










[GlyRa1 normalized current amplitude = 0.99, 95% confidence
interval: 0.83–1.14 (glutamate), = 0.88, 95% confidence in-
terval: 0.62–1.14 (AP5), = 0.97, 95% confidence interval:
0.73–1.21 (NMDA), P = 1.00; GlyR a1b normalized current
amplitude = 0.78, 95% confidence interval: 0.65–0.91 (gluta-
mate), = 0.81, 95% confidence interval: 0.64–0.97 (AP5), =
1.07, 95% confidence interval: 0.85–1.29 (NMDA), P = 0.23;
GlyR a3 = 0.90, 95% confidence interval: 0.75–1.05 (gluta-
mate), = 0.97, 95% confidence interval: 0.88–1.06 (AP5), =
0.99, 95% confidence interval: 0.84–1.14 (NMDA), P = 0.96;

GlyRa3bnormalized current amplitude=0.87, 95%confidence
interval: 0.78–0.97 (glutamate), = 0.86, 95% confidence in-
terval: 0.71–1.01 (AP5), = 0.95, 95% confidence interval:
0.81–1.10 (NMDA), P = 0.83, one-way ANOVA and Tukey’s
multiple comparisons test].
Example traces for each GlyR subunit composition with

glutamate coapplication are shown in Fig. 3, A–D, and Fig. 3,
E–G summarizes the data for AP5 and NMDA coapplications.
The inserts (Fig. 3i and ii) show the differential effect
of picrotoxin on a-homomeric and ab heteromeric GlyRs.

Fig. 3. (A–D) Glycine evoked currents recorded in oocytes expressing recombinant a1 (A), a1b (B), a3 (C), or a3b (D) glycine receptors were not
modulated by glutamate, AP5, or NMDA. Examples of currents induced by extracellular application of glycine (5–10 mM, black bar) before and after
glutamate preincubation (100 mM, gray bar). Inserted graphs (i and ii) show the sensitivity ofa1b- (top) and a3b- (bottom) GlyR receptor subtypes to
picrotoxin to confirm the expression of the desired receptor compositions. (E–G) Proportional changes (drug/control) of glycine currents from individual
experiments are shown in the presence of glutamate (E), AP5 (F), or NMDA (G). The line marks the mean value, and error bars show its 95% confidence
interval from n = 5 oocytes in each condition.
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The 10-fold decrease in picrotoxin sensitivity when b subunits
are present indicates that a1b or a3b heteromers have been
formed.
As we were unable to replicate the finding that glutamate,

AP5, and NMDA allosterically potentiate glycine receptors in
native or recombinant systems, we considered the possible
sources for this discrepancy and carried out a series of
experiments to test the validity of our theories.
Calcium Buffering Was Sufficient. Transient eleva-

tions in intracellular calcium levels are known to enhance
the amplitude of GlyR currents by causing an increase in GlyR
single-channel open probability (Fucile et al., 2000) and
increasing GlyR retention in postsynaptic active zone clusters
(Lévi et al., 2008). This form of potentiation is indirect (in
contrast to the effect reported by Liu et al., 2010), as it is
dependent on calcium/calmodulin-dependent protein kinase II
(Xu et al., 2000; Yamanaka et al., 2013) and is prevented by
including calcium chelators such as EGTA and BAPTA in the
intracellular solutions (Kloc et al., 2019; Xu et al., 2000). The
Ca2+-dependent GlyR current enhancement occurs over time
frames compatible with the results reported by Liu et al.
(2010) and can be stimulated by NMDA and NMDAR activa-
tion (Fucile et al., 2000; Xu et al., 2000; Lévi et al., 2008; Kloc
et al., 2019). Our intracellular solution contained 1 mM
BAPTA + 10 mM EGTA + 1 mM Ca2+, which strongly limits
intracellular calcium transients. The original study used
intracellular solution that contained 10 mM BAPTA + 0 mM
Ca2+. In both cases, the extracellular solution contained
1.3 mM Ca2+. We exactly replicated the intracellular and
extracellular solutions of Liu et al. (2010) and recorded
mIPSCs in the presence and absence of AP5 to confirm that
10 mM BAPTA dissolved in the intracellular solution and no
AP5 effect was observed [normalized amplitude (AP5/control) =
1.1, 95% confidence interval: 0.98–1.25, P = 0.19; normalized
charge (AP5/control) = 1.1, 95% confidence interval: 0.90–1.33,
P = 0.24; normalized frequency (AP5/control) = 1.31, 95% con-
fidence interval: 0.74–1.88, P = 0.33, two-tailed paired t tests].
To test the theory that an enhancement of GlyR mIPSCs

could be observed under our recording conditions when the
recorded neuron had a low intracellular buffering capacity, we
recorded mIPSCs using an intracellular solution that con-
tained 0.6 mM EGTA + 0 mM Ca2+ (Fig. 4B). NMDAR-
dependent increases in glycine eIPSCs have been observed
inmouse spinal cord slices when recorded with 0.6mMEGTA-
containing intracellular solution (Kloc et al., 2019). Although
we did not detect a consistent increase in mIPSC amplitude
[normalized amplitude (NMDA/control) = 1.13, 95% confidence
interval: 0.99–1.27, P = 0.10], we did detect a small enhance-
ment in charge transfer [normalized charge (NMDA/control) =
1.23, 95% CI: 1.09–1.38, P = 0.01] accompanied by an increase
inmIPSC20%–80%decay (control = 7.74millisecond, 95%con-
fidence interval: 5.91–9.56 vs. NMDA = 8.54 millisecond,
confidence interval: 7.10–9.98, P = 0.04). In contrast, we found
no associated change in mIPSC frequency [normalized fre-
quency (NMDA/control) = 0.98, 95% confidence interval:
0.74–1.22, P = 0.52]. Thus, NMDA can cause elevations in
intracellular calcium and enhance GlyR mIPSCs in the
culture system if the internal solution’s calcium buffering is
low; however, it was not adequate to induce the substantial
enhancements reported in Liu et al. (2010).
Species Difference Does Not Account for the Dis-

crepancy. In this study, we recorded glycine currents in

neurons derived frommouse spinal cord, whereas the original
experiments were carried out in cultures derived from rat
spinal cord (Liu et al., 2010). We hypothesized that species
difference in GlyR composition/function might account for the
lack of AP5 effect. Hence, we prepared parasagittal spinal cord
slices from adult Sprague Dawley rats and recorded mIPSCs
in the presence of TTX from lamina II neurons in the dorsal
horn (Fig. 4C). AP5 did not alter the amplitude, charge, or
frequency of glycine mIPSC recorded from rat spinal cord
neurons [normalized amplitude (AP5/control) = 0.81, 95% con-
fidence interval: 0.57–1.1; P = 0.07; normalized charge (AP5/
control) = 0.84, 95% confidence interval: 0.66–1.0; P = 0.07;
normalized frequency (AP5/control) = 1.1, 95% confidence
interval = 0.55–1.5; P = 0.80, two-tailed paired t test].
Zinc Is a High-Affinity Positive Allosteric Modulator

of GlyR and a Possible Contaminant. Finally, we hypoth-
esized that a high-affinity PAM contaminant of GlyRs may
have been responsible for the enhancement of GlyR mIPSCs
reported by Liu et al. (2010). Zinc is a well characterized PAM
of GlyRs (Bloomenthal et al., 1994; Lynch et al., 1998) and can
potentiate GlyR currents by up to ∼200% at concentrations
between 1 nM and 5 mM (Suwa et al., 2001; Miller et al., 2005).
We tested the ability of 2 mM free zinc (200 mM ZnCl2 in
extracellular solution containing 10 mM of the metal chelator,
tricine) to enhance glycine mIPSCs (Fig. 5, A–D). Two micro-
molars free zinc strongly increased mIPSC amplitude and
charge transfer without affecting frequency [normalized
amplitude (zinc/control) = 1.38, 95% confidence interval:
1.15–1.62, P = 0.03; normalized charge (zinc/control) = 2.00,
95% confidence interval: 1.15–1.62, P = 0.001; normalized
frequency (zinc/control) = 0.88, 95% confidence interval:
0.70–1.06, P = 0.36, two-tailed paired t tests]. mIPSC 20%–

80% decay was increased by 62% (control = 6.60 millisecond,
95% confidence interval: 5.32–7.885 vs. zinc = 10.7 millisec-
ond, confidence interval: 7.33–14.07, P = 0.01, data not shown)
As zinc contamination of biologic solutions can occur within
seconds of their contact with a range of common laboratory
materials (Kay, 2004) and can reach levels that are sufficient
to enhance GlyR currents by 30%–40% (Suwa et al., 2001;
Cornelison and Mihic, 2014), we tested the ability of very low
concentrations of free zinc to alter glycine mIPSCs in our
system. We found that 50 nM free zinc (5 mM ZnCl2 in
extracellular solution containing 10 mM tricine) increased
glycine mIPSC amplitudes by a maximum of 40% [normal-
ized amplitude (zinc/control) = 1.19, 95% confidence in-
terval: 1.04–1.34, P = 0.02], with consistent enhancement of
charge transfer [normalized charge (zinc/control) = 1.66,
95% confidence interval: 1.42–1.90, P = 0.001] and no
change in frequency [normalized frequency (zinc/control) =
1.00, 95% confidence interval: 0.74–1.25, P = 0.001, two-
tailed paired t test]. Thiswas accompanied by a 52% increase
in mIPSC 20%–80% decay time (control = 7.76 millisecond,
95% confidence interval: 4.95–10.56 vs. zinc = 11.81 milli-
second, confidence interval: 9.50–14.14, P = 0.002). Thus,
solution contamination by a high-affinity glycine receptor
PAM like zinc could have contributed to the results reported
by Liu et al. (2010).

Discussion
We were unable to replicate the finding that AP5, NMDA,

and glutamate are PAMs of GlyRs.We recordedGlyR-mediated
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currents in response to spontaneous and evoked synaptic
release of glycine, as well as by exogenous bath-applied glycine.
We tested the ability of AP5, NMDA, and glutamate to
enhance glycine effects on recombinant human GlyRs at
low and high glycine concentrations and in rat neurons but
did not uncover any direct action of these compounds on
GlyRs. Furthermore, only a subtle GlyR enhancement
was detected when the calcium buffering capacity of our
intracellular solution was reduced (0.6 mM EGTA). Thus,
we conclude that our lack of success in reproducing the
results of Liu et al. (2010) cannot be explained by differ-
ences in subunit composition or species, nor by receptor
saturation or indirect facilitation of GlyRs when intracel-
lular calcium elevations occur. A recently published paper
showing that glycine eIPSCs are stable in the presence of
NMDA (50 mM) plus the noncompetitive NMDAR antago-
nist 7-chlorokynurenic acid (Kloc et al., 2019) is consistent
with our findings.
Finally, we confirmed that the well characterized GlyR

PAM zinc strongly potentiated GlyRmIPSCs and showed that
the potentiation could still be detected when zinc concentra-
tions were as low as 50 nM. We propose that glutamate, AP5,
and NMDA do not directly interact with GlyR to enhance
currents and that contamination of the solutions used by Liu
et al. (2010) by zinc or some other high-affinity PAM could
conceivably be the origin of this error.

Methodological Differences. We were careful to repli-
cate the key methodical conditions described in Liu et al.
(2010). Neither the slight differences in internal pipette
solution (Fig. 4) nor species or subunit differences were
responsible for the lack of effect observed. Similar to the
original study, we pre-exposed neurons to AP5/NMDA for
.3–5minutes before recordingmIPSCs, eIPSCs, or exogenous
glycine currents in neurons and recombinant human GlyRs
expressed in oocytes for .1 minute before evoking glycine
currents.
Cell Selection. We considered the possibility that the

GlyR enhancement reported in Liu et al. (2010) was the result
of the enrichment of a GlyR subtype that is uncommon in our
cell cultures (which predominately express a2-containing
GlyRs; Hoch et al., 1989) or the unconscious selection of
different neuronal subsets by the two groups. However, AP5
did not alter GlyRmIPSCs recorded in adult rat spinal cord or
oocytes expressing GlyR made from a1, a3, a1b, or a3b
subunits. Additionally, the original study also described the
effect on GlyRs expressed in HEK cells. Together, these
findings indicate that the cell/receptor population sampled is
not likely to be a significant source of the difference between
this study and the study of Liu et al. (2010).
Intracellular Calcium Elevations. Intracellular cal-

cium changes signal a plethora of modifications to neuronal
function. Many reports have shown that GlyR currents are

Fig. 4. The lack of AP5 effect is not due to intracellular
calcium elevations or species difference. (A) We confirmed
that AP5 did not alter the average peak amplitude,
charge, and frequency of glycine mIPSCs recorded from
mouse embryonic cultures if the intracellular recording
solution contained 10 mM BAPTA. (B) When the calcium
buffering capacity of the intracellular recording solution
was reduced (0.6 mM EGTA intracellular), mIPSCs were
recorded in control conditions and after NMDA (50 mM)
was added to the bath solution. mIPSC peak amplitude
and frequency remained stable; however, a small increase
in mIPSC charge, reflecting a change in mIPSC kinetic,
was observed. Normal extracellular solution containing
calcium and magnesium was used for these experiments.
(C) Next, we recorded miniature glycine IPSCs from
neurons in lamina II of rat parasagittal spinal cord slices.
Average mIPSC peak amplitude, charge, and frequency
before (control) and after AP5 (100 mM) exposure did not
change. Data points from individual experiments are
connected by a line, and in the right-hand panel, the
proportional change (drug/control) of mIPSC amplitude,
charge, and frequency is shown.
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indirectly enhanced by stimulations that trigger elevations in
intracellular calcium (Fucile et al., 2000; Xu et al., 2000; Lévi
et al., 2008; Kloc et al., 2019) andGABAARs (Stelzer andWong,
1989). Thus, any uncontrolled depolarization of the network
(unlikely when TTX is present) or a contaminant that causes
a receptor-mediated (e.g., NMDAR) elevation in intracellular
calciumcould, in theory, be the origin of the data reported inLiu
et al. (2010). However, our data show that even when the
intracellular solution used had low calcium buffering capacity
(0.6 mM EGTA), mIPSCs were only slightly enhanced.
Contaminants. Like other ligand-gated ion channels,

glycine receptors have multiple allosteric binding sites able

to unlock the receptor and substantially increase glycine
receptor–mediated signaling. In addition to zinc- and intra-
cellular Ca2+–dependent processors, there are a host of other
compounds that have been reported to enhance glycine re-
ceptor function. These include anesthetics (Mihic et al., 1997),
cannabinoids and other fatty compounds (Hejazi et al., 2005;
Yang et al., 2008), alcohol (Burgos et al., 2015; Lara et al.,
2019), glucose (Breitinger et al., 2015), and others (Yevenes
and Zeilhofer, 2011; Huang et al., 2016). One interesting
compound is oleamide, a fatty acid amide that is present in the
cerebrospinal fluid of sleep-deprived animals. Oleamide is also
commonly used as a polymer lubricant and one of several

Fig. 5. Nanomolar concentrations of zinc enhance glycine mIPSCs. (A) An example of average glycine mIPSC traces before (control, black line) and after
application of Zn2+ (blue line) and after washout (gray line) of zinc. Two micromolars free zinc (200 mM zinc in extracellular solution containing 10 mM
tricine) increased the average mIPSC peak amplitude (A and B) and charge transfer (A and D) but not the frequency (C). (E) The proportional change
(zinc/control) of mIPSC amplitude, charge, and frequency in each condition. (F) An example of average glycine mIPSC traces before (control, black line)
and after application of Zn2+ (blue line) and after washout (gray line) of zinc. The peak amplitude (F andG) and charge (F and I), but not the frequency (H)
of mIPSCs was also increased when the free zinc concentration was reduced to 50 nM (5 mM zinc in extracellular solution containing 10 mM tricine). (J)
The proportional change (zinc/control) of mIPSC amplitude, charge, and frequency in each condition.

Glutamate Does Not Directly Modulate Glycine Receptors 727

 at A
SPE

T
 Journals on N

ovem
ber 29, 2021

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


bioactive contaminants known to leach from disposable
laboratory plasticware (McDonald et al., 2008; Jug et al.,
2020). Oleamide dose-dependently and stereospecifically
potentiates GABAA and GlyRs (Coyne et al., 2002) and could
have contributed to the GlyR effect reported by Liu et al.
(2010).
As the GlyR enhancement observed by Liu et al. was

reported to occur in response to many different compounds,
detectable at the level of single-channel recordings, and
present in recordings from recombinant GlyRs, we believe
that it is likely that a known or unknown PAM contaminant in
some key component of the extracellular solution is responsi-
ble for the GlyR enhancement observed by Liu et al. (2010).
The presumptive contaminant could conceivably be part of the
vehicle or storage container that the drug solutions weremade
in or might have leached from the tubing that delivered test
compounds. Our data suggest that 50 nM zinc, a concentration
easily reached by solution contamination from labware, could
have resulted in GlyR effects reported by Liu et al. (2010): it
can enhance GlyR currents to the same level and is known to
increase single-channel burst duration (Laube et al., 1995,
2000); however, Liu et al. (2010) did not report a change in
mIPSC kinetics.
Glycine itself may be a contaminant of solutions, as it is

a breakdown product of microbial contaminants. It is possible
that drug solutions dissolved in water-based vehicle and used
over extended periods may contain biologically active concen-
trations of glycine, especially if stored at room temperature
(Hamilton and Myoda, 1974). Alternatively, contamination
could arise from the drug application system. For example, if
the control and test solutions were always delivered from the
same drug reservoir, a low-level contamination with a high-
affinity PAM could accumulate in the drug delivery system.
Hydrophobic compounds like cannabinoids are particularly
“sticky.” In practice, there are multiple plausible sources for
GlyR PAM contaminants in the laboratory.
Other possibilities considered were that sequentially ap-

plied compounds could interact with the GlyR to expose and
bind to an unusual PAM binding site, or that the compounds
used uncovered a strychnine sensitive current that does not
originate from the glycine receptor. However, given Liu et al.
(2010) were able to detect GlyR enhancement in recombinant
systems and carried out single-channel recordings, these
possibilities are unlikely.
Moving forward, the application of appropriate experimen-

tal protocols is important, and the appropriateness of a pro-
tocol should always be the first thing to be questioned when
highly surprising and unexpected results are obtained. We
suggest that any study characterizing a high-affinity PAM
must include controls that eliminate the possibility of con-
tamination to prevent misinterpretation of results.
Common sources of zinc contamination have been meticu-

lously assessed (Kay, 2004; Cornelison and Mihic, 2014). Zinc
(and other metal) contamination can be limited by making
solutions fresh from water filtered with a high-grade purifica-
tion system, always using high purity reagents, avoiding solution
contact with glass, stainless steel or latex gloves, and avoiding
polyethylene and polystyrene pipettes/tubing (Kay, 2004;
Cornelison and Mihic, 2014). For drug targets like the GlyR,
where zinc modulation occurs at concentrations of ,100 nM,
a metal chelator such as EGTA, tricine, or diethylenetriamine-
pentaacetic acid (Paoletti et al., 1997; Kay, 2004) should be used.

In addition, controls addressing contaminants that may arise
from leaching labware and during sample handling/preparation
(seeMcDonald et al., 2008; Jug et al., 2020) should be considered,
and it may be appropriate to include details about how drug
stocks were prepared and the composition and manufacturer of
plastic and glass laboratory equipment used (including cover-
slips, storage tubes, and drug delivery systems) in the methods
section of the paper.
Contaminants including bioactive lipophilic compounds

retained within the application system can be controlled for
by designing the system with a minimal number of fittings,
a minimal void volume, scrambling or randomization of the
order of experiments, regular cleaning, and regular replace-
ment of tubing.We use polyethylene tubing andwash our drug
delivery system regularly with 70% v/v ethanol to prevent this
sort of contamination.
Main Conclusions. This study disputes the previously

published finding that GlyRs are directly modulated by AP5,
NMDA, and glutamate and indicates that the findings of Liu
et al. (2010) may have resulted from a misinterpretation of
results due to a high-affinity GlyR PAM contaminant in the
experimental system.
Therefore, GlyRs are not directly (and transiently) facili-

tated by glutamate spillover onto nearby inhibitory synapses,
which would rely on factors such as synaptic glutamate levels,
synaptic architecture, receptor expression patterns, and trans-
porter performance (Huang, 1998; Turecek and Trussell, 2001;
Ahmadi et al., 2003; Kubota et al., 2010). In contrast, the
indirect glutamate-mediated, calcium-dependent enhancement
of GlyRs will still occur when NMDARs are activated, after
neuronal depolarization to relieve its block by magnesium
(Fucile et al., 2000; Xu et al., 2000; Lévi et al., 2008; Kloc
et al., 2019). This indirect modulation is mechanistically and
temporally different from the direct PAM effects proposed by
Liu et al. (2000) and would have distinct functional effects.
Thus, this negative finding changes our understanding of how
inhibitory and excitatory activity is balanced and regulated in
the hindbrain.
The brain is designed to adapt and respond to subtle

changes in input and is modulated by compounds that can
have exceptionally high affinities (picomolars–micromolars)
for their biologic targets. This is important because trace
levels of unknown and unexpected contaminants can have
profound physiologic effects. As a result, new high-affinity
modulators must be presented with carefully designed con-
trols to rule out common contaminates and detail how drugs
were prepared, stored, and applied. Finally, the publication of
replication studies by independent laboratories is essential to
consolidating knowledge and more quickly advance under-
standing and progress in the field of neurobiology and drug
development.
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