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Kinetics of desensitization and recovery from desensitization for 
human α4β2-nicotinic acetylcholine receptors stably expressed in 
SH-EP1 cells
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Aim: Studies were conducted to define the kinetics of the onset of and recovery from desensitization for human α4β2-
nicotinic acetylcholine receptors (nAChR) heterologously expressed in the SH-EP1 human epithelial cell line.    
Methods: Whole-cell patch clamp recordings were performed to evaluate α4β2-nAChR currents.     
Results: Application of 0.1 µmol/L nicotine or 1 mmol/L acetylcholine (ACh) for 1 s or longer induced two phases, with time 
constants of ~70 and ~700 ms, for the onset of α4β2-nAChR desensitization.  For a given duration of agonist exposure, recovery 
from desensitization induced by nicotine was slower than recovery from ACh-induced desensitization.  Comparisons with pub-
lished reports indicate that time constants for the recovery of α4β2-nAChRs from desensitization are smaller than those for the 
recovery of human muscle-type nAChRs[1] from desensitization produced by the same concentrations and durations of expo-
sure to an agonist.  Moreover, the extent of human α4β2-nAChR desensitization and rate of recovery are the same, regardless 
of whether they are measured using whole-cell recording or based on published findings[2] using isotopic ion flux assays; this 
equality demonstrates the equivalent legitimacy of these techniques in the evaluation of nAChR desensitization.  Perhaps most 
significantly, recovery from desensitization also was best fit to a biphasic process.  Regardless of whether it was fit to single or 
double exponentials, however, half-times for recovery from desensitization grew progressively longer with an increased dura-
tion of agonist exposure during the desensitizing pulse. 
Conclusion: These findings indicate the existence of α4β2-nAChRs in many distinctive states of desensitization, as well as the 
induction of progressively deeper states of desensitization with the increased duration of agonist exposure. 
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Introduction

Nicotinic acetylcholine receptors (nAChR s) are 
expressed as diverse subtypes composed of distinctive com-
binations of subunits and play a variety of important physio-
logical roles[3].  α4β2-nAChRs have received much attention 
because they seem to be the predominant nAChR subtype in 
the brain and the major, high-affinity nicotine binding sites 
also implicated in nicotine dependence[4, 5].  Up-regulation 
of brain radioligand binding sites corresponding to α4β2-
nAChRs after chronic nicotine exposure has been observed 
both in human smokers and in rats[4, 6–8], whereas a substan-
tial decrease in brain α4β2-nAChR-like radioligand binding 

sites occurs in neurodegenerative disorders such as Alzheim-
er’s and Parkinson’s diseases[9–11].  α4β2−nAChRs also have 
been implicated in certain types of epilepsy[12], Tourette’s 
syndrome[13], and neural development[14], reinforcing their 
potentially critical roles in physiological and pathological 
processes in the central neural system.

Regardless of whether they mediate classic excitatory 
neurotransmission when expressed on somatodendritic sites 
postsynaptic to cholinergic input or modulate release of neu-
rotransmitters when expressed on nerve terminals[15], ques-
tions remain regarding the roles of nAChR activation and 
inactivation in their physiological functions.  It has long been 
known that agonist binding to nAChRs induces transient 
channel gating, rapidly followed by a process called “desensi-
tization” that is associated with channel closure[16].  However, 
our understanding of desensitization remains incomplete.  
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Current models of nAChR desensitization, like most ligand-
gated ion channels, are based on cyclical schemes with two 
distinct desensitized states: the early, quickly desensitized 
state and a more slowly inactivating state[17–19].  However, our 
previous studies of the kinetics of the recovery of muscle-
type nAChR function from sustained nicotine exposure 
suggested the existence of more than two desensitized states, 
a hypothesis based in part on the observation that the half-
times for the recovery from functional inactivation grew 
longer as the duration of desensitizing agonist application 
increased[1].  

To determine whether observations about desensitiza-
tion made using muscle-type nAChRs are generalizable to 
other nAChR subtypes, we undertook studies of the kinetics 
of desensitization and recovery from desensitization using 
human SH-EP1 epithelial cells transfected with human 
nAChR α4 and β2 subunits to stably and heterologously 
express the human α4β2-nAChR[20].  We reasoned that such 
studies, especially given complications due to residual nico-
tine in investigations of nAChR heterologously expressed in 
much larger Xenopus oocytes, might provide a better assess-
ment of the kinetics of α4β2-nAChR desensitization and 
recovery from desensitization that would be more appropri-
ate for an improved understanding of those processes in neu-
rons of a similar size.  

Materials and methods

Expression of human α4β2-nAChR in transfected 
SH-EP1 cells  The SH-EP1-hα4β2 cell line heterologously 
expressing human α4β2-nAChR was created, characterized 
and maintained as described earlier[20].  Cells seeded initially 
at ~20% confluence onto 35-mm dishes were used for electri-
cal recording.  The efficiency of obtaining tight patch-clamp 
recording seals and functional α4β2-nAChR expression 
appeared to be optimal three to four days later. 

Patch-clamp whole-cell current recordings  Con-
ventional whole-cell current patch clamp recording at a 
holding potential (VH) of –60 mV coupled with fast drug 
application and removal using a perfusion system (SF-77B, 
Warner Instruments) was applied in this study[21].  The 
internal patch pipette solution included 140 mmol/L KCl, 4 
mmol/L MgSO4, 0.1 mmol/L EGTA, 10 mmol/L HEPES, 
and 3 mmol/L ATP (pH adjusted to 7.2 with KOH). The 
pipette resistance filled with internal solution was 3–5 MΩ.  
The standard external solution included 120 mmol/L NaCl, 
3 mmol/L KCl, 2 mmol/L MgCl2, 2 mmol/L CaCl2, 25 
mmol/L D-glucose, and 10 mmol/L HEPES (pH adjusted 
to 7.4 with Tris-base). In experiments involving acetylcho-

line (ACh) exposure, 1 µmol/L atropine sulfate was added 
to the standard solution to exclude any possible influences of 
muscarinic receptors.

Briefly, cells plated on poly-lysine-coated 35-mm culture 
dishes were placed on the stage of an inverted microscope 
(Olympus iX7, Lake Success, NY) and continuously super-
fused with standard external solution.  Glass microelectrodes 
were used to form tight seals (>1 GΩ) on the cell surface 
until suction was applied for conversion to conventional 
whole-cell recording. Cells were then voltage-clamped 
at a holding potential (VH) of –60 mV, and ion currents 
in response to the application of ligands were measured 
(Muticlamp 700A amplifier, Axon Instrument, Foster City, 
CA, USA).  Data were filtered at 2 kHz, acquired at 6 kHz, 
displayed and digitized on-line (Axon Instruments Digidata 
1322A series A/D board), and stored on a hard drive.  Off-
line data acquisition and analyses were performed using 
Pclamp8 (Axon Instruments), and results were plotted using 
Origin 5.0 (Microcal, North Hampton, MA).

To initiate whole-cell current responses, agonists were 
rapidly delivered to the cell using the SF-77B system.  The 
time needed to fully change from standard extracellular 
solution to drug perfusion and back again was less than 20 
ms.  Drugs used in the present study were nicotine and ACh 
(Sigma Chemical Co, St Louis, MO).  In the early stages of 
this study, most recording was done using cells attached to 
the culture dish; in later stages, however, the “lifted cell” tech-
nique was applied.  Briefly, after gigaseal formation, a 0.125% 
trypsin solution made in extracellular medium was applied 
via superfusion for 10−20 s and removed by 30 s of superfu-
sion with extracellular Ringer’s solution.  Superfusion was 
stopped, and the micromanipulator was moved to determine 
whether the cell would then lift off the dish while maintain-
ing gigaseal contact with the recording pipette.  In 30%−50% 
of the cases where lifted cell recording then was achieved, 
superfusion was reinitiated.  In the vast majority of cases, the 
quality of the recording and the stability of the gigaseal were 
improved (facilitating longer-term study of a cell) after the 
lifted cell state was achieved.  Indications are provided in the 
narrative and/or figure legends about the cell state during 
recording.   

For analysis of the rate of onset of desensitization, whole-
cell current data were fit over the period from the point just 
after the peak inward current was obtained to the end of the 
drug application period (ie, at the end of the 4 s period of 
drug exposure).  Generally, data were obtained using a fully 
efficacious concentration of agonist, and the desensitization 
from the peak to steady state inward current response was 
fit to a bi-exponential expression (Clampfit 8, Axon Instru-
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ments):
f(t)=Af

- t/τf+As
- t/τs+C

where f(t) is the whole-cell current amplitude at any 
given time, Af is the magnitude of the more quickly decaying 
desensitization process characterized by time constant τf, As 
is the magnitude of the more slowly decaying desensitization 
process characterized by time constant τs, and C is the steady 
state current that does not fully desensitize. 

For analysis of the kinetics of recovery from desensitiza-
tion, peak current responses to “test” pulses of agonist were 
sampled at specific times after the peak current responses 
to an initial, “desensitizing” pulse of drug application.  The 
amplitudes of the test pulse responses were normalized to 
the amplitude of the desensitizing pulse response and plot-
ted against the interval between desensitizing and test pulses.  
Data were fit to both the single- (Y2=0) and the double-phase 
exponential expression:

Y=Y0+Y1 (1–exp(-0.693X/τf)+Y2 (1–exp(-0.693 X/τs)
(Prism V3.0, GraphPad, San Diego, CA) for the observed 

peak current amplitude Y, the baseline current amplitude 
(reflecting incomplete desensitization of responses upon 
shorter-term agonist exposure) Y0, and magnitudes of the 
quickly and slowly recovering processes Y1 and Y2 that 
are characterized by time constants τf and τs, respectively.  
Parameters fit to bi-exponential processes are reported in 
some cases to fit the data to maintain uniformity of data 
analysis, because some of the results were clearly and signifi-
cantly (P<0.05) better fit by a bi-exponential expression than 
a mono-exponential equation based on a chi-square analysis 
of the results.  Parameters fit with mono-exponential equa-
tions are reported in some cases to facilitate comparisons 
with other findings reported in the literature and fit as single-
phase processes.  For studies of the recovery from desensiti-
zation, Y0 was not always set to zero because shorter agonist 
pretreatment times did not produce the full desensitization 
observed for longer desensitizing agonist exposures.  Thus, 
for short-term exposure protocols, Y0 was set as the inward 
current amplitude at the end of the desensitizing pulse.  This 
was chosen in part because experimental studies (not shown 
here) confirmed that the amplitude of the test pulse peak 
current response was indeed the same as the amplitude of 
the steady state whole cell current response at the end of the 
desensitizing pulse if the interpulse interval was very short 
(eg, 0.1−0.2 s).  For longer-term exposures (eg, 180 s), Y0 was 
set to zero because the steady state response to the desensi-
tizing pulse fully desensitized to the baseline.  Additionally, 
because the non-zero Y0 differed for a specific condition 
of agonist exposure for responses recorded from lifted or 
attached (“unlifted”) cells for short-term agonist exposures, 

data were segregated and fit to the different inward current 
amplitude values for lifted and unlifted cells at the end of the 
desensitizing pulse.  The rate constants for the recovery from 
desensitization were indistinguishable both across the two 
cell conditions and from those obtained when raw data from 
lifted and unlifted cells were combined and analyzed as a 
single data set, as has been done for the recovery from desen-
sitization studies presented below.  

All data points are expressed as means±SEM.  Statistical 
comparisons utilized Student’s t-test, and a P<0.05 was con-
sidered significant.  All experiments were performed at room 
temperature (22±1 oC).

Results

Studies of whole-cell current responses to ACh applied 
at different doses for 4 s to SH-EP1 cells heterologously 
expressing the human α4β2-nAChR were initiated (Figure  
1).  The typical temporal pattern of the whole-cell response 
consisted of: 1) a quick rise from the initiation of agonist 
exposure to a peak inward current and 2) a decay (through a 
process that we operationally define as acute desensitization) 
of inward current to a much lower amplitude, but still non-
zero, steady state level.  Upon drug removal, α4β2-nAChR-
mediated inward currents quickly returned to baseline levels.  
ACh dose-dependence for whole-cell current profiles is 
evident in that peak currents achieve their highest levels at 
the higher agonist doses.  Further, the initial phase of acute 
desensitization is faster for exposure to higher agonist doses.  

Figure 1.  Typical whole-cell current responses for unlifted and lifted 
cells.  Whole-cell current responses to ACh at the indicated doses were 
recorded at a holding potential of -60 mV either from SH-EP1-hα4β2 
cells attached to the culture dish (unlifted; U) or after lifting of the 
same cell (lifted; L) as described under Materials and Methods.  Peak 
current amplitudes have not been normalized and are comparable 
prior to and after lifting, but the kinetics of the whole-cell response is 
accelerated when using lifted cell recording.  This acceleration is likely 
due to more rapid solution exchange around the lifted cell.  The time 
and current amplitude scale bars apply to all traces.  
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The traces illustrated are from studies comparing the proper-
ties of whole-cell current recordings from attached, unlifted 
cells as well as the same cells in the lifted format.  These stud-
ies indicate that there is no significant difference in the peak 
current response amplitude upon acute agonist challenge 
with 1 mmol/L ACh (-52.4±4.9 pA/pF for unlifted, n=23; 
-67.2±22.6 pA/pF for lifted, n=8; P =0.542) or 100 µmol/L 
nicotine (-50.3±7.2 pA/pF for unlifted, n=16; -76.3±14.2 
pA/pF for lifted, n=10; P=0.125), suggesting that brief 
trypsinization to allow conversion to the lifted cell condi-
tion did not adversely affect human α4β2-nAChR function.  
These studies did reveal, however, that the kinetics for the 
responses (ie, the rate of achievement of the peak current 
response, the time needed to achieve a peak response, and 
the rate of acute desensitization from the peak to steady state 
current levels at the end of the agonist challenge) were accel-
erated during recordings from lifted cells.  Even the rate of 
return to baseline levels for inward current after drug removal 
was faster for lifted than unlifted cells.  These findings sug-
gest that the rate and extent of drug and solution change 
around the cell was much faster and uniform in the lifted cell 
configuration.  Additionally, they imply that the topography 
of attached cells in relation to the drug delivery device influ-
enced the apparent kinetics of whole-cell current responses.  
Moreover, the extent of acute desensitization for a given cell 
exposed to a specific dose of agonist for a specific period of 
time was larger for lifted cells than it was for the same cells 
challenged while attached to the culture plate, perhaps indi-
cating better synchrony in the activation and desensitization 
of cellular α4β2-nAChRs in the lifted format.  Nevertheless, 
as we show below, rates of recovery from acute desensitiza-
tion, which were much slower than rates for channel opening 
and the onset of acute desensitization, were indistinguish-
able regardless of whether they were obtained using lifted or 
unlifted cells.  Consequently, studies of the kinetics of the 
recovery from acute desensitization (see below) combine 
data obtained using lifted and unlifted cells.     

A series of typical whole-cell current responses of lifted 
SH-EP1-hα4β2 cells that were exposed to fully efficacious 
doses of ACh (1 mmol/L) or nicotine (0.1 mmol/L) for 
different periods of drug exposure (0.2, 0.3, 0.5, 1, and 4 s; 
Figure 2A, 2B) revealed that both agonists induced a quick 
rise to the peak whole-cell currents.  Due to acute desensi-
tization, this was followed by a quick decay of the inward 
current to a much lower amplitude, but still non-zero, steady 
state level.  Upon drug removal, inward currents quickly 
returned to baseline levels after exposure to ACh.  However, 
the return of the inward current to baseline levels occurred 
more slowly after exposure to nicotine.  Comparisons of the 

peak current amplitudes for responses to ACh (67.2±22.6 
pA/pF, n=8 cells) or nicotine (76.3±14.2 pA/pF, n=10; Fig-
ure 2C) revealed no significant difference (P=0.728) in effi-
cacy for these agonists, even before adjustment for cell size 
(2246±755 pA for ACh responses, 2737±695 pA for nicotine 
responses).  Time constants (τ) for the decay of the inward 
current response during 4 s of exposure to ACh or nicotine 
fit to bi-exponential expressions show that the fast compo-
nent of acute desensitization induced by ACh (τf =60.7±8.3 
ms, n=8) tended to be faster (P=0.283) than that induced 
by nicotine exposure (τf=73.5±7.9 ms, n=10).  Addition-
ally, the slow component of desensitization to ACh pulses 
(τs=701±57 ms) was significantly faster (P=0.017) than that 

Figure 2.  Desensitization of α4β2-nAChR function.  Overlapped, 
typical whole-cell current responses of α4β2-nAChRs heterologously 
expressed in SH-EP1-hα4β2 cells to 1 mmol/L ACh (A) or 0.1 
mmol/L nicotine (B) applied for the indicated periods (horizontal bars 
above traces; 0.2, 0.3, 0.5, 1, and 4 s of exposure) are shown for records 
normalized to show equal peak current responses.  Traces shown for 
ACh or nicotine responses are from the same cells and were recorded 
at a holding potential (VH) of -60 mV.  Dashed lines in panels A and B 
offset from the traces show bi-exponential fits to the data, yielding rate 
constants for the onset of desensitization of τf=46.7 ms and τs=890.5 ms 
for ACh and τf=73.3 ms and τs=1028.0 ms for nicotine.  Comparisons 
of peak current amplitudes (pA/pF; ordinate) for responses to ACh 
(67.2±22.6 pA/pF; cross-hatched bar, n=8) or nicotine (76.3±14.2 
pA/pF; solid bar, n=10) plotted as a bar graph (C) show no significant 
difference (P=0.728).  Comparisons of time constants (ms; ordinate) 
for the decay of the peak current responses during a 4-s exposure to 
ACh (cross-hatched bars) or nicotine (solid bars) show that the slower 
rate of desensitization (τs) in response to ACh pulses (701.3±57.1 ms) 
is faster than that for the slower rate of desensitization in response to 
nicotine pulses (930.0±61.1 ms; P=0.017, bP<0.05), whereas τf values 
are more comparable (60.7±8.3 ms for ACh, 73.5±7.9 ms for nicotine; 
P=0.283).
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induced by acute nicotine challenge (τs=930±61 ms; Figure  
2D).  Although the kinetics of the acute responses to the ago-
nist for unlifted cells was generally slower than that for lifted 
cells, the fast component of desensitization induced by ACh 
(τf=209±14 ms, n=30) again tended to be faster (P=0.43) 
than that induced by nicotine exposure (τf=240±35 ms, 
n=19); the slow component of desensitization to ACh pulses 
(τs=2035±323 ms) also tended to be faster (P=0.25) than 
that induced by acute nicotine challenge (τs=3817±1473 
ms).  

In order to determine an interpulse interval in the record-
ing of α4β2-nAChR responses from transfected SH-EP1 cells 
that would minimize or eliminate effects carried over from 
earlier drug applications, we used a protocol in which a series 
of six 1-s pulses of exposure to 1 mmol/L ACh was delivered 
at a varying interpulse interval with extracellular medium 
applied between drug applications (Figure  3).  The peak cur-
rent amplitudes from successive exposures of unlifted cells to 
the agonist were normalized to the initial peak current ampli-
tude.  The data indicated that there was a significant run-
down of the peak current amplitude if the interpulse interval 
was 1 s (73.1%±3.5% of control, n=6), 5 s (83.6%±1.9% 
of control), or 10 s (84.0%±0.9% of control) but not 20 s 
(93.6%±2.4% of control, n=8, P>0.05).  Thus, whenever pos-
sible, we assessed the effects of the acute desensitization of 
human α4β2-nAChRs due to a 1-s pulse of 1 mmol/L ACh 
at interpulse intervals of 20 s or more.

In studies to define the extent and kinetics of the recov-
ery of human α4β2-nAChRs from acute desensitization, we 
evaluated peak whole-cell current responses after exposure to 
ACh or nicotine for specific periods of time to induce acute 
desensitization.  Data from studies using lifted and unlifted 
cells were combined.  After exposure to a fully efficacious, 
desensitizing pulse of 1 mmol/L ACh for 1 s, SH-EP1-hα4β2 
cells were then exposed to a 1-s test pulse of 1 mmol/L ACh 
at different intervals between the paired pulses from 0.5 s to 
80 s (Figure 4A).  The interval between each group of paired, 
desensitizing test pulses was longer than one min.  Test pulse 
peak current amplitudes increased with the interpulse inter-
val, and test responses were indistinguishable from the initial 
response for a wash interval for 20 s (97.3%±2.4% of control, 
n=6, P=0.312) or more, consistent with the data shown in 
Figure 3.  Plots of normalized peak current responses as a 
function of the interpulse interval were fit equally well by 
either mono- (r2=0.81) or bi- (r2=0.81) exponential equa-
tions, yielding τ=1.66±0.26 s (53% recovery from a residual 
of 45% of control function) or τf=1.59±0.65 s (51% recov-
ery) and τs=10.8±129 s (2% recovery; Figure  4C; Table 1).    
Recovery from a 1-s desensitizing pulse of 0.1 mmol/L nico-

tine was slower, and full recovery of human α4β2-nAChRs 
had not occurred even 80 s after drug removal (88.4 %±1.7% 
of control, n=11, P<0.001, Figure 4B). Plots of the normal-
ized peak current amplitude for different interpulse intervals 
fit equally well by either mono- (r2=0.75) or bi- (r2=0.76) 
exponential equations yielded τ=6.17±0.69 s (55% recovery 
from a residual of 32% of control function) or τf=1.00±1.24 
s (11% recovery) and τs=9.34±3.45 s (46% recovery; Figure  
4D; Table 1) as time constants for the recovery of α4β2-
nAChRs from the acute desensitization induced by 1 s of 
nicotine exposure at 0.1 mmol/L.  Overall, recovery from 
acute desensitization induced by 1 s of agonist exposure was 
much slower for induction by nicotine than ACh when fit to 
the mono-exponential expression (P=0.0002 for differences 
in τ).  However, fits of the data to bi-exponential expressions 

Figure 3.  Evaluation of α4β2-nAChR functional rundown.  (A) 
Typical whole-cell current traces are illustrated for responses to 1-s 
pulses of 1 mmol/L ACh applied at interpulse intervals of 1 s (a), 5 
s (b), 10 s (c), or 20 s (d) applied at a holding potential of -60 mV.  
Recordings were made using different cells for specific interpulse 
intervals (note the different current calibration scales).  (B) Average 
peak current amplitudes (normalized to the respective amplitude of 
the response to the first agonist challenge; ordinate) for recordings 
from the indicated numbers of cells and for the specified interpulse 
intervals (1 s, ◆; 5 s, ▼; 10 s, ▲; 20 s, ■) are shown as a function of 
the test number (abscissa), illustrating significant rundown (note the 
break in the y-axis) for interpulse intervals of 10 s or shorter.  These 
findings validate the choice of a 20-s interpulse interval for studies of 
the recovery from desensitization. 



810

 www.nature.com/apsYu KD et al

revealed that the difference was not due to differences in fast 
or slow rate constants but rather to a larger proportion of 
recovery occurring through the slower process after nicotine 
exposure (Table 1).

Other studies involved the exposure of SH-EP1-hα4β2 

cells to 30-s desensitizing pulses of 1 mmol/L ACh or 0.1 
mmol/L nicotine followed by test pulses after interpulse 
intervals of 0.5 to 200 s (Figure 5).  The interval between 
each group of paired pulses was longer than two minutes.  
After 30 s of initial exposure to 1 mmol/L ACh, a roughly 

Table 1.  Rate constants for recovery from desensitization for α4β2-nAChR.  Rate constants for recovery of human α4β2-nAChR function after 
desensitizing exposure to 1 mmol/L ACh or 0.1 mmol/L nicotine for the specified duration of desensitizing pulse (column 1) were obtained from 
studies illustrated in Figures 4–6 based on fits to mono-exponential or bi-exponential equations as indicated.  Values for rate constants (1/s) are 
expressed as mean±SEM for the number of cells per condition provided in the narrative.  Values in square brackets above the slash in columns 2 or 3 
or in column 4 represent the extent of functional recovery from desensitization as a percentage of control levels, and values in square brackets below 
the slash in columns 2 or 3 represent the initial level of function as a percentage of control immediately after the end of the desensitizing pulse. 

    Drug and desensitizing                         Mono-exponential                          Bi-exponential
    pulse duration                                                       k (1/s) (% recovery)              kf (1/s) (% recovery)  ks (1/s) (% recovery)    
 
 ACh 1 mmol/L       1 s   0.417±0.063 (53/45)   0.437±0.178 (51/45)      0.0639±0.7634 (2)
                             30 s   0.168±0.016 (87/3)   0.293±0.102 (61/3)      0.0335±0.0273 (29)
                          180 s 0.0298±0.0063 (80/0)   0.147±0.142 (40/0)    0.00924±0.00666 (44)
 Nico 0.1 mmol/L       1 s   0.112±0.013 (55/32)   0.691±0.816 (11/32)       0.0742±0.0274 (46)
                                30 s 0.0647±0.0028 (87/4) 0.0837±0.0144 (70/4)       0.0128±0.0145 (23)
                          180 s 0.0115±0.0012 (62/0) 0.0117±0.0050 (61/0)  0.000582±0.1297 (3)

Figure 4.  Time course for α4β2-nAChR recovery from desensitization after a 1-s desensitizing pulse.  Typical whole-cell current responses are 
illustrated for SH-EP1-hα4β2 cells subjected to paired 1-s desensitizing pulses of 1 mmol/L ACh (A) or 0.1 mmol/L nicotine (B) (only one 
typical response to the desensitizing pulse is indicated) followed by a 1-s test pulse of the same agonist and dose after the indicated interpulse 
interval.  Recordings (note the time and current amplitude calibration bars) were obtained at a holding potential of -60 mV.  Averaged peak current 
amplitudes for responses to test pulses normalized to the amplitude of the desensitizing pulse response (ordinate) are plotted for responses to ACh (C; 
○) or nicotine (D; ●) as a function of the interpulse interval (s; abscissa).  Data were fit to mono- (solid lines) or bi- (dashed lines) exponential 
equations, yielding values for the extent of desensitization, extent of recovery, and rate constants for recovery indicated in the text and tables.  
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120-s incubation in drug-free solution was required for 
the amplitude of the response to the test pulse to recover 
(94.9%±3.4% of control, n=5, P=0.21; Figure 5A).  Results 
plotted as normalized peak current responses at different 
interpulse intervals fit by a mono-exponential expression 
(r2=0.86) yielded τ=4.14±0.40 s (87% recovery from a 
residual of 3% of control function), but the data were fit 
significantly better (P=0.037) to a bi-exponential expres-
sion (r2=0.87) yielding τf =2.37±0.82 s (61% recovery) and 
τs= 20.8±17.0 s (29% recovery; Figure 5C; Table 1).  The 
recovery of α4β2-nAChR function after acute desensitiza-
tion induced by 30 s of exposure to 0.1 mmol/L nicotine 
was slower than that after ACh exposure and was incomplete 
until 120 s after drug washout (94.5%±2.1% of control, n=6, 
Figure 5B).  Plots of the normalized peak current amplitude 
for different interpulse intervals fit by the mono-exponential 
expression (r2=0.97) yielded τ=10.7±0.47 s (87% recov-
ery from a residual of 4% of control function), but the data 
were fit better (P=0.012) with the bi-exponential expres-
sion (r2=0.98) yielding τf=8.28±1.42 s (70% recovery) and 
τs=54.3±61.1 s (23% recovery; Figure 5D; Table 1).  Both 

mono- and bi-exponential analyses indicated that the time 
constants for the recovery from nicotine-induced desensi-
tization were longer than those for inactivation induced by 
ACh (Table 1).  Recovery from effects of a given agonist was 
slower after 30-s desensitizing exposure than after 1-s expo-
sure.  

A variation on the protocol for assessing the recovery 
from desensitization was employed to aid in the study of 
the functional inactivation induced by longer-term agonist 
exposure.  Following a 180 s, fully-desensitizing pulse of 1 
mmol/L ACh, test pulses of 1 mmol/L ACh for 1-s duration 
were applied at interpulse intervals of 20 s or greater.  This 
paradigm enabled the successive recording of peak current 
responses without rundown, and our earlier studies indicated 
that any acute desensitization induced by 1-s ACh exposures 
recovered within 20 s after drug washout.  After the 180-s 
desensitizing exposure to 1 mmol/L ACh, incomplete recov-
ery of function occurred even after 540 s of incubation in the 
drug washout period (83.9%±11.8% of control, n=6; Figure  
6A).  In contrast, maximal recovery seemed to be achieved 
after 360 s in the drug-free solution.  Plots of the data fit by 

Figure 5.  Time course for α4β2-nAChR recovery from desensitization after a 30-s desensitizing pulse.  Typical whole-cell current responses are 
illustrated for SH-EP1-hα4β2 cells subjected to paired 30-s desensitizing pulses of 1 mmol/L ACh (A) or 0.1 mmol/L nicotine (B) (only one 
typical response to the desensitizing pulse is indicated) followed by 1-s test pulses of the same agonist and dose after the indicated interpulse 
interval.  Recordings (note the time and current amplitude calibration bars) were obtained at a holding potential of -60 mV.  Averaged peak current 
amplitudes for responses to test pulses normalized to the amplitude of the desensitizing pulse response (ordinate) are plotted for responses to ACh (C; 
○) or nicotine (D; ●) as a function of the interpulse interval (s; abscissa).  Data were fit to mono- (solid lines) or bi- (dashed lines) exponential 
equations, yielding values for the extent of desensitization, extent of recovery, and rate constants for recovery indicated in the text and tables.  
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either mono- (r2=0.75) or bi- (r2=0.78) exponential equa-
tions (where the P-value for the improved fit to the bi-expo-
nential equation was 0.053) revealed that the recovery from 
desensitization induced by 180 s of exposure to 1 mmol/L 
ACh (Figure 6C) also was much slower (τ=23.2±4.8 s for 
80% functional recovery or τ = 4.71±4.51 s for 40% recovery 
and τs=75.0±53.9 s for 44% recovery) than that from either 
1-s or 30-s desensitizing pulses (Table 1).  Recovery from 
the acute desensitization of human α4β2-nAChRs induced 
by 180 s of exposure to 0.1 mmol/L nicotine also was slower 
and less complete (reaching a maximum of 63.2%±4.7% of 
control with no statistically significant difference between 
360 and 720 s of recovery in drug-free solution) than that 
seen following shorter-term desensitizing pulses with 
nicotine or any of the desensitizing protocols using ACh 
(Figure 6B).  Fits of the data to a mono-exponential expres-
sion (r2=0.93) yielded τ=60.4±6.5 s (62% recovery) and 
were essentially indistinguishable from bi-exponential fits  
(r2=0.93) because of the dominance of the faster phase of 
functional recovery (τf =59.4±28.9 s for 61% recovery and 
τs=600±106, 300 s for 3% recovery; Figure  6D; Table 1).  

Plots of the rate constants for the recovery from acute 
desensitization derived from the data for ACh or nicotine 

treatments as a function of desensitizing pulse time [for lifted 
or unlifted cells or all cells together and based on mono- or 
bi-exponential fits (Figure 7)] clearly depict some features of 
the data.  First, there were no significant or systematic differ-
ences in the results, regardless of whether they were obtained 
using lifted or unlifted cells (Figure 7).  This finding thus 
validates our decision to combine the data for the analysis 
of the recovery from acute desensitization, despite the clear 
differences in the kinetics of acute desensitization (Figure 1).  
It again suggests that the different kinetics of acute desensi-
tization with time constants in the ms range reflect primarily 
differences in cell perfusion rather than fundamental dif-
ferences in α4β2-nAChR properties.  However, the slower 
kinetics of recovery from desensitization are insensitive to 
whether recordings were made from cells in the lifted or 
attached mode.  Second, mono-exponential fits indicate that 
the rate constants for the recovery of function after desensi-
tization by either agonist become progressively smaller with 
increased time of agonist exposure during the desensitizing 
pulse and are smaller for nicotine- than for ACh-induced 
desensitization (Figure 7A; Table 1).  That pattern is repeated 
for bi-exponential fits to the data, with the exception that the 
rate constants for the recovery from nicotine-induced desen-

Figure 6.  Time course for α4β2-nAChR recovery from desensitization after a 180-s desensitizing pulse.  Typical whole-cell current responses 
are illustrated for SH-EP1-hα4β2 cells subjected to paired 180-s desensitizing pulses of 1 mmol/L ACh (A) or 0.1 mmol/L nicotine (B) (only 
one typical response to the desensitizing pulse is indicated) followed by 1-s test pulses of the same agonist and dose after the indicated interpulse 
interval.  Recordings (note the time and current amplitude calibration bars) were obtained at a holding potential of -60 mV.  Averaged peak current 
amplitudes for responses to test pulses normalized to the amplitude of the desensitizing pulse response are plotted for responses to ACh (C; ○) or 
nicotine (D; ●) as a function of the interpulse interval.  Data were fit to mono- (solid lines) or bi- (dashed lines) exponential equations, yielding 
values for the extent of desensitization, extent of recovery, and rate constants for recovery indicated in the text and tables.  
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sitization are larger than those for the ACh-induced process 
for 1-s desensitizing pulses (Figure 7B; Table 1).  However, 
the fast component of recovery from 1-s desensitization is 
only 20% of the total recovery after nicotine exposure, but 
it is more than 95% of the total recovery after ACh-induced 
desensitization.  In fact, it could be argued that nicotine’s 
effects are unique in that the slower rate of recovery from the 
desensitization induced by 1 s of nicotine exposure is like 
the faster rate of recovery following 30-s nicotine exposure.  
Similarly, the slower rate of recovery from the desensitization 
induced by 30 s of nicotine exposure is like the faster rate of 
recovery following 180 s of nicotine exposure.  Viewed from 
another perspective, if the recovery from nicotine desen-
sitization data were binned into segments defined by rates 
constants of ~0.7, 0.08, 0.012, and 0.0006 s  -1, the percentage 
of total recovery falling into those bins would be 11%/57%, 
46%/57%, 0%, and 0% after a 1-s desensitizing pulse, 0%, 

70%/93%, 23%/93%, and 0% after a 30-s desensitizing pulse, 
and 0%, 0%, 61%/64%, and 3%/64% after a 180-s desensitiz-
ing pulse. 

Discussion

The principal findings of the present study on the recov-
ery of α4β2−nAChRs from desensitization are as follows: 
(1) both the onset of and the recovery from desensitization 
for α4β2-nAChRs induced by maximally efficacious and 
comparably potent doses of 1 mmol/L ACh or 0.1 mmol/L 
nicotine occur as bi-exponential processes and (2) recovery 
of α4β2−nAChRs from desensitization is time-dependent 
and agonist-dependent, reflecting longer half-times for the 
recovery from desensitization for longer periods of agonist 
exposure during the desensitizing pulse and slower recovery 
from desensitization induced by nicotine exposure compared 

Figure 7.  Comparisons of rate constants 
for the recover y from desensitization.  
From the data illustrated in Figures 4–6, 
rate constants were determined and are 
plotted here (1/s, mean±SEM.  *denotes 
values where large error bars are omitted 
for clarity; ordinates) for the recovery 
from desensitization derived from mono-
exponential fits to the results for responses 
to ACh (A; ○) or nicotine (B; ●) or for 
the fast (kf) or slow (ks) phases of recovery 
determined from fits of the results to bi-
exponential functions for responses to ACh 
(C; □ or △, respectively) or nicotine (D; 
■or ▲, respectively).  Data are presented 
for all (total; T), lifted (L), or unlifted 
(U) cells and for the specified interpulse 
inter vals (1, 30, or 180 s; abscissas).  
The decrease in the rate constant for 
the recovery from desensitization with 
increasing desensitizing pulse duration 
is evident for both agonists, regardless of 
whether mono- or bi-exponential fits are 
applied and whether results are from lifted 
or unlifted cells.
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with ACh exposure of the same duration.  
For agonist challenge pulses of 0.5 s or less, inward cur-

rent decay from peak levels fit to a mono-exponential func-
tion gave time constants similar to τf for bi-exponential fits, 
and errors were very large in estimates of τs.  However, evi-
dence for a slower, second component of the onset of α4β2-
nAChR desensitization arose from studies of the effects of 
agonist pulses 1−4 s in duration.  These findings are most 
readily explained by the existence of a single receptor type 
undergoing conversion to two desensitized states.  Although 
some studies, including those employing single channel 
recording, using very short periods of agonist application are 
indicative of a single phase of nAChR desensitization[22, 23], 
others also revealed the presence of a biphasic process of 
desensitization[18, 24–27].  The current studies indicate that 
human α4β2-nAChRs have half-times for fast and slow 
desensitization upon exposure to ACh or nicotine of about 
60–75 ms and 700–950 ms, respectively.  These times are 
similar to analogous half-times for the fast and slow onset 
of desensitization of presumed α3β4*-nAChRs in rat chro-
maffin cells (110 and 660 ms)[25] or for mouse muscle-type 
nAChR (30 and 2800 ms)[27].  Thus, multiple phases for 
the onset of desensitization may be characteristic of many 
nAChR subtypes.  

Evidence for two components in the recovery from ago-
nist-induced desensitization of human α4β2-nAChRs arose 
when the desensitizing pulse was lengthened beyond 1 s for 
ACh exposure or reached any of the nicotine exposure pro-
tocols used.  These findings also could be explained if there 
were a single population of receptors converting to more 
than one desensitized state.  These conditions for inducing 
conversion to a second desensitized state are not frequently 
found in electrophysiological studies.  When mouse muscle-
type nAChRs are exposed to an agonist for periods adequate 
to reveal a slower phase of desensitization onset,  however, 
the slower process of recovery also is observed[27].  Isotopic 
ion flux-based studies and electrophysiological record-
ing analyses have long noted a slower phase of recovery 
from “desensitization” induced by the protracted exposure 
of muscle-type, α3β4-, or α4β2-nAChRs to a nicotinic 
agonist[2, 19,  28,  29].  

Regardless of whether recovery from desensitization is 
fit by mono- or bi-exponential processes, the current find-
ings indicate that the rate of recovery slows as a function of 
increased agonist exposure duration.  Along with results of 
studies of muscle-type nAChR desensitization[1], these find-
ings suggest that many distinctive states of desensitization 
exist and that greater depths of desensitization are achieved 
when the duration of agonist exposure increases.  This sug-

gests that rates of recovery from desensitization are not 
limited by rates of recovery from less deeply, and perhaps 
initially induced, desensitized forms of α4β2-nAChR.  Fur-
ther, those rates of recovery from more deeply desensitized 
states dominate when there has been a transition through 
more than one desensitized state.  With regard to the effects 
of ACh, there is no evidence that these states are discrete; 
none of the rate constants (ks) for the slower phase of recov-
ery from desensitization match rate constants (kf) for the 
faster phase of recovery observed after longer exposure to 
ACh.  However, ks values for a 1-s exposure to nicotine are 
indistinguishable from kf values for a 30-s exposure to nico-
tine, and ks values for a 30-s exposure to nicotine are close to 
kf values for a 180-s exposure to nicotine.  Thus, it is possible 
that conditions of agonist exposure time could be found that 
would reveal discrete states of desensitization in response to 
ACh exposure.  Given that time-dependent pore dilation is a 
property of P2X ATP-gated ion channels[30, 31], it is possible 
that time-dependent pore constriction of nAChR channels 
could account for the different states of desensitization; this 
would be particularly applicable if the rates of recovery from 
those states lie on a continuum rather than in discrete sets. 

Once again[1], we have found that rates of recovery from 
desensitization by an agonist at a maximally efficacious dose 
applied for a given period of time are agonist-dependent.  
Whereas ACh induced deeper desensitization of muscle-
type nAChRs than did nicotine, however, rates of α4β2-
nAChR recovery from desensitization were slower following 
nicotine compared with ACh exposure (Table 2).  This find-
ing suggests that more deeply desensitized states (or more 
of the deeply desensitized states) of α4β2-nAChRs are more 
effectively induced by nicotine than ACh.  We previously 
considered the possibility that differences in agonist efficacy 
and/or potency could influence these findings, but ACh 
and nicotine are equally efficacious at the α4β2-nAChR.  
Additionally, their potencies differ by only a factor of 2 
when assessed using ion flux assays (ACh EC50=1.7 µmol/L, 
nicotine EC50=0.85 µmol/L)[20].  Therefore, the degrees of 
desensitization produced by the two agonists should be very 
similar.  Perhaps the slower rate of recovery from nicotine-
induced desensitization is due to the slower dissociation of 
higher affinity nicotine from α4β2-nAChRs or to its entry   
into and slow release from recorded cells[1–3].  However, if 
intracellular sequestration and release are important in the 
current studies, they probably also are important in vivo in 
cases where medicinal or tobacco nicotinic or related agents 
modulate the state of nAChR activation/desensitization. In 
this regard, it is notable that chronic exposure to nicotine 
at doses in the 100 nmol/L range, as found in the plasma of 
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tobacco users, induces negligible loss of muscle-type nAChR 
function[32] but roughly 50% loss of α4β2-nAChR function[2] 
after no or a few minutes of recovery.  Thus, it is the combina-
tion of the agonist desensitizing potency and rates of recov-
ery from desensitization that dictates the effects of chronic 
nicotine exposure on different nAChR subtypes, and α4β2-
nAChRs will be more severely affected than muscle-type 
nAChRs in human tobacco users.  These observations also 
may have physiological significance, suggesting that persis-
tent exposure to ACh at concentrations found in brain inter-
stitial fluid (as high as 300 nmol/L in control subjects, based 
on microdialysis measurements and sensitive to effects of 
pharmacotherapeutic agents such as anticholinesterases)[33] 
could modulate α4β2-nAChR function through persistent 
inactivation. 

The extents of desensitization and rates of recovery from 
desensitization for human α4β2-nAChRs were determined 
in the current study using whole-cell current recording of 
peak current responses from a single cell as a function of the 
time of nicotine exposure during the desensitizing pulse.  
These values overlie the same measures made using isoto-
pic ion flux assays integrating responses across the entire 
ensemble of nAChRs on hundreds of thousands of cells[2].  
The same congruence of findings was observed for both ion 
flux-based[32] and whole-cell recording-derived measures[1] of 
the extent of desensitization and recovery from it for human 
muscle-type nAChRs.  This clearly indicates that either 
technique can be used reliably to describe the recovery of 
nAChRs from agonist-induced desensitization and that ion 
flux measurements have as much experimental legitimacy in 
this regard as electrophysiological analyses.  Ion flux assays 
are best suited for studies examining the effects of longer-
term agonist pre-exposure on nAChR function and studies 
examining the slower phases functional recovery due to 
limitations in the time over which whole-cell current record-

ings can be made from a given cell.  Whole-cell recording is 
best suited for studies of shorter-term agonist pre-exposure 
because of its superior ability to resolve acute responses to 
agonists, and it permits the assessment of faster phases of 
nAChR functional recovery after shorter times of recovery.  
Experimental options are broadened by this demonstration 
of complementarity and congruence between ion flux and 
electrophysiological assessments.

 There have been suggestions and some hard evidence 
that nAChR desensitization and recovery from it are related 
to post-translational modifications of the receptor.  Consid-
erable attention has turned to the Ca2+-dependent balance 
between dephosphorylation and phosphorylation in the 
modulation of those processes[24–26, 34–38].  Whole-cell current 
and single channel recording can both be manipulated to 
assess nAChR desensitization under conditions where natu-
ral intracellular processes are preserved, as well as under con-
ditions where those processes are manipulated to give insight 
into their nature.  However, if there are post-translational 
changes, further work is needed to determine which changes 
correlate with specific stages of desensitization and how 
these changes relate to any discrete or continuous confor-
mational changes in the receptor.  Given the realization that 
both nAChR activation and inactivation may play prominent 
roles in the regulation of cholinergic function[5], the current 
findings suggesting the existence of multiple desensitized 
states and the time and agonist dependencies for transitions 
between them are very pertinent to cholinergic function in 
health,  disease, and nicotine dependence.  
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