
nature neuroscience  volume 16 | number 9 | september 2013 1165

n e w s  a n d  v i e w s

Altogether, the authors uncovered a sur-
prising metabotropic function of TMEM16C 
that regulates SLACK channel activity and 
trafficking in the primary afferent nocicep-
tive pathway. In the presence of TMEM16C, 
SLACK membrane expression is increased, as 
is the activity of SLACK at the single-channel 
level (Fig. 1). Together, these two effects yield 
increased whole-cell SLACK currents that, 
in turn, inhibit the excitability of nociceptive 
neurons. Conversely, inhibition of TMEM16C 
expression resulted in reduced SLACK currents 
and, in turn, neuronal hyperexcitability and a 
decreased threshold for pain. Indeed, a role of 
SLACK channels in DRG neuron excitability 
was recently demonstrated by Nuwer and col-
leagues6, and this fits with the observations of 
Huang et al.5: in vivo knockdown of SLACK 
affected pain signaling similarly to deletion 
of TMEM16C. Although the authors did not 
directly test whether deletion of TMEM16C 
precludes further effects of SLACK knockdown, 
these observations, taken together, support the 
notion that SLACK activity is antinociceptive 
and under the tonic control of TMEM16C.
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tMeM16c cuts pain no sLacK
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TMEM16C has an unexpected role in regulating the activity and cell surface expression of sodium-activated 
potassium (SLACK) channels. By enhancing SLACK currents, TMEM16C indirectly inhibits pain signaling.

Neuronal activity in pain-sensing neurons 
depends on the function of a wide range of 
ion channels, including sodium, calcium, 
potassium and chloride channels. There is an 
intricate balance between excitatory and inhibi-
tory conductances that maintains appropriate 
levels of excitability in afferent nociceptive 
fibers. Perturbations in ion channel trafficking 
and/or function can perturb this equilibrium, 
altering neuronal firing and giving rise to pain 
hypersensitivity. A recent study identified the 
calcium-activated chloride channel TMEM16A 
(also known as ANO1) as an important regu-
lator of dorsal root ganglion (DRG) neuron 
excitability and heat sensitivity1. This channel 
belongs to the family of anoctamins, a group of 
ten homologous membrane-spanning proteins 
that includes several chloride channels and 
some members whose physiological roles and 
functions are not understood2–4. In this issue of 
Nature Neuroscience, Huang et al.5 identify an 
enigmatic member of this family, TMEM16C 
(ANO3), as regulating the electrophysiological 
properties of nociceptive neurons in a man-
ner strikingly different from that reported for 
TMEM16A. Unlike the putative direct ionotro-
pic function of the latter, TMEM16C acts indi-
rectly by regulating sodium activated potassium 
channel (KNa) trafficking and function, result-
ing in the regulation of pain signaling.

The authors first examined the cellular distri-
bution of TMEM16C channels by using a newly 
generated antibody and found robust expression 
in small nociceptive neurons. They confirmed 
their results using reverse transcription–PCR 
analysis. Next, they generated a TMEM16C 
knockout rat to determine whether the high 
expression of TMEM16C in nociceptive neu-
rons may be linked to pain signaling. Indeed, 
the authors found that the knockout rat showed 
a reduced threshold for thermal and mechanical 
pain. Consistent with these findings, the thresh-
old for action potential firing was reduced in 
DRG neurons from TMEM16C knockout rats. 
This is diametrically opposed to what has been 
described for the ANO1 channel1, suggesting a 

mechanism of TMEM16C action that is differ-
ent from a putative chloride channel activity.

To determine how TMEM16C alters DRG 
neuron function, the authors conducted elec-
trophysiological analyses in both neurons and 
heterologous expression systems. As perhaps 
expected, the authors did not detect any altera-
tions in chloride conductances following either 
overexpression or depletion of TMEM16C. 
During their analysis, however, they stumbled 
across an intriguing alteration in whole-cell 
potassium conductance that is mediated by the 
KNa channel SLACK. In TMEM16C knockout 
rats, SLACK currents and membrane protein 
levels were reduced. Conversely, coexpression of 
TMEM16C with SLACK in HEK293 cells yielded 
an increase in SLACK currents that could be 
attributed to an increase in both the number of 
SLACK channels present on the membrane and 
the probability of each of them being open, the 
latter being mediated by an enhanced sensitivity 
of the channel to the agonist sodium. Consistent 
with a direct regulation of SLACK function by 
TMEM16C, these two proteins appeared to exist 
as a biochemical complex.
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Figure 1  Regulation of SLACK channels by TMEM16C. Top left, spinal cord slice with an attached 
DRG. SLACK channels (KNa) and TMEM16C channels are expressed in DRG neurons, where they 
shape action potentials. Top right, co-assembly of SLACK with TMEM16C leads to a leftward shift in 
the sodium dose dependence of SLACK channel activation (red line) relative to that of SLACK alone 
(black), yielding higher open probability at lower sodium concentrations. Bottom, co-assembly of 
SLACK with TMEM16C (left) results in more SLACK channels in the plasma membrane than in the 
absence of TMEM16C (right). Together with the increase in open probability, this results in greater 
whole-cell potassium currents.
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a non-ionotropic manner. Irrespective of this 
possibility, the fact that TMEM16C acts as a 
modulator of KNa channel function indicates 
a previously unrecognized role of the ANO 
family in regulating ion channel activity that 
demands a fresh look at this class of transmem-
brane molecules.
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The intriguing results of Huang et al.5 
underscore the importance of proper ion 
channel expression and function in limiting 
the basal excitability of afferent pain fibers, but 
they also raise questions. First, is TMEM16C 
downregulated under conditions of chronic 
pain and, if so, is this partially responsible 
for the associated increase in neuronal excit-
ability? Second, given that TMEM16C and 
SLACK are also present in tissues, such as the 
CNS7,8 and heart, might a similar TMEM16C-
SLACK–mediated regulation of cellular excit-
ability occur more widely? Third, could this 
mechanism contribute to other pathophysiolo-
gies associated with altered SLACK function, 
such as epilepsy9? Fourth, does knocking down 
SLACK in mice reduce pain thresholds? At a 
mechanistic level, it remains unclear whether 
the interaction with TMEM16C results in an 
increased affinity of the SLACK channels for 
sodium ions or simply a greater sensitivity of 
the activation mechanism to this ionic ago-
nist. Moreover, it remains to be determined 
whether the TMEM16C-mediated increase 
in membrane expression of SLACK is a result 
of effects on gene transcription, enhanced  

endoplasmic reticulum export or a stabili-
zation of the protein complex at the plasma 
membrane. This last mechanism may be sup-
ported by observations that the internalization 
of SLACK channels is under dynamic second-
messenger control6. Despite these open ques-
tions, the work of Huang et al.5 is exciting and 
sets the stage for further exploration.

The functions of the TMEM16 (ANO) fam-
ily of transmembrane signaling molecules are 
only incompletely understood. TMEM16A 
(ANO1), TMEM16B (ANO2) and TMEM16F 
(ANO6) have been described as small-conduc-
tance calcium-activated chloride channels10–12 
that help regulate chloride homeostasis. In 
contrast, most other members of this family do 
not appear to support chloride channel activity, 
despite a high degree of homology with those 
that do4. These chloride-impermeant mem-
bers of the TMEM16 family may well mediate 
functions such as those described by Huang 
et al.5. Perhaps more intriguing is a scenario 
in which ANO proteins that are known to sup-
port a chloride conductance may also act in 
a manner that is reminiscent of TMEM16C; 
that is, by modulating other ion channels in 

neurons? Computational models informed by 
anatomy suggest that one role of intracorti-
cal connections is to amplify thalamocortical 
input (for example, ref. 6). This will depend on 
the strength and specificity by which cortical 
neurons connect to each other. We know that 
cortical connections are not randomly orga-
nized, as excitatory neurons with similar visual 
responses connect to each other preferentially 
(but not exclusively) in layer 2/3 of mouse 
and cat V1 (refs. 7,8). This suggests that neu-
rons form partially overlapping sub networks 
within which recurrent excitation may boost 
the responses more to preferred than to  
non-preferred stimuli.

The three new studies have now directly 
estimated the relative influence of feedfor-
ward and intracortical excitation to sensory 
evoked responses in layer 4 of mouse visual 
and auditory cortex9–11. These studies used  
in vivo voltage-clamp recordings in single neu-
rons in combination with rapid and reversible 
silencing of cortical excitatory activity, which 
enabled them to isolate putative thalamocorti-
cal and intracortical components contributing  
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a finely tuned cortical amplifier
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Three studies in visual and auditory cortex show that intracortical excitatory inputs amplify incoming sensory signals, 
as their sensory tuning is closely matched to that arriving from the sensory thalamus.

One of the longest-standing debates in neu-
roscience centers on how preference of indi-
vidual neurons for sensory stimuli arise in 
the neocortex. In dedicated areas of sensory 
cortex, neurons are specialized to detect par-
ticular sensory features, such as the orientation 
and motion direction of edges in images, or 
the spectral content of sounds. Remarkably, 
anatomical studies have shown that a neuron 
in the cortex receives only a tiny fraction of its 
excitatory synapses from thalamic regions con-
veying information from the sensory organs1, 
whereas the rest are largely provided by other 
cortical neurons embedded in a richly con-
nected circuit. Our understanding of the rela-
tive contribution of thalamic and intracortical 
inputs in shaping neuronal response properties 
is far from complete. In this issue, three studies 
shed light, quite literally, on this question.

The establishment of sensory feature selec-
tivity is perhaps best understood in primary 

visual cortex (V1). Classically, the selectivity 
for oriented bars or edges has been explained 
using Hubel and Wiesel’s 1962 model, whereby 
‘simple’ cells in cortical layer 4 first become 
selective for stimulus orientation or direc-
tion via the convergence of ON-center and 
OFF-center thalamic inputs whose receptive 
fields are offset in visual space, but are them-
selves not orientation or direction selective. 
In cat V1, each cortical column receives input 
from a limited subset of neurons in the lateral 
geniculate nucleus (LGN) of the thalamus, 
and the angle of apposition of ON and OFF 
domains determines the orientation prefer-
ence of neurons in that column2,3. To isolate 
the contribution of thalamocortical input to 
cortical feature selectivity, previous studies 
have measured synaptic drive while silenc-
ing cortical activity by means of cooling or  
electric shocks4,5. These studies found that 
input from the thalamus is sufficiently tuned 
to establish the orientation selectivity of  
thalamorecipient cortical neurons.

What, then, is the contribution of intracorti-
cal connections to sensory responses of cortical  
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