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Glial cells are known to play a role in regulating the microenvironment of the nervous
system. While earlier considerations of glial function assumed a passive, static physiology
for these cells, this is not likely to be the case. In this study, we begin to examine how the
physiology of Miiller glial cells changes in response to molecules in the microenvironment.

Perforated-patch recordings and intracellular calcium measurements were performed on
human retinal Miiller cells in vitro.

Analysis of whole-cell currents revealed that the human Miiller glial cells have an inwardly
rectifying K* current (Iyqg,) which is active near the resting membrane potential. This
L 1w, is significantly inhibited when the Miiller cell is exposed to thrombin, a molecule that
is likely to enter the retina with a breakdown of the blood—retinal barrier and may be
endogenous to the nervous system.

A variety of experiments point to a role for Ca®* as a second messenger mediating the
inhibitory effect of thrombin on the I g, of Miiller cells. Specifically, thrombin evokes an
increase in intracellular [Ca?*] in the Miiller cells; the Ca?* chelator BAPTA blocks the
effects of thrombin on both the inhibition of Iy, and the rise in intracellular [Ca®*];
exposure to ionomycin, a calcium ionophore, induces a reduction in the Iy ;g of Miiller cells.

A thrombin-induced inhibition in the Iy g, of Miiller cells is likely to have significant
functional consequences for the retina since these ion channels are involved in K*
homeostasis.

Our experiments support the idea that the physiology of Miiller glial cells is dynamic and
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can be markedly affected by molecules in the microenvironment.

Glial cells are active participants in the normal functioning
of the nervous system and in the response of the central
nervous system (CNS) to pathophysiological conditions.
This concept replaces the notion that glia have a passive
role. In fact, glial cells are more complex than previously
thought. For example, they express a surprising number of
receptors for neurotransmitters, growth factors and
cytokines (Benveniste, 1992; Bevan, 1990). In addition,
the patch-clamp technique has revealed that glial cells have
a variety of voltage-sensitive and ligand-gated ion channels
(Barres, Chun & Corey, 1990; Bevan, 1990; Ritchie, 1992).
At present, the functional implications of this complexity
are not fully understood. However, the presence of multiple
types of receptors and ion channels suggest that glia are
responsive to many molecular components of their
microenvironment and are capable of altering their
physiology in diverse ways.

To understand better the interactions between molecules in
the extracellular space and glial physiology, we examined

the effect of thrombin on the predominant K* current of
retinal Miiller glial cells. Although long known for its
enzymatic role in the blood clotting cascade, thrombin also
activates specific receptors (Vu, Hung, Wheaton &
Coughlin, 1991) on the surface of a variety of cell types
such as platelets, endothelial cells, neurons and glia,
including Miiller cells of the human retina (Puro, Mano,
Chan, Fukuda & Shimada, 1990). Cells of the nervous
system are likely to be exposed to plasma-derived
thrombin when there is a breakdown of the barrier between
the circulatory and nervous systems, a common occurrence
in many pathophysiological conditions. In addition, the
recent demonstration that cells in many parts of the CNS
express mRNA for prothrombin (Dihanich, Kaser,
Reinhard, Cunningham & Monard, 1991), the precursor of
thrombin, suggests that this molecule may be endogenous
to the nervous system. Despite the possibility that
thrombin is likely to enter the CNS after a breakdown of
the blood—brain barrier and may normally play a role in
cellular interactions in the nervous system, little is known
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about the effects of thrombin on the function of the neurons
or glia.

In this study we searched for an effect of thrombin on K*
currents of human retinal Miiller glial cells. The function of
K* channels in these glial cells is of interest since they are
thought to be pathways for the redistribution of K* in the
retina. Localized changes in [K*],, such as those occurring
with neural depolarization, result in K* entering Miiller
glial cells in regions of high [K*], and leaving these cells
where [K*], is lower (Newman, Framback & Odette, 1984;
Karwoski, Lu & Newman, 1989). This redistribution of K*
serves to limit wide swings in the [K*], which could alter
neuronal excitability.

Using the perforated-patch configuration of the patch-
clamp technique to examine the whole-cell currents, we
found that Miiller cells have an inwardly rectifying K*
current (I qg) that is functional near the resting membrane
potential and is inhibited when the glial cell is exposed to
thrombin. Calcium imaging studies, as well as experiments
using a calcium ionophore and a calcium chelator, suggest
that calcium may serve as a second messenger for the
thrombin-induced inhibition of the Miiller cell I .

METHODS

Miiller glial cells were isolated from human retinas using a
modification of methods developed by Aotaki-Keen, Harvey, de
Juan & Hjelmeland (1991). As detailed elsewhere (Puro, 1994a),
retinas from postmortem adult eyes were removed, exposed to a
calcium- and magnesium-free phosphate buffer supplemented with
0:1% trypsin (3x crystallized), 0:2% hyaluronidase and 4%
chicken serum for 45 min at 37°C and then dissociated
mechanically in medium A, which contained 40% Dulbecco’s
modified Eagle’s medium, 40 % Ham’s F12 medium and 20 % fetal
bovine serum. Dissociated cells from one retina were added to
three 35 mm Petri dishes, some of which contained 22 mm
diameter glass coverslips. Cells were kept for 5 days to 8 weeks in
a humidified environment of 96:5% air and 3:5% CO, at 37 °C
and fed with medium A twice per week.

Electrophysiological recordings were made at room temperature.
Unless noted otherwise, the bathing solution contained 138 mm
NaCl, 5 mm KCl, 1:8 mm CaCl,, 0-8 mm MgCl,, 10 mm Na-Hepes,
20 mM glucose and 10 M nimodipine at pH 7-4 with the osmolarity
adjusted to 315 mosmol (1 solution)™. When the concentration of
KCl was altered, compensatory changes in the NaCl concentration
were made. Cells were examined at x 400 magnification with an
inverted microscope equipped with phase contrast optics. Miiller
cells could be identified by their characteristic shape, long
(> 60 ym) and slender (< 10 gm). Immunocytochemical studies
using a monoclonal antibody (Chan et al. 1984) specific in the
retina for Miiller cells confirmed that all cells of this morphology
are Miiller cells.

Whole-cell currents were monitored using the perforated-patch
configuration of the patch-clamp technique (Rae, Cooper, Gates &
Wesky, 1991). Patch pipettes of Corning no. 7052 glass were
pulled in four stages using a Sutter model P80/PC (Sutter
Instrument Co., Novato, CA, USA), coated with Sylgard no. 184
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(Dow Corning, Midland, MI, USA) to within 100 #m of their tips
and heat polished to tip diameters of 2—-3 um. A pipette tip was
filled to approximately 400 um by applying negative pressure to
the back end of the pipette while briefly dipping the tip into the
pipette solution, which consisted of 40 mm KCl, 60 mm K,SO,,
10 mm K-Hepes and 6 mm MgCl, at pH 7-4 with the osmolarity
adjusted to 285 mosmol (I solution)™. The remainder of the pipette
was back-filled with the pipette solution supplemented with
freshly mixed amphotericin B (120 ug m1™). The resistances of the
pipettes used were 2-5 MQ. The pipettes were mounted in the
holder of a Dagan 3900 patch-clamp amplifier (Dagan Corp.,
Minneapolis, MN, USA) and sealed to Miiller cells. Seals generally
formed over a period of 1-30 s and reached resistances of greater
than 1 GQ. Measurements of seal resistances were likely to be
underestimated because perforation of the patches usually began
within 30s. As amphotericin perforated the patch, the series
resistance of the studied cells decreased to <15 MQ within
20 min. Recordings were used when the ratio of cell resistance to
series resistance was greater than 10. Series resistance
compensation was not used. The space clamp of the cells studies
appeared to be satisfactory, in part, since markedly inwardly
rectifying whole-cell currents were detected; poor space clamp
would have been expected to linearize the current—voltage relation
(e.g. Newman, 1993). The delivery of voltage step protocols and
the sampling of currents filtered at 1-5 kHz and digitized at
4 kHz were performed using a Lab Master DMA acquisition
system (Axon Instruments) and pCLAMP software (version 5.5,
Axon Instruments), which was also used for data analysis. Leak
subtraction was not used. Cell capacitance was estimated by using
circuitry of the Dagan 3910 expander module. Solutions could be
miniperfused in the area of a Miiller cell by applying < 3:5 kPa
(05 Ibf in"?) of pressure from a pressure ejection system (Medical
Systems, Greenvale, NY) to the back end of a pipette which had a
tip size of approximately 3 um and was positioned ~50 gm from
the cell being recorded. Miniperfusion of the bathing solution
alone or with the buffer (91 gM sodium citrate) used in the
commercially available preparations of thrombin altered the
amplitude of Miiller cell currents by < 10 %.

For measurements of intracellular calcium, cells plated on glass
coverslips were incubated for 20—30 min at 37 °C with 1 um fura-2
AM. After fura-2 loading the cells were given a further incubation
period of approximately 20 min at 37 °C to allow for cleavage of
intracellularly accumulated fura-2 AM. Monitoring of [Ca®*]; in
individual glial cells was performed by dual wavelength
microspectrofluorometry similar to that described previously
(Stuenkel & Nordmann, 1993). Briefly, the coverglass containing
the cells was placed into a holder that formed the base of a
chamber (65 1 volume) before beginning rapid exchange of the
superfusing physiological saline (15 ml min™). With the exception
of the digital imaging experiments, monitoring of fura-2
fluorescence was as follows. Selection of a single cell was performed
and masked from surrounding regions by a pinhole diaphragm.
Alternating excitation wavelengths of 340 and 380 nm and
monitoring of emitted light at 500 nm was performed by a
photomultiplier-based SPEX Industries (Edison, NJ, USA)
AR-CM system. The calculated [Ca**]; represents a spatially
averaged value as the emitted signal at each wavelength was
collected from the entire cell. Digital imaging of fura-2
fluorescence was performed using an attofluor (Zeiss,
Thornwood, NY, USA) imaging system. The fluorescence ratio
(340:380 nm) in both cases was converted to [Ca’*], using the
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equation of Grynkiewicz, Poenie & Tsien (1985). An external
standard calibration approach was used to determine values of
R 10y Ruax and F,/F, where R, and R, are the values of R at
limiting and saturating Ca?* concentrations, respectively, and F,/
F, represents the ratio of emitted fluorescence intensity at 380 nm
excitation at the limiting (F,) and saturating (F) Ca®* conditions. A
K, value for fura-2 of 224 nm was taken from the literature
(Grynkiewicz et al. 1985). Autofluorescence, determined on
unloaded cells, was found to be less than 10% of the emitted
signal and was not subtracted. Loading the cells with fura-2 AM
at 20-25°C, which is reported to reduce incorporation into
endocytotic vesicles, resulted in no apparent differences in the
[Ca®*], measurements. No punctate fluorescence was observed.

BAPTA AM and fura-2 AM were purchased from Molecular
Probes; ionomycin was from LC Laboratories (Woburn, MA,
USA); trypsin was from Worthington Biochemical (Freehold, NJ,
USA); sera and growth media were from Life Technologies/Gibco
(Grand Island, NY, USA); pertussis toxin was from Sigma and
Research Biochemicals Inc. (Natick, MA, USA); human thrombin
(~4500 units mg™) and the other chemicals were from Sigma.
Donor eyes were supplied by the Michigan Eye Bank and
Transplantation Center (Ann Arbor, MI, USA); tissue was used in
accordance with all applicable laws and regulations.

RESULTS

Perforated-patch recordings of human Miiller cells in wvitro
revealed a number of voltage-dependent currents (Fig. 1).
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These cells typically have an inwardly rectifying current,
as well as transient and sustained outward currents. This
profile of ionic currents appears to be stable in vitro, being
found in Miiller cells maintained in witro for up to 8 weeks.

The inwardly rectifying current of the Miiller cell was of
particular interest since it is the predominant current near
the resting membrane potential (Fig.1). To characterize
better this current, the effect of varying [K*], on the
current—voltage relationship was examined. Increasing
[K*], shifted the reversal potential in a depolarizing
direction (Fig.24 and B). This change in the reversal
potential was close to that predicted by the Nernst equation
(Fig. 2B). Also, as predicted by the Goldman—Hodgkin—
Katz current equation (Hille, 1992), decreasing [K*],
reduced the slope of the current—voltage plot (i.e.
conductance) of the potassium current (Fig. 24). As found
for inwardly rectifying K* currents in a variety of cell
types (Hagiwara & Takahashi, 1974; Sakmann & Trube,
1984), the conductance of the inward current was
approximately proportional to the square root of the [K*],.

To characterize further the inwardly rectifying current, the
effect of barium was examined. Inwardly rectifying
potassium channels are known to be blocked by this
divalent cation (Hille, 1992). The current—voltage relations
in Fig. 3 demonstrate that 100 gm Ba®" markedly reduced
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Figure 1. Perforated-patch recordings from a human Miiller cell in vitro

A, currents evoked with a clamp protocol, illustrated below the traces, consisting of voltage steps to a
series of potentials between —145 and +15 mV from a holding potential of —80 mV. B, current—voltage
relations from the voltage-clamp records in A. A, peak current amplitudes; O, current amplitudes at the
end of the command pulse. The plots show inactivation with extreme hyperpolarizing steps, inward
rectification, and both transient and sustained outward currents.
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Figure 2. Potassium dependence of the inwardly rectifying current

A, the I-V relations as the [K*], was raised from 2'5 to 10 mm. Current amplitudes at the end of the
180 ms command pulse were used. B, a plot of the zero current potential (reversal potential) as a function
of [K*], for successfully sampled Miiller cells. The line has a slope of 57 mV per tenfold change in [K*],,
the Nernstian value. The reversal potential shifts towards 0 mV and the slope of the I-V plot
(conductance) of the inward current increases as [K*], rises.

the inwardly rectifying current. The sensitivity to Ba’" and  The effect of thrombin on the Iy g, of human Miiller cells is
the effects of varying [K*], indicate that human Miiller ~ shown in Fig. 4. Exposure of a Miiller cell to 100 ng ml™
cells in vitro express an inwardly rectifying potassium  thrombin was associated with a reversible reduction in the
current (I qgy). current elicited by voltage steps from —80mV. The
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Figure 3. Effect of barium on the inwardly rectifying current

I-V plots before and during miniperfusion of the bathing solution supplemented with 100 #m barium.
Inset, I-V relations of the barium-sensitive current obtained by subtracting current traces during
exposure to barium from those in the control period. Current amplitudes at the end of the command
pulses were used for the I-V plots. The bathing solution contained 10 mm KCl. Barium blocks the
inwardly rectifying current.
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current—voltage relationship of the thrombin-sensitive
current (Fig. 4 B) demonstrates that the inwardly rectifying
current was inhibited. In a series of experiments, the
inward current elicited with a voltage shift from —60 to
—100 mV was reduced by a mean of 53 % (s.p. = 18, n = 18)
with exposure of Miiller cells to a perfusate containing
100 ng mI™ thrombin. A similar magnitude of inhibition
occurred with 5-1100 ng ml™ thrombin. A concentration
of 0-5 ng ml™ thrombin did not significantly affect Lgry

To help understand the mechanism by which thrombin
induces inhibition of the Iy ;g,, the time course for onset of
the effect was examined. A relatively slow onset would be
consistent with a second messenger system. Figure 5 shows
the time course for the onset of the inhibitory effect of
thrombin when it was miniperfused near a Miiller cell. This
time course is compared with the effect of the
miniperfusion of barium, which is known to directly block
the ILqg, (Hille, 1992). For a series of cells exposed to
thrombin, it took 67 s (s.p. = 1:7, n = 8) to reach the half-
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maximal inhibition. The comparable time for the barium
block was 1:5 s (s.D. = 04, n = 4). The time course for the
inhibitory effect of thrombin was significantly (P < 0-001,
Student’s ¢ test) slower than that of barium.

The relatively slow onset of the inhibitory effect of
thrombin on the Miiller cell Iy, is consistent with a
mechanism of action involving metabolic changes in the
glial cell. Since thrombin is known to elicit elevations in
intracellular calcium in a number of cell types (Adams,
Barakeh, Laskey & Van Breemen, 1989; Siess, 1989; Crook,
Lui & Polansky, 1992), we used the calcium indicator fura-2
to measure [Ca®*] in human Miiller cells. Exposure of
Miiller cells to thrombin, in concentrations ranging from 5
to 1100 ng ml™, was consistently (22/23 sampled cells)
associated with elevations in [Ca®*],. For thrombin
concentrations =5 ng ml™, the evoked increases in [Ca’*],
were of a similar magnitude; [Ca®*]; increased from a mean
basal level of 77 nM (s.p. = 23, n = 18) to a mean peak of
483 nm (s.p. = 307, n = 18).

Thrombin

Thrombin-sensitive current
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50
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Figure 4. The effect of thrombin on the Iy, of human Miiller cells

A, currents evoked before, during and after miniperfusion of the bathing solution supplemented with
100 ng m1™ human thrombin. The clamp protocol is shown below. B, I-V relations before and during
exposure to thrombin. The inset shows the I-V relations for the thrombin-sensitive current, which was
calculated by subtracting currents in the presence of thrombin from those under control conditions.
Current amplitudes at the end of the command pulse were used for the -V plots. With exposure to

thrombin, the Miiller cell I g, is reduced.
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To determine whether the increase in [Ca’"]; evoked by
thrombin was dependent on an influx of calcium from
outside the cell, some experiments were performed using a
Ca’*-free bathing solution. Figure 6 shows that a
substantial increase in [Ca’*]; could be evoked in the
absence of extracellular Ca®*. Thus thrombin induces a
release of intracellularly sequestered Ca®* in human Miiller
cells. Often an increase in [Ca’"]; was first evident in a
localized area of the Miiller cell, as was the case for the cell
illustrated in Fig. 6. Further studies are needed to examine
systematically the topography of thrombin-evoked
increases in [Ca”*],.

The observation that thrombin induced an increase in [Ca**],
raised the possibility that Ca’®" may be an intracellular
messenger mediating the inhibitory effect of thrombin on
the Miiller cell Iy;g) This possibility was examined by
using BAPTA AM, a cell-permeable calcium chelator.
Experiments with fura-2 established that pre-exposure to
50 um BAPTA AM for 20 min prevented a thrombin-
induced rise in [Ca’*], (Fig. 74, lower record). In addition,
electrophysiological recordings showed that treatment with
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BAPTA AM profoundly reduced (P < 0:001, Student’s ¢
test) the inhibition of Iy ;) induced by thrombin (Fig. 7B).
These findings are consistent with a role for calcium in
mediating the thrombin-induced inhibition of Igqg, in
human Miiller cells.

The calcium ionophore ionomycin was also used to help test
the hypothesis that an increase in [Ca’"]; can lead to the
inhibition of the Miiller cell Iy g, An example is shown in
Fig. 8; a reduction in the inward current of a Miiller cell
was detected within 1-2min of exposure to 3 um
ionomycin. Much of the interval between initial exposure
and onset of effect is likely to be due to the time for
incorporation of the ionophore into the cell membrane. The
experiments using BAPTA AM and ionomycin strongly
suggest that the thrombin-induced inhibition of Iy;g, in
Miiller cells is mediated, at least in part, by an elevation of

[Caw]r

To help examine the mechanism(s) by which thrombin
increases [Ca’"]; and inhibits Iy, We tested the effect of
pertussis toxin (PTX). PTX, which inhibits some
G proteins, is reported to block the thrombin-evoked

Time (s)

10 - .
Barium

05 -

Normalized inhibition of current

Thrombin

-60 mV

Time (s)

Figure 5. Time courses for the inhibition of Iy g, by barium and thrombin

The stimulus protocol is shown in the inset. At 1 s intervals, the potential was stepped from —60 to
—100 mV for 180 ms. Current amplitudes at the end of each step were normalized to the mean amount of
inihibition at 30—45 s after the onset of exposure to barium or thrombin. Normalized currents are plotted
as a function of time. The arrow shows the onset of miniperfusion of the bathing solution supplemented
with 100 M barium or 100 ng ml™ thrombin. The bathing solution contained 10 mm KCI. The Miiller cell
Iy gg, is inihibited more slowly by thrombin than by barium.
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increases in [Ca®*], in some cell types (Brass, 1992), but not
in others (Gupta, Diez, Heasley, Osawa & Johnson, 1990;
Hung, Wong, Vu & Coughlin, 1992). An 18 h exposure to
400 ng ml™ PTX did not prevent a thrombin-mediated
increase in [Ca®*]; in 3/3 Miiller cells tested; an example is
shown in Fig. 74 (upper record). PTX exposure also did not
significantly (P = 0206, Student’s ¢ test) block the
inhibitory effect of thrombin on Iggg, (Fig.7B). These
findings indicate that both the thrombin-evoked increase in
[Ca**], and the thrombin-mediated inhibition of Iyyg, in
Miiller cells are mediated via PTX-insensitive pathways.
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To explore further the relationship of [Ca**], and the
thrombin-induced inhibition of Iy;g),, Wwe compared the
duration of the thrombin-induced increase in [Ca®*];, with
the duration of the thrombin-induced inhibition of I,
As illustrated in Fig. 9, a 5 min exposure to 100 ng ml™
thrombin elicits an elevation in [Ca’*]; that peaks in
approximately 1 min and returns to near basal levels
within 4 min; a transient increase in [Ca’*], was observed
in 4/4 cells tested. Since the thrombin-evoked increase in
[Ca®*], is transient, we asked whether the inhibitory effect
on Iy g, was also transient. However, this was not the case

Control

Thrombin

Post-thrombin

I 430
Ca2+ (nm)

2113

Figure 6. Fura-2 imaging of [Ca®], in a Miiller cell before, during and after exposure to

thrombin

At each time, the perfusate contained 2 mm EGTA and no added calcium. The top image shows the
[Ca?*], approximately 30 s prior to exposure to thrombin. The image on the left side of the middle row
occurred within a few seconds after the onset of an increase in [Ca®], associated with exposure to
100 ng ml™ thrombin. The image on the right is from 15 s later. The bottom image occurred 2 min after a
return to the thrombin-free perfusate. A thrombin-induced increase in [Ca**], in Miiller cells does not

require extracellular Ca™*.
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(Fig. 10). A significant inhibitory effect of thrombin on the
Ly qx, persisted for more than 10 min in 6/6 Miiller cells
tested. Thus it appears that the continued inhibition of
IK(m) is not dependent upon a sustained high level of

[Ca™"];.

DISCUSSION

Our findings show that the physiology of human Miiller
glial cells can be regulated by thrombin via a second
messenger system. Several observations suggest that a rise
in [Ca’]; plays a role in mediating the inhibitory effect of
thrombin on the Iy ;g, of human Miiller cells. One finding is
that thrombin evokes a release of intracellular calcium in
these glial cells. Another observation is that the calcium
chelator BAPTA almost completely prevents the thrombin-
induced inhibition of the Iy g,. In addition, exposure of the
Miiller cells to a calcium ionophore, ionomyein, also results
in a reduction in the I, Although this evidence strongly
supports a role for increased [Ca’]; in initiating Iy,
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inhibition, the mechanism for sustaining the inhibition is
less clear. We found that while the thrombin-induced
elevation in [Ca®*], is transient (less than 4 min), the
inhibition of Iy;g, during a continuous exposure to
thrombin is long lasting (greater than 10 min). Thus it
appears that a sustained high [Ca®*], is not the intracellular
signal for the continued presence of thrombin. However,
the possibility that the persistent inhibition of Iygg, is
mediated by a small (~5 nm) elevation of [Ca®*];, which
may occur after a large transient increase (Fig. 9), is not
excluded. Alternatively, rapid calcium cycling across the
plasma membrane in response to thrombin may maintain a
localized elevation of calcium near inwardly rectifying K*
(Kig) channels. Such a localized increase may not be
detected when the calcium-imaging technique measures
spatially averaged responses. Future studies are needed to
definitively identify the intracellular messengers mediating
the long-term inhibition by thrombin of the Miiller cell
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Effects of pertussis toxin and BAPTA AM on the responses of Miiller cells to

A, upper record: thrombin-induced increase in [Ca®*]; in a Miiller cell exposed to 400 ng ml™ pertussis
toxin for 18 h. The bar shows the period of perfusion of the bathing solution supplemented with
100 ng mI™ thrombin. Lower record: lack of an effect of thrombin on [Ca’*], in a Miiller cell pre-treated
for 20 min with 50 um BAPTA AM. The bar shows the period of perfusion of the thrombin-containing
solution. B, effects of pertuss.us toxin and BAPTA on the thrombin-induced inhibition of I g, Miiller cells
were exposed to 400 ng ml™ pertussis toxin for 18 h, 50 um BAPTA AM for 20 min or control conditions
prior to perforated-patch recordings. Currents at the end of a voltage step from —50 to —100 mV were
compared before and during a 2-3 min miniperfusion of the bathing solution supplemented with
100 ng m1™ thrombin. Nineteen, ten and seven Miiller cells were sampled in control, pertussis toxin and
BAPTA groups, respectlvely The bathing solution contained 10 mm KCI. Both the inhibition of Iy g, and
the increase in [Ca’*], evoked by thrombin are insensitive to pertussis toxin, but are blocked by BAPTA.
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Figure 8. Time course for the
inhibition of Igqy, by ionomycin
As illustrated in the inset, the
potential was stepped from —60 to
—100 mV for 180 msat 15 s
intervals. Current amplitudes at
the end of the command pulses
were measured and plotted against
time. During the time indicated by
the bar, the Miiller cell was
miniperfused with the bathing
solution supplemented with 3 um
ionomycin. The bathing solution
contained 10 mm KCI. Exposure to
ionomyein is associated with a
reduction in the Miiller cell L.

Figure 9. Effect of a 5 min exposure to
thrombin on the intracellular Ca?*
concentration of a Miiller cell

The bar shows the period of perfusion with
the bathing solution supplemented with
100 ng ml™ thrombin. A transient increase
in [Ca’*), is evoked by thrombin.

Figure 10. Long-term effect
of thrombin on the Iy 4y, of a
Miiller cell

Current amplitudes at the end
of command pulses, which
stepped from —50 to —100 mV
for 180 ms at 15 s intervals, are
plotted against time. The bar
shows the period of
miniperfusion of the bathing
solution supplemented with
100 ng ml™ thrombin. The
bathing solution contained

10 mMm KCI. Thrombin induces
prolonged inhibition of the
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The Ixqg) of the human Miiller cells is similar to that
described for Miiller cells of the salamander and rabbit
retinas (Newman, 1993; Chao, Henke, Reichelt, Eberhardt,
Reinhardt-Maelicke & Reichenbach, 1994), which have also
been analysed in some detail. For example, the inwardly
rectifying current is the predominant current at the resting
membrane potential for Miiller cells of these three species.
Also, for each of these species this current is blocked by
extracellular barium, shows inactivation with large hyper-
polarizing voltage steps and increases its conductance
approximately in proportion to the square root of [K*1,.
Although the inwardly rectifying K* currents of the Miiller
cells from various species are qualitatively similar, there are
likely to be differences in the number and topographical
distribution (Newman, 1987) of K;p channels. Also, it
remains to be determined whether thrombin regulates the
K g channels in Miiller cells from non-human species.

Our experiments indicate that thrombin can regulate the
physiology of human Miiller cells. The question arises as to
when Miiller cells in vivo are exposed to thrombin. One
likely circumstance for this is with a breakdown of the
blood-retinal barrier, a common occurrence in many
retinal disorders (Jampol, 1994). Since human serum
contains approximately 2 uM prothrombin, cleavage of this
precursor molecule by tissue thromplastin could yield a
concentration of thrombin that is about 1000-fold greater
than used in this study. Thus a leakage of serum associated
with the breakdown of the blood—retinal barrier is likely to
produce effective concentrations of thrombin in the retina.
Another possible source of thrombin may be the retinal
cells themselves. Dihanich et al. (1991) have raised the
possibility that cells of the CNS might be a physiological
source of thrombin, which they suggest may play a role in
the normal functioning of the nervous system. Their
molecular studies indicate the synthesis of prothrombin in
many regions of the CNS although, unfortunately, the
retina has yet to be examined.

A thrombin-induced inhibition of the Iy g, in Miiller cells
would be expected to have significant functional
consequences for the retina, since these ion channels appear
to be important pathways for the redistribution of K* from
regions of the retina of high [K*], to areas where [K*], is
lower (Newman, 1985, 1993; Brew, Gray, Mobbs & Attwell,
1986). If thrombin is endogenous to the retina, perhaps it
may play a physiological role along with various neuro-
transmitters (Schwartz, 1993; Puro, 19945) in optimizing
glial function under different lighting conditions. In
pathophysiological conditions involving a breakdown of the
blood—retinal barrier, a reduction in Ky activity in Miiller
cells exposed to serum-derived thrombin may limit the
movement into Miiller cells of excess K* released by
damaged retinal neurons. Limiting the influx of excess K*
may compromise retinal function since increased [K*],
depolarizes neurons and blocks the uptake of glutamate by

J. Physiol. 485.2

Miiller cells (Barbour, Brew & Attwell, 1988; Sarantis &
Attwell, 1990). Reduced glutamate uptake may be a
significant problem in the inner retina where neurons are
particularly vulnerable to glutamate toxicity (Lucas &
Newhouse, 1957; Olney, 1988). From this perspective, the
inhibition of K channels of Miiller cells may have
detrimental effects.

On the other hand, an inhibition of Miiller cell K;y channels
may be a beneficial adaptive response. For example, a
reduction in the Iygg, would increase the membrane
resistance and, consequently, lengthen the distance for
electrotonic conduction within the Miiller cell. Under
certain conditions, this may enhance the flow of current
through a Miiller cell to its proximal (vitreal side) endfoot.

As a first approximation, current flow at the endfoot may be
estimated using the formula i = gE.e™*/*, based on passive cable
properties, where i is the current flowing from the end of a cable-
like process, g is the membrane conductance, E; is the electrotonic
driving force of K* (i.e. the difference between the reversal
potential of K* and the membrane potential) at the origin of the
process, z is the length of the process and A is the electrotonic
length constant which is proportional to g™. In this formula, the
relationship between g and i is biphasic. As g decreases from oo to
0, i initially increases and then decreases. The phase in which i
increases as g is decreasing occurs when A is short, i.e. < z/2.
Hence decreasing the membrane conductance by inhibiting ion
channels could enhance current flow from the endfoot of a Miiller
cell if A is short. At present, this remains a theoretical
consideration because the length constant for mammalian Miiller
cells in vivo is unknown. However, the length constant may
normally be short since recent experiments by Reichelt et al.
(1993) indicate that the Miiller cell endfoot in the mouse retina is
relatively isolated electrically from the rest of the cell. This
contrasts with the situation for amphibian Miiller cells (Newman,
1985), which have thick processes, and is consistent with
morphological studies of Miiller cells in the vascularized
mammalian retina showing extremely slender processes,
connecting the cell soma and endfoot (Reichelt et al. 1993).

Thus in the vascularized mammalian retina (e.g. that of
mouse, cat and human), a thrombin-induced inhibition of
the Miiller cell Iy g, may significantly alter the pathway for
the redistribution of K*. Normally, the redistribution of K*
in the vascularized retina is chiefly between the inner and
outer parts of the retina (Frishman & Steinberg, 1989); the
K" remains in the retina. However, if an inhibition of Ky
channels and the resulting increase in the electronic length
constant enhance the flow of K* to the Miiller cell endfoot,
then some excess K™ may be siphoned to the vitreous
humour and away from the retina, a strategy that lower
vertebrates use normally (Newman et al. 1984; Karwoski et
al. 1989).

The effect of thrombin on human Miiller cells is not limited
to a release of intracellularly stored Ca®* and an inhibition
of Igqg) This molecule is also a potent mitogen for these
glial cells (Puro et al. 1990). The existence of multiple
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effects of thrombin raises the question of whether the same
signal transduction pathway mediates the various
responses of Miiller cells to thrombin. This seems unlikely
since the proliferative effect of thrombin is blocked by
pertussis toxin (Puro et al. 1990), but the inhibition of
Liqg) and the increase in [Ca®*), are not (Fig.7). Thus it
appears that thrombin activates at least two pathways. In
agreement with this possibility, Hung et al. (1992) found
that the thrombin receptor cloned from platelets is coupled
to multiple G proteins with the phosphoinositide hydrolysis
response being insensitive to pertussis toxin, and the
adenylate cyclase response blocked by pertussis toxin.
Further studies into the signal transduction mechanisms
for the thrombin receptor of human Miiller glial cells will
be necessary.

Thrombin does not appear to be the only extracellular
molecule that regulates the Iy, of Miiller cells. Recently,
Schwartz (1993) reported that glutamate inhibits the Iy,
of salamander Miiller cells. In contrast to our findings with
thrombin, the glutamate-mediated inhibition does not
appear to involve changes in [Ca®*],. Rather, a pertussis
toxin-sensitive cascade of second messengers involving
cyclic AMP induces a very slowly developing (half-time of
minutes) inhibition of the Iy;g) Also, unknown second
messengers mediate a more rapid glutamate-induced
reduction in the Ig;g, of the amphibian Miiller cell
(Schwartz, 1993). In addition, we have recently found that
certain retinal neurotransmitters inhibit the I g, of human
Miiller cells (Puro, 1994b). Thus evidence is accumulating
that multiple extracellular signals and intracellular
messengers may regulate the function of ion channels in
Miiller cells (Puro & Mano, 1991). Appreciation of the
dynamic physiology of Miiller glial cells is likely to be
necessary to more fully understand the responses of the
retina to both physiological and pathophysiological changes
in the microenvironment.
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