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Inhibition of the Serotonin 5-HI Receptor by Nicotine, Cocaine, and Fluoxetine
Investigated by Rapid Chemical Kinetic Techniques
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ABSTRACT: The 5-HT; serotonin receptor plays an important role in regulating communication between
cells in the central and peripheral nervous systems. It is the target of many different therapeutic agents
and abused drugs. A rapid chemical kinetic method with a time resolution of 10 ms in combination with
the whole-cell current-recording technique was employed to study the receptor in NIE-115 mouse
neuroblastoma cells. The mechanism of the channel-opening process, receptor desensitization, and receptor
inhibition by nicotine, cocaine, and fluoxetine were investigated. Two different forms of the;Setidtonin

receptor, each with a different desensitization rate, were observed. The inhibition of the receptor by nicotine
has not previously been reported. Both nicotine and cocaine compete with serotonin for the receptor site
that controls channel opening, with observed dissociation constants of 25@&hd&spectively. Fluoxetine
(Prozac), a widely used antidepressant, occupies a different regulatory site on the receptor with an apparent

Ki value of 244uM.

Rapid chemical kinetic techniques with a time resolution

previously. Investigation of the mechanism of receptor

of 10 ms were used to investigate the mechanism of channelactivation and inhibition was the objective of this study.

opening of the serotonin type 3 (5-B)Treceptor on NIE-
115 mouse neuroblastoma cell3, the receptor desensitiza-
tion reaction, and the mechanism of receptor inhibition by

MATERIALS AND METHODS
Cell Culture and MaintenanceNIE-115 cells ) were

nicotine, cocaine, and fluoxetine. These inhibitors were 9rown in 80 cm, 260 mL Nunc culture flasks (Krackeler
chosen because the actions of both nicotine and cocaine orpcientific, Albany, NY) at a temperature of 3C in a water-

the nervous system are of major concern to society world-

wide (2). Fluoxetine (Prozac) is an important therapeutic
agent and commonly used antidepressahnt (

Like the nicotinic acetylcholine and glutamate receptors,
the 5-HT; serotonin receptor is an excitatory, cation-
conducting ligand-gated ion channel. It is the only known
ligand-gated ion channel in the serotonin receptor fardily (
5). To date only a few chemical kinetic investigations of
the receptor have been reported. Yakel and colleagies (
reported that desensitization of the 5-HEceptor in NG

108-15 cells is regulated by two or more complex processes

with varying requirements for ATP hydrolysis. A double-

exponential time course for desensitization was reported by

Yakel (7) for homomeric 5-HF receptor channels expressed

in Xenopusoocytes. It has been reported that cocaine and

fluoxetine inhibit the 5-HT receptor expressed Xenopus
laevis oocytes 8) and rat nodose gangli®)( respectively.
The mechanism of activation of the 5-glffeceptor and its
inhibition by cocaine and fluoxetine are not well understood,
nor has inhibition of the receptor by nicotine been reported
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saturated atmosphere containing 5% COQwenty-five
milliliters of culture medium per flask made up of Dulbecco’s
modified Eagle’s medium (DMEM, low glucose, GibcoBRL,
Grand Island, NY) supplemented with 8% fetal bovine serum
(FBS, GibcoBRL) were used. Antibiotics (100 IU of penicil-
lin, 200ug/L streptomycin, both from Sigma, St. Louis, MO)
were added to the medium only if contamination was
observed. Cells were transferred weekly, seeded>at1®®
cells/flask, and fed twice during that period by replacing half
of the old medium with fresh medium. On the day of transfer,
cells were plated into 35 mm Falcon dishes (2 mL of cell
suspension of Xk 10* cells/mL per dish). These cells were
then used for experiments within-% days.

Whole-Cell RecordingRecording glass electrodes were
pulled from borosilicate glass (World Precision Instruments
Inc., Sarasota, FL), using a two-stage puller (L/IM 3 P-A,
Adams & List, New York, NY) and a flame polisher
(MF-83, Narishige, Tokyo, Japan). The extracellular buffer
contained 125 mM NacCl, 5.5 mM KCl, 1.8 mM Ca£f0.8
mM MgCl,, 24.0 mM glucose, 37.0 mM sucrose, and 20
mM HEPES; the pH was adjusted to 7.2 with NaOH. The
electrode solution contained 150 mM KCI, 10 mM NacCl,
1.0 mM MgCh, and 10.0 mM HEPES; the pH was adjusted
to 7.2 with KOH (composition of both buffers according to
H. P. M. Vijverberg, private communication). An Axopatch
200A amplifier (Axon Instruments, Foster City, CA) was
used for recordings. Signals were acquired using the pClamp

nSoftware packet (Axon Instruments). Data were analyzed off-

line on a PC using Microcal Origin software (Microcal,
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Northampton, MA). All measurements were carried out at Table 1: Effect of Serotonin Concentration on the Ratio of the

pH 7.2, 21-23°C, at a transmembrane voltage-660 mV. Maximum Current Amplitudes Corrected for Receptor

Data from each cell were normalized to the response Desensitizationl./Is, Associated with the Rapid and Slow Phases of
measured with 1M serotonin. All solutions used in the  Receptor Desensitization

experiments were prepared on the day of measurements. [serotonin]

Serotonin (1 mM), nicotine (10 mM), and fluoxetine (1 mM) (uM) no. of cells o/l

stock solutions could be stored-aR0 °C for several weeks. 100 6 0.30, 0.35, 0.35, 0.39,

The cocaine stock solution (1 mM) was prepared on the day 1.28,1.31,1.47

of measurement from the hydrochloride. All other chemicals 10 1 0-ggé’-‘(‘)09'2-‘107'20-2662-205”0 3
were obtained from commercial sources; the creatinine 50 8 0.28.0.40, 0.96, 1.18, ‘

sulfate complex of serotonin was obtained from Sigma.

Rapid Application of Ligand Solutio-he flow method g g 8-% 8-?8
used for rapid ligand application has been described else- i
where (L0, 11). In brief, a cell (ca. 36-:50 um diameter) in aMeasurements were carried out at-2B °C, pH 7.2, and a
the whole-cell recording configuration?) was placed ata ~ ransmembrane voltage 6f60 mv.
distance of ca. 10@m from the porthole (diameter ca. 100
um) of a U-tube 10) which was made from stainless-steel
HPLC tubing (Hamilton, Reno, NV). The flow rate of

1.23,1.25,1.38, 2.22

decaying phase of the current, which is considered to reflect
receptor desensitization. In the experiment shown in Figure

solutions emerging from the flow device, containing neu-
rotransmitter without and with inhibitor, was typicaltyl

cm/s. With 10uM serotonin, the observed rise time of the
whole-cell current to its maximum value, characteristic of
the time for serotonin to equilibrate with the cell surface
receptors, was 80100 ms; receptor desensitization during
this time can be significant. The current is, therefore,

1A, the rate coefficients for receptor desensitizati@rand

B, had values of 7.3 and 0.3 respectively. The current
corrected for desensitization that occurs during the equilibra-
tion of the neurotransmitter with the cell surface receptors
is shown by the dashed line, which was calculated using eq
1 (Appendix) (L1, 13. In this experiment, the ratio of the
current amplitudes corrected for receptor desensitization

corrected for desensitization in our experiments as describedassociated with the rapidly and slowly decaying phases of

previously using eq 1 (AppendixL{, 13. If a fraction of

the current]/lg, is 2.3. If the falling phases of the current

current remained after the desensitization reaction had goneobserved in two time regions reflected two consecutive
to completion (usually less than 5% of the total current), it desensitization processes, or two parallel desensitization
was subtracted from the observed current before correction.reactions involving the undesensitized receptor, the ratio of
Cells were allowed to recover for 2 min between each ld/lz would be expected to remain constant at a constant
experiment, a time sufficient to guarantee full resensitization concentration of serotonin. In 30 experiments with 30
of the receptorsid). different cells, which exhibited 2 different desensitization
processes at serotonin concentrations ranging from 2 to 100
uM, the ratiol./lz was found to vary significantly between
different cells when measurements at the same serotonin
A minimum reaction scheme (Appendix), which requires concentration were compared (Table 1). The results in Table
the binding of two neurotransmitter molecules to the receptor 1 indicate that the NIE-115 cells contain two different
before the channel opens followed by a slow (seconds time receptor forms that do not interconvert on the time scale of
region) receptor desensitization, was first suggested by Katzthe experiments. Similar results indicating the presence of
and Thesleff for the acetylcholine receptot5.. The  two receptor forms have been obtained with heminobu-
minimum reaction Scheme 1 (Appendix) shows only the fast tyric acid (GABAW) receptor in rat brain membrane vesicles
desensitization process (millisecond time region) first dis- (23) and mouse cortical cellsl®) and with the glycine
covered in chemical kinetic investigations of the acetyIChO- receptor in mouse Spina] cord Ce|ml_ We were also able
line receptor 16, 17). This precedes a slow process first g jdentify NIE-115 cells that exhibited only the slower of
reported in inVeStigationS of the acetylcholine receptor by the two desensitization processes (See be'ow)_
Katz and Thesleff, using classical electrophysiological  Figure 1B shows the dependence of the concentration of
techniques 15). Reaction Scheme 1 has been shown to gpen receptor-channels on serotonin concentration. The
account for acetylcholine receptor-mediated reactions in thesquares represent data that were obtained with cells where
Electrophorus electricuglectric organ 16, 17, and BG- the observed desensitization of the whole-cell current could
H1 muscle cellsX1, 18, as well as for the action of GABA  satisfactorily be described as a single-exponential process.
(19) and glycine R0) receptors in central nervous system The desensitization rate coefficient (6.1 s°%) in the range
neurons. It also underlies the inhibition of the acetyIChOHne of serotonin concentration used indicates that we were
receptor in BGH1 cells by procaine2l) and cocaineZ2). observing the slowly desensitizing receptor form. The open
Here we show that this reaction scheme also satisfactorilysymbo|5 represent data obtained from cells that showed a
describes the concentration dependence of serotonin-evoke@,vo_exponentim time course of desensitization. The total
currents in NIE-115 cells containing 5-iTeceptors. current (the sum of both the slow and the fast desensitizing
Figure 1A shows a whole-cell current measurement made phase|, andlg) is represented by the open symbols in Figure
in the presence of 10M serotonin with a NIE-115 mouse  1B. For all subsequent analyses, only data that showed a
neuroblastoma cell, using the cell-flow techniqdéd,(13. single-exponential desensitization process were used. A
The current (solid line) reaches a maximum within 100 ms. nonlinear fit of these data to eq 2 (Appendix) gave the solid
Two exponentials plus a constant term are needed to fit theline. The values of the constants accounting for the observed

RESULTS
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Ficure 1: Cell-flow investigations of the effects of serotonin and nicotine on 5-#¢€eptors of NIE-115 mouse neuroblastoma cells. (A)
Whole-cell current response of the receptors ta:lDserotonin. All measurements were carried out at pH 7.2,23°C, V,, = —60 mV,

using a cell-flow techniquelQ, 11 and a flow rate of the serotonin solution-efl cm/s for the rapid equilibration of cell surface receptor

with the ligand. The observed whole-cell current (solid line) is a measure of the number of receptors in the open-channel form in the cell
membrane and reaches a maximum value-#90 ms. The falling phase of the current, indicative of receptor desensitization, reveals two
processes~70% of the current decays with a rate coefficient of 7.3 and~30% of the current decays with a rate coefficient of 0:8 s

A small fraction of the current~{5%) does not decay during 10 s of observation. The broken line that becomes parallel to the time axis
represents the current corrected for desensitization that occurs during the rising phase of the iyreent). (B) Dependence of the
whole-cell current on the concentration of serotorijnis the current amplitude obtained in cell-flow experimerit$)( corrected for

receptor desensitization (see panel A). Measurements were made at pH-723,°ZY, Vi, = —60 mV. (+) Normalization point at 1M

serotonin, 1300 pA. The average response from cells used for evaluation to the applicatigm\bis@@otonin was used to calculate the
normalization current value. The current obtained with the 27 cells used in the experiments in the presepdé sérf@onin ranged from

500 to 2500 pA. Data from each cell were normalized to the response obtained ity 4€rotonin. B, Solid line) 2-10 measurements

were made at each concentration of serotonin for a total of 86 data points from the 27 cells. Only data points where the falling phase of
the current could be fit to a single-exponential process are shown. In these cells, the average rate of desensitization at saturating concentrations
of serotonin was~0.47 s. (a) Total (corrected) current data obtained in the same manner but from cells where a double-exponential
desensitization process was observed. The fraction of the slowly desensitizing phase\88%0568f the total current) Total currents

from a completely independent series of experiments with cells that showed a double-exponential desensitization process, using a total of
49 individual data points from 14 cells{26 measurements at each concentration were made). In this case, all traces were fit to a double-
exponential desensitization proceasianged from 3.3 to 9.1°$ (mean 5.9+ 1.8 s'1) and/3 from 0.27 to 0.81 st (mean 0.48+ 0.16 s'1).

The ratio of the mean rate coefficients for desensitizatidi, is 12.4 in these experiments. Only those experiments in which the current
decay could be fit to a single exponentill)(were used to calculate the parameters of the solid curve in the concentration range from 1

to 200uM serotonin using eq 2 (Appendix). The values of the constants obtained from the best fit of these data @r@9+ 0.03 and

Ky = 7.1+ 2.5uM, with a value of the maximum current amplitudgay 0f 1490 pA. ¢) For comparison, the dependence of the corrected
whole-cell current] 5, on the concentration of serotonin in the presence giMMicotine (dashed line) is also shown:-% measurements

for each data point (total 28 from 11 cells) were used to construct the dashed line. On the assumption that nicotine is a competitive
inhibitor, the constants for this line were calculated using eq 4 (Appendix) and values=00.09,K; = 7.1 uM, andImax = 1750 pA,

obtained in the experiments with serotonin aldiRg, was calculated using the normalization point of 1300 pA obtained in the presence of

10 uM serotonin, and using eq 2. The errors in the constants were not considered in the calculations. The inhibition Egn$tant,
nicotine obtained from the best fit of the data is 2% uM. (C) Evaluation of the cell-flow experiment with serotonin in (B) using the

linear form of eq 2. M, Solid line) The data shown as solid squares in (A) are replotted in linear form according to eq 3 (Appendix). An
average value foirax = 1560 pA from measurements in the presence of serotonin alone (see panel A), as well as in the preseride of 70
nicotine (see panel B), was used. A linear fit of the data, including the data point after the breakaxiseat 0.5uM~1, gave a slope

of 2.37+ 0.24uM and an intercept of 0.3% 0.05, giving values fofb of 0.14+ 0.04 and foK; of 6.4+ 1.8 uM for serotonin. The break

in the x-axis is between 0.35 and 0.48/1°1,

current due to channel opening &g = 7.1 £ 2.5 uM, cell currents when co-applied with the neurotransmitter.
® = 0.09 £ 0.03, Imax = 1490 pA (reaction Scheme 1, Preincubation with nicotine for up to 20 s (data not shown)
Appendix).K; is the dissociation constant of the receptor did not increase the inhibition compared to the simultaneous
site controlling channel-opening ! is the channel-opening  application with serotonin. The dashed line in Figure 1B
equilibrium constant, anthax is the maximum current that  shows the dependence of serotonin-mediated whole-cell
can be obtained from one cell when all the receptor channelscurrents in NIE-115 cells on serotonin concentration in the
are open. Whether the dissociation of serotonin from AL presence of 7@M nicotine. The measurements defining the
and AL, (reaction Scheme 1) is the same cannot be dashed line are indicated by the filled circles. The dose
ascertained from the experiments. The small solid circles andresponse curve is shifted to the right, but, within experimental
the dashed line in Figure 1B represent data obtained in theerror, the maximum current in the presence and absence of
presence of a constant concentration (/@) of nicotine nicotine is the same. Such a result would be expected if
and will be discussed later. nicotine was a competitive inhibitor of the 5-klITeceptor,

For comparison with experiments with nicotine (Figure but also if it were a noncompetitive inhibitor which binds
2A) and cocaine (Figure 2B), the data represented by solid preferentially to the closed-channel forms of the receptor (see
symbols and the solid line in Figure 1B are replotted in linear reaction Scheme 2 and eq 7b in the Appendix). There are
form in Figure 1C using eq 3 (Appendix). & value of more quantitative approaches available for differentiating
0.14 4+ 0.04 (calculated from the intercept) an&Kavalue between competitive and noncompetitive inhibitors (Figure
of 6.4 + 1.8uM (calculated from the slope) were obtained 2) than the shift in the doseesponse curve. These are
for serotonin. illustrated in Figures 2 and 3.

Inhibition of the 5-HE Receptor by NicotineNicotine Measurements made at a constant concentration of sero-
(between 5:M and 10 mM) alone did not activate the 5-HT  tonin (10 and 20M in Figure 2A) and various concentra-
receptor on cells that contain serotonin 54H&ceptors as  tions of nicotine are illustrated in Figure 2A. Although the
demonstrated by their response to 4Bl serotonin (not apparenk, values are different at the two concentrations of
shown). It did, however, inhibit serotonin-mediated whole- serotonin, with the assumption of competitive inhibition, a
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Ficure 2: Inhibition of the 5-HT receptor by nicotine and cocaine. (A) Inhibition of the 5i@ceptor by nicotine at constant concentrations

of serotonin. M, Solid line) Experiments at a constant concentration gf0serotonin. 15 measurements at each nicotine concentration

(total 28 from 11 cells) were used to construct the solid line. Experimental conditions were as described in the legend to Figure 1A,B.
Preincubation with nicotine (between 1 and 20 s) gave the same results as when serotonin and nicotine were equilibrated with the cell
surface receptors within ca. 80 ms (data not shown). Data were plotted according to eq 5b (Appendibg)usinti750 pA (see Figure

1B). The solid line is the best fit to the data (it includes the two data points obtained at high nicotine concentrations) and has a slope of
0.0092+ 0.0009uM and an intercept of 0.55 0.12. Using a value foK; for serotonin of 6.4(M (from a linear fit of the cell-flow data

for serotonin in Figure 1C), a value fdp of 0.11+ 0.05 is obtained from the intercept of the fitted line. Using the valueKfaand ®

from the measurements with serotonin alone (@4 and 0.14, respectively, without considering the experimental error) and eq 5b, the
inhibition constantKy, for nicotine is found to be 26 3 uM. (O, Dashed line) Inhibition of the 5-Hlreceptor by nicotine at a constant
concentration of 20tM serotonin. All other experimental conditions were as describeth fneasurements at each concentration of
nicotine (total of 29 from 8 cells) per data point were evaluated using a valug,fpof 1750 pA (from Figure 1B). Data were plotted
according to eq 5b; the best-it line has a slope of 0.00848.000174M~* and an intercept of 0.63 0.06. WithK; = 6.4 uM for

serotonin (from Figure 1C), a value & = 0.37 £ 0.07 for serotonin was found from the intercept. Using the value&f@and ® from

the measurements with serotonin alone ¢gvtand 0.14, respectively, but not considering the experimental error in the constants) and eq
5b, the inhibition constant for nicotine was found toke= 25+ 9 uM. The slope of the solid line at 10M serotonin is 19 times larger

than the slope observed at 20B1 serotonin (eq 5b). (B) Inhibition of the 5-HTeceptor by cocaine at a constant concentration giNIO
serotonin. All experimental conditions were as described in (A Pneasurements per data point (total of 28 from 12 different cells) were
made and analyzed using eq Bhax Was determined by varying the concentration of serotonin in the constant presenceMfcs@aine

(not shown) to be 1480 pA. The best fit of the data (solid line) had a slope of &08P02uM~* and an intercept of 0.2& 0.1. With

K; = 6.4 for serotonin, a value fab of 0.03+ 0.02 was calculated from the intercept. Using the valueKf@nd® from the measurements

with serotonin alone (6.4M and 0.14, respectively, but not considering the experimental error in the constants) and eq 5b, the inhibition
constantKy, for cocaine is found to be 7% 0.5uM. (C) Inhibition of the 5-HT receptor by fluoxetine at a constant concentration of 10

uM serotonin. All experimental conditions were as described in (A). The concentration of fluoxetine was varied between 10 ail 1000

2—7 measurements at each fluoxetine concentration (total of 30 measurements from 11 cells) were used in the analysis. For calculations,
the average value fdr,ax of 1560 pA was used. For a noncompetitive inhibitor, a plotigf{la — 1)2 versus inhibitor concentration is

not expected to be linear but to have a square-root dependence on inhibitor concentration, according to eq 6 (Appendix).

Table 2: Summary of Inhibition Constants for Nicotine, Cocaine,
and Fluoxetine of the 5-HiTReceptat

Ki (M) Ki (uM)
competi- noncom-
inhibitor method of evaluation figure tive petitive
nicotine  doseresponse curve (eq 3) 1B 195
(Ima¥la — 1)*2vs [nicotine] 2A  26+3
(eq 5b) at 1«M serotonin
(Imax/la — 1)Y2vs [nicotine] 2B 2549
(eq 5b) at 20Q«M serotonin
|A/|A(nicotine) 'S 3A 284+ 9 1324+ 38
[nicotine] (eq 8)
cocaine  [madla — 1)2vs [nicotine] 2C 7.54+05
(eq 5b) at 1Q«M serotonin
(Imax/la — 1)2vs [nicotine] 4 8.0+ 0.9
at 10uM serotonin in
presence of 150M
nicotine (eq 5c)
I/l Acocaine)Vs 3A 56+1.0 26+4
[cocaine] (eq 8)
fluoxetine 1a/lafuoxetine) VS 3B 244+ 24

[fluoxetine] (eq 7a)

a All experiments were carried out at pH 7.2, a temperature of 21
23 °C, and a transmembrane voltage-680 mV.

serotonin concentration-independent value Kgf can be

slope of the line, was 2& 3 uM, and at 20QuM serotonin
concentration, it was 25 9 uM (Figure 2A; Table 2). In
contrast, a plot for a noncompetitive inhibitor according to
eq 5b is expected to be nonlinear (eq 6). Evidence that
fluoxetine is a noncompetitive inhibitor is given by the
experiments in Figures 3 and 4.

Inhibition of the 5- HE Receptor by CocaineThe
inhibition of the receptor by cocaine, which acts as a
competitive inhibitor, is shown in Figure 2B. Preincubation
with 30 uM cocaine for 100 ms or up to 30 s produced no
significant increase in inhibition compared to simultaneous
application of cocaine and serotonin (data not shown).
Previously published experiment8) (indicated that the
dose-response curve for serotonin and the 5;H@ceptor
expressed irKenopusoocytes is shifted to the right in the
presence of 3:M cocaine. As the serotonin concentration
was increased, the affinity of the 5-Hlleceptor for cocaine
was found to decreas8)( However, as mentioned above, a
noncompetitive inhibitor that binds preferentially to the
closed-channel form can also account for these observations.
One can differentiate between a competitive inhibitor and a
noncompetitive inhibitor that binds mainly to the closed-

calculated. This was done by plotting and analyzing the datachannel form. Equation 6 (Appendix) shows that a plot of
according to eq 5b, which was derived on the basis that (Ima/la — 1)¥2 versus the concentration of a competitive
nicotine is a competitive inhibitor. The observed values of inhibitor will be linear (Figure 2A,B) but for a noncompeti-

@ were 0.11+ 0.05 and 0.3 0.07 at 10 and 20&@M

serotonin, respectively (Table 2). Using tkeand® values
obtained for serotonin alone, th&(Kx) value for nicotine
at a serotonin concentration of 1/, calculated from the

tive inhibitor it will be nonlinear (Figure 2C). In the case of
noncompetitive inhibition, lga/la — 1)*2is proportional to
the square root of inhibitor concentration times a constant
(eq 6, Appendix). This is illustrated with fluoxetine, which
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Ficure 3: Cell-flow measurements of maximum current amplitudes corrected for receptor desensititafidd (made with NIE-115

cells in the presence of 1M serotonin and the inhibitors fluoxetine, nicotine, and cocaine at pH 7.2232C, V,, = —60 mV. (A)
Inhibition of the 5-HT receptor by nicotine M, Solid line) 1-5 measurements (total 28 from 11 cells) were used to construct the inhibition
curve (same data as in Figure 2A). A linear regression of the data up to a nicotine concentratipiVof&@e a slope of 0.007% 0.0022

uM~t and an intercept of 1.1& 0.16. The apparent inhibition constait (from eq 7a), is 132t 38 uM. The data were analyzed by
treating nicotine as a competitive inhibitor, using eq 8 and neglecting the contributiex(3¥Kx). From this analysis, using the data up

to 80 uM nicotine only, an inhibition constanKy, of 28 + 9 uM was obtained for nicotined, Dashed line) Inhibition by cocaine. The
dashed line was constructed using®2measurements per data point (total 28) from 12 cells (same data as in Figure 2B). Only data points
up to a concentration of 3@M cocaine were used for analysis. The slope of the fitted line is 0#08806x«M 1, and the intercept is 0.88

4+ 0.11. Using eq 7a, an apparent inhibition consténtof 26 + 4 uM was found. Applying eq 8 and treating cocaine as competitive
inhibitor gave an inhibition constaity of 5.6 &= 1.0uM. The break in thex-axis is between 83 and 98M inhibitor concentration and the
break in they-axis [la/laxx)] between 7 and 8. Note the deviation from linearity at higher concentrations of inhibitor in both cases. (B)
Inhibition of the 5-HT; receptor by fluoxetine alone and in the presence of nicotine and cocaine at a constant concentratioMof 10
serotonin, pH 7.2, 2323°C, V,, = —60 mV. Curve aM, solid line): The solid squares and solid line represent data frofrieasurements

at each fluoxetine concentration (total of 30 measurements from 11 cells). The solid line has a slope oft0008@4xM~* and an
intercept of 1.1 0.17; using eq 7a, an apparent inhibition constgnbf 244 + 24 uM was obtained. Note that the linear relation is still
valid at higher inhibitor concentrations (up todKy app). Curve b ©, dashed line): Inhibition of the receptor by fluoxetine in the presence
of 70 uM nicotine; 2-3 measurements at each concentration, for a total of 16 measurements from 5 cells, were used to construct the dashed
line. A linear regression of the data gave a slope of 0.820.0054M~* and an intercept of 2.14 0.57. Curve c 4, dotted line):
Inhibition of the receptor by fluoxetine in the presence of 400 cocaine using 34 measurements at each concentration for a total of 23
data points from 7 cells. A linear regression of the data gave a slope of &@@114M~! and an intercept of 9.64 0.97.

behaves as a typical noncompetitive inhibitor. As can be seenrelationship betweema/laxy and nicotine or cocaine con-
in Figure 2C, a plot of Iafla — 1)Y2 versus fluoxetine  centration was obtained only at low inhibitor concentration:
concentration is not linear (according to eq 6, Appendix). in the range of nicotine concentration from 0 to 84 (solid
Further evidence that cocaine and nicotine are competitiveline in Figure 3A) and of cocaine concentration from 0 to
inhibitors of the receptor and that fluoxetine does not 30 uM (dashed line in Figure 3A). The values fBr and
compete with cocaine or nicotine for their binding sites on Fa_ were calculated using th€, and® values obtained for
the receptor is given in Figures 3 and 4. The linear serotonin alone (Figure 1C). The inhibition constants ob-
relationship betweer {./1a — 1)? and cocaine concentra- tained at low concentrations of the inhibitor for nicotine (solid
tion is consistent with cocaine being a competitive inhibitor line in Figure 3A) and cocaine (dashed line in Figure 3A)
(Figure 2B; eq 5b, Appendix). Using the valueskaf and and calculated by using eq 8 were found to be28 and

d obtained in the presence of serotonin alone, and a value5.6 + 1.0 uM, respectively. These values are in agreement
of 1480 pA forlmax @ Ki(Kx) value of 7.5+ 0.5 uM for with those obtained from the measurements shown in Figure
cocaine was calculated using eq 5b (Appendix) (Table 2). 2A,B (Table 2).

Measuring the ratio of the current amplitudes obtained in  Inhibition of the 5-HE Receptor by Fluoxetinén contrast
cell-flow experiments, corrected for receptor desensitization, to the [a/lax) versus inhibitor concentration plots with the
in the absencd,, and presenchx), of inhibitor (see eq 7) inhibitors nicotine and cocaine, which are linear only at low
can give additional information about the inhibition mech- inhibitor concentrations, are plots with fluoxetine as the
anism. A linear relationship (eq 7a, Appendix) exists between inhibitor (curve a, Figure 3B). Inhibition of the 5-HT
Ia/lax) and noncompetitive inhibitor concentration over a receptor in neurons of rat nodose ganglia by fluoxetine has
wide concentration range (see experiments with fluoxetine, been observed previousl®)( Whether this inhibition is
Figure 3B, curve a). In the case of a competitive inhibitor, competitive or noncompetitive with serotonin was not
however, the plot of the ratio df/lIax) versus competitive  determined. The results shown in Figure 3B indicate that
inhibitor concentration is expected to be linear only at low fluoxetine is a noncompetitive inhibitor of the 5-klfieceptor
inhibitor concentrations, wheRa(X/Kx) in eq 8 is small in NIE-115 cells in the concentration range from 1 to 1000
compared to Bx + Fa.. Fa andFa_ represent the fraction M fluoxetine (curve a, Figure 3B). An apparent inhibition
of receptors in form A or AL (reaction Scheme 1, Appendix), constant ofKy = 244 + 24 uM was determined. As is
respectively. Figure 3A shows plotsiaflax) versus nicotine  expected for a noncompetitive inhibitor (eq 7a, Appendix),
(solid symbols) or cocaine (open symbols) concentration at the relationship betwedn/lax) and inhibitor concentration
a constant concentration (1) of serotonin according to  is linear over a 1000-fold concentration range of fluoxetine.
eq 8. As is expected for competitive inhibitors, a linear In agreement with previous observations with neurons from
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3B (curve b;0O, dashed line). If nicotine and fluoxetine are
both noncompetitive inhibitors, and bind to the same site,
the slope of thda/lax) plot is expected to be the same in
the absence and presence of nicotine (eq 9). This is not
observed; curve a (fluoxetine alone) has a slope of 0:D04
0.0005u4M ™1, giving a value for the appareity of 244 +

24 uM, while for curve b (constant concentration of #M
nicotine) the slope has increased by a factor-dfto 0.020

+ 0.0054M~1, This indicates that nicotine does not bind to
the same site as the noncompetitive inhibitor fluoxetine
(compare egs 9 and 10). Curve c in Figure 3B represents
data obtained at constant concentrations of serotonipN0)0

and cocaineX = 100uM). Similar results to those obtained
with nicotine (curve b) were obtained with cocaine. In the
presence of 10@M cocaine (curve c), the slope of the line
o . increased by a factor ef5 to 0.025+ 0.011uM~* compared
glr?sjgict JPhr',?égﬁﬂeogfhg g’;;]rsﬁtz;relfegﬁé;?&;?gg';‘m”Of(he to the slope of the line obtained with fluoxetine alone (curve
serotonin, pH 7.2, 2423 °C, Vi = —60 mV. @, Solid line) a). This m@cates that cocaine does not bind t_o the same site
Inhibition of the 5-HT; receptor by cocaine alone. For comparison, as fluoxetine. These experiments are consistent with the
the data and regression line from Figure 2C are replotted (see legendexperiments described earlier showing that nicotine and

to Figure 2C for details) @, Dashed line) Inhibition of the receptor  cocaine are competitive inhibitors, which are not expected

by cocaine in the presence of 15M nicotine; 2-5 measurements 1, ping to the same site as the noncompetitive inhibitor
at each cocaine concentration (total of 30 from 7 cells) were used fluoxetine

in the analysis. The best fit to the data (dashed line) has a slope of
0.0304 0.003uM~1and an intercept of 1.4F 0.15. Using values The evidence shown so far indicates that nicotine and
for Ky and @ for serotonin of 6.4 and 0.14, respectively (as cocaine are competitive inhibitors of the 5-ffEceptor on
detertmlrt\eq " F'gll”el 1t.C' )a?r? not co??ldermg th(te_t_errprhl_rt;_tthe NIE-115 cells. To further confirm this hypothesis, measure-
constants In the caiculation), the case o1 two compettive Innipitors . . . .
applied simultaneously can be analyzed using e% 5¢ (Appendix). ments were carried out to determine Whether nicotine and
From the intercept, an inhibition constaty, for nicotine of 42 cocaine bind to the same site. In these experiments, a constant
=+ 4 uM was found. From the slope, an inhibition constat, for concentration of nicotine (150M) and varying concentra-
cocaine of 8.0+ 0.9 uM was calculated. The dotted line is a tjons of cocaine were used. The serotonin concentration was
simulation for the case in which nicotine and cocaine both compete ,o|d constant at 1@M (Figure 4, solid line). If the two

with serotonin for the agonist-binding site but do not compete with itive inhibi bind h . h
each other for binding to the receptor. In this case, eq 5d (Appendix) COMPetitive inhibitors bind to the same site on the receptor,

applies. The dotted line was calculated using eq 5dkthealues €4 5C (Appendix) applies. In this case, one would expect
for nicotine (424M) determined in this experiment, and an average the intercept of thela/la — 1)¥2 versus cocaine concentra-

Kx value for cocaine (6.¢:M) calculated from the experiments  tjon plot to change, but the slope to remain the same, in the
listed in Table 2. presence and absence of 284 nicotine. This is observed

rat nodose ganglia9), we observed that inhibition by (Figure 4, broken line). Using the values & and ®
fluoxetine of the 5-HF receptor in NIE-115 cells is time-  obtained in the presence of serotonin alone, a value of 1480
dependent. A fast inhibition process occurs within the mixing pA for Iqax and eq 5¢ (Appendix), the value of the inhibition
time of the cell-flow device of 88100 ms. After preincu-  constant,Ky, for cocaine calculated from the slope of the
bation of the NIE-115 cells with 100M fluoxetine for up line was found to be 8.& 0.9 uM. In the absence of 150

to 20 s, additional inhibition of the 5-HTreceptor is uM nicotine, theKx value for cocaine was found to be 7.5
observed. This inhibition process with a time constant for + 0.5uM (Figure 2B). These values agree, within experi-

0 0 4 6 s 100
[Cocaine] (uM)

formation of the receptetinhibitor complex of approxi- mental error, with those found when only one or the other
mately 15 s is not considered here. Investigations of the inhibitor is present (Table 2) and are consistent with a
inhibition of the nicotinic acetylcholine receptor in Bl mechanism in which nicotine and cocaine bind to the same
cells by the anticonvulsant MK-801 also revealed a rapid site on the receptor. An alternative mechanism in which both
and a slow inhibition reactior2d). nicotine and cocaine compete with serotonin but occupy

Simultaneous Application of Two InhibitofEhe hypoth- independent sites is not consistent with the results in Figure

esis that fluoxetine is a noncompetitive inhibitor and binds 4. As nicotine and cocaine are competitive inhibitors by
to a different binding site on the serotonin receptor than the themselves, it is assumed that the presence of only one
site to which nicotine and cocaine bind was examined further inhibitor prevents serotonin from binding. If nicotine and
in the measurements shown in Figure 3B. In mixed inhibition cocaine bind to separate sites one would expect a change of
experiments, constant concentrations of serotonin and aboth the slope and the intercept in thga{/la — 1)Y2 versus
constant concentration of one inhibitor, X, and varying cocaine concentration plot (eq 5d, Appendix). The slope
amounts of a second inhibitor, Y, were simultaneously would be multiplied by the factor (# X/Kx), where the
equilibrated with the receptors. These experiments wereinhibitor concentrationX remains constant anHy is its
performed to determine if nicotine and fluoxetine, or cocaine dissociation constant. The dotted line in Figure 4 is a
and fluoxetine, bind to the same or independent sites on thesimulation for this mechanism where cocaine and nicotine
receptor. The measurements obtained at constant serotoniare both competitive inhibitors but they bind to different sites
(10 uM) and constant nicotineX(= 70 uM) concentration on the receptor. The line was calculated uskgand ®

as a function of fluoxetine concentration are shown in Figure values obtained with serotonin alone, and an inhibition
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constantKx of 42 uM for nicotine and of 6.6tM (average ated whole-cell currents in clonal (NG108-15) cefis 27).
of previous determinations, see Table 2) for cocaine. The sequence of a cloned 5-glfieceptor subunit suggests
The results in Figures 2A,B and 3A,B are all consistent the presence of phosphorylation sit&. (Phosphorylation
with nicotine and cocaine being competitive inhibitors of Wwas shown to control the single-channel conductance of the
the 5-HT; receptor. The experiments also indicate that these 5-HTs receptor in NIE-115 cells). The value we measured
competitive inhibitors do not bind to the same site as for the single-channel (slope) conductance of 7.1 pS for the
fluoxetine does (Figure 3B). This is consistent with the 5-HTs receptor on NIE-115 cells in the cell-attached mode
experiments shown in Figures 2C and 3B (curve a) that (data not shown) is in agreement with values reported
indicate that fluoxetine is a noncompetitive inhibitor. The Previously @, 5, 29.
experiments illustrated in Figure 4 further support these Cocaine, an abused drugQj, and fluoxetine, used
conclusions by indicating that nicotine and cocaine bind to clinically to treat depression (see, for instance, &f81),
the same site on the 5-HTeceptor. The observed competi- Were used here to help us understand the mechanism by
tive and noncompetitive inhibitor dissociation constaKis, which nicotine inhibits the serotonin receptor. It has been
obtained under different experimental conditions agree andreported that cocaine is a competitive inhibitor of the 5HT
are summarized in Table 2. The possibility that the competi- receptor on the basis that the receptor affinity for cocaine
tive inhibitors bind to different sites on different conforma- decreased as the serotonin concentration was incre@ped (
tions of the protein in equilibrium with each other, so that A similar observation was made in the investigation of
occupancy of one site prevents binding to the other site, is cocaine, a noncompetitive inhibitor of the muscle-type

not excluded by the experiments. nicotinic acetylcholine receptor in BE1 cells 2). In these
experiments, cocaine has a 6-fold higher affinity for the
DISCUSSION closed-channel form than the open-channel form of the

. receptor. Consequently, the affinity for cocaine decreases as

The mechanism of the 5-HTreceptor on NIE-115 cells  he concentration of channel-activating ligand increases. The
was investigated using a rapid reaction technique with a 10 same is expected if cocaine were a competitive inhibitor.
ms time resolution. In this study, only the inhibition of the ¢ experiments in Figures 2B and 3A (open symbols)
slowly desensitizing receptor form, with an average desen- yiferentiate between a noncompetitive inhibitor with proper-
sitization rate constant in the presence ofy serotonin  tjes similar to cocaine on muscle nicotinic acetylcholine
of 0.47 s*, was investigated. The technique involves flowing receptors, which binds with much higher affinity to closed-
ligand solutions over the celll(), using the whole-cell  channel forms than it does to the open-channel form of the
current-recording techniqué2) to determine the currentdue  4cetyicholine recepto®@), and a competitive inhibitor. Both
to opening of receptor-channels, and correcting the observedayperiments (Figures 2B and 3A) are consistent with cocaine
current for desenS|t|zat.|<_)n that occurs while the receptors being a competitive inhibitor of the 5-HEerotonin receptor
on the cell surface equilibrate with serotoniri( 13. and give similar dissociation constants of 7.5 and G\6

The results indicate that the same minimum mechanism (Table 2).
(reaction Scheme 1, Appendix) that accounts for channel  The widely used antidepressant fluoxetine, an inhibitor of
opening of the nicotinic acetylcholindZ, 15, 29, GABAa serotonin uptake3), also inhibits the 5-HT receptor in
(19), and glycine 20) receptors also accounts for the results jsolated rat nodose ganglion neuro®. (The mechanism
obtained with the serotonin 5-HTeceptor in NIE-115 cells.  of this inhibition was not determined in those experiments.
That desensitization of the 5-HTeceptor is a complex  We have observed two processes with fluoxetine; the one
process and occurs in two time regions has been reportedye have characterized occurs within the mixing time of the
previously 6, 7). The results presented here (Table 1) rapid mixing device 80 ms). An additional slower inhibi-
indicate that the two desensitization processes are due to twWajon process is also observed after preincubation of NIE-
independent forms of the 5-HTreceptor, which do not 115 cells with 100uM fluoxetine for 5-20 s, and is
interconvert on the time scale (10 s) of our experiments. associated with a higher affinity of the receptor for the
Similar results have been obtained in experiments with the jnhibitor. We have not yet examined the slow inhibition
GABAAx (19, 23 and glycine R0) receptors. process. It should be noted that in our studies on NIE-115

In light of the conclusion that two receptor forms that do cells, the inhibition constant of fluoxetine is around 24\,
not interconvert exist in NIE-115 cells, it should be noticed while on rat nodose ganglion neurons an©Gf 1.2 uM
that the dependence of the maximum current amplitude onwas found for fluoxetine ). This might be due to the
serotonin concentration (Figure 1B) in cells which contain different tissues used in the experiments which may contain
only one receptor form (solid symbols) is similar to that different isoforms of the receptor. Differences in the ligand-
obtained with cells which contain two receptor forms (open binding properties of the 5-Hreceptor in different tissues
symbols). This observation can be accounted for by similar have been reported32, 33. Fluoxetine binds to 5-Hi
receptor-serotonin dissociation constamts (reaction Scheme  receptors on rat cortical membranes with high affinB)(
1) of the two forms. It is of interest, therefore, to note that ICso values for displacement of the radioligandd]f
phosphorylation of the nicotinic acetylcholine receptor from quipazine and®H]paroxetine were 1@ 2 and 154 2 nM,
Torpedo californicaby a cAMP-dependent protein kinase respectively 82). However, when displacement ofH]-
results in a decreased desensitization rate without a changeacopride on rat entorhinal cortices, or #fJICS 205-930
in the receptoracetylcholine dissociation constar2g}. on NIE-115 cells, was studied, the affinity for fluoxetine was
Several reagents with completely different modes of action lower by a factor of ca. 10003@). In the equilibrium
on the cyclic AMP system were found to modulate the experiments, in which displacement of a radioligand is used
amplitude and desensitization rate of 5 H&ceptor-medi- to determine the affinity of an inhibitor like fluoxetine, it is



8426 Biochemistry, Vol. 40, No. 28, 2001 Breitinger et al.

not known whether the measurements reflect the binding to reported (see above); similar effects may apply in the case
the receptor before or after desensitization, or even binding of nicotine and cocaine. While the available information does
to sites other than on the serotonin receptor. These ambi-not let one decide whether the specific inhibitors chosen for
guities are avoided in kinetic experiments where one these studies have important physiological roles in modifying
measures the effect of the specific receptor ligand serotoninthe 5-HT; receptor, characterization of the receptor inhibition
and an inhibitor on the current resulting from the opening sites is important for an understanding of the receptor’s role
of serotonin-activated transmembrane channels. in signal transmission.

From Figures 2C and 3B (curve a), it can be seen that The effect of nicotine on the 5-HTserotonin receptor is
fluoxetine has the characteristics of a noncompetitive inhibi- of interest for several reasons. (i) Results from molecular
tor. In contrast to the measurements with nicotine and biology studies indicate that members of the ligand-gated
cocaine] a/lax) versus inhibitor concentration plots are linear neurotransmitter receptor superfamily, including the nicotinic
over a 1000-fold range of fluoxetine concentration (Figure acetylcholine receptor, come from common ancestral genes
3B, curve a), and a plot of {/ln — 1)¥2 versus inhibitor (36—38). Observed effects of serotonergic agents on neuronal
concentration is not linear, as is expected for a noncompeti- nicotinic acetylcholine receptor89), as well as the study
tive inhibitor (eq 6, Appendix) (Figure 2C). Additionally, of chimaeric nicotinic acetylcholine5-HT; receptor channels
the experiments indicate (Figure 3B) that neither nicotine expressed itlXenopuocytes 40), indicate close similarity
(curve b) nor cocaine (curve c), which act like competitive of topology and function of these two receptors despite
inhibitors, occupy the same or an interacting binding site as different agonist-binding sites and ion permeabilities. Here
the noncompetitive inhibitor fluoxetine (Figure 3B, curves we show that nicotine, an activating ligand of the nicotinic

b and c; egs 9 and 10, Appendix).
The inhibition of the 5-HF receptor by nicotine has not

acetylcholine recepto#(), binds to apparently the same site
as serotonin does on the 5-gfieceptor in NIE-115 cells.

been reported previously. The preponderance of the evidenceBut the binding of nicotine to the serotonin site does not
obtained from the experiments discussed demonstrates thakead to channel opening. (ii) Nicotine and cocaine are both

nicotine is a competitive inhibitor of the 5-HTeceptor on
NIE-115 cells: (i) the plots oflf,a/la — 1)Y2 versus nicotine

competitive inhibitors of the serotonin receptor, even though
cocaine is a noncompetitive inhibitor of the nicotinic

concentration in the presence of constant concentrations ofacetylcholine receptor in BEI1 cells £2). It is also of

serotonin are linear (Figure 2A); (ii) nicotine inhibition can

be overcome by high serotonin concentrations (Figure 1B);

(i) nicotine and fluoxetine, a noncompetitive inhibitor, do

interest to note that in addition to nicotine being an activator
of the acetylcholine receptor in BB1 cells, it also binds
to an inhibitory site (Bremer and Hess, unpublished results).

not occupy the same or interacting binding sites on the Whether this inhibitory site of the acetylcholine receptor
receptor (Figure 3B, curve b); (iv) nicotine and cocaine coincides with the cocaine site is not yet known. (i) Since
occupy the same binding site (Figure 4); and (v) on the most addictive drugs affect brain dopamine levels (reviewed

assumption of competitive binding, different treatment of the
data (Figures 2A and 3A, solid line) gives essentially the
same observed value for the inhibition constant for nicotine
(Table 2).

How do the observed inhibition constants relate to clinical

in 42), and brain 5-H¥ receptors are known to be involved
in this regulatory circuitry, the effect of nicotine on the 5-HT
receptor is also expected to affect brain dopamine levels.
Dopamine itself has been reported to elicit a 53Hdcep-
tor-mediated response in NIE-115 cell3). Our results

situations? Blood plasma levels of nicotine in smokers are demonstrate a direct biochemical involvement of nicotine

normally around 10 ng/mL, corresponding to a plasma
concentration of ca. 0.06M nicotine (34). Shortly after
smoking, plasma levels of nicotine are around Quib (25
ng/mL), and may reachAM during inhalation 84). Plasma
levels of cocaine vary strongly, depending on the mthod of
drug administration. Oral or intranasal administration (chew-
ing or snorting) produces blood plasma levels of ca /b
cocaine (150 ng/mL35); smoking or intrapulmonary ap-
plication can create plasma concentrations-68 LM (300—

900 ng/mL) cocainedb). Intravenous administration usually
produces a plasma concentration of cauM cocaine; in
heavy users plasma levels of cocaine may reach updd 5
(1500 ng/mL) cocaine3db). In the case of fluoxetine, plasma
levels of ca. .uM are commonly attained through medication
(9). According to these figures, major effects on the function
of the 5-HT; receptor would only be expected from cocaine
(observedKx ca. 7.5uM, plasma levels in users—15 uM),
while in the case of nicotine and fluoxetine tKg values
found are higher than their effective doses by a factor of
20—100 (observeKx ca. 25uM, plasma levels in users
0.1-1 uM for nicotine; observeKx ca. 244uM, plasma
levels in patients ca. AM for fluoxetine). It must be noted,
however, that in the case of fluoxetine dramatic variations
in receptor affinity, differing by a factor of 1000, were

in serotonergic/dopaminergic circuits in the brain which
may be of relevance in the consideration of drug
addiction.

In contrast to nicotine and cocaine, fluoxetine is a
noncompetitive inhibitor of the serotonin receptor (Figure
3, curve a) and acts on a different site than nicotine and
cocaine do (Figure 3, curves b and c). In this regard, it is of
interest that fluoxetine also inhibits the serotonin transporter
(44), which is important in regulating brain serotonin
responses4b) and, therefore, the brain dopamine levels,
which are affected by addictive drugs (reviewed4).

Evidence gathered so far (see ads®) shows that nicotine
has major effects on brain centers and pathways that are also
regulated by 5-HT receptors. This study demonstrates a
direct action of nicotine on the 5-HTeceptor; this has not
been reported previously. The fact that with respect to the
5-HT; receptor nicotine acts in a similar way to cocaine also
indicates that the pharmacological effects of nicotine are
similar to those of other addictive drugs, and that nicotine
targets sites in those centers of the brain that are also targeted
by a large number of both therapeutic and abused compounds
(46). The cell flow technique with a 10 ms time resolution
(12) allows one to decide whether inhibitors bind to a single
or multiple binding site(s), whether they are competitive or
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Scheme 1 Scheme 2
K1 K1 q> - AI2
A =——=AL =—= Al, —= AL,
K
o [ .
L | Al —= ALI
Ko Le K K
o . S . Ky Ky *
noncompetitive, and whether two different inhibitors bind A AL AL, AL,
to the same or independent sites. The recently developed
laser-pulse photolysis techniqu&8( 47-49), which has a K Ke K Kr

100-fold better time resolution than the cell-flow technique, 1A K___h /'AL_LL_/'ALQ AL,

gives additional, essential information about the rate constants
for channel-openingkg,) and channel-closingk). It also of the ligand from the desensitized receptor, dnd is the
gives information about the effect of inhibitors &g, and channel-opening equilibrium constant. Only the rate constant
ki, and, therefore, on the channel-opening equilibrium ka4 is usually sufficient to describe receptor desensitization.
constant® = koyka). In the laser-pulse photolysis technique, The direct conversion of the A &L, form to transiently
biologically inert photolabile precursors of the neurotrans- inactivated, desensitized receptor forms is neither included
mitter (caged neurotransmitters) are equilibrated with recep-nor excluded by the measurements. This reaction scheme
tors on the cell surface and photolyzed to liberate the has been shown to account for the opening mechanism of
neurotransmitter in the microsecond time region. Such the muscle type of the excitatory nicotinic acetylcholine
compounds have been used and are available for investigareceptor in the electric organ Electrophorus electricug25)
tions of the excitatory acetylcholine, glutamate, and kainate and Torpedo californica(51) and in BGH1 cells (L1), and
receptors and the inhibitory-aminobutyric (GABA) and of the inhibitory GABA, (19) and glycine 20) receptors.
glycine receptors (reviewed ih8 and 49). The synthesis, The observed whole-cell current in the experiments
photochemistry, and biological properties of a biologically reported here is a measure of the concentration of open
inert photolabile serotonin derivative suitable for investigat- receptor-channels. Correction of the whole-cell current for
ing the 5-HT; serotonin receptor have been describ&g.( desensitization during equilibration with ligand is given by
The recently developed rapid chemical reaction techniques(11, 13:
for investigating neurotransmitter-mediated reactions on cell
surfaces in the microsecond to millisecond time region may, QAT :
therefore, be useful in answering many of the remaining la=(e" — 1)7 (lob9at T Uop9an (1)
questions regarding the chemical mechanism of neurotrans- =
mitter-mediated reactions and the chemical mechanisms byl, denotes the current amplitude corrected for receptor
which these receptors are inhibited by a large number of desensitization.l§,9i is the observed current during the

clinically relevant and abused compounds$)( ith time interval andI¢x9am the observed current in a time
interval equal to or greater than the time needed to reach
ACKNOWLEDGMENT the maximum current. When the time constant for reaching

We thank Jue Lin for help with preliminary nicotine the observed maximum current amplitude in cell-flow
experiments, Dr. Marshall Nirenberg (NIH, Bethesda, MD) €Xperiments, |nd|ca_1t|ve of eq_whbranon_ of cell surface
for a gift of NIE-115 mouse neuroblastoma cells, and Dr. "€ceptors with the ligand solution emerging from the flow
H. P. M. Vijverberg (University of Utrecht, Netherlands) for ~device, was much smaller (approximately a factor of 10) than
helpful suggestions regarding cell culture and maintenance.tn€ time constant for the slowly desensitizing phase (when

two phases were observed), the current amplitude of that

APPENDIX: MECHANISMS AND EQUATIONS phase was corrected by a linear extrapolation to zero time.
USED FOR DATA ANALYSIS Mechanism Used for Inhibition Studiesn reaction
. - . Scheme 2 represents the competitive inhibitor atdthe

Reaction Scheme In the minimum reaction scheme for  noncompetitive inhibitork, andK; are dissociation constants
the serotonin 5-HJreceptor in NIE-115 mouse neuroblas- o | and |, respectively. It is assumed in the model that
toma cells, the binding of two neurotransmitter molecules here exists only a single dissociation constant for the non-

before the channel opens is required. The binding of two ¢ompetitive inhibitor (for instancd! binds equally well to
ligand molecules before the channel opens is also requireda AL, Al,, and AL in Scheme 2).

in various forms of the excitatory acetylcholine recepiid, ( Dose-Response Cue (Nonlinear Fit) (1):

15, 25 and the inhibitoryy-aminobutyric acid (GABA) (19)

and glycine 20) receptors in mouse cerebral cortical and I max

spinal cord cells, respectively. Ia = K, 2 (2)
A represents the active, nondesensitized receptor and L ’T + l] o +1

the neurotransmitter; the subscript 2 indicates the number

of ligand molecules boundAL, is the open-channel form Iy is the maximum current that can be obtained from one
of the receptor, and | denotes the desensitized, inactivecell when all the receptor channels are op&a.is the
receptor K; is the dissociation constant of the receptor site dissociation constant of the neurotransmitter from the recep-
controlling channel-openings, is the dissociation constant tor, @1 is the channel-opening equilibrium constant, &nd
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denotes the concentration of activating ligand. In deriving  General Noncompetite Inhibitior
this equation, it is assumed that the neurotransmitter con-

centrationL, is much larger than the concentration of ligand A 14 X (7a)
binding sites, and that these binding sites are characterized la) Ky
by a single dissociation constaht, (17). This equation can o . _
be linearized 17): In the case of a noncompetitive inhibitor which binds
preferentially to the closed-channel form of the receptor, eq
(|m_ax_ )1/2 _ o2y ﬁq)l/Z @) 7b applies:
[s L [
A 14 2 (1= Fa (7b)
Dose-Response Cue in the Presence of a Competi LAy Kx ?
Inhibitor: X represents the concentration of the noncompetitive inhibi-
| o tor, andKy is the inhibition constantls is the maximum
= K > (4) whole-cell current corrected for receptor desensitization at
e P X +1l®+1 a given concentration of serotonin afgl, the corrected
L Ky maximum current amplitude at the same concentration of

serotonin in the presence of inhibitor K, is the fraction

X is the concentration of inhibitorKy is the inhibition of the receptors in the open- -channel form In eq 7b, at h|gh
constant, and all the other constants are as described beforeserotonin  concentrations wheF, — 1, Iallax ap-

When the inhibitor concentratio is constant and the ligand  proaches 1.

concentratiorL is varied, eq 4 can be linearized: Competitbe Inhibition
I 12 K X [s
ma_g) =24 o1+ L] (5 A—ge X @Fa+ ) + P X ®)
la L Kx IA(X) Kx

When the ligand concentratidnis constant and the inhibitor X represents the concentration of inhibitor, afd is the
concentrationX is varied, eq 4 can be rearranged to study inhibition constantF, and Fa_ are the fractions of unli-
the dependence of the whole-cell current on inhibitor ganded and singly liganded receptor species at equilibrium,

concentration: respectively:
112 K.\2
ﬁ(_ — <I>1/2 14— K x K (I)l/Z (Sb) (Tl) )]
Is L K L F.o=—\=
A 2
. . . . . . 1
In the presence of two competitive inhibitors, both binding (L T l) e +1
to the same site on the receptor, and when the concentrations
of ligand L and of inhibitor X are constant but that of K,
inhibitor Y is varied, eq 5b becomes 2 T @
| Ky x Fac = (K1 2
‘max 172 172 —+1)<I)+1
(IA ) = ’1+L(1+K)] Ky L(I) (5¢) L

It should be noticed that the equation for competitive

If two competitive inhibitors bind to different sites on the jyninitors reduces to that of noncompetitive inhibitors when
receptor (but both still compete with the activating ligand), he termFa(X/Kx) < (2Fa + Fal) in eq 8, that is, at low

this equation would be: inhibitor concentration (Figure 3A).
Inhibition When Two Inhibitors Are Applied Simulta-

I 12 K
(ﬂ‘_ 1) =dYY1 + (1+ X) + neously.When two noncompetitive inhibitors bind to the
Ia L Kx same site §3):
Y XK1 1
-1+ oY (5d |
K( K)L ) A—1 X4 (9)
IA(X,Y) Ky Ky

providing the concentrations of ligand L and inhibitor X are
constant and the concentration of inhibitoris varied.
Noncompetitie Inhibition (52, Equation 7a)

X andY represent the concentrations of the noncompetitive
inhibitors, andKx andKy are the corresponding inhibition
constants. In the case of noncompetitive inhibitors binding

(l rln ax l)1/2 _ (@1/2 N Ktl @1/2)2 ) to different S|t|es on the receptor, eq 10 appligd)(
A A X Y X
=1+—+—|1+- (20)
IA(X,Y) Kx KY( Kx)
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