs.
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Fig. 3. Tonic GIyR currents in forebrain are mediated by a3 subunit-containing GlyRs. The effects of strychnine on baseline holding currents were measured
and compared in Glra2™"" and Glra3™"~ mice and their WT littermates. Whole-cell recordings were performed in the striatum and PFC, regions in which
significant tonic GlyR currents were identified in C57/BL6J mice. (A) Sample tracings demonstrating the effects of 1 uM strychnine on the holding currents of
MSNs in the NAc of Glra3*/* (Left) and Glra3™~ (Right) mice. (B and C) Strychnine-induced shifts in the holding currents of MSNs in the NAc (n = 4-10 cells from
three to seven mice) (B) and dorsal striatum (n = 6-9 cells from four to six mice) (C) of Glra3** mice, indicating the presence of a tonic GlyR current [NAc:
t(14) = 2.93, P = 0.011; dorsal striatum: t(11) = 3.58, P = 0.004]; however, no significant shift was observed in Glra3™"~ mice. Strychnine-induced shifts in
holding current were detected in MSNs in the NAc (B) and dorsal striatum (C) of both Glra2*/Y and Glra2™"" mice. The amplitude of the tonic GlyR current was
not significantly different between the two genotypes in either region of the striatum [NAc: ¢(10) = 0.12, P = 0.91; dorsal striatum: t(16) = 0.24, P=0.81]. (D) In
the medial prefrontal cortex, applications of 1 M strychnine produced shifts in the holding currents of layer II/lll pyramidal neurons in Glra3*"* mice;
however, as in the striatum, this effect of strychnine was absent in neurons from Glra3~~ mice [t(15) = 2.40, P = 0.029]. GlyR tonic currents were detected in
neurons recorded from both Glra2*’Y and Glra2™"Y mice, and the amplitude of the strychnine-induced currents was not significantly different between the
genotypes [t(15) = 0.97, P = 0.35]. In contrast to layer Il/lll, there were no significant effects of strychnine on the baseline holding currents of pyramidal
neurons in layer V/VI in any of the mouse genotypes tested, suggesting the lack of an appreciable tonic GlyR current in this cortical layer. Data represent
means + SEM (n = 6-9 neurons from three to seven mice; *P < 0.05 compared with WT littermates).
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PFC. Applications of strychnine produced significant shifts in the ~ BNST of Glra2~'Y mice were significantly reduced compared with
baseline hOldlIlg currents of yramidal neurons in layer 1I/IIT of those recorded from Glra2+/Y mice (F]g 4C) In contrast, the
the PFC in Glra2*"Y, Glra2™"”, and Glra3*™* mice and confirmed difference between the current amplitudes recorded in Glra3*'*
the presence of tonic GlyR currents (Fig. 3D) The effects of  and Glra37~ mice was not statistically significant (Fig. 4C), sug-
strychnine on the holding current of pyramidal neurons were  gesting that the glycine-activated currents in the BNST are also
strpngly reduped in Glra37'~ n_lice, indicating that, as in the primarily mediated by a2 subunit-containing GlyRs.

striatum, tonic GlyR currents in layer II/IIl of the PFC are  prc. Consistent with our findings in the striatum and BNST, the
mediated by a3 subunit-containing GlyRs. Notably, there wasno  cyrrent responses in cortical pyramidal neurons elicited by ex-
difference in the effect of strychnine on the holding current of ogenous application of 300 pM glycine were significantly reduced
layer VI pyramldal neurons .between the mouse genotypes layer II/III and essentially abolished in layer V/VI in Glra2™"~
examined, suggesting that there is not an appreciable tonic GlyR . .~ compared with Glra2*"¥ mice (Fig. 4D). However, in con-
conductance in this area of the PFC. trast to the results obtained in the striatum, the amplitudes of

Glra2™"¥ Mice Have Reduced Exogenous Glycine-Activated Currents. these currents were also significantly reduced in neurons from

In addition to examining differences in tonic GlyR currents in both cortical layers of Glra3 ! mice compared with those from
Glra2™Y and Glra3™~ and WT mice, we measured whole-cell WT littermates (Fig. 4D). Thus, it is possible that both a2 and a3
currents in response to exogenous applications of glycine. Glng contribute to the large-amplitude glycine-activated cur-
Striatum. Fig. 4 A and B shows significantly reduced amplitudes of ~ rents in the PFC.

glycine-induced currents in MSNs of NAc from Gha2™Y com- . .
pared with Glra2*’Y mice. In contrast, the amplitude of glycine- Dlscuss!on i .
activated currents in MSNs was not significantly different between ~ Strychnine-sensitive GlyRs, expressed throughout the brain and
Glra3** and Glra3™'~ mice. These results indicate that o2 subunit- ~ spinal cord, are chloride-conducting Cys-loop receptors with an
containing GlyRs mediate the large-amplitude currents elicited by ~ established role in mediating inhibitory neurotransmission in spi-
exogenous glycine in the ventral striatum. nal cord (43) and a less well-defined role in the physiology of
BNST. As in the striatum, the current amplitudes recorded in re-  higher brain regions. In the present study, we first confirmed the
sponse to 300 pM glycine from neurons in the dorsal and ventral ~ presence of specific GlyR-mediated currents in the PFC, striatum,
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Fig. 4. Large-amplitude glycine-activated currents are mediated by a2 subunit-containing GlyRs in brain. (A) Examples of whole-cell GlyR currents elicited by
exogenous applications of glycine recorded from MSNs in the NAc of G/ra2~"Y and Glra3™~ and WT mice. (B) Glycine (300 uM) produced currents of significantly
reduced amplitude in MSNs in the NAc of Glra2™ compared with Glra2*"Y mice [t(17) = 3.03, P = 0.007]. In contrast, the amplitude of current in MSNs elicited by
300 uM glycine was not significantly different between Glra3*"* and Glra3™~ mice [t(19) = 0.29, P = 0.77]; n = 8-11 cells from three to four mice. (C) Although
no tonic GlyR currents were detected in the BNST, GlyR currents were measured in response to exogenous applications of glycine. As in the striatum, the
amplitude of current in BNST neurons in response to 300 pM glycine was significantly reduced in Glra2™"" compared with Glra2*'Y mice [t(21) = 2.67, P = 0.014]
but was not significantly different between neurons recorded from Glra3*'* and Glra3~~ mice [t(7) = 0.95, P = 0.37]; *P < 0.05; n = 4-12 cells from two to four
mice. (D) Similarly, in the PFC, the amplitude of glycine-activated currents in G/ra2™Y mice was significantly reduced compared with G/ra2*/¥ mice in pyramidal
neurons in both layer II/lll [#(30) = 2.48, P = 0.019] and layer V/VI [t(20) = 4.38, P = 0.0003]; however, unlike in striatum and BNST, the amplitude of glycine-
activated currents was also significantly reduced in Glra3™~ compared with Glra3*"* mice in both layer II/Ill [t(28) = 3.42, P = 0.0019] and layer V/VI [t(26) = 2.41,
P = 0.024]; *P < 0.05; n = 9-17 cells from three to five mice. Data are presented as means + SEM.
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hippocampus, amygdala, and BNST of adolescent mice. Our re-
sults are consistent with earlier electrophysiological reports of
glycine-activated currents in brain (22, 24-27, 44), as well as
studies of GlyR mRNA and protein expression, which demon-
strate that four (al, o2, a3, and f) of the five known GlyR subunits
are expressed in the mammalian brain (30, 31, 36, 37, 45, 46).

We identified endogenously activated tonic GlyR currents in a
subset of the brain regions in which exogenous glycine-activated
currents were measured. Strychnine produced significant shifts in
the holding currents of neurons in the PFC (layer II/III), striatum,
and hippocampus, indicating the presence of tonically activated
GlyRs. Isolation of these currents in the PFC, dorsal striatum, and
hippocampus confirms previous reports of GlyR-mediated tonic
currents in these regions (23, 27, 41, 47); in addition, we found
evidence for the presence of a tonic GlyR conductance in the
NAc. Tonic currents were not observed in the basolateral amyg-
dala, central nucleus of the amygdala, or BNST despite the
presence of large-amplitude currents activated by exogenously
applied glycine. Notably, the tonic GlyR currents in the striatum
were blocked by low concentrations of picrotoxin, indicating that
they are mediated by homomeric receptors containing only o
subunits. Homomeric GlyRs are thought to be extrasynaptically
localized, since they lack the GlyR f subunit required for binding
to the postsynaptic gephyrin scaffold (28, 29).

A major goal of this study was to determine the a subunit
composition of tonically activated GlyRs in forebrain. Based on
evidence of a2 and «3 subunit expression in the brain regions
tested and the proposed role of these particular subunits in tonic
inhibition (32), we examined the hypothesis that o2 and/or
a3 subunit-containing GlyRs mediate tonic currents. Tonic GlyR
currents were absent in whole-cell recordings in the PFC
(layer II/III) and striatum (dorsolateral striatum and NAc) of
mice lacking a3 GlyR subunits but were present not only in
WT controls but also in GlyR a2-deficient mutant mice. Together
these results show that tonically activated GlyRs in forebrain de-
pend on o3 subunits.

Unlike the GlyRs expressed in spinal cord, which are pre-
dominantly synaptic alp heteromers, studies of GlyR subunit
mRNA and receptor membrane expression indicate an equal or
greater abundance of a2 and a3 compared with al subunits in
some higher brain regions (30, 37, 45, 46), particularly in the
forebrain. Recent evidence suggests that coassembly of the p
subunit, which is required for GlyR synaptic localization, with a
subunits occurs to a lesser extent in the forebrain than in spinal
cord and hindbrain (31); thus, homomeric GlyRs may be pref-
erentially formed in this brain region. Our demonstration of
picrotoxin-sensitive tonic GlyR currents in the NAc is consistent
with this view and provides evidence for the existence of func-
tional GlyR o homomers in this region of the forebrain.

GABAARs (i.e., a4/5 or o543y2) known to mediate tonic in-
hibition in the brain have been found to exhibit high agonist
sensitivity and reduced receptor desensitization (3, 10, 13, 48, 49).
GlyR o3 transcripts have been shown to undergo RNA editing,
which also results in receptors with significantly increased glycine
sensitivity and reduced desensitization (50-52). Whether such
RNA-edited GlyR a3 transcripts contribute to increased GlyR
agonist sensitivity and larger tonic current amplitudes in vivo is
unclear. While we found that tonically activated GlyRs are com-
posed of the a3 subunit, RNA-edited o3 transcripts are rather
rare, and our acute slice preparations yielded a glycine ECs, much
higher than that observed upon heterologous overexpression of the
RNA-edited o3 GlyR (50). Hence we propose that the tonic
currents seen in our experiments are carried by unedited a3 GlyRs.

Recent work in the dorsal raphé nucleus has revealed a large
tonic GlyR conductance (~45 pA), which, based on preliminary
pharmacological measures, was proposed to be mediated by
extrasynaptic ol subunit-containing GlyRs expressed in this
brain region (21). In the same study, no tonic GlyR currents were
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seen in the NAc. Although the amplitude of the tonic GlyR
currents that we measured were of considerably smaller magni-
tude (~10-20 pA) than those in the dorsal raphé, 100 nM or
1 pM strychnine (Figs. 1C and 24) produced significant shifts in
the holding current of MSNs, confirming the presence of tonic
currents in our study. The small amplitude of these currents
likely reflects lower expression levels, as the overall relative
abundance of GlyRs in the NAc is lower than in the dorsal raphé,
with nearly 40% of accumbal GlyRs being located outside the
synapse (21). Furthermore, the different findings might be at-
tributed to longer-duration applications of low-nanomolar con-
centrations of strychnine being required to reveal the tonic GlyR
conductance that we observed. Maguire et al. (21) applied
strychnine for <5 min, whereas in our study ~10-min applications
of strychnine were required to reveal the shifts in holding cur-
rent. Alternatively, the possibility of sex differences in GlyR
tonic currents in the NAc exists, as Maguire et al. (21) performed
recordings in both female and male mice, whereas only males
were included in our study.

A comparison of the brain regions exhibiting GlyR tonic
currents with those that show GABA AR-mediated tonic currents
(6-9, 11, 12, 53) suggests that GABAergic and glycinergic tonic
inhibition can coexist (i.e., PFC, striatum, hippocampus). Our
data demonstrating the presence of both GABAAR- and GlyR-
mediated tonic currents in accumbal MSNs further support this
concept. These findings raise the possibility that the excitability
of individual neurons and neural networks in the brain may
potentially be regulated by a combination of GABAAR and
GlyR activation.

Activation of GlyRs by exogenous applications of glycine pro-
duced large-amplitude currents in neurons in all the brain regions
in which we detected tonic GlyR currents (PFC II/IIL, striatum,
and hippocampus) as well as in the amygdala and BNST, where
tonic GIyR currents were absent. Our results indicate that
a2 subunit-containing GlyRs mediate large-amplitude glycine-
activated currents in brain. More specifically, measurement of
GIyR currents in Glra2™> and Glra3™~ mice revealed that these
currents were nearly eliminated in Gfra2~'Y mice; in contrast, the
amplitude of glycine-activated currents was not significantly dif-
ferent between Glra3™'~ and WT mice. This result was consistent
across all the brain regions tested, with the exception of the PFC,
in which exogenous glycine responses were decreased but not
eliminated in Glra3™~ mice, indicating that large-amplitude o2-
mediated currents in several brain regions exist independently of
small-amplitude a3-mediated tonic GlyR currents. Evidence of
large o2-dependent currents in our study correlate well with
studies of GlyR subunit mRNA and protein expression, which
identify a2 as the predominant o subunit in the forebrain (30, 37,
45, 46).

Our results conflict with earlier research in the prenatal cortex
(54). In the cited study, cortical neurons from Glra2™"¥ mice
were found to be unresponsive to glycine administration at day
E17 but showed large glycine-induced currents at P7. This dif-
ference was ascribed to compensation by increased expression of
Glral and Glra3 at postnatal ages (54). By contrast, our work
demonstrates that a2 subunit-containing GlyRs contribute sig-
nificantly to currents produced by glycine application in the
mouse brain during adolescence and early adulthood, as glycine-
activated currents were consistently lower in Glra2™Y mice rel-
ative to Glra2*'~ mice, a comparison not made previously (54).
Together, our results reveal two functionally distinct populations
of GlyRs in the mouse forebrain: one that produces large-
amplitude currents and contains a2 subunits and a second one
that, upon tonic activation, produces small-amplitude currents
and is comprised of o3 subunits.

Here, we used exogenous applications of glycine to activate
GlyRs expressed in different forebrain regions. However, other
amino acids found in the CNS, such as taurine and f-alanine,
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also gate GlyRs but act as partial agonists (55). GlyR o2-medi-
ated currents in response to taurine have been implicated in the
differentiation of cortical and retinal (56) neurons; however, the
analysis of Glra2™"Y mice failed to reveal retinal or cortical ab-
normalities (54). Notably, the GlyR o subunits expressed in brain
respond differently to taurine and f-alanine, such that these
amino acids have little to no efficacy at homomeric o2 or a3
GlyRs but do activate ol GlyRs, albeit with less efficacy and
potency than glycine (57, 58). Our data showing that a3 GlyRs
mediate tonic currents in brain suggest that glycine itself prob-
ably serves as the main endogenous GlyR ligand in the forebrain.
Low micromolar concentrations of ambient glycine are present
in the cerebrospinal fluid (59), and there are multiple sources for
extracellular glycine, including glycinergic neurotransmission
(60), synaptic corelease with glutamate or GABA (61-64), and
release from astrocytes (65, 66). Further studies are necessary to
determine the specific sources of glycine responsible for the tonic
activation of GlyRs.

In addition to functioning as a full agonist at strychnine-sensitive
GlyRs, glycine also acts as a coagonist with glutamate to activate
NMDA receptors, and it was recently proposed that glycine func-
tions as coagonist specifically at extrasynaptic NMDA receptors,
whereas D-serine constitutes the coagonist of synaptic NMDA re-
ceptors (67). These results, in combination with our present find-
ings, highlight the diverse mechanisms by which glycine may be
involved in regulating neuronal excitability in the mammalian CNS.

In conclusion, our recordings have identified small-amplitude
endogenously activated tonic GlyR currents in multiple forebrain
regions that are mediated by o3 subunit-containing GlyRs. In
addition, we demonstrate the presence of large-amplitude GlyR
a2-mediated glycine currents throughout many brain regions,
including some in which tonic GlyR currents are absent. Overall,
our findings highlight the heterogeneity in the subunit expression
and function of GlyRs expressed in the CNS and provide evi-
dence for a role of glycine in facilitating neuronal inhibition in
the forebrain.

Materials and Methods

GlyRoe Subunit KO Mice. Experimental procedures were performed under the
guidelines set forth in the NIH Guide for the Care and Use of Laboratory Animals
(68) and with the approval of the Institutional Animal Care and Use Committee
of Columbia University. Glra2 and Glra3 KO mice generated previously (54, 69)
had been back-crossed to the C57/B6J strain at the Animal Resource Center of
The University of Texas at Austin. All KO mice used in the present study were
then bred at Columbia University. Heterozygous Glra3 breeding pairs were
used to produce litters containing both KO mice and WT littermate controls
(Glra3™~ and Glra3*"*). The mouse Glra2 gene is located on the X chromosome,
and because electrophysiological recordings were performed on brains from
male mice only, an alternate breeding strategy was required. To produce male
Glra2 KO and WT littermate controls (Glra2*”Y and Glra2™), female Glra2*'"~
and male Glra2*" mice were mated to generate the mice used in our study.
Mouse PCR genotyping was performed off-site (GeneTyper).

Brain Slice Electrophysiology.

Brain slice preparation. For all electrophysiology recordings, P21-P50 male mice
(C57/B6), Glra2*", Glra2™, Glra3"*, and Glra3”") were used. Before de-
capitation and brain removal, mice were lightly anesthetized with sevoflurane;
after brain removal the tissue was submerged in ice-cold artificial CSF (aCSF;
124 mM Nacl, 2.5 mM KCl, 26 mM NaHCOs, 1.25 mM NaHPQO,4 2 mM CaCly,
2 mM MgSO,, 10 mM glucose) for slicing. Brains were sectioned into 300-um-
thick slices using a vibratome (VT1000S; Leica). Slices were incubated in car-
bogenated (95% O,, 5% CO,) aCSF at 32 °C for 30 min and thereafter at room
temperature for an additional 30 min before recording.

Electrophysiological recordings. After incubation, slices were transferred to a
recording chamber, secured with a tissue harp, and continuously perfused with
aCSF via a gravity-based perfusion system. Neurons in each of the brain regions
of interest (dorsal striatum, NAc, CA1 hippocampus, PFC, basolateral and central
nucleus of the amygdala, and the ventral and BNST) were visually identified
using an Olympus BX51WI microscope equipped with differential interference
contrast-IR optics. Whole-cell patch-clamp recordings were performed using a
Multiclamp 700B amplifier and a 1440A Digidata digitizer (Molecular Devices),
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interfaced to a computer equipped with Clampex 10 software (Molecular
Devices). Borosilicate glass electrodes with resistances of 3-7 MQ were filled
with internal solution for recordings. The internal solution contained 145 mM
KCl, 10 mM EGTA, 5 mM MgATP, 0.2 mM NaGTP, and 10 mM Hepes (pH 7.25).
In all brain regions investigated, neurons were voltage-clamped at =70 mV
except for MSNs of the NAc and dorsal striatum, which were voltage-clamped
at —80 mV, which is approximately the resting membrane potential of these
neurons. Data were acquired at a rate of 10 kHz and were filtered at 1 kHz.
Throughout all recordings, access resistance was monitored, and a priori ex-
clusion criteria were established such that cells with a series resistance of >25
MQ were not included in the data analysis, nor were cells for which the series
resistance changed >30% during the experiment. Recordings were performed
at room temperature (22 °C).

Exogenously activated GlyR currents. Neurons were voltage-clamped, and
currents elicited by an application of 1 mM exogenous glycine were measured
at peak amplitude. Glycine was applied for ~60 s or until a peak current was
reached and then was washed off to demonstrate reversibility. Concentra-
tion-response curves for glycine were generated in each brain region
studied using a series of exogenous applications of glycine (10 pM-10 mM).
Each concentration of glycine was applied for ~60 s or until a peak current
was reached; applications were separated by 5-min recovery periods. The
largest current amplitude was defined as maximal (Imax), and relative cur-
rent amplitudes elicited by the remaining concentrations of glycine were
determined. Competition experiments were performed using glycine and
the GlyR-specific antagonist strychnine. Specifically, applications of 300 uM
glycine (determined from the glycine concentration-response curve to ap-
proximately correspond to the EC,0) were applied until currents of consis-
tent amplitude were recorded. Once a stable response was established,
several additional applications of the same concentration of glycine were
applied concurrently with a continuous application of 100 nM strychnine.
After a 5- to 15-min recovery period following removal of strychnine, 300 pM
glycine was reapplied in the absence of strychnine; 3-min washout periods
separated each application of glycine. To further demonstrate that the
glycine-activated currents measured were due to glycine action at GlyRs and
not due to activation of other ligand-gated ion channels (i.e., GABAA or
NMDA receptors), we also measured the currents elicited by applications of
300 1M and 1 mM glycine in the presence of 20 pM gabazine and 50 pM AP5.

Identification of tonic GlyR currents. To detect the presence of tonically activated
GlyR currents in brain, neurons were voltage-clamped, and changes in baseline
current were measured in response to applications of 1 pM strychnine. Strychnine
was applied for either 3-5 min (1 pM) or ~10 min (100 nM), and strychnine-
induced baseline current shifts were calculated as the difference in holding cur-
rent before and during drug application (30- to 60-s epochs). We also measured
changes in the baseline holding current in response to picrotoxin, alone or con-
currently with gabazine to isolate its effects specifically at GlyRs. Gabazine (20 uM)
was first applied alone for ~90 s and then was concurrently applied with 100 pM
picrotoxin for 3-5 min. Picrotoxin-induced shifts in current were calculated as the
difference in holding current before and during drug application (30- to 60-s
segments). To measure the contribution of a7 nAChRs to the strychnine-induced
current, methyllycaconitine (10 nM or 100 nM) was applied for 2 min, and the
methyllycaconitine-induced baseline current shifts were calculated as the differ-
ence in holding current before and during drug application (30-s epochs). Excit-
ability experiments were performed in current-clamp mode. Ten-picoampere
steps from —30 pA to +30 pA were applied to measure RMP and input resistance,
and 2-pA steps from —10 pA were applied to determine rheobase.

Data Analysis. Analyses of electrophysiological data were performed using
AxoGraph and Clampfit 10 (Molecular Devices) software. Statistical analyses
were conducted using GraphPad Prism software. Student’s t test and one-
way ANOVA were used to determine statistically significant effects; P <
0.05 was considered statistically significant. One-sample t tests were used to
determine whether shifts in the holding current were significantly different
from zero. One-sample nonlinear regression analyses, using a modified Hill
equation, were performed to calculate ECs, values and Hill coefficients for
glycine concentration-response curves.

Drugs and Chemicals. All drugs and chemicals used in this study were obtained
from either Sigma-Aldrich or Tocris.
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