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ABSTRACT Effects of zinc, an endogenous neuromodu-
lator in the central nervous system, on glycine receptors
(GlyRs) in retinal ganglion cells were investigated by using the
whole-cell voltage-clamp technique. Zn?* at low concentration
(<2 pM) potentiated the glycine-induced chloride current
and at higher concentration (>10 uM) suppressed it. This
biphasic regulatory action of zinc acted selectively on the fast
component of the glycine-induced current mediated by the
strychnine-sensitive GlyRs, but not on the slow component
mediated by the 5,7-dichlorokynurenic acid-sensitive GlyRs.
Dose-response studies showed that 1 uM Zn?" increased the
maximum glycine response (I..) and shifted the ECs to the
left, suggesting that Zn?* at low concentrations acts as an
allosteric activator of the strychnine-sensitive GlyRs. Zn?* at
a concentration of 100 uM did not alter /.. and shifted the
ECs to the right, indicating that Zn?* at high concentrations
acts as a competitive inhibitor of the GlyRs. Physiological
functions of zinc modulation of GlyRs in retinal ganglion cells
are discussed.

The divalent cation Zn?>" is an essential element in animal
cells. It is not only a cofactor and structural component of more
than 200 enzymes but also is an endogenous neuromodulator
(1, 2). In the central nervous system, Zn>" is found endoge-
nously in the nerve terminals (3), and it is released on nerve
stimulation (4, 5). Evidence in recent years suggests that Zn?*
released from nerve terminals can modulate postsynaptic
receptors and voltage-gated and ligand-gated channels (1, 2).
In this report, we investigated the modulatory actions of zinc
on glycine receptors in retinal ganglion cells.

Glycine and y-aminobutyric acid (GABA) are two major
inhibitory neurotransmitters in the central nervous system.
Although glycine receptors (GlyR) and GABA receptors
(GABAR) are highly homologous, we know much less about
GlyR than GABAR. It has been shown that Zn?* regulates
GABAR, and the modulatory action depends greatly on the
GABAR subunit composition (6, 7). Early studies suggested
that mechanisms of zinc modulation on glycine receptors in
different tissues follow different patterns. For example, zinc
modulations of glycine responses in rat cerebellar granular
cells (8) and rat septal cholinergic neurons (9) are monophasic,
and zinc regulation of glycine responses in rat embryonic spinal
cord neurons is biphasic (10, 11). In rat olfactory bulb neurons,
zinc (100 uM) selectively potentiates the nondesensitizing
current but not the steady state of desensitized currents evoked
by high concentrations of glycine (12). Furthermore, zinc
(100nM-10 uM) increases the responses of rat GlyR a1 in vitro
expressed in Xenopus oocytes (13) but biphasically regulates
the responses of human GlyR al and GlyR «2 expressed in
HEK 293 and Xenopus oocytes (10, 11).

In a previous study, two components of glycine responses in
retinal ganglion cells were identified based on their pharma-
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cological and kinetic properties (14). One had a fast onset and
rapid desensitization, and the other had a slower onset, much
more sustained response. The former was sensitive to low
concentrations of strychnine, which is the conventional glycine
antagonist; the latter was selectively blocked by 500 uM
5,7-dichlorokynurenic acid (DCKA) [a blocker of the glycine
recognition site at the N-methyl-D-aspartate receptor at much
lower concentrations (15)]. In this study, we examine whether
these two components of glycine responses are differentially
regulated by zinc. Endogenous zinc associated with synaptic
vesicles has been localized with the Neo-Timm staining
method in several types of neurons in the retina, including
some in inner retina (16-18), and glycine receptors are known
to serve major inhibitory functions in retinal ganglion cells (19,
20). Therefore, our study may provide useful information on
how Zn?* shapes ganglion cell responses and how it regulates
information processing in the vertebrate retina.

MATERIALS AND METHODS

Cell Preparation. The isolated retinal cell preparation has
been described in earlier publications (14, 21). Briefly, the
tiger salamander, Ambystoma tigrinum, (Kons Scientific, Ger-
mantown, WI) was decapitated and pithed, and the eyes were
removed. The retina was isolated and incubated for about
30-60 min at room temperature (22°C) in 400 ul of enzyme
solution containing 20 units/ml lyophilized papain (Worth-
ington, Freehold, NJ), 5 mM L-cysteine, and 400 units/ml
DNase I (Worthingotn, Freehold, NJ) in amphibian Ringer’s
solution. At the end of the incubation, the retina was rinsed five
times with amphibian Ringer’s solution and gently shaken until
the tissue dissociated. The cells were placed on a lectin-coated
coverslip in a culture dish containing Ringer’s solution and
stored in a 17°C incubator. Acutely dissociated cells were used
in all experiments. Ganglion cells were identified based on a
combination of morphological and physiological characteris-
tics, particularly large soma size and magnitude of the inward
sodium current (14). Recordings from the retinal slice prep-
aration indicated that presence of tetrodotoxin-sensitive so-
dium currents and lack of inwardly rectifying currents could
distinguish amacrine and ganglion cells from other neurons (N.
Tian and M. Slaughter, personal communication). Generally,
sodium currents in ganglion cells exceeded those in amacrine
cells. These criteria did not positively exclude amacrine cells,
but based on the number of cells studied and the consistency
of the results, it is reasonable to conclude they are represen-
tative of ganglion cell responses. Some dissociated ganglion
cells have portions of the axon and dendrites attached, but
under our experimental conditions, it was difficult to distin-
guish between the somatic and dendritic GlyR.
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Electrophysiological Recordings. The isolated retinal neu-
rons were bath-perfused with amphibian Ringer’s solution
consisting of 111 mM NaCl, 3 mM KCl, 2 mM CaCl,, and 1 mM
MgCly, buffered with 5 mM Hepes and NaOH, at pH 7.8. The
internal pipette solution contained 110 mM potassium glu-
conate, 5 mM NaCl, 1 mM MgCl,, and 5 mM EGTA, buffered
with 5 mM Hepes and KOH, at pH 7.4. With this internal
solution, electrodes had resistance of 5-7 M(}, and the series
resistances were typically 10-20 MQ (uncompensated). ZnCl,
was used for Zn?" ions. A rapid perfusion system (BPS-8, ALA
Scientific Instruments, Long Island, NY) was used to apply
glycine or co-apply glycine and DCKA (Research Biochemi-
cals, Natick, MA). Zn?* and strychnine were added to the bath
solution because of their slow actions. Data were recorded
with an Axopatch-200A amplifier in combination with a
Pentium II computer and CLAMPEX7 software (Axon Instru-
ments, Foster City, CA). Offline analysis and data illustration
was done by using ORIGIN 5.0 software (Microcal Software,
Northampton, MA).

RESULTS

Modulation of Glycine Responses by Zn?**. In retinal gan-
glion cells, glycine induced an outward chloride current at
holding potential near 0 mV (Fig. 1; ref. 14). Fig. 1.4 shows that
the peak amplitude of the ganglion cell response to 100 uM
glycine was increased from 750 pA (trace @) to 1,300 pA (trace
b) by 1 uM Zn?*. On the other hand, Fig. 1B shows that 100
wM Zn?* decreased the peak glycine responses from 600 pA
(trace a) to 400 pA (trace b). This biphasic action on the peak
amplitude by Zn?* was observed in all ganglion cells tested. On
average, 1 uM Zn?" caused a 1.6-fold (1.6 * 0.1, n = 10)
increase in the peak glycine response and 100 uM Zn?*
decreased the peak glycine response to 63% (0.63 = 0.02,n =
10) of the control level. Zn?* at either concentration exerted
no noticeable effect on late phases of glycine-induced currents.
Actions of Zn?* at both concentrations were reversible on
washout and application of Zn?* alone never induced any
current.

The glycine responses in retinal ganglion cells have been
pharmacologically and kinetically separated into two different
components, suggesting that these cells contain two subtypes
of glycine receptors (14). Other evidence has suggested that
these two glycine receptor subtypes may have different mo-

A

1500 -

Glycine (100pM)

1250

a: Ctr
b: + 1uM Zn™

1000

750 |

| (PA)

] 1000 2000 3000
Time (ms)

Proc. Natl. Acad. Sci. USA 96 (1999) 3235

lecular subunit compositions (Y.H. and M. Slaughter, unpub-
lished results). It has been known that Zn?* regulates GABAA
receptors, close relatives of the GlyR in the ligand-gated ion
channel family, in a way that critically depends on the subunit
composition (6, 7). Thus, it is possible that Zn?* differentially
modulates different GlyR subtypes. To further investigate this
possibility, the glycine antagonists strychnine and DCKA were
used to isolate the fast and slow current components. The fast
component was mainly mediated by strychnine-sensitive re-
ceptors and the slow component by the DCKA-sensitive
receptors (14). In the presence of 1 uM strychnine, which
selectively blocks the fast glycine responses (14), the remaining
slow component was insensitive to both 1 uM Zn?* (Fig. 24
a and b) and 100 uM Zn>* (Fig. 24 ¢ and d). On the other
hand, when 500 uM DCKA blocked the slow component, 1 uM
Zn** potentiated the fast component (Fig. 2B a and b),
whereas 100 uM Zn?" suppressed it (Fig. 2B ¢ and d). Fig. 3
summarizes the results shown in Fig. 1 and 2. The modulatory
actions of Zn?* disappeared completely in the presence of
strychnine but were unaffected by DCKA. These results
suggest that zinc selectively regulates the strychnine-sensitive
GlyR that mediate the fast component of the glycine response.
The DCKA-sensitive receptors mediating the slow component
are resistant to zinc modulation.

We next examined the Zn>* concentration dependence of its
modulation on glycine-induced currents. Effects of Zn?* were
measured by normalizing the glycine-induced current in the
presence of Zn>* against the current in control Ringer’s
solution (Iz,>"/I.). Because the early peaks of glycine re-
sponses were mainly strychnine-sensitive and the late, steady
phases were predominately DCKA-sensitive (14), the peak
responses were used to represent the fast glycine responses and
the plateaus were used to indicate the slow ones. As shown in
Fig. 4, in all cells tested, the biphasic modulation by Zn?* acted
on the fast component but not on the slow component of the
glycine response. Zn>* at concentrations <100 nM did not
affect the glycine response, and at 0.5-1 uM potentiated
glycine responses. Higher concentrations of Zn?* reduced the
potentiation, followed by inhibition of the glycine response at
concentrations greater than 2 uM. Consequently, low concen-
trations of Zn?* made glycine-induced currents more tran-
sient, and high concentrations of Zn?>* made them more
sustained (see Fig. 1, for example). Such regulation of the
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Fic. 1. Effects of 1 uM (4) and 100 uM (B) Zn2* on the current responses to 100 uM glycine in retinal ganglion cells. In each case, current
responses were recorded under voltage-clamp conditions at a holding potential of 0 mV. Glycine-induced currents in control Ringer’s solution were
presented as trace a, and currents in Ringer’s solution containing 1 uM (4) or 100 uM (B) were shown as trace b.
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FiG. 2. Differential modulation of glycine receptor subtypes by Zn?*. (4) With 1 uM strychnine, the fast component of the glycine response
was blocked (traces a and c), the slow component in 1 M Zn?* were shown as trace b, and in 100 uM Zn?* were shown as trace d. (B) In the
presence of 500 uM DCKA, the slow component was blocked (trace a and ¢), and trace b and d illustrate the fast component in 1 pM Zn?>* and
100 uM Zn?*, respectively. In each case, trace a and b were from the same cell, as were trace ¢ and d. All current responses were recorded under

voltage-clamp conditions at a holding potential of 0 mV.

glycine response waveform was observed at all concentrations
of zinc tested in this study.

Mechanism of Zn?* Regulation on Fast Component of
Glycine Responses. To unravel the mechanism of Zn?* inter-
action with the GlyR subtype mediating fast glycine responses,
we analyzed Zn?>* modulation on the glycine dose-response
relationship. In semilogarithmic dose-response plots, the cur-
rent responses increased with glycine concentrations following
a sigmoidal equation (Fig. 5 4 and B, and Eq. 1 in Appendix).
The shapes of these dose-response curves in various concen-
trations of Zn?* were similar, indicating that Zn?>* did not
significantly change the Hill coefficient (nyg =~ 2). Zn>* (1 uM)
facilitated glycine binding to GlyR and shifted ECs to the left
(ECso.cer = 43 pM, ECso zn+ = 35 uM), suggesting that Zn?*
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FiG. 3. Histograms of the Zn?* effects under different conditions,
I7n> " /Icr was used to quantify Zn?* modulation on glycine-induced
currents. The number inside the columns indicates the number of cells
tested under those conditions. The bars above the columns repre-
sented the SE.

at low concentrations acts as an allosteric activator. It also
increased the maximum glycine response (Icir. = 360 pA,
Iz« = 580 pA) (Fig. 54). In contrast, 100 uM Zn?* did not
affect the maximum glycine responses, but it acted as a
competitive inhibitor for glycine receptors, lowered the ap-
parent glycine affinity, and shifted ECs to the right (Fig. 5B;
ECso,ce = 40 uM, ECspza?>" = 74 uM).

The relationship between Zn?* modulation on glycine
responses and glycine concentration ([Gly]) was studied by
plotting I7,2" /I as a function of [Gly] in Fig. 5C. At low
concentrations of glycine, 1 uM Zn?* potentiated the glycine
response >2-fold (Izn>*/Icy = 2.17 * 0.03, n = 3, at [Gly]
= 25 uM). As [Gly] increased, the current potentiation
induced by 1 uM Zn?* decreased progressively, and Iz,>"/
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FiG. 4. Dose-related Zn>* modulation on glycine responses. The
fast (peak) component of glycine (w) and the slow (sustained) com-
ponent (O) responses were plotted against zinc concentration. Each
data point represented the mean * SE from multiple cells. The
number near each data point indicates the number of cells tested at
that concentration.
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FiG. 5. Dose-response curves of glycine-induced currents ( vs.
[Gly]) in the absence and presence of 1 uM Zn?* (4) and 100 uM
Zn** (B). Glycine dose-response curves were fitted by following
equation (where /. is the maximum glycine-induced current, Iy is the
initial current when [Gly] is near zero, ny is the Hill coefficient):

I=1I,+ L=y
~ 0T 1+ (ECs/[Gly)™

The relative current Irelative = Izn>"/Icer in 1 uM Zn?* (A) and in 100
uM Zn2* (¥) was plotted as a function of [Gly] in C. The horizontal
dashed lines indicate the initial relative current (/relative,0) and maxi-
mum relative current (Irelative,«) in Eq. 4 in the Appendix. The number
near each data point indicates the number of cells tested at that
concentration.

Iy reached a steady state level of about 1.45 = 0.08 (n = 5)
at [Gly] = 250 puM. On the other hand, 100 uM
Zn?>*suppressed the glycine response by more than one-half
when low concentrations of glycine were employed (Iz,2"/
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Icy = 0.48 = 0.02, n = 6, at [Gly] = 250 uM). The current
suppression induced by 100 uM Zn>" also decreased as [Gly]
increased. Eventually, 100 uM Zn?™" lost the inhibitory effect
on currents induced by high [Gly] (Izn>* /I = 0.96 = 0.02,
n = 8 at [Gly] = 250 uM). Because Zn>* changed the
apparent glycine affinity but not the Hill coefficient, the
I7:2" /Icu-vs.-[Gly] plot also follows a sigmoidal relationship
described by Eq. 3 in the appendix. By fitting Eq. 3 with data
points in Fig. 3C, we found that the apparent glycine affinity
increased by ~30% with 1 uM Zn>", and decreased by 35%
with 100 uM Zn?* (See Appendix, based on ny = 2). The
ECs for glycine is ~40 uM with 1 uM Zn?* and approxi-
mately 100 uM with 100 uM Zn?".

DISCUSSION

Zn** Modulation of GlyRs on Retinal Ganglion Cells. The
data presented in this paper constitute demonstration that
Zn?* selectively modulates a subtype of GIlyR in retinal
ganglion cells and that this modulation is biphasic. At low
concentrations, Zn?>* potentiates the glycine-induced cur-
rents and at high concentrations suppresses the currents.
Such dose-dependent biphasic modulation of GlyRs by Zn?*
have been observed in spinal cord neurons and recombinant
GlyRs expressed in HEK 293 cells (10, 11). The concentra-
tion ranges of Zn>* for potentiation and suppression of
GlyRs from these other studies are very close to those in our
study.

The GIyR is a pentamer, and different subtypes of GlyRs
may have different subunit compositions (22-24). Our data
show that Zn?* selectively modulates the strychnine-sensitive
GlyRs but not the DCKA-sensitive GlyRs. This is in agreement
with the results obtained from other CNS preparations, which
suggest that the binding sites for Zn?* and strychnine are both
located in the a-subunit (10, 11). In contrast, the DCKA-
sensitive GlyRs may contain different a-subunits or other
subunits that block the Zn?*-binding site and thus make them
resistant to Zn?>* modulation.

For the strychnine-sensitive GlyRs, Zn>* may have two
binding sites with different affinities because Zn?* regulates
glycine responses biphasically. This idea also is consistent with
the results from chimeric constructs of GlyRs (11). At low
concentrations, Zn>* binds to the high-affinity site, which
facilitates glycine binding as well as interferes with channel
gating, causing the increase of whole-cell conductance. As the
concentration increases, Zn>* binds to the low-affinity site.
This binding may be more stable, thus inhibiting Zn>* binding
to the high-affinity site. The low-affinity site may be located
somewhere near the glycine-binding pocket, and thus it acts as
a competitive inhibitor for the GlyR. In either case, the Hill
coefficient of the glycine dose-response curve is not altered by
Zn?*, suggesting that the number of glycine molecules re-
quired for channel gating is unaffected by Zn?>* modulation.

Physiological Function of Zn?>* Modulation in Retinal
Ganglion Cells. It has been known for a long time that zinc
exists in high amounts in the retina (25). Recent studies using
the Neo-Timm method have shown that endogenous zinc
associated with synaptic vesicles is located in photoreceptors
of tiger salamander, fish, and mammalian retinas (16-18).
Moreover, these studies revealed zinc-containing processes
in the inner plexiform layer, although their cellular origin
remains uncertain (16, 18). These results suggest that retinal
ganglion cells may be influenced by zinc released from
neuronal processes in the inner retina and by zinc diffused
from photoreceptors in the distal retina. In hippocampal
neurons, vesicular zinc is coreleased with glutamate on
membrane depolarization (4, 5). In darkness, photoreceptors
are depolarized. Some neurons in the inner retina are
depolarized and others are hyperpolarized (26, 27). There-
fore, darkness increases zinc release from photoreceptors,
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and it may increase or decrease zinc release from neuronal
processes in the inner retina. In the salamander outer retina,
it has been shown that bath application of 5 uM Zn?*
substantially suppresses synaptic transmission between pho-
toreceptors and horizontal cells (16). Therefore, extracellu-
lar Zn?* concentration in dark-adapted retinas under phys-
iological conditions while synaptic transmission is not sup-
pressed must be substantially lower than 5 uM. This leads us
to propose that under physiological conditions, Zn>" re-
leased from retinal neurons primarily potentiates glycine
responses in ganglion cells by binding to the high-affinity
binding site. However, we cannot exclude the possibility that
local zinc concentration in some part of the retina is in the
high micromolar range. It has been shown that zinc release
and uptake vary with neuronal activity (4, 5), and local
concentrations of zinc may reach the high micromolar range
(300 uM) in the hippocampus (28). If such high zinc
concentrations exist near retinal ganglion cells, then Zn?*
may suppress glycine responses by binding to the low-affinity
binding site.

Our results (Fig. 1) indicate that low concentrations of
Zn?* made glycine-induced currents more transient and high
concentrations of Zn?* made them more sustained. Because
ganglion cells receive glycinergic inputs from transient am-
acrine cells, which contribute to the antagonistic surround
response and motion sensitivity of retinal ganglion cells (20),
the dose-dependent biphasic Zn?>* modulation of GlyRs may
be used to adjust the center-surround antagonistic receptive
field and motion detection capability of retinal ganglion
cells.

APPENDIX

Glycine dose-response curves are sigmoidal and can be fitted
by the following equation:

Ioc - IO
1 + (ECso/[Gly])m”

I=1,+ [1]

When I, = 0, the above equation becomes:

1 [Gly]™

— = . 2
L.~ (ECy) + [Gly™ (2]

If Zn?* does not change n, the relative current,

(ECsp,c)™ + [Gly]™
(ECs(])ZnH)nH + [Gly]nH

Ian+ Ianf’oc

Irelalive - -
ICtr ICtr,w

[3]

Rearranging parameters in Eq. 3, we obtain

Iz, ( ECsocir )n”
ECSO,ZIZ-’

% ( ECsoci ) "
IClr,cc IClr,oo EVCSO,ZnZJr [4]
1 <EC51J,Zn2+> "H '
[Gly]

I L=
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1 Ctr,»

Iz00 00 17,00

Comparing Eqgs. 1 and 4 shows that the Iiejative-vs.-glycine
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concentration plot is also sigmoidal, with

_ IZn”,OO ECSO,Ctr
]relative,() - Ji X EC s
Ctr,» 50,Zn2*
Ianﬂoc
Irelative,oc = I 5 and
Ctr,»

ECSO,relative = EC50,2n2+o
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