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C o m m e n t a r y

Biophysicists have had wonderful fun prodding and 
pulling on the molecular components of ion channels 
to uncover how the moving parts actually work. Such 
studies have provided an important platform for under-
standing the physiological relevance of channels in 
their native cells. More recently, reverse genetics and 
transgenic approaches have allowed ion channel re-
searchers to create testable hypotheses in intact animals 
regarding why ion channels work the way they do. The 
BK potassium channel (a.k.a. Maxi-K) provides an ex-
cellent example of a complex ion channel protein for 
which biophysical and mouse genetic approaches are 
beginning to converge to yield an understanding of 
physiological function. Indeed, in the previous issue of 
the Journal of General Physiology, Martinez-Espinosa et al. 
(2014) have provided new insight into the roles of ac-
cessory subunits in shaping BK channel function. The 
context for these experiments is the neurosecretory ad-
renal chromaffin cells, where BK channels are key regu-
lators of membrane excitability.

The BK potassium channel is unique in having both a 
voltage sensor and intrinsic calcium sensors that alloste-
rically couple to the channel gate to promote opening 
(Rothberg and Magleby, 2000; Horrigan and Aldrich, 
2002). BK channels have a highly selective potassium 
pore that nevertheless is of very large conductance 
(250 pS) compared with most other voltage-activated 
potassium channels (10–20 pS; Blatz and Magleby, 
1984). It is perhaps not surprising that a channel that 
can conduct so much current would use a fast inactiva-
tion mechanism in some cell types to carefully limit the 
duration of channel opening. BK channel inactivation 
was first observed in adrenal chromaffin cells, where 
this channel transiently dominates the outward current 
before the inactivation process, with time constants of 
25 to hundreds of milliseconds, occludes the pore 
(Fig. 1 A; Solaro and Lingle, 1992).

Cloning of the BK channel accessory  subunit family 
revealed that two of the four members conferred inactiva-
tion on BK channels. These include the 2 subunit 
(Wallner et al., 1999), which is expressed in adrenal chro-
maffin cells (Xia et al., 1999) and may also be expressed 
in various sensory and central neurons (McLarnon, 1995; 
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Abdul-Ghani et al., 1996; Hicks and Marrion, 1998; 
Shao et al., 1999; Faber and Sah, 2003; Pyott et al., 2004; 
Li et al., 2007; Grimes et al., 2009). In addition, some 
splice isoforms of the 3 subunit, enriched in testis, cause 
a very fast, but incomplete inactivation that give the ap-
pearance of a rectifying current (Uebele et al., 2000; 
Xia et al., 2000). The accessory  subunits, as well as the 
more recently identify  subunits (Yan and Aldrich, 
2010, 2012), likely represent a mechanism to provide 
tissue-specific versatility to a channel pore-forming sub-
unit ( subunit) encoded by only a single gene.

Although the inactivation mechanism draws the imagi-
nation because of its dramatic effect on BK currents, 2 
also modifies BK channel gating properties. Most  sub-
unit family members, 1, 2, and 4, cause a negative 
shift of the conductance-voltage relationship (G-V; Cox 
and Aldrich, 2000; Orio and Latorre, 2005; Jaffe et al., 
2011). For 2, this gating shift can be as much as 75 mV, 
dramatically enhancing channel open probability (Orio 
and Latorre, 2005). The mechanism underlying the gat-
ing shift has been controversial, but several studies have 
converged on the conclusion that the  subunits shift 
the operational range of the  subunit voltage sensor to 
more negative membrane potentials (Bao and Cox, 2005; 
Orio and Latorre, 2005; Wang and Brenner, 2006; Wang 
et al., 2006; Contreras et al., 2012).  subunits also cause 
BK channels to open more slowly and to stay open lon-
ger (Brenner et al., 2000; Lippiat et al., 2003; Orio and 
Latorre, 2005). The effects of the accessory subunits on 
inactivation, open probability, and kinetics have been 
studied in great detail and beg the question of what are 
the physiological consequences of these adaptations to 
BK channels? Does 2 inactivation or slow gating re-
duce BK channel activation during action potentials 
(APs), or is the negative gating shift more important? 
Because 2 subunits are accessory proteins, pharmaco-
logical approaches cannot untangle their effects. In the 
recent publication, Martinez-Espinosa et al. (2014) report 
generation of a gene knockout (KO) of the 2 subunit, 
thereby providing initial glimpses into the physiological 
role of the 2 subunit in neurons.
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more negative membrane potentials. Thus, these ex-
periments allow us to appreciate that BK channels may 
operate as a complex with few  subunits. 2 effect on 
voltage sensor and gate in most channels perhaps may 
be regarded as more of a nudge rather than a shove 
because a less than saturating stoichiometry of 2 sub-
units causes a more moderate shift on the G-V relation-
ship than does a full complement. KO of 2 not only 
eliminated inactivation but also caused a shift of the 
G-V relationship to positive potentials (Fig. 1 B). Al-
though the gating shift is more moderate than in vitro 
biophysical experiments using saturating 2 indicate 
(Martinez-Espinosa et al., 2014), it is certainly relevant 
to the cell because there were marked effects on AP 
shape and firing properties (see below). The concept 
that BK channels assemble with a subsaturating number 
of  subunits is likely relevant to the physiological func-
tion of other  subunit family members, such as 1 and 
4, for which inactivation cannot be used as a reporter to 
indicate stoichiometry. Association of BK channels with 
other  subunits in their native cells is also not likely to 
be all or none. Variation in stoichiometry may serve as 
another means to generate diverse BK channels.

BK channels in neurons are arguably best recognized 
for shaping APs (Sah and Faber, 2002). Coincident de-
polarization and calcium influx generally activate BK 
channels during the AP repolarization phase and result 
in a sharpening of the width and a more negative after-
hyperpolarization (AHP). However, in some neurons, 

To investigate BK 2 gene KO effects, the authors re-
turned to adrenal chromaffin cells, the system in which 
inactivation of BK channels was first observed (Fig. 1 A; 
Solaro and Lingle, 1992). A key finding of studies of BK 
channel inactivation that had been suspected but perhaps 
not well appreciated is that  subunits likely assemble 
with BK channels at less than saturating stoichiometry. 
Historically, clear evidence of this was obtained from 
single-channel studies of inactivating BK channels. Slow 
trypsin digestion, which cleaves the inactivation do-
main, caused stepwise reductions in inactivation rates 
consistent with BK channel assembly with a maximum 
of four but usually two to three “inactivating particles” 
per channel in rat adrenal chromaffin cells (Ding et al., 
1998). This “inactivation particle” was later provisionally 
identified as the accessory 2 subunit (Wallner et al., 1999; 
Xia et al., 1999). Like its effect on inactivation rate, the 
 subunit effect on gating is proportional to : stoichi-
ometry (Wang et al., 2002). Martinez-Espinosa et al. 
(2014) conclusively showed that 2 KO eliminated fast 
inactivation, establishing that the 2 subunit is the inac-
tivating particle in these cells. The authors used inacti-
vation as a useful indicator of mean BK channel 2: 
subunit stoichiometry in individual neurons and esti-
mated that most BK channels in mouse chromaffin cells 
exist with only a mean of one to two 2 subunits per 
channel. Moreover, cells with a faster BK inactivation 
rate (indicative of an increased 2: stoichiometry) cor-
related with a BK G-V relationship that is shifted to 

Figure 1.  Biophysical properties con-
ferred by BK 2 subunits and their 
effect on the adrenal chromaffin AP. 
(A) Example of 2-mediated inac-
tivation of BK currents in adrenal 
chromaffin cells (blue trace). Nonin-
activating BK currents (orange trace) 
are shown for comparison. (B) Chro-
maffin cells with inactivating BK cur-
rents (2-expressing cells) have G-V 
relations that are shifted to negative 
membrane potentials (blue trace) 
relative to 2 KO chromaffin cells 
(orange trace). (C) Theoretical ef-
fect of 2 on BK currents (blue trace) 
during a short time period (before 
inactivation occurs) as compared 
with BK channels lacking  subunits 
(orange trace). 2 “slow activation” 
reduces early BK channel recruit-
ment. However, the negative shift of 
the G-V relations (“gating shift”) pro-
motes a larger current activation than 
BK channels lacking 2. In addition, 
the 2 “slow deactivation” sustains 
BK current after repolarization more 

than BK channels lacking 2. (D) Comparison of adrenal chromaffin APs from an inactivating wild-type (blue trace) and 2 KO 
(orange trace) cell evoked by short current injection (150 pA, 5 ms). Theoretically, 2 slow activation allows a larger AP peak, 
whereas the gating shift and slow deactivation promote a faster repolarization and larger AHP. Example data from A, B, and D are 
taken from Martinez-Espinosa et al. (2014). C is a schematic based on data from Brenner et al. (2000).
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chromaffin cells were among the first to ascribe a pro-
excitatory role to BK channels (Lingle et al., 1996). Block-
ing BK channels in adrenal chromaffin cells reduces AP 
frequency during tonic firing. Computational modeling 
of adrenal chromaffin cells supports the concept that 
BK channel sharpening of APs and larger fAHP can 
theoretically promote a higher AP frequency by reduc-
ing sodium channel inactivation (Lovell and McCobb, 
2001; Sun et al., 2009). Similar pro-excitatory effects 
have been observed in some central neurons (Gu et al., 
2007; Shruti et al., 2008; Sheehan et al., 2009), and in-
deed it has been found that a BK channel gain-of-function 
mutation in humans causes spontaneous seizures (Du 
et al., 2005). The KO study by Martinez-Espinosa et al. 
(2014) finally provides a physiological examination of 
whether 2 effects and BK activation are pro-excitatory 
in chromaffin cells. Their results concurred with the 
computational models. Reduced activation of BK chan-
nels in the 2 KO reduced tonic firing during constant 
current injections (Fig. 2).

The study by Martinez-Espinosa et al. (2014) also pro-
vides new insights into 2 modulation of BK channels 
during spontaneous firing. Spontaneous firing in adre-
nal chromaffin cells is mediated by low-voltage activa-
tion of L-type, CaV1.3 calcium channels and inactivating 
BK channels that can act as pacemakers for the neuron. 
An unexpected finding was that 2 KO caused a large 
percentage of spontaneously firing neurons to undergo 
burst firing of APs (Fig. 2). Burst firing was not generally 
observed with KO of the pore-forming  subunit. Thus, 
burst firing is not a simple loss or gain-of-function of BK 
channels, but an emergent property of neurons express-
ing BK channels but lacking the 2 subunit. The mech-
anism of burst firing is not yet understood. In some 
manner, the burst firing is reminiscent of BK channel 
effect on pituitary somatotrophs (Van Goor et al., 2001). 

BK channel activation is too slow to contribute to repo-
larization (Brenner et al., 2005; Alle et al., 2011). This is 
particularly relevant to BK channels assembled with 2 
subunits, which confer a slower activation than BK chan-
nel lacking  subunits (Fig. 1 C). For example, in mossy 
fiber nerve endings, inactivating BK channels are out-
paced by fast Kv3 channels, which mediate AP repolar-
ization (Alle et al., 2011). However, inactivating BK 
channels in dorsal root ganglia neurons contribute to AP 
repolarization and the fast AHP (fAHP; Li et al., 2007). In 
adrenal chromaffin cells, inactivating BK channels are 
activated by spike voltage and calcium influx through  
L-type CaV1.3 voltage-dependent calcium channels to 
provide a sharper AP and a larger AHP (Marcantoni  
et al., 2007). The current study by Martinez-Espinosa  
et al. (2014) found that the 2 KO caused shorter and 
broader APs and a reduced AHP (Fig. 1 D). One can 
therefore infer that the complex effect of 2, the slow 
kinetics and the negative gating shift (Fig. 1 C), effec-
tively shapes the timing and response of BK channels 
during the AP. The ability of 2 to slow BK channel re-
cruitment during APs (Fig. 1 C) prevents BK channel 
activation during the rising phase so that APs are not trun-
cated (Fig. 1 D). During the repolarization phase, how-
ever, the negative gating shift by 2 (Fig. 1 B), and perhaps 
the slow deactivation (Fig. 1 C), promotes BK channel 
activation, as indicated by the sharper APs and larger 
fAHP in wild-type but not in KO neurons (Fig. 1 D). These 
findings beautifully demonstrate how the complex ef-
fects observed under biophysical studies of the isolated 
channel become relevant in a physiological preparation.

Adrenal chromaffin cells are catecholaminergic neu-
rosecretory cells in which AP shape and frequency can 
affect cytosolic calcium and thereby influence quantity 
and frequency of hormone secretion (Marcantoni et al., 
2007; De Diego et al., 2008). Early studies in adrenal 

Figure 2.  2 subunit modulation of BK chan-
nels has opposing effects on excitability during 
constant current injection and spontaneous fir-
ing. BK/2 channels support greater tonic fir-
ing during constant current injection (top left), 
whereas the 2 KO cells fire less frequently (not 
depicted) or fail to maintain spiking (bottom 
left). Spontaneous firing chromaffin neurons (top 
right) undergo burst firing after KO of 2 (bot-
tom right). Traces are modified from Martinez-
Espinosa et al. (2014).
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of most APs (1–2 ms) and therefore unlikely to substan-
tially affect channel openings unless there are very large 
and sustained increases in calcium. It is feasible that, 
under conditions where preganglionic sympathetic nerves 
strongly drive the adrenal gland, calcium rises suffi-
ciently to allow inactivation to come into play. In central 
neurons, inactivation of BK channels has been ascribed 
to a process of frequency-dependent AP broadening. 
Rather than inactivating during a single AP, cumulative 
inactivation of BK channels is proposed to ensue after 
multiple or high-frequency APs (Hicks and Marrion, 
1998; Shao et al., 1999; Faber and Sah, 2003). Whether 
this is mediated by direct 2-mediated inactivation of 
BK channels or by inactivation of voltage-dependent 
calcium channel that serves as a calcium source for BK 
is still in question. Thus, whether inactivation is the evo-
lutionary “appendix” of /2 BK channels in adrenal 
chromaffin neurons or a key component of 2 subunits 
in other neurons is yet to be determined. Certainly, this 
gene KO of the 2 subunit opens the field to many fu-
ture studies addressing these and other questions.
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