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SK channels and NMDA receptors form
a Ca*-mediated feedback loop in dendritic spines

Thu Jennifer Ngo-Anh"#, Brenda L Bloodgood?*, Michael Lin!, Bernardo L Sabatini?, James Maylie* &

John P Adelman!

Small-conductance Ca2*-activated K* channels (SK channels) influence the induction of synaptic plasticity at hippocampal
CA3-CA1 synapses. We find that in mice, SK channels are localized to dendritic spines, and their activity reduces the amplitude
of evoked synaptic potentials in an NMDA receptor (NMDAR)-dependent manner. Using combined two-photon laser scanning
microscopy and two-photon laser uncaging of glutamate, we show that SK channels regulate NMDAR-dependent Ca2* influx
within individual spines. SK channels are tightly coupled to synaptically activated Ca2* sources, and their activity reduces the
amplitude of NMDAR-dependent Ca2* transients. These effects are mediated by a feedback loop within the spine head; during an
excitatory postsynaptic potential (EPSP), Ca2* influx opens SK channels that provide a local shunting current to reduce the EPSP
and promote rapid Mg2* block of the NMDAR. Thus, blocking SK channels facilitates the induction of long-term potentiation by
enhancing NMDAR-dependent Ca2* signals within dendritic spines.

In CALl hippocampal neurons, apamin-sensitive SK channels modulate
firing frequency by contributing to the after-hyperpolarization (AHP)
that follows an action potential . Additionally, blocking SK channels
with apamin facilitates the induction of long-term potentiation (LTP)
at Schaffer collateral-CA1 synapses. Apamin shifts the point of inflec-
tion between long-term depression (LTD) and long-term potentiation
(LTP) such that lower stimulus frequencies* can generate LTP. Results
from behavioral experiments parallel the effects induced by apamin in
brain slices. Apamin crosses the blood-brain barrier’, and intraperito-

=Ye) neal injection facilitates the acquisition of hippocampal-dependent

learning tasks such as locating the hidden platform in the Morris water
maze, and novel object recognition®.

Several forms of long-term plasticity at the CA3—CA1 synapses are
triggered by Ca?" influx through NMDARSs, and the kinetics and
amplitude of evoked Ca?" transients in the postsynaptic cell determine
the direction and extent of synaptic plasticity. A relatively smaller and
prolonged Ca?" buildup results in LTD, whereas a larger, more transient
increase favors LTP®"!2. Examination of Ca’' signals within CAl
dendritic spines demonstrates that synaptic stimulation results in
NMDAR-mediated increases in Ca?" that are limited to the spine
head housing the activated synapse!®. At resting potentials, NMDARs
are largely blocked by extracellular Mg?* ions'%. The apparent affinity
of Mg?" for the receptor is strongly voltage-dependent, and Ca’" influx
is greatly accentuated by depolarization. Thus, membrane potential
exerts a strong influence on spine Ca?* transients, which influences
downstream Ca?*-dependent processes such as the induction of
synaptic plasticity.

Here we show that SK channels are localized to dendritic spines and
play a role in shaping synaptic responses. Apamin-sensitive SK chan-
nels are activated by synaptically evoked Ca?' transients and act to
reduce the magnitude of excitatory postsynaptic potentials (EPSPs)
measured at the soma. This negative regulation occurs within indivi-
dual spines, where SK channels respond to rapid increases in Ca®>* and
reduce the amplitude of NMDAR-mediated Ca" transients. The effects
of different Ca?* buffers show that SK channels are positioned within a
synaptically activated Ca?" signaling microdomain and act rapidly to
influence the EPSP.

RESULTS

SK channel distribution in cultured hippocampal neurons

We expressed mouse SK2 channels harboring an extracellular triple-
myc epitope tag (mSK2-myc)!® and green fluorescent protein (GFP) in
dissociated, cultured neurons from area CAl of the hippocampus.
Live-cell immunostaining with a monoclonal antibody to myc (anti-
myc) performed 1 week after transfection showed that virtually every
spine was clearly decorated with SK2 channels (Fig. 1). Immunoreac-
tivity was also present in clusters within the dendritic shafts and in the
soma. Thus, exogenously expressed SK2 channels localize to dendritic
spines where they are positioned along with NMDARs in the confined
Ca?* signaling domain of glutamatergic synapses.

Apamin increases synaptically evoked EPSPs
We recorded the effects of apamin on subthreshold EPSPs in
whole-cell current-clamped CAl neurons in acute slices from mouse
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hippocampus. After whole-cell formation, we applied a 100-pis current
pulse to the stratum radiatum, and we adjusted the stimulus strength to
approximately one-third of the threshold needed to evoke an action
potential, yielding EPSPs with amplitudes of 2-8 mV. Blocking NMDA
receptors with AP5 (p(-)-2-amino-5-phosphono-valeric acid; 100 uM)
reduced subthreshold EPSP amplitudes to an average of 76 + 3.8% of

=te» the control, and application of AP5 with 6-cyano-7-nitroquinoxaline-

&

2,3-dione (CNQX; 20 uM) to block a-amino-3-hydroxy-5-methyl-4-

=" isoxazole propionic acid receptors (AMPARs) essentially eliminated the

EPSPs, reducing the average amplitude to 4.7 + 0.6% of the control
(n = 3; data not shown). These data show that although the EPSP
results primarily from activation of AMPARs, a small but measurable
contribution is made by current flow through NMDAR:s.

To determine whether apamin-sensitive SK channels shape the
synaptic potential, EPSPs were recorded every 20 s before (control
solution) and after wash-in of apamin (100 nM; Fig. 2). In a
representative cell (Fig. 2a,b), the peak EPSP, measured from the

Figure 2 SK channels modulate synaptically evoked EPSPs. (a) Plot of EPSP
amplitude (top), input resistance (middle) and membrane potential (bottom)
from a representative cell during wash-in of apamin (100 nM) and apamin
plus AP5 (100 uM). (b) Average of 20 EPSPs acquired in control conditions,
in the presence of apamin or in the presence of apamin plus AP5.

(c) Summary plot of the EPSP amplitude relative to the baseline period
during wash-in of apamin and in the presence of apamin plus AP5 (n=5
cells). (d) Average of 15 summated EPSPs under control conditions and in
the presence of apamin from a representative cell. Arrowheads indicate
stimulus times (five pulses at 100 Hz). (e) Summary plot of the effects of
apamin on the summated EPSP (n = 5 cells). The times of drug application
are indicated by the horizontal bars. Scale bar: 1 mVinb, 2 mVind, 25 ms
for b and d. Error bars are mean + s.e.m.
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Figure 1 Live-cell immunostaining of a cultured hippocampal neuron
expressing mSK2-myc (red) and cytosolic GFP (green). SK2 channel
immunoreactivity can be seen in virtually every spine. Clusters of SK2
immunoreactivity were detected in the dendritic shafts and a recurrent axon.
Although obscured by the intensity of the GFP fluorescence, a more
homogeneous SK2 staining pattern was detected in the soma.

average of 20 EPSPs, increased from 3.3 mV in the control solution
to 5.6 mV after apamin application. Subsequent application of AP5
(100 uM) reversed the apamin-induced increase of the EPSP ampli-
tude; in the presence of apamin and AP5, the peak of the averaged EPSP
was 2.5 mV. On average, apamin increased the amplitude of the EPSP
to 173 + 16% of the control (P < 0.05, n = 5) and subsequent co-
application of AP5 reduced the EPSP amplitude to 79 + 13% of the
control (Fig. 2c and Table 1). The apamin effect was observed in every
cell tested.

SK channels are the only known targets for apamin, but apamin does
not reliably wash out of the slice. Therefore, the effects of p-tubocur-
arine (dTC; 100 uM)'®, a more reversible though less selective SK
channel blocker, were also examined. In six cells tested, dTC increased
the amplitude of the EPSP to 216 + 53% (P < 0.05) of the control.
The increase induced by dTC was largely, though not completely,
reversed upon washout (154 + 21% of the control; P = 0.05; Table 1).

The induction of long-term potentiation usually requires repetitive
synaptic activation, and apamin shifts the threshold for the induction
of synaptic plasticity to lower stimulus frequencies®!”. Therefore,
we examined the effect of apamin on the summated EPSP during
a synaptically evoked train of five pulses at 100 Hz. In a representa-
tive cell (Fig. 2d) apamin increased the average summated EPSP
by 4 mV to 153% of the control. Across five cells tested, apamin
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Table 1 Effects of apamin on synaptically evoked EPSPs

Condition (n) EPSP (mV) Slope (V/s) HW (ms) Rise time (ms)
Control 33+04 0.84 £ 0.13 35+ 4 45+0.2
Apamin 56 + 0.5 (173 + 16%)? 1.14 + 0.09 (141 + 12%)? 40+ 3 50+0.1
Apamin + AP5 (5) 2.7 £06 (79 + 13%) 0.70 £ 0.10 (84 + 8%) 33+5 49+03
Control 34+05 0.72 £ 0.11 44 £ 9 6.6 £ 1.0
dTtc 70+£12 (216 + 53%)* 0.96 £ 0.09 (146 + 23%)* 47 + 6 87 +0.9
Washout (6) 51+0.8 (154 + 21%) 0.90 + 0.10 (131 + 11%)2 41 + 10 6.1 £0.9
Control 41403 0.96 + 0.07 40+ 8 4.6 + 0.6
AP5 3.2+03 (78 + 5%)° 0.76 £+ 0.05 (80 £ 4%)* 44 +8 48+ 05
AP5 + Apamin (7) 3.14+03 (96 + 3%) 0.71 + 0.06 (93 + 5%) 48 + 8 59+ 1.1
Control (0.2 mM Mg?*) 1.7+£0.2 0.62 £+ 0.07 56 +7 74+ 14
Apamin (6) 43402 (266 + 29%)*° 1.00 + 0.08 (167 + 10%)? 43 +3 6.1 +1.1
Control (CNQX) 1.3+03 05+ 0.2 82 + 22 10.8 £ 3.2
Apamin (9) 41410 (320 + 52%)2 0.7 +£0.2 (171 + 20%)? 105 + 26 16.1 + 45
AP5 (5) 0.3 +0.1 (12 £ 18%) nd Nd nd
Control (5 mM BAPTA) 25+ 06 1.55 + 0.61 35+4 5.0+ 0.5
Apamin (6) 2.1+05 (89 + 3%) 1.47 £ 0.57 (104 + 12%) 35+ 4 4.8 +0.8
Control (6 mM EGTA) 35+0.7 0.86 £ 0.12 40 + 5 4.4 +£0.7
Apamin (8) 6.7 £ 0.9 (214 + 32%)° 1.41 £ 0.17 (170 + 15%)2 35+5 44403
Control (1 mM BAPTA) 5.8 + 0.8 1.16 £ 0.12 27 + 8 4.6+ 0.5
Apamin (5) 7.8 +£0.7 (140 + 11%)* 1.66 + 0.13 (147 + 15%)* 27 +7 45+ 05

Properties of synaptically evoked responses. Slope is defined as the maximum rate of rise of the EPSP. Rise time is defined as the time required for the EPSP to rise from 20 to 80%
of the maximum amplitude. Half-width (HW) is the width of the synaptic potential measured at 50% of the maximum amplitude. Numbers in parentheses are percentage of the control

for each condition.
ap < 0.05 compared with control. P < 0.05 compared with increase in normal bath solution.

application increased the summated EPSP to 159 + 15% of the control ~ the EPSP to 78 + 5% of the control (P < 0.05), and subsequent

(P < 0.05; Fig. 2e). application of AP5 with apamin had no effect on the EPSP ampli-
tude (96 + 3% of the value recorded with AP5, n = 7; Fig. 3a,b

o NMDAR activity is required for apamin sensitivity of EPSPs and Table 1).

Dendritic spines are autonomous Ca?* signaling compartments highly

=" specialized for the rapid large-amplitude Ca?* fluctuations that under-

lie synaptic plasticity'®. The results presented above suggest that the

effects of apamin on the amplitude of the EPSP are due to regulationof @

NMDARSs in response to synaptically evoked increases in Ca?*. There-

fore, applying NMDAR blockers such as AP5 before apamin should

occlude apamin’s effects. Indeed, blocking NMDARs with AP5 reduced

@ © 2005 Nature Publishing Group  http://www.nature.com/natureneuroscience
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Figure 3 Apamin-induced EPSP increases require NMDAR activity. c Low Mg?* d
(a) Average of 25 EPSPs in control conditions, in the presence of AP5, or in
the presence of AP5 plus apamin from a representative cell. (b) Summary
plot of the effects of AP5 or AP5 plus apamin application on EPSP peaks
(n =7 cells). (c) Average EPSPs in solutions containing 0.2 mM external
Mg2* or 0.2 mM Mg?* plus apamin. (d) Summary plot of the effects of ~ —gd o -3
apamin application on EPSP peaks in the presence of low external [Mg2*]

(n = 6). (e) Average evoked EPSPs recorded in the presence of CNQX and

no Mg2+ (control) and with the additional application of apamin or AP5 plus € NMDAR only f Apamin Apamin + AP5
apamin. Examples are shown in which the NMDAR-dependent EPSP was

clearly visible (top) or not detectable (bottom) before apamin application. Q
(f) Summary plot of the effects of apamin and apamin plus AP5 on
the peak of the isolated NMDAR-mediated EPSP (n = 5). The times _A/—\
of drug application are indicated by the horizontal bars. Scale bar: o

1 mV for a,c, 0.5 mV for e, and 25 ms for a,c,e. Error bars are —— Control == Apamin
mean + s.e.m. e Apamin + AP5 Time (min)

—— Control
= Apamin

EPSP (% of control)

EPSP (% of control)

644 VOLUME 8 | NUMBER 5 | MAY 2005 NATURE NEUROSCIENCE



—— Control
- Apamin

L

Apamin

N
o
o

=
o
o

PPF (% of control) o

0 T 1

0 10 20
Time (min)

Figure 4 Apamin has no effect on paired pulse facilitation. (a) Synaptically
evoked EPSP pairs (100-ms inter-pulse interval) under control conditions
and in the presence of apamin from a representative cell. Scale bar: 1 mV,
25 ms. (b) Summary plot of PPF relative to control values during application
of apamin as indicated by the horizontal bar (n = 6 cells). Error bars are
mean + s.e.m.
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SK channels are activated by changes in intracellular Ca?*, suggesting
that augmenting synaptically evoked Ca?* influx should increase SK
channel activation and amplify the effect of apamin on the EPSP. As
~80% of the Ca?" transient in dendritic spines is due to Ca?" influx
through NMDARSs (see below), reducing Mg?* block of NMDARs by
lowering the external Mg?* concentration ([Mg?*]) to 0.2 mM should
result in larger synaptically evoked Ca?" influx. Under these conditions,
apamin application increased the EPSP to 266 + 29% of the control
(P < 0.05, n = 6), which was larger than the apamin-induced increase
when external [Mg?"] was 1 mM (P < 0.05; Fig. 3c,d and Table 1).
Preincubation with AP5 occluded the apamin-induced change in the
EPSP in the presence of 0.2 mM Mg>" (data not shown).

We examined the effects of apamin on the isolated NMDAR

© component of the response by recording EPSPs while blocking
la.l AMPARs (Fig. 3ef). In initial experiments, setting the stimulus

2005 Nature Publishing Group

strength in control conditions to one-third of threshold compromised
=" the ability of the stimulus to reliably elicit an EPSP after addition of
AMPAR blockers, although subsequent application of apamin showed
an EPSP that was eliminated by AP5 (Fig. 3e). To enhance the NMDAR
component, the stimulus strength was increased in AMPAR blockers to

Figure 5 Single synapse responses and NMDAR-dependent spine Ca2*
signals evoked with two-photon uncaging of glutamate. (a) Image of an apical
spiny dendrite of a CAl hippocampal pyramidal neuron collected with two-
photon laser scanning microscopy (left). Fluorescence from the red Alexa
Fluor 594 channel is shown. Simultaneously recorded green (Fluo-5F) and
red (Alexa Fluor 594) fluorescence (right) were collected in line scans that
intersect the spine head and neighboring dendrite indicated by the dashed
line (left). The current was evoked by a 0.5-ms, 720-nm glutamate uncaging
pulse directed at the spine indicated by the arrowhead. Increases in green
fluorescence, indicative of elevations in intracellular Ca2*, were limited to the
stimulated spine head. Scale bar: 1 um (left), 25 ms (right). (b) For the spine
depicted in a, uncaging parameters were set to evoked a ~ 15-pA uEPSC
(top). After switching to current-clamp mode and leaving the uncaging pulse
unchanged, the uEPSP (middle) and fluorescence transient (AG/Rsyy,, bottom)
were recorded. (c) Representative uUEPSC (top), UEPSP (middle) and
accompanying Ca2* transient (bottom) recorded in the presence of NMDAR
blockers (20 uM CPP and 40 uM MK801). Each trace is the average of

ten trials. Scale bar: 6 pA (top), 0.45 mV (middle), 3% G/R (bottom),

and 25 ms.

ARTICLES

yield a detectable EPSP. Apamin increased the NMDAR-mediated EPSP
to 320 + 52% of that in the presence of CNQX (P < 0.05,n =9), and
subsequent application of AP5 to five of the cells essentially eliminated
the EPSP (0.3 + 0.1 of the control; Fig. 3e,f and Table 1).

Apamin increases EPSPs by a postsynaptic mechanism

The model presented above suggests that apamin acts postsynaptically,
but bath application of apamin may have both pre- and postsynaptic
effects. Paired-pulse facilitation (PPF), defined as the ratio of the
amplitude of the second EPSP to that of the first after a closely
delivered pair of stimuli, is a sensitive assay of presynaptic changes
in glutamate release probability'®. When we applied paired-pulse
stimulations separated by 100 ms, apamin application increased the
peaks of the EPSPs without altering PPF (2.47 + 0.47 in the control,
2.07 + 0.19 in the presence of apamin, n = 6; Fig. 4a,b). This result
is consistent with a postsynaptic site of action of apamin.

Apamin increases synaptically evoked spine Ca2* influx

Taken together, our results suggest that SK channels reside in the
dendritic spine head, close to synaptically evoked Ca?* sources. If
opening SK channels imposes a repolarization that favors Mg?* block
of NMDARSs, then blocking SK channels with apamin should increase
the amplitude and prolong the duration of NMDAR-mediated Ca®"
influx. To test this hypothesis, spine Ca?" transients were examined
with two-photon laser scanning microscopy while the synapse on the
visualized spine was stimulated with two-photon laser uncaging of
4-methoxy-7-nitroindolinyl (MNI)-glutamate (Fig. 5; ref. 19). Two-
photon laser uncaging allows the selective stimulation of the synapse on
any visualized spine, and because of the brief and focal release of
glutamate, it can be used to accurately mimic the time course of innate
synaptic events in hippocampal pyramidal neurons?’. Furthermore,
two-photon laser uncaging is advantageous over electrical stimulation
of axonal fibers because it allows the true stimulation of a single synapse
on the cell, avoiding stimulation of multiple synapses that may lead to
secondary activation of active conductances, altering the EPSP ampli-
tude and time course. Lastly, by bypassing the presynaptic terminal,
failures of synaptic transmission are avoided and trial-to-trial varia-
bility is reduced, allowing population comparison of synaptic responses
in control conditions and in the presence of apamin.

b Control c
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Table 2 Properties of single-spine uncaging—evoked responses.

UEPSC uEPSP
Condition (n) Amplitude (pA) Rise time (ms) HW (ms) Amplitude (mV) Rise time (ms) HW (ms)
Control (24) -15.1 £ 0.5 1.1 +0.1 6.7 £ 0.5 0.92 + 0.09 2.8 +0.3 30+ 3

(100 + 3%) (100 + 9%)

Apamin (25) -14.7 £ 0.5 1.4 +£0.1
(97 + 3%) (127 + 13%)

CPP + MK801 (21) -14.7 £ 0.8 1.3 +0.1
(97 + 5%) (118 + 13%)

Apamin + CPP + MK801 (22) -15.0 + 0.8 1.3+0.1
(99 + 5%) (118 + 13%)

(100 + 7%)

(113 + 10%)

(126 + 9%)

(100 + 10%) (100 + 11%) (100 + 10%)

80 + 0.7 1.00 + 0.07 3.4 +03 45 + 42
(119 + 10%) (109 + 8%) (121 + 11%) (150 + 13%)
7.6 +0.7 1.02 + 0.11 33+03 37 +3

(111 + 12%) (118 + 9%) (123 + 10%)
30+ 3

(100 + 10%)

85+ 0.6 1.08 + 0.10

(117 + 11%)

25+ 0.2
(89 £ 7%)

@ © 2005 Nature Publishing Group  http://www.nature.com/natureneuroscience

Rise time is defined as the time required for the EPSP or EPSC to rise from 20 to 80% of the maximum amplitude.HW is the width of the synaptic current or potential measured at
50% of the maximum amplitude. In parentheses for each condition are mean + s.e.m. expressed as a percentage of the mean value in the ‘control’ condition.

measurements in the presence of apamin plus CPP plus MK801.

CA1 pyramidal neurons were filled with the Ca?*-sensitive fluor-
ophore Fluo-5F (300 pM) to record Ca®* transients and with the Ca?*-
independent fluorophore Alexa Fluor 594 (10 uM) to visualize spines
and dendrites. Both fluorophores are efficiently two-photon excited by
810-nm laser light, with Fluo-5F emitting in the green (500-560 nm)
and Alexa Fluor 594 emitting in the red (585-630 nm). Under these
conditions, changes in green fluorescence relative to resting red
fluorescence (AG/R) are linearly proportional to increases in intracel-
lular [Ca?"] after subthreshold synaptic stimulation'?.

We selected spines within the proximal (<150 pm) apical dendrite
for analysis. Cells were initially held in voltage clamp, and we set the
uncaging laser pulse duration and amplitude to evoke a ~15-pA
synaptic current (uEPSC; Fig. 5b, top, and Table 2). The amplifier was
subsequently switched to current-clamp mode, and the uncaging-
evoked EPSP (uEPSP) and synaptically evoked Ca’" transient were
monitored with the same uncaging parameters (Fig. 5b, middle,
bottom). The fluorescence transient accompanying the uEPSP was
recorded in line scan mode (500 Hz) from the stimulated spine head
(AG/Ryy,) and the neighboring parent dendrite. In basal conditions, the
uEPSP had an amplitude of 0.92 + 0.09 mV, a 20-80% rise time (the
time required for the EPSP to rise from 20 to 80% of its maximum
amplitude) of 2.8 + 0.3 ms and a half-width (the width of the synaptic
potential measured at 50% of the maximum amplitude) of 30 + 3 ms
(properties of the uEPSC and uEPSP are summarized in Table 2).
The uEPSP was accompanied by an increase in spine Ca?' levels
(AG/Rgyy = 7.1 £+ 0.8%) that rose quickly (20-80% rise time =
13 + 2.0 ms) and was limited to the stimulated spine. After stimula-
tion, Ca?* remains elevated in the spine head because of the slow
clearance of Ca?" from the spine in the presence of Ca’" indicator!.

Figure 6 Blocking SK channels with apamin increases NMDAR-mediated
spine Ca2* transients. (a) Average uEPSC, uEPSP and AG/Rgy, under control
conditions and in the presence of apamin (n = 24 and 25 spines,
respectively). (b) Average UEPSC (top), uEPSP (middle) and AG/Rsy, (bottom)
in the presence of NMDAR blockers (black) and NMDAR blockers + apamin
(red; n= 21 and 22 spines, respectively). Scale bar: 6 pA (top), 0.45 mV
(middle) and 6% G/R (bottom), and 25 ms for a,b. The shaded region shows
the mean + s.e.m. for each average trace. (c) Comparison of the Ca2*
transient amplitude and rise time each condition. *, P < 0.05 compared
with control.

2P < 0.05 by ANOVA, comparing measurements in control conditions with measurements in the presence of apamin; or comparing measurements in the presence of CPP plus MK801 with

To confirm that the evoked Ca?" influx was due to activation of
NMDARSs, the same experiments were repeated in the presence of the
NMDAR antagonists 2-carboxypiperazin-4-yl-propyl-1-1 phosphonic
acid (CPP, 20 uM) and MK801 (40 uM; Fig. 5¢). In these conditions,
the uEPSC and uEPSP were unchanged from control conditions
(Table 2) whereas the amplitude of synaptically evoked Ca?* transients
was reduced to 1.3 + 0.3% AG/RSyn (17% of the control levels). Thus,
Ca** influx through NMDARs contributes the majority of the Ca**
evoked by uEPSPs.

The effect of activation of SK channels on the amplitude of the Ca?*
transients within individual spine heads that contain active synapses
was examined in a population of cells exposed to apamin (100 nM).
The properties of the uEPSC were unaffected, and the uEPSP was
slightly increased (Fig. 6 and Table 2). The smaller effect on synaptic
potentials seen here is likely due to the reduced SK channel activation in
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Figure 7 Effects of BAPTA and EGTA on the apamin-induced increase

of the EPSP. (a,c) Synaptically evoked EPSPs were recorded in control
conditions or in the presence of apamin with either 5 mM BAPTA or 5 mM
EGTA in the patch pipette as indicated. (b,d) Summary plots of the effects
of apamin on EPSP peaks for intracellular solutions containing 5 mM BAPTA
(b; n= 10 cells) or 5 mM EGTA (d; n = 8 cells). The time period of apamin
application is indicated by the bars. Scale bar: 1 mV and 25 ms. Error bars
are mean + s.e.m.

the presence of the BAPTA-based indicator Fluo-5F and the large
variability of single-synapse evoked potentials (coefficient of variation
of ~50%). The amplitude and the rising phase of uEPSP-evoked Ca?*
influx in the presence of apamin were increased to 12.2 + 1.5%
AG/Rgyand 23 £ 2 ms, or 172% and 169% of the control, respectively.
The effects of SK channel blockage require active NMDARs, because in
the presence of CPP plus MK801, the uEPSC, uEPSP, and AG/RSyn were
identical in control conditions and in the presence of apamin (Fig. 6b).
Thus, after activation of a single synapse, SK channels act within
the active spine to reduce the amplitude of NMDAR-mediated
Ca”" transients.

SK channels and Ca?* sources form a microdomain
Our results indicated that SK channels are located on the spine and
regulate Ca®* influx into the active spine head in response to synapti-
cally activated Ca’>" sources. To estimate the distance between SK
channels and the Ca?* source that activates them, synaptically evoked
EPSPs were recorded in the presence of BAPTA, a rapid Ca** chelator,
or EGTA, a slower Ca®* chelator, in the internal solution. When the
neuron was dialyzed with 5 mM BAPTA, the effects of apamin on
the EPSP amplitude were occluded (89 + 3% of the control, n = 6;
Fig. 7a,b and Table 1). In contrast, when 5 mM EGTA was included
in the pipette solution, application of apamin increased the EPSP to
214 + 32% of the control (P < 0.05, n = 8; Fig. 7¢,d and Table 1),
which was not different from the increase induced by apamin in the
control internal solution. Additionally, with 1 mM BAPTA in the
pipette solution, the apamin-mediated increases of the EPSP were
140 + 11% of the control (P < 0.05, n = 5; Table 1). These results
e, further support a postsynaptic action by apamin and, notably, are
@consistent with a close spatial coupling between SK channels and
=" synaptically activated Ca?" sources within individual spine heads.
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DISCUSSION

The central finding of this work is that in dendritic spines of CAl
neurons, Ca’" entry after synaptic activation opens SK channels that
act to limit the amplitude of synaptic potentials and reduce Ca®" influx
through NMDARs. As described below, this feedback loop is engaged
by the activity of a single synapse and regulates NMDAR-evoked Ca?*
influx within the active spine head. As NMDAR-mediated Ca?" is
quantitatively critical to the processes underlying the induction of
synaptic plasticity®'2, this feedback loop likely accounts for the effects
of apamin on the threshold for LTP induction. Furthermore, our results
suggest that SK channel modulation offers a powerful mechanism to
fine-tune the induction of synaptic plasticity.

Effects of apamin of synaptic responses

Blocking SK channels with apamin increases the synaptically evoked
EPSP amplitude. This effect is prevented by pretreatment with
NMDAR blockers and is still present when the NMDAR component
of the EPSP is isolated. Thus, NMDARs are necessary and sufficient for
the effects of apamin on the EPSP, and apamin increases synaptic
potentials by enhancing the normally small contribution of the
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NMDAR to the EPSP. The large effect that apamin has on NMDAR
activation is particularly evident when the isolated NMDAR compo-
nent of the EPSP is examined. Despite the small, or in several cells,
undetectable, NMDAR-mediated response to synaptic stimulation,
apamin application demonstrated a prominent AP5-sensitive EPSP.
As NMDARSs are responsible for the majority of the Ca?* influx into the
spine head evoked by uncaging, their increased activation in the
presence of apamin boosts spine head Ca?' transients by 72%. The
effects of apamin on spine Ca?" transients were, by necessity, mon-
itored in cells loaded with Ca®* indicators that reduce the amplitude of
evoked Ca’" transients and subsequent activation of SK channels.
Therefore, apamin application is likely to increase synaptically evoked
spine Ca?" transients even more robustly in neurons free of BAPTA-
based Ca?* buffers.

Apamin also increases the initial slope of the EPSP to a similar
extent that it increases the amplitude (Table 1). The initial slope
was measured as the maximum rate of rise of the EPSP, which usually
occurs between 10 and 20% of the rise time (~2 ms into the EPSP).
The initial slope was increased for both the rapidly rising, mixed
AMPAR- and NMDAR-mediated EPSP, and for the slower, isolated
NMDAR-mediated EPSP, which had 20-80% rise times of 5.0 4+ 0.1 ms
and 16.1 + 4.5 ms, respectively. Is the effect of apamin on the rate
of rise of the EPSP compatible with the slow opening of NMDARs?
The macroscopic kinetics of the synaptically evoked NMDAR-mediated
component of the EPSP, which reaches a peak in about 20 ms
(refs. 21,22), has been attributed to the intrinsic gating kinetics of
the channel?»?*, Complementary single-channel records show that
gating is complicated, but heterologously expressed NMDARs are
activated with 10-90% rise times of ~7-11 ms (refs. 25,26).
The predominant component of Mg?" unblocking of NMDARSs is
very fast, occurring in ~100 ps (ref. 27) and is not rate-limiting.
Taken together, these data suggest that at least a small number of
NMDARs open early in the response and contribute to the rising
phase and peak of the EPSP. These early-opening channels may
also provide the source of Ca®" that rapidly activates apamin-sensitive
SK channels.

Regulation of synaptic responses by SK channels

Our data indicate that SK channels are located near glutamatergic
synapses in dendritic spines. We demonstrate that exogenously
expressed SK2 channels are targeted to spine heads and that activation
of a single synapse engages SK channels to regulate NMDAR-dependent
Ca’" influx within the active spine head. What synaptically evoked
Ca’* sources open SK channels? Our results demonstrate that ~80%
of the spine head Ca?" influx is contributed by NMDARs, and the
remaining 20% is likely to reflect activation of voltage-sensitive Ca?*
channels, which in spines of hippocampal pyramidal neurons are
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R-type?®?°. Thus, rapid Ca" influx through NMDARs that open in the
early portion of the EPSP (see above), along with a possible contribu-
tion from voltage-sensitive Ca>* channels, is likely to provide the signal
that activates SK channels.

The close association between synaptically activated Ca** sources
and SK channels is supported by results showing that 5 mM BAPTA, a
rapid Ca?" chelator, is capable of intercepting the Ca?* ions before they
encounter SK channels, whereas the slower Ca** chelator EGTA, at the
same concentration, does not block the effect. The characteristic
distance for the diffusion of Ca®* in three dimensions before capture
by a buffer can be approximated by 4/6Dc,/kon|buffer], where D¢, is
the diffusion coefficient of Ca?*, ko, is the apparent forward rate
constant of Ca?* binding to the buffer and [buffer] is the free buffer
concentration. Using a k., of 4 x 108 M~!s~! for BAPTA and a D¢, of
220 pm? s~ (ref. 30), Ca®* will diffuse a characteristic distance of
26 nm before capture by 5 mM BAPTA and 58 nm before capture by
1 mM BAPTA. Therefore, the distance between the two populations of
channels may be estimated at ~25-50 nm, and Ca’" ions will
encounter an SK channel within ~2 ps of entering the spine.

As subthreshold synaptic stimulation increases average Ca?" levels
within the spine head to approximately 700 nM (ref. 13), activated
Ca** sources are likely to locally provide a saturating concentration
(>3 uM) of Ca?" to the SK channels, so that the intrinsic gating
kinetics of the SK channels will influence the EPSP. Rapid application of
saturating concentrations of Ca?" to heterologously expressed SK
channels shows that activation time constants can be <5 ms (ref. 31;
unpublished results, .M., ].P.A.), consistent with their influence on the
initial slope of the EPSP. The coupling between single L-type Ca?*
channels and SK channels on the soma of CAl neurons has been
examined earlier’>33; latencies as short as 0.9 ms were demonstrated
between the opening of L-type channels and SK channels, consistent
with a separation of ~ 100 nm>%.

Our results are consistent with previous demonstrations of coupling
between NMDARs and Ca?*-activated K* channels on cultured hip-
pocampal neurons. It has been shown previously that application of
NMDA to cultured postnatal rat hippocampal neurons evoked a Ca?"-
activated K™ current that was partially inhibited by dTC but was not

soma of cultured hippocampal neurons, and activation of an SK
current was observed in approximately half of the cells.® That study
also showed that the muscarine-sensitive, slowly activating Ca?*-
activated K* current was sometimes activated by NMDA application,
but coupling to large-conductance Ca?*-activated channels (BK chan-
nels) was not observed>®, as has been reported for olfactory neurons®.
In dopamine neurons, NMDA receptor activation may decrease an
associated SK current?®,

SK2 channels are of the subtype which is likely responsible for the
apamin-induced effects on EPSPs, Ca?* transients and synaptic plas-
ticity. A recent study using SK knockout mice showed that SK2
channels account for the apamin-sensitive currents in CA1 neurons®.
Consistent with this, we demonstrate that immunohistochemistry of
SK2-transfected CAl neuronal cultures detects SK2 channels in
virtually every spine. In addition, SK2 channels are seen in within the
dendritic shafts, where SK channel activation affects plateau potentials
and the spread of dendritic Ca?" spikes by influencing voltage-gated
Ca’" channels*’. SK2 immunoreactivity is also observed throughout
the soma, and this population may mediate the apamin-induced
increase of CAl excitability****!. Therefore, separate populations
of SK2 channels in CA1 neurons occupy discrete subcellular locales
where they couple with different Ca>* sources to serve distinct

physiological roles.

l, .I blocked by apamin?. In a more recent study, NMDA was applied to the

METHODS

Cell culture and transfection. Primary cultures were prepared from the CAl
area of hippocampi of P1-2 mice as described previously*?. Briefly, CAl area
from newborn mice were dissociated by papain treatment and trituration and
plated on a bed of astrocytes at a density of ~7,100 cells cm~2. Neurons were
cultured in MEM and supplemented with 5% horse serum. After 7-14 d in
culture, cells were transfected with Lipofectamine2000 (Invitrogen). Immuno-
cytochemistry was performed 5-7 d after transfection. At that time, the
neurons had branching dendritic arbors and well developed spines.

Immunocytochemistry. To detect triple-myc—labeled mSK2 protein on the cell
surface, live cells were incubated with anti-myc mouse monoclonal antibody
(Invitrogen) for 1 h (37 °C, 5% CO,), washed, fixed, and permeabilized in
4% paraformaldehyde/4% sucrose in PBS for 30 min at room temperature
(22-24 °C) and washed again. Neurons were pre-incubated in blocking solu-
tion (5% normal goat serum/1% BSA) for 30 min at room temperature, and
then incubated for 1 h in Cy3-conjugated secondary antibody (Jackson
ImmunoResearch). Samples were mounted with Antifade mounting medium
before visualization. Imaging was performed using a Leica DM-RXA microscope
equipped with Zeiss Plan Neofluor 40x/NA1.4 and 63x/NA1.25 oil immersion
objective lenses and a Princeton Instruments Micromax CCD camera. Images
were acquired with MetaMorph acquisition and analysis software.

Slice preparation. All procedures were done in accordance with the guidelines
of the Animal Care Committees of the Oregon Health & Science University and
Harvard University. Hippocampal slices were prepared from C57BL/6] mice
from postnatal day 15-18 for imaging-uncaging experiments and from post-
natal week 4-6 for electrophysiology experiments. Animals were anesthetized by
intraperitoneal injection with either a ketamine-xylocaine cocktail or isofluor-
ane, and decapitated. The cerebral hemispheres were quickly removed and
placed into cold artificial cerebrospinal fluid (ACSF) and equilibrated with
95%0,/5%C0O,. Hippocampi were removed, placed onto an agar block, and
transferred into a slicing chamber containing sucrose-ACSF or choline-ACSE.
Transverse hippocampal slices (300-375 pum) were cut with a Leica VT'1000s and
transferred into a holding chamber containing regular ACSF (in mM: 125 NaCl,
2.5 KCl, 21.4 NaHCO3, 1.25 NaH,POy, 2.0 CaCl,, 1.0 MgCl,, 11.1 glucose) and
equilibrated with 95%0,/5%CO,. Slices were incubated at 35 °C for 30—45 min
and then for synaptically evoked responses were allowed to recover at room
temperature (22-24 °C) for > 1.5 hrs before recordings were performed.

Electrophysiology. For synaptically evoked recordings, CAl pyramidal cells
were visualized with infrared—differential interference contrast optics (Zeiss
Axioskop 2FS) and a CCD camera (Sony). Whole-cell patch-clamp recordings
were obtained from CAl pyramidal cells using an Axopatch 200A amplifier
(Axon Instruments), digitized using an ITC-16 analog-to-digital converter
(InstruTech) and transferred to a computer using Pulse software (Heka
Elektronik). Patch pipettes (open pipette resistance, 2.5-3.5 MQ), if not
otherwise noted, were filled with a solution containing (in mM) 140 KMeSOy,
8 NaCl, 1 MgCl,, 10 HEPES, 5 MgATP, 0.05 EGTA(pH 7.3). EPSPs were
recorded in whole-cell current-clamp mode. A bipolar tungsten electrode
(FHC) was used to stimulate presynaptic axons in stratum radiatum. Picrotox-
in (0.1 mM) was added in most experiments to reduce GABAergic contribu-
tions. The input resistance was determined from a ~7-pA hyperpolarizing
current injection pulse given 800 ms after each synaptically evoked EPSP.
Subthreshold EPSPs were elicited by 100-ps current injections that were
approximately one-third of the stimulus required for evoking an action
potential. In some experiments, the magnitude of the apamin-induced increase
of the EPSP elicited action potentials. Under these conditions, the stimulus
strength was reduced to approximately one-quarter of threshold. Recordings
were made using an Axon 200A amplifier (Axon Instruments) interfaced to a
Macintosh G4 with an ITC-16 computer interface (Instrutech Corp). Data were
filtered at 5 kHz and collected at a sample frequency of 20 kHz using Pulse
(Heka Elektronik). All recordings used cells with a resting membrane potential
less than —60mV that did not change by more than 2 mV during an experi-
ment and with a stable input resistance that did not change by more than 5%.

Data analysis. Data were analyzed using IGOR (WaveMetrics). The slope of the
rising phase of the EPSP was determined from its first derivative and taken as
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