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ABSTRACT Neurotransmitter transporters couple to ex-
isting ion gradients to achieve reuptake of transmitter into
presynaptic terminals. For coupled cotransport, substrates
and ions cross the membrane in fixed stoichiometry. This is
in contrast to ion channels, which carry an arbitrary number
of ions depending on the channel open time. Members of the
ry-aminobutyric acid transporter gene family presumably
function with fixed stoichiometry in which a set number of
ions cotransport with one transmitter molecule. Here we
report channel-like events from a presumably fixed stoichi-
ometry [norepinephrine (NE)+, Na+, and Cl-], human NE
(hNET) in the y-aminobutyric acid transporter gene family.
These events are stimulated by NE and by guanethidine, an
hNET substrate, and they are blocked by cocaine and the
antidepressant desipramine. Voltage-clamp data combined
with NE uptake data from these same cells indicate that
hNETs have two functional modes of conduction: a classical
transporter mode (T-mode) and a novel channel mode (C-
mode). Both T-mode and C-mode are gated by the same
substrates and antagonized by the same blockers. T-mode is
putatively electrogenic because the transmitter and cotrans-
ported ions sum to one net charge. However, C-mode carries
virtually all of the transmitter-induced current, even though
it occurs with low probability. This is because each C-mode
opening transports hundreds of charges per event. The exis-
tence of a channel mode of conduction in a previously estab-
lished fixed-stoichiometry transporter suggests the appear-
ance of an aqueous pore through the transporter protein
during the transport cycle and may have significance for
transporter regulation.

Monoamine transporters make up an important subclass of the
y-aminobutyric acid transporter gene family (1, 2). They
regulate the action of catecholamines and serotonin by main-
taining appropriate concentrations of the transmitter for re-
ceptors in the central and peripheral nervous systems. Mono-
amine transporters are the targets for cocaine, antidepressants,
and amphetamines that profoundly affect chemical signaling in
central and peripheral nervous synapses. These transporters
presumably reside in presynaptic terminal membranes, where
they recycle transmitters for subsequent release (3). Norad-
renergic transporters, such as norepinephrine transporters
(NETs), terminate noradrenergic transmission at postgangli-
onic sympathetic synapses and may contribute to ischemic
efflux of norepinephrine (NE), leading to cardiac arrhythmias
(4). Monoamine transporters also exist in the placenta, where
they assist in transplacental transfer of amines, and in blood
platelets, where they regulate blood levels of serotonin. Thus,
understanding the mechanism of monoamine transport (5-7)
may shed light on both regulatory and pathological mecha-
nisms related to amine clearance. Since catecholamine trans-
porters were first discovered over three decades ago (8-12),
the study of their mechanism has relied almost exclusively on
the uptake of radioactive ligands (13-19). From these studies
it is well known that NETs saturate at submicromolar NE

concentrations and that they require millimolar concentrations
of Na and Cl to function. Furthermore, NETs have a specific
requirement for Na such that even similar ions, like Li, cannot
substitute for Na. Nevertheless, NETs recognize and transport
structurally similar substrates including epinephrine, dopa-
mine, amphetamines, and guanethidine (GU). Radioligand
uptake studies on resealed membrane vesicles from NET-
containing cells indicate that NETs function through the
stoichiometric transport of NE, Na, and Cl, whereby Na and Cl
move down their electrochemical gradients to concentrate NE.
The predicted stoichiometry of one NE', one Na+, and one
Cl- indicates the net transfer of one positive charge per
transport cycle. At the measured uptake velocity of approxi-
mately one NE per second, these studies would, by a naive
calculation, lead to an elementary current far below the
resolution of available biophysical techniques. Indeed, 106
transporters working in unison would yield a current of less
than 0.2 pA. Although other transporters have higher turnover
rates that may yield larger currents, members of the y-ami-
nobutyric acid transporter gene family have low stoichiometric
flux rates similar to NETs (5). Thus previous studies of
electrogenic transport in the y-aminobutyric acid transporter
family predict extremely small transporter currents, even un-
der saturating conditions of the transmitter and the cotrans-
ported ions. With the availability of cDNA clones for specific
amine transporters, it is now possible to record currents from
populations of NE transporters. We have expressed human
NETs (hNETs) at a high density in HEK-293 (human embry-
onic kidney) cells and have recorded the electrical response to
transmitters using the patch-clamp technique. Transfected
cells generate currents the order of -100 pA at -100 mV (20),
well above the predicted amount. This inward current saturates
with NE concentration (30 ,uM) but not with membrane
voltage. Similar data have been obtained for the structurally
homologous transporters for y-aminobutyric acid, serotonin,
and glutamate (21-28). None of these previous experiments,
however, have explained the transmitter-induced currents and
fluctuations in terms of elementary events. The present study
is an attempt to demonstrate and quantify the underlying
events responsible for NE-induced currents in cells transfected
with human NE transporters.

METHODS
Stable Cell Lines. An XhoI/XbaI fragment containing the

complete hNET cDNA (29) was released from pBluescript
SKII- (Stratagene) and subcloned into XhoI/XbaI-digested
pcDNA3 (Invitrogen), placing hNET expression under control
of the cytomegalovirus promoter and the T7 RNA polymerase
promoter. To generate stably-transfected cells, hNET/
pcDNA3 was transfected by Lipofectin (Life Technologies,
Grand Island, NY) into HEK-293 cells at 50-60% confluency
in Dulbecco's Modified Eagle Medium with 10% heat-
inactivated fetal bovine serum, 100 ,ug of penicillin per ml, and
100 units of streptomycin per ml. After 3 days, parental and
transfected cells were switched to a medium containing 250 ,ug
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FIG. 1. Whole-cell current fluctuations. NE induces current fluctuations in hNET-transfected HEK-293 cells. (A) Three current traces
(steady-state current subtracted) at -120 mV (2000 Hz bandwidth). The traces show current fluctuations before adding NE (Left), after adding
5 LAM NE (Center), and after adding 20 iuM DS (Right). (The IC50 of DS for the NE-induced current is 68 nM; Galli et al., ref. 20). (B) Plots of
the difference variance of the current fluctuations for a typical experiment. a2 = 2NE - a2DS plotted as a function of the concentration of NE
used to induce the current. The variance of the induced, DS-sensitive fluctuations obeys the empirical relationship a2 = O2max [NE]n/(KMn + [NE]n).
The dashed line in B is this expression for o2, with 2m,a = 29.5 pA2, KM = 0.61 ALM, and n = 0.9. The average for four cells gave '2max = 31 +
3 pA2, KM = 0.60 ± 0.13 ALM, and n = 0.80 + 0.15. GU-induced fluctuations follow a similar pattern with a2ma = 25.0 + 2.5 pA2, KM = 0.61 ±
0.40 AM, and n = 1.40 + 0.15 (4 cells). (C) Ratio of difference variance (a2 = o2NE - a2DS) to the mean difference current (I = INE - IDs) for
NE (stars; four cells) and for GU (squares; 4 cells). A regression analysis of F2/I against the substrate concentration gives a mean ratio of 0.18 ±
0.04 pA for NE and 0.11 ± 0.02 pA for GU. The value of the variance-to-mean ratio for the combined NE and GU data is 0.145 ± 0.045 pA. C
indicates no correlation between the variance-to-mean ratio and the concentration on the transmitter. (D) Parental cells are unaffected by NE or
DS. Concentrations of up to 30 ,IM of NE, GU, or DS have no effect on parental cells (20).
of geneticin (G418) per ml; resistant colonies were isolated
from transfected plates 1 week later. Single cells were used to
generate clonal lines. Multiple lines tested positive for desi-
pramine (DS)-sensitive [3H]NE uptake. Clonal line 293-
hNET-#3 (termed 293-hNET cells) was used in all experi-
ments reported here. 293-hNET cells (20) express an 80-kDa
protein detected by the affinity-purified antipeptide NET
antibody from N430 cells (30). The binding of a high-affinity
cocaine analogue [125I]3P-[4-iodophenyl]tropan-23-carboxylic
acid methyl ester to total cell membrane preparations gave a
value ofKD = 14.2 + 1.6 nM, Hill coefficient n = 0.96 + 0.10,
and Bmax = 13.1 ± 0.6 pmol/mg of protein. (Throughout the
paper, ± refers to the standard deviation associated with a fit
to the data.) These binding experiments indicate a single
population of noninteracting transporter sites with an average
of 9 x 105 binding sites per cell (20). Although we do not know
exact number of NETs in any particular cell, in the present
paper, we approximate this as 106 NETs per cell. Finally, the
uptake of [3H]NE follows Michaelis-Menten kinetics with KM
= 420 + 38 nM, Hill coefficient n = 1.3 ± 0.1, and Vma = 5.2 ±
0.1 x 10-17 mol/cell per min at 37°C.

Electrophysiology. Before recording from parental or stably
transfected cells, cells were plated at 105 per 35-mm culture
dish. Attached cells were washed three times with bath solution
at 37°C. The bath contained the following: 130 mM NaCl, 1.3
mM KC1, 1.3 mM KH2PO4, 0.5 mM MgSO2, 1.5 mM CaC12, 10
mM Hepes, and 34 mM dextrose. Pipette solutions for the
whole-cell recording contained the following: 130 mM KC1, 0.1
mM CaCl2, 2 mM MgCl2, 1.1 mM EGTA, 10 mM Hepes, and

30 mM dextrose adjusted to pH 7.35 and 270 mosmol; free Ca
was 0.1 tM. To prevent NE oxidation, solutions contained 100
,uM pargyline and 100 ,uM ascorbic acid. Patch electrodes (5
Mf) were pulled from borosilicate glass (Corning 7052). An
Axopatch 200A amplifier (Axon Instruments, Foster City, CA)
band-limited with a four-pole Butterworth filter (Ithaca,
Ithaca, NY) at 2000 Hz was used to measure current. Series
conductance was 0.1 uS or greater, and cell capacitance was
25-80 pF, implying 2500-8000 tLm2 surface area. Voltage
steps (500 msec) ranging from -140 to 0 mV, were separated
by -40 mV holding potentials (1 sec). Data were stored
digitally on VCR and analyzed on a Nicolet 4094 oscilloscope
and an IBM-AT computer.

RESULTS AND DISCUSSION
Here we present evidence that the relatively large transmitter-
induced current present in transfected cells can be ascribed to
a channel-like behavior associated with hNETs. As already
noted, either-NE or the false transmitter GU can induce
currents in hNET-transfected HEK-293 cells (20). The NE-
induced currents, which are blocked by DS and cocaine, obey
the equation

I = Imax[NE]n/(KMn + [NE]n)
for fixed negative voltage. At -120 mV and 130 mM Na,
Imax(NE) = 49 + 19 pA, KM(NE) = 0.60 + 0.04 ,uM, and Hill
coefficient n = 1.02 ± 0.06. At -120 mV and in 30 ,uM NE,
KM(Na) = 15.0 + 3.0 mM and nNa = 1.1 + 0.2. Imax(GU) varies
linearly in the range -20 through -40 mV, and the whole-cell
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resistance defined by DS subtraction was 1.11+ 0.12 Gfl.
GU-induced currents follow a similar pattern, although on
average, the GU-induced currents are larger than the NE-
induced currents. At -120 mV and 130 mM Na, Imax(GU) =

117 ± 36 pA, KM(GU) = 2.4 + 0.3 aM, and nGU = 1.10+ 0.14.
The Hill coefficients for NE, GU, and Na evaluated from the
induced currents are approximately equal to one, which is close
to the value obtained from uptake assays. We have also
measured the binding of a cocaine analogue to assess the
number of transporters, yielding an average of =106 hNETs
per transfected cell (see Methods). With these data, and
considering NE as a monovalent cation and GU as a trivalent
cation, Imax(NE)/Bmax gives a cycle rate of 340 cycles/sec and
Imax(GU)/Bmax gives 270 cycles/sec at -120 mV. These values
are considerably higher than the rates measured from our
uptake studies on these same cells (20), for which Vmax/Bma
gives less than 1 NE/sec per hNET, in agreement with the
literature value. Thus, whereas transmitter-induced currents
from hNETs appear to have a stoichiometry similar to uptake,
the NE-induced currents at -120 mV (48 pA) are =300 times
too large compared with current that is expected from trans-
port, assuming the formula I = Nqr, where N is the number of
transporters per cell (106), q is the net transfer of charge per
turnover (1 e), and r is the turnover rate (one per second). One
possible explanation for the discrepancy between the rates
determined from uptake studies and the rates determined
from induced currents may be inherent differences in the two
techniques. In single-cell voltage clamp experiments, we in-
tentionally select cells with large currents, whereas uptake
experiments average over thousands of cells, some of which
may have low expression or be nonfunctional. Thus uptake
studies may underestimate the rates. Alternatively, the rate of
transfer determined by the two methods may result from
different transport mechanism within the transporter, one for
NE and the other for ions that may permeate hNET through
a transporter-associated pore. The charge transported through
such a pore might be expected to be much larger than
charge-transported by hNET via the fixed stoichiometry
NE+:Na+:Cl-.
To examine this latter possibility, we first investigated the

elementary events that underlie the transmitter-induced cur-
rent using fluctuation analysis. If the unitary charge transfer is
200-300 times larger than predicted by fixed stoichiometry,
this could explain the discrepancy in rates measured by NE
uptake and rates measured by NE-induced current. Fig. 1A4
illustrates the current fluctuations in hNET-transfected HEK-
293 cells voltage clamped to -120 mV. In this figure, the steady
current was suppressed and the fluctuations were limited to
2000 Hz bandwidth. To quantify the evident increase in the
DS-sensitive, NE-induced fluctuations (Fig. 1A), we plot the
difference variance: o2 = O2NE - O2DS (or o2 = a2GU - O2DS) as
a function of the concentration ofNE (or GU) that induced the
current. Fig. 1B shows that the difference variance of the
fluctuations obeys the equation

'2= O(2max[NE]n/(KMn + [NE]n),
where the dashed line is oamax = 29 pA2, KM = 0.61 /LM, and
n = 0.9. At -120 mV and for concentrations up to 10,AM NE,
the average values of the parameters are as follows: (2max(NE)
= 31 + 3 pA2, KM(NE) = 0.60 ± 0.13 ,AM, and nNE = 0.80 +
0.15. GU-induced fluctuations follow a similar pattern with
(2max(GU) = 25.0 ± 2.5 pA2, KM(GU) = 0.61 + 0.40,LM, andnGU
= 1.40 + 0.15. Thus variance of the DS-sensitive fluctuations
(o2) has approximately the same dependence on substrate
concentration as the magnitude of the mean current (20).
Furthermore, the variance of the induced fluctuations is
unexpectedly large. For comparison, a cell resistance R of 1
Gfi would be expected to generate Johnson noise (31) in 2000
Hz bandwidth B of a2Johnson = 4kTB/R - 0.003 pA2. The
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FIG. 2. Cell-attached patches. NE or GU induce current fluctua-
tions in cell-attached patches on 293-hNET cells, and the inward
deflections increase in amplitude with negative voltages. (A) A
representative trace at 0 mV (absolute potential obtained by breaking
the patch after the experiment to measure the cell resting potential,
typically -40 mV). The pipette contained 30 lM GU. (B and C) The
same patch at -60 and -80 mV. Amplitude histograms, shown to the
right of each trace, are from 9 sec of data. In these histograms, the
mean current was set arbitrarily to zero at each voltage. Similar data
were obtained with 30 juM NE. The histograms in A-C show that in
transfected cells with GU in the pipette (or NE, data not shown), patch
noise has an asymmetric distribution of amplitudes that indicates the
presence of inward channel-like openings. These openings are buried
in the noise, but they are evident in the asymmetry of the traces and
in the left asymmetry of the amplitude histograms. (D) A sample trace
from similar experiment on a parental cell at -80 mV. The variance
increases with voltage from 0.05 ± .011 pA2 at 0 mV to 0.45 ± .04 pA2
at -140 mV (four cells). In parental cells, however, with or without NE
or GU in the pipette, patch noise has a symmetric distribution of
amplitudes, as indicated in the histogram in D.

power spectral density of the fluctuations, SNE(f) - SDS(f), is
flat up to 2000 Hz. This implies that we cannot observe the true
corner frequency of the events, because it is greater than the
imposed bandwidth. However, the variance of the fluctuations
can be used to estimate the magnitude of the underlying
events.

Let us first estimate the magnitude of the charge underlying
the fluctuations using shot noise theory. In this model each
event is identical, and the net current generated by random
"shots" depends on the charge q per shot and the rate r of

8673Neurobiology: Galli et al.

V)

;E



Proc. Natl. Acad. Sci. USA 93 (1996)

3 -

A

2 -

0

30 pM NE

-20 mV

l
-0.5 -0.3 -0.1 0.1 0.3

B 3 -

2 -

1 -

0

20,uM DS
-60 mV

-0.5 -0.3 -0.1 0.1 0.3

FIG. 3. Gaussian subtraction procedure. To extract the GU- or

NE-induced inward current evident in Fig. 2 A and B, we first
constructed a Gaussian curve that represents background. To con-

struct the Gaussian, we use the right limb of the histogram and reflect
it about the origin. This theoretical curve was then subtracted from the
total histogram. After this procedure, the right limb of the histogram
will obviously vanish. However, if the left limb is asymmetric with
respect to the right, the procedure will reveal an underlying compo-
nent. (A) Data from an inside-out patch taken from a transfected cell.
It shows that even small asymmetries may be extracted from the total
histogram by the Gaussian subtraction method. With 30 ,uM NE in the
pipette and V = -20 mV across the patch, the asymmetric inward
current represents a small fraction of the total amplitude (see also Fig.
2). The data are shown as dark crosses, the dotted vertical line through
the peak is the axis of reflection for the theoretical Gaussian, and the
solid curve is the constructed Gaussian. Subtracting the solid line from
the data uncovers a minor component representing the inward fluc-
tuations (arrow in Fig. 2A). At -20 mV, the peak of the inward
component revealed by this procedure is -0.12 pA (2000 Hz band-
width). (B) Same patch at a higher voltage (-60 mV), but after having
added 20 ALM DS to the bath (the cytoplasmic face of the patch).
Although there is a substantial increase in the background current,
there is virtually no asymmetric component in the presence of DS.
Using the same procedure as above, the subtraction reveals essentially
no inward component (affow in Fig. 2B). In Fig. 4, we use Gaussian
subtraction to measure the peak of the induced inward current at
different voltages.

arrival of shots. In this case, the mean current is I = Nqr, which
is the same formula used above to estimate the current
expected from transport. In the present case, however, we

allow q to be a free variable and determine its value from
fluctuation analysis. The ratio of the variance of the fluctua-
tions to the mean current is independent of the rate of arrival
and allows us to estimate the charge that is transferred per
event. If each event is a very brief pulse (approximately a delta
function), and if we record fluctuations due to the random
arrival of these events in the bandwidth B, then the ratio of the
variance to the mean is given by the shot noise formula
(31-33),

cr2/I= 2qB.

Fig. 1C plots the measured ratio, 2-/I, for a number of NE or
GU concentrations. The plot shows that o2/I is essentially
uncorrelated with [NE] or [GU]. An analysis of cF/I at -120
mV gives a mean ratio of 0.18 ± 0.04 pA for NE and 0.11 ±
0.02 pA for GU. The value of o2/I for the combined data is
0.145 ± 0.045 pA. Using the approximate value of 0.2 pA for
oF/I, the charge transferred per event is

qO0.5 X 10-16couI.

Thus, -300 electronic charges make up each unitary event.
Although a fixed-shot model could be consistent with the large
NE-induced currents, even assuming turnover rates of one per
second, we lack a physical model to account for a charge
transfer of 300 e charges transport event.

If we assume instead that the transporter-associated events
are ion channels with random open times, and if each event
carries net current i with open probabilityp, then the variance-
to-mean ratio formula becomes (31)

T2/I = i(1 -p).

In this formulation, the bandwidth does not appear explicitly.
Nevertheless, the bandwidth imposes a restriction on observ-
able events, namely, openings briefer than 1/2w(2000Hz) =

0.1 msec cannot contribute significantly to the observed fluc-
tuations (31). Assuming that the fluctuations are due to channels
with random openings leads to the expression (Fig. 1C)

i(1 -p) - 0.2 pA

for the NE-induced currents, and about half this magnitude for
GU-induced currents (Fig. 1C). The experimental value, i =
0.2 pA, is furthermore a lower limit on the elementary current,
because the probability is restricted by the formula 0 <p < 1.
Moreover, 0.2 pA is greater than we would expect for the
transport of NE+:Na+:Cl-: if we assume a charge of le and an
open time at our limit of detection (0.1 msec), we predict an
elementary current of 0.0016 pA, which is 130 times smaller
than the current estimated from noise analysis. Shot noise
analysis also predicted that the stoichiometric transport of
NE+, Na+, and Cl- would move <1% of the charge calculated
to move in each shot.
The fluctuation analysis presented above suggests that we

might expect to observe transporter-associated channels with
currents in the range of 0.2 pA at -120 mV. Because of the
imposed bandwidth, however, we would miss channel openings
that are briefer than 0.1 msec. To look for such events, we
performed experiments on transfected cells using the patch-
clamp technique. Fig. 2 shows that the amplitude histogram of
current fluctuations in cell-attached patches contains a left
(inward) asymmetry. This inward component of the histogram
becomes larger at negative membrane potentials (Fig. 2 B and
C); furthermore, it is completely eliminated by 20 ,uM DS (data
not shown), and it is absent in parental cells (Fig. 2D). To
extract the amplitude of this inward component, we assumed
that the total histogram is the sum of two Gaussians and used
the subtraction procedure illustrated in Fig. 3. This analysis
revealed that in cell-attached patches, at membrane potentials
between -20 and -80 mV, the inward current varied linearly
with voltage with a slope of 3.2 ± 0.4 pS (n = 6). Although this
analysis suggests hNET-associated channels of the size pre-
dicted from whole-cell fluctuation analysis, we rarely observed
channels as discrete events in cell-attached patches. Further-
more, the cell-attached configuration recordings may be com-
promised by changes in the cell resting potential. Inside-out
patches offer a solution to these limitations (Fig. 4A). Remov-
ing the patch from the cell reveals distinct elementary events
that are more easily resolved in amplitude histograms. These
inward currents are blocked by 2 ,uM DS added to the bath to
the inside face of the membrane (Fig. 4B, Right). Complete DS

8674 Neurobiology: Galli et al.
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FIG. 4. Inside-out patches. GU induces chan-
nel-like activity in inside-out patches. (A, Left) Raw
data and an amplitude histogram from an inside-
out patch containing 30 AM GU (-80 mV). We
used GU in these patch experiments to avoid
complications of oxidation; furthermore, no GU
receptors exist and the likelihood of false signals is
less. Finally, although we obtained similar results
with NE, GU gave more consistent events that
were easier to analyze. At -80 mV, we can observe
distinct inward current spikes. However, at voltages
between 0 and -40 mV events are less visible. Thus
we used the Gaussian subtraction procedure (Fig.
3) to quantify the GU-induced current at different
voltages, even in those cases where single events
are clear. The amplitude of the current at each
voltage is defined as the center of the revealed
inward component with respect to zero. This dif-
ference is shown as vertical dashed lines: in this
example i = -0.25 pA. (Right) Same patch 1 min
after adding 2 ,tM DS to the bath. At 1 min the
block is incomplete, as indicated by inward spikes
and the slight asymmetry in the histogram. Waiting
up to 10 min, or using stronger concentrations of
DS (20 ,uM), completely abolishes these inward
currents. (B) i(V) curve constructed by the method
outlined in A (Left). At large negative voltages we
can occasionally observe long openings; however,
these were too inconsistent to quantify. The inset in
the i(V) curve shows an example of one of these
rare, long events (arrow). The conductance defined
by the Gaussian subtraction procedure in a band-
width of 2000 Hz is linear in the range -20 to -80
mV with the value YhNET = 2.95 + 0.17 pS (n = 4).

block requires up to 10 min in 2 juM. As in cell-attached
patches, this inward component of the patch currents is not
present in parental cells. Although the elementary currents in
inside-out patches appear more distinct than in cell-attached
patches, long-lived events (see arrow, Inset) are rare. We
therefore rely on the Gaussian subtraction procedure (Fig. 3)
to measure the amplitude of the current. Fig. 4B shows that,
for inside-out patches voltage clamped between 0 and -80
mV, the GU-induced inward current varies linearly with
voltage and has a slope y = 2.95 ± 0.17 pS. We will refer to
this hNET-associated conductance as the channel mode (C-
mode) of conductance. In addition to induced currents, neu-

rotransmitter transporters have well-documented leak cur-
rents (6, 7). We define leak through hNETs as the DS-sensitive
current revealed in transfected cells independent of the pres-
ence of transmitter (20). On average, the leak current is only
10% of the induced current; thus it could be due to a smaller
channel or the same channel at lower probability. We have
attempted to find single-channel events linked to leak currents
without success.

Because we observe discrete events with variable open times
in cell-detached patches, we adopt the channel description for
hNET-associated C-mode conduction. Two lines of evidence
suggest that the probability of C-mode conduction is extremely
low. For channels, the macroscopic current is given by I = Nip.
Therefore, at a saturating transmitter concentration of 30 ,uM
GU and at V = -80 mV,

Np 100 pA/0.2 pA = 500.

Although we do not have an accurate measurement ofN for
a given cell, we can take the average number of [125I]33-[4-
iodophenyl]tropan-2/3-carboxylic acid methyl ester sites per
transfected cell (20) as an approximation for N and estimate
a value for p. For N - 106, thenp - 0.0005. This means that,
if the whole-cell current has the value 100 pA and if the
underlying event is 0.2 pA, then the probability of C mode is
the order of 0.5 x 10-3. A more subtle argument involves the
concentration dependence of I and of i(1 - p). Our data show
that whereas the whole-cell current, I = Nip, depends on [NE]
or [GU] according to a Michaelis-Menten relationship (20),
the variance-to-mean ratio, o2/I = i(1 - p), is approximately
independent of [NE] or [GU] (Fig. 1). For these data to be
consistent, then the probability,p, must be much less than one.

Considering these arguments, we propose the following de-
scription to encompass the voltage and concentration depen-
dence of the macroscopic current and the current fluctuations
for C-mode conduction in hNET:

I =Nip;
p = p[NE]/(KM + [NE]);

2 = Ni2p(1 -p) iI; and

i =y(V-E),
where y = 3 pS, E = +Bmr, KM = 0.6 /uM, andpo is the order
of 10-3. The factor po is the upper bound for the probability
of C-mode conduction and states that, even under saturation
conditions, C-mode occurs only 0.1% of the time.

A
control
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From a comparison of NE transport and NE-induced cur-
rent, we estimated that at negative voltages, "300 charges
cross the membrane for each molecule of NE transported.
Furthermore, shot noise analysis indicated that "300 elec-
tronic charges make up each unitary event. A similar analysis
of the noise as channel activity gave "130 electronic charges
per event. Thus the electrical events occur with about the same
frequency as transport. While this may be coincidence, it is also
possible that the transporter opens as a transmembrane ion
channel every time it transports NE.

Finally, we note that the parameter po, which is the maxi-
mum value for the probability of opening, may be different for
different substrates. We have shown that under similar con-
ditions of transmitter-induced current, I(GU) > I(NE). A con-
gruous explanation would be thatpo(GU) > po(NE). In other
words, GU is more effective than NE at opening the channel.
Once the channel is open, however, the current is the same for
either substrate. This model explains transmitter uptake mea-
sured by radioligands, the Michaelis-Menten dependence of
NE- and Na-induced current, the voltage dependence of the
induced current, the concentration dependence of the induced
current, the magnitude of the whole-cell current, and the
magnitude of the current fluctuations.
These experiments demonstrate that hNETs that have both

transporter modes and C-modes of conduction. A Michaelis-
Menten analysis of uptake and substrate-induced currents
indicates Hill coefficients for NE (or GU) and Na near n = 1
(20). In addition, hNET requires one Cl ion for NE transport
(7), and recently the ion coupling stoichiometry for hNETs
that we have assumed in this paper has been confirmed (34).
These data suggest that although transporter mode is electro-
genic, it generates negligible current. Indeed, 106 hNETs
transporting a net charge of 1 e at rate of one per second would
generate a current of only 0.16 pA. Although the probability
of any given channel being open is low, C-mode carries the
majority of the current. Our conclusion that C-mode domi-
nates NE-induced current in hNETs does not generalize to
other cotransporters. In mammalian serotonin transporters,
which are reported to be electroneutral (19), the serotonin-
induced current and the number of seratonin molecules trans-
ported are in approximate agreement (24). However, in glu-
tamate transporters, although C-mode is present, the majority
of current can be carried in transporter mode (35). Further-
more, the relative contributions of transporter mode and
C-mode may vary even among homologues of these transport-
ers (27). Does C-mode conduction exist in native prepara-
tions? No evidence of this type exists for NE transporters. A
large current is associated with serotonin uptake in Hirudo
neurons (22); however, the number and turnover rate of these
transporters is unknown. Evidence for C-mode in a native
preparation comes from noise analysis, which has revealed
channel behavior in glutamate transporters in salamander
photoreceptors (36).

If hNET combines the properties of a classical cotransporter
with a transmitter-gated ion channel, as our data suggest,
questions arise concerning the consequences of this behavior
for transporter function. Is transport necessary to stimulate
channel activity? Is C-mode an obligate step in gating amine
flux? Must the substrate bind to open the channel? Does the
same pore that carries the majority of the current carry the
neurotransmitter? Finally, does C-mode exist in native tissue,
and, if so, what are the consequences of the currents associated
with hNET for neural transmission? These questions await
further investigation. Certainly a greater time resolution of
hNET-associated events has been achieved, offering a new
approach for investigations into transporter mechanisms and
regulation. Properties of NET revealed in detached patches

also offers new paradigms to relate substrate and drug binding
to the structural features of NET proteins.
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