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Excitatory Amino Acid Regulation of Intracellular Ca*+ in Isolated 
Catfish Cone Horizontal Cells Measured under Voltage- and 
Concentration-Clamp Conditions 
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[Ca2+li was measured using fura-*-loaded isolated catfish 
horizontal cells in the presence of L-glutamate and the glu- 
tamate analogs kainate (KA), quisqualate (QA), and NMDA. 
Caffeine was used to release Ca*+ from intracellular stores. 
Cell membrane potential was controlled with a voltage clamp 
to prevent activation of voltage-dependent Ca2+ channels in 
the presence of agonist. All excitatory amino acid agonists 
produced a rapid and sustained rise in [Ca2+li with the order 
of potency being QA > Glu > KA > NMDA. The agonist- 
induced [Ca*+],increase was blocked in reduced [Ca2+]., and 
by 6-cyano-7-nitroquinoxaline-2,3-dione and 2-amino-5 
phosphonopentanoate, which are specific blockers for QAI 
KA and NMDA receptors, respectively. The metabotropic 
receptor agonist tram- 1 -amino-l ,3-cyclopentanedicarbox- 
ylic acid (ACPD; lo-200 PM) had no effect on [Ca2+lp Hill 
coefficients from curves fitted to concentration-response 
data suggested an amplification of the Ca*+ signal that was 
interpreted as calcium-induced calcium release (CICR) from 
intracellular Ca2+ stores. Caffeine (10 mM) produced a rapid 
transient rise in [Ca2+li, confirming the existence of a Ca*+- 
sensitive store. Following caffeine-induced depletion of Ca*+ 
from intracellular stores, agonists were still able to produce 
increases in [Ca2+li, confirming Ca*+ influx through the ag- 
onist-gated channel. The agonist-induced increase in [Caz+li 
was decreased following caffeine-induced depletion, con- 
firming a process of CICR. 

These results are consistent with the hypothesis that ex- 
citatory amino acids can produce direct modulation of [Ca2+li 
by influx through the agonist-gated channel and by CICR 
from intracellular stores. 

It is currently believed that the excitatory amino acid neuro- 
transmitter glutamate produces its effect by acting on several 
separate glutamate receptor subtypes. These are designated ac- 
cording to the agonist selectivity as the non-NMDA kainate 
(KA) or quisqualate (QA) receptors and the NMDA receptor 
(for review, see Collingridge and Lester, 1989). Activation of 
these receptors leads to the gating of a variety of ion channels 
that exhibit different permeabilities to monovalent and divalent 

Received June 20, 1991; revised Nov. 12, 1991; accepted Jan. 9, 1992. 
This research was supported by Department of Health and Human Services 

Grant NEI-EY-01897. C.P.L. was supported by NRSA EY-06346. We thank Drs. 
Aileen Ritchie and Mae Huang for much useful discussion and commenting on 
the manuscript. 

Correspondence should be addressed to Burgess N. Christensen at the above 
address. 
Copyright 0 1992 Society for Neuroscience 0270-6474/92/122156-09$05.00/O 

cations (MacDermott et al., 1986; Mayer et al., 1987; Mayer 
and Westbrook, 1987; Murphy et al., 1987; Ascher and Nowak, 
1988) or to mobilization of Ca*+ from intracellular stores as a 
subsequent action of Ca2+ permeation through the agonist-gated 
channel (Benavides et al., 1988; Holopainen et al., 1989; Norden 
et al., 199 1). In addition, direct receptor-mediated increases in 
inositol 1,4,5-trisphosphate (IP,) production via a QA-prefer- 
ring metabotropic receptor that may be linked to a G-protein 
have been demonstrated (Nicoletti et al., 1986; Sugiyama et al., 
1987; Murphy and Miller, 1988, 1989; Schoepp and Johnson, 
1988; Furuya et al., 1989; Manzoni et al., 1990). 

Previous studies have suggested that the NMDA receptor is 
primarily responsible for Ca2+ influx through glutamate-acti- 
vated channels. Whole-cell voltage-clamp experiments on cul- 
tured CNS neurons have demonstrated that the reversal poten- 
tial of the current response to NMDA is shifted in the depolarized 
direction by raising extracellular Ca2+ concentration. However, 
the reversal potentials of the KA and QA responses are much 
less affected (MacDermott et al., 1986; Mayer and Westbrook, 
1987; Mayer et al., 1987; Gilbertson et al., 1991). The cellular 
events that occur subsequent to an increase in [Ca*+], include 
activation of enzyme systems important for protein phosphor- 
ylation (Chad and Eckert, 1986) that may result in ion channel 
regulation (Murphy et al., 1987; Murphy and Miller, 1988; Ho- 
lopainen et al., 1989, 1990), changes in cell pathology (for re- 
view, see Choi and Rothman, 1990), and activation of long- 
term potentiation (for review, see Nicoll et al., 1988). 

Two major non-mitochondrial intracellular Ca2+ stores have 
been identified in neurons that sequester Ca2+ and provide for 
a site from which rapid Ca2+ mobilization and exchange can 
occur. One has been shown to be sensitive to IP, (Berridge and 
Irvine, 1989), which is increased by hydrolysis of phosphati- 
dylinositol4,5-bisphosphate following receptor activation in the 
plasma membrane. Recent evidence suggests that Ca2+ may act 
in concert with IP, to release Ca2+ (Finch et al., 199 1). IP, acts 
on specific receptors that have now been purified (Supattapone 
et al., 1988; Chadwick et al., 1990), cloned (Furuichi et al., 
1989), expressed in a stable cell line (Miyawaki et al., 1990), 
and found to be a functional ligand-gated Ca*+ channel in cer- 
ebellum and aortic smooth muscle (Ehrlich and Watras, 1988; 
Miyawaki et al., 1990). 

A second neuronal intracellular Ca2+ store is sensitive to Ca*+ 
and drugs such as caffeine and ryanodine. These stores have 
been previously described in muscle (Fill and Coronado, 1988), 
sensory and sympathetic neurons (Lipscombe et al., 1988; Thay- 
er et al., 1988a,b) and sea urchin eggs (Norden et al., 199 1) and 
appear to be functionally (Thayer et al., 1988b; Cheek et al., 
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1990; Malgaroli et al., 1990), pharmacologically (Palade et al., 
1989), and anatomically (Burgoyne et al., 1989) distinct from 
IP,-sensitive stores. 

Intracellular Ca*+ can also increase following influx through 
voltage-dependent Ca*+ channels in those cells that express these 
channels. In many studies, the dihydropyridine family of Ca2+ 
channel blockers has been used to separate effects of open Ca2+ 
channels from those of ligand-gated channels on Ca*+ homeo- 
stasis. However, the use of pharmacological agents suffers from 
incomplete antagonist action, changing conditions that could 
relieve the antagonistic effect, and the possibility that an agent 
believed to be specific for one channel might affect another. In 
order to gain a better understanding of the role that excitatory 
amino acids play in regulating [Caz+], in neurons, we have in- 
vestigated the effects of glutamate receptor activation on intra- 
cellular free Ca2+ levels in isolated catfish horizontal cells using 
the Ca2+-sensitive dye fura-2. Catfish cone horizontal cells ex- 
press NMDA as well as non-NMDA glutamate subtype recep- 
tors (Hals et al., 1986; O’Dell and Christensen, 1986, 1989). 
These receptors can be functionally isolated from the voltage- 
dependent L-type CaZ+ channel by voltage clamping near the 
cell resting potential and preventing the voltage change that 
would occur in the presence of agonist-induced membrane cur- 
rent. We have found that the permeation of Ca2+ ion occurs 
through all the glutamate-activated channels, leading to an in- 
crease in intracellular free CaZ+. This Ca2+ rise subsequently leads 
to release of CaZ+ from caffeine-sensitive intracellular stores, 
resulting in an amplification of the Ca2+ signal. 

Some of these results have appeared previously in abstract 
form (Linn and Christensen, 1990). 

Materials and Methods 
Cell isolation procedure and loading with fura-2. Catfish cell isolation 
procedures have been described in previous publications (O’Dell and 
Christensen, 1989). Briefly, dark-adapted Texas channel catfish (Zcta- 
bus punctatus) were anesthetized with tricaine methanesulfonate (100 
mg/liter) until the animal no longer reacted to tactile stimulation. Both 
eyes were then excised and the overlying tissues removed, and the 
remaining vitreous fluid covering the retina was digested for 3 min with 
hyaluronidase (0.1 mg’ml, 5270 U/mg) in low-Ca*+ catfish saline con- 
mining (in mM) 126 NaCl, 4 KCl, 0.3 CaCl,, 1 MgCl,, 15 dextrose, and 
10 HEPES: oH adiusted to 7.4 with NaOH. The evecups were then 
rinsed in low-Ca2+ catfish saline and subsequently placed in a cysteine- 
activated papain solution for 4 min (0.7 mg/ml papain, 27 U/mg, pre- 
pared 30 min prior to use). Following this procedure, the retina was 
stripped from the eyecup, cut into quarters, and dissociated for another 
4 min in fresh papaimcysteine solution. The retinal pieces were then 
kept in normal catfish saline (NCFS; same as above but with 3 mM 
Ca2+) and 1 mg/ml bovine serum albumin at 5°C until used (within 48 
hr). 

Prior to recording, a piece of retina was further dissociated to yield 
isolated cone horizontal cells. In this process, the retina was gently 
triturated in a small volume of NCFS (0.5 ml) through a series of fire- 
polished Pasteur pipettes of progressively smaller tip diameters. The 
membrane-oermeable ester form of fura- (5 UM fura- in NCFS con- 
taining dimethyl sulfoxide and 0.02% pluronic F-127 detergent) was 
added to a cell suspension, making the final fura- loading concentration 
2 WM. Cells were allowed to incubate at room temperature for 30 min 
and then were transferred to a recording chamber mounted on the stage 
of a Nikon inverted phase-contrast microscope. The recording chamber 
was subsequently filled with NCFS. 

Cone horizontal cells were identified by their characteristic mor- 
phology (Shingai and Christensen, 1986). Following identification, cells 
were voltage clamped using the single-patch electrode in the whole-cell 
mode (Hamill et al., 198 1) and held near the resting membrane potential 
(-65 mV) using an Iwazumi Mark II patch-clamp amplifier. Electrodes 
were pulled from a Sutter model P-87 horizontal puller using 1.65 mm 
o.d. round-bore hard glass (Coming 7052); resistances ranged from 2 

to 7 MQ. Patch electrode solutions contained 140 mM K-gluconate, 2 
mM MgCl,, and 11 mM HEPES (pH adjusted to 7.4 using KOH). Neither 
Ca*+ nor EGTA was added to the patch electrode. 

Drug application. Solutions were applied to voltage-clamped hori- 
zontal cells using a modification of the concentration-clamp technique 
(Akaike et al., 1986). Clamped cells were transferred from the bottom 
of the recording chamber to a superfusion chamber by passing the elec- 
trode tip through a rubber aperture covering a hole drilled into the side 
of a saline-filled Plexiglas tube. The aperture was sufficiently small to 
form a fluid tight seal around the electrode shaft, thus preventing fluid 
from exchanging between the superfusion chamber and the larger cham- 
ber holding the loaded cells. The bottom of the superfusion chamber 
was a coverslip that provided an excellent optical pathway to the inside 
of the superfusion chamber. The cell was positioned in the super- 
fusion chamber by manipulating the electrode until the cell lay near’ 
the coverslip. A 40 x oil objective lens (1.3 NA) was then focused on 
the cell, and fluorescence intensity was measured by a photomultiplier 
tube connected to one of the photographic ports of the microscope. 
Measurements were made from the entire cell soma and proximal den- 
drites. One end of the superfusion tube connected to a small well into 
which solutions were introduced. The opposite end of the tube connected 
to a flexible tubing attached to a solenoid valve. Opening of the solenoid 
served to exchange solutions by siphoning through the tube. In these 
experiments, slow continuous superfusion rates were used so that move- 
ment of the cell positioned in the tube was minimized. Complete ex- 
change of solution was achieved within 5 sec. 

Measurement of intracellular Ca2+. Fluorescence measurements using 
fura- take advantage of the shift in fluorescence intensity toward shorter 
excitation wavelengths with increasing [Caz+],. In this study, cells were 
illuminated at wavelengths of 340 and 380 nm by switching light to two 
monochromators via a revolving chopper positioned in front of a single 
75 W xenon light source (Deltascan, Photon Technology International). 
Intracellular Ca2+ concentrations were calculated according to the equa- 
tion (Grynkiewicz et al., 1985) 

C++l = Kd CR - &,JL,, - RM’JFJ, 
where Kd is the equilibrium dissociation constant for fura- at 20°C 
(135 nM) (Grynkiewicz et al., 1985) F,IF, is the fluorescence ratio ob- 
tained at low and saturating levels with 380 nm excitation, and R is the 
fluorescence ratio using 340 nm and 380 nm excitation (i.e., R = F,,,l 
F,,,). Every attempt was made to measure R,,, and R,,, at the end of 
recording from each cell by superfusion of a buffered 10 nM Ca2+ catfish 
saline with 10 PM ionomycin followed by 3 mM Ca2+ with 10 PM io- 
nomycin. However, this was not always possible since some recordings 
were lost before all measurements could be made. In this instance, only 
the ratio was measured. Absolute [Ca2+], values are given in the text 
when available. Basal [Ca>+], was near 100 nM in these cells. 

Autofluorescence can be a significant factor if not corrected. In the 
catfish horizontal cells, autofluorescence measured from unloaded cells 
was quite low but was subtracted at the two wavelengths before forming 
the intensity ratio. 

Results 
Agonist-induced increases in intracellular Caz+ 
The excitatory amino acid agonists used in these experiments 
all depolarize the cell membrane potential, and this depolariza- 
tion would activate voltage-sensitive Ca*+ channels in these cells. 
To provide evidence that none of the changes in [Ca’+], in the 
presence of agonist could be associated with the activation of a 
voltage-sensitive Ca2+ channel, a few experiments were done 
before and after blocking both the sodium channel with TTX 
and the Ca2+ channel with the dihydropyridine nimodipine. 
Only the L-type Ca2+ channel has been identified in catfish cone 
horizontal cells. This channel is activated near -40 mV and is 
blocked by dihydropyridines (Shingai and Christensen, 1986). 

The two top traces shown in Figure 1A are the membrane 
current during a voltage step to 0 mV from a holding potential 
of - 65 mV before (top trace) and after (bottom trace) exposing 
the cell to 1 PM TTX and 5 PM nimodipine. Figure 1B shows 
the change in the fluorescence intensity at 380 nm and 340 nm 
during application of 20 PM KA in this same cell before (first 
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Figure 1. A, Effect of 5 PM nimodipine and 1 PM TTX on voltage- 
sensitive currents recorded from isolated catfish horizontal cells. Cells 
were voltage clamped in the whole-cell mode and stepped to 0 mV from 
a holding potential of - 65 mV. The top truce illustrates a typical control 
response. The resulting inward current is due to an initial voltage- 
sensitive sodium current and a subsequent voltage-sensitive Ca2+ cur- 
rent. The bottom trace illustrates the effect of nimodipine and TTX on 
these voltage-sensitive currents. Calibration, 10 msec, 0.2 nA. B, Ni- 
modipine and TTX have no effect on KA-induced [Ca2+], increase. The 
solid trace shows fluorescence intensity at 380 nm, and the broken trace, 
at 340 nm. The response that begins at thejrst up arrow represents the 
change in fluorescence to 10 PM KA before blocking sodium and Ca2+ 
channels. (The down arrows indicate the time when KA was washed 
out and nimodipine and TTX added to the solution.) The ratio increased 
from 0.87 to 2.0. The next up arrow is a repeat application of KA. The 
ratio increased from 0.66 to 2.2. Cells were clamped at -65 mV. C 
shows the KA-induced membrane currents during the procedure in B. 
Calibration, 0.2 nA. 

up arrow) and after (second up arrow) blocking the voltage- 
sensitive channels, and Figure 1 C shows the KA-induced mem- 
brane current for each case. Complete block of the voltage- 
sensitive Ca*+ channel altered neither the change in [Ca2+li as 
reflected by the identical changes in fluorescence shown in Figure 
lB, nor the size of the KA-induced membrane current. This 
type of experiment clearly demonstrates that the CaZ+ increase 
mediated by the agonist is due either to permeation through the 

Table 1. Concentration-response values that correspond to the curves 
generated in Figure 2 

Agonist [Ca*+l,,, b-4 EC,, (PM) Slope 

Quisqualate 325 1.7 3.3 
Glutamate 537 15 3.5 
NMDA 1011 79 3.8 
Kainate 3400 33 3.9 

[Cal+] “lax, maximum Ca*+ response produced by agonist. EC,,, concentration of 
agonist that produced half-maximal responses. Slope is the Hill coefficient. 

KA-gated channel and/or to an indirect mechanism involving 
Ca2+ mobilization. 

Figure 2 shows the concentration-response curves in which 
[Ca*+], was measured during applications of Glu, NMDA, KA, 
and QA applied to cells under concentration- and voltage-clamp 
conditions. [Ca2+], concentrations were calculated according to 
the equation described in Materials and Methods. Each agonist, 
applied under these conditions, produced a sustained increase 
in intracellular Ca*+ that returned to baseline (” 100 nM) when 
washed out with normal or Mg2+-free catfish saline. All exper- 
iments with Glu included normal Mg2+ in the solution. Table 
1 summarizes the values that correspond to the parameters of 
the curves fitted to the data points using the Hill equation. The 
order of potency for the Ca2+ increase is QA > Glu > KA > 
NMDA. This is nearly the same order of potency obtained from 
measurements from synaptoneurosomes in the presence of Ca2+ 
channel blockers (Benavides et al., 1988). The agonist EC,, val- 
ues follow the same order of affinities in these cells as those 
measured previously from concentration-response curves where 
the membrane current was the response measured (O’Dell and 
Christensen, 1989). The maximum Ca2+ response occurs in the 
presence of KA, followed by NMDA, Glu, and QA, respectively. 
The Hill coefficient ranged from 3.3 to 3.9. 

The Hill coefficients obtained when membrane current is 
measured as a function of agonist concentration was near 1 for 
NMDA and 1.5 for non-NMDA agonists (O’Dell and Chris- 
tensen, 1989). If the agonist-induced increase in [Ca*+], depends 
solely on permeation through the agonist-gated channel, then it 
would be expected that the Hill coefficients measured from the 
data in Figure 2 would be similar to those reported previously 
when current was measured as the independent variable. This 
assumes that the increase in [Ca2+], is directly proportional to 
membrane current. One interpretation, although not the only 
one, of the larger Hill coefficients obtained for the concentra- 
tion-response curves shown in Figure 2 could be amplification 
of the CaZ+ response by a Ca2+-stimulated mobilization from an 
intracellular store. Further support for calcium-induced calcium 
release (CICR) is provided below. 

Permeation of Ca2+ through agonist-gated channels 
Figure 3 provides further evidence that the increase in [Ca2+], 
is due at least in part to permeation through the agonist-gated 
channels. The right column in each histogram illustrates the 
mean increase in fluorescence ratio recorded when glutamate 
agonists (50 /IM NMDA, 20 KM KA, and 10 PM QA) are applied 
to the horizontal cells. The left column in each histogram rep- 
resents the change in fluorescence ratio when extracellular Ca2+ 
is lowered from 3 mM to 0.3 mM. Under these conditions, the 
glutamate agonists elicit little or no change in intracellular Ca*+. 
The center column in each histogram illustrates the effects of 
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Figure 2. Dose-response curves ob- 
tained from isolated horizontal cells that 
have been loaded with fura- (2 PM) for 
30 min. NMDA (A), KA (B), L-gluta- 
mate (C), or QA (D) was applied to cells 
under concentration-clamp conditions 
while voltage clamped at -65 mV. Data 
points were curve fit using the Hill 
equation [Ca*+] = ([Ca>+] max x M"~ 
EC,,” + An)), where A is the agonist 

the three agonists when competitive antagonists are used to 
block binding at the receptor. Ninety percent of the KA- and 
QA-induced Ca2+ response is blocked with 2 PM 6-cyano-7- 
nitroquinoxaline-2,3-dione, and the NMDA-induced Ca2+ re- 
sponse is completely blocked by 100 PM 2-amino-5-phosphono- 
pentanoate. These results confirm that part of the increase in 
[Ca*+], is a result of permeation through the ligand-gated chan- 
nels. The lack of a response in reduced CaZ+ and in the presence 
of competitive antagonists implies that none of these agonists 
can mobilize Ca2+ from intracellular stores by binding to a me- 
tabotropic receptor. Trans- 1 -amino- 1,3-cyclopentanedicarbox- 
ylic acid (1 O-200 PM) also failed to increase [Ca2+],. Thus, there 
appears to be no QA-like metabotropic receptor on catfish cone 
horizontal cells. 

Evidence for a cafeine-sensitive intracellular Ca2+ store 
Two intracellular Ca2+ pools have been identified in cells. One 
is sensitive to IP, (for review, see Berridge and Irvine, 1989) 
whereas the second pool is sensitive to Ca2+ and drugs such as 
caffeine and ryanodine (Fill and Coronado, 1988). We have 
tested for subsequent release of Ca*+ from this IP,-insensitive 
Cal+ pool by applying caffeine (10 mM) to voltage-clamped hor- 
izontal cells. 

Application ofcaffeine to catfish horizontal cells causes a rapid 
transient rise in intracellular Ca2+ with no associated membrane 
current, indicating that caffeine acts directly on intracellular Ca*+ 
stores. Figure 4A shows the change in [Ca2+], following repetitive 
caffeine applications (10 mM). The intracellular Ca*+ levels rise 
from 100 nM to an average of 1229 nM (SD, f248; n = 8) and 
subsequently return to resting levels within 20 set even though 
the caffeine concentration remains unchanged. This same Ca*+ 
response can be repeated many times if the caffeine applications 
are repeated at intervals longer than 1 min. Each application of 

01 concentration; EC,, is the concentra- 
tion of agonist producing half-maximal 

0.1 1 10 response, and n is the Hill coefficient. 

QA (PM) 
Vertical bars represent SDS; the data 
points are means from 3-10 cells. 

caffeine must be followed by return to caffeine-free solution 
before a subsequent CaZ+ release can be evoked. Applications 
of caffeine at intervals progressively shorter than 1 min result 
in progressively smaller increases in [Ca2+],. We estimate from 
repeated caffeine applications like those shown in Figure 4A 
that, under physiological conditions, it takes about 1 min to 
refill the caffeine-sensitive Ca2+ store. 

Figure 4B shows the effect of superimposing a second dose 
of caffeine on a cell already bathed in caffeine and demonstrates 
that the single Ca2+ response is likely a result either of pool 
depletion or desensitization of the Ca*+ release mechanism. No 
further rise in intracellular Ca2+ occurs. Increasing the extra- 
cellular Ca*+ concentration during continuous application of 
caffeine also has no effect on the caffeine response, as shown in 
Figure 4C. When the external Ca2+ concentration is increased 
from 1 to 10 mM during a caffeine exposure, there is no further 
change in intracellular Ca2+ levels. 

The data shown in Figures 3 and 4 provide evidence sup- 
porting the idea that the gating of non-NMDA and NMDA 
receptors that are linked to ion channels permits Ca2+ influx and 
that these cells have an intracellular Ca2+ store sensitive to caf- 
feine. Figure 5, A and B, provides further evidence that Ca2+ 
permeation through the KA-activated channel and release of 
Ca2+ by caffeine from intracellular stores are separate processes. 
In Figure 5A, the caffeine-induced Ca*+ release is superimposed 
on a 15 PM KA response. The addition of caffeine further in- 
creases the intracellular Ca*+ levels in the presence of KA for 
20 set and then declines to a new sustained level that is smaller 
than the increase produced in KA alone. The decrease in the 
Ca2+ response is likely to be due primarily to the decrease in 
membrane current by about 50% (Fig. 5C) because caffeine acts 
as an inhibitor to the KA-induced membrane current. However, 
we cannot rule out a contribution to the reduction in the Ca2+ 
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Figure 3. Shows the change in fluorescence ratio in the presence of 
agonist, reduced extracellular Ca2+, and specific competitive antagonists. 
The left column in each histogram represents the response that occurs 
when extracellular Ca2+ is reduced. Under these conditions, all three 
agonists (20 PM KA, 10 PM QA, and 50 FM NMDA) elicit little or no 
response. The center column in each histogram illustrates the effect of 
the three agonists when competitive antagonists are used to block re- 
ceptor binding. Again, in all three cases, little or no Ca*+ response is 
observed. However, when the agonists are used in normal or Mg*+-free 
saline, each elicits a large ratio change corresponding to a significant 
increase in intracellular Ca2+ (right columns in each histogram). Vertical 
bars indicate SDS. Each cell was subjected to all three conditions. Data 
for each agonist are from three to five cells. 
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Figure 4. Existence of caffeine-sensitive intracellular stores. A illus- 
trates the effect of three applications of 10 mM caffeine. Following each 
response to caffeine, the cell is rinsed with NCFS for at least 1 min 
before a subsequent dose is applied. Similar responses were observed 
in four other cells. B demonstrates the effect of two repetitive caffeine 
applications. The response to the first caffeine dose is illustrated at 50 
set as a large increase in intracellular Ca2+. The second dose was applied 
at 100 set and elicits no response. This experiment was repeated on 
two other cells. C demonstrates the effect of increasing extracellular Ca2+ 
on the caffeine response. Caffeine (10 mM) in NCFS (containing 3 mM 
Ca*+) was applied at 40 set and elicited a large increase in intracellular 
Ca2+. A second dose of caffeine in saline containing 20 mM Ca2+ was 
applied at 100 set and elicited no response. Similar results were observed 
in two other cells. 
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Figure 5. Demonstration that per- 
meation of Ca*+ through the KA chan- 
nel and release of Ca2+ from intracel- 
lular stores are two separate events. A, 
Caffeine ( 10 mM) is applied (at 100 set) 
during a 10 PM KA response (from 60 
to 150 set). The caffeine produces a Ca2+ 
release superimposed on the KA-in- 
duced Ca2+ response. The lower trace 
(C) illustrates the corresponding mem- 
brane current changes that occur during 
drug application. The KA-induced 
membrane current is reduced by 50% 
in the presence of 10 mM caffeine. B 
shows the initial caffeine-induced Ca2+ 
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50 100 150 200 release followed by an application of 20 
PM IL4 (at 120 set). The lower trace (c) 

Sets illustrates the corresponding current 
changes that occur during drug appli- 

----L.fl 
cation. Caffeine itself produces no 
membrane current. Calibration, 0.5 nA. 

response resulting from the depletion and/or desensitization of 
the intracellular store and removal of CICR. In either case, the 
remaining Ca2+ signal is likely to be primarily the result of Ca2+ 
influx through the ligand-gated channel. 

Figure 5B demonstrates the reverse situation where caffeine 
(10 mM) is applied to deplete the intracellular store. Foilowing 
washout of the caffeine, IL4 is applied and a second increase is 
observed. As illustrated in Figure 5A, under these conditions, 
the KA-induced Ca*+ response is due primarily to Ca2+ influx. 

Figure 6, A and B, provides evidence for agonist-initiated 
CICR. In Figure 6A, an initial control caffeine response is re- 
corded. This is followed by an application of 10 FM KA, which 
produces a small change in [Ca2+],. A subsequent test caffeine 
application reproduces the original control Ca2+ response. In 
Figure 6B, from a different cell, following the control caffeine 
response, a larger concentration of KA is applied, resulting in 
a larger Ca2+ response. The subsequent test application of caf- 
feine produces only a small response, suggesting that the original 
influx of Ca2+ through the agonist-gated channel resulted in 
release of Ca2+ from the intracellular store. 

To support the hypothesis that the LA-induced CaZ+ response 
is composed of both influx and Ca2+ mobilization, Figure 7 
illustrates the reduction in the KA-induced Ca*+ response fol- 
lowing exposure to caffeine. Initially a control IL4 response is 
recorded. The KA-induced membrane current is shown below 
the [Ca2+li changes. This is followed by a response to caffeine 
that is then washed out, and KA is then reapplied. The second 
K&induced Ca2+ response is reduced compared to control. The 
reduction in the KA-induced Ca2+ response following caffeine- 
induced depletion is consistent with the hypothesis that Ca*+ 
influx through the agonist-gated channel is capable of CICR. 
There is no change in the KA-induced membrane current as 
demonstrated in the traces in Figure 7B following the caffeine- 
induced Ca2+ release. The inset in Figure 7A demonstrates that 
repeated applications of KA produce nearly the same change in 
[Ca2+li; therefore, the reduced response following caffeine-in- 
duced Ca2+ depletion cannot be attributable to IL4 response 
variability. 

Discussion 
Permeation of calcium ions through glutamate channels 
In the present study, we have measured significant increases in 
intracellular Ca2+ due to influx through NMDA- as well as non- 

NMDA-gated channels using the Ca2+-sensitive indicator fura- 
2. Influx through voltage-gated Ca2+ channels was prevented by 
controlling membrane potential of individual cells with a volt- 
age clamp. 

Ca2+ permeation through NMDA channels has been well doc- 
umented in the literature. These studies have been based on ion 
substitution experiments (Iino et al., 1990) on shifts in reversal 
potentials that occur when extracellular Ca2+ concentrations are 
raised and on the measured changes in [Ca2+], using the Ca2+- 
sensitive dye arsenazo III (MacDermott et al., 1986; Mayer and 
Westbrook, 1987; Mayer et al., 1987) on single-channel currents 
(Ascher and Nowak, 1988), and more recently on results using 
fura- (Connor et al., 1988). The shift in reversal potential due 
to non-NMDA receptor activation in high external Ca2+ is only 
3% of the shift seen when NMDA receptors are activated. Ca*+ 
permeation through non-NMDA-activated channels based on 
these studies does not appear to be significant. Other studies 
using arsenazo III suggest that responses to QA and IL4 are 
accompanied by minimal Ca*+ signals (Mayer et al., 1987). 

Although the evidence for the influx of Ca*+ through non- 
NMDA channels is not well established, recent articles have 
reported some instances in which Ca*+ can permeate non-NMDA 
activated channels. Off-center bipolar cells in salamander retina 
do not contain NMDA receptors but respond to Glu, KA, and 
QA (Gilbertson et al., 199 1). There was a positive shift in agonist 
reversal potential when extracellular Ca2+ was increased. Iino 
et al. (1990) described significant shifts in the KA reversal po- 
tential when changing [Ca2+], in a solution in which the imper- 
meant cation N-methylglucamine was substituted for sodium 
and potassium in cultured hippocampal cells. They described 
two types of KA responses, only one (type II response) of which 
produced a change in intracellular Ca*+. This second type of IL4 
response had a current-voltage relationship with a predominant 
inward rectification. There was no Ca2+ influx through the QA- 
gated channel. Their results differ from ours in that QA was 
effective in increasing intracellular Ca2+ in horizontal cells and 
the KA-activated channel in horizontal cells does not show 
inward rectification. These differences can best be explained by 
differences that are reflected in the protein structure for these 
excitatory amino acid channels, suggesting the existence of a 
family of non-NMDA receptor-channel proteins (Boulter et al., 
1990) and provide further evidence for the reported differences 
in agonist selectivity depending on whether studies use binding 
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Figure 6. Evidence for CICR. A, An initial control caffeine response 
is recorded followed by an application of 10 FM KA (at 80 set). A 
subsequent test caffeine response is identical to the original control Ca2+ 
release. These results were observed in six cells. B, A larger dose of KA 
(30 PM at 125 set) was applied to the cell following the initial caffeine 
control response. The subsequent test application of caffeine (at 220 
set) produced a much reduced Ca*+ release. This is interpreted as a 
reduction in the Ca*+ store due to CICR by influx of Ca*+ during the 
KA application. This experiment was repeated in three cells. 

or physiological assays. In a recent report Hollman et al. (199 1) 
used molecular cloning to demonstrate that the selective per- 
meability of glutamate channels depends on the specific com- 
bination of subunits. 

Ogura et al. (1990), also using cultured hippocampal neurons 
and fura-2, demonstrated that both IL4 and QA permit signif- 
icant Ca2+ entry. Our studies support this finding. Activation of 
NMDA and KA/QA receptors significantly increased intracel- 
lular CaZ+ levels while the cells were voltage clamped at -65 
mV. This CaZ+ increase was blocked in low extracellular Ca2+ 
saline by at least 90% and was blocked when competitive an- 
tagonists were used to bind to the agonist receptors. These results 
provide compelling evidence for a role for both NMDA and 
non-NMDA receptors in intracellular Ca*+ regulation that does 
not involve a metabotropic receptor. Our inability to identify 
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Figure 7. A, A control Ca*+ response to 10 PM KA in normal catfish 
saline is recorded and rinsed out at 50 sec. A 10 mM caffeine application 
(at 140 set) depletes the Ca2+ store. A second application of KA results 
in a response that is reduced by 60% (at 160 set). CICR has been reduced 
due to the depletion of the Ca2+ store following caffeine. The inset in A 
shows the change in [Ca*+], to three separate applications of 10 pM KA. 
B illustrates that the KA-induced current does not change following 
depletion of intracellular Ca*+ stores. The Left side of the trace illustrates 
the inward current from 10 WM KA in NCFS. The right side of the trace 
shows the current from 10 PM KA in NCFS after 10 mM caffeine had 
been applied to the cell. There is no significant difference between the 
two currents. Calibration: A, inset, 200 nM Ca2+, 50 set; B, 0.2 nA. 

a metabotropic receptor could be due to washout of an impor- 
tant factor during the recording period by dialysis with the patch 
electrode solution. We believe this to be unlikely, since the 
dopamine-activated CAMP system responsible for gap junction 
uncoupling remains intact under similar recording conditions 
(B. N. Christensen, unpublished observations). 

The maximal Ca*+ changes occur when KA is applied to the 
cells, followed by NMDA and QA. We believe that this reflects 
that (1) there are relatively more KA/QA than NMDA receptors, 
(2) QA acts as a partial agonist, and (3) there is subsequent 
CICR from intracellular stores that amplifies the increase in 
[Ca2+], entering through the ligand-gated channels. 

Measurements from macroscopic currents recorded from cat- 
fish cone horizontal cells suggest that the number of IL4 recep- 
tors is significantly greater than NMDA receptors (O’Dell and 
Christensen, 1989) and would therefore be a factor in the max- 
imal Ca*+ response observed in KA. Furthermore, agonist and 
antagonist studies of these same cells indicate that catfish hor- 
izontal cells may contain only one type of glutamate non-NMDA 
receptor that is activated by both IL4 and QA (O’Dell and 
Christensen, 1989). Although QA has the highest affinity for the 
receptor, it is only a partial agonist and is thus not as effective 
in gating the channel as KA. 

The results presented in this article also provide some infor- 
mation on the mechanisms of Ca2+ store refilling. Following 
release of CaZ+ from intracellular stores, the cytoplasmic [Ca2+] 
rapidly returns to baseline. This is observed both in the contin- 
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ued presence of caffeine and during Ca2+ oscillations that occur 
occasionally. What happens to the released Ca2+? Presumably 
its concentration is controlled by buffering and active pumps 
that remove Ca*+ from the cell or return it to the store. It seems 
unlikely that the decrease in [Ca*+], observed during a caffeine 
challenge is due only to a rapid refilling of the store directly 
from the cytoplasm. Unless there is a refractory period that 
prevents release, a second challenge with caffeine should pro- 
duce a full Caz+ spike. A full Ca2+ spike, however, cannot be 
evoked until about 1 min following removal of the caffeine. We 
conclude that refilling occurs by a mechanism in which Ca*+ 
bound to the buffering system is in equilibrium with free cy- 
toplasmic Ca*+. The equilibrium is shifted toward free Ca2+ 
during store refilling. As free Ca2+ becomes available, it is im- 
mediately returned to the store, thus driving the system in this 
direction until the store is refilled. We have not yet determined 
if extracellular Ca*+ is necessary for refilling. 

Can influx through the agonist-gated channels account for all 
of the change in intracellular Ca2+? Because little is known about 
either the kinetics, binding constants, or the magnitude of Ca2+ 
buffering in the cell cytoplasm, this is a difficult question to 
answer quantitatively. However, using the data shown in Figure 
7, calculations were made using both the changes in [Ca*+], and 
the measured membrane current in the presence of KA. We 
chose to calculate the rate of change in [Ca2+], over a 15 set time 
period, that is, until almost steady state is reached, rather than 
make calculations from steady-state measurements because at 
long times, Ca*+ buffering and removal become more significant. 
We accounted for fura- buffering by assuming that equilibrium 
was established between the outside and inside concentrations 
of fura-2, that is, that intracellular fura- reaches 2 I.LM and 
conversion to the acid form is complete. In addition, we as- 
sumed that over the 15 set time period, Caz+ buffering and 
removal by other mechanisms were minimal. In addition, to 
measure the charge carried by Ca2+ from the current trace, we 
assumed a permeability ratio of 0.07 (Gu and Huang, 1991). 
With these assumptions in mind, the rate of Ca2+ entry measured 
from the rate of change in [Ca”], and current was 4.09 and 4.54 
x lo-l4 coulombs/set, respectively. Therefore, following deple- 
tion, the rate of Ca*+ entry measured from the change in Ca2+, 
can be entirely accounted for by the measured membrane cur- 
rent. Since the response measured before depletion in Figure 
7A is 2.5 x larger than that measured after depletion, and the 
membrane current is unchanged, some CICR must occur to 
account for the large increase in [Ca2+],. 
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