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Abstract

There is mounting evidence that zinc release from glutamatergic nerve terminals serves as a
neuromodulator at synaptic sites within the retina and CNS. However, it has not been possible to
reliably measure the concentration of zinc co-released with glutamate in the confines of the synaptic
cleft. Thus, much of the evidence supporting this view derives from electrophysiological studies
showing the modulatory effects of exogenous zinc on the membrane currents of ligand- and voltage-
gated channels. In the present study, we took advantage of the unique properties of the glutamatergic
photoreceptor terminal to demonstrate a feedback signal mediated by endogenous zinc at the synaptic
sites from which it is discharged. Through its ability to block voltage-gated calcium channels in the
photoreceptor terminal, zinc suppresses the radial dark current of the visual cell, and reduces its
release of glutamate. It follows that chelation of extracellular zinc, e.g., with histidine, will lead to
an increase both in the dark current and in the release of glutamate, changes that result in an
enhancement of the light-evoked a-wave of the ERG and can account for the b-wave enhancement
observed previously after zinc chelation when inner retinal responses were not blocked by aspartate.
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Zinc is unguestionably one of the most ubiquitous trace elements in biological systems, and it
is now universally acknowledged that zinc is indispensable to all living organisms: (i) zinc
serves as an integral and essential component of scores of enzymes, (ii) it participates in a wide
variety of metabolic functions, and (iii) it plays a significant role in translation and transcription
of the genetic message. Moreover, zinc is indispensable to the growth and development of all
forms of life (cf. reviews by Vallee, 1988; O’Halloran, 1993), and the serious consequences
of zinc deficiency have been well documented (cf. Smith et al., 1973; Leopold, 1978;
Hambidge, 1981; Krebs et al., 2000; Di Cello et al., 2005; Olmez et al., 2007). With the advent
of a range of sensitive detection methods (cf. Danscher et al., 1985; Frederickson et al.,
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1982, 1987; Christensen et al., 1992; Simons, 1993; Thompson et al., 2002), zinc was shown
to be present in virtually every tissue of the body where it exists primarily complexed with
proteins that serve both metabolic reactions and structural functions. Although there is evidence
for the presence of free or loosely bound Zn?* ions within the cytoplasm and body fluids
(Frederickson, 1989; Reyes, 1996; Simons, 1991; Zalewski et al., 2006), labile (‘chelatable’)
zinc is localized mainly within the synaptic vesicles of glutamatergic nerve terminals
throughout the retina and CNS (Beaulieu et al., 1992; Wu et al., 1993; Frederickson and
Moncrief, 1994). Imaging techniques have also proven useful in demonstrating the stimulation-
induced release and uptake of zinc in neural tissues (Assaf and Chung, 1984; Howell et al.,
1984; Charton et al., 1985; Brown and Dyck, 2002; Redenti and Chappell, 2005; Redenti et
al., 2007), and there is reason to suggest that zinc serves as a neuromodulator at synaptic sites
in these regions. However, there are no available methods to reliably measure the concentration
of zinc co-released with glutamate within the confines of the synaptic cleft. Thus, much of the
evidence supporting this view is indirect, and derives from electrophysiological studies
showing the modulatory effects of exogenous zinc on the membrane currents of ligand- and
voltage-gated channels (cf. Christine and Choi, 1990; Hollmann et al., 1993; Wu et al., 1993;
Harrison and Gibbons, 1994; Hirasawa et al., 1998; Han and Wu, 1999). In such circumstances,
there can be no assurance that similar effects would be realized when zinc is released from
presynaptic sites under physiological conditions. Progress in this direction was made using
histidine to chelate zinc in the intact retina, resulting in an enhancement of the b-wave
component of the electroretinogram (ERG), although a site of action could not be resolved
(Redenti and Chappell, 2002; Rosenstein and Chappell, 2003). In the present study, we took
advantage of the unique properties of the glutamatergic photoreceptor terminal, specifically,
the release of neurotransmitter in darkness and its suppression by light, to demonstrate a
feedback signal mediated by endogenous zinc at the synaptic sites from which it is discharged
while responses from postsynaptic cells were blocked by aspartate.

All surgical and animal handling procedures were conducted in accordance with methods
approved by the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Eyes of dark-adapted skates (Raja erinacea) that had been deeply anesthetized with MS222
(Tricaine, ethyl 3-aminobenzoate methanesulfonate) and pithed anteriorly and posteriorly,
were enucleated under dim red light, and the globe hemisected just anterior to the equator.
After removing most of the vitreous humor with absorbent wicks, the posterior eyecup was
placed on a Ringer-soaked pad in contact with a chlorided silver disc that served as the reference
electrode. The ERG from this all-rod retina was picked up by a chlorided silver wire electrode
in contact with the vitreal surface of the eyecup that led to the input stage of high-gain DC-
coupled differential amplifier (model DP-301, Warner Instruments, Hamden, CT). Light-
evoked responses were elicited by achromatic stimuli (duration = 1 sec), displayed on an
oscilloscope and recorded with pClamp software (Molecular Devices Corporation, Sunnyvale,
CA); data analysis was performed in Microcal Origin 6.0 (OriginLab Corporation,
Northampton, MA). Light stimuli were delivered by a photostimulator with a 12V 100W
tungsten-halogen lamp operated at 6.5A. The test beam had an unattenuated retinal illuminance
of 390 pW/cm? (defined as Log | = 0), and was attenuated by a series of neutral density filters
allowing intensity to be changed in half log unit increments. The retina was continuously
superfused with a control Ringer solution, which contained (in mM): NaCl (250), KCI (6),
CaCls, (4), urea (360), d-glucose (10), NaHCO3 (20), MgCl, (4), NaH,PO4 (0.2), HEPES (5);
the solution was oxygenated and titrated with sodium hydroxide to pH 7.5. A continuous stream
of superfusate from a gravity-fed series of test solutions was delivered across the surface of
the retina via a glass capillary on one side of the eyecup and removed by gentle suction through
a similar capillary on the opposite side; electronically controlled valves were used to switch
between test solutions. ERG intensity-response series were obtained in half log unit increments
from Log I =- 7.0 to - 0.5, first in normal Ringer and again after 30 minutes in Ringer to which
Na L-aspartate (75 mM) had been substituted for equimolar amounts of NaCl. Aspartate has
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no detectable effect on rhodopsin kinetics (Brin and Ripps, 1977), but it has been shown to
block responses from post-receptoral retinal neurons, thereby isolating the photoreceptor-
generated a-wave response from inner retinal components of the ERG (Dowling and Ripps,
1972). Following 40 minutes in aspartate, the superfusate was switched to test solutions in
which histidine (100 pM), zinc (50 uM), or zinc plus histidine had been added to the aspartate-
Ringer solution. In each instance, the retina was bathed in the test solution for 30 minutes prior
to obtaining the ERG intensity-response series.

The full field ERG response elicited by a brief (1 sec) stimulus (Fig. 1A, upper trace) shows
the summated response of the various underlying potentials that contribute to this transretinal
voltage, i.e., the initial a-wave derived largely from the light-evoked closure of the cyclic GMP-
gated photoreceptor channels, the vitreal-positive b-wave reflecting primarily the depolarizing
response of ON bipolar cells, and the slowly developing c-wave that reflects the radial currents
generated by the positive and negative components that contribute to the response, i.e., the
cornea-positive potential of the RPE and the negative slow PIII of the Mller cell (cf. Sarthy
and Ripps, 2001). Each of the components increases with increasing flash intensity, and reaches
its maximum (i.e., saturates) at Log | =~ -2.5, which corresponds to an intensity of ~1.23 uW/
cm?. Using this saturating flash intensity as control, the middle trace of Fig. 1A shows that 75
mM Na L-aspartate, a concentration sufficient to block glutamate-gated channels on post-
synaptic horizontal and bipolar cells (Dowling and Ripps, 1972), effectively eliminated the b-
wave (and to a great extent the c-wave of the ERG), and served to isolate the photoreceptor
potential (a-wave). Because in normal Ringer the rapid onset of the b-wave interrupts the a-
wave before reaching its peak, the amplitude of the latter appears much greater after exposure
to aspartate (Dowling and Ripps, 1972). However, it is noteworthy that the addition of 100
uM histidine, a zinc-chelating agent, produced a further enhancement of the a-wave potential
(Fig. 1A, lower trace). Figure 1B shows recordings over a 4 log unit range of intensities of the
aspartate-isolated responses of the skate retina before and after the addition of 100 uM histidine.
Note that the receptor potential in response to the lowest intensity flash (log | = - 6.5) was not
visible in the aspartate-treated preparation, but it was clearly evident after the addition of
histidine. At all other intensities, zinc chelation produced an increase in the photoreceptor
response.

Graphical representation of the averaged data recorded over the full range of test intensities
are illustrated in Fig. 2. The data from each preparation (n =5) were normalized to the peak
response amplitude obtained after 30 minutes in 75 mM Na L-aspartate to a flash of intensity
of Log | = -2.5. The peak amplitudes of the initial recordings of the aspartate isolated a-wave
(squares) and subsequent recordings after the addition of histidine (circles) were well fit by the
Hill equation of the form V/Vpax = I/ (I" + I55) where V is the response amplitude evoked
by light of intensity I, Vmax is the maximal response at saturation, n is the Hill coefficient, and
Isg is the intensity that gives rise to a half-maximal response. For both sets of recordings, the
Isg value was relatively constant; log | = -4.4 in aspartate and -5.0 after addition of histidine.
Although the value of Vo increased by 53% in histidine, the Hill coefficients were n=1.0 for
both fitted curves. These data provide good evidence that zinc chelation by histidine
significantly enhances the ERG a-wave, and that in the absence of histidine, the release of
endogenous zinc from the glutamatergic photoreceptor terminal serves as a feedback signal to
suppress the light-evoked photocurrent.

The specificity of the histidine effect is further illustrated by the bar graphs in Fig. 3, which
compares these results with another series of aspartate isolated a-wave recordings. Here, the
AV max for each individual experiment was determined and averaged. As described above,
introducing histidine (100 uM) to the aspartate Ringer solution enhanced the averaged
photoreceptor response by more than 50 % (58% +12.9%). In contrast, adding zinc (50uM) to
the aspartate Ringer solution led to a reduction of over 25% (-27.3% £5.2%) in the a-wave

Exp Eye Res. Author manuscript; available in PMC 2009 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chappell et al.

Page 4

response and the zinc effect was reduced (-15.2% +7.8%) when histidine (100uM) was added
to the zinc-containing solution. Using the Student’s t-test the one-tailed probability of the
histidine enhancement and the zinc attenuation were significant at the p = 0.0053 and p = 0.0068
levels, respectively. The smaller attenuation observed when histidine was added to the zinc
solution, however, was not significantly different from aspartate alone (p = 0.075).

The pioneering work by Wu et al. (1993) demonstrating the presence of labile zinc in the
synaptic terminals of salamander photoreceptors has been confirmed and extended in studies
of other vertebrate species (cf. Qian et al., 1997; Ugarte and Osborne, 1999), and there is
evidence for the presence of a vesicular zinc transporter (ZnT-3) in the region of the outer
limiting membrane and photoreceptor inner segments of the mouse retina (Redenti and
Chappell, 2004). Moreover, the depolarization-induced zinc release seen in the rat retinal slice
(Redenti and Chappell, 2005) and from isolated zebrafish rods (Redenti et al., 2007) are further
indications of a role for zinc at the level of the outer plexiform layer of the vertebrate retina.
It has long been known that histidine is a major amino acid ligand of zinc (Giroux and Henkin,
1972; Evans et al., 1979), and recent studies had shown that its ability to chelate zinc resulted
in enhancement of the ERG b-wave (Redenti and Chappell, 2002; Rosenstein and Chappell,
2003). However, there was uncertainty as to whether the effect was due to the relief of Zn?*
inhibition at the bipolar cell, or through reduced feedback inhibition at the photoreceptor
terminal. In this connection it is useful to recall that concentrations of zinc as low as 5 uM are
capable of suppressing the voltage-dependent calcium current in the photoreceptor terminal
(Wu et al., 1993), and that a reduction in calcium influx results in a decrease in both the a- and
b-waves of the ERG (Gosbell et al., 1996). These results and those of the present study are
consistent with a zinc-mediated negative feedback loop which reduces glutamate release, and
is most effective in darkness when the co-release of zinc and glutamate are maximal (Wu et
al., 1993). Enhancing the permeability of the calcium channels at the rod terminals will give
rise to a greater photoreceptor dark current and an increase in the light-evoked a-wave. On the
other hand, it seems likely that the histidine-induced increase in the ERG b-wave previously
observed (Redenti and Chappell, 2002), results form the concomitant increase in glutamate
release from the photoreceptor terminals.

In sum, we applied aspartate to isolate ERG responses of the distal retina, enabling us to
examine the changes induced by removal (chelation) of extracellular zinc on the photoreceptor
currents generating the a-wave. We found that zinc chelation enhanced the a-wave response,
an effect mediated presumably by relieving the block of calcium channels at the photoreceptor
terminal. Clearly, zinc is an important element in visual information processing in the distal
retina, and by its ability to suppress transmitter release, may protect from the excitotoxic effect
of glutamate. While the presence of zinc released at photoreceptor terminals may reduce
absolute sensitivity of the retina to light (Redenti and Chappell, 2003), its reduction of
glutamate release may reduce saturation and desensitization of glutamate receptors on
postsynaptic retinal neurons (Bowie and Lange, 2002; Shen et al., 2004) and thereby increase
incremental sensitivity at low light intensities through an appropriate shift of the intensity-
response relationship (Chappell and Naka, 1991).
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Figure 1.

Effect of zinc chelation on the aspartate-isolated a-wave. A. Electroretinograms (ERGS)
recorded from a single skate eyecup preparation in response to a 1 second flash of light plotted
with pre-flash baselines superposed. The ERG recorded in normal skate Ringer (upper trace)
exhibits a small a-wave at light onset that is quickly obscured by a prominent, vitreal-positive
transient b-wave, and followed by the slowly developing c-wave. After 30 minute superfusion
with 75mM Na L-aspartate the b-wave and c-waves are absent, but the amplitude of the a-
wave (the photoreceptor-generated ERG component) appears significantly greater (middle
trace). Adding the zinc chelator histidine (100uM) to the aspartate solution for an additional
30 minutes (following 40 minutes in aspartate) produced a 2-fold increase in the a-wave
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amplitude (lower trace, in red). B. ERG intensity-response series recorded from one eyecup
showing histidine enhancement of the isolated a-wave response. The ERG recorded at the Log
intensity (Log I) indicated on the left after 30 minutes in 75mM Na L-aspartate is shown in
black. Responses obtained after adding 100uM histidine to the aspartate solution for an
additional 30 min (following 40 minutes in aspartate) are superposed in red. Records at each
intensity are shifted vertically for clarity of presentation.
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Figure 2.

Intensity-response data of ERG a-wave peak amplitudes recorded from five preparations
confirm a histidine enhancement effect. Responses from each preparation were normalized to
the response amplitude at Log | = -2.5 after 30 minutes in 75mM Na L-aspartate. The mean of
responses at each intensity obtained from all five preparations after 30 minutes in aspartate
(filled squares, +SEM, N=5)) were fitted (lower curve) by the equation V/Vpax = 1M/(I" +
Isg) where Igq is the intensity at which the amplitude of the response is %2V ax. Following
addition of 100uM histidine to the aspartate superfusate for 30 minutes, there was a significant
enhancement of the a-wave amplitude (circles, +SEM, N=5) having a V max (Upper curve) over
50% greater than control.
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Figure 3.

Zinc attenuation of ERG a-wave response amplitude is reduced by histidine. The mean

AV nax Obtained from the relationship above fitted to each dataset for 75mM Na L-aspartate
to which 100pM histidine had been added for 30 minutes is shown as a percent increase from
the a-wave amplitude after 30 minutes in aspartate alone (left column, +SEM, N=5). The mean
AV max Of similar curves fitted to normalized responses recorded after adding 50uM zinc
(middle column, £SEM, N=4) or 50uM zinc plus 100uM histidine (right column, £SEM, N=4)
for the final 30 minutes following 40 minutes in aspartate show that the a-wave amplitude
attenuation induced by zinc is reduced in the presence of histidine.
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