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Changes in ion channel expression are implicated in the etiology of epilepsy. However, the molecular leading to
long-term aberrant expression of ion channels are not well understood. The mechanistic/mammalian target of
rapamycin (mTOR) is a serine/threonine protein kinase that mediates activity-dependent protein synthesis in
neurons. mTOR is overactive in epilepsy, suggesting that excessive protein synthesis may contribute to the
neuronal pathology. In contrast, we found that mTOR activity and the microRNA miR-129-5p reduce the ex-
pression of the voltage-gated potassium channel Kv1.1 in an animal model of temporal lobe epilepsy (TLE).
When mTOR activity is low, Kv1.1 expression is high and the frequency of behavioral seizures is low. Howev-
er, as behavioral seizure activity rises, mTOR activity increases and Kv1.1 protein levels drop. In CA1 pyrami-
dal neurons, the reduction in Kv1.1 lowers the threshold for action potential firing. Interestingly, blocking
mTOR activity with rapamycin reduces behavioral seizures and temporarily keeps Kv1.1 levels elevated. Over-
time, seizure activity increases and Kv1.1 protein decreases in all animals, even those treated with rapamycin.
Notably, the concentration of miR-129-5p, the negative regulator of Kv1.1 mRNA translation, increases by
21 days post-status epilepticus (SE), sustaining Kv1.1 mRNA translational repression. Our results suggest
that following kainic-acid induced status epilepticus there are two phases of Kv1.1 repression: (1) an initial
mTOR-dependent repression of Kv1.1 that is followed by (2) a miR-129-5p persistent reduction of Kv1.1.

Published by Elsevier Inc.
Introduction

Changes in intracellular signaling often follow neuronal insult or in-
jury leading to a persistent state of neuronal hyperexcitability, as in
temporal lobe epilepsy (TLE). The mechanistic/mammalian target of
rapamycin (mTOR) is a serine/threonine protein kinase that is overac-
tive following status epilepticus (SE) (Brewster et al., 2013; Zeng et al.,
2009). Best characterized for its role in promoting translation of
mRNAs, overactive mTOR in neurological disorders is often hypothe-
sized to result in excessive protein synthesis (Hoeffer and Klann,
2010). However, a number of studies suggest that there is a reduction
in the expression of voltage-gated ion channels in models of temporal
lobe epilepsy (Poolos and Johnston, 2012). Interestingly, activation of
mTOR represses the local translation of the delayed rectifier potassium
channel Kv1.1 (Raab-Graham et al., 2006). Furthermore, increased
stin University Station C7000,
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ect.com).
seizure susceptibility directly correlates with a decrease in Kv1.1 gene
expression (Rho et al., 1999; Smart et al., 1998; Robbins and Tempel,
2012); and overexpression of Kv1.1 eliminates seizures in a rat model
of focal epilepsy (Wykes et al., 2012).

Identifying themechanisms throughwhichmTOR activity represses
the translation of ion channelmRNA is important for understanding the
cause of epilepsy. RNA-binding proteins and microRNAs can bind to the
same target mRNAs and antagonize each other's function (Meisner and
Filipowicz, 2011). We recently determined that the microRNA, miR-
129-5p, and the RNA binding protein, HuD, compete for binding and
translational regulation of Kv1.1 mRNA (Sosanya et al., 2013). When
mTOR activity is elevated, Kv1.1 mRNA translation is repressed by
miR-129-5p binding. In contrast, when mTOR activity is reduced, miR-
129-5p binding is relieved and HuD restores translation (Sosanya
et al., 2013). These findings have led us to ask the following questions:
(1) Does overactive mTOR following status epilepticus lead to reduced
Kv1.1 protein expression? (2) What is the physiological consequence
of changes in Kv1.1 protein expression? (3) Are HuD and miR-129-5p,
the RNA-binding factors that regulate Kv1.1 mRNA translation, aber-
rantly expressed in epilepsy?

Herein we report that hippocampal expression of Kv1.1 protein is
dynamic over the course of several days following kainic acid-induced
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status epilepticus (SE), a critical period duringwhich neuronal remodel-
ing occurs. Expression of Kv1.1 gradually increases over 14 days post-SE.
On day 15 there is a dramatic decrease of Kv1.1 expression and Kv1.1
protein continues to decline well below control levels by 21–30 days
post-SE. The decrease in Kv1.1 on day 15 is blocked by rapamycin, sug-
gesting that overactivemTOR is responsible. However, the sustained de-
crease in Kv1.1 expression beyond day 15 is rapamycin-insensitive and
consistent with the function of the Kv1.1 repressor miR-129-5p. In line
with changes in Kv1.1 protein expression, the threshold for action
potential firing in CA1 pyramidal neurons is depolarized at day 14
post-SE when Kv1.1 expression is elevated, and hyperpolarized on day
28–30, when Kv1.1 expression is reduced. Collectively, these data sug-
gest that both mTOR- and miR-129-5p-mediated repressions of Kv1.1
mRNA translation contribute to the neuronal hyperexcitability observed
following status epilepticus.

Methods

Animals

Status epilepticus (SE) was induced in 8-week old male Sprague–
Dawley rats by intraperitoneal injection of kainic acid (10 mg/kg,
Abcam). The behavior of the animals was observed, and seizures were
scored according to the Racine scale (Racine, 1972). One hour after
the onset of SE (ClassV on the Racine scale indicated by rearing followed
by falling down as seen for a fullmotor seizure), seizureswere terminat-
ed by subcutaneous injection of sodium pentobarbital (PB; 30 mg/kg).
Control rats received the appropriate volume of saline vehicle followed
by PB 1 h later. For rapamycin (LC Laboratories) injection,we followed a
modified protocol reported by Meikle et al. (Meikle et al., 2008).
Rapamycin was dissolved at 50 mg/ml in ethanol and stored at
−20 °C. Before each administration, rapamycin was diluted in 7%
Tween 80, 7% polyethylene glycol 400 (PEG-400) and water to final
6% ethanol (Brewster et al., 2013). Rapamycin or vehicle (7% Tween
80, 7% PEG-400, 6% ethanol) was given at 6 mg/kg intraperitoneally
every 4 days. All animal experiments were performed in accordance
with guidelines approved by the Institutional Animal Care and Use
Committee (IACUC) at The University of Texas-Austin.

Continuous video monitoring

Kainic acid-injected rats (KA) were video monitored from day 2 to
day 21 post-SE and were scored from 7 am to 3 pm (Fig. 1) or from
4:30–7 pm (Fig. 7) by an individual blind to the condition. Behavioral
seizures ranging from Class III (dog shake) to Class V (full rearing
followed by falling down) on the Racine scale were scored.

Slice preparation

Hippocampal slices were prepared from control and post-SE rats as
described previously (Shin et al., 2008). Briefly, animals were anesthe-
tized using a lethal dose of ketamine and xylazine. Once deeply anesthe-
tized, animals were perfused intracardially with ice-cold modified ACSF
containing (in mM) 210 sucrose, 2.5 KCl, 1.2 NaH2PO4, 25 NaHCO3, 0.5
CaCl2, 7.0 MgCl2, and 7.0 dextrose bubbled with 95%O2/5%CO2. The
brain was removed and bisected along the midline. One hemisphere
was used for slice preparation for electrophysiological recording and
the other hemisphere was used for biochemical analyses (see Western
blot analysis, immunohistochemistry, and RT-qPCR). The hemisphere
was mounted and 350 μm thick slices were made using a microtome
(Vibratome, St. Louis MO). Slices were placed in a holding chamber
filled with ACSF containing (mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4,
25 NaHCO3, 2 CaCl2, 2 MgCl2, and 12.5 dextrose warmed to 35 °C for
20 min and then placed at room temperature for b6 h until needed for
recording.
Electrophysiology

Slices were placed individually as needed into a submerged record-
ing chamber continuously perfused with control extracellular saline
(see below). Slices were viewed with a Zeiss Axioskop using infrared
video microscopy and differential interference contrast (DIC) optics.
For all recordings, the ACSF solution contained (mM): 125 NaCl, 3 KCl,
1.25 NaH2PO4, 25 NaHCO3, 2 CaCl2, 1 MgCl2, and 12.5 dextrose and
was bubbled continuously with 95%O2/5% CO2 at 31–33 °C. Fast gluta-
matergic and GABAergic synaptic transmissionswere blocked by a com-
bination of 20 μM DNQX, 50 μM AP5, 2 μM gabazine, and 5 μM
CGP55845.

Patch pipettes were pulled from borosilicate glass and had a resis-
tance of 4–8 MΩ when filled with the internal recording solution con-
taining (in mM): 120 potassium gluconate, 20 KCl, 10 HEPES, 4 NaCl, 4
MgATP, 0.3 Na-GTP and 7 phosphocreatine (pH 7.3 with KOH). Whole
cell recordings were made from the soma of CA1 pyramidal neurons
using a Multiclamp 700A or Dagan BVC in current clamp mode. Series
resistance was monitored throughout the recording, and experiments
in which the series resistance exceeded 30 MΩ were discarded.

Data acquisition and analysis

Data were sampled at 40 kHz, filtered at 5 kHz and digitized by an
ITC-18 interface connected to computer running Axograph X. Data anal-
yses were performed with Axograph X.

Western blot analysis

The hippocampus was immediately dissected from the hemisphere
of the brain not used for physiology (see Slice preparation).
Synaptoneurosomal (SN) protein and RNAwere prepared from the hip-
pocampus as outlined (Sosanya et al., 2013). Proteinswere separated by
SDS-PAGE, transferred to nitrocellulose, and blocked with 5% milk +
Tween 20. Blots were then probed with antibodies against Kv1.1
(1:500; Neuromab K36/15), p-mTOR (1:500, Cell Signaling 5536),
mTOR (1:500, Invitrogen AHO1232), HuD (1:500; Millipore AB5971),
and tubulin (1:2000; Abcam ab15246). Anti-p-mTOR (rabbit) and
anti-total mTOR (mouse) were probed and detected with an anti-
mouse-IR-Dye 800 (1:2000; LICOR 926-32210) and anti-rabbit-
Alexa680 secondary antibodies (1:2000; Invitrogen A-21084). Dual
color imaging for within blot analysis for P-mTOR and total mTOR as
well as Kv1.1 and tubulinwas performed on the LICOROdyssey imaging
system.AllWestern blotswere imaged such that pixel intensitieswithin
the band were in the linear range, as indicated by LICOR detection soft-
ware. Densitometry of the immunoreactive bands was performed using
the NIH Image software (Image J) using the profile function.

Immunohistochemistry

Control and KA-injected rats were perfused with ice cold PBS and
post-fixedwith 4% formaldehyde overnight at 4 °C. 80 μm thick coronal
sections of the hippocampuswere taken on a vibratome and placed free
floating in PBS. Hippocampal slices with similar morphology were dou-
ble stained for Kv1.1 and tubulin. Slices were blocked overnight at 4 °C
in blocking solution (10% goat serumwith 0.3% Triton X-100 in PBS) and
then incubated with mouse-anti-Kv1.1 (1:200, Neuromab K36/15) and
rabbit anti-tubulin (1:200, Abcam) overnight at RT in blocking solution.
The following day, slices werewashed in PBS for 1 × 10min, 1 × 30min,
and 1 × 40 min and then incubated in blocking solution for 2 h at RT.
Slices were then incubated overnight at 4 °C in secondary antibody
followed by same washing protocol as above. Once mounted on glass
slides slices were imaged on a Leica SP5 confocal microscope (Leica
DM6000 CFS 20×/0.70 objective HC PL APO 0.17/C). Images were ac-
quired based on relative tubulin signal and the same settings in the
same imaging session. A z-series of 20, 1 μm sections were collected
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and projected. An equal size region of interest (ROI) box was drawn in
either the CA1 or CA3 regions and the ratio of Kv1.1 to tubulin signal
was measured. Quantification was done using the NIH ImageJ software
plugin T-functions Ratio ROI Manager.
Reverse transcription-quantitative PCR (RT-qPCR)

SN RNAwas isolated using Zymogen Direct-zol RNAminiprep kit ac-
cording to the manufacturer's directions. RT-quantitative PCRs for miR-
129-5p, miR-145-5p, or 5S rRNA were done using the miRCURY LNA
Universal RT microRNA PCR kits (Exiqon; universal cDNA #203300
and Sybr green master mix #203450) using specific primers (Exiqon)
starting with 22 ng of total RNA according to the manufacturer's
directions and previously described and verified by Northern blot
analysis (Sosanya et al., 2013). RT-qPCRs for Kv1.1 and GAPDH
were performed using the iQ cDNA synthesis (170-8890) and SYBR
green (170-8880) kits from Biorad following the manufacturer's
directions (Raab-Graham et al., 2006; Sosanya et al., 2013). Fold
changeswere calculated as outlined (Raab-Grahamet al., 2006; Sosanya
et al., 2013). Relative ratios were calculated by the model as previ-
ously described (Pfaffl, 2001) and calculated by the equation: ratio =
(2ΔCPtarget (control-sample) ÷ 2ΔCPreference (control-sample)),
where CP is the threshold cycle, the target is the transcript of interest,
and the reference is either 5S rRNA or GAPDH. Internal control (5S
rRNA or GAPDH), no-RT control, and miR-129-5p RT-PCR were run in
parallel and in duplicate. Validation of product was determined by
melt curve analysis at the completion of the PCR amplification. Ct values
of duplicates were averaged and compared between animals.
Statistical analyses

All data are expressed as mean ± S.E.M. Statistical comparisons
were made using one-way or two-way ANOVA followed by Tukey–
Kramer or Dunnett's multiple comparisons post-hoc test or Student's
t-test (paired or unpaired as appropriate) with Prism software
(GraphPad). Linear fits and correlations were made using Prism. Data
were considered statistically significant if p b 0.05.
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Fig. 1.Number of behavioral seizures increases at 21 days post-SE. Three KA-injected rats
were placed in an isolated room where they were continuously video monitored for the
progression of behavioral seizures until day 21 post-SE. KA rats were scored by number
of behavioral seizures ranging from Class III–V by an individual blind to treatment. * day
2 to day 21: p b 0.01; day 5 to day 21: p b 0.01; day 14 to day 21: p b 0.01; day 15 to
day 21: p b 0.05; day 17 to day 21: p b 0.05 by one-way ANOVA, Newman–Keuls post
hoc test.
Results

Behavioral seizures increase between 15 and 21 days post-SE

The kainic acid (KA) model of TLE is useful for identifying molecular
changes that occur during epileptogenesis leading to recurrent, chronic
seizures (Aronica et al., 1997; Friedman et al., 1997; Grooms et al., 2000;
Misonou et al., 2006; Mohapatra et al., 2009; Schauwecker et al., 2000;
Tongiorgi et al., 2004). Shortly after periods of intense activity, neurons
may undergo homeostatic changes in ion channel function and/or ex-
pression that can reduce the overall activity of the neuron (Fan et al.,
2005; Narayanan and Johnston, 2010; Shin et al., 2008; Baram, 2012;
Krook-Magnuson et al., 2013; Patterson et al., 2014). In some cases
these changes are transient, and what follows are persistent states of
neuronal hyperexcitability, ultimately leading to the onset of recurrent
seizure activity (Sun et al., 2013). To determine when these dynamic
changes in ion channel expression and/or function may occur, we first
determined the onset of seizure activity, as measured by behavioral sei-
zures. Rats were continuously video monitored and behavioral seizures
ranging from Class III–V (Racine, 1972) were scored from 2 to 21 days
post-SE. We found that although seizure number remained low for the
first 2 weeks post-SE, there was a sharp increase in seizure occurrence
between days 14 and 15. Furthermore, seizure frequency continued to
climb fromday 15 to day 21, where seizure number became significant-
ly higher when compared to all other time points (Fig. 1).
IncreasedmTOR activity corresponds to peak number of behavioral seizures

Activation ofmTOR is elevated in severalmodels of TLE, includingKA
(Brewster et al., 2013; Zeng et al., 2009). Increases in mTOR activity re-
press the expression of several voltage-gated ion channels, including
Kv1.1 (Brewster et al., 2013; Lee et al., 2011; Raab-Graham et al.,
2006; Sosanya et al., 2013). In light of the behavioral seizure progression
(Fig. 1), we set out to determinewhenmTOR became hyperactive post-
SE. To address this question, we measured mTOR activity in the
hippocampus of control and KA rats at time points that corresponded
to observed behavioral seizure activity. Synaptoneurosomes isolated
from the hippocampus were subjected to Western blot analysis
for phosphorylated-mTOR (p-mTOR) and total mTOR. The ratio of
p-mTOR/mTOR served as a readout for mTOR activity. Consistent with
behavioral seizure occurrence,mTOR activitywas significantly depressed
14 days post-SE. This was followed by a sharp, significant increase
15 days post-SE which remained elevated through 30 days (0 day:
1.00 ± 0.05, 2 days post-SE: 0.86 ± 0.07, 5 days post-SE: 1.07 ± 0.02;
14 days post-SE: 0.52 ± 0.16, 15 days post-SE: 1.19 ± 0.17; control:
1.00 ± 0.06, 21–30 days post-SE: 1.88 ± 0.275; Figs. 2A–B). The
change in p-mTOR/mTOR ratio was not due to changes in total mTOR
expression (Fig. S1). These data suggest a switch in mTOR activity be-
tween day 14 post-SE, when mTOR activity is 38.7% lower than control,
and days 21–30 post-SE, when mTOR activity is 37% higher than control
(Fig. 1C). Furthermore, the onset of hyperactive mTOR correlated with
the significant increase in behavioral seizure occurrence.

Bidirectional changes in Kv1.1 expression in TLE

The overexpression of Kv1.1 can provide protection against seizures
in drug-resistant, focal, neocortical epilepsy (Wykes et al., 2012). We
therefore asked if Kv1.1 expression underwent changes that paralleled
changes in seizure and mTOR activity following SE. As predicted, Kv1.1
expression gradually increased over 14 days post-SE, peaking at ~71%
above control levels and precipitously dropping back to control levels
by 15 days (0 day SA + PB: 1.00 ± 0.03, 2 days post-SE: 1.07 ± 0.08,
5 days post-SE: 1.27 ± 0.09; 14 days post-SE: 1.77 ± 0.12; 15 days
post-SE: 0.98 ± 0.05; Fig. 3A). By 21–30 days post-SE, Kv1.1 levels
were further reduced by ~50% relative to control (control SA + PB:
1.00 ± 0.06; 21–30 day post-SE: 0.54 ± 0.15; Fig. 3B). A comparison
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gradient gel probed with antibodies against p-mTOR and mTOR. Quantification of p-mTOR/
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of Kv1.1 protein revealed an opposite switch in Kv1.1 levels from
14days to 21–30 days post-SE compared to the change inmTOR activity
(Fig. 3C). These results are consistentwithmTOR-mediated suppression
of Kv1.1 expression. The drop in Kv1.1 expressionmay contribute to the
gradual increase in behavioral seizures from day 15 to day 21 post-SE as
mTOR activity increases.

To determine the regional distribution of the changes in Kv1.1 ex-
pression post-SE, we stained hippocampal sections for Kv1.1 from con-
trol and KA rats 14 and 30 days post-SE. In agreementwith ourWestern
blot results, we found that the intensity of Kv1.1 staining increased by
~50% in both areas CA1 and CA3 14 days post-SE when compared to
day 0 (Figs. 4A, C). By 30 days Kv1.1 staining was reduced by ~60% in
CA1 and ~45% in CA3 of KA rats compared to control rats (Figs. 4B, D).
Dynamic changes in Kv1.1 expression post-SE alter the threshold for action
potential firing

In cortical neurons, dynamic changes in Kv1 channels reset the
threshold for action potential firing (VTH) (Higgs and Spain, 2011).
Based on our biochemical results, we hypothesized that an increase on
day 14, and a decrease on day 28, in Kv1.1 expression would be accom-
panied by a depolarization and hyperpolarization of VTH respectively. To
test if VTH is altered, we recorded single action potentials (APs) elicited
in CA1 pyramidal neurons from KA- and saline-injected rats at
13–14 days post-SE, when Kv1.1 expression is highest, and
21–30 days post-SE, when Kv1.1 expression is reduced. Single APs
were elicited using small amplitude, 100-msec current injections
(which is sensitive to Kv1.1 expression) and large amplitude, 2-msec
current injections (which are not sensitive to Kv1.1 expression)
(Higgs and Spain, 2011). The amplitude of the 100-msec current pulse
was adjusted so that a single action potential occurred in the middle
(~50 msec latency) of the current injection. Using the 100-msec injec-
tion, we found that VTH in CA1 pyramidal neurons was significantly
depolarized at 5 days and 13–14 days post-SE (Figs. 5 and S2). In con-
trast, VTH at 21–30 days post-SE in CA1 pyramidal neurons was
hyperpolarized by ~3 mV compared to control and ~9 mV compared
to 13–14 days post-SE (Figs. 5A and B). There was no significant differ-
ence in VTHmeasured with the 2-msec current injections in control and
post-SE animals (Figs. 5C and D). These results are consistent with our
observed changes in Kv1.1 expression.
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To test whether the changes in Kv1 expression contributed to
the observed differences in VTH, we bath applied a low concentration
of 4-aminopyridine (4-AP, 50 μM), a potassium channel blocker. 4-AP
significantly hyperpolarized VTH measured with 100-msec injections
at all time points except 21–30 days post-SE, when Kv1 expression is
lowest (Figs. 5A, B and D). VTHmeasuredwith 2-msec injectionswas in-
sensitive to 4-AP in both control and post-SE animals. These data sup-
port the hypothesis that an increase in functional expression Kv1.1-
containing channels occurs after SE peaking at 14 days post-SE. This
increase is transient and is reduced by 21–30 days post-SE. The loss of
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functional Kv1.1-containing channels at 21–30 days post-SE renders
CA1 pyramidal neurons hyperexcitable by reducing the threshold for
action potential firing.
Rapamycin treatment reveals an mTOR-independent change in seizure and
Kv1.1 expression

The mTORC1 inhibitor rapamycin is effective at reducing seizure ac-
tivity (Zeng et al., 2009; Brewster et al., 2013;Wong, 2012). In addition,
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we found that acute rapamycin treatment increases the local translation
of Kv1.1mRNA in neuronal hippocampal dendrites (Raab-Grahamet al.,
2006; Sosanya et al., 2013). Based on these data, we hypothesized that
rapamycin treatment should increase Kv1.1 expression and reduce sei-
zure frequency.We chose to start rapamycin treatment on day 14 post-
SE when mTOR levels were lowwith the idea that we will block the in-
crease in mTOR activity and concomitant reduction of Kv1.1 expression
at day 15.

Consistent with previous results, rapamycin reduced seizure num-
ber by ~60 and ~50% by days 17 and 21, respectively (Fig. 6B). Despite
this reduction in seizure occurrence, there remained an mTOR-
independent increase in seizure frequency between days 17 and 21
(Fig. 6C, KA: 9.00±3.5, p b 0.01 KA+ Rapa: 4.2±1.8, p b 0.05). To con-
firm that rapamycin effectively blocked mTOR activation, we measured
the p-mTOR/total mTOR ratio in hippocampi of KA- and rapamycin-
treated KA rats. Rapamycin reduced mTOR activity by ~50% at both
days 17 and 21 post-SE (Figs. 6D–E; mTOR Rapa: 1.08± 0.26). Interest-
ingly, although Kv1.1 expression remained elevated at 17 days post-SE
with rapamycin, by 21 days post-SE with rapamycin Kv1.1 expression
was lower than untreated KA rats (Figs. 6D–E; Kv1.1 Rapa: 0.54 ±
0.09). These data suggest a secondary, mTOR-independent mechanism
that represses Kv1.1 protein expression.

Increased expression of the microRNA miR-129-5p contributes to the late
phase repression of Kv1.1 expression

The rapid rise in mTOR activity occurring between days 14 and 15
post-SE corresponds to a drop in Kv1.1 expression. By day 21 post-SE,
Kv1.1 expression remains low even when mTOR is blocked by
rapamycin. What is the molecular mechanism that maintains the re-
duced Kv1.1 expression in TLE? Changes in transcription of many
mRNAs occur during epileptogenesis (Ozbas-Gerçeker et al., 2006). To
determine if changes in Kv1.1 protein expression are due to an effect
on transcription, we measured Kv1.1 mRNA levels by RT-qPCR. We
found that levels of Kv1.1 mRNA change after SE in a pattern opposite
to Kv1.1 protein: when Kv1.1 protein levels peak at 14 days post-SE,
Kv1.1 mRNAs are reduced by ~50% (Fig. 7A; control: 1.00 ± 0.06,
2 days post-SE: 0.84 ± 0.03, 5 days post-SE: 1.06 ± 0.11, 14 days
post-SE: 0.49 ± 0.14, 15 days post-SE: 1.05 ± .13). Furthermore, as
mTOR activity increased and Kv1.1 protein levels dropped, Kv1.1
mRNA expression returned to control levels (Figs. 7A and B). This in-
verse relationship between Kv1.1 protein andmRNA suggests that tran-
scription rates are likely to be relatively constant throughout
epileptogenesis and that the bidirectional changes in Kv1.1 protein
levels may be regulated at the translational level.

Recently, our laboratory determined that the microRNA, miR-129-
5p negatively regulates the expression of Kv1.1 in neurons when
mTOR is active and that the RNA-binding protein HuD positively regu-
lates the translation of Kv1.1 mRNA when mTOR is inhibited (Sosanya
et al., 2013). With acute inhibition of mTOR activity, the levels of the
RNA-binding factors do not change; however, several HuD mRNA
Fig. 5. Action potential threshold (VTH) bidirectionally changes in CA1 pyramidal neurons
expressing TLE. (A) Voltage recordings showing a single action potential elicited by a 100-
msec (top) and 2-msec (bottom) current injections before (thin line) and after (thick line)
application of 50 μM 4-AP from control (black), 13–14 days post-SE (gray), and 21–
30 days post-SE (red) CA1 neurons. (B) The threshold of action potentials elicited by
100-msec current injection is significantly depolarized at 14 days post-SE and
hyperpolarized at 21–30 day post-SE relative to control. 4-AP application significantly
hyperpolarized VTH in control and 14 days post-SE but not 21–30 days post-SE neurons.
**p b 0.01, ****p b 0.001 by one-way ANOVA. (C) There is no significant difference in ac-
tion potential threshold elicited during the 2-msec steps between control and 21–
30 days post-SE CA1 neurons. 4-AP has no significant effect on action potential threshold
in either control or 21–30 days post-SE neurons. (D) Summary data showing that 4-AP
significantly hyperpolarized action potential threshold in control and 14 days, but not
21–30 days post-SE neurons for the 100-msec current injection. **p b 0.01 compared to
14 days post-SE. ****p b 0.001 compared to 21–30 days post-SE.
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targets degrade, allowing HuD to bind to Kv1.1 mRNA and promote its
translation (Sosanya et al., 2013). Shifting the balance of either of
these RNA-binding factors (i.e. increasingmiR-129-5p levels or decreas-
ing HuD levels) favors the repression of Kv1.1 mRNA translation. To de-
termine if a shift in the balance between these RNA binding factors
occurs in TLE, we measured miR-129-5p and HuD levels. We found
that both miR-129-5p and HuD levels remain unchanged at both 14
and 15 days post-SE (Figs. 7C, D). However, by 21–30 days post-SE,
miR-129-5p levels increased by ~76%, while HuD levels remained con-
stant (Figs. 7E, F). This change is specific for miR-129-5p, as expression
of miR-145-5p does not change. Taken together these data suggest that
an increase in miR-129-5p expression with no change in HuD favors re-
pression of Kv1.1 mRNA translation.

To determine if rapamycin affects the expression of miR-129-5p we
compared KA rats to KA rats treated with rapamycin. Unexpectedly,
miR-129-5p levels are significantly higher in hippocampi isolated
from KA rats treated with rapamycin 21 days post-SE compared to
KA treatment alone, with no change in miR-145-5p (Fig. 7H; Day 21:
KA: 1.00 ± 0.25, KA + Rapa: 2.02 ± 0.19). There was no effect of
rapamycin on miR-129-5p levels at 17 days post-SE (Fig. 7G). These
results are consistent with the observed reduction in Kv1.1 protein in
the presence of rapamycin at 21 days post-SE. Together these data sug-
gest that increased levels ofmiR-129-5punderlie the late phase, post-SE
repression of Kv1.1 translation.

Discussion

Many ion channels are dynamically regulated during epileptogenesis
(Baek et al., 2014; Child and Benarroch, 2014; Lee et al., 2014;
Monaghan et al., 2008; Poolos and Johnston, 2012; Powell et al., 2014)
and a growing number are linked to changes in mTOR activity
(Brewster et al., 2013; Lee et al., 2011; Raab-Graham et al., 2006). We
recently described a mechanism by which mTOR can influence the ex-
pression of Kv1.1 by regulating two RNA-binding factors, miR-129-5p
and HuD (Sosanya et al., 2013). In this study, we found that hippocam-
pal expression of Kv1.1 is elevated 14 days post-SE. This increase in
Kv1.1 expression is likely due to the low levels of mTOR activity, a con-
dition that favors the release of miR-129-5p repression by the RNA
binding protein HuD (Fig. 8, middle panel). In contrast, miR-129-5p
levels are elevated 21–30 days post-SE, shifting the balance toward
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Kv1.1mRNA repression, thus leading to reduced Kv1.1 expression and a
hyperpolarized action potential threshold (Fig. 8, right panel, Late
TLE, red arrow). This shift may contribute to CA1 pyramidal neuron
hyperexcitability, during a timewhen recurrent, spontaneous behavior-
al seizures occur (Fig. 1). Our findings support a bimodal, posttranscrip-
tional regulation of Kv1.1-containing delayed rectifier potassium
channels bymTOR andmiR-129-5p in a model of TLE (Fig. 8). In the pi-
locarpinemodel of epilepsy, Brewster et al. found that the chronic use of
themTORC1 inhibitor rapamycin did not reverse interictal epileptiform
activity or increase the levels of Kv1.1 in the hippocampus of epileptic
BA

m
iR

-1
29

-5
p/

5S
 rR

N
A

(n
or

m
al

iz
ed

 to
 0

d)

*

Days post-SE

m
iR

-1
29

-5
p/

5S
 rR

N
A

KA KA+Rapa

**

Day 21

m
iR

-1
29

-5
p/

5S
 rR

N
A

(n
or

m
al

iz
ed

 to
 C

on
tr

ol
)

DC

Contro
l

21
-30

d
0.0

0.5

1.0

1.5

2.0

2.5

0.0

0.5

1.0

1.5

2.0

2.5

0.0

0.5

1.0

1.5

2.0

2.5

KA KA+Rapa

Day 17

m
iR

-1
29

-5
p/

5S
 rR

N
A

H
uD

/T
ub

ul
in

(n
or

m
al

iz
ed

 to
 0

d)

E F

Contro
l

21
-30

d
0.0

0.5

1.0

1.5

2.0

2.5

H
uD

/T
ub

ul
in

(n
or

m
al

iz
ed

 to
 C

on
tr

ol
)

Days post-SE

HuD
Tubulin

Control
30d 

HuD
Tubulin

0d 14d15d

0d 14
d

15
d

0.0

0.5

1.0

1.5

2.0

2.5

0d 14
d

15
d

0.0

0.5

1.0

1.5

2.0

2.5

0.0

0.5

1.0

1.5

2.0

2.5

m
iR

-1
45

-5
p/

5S
 rR

N
A

(n
or

m
al

iz
ed

 to
 C

on
tr

ol
)

Contro
l

21
-30

d

0.0

0.5

1.0

1.5

days post-SE

Kv
1.

1/
G

A
PD

H
 m

RN
A

(n
or

m
al

iz
ed

 to
 0

d) ***
*

***

0.0

0.5

1.0

1.5

Contro
l

21
-30

d

Kv
1.

1/
G

A
PD

H
 m

RN
A

(n
or

m
al

iz
ed

 to
 C

on
tr

ol
)

0d 2d 5d 14
d

15
d

G H

0.0

0.5

1.0

1.5

2.0

2.5

KA KA+Rapa

Day 21

m
iR

-1
45

-5
p/

5S
 rR

N
A

rats (Brewster et al., 2013). Our findings may explain these results by
demonstrating a second mechanism that represses Kv1.1 expression,
independent of mTOR activity. We found that despite long-term treat-
ment with rapamycin, miR-129-5p levels increase post-SE resulting in
the repression of its targets such as Kv1.1.

The initial rise in ion channel expression in TLE, reported in this
study for Kv1.1 and previously seen with HCN channels (Shin et al.,
2008), may help explain the reduced numbers of behavioral seizures
during the latent period. However, the failure to sustain elevated levels
of these channels may lead to chronic epilepsy. The concurrent increase
in mTOR activity coincides with the decline in channel expression.Why
mTOR activity fails to renormalize in TLE is an open question. Interest-
ingly, a recent report suggests that mTOR activity also inhibits the ex-
pression of the homeostasis protein polo-like kinase 2 (PLK2) in a
neonatal seizure model (Sun et al., 2013). Although the mechanism of
repression has not been established, it has been shown that PLK2
down regulates mTOR signaling through its interaction with the up-
stream inhibitor tuberous sclerosis complex 1 (Matthew et al., 2009).
Collectively, these studies suggest that mRNAs repressed by mTOR ac-
tivity may play a critical role in epileptogenesis. However, those
mRNAs that undergo a secondmode of repression, likemiR-129-5p reg-
ulation of Kv1.1, may explain an mTOR-insensitive phase of TLE.

In summary, increased or decreased expression of RNA binding fac-
tors, which alters the competition for target ion channel mRNAs, can
shift the balance between repression and promotion of translation and
lead to diseases. The present study shows that following SE, elevated ex-
pression of miR-129-5p that is not properly counter balanced by HuD
leads to reduced Kv1.1 expression and hyperpolarization of action po-
tential threshold resulting in CA1 pyramidal neuron hyperexcitability.
These studies provide a unique model of regulating ion channel expres-
sionwhichmay be relevant to othermTOR-relateddiseases that present
epilepsy, such as tuberous sclerosis complex, fragile X syndrome, and
Fig. 7. miR-129-5p increases independent of mTOR activity in TLE. (A) Hippocampal SN
protein was isolated from 0 day (saline+ PB, euthanized 1 day post-injection) and kainic
acid-(KA+PB) treated animals 2, 5, 14, and 15days post SE. RT-qPCRwasperformedwith
specific Kv1.1 and GAPDH primers. Quantification of Kv1.1 mRNA relative to GAPDH and
normalized to 0 day. 0 day: n = 14; 2 days post-SE: n = 5; 5 days post-SE: n = 5;
14 days post-SE: n = 4; 15 days post-SE: n = 3; * b 0.05, ** b 0.01, *** b 0.005 as deter-
mined by one-way ANOVA, Newman–Keuls post hoc test. (B) Hippocampal SN protein
was isolated from control (saline+ PB, euthanized 21–30 days post-injection), and kainic
acid-(KA+ PB) treated animals 21–30 days post-SE. RT-qPCRwas performedwith specif-
ic Kv1.1 and GAPDH primers. Quantification of Kv1.1 mRNA relative to GAPDH and nor-
malized to control. Control: n = 5, 21–30 days post-SE: n = 5. (C) Hippocampal SN
protein was isolated from 0 day (saline+ PB, euthanized 1 day post injection) and kainic
acid-(KA + PB) treated animals 14 and 15 days post-SE. Quantification of miR-129-5p
normalized to 5S rRNA and relative to 0 day is shown. 0 day: n = 5, 14 days post-SE:
n = 4, 15 days post-SE: n = 3. Error bars represent SEM. (D) Hippocampal SN protein
was isolated from 0 day (saline + PB, euthanized 1 day post-injection) and kainic acid-
(KA + PB) treated animals 14 and 15 days post-SE. Top, representative Western blot of
a SDS-PAGE gradient gel probed with antibodies against HuD and tubulin. Quantification
of HuD signal normalized by tubulin levels and relative to 0 day. 0 day: n = 3, 14 days
post-SE: n = 2, 15 days post-SE: n = 3. Error bars represent SEM. (E) Hippocampal SN
protein was isolated from control (saline + PB, euthanized 21–30 days post-injection)
and kainic acid-(KA + PB) treated animals 21–30 days post-SE. Quantification of miR-
129-5p normalized to 5S rRNA and relative to control is shown. Right, quantification of
miR-145-5p normalized to 5S rRNA is shown. Note, miR-129-5p levels are elevated 21-
30 days post-SE. Control: n = 9, 21–30 days post-SE: n = 10. miR-145-5p: Control:
n = 5, 21–30 day post-SE: n = 4. * b 0.05 by Student's t-test. Error bars represent SEM.
(F) Hippocampal SN protein was isolated from Control (saline + PB, euthanized
21–30 days post-injection) and kainic acid-(KA + PB) treated animals 21–30 days post-
SE. Top, representative Western blot of a SDS-PAGE gradient gel probed with antibodies
against HuD and tubulin. Quantification of HuD signal normalized by tubulin levels and
relative to control. Error bars represent SEM. Control: n = 7, 21–30 days post-SE: 7.
(G) Hippocampal SN protein was isolated from KA and KA+ rapamycin-injected animals
17 days post-SE following timeline in Fig. 6A. Quantification ofmiR-129-5p normalized to
5S rRNA and relative to KA is shown. KA: n = 2, KA + Rapa: n = 2. Error bars represent
SEM. (H) Hippocampal SN protein was isolated from KA and KA + rapamycin-injected
animals 21 days post-SE following timeline in Fig. 6A. Quantification of miR-129-5p nor-
malized to 5S rRNA and relative to KA is shown. KA: n=3, KA+ Rapa: n= 5. ** b 0.01 by
Student's t-test. Error bars represent SEM.
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Alzheimer's disease (Narayanan et al., 2007; Pei and Hugon, 2008;
Sharma et al., 2010; Ma et al., 2010; Zeng et al., 2011; Spilman et al.,
2010).

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nbd.2014.09.011.
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