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PURPOSE. Propofol (2,6-diisopropyl phenol), a widely used sys-
temic anesthetic, is known to potentiate GABAA receptor ac-
tivity in a number of CNS neurons and to produce changes in
electroretinographically recorded responses of the retina.
However, little is known about propofol’s effects on specific
retinal neurons. The authors investigated the action of propo-
fol on GABA-elicited membrane current responses of retinal
bipolar cells, which have both GABAA and GABAC receptors.

METHODS. Single, enzymatically dissociated bipolar cells ob-
tained from rat retina were treated with propofol delivered by
brief application in combination with GABA or other pharma-
cologic agents or as a component of the superfusing medium.

RESULTS. When applied with GABA at subsaturating concen-
trations and with TPMPA (a known GABAC antagonist),
propofol markedly increased the peak amplitude and altered
the kinetics of the response. Propofol increased the re-
sponse elicited by THIP (a GABAA-selective agonist), and the
response was reduced by bicuculline (a GABAA antagonist).
The response to 5-methyl I4AA, a GABAC-selective agonist,
was not enhanced by propofol. Serial brief applications of
(GABA � TPMPA � propofol) led to a progressive increase
in peak response amplitude and, at higher propofol concen-
trations, additional changes that included a prolonged time
course of response recovery. Pre-exposure of the cell to
perfusing propofol typically enhanced the rate of develop-
ment of potentiation produced by (GABA � TPMPA �
propofol) applications.

CONCLUSIONS. Propofol exerts a marked and selective potentia-
tion on GABAA receptors of retinal bipolar cells. The data
encourage the use of propofol in future studies of bipolar cell
function. (Invest Ophthalmol Vis Sci. 2011;52:2497–2509)
DOI:10.1167/iovs.10-5991

Retinal bipolar cells have GABAA and GABAC receptors, which
are pentameric, ligand-gated ion channels activated by �-ami-

nobutyric acid (GABA). GABAA and GABAC receptors mediate fast
inhibitory signaling in bipolar cells of the retina1–3 (see Ref. 4 for
review). Electrophysiological and immunocytochemical data indi-
cate that GABAA and GABAC receptors on bipolar cells are local-
ized primarily at the axon terminals, postsynaptic to amacrine
cells.5–7 Furthermore, expression of GABAA receptor �1, �3,
�2/3, and �2 subunits and GABAC receptor �1 and �2 subunits in
rod bipolar cells has been reported.8–11 However, the specific
subunit compositions of these receptors of bipolar cells are as yet
unknown.

A diverse group of chemical compounds is known to affect
GABAA receptor activity. These GABAA-modulating agents include
benzodiazepines, barbiturates, ethanol, neuroactive steroids, and
volatile anesthetics.12,13 Among this extensive group of GABAA

modulators is propofol (2,6-diisopropyl phenol), a compound in
wide use as a nonvolatile anesthetic14–18 (see Refs. 12, 19 for
review). The action of propofol on native and recombinant
GABAA receptors of differing subunit composition has been in-
vestigated in multiple cell types.20–22 For example, in Xenopus
oocytes engineered to express �1�2�2s GABAA receptors, propo-
fol at low concentrations (�1–100 �M) allosterically potentiates
the GABA-elicited response; the compound at higher concentra-
tions (�100–1000 �M) activates the receptor in the absence of
GABA.22 It has been shown that propofol slows receptor deacti-
vation and desensitization,23 mechanisms that could underlie the
enhancement effect of this compound on the GABAA receptor.

The systemic administration of propofol significantly alters
electroretinographic (ERG) responses recorded from the intact
eye. Kommenen et al.24 tested the effect of increasing the infusion
rate of anesthetizing propofol on ERGs recorded from dogs and
observed an enhancement of the b-wave response with increasing
propofol infusion rate. In addition, Ng et al.25 found that admin-
istering propofol to the isolated perfused porcine eye reduces and
delays the p1 component of the multifocal ERG. To our knowl-
edge, however, no one has investigated the action of propofol on
the responses of an isolated, specified type of retinal neuron.

The major role of bipolar cells in visual signal transmission
and processing within the retina and the importance of propo-
fol and related compounds to both fundamental and clinical
aspects of GABA receptor physiology raise interest in deter-
mining the effects of propofol specifically on GABA receptors
of the bipolar cell. The present study was undertaken to ad-
dress this issue. Preliminary data have been reported (Yue L, et
al. IOVS 2009;50:ARVO E-Abstract 1015).

METHODS

All animal procedures were conducted in accordance with institutional
policies and with the ARVO Statement for the Use of Animals in Ophthal-
mic and Vision Research. The experiments were conducted on isolated,
enzymatically dissociated bipolar cells obtained from adult Sprague-Daw-
ley and Long-Evans rats (male and female) (Charles River Laboratories,
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Wilmington, MA). Procedures for euthanatization, isolation of the retina,
and dissociation of retinal cells were similar to those described by Ramsey
et al.26 Isolated bipolar cells were identified on the basis of their morpho-
logic appearance and were likely rod bipolar cells. Whole-cell patch-clamp
techniques similar to those described26,27 were used to record membrane
current responses to GABA and other test agents. The patch pipette
(borosilicate glass capillary) was pulled in two stages using a microelec-
trode puller (model PP830; Narishige Group, Tokyo, Japan). Unless oth-
erwise indicated, the pipette was filled with an intracellular solution
containing 140 mM CsCl, 1 mM CaCl2, 2 mM MgCl2, 11 mM EGTA, and 10
mM HEPES, pH 7.2. Cells were clamped at �60 mV (Axopatch 200B
amplifier; Axon Instruments, Union City, CA), and experimental runs
were controlled by pCLAMP system software (Axon Instruments). Elec-
trophysiological data were obtained in response to test compounds dis-
solved in physiological saline (Ringer solution) that consisted of 135 mM
NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 10 mM glucose, and 5 mM
HEPES, pH 7.4. Test solutions were delivered from separate reservoirs by
a multichannel perfusion system. Illustrated stimulus markers are manu-
ally positioned to compensate for the dead volume of the perfusion
system. Test agents used in the experiments were GABA (Sigma-Aldrich,
St. Louis, MO), propofol (SAFC Supply Solutions, St. Louis, MO), 5-methyl-
imidazole-4-acetic acid (5Me-I4AA)28, methyl(1,2,5,6-tetrahydropyridin-4-
yl)phosphinic acid (TPMPA; Tocris Biosciences, Ellisville, MO), bicucull-
ine (Tocris Biosciences), and 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-
3-ol (THIP; Tocris Biosciences). Supplementation of aqueous test solutions
with propofol, bicuculline, and TPMPA was carried out by adding an
aliquot of a stock solution containing the compound dissolved in dimethyl
sulfoxide (DMSO). In all experiments, the amount of carrier DMSO in the
applied test solution was �1% (vol/vol). Unless otherwise indicated, the
quoted n number for a given statistical analysis refers to the number of
investigated cells. The results reported in this study were obtained from a
total of 76 cells.

Noise analysis of representative waveforms obtained in the absence
and presence of propofol followed procedures similar to those de-

scribed.2,26 Responses were recorded at a sampling rate of 2.5 kHz and
were segmented into 200-ms intervals. The mean amplitude and variance
(calculated after passing a 5-Hz high-pass filter) were determined for each
200-ms segment of the responses. For each investigated cell, data obtained
under a given experimental condition were analyzed by linear regression
to obtain a value of slope (variance/mean) of the plot of variance versus
mean amplitude, and the single-channel conductance was obtained by
dividing this ratio by the driving force for chloride ion (60 mV).

RESULTS

Effect of Co-applied Propofol on Responses
Elicited by GABA and 5Me-I4AA

Figure 1, which illustrates responses recorded from a bipolar
cell in response to GABA alone and to co-applied GABA and
propofol, shows that propofol markedly increased the GABA-
elicited response. Shown are responses recorded from a single
cell (Fig. 1A), with the application of either 10 �M GABA alone
(response r10G; black trace) or co-application of 10 �M GABA
plus 150 �M propofol (r10G � 150P; red trace). (Data shown in
the inset here are considered later in Results.) Figure 1B shows
data from a second cell that received either 10 �M GABA alone
or co-applied (10 �M GABA � 500 �M propofol) (black and
red traces, respectively). In both experiments, the inclusion of
propofol produced a substantial increase in the response (Fig.
1A, 1.8-fold; Fig. 1B, 1.6-fold).

Given that both GABAA and GABAC receptors are present
on retinal bipolar cells, we examined the effect of propofol on
pharmacologically isolated responses mediated by each recep-
tor type. To activate GABAC receptors, we applied 5Me-I4AA, a
recently described GABAC-specific activator that exhibits a
micromolar EC50 value at the �1 GABAC receptor.28 Figure 2A
shows results obtained in a representative experiment that

FIGURE 1. (A) Responses elicited by
10 �M GABA in the absence (black
trace) and presence (red trace) of
150 �M propofol. Inset: difference
waveform (blue) and fitted exponen-
tial function (purple) for the re-
sponses in (A). (B) Effect of co-ap-
plied 500 �M propofol on the
response to 10 �M GABA.

FIGURE 2. Test of propofol activity
on responses to 5Me-I4AA. 5Me-I4AA,
TPMPA, bicuculline, and propofol are
abbreviated in the figure as M, T, B,
and P, respectively. (A) Responses ob-
tained from a single cell on the appli-
cation of 100 �M 5Me-I4AA alone
(black trace) and of 100 �M 5Me-I4AA
with co-applied 100 or 200 �M TPMPA
(red and blue traces, respectively). (B)
Responses obtained from a second cell
to 100 �M 5Me-I4AA alone (black),
100 �M 5Me-I4AA plus 200 �M bicuc-
ulline (red), 100 �M 5Me-I4AA plus
150 �M propofol (blue), and 10 �M
GABA alone (purple).
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tested the susceptibility of the 5Me-I4AA–mediated response to
TPMPA, a known GABAC antagonist. By comparison with the
response obtained in the absence of TPMPA (black trace),
those obtained with co-applied 100 and 200 �M TPMPA ex-
hibited a dose-dependent, marked reduction in peak ampli-
tude. As shown by the red trace, 100 �M TPMPA, when
co-applied with 100 �M 5Me-I4AA, decreased the peak ampli-
tude of the response by approximately 50%, and the dimin-
ished response to this co-applied mixture exhibited a pro-
nounced sag from the peak, consistent with a progressively
developing inhibition by TPMPA during the period of its appli-
cation. Figure 2B describes further properties of the 5Me-I4AA
response. In this experiment and in six others of similar design,
we analyzed the effects of TPMPA (100 �M) and bicuculline
(200 �M; a known GABAA antagonist) on the peak amplitude
of the response to 100 �M 5Me-I4AA. Here, the choice of 100
�M as the 5Me-I4AA concentration was based on the finding of
Madsen et al.28 that, in �1-GABAC–expressing HEK 293 cells,
the response to 100 �M 5Me-I4AA is below saturation of the
5Me-I4AA response function and amounts to approximately
60% of the response to 10 �M GABA. In the bipolar cell, the
peak amplitude of the response to 100 �M 5Me-I4AA repre-
sented approximately 50% of the response to 10 �M GABA
(black and purple traces, Fig. 2B). Co-application of 200 �M
bicuculline did not substantially alter the 5M-I4AA response, as
indicated by the red trace in Figure 2B. Results obtained in
Figure 2B and the companion experiments are summarized in
Table 1, which compares peak amplitudes of responses ob-
tained in the presence versus absence of a given test agent.
Together, the data in Figures 2A and 2B and Table 1 indicate
sensitivity of the 5Me-I4AA response to TPMPA and insensitiv-
ity to bicuculline, consistent with an action of 5Me-I4AA spe-
cifically at GABAC receptors.

To examine propofol’s action on the GABAC receptors of
retinal bipolar cells, we measured the effects of co-applied
propofol on 5Me-I4AA–elicited responses of these cells. As
shown by the black and blue traces in Figure 2B, the co-
application of 150 �M propofol and 100 �M 5Me-I4AA had no
substantial effect on the nominal 5Me-I4AA response, indicat-
ing that propofol has no effect on the GABAC receptors. We
also examined GABAC receptor activity using a combination of
10 �M GABA � 250 �M bicuculline. Under this condition, the
addition of 150 �M propofol had relatively little effect on the
response obtained (not illustrated).

Effects of Propofol on GABAA Receptors

To examine the action of propofol on bipolar cell GABAA

receptors, we used TPMPA and bicuculline to suppress, respec-
tively, the contribution of GABAC and GABAA receptors to the

overall response elicited by GABA (Fig. 3). Herein GABA,
TPMPA, and bicuculline are abbreviated by G, T, and B, respec-
tively, and are accompanied by numbers that refer to the
concentration (in �M) of the test agent. (A similar system of
abbreviations and concentrations for other test agents will be
introduced later in the text.) Figure 3A shows data obtained
from a single cell on treatment with these agents. This exper-
iment, and others to be described, used GABA at 10 �M, a
concentration that exceeds the EC50 for GABA typically mea-
sured for GABAC receptors but below that typically measured
for GABAA receptors.29 TPMPA (100 �M), when co-applied
with 10 �M GABA, markedly reduced the GABA-elicited re-
sponse (compare black and red traces in Fig. 3); among 10
cells, including those described in Figure 3A, the reduction
produced by 100 �M TPMPA was 83% � 2% (mean � SD).
Application of the mixture (10 �M GABA � 100 �M TPMPA),
that is, (10G � 100T), was used as the nominal condition with
which to compare the effects of propofol on bipolar cell
GABAA receptors.

When co-applied with (10G � 100T), propofol at a concen-
tration of 150 �M (i.e., 150P) markedly increased the response
(Fig. 3B, blue trace). Among data obtained in the experiment
depicted in Figure 3B and in five similar experiments, the ratio
of the peak amplitude of the response to (10G � 100T � 150P
propofol) compared with the response to (10G � 100T) was
5.8 � 2.3. Henceforth, the ratio describing the propofol-in-
duced increase in peak amplitude will be termed the “enhance-
ment” factor for the response. It should be noted that the size
of the propofol-dependent increase in the peak amplitude of
the response typically exhibited a progressive change with
repeated application of the propofol-containing test mixture.
Throughout the present study, calculation of the increase in
peak amplitude caused by propofol application was based on
use of the maximum response recorded among what typically
was a group of �3 responses obtained at a given propofol
concentration.

Figure 3B also illustrates the response to 150 �M propofol
alone (green trace) and shows that the peak amplitude of this
response is small, similar to that produced by (10G � 100T).
Accordingly, for simplicity in the following sections, we refer
to the peak amplitude enhancement factor described above as
indicating the “potentiating” effect of propofol. In other
words, we ignore the small contribution due to propofol’s
agonist activity. Figure 3C shows results obtained in another
experiment that tested the effect of bicuculline on the propo-
fol-enhanced response. Here, the response to (10G � 100T)
(red trace) was enhanced by co-application of 150 �M propo-
fol (10G � 100T � 150P) (blue trace), and supplementation of
the propofol-containing mixture with 500 �M bicuculline (10G �
100 T � 150P � 500B) led to almost complete inhibition of the
propofol-enhanced response (green trace). In other experi-
ments (not shown) conducted with 100 �M rather than 500
�M bicuculline, we found that this lower concentration of
bicuculline inhibits, by 56% � 8% (n � 4), the response
elicited by (10 �M GABA � 100 �M TPMPA � 150 �M
propofol).

The enhancement of GABAA receptor activity on retinal
bipolar cells is further indicated by the response elicited by
THIP, a GABAA-selective partial agonist. As determined in the
cell described in Figure 3D and in three others, the co-appli-
cation of 150 �M propofol and 100 �M THIP (100THIP �
150P) increased the response elicited by 100 �M THIP alone
(100THIP) by 5.8 � 1.1-fold (compare black and red traces in
Fig. 3). Further supplementation with 250 �M bicuculline
essentially fully eliminated the response to (100THIP � 150P;
blue trace).

TABLE 1. Ratio of Peak Amplitudes Obtained in Experiments Testing
5Me-I4AA and Propofol

Row Description* Value

1 A10G/A100M 2.15 � 0.36
2 A100M�100T/A100M 0.50 � 0.09
3 A100M�200B/A100M 1.04 � 0.01
4 A100M�150P/A100M 1.01 � 0.04
5 A10G�100T�150P/A10G�100T 4.57 � 1.10

Values represent mean � SD of determinations from a total of
seven cells, including the cell described in Figure 2B.

* Peak amplitudes of response obtained with 10 �M GABA (A10G),
100 �M 5Me-I4AA (A100M), the mixture (100 �M 5Me-I4AA � 100 �M
TPMPA) (A100M � 100T), the mixture (100 �M 5Me-I4AA � 200 �M
bicuculline) (A100M � 200B), the mixture (100 �M 5Me-I4AA � 150
�M propofol) (A100M � 150P), and the mixture (10 �M GABA � 100 �M
TPMPA � 150 �M propofol) (A10G � 100T � 150P).
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Effect of Repeated Propofol Applications

The effects of propofol typically were not fully expressed on an
initial brief exposure to propofol. Rather, repeated exposure of
the cell to propofol led to progressive changes in the shape of
the elicited current response. Figure 4 describes these progres-
sive changes in relation to the concentration of applied propo-
fol. Shown are results obtained in a single representative ex-
periment when a mixture consisting of 10G, 100T, and a
varying concentration of propofol was repeatedly applied at
intervals of �15–25 seconds (Figs. 4A–E). At low concentra-
tions of propofol (15 and 50 �M; Figs. 4A, 4B), initial applica-
tion of the propofol-supplemented mixture (red trace) pro-
duced relatively little change from the nominal response to
(10G � 100T) (black trace), but a large increase in peak
amplitude (i.e., a response enhancement) developed with re-
peated presentation of the mixture (blue and purple traces,
sequentially). Accompanying this change was an acceleration
of the response’s rising phase. By contrast, at the higher propo-
fol concentrations (500 and 1500 �M; Figs. 4D, 4E), propofol’s
potentiating effect was essentially fully exhibited on the first
presentation of the mixture (red trace). Here, repeated presen-
tations led to a progressive decrease in peak amplitude from
that expressed with the first propofol application, and to an
increasingly pronounced sag from peak as well as a substantial
rebound on termination of the applied mixture (blue and
purple traces). Responses obtained with an intermediate
propofol concentration (150 �M; Fig. 4C) showed a pattern
intermediate between those exhibited at the lower and higher
propofol concentrations. In the experiment of Figure 4, the
data shown in Figures 4A–E were collected consecutively; that

is, the groups of repeated exposures to single concentrations
of propofol were conducted in sequential (A-to-E) order. The
(10G � 100T) response was collected as a nominal response
immediately before each group of test applications involving
propofol. The observed similarity of these (10G � 100T) re-
sponses indicated that there was little, if any, post-potentiating
effect of propofol under the investigated conditions (i.e., with
�15–25 seconds of continuous Ringer perfusion between
tests).

Figure 5 illustrates combined results obtained from four
cells in experiments of the type described in Figure 4. Figure
5A shows that at lower concentrations of propofol (15–50
�M), the enhancement factor produced by the third applica-
tion significantly exceeded that produced by the first applica-
tion (P � 0.04 for 15 �M; P � 0.02 for 50 �M). By contrast, at
higher propofol concentrations (150–1500 �M), the enhance-
ment factor produced by the successive applications of the
mixture did not significantly differ from that produced by the
first application (P � 0.10 for 150 and 1500 �M; P � 0.06 for
500 �M). Figure 5B shows results obtained for the amplitude of
the response at conclusion of the application (Ioff), compared
with the response’s peak amplitude (Ipeak). At low concentra-
tions of propofol (15–50 �M), the peak of the response oc-
curred at or shortly before termination of the application, and
the ratio Ioff/Ipeak was near unity for all three applications. At
150 and 500 �M propofol, there was little sag in the initially
recorded response (Ioff/Ipeak near unity), but a progressively
developing sag was evident in the second and third responses.
At 1500 �M propofol, considerable sag was present even in the
first response. The relatively large SD evident under several

FIGURE 3. Potentiating effect of propofol on the GABA-elicited response. (A–D) Results obtained from
four different cells. The key in each panel describes the temporal order (top to bottom) of the test
applications. (A) 10 �M GABA (10G; black); 10 �M GABA plus 100 �M TPMPA (10G � 100T; red); 10 �M
GABA plus 100 �M TPMPA plus 200 �M bicuculline (10G � 100T � 200B; blue). (B) 10 �M GABA (10G;
black); 10 �M GABA plus 100 �M TPMPA (10G � 100T; red); 10 �M GABA plus 100 �M TPMPA plus
150 �M propofol (10G � 100T � 150P; blue); and 150 �M propofol (150P; green). (C) 10 �M GABA plus
100 �M TPMPA (10G � 100T; red); 10 �M GABA plus 100 �M TPMPA plus 150 �M propofol (10G �
100T � 150P, blue); and 10 �M GABA plus 100 �M TPMPA plus 150 �M propofol plus 500 �M
bicuculline (10G � 100T � 150P � 500B; green). (D) 100 �M THIP (100THIP; black); 100 �M THIP
plus 150 �M propofol (100THIP � 150P; red); and 100 �M THIP plus 150 �M propofol plus 250 �M
bicuculline (100THIP � 150P � 250B; blue).
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conditions at intermediate and high propofol concentrations
indicates variation among cells in the relative extent of the sag.
Figure 5C further describes the rebound component of the
response seen at the intermediate and high propofol concen-
trations (see Fig. 4). To quantify the size of this rebound
component, both the absolute peak amplitude of the response
(Ipeak) and the peak of the rebound component (Irebound) were
referenced to Ioff, and the value of the ratio (Irebound � Ioff)/
(Ipeak � Ioff) was determined. At each of the three propofol
concentrations for which a substantial rebound was observed,
the average value of (Irebound � Ioff)/(Ipeak � Ioff) produced by
the second application exceeded that produced by the first
application, and at 1500 �M propofol this difference was
significant (P � 0.02). At all concentrations except 1500 �M
propofol, the response to the first application lacked a rebound
component. In addition, the large standard deviations observed
with 150 �M and 500 �M propofol indicated variation in the
concentration threshold for appearance of the rebound com-
ponent. This rebound component was evident in all cells
tested at 1500 �M propofol; thus, the SD at this highest con-
centration was relatively small.

Figure 5D shows determinations of the deactivation time
constant of the response to the test applications described
in the preceding paragraphs. Responses to the first, second,
and third applications obtained under a given experimental
condition were analyzed by fitting a simple exponential decay
function to the recovery phase of the response (i.e., the wave-
form exhibited during wash-out of the applied GABA, TPMPA,
and propofol). The deactivation time constants determined
with 15 to 50 �M propofol did not exhibit a significant change
with repeated propofol applications (P � 0.60 for 15 �M; P �
0.15 for 50 �M). Aggregate average values of these time con-
stants (i.e., average combined results for the first, second, and
third applications) obtained with 15 and 50 �M propofol ap-
plications were 184 � 39 ms and 205 � 51 ms, respectively.
These values did not differ significantly from one another (P �
0.32; n � 12), nor did they differ significantly from the time
constant determined in the absence of propofol (181 � 31 ms;
P � 0.44 for 15 �M; P � 0.10 for 50 �M; Figure 5E). At higher

propofol concentrations, there was a progressive increase in
the average time constant associated with the first application,
and, at a given propofol concentration, repeated application of
the propofol-containing mixture produced a further increase in
the average time constant. Aggregate values of the time con-
stants determined at 500 and 1500 �M propofol differed sig-
nificantly from those determined in the absence of propofol
(P � 10�5); there was no significant difference between the
aggregate value obtained at 150 �M and that obtained at 0 �M
propofol (P � 0.07).

The experiments described above used 10 �M GABA (in
combination with 100 �M TPMPA), the response to which was
much smaller than the saturating GABA response. We used a
protocol similar to that depicted in Figure 4 to determine
whether propofol potentiation is exhibited at 30 �M GABA and
whether the effects of propofol on the shape and deactivation
time constant of the response at 30 �M GABA resemble those
observed at the lower GABA concentration. Here the concen-
tration of 30 �M was chosen based on the approximate corre-
spondence of this concentration with the EC50 for GABA at
�1�2�2 GABAA receptors. Under this condition, the potentiat-
ing effect of 150 �M propofol on the response to (30G �
200T) was smaller than that exhibited at 10 �M GABA, and the
first of three serial responses exhibited the greatest amplitude
(average enhancement factor, 1.3 � 0.1; n � 3). The responses
to later applications showed, on average, a progressively more
extensive sag and a relatively more pronounced rebound cur-
rent. Specifically, the average Ioff/Ipeak obtained for the first,
second, and third applications, respectively, was 0.72, 0.60,
and 0.56, and the average (Irebound � Ioff)/(Ipeak � Ioff) was
0.06, 0.19, and 0.20, respectively. As in the case of 10 �M
GABA (Fig. 5D), treatment with propofol increased the deac-
tivation time constant from 122 � 27 ms to 335 � 120 ms (P �
0.0005).

To elucidate the nature of the progressive changes in the
(10G � 100T � propofol) response described by Figures 4 and
5, we conducted experiments in which applications of GABA
and TPMPA were superimposed on a continuous background
of perfusion with propofol-containing medium. We also con-

FIGURE 4. Effect of repeated appli-
cations (2 seconds in duration) of
propofol-containing test mixtures.
Responses obtained with the use of
15, 50, 150, 500, and 1500 �M
propofol (A–E, respectively). Wave-
forms within each panel show the
nominal response to (10 �M GABA �
100 �M TPMPA) (black) and re-
sponses to a subsequent series of test
applications in which a fixed concen-
tration of propofol supplemented
the (10 �M GABA � 100 �M TPMPA)
solution (red, blue, purple). All data
were obtained from the same cell
(temporal order A–E), and wave-
forms within each panel were ob-
tained in the top-to-bottom temporal
order shown in the key. The re-
sponse of the cell to 10 �M GABA
alone is shown in (A) (green). Inter-
vals between successive test applica-
tions (periods of perfusion with un-
supplemented Ringer) were �15–25
seconds long.
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ducted a complementary type of experiment in which medium
containing (10G � 100T) was substituted for Ringer perfusion.
Figure 6 shows results obtained in these experiments with
altered perfusing medium. Figures 6A and 6B show results of
two representative experiments, each of which involved de-
terminations of the response to (10G � 100T � 150P) without
versus with the inclusion of 150 �M propofol in the perfusion
medium. In each experiment, the response obtained with
Ringer perfusion shown by the black trace was the “stabilized”
response of the cell to (10G � 100T � 150P); this response
was exhibited in the fourth or fifth experimental run among a
series of (G � T � P) applications and showed no substantial
difference from the preceding run (i.e., �10% change in peak
amplitude between consecutive runs). In the experiments de-
picted in Figures 6A and 6B, the enhancement exhibited by the
stabilized (10G � 100T � 150P) response, relative to that of
the (10G � 100T) response, did not differ substantially (data
not shown). However, the nominal (10G � 100T � 150P)
responses obtained in the two experiments exhibited differ-
ences in both the rate of response onset and the relative
extents of sag and rebound current. These differences are
consistent with the finding, in the experiments depicted in
Figures 5B and 5C, of substantial variation (i.e., relatively large
SD) in the extents of response sag and rebound component
[Ioff/Ipeak and (Irebound � Ioff)/(Ipeak � Ioff), respectively]
among later responses in series of experimental runs with
�150 �M propofol. Thus, for example, the stabilized nominal
response (black trace) of Figure 6A exhibits a relatively fast
onset and the presence of a small rebound, whereas that of
Figure 6B has a relatively slow onset and no rebound current.
Red traces in Figures 6A and 6B show the response to (100G �

100T � 150P) obtained with propofol perfusion. In both ex-
periments, the perfusion with propofol-containing medium
was initiated shortly after recording of the nominal response
(black trace), and the initiation of propofol perfusion corre-
sponded with the start of recording of the red trace. In the
Figure 6A experiment, the red trace closely resembled the
nominal response during the period of (10G � 100T � 150P)
application but, unlike the nominal response, lacked a rebound
component and exhibited a prolonged deactivation phase at
the conclusion of the test mixture application. In the Figure 6B
experiment, the (10G � 100T � 150P) response obtained with
propofol perfusion exhibited a rapid rise to peak and a pro-
nounced subsequent sag as well as a prolonged deactivation
phase.

Figure 6C compares the stabilized response to (10G � 100T �
150P) (black trace) with the response obtained when the
perfusing medium was supplemented with (10G � 100T) (blue
trace). Here, the response to the (10G � 100T � 150P) in the
(10G � 100T)–containing medium departed from a level that
itself reflected activation by the perfusing (10G � 100T) (com-
pare baselines of the two illustrated traces). Furthermore, by
comparison with the nominal stabilized response, that ob-
tained with (10G � 100T) perfusion showed a similar onset
rate and peak amplitude (including the baseline difference)
and a somewhat enhanced rebound current.

Figure 6D describes the effect of perfusion with propofol-
containing medium and with (10G � 100T)–containing me-
dium on the deactivation time constant of the response to
applied test mixture containing (10G � 100T � 150P). As in
the experiments depicted in Figure 5D, exponential time con-
stants were determined for the recovery phase of the (10G �

FIGURE 5. Analysis of responses to three successive applications of test mixtures that contained 10 �M GABA, 100 �M TPMPA, and a defined
concentration of propofol ranging from 15 to 1500 �M. Aggregate data obtained from a group of cells including that described in Figure 4. Each
group of three histograms in (A–D) indicate the mean � SD of a given response property determined, respectively, for the first (filled bar), second
(open bar), and third (striped bar) application. Horizontal bar above each group of histograms: propofol concentration in �M. Data obtained from
four to five cells at a given propofol concentration. (A) Propofol-induced enhancement factor (ratio of peak amplitudes). (B) Ioff/Ipeak, a measure
of response sag. (C) (Irebound � Ioff)/(Ipeak � Ioff), a measure of response rebound. Ipeak, Ioff, and Irebound for a representative single waveform
[response to (10G � 100T � 150P)] are illustrated at the right in (B). (D) Deactivation time constant after test mixture application. (E) Combined
results for deactivation time constant obtained from the first, second, and third applications at a given propofol concentration. Histogram 0P: data
obtained with omission of propofol [i.e., responses to (10G � 100T)].
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100T � 150P) response. Relative to the time constant deter-
mined with Ringer perfusion, perfusion with 150 �M propofol
or with (10 �M GABA � 100 �M TPMPA) significantly in-
creased the time constant [P � 0.00004 for 150P perfusion;
P � 0.001 for (10G � 100T) perfusion].

In the experiments depicted in Figures 7A–C, we examined
the effect of propofol perfusion on the rising-phase kinetics of
responses to serial applications of (10G � 100T � 150P) by
determining the amplitude of the response at the conclusion of
each of a series of brief (500-ms) applications. The period of
500 ms is comparable to or shorter than the time-to-peak of the
(10G � 100T � 150P) response (Fig. 4). Thus, an effect of
propofol perfusion on the initial 500-ms portion of the re-
sponse’s rising phase should be evident as a change in the
response amplitude determined at the end of the application.
To consider the effect of propofol observed in this type of
experiment, it is helpful to consider first the results obtained in
a control experiment in which repeated applications of
(10G � 100T) (Fig. 7A, blue trace) and (10G � 100T � 150P)
(Fig. 7A, black trace) were presented during perfusion with
Ringer. (Here and in Figs. 7B–D, the composition of the test
mixture is shown in brackets.) For both test mixtures, re-
sponses were obtained to a series of five applications pre-
sented at fixed intervals (2 seconds). As in the experiments
depicted in Figure 4, inclusion of 150 �M propofol in the
applied test mixture (black trace) markedly enhanced the peak
amplitude of the response, and the first response to G � T �
P exhibited only partial development of the propofol-induced
enhancement of the peak amplitude. Figure 7B shows results
of a second experiment that examined responses to (10G �
100T � 150P) obtained with Ringer perfusion (black trace)
and, subsequently, with perfusion medium that contained 150
�M propofol (red trace). This change in perfusion medium
altered the response to (10G � 100T � 150P). Specifically, the
exposure to perfusing propofol substantially increased the
peak amplitude of the first response to (10G � 100T � 150P),
and responses to late applications in the series exhibited re-

duced peak amplitude. Figure 7C shows data from an experi-
ment similar to that of Figure 7B, but in which, for both Ringer
perfusion (black trace) and propofol perfusion (red trace), the
test mixture of (10G � 100T � 150P) was delivered at increas-
ing inter-application time intervals ranging from 2 to 5 seconds.
This lengthening of interval between successive applications
preserved a substantial initial increase in peak amplitude pro-
duced by propofol perfusion but diminished the subsequent
decline in peak amplitude. The interplay of the effects of
propofol perfusion and of the timing of (G � T � P)
applications is further described by the results shown in
Figure 7D. The design of the Figure 7D experiment was gen-
erally similar to that shown in Figures 7B and 7C; here, how-
ever, the (G � T � P) test mixture contained 30 �M GABA and
200 �M TPMPA in addition to 150 �M propofol. The 30-�M
concentration of GABA was used to achieve a nominal condi-
tion of relatively fast onset of the propofol-potentiated re-
sponse and a reduced nominal extent of potentiation. The
initial phase (initial black trace) of the experiment of Figure 7D
involved Ringer perfusion and increasing inter-application in-
tervals (2–5 seconds) between (G � T � P) applications. This
initial phase was followed, sequentially, by phases (red traces)
that involved propofol perfusion with 2- to 5-second inter-
application intervals, propofol perfusion with fixed (2-sec-
ond) inter-application interval, and Ringer perfusion with
2-second inter-application interval. As in Figures 7B and 7C,
the fixed, relatively short interval between (G � T � P)
applications in propofol perfusion produced a relatively
more extensive progressive decline in peak amplitude of the (G �
T � P) response. Thus, with propofol perfusion, the frequency of
test mixture application, and not merely the duration of exposure to
propofol, affects the extent of decline in peak amplitude of the (G �
T � P) response. The pattern of data obtained in these experiments
with propofol perfusion is further described by Figure 7E and 7F,
which show aggregate results obtained in experiments of the types
described in Figures 7B and 7C (n � 7) and Figure 7D (n � 7),
respectively.

FIGURE 6. Dependence of the re-
sponse to (GABA � TPMPA � propo-
fol) (G � T � P) on perfusion with
propofol-containing medium or (G � T)-
containing medium. (A) Responses ob-
tained in a single representative ex-
periment before (black) and during
(red) perfusion with medium that
contained 150 �M propofol. (B) Re-
sponses obtained from another cell
before (black) and during (red)
propofol perfusion. In the experi-
ments of (A) and (B), the switch to
propofol-containing medium oc-
curred at the beginning of the re-
cording of the red trace. (C) Re-
sponses obtained from a cell before
(black) and during (blue) perfusion
with 10 �M GABA plus 100 �M
TPMPA (10G � 100T). The switch to
(10G � 100T)-containing medium
occurred at the beginning of the re-
cording of the blue trace. (D) Deac-
tivation time constants determined
for perfusion with Ringer, propofol,
and (G � T). Histograms show the
mean � SD for data obtained from
five cells.
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We considered the possibility that the effect of propofol
depends on an action of the compound at or near the intracel-
lular side of the cell membrane. For example, the gradual
development of the changes seen with repeated applications
of propofol might reflect the time required for diffusion of the
lipophilic, externally applied propofol across the membrane.
To test this possibility, we asked whether the inclusion of
propofol in the solution contained within the patch pipette, a
condition expected to facilitate the passage of propofol to the
interior of the cell, alters the response to either the nominal
(10G � 100T) test solution or to a propofol-supplemented test
solution (10G � 100T � 150 P). Figure 8 shows results ob-
tained in a single representative experiment that used supple-
mentation of the standard pipette solution (see Methods) with
200 �M propofol. As illustrated by the black trace recorded
immediately after breakage of the patch membrane and by the
purple trace recorded at �1.5 minutes after membrane break-
age, there was no substantial change of either the peak ampli-
tude or the waveform of the (10G � 100T) response. (These
traces are comparable to those recorded without propofol
in the pipette, for example, with the black traces in Fig. 4
obtained under otherwise identical conditions.) Furthermore,
successive applications of (10G � 100T � 150 P) produced
changes in response size and kinetics similar to those observed
in the Figure 4 experiment (compare the red, blue, and green
traces in Fig. 8 with, respectively, the red, blue, and purple
traces in Fig. 4C). In addition, as determined in the Figure 8

experiment and in four others of identical design, the enhance-
ment factor resulting from application of the (10G � 100T �
150P) test solution was 5.6 � 2.9, which did not differ signif-
icantly from the factor determined with use of the standard
pipette solution (P � 0.92).

FIGURE 7. Response series obtained
with Ringer versus propofol perfu-
sion. (A) Responses to 500-ms appli-
cations of (10G � 100T) (blue) and
of (10G � 100T � 150P) (black)
obtained in a single experiment. (B)
Responses to 500-ms applications of
(10G � 100T � 150P) (interval be-
tween applications: 2 seconds) ob-
tained with Ringer perfusion (black)
and propofol perfusion (red); initia-
tion of propofol perfusion coincided
with initiation of recording of the red
trace. Data obtained from a single
cell. (C) Conditions as in (B) except
with increasing interval between appli-
cations of (10G � 100T � 150P). Data
obtained from a single cell. (D) Condi-
tions as in (B) and (C) except with in-
creased concentration of GABA (30 �M)
and TPMPA (200 �M). Data obtained
from a single cell. (E, F) Aggregate data
(mean � SD) obtained in experiments of
the types described in (B) and (C), and
in (D), respectively. Each family of data
represents results obtained from five to
seven cells. For each experimental pro-
tocol described in the key, maximal am-
plitudes of the five successive responses
are normalized to the greatest maximal
amplitude within the series.

FIGURE 8. Responses obtained with the inclusion of propofol in the
solution filling the patch pipette. Data obtained from a single cell. Test
applications consisted of (10G � 100T) (black, purple) and (10G �
100T � 150P) (red, blue, green).
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Noise Analysis

The increase in response size induced by propofol (Figs. 3 and
4) could reflect an increase in single-channel conductance, an
increased probability of channel opening by GABA, or some
combination of these two effects. To investigate this issue, we
analyzed responses from a group of cells to determine the
single-channel conductance in the absence versus the pres-
ence of propofol. As in the experiments depicted in Figures
3 and 4, we used treatment with 10 �M GABA plus 100 �M
TPMPA as the nominal conditions for investigating the effect of
propofol. Figure 9 shows the results of analysis of waveforms
recorded from a single cell on the application of (10G � 100T)
(open circles) and of (10G � 100T � 150P) (filled circles).
Determinations of the mean and variance of the analyzed re-
sponses over 200-ms intervals (see Methods) yielded slope
values of 0.61 pA and 0.56 pA for the data obtained with (10G �
100T) and (10G � 100T � 150P), respectively. The resultant
respective values for single-channel conductance were 10.2
and 9.4 pS. Among a group of nine cells, including that de-
scribed in Figure 9, mean values of single-channel conductance
determined with (10G � 100T) were 11.8 � 3.95 pS, and those
determined with (10G � 100T � 150P) were 12.8 � 4.49 pS.
The ratio of single-channel conductances obtained in the pres-
ence versus the absence of propofol—i.e., the conductance
determined with (10G � 100T � 150P) divided by that deter-
mined with (10G � 100T)—yielded 1.1 � 0.18. Thus, 150 �M
propofol had no significant effect on the single-channel con-
ductance (P � 0.19).

Deactivation Kinetics of the GABA-Elicited
Response

Previous studies have described distinct differences in the
kinetics of recovery of the GABA-elicited responses of GABAA

and GABAC receptors. Specifically, after the cessation of GABA
application, the rate of recovery to baseline exhibited by
GABAA receptors typically exceeds the recovery rate exhibited
by GABAC receptors.27,30 To examine the recovery kinetics of
the response component that is potentiated by propofol, we
analyzed the responses shown in Figure 1 to obtain a differ-
ence waveform that represented the propofol-enhanced com-
ponent. The inset in Figure 1A illustrates the computational
operation that was performed. Specifically, in the experiment

depicted in Figure 1A, we determined the difference between
the black waveform (GABA-alone response) and the red wave-
form [(GABA � propofol) response]; the difference is shown
by the blue waveform in the Figure 1A inset. For times t � t1,
this difference waveform was analyzed through the relation
(purple curve, Fig. 1A inset)

Idiff(t) � B exp[�(t�t1)/�diff]�C (1)

where time t1 represents the beginning of the analyzed recov-
ery interval, Idiff(t) is the measured amplitude of the difference
waveform at time (t), B and C are constants, and �diff is a decay
time constant. An analysis of this type was carried out on data
obtained from five cells including that described in Figure 1A.
In all cases, the time chosen as the beginning of the analyzed
interval (t1) was within 300 ms of conclusion of the test
mixture application, and the length of the investigated interval
was �4 seconds. Data obtained from these five cells yielded
�diff � 219 � 70 ms. This time scale is short by comparison
with the overall recovery period of both the GABA-alone and
(GABA � propofol) responses and is consistent with the time
scale of GABAA deactivation under conditions of treatment
with 150 �M propofol (219 � 69 ms; Fig. 5E).

Test of Independence of GABAA- and GABAC-
Mediated Responses

As a quantitative test of whether coactivation of the bipolar
cell’s GABAA and GABAC receptors affects the potentiation by
propofol, we examined the relationship of responses obtained
with and without selective, TPMPA-induced suppression of the
GABAC-mediated component. We reasoned that if propofol
affects only the GABAA-mediated component of the overall
response to (GABA � propofol) and if this overall (GABA �
propofol)-elicited response represents the independent sum-
mation of GABAA- and GABAC-mediated components, the sum
of the putative GABAC-isolated response plus the propofol-
enhanced response obtained under conditions of GABAC sup-
pression should approximate the overall response to (GABA �
propofol). To test this hypothesis, we analyzed responses
obtained under four experimental conditions: (1) 10 �M
GABA alone (10G), (2) 10 �M GABA plus 100 �M TPMPA
(10G � 100T), (3) 10 �M GABA � 100 �M TPMPA � 150
�M propofol (10G � 100T � 150P), and (4) 10 �M GABA �
150 �M propofol (10G � 150P). The left side of Figure 10A
shows responses obtained in a single experiment of this
type. Here the black, red, and blue traces were obtained
under conditions 1, 2, and 3, respectively. With the use of
these responses, we computationally determined response
rtest(t), where

rtest(t) � r10G(t)�r10G�100T(t) � r10G�100T�150P(t) (2a)

and where [r10G(t) � r10G�100T(t)], representing the differ-
ence between the response to GABA alone and the GABAC-
suppressed and thus solely GABAA-mediated response to GABA
plus TPMPA, is the putative GABAC-mediated component; and
where r10G�100T�150P(t) is the putative propofol-enhanced,
GABAA-mediated component. On the hypothesis presented,
rtest(t) should correspond with the overall response to GABA
plus propofol exhibited in the absence of GABAC suppression
by TPMPA; that is,

rtest(t) � r10G�150P(t) (2b)

where r10G�150P(t) is the overall response to GABA plus propo-
fol obtained under condition 4 (green trace). As illustrated by

FIGURE 9. Comparative noise analysis of responses to (10G � 100T)
(open circles) versus (10G � 100T � 150P) (filled circles). Represen-
tative data obtained from a single cell; data shown by a given symbol
type represent results obtained from analysis of a single waveform.
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the purple and green traces in Figure 10A, the computationally
determined waveform rtest(t) (purple) closely resembles
r10G�150P(t) (green). In similar experiments we analyzed re-
sponses obtained under conditions 1–4, but with a propofol
concentration of 500 �M rather than 150 �M (Fig. 10B). As
shown in the left side of Figure 10B, again the computationally
determined response rtest(t) approximated response r10G�150P(t).
Histograms at the right in Figures 10A and 10B describe aggregate
results obtained in a group of experiments of the types described
by the waveforms in the respective panels. Here, responses ob-
tained under the experimental conditions 1–4 were analyzed to
determine the respective peak amplitudes A10G, A10G�100T,
A10G�100T�150P, and A10G�150P, and the test peak amplitude Atest,
where (equation 2)

Atest � A10G � A10G�100T � A10G�100T�150P. (3a)

With these peak amplitudes, and with the use of A10G as a
normalizing factor, we tested for an equality of the dimension-
less expression

A10G
�1Atest � A10G

�1A10G�150P. (3b)

The histograms in Figures 10A and 10B compare determina-
tions of the left-hand and right-hand expressions of equation 3b
under conditions involving treatment with 150 �M and 500
�M propofol, respectively. For 150 �M propofol, values ob-
tained for the left-hand expression (1.88 � 0.39; data obtained
from six cells) did not differ significantly from those for the
right-hand expression (1.77 � 0.25) (P � 0.57), and the dif-
ference on average was only 6%. Similarly, for 500 �M propo-
fol, determinations for the equation 3b left-hand expression
(1.38 � 0.09; data obtained from five cells) did not differ
substantially from those for the right-hand expression (1.55 �
0.06) (P � 0.05), and the difference was on average 11%.
Together, the Figure 10 data are consistent with an approxi-

mate equality of the left- and right-hand expressions of equa-
tion 3b and, thus, with an independence of GABAC- and en-
hanced GABAA-mediated contributions to the overall response
to GABA.

DISCUSSION

Evidence for GABAA Potentiation

The results provide direct evidence for a potentiating effect of
propofol on the GABA-elicited response of retinal bipolar cells.
Six types of evidence lead us to conclude that this action of
propofol is mediated largely or entirely by the GABAA recep-
tors of the bipolar cell. First, propofol potentiates the GABA
response obtained in the presence of the GABAC antagonist
TPMPA (Figs. 3, 4). Second, this response is virtually entirely
eliminated by the GABAA antagonist bicuculline (Fig. 3C).
Third, propofol also potentiates the response to THIP, a com-
pound that on retinal bipolar cells activates only GABAA recep-
tors (Fig. 3D). Fourth, propofol does not enhance the response
to 5Me-I4AA, a GABAC-selective agonist (Fig. 2). The fifth type
of evidence concerns the deactivation kinetics of the response
to co-applied 10 �M GABA and 150/500 �M propofol (Fig. 1).
By contrast with the response to 10 �M GABA alone, which is
dominated by a slow deactivation phase (thus largely reflecting
GABAC activity), the response to (10G � 150/500P) exhibits,
in addition, a pronounced fast phase consistent with the rela-
tively fast deactivation kinetics of GABAA receptors. Sixth, with
respect to both waveshape and peak amplitude, the computa-
tionally determined, propofol-potentiated test response [rtest(t)
and Atest, respectively] approximates the propofol-potentiated
response obtained in the absence of TPMPA (Fig. 10).

The results presented in Figures 3 and 4 indicate that, under
the present experimental conditions using 10 �M GABA as a
nominal agonist concentration, 100 �M TPMPA suppresses, on
average, 83% of the GABA response. Thus, the bipolar cell

FIGURE 10. Test of the hypothesis
of independent GABAC-mediated and
propofol-enhanced GABAA-mediated
contributions to the overall GABA-
elicited response. (A, B) Comparison
of the response to (10 �M GABA �
propofol) (green) with rtest, a com-
putationally derived response that
represents the summed, hypotheti-
cally independent contributions of
GABAA- and GABAC-mediated responses
(purple). Results obtained with propofol
concentrations of 150 �M (A) and
500 �M (B). (A, B) Keys identify the
responses leading to the determina-
tion of rtest (equations 2a, 2b). Histo-
grams at the right in each panel: ra-
tios of peak amplitudes (equations
3a, 3b) that represent the test of in-
dependence at 150 and 500 �M
propofol, respectively.
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GABAA receptors contribute only a minor fraction (�17%) of
the overall GABA-elicited response. This observation is consis-
tent with results obtained by Euler and Wässle,6 who isolated
GABAA–mediated responses with 3-aminopropyl-(methyl)phos-
phinic acid (3-APMPA), a GABAC antagonist, and examined GABA-
elicited compared with (GABA � 3-APMPA)-elicited responses
of rod bipolar cells in the rat retinal slice preparation. Euler and
Wässle6 furthermore tested the GABAC contribution to the
total GABA response at different GABA concentrations and
found that, at 5 �M GABA, 100% of the response is GABAC-
mediated; the GABAC contribution decreased to 60% at 25 �M
GABA and to 50% at 125 �M GABA. Euler and Wässle6 noted
that the relatively high EC50 value of the GABAA receptor and
the low EC50 value of the GABAC receptor are the likely basis
of the increased GABAA contribution and the decreased GABAC

contribution observed with increasing GABA concentration.

Preservation of Nominal Single-Channel
Conductance

In previously studied systems, the effect of propofol on the
GABA response function has been observed to reflect an in-
creased sensitivity of the receptor to agonist rather than to an
increase in the maximal, saturating membrane current.16 On
this basis, the potentiating effect of propofol has been attrib-
uted primarily to an action of the compound in increasing the
probability of channel opening as opposed to an increase in
the conductance of individual channels. Consistent with this
finding and interpretation, our results obtained with 10 �M
GABA and 30 �M GABA show a decreased potentiation factor
associated with an increased GABA concentration. In principle,
determining whether propofol increases GABAA single-channel
conductance in the bipolar cell could come from single-chan-
nel recording of propofol’s effect when co-applied with GABA.
However, we found such a measurement to be difficult in the
present system. In the present Figure 9 experiments, we ana-
lyzed response noise to derive values for single-channel con-
ductance in a response regime well below saturation. Under
these conditions, propofol at 150 �M, a concentration with
substantial potentiating activity, produced little, if any, change
in the single-channel conductance of the (presumably GABAA)
receptors that mediate the propofol-dependent increase. We
thus conclude that, as in other cell types,16 the mechanism of
propofol potentiation of bipolar cell GABAA receptors is un-
likely to involve an increase in single-channel conductance.

Progressive Development of the Effects of
Propofol

The experiments depicted in Figures 4 and 5, which involved
repeated brief applications of propofol with approximately 15-
to 25-second intervals between applications, reveal two prom-
inent features of propofol’s action at bipolar cells. First, at
midrange or high concentrations, the action of propofol ex-
tended beyond merely the enhancement effect discussed
above (i.e., beyond merely an increase in the peak amplitude of
the response). That is, the fully developed waveshape also
includes a relatively rapid onset rate, a prominent sag after the
peak, and a rebound current on the cessation of (G � T � P)
application. Second, the potentiating and other effects of
propofol typically were not fully developed in response to an
initial brief application of the compound but instead developed
progressively with repeated exposure to the propofol-contain-
ing test mixture. As shown by the Figure 8 data, supplementing
the pipette solution with propofol (and, thus, presumably
facilitating the access of propofol to the inner side of the
plasma membrane) did not alter the potentiating effect of
externally presented propofol. It is thus unlikely that the de-
pendence of propofol’s full action on repeated applications

reflected a requirement for gradual passage of the compound
across the cell membrane. Rather, the progressive nature of the
effects of propofol appeared to reflect a cumulative action that
built with repeated or prolonged exposure to the compound.

Among the effects of propofol exhibiting a dependence on
repeated applications is an increase in the time constant of
response deactivation after presentation of (G � T � P).
Previous studies23,31,32 of hippocampal neurons have pre-
sented evidence for a lock-in of GABAA receptor-bound GABA
by propofol (i.e., a propofol-dependent stabilization of the
GABA-bound state). The present results (Fig. 5D) show that at
high concentrations of propofol, the deactivation time con-
stant of responses to serial (G � T � P) applications increases
to values significantly exceeding those observed in the absence
of propofol, consistent with the operation of a similar lock-in
effect at bipolar cell GABAA receptors.

Although repeated brief applications of (G � T � P) at the
mid-range propofol concentration of 150 �M led typically to a
progressive increase in response potentiation (Figs. 4, 5), vari-
ations were observed in the waveform of the “stabilized” (G �
T � P) response at a given propofol concentration and in the
response elicited by (G � T � P) during propofol perfusion
(Figs. 6A, 6B). That is, the stabilized (G � T � P) responses of
some cells (e.g., Fig. 6A) at 150 �M propofol exhibited a
waveshape representing propofol’s more extensively devel-
oped action—a relatively rapid onset and a rebound exhibited
on repeated treatment with propofol (e.g., purple trace in Fig.
4C). By contrast, the stabilized (G � T � P) response of other
cells exhibited relatively slow onset and little, if any, sag or
rebound component (e.g., black trace in Fig 6B). However, at
propofol concentrations of 500–1500 �M, the investigated
cells more regularly exhibited a waveshape characteristic of
extensive propofol action (data not shown). The differential
behavior observed at 150 �M propofol (Figs. 6A, 6B) might
reflect, for example, a variability, among cells, in the concen-
tration of propofol that produces a criterion extent of change
in peak response, sag, and/or rebound in the response to a
given experimental run within a series of applications. Consis-
tent with this interpretation, there was relatively high variabil-
ity in the extent of response sag (determinations of Ioff/Ipeak)
and rebound [determinations of (Irebound � Ioff)/(Ipeak � Ioff)]
at intermediate propofol concentrations and/or in later experi-
mental runs of a series of test mixture applications (Figs. 5C, 5D).

Basis of Response Sag

Propofol at higher concentrations, in addition to causing a
potentiation of the GABA-elicited response, induced a pro-
nounced subsequent decrease from peak amplitude (i.e., de-
velopment of a sag in the response). Furthermore, repeated
applications of the propofol-containing test mixture progres-
sively increased the magnitude of this sag and a rebound of
current on the cessation of propofol application (Figs. 4, 5C).
These results are consistent with the possibility that receptor
desensitization in the presence of applied GABA contributes
substantially to the observed sag. Desensitization by GABA is a
well-established property of GABAA receptors, and, in the pres-
ent study, the decrease in peak amplitude of the response to
repeated (G � T � P) applications is more pronounced at 30
�M GABA than at 10 �M GABA (Figs. 7E, 7F). However, the
present data further suggest a contribution to the sag from a
receptor-blocking action of propofol. This possibility is raised
by properties of the rebound component observed immedi-
ately on propofol cessation. That is, a simple possible basis of
this rebound is the rapid dissociation of a blocker (propofol)
from GABA-bound receptors that are already in the active state.
Such a blocking activity of propofol is also consistent with the
results obtained with propofol or (G � T) in the perfusing
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medium (Figs. 6A, 6C, respectively). In the former case, the
evident elimination of the rebound component is consistent
with the maintained presence of propofol during response
deactivation; in the latter case, removal of the putative blocker
(propofol) with maintained presence of GABA readily explains
the observed increase in size of the rebound component.
Previous studies have reported an inhibitory effect of high
concentrations of propofol at GABAA receptors20,22 and
have shown that etomidate, a compound whose binding site
overlaps with (albeit is distinct from) the propofol binding
site,33 can at high concentration exhibit channel-blocking
activity.34 –36

Dependence of Potentiation on Repeated
Propofol Application

The above discussion of the Figures 4 and 5 data has pointed
out the progressive increase in propofol’s potentiating activity
with repeated brief (2-second) applications of (G � T � P)
despite relatively long (�15- to 25-second) periods of Ringer
perfusion between applications. The progressive nature of this
increase indicates an effective memory of the potentiation
process—that is, an effect of preceding (G � T � P) applica-
tions that lingers over the �15- to 25-second washout period.
By contrast, Figures 6C and 6D indicate a recovery of the (G �
T) response to the unpotentiated level on a subsecond time
scale after propofol cessation, evidenced by the deactivation
time constant of �400 ms. This contrast in the time scales of
potentiation memory and return to the unpotentiated state
together suggest the occurrence of a propofol-binding event
that is inert (does not in itself generate the potentiated state)
but that, on further presentation of propofol, directly or indi-
rectly leads to receptor potentiation. One possibility consistent
with this notion is that binding sites residing within the cell
membrane but independent of the GABAA receptor compete
with GABAA for applied propofol. On this possibility, the
dependence of propofol’s potentiating action on its repeated
presentation (Figs. 4, 5, 7) reflects the “diversion” of initially
added propofol by this high-affinity (but finite-capacity) inde-
pendent binding process, and the potentiation observed with
further propofol delivery corresponds to a condition of near-
saturation of this competing process. The experimental data
are also consistent with a second, quite different, possibility,
that of a site on the GABAA receptor itself that, on occupation
by propofol, produces a “primed” but unpotentiated state of
the receptor. On this latter possibility, initial brief applications
of (G � T � P) or initial exposures to propofol in the perfusing
medium generate a propofol-bound, primed receptor state that
exhibits a pronounced, rapidly developing potentiated re-
sponse on subsequent exposure to (G � T � P) (Fig. 7). For
example, if the propofol-sensitive GABAA receptors of bipolar
cells contain two propofol binding sites, the primed (but un-
potentiated) and potentiated receptor states might correspond
respectively, with propofol binding at one versus both sites.
That is, the potentiated receptor state could correspond with
propofol binding at both a high-affinity “priming” site and a
low-affinity “potentiating” site, and transition of the receptor
from the potentiated to unpotentiated (but primed) state (Fig.
6C) could reflect propofol dissociation only from the low-
affinity site.

Significance for ERG Analysis

In light of the central contribution of bipolar cell activity to the
electroretinogram37–39 (see Ref. 40 for review), it is reasonable
to hypothesize that propofol’s potentiating action on bipolar
cell GABAA receptors contributes to the observed effects of
propofol on the b-wave of the full-field ERG and the p1 com-
ponent of the multifocal ERG.24,25,41 However, propofol is

known to exert multiple effects in neural tissue in addition to
modulation of GABAA receptor activity.42–47 Among these ad-
ditional sites of action are glycine receptors and cyclic nucle-
otide–gated HCN1 channels. Inasmuch as retinal neurons have
receptors identical or similar to these additional target recep-
tors/channels,42–50 propofol’s action on the ERG may in sub-
stantial part reflect modulation of these and/or other “non-
GABAA” mechanisms. Future studies testing the effect of
propofol in combination with other agents that suppress spe-
cific ERG components51–53 may help to identify the possibly
multiple mechanisms of action of propofol in the retina. Re-
ciprocally, clarification of these mechanisms could enable the
use of propofol as a pharmacologic tool for investigating sig-
naling pathways within the retina.
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