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Loss of the RNA-binding protein fragile X mental retardation protein (FMRP) represents the most common form of inherited intellectual
disability. Studies with heterologous expression systems indicate that FMRP interacts directly with Slack Na �-activated K � channels
(KNa ), producing an enhancement of channel activity. We have now used Aplysia bag cell (BC) neurons, which regulate reproductive
behaviors, to examine the effects of Slack and FMRP on excitability. FMRP and Slack immunoreactivity were colocalized at the periphery
of isolated BC neurons, and the two proteins could be reciprocally coimmunoprecipitated. Intracellular injection of FMRP lacking its
mRNA binding domain rapidly induced a biphasic outward current, with an early transient tetrodotoxin-sensitive component followed
by a slowly activating sustained component. The properties of this current matched that of the native Slack potassium current, which was
identified using an siRNA approach. Addition of FMRP to inside-out patches containing native Aplysia Slack channels increased channel
opening and, in current-clamp recordings, produced narrowing of action potentials. Suppression of Slack expression did not alter the
ability of BC neurons to undergo a characteristic prolonged discharge in response to synaptic stimulation, but prevented recovery from a
prolonged inhibitory period that normally follows the discharge. Recovery from the inhibited period was also inhibited by the protein
synthesis inhibitor anisomycin. Our studies indicate that, in BC neurons, Slack channels are required for prolonged changes in neuronal
excitability that require new protein synthesis, and raise the possibility that channel–FMRP interactions may link changes in neuronal
firing to changes in protein translation.

Introduction
The FMR1 gene encodes the fragile X mental retardation protein
(FMRP), an RNA-binding protein (Willemsen et al., 2003) that is
expressed in many tissues and at high levels in neurons (Devys et
al., 1993; Fähling et al., 2009). FMRP binds a subset of mRNAs
and regulates their translation at synapses in response to activa-
tion of group 1 metabotropic glutamate receptors and other
stimuli (Bassell and Warren, 2008). Loss of FMRP leads to altered
synaptic function and loss of protein synthesis-dependent plas-
ticity (Bassell and Warren, 2008; Li et al., 2009). In humans,
absence of FMRP causes fragile X syndrome, the most common
form of inherited intellectual disability (Willemsen et al., 2003;
Bear et al., 2004; Bagni and Greenough, 2005). FMRP interacts
with a range of mRNA targets and a variety of intracellular pro-

tein partners. Recent studies suggest that one of these FMRP-
interacting proteins is the Na�-activated K� channel (KNa) Slack
(Brown et al., 2010). Biochemical experiments indicate that
FMRP interacts with the cytoplasmic C-terminal domain of
Slack. Direct application of FMRP to the cytoplasmic face of ex-
cised patches containing Slack channels enhances channel activ-
ity. Whether the protein–protein interactions of FMRP with ion
channels directly influence the excitability of neurons is, how-
ever, unknown.

A model system for investigation of changes in neuronal ex-
citability is that of the bag cell (BC) neurons of the marine mol-
lusk, Aplysia californica. These neurons control a series of
reproductive behavior culminating in egg laying. Although these
peptidergic neurons display no spontaneous firing, they undergo
a �30 min afterdischarge of actions potentials in response to
brief synaptic stimulation, triggering the release of several neuro-
active peptides (Conn and Kaczmarek, 1989). The electrical char-
acteristics of BC neurons, including their resting potential, input
resistance, and action potential height and width have been
shown to be potently modulated by several signaling pathways
including the cAMP-dependent protein kinase (Kaczmarek et al.,
1980), protein kinase C (White et al., 1998), and tyrosine kinases/
phosphatases (Wilson and Kaczmarek, 1993).
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KNa channels are widely expressed and have been recorded in
neurons of a variety of species in which they contribute to the
afterhyperpolarization that follows one or more evoked action
potentials (Bader et al., 1985; Wallén et al., 2007; Nanou et al.,
2008). KNa channels generally have a large unitary conductance
with various degrees of voltage dependency and are gated by
increases in Na� and Cl� (Joiner et al., 1998; Bhattacharjee et al.,
2003; Yuan et al., 2003; Bhattacharjee and Kaczmarek, 2005; Santi
et al., 2006; Chen et al., 2009). In this study, we have characterized
the native KNa channels in Aplysia BC neurons and provide evi-
dence that they are encoded by the Slack gene. We have also
demonstrated that Slack exists in a protein–protein complex with
FMRP in these neurons, and that, as predicted by mammalian
studies, intracellular injection of FMRP acutely increases KNa

current and alters their firing response to depolarizing current
pulses. Furthermore, we show that Slack channels are required
for a prolonged change in the excitability of BC neurons that
requires new protein synthesis.

Materials and Methods
Animals and BC neuron culture. Adult A. californica weighing 150 –200 g
were obtained from Marine Specimens Unlimited or Marinus. Primary
cultures of isolated BC neurons were prepared as described previously
(White et al., 1998; Magoski et al., 2002) and were maintained in normal
artificial sea water (nASW) containing the following (in mM): 460 NaCl,
10.4 KCl, 11 CaCl2, 55 MgCl2, and 15 HEPES; plus 100 U ml �1 penicillin
and 0.1 mg l -1 streptomycin; pH 7.8.

Cloning of Aplysia Slack. We identified an Aplysia homolog of Slack
based on a tblastn search of the Aplysia genome trace archive and ampli-
fied partial Slack cDNA by PCR from an Aplysia BC neuron cDNA li-
brary. PCR products were purified and cloned into the T/A cloning
vector pCR2.1 (Invitrogen). The products were sequenced by the W. M.
Keck Foundation Biotechnology Resource Laboratory at Yale.

RNA interference. Predesigned silencer select siRNAs (Aplysia Slack,
Shab, and scrambled siRNA) were purchased from Ambion. For each
gene siRNA, we targeted two different sites, and then mixed the two
different siRNA products for treatment of neurons. The target sequences
were chosen from Aplysia Slack sequence between the start codon and the
S6 transmembrane domain: sense, GGUCUAGUCUCAACCUACATT
and GGUCAGAUAUCAACUGGUATT; for Aplysia Shab, the target se-
quences were as follows: sense, GGAUAGUGUUUAUCAAGCATT and
GGAUUUUAAUGCGAAGUUUTT. Commercially available scrambled
siRNA (Ambion), which has previously been reported as a negative con-
trol in Aplysia neurons (Paganoni and Ferreira, 2005; Jordan et al., 2007),
was used as the nontargeting sequence. All siRNAs were obtained in
annealed and desalted form and were dissolved in siRNA buffer (Am-
bion). Isolated neurons were microinjected using pipettes containing 1
�M scrambled siRNA, Slack siRNA, Shab siRNA in 200 mM KCl. Intact
clusters of neurons were treated with 20 �M Slack siRNA or scrambled
siRNA in nASW. Immunocytochemistry, Western blotting, single-cell
electrophysiology, and discharge experiments were performed 4 – 6 d
after onset of siRNA treatment.

Immunocytochemistry. Staining of 1–2 d cultured BC neurons was per-
formed on coverslips coated with 1 �g/ml poly-D-lysine, and after fixa-
tion with 4% paraformaldehyde in 400 mM sucrose/nASW. Coverslips
were washed twice with PBS and blocked with 5% goat serum/PBS before
incubation with primary antibodies. The anti-Slack antibody we used for
immunostaining (N3/26 NeuroMab produced by University of Califor-
nia Davis/NIH NeuroMab Facility, Davis, CA) was raised against an
antigen sequence that has 30% identity and 62% similarity compared
with Aplysia Slack sequence. Rabbit anti-FMRP antibody was obtained
from Abcam. The coverslips were inverted on 100 �l of primary antibody
solution (anti-Slack antibody, 1:1000 dilution; anti-FMRP antibody, 5
�g/ml in 5% goat serum/PBS) and placed in a humidified chamber at 4°C
overnight, washed extensively with PBS, and then incubated for 2 h at
room temperature with CY3-conjugated goat anti-mouse IgG and
fluorescence-conjugated anti-rabbit IgG secondary antibodies. The cov-

erslips were washed and mounted on glass slides using mounting
medium. The stained slides were viewed and photographed using
AxioVision software (Zeiss).

Staining of Aplysia FMRP in transiently transfected CHO cells. To test
whether anti-FMRP antibodies raised in rabbits recognize Aplysia FMRP,
we expressed Aplysia Fmr1 in CHO cells. We subcloned Aplysia Fmr1
(GenBank accession number AAQ18136) from pNEX3 into the pcDNA3
vector, and then transfected it into CHO cells using Lipofectamine. The
transiently transfected cells were grown on glass coverslips to 60 –70%
confluence and fixed in PBS containing 4% paraformaldehyde for 10
min. After washing with PBS, cells were permeabilized in PBS containing
1% bovine serum albumin and 0.2% Triton X-100 for 10 min. Primary
rabbit anti-FMRP antibody (Abcam; 5 �g/ml in 5% goat serum/PBS) was
added to the coverslips and incubated for 1 h, washed three times, and
then incubated with fluorescein isothiocyanate-conjugated goat anti-
rabbit IgG (1:500) for 30 min, washed again, and mounted on glass
slides with Citifluor mounting medium (Ted Pella) for fluorescence
microscopy.

Coimmunoprecipitation experiments. BC neuron clusters were dis-
sected from 150 –200 g animals. The clusters were homogenized in 100 �l
of homogenization buffer (Zhang et al., 2008a). The samples were then
centrifuged at 5000 � g for 20 min. The supernatants were transferred to
1.5 ml Eppendorf tubes. Tubes were incubated at 4°C with rotation over-
night after addition of 1 �g of purified mouse anti-FMRP antibody or
rabbit anti-Slack antibody. After adding 30 �l of protein A-Sepharose
beads [50% (v/v) in Triton X-100 buffer; Sigma-Aldrich], the samples
were rotated at 4°C for 2 h. The immunoprecipitates were collected by
centrifugation at 3000 � g for 1 min and washed five times in 800 �l of
Triton X-100 buffer. After washes, the beads were incubated in sample
buffer at room temperature for 30 min. The samples were applied to
SDS-acrylamide gels. For immunoblotting, the SDS gel-electrophoresed
proteins were transferred to an immunoblot polyvinylidene difluoride
membrane (Bio-Rad). Nonspecific binding was blocked by incubating
the blot in Tris-buffered saline Tween 20 (TBST) buffer with 5% milk for
1 h at room temperature. The blots were incubated overnight at 4°C with
one of the following primary antibodies: rabbit anti-Slack antibody (1:
500; Biosynthesis); or rabbit anti-Slack antibody preincubated with ex-
cess antigen obtained from rat Slack purified protein; or mouse anti-
FMRP antibody (1 �g/ml; EMD Millipore); or mouse anti-FMRP
antibody preincubated with excess recombinant FMRP antigen (Novus
Biologicals). Next, the blots were washed four times for 30 min each,
followed by application of secondary horseradish peroxidase-linked
anti-rabbit or anti-mouse antibodies at 1:10,000 dilution for 1 h at room
temperature. After three washes of 30 min each in TBST, immunoreac-
tive proteins were visualized with detection reagent (GE Healthcare). In
parallel experiments, we used anti-rabbit IgG or anti-mouse IgG (The
Jackson Laboratory) as controls for immunoprecipitation.

Microinjection. Current-clamp and voltage-clamp recordings were made
from BC neurons using an AxonClamp 2B (Molecular Devices). For
current-clamp recordings, the single-sharp-electrode, bridge balance
method was used. For voltage-clamp analysis, the discontinuous single-
electrode approach was used, in which the membrane potential is changed
using a high-frequency train of current pulses and measurements of mem-
brane potential are made immediately before each current pulse. The dis-
continuous single-electrode voltage-clamp amplifier was run at a switching
frequency of 1–2 kHz. To ensure adequate voltage control, the individual
pulses were monitored on an oscilloscope and adjusted so that the period of
voltage sampling corresponded to at least nine electrode time constants.
Microelectrodes were pulled from borosilicate glass capillaries (1.2 mm in-
ner diameter; TW 120F-4; World Precision Instruments) and had tip diam-
eters of �1 �m with resistances of �2 M� when filled with 3 M KCl.
Microinjections were carried out using a Picospritzer that delivered 14 psi
pressure pulses of 100 ms duration. Recordings were filtered at 3 kHz using
the Axonclamp built-in Bessel filter and sampled at 2 kHz using a Digidata
1200 analog-to-digital (A/D) converter (Molecular Devices) using Clampex
software (version 8.2; Molecular Devices).

Recombinant FMRP(1–298) was obtained from Novus Biologicals.
For intracellular injections of FMRP, the pipette solution contained 530
mM K � acetate, 11 mM Tris-HCl, pH 7.2, and 100 nM recombinant
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FMRP(1–298), and the external solution contained the following (in
mM): 460 NaCl, 10.4 KCl, 11 CaCl2, 55 MgCl2, and 15 HEPES, pH 7.8,
with modifications as described in the text.

Excised patch-clamp recordings. BC neurons were cultured in nASW. Elec-
trodes had a resistance of 5–10 M� for single-channel recordings. Excised
inside-out patch recordings were performed using symmetrical K solutions:
470 mM KCl, 66 mM MgCl2, 15 mM HEPES, 2 mM EGTA. The cytoplasmic
face of the membrane was perfused with bath solution supplemented with
Na� to 0, 120, or 200 mM free Na�. Data were acquired with an EPC-7
amplifier (HEKA Electronik), a Digidata 1200 A/D converter (Molecular
Devices), and the Clampex acquisition program of pClamp (version 8.2;
Molecular Devices). Current was sampled at 10 kHz and filtered at 1 kHz
with a Bessel filter (Frequency Devices). Data were gathered in 1–3 min
intervals while holding the patch at potentials between �50 and �50 mV.

Extracellular recording. Abdominal ganglia were placed in a recording
chamber at 14°C. A wide-bore, fire-polished glass suction electrode
placed at the distal end of one connective, and a recording suction elec-
trode was placed at the rostral end of the corresponding bag cell neuron
cluster (Kaczmarek et al., 1978). Current pulse trains (20 V pulses of 2.5
ms duration at 6 Hz for 10 –20 s) were delivered with a Grass S88 stimu-
lator and isolation unit, and voltage was recorded using a Warner DP-301
differential amplifier. Within 15 min of the end of a first afterdischarge, a
similar pulse train was applied one or two times to ensure that the cells
had entered the refractory period. To test the effect of the protein syn-
thesis inhibitor anisomycin on the afterdischarge, 3 �M anisomycin was
added to clusters at least 30 min before stimulation.

Results
Cloning of Slack from BC neurons
We identified an Aplysia ortholog of Slack based on a tblastn
search of the Aplysia genome trace archive and amplified Slack
cDNA by PCR from an Aplysia BC neuron cDNA library. Several
Slack isoforms, differing at their 3�-ends, are found in BC neu-
rons. The longest full sequence has a 3.531 kb coding region
corresponding to six putative membrane-spanning regions (S1–
S6) and a long, presumably cytoplasmic, C terminal (GenBank

accession number HG413690). This Aplysia Slack shares 46%
identity and 72% similarity with human SLACK (Needleman-
Wunch method; BLOSUM62). A region of sequence between S6
and the first RCK domain is also highly conserved between rat
and human Slack.

Slack channels and FMRP interact and are colocalized in
BC neurons
Like Slack, FMRP has been conserved throughout evolution. The
Aplysia nervous system expresses a single Fmr1 gene (Moroz et
al., 2006) that is 74.4% identical to that of the mouse Fmr1 at the
genomic level (AlignX, Vector NTI software). FMRP contains
two heterogeneous nuclear ribonucleoprotein (hnRNAP)
K-homology (KH) domains and one arginine-glycine domain
(RGG box) that can mediate protein/RNA interactions (Ramos et
al., 2006; Bassell and Warren, 2008; Bechara et al., 2009). The
major functional mRNA-binding domains of FMRP are the KH1,
KH2, and RGG domains, which are 69, 83, and 83% identical
between rat and Aplysia. Moreover, the sequence of the N termi-
nus of Aplysia FMRP is 58% identical and 76% similar to that of
mouse FMRP and 55% identical, 75% similar to that of human
FMRP. Antibodies against this conserved N terminus of human
FMRP specifically recognize a single band on Western blots of BC
neuron homogenates that is of the expected size for a close or-
tholog (75 kDa; Fig. 1B). Recent work has shown that, in mam-
malian cells, Slack can form a protein complex with FMRP
(Brown et al., 2010). We therefore performed coimmunoprecipi-
tation experiments to test whether Slack interacts with FMRP in
Aplysia neurons. Using extracts from the BC neurons, we found
that immunoprecipitates obtained using the mouse anti-FMRP
antibody contained a Slack-immunoreactive band with a molec-
ular weight of 90 kDa, a size comparable with that reported in
lamprey (Nanou et al., 2008) (Fig. 1A). The rabbit anti-Slack

Figure 1. Slack channels and FMRP interact and are colocalized in BC neurons. A, Protein was extracted from BC clusters and used to immunoprecipitate FMRP with a mouse anti-FMRP antibody.
Samples were immunoblotted with a rabbit anti-Slack antibody, and an immunoreactive band was detected at 90 kDa. There was no immunoreactive band detected in control immunoprecipitations
using an anti-mouse IgG or when immunoblotting with secondary anti-rabbit antibody alone. Additionally, no immunoreactive band was detected when the rabbit anti-Slack antibody was
preincubated with purified rat Slack before immunoblotting. Input samples were positive for the 90 kDa immunoreactive band. B, The reverse coimmunoprecipitation experiment showed that Slack
immunoprecipitates with FMRP (immunoreactive band at 75 kDa). Control experiments were negative as described in A. C, Aplysia BC neurons are immunoreactive with both Slack and FMRP
antibodies. Confocal immunofluorescence staining for FMRP (left top) (green); Slack (middle top) (red); Slack and FMRP colocalize in BC neurons (left bottom). Differential interference contrast (DIC)
imaging is shown (middle bottom). Scale bar, 30 �m.
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antibody was generated against the C terminus of rat Slack (Bhat-
tacharjee et al., 2002) and the Slack-immunoreactive band in
Aplysia neurons was completely eliminated when the anti-Slack
antibodies were preadsorbed with purified rat Slack protein (Fig.
1A). Conversely, a single FMRP-immunoreactive band was de-
tected in immunoprecipitates obtained using the anti-Slack anti-
bodies (Fig. 1B). Again, the FMRP-immunoreactive band was
eliminated when the anti-FMRP antibodies were preadsorbed
with human FMRP(1–298). No bands were detected when con-
trol IgG was used for immunoprecipitation or when secondary
antibody alone was used for immunoblotting (Fig. 1A,B).

We also performed double immunocytochemistry to examine
the subcellular localization of Slack and FMRP in isolated cul-
tured BC neurons (Fig. 1C). To test the specificity of the rabbit
anti-FMRP antibody we used for immunocytochemistry, we
transiently transfected CHO cells with Aplysia Fmr1. On subse-
quent immunostaining of the transfected cells, strong staining of
the transfected cells was seen using the anti-FMRP antibody, but
no staining was detected in untransfected CHO cells (data not
shown). In BC neurons, immunoreactivity for FMRP was dif-
fusely distributed throughout the cells including the somata and
neurites, whereas Slack immunoreactivity was highly enriched at
the periphery of the neurons, consistent with localization to the
plasma membrane. Merged images demonstrate that, at the light
level, Slack and FMRP immunoreactivity is colocalized at the
periphery of the cells and within the neurites. Overlap appeared
strongest at the plasma membrane of the somata, perhaps be-
cause the ratio of FMRP to Slack is reduced in the neurites. No

staining was detected when secondary antibodies alone were used
(Fig. 1C).

Injection of Na � increases outward current in BC neurons
To test whether KNa channels are present in the plasma mem-
brane of BC neurons, we first recorded outward currents from
isolated cultured neurons using the sharp single-electrode
voltage-clamp technique. Intracellular injections of Na� were
made using pulses of pressure (14 psi, one to two pulses, 100 ms
duration) applied to the intracellular electrodes, which contained
0.5 M Na� acetate, NaCl, or Na2SO4. We found that intracellular
injections of Na� produced a significant increase in the outward
current (Fig. 2A–C; n � 6; p � 0.05). This increased current does
not depend on the coinjection anion. In contrast, intracellular
injections of KCl, using the same injection parameters, produced
no significant change in outward currents (Fig. 2A,B; n � 3).

Further evidence for the presence of Na�-activated K� chan-
nels was obtained using excised inside-out patches from cultured
BC neurons, using symmetrical 470 mM KCl recording solutions
with no Ca 2� ions at the cytoplasmic face. Under these condi-
tions, it was possible to readily identify these channels based on
their large unitary conductance, voltage dependence of opening
(an increase in P0 with depolarization) and sensitivity to Na�

ions. Little channel activity was detected at �30 mV in the ab-
sence of Na� (Fig. 2D,E). When the Na� concentration at the
cytoplasmic face of the patch was raised to 120 mM, channel
activity increased markedly, and further elevation of the Na�

concentration to 200 mM produced a further increase in open

Figure 2. Detection of sodium-activated potassium current in Aplysia BC neurons. A, Injection of Na � increased outward currents while injection of K � had no effect. Calibration: 5 nA, 50 ms.
Traces show superimposed currents evoked from a holding potential of �60 mV to command potentials between �60 and �70 mV in 10 mV increments. B, Bar graphs summarizing the effects
of injection of Na � (n � 6), or K � (n � 3) on peak currents are measured at �20 mV. Data are expressed as mean 	 SEM. *Significant difference from control ( p � 0.05; n � 6; paired t test).
C, Current–voltage relationships for the difference current measured by subtracting peak currents before and after Na � injection. D, Single-channel inside-out patches recordings from BC neurons
shows increased open probability of KNa channels with increasing Na � concentration (holding potential,�30 mV). Calibration: 5 pA, 100 ms. E, All-points amplitude histograms for 10 s of recording
in 0, 120, or 200 mM Na �. F, KNa current–voltage (I--V plot) relationship in symmetric 470 mM KCl. Unitary conductance is �167 pS (n � 3).
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probability from 0.05 	 0.01 (0 Na�) to 0.37 	 0.02 (120 mM

Na�) to 0.52 	 0.02 (200 mM Na�). Subconductance states
could sometimes also be observed in the single-channel record-
ings and, in amplitude histograms, produced a slight asymmetry
in peaks for the closed state (Fig. 2E). When the amplitude of the
KNa channels was plotted as a function of voltage, the unitary
conductance was found to be �167 pS (Fig. 2F; n � 3).

Slack subunits contribute to KNa currents in BC neurons
To confirm the correspondence between Slack channels and the
KNa currents in BC neurons, we tested the effects of decreasing
the synthesis of native KNa channels by microinjecting double-
strand siRNA against Aplysia Slack into isolated cultured BC neu-
rons. This method has been shown to inhibit gene expression
specifically in various organisms including Aplysia (Lee et al.,
2001). By comparing the level of immunostaining for Slack in
isolated neurons injected with the Slack siRNA with that in con-
trol neurons from the same animal, we confirmed that levels of
the Slack channel in BC neurons are decreased after Slack expres-
sion is knocked down using this approach (Fig. 3A). The diffuse
localization of FMRP throughout somata and neurites did not
appear to be altered by Slack siRNA (Fig. 3A). Intact ganglia
containing clusters of BC neurons were treated with Slack siRNA
or scrambled siRNA (Korneev et al., 2002). After 5– 6 d, Slack
protein was greatly reduced in Slack siRNA-treated cells com-
pared with scrambled siRNA-treated cells, as determined by
Western blotting (Fig. 3B,C).

We then tested the effects of the siRNA on the electrophysio-
logical characteristics of BC neurons. As a positive control, we
used siRNA against the Aplysia voltage-dependent Shab (Kv2.1)
K� channel, which is also expressed in BC neurons but which has
very different characteristics from those of Slack (Quattrocki et
al., 1994; Zhang et al., 2008b). As a negative control, we used a

scrambled siRNA. To test the effects of each of these siRNA re-
agents, BC neurons isolated from the same animal were divided
into two groups. In the first group, 1 �M siRNA was injected into
each neuron, while the second control group was not injected.
Three days after injection of the siRNA, outward currents were
recorded from both groups of cells. After normalization for ca-
pacitance, the averaged current of all the siRNA-injected cells was
subtracted from the mean current in control cells. This sub-
tracted trace corresponds to the mean change in outward cur-
rents produced by siRNA injection.

The subtracted trace for treatment with Slack siRNA revealed
a biphasic outward current, with a rapid (50 –100 ms) transient
component that was followed by a more slowly activating com-
ponent (Fig. 3D,E, n � 8). Injections of control scrambled siRNA
produced no significant difference current in the subtracted
traces (Fig. 3F; n � 4). Treatment with Shab siRNA resulted in an
outward difference current that activated within �50 ms and
then partially inactivated over the remainder of a 600 ms com-
mand pulse (Fig. 3G; n � 3). This slowly inactivating current very
closely matches that reported for the Shab current in expression
systems and in native BC neurons (Quattrocki et al., 1994).

Unlike the subtracted Slack siRNA trace, Slack currents in
heterologous expression systems activate slowly with no transient
component at the onset of a depolarizing pulse (Yang et al.,
2006). To test the possibility that this transient component in
native BC neurons reflects a transient enhanced activation of
Slack channels by Na� entry through voltage-dependent Na�

channels at the onset of the depolarizing commands, we repeated
the experiments using Slack siRNA, but recorded all currents in
the presence of tetrodotoxin (TTX) at a concentration (100 �M)
known to block voltage-dependent Na� channels in this species
(Knox et al., 1996; Hung and Magoski, 2007). Under these con-
ditions, the transient component was suppressed but the slowly

Figure 3. Slack contributes to outward K � current in BC neurons. A, Slack staining was reduced in BC neurons injected with siRNA-Slack. Scale bar, 25 �m. B, C, Immunoblots demonstrating that
Slack protein level is decreased in Slack siRNA-treated BC neurons. Data are expressed as mean 	 SEM (n � 3; *p � 0.05, paired t test). Immunoblots against rabbit anti-actin antibodies are
provided as a control for equivalence of protein samples. No change in Slack protein levels was observed in scrambled siRNA-treated BC neurons (n � 3; NS, paired t test). D, Averaged traces of
outward current in control and Slack siRNA-treated neurons. Calibration: 5 nA, 50 ms. Subtracted currents for treatment with either Slack siRNA (E) (calibration: 0.5 nA, 50 ms), scrambled siRNA (F )
(calibration: 0.5 nA, 50 ms), Shab siRNA (G) (calibration: 0.4 nA, 50 ms), and Slack siRNA pretreated with 100 �M TTX (H ) (calibration: 0.5 nA, 50 ms). All currents were recorded by depolarizing the
membrane from a holding potential of �60 mV to a test potential of �70 mV.
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activating component was still present (Fig. 3H; n � 6, siRNA
plus TTX treated; n � 3, control). While we cannot be confident
that voltage control was adequate to clamp transient Na� cur-
rents themselves, our findings are consisted with the hypothesis
that the slower transient component of K� current reflects acti-
vation of KNa channels by Na� entry at the onset of voltage
commands.

We also tested the effects of Slack siRNA treatment on the
mean resting potential of BC neurons recorded in the current-clamp
mode. Reduction of Slack expression was found to produce a depo-
larization [mean resting potential of Slack siRNA-treated neurons,
�38.2 	 1.8 mV (n � 9) vs �44.7 	 0.8 mV (n � 14) in controls;
p � 0.002], suggesting that KNa currents contribute to the resting
conductance.

Injection of FMRP increases KNa current and alters
electrical properties
We tested the effects of recombinant FMRP that contains amino
acids 1–298 [FMRP(1–298)] on macroscopic currents and on the
electrical properties of isolated BC neurons. This truncated FMRP
contains the N-terminal domain (NDF; amino acids 1–134) of
FMRP that has been shown to serve as a platform for the majority of
known protein–protein interactions of FMRP with other cellular
signaling components, but lacks the C-terminal RNA-binding re-
gion (Jin et al., 2004; Darnell et al., 2005; Ramos et al., 2006). We
found that injecting FMRP(1–298) into isolated BC neurons under
voltage clamp produces an increase in net outward current. The
increase in current began 1–5 min after injection and reached a max-
imum at �20 min. Like the subtracted Slack siRNA current, the

difference currents obtained by subtracting the preinjection currents
from those in the same cell after injection of FMRP(1–298) were
biphasic with an early transient component lasting 50–100 ms fol-
lowed by a more slowly activating component (Fig. 4A,G; n � 4).
The FMRP(1–298)-induced currents progressively increased with
test potentials up to approximately �30 mV, after which they de-
clined with further depolarization (Yuan et al., 2003; Yang et al.,
2006) (Fig. 4F). Injection of heat-inactivated FMRP(1–298) into the
neurons maintained in a normal Na�-containing external medium
had no effect on outward currents (Fig. 4B,G; n � 4)

The effects of FMRP(1–298) on outward current were depen-
dent on Na� ions. As with the Slack component of current in the
siRNA-treated cells, the early transient component of current
induced by FMRP(1–298) was eliminated if the cells were pre-
treated with sodium channel blocker TTX (100 �M) (Fig. 4C).
The effects of FMRP(1–298) on the slow component of outward
current were also dependent on Na�. When external Na� was
replaced by NMDG (N-methyl-D-glucamine), the total outward
current was reduced (Fig. 4D). Moreover, injection of FMRP(1–
298) into neurons in this Na�-free external medium was found
to have no effect on either the amplitude or kinetic behavior of
outward currents (Fig. 4E,G; n � 4). Overall, these findings are
consistent with an acute enhancement of native Slack KNa cur-
rents by injection of FMRP(1–298).

We then tested whether, as has been demonstrated in Xenopus
oocytes expressing rat Slack channels, the FMRP protein acutely
enhances the activity of native KNa channels in neurons. We ex-
cised inside-out patches containing KNa channels from isolated
BC neurons and applied recombinant FMRP(1–298) (100 nM) to

Figure 4. Injection of recombinant FMRP(1–298) into BC neurons increased Slack-like currents. A, Superimposed currents before and after injection of FMRP(1–298) (left, calibration: 10 nA, 250
ms) and difference currents (right, calibration: 2 nA, 250 ms). Holding potential was maintained at �60 mV, the outward current was evoked by pulses to �70 mV. B, Injection of heat-inactivated
FMRP(1–298) had no effect on outward current in nASW. Calibration: 2 nA, 100 ms. C, Pretreatment of BC neurons with 100 �M TTX before injection of FMRP(1–298) eliminated the fast component
of FMRP-induced outward current. Calibration: 0.5 nA, 100 ms. D, Difference current recorded on switching the external medium from Na �-containing nASW to zero Na � ASW. Calibration: 1 nA,
100 ms. E, Injection of FMRP(1–298) had no effect when neurons were recorded in zero Na � ASW external medium. Calibration: 2 nA, 100 ms. F, Current–voltage relationship of subtracted
Slack-like current in nASW. G, Group data for steady-state difference currents produced by injecting either FMRP(1–298) in nASW, inactivated FMRP(1–298) in nASW, or FMRP(1–298) in zero Na �

ASW (n � 4 in each group; test potential, �70 mV).
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the cytoplasmic face of the patches. This produced a marked
increase in channel opening, raising the channel open probability
from 0.19 	 0.09 to 0.30 	 0.11 (Fig. 5A–C; n � 4). As has also
been described for Slack channels in heterologous expression sys-
tems (Brown et al., 2010), application of FMRP suppressed the
occurrence of subconductance states (Fig. 5B).

To test the acute effects of FMRP on intrinsic electrical prop-
erties, isolated neurons were recorded in the current-clamp mode
using single microelectrodes. Intracellular microinjection of
FMRP(1–298) was found to decrease the input resistance and
hyperpolarize the resting membrane potential (Fig. 5D,E; n � 4).
In addition, the width of action potentials evoked by depolarizing
currents was reduced within �2 min of injection. Because a
change in resting potential can in itself produce changes in
action potential width, we introduced a bias current to adjust
the membrane potential of each neuron to its preinjection
value. Under these conditions, the mean reduction in width
measured at 50% spike amplitude was 4 	 1 ms (n � 4). As
with the voltage-clamp experiments, injection of heat-inactivated
FMRP(1–298) had no effect on the neurons in the current-clamp
mode (Fig. 5D,E; n � 4).

Suppression of Slack prevents recovery of BC neurons from a
long-lasting inhibited state
In response to brief stimulation of their synaptic input, BC neu-
rons in the abdominal ganglion of the mollusk Aplysia generate a
�30 min discharge of action potentials, which is followed by a
prolonged inhibited period during which further stimulation of
the input either fails to trigger an afterdischarge or triggers dis-
charges of reduced duration (Kupfermann and Kandel, 1970;
Kauer and Kaczmarek, 1985). In vivo, this sequence of changes in
excitability serves to trigger a series of reproductive behaviors
culminating in egg-laying and to limit their frequency (Kupfer-

mann and Kandel, 1970). Recovery from the inhibited period
occurs gradually over �18 h, such that stimulation 1 d after evok-
ing a first discharge (day 2) triggers discharges that are of the same
duration as those on day 1 (Fig. 6A,C; n � 14).

We tested the effects of suppression of Slack expression on
stimulus-evoked discharges in BC neurons and on the recovery
from the prolonged inhibited period. Treatment of bag cell clus-
ters in abdominal ganglia for 5 d with Slack siRNA had no effect
on the duration of a first discharge or on the subsequent entry of
the neurons into the prolonged inhibited period (Fig. 6B,C; n �
6). Slack siRNA-treated BC neurons failed, however, to recover from
the inhibited period (Fig. 6B,C; n � 6). In contrast, BC clusters
treated with the scrambled siRNA for 6 d generated full-length dis-
charge both on day 5 and on day 6, indicating full recovery from the
inhibited state induced on day 5 (Fig. 6C; n � 6).

Previous work has shown that stimulation of BC neurons trig-
gers an increase in synthesis of some proteins, and that this is
dependent on the presence of extracellular Na� ions (Wayne et
al., 2004). We therefore tested whether recovery from the inhib-
ited period requires new protein synthesis. As described previ-
ously (Montarolo et al., 1986), we found that pretreatment of
clusters of BC neurons with the protein synthesis inhibitor ani-
somycin (3 �M) inhibited incorporation of [ 35S]methionine into
new proteins by 95.4 	 0.04% (n � 4). Anisomycin had no effect
on the duration of a first discharge (Fig. 6D; n � 15) or on the
subsequent inhibited state. One day later, however, stimulation
could only trigger action potentials and short discharges that are
identical to those in the inhibited state. This was not a nonspecific
effect of protein synthesis inhibition because preincubation of
BC neurons for 24 h in anisomycin without stimulation had
no effect on the ability of stimulation to trigger discharges
(Fig. 6 D; n � 10).

Figure 5. Addition of FMRP(1–298) increases KNa channel open probability, hyperpolarizes membrane potential, and decreases input resistance in BC neurons. A, Representative traces before
and after addition of FMRP(1–298) to an excised inside-out patch containing Na �-activated K � channels (80 mM Na � at cytoplasmic face; holding potential, �30 mV; calibration: 2 pA, 0.2 s; C,
closed state; O, open state). B, All-points amplitude histograms before and after addition of FMRP(1–298) to an excised patch as in A (C, closed state; S, subconducance state; O, open state). C, Group
data for effect of FMRP(1–298) or heat-inactivated FMRP(1–298) on channel open probability (n � 4). Data are expressed as the mean 	 SEM (*p � 0.05; n � 4; paired t test). D, Injection of
FMRP(1–298) hyperpolarizes membrane potential and decreases input resistance in BC neurons. Representative traces of the effect of injection of FMRP(1–298) or heat-inactivated FMRP(1–298)
on action potentials evoked by injecting 0.6 nA current pulses. Calibration: 10 mV, 50 ms. E, Summary of changes in membrane potential, input resistance following injection of FMRP(1–298). Data
are expressed as mean 	 SEM (n � 4, **p � 0.005, unpaired t test; n � 4, *p � 0.05, paired t test).
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Discussion
Our results indicate that the interaction between Slack KNa chan-
nels and the mRNA-binding protein FMRP, previously docu-
mented in the nervous system of mice (Brown et al., 2010), is an
evolutionarily conserved one. Like their mammalian counter-
parts, Slack channels in Aplysia have a large unitary conductance
and, upon depolarization, are activated in a biphasic manner.
Rapid activation by Na� entry through voltage-dependent Na�

channels is followed by a slower phase of activation as the depo-
larization is maintained. It is likely that both persistent Na� cur-
rents and other cation channels contribute to this sustained phase
(Lu et al., 2010; Hage and Salkoff, 2012). It is also possible that
some activation of KNa channels by voltage steps occurs even at
resting levels of internal Na� ions, which would change only
slowly on removal of external Na�.

The KNa current in BC neurons is enhanced by introduction of
FMRP both in excised patches and in intact cells, leading to a
hyperpolarization of the resting potential and a narrowing of
action potentials. In mammalian cells, application of FMRP to
KNa channels in patches from Slack-transfected cells enhances
channel opening in part by suppressing the occurrence of sub-
conductance states (Brown et al., 2010). We also observed the
same effect for KNa channels in BC neurons. Nevertheless, sub-
conductance states appeared less prominent than in transfected
cells, suggesting that some binding of endogenous FMRP may

occur in the patches excised from BC neurons. Regulation of the
amplitude of KNa currents by FMRP is likely to be a dynamic one,
subject to changes in factors such as the phosphorylation state of
Slack or FMRP, which may change rapidly with neuronal
stimulation.

It seems unlikely that the interaction between Slack and FMRP
serves purely as a mechanism to regulate KNa current amplitude.
A variety of recent studies have suggested that the gating of ion
channels, triggered by depolarization or neuronal activity, may
instigate cytoplasmic signaling cascades that could alter gene
transcription or other biochemical events (An et al., 2000;
Gomez-Ospina et al., 2006; Hegle et al., 2006; Kaczmarek, 2006).
Thus, it is possible that activation of Slack channels by Na� ele-
vations during neuronal firing alters the ability of FMRP to par-
ticipate in one or more of its functions, such as regulation of
translation of its cargo mRNAs, although there is at present no
direct evidence for this. FMRP is known to be required for
activity-dependent increases in protein translation, most likely
by suppressing translation of its cargo mRNAs until neurons be-
come active (Li et al., 2009; Schütt et al., 2009).

A “nonconducting” function of this sort for Slack channels is
consistent with the finding that suppression of Slack channels
prevents recovery of BC neurons from a prolonged inhibited state
that normally follow the characteristic �30 min discharge of
these cells and that this recovery requires the synthesis of new

Figure 6. Recovery from the inhibited state of BC neurons requires new protein synthesis. A, Panels shows a control discharge evoked by a first stimulus (top) and failure to trigger discharge within
1 h of the termination of the first discharge (center). The bottom panel shows a full-length discharge triggered the next day. Calibration: 50 �V and 2, 0.5, and 2 min for top to bottom panels. The
arrows indicate times of stimulation. B, Treatment with Slack siRNA prevents recovery from the inhibited state. Top trace, Discharge after 5 d of Slack siRNA treatment. Center trace, Stimulation
within 1 h of the termination of the first discharge. Bottom trace, Shortened discharge triggered 24 h after the first discharge in the Slack siRNA-treated neurons. Calibration: 50 �V and 2, 0.5, and
2 min for top to bottom panels, respectively. C, Discharge durations on two consecutive days after no treatment (Control) or treatment with Slack or scrambled siRNA (mean 	 SEM; n � 6; **p �
0.0021, paired t test, two-tailed). D, Effects of anisomycin on mean durations of first discharges triggered on 2 consecutive days (n � 15; ***p � 0.0001, paired t tests, two-tailed). The bar graph
at right shows duration on day 2 with no prior stimulation on day 1 (n � 10).
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proteins. Thus, Slack channels could comprise part of a pathway
that links neuronal firing to activity-driven protein synthesis. The
strongest activation of KNa channels occurs during periods of
repetitive neuronal activity, during which time intracellular Na�

levels are elevated (Yang et al., 2007; Nanou et al., 2008). More-
over, it has been found that activity-dependent synthesis of a
neuropeptide precursor during the discharge of BC neurons is
abolished by transient removal of external Na� ions at the onset
of the discharge (Wayne et al., 2004).

While the hypothesis that Slack channel activity modulates the
ability of FMRP to liberate mRNAs for translation is an attractive
one, our present findings do not eliminate a variety of alternative
hypotheses. For example, although suppression of Slack channels
does not prevent discharges or entry into the inhibited period,
changes in action potentials or resting membrane potential pro-
duced by decreased Slack levels could indirectly alter intracellular
events such as calcium transients. These could, in turn, alter cell
metabolism or rates of protein synthesis even if Slack channels
function solely to regulate the intrinsic electrical properties of
neurons.

Our findings have demonstrated that the interaction of Slack
with FMRP is one that is conserved across species. Moreover, they
raise the possibility that it serves to link changes in neuronal firing
to changes in the translation of FMRP-associated mRNAs. In
addition to the recovery from the inhibited period of BC neurons,
a variety of other long-lasting changes in the excitability of neu-
rons and in their ability to release neurotransmitter require new
protein synthesis (Wang et al., 2009; Jin et al., 2011). Many such
changes underlie learning, memory, and alterations in animal
behavior. Definitive tests of the role of Slack channels in such
events will require identification of the proteins whose synthesis
is required for these prolonged changes in excitability.
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Grillner S (2007) Sodium-dependent potassium channels of a Slack-like
subtype contribute to the slow afterhyperpolarization in lamprey spinal
neurons. J Physiol 585:75–90. CrossRef Medline

Wang DO, Kim SM, Zhao Y, Hwang H, Miura SK, Sossin WS, Martin KC
(2009) Synapse- and stimulus-specific local translation during long-
term neuronal plasticity. Science 324:1536 –1540. CrossRef Medline

Wayne NL, Lee W, Michel S, De Quintana SB (2004) Post-afterdischarge
depolarization does not stimulate prolonged neurohormone secretion
but is required for activity-dependent stimulation of neurohormone bio-
synthesis from peptidergic neurons. Endocrinology 145:1678 –1684.
CrossRef Medline

White BH, Nick TA, Carew TJ, Kaczmarek LK (1998) Protein kinase C reg-
ulates a vesicular class of calcium channels in the bag cell neurons of
Aplysia. J Neurophysiol 80:2514 –2520. Medline

Willemsen R, Hoogeveen-Westerveld M, Reis S, Holstege J, Severijnen LA,
Nieuwenhuizen IM, Schrier M, van Unen L, Tassone F, Hoogeveen AT,
Hagerman PJ, Mientjes EJ, Oostra BA (2003) The FMR1 CGG repeat
mouse displays ubiquitin-positive intranuclear neuronal inclusions; im-
plications for the cerebellar tremor/ataxia syndrome. Hum Mol Genet
12:949 –959. CrossRef Medline

Wilson GF, Kaczmarek LK (1993) Mode-switching of a voltage-gated cation
channel is mediated by a protein kinase A-regulated tyrosine phosphatase.
Nature 366:433– 438. CrossRef Medline

Yang B, Gribkoff VK, Pan J, Damagnez V, Dworetzky SI, Boissard CG, Bhat-
tacharjee A, Yan Y, Sigworth FJ, Kaczmarek LK (2006) Pharmacological
activation and inhibition of Slack (Slo2.2) channels. Neuropharmacology
51:896 –906. CrossRef Medline

Yang B, Desai R, Kaczmarek LK (2007) Slack and Slick KNa channels regu-
late the accuracy of timing of auditory neurons. J Neurosci 27:2617–2627.
CrossRef Medline

Yuan A, Santi CM, Wei A, Wang ZW, Pollak K, Nonet M, Kaczmarek L,
Crowder CM, Salkoff L (2003) The sodium-activated potassium chan-
nel is encoded by a member of the Slo gene family. Neuron 37:765–773.
CrossRef Medline

Zhang Y, Helm JS, Senatore A, Spafford JD, Kaczmarek LK, Jonas EA (2008a)
PKC-induced intracellular trafficking of CaV2 precedes its rapid recruit-
ment to the plasma membrane. J Neurosci 28:2601–2612. CrossRef
Medline

Zhang Y, McKay SE, Bewley B, Kaczmarek LK (2008b) Repetitive firing
triggers clustering of Kv2.1 potassium channels in Aplysia neurons. J Biol
Chem 283:10632–10641. CrossRef Medline

Zhang et al. • FMRP and Slack Potassium Channels J. Neurosci., October 31, 2012 • 32(44):15318 –15327 • 15327

http://dx.doi.org/10.1101/lm.40201
http://www.ncbi.nlm.nih.gov/pubmed/11533225
http://dx.doi.org/10.3389/neuro.04.011.2009
http://www.ncbi.nlm.nih.gov/pubmed/19826618
http://dx.doi.org/10.1152/jn.00607.2009
http://www.ncbi.nlm.nih.gov/pubmed/20393063
http://www.ncbi.nlm.nih.gov/pubmed/11756482
http://dx.doi.org/10.1126/science.3775383
http://www.ncbi.nlm.nih.gov/pubmed/3775383
http://dx.doi.org/10.1016/j.cell.2006.09.052
http://www.ncbi.nlm.nih.gov/pubmed/17190607
http://dx.doi.org/10.1073/pnas.0806403106
http://www.ncbi.nlm.nih.gov/pubmed/19095801
http://dx.doi.org/10.1242/jcs.01622
http://www.ncbi.nlm.nih.gov/pubmed/15654020
http://dx.doi.org/10.1016/0896-6273(94)90153-8
http://www.ncbi.nlm.nih.gov/pubmed/8292361
http://dx.doi.org/10.1016/j.str.2005.09.018
http://www.ncbi.nlm.nih.gov/pubmed/16407062
http://dx.doi.org/10.1523/JNEUROSCI.3372-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16687497
http://dx.doi.org/10.1074/jbc.M109.042663
http://www.ncbi.nlm.nih.gov/pubmed/19640847
http://dx.doi.org/10.1113/jphysiol.2007.138156
http://www.ncbi.nlm.nih.gov/pubmed/17884929
http://dx.doi.org/10.1126/science.1173205
http://www.ncbi.nlm.nih.gov/pubmed/19443737
http://dx.doi.org/10.1210/en.2003-1447
http://www.ncbi.nlm.nih.gov/pubmed/14691015
http://www.ncbi.nlm.nih.gov/pubmed/9819259
http://dx.doi.org/10.1093/hmg/ddg114
http://www.ncbi.nlm.nih.gov/pubmed/12700164
http://dx.doi.org/10.1038/366433a0
http://www.ncbi.nlm.nih.gov/pubmed/8247151
http://dx.doi.org/10.1016/j.neuropharm.2006.06.003
http://www.ncbi.nlm.nih.gov/pubmed/16876206
http://dx.doi.org/10.1523/JNEUROSCI.5308-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17344399
http://dx.doi.org/10.1016/S0896-6273(03)00096-5
http://www.ncbi.nlm.nih.gov/pubmed/12628167
http://dx.doi.org/10.1523/JNEUROSCI.4314-07
http://www.ncbi.nlm.nih.gov/pubmed/18322103
http://dx.doi.org/10.1074/jbc.M800253200
http://www.ncbi.nlm.nih.gov/pubmed/18276591

	Regulation of Neuronal Excitability by Interaction of Fragile X Mental Retardation Protein with Slack Potassium Channels
	Introduction
	Materials and Methods
	Results
	Cloning of Slack from BC neurons
	Slack channels and FMRP interact and are colocalized in BC neurons
	Slack subunits contribute to KNa currents in BC neurons
	Discussion
	References


